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PREFACE

The 16th Biennial Southern Silvicultural Research Conference (BSSRC) was held February 15-17, 2011 in
Charleston, South Carolina. The 16th BSSRC was the latest in a series of meetings designed to provide a

forum for the exchange of research information among silviculturists, researchers, and managers. More than

260 people attended the conference with 189 oral and poster presentations given covering research in pine and
hardwood silviculture, soil and water, physiology and genetics, carbon and bioenergy, fire and fuels, forest health,
restoration, growth and yield, and forest economics. In addition, two field trips focused on state-of-the—art intensive
management of loblolly pine and silvicultural research on the Francis Marion National Forest and the Santee

Experimental Forest were provided.

We acknowledge and especially thank the conference sponsors and steering committee. The sponsors included
North Carolina State University, ArborGen, Inc., the University of Florida, and the USDA Forest Service, Southern
Research Station. The steering committee devoted numerous hours to reviewing abstracts, establishing the

program for oral and poster presentations, and making all necessary arrangements for the conference. Steering

committee members included:

Chris Maier (co-chair)
USDA Forest Service, Southern Research Station,
Research Triangle Park, NC

Dana Nelson (co-chair)
USDA Forest Service, Southern Research Station,
Saucier, MS

Kurt Johnsen (co-chair)
USDA Forest Service, Southern Research Station,
Research Triangle Park, NC

John Butnor (co-chair)
USDA Forest Service, Southern Research Station,
Burlington, VT

Tim Albaugh
North Carolina State University, Raleigh, NC

Susan Cohen
Department of Defense, Camp Lejeune, NC

Phil Dougherty
ArborGen, Inc., Blenheim, SC

Andy Edzell
Mississippi State University, Mississippi State, MS

Tom Fox
Virginia Tech, Blacksburg, VA

Jim Guldin
USDA Forest Service, Southern Research Station,
Hot Springs, AR

Eric Jokela
University of Florida, Gainesville, FL

Mike Kane
University of Georgia, Athens, GA

Tara Keyser
USDA Forest Service, Southern Research Station,
Asheville, NC

Karen Kuers

Department of Forestry and Geology, The University of the

South, Sewanee, TN

Zakiya Leggett
Weyerhaeuser Company, New Bern, NC

Ted Leininger
USDA Forest Service, Southern Research Station,
Stoneville, MS

Brian Lockhart
USDA Forest Service, Southern Research Station,
Stoneville, MS

Tim Martin
University of Florida, Gainesville, FL

Steve McKeand
North Carolina State University, Raleigh, NC

Evan Mercer
USDA Forest Service, Southern Research Station,
Research Triangle Park, NC

Susan Moore
NCSU Forestry & Environmental Outreach Program,
Raleigh, NC

Lisa Samuelson
Auburn University, Auburn, AL

John Stanturf
USDA Forest Service, Southern Research Station,
Athens, GA

Carl Trettin
USDA Forest Service, Southern Research
Station, Cordesville, SC

Eric Vance
National Council for Air and Stream Improvement, Inc.,
Durham, NC

Geoff Wang
Clemson University, Clemson, SC



An important feature of this conference was the awarding of student travel scholarships. Individuals were selected
for this award based on giving a paper at the conference, recommendation from their institutional sponsor, and
willingness to assist with audio-visual duties. We thank student scholarship chairs Mike Kane, Zakiya Leggett, and
Geof Wang for organizing and selecting student scholarships.

We gratefully acknowledge Susan Moore and Kelly McCarter with the Forestry & Environmental Outreach Program
(FEOP) at North Carolina State University for handling just about all of the meeting administrative activities
including logistics, registration, lodging, and food at the Double Tree Hotel in Charleston, and field trip lunches and
transportation. We thank student presentation awards chair Brian Lockhart, and all those who helped judge student
presentations and posters. We also thank Phil Dougherty, Arborgen, Inc. and Carl Trettin, Southern Research
Station for organizing and leading the field trips and Daniel Mclnnis, Pete Anderson, Bob Eaton, Tom Christensen,
and Sandy Kelly from the Southern Research Station for general help during the meeting. Gary Kuhlmann and
Maureen Merriman of the Southern Research Station, Technical Publications Team, Science Delivery Group
provided excellent technical editing support for SRS authors and oversaw production of the proceedings publication.
Pete Anderson, Joel Burley, Bob Eaton, Jason Jackson, Daniel Mclnnis, and Karen Sarsony graciously proof read
the final copy of the proceedings prior to publication.

John Butnor
Co-chair and Proceedings Editor
USDA Forest Service
Southern Research Station
Burlington, VT

Chris A. Maier
Program Chair
USDA Forest Service
Southern Research Station
Research Triangle Park, NC

Kurt Johnsen
Co-chair
USDA Forest Service
Southern Research Station
Research Triangle Park, NC

Dana Nelson
Co-chair
USDA Forest Service
Southern Research Station
Saucier, MS

The 86 papers published in these proceedings were submitted by the authors in electronic media.
Limited editing was done to ensure a consistent format. Authors were responsible for content and accuracy
of their individual papers.
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THE EFFECTS OF PLANTING
DENSITY AND CULTURAL INTENSITY
ON LOBLOLLY PINE CROWN
CHARACTERISTICS AT AGE TWELVE

Madison Akers, Michael Kane, Robert Teskey, Richard Daniels, Dehai Zhao,

and Santosh Subedi

Twelve-year old loblolly pine (Pinus taeda L.) stands

were analyzed for the effects of planting density and
cultural intensity on tree and crown attributes. Four study
installations were located in the Piedmont and Upper
Coastal Plain regions of the U.S. South. The treatments
included six planting densities (740, 1480, 2220, 2960,
3700, 4440 trees per hectare) and two levels of culture
(intensive and operational). The intensive cultural
treatment included frequent fertilization and complete
sustained chemical competition control. The operational
cultural treatment included less frequent fertilization and
early chemical competition control. Density and cultural
treatments were combined to make a total of twelve plots
per installation. Destructive sampling methods were used to
obtain detailed tree and crown measurements. Trees planted
at the lower densities (especially 740 and 1480 trees per
hectare) had significantly (a=0.05) higher values for crown
width, live crown length, foliar biomass, leaf area, and
foliar nitrogen content at the tree level (Table 1). Greater
individual crown size and nitrogen content at the lower
densities corresponded with larger individual tree size (dbh
and height). These attributes indicate that individual trees

planted at lower densities are in better condition to respond
to thinning. Specific leaf area (SLA) was measured as leaf
area per unit leaf mass at the individual needle level. SLA
increased significantly with increasing density, illustrating
the effect of increased shading in the higher density stands.
Surprisingly, foliar nitrogen concentration was the only
crown measurement significantly affected by cultural
regime. Trees grown under the intensive regime exhibited
a higher percentage of nitrogen concentration in the crown.
Even trees grown at the operational level, however, had
foliar nitrogen percentages of at least 1.22 percent, above
the critical level for loblolly pine (Allen 1987). The absence
of a major cultural effect on crown attributes can most
likely be attributed to the nature of the treatments, with
even the operational cultural regime receiving considerable
fertilization and competition control. Further research will
include crown analysis by tree size to test for treatment
effects on trees of a given dbh-class.
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Table 1—Mean sampled tree crown characteristics measured at age 12 for loblolly pine stands growing at
different planting densities

Planting Density Crown width Crown length Foliar biomass Leaf area Foliar N content
(trees ha'l) (m tree‘l) (m tree‘l) (g tree'l) (m2 tree'l) (g tree'l)
740 44 (a) 8.2 (a) 8507 (a) 91.5 (a) 117 (a)
1480 3.4 (b) 7.4 (b) 5228 (b) 58.1 (b) 76 (b)
2220 3.0 (¢ 6.4 (cd) 3344 (cd) 36.7 (cd) 47 (c)
2960 2.7 (¢) 6.6 (c) 3426 (c) 38.5 (¢) 48 (c)
3700 2.7 (¢) 5.9 (de) 2983 (ce) 33.1 (ce) 43 (cd)
4440 23 (d) 5.6 (e) 2303 (de) 26.0 (de) 34 (de)

Means in the same column with the same letters are not significantly different (Fisher’s LSD multiple comparison test; a=0.05)
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EFFICACY AND NON-TARGET
IMPACT OF MIDSTORY INJECTION
IN BOTTOMLAND HARDWOODS

Derek K. Alkire, Andrew W. Ezell, Andrew B. Self, Stephen Demarais,

and Bronson K. Strickland

ABSTRACT

The need for midstory control in bottomland hardwood regeneration work
has been well documented. However, only a few research efforts have
documented the efficacy of such efforts and the potential negative effects
on non-target stems. This potential negative impact is extremely important
in these stands where individual stem values are characteristically high.
As part of an oak regeneration project, this study is designed to evaluate
the efficacy of midstory control on target species as well as incidental
damage to non-target stems. During this study, approximately 72,000
midstory stems were injected during August and September, 2009. These
stems were located on 90 acres of bottomland hardwood stands within
minor stream bottoms in northern Mississippi. All midstory stems except
oaks which were >1 inch diameter at breast height (d.b.h.) received one
hack per three inches d.b.h. and one ml of a 20 percent volume to volume
Arsenal AC aqueous solution per hack. Ninety 0.025-acre plots will be
evaluated in August 2010 to determine the effectiveness of the injection.
Injected midstory stems within a plot will be recorded as dead or alive. All
non-target stems on the plots will be evaluated for mortality or damage.

In addition, any damage noted on non-target stems across the study areas
outside the measurement plots will be recorded and reported. Results will
be reported as percentages by species and diameter class. This information
will be of great value to hardwood mangers using the wide spacing
imazapyr injection method for control of undesirables.

INTRODUCTION

Bottomland hardwood sites are known to have some of the
most productive forest soils, and species richness tends

to be high on these sites. Due to high species richness

and associated stand stratification, competition control is
often essential to hardwood regeneration efforts. Midstory
injection has long been recognized as a viable and cost
effective method in controlling undesirable stems (Williston
and others 1976). Peairs and others (2004) reported

that midstory/understory control treatment increased
regeneration of desirable hardwood species such as oaks.
Lockhart and others reported that advanced cherrybark oak
(Quercus pagoda Raf.) regeneration released from midstory
competition were 76.2-103.6 cm taller than non-released
seedlings nine years after treatment. A variety of chemicals
can be used for hardwood midstory injection, including

imazapyr (Arsenal AC®). Although injection effectiveness
can vary by species, tree size, and season of application
(Peevey 1971, Star 1973), imazapyr has been shown to be
nearly 100 percent effective on a wide range of species such
as black cherry (Prunus serotina Ehrh.), blackgum (Nyssa
sylvatica Marsh.), red maple (Acer rubrum L.), American
beech (Fagus grandifolia Ehrh.), and hickory (Carya spp.)
(Miller 1992, Nelson and others 1993).

Potential non-target impact can be a concern when using
herbicide treatments in hardwoods. A study in Ohio found
that injecting tree-of-heaven (A4ilanthus altissima Mill.)
with imazapyr resulted in 100 percent control (Lewis and
McCarthy 2008). However, 17.5 percent of non-injected
tree-of-heaven stems within three meters were also killed.
A similar study reported that untreated striped maples
(Acer pensylvanicum L.) were killed on sites where the
midstory was injected with imazapyr (Kochenderfer

and Kochenderfer 2008). Graham and Bormann stated
interspecific root grafts are rare, and concluded herbicide
was likely absorbed from the soil, which is in agreement
with what Kochenderfer and others (2011) found in West
Virginia. That study found midstory injection utilizing
imazapyr to be over 99 percent effective in controlling
target midstory stems (Kochenderfer and others 2011);
however, imazapyr treatments damaged several crop trees.
Damage could have occurred because the injection crew was
inexperienced and may have allowed herbicide to reach the
soil (Kochenderfer and others 2011). Imazapyr does exhibit
some soil activity (Anderson 2006) and can be absorbed
by roots (USDA Forest Service 1989). The chemical has a
half-life of 7-180 days in soil, and typically remains active
for over 40 days (Michael and Neary 1990). Therefore, if
sufficient quantities of imazapyr reach the soil, impacts to
non-target stems may occur.

Past studies of midstory injection utilizing imazapyr have
yielded conflicting results concerning both the efficacy of
the treatment and the potential impacts to non-target stems.
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The objectives of this study were to 1) evaluate treatment
efficacy of imazapyr on target stems, and 2) to determine if
imazapyr affected non-target stems in southern bottomland
hardwood stands.

METHODS

SITE DESCRIPTION

The study utilized six 6.07-ha sites characteristic of typical
southern bottomland hardwood stands along river systems
in Mississippi. Sites had overstories containing a prominent
component of sawtimber size (DBH > 27.9 cm) oaks

and midstories dominated by shade tolerant species. Due
to canopy closure and midstory competition, there was
limited herbaceous ground cover. All sites contained soils
predominantly from the Wilcox association which are fine,
montmorillonitic, thermic Vertic Hapludals. Soil pH levels
ranged from 4.5-5.2.

Sites one and two were located on the John W. Starr
Memorial Forest owned by Mississippi State University.
Site one was located at 33° 17° 34.25” N, 88° 55’ 19.56”
W in Winston County, MS. Site two was located at 33° 20’
41.33” N, 88° 55’ 17.18” W in Oktibbeha County, MS.

Sites three and four were located on land owned and
operated by C.A. Barge Timberlands LP. Site three was
located at 33° 10 12.64” N, 88° 49’ 19.98” W in Noxubee
County, MS. Site four was located at 33° 10° 26.47” N, 88°
41°37.57” W in Noxubee County, MS.

Sites five and six were located on the Noxubee National
Wildlife Refuge owned and operated by the United States
Fish and Wildlife Service. Site five was located at 33° 16’
35.75” N, 88° 44’ 25.79” W in Noxubee County, MS. Site
six was located at 33° 16 53.45” N, 88° 46’ 30.98” W in
Noxubee County, MS.

Oaks present in the overstory included cherrybark (Quercus
pagoda Ell.), southern red (Q. falcata Michx.), Nuttall (Q.
texana Buckl.), white (Q. alba L.), Shumard (Q. shumardii
Buckl.), post (Q. stellata Wangenh.), water (Q. nigra

L.), swamp chestnut (Q. michauxii Nutt.), overcup (Q.
lyrata Walt.), and willow (Q. phellos L.). There were also
small overstory components of sweetgum (Liquidambar
styraciflua L.), American beech (Fagus grandifolia

Ehrh.), black gum (Nyssa sylvatica Marsh.), yellow-

poplar (Liriodendron tulipifera L.), sycamore (Platanus
occidentallis L.), loblolly pine (Pinus taeda L.), baldcypress
(Taxodium distichum (L.) Rich), and hickory (Carya spp.).
Midstories consisted of species such as American hornbeam
(Carpinus caroliniana Walt.), pawpaw (Asimina triloba
(L.) Dunal), American holly ({/lex opaca Ait.), slippery

elm (Ulmus rubra Muhl.), red mulberry (Morus rubra L.),
red maple (Acer rubrum L.), sugarberry (Celtis laevigata

Willd.), Eastern hophornbean (Ostrya virginiana Mill.), and
winged elm (Ulmus alata Michx.).

METHODOLOGY

Approximately 72,000 midstory stems were injected in
August 2009. Injections were made using hatchets and
adjustable spray bottles utilizing the “hack and squirt”
method. Each non-oak stem in the midstory >1 inch DBH
received one hack per three inches diameter. One ml of a 20
percent volume to volume Arsenal AC® aqueous solution
was applied per hack.

Efficacy of the injection treatments was evaluated in August
2010 on ninety 0.010-ha. plots. Each midstory stem within
a plot was identified by species and diameter and recorded
as injected or non-injected. Percent crown reduction was
recorded for all stems using ocular estimation.

Crown reduction estimates could range between 0-100
percent, with zero percent indicating no impact and 100
percent indicating a dead tree. Percent crown reduction was
also recorded for all overstory stems. In addition, damage to
non-target stems outside measurement plots was recorded.
Recorded data for damaged trees outside measurement plots
included percent crown reduction, diameter, and species.

RESULTS

All sites exhibited similar responses. Therefore, the results
related to species and tree size were combined across sites.
Overall crown reduction for injected midstory stems on
sample plots averaged 96.8 percent (Table 1) indicating that
injected stems were effectively controlled.

Average crown reduction exceeded 91.8 percent for all
species across all sites (Table 2). While 100 percent crown
reduction was not achieved, remaining trees will likely die
by the next growing season.

Non-target midstory stem injection impact was minimal.
While injected midstory stems exhibited 96.8 percent crown
reduction, crown reduction on non-injected stems averaged
only 0.7 percent. Based on these observations, it is surmised
that chemical root transfer was minimal. It is likely that
crown reduction was due to natural senescence and/or
dieback common in midstory/understory stems. The likely
cause of any impacts to non-target stems (if any occurred)
was the inexperience of the injection personnel. Failure

to properly apply herbicide solutions, and keep it in the
injection frill could have resulted in imazapyr reaching the
soil causing non-target impact.

Non-target overstory stems exhibited little injection
damage. Only three overstory stems were observed to
be adversely affected. All stems were sweetgum which
is highly susceptible to imazapyr. Only minor symptoms
were observed and no lasting effects are expected. It is
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important to note that midstory sweetgum density was

high where non-target damage occurred. Due to high stem
density and numbers of stems injected; it is possible that the
injection crew was responsible for herbicidal drip resulting
in non-target damage. Also, these trees could have shared a
common root system with injected stems. Root suckering is
not common in southern hardwood species; however, both
sweetgum and American beech (Fagus grandifolia Ehrh.)
are species most often associated with this characteristic.
While it is important to note that the damaged trees were

in areas of high midstory density, high stem densities were
characteristic of numerous other areas in the study which did
not exhibit any overstory damage. Of the areas examined in
this study, this was the only evidence of overstory damage
noted. Additionally, this damage was in an area where a
crew member was observed using poor injection technique.
The lack of consistent non-target impact, considered in
conjunction with undesirable injection work of one crew
member, led to the assumption that damage was attributable
to “operator error,” not to herbicide translocation through
root systems.

CONCLUSIONS

Midstory injection using imazapyr is very effective in
controlling target stems. Crowns of injected stems were
reduced by over 96 percent. Non-target impacts from the
injection treatment were minimal, and were represented by
only minor symptoms. Due to the lack of consistent non-
target impact, root grafts were not considered a principal
factor in herbicide transfer. Non-target stem damage can
be attributed to an inexperienced injection crew. Injecting
undesirable stems in hardwood stands using imazapyr was
extremely effective, required substantially less labor than
conventional injection (most trees receive only one hack),
and resulted in virtually no damage to non-target stems.
Although this is the first study to formally evaluate plots
for non-target impact, hundreds of acres of hardwoods have
been injected with imazapyr solutions with no observed
non-target impact (Ezell and others 1999). In this study,
many midstory sweetgum stems were missed during
injection due to high stem density. These stems were
excellent candidates to exhibit symptoms resulting from
root graft transfer, however none were observed. Conducted
properly, injection with imazapyr is a very effective tool
for controlling undesirable stems in southern bottomland
hardwoods.
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Table 1—Percent crown reduction of injected
midstory stems by site

Site

% Reduction

1

g A WO

6

Overall

94.9
96.5
96.4
96.7
96.1
97.3
96.8

Table 2—Percent crown reduction of injected midstory stems by species

Species % Reduction N
American Hornbeam 100 302
Blackgum 99.8 21
Deciduous Holly 98 61
Green Ash 97.3 64
Hickory 95.2 470
Paw-Paw 99.8 45
Persimmon 97.5 2
Red Maple 92.3 108
Swamp Chestnut Oak 98.3 3
Sweet Gum 98.5 94
Winged Elm 91.8 214
Willow Oak 100 3
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EXTENDING THE CAPABILITIES OF AN
INDIVIDUAL TREE GROWTH SIMULATOR
TO MODEL NON-TRADITIONAL
LOBLOLLY PINE PLANTATION SYSTEMS
FOR MULTIPLE PRODUCTS

Ralph L. Amateis and Harold E. Burkhart

ABSTRACT

Demand for traditional wood products from southern forests continues to
increase even as demand for woody biomass for uses such as biofuels is
on the rise. How to manage the plantation resource to meet demand for
multiple products from a shrinking land base is of critical importance. Non-
traditional plantation systems comprised of two populations planted on the
same site and managed for multiple products may be an economical and
environmentally attractive alternative. In order to examine the feasibility
and profitability of these systems, growth and yield models flexible
enough for such regimes will be needed. In this paper we describe how

an individual tree growth and yield simulator for loblolly pine (PTAEDA)
can be altered to accommodate two populations of loblolly pine trees
planted at different densities and spacings on the same site and managed
for alternative product objectives. Investigations underway suggest that the
individual tree growth model architecture may be a suitable platform for
modeling such stands.

INTRODUCTION

By the turn of the 21% century, plantation forestry was
practiced across 32 million acres of land in the Southern
United States (Fox et al. 2004). The methods of intensive
plantation management currently available to managers,
including genetically improved planting stock, mechanical
and chemical control of competition, the use of fertilizers
and the manipulation of stand density through thinning,
have equipped them to increase production from less than
90 cubic feet per acre per year common in the 1950s and
1960s to over 400 cubic feet per acre per year today (Fox
et al. 2004). The vast majority of these plantations have
been established with one population at a specific planting
density. While income is sometimes obtained from wood
harvested at intermediate thinnings, these plantations
generally are managed under the assumption of removing
primarily pulpwood in thinnings and aiming at sawtimber at
final harvest.

Growth and yield models are tools for making informed
decisions about the management of plantations and for

estimating the outcomes of those decisions on productivity.
As such, most growth and yield models for southern pine
plantations are developed at the stand level to model
operational management practices that are made at the
stand level. Growth data from trees measured on plots in
operational stands or from research studies are expanded

to per acre values and used to model the growth and
development of the stand. Stand-level models for predicting
unthinned stand yields were among the first growth and
yield models to be developed (MacKinney and Chaiken
1939). Subsequently, size-class distribution models have
been developed to distribute total yield across the diameter
distribution at any specified age so that estimates by product
can be obtained (Avery and Burkhart 2002). In recent years
as plantation forestry has become more intensive, data

from designed experiments have been used to construct
response models for various silvicultural treatments such

as thinning (Amateis 2000) and fertilization (Amateis et

al. 2000). Component models are often assembled into
decision support systems for making stand-level predictions
and projections (Amateis et al. 1996). Due to the regularity
of the growth and development of single-species even-
aged plantations established at a uniform planting density,
growth and yield models developed at the stand-level have
generally been adequate for modeling the southern pine
plantation resource.

NON-TRADITIONAL “FLEX” STANDS

Recently, interest has been growing in non-traditional even-
aged plantations, sometimes called “flex” stands. Flex stands
are comprised of two populations of trees planted on the
same site and managed for alternative product objectives.
One population may have genetic, growth or wood quality
characteristics that warrant a different planting spacing than
the other population. Trees from each population are mixed
together on the landscape. Distances between rows and
between trees within rows may vary for each population.
This creates stands with a different number of trees per

acre and different spatial patterns for each population.
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Management regimes may vary for each population.

Some of the advantages of non-traditional flex stands over
conventional plantations where only one population of trees
is grown include:

1. Efficiently produce multiple products on the same site
Attractive for areas where markets for biomass and
pulpwood are strong.

3. Permits herbicides and fertilizers to be focused on the
crop tree component of the plantation.

4. Permits the deployment of expensive technology and
genetic material across more acres.

5. Presents high-efficiency thinning opportunities with
take-out rows of non-crop trees.

Currently there is no extant growth and yield model in

the public domain for modeling flex stands. The dual-
population nature and atypical spatial patterns characteristic
of flex stands makes traditional stand-level growth and
yield models cumbersome tools for estimating yields of
these stands. A more useful approach for modeling flex
stands may be the individual-tree distance dependent (IDD)
modeling architecture. The modeling unit for the IDD
modeling approach is the individual tree. Tree height and
diameter growth models are developed from parameters
associated with the site and characteristics associated with
each tree and its neighbors. Tree mortality is a function of
the site, the vigor of each tree, and the competitive pressure
exerted on each tree from its neighbors. The spatial nature
of the IDD framework makes it attractive for modeling the
atypical spatial planting patterns associated with flex stands.
The loblolly pine IDD model, PTAEDA (Daniels and
Burkhart 1975), is a published model that appears promising
for use with flex stands. The purpose of this paper is to
suggest how PTAEDA can be modified to model flex
plantations comprised of two populations of loblolly pine
trees growing on the same site and managed for different
product objectives.

METHODS AND RESULTS

The PTAEDA IDD model framework has been used for
modeling the growth and development of loblolly pine
plantations since the mid-1970s. The core individual tree
growth equations comprising the PTAEDA simulator are
composed of potential height and dbh increment equations
modified by functions that take into account individual tree
attributes and the competitive environment in which the
trees grow. A stand-level equation expressing the potential
height increment of all trees in the stand based on site index
and a tree-level potential diameter increment equation based
on how open grown trees of the same dbh and age grow

are modified by a competition index (Hegyi 1974) that
reflects the intra-specific competitive pressure exerted by
neighboring trees. Trees are assigned coordinate locations
on a x-y grid and annual growth is predicted. Suppression
induced mortality occurs as the growth rate of less vigorous

trees slows in relation to more vigorous neighbors.

Over the past 35 years, the PTAEDA IDD simulator

has evolved to keep pace with changes in loblolly pine
plantation management. In the mid-1980s the core equations
in the simulator were applied to a region-wide set of growth
data collected from operational loblolly pine plantations
established on cutover, site-prepared areas (Burkhart et

al. 1987). Mid-rotation fertilization response functions
(Hynynan et al. 1998) and juvenile growth response to
early site preparation, fertilization and competition control
treatments (Westfall et al. 2004) were fitted to appropriate
data and incorporated into the simulator in the 1990s.
Enhanced thinning and pruning algorithms were added
during the same period.

The software has evolved over the same period as well.
Originally coded in fortran and executed on large mainframe
computers common in the 1970s, the fortran code was
migrated to the DOS-based PC platform of the 1980s to
make the simulator available to a broader base of users.

In the 1990s the fortran code was converted to C and the
simulator was made compatible with Windows-based
operating systems gaining favor at the time. The current
version (version 4.0) has enhanced graphical capabilities, a
streamlined user interface, customizable merchandizing and
output options, and an economic analysis package. It is fully
compatible with the latest Windows-based computers.

In order for PTAEDA to be applied to the current generation
of flex stands some additions and alterations to the software
have been made:

1. A graphical tool was created and added to the user input
options to allow a user to define a flex stand pattern.
The pattern is the spatial arrangement of one or two
populations (A or B) of loblolly pine in the stand.

Any flex stand pattern that can be expressed with up
to 5 rows and 5 trees within the row can be simulated.
Distances between rows and distances between

trees within each row can be set by the user. The
determination of which rows and which trees within
each row are assigned to population A and population
B are made by the user. Once the flex pattern has been
defined it is propogated within the simulator to create
an entire stand.

2. Each population is defined by two attributes: site index
and the percent of the trees of sawtimber and pulpwood
quality. Edit boxes were created to accept these inputs
from the user. In the simulator each tree is assigned to a
population (either A or B) with an associated site index
value and stem quality code (sawtimber or pulpwood
quality).

3. An additional thinning algorithm was added to allow
the removal of all population B trees.

Figure 1 shows an example flex stand pattern developed for
two populations of loblolly pine. One row of population A
is followed by two rows of population B. Inter-row distance



Proceedings of the 16th Biennial Southern Silvicultural Research Conference

between population A and adjacent row of population B is

8 feet. Inter-row distance between adjacent rows of
population B is 4 feet. Twelve feet separate the trees in

the population A rows and 5 feet separate the trees in the
population B rows. In this example, population A and B
trees would have exhibited site indexes of 80 and 70 feet
(base 25), respectively. The percent of trees of sawtimber
quality would be 80 and 50 for populations A and B,
respectively. Figure 2 shows how this flex stand looks on a
per unit area basis after it is propagated within the simulator.

By relaxing the single population and uniform spacing
constraints of the original PTAEDA, a modified simulator
was developed that can accommodate the dual population
and non-uniform spacings associated with flex stands. Data
from a few very high site index flex stands were available to
test and debug the modified simulator. Preliminary results
from projections of these stands to rotation age indicate:

1. The IDD modeling architecture looks promising
for easily defining and modeling the growth and
development of a wide range of flex stands.

2. Estimates of yields on moderate to good sites appeared
reasonable. However, under prediction of yields at
rotation for very high site index stands planted with
elite genetics was also exhibited.

DISCUSSION

Evaluating the growth, development and ultimately the
profitability of flex stands presents unique challenges. The
use of two populations of trees with different growth or
wood quality characteristics and planted at non-traditional
spacing arrangements for different product objectives
means that traditional even-aged stand-level growth and
yield models may not provide adequate estimates of the
productivity of the stand as a whole or of either individual
population. An individual tree distance dependent (IDD)
modeling system may prove tractable for such stands. In
IDD systems where the individual tree is the modeling unit
of interest, trees grow based on their individual genetic
characteristics, their environment and the competitive
forces around their individual growing space. Distributional
assumptions common with stand-level models need not

be applied to IDD systems. Instead, with IDD systems,
individual tree attributes such as volume or weight are
summed to obtain stand-level or diameter class-level
estimates of yield. In an IDD simulator, management
treatments such as weed control, fertilization, thinning and
pruning can be applied to a particular population of trees in
the stand. This makes it possible to evaluate the impact of
management scenarios on specific portions of the stand as
well as how those scenarios affect the stand as a whole.

The modifications to the PTAEDA software discussed above
allow flex stands to be modeled within the framework of
an IDD growth and yield model. Preliminary evaluation

of the performance of the model suggests that reasonable
predictions can be made for flex stands established on
moderate to good sites. However, the core growth and
yield equations within the simulator will need modification
in order to properly represent the growth relationships
associated with flex stands exhibiting very high site index
values. In particular, growth relationships associated with
genetically different populations must be understood and
then modeled in order to properly extend the IDD system to
the elite genotypes currently being deployed as flex stands.
Investigations are now ongoing in the following areas:

1. There is some evidence that the simple diameter
ratio, distance weighted competition index (Hegyi
1974) currently employed in PTAEDA may not be
the best measure of competition for all populations at
all ages of stand development. Additional measures
of competition that include height may improve the
predictive capability for some populations of loblolly
pine deployed in flex stands.

2. The identification of competitors in IDD models is
critical because the number and size of competitors
determine the competition index associated with
each tree. The variable radius plot methodology used
in PTAEDA to identify competitors of subject trees
is being tested against other methods of identifying
competitors in order to find the best method for non-
traditional spatial patterns.

3. Questions concerning competitive relationships
between trees are also under investigation. For example,
will trees in plantings of varietals compete more or less
aggressively with each other than individuals planted
in stands of varying genetic makeup? Do different
genotypes use available growing space differently and,
if so, how? Will some genotypes favor diameter growth
over height growth compared to other genotypes and,
if so, how can this disposition be accounted for in the
competition index?

The outcome of these and other investigations will lead to a
more robust simulator that should better reflect the growth
dynamics in non-traditional flex stands.

The flex stand simulator discussed here was developed for
one or two populations of loblolly pine. The populations
are defined by different site indexes, planting densities, and
stem quality characteristics. The system is flexible enough,
however, to accommodate additional defining characteristics
for each population, including different species, as long as
the competitive relationships between the two populations
can be quantified. For example, future versions of PTAEDA
could accommodate flex stands comprised of pines and
hardwoods growing together on the same site if the
competitive relationships between the populations were
known.

Relatively few operational flex stands comprised of two
populations of loblolly pine have been established to date.



Those that do exist are very young (typically less than 8
years old). Many are mixtures of rows of mass control
pollinated or varietals as the elite population managed for
wood products on longer rotations inter-planted with rows
of open pollinated material at close spacings for biomass
or pulpwood production on short rotations. Thus, there

is a paucity of data for developing, testing or calibrating
models for these stands. As data from these stands becomes
available, the work done here on the PTAEDA IDD
framework and subsequent refinements to it will facilitate
evaluation of the growth and development of the first
generation of flex stands.
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LONGITUDINAL VARIATION IN WOOD
SPECIFIC GRAVITY OF PLANTED
LOBLOLLY PINE IN THE SOUTHERN

UNITED STATES

Finto Antony, Laurence R. Schimleck, Richard F. Daniels, and Alexander Clark

Loblolly pine (Pinus taeda L.) is the most important
plantation species grown in the southern United States,
having more than half of the standing pine volume. Wood
from loblolly pine is a principal source of raw material

for the pulp and paper industry and is desirable for the
production of lumber and composite wood products. The
quality of wood produced from a loblolly pine tree is
defined by its physical and mechanical properties. Of these,
specific gravity (SG) is an important measure of wood
quality (Panshin and de Zeeuw 1980), and varies both with
tree height (Megraw 1985; Zobel and vanBuijtenen 1989)
and with geographic locations (Clark and Daniels 2002;
Jordan et al. 2008). The objectives of the present study were
to model the regional and within tree variation in disk SG of
loblolly pine.

The Wood Quality Consortium at the University of Georgia
and the United States Department of Agriculture (USDA)
Forest Service Southern Research Station sampled planted
loblolly pine trees across its natural range to study the vertical
variation in wood SG. Trees were sampled from 135 stands
from six physiographic regions across the southeastern US.
Regions sampled included: 1- southern Atlantic Coastal
Plain, 2- northern Atlantic Coastal Plain, 3- Upper Coastal
Plain, 4- Piedmont, 5- Gulf Coastal Plain and 6- Hilly Coastal
region. A minimum of 12 plantations from each of the six
physiographic regions were sampled. The stands selected

for sampling included 20- to 25-year-old loblolly pine
plantations planted at 1250 or more trees per hectare and with
625 trees per hectare or more after thinning. Only stands that
were conventionally managed with no fertilization (except
phosphorus at planting on phosphorus deficient sites) and

no competition control were sampled. Three trees from each
stand were felled and cross sectional disks of 3.8 cm thickness
were collected from 0.15, 1.37 m and then 1.52 m intervals
along the stem up to a diameter of 50 mm outside bark.

Disk SG based on green volume and oven-dry weight was
measured for each disk collected at different heights.

A semiparametric model, a flexible statistical approach to
explain nonlinear trends, was proposed to explain the within
tree (with tree height) and regional variation in disk SG.
Based on the fitted model, disk SG follows a decreasing
trend with relative height (Figure 1). Significant differences
were observed among regions (p-value <0.0001). The mean
trend in disk SG of trees from the southern Atlantic and
Gulf Coastal Plain was observed to be higher than other
physiographical regions (Upper Coastal, Hilly Coastal,
northern Atlantic Coastal Plain and Piedmont). The lowest
disk SG was observed for trees from the northern Atlantic
Coastal Plain.

Our study suggests that the stem of loblolly pine can

be divided into three zones based on the longitudinal
variation of disk SG. Based on the first derivative of fitted
semiparametric model for all regions, mean SG decreased
rapidly from the base of the tree to a relative height ~0.1;
SG then decreased at a decreasing rate between relative
heights of ~0.1 - ~0.3; for relative heights >~0.3 SG
decreases at constant rate. These findings agree with the
three segmented classification of the stems of loblolly pine
proposed by Burdon et al. (2004).

The mean trend of disk SG was highest for the southern
Atlantic and Gulf Coastal Plain. The overall mean SG
observed for these two regions was 0.46, which was higher
than the mean disk SG observed for the other regions (0.42)
(Table 1). The high SG of trees from southern Atlantic and
Gulf Coastal Plain might be attributed to two major reasons:
(1) reduced length of core wood formation and proportion
of core wood formed in these two regions compared to other
inland regions (Clark and Daniels 2002; Jordan et al. 2008);
(2) high latewood percent in the rings of trees growing in
these regions (~40 %) compared to other regions (~35 %).
The proportion of latewood formed is highly correlated with
summer precipitation, mean annual temperature and number
of growing days. The trees growing in the southern Atlantic

Finto Antony, Laurence R. Schimleck, Richard F. Daniels, Warnell School of Forestry and Natural Resources, University of Georgia, Athens,

GA,30602

Alexander Clark, USDA Forest Service, Southern Research Station, Athens, GA 30602
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and Gulf Coastal Plains, on average, receive more summer Table 1—Mean stand attributes collected from six

precipitation, have a higher mean annual temperature

regions, standard deviation in parenthesis

and more growing days than the other regions (Clark and Region Age |DBH (cm)| Total Ht (m)| Disk SG
Daniels 2002). southern Aflantic 22,73 | 24.07 20.86 0.45
(1.82) | (4.58) (2.50) (0.06)
northern Atlantic 22.46 24.56 18.89 0.41
LITERATURE CITED Aeh| @74 | @48) | (©0.05)
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Pinus radiata and P. taeda. Forest Science 50: 399-415. Gulf Coastal 23.22 21.16 19.54 0.46
withoas (3.26)| (3.79) (2.58) (0.05)
Clark, A., and Daniels, RF 2002. Modeling the ﬁ’fefzt of physiographic~ ] 23.86 23.39 19.59 0.43
region on wood properties of planted loblolly pine in Southeastern United Hilly Coastal
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Modeling Apporaches and Simulation Software. Fourth Workshop
IUFRO Working Party S5.01-04. INRA - Centre de Researches de Nancy,
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GENETIC EFFECTS ON STAND-LEVEL
UNIFORMITY, AND ABOVE- AND
BELOWGROUND DRY MASS PRODUCTION
IN JUVENILE LOBLOLLY PINE

Michael J. Aspinwall, John S. King, Steven E. McKeand, and Bronson P. Bullock

Several decades of tree improvement operations have
drastically increased loblolly pine plantation productivity

in the southern U.S. (McKeand et al., 2003). This work has
lead to the availability of a number of highly productive
open-pollinated and full-sib families (McKeand et al., 2006).
In addition, vegetative propagation (somatic embryogenesis)
has also made it possible to clonally multiply elite genotypes
(Bettinger et al., 2009). Open-pollinated, full-sib, and clonal
trees contain varying amounts of inherent genetic variation
which allows land managers to balance the gains and risks
of deploying less genetically diverse, yet potentially more
productive genotypes (Bridgwater et al., 2005). In many
forest plantation species, deployment of clones has been
suggested to result in more uniform plantation growth and
development (DeBell and Harrington, 1997, Bettinger

et al., 2009), and greater stand uniformity may lead to
greater resource-use efficiency and enhanced productivity
(Binkley et al., 2010, Ryan et al., 2010a). Clones have been
suggested to show more uniform growth and development
because they possess no tree-to-tree genetic variation

(Zobel and Talbert, 1984). However, there are no known
studies in loblolly pine and few other forest plantation
species that have directly investigated the impact of genetic
homogeneity on stand growth, development, and uniformity.
Furthermore, genetic variation in stand uniformity and
above- and belowground dry mass partitioning may
ultimately impact stand resource capture and carbon (C)
sequestration. Additionally, increases in C sequestration
with genetically improved loblolly pine genotypes will be
proportional to increases in volume or dry mass production
(Ryan et al., 2010b). Therefore, with rising atmospheric CO,
concentrations expected to continue, increases in above-
and belowground dry mass production with improved
loblolly pine genotypes could provide a potential means of
increasing C sequestration and offsetting further fossil fuel
emissions (Johnsen et al., 2001, Ryan et al., 2010b).

The goal of this study was to compare stand-level
uniformity, dry mass production, and partitioning among
several loblolly pine genotypes which possess varying
amounts of inherent genetic variation. Our hypothesis

was that less genetically diverse genotypes (clones)

would show more uniform stand-level growth relative to
more genetically diverse genotypes (full-sib and half-sib
families). To examine genetic effects on stand uniformity
and productivity, we grew ten different genotypes (3 open-
pollinated families, 3 full-sib families, 3 clones, and 1 seed
orchard mix variety) in a plantation setting for four years, at
two different planting densities (~539 and 1077 trees ha™'),
and used allometric relationships to estimate standing dry
mass and annual dry mass production. The study site was
located at North Carolina State University’s Hofmann Forest
in Onslow County, North Carolina (34°49.4°N, 77°18.2°W).

In the low planting density treatment, age 3 total standing
dry mass of the most productive genotype (5.8 Mg ha') was
82% higher than that of the least productive genotype (3.2
Mg ha'') (Figure 1). In the high planting density treatment,
age 3 total standing dry mass of the most productive
genotype (11.4 Mg ha') was 110% higher than that of the
least productive genotype (5.4 Mg ha') (Figure 1). Genetic
differences in annual dry mass production were of a similar
magnitude with peak rates during the third year as high as
4.2 and 8.2 Mg ha' yr' in the low and high planting density
treatments, respectively. More genetically homogeneous
genotypes did not show greater stand-level uniformity under
operational management conditions. Over time, genotypes
showed no consistent differences in the coefficient of
variation (CV) for ground-level diameter; however, two
full-sib and two half-sib families showed significantly lower
CV’s for total tree height than all three clones. Moreover,
genotypes with lower CV’s for height growth displayed
greater stand-level dry mass production which supported the
premise that greater stand uniformity will lead to enhanced
productivity. Since uniformity and stand-level productivity
of loblolly pine clones will be principally governed by
environmental heterogeneity, our results highlight the need
for silvicultural prescriptions that maximize site uniformity.
In addition, our results demonstrate how the deployment of
highly productive loblolly pine genotypes may provide a
means of enhancing southern pine ecosystem sustainability
by sequestering C in both harvestable aboveground biomass
and woody belowground biomass.

Michael J. Aspinwall, John S. King, Steven E. McKeand, and Bronson P. Bullock, Department of Forestry and Environmental Resources, North

Carolina State University, Raleigh NC 27695-8002 USA
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A WATERSHED-BASED ENVIRONMENTAL
AND REGULATORY DATA ANALYSIS
SYSTEM FOR THE FOREST PRODUCTS

INDUSTRY

John Beebe

A watershed-based data analysis system was created as

a tool for forest product companies to better understand
potential implications from environmental regulations.
Also known as the Receiving Water Database (RWDB),
this data system was designed with the purpose of assisting
companies that own pulp and paper mills, wood product
facilities, and commercial timberlands by assessing changes
in water quality standards, aquatic life criteria, critical
habitat designations, watershed-based permitting, and
water resource management policies. Assessments using
this database system have helped the industry as a whole
by providing a unique enviro-regulatory perspective by
combining environmental and regulatory information in a
watershed-based GIS. The core of the hydrogeographical
information is the interagency spatial product known as
the National Hydrography Dataset or NHD, which allows
for river and stream reach information to be analyzed in
relationship to its drainage network.

One of the main functions of the data analysis system has
been to support industry analysis and input into regulatory
processes in areas where rivers and other surface waters
have been identified as impacted from point and/or nonpoint
sources. For example, the system played a key role for
forest product companies operating in Florida by analyzing
spatial information on water quality monitoring and nutrient
ecoregions to address proposed numeric criteria for nitrogen
and phosphorus, and the attainability of such criteria in
different regions of the state (Figure 1). Another important
use of the RWDB involved assessing the potential impact
of nutrient loadings in areas where forest products and other
industries operate, particularly in states with accelerated
nutrient criteria development schedules. In response to
similar regulatory initiatives, the tool has also been used in
various regional and state analyses to advise forest product
companies that may become involved in or need to respond
to TMDL (Total Maximum Daily Load) development,
especially for manufacturing facilities that are subject to
changes in their water discharge permits.

In response to Gulf of Mexico hypoxia, another use of

the tool involved an industry analysis of nutrients in the
Mississippi River basin to estimate the proportion of
industry loadings in watersheds relative to other sources.
This analysis concluded that the majority of nutrients

that enter the river were primarily from agriculture, while
only a very small fraction were associated with the forest
products industry. Other research using the RWDB involved
an assessment of regulatory changes pertaining to aquatic
life criteria by evaluating different forms of streamflow
statistics to be used in a proposed water withdrawal policy.
The analysis compared the frequency of critical flow

levels for various river systems in the Southeast U.S., and
demonstrated that low flow conditions in many areas were
part of a normal, natural variation for many river systems
in which industry facilities and commercial timberlands
operate. Results from this analysis had important biological
implications, and the conclusions were helpful in shaping
policies that put water withdrawal permits on a more
rational, scientific basis (NCASI 2009).

The system has also supported the establishment of water
quality studies including one for an experimental watershed
in Louisiana (Ice and others 2010, Xu and others 2008)
which involved combining spatial information and research
objectives for investigating dissolved oxygen patterns

in response to silvicultural best management practices.

The database has also been used to evaluate potential
regulatory changes involving threatened and endangered
species (including the Atlantic Sturgeon and the Altamaha
Spinymussel), and the current system is being used in
conjunction with an ongoing long-term receiving water
study to evaluate biological conditions and adaptations of
aquatic life in response to anthropogenic stressors. Periodic
revisions to the framework of this database system have
been and will continue to be made to make the tool a more
efficient and comprehensive environmental data resource for
the forest products industry.

John Beebe, Senior Research Scientist, National Council for Air & Stream Improvement, Inc. 4601 Campus Drive #A-114, Kalamazoo, Ml 49008
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Figure 1—The watershed-based analysis system is designed to identify the industry’s involvement in
areas where waters that are subject to changes in water quality regulations. In this case the tool was used
to evaluate water quality data in response to numeric nutrient criteria proposed for different ecoregions of
the state.
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EFFECTS OF SILVICULTURAL
MANAGEMENT ON LOW GRADIENT
STREAM WATER QUALITY IN LOUISIANA

John Beebe, George Ice, Y. Jun Xu, Abram DaSilva, and Richard Stich

Oxygen depletion in rivers and streams is among the top

5 impairment types most frequently cited in state water
quality reports in the U.S., especially in the South. Such
impairments require the development of Total Maximum
Daily Loads (TMDLs) or other strategies to ameliorate low
dissolved oxygen (DO) levels or high biochemical oxygen
demand (BOD). TMDLs allocated to forested waterways
in some states have called for reductions in BOD through
appropriate harvesting and site preparation techniques.
Specific silvicultural prescriptions for riparian areas
following best management practice (BMP) guidelines can
help mitigate elevated BOD levels in streams. However,
recent surveys and research on streams in the South,
including unimpaired waterbodies, have encountered
naturally-occurring low DO concentrations that are already
below state water quality standards (Ice and Sugden 2003).

As part of a larger study conducted by Louisiana State
University (Xu and others 2008, Mason and others 2007),
this body of research examined changes in DO for a low
gradient stream in north-central Louisiana, the role of
common silvicultural practices, and the effectiveness of
BMPs in maintaining water quality. The DO component of
this study employed a before-after-control-impact (BACI)
design following Smith (2002), and monitoring water
quality parameters at locations above and below a planned
forest harvest unit. Water quality was monitored using
instrumentation that collected data on DO, temperature,
conductivity, and turbidity at 15-minute intervals. This
allowed daily DO fluctuations over extended periods of
time to be assessed. The clearcut harvest was conducted
during the summer of 2007 following current forestry BMP
guidelines, and more than 1 year of data was collected
before harvest to serve as a baseline.

Water quality measurements taken upstream and
downstream of the timber harvest both showed a similar

annual pattern, with lower DO in summer months and
higher DO in winter months. Measured concentrations of
DO at a site located upstream of the harvest unit were below
the state standard (3 milligrams per liter) 47 percent of the
time, while DO concentrations downstream of the harvest
unit were below the state standard 39 percent of the time.
During the pre-harvest period DO levels at the upstream site
were slightly lower than those at the downstream site. In the
post-harvest period the difference increased significantly
(p<0.001) with higher DO measured at the site downstream
of the harvest unit. Despite there being no tributaries and
only minor differences between upstream and downstream
flow conditions, as documented herein by DaSilva and
others (2011), these post-harvest observations were evident
at various times, covering a range of seasons, in subsequent
years. However, the difference in DO was most noticeable
during winter when high surface runoff often occurred.

Daily monitoring data from the upstream and downstream
locations also included water level measurements for
estimating discharge and estimated mass loadings of

BOD, inorganic carbon, dissolved organic carbon, and
total organic carbon. The study of this low-gradient
forested stream in Louisiana demonstrated pre-harvest

DO concentrations are naturally low, but are still able to
maintain stream conditions for supporting aquatic life
(Klimesh and others 2011). In light of this, standards set by
state agencies should reflect site-specific and/or seasonal
conditions. Post-harvest results from this study, as well as
those by researchers in other Southern states, also suggest
silvicultural management practices have little or no impact
on water quality when BMP guidelines are followed.
Impairment determinations and TMDL allocations for
existing impairments, therefore, should not only consider
the demonstrated effectiveness of forest BMPs, but also the
need to account for the natural conditions exhibited in many
low gradient streams and other waterbodies in the South.
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HERBICIDE SITE PREPARATION AND
RELEASE OPTIONS FOR EUCALYPTUS
PLANTATION ESTABLISHMENT IN THE

WESTERN GULF

Michael A. Blazier, John Johnson, Eric L. Taylor, and Brad Osbon

ABSTRACT

Cold-tolerant species of eucalyptus (Eucalyptus spp.) are increasingly
grown in the Western Gulf region as short-rotation pulpwood feedstock.
Operational chemical suppression of competing vegetation has been
relatively costly and inefficient because it requires frequent applications

of glyphosate applied via backpack sprayers. A series of studies were
conducted in eucalyptus plantations in southwest Louisiana to identify
herbicides that can be broadcast-applied by aircraft or ground equipment,
providing effective competition suppression without damaging

eucalyptus. A trial of 12 herbicide treatments indicated that oxyflurofen
and sulfometuron methyl were viable alternatives to directed glyphosate
for release treatments of first-year Eucalyptus macarthurii seedlings
because both herbicides reduced competing vegetation and promoted E.
macarthurii height growth better than directed glyphosate. Further testing
of sulfometuron methyl as a release herbicide for first- and second-year

E. macarthurii plantations revealed that rates in excess of 1.13 oz ai/acre
damaged E. macarthurii seedlings. A trial of four pre-plant site preparation
herbicide treatments revealed that first-year E. macarthurii seedlings
planted in bedded and non-bedded plots were not significantly damaged by
triclopyr, imazapyr, and hexazinone applied two months pre-planting.

INTRODUCTION

Paper mills that require hardwoods as raw material often
have difficulty acquiring sufficient supplies of local trees
when conditions are wet. Mills rely on hardwoods grown
in moist bottomlands that cannot be harvested during wet
periods to protect soil and water quality. When mills cannot
obtain enough local trees, they must bring in chips by

rail and/or barge at high expense. The emergence of new
markets for small-diameter hardwoods as raw material
for biofuels such as wood pellets is likely to exacerbate
limitations on hardwood availability. To overcome these
hardwood supply problems, forest managers need new
options for quickly growing plantations of hardwoods,
preferably on upland soils that provide a wider harvesting
window (Blazier and others 2010).

Eucalyptus plantations have the potential to boost
the hardwood production potential in portions of the
southeastern U.S. Under proper management, eucalyptus

grows rapidly, is resistant to disease and insects, and has
wood properties highly desired for multiple uses. Eucalyptus
has excellent fiber properties for paper, engineered and
reconstituted wood products, and bio-based products. When
pelletized and direct-fired in a power plant, eucalyptus has
heat energy values that exceed many native tree species.
Eucalyptus plantations can reach a harvestable size (up to 70
ft. in height and 7 inches in DBH) for pulpwood or biofuel
in as little as 6 to 8 years. Under proper management,
eucalyptus has the ability to produce 20 green tons per

acre per year. This growth rate compares favorably to the
commonly planted loblolly pine, which produces up to 8
tons per acre per year. Eucalyptus plantations can achieve
these high growth rates on upland soils, which may provide
the forest products industry with a greater supply of
hardwood trees grown relatively close to paper and biofuel
production facilities (Blazier and others 2010).

Eucalyptus is grown in many countries as a short-rotation
pulpwood feedstock. As a result, much of the world’s paper
of hardwood origin contains eucalyptus. However, many
eucalyptus species are intolerant of frost, or only tolerate
light frosts down to about 27°F. This susceptibility to cold
damage has historically restricted the viability of eucalyptus
plantation management in much of the U.S. Tree breeding
research has recently identified cold-resistant eucalyptus
trees. These trees are tolerant of temperatures down to

17°F. This cold tolerance makes eucalyptus plantation
management viable in southern portions of most states in
the southeast U.S. As a result of the identification of cold-
tolerant eucalyptus, the forest products industry is beginning
to plant some eucalyptus plantations. For example, there
were approximately 3,000 acres of eucalyptus plantations
throughout southwest Louisiana and southeast Texas as of
January 2010 (Blazier and others 2010).

A substantial limitation to establishment and productivity of
eucalyptus plantations is competing vegetation. Eucalyptus
is highly intolerant of competition, particularly early in the
rotation (Adams and others 2003, Garau and others 2009).
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However, there are relatively few herbicides with labeling
for eucalyptus species in the U.S. that can be broadcast
over trees and provide broad-spectrum control. Forest
managers have therefore relied heavily upon glyphosate for
site preparation and release of eucalyptus plantations in the
Western Gulf region. Release treatments with glyphosate
have proven to be relatively inefficient and costly because it
is often necessary to apply the glyphosate as a directed spray
via backpack. Relatively few contract crews are available
for such work, which results in large acreages to be covered
per crew. With large acreages to cover, some tracts have
poor suppression of competing vegetation because spraying
is done before there is sufficient foliage for adequate
efficacy of glyphosate. Other tracts have inadequate control
of competing vegetation because spraying is done after the
vegetation has grown too large for sufficient glyphosate
efficacy. It is also necessary to spray sites three to four times
per season to sufficiently control competing vegetation

with glyphosate due to its lack of residual activity. This
lack of residual activity also inhibits the effectiveness of
pre-plant broadcast applications of glyphosate done for site
preparation.

A more cost-effective and efficient alternative to directed
spray of glyphosate would be herbicides with broad-
spectrum control of competing vegetation that can be
broadcast by ground or air over eucalyptus plantations
without damaging eucalyptus. The objective of this series of
trials was to identify the efficacy and eucalyptus tolerance
of herbicides applied after planting as release treatments and
prior to planting for site preparation.

METHODS

In 2008, a trial (RELEASE1) was established in a first-year
Eucalyptus macarthurii (H. Deane and Maiden) plantation
near Merryville, LA (30°42°52.57” N, 93° 31’ 17.91” W).
Soil at the site was classified as a Malbis fine sandy loam,
which is a fine-loamy, siliceous, subactive, thermic Plinthic
Paleudult with a pH range of 4.5 to 5.0 (USDA NRCS
2002). Dominant vegetation of the site included wooly
croton (Croton capitatus), rosette grass (Dichanthelium
spp.), and purple cudweed (Gamochaeta purpurea). The
previous stand had been a slash pine (Pinus elliotti Engelm.)
plantation that had a burning cycle during its rotation. In
April 2008, the herbicide treatments listed in Table 1 (with
the exception of the directed glyphosate treatment) were
applied via a backpack-mounted, CO2-powered sprayer with
a KLC9 tip mounted atop a 15 ft. spray boom to simulate
aerial broadcast of herbicide. Directed glyphosate treatments
consisted of a 5 percent solution of glyphosate applied via
hand-pump backpack sprayer in April, June, and August
2008. Three replications of each treatment were applied in a
completely randomized design to plots that were 30 ft. wide
and 100 ft. long. By June 2008 competing vegetation had
returned to all plots, so all treatments were re-applied. At
5,10, and 15 weeks after the April 2008 application, ground
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coverage and tree condition were assessed. Ground coverage
was determined as the proportion of ground covered by
living vegetation within a 1-ft* quadrat at four random
locations per plot. Tree condition score was measured

by assigning a qualitative score of 1 to 9 to ten trees in

the center of each plot. The scores, which accounted for
increasing levels of damage severity, were: 1=no apparent
damage, 2=chlorotic leaves, 3=dead leaves in upper stem,
4=dead leaves in lower stem, 5=tip dieback, second flush,
6=tip dieback, 7=dieback to bottom of tree with resprouting,
8=dieback to bottom of tree with no resprouting, 9=dead.
Tree survival and total height was measured immediately
prior to treatment, in October 2008, and December 2009.
Height growth 1 and 2 years after treatment was calculated
as the difference between the October 2008 and December
2009 height measurements and the April 2008 height
measurements.

As of October 2008 it was apparent that sulfometuron
methyl was an effective herbicide in the RELEASEI trial,
so follow-up trials (RELEASE2 and RELEASE3) were
conducted to further elucidate E. macarthurii tolerance of
sulfometuron. The RELEASE? trial was established in a
first-year E. macarthurii plantation, and the RELEASE3
trial was established in a second-year E. macarthurii
plantation. Both trials were established near Merryville,

LA (30°44°23.34” N, 93° 30’ 16.49” W). Soil at the

sites for both trials was classified as a Kolin silt loam,
which is a fine-silty, siliceous, active, thermic Glossaquic
Paleudalf with a pH range of 4.5 to 5.0 (USDA NRCS
2002). In April 2009, the treatments listed in Tables 2 and

3 were applied for the RELEASE2 and RELEASES3 trials,
respectively. Previous stand conditions, application protocol,
experimental design, and plot size of the RELEASE2 and
RELEASES3 trials were identical to those of the RELEASEI
trial. For the RELEASE2 and RELEASES3 trials, ground
coverage was assessed in June 2009 and tree condition was
measured in June and October 2009 using the same protocol
as in the RELEASE] trial. Tree height was measured
immediately prior to treatment and in December 2009 for
the RELEASE2 and RELEASES trials as well.

In 2008, a trial (PREP) was established at the same location
as the RELEASE?2 and RELEASES3 trials to determine

the effects of several herbicides applied prior to planting

on eucalyptus survival, condition, and growth. The PREP
trial also explored the influence of bedding after herbicide
application on eucalyptus survival, condition, and growth.
Herbicide treatments, listed in Table 4, were applied in
August 2008. Previous stand conditions, application
protocol, and plot size of the PREP trial were identical

to those of the trials described above. Bedding was done

in appropriate plots in September 2008 with a skidder-
drawn bedding plow. Three replications of all bedding

and herbicide treatment combinations were conducted.
Eucalyptus macarthurii seedlings were planted in all plots in
October 2008. In December 2009, survival, tree condition,
total height, and groundline diameter were measured.
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All treatment effects were analyzed for variance (ANOVA)
at an alpha of 0.05 using the MIXED procedure of the

SAS System (SAS Institute, Inc. 2006). When an ANOVA
indicated significant treatment effects, treatment means
were calculated and separated by the DIFF option of the
LSMEANS procedure. The DIFF option provided multiple
comparisons of treatment means by invoking t-tests to
determine significant differences between all possible
treatment combinations. All variables for the RELEASEI,
RELEASE2, and RELEASES3 trials were analyzed with

a model that had herbicide treatment as a fixed effect. All
variables for the PREP trial were analyzed with a model that
had herbicide treatment, bedding treatment, and all possible
combinations of the herbicide and bedding treatments as
fixed effects.

RESULTS AND DISCUSSION

Ground coverage differed among treatments of the
RELEASE]! trial at only five weeks post-treatment (Table
1). Ground coverage in response to oxyflurofen applied at
0.89 pt ai/acre was the lowest among all treatments. Among
other treatments, both rates of sulfometuron methyl, the
lower rate of oxyflurofen, the lower rate of quizalofop, and
sulfosulfuron had lower ground coverage than the unsprayed
control. Each of these herbicides, particularly oxyflurofen
and sulfometuron methyl, are formulated for control of a
relatively broad array of broadleaf and grass competition
and residual activity in soil. Interestingly, ground coverage
of the directed glyphosate treatment (which was included

in this trial because it was analogous to operational spray
treatments) was similar to the control even five weeks after
treatment. This result is likely due to glyphosate’s lack of
residual soil activity, which permitted re-establishment

of vegetation. However, by ten weeks after treatment the
effects of all herbicides on ground coverage had subsided as
indicated by the similarities in ground coverage among all
treatments.

None of the herbicides and rates tested in the RELEASE1
trial significantly affected tree survival and condition

score (data not shown). However, differences among the
treatments in tree height growth were observed (Table 1).
At one and two years post-treatment, trees treated with the
higher rates of oxyflurofen and sulfometuron methyl tested
had the greatest height growth among treatments. The
relatively low ground coverage observed five weeks post-
treatment for these treatments as well suggests that the better
suppression of competing vegetation of these treatments led
to improvements in tree height growth as late as two years
post-treatment.

Although oxyflurofen and sulfometuron methyl were

the most effective herbicides in the RELEASEI trial,
sulfometuron methyl is a substantially cheaper herbicide.
As aresult, the RELEASE? trial was developed to
determine first-year eucalyptus tolerance to a wider

array of sulfometuron methyl rates. Ground coverage of

all sulfometuron methyl rates was similarly lower than

that of the control, so there was no appreciable benefit

to applying rates greater than 0.38 oz ai/acre in terms of
increased control of competing vegetation at this site (Table
2). Applying a rate as high as 1.50 oz ai/acre induced
damage to the eucalyptus trees, as evidenced by the higher
damage scores of this treatment relative to most others

as of June 2009. In the RELEASE?2 trial, sulfometuron
methyl applied at rates lower than and greater than 1.13

oz ai/acre was associated with eucalyptus height growth
lower than directed glyphosate. These results suggest that
competition control of a single application of sulfometuron
methyl at rates lower than 1.13 oz ai/acre did not adequately
control competition through the growing season as well

as the multiple applications of glyphosate and that the
significant increase in eucalyptus damage caused by a single
application at 1.50 oz ai/acre was substantial enough to
reduce height growth.

The RELEASES trial was developed to determine second-
year eucalyptus tolerance to a wider array of sulfometuron
methyl rates because operational experience has shown

that competition control through at least the second year

of the rotation is needed for sufficient E. macarthurii
growth. All sulfometuron methyl rates tested in this trial
significantly reduced competition, as shown by the lower
ground coverage of all rates relative to the control (Table

3). However, all rates tested were high enough to induce E.
macarthruii damage as evidenced by the greater October
2009 tree condition scores and lower tree height growth

of all sulfometuron treatments relative to the control. The
damage of E. macarthurii in the RELEASES3 trial, in which
all rates tested were 1.50 oz ai/acre and greater, is similar to
the increased damage observed in response to the 1.50 oz ai/
acre rate in the RELEASE2 trial. Thus, E. macarthurii was
damaged by sulfometuron methyl rates as high as 1.50 oz ai/
acre at this site irrespective of whether the plantations were
in the first or second year of the rotation.

Tree height, survival, and condition scores did not differ
among treatments in the PREP trial. Groundline diameter
of the imazapyr treatment was greater than that of all other
treatments in both non-bedded and bedded plots (Table

4). These results suggest that E. macarthurii at this site

was tolerant of the herbicides tested even when they were
applied within two months of planting to simulate a “worst-
case” management scenario and that imazapyr promoted tree
growth better than the other herbicides tested. The imazapyr
result was unexpected because although imazapyr is highly
effective for relatively long competition suppression it has
relatively long residual activity in soil. The lack of damage
from imazapyr may have been due to the formulation

of Chopper Gen2 imazapyr product. Chopper Gen2 is
formulated to enter plants more readily than conventional
imazapyr herbicides, so if it was more rapidly absorbed by
vegetation there was less potential for the herbicide to enter
and remain in soil. Bedding significantly improved seedling
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survival across all herbicide treatments, with average
survival of bedded and non-bedded plots being 83.7 and
50.5 percent, respectively. Survival benefits of bedding in
the PREP trial are similar to those reported for Eucalyptus
tereticomis in previous studies (Chamshama and Hall 1987).

CONCLUSIONS

Oxyflurofen and sulfometuron methyl were viable
alternatives to directed glyphosate for release treatments

of first-year E. macarthurii seedlings at this study site
because both herbicides reduced competing vegetation and
promoted E. macarthurii height growth better than directed
glyphosate. However, applying sulfometuron methyl at these
sites in excess of 1.13 oz ai/acre damaged E. macarthurii
seedlings. Triclopyr, hexazinone, and imazapyr did not
damage E. macarthurii seedlings irrespective of whether
plots were bedded or non-bedded at this site even though the
herbicides were applied only two months before the site was
planted. There was also modest evidence that the imazapyr
formulation tested led to greater seedling groundline
diameters relative to triclopyr and hexazinone. It must be
stressed that although these trials provide information useful
for E. macarthurii plantations managed on similar loamy
soils, these trials were conducted on a single soil type with

a single eucalyptus species. Before broader inferences can
be made, it is essential to conduct similar tests over a greater
array of soil types and eucalyptus species.
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Table 1—Proportion of ground covered in live vegetation 5, 10, and 15 weeks after treatment (WAT)
and tree height growth 1 and 2 years after treatment (YAT) in response to herbicides applied to a
newly planted Eucalyptus macarthurii plantation in April 2008

Ground Coverage (%) Tree Height Growth (ft)
Treatment 5 WAT 10 WAT 15 WAT 1 YAT 2 YAT
Control 20.0a 11.8a 575a 1.63 cde 4.22 de
Directed glyphosate 213 a 123 a 529a 1.15¢ 5.22 cde
Sulfometuron 0.38 o0z ai/ac 9.6 cde 59a 333a 1.59 cde 4.98 cde
Sulfometuron 0.94 oz ai/ac 11.7 bede 99a 558a 2.37 ab 8.04 a
Oxyflurofen 0.45 pt ai/ac 7.9 de 18.1 a 48.8 a 1.64 cde 5.51 cd
Oxyflurofen 0.89 pt ai/ac 29f 43a 373 a 2.77 a 7.59 ab
Clopyralid 0.12 pt ai/ac 19.2 abc 109 a 47.5a 1.99 bed 4.84 cde
Clopyralid 0.28 pt ai/ac 13.8 abcd 13.7 a 575a 2.17 abc 6.26 bc
Quizalofop 1.24 oz ai/ac 10.8 bede 9.0a 47.1 a 1.90 bed 4.92 cde
Quizalofop 2.06 oz ai/ac 15.0 abc 89a 40.4 a 1.52 de 377 ¢
Fluazifop 3.9 oz ai/ac 16.7 ab 83a 438 a 1.87 bed 4.86 cde
Sulfosulfuron 0.98 oz ai/ac 9.6¢ 10.7 a 52.1a 1.75 cde 5.97 be

NOTE: Glyphosate applied as Accord, sulfometuron applied as Oust XP, oxyflurofen applied as Goal 2XL, clopyralid
applied as Transline, quizalofop at 1.24 oz ai/ac applied as Targa, quizalofop at 2.06 oz ai/ac applied as Assure I, fluazifop
applied as Fusilade, and sulfosulfuron applied as Outrider. Within each column, means followed by different letters differ

significantly at P < 0.05.
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Table 2—Proportion of ground covered in live vegetation in June 2009, tree condition score, and tree
height growth from April to October 2009 in response to herbicides applied to a newly planted Eucalyptus
macarthurii plantation in April 2009

Tree Condition Score

Treatment Ground Coverage (%) June 2009  October 2009  Tree Height Growth (ft.)
Control 16.5a 1.00b 1.92a 1.34d
Directed glyphosate 4.1b 1.14 ab 1.25a 295a
Sulfometuron 0.38 o0z ai/ac 5.0b 1.00b 1.34a 2.28 bc
Sulfometuron 0.75 oz ai/ac 6.6b 1.00b 1.14a 1.80 cd
Sulfometuron 1.13 oz ai/ac 46Db 1.09b 1.59a 2.50 ab
Sulfometuron 1.50 oz ai/ac 1.9b 143 a 1.62 a 1.87 cd

NOTE: Glyphosate applied as Accord and sulfometuron applied as Oust XP. Tree condition scores were defined as 1=no apparent
damage, 2=chlorotic leaves, 3=dead leaves in upper stem, 4=dead leaves in lower stem, 5=tip dieback, second flush, 6=tip
dieback, 7=dieback to bottom of tree with resprouting, 8=dieback to bottom of tree with no resprouting, and 9=dead. Within each
column, means followed by different letters differ significantly at P < 0.05.

Table 3—Proportion of ground covered in live vegetation in June 2009, tree condition score, and tree
height growth from April to October 2009 in response to herbicides applied to a second-year Eucalyptus
macarthurii plantation in April 2009

Tree Condition Score

Treatment Ground Coverage (%)  June 2009  October 2009  Tree Height Growth (ft.)
Control 383a 1.19a 1.94Db 5.10a
Sulfometuron 1.50 oz ai/ac 83¢c 1.13a 2.87a 396D
Sulfometuron 2.25 oz ai/ac 10.8 be 1.07 a 2.30a 3.42 bc
Sulfometuron 3.00 oz ai/ac 21.3b 1.38a 2.62a 2.56 ¢

NOTE: Sulfometuron applied as Oust XP. Tree condition scores were defined as 1=no apparent damage,
2=chlorotic leaves, 3=dead leaves in upper stem, 4=dead leaves in lower stem, 5=tip dieback, second flush,
6=tip dieback, 7=dieback to bottom of tree with resprouting, 8=dieback to bottom of tree with no resprouting, and
9=dead. Within each column, means followed by different letters differ significantly at P < 0.05.

Table 4—Groundline diameter (in inches) in response to herbicide and bedding treatments conducted prior
to planting of Eucalyptus macarthurii in southwest Louisiana

Treatment Non-bedded Bedded
Control 030D 0.34b
Triclopyr 1.2 oz ai/acre 035b 0.46b
Imazapyr 8.5 oz ai/acre 0.60 a 0.55a
Hexazinone 1 gt ai/acre 031b 0.42b

NOTE: Triclopyr applied as Garlon4, imazapyr applied as Chopper Gen2, and hexazinone applied as Velpar L. Within each
column, means followed by different letters differ significantly at P < 0.05.
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SHORT-TERM CHANGES IN LOBLOLLY
PINE WATER CONDUCTANCE AND
PHOTOSYNTHETIC CAPACITY FROM
FERTILIZER SOURCE AND STRAW

HARVESTING

Michael A. Blazier, Keith Ellum, and Hal O. Liechty

ABSTRACT

Organic matter removal associated with intensive straw harvesting in
loblolly pine (Pinus taeda L.) plantations has the potential to alter tree
water regimes and photosynthetic capacity. Fertilization done to remedy
nutrient removals from straw harvesting, as well as the type of fertilizer,
likewise has potential to change water regimes and photosynthetic capacity
of these plantations. In 2008 and 2009, conductance, light-saturated
photosynthesis, and intrinsic water use efficiency were measured seasonally
in a loblolly pine plantation in north central Louisiana in response to:

(1) a non-raked, non-fertilized control treatment, (2) annual straw raking
for seven years, (3) annual straw raking for seven years and five years of
inorganic fertilizer application, and (4) annual straw raking for seven years
and five years of organic fertilizer (poultry litter) application. Precipitation
was comparable to or exceeded regional averages throughout the study
period. Conductance in spring was greater in response to poultry litter
application than to all other treatments. Both fertilization treatments were
associated with lower photosynthetic capacity in summer relative to the
control treatment. No differences in intrinsic water use efficiency were
observed in response to treatments.

INTRODUCTION

Pine straw is commonly used in the southeast U.S. as a
landscaping material in residential, urban, and industrial
settings (Minogue and others 2007). Pine straw production
supplements income from conventional forest products
(Minogue and others 2007, Wolfe and others 2005). Pine
straw is a large component of the forest floor in loblolly
pine plantations (Kinerson and others 1977), and the
presence of this organic matter in part determines soil

water availability and temperature (Attiwill and Adams
1993). Blazier and others (2008) found that soil available
water holding capacity was reduced by annual pine straw
harvesting. Excessive removal of organic matter without soil
amendment in plantations in which pine straw is frequently
harvested could potentially reduce tree water uptake and use
as well.

Nutrient amendments are often used in southern pine
plantations to replenish macro- and micronutrients removed

by pine straw raking (Morris and others 1992). Both
inorganic and organic fertilizers such as poultry litter have
been used to supply nutrients and increase productivity

of southern plantations in which pine straw is harvested
(Blazier and others 2008, Chastain and others 2007). Poultry
litter is a by-product of poultry production and consists of
chicken manure, feed waste, and bedding materials such

as rice hulls, peanut hulls, or pine shavings. Amending
southern pine plantations with poultry litter may prove
beneficial in replacing not only nutrients but also organic
matter removed during pine straw raking. The additional
organic matter added to the soil may benefit growth by
increasing porosity and reducing the impacts of compaction,
thereby improving water availability to the trees (Blazier
and others 2008).

Both nutrient and water regimes in loblolly pine plantations
are important to productivity and tree growth (Green and
Mitchell 1992, Samuelson and others 2008). Removal of
organic matter in stands in which pine straw is harvested and
subsequent fertilization with inorganic or organic fertilizer
may alter the water regimes as well as photosynthetic
capacity of loblolly pine that govern its productivity.
Understanding of the effects of straw raking and fertilizer
source on the water regimes and photosynthetic capacity of
loblolly pine is needed to develop ecologically sustainable
management practices, but research on these issues is
limited. The objectives of this study were to determine the
effects of annual straw harvesting, fertilization, and fertilizer
source on stomatal water conductance, photosynthetic
capacity, and intrinsic water use efficiency of loblolly pine.

METHODS

The study site was located at the LSU AgCenter Calhoun
Research Station in north central Louisiana (32° 30”48 N,
92° 20’ 53” W). The study was established in two loblolly
pine plantations located within 0.5 km of each other. The

Michael Blazier, Associate Professor, Hill Farm Research Station, Louisiana State University Agricultural Center, Homer, LA 71040
Keith Ellum, Graduate Assistant, School of Forest Resources, University of Arkansas Monticello, Monticello, AR 71656
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plantations were planted in winter 1990 at a spacing of

4.9 m x 1.8 m. Prior to tree establishment the two areas

had been managed as a bermudagrass (Cynodon spp.)
pasture. In 2000, the stands were thinned to 618 trees/ha.
The soil mapping unit at this study site is an Ora-Savannah
association (Matthews and others 1974). This association

is composed of loamy soils that are nearly level to gently
sloping, medium acid to very strongly acid, and low in
natural fertility. These soil series are primarily classified

as fine loamy, mixed, siliceous, thermic, Typic Fragiudults
(Matthews and others 1974). The climate in Ouachita Parish
is mild, humid subtropical with high rainfall occurring in the
winter and spring followed by dry weather in the summer
and autumn. Average annual temperature is 21° C, and
average rainfall is 128 cm (Matthews and others 1974). Ice
storms passed through Ouachita Parish in December 1998
and January 2001, with minimal damage occurring in the
study stands.

The study design was a randomized complete block design
with a one-way treatment structure and four levels of pine
straw harvesting and fertilizer regime treatments. The four
treatment regimes were replicated twice within a 1-ha block
in each stand, with stand as the blocking factor. Treatments
were applied to 0.08-ha plots which were separated by

a 3-m buffer to ensure independence of treatments. The
regime treatments were: (1) a control treatment of no straw
raking and no fertilization (CONTROL), (2) pine straw
raking without fertilization (RAKE), (3) pine straw raking
with annual application of diammonium phosphate and
urea (RAKE-IN), and (4) pine straw raking with an annual
application of poultry litter (RAKE-PL).

Pine straw raking began in fall 2000, with straw harvests
occurring annually thereafter. Pine straw was collected in
February, August, and November each year by tractor-drawn
hay rakes and balers operated by a commercial pine straw
harvest contractor. Understory vegetation in raked plots was
controlled with glyphosate applied once in August 2003 at a
rate of 1.2 L active ingredient/ha. All coarse and fine woody
debris and vegetative matter was removed and windrowed
by hand prior to raking but left on site. Average annual
production was 173 bales/ha, with an average bale weight of
11.3 kg. Fertilizer applications in the RAKE-IN and RAKE-
PL treatments began in April 2003 and were conducted
annually thereafter. For the RAKE-IN treatment, 308 kg/

ha of urea and 280 kg/ha of diammonium phosphate were
applied each spring. The fertilizers applied for the RAKE-IN
treatment supplied N and P at 193 kg/ha/year and 129 kg/
ha/year, respectively. For the RAKE-PL treatment it was
assumed that the poultry litter had N and P concentrations of
3 percent, and dry litter was applied at a rate of 7.7 Mg/ha in
order to provide N and P equivalent to that of the RAKE-IN
treatment.

Gas exchange was measured to determine light-saturated
photosynthesis (Amax) and stomatal conductance (Gs).
Measurements were taken on needles from the upper, mid,

and lower branch positions of the crown seasonally: summer
(August 2008), late fall (December 2008), winter (February
2009), and spring (May 2009). Dominant trees with well-
developed crowns and absent of disease, insect, drought, or
ice damage were selected for sampling. Branches from one
tree from each plot were excised with a 12-gauge shotgun.
The same trees were sampled each season. Measurements
were taken in an open-system configuration with a CI-340
Photosynthesis System (CID Inc., Camas, WA, USA). The
cuvette of the analyzer was operated under ambient CO,
concentrations, and saturating light (photosynthetically
active radiation of 1800 pmol/m?/s) was applied so that
photosynthesis was maximized throughout the measurement
period. When branches were detached, they were placed
upright in a container of water at ambient temperature and
measured within 5 minutes to optimize accuracy during
measurement (Blazier and others 2004). Nine needles

(three fascicles) from the first flush of current-year foliage
were placed into the leaf chamber of the gas analyzer. The
CI-340 Photosynthesis System calculated Amax and Gs
based on the gas exchange parameters (relative humidity,
air temperature, leaf temperature, and atmospheric pressure)
directly measured with the instrument. Intrinsic water use
efficiency (WUE) was then calculated by dividing Amax by
Gs (Cregg and others 2000).

During the study period, daily precipitation was measured
by a tipping-bucket rain gauge located at the Calhoun
Research Station as part of the Louisiana Agriclimatic
Information System. Daily precipitation was summed

for each month from July 2008 through June 2009. The
historical monthly potential evapotranspiration (PET) for
the Calhoun Research Station was developed from 30-
year monthly averages of air temperature and day length
collected at the station (Thornthwaite 1948).

To characterize the influence of the treatments on tree
nutrition, foliage samples were collected from the upper-
mid portion of tree crowns in December 2007 from three
dominant or codominant trees of good form and vigor per
plot using a 12-gauge shotgun. Ten needle fascicles were
taken from the first flush of current-year foliage in the
excised branches. All sampled fascicles were pooled for
each plot, so each plot was represented by one composite
sample. Concentrations of N, P, K, S, B, Ca, Cu, Fe, Mg,
Mn, and Zn were then analyzed. Nitrogen was analyzed by
dry combustion (Nelson and Sommers 1996) with a Leco
CN analyzer (Leco, Inc., St. Joseph, MI, USA). All other
nutrients in the foliage samples were determined by nitric
acid digestion followed by analysis with ICP spectrometry
(Zarcinas and others 1987) on a Thermo-Jarrell Enviro II
(Thermo-Jarrell Ash, Inc., Franklin, MA).

All gas exchange variables (Amax, Gs, WUE) were
analyzed with the SAS System program using a repeated
measures mixed model (PROC MIXED; SAS Inc.) that
included block, season, and the interaction of block and
season as random effects and treatment, crown position,
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and the interaction of treatment and crown position as fixed
effects. An autoregressive correlation structure was used for
the repeated measures analysis. All nutrient variables were
analyzed with a model that contained block, treatment, and
the interaction of block and treatment as fixed effects. When
an ANOVA indicated significant treatment effects, treatment
means were calculated using the LSMEANS procedure and
separated by the DIFF and SLICE options. The DIFF option
provided multiple comparisons of treatment means by
invoking t-tests to determine significant differences between
all possible treatment combinations. The SLICE option,
which was used to investigate treatment main effects when
significant 2-way interactions were found, provided t-tests
of treatment means in which the effect of one treatment was
evaluated at each level of another treatment. An alpha of
0.10 was used for all data analyses.

RESULTS AND DISCUSSION

Significant season x treatment interactions were found in
the analyses of Amax and Gs (Table 1). In August 2008,
Amax of the CONTROL and RAKE treatments were
greater than those of both fertilization treatments. Among
all foliage nutrients tested, only S and P were affected

by treatments (Table 2). The RAKE-PL treatment had
greater P concentrations than the unfertilized treatments.
Interestingly both fertilizer treatments had greater S than
the non-fertilized treatments, and the RAKE-PL treatment
led to greater loblolly pine foliage S concentrations than
the RAKE-IN treatment. Foliage S concentrations of the
CONTROL treatment were below foliage S critical values,
so the site was likely deficient in S (Allen 1987, Jokela

and others 1991). Increased foliage S of the RAKE-IN
treatment may have been due to increased uptake capacity
as a result of the N and P applied as part of this treatment
regime. Increased foliage S of the RAKE-PL treatment was
likely because of the S supplied by the poultry litter as well
as improved uptake capacity as a consequence of the other
nutrients supplied by the poultry litter. The increases in tree
foliage S nutrition as a result of the fertilizer treatments may
have contributed to the short-term lower Amax of the trees
observed in August 2008, because studies of S-enriched
plants have revealed reductions in net photosynthesis (Black
and Unsworth 1979).

Stomatal conductance of the RAKE-PL treatment in May
2009 was greater than that of all other treatments (Table 1).
Similar increases in Gs during the spring with poultry litter
additions were found by Tyler and others (1993) in outdoor
container- grown Hemerocallis spp. in North Carolina.
Tyler and others (1993) found that Gs increased with rate of
poultry litter application and the greater Gs was attributed to
increased soil water-holding capacity, available water, and
nutrients with the addition of poultry litter. In a concurrent
study at the Calhoun study site, Ellum (2010) found that

the RAKE-PL treatment had higher soil organic matter
concentrations than all other treatments. This increased
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organic matter may have contributed to the greater Gs
observed in response to this treatment in May 2009. This
effect of poultry litter on Gs was likely most pronounced
in May 2009 among all sampling periods because litter had
been applied two weeks before measurement occurred.
Intrinsic WUE was unaffected by treatments, which was
likely due to the sufficient precipitation of the study period.
In all months of sampling, precipitation exceeded PET
(Figure 1).

CONCLUSIONS

During a study period characterized by sufficient
precipitation, there were no persistent effects of straw
raking on Amax, Gs, and WUE. Lower Amax in fertilized
treatments than in non-fertilized treatments was observed
in summer. In a measurement period within two weeks

of poultry litter application, greater Gs was found in
response to litter application. The short-term increase in
Gs in response to litter application was likely due to water
retention by the litter.
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Table 1—Light-saturated photosynthetic rate (Amax) and stomatal conductance (Gs) of
loblolly pine in north central Louisiana in response to no fertilization and no raking of pine
straw (CONTROL), annual pine straw raking initiated in 2000 (RAKE), annual pine straw
raking initiated in 2000 and annual application of urea and diammonium phosphate initiated
in 2003 (RAKE-IN), and annual pine straw raking initiated in 2000 and annual application

of poultry litter initiated in 2003 (RAKE-PL). For each variable, means within each column

differ at P < 0.10.

Treatment Date
August 2008 December 2008 February 2009 May 2009

Amax (umol/m?/s)

CONTROL 4.58a 1.88 a 043 a 237a

RAKE 397a 1.05a 1.81a 1.83a

RAKE-IN 1.99b 0.70 a 0.78 a 1.64 a

RAKE-PL 1.73b 2.07a 143 a 2.66 a
Gs (mmol/m?/s)

CONTROL 0.44a 0.22a 1.37a 1.00 b

RAKE 0.14a 0.03 a 0.85a 0.35b

RAKE-IN 0.33a 0.09 a 1.70 a 0.38b

RAKE-PL 0.11a 0.46 a 0.85a 2.99a
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Table 2—Foliar nutrient concentrations of loblolly pine in north central Louisiana
in response to no fertilization and no raking of pine straw (CONTROL), annual pine
straw raking initiated in 2000 (RAKE), annual pine straw raking initiated in 2000 and
annual application of urea and diammonium phosphate initiated in 2003 (RAKE-IN),
and annual pine straw raking initiated in 2000 and annual application of poultry
litter initiated in 2003 (RAKE-PL). For each nutrient, means within each row differ at
P<0.10

Nutrient Treatment
(mg/kg) CONTROL RAKE RAKE-IN RAKE-PL
N 14633 a 14470 a 18850 a 19413 a
P 1260 b 1303 b 1375 ab 1443 a
K 3528 a 3467 a 3755a 3895 a
S 985 ¢ 1048 ¢ 1158 b 1255 a
Ca 1630 a 1588 a 1653 a 2055 a
Mg 803 a 973 a 745 a 855a
B 11a 14 a 14 a 2l a
Cu 3a 3a 4a 3a
Fe 37 a 37 a 37a 35a
Mn 365a 315a 369 a 406 a
Zn 32a 37a 32a 41 a
35
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Figure 1—Average monthly precipitation at the LSU AgCenter Calhoun
Research Station during the study period and Thornthwaite potential
evapotranspiration based on 30-year climatic data collected at the station.
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AGE STRUCTURE OF A SOUTHERN
PINE STAND FOLLOWING 72 YEARS OF
UNEVEN-AGED SILVICULTURE

Don C. Bragg

Work on uneven-aged silviculture in southern pine stands on
the Crossett Experimental Forest (CEF) began in the 1930s,
when a number of 16.2-ha compartments were placed into

a series of demonstration projects and studies (Reynolds
1980). Two of these compartments, the Good and Poor Farm
Forestry Forties, have been maintained continuously in this
silvicultural regime since 1937. However, for all of the long
history of the CEF, we have not systematically aged the
loblolly (Pinus taeda) and shortleaf (Pinus echinata) pine-
dominated Farm Forestry Forties. Rather, we have accepted
decades of continuous sawtimber production as de facto
evidence of uneven-aged structure.

Because a functional uneven-aged forest requires more
than the simple appearance of multiple age classes (Smith
and others 1997), measurements were undertaken in 2009
to document the age structure of the Farm Forestry Forties.
This paper reports on the Poor Forty, a parcel originally
designated as “poor” because of its low initial pine stocking,
not site quality (Reynolds 1980). Five pines were randomly
selected (4 overstory and 1 seedling/sapling) for sampling
on each of 25 plots systematically established in this stand.
An increment borer was used to core trees at least 6 cm

in diameter at breast height (d.b.h.); cores were taken at
50.8 cm above ground line, and were then dried, mounted,
sanded, and ring-counted (no cross-dating was done, so
these are only approximations of actual age). For pines less
than 6 cm d.b.h., trees were felled, and a 50.8-cm long bolt
was sawn from the base of the stem, starting at groundline.
Ring counts were taken at both ends of this bolt, allowing
for the estimation of how long it took pines to grow from 0
to 50.8 cm in height. This value (on average, approximately
2 years) was then added to the ring counts of the larger trees
to provide a final age estimate.

Of the 125 pines aged, 119 were loblolly (95.2 percent).
Pines as young as 4 years old were sampled, with diameters
as low as 0.5 cm d.b.h. (Figure 1). Pine reproduction is
present in this stand, clustered around canopy openings
(gaps) and on substrates that were favorable shortly after
they formed (most recently, following a timber harvest in
2002-2003). Only 7 (5.6 percent) pines were over 72 years
old, with the oldest one having an estimated age of 86 years
(Figure 1). This stand is managed under a prescription that
greatly reduces the number of pines greater than 50 cm
d.b.h., and therefore limits the abundance of older trees.

Not surprisingly, the Poor Forty has a diffuse age
distribution that reflects 30 annual harvests from 1938

to 1968 and 7 periodic harvests since 1969 (Table 1). In
addition to old pines, two other deficiencies in the Poor
Forty age class data are notable—the first arises from the
lack of pines 30 to 40 years old, a likely consequence

of inadequate timber harvesting which limited pine
regeneration during the temporary closure of the CEF in
the 1970s. The second is apparent over the last 5 years,
attributable to a recent lack of pine recruitment.

Similar to uneven-aged forests dominated by shade-tolerant
species, there was only a moderate relationship between
d.b.h. and age (Figure 1). Small-diameter (less than 10 cm
d.b.h.) pines varied the least in their age range, followed by
intermediate size classes (10 to 25 cm d.b.h.), and then the
largest trees. The oldest individual, an 86-year-old, 41.2 cm
d.b.h. loblolly pine, was noticeably older than most other
stems in the 40 to 42 cm range—the 5 other pines in this
class had the following ring counts: 47, 52, 62, 63, and 67
years.

Though not as well-structured as an idealized uneven-aged
stand would be, it is quite apparent from these data that the
pine component of the Poor Farm Forestry Forty on the
Crossett Experimental Forest is composed of multiple size
classes of spatially intermingled individuals. This textbook
definition (see Baker and others 1996) arose from decades
of selection harvests, and given the current size and age
structure of this stand, should be sustainable well into the
future.
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Table 1—Age class structure from the uneven-aged, loblolly pine-dominated Poor Farm Forestry Forty on the
Crossett Experimental Forest in Arkansas

30

Cumulative

Age class Count Fraction of total total

-- years -- -- trees -- =% -- =% --
0-4 1 0.8 0.8
5-9 14 11.2 12.0
10-14 8 6.4 18.4
15-19 13 10.4 28.8
20-24 13 10.4 39.2
25-29 5 4.0 43.2
30-34 3 2.4 45.6
35-39 4 3.2 48.8
40 - 44 3 2.4 51.2
45 - 49 6 4.8 56.0
50 - 54 9 7.2 63.2
55 - 59 16 12.8 76.0
60 - 64 13 10.4 86.4
65 - 69 9 7.2 93.6
70-74 4 3.2 96.8
75-79 3 2.4 99.2
80 - 84 0 0.0 99.2
>84 1 0.8 100.0
TOTALS 125 100.0 100.0
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Figure 1—Relationship between estimated age and d.b.h. from the Poor
Farm Forestry Forty on the Crossett Experimental Forest. The dashed line
was fit using ordinary least squares nonlinear regression (estimated age =
5.313d.b.h.0%24 pseudo-R? = 0.8675).
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APICAL BUD TOUGHNESS TESTS
AND TREE SWAY MOVEMENTS
TO EXAMINE CROWN ABRASION:
PRELIMINARY RESULTS

Tyler Brannon and Wayne Clatterbuck

ABSTRACT

Apical bud toughness differences were examined for several species to
determine if crown abrasion affects shoot growth of determinate and
indeterminate species during stand development. Determinate buds

will set and harden after initial shoot elongation in the spring, while the
indeterminate shoots form leaves from the apical meristem continuously
based on the resources that are available at the time of growth. These
growth differences can influence which species’ buds are abraded or broken
upon impact with adjoining crowns affecting crown growth. Shoot and
bud toughness by species and shoot growth form were evaluated using a
pendulum impact tester. Crown movement was assessed by using 3-axial
accelerometers in outer most extreme points of crowns. Accelerometers
automatically logged the movement of branches in the tree crown over

a period of time and are evaluated with local wind data. By using both

the crown sway information and associated bud and branch toughness
models, evidence is provided to suggest that crown friction and abrasion
are contributors to crown and stand development patterns in mixed species
stands, often allowing species with determinate shoot growth to stratify
above trees with indeterminate growth.

INTRODUCTION

Crown abrasion is the physical loss of terminal buds and
branches when tree crowns overlap during wind sway
(Rudnicki and others 2001). Crown abrasion could be
affecting stand development, crown differentiation, and
crown dynamics. Clatterbuck and Hodges (1988) observed
an even-age stand of sweetgum (Liquidambar styraciflua)
and oak (Quercus spp.) where sweetgum quickly captured
the site, but around age 20 to 25 the oaks were able to
stratify above the sweetgum. Crowns of surrounding
sweetgums recede from the crown of the oak, possibly
caused by abrasion. Crown abrasion has been studied in
coniferous forests (Meng and others 2006, Rudnicki and
others 2003). In Costa Rica, abrasion has also been observed
in black mangrove (4vicennia germinans) forests (Putz and
others 1984). Tarbox and Reed (1924) found crown abrasion
led to reduced yields in overstocked pine plantations.
Mechanical abrasion by neighboring trees is hypothesized as
a factor influencing suppression of shoot extensions (Oliver

and Larson 1996). Quantitative data of this phenomenon is
limited to pine (Pinus spp.).

Tree throw, stem break and root break are well known
disturbances that can occur from wind events (Mayer 1987).
Mechanical abrasion may be a more persistent and subtle
form of disturbance from wind events. Mechanical abrasion
is the physical shearing of crowns during wind sway. As
trees grow in height, their limbs grow longer and sway
farther (Oliver and Larson 1996). No tree can survive a
powerful wind event without some damage (Mayer 1987).

Tree crowns create carbohydrates from converting sunlight,
CO, and H,0, which are used by all parts of the tree. The
amount of crown is dynamically related to the growth of the
tree because production of photosynthate dictates shape and
size of all other parts of a tree (Holland and Rolfe 1997).
Crowns are one of the most easily impacted components

of a tree by environmental conditions. Crown expansion

is limited when crown abrasion occurs, which can impact
crown size and photosynthate production.

Oliver and Larson (1996) hypothesized that one species’
terminal branches could be severed by tougher branches of
another species. Terminal buds have different growth forms
that could be influencing abrasion in mixed species stands.
Preformed growth form (determinate) and the sustained
growth form (indeterminate) are the two growth forms of
interest. Preformed shoots contain all the leaf primordial
and internodes that that will expand during the flush of

the growing seasons. Sustained growth trees will form
leaves from the apical meristem continuously depending
on the resources that are available at the time of growth
(Kozlowski and Pallardy 1997).

Lockhart and others (2006) found when cherrybark oak
(Quercus pagoda Raf.) were at or above the height of
neighboring sweetgums, the sweetgum branches were often
damaged, especially terminal branches. The sweetgums
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with damaged terminal branches grew more laterally. This
resulted in sweetgum crowns receding from cherrybark oak
crowns. Subsequently, most of the neighboring cherrybark
oaks’ growth was in height, allowing cherrybark oaks

to stratify above sweetgum. Lockhart and others (2006)
suggests that crown abrasion is the major component
allowing this to occur.

The primary objective of this study was to evaluate different
quantitative methods that might be used in assessing

how crown abrasion occurs and how it impacts stand
development. Two components of crown abrasion were
assessed: (a) toughness of the bud and twig of various
growth forms and (b) how the branches move in the wind. In
order to evaluate these two components, the following were
investigated:

1) Use a pendulum impact tester to determine bud
toughness.

2) Measure and compare crown movement during the
dormant season using accelerometers.

Standard methodologies for studying crown abrasion

are not yet developed, therefore, new techniques were
investigated to evaluate crown abrasion and their impacts
on stand development. A pendulum impact tester was used
to evaluate bud toughness, which is the amount of energy

a material can absorb before fracture. A pendulum impact
tester was selected over other testing methods due to its
consistency in testing, and its similarities to colliding
branches that are perpendicular. Rudicki and others (2001)
used clinometers to measure bole displacement in lodgepole
pine (Pinus contorta). This work inspired the use of
accelerometers to measure gravitational force on crown edge
and to 2-dimensionally map movement of a branch.

MATERIALS AND METHODS

APICAL BUD TOUGHNESS

Apical bud toughness was tested on several species on a
Tinius Olsen Model 92T Impact Tester. The impact tester is
a pendulum that swings through and strikes the sample. The
amount of energy that is absorbed into the sample is given in
Joules. Buds are braced with a block of wood to ensure the
break occurs at the bud collar. If samples are not braced, the
sample would not break anywhere because the vice holding
the sample was too low.

Species with preformed bud growth and species with
sustained bud growth were sampled in the dormant season.
Samples were collected and broken within hours to ensure
natural wood moisture content. Notes were made if samples
had more than one terminal bud that was broken.
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TREE SWAY MOVEMENTS

The study area is located at the East Tennessee Nursery near
Delano, Tennessee. Data were collected in 2011 in a Nuttall
oak (Quercus texana) tree that was planted in the spring of
1993. The trees in the stand averaged 40 feet tall with live
crown starting at 9 feet, and branches expanded 16 feet from
the stem. One tree in the southwestern corner was selected
to place tri-axis accelerometers because of its exposure to
prevailing wind, crown symmetry, and accessibility.

The accelerometers were placed about 20 feet into the crown
in each cardinal direction. The 4 accelerometers were placed
about 2 feet from the end of the branches to ensure that
movement was not influenced by the weight of the device.
Accelerometers record gravitational force on each axis (X, Y
and Z) and were set to record at +/- 4 g’s. They also record
at 10 hertz, resulting in data recording 10 times a second.
Data were collected during various windstorm events during
the dormant season.

An anemometer was used to record local wind data near the
stand. The anemometer was placed 9 feet high and recorded
average wind speed and top wind gust. The device was set
to record once every minute while accelerometer data were
being recorded. All wind speeds were recorded in miles per
hour.

RESULTS AND DISCUSSION

Preliminary data suggest differences in bud toughness
between preformed and sustained bud growth forms.
Mockernut hickory (Carya tomentosa) has a preformed
bud growth form, while red maple (Acer rubrum) has

a sustained bud growth form (Table 1). Tests show that
mockernut hickory has an average bud collar diameter of
0.18 inches. Red maple has a bud collar diameter of 0.09
inches. Mockernut hickory required an average of 0.182
Joules to cause failure at the bud/stem matrix. Red maple
buds fractured on average around 0.014 Joules. The energy
required for mockernut hickory bud failure was about 1:1.
This ratio for red maple was about 1:6.

If these two species were to collide during a wind event in a
mixed species stand, the hickory would be able to withstand
more energy than the red maple, resulting in the red maple
being abraded. A smaller hickory growing alongside and
below a red maple may be able to abrade the maple enough
to increase growing space for itself. The increased growing
space could result in more space and leaf area for the
hickory, allowing growth to accelerate. The recession of the
red maple crown is a continuous process as the mockernut
hickory crown potentially stratifies above the red maple
crown.
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Structure of these species buds vary. Some species, such as
hickory, will have a single terminal bud. Other species, such
as oak, can have several terminal buds emanating from the
same point. When buds were broken using the impact tester,
we were careful to only break the largest terminal buds that
were dominant on the terminal shoot. This could cause the
species of oak to appear more fragile than they actually

are. An advantage of several terminal buds would be the
protection of inner buds that are surrounded by outer buds.
The presence of several buds allows the tree to continue
terminal growth even if one or more of the outer terminal
buds are damaged. Species such as sweetgum would not
have this ability.

Preliminary data suggest that preformed bud growth may
be able to abrade sustained bud growth. Although Nuttall
oak (Quercus texana), a preformed growth species, has a
lower amount of energy required to cause bud fracture than
many of the sustained growth species, Nuttall oak has more
than one terminal bud on each branch tip. More terminal
buds could increase the likelihood of that branch continuing
terminal growth, even if one or more buds are damaged. A
damaged bud of sustained growth would result in the apical
dominance to be reverted back to a lower bud, causing
growth to be hindered.

Preliminary crown movement indicates that the most
acceleration occurs on the Z and X axis. The Y axis does
not display much acceleration because accelerometers were
not placed high enough to experience movement from the
bole (Figure 1). As expected, acceleration increased as wind
speed increased. Almost no acceleration was recorded up

to a 15 mph (miles per hour) wind speed. Winds around

40 mph caused accelerations up to 2g’s, twice as much
gravitational force as one experiences from the earth. These
recordings can be expected to be larger farther out on the tip
of the branch, as the accelerometer had to be placed 2 feet
from the tip to avoid influence from weight.

Even-aged monoculture hardwood stands generally do not
stratify to the extent mixed species stands can. If crown
abrasion is a factor that influences crown dynamics, then
data suggest that monocultures of a single species would
be evenly matched on terminal bud toughness. The intra-
species competition would lead to no “winners,” resulting
in a lack of stratification and lateral damage that is equally
distributed throughout the canopy.

FUTURE CONSIDERATIONS

Mixed species stands could experience crown abrasion.
Crown abrasion could be playing a critical role in
stratification of slower, hardier species such as oaks into the
upper canopy. Further investigation using these methods
during the growing season will help us better understand
species bud toughness and crown movement as branches
become heavier with more leaf mass. Branch analysis

will be conducted to study abrasion in pure and mixed,
overstocked stands.
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Table 1—Bud toughness test results by species using a pendulum impact test with average bud collar diameter
(inches) and energy needed to fracture the bud as the variables. The ratio provided is the energy required for a break
to bud collar diameter. Tests were conducted during the dormant season. Asterisk (*) is considered preformed bud
growth form

Species n Bud Collar Diameter (inches) Energy to Break (Joules) Ratio Energy:Diameter
Inches Joules %
Carya tomentosa* 177 0.183 0.184 101%
Quercus alba* 77 0.116 0.049 42%
Quercus texana* 75 0.091 0.017 19%
Platanus occidentalis 78 0.163 0.053 33%
Liriodendron tulipifera 180 0.115 0.045 40%
Liquidambar styraciflua 80 0.109 0.037 34%
Acer rubrum 77 0.090 0.014 15%
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Figure 1—Gravitational force of branch movement as a function of wind speed. Maximum force was recorded from all
accelerometers at the time of the wind events.
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CANOPY ACCESSION PATTERNS OF TABLE
MOUNTAIN AND PITCH PINES DURING THE
19™ AND 20™ CENTURIES

Patrick H. Brose and Thomas A Waldrop

ABSTRACT

A dendrochronology study was conducted in three upland yellow pine
stands in Georgia to determine whether the individual Table Mountain
(Pinus pungens) and pitch (P. rigida) pines originated in sunny gaps or
shaded understories, whether they grew uninterrupted into the canopy or
were assisted by one or more releases, and whether these strategies changed
through time. From the three stands, 169 increment cores of the two

pine species were obtained and analyzed for radial growth patterns using
standard dendrochronological procedures. In the 1800s, approximately

80 percent of the pitch and Table Mountain pines originated in gaps with
small gaps + release being the most common strategy. After 1900, large
gaps without a followup release became the most common strategy. Many
of these gaps were associated with known fires, hurricanes, or chestnut
blight. Approximately 20 percent of both species originated in shaded
understories, but more than half of these ascended to the canopy via one
or more canopy releases. These canopy ascension strategies illustrate

the importance of gaps in the dual fire — canopy disturbance regime and
provide insight for managers seeking to maintain this rare forest type.

INTRODUCTION

Upland Yellow Pine (UYP) stands are a rare forest type

of the Appalachian Mountains. These uncommon stands
consist of one to four native hard pine species of the
sub-genus Diploxolon [pitch (Pinus rigida), shortleaf (P.
echinata), Table Mountian (P. pungens), and Virginia (P.
virginiana)] dominating the canopy while several xeric
hardwood and heath shrub species, especially chestnut oak
(Quercus montana) and mountain laurel (Kalmia latifolia),
occupy the midstory and understory strata, respectively.
UYP stands occur from central Pennsylvania to northern
Georgia on thin, dry soils of south- and west-facing ridges
and upper slopes between 1,000 and 4,000 feet (Williams
1998, Zobel 1969). Many of the current UYP stands are
even-aged and mature because they originated during or
immediately after the extensive forest clearing and wildfire
era of the early 1900s (Brose and Waldrop 2006a, Lafon and
Grissino-Mayer 2007). Presently, UYP stands are declining
in abundance and extent (Welch and others 2000). This
decline is undesirable to land managers for beta-diversity
reasons beacuse UYP stands constitute an unusual conifer
community in an otherwise hardwood-dominated forest
landscape.

The existence of UYP stands is strongly associated with
fire because the principal oak and pine species possess a
variety of traits such as cone serotiny, dormant basal buds,
precocious fruiting, and thick bark that allow them to
survive fire and exploit the post-fire environment (Della-
Bianca 1990, Little and Garrett 1990, McQuilkin 1990).
Because of this relationship, the vast majority of UYP
research has focused on fire. However, canopy gaps caused
by storms, ice accretion, and insect/disease outbreaks are
also likely important disturbances in the ecology of UYP
stands. Unfortunately, not much research has been done
along these lines. Whitney and Johnson (1984) and Lafon
and Kutac (2003) examined the effects of ice storm and
southern bark beetle (Dendroctonus frontalis) outbreaks in
UYP stands in southwestern Virginia. The former finding
increased pine regeneration after ice storms while the
latter found the opposite unless fire was an accompanying
disturbance.

Dendrochronology can be used to examine the role of
canopy gaps in stand dynamics by determining how
individual trees originated and ascended to the canopy.
Rentch and others (2003) used this method in studying
old-growth white oaks in Ohio, Pennsylvania, and West
Virginia. They found three distinct canopy ascension
patterns: gap origin with and without release and understory
origin with release. In this study, we use radial growth
analysis of individual Table Mountain and pitch pines
found in three UYP stands in northern Georgia to determine
whether they originated in gaps or understories and whether
they grew uninterrupted into the canopy or experienced

one or more release events. Understanding how pitch and
Table Mountain pines originated and grew into the canopy
will help forest managers maintain or restore this rare forest

type.
METHODS
STUDY SITES

This study was conducted in three UYP stands located on
the Chattahoochee National Forest in northern Georgia.

Patrick H. Brose, Research Forester, Northern Research Station, Irvine, PA 16329
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The stands were situated on the tops and upper side slopes
of south- and west-facing ridges in the vicinity of Rabun
Bald. Elevations varied from 3,200 to 3,600 feet and soils
were well drained sandy or silt loams formed in place

by weathering of gneiss, sandstone, and schist parent
material (Carson and Green 1981). Consequently, they
were moderately fertile and strongly acidic. Climate was
warm, humid, and continental with average monthly high
temperatures ranging from 25°F in January to 85°F in July.
Mean annual precipitation ranged from 53 to 73 inches
distributed evenly throughout the year.

Composition, structure, and size of the UYP stands also
were quite similar among the study sites. In general,

they were 10 to 30 acres each and consisted of 10 to 20
woody species distributed in three distinct strata. The

main canopy was 50 to 65 feet tall, broken and patchy,

and consisted almost exclusively of Table Mountain

pine, pitch pine, and chestnut oak. A ubiquitous midstory
stratum (10 to 40 feet tall) was present. It generally lacked
a pine component, being comprised almost exclusively

of chestnut oak and several other hardwood species such
as blackgum (Nyssa sylvatica), red maple (Acer rubrum),
scarlet oak (Q. coccinea), and sourwood (Oxydendrum
arboretum). Together, the main and sub canopies contained
approximately 400 to 500 stems and 130 to 175 square
feet of basal area per acre. The understory stratum (3 to 10
feet tall) varied from absent to impenetrably dense. When
present, it was dominated by ericaceous shrubs, especially
mountain laurel, and lacked hardwood and pine seedlings as
well as herbaceous plants.

SAMPLING PROCEDURES

At each stand, twelve 0.05-acre rectangular plots were
randomly selected from those of a previous study (Waldrop
and Brose 1999, Welch and others 2000). In each plot, up
to five pines were randomly selected and an increment

core was extracted from the bole of each tree at a height

of 1 foot above the ground. The cores were air-dried for
several weeks, mounted, and sanded with increasingly finer
sandpaper (120-, 220-, 320-, and 400-grit) to expose the
annual rings (Speer 2010). The cores were skeleton plotted
to identify signature years for cross-dating to recognize
false or missing rings (Speer 2010). After proper ages were
verified for these cores, their annual rings were measured
to the nearest 0.002 mm with a Unislide “TA” Tree-Ring
Measurement System1 (Velmex Inc. Bloomfield, NY).

The COFECHA 2.1 quality assurance program (Grissino-
Mayer 2001, Speer 2010) in the International Tree-Ring
Data Bank Program Library was used to verify the accuracy
of the dating. After dating and measuring, each core was

examined for major and moderate releases using the JOLTS
program (Holmes 1999) in the International Tree-Ring Data
Bank Program Library. A major release is defined as a =100
percent increase in average growth lasting at least 15 years
and a moderate release as a =50 percent increase lasting 10
to 15 years (Lorimer and Frelich 1989). These correspond
to large canopy-level disturbances that release residual trees
from competition until crown closure occurs again.

Finally, each core was categorized by origin (large gap,
small gap with and without release, or understory shade with
and without release) using criteria established by Rentch et
al. (2003). Seedlings originating in large gaps exhibit initial
radial growth of 2 to 3 mm/year for 2 to 3 years until their
root systems are well established. Then, growth accelerates
until the gap closes from the bottom (canopy closure). At
this time, the seedling has grown into a dominant sapling
and subsequent radial growth slowly diminishes through
time as the tree ages. Seedlings originating in small gaps
show the same initial growth pattern, but this pattern is
truncated because the gap quickly closes from the sides.
The seedling becomes an intermediate or weak co-dominant
tree with reduced radial growth relative to those growing

in full sunlight. Seedlings originating in understory shade
have initial radial growth rates that are less than 1 mm/year
and do not exhibit any growth acceleration. They become
suppressed saplings if they survive. Both small-gap and
understory seedlings are susceptible to major and moderate
releases. See Figure 1 for examples of these radial growth
patterns. Because these criteria were developed for oaks,
we verified their appropriateness for pine by comparing the
oak patterns to those of pines known to have originated in
gaps or understory shade. The initial growth patterns were
identical for both species groups and therefore appropriate
for pine.

STATISTICAL ANALYSIS

Because the sites had nearly identical age structures (Brose
and others 2002), we combined the cores from all three sites
to increase sample size. Then, we created a 2x5 contingency
table by categorizing the cores by species (pitch or Table
Mountain) and origin type (large gap, small gap with and
without release, or understory with or without release). We
also created a 2x5 contingency table for each species by
origin type and period of origin (1800s or 1900s) because
of the differences in the disturbance regimes between

those two centuries (Brose and Waldrop 2006b). On each
contingency table, we used Chi-square analysis (Zar 1999)
to test whether the cores were distributed as expected among
the different categories. Alpha was 0.05 for all comparisons.

'The use of trade, firm, or corporation names in this paper is for the information and convenience of the reader. Such use does not constitute an official
endorsement or approval by the U.S. Department of Agriculture or Forest Service of any product or service to the exclusion of others that may be suitable.
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RESULTS

A total of 62 pitch pines and 107 Table Mountain pines
yielded sound cores that were suitable for the study

(Table 1). Chi-square analysis of the species x origin type
contingency table produced a value of 17.65, indicating that
the samples were not distributed as expected among the
five origin classes and two species. Among the five origin
categories, more Table Mountain pine started in large gaps
(56) than in the other four types combined. After large gaps,
the other four origin classes were ranked as small gaps +
release (26), small gaps with no release and understory +
release (9 each), and understory with no release (7). Pitch
pine distribution was more equitable among the five origin
classes with the small gap + release having the most stems
(20) followed by large gap (13), small gap with no release
(11), understory + release (10), and understory with no
release (8).

Overall, the Table Mountain pine samples were equitably
distributed between the 1800s and 1900s (Table 2).
However, within each period, the samples were not
equitably distributed among the five origin types. Before
1900, 42 of the 52 Table Mountain pines originated in gaps
and half of these started in small gaps and experienced

at least one canopy release. After 1900, 47 of 55 Table
Mountain pines originated in gaps, but 85 percent of
these started in large gaps. These tendencies toward small
gaps before 1900 and large gaps after 1900 resulted in a
significant X2 value of 22.623.

The distribution of the pitch pine samples among the origin
periods and origin types did not produce a significant X2
value (Table 3). Like Table Mountain pine, the 62 pitch pine
samples were about evenly split between the 1800s and
1900s. Pitch pine also showed the same within-period trend
of originating in small gaps before 1900 and in large gaps
after 1900. However, the collective differences between
observed and expected values for the origin period and
origin type combinations were not large enough to produce a
statistically significant X2 value at the alpha level of 0.05.

DISCUSSION

Perpetuation of any forest community requires that the
keystone tree species successfully recruit to the canopy
and that they successfully produce seedlings that are able
to do likewise in due time. The disturbance regime is a
critical part of this perpetuation process because there is an
affinity between the silvics of the principal species and the
characteristics of the disturbance regime. Drastic changes
to the disturbance regime can promote the keystone species
to become more dominant even to the point of forming
natural monocultures. Or, the keystone species may fail to

reproduce and recruit and the forest community changes

to another forest type or vegetative association. Both
scenarios are evident in the UYP stands used in this study.
Understanding the relationships between the regeneration/
recruitment of pitch and Table Mountain pine and gap
formation via disturbances will help forest managers sustain
this rare forest type throughout the Appalachian Mountains.

Before 1900, both pine species clearly preferred sunny
gaps to shady understories for regeneration; about 78
percent of all stems originated in gaps. Many of these gaps
were likely small in size because 70 percent of the gap-
origin pines experienced extended periods of suppression
beginning a few years after germination, suggesting the
gap closed over them before they reached the canopy. That
suppression ended for the majority of these pines; their
growth chronologies show one or more moderate or major
canopy releases that allowed them to grow into the canopy
and become dominant or strong co-dominant trees. A few
pines never experienced a canopy release and became weak
co-dominant or strong intermediate stems. These releases
were either direct canopy disturbances such as a storm
event or caused indirectly by a surface fire that resulted in
delayed tree mortality. For example, the middle graph on
Figure 1 shows a Table Mountain pine that originated in the
late 1800s. It was quickly suppressed, but was released in
the late 1920s. This release corresponds to the arrival of the
chestnut blight in the area (Keever 1953), and these stands
had a sizeable component of American chestnut.

Large gaps also played an important role in these UYP
stands before 1900 for Table Mountain pine, but not pitch
pine. Of the 42 gap-origin Table Mountain pines, 16
germinated in gaps large enough for them to grow unaided
into canopy dominants. Generally, pines using this canopy
accession strategy originated after a fire. For example, the
upper graph of Figure 1 is of a dominant Table Mountain
pine that originated about 1875. Fire scars found in the
vicinity of this tree indicate a fire occurred there in 1872.
This difference in large gap utilization between the two
species is understandable given their silvics. Table Mountain
pine has serotinous cones so the vast majority of its seeds
are released after a fire, while pitch pine cones open
annually resulting in continuous rather than episodic seed
fall (Williams and Johnson 1992).

A few pines of both species originated in understory shade
for they showed suppressed growth from the beginning.
About half of these eventually experienced one or more
moderate or major releases that allowed them to persist.
The bottom graph in Figure 1 shows a pitch pine with this
canopy accession pattern. It originated about 1840 and

grew slowly for 30 years, becoming a small sapling. The
sapling escaped or survived the 1872 fire, but the resultant
gap released the sapling, resulting in accelerated growth. By
1900, the gap had closed, but a hurricane passed through the
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area in 1902 and this storm apparently formed another gap.
The pine then grew into a dominant canopy position.

The other half of the understory-origin pines showed no
evidence of any moderate or major releases in their growth
chronologies. All of these were canopy intermediate trees.
Many were as old as nearby pines, but substantially smaller.

The limited occurrence of these understory-origin pitch and
Table Mountain pines suggests an important concept relative
to stand conditions in the 1800s. Modern UYP stands are
not regenerating and have not done so for decades due to the
proliferation of mountain laurel in their understories (Brose
and Waldrop 2010). The ability of pitch and Table Mountain
pines to germinate and persist as suppressed seedlings in

the 1800s may indicate that the forest floor was less dense
and the light levels were sufficient for their survival. The
periodic occurrence of surface fires in the 1800s and their
absence for much of the 1900s is the most likely explanation
for the presence of understory-origin pines in the past and
their absence now.

In the 1900s, regeneration and recruitment in large gaps
became the modus operandi for Table Mountain pine

and, to a lesser degree, pitch pine. In the 20th century,
nearly 73 percent of all Table Mountain pines and 41
percent of all pitch pines originated in large gaps and grew
uninhibited into the canopy. The remaining pines of both
species germinated in a mix of small gaps and understory
environments with a majority of these attaining the canopy
via one or more canopy releases. This shift in regeneration/
recruitment strategy from a mix of gap types in the 1800s to
primarily large gaps in the 1900s is a result of the increase
in severe disturbances during the first half of the 20th
century (Brose and Waldrop 2006b). Besides the chestnut
blight, these stands experienced several fires and hurricanes
between 1900 and 1950. Many of these disturbances

were severe, creating large gaps that were ideal habitats
for both pine species to regenerate and ascend into the
canopy. Conversely, disturbances and gaps became scarce
in the second half of the 20th century, and regeneration/
recruitment of the pines diminished and then ceased
altogether.

CONCLUSIONS

In the 1800s, periodic surface fires maintained open
understories in UYP stands that allowed pitch and Table
Mountain pines to regenerate, persist as seedlings and
saplings, and eventually ascend into the main canopy
through small gaps created by canopy disturbances. In the
early 1900s, fires and canopy disturbances such as chestnut
blight became more severe, creating large gaps. In these
large gaps, Table Mountain pine was especially successful
at regenerating and recruiting to the canopy without
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needing further releases. Since the mid-to-late 1900s, pine
regeneration and canopy recruitment has virtually ceased,
corresponding to the advent of fire control as well as a
decline in tropical storms passing through the region. Forest
managers desiring to regenerate or maintain UYP stands
should strive to recreate the dual disturbance regime of the
1800s and early 1900s via prescribed burning and other
management techniques.
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Table 1—Distribution of the 169 sampled trees by species and origin type. Numbers in
parentheses are the expected values for each species and origin type combination

Species Pitch pine Table Mountain pine Total
Large Gap 13 (25) 56 (44) 69
Small Gap 11(7) 9(13) 20
Small Gap + release 20 (18) 26 (28) 46
Understory 8(5) 7 (10) 15
Understory + release 10 (7) 9(12) 19
Total 62 107 169

Comparison of pine species by origin type (test statistic: X2 = 17.65, critical value = 9.488, a = 0.05, df = 4)

Table 2—Distribution of the 107 sampled Table Mountain pines by origin period and origin
type. Numbers in parentheses are the expected values for each origin type and origin period

combination
Origin Period

Origin Type before 1900 after 1900 Total
Large Gap 16 (27) 40 (29) 56
Small Gap 5() 2 (4) 7
Small Gap + release 21 (13) 5(13) 26
Understory 6(4) 3(5) 9
Understory + release 4(4) 5(5) 9
Total 52 55 107

Comparison of origin type by origin period (test statistic: X2 = 22.623, critical value = 9.488, a = 0.05, df = 4)
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Table 3—Distribution of the 62 sampled pitch pines by origin period and origin type. Numbers in
parentheses are the expected values for each origin type and origin period combination

Origin Period
Origin Type before 1900 after 1900 Total
Large Gap 4.(7) 9 (6) 13
Small Gap 6 (6) 5(5) 11
Small Gap + release 14 (11) 6(9) 20
Understory 4 (5) 4 (3) 8
Understory + release 7 (6) 3(4) 10
Total 35 27 62

Comparison of origin type by origin period (test statistic: X2 = 5.55, critical value = 9.488, a = 0.05, df = 4)
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Figure 1—Examples of canopy accession patterns (large gap, small gap + release, and understory
+ release) of dominant pitch and Table Mountain pines growing in northern Georgia. Note that the
horizontal axes are different scales for the three graphs.
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EXPLORING GENETIC DIVERSITY,
PHYSIOLOGIC EXPRESSION AND
CARBON DYNAMICS IN LONGLEAF PINE:
A NEW STUDY INSTALLATION AT THE
HARRISON EXPERIMENTAL FOREST

John R. Butnor, Kurt H. Johnsen, and C. Dana Nelson

In 1960, an experiment was established on the Harrison
Experimental Forest in southeast Mississippi to compare
productivity and wood properties of planted longleaf (Pinus
palustris), loblolly (Pinus taeda), and slash (Pinus elliotii)
pines under different management intensities: cultivation,
cultivation plus three levels of NPK fertilizer and a control
(Smith and Schmidtling 1970). Key findings over the years
demonstrate that longleaf pine lagged in productivity the
early years, but eventually surpassed loblolly and slash pine:

* Age 9, intensive culture increased productivity of all
species; loblolly pine had greater height and volume than
longleaf or slash pine (Schmidtling, 1973). Yield differences
between species in the highest fertilizer treatment were
considerable: loblolly 41 Mg ha’!, slash 29 Mg ha’!, longleaf
12 Mg ha'’.

* Age 25, longleaf had surpassed both slash and loblolly
pine in height in the control plots, characterized by low
nutrient availability. At the highest level of management
intensity loblolly was still >2 m taller than the other species
(Schmidtling, 1986).

» Age 39, longleaf pine attained similar height as loblolly
pine, though it lagged behind slash pine in height and
diameter growth

* Age 45, Hurricane Katrina impacted the site; longleaf
pine suffered the least mortality, followed by slash and
loblolly pine respectively (7 percent, 15 percent, 26 percent)
(Johnsen and others, 2009). In 2006, after hurricane Katrina,
mean basal area across all treatments was 23 m? ha™! for
longleaf pine and 19.3 m? ha'! for slash pine and 12.4 m? ha’!
for loblolly pine.

Hurricane Katrina (August 2005) left the experiment
heavily damaged, especially the loblolly plots, limiting the
experiment’s usefulness for future comparisons between
pine species. We saw this as an opportunity for continuing

longleaf pine research on the site with a new experimental
design and study installation. While there is strong region-
wide interest in restoring longleaf pine to enhance forest
resilience to climate change and extreme climate events,
little is known about the level of variability among and
within regional seed sources and how this might affect
adaptive traits. The goal of the new design is to better
understand genetic control of physiologic traits that enhance
survivorship and productivity at a hurricane prone site with
relatively low native soil fertility.

The new installation will compare four longleaf pine sources
originating from similar latitudes from Texas to South
Carolina under three planting densities (750, 1330, 2200
trees per hectare) using a completely randomized design
replicated four times for a total of 12 plots. Within each
plot, there will be four genetic source split-plots: Region 8
improved TX source, Region 8 improved south MS/south
AL source, Region 8 improved SC source, and unimproved
local source (i.e., control, representing genetic quality

of original planting). The tested genetic sources define

a west-to-east transect covering the full range of south
coastal longleaf pine. Each genetic source, excluding the
control, represents one generation of genetic improvement
as completed by the Region 8 tree improvement program.
Physiologic differences among and within sources will be
analyzed along with differences in height, diameter, stem
taper and carbon allocation to specific components (foliage,
branches, stems, roots) across the planting density gradient.
Allelic states of several genes will be related to survival
and performance traits to determine which genes affect
which traits and to measure and monitor the resident genetic
diversity in these sources as the stand matures. Experiments
such as this will inform development of genetic guidelines
for restoring resilient longleaf pine ecosystems.

The original experiment has been invaluable for comparing
long-term productivity and carbon dynamics among three
species of planted pines, and the study continues to have

John R. Butnor, Plant Physiologist, USDA Forest Service, Southern Research Station, South Burlington, VT 05403
Kurt H. Johnsen, Team Leader, USDA Forest Service, Southern Research Station, Research Triangle Park, NC 27713
C. Dana Nelson, Project Leader, USDA Forest Service, Southern Research Station, Saucier, MS 39574
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demonstration and research value. Instead of simply
harvesting the entire site and starting over, a novel plan
which includes retaining some of the original plots and
moving them to uneven age management with thinning

was devised. Natural regeneration of longleaf pine is most
successful in large gaps in the canopy. We propose to install
each of the new measurement plots in 55 m by 55 m gaps
created by clear cutting (Figure 1). Some of the original
longleaf pine plots have accrued exceptional basal area
over the past 50 years, with a few plots approaching 45 m?
ha''. Eleven of these plots will be thinned to 23 m? ha! to
continue studying them under relatively high density (Figure
1). The rest of the original planting will be thinned to 14 m?
ha’!. Prescribed fire will be continued on a 2 year cycle.

Several goals are achieved with this new experimental
design: 1) creation of a new longleaf pine planting density
x genetic source study, 2) restoration of a longleaf pine
ecosystem with fire and planting, 3) enhanced aesthetics
and habitat with gap layout, 4) unique opportunity to
study longleaf genetics and physiology at the Harrison
Experimental Forest in a multi-age stand, and 5) initiation
of a powerful experimental design for genetically mapping
quantitative traits in longleaf pine. Thinning and harvesting
are planned for summer 2011, site preparation in fall 2011,
followed by planting during the 2011-2012 winter season.

This new study is made possible by a close partnership with
the DeSoto Ranger District of the DeSoto National Forest.
Without their assistance with prescribed burning, timber
sale administration, site preparation, and advice on land use
policy and regulations this project would not be possible.
Special thanks to Ronald Smith, District Ranger, James
Mordica, Ecosystem Restoration Coordinator, and Larry
Lott for serving as an onsite liaison between the SRS and
the district personnel.
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LONGER BLACK WILLOW CUTTINGS
RESULT IN BETTER INITITAL HEIGHT
AND DIAMETER GROWTH IN BIOMASS

PLANTATIONS

Jake C. Camp, Randall J. Rousseau and Emile S. Gardiner

ABSTRACT

Black willow (Salix nigra Marsh.) has the potential to be a viable plantation
species for biomass production on heavy clay soils throughout the southern
United States. The most favorable planting stock for woody biomass
plantations is dormant unrooted cuttings, because they are easy to plant
and use of clonal material allows for advancing genetic improvement.

The purpose of this study was to determine the optimal cutting size and
planting depth for maximum survival and growth of unrooted black willow
cuttings. A test using three cutting lengths (9, 15, 21 inches), four cutting
diameters (3s, Y, %, 1 inches), and three planting depths that left 2, 5,

and 8 inches of exposed unrooted cuttings was established in 2009, and
survival and growth were measured for two growing seasons. Second-year
survival exceeded 99 percent across all treatment combinations and was
not influenced by any of the experimental factors. Total height differed
among cutting length and cutting diameter. The 21 inch cuttings produced
stems with the greatest heights and diameters two growing seasons after
planting, but the largest cutting diameters did not produce the same effect.
Our results indicate that cutting length had a stronger influence than either
cutting diameter or planting depth on black willow height and diameter
growth during the first two growing seasons after planting.

INTRODUCTION

Short rotation woody crops (SRWCs) are characterized by
fast growing tree species, grown in plantation culture under
a greatly reduced timeframe for either pulp or biomass
production. This type of plantation system has attained
significant acreage in Europe, and will become increasingly
important in the United States as renewable energy demands
turn to woody biomass as a source of biofuel feedstock.
Black willow (Salix nigra Marsh.), a species native to
North America, possesses a range of silvical qualities that
demonstrate high potential for culture in SRWC plantations.
These characteristics include extremely fast growth, ease
of vegetative reproduction via stem cuttings, and ability

to grow on extremely wet sites not typically favorable to
other SRWC species. In spite of its extraordinary biomass
production potential for biofuel feedstock, there is little
information to support black willow establishment and
management techniques in a plantation setting.

Black willow is among other SRWC species, e.g.
cottonwood (Populus spp.) and sycamore (Platanus
sp.), naturally found on alluvial sites (Morgenson 1992).
However, black willow is more flood tolerant than

these other species and grows on soils that are at best
only marginal for row crop production as well as other
commercially viable tree species.

Considerable work on willow biomass production has been
conducted in the northeastern United States using a number
of shrub willow species (Abrahamson et al. 2002). The same
research effort has not extended into the southern region of
the country where black willow is the predominant willow
species. Research from the northeast indicates vegetative
propagation with unrooted cuttings is the most economical
and efficient method of establishing willow plantations
(Abrahamson et al. 2002). Additionally, work on poplar, a
closely related genus, indicates larger cuttings exhibit best
survival and growth, and cuttings harvested distally from the
terminal showed best rooting (Morgenson 1992). Dickmann
(1992) noted that cutting diameter influenced poplar survival
and growth.

Research on black willow is needed in the southeast

region of the United States to support development of its
potential as a viable biomass feedstock species. Plantation
establishment using unrooted cuttings must be understood
to optimize survival and growth in production settings.
The purpose of this study was to determine the optimal
cutting size and planting depth of unrooted black willow
cuttings for maximizing survival and growth. Results

from this research are expected to aide future studies and
allow more focused research on other aspects of black
willow silviculture. In addition, this study will provide
landowners with knowledge of planting stock requirements
for establishing dedicated bioenergy plantations using black
willow.

Jake Camp, Graduate Assistant, Department of Forestry, Mississippi State University, Mississippi State, MS 39762
Randall Rousseau, Associate Extension/Research Professor, Mississippi State University
Emile Gardiner, Research Forester, Center for Bottomland Hardwoods Research, Southern Research Station, Stoneville, MS 38776
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MATERIALS AND METHODS

The study was established in March 2009 at the Mississippi
Agricultural and Forestry Experiment Station in Stoneville,
MS. The site was a former agricultural field in the Lower
Mississippi Alluvial Valley (LMAV), with soils in the
Bosket and Commerce series. The Bosket series are fine
sandy loams and the Commerce series are silty clay loams;
both are poorly drained with a water table depth of around
20 inches and less than 2 percent slope. Annual rainfall for
the site averages 55 inches with a long growing season.

Dormant black willow whips were collected from a single
geographic source, which included a small area in southwest
Oktibbeha County, MS. The whips were harvested, in
December 2008, from only one geographic source to
minimize genetic variation and allow for full expression of
treatment effects. Whips were cut to the appropriate length,
grouped into the appropriate sizes, and stored at 34 °F until
planted. The planting site was prepared by disking and sub-
soiling to a depth of 16 inches on 10 foot centers to break
any possible pans. Cuttings were hand planted at 6 x 10 ft
spacing. A broadcast application of Goal 2XL (oxyfluorfen),
at 48 ounces to the acre, was used prior to black willow bud
break to reduce herbaceous competition early in the first
growing season. Mechanical practices controlled competing
vegetation during the remainder of the first growing season.
Canopy closure reduced competing vegetation during the
second growing season minimizing the need for mechanical
weed control. No silvicultural applications were conducted
in the second growing season.

The experiment was established as an incomplete 3 x 4 x

3 factorial according to a randomized block design. There
were 3 levels of cutting length (9, 15, 21 inches), 4 levels
of cutting diameter (%3, ', %, and 1 inch), and 3 levels of
planting depth that left 2, 5, and 8 inches of exposed cutting.
There was an incomplete set of 32 treatment combinations,
because the combination of the 9 inch cutting with 8

inches of exposed cutting was not practical. Thus, the four
treatment combinations of 9 inch cuttings, planted 1 inch
deep, for each of the 4 different cutting diameters were
omitted from the experiment. All treatment combinations
were assigned in plots of 4 cuttings, and plots were
replicated in each of 4 blocks. A total of 512 cuttings were
planted for this study, plots were surrounded by two buffer
rows of planted cuttings. All sample stems were measured
in December 2009 and 2010. Measurements included height
to the nearest tenth of a foot and diameter, one foot above
the cutting, to the nearest hundredth of an inch. Statistical
analyses tested for treatment effects on height and diameter
by plot means basis at an alpha level of 0.05. Means from
significant effects were separated with Fisher’s LSD in
tables 1, 2, and 3.
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RESULTS

The objective of this study was to determine the optimal
cutting length, cutting diameter, and planting depth for
maximizing survival and growth of black willow unrooted
cuttings. Survival, height, and diameter were measured for
two consecutive years in this experiment. For all treatments,
shoot height averaged 8.9 feet for the first year and 15.9 feet
for the second. Mean shoot diameters were approximately

1 inch for the first year and 1.79 inches for the second.
Survival was high across the study and did not differ by
treatment. Only two trees died in the first year and none in
the second, resulting in a survival percentage of 99.6 percent
in both years. Results indicate the longest cuttings exhibited
the most vigorous shoot height and diameter growth (Table
1). On average, 21 in. cuttings developed shoots almost

4 percent taller and 7.5 percent larger in diameter than 9

in. cuttings. Cutting diameter also influenced height and
diameter growth of shoots, but growth trends relative to this
factor did not follow any logical sequence (Table 2). The
smallest diameter cutting (3/8 inches) produced the greatest
height and diameter growth for both years, but was not
followed by the next level of cutting diameter (1/2 inches).
Two years after plantation establishment, planting depth had
little impact on black willow shoot growth (Table 3).Shoot
height was did not differ among planting depths, while shoot
diameter increased about 3 percent for shoots that developed
from cuttings with the greatest amount of exposed material.

DISCUSSION

This study was conducted to determine the optimal
dimensions for maximizing survival and growth of unrooted
cuttings of black willow grown as a short rotation renewable
energy crop. Results were analyzed to determine the most
favorable size of vegetative planting stock along with

its planting depth for survival and growth enhancement.

An understanding of how size of vegetative planting
material influences survival and shoot growth will enable
development of plantation establishment protocols for
advanced experimentation on other aspects of plantation
production, such as genetic screening trials. It was
hypothesized that long cuttings with large diameters would
exhibit the greatest survival and shoot growth.

Cutting length was the most influential factor on black
willow shoot height and diameter growth in this study,

with the longest cuttings showing the greatest growth.

This finding may relate to the amount of root mass that
developed on the rooting zone of longer cuttings. Our
personal observations indicate black willow will root along
the entire length of the below-ground portion of the cutting.
One limitation of this study is that we only measured trees
over a two year study period. Our results indicate that initial
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differences due to cutting length may be decreasing over
time. Additional years of measurements may demonstrate
that longer cuttings only benefit shoot growth in the first
few years of plantation establishment. Shorter cuttings may
prove to be just as tall in 3 to 5 years, which is harvesting
age for other willow biomass crops (Abrahamson et al.
2002).

We cannot explain why cutting diameter was not a more
influential factor on black willow shoot growth. Our results
indicated that the smallest cutting diameters yielded the
tallest shoots, but we did not observe a linear trend of stem
growth among treatment levels. While small diameter
cuttings exhibited good shoot growth, cuttings of very small
diameter could easily break during planting.

As with cutting diameter, we expected planting depth to
have more of an influence on shoot growth than observed

in this study. It is likely that a greater response would have
been observed on a site with lower soil moisture availability.
The practical limitation on planting depth is that the longer a
cutting is, the more energy and time it takes to plant. Deeper
planting depths would increase planting cost. On sites with
less annual rainfall, deeper planting depths would likely be
required to keep survival high. It is hypothesized that on less
mesic sites survival would decrease.

CONCLUSIONS

This study demonstrates relatively long black willow
cuttings developed shoots that were taller and with a larger
diameter than relatively short cuttings. In contrast, cutting
diameter and planting depth did not influence growth to

the same extent. Furthermore, cutting dimension did not
impact black willow survival. The recommendation from
this study is to plant longer cuttings for increased height
growth in biomass plantations of black willow. Results from
this study indicate that height growth of black willow can

be maximized with cuttings that are 21 inches long, 3/8
inches in diameter, and planted to leave 8 inches of exposed
material above the ground. Future measurement of this study
will reveal if our findings are maintained over longer periods
of plantation development. Additionally, we plan future
work to evaluate optimization of cutting size with horizontal
and vertical planting techniques to minimize planting cost.

LITERATURE CITED

Abrahamson, L.P., Volk, T.A., Kopp, R.F., White, E.H., and Ballard,
J.L. 2002. Willow Biomass Producer’s Handbook. Syracuse, NY: State
University of New York College of Environmental Science and Forestry.
P 1-31.

Dickmann, D., Phipps, H., and Netzer, D. 1992. Cutting Diameter
Influences Early Survival and Growth of Several Populus Clones. United
States Department of Agriculture- Forest Service, North Central Forest
Experiment Station, Research Note: NC-261.

Keoleian, G.A. and Volk, T.A. 2005. Renewable Energy from Willow
Biomass Crops: Life Cycle Energy, Environmental and Economic
Performance. Critical Reviews in Plant Sciences. 24: 385-406.

Klasnja, B., Kopitovic S., and Orlovic S. 2002. Wood and bark of some
poplar willow clones as fuelwood. Biomass and Bioenergy.
23 (6): 427-432.

Kopp, R.F., Smart, L.B., Maynard, C.A., Isebrands, J.G., Tuskan, G.A.,
and Abrahamson, L.P. 2001. The Development of Improved Willow
Clones for Eastern North America. The Forestry Chronicle
77 (2): 287-292.

Leakey, R. 2004. Physiology of Vegetative Reproduction. Encyclopedia of
Forest Sciences. School of Tropical Biology, James Cook University.

Maier, J. and Vetter, R. 2004. Biomass yield and Fuel Characteristics of
Short-Rotation Coppice (willow, poplar, and empress tree). Mullheim,
Germany. Institute for Land Management Compatible to Environmental
Requirements. 6 p.

McCracken, A.R., Dawson, W.M., and Bowden, G. 2001. Yield Responses
of Willow (Salix) Grown in Mixtures on Short Rotation Coppice (SRC).
Biomass and Bioenergy 21: 311-319.

Morgenson, G. 1992. Vegetative propagation of poplar and willow.
In: Landis, T.D., technical coordinator. Proceedings, Intermountain
Forest Nursery Association; 1991 August 12-16; Park City, UT.
General technical Report RM-211. Fort Collins, CO: U.S. Department
of Agriculture, Forest Service, Rocky Mountain Forest and Range
Experiment Station: 84-86.

Pezeshki, S.R. and Shields, F.D., Jr., 2006. Black Willow Cutting Survival
in Streambank Plantings, Southeastern United States. Journal of the
American Water Resources Association (JAWRA) 42(1):191-200.

Smart, L.B., Volk, T.A., Lin, J., Kopp, R.E., Phillips, L.S., Cameron, K.D.,
White, E.H., and Abrahamson, L. P. 2005. Genetic improvement of shrub
willow (Salix spp.) crops for bioenergy and environmental applications in
the United States. Unasylva 221. 56: 51-55.

Volk, T.A., Abrahamson, L.P., and White, E.H. 2001. Biomass Power for
Rural Development Technical Report: Root Dynamics in Willow Biomass
Crops. Res. Note DE-FC36-96GO10132. Syracuse, NY: U.S. Department
of Energy.

45



46

Table 1—Mean height and diameter of black willow shoots by cutting length treatment levels 1 and 2 years after

planting

Cutting Length (in)

Year 1

Year 2

Height (ft)* Diameter (in) Height (ft) Diameter (in)
9 8.5a 0.92a 15.8a 1.74 a
15 89b 1.00 b 16.1b 1.81a
21 95¢c 1.09c¢c 16.4c 1.87b

* Significant differences (p<.05) are indicated by different letters following the means in a column.

Table 2—Mean height and diameter of black willow shoots by cutting diameter treatment levels 1 and 2 years

after planting

Cutting Diameter Year 1 Year 2
(in) Height (ft)* Diameter (in) Height (ft) Diameter (in)
3/8 9.2a 1.06 a 16.4 a 1.90 a
1/2 89b 097b 159b 1.75a
3/4 9.0ab 1.02 ab 16.0 b 1.80 b
1 89b 1.00 b 16.0 b 1.78 b

* Significant differences (p<.05) are indicated by different letters following the means in a column.

Table 3—Mean height and diameter of black willow shoots relative to amount of exposed cutting material above
ground 1 and 2 years after planting

Exposed Material Year 1 Year 2
(in) Height (ft)* Diameter (in) Height (ft) Diameter (in)
2 89b 1.00 a 16.0 a 1.79b
5 9.1ab 1.02 a 16.1a 1.80 ab
8 9.1a 1.03 a 16.2a 1.85a

* Significant differences (p < .05) are indicated by different letters following the means in a column.
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HERPETOFAUNAL RESPONSE TO
OAK-REGENERATING SILVICULTURAL
PRACTICES IN THE MID-CUMBERLAND
PLATEAU OF SOUTHERN TENNESSEE

Andrew W. Cantrell, Yong Wang, Callie J. Schweitzer, and Cathryn H. Greenberg

ABSTRACT

Silviculture treatments can alter landscapes, which in return can affect
wildlife communities. This research examined how microhabitat

differed short-term (1-2 years after disturbance) between two different
oak-regenerating shelterwood treatments, a midstory-reduction (oak-
shelterwood) and a first-harvested basal area removal (shelterwood),

in comparison to undisturbed controls. Mechanisms responsible for
influencing herpetofaunal communities were examined in the oak-hickory
hardwood forests of the mid-Cumberland Plateau in Grundy County of
Southern TN. Herpetofauna were captured using drift fences equipped with
pitfall and box funnel traps, and microhabitat variables were collected at
each trap location. Shelterwood stands had a higher amount of slash, slash
pile volume, and woody and herbaceous vegetation than other stand types.
Oak-shelterwood and control stands had higher litter depth, litter cover,
and presence of overstory than shelterwood stands. Eastern fence lizards,
eastern five-lined skinks, Fowler’s toads and broad-headed skinks were
all significantly more abundant in stands that received manipulation in
comparison to control stands.

INTRODUCTION

Herpetofauna are important components of biological
diversity, and play an ecological role as predators and
prey. Understanding herpetofaunal responses to forest
management practices that alter habitat conditions is
important because many species have specific habitat
requirements. Many herpetofaunal species use structural
features of forests, ranging from the tree canopy to the
forest floor, as habitat. Complex vegetation structure,
such as multiple tree strata (canopy, understory, and shrub
layers) and dead standing trees, also provides habitat and
foraging sources for many wildlife species (Lanham and
Guynn 1996). Changes in the availability of these forest
features may affect the density and species composition
of wildlife communities and individual species (Felix and
others 2009, Wang and others 2006). Forest management
techniques that affect forest structure, microhabitat, and
microclimate have the potential to affect plant and animal

community composition and abundance. Wildlife response
to forest disturbance may vary with the type and intensity
of disturbance, the forest type, and across their geographic
range. Understanding vertebrate community responses

to changes in forest conditions is important in predicting
impacts of forest management.

The USDA Forest Service Southern Research Station,
Upland Hardwood Ecology and Management Research
Work Unit 4157 implemented a regional oak study (ROS)
(Greenberg and others 2008, Keyser and others 2008) with
partners to address how three recommended, but not widely
tested, oak regeneration treatments affect oak and other
hardwood species regeneration and wildlife communities
across three areas within the southern Central Hardwood
Region of the USA. In the ROS, effects of the following
forest management treatments are being examined: 1)
Shelterwood with prescribed fire (SW), 2) Oak-Shelterwood
(OSW), and 3) Prescribed fire. All 3 regeneration
prescriptions will have any residual trees removed 11

years after initial implementation. Studying herpetofaunal
response to these treatments is one of many components
of this multidisciplinary research. The herpetofaunal study
examined how these disturbances affected herpetofaunal
species abundance, and the mechanisms (e.g. microhabitat
features) possibly responsible for influencing such
communities. This study examined the short-term
differences detected in microhabitat variables among SW,
OSW, and control stands, and the variation of herpetofauna
in relationship to treatments and habitat conditions.

STUDY SITE DESCRIPTION

The study site was located on the mid-Cumberland Plateau
of southern Tennessee. This research was conducted in
Grundy County, TN on property owned by Stevenson Land
Company. The elevation of the site is approximately 390 m
to 550 m above sea level. The forest stands are located on
the eastern escarpment of Burrow’s Cove, drained by Laurel

Andrew Cantrell, Masters Student, Department of Natural Resources and Environmental Science, Alabama A&M University, P.O. Box 1927,

Normal, AL 35762.

Yong Wang, Professor, Department of Natural Resources and Environmental Science. Alabama A&M University.

Callie J. Schweitzer, Research Forester, USDA Forest Service, Southern Research Station, Upland Hardwood Ecology and Management
Research Unit 4157, PO Box 1568, Normal, AL 35762.

Cathryn H. Greenberg, Research Ecologist, USDA Forest Service, Southern Research Station, Upland Hardwood Ecology and Management
Research Unit 4157, Bent Creek Experimental Forest, Asheville, NC 28806.

47



Creek; stands are located to the north and south of Mill
Hollow. Braun (1950) classified the area as being in the cliff
section of mixed mesophytic forest region. The forest stands
on average had a basal area (BA) of 22.5 m*ha and 164
stems/ha (SPHA), and they are composed of 27 different
hardwood species, having yellow poplar (Liriodendron
tulipfera), sugar maple (Acer saccharum), white oak
(Quercus alba), pignut hickory (Carya glabra), and northern
red oak (Quercus rubra) as their dominant overstory trees
(unpublished data, Callie J. Schweitzer).

EXPERIMENTAL DESIGN

The field experiment followed the guidelines of Greenberg
and others (2008) which adopted a completely randomized
design with 3 oak regenerating treatment types and 1
control, each replicated 5 times for a total of 20 experiment
stands (approximately 5 ha each). Treatment units were
selected by the USDA Forest Service researchers following
guidelines that all treatment units have mature closed
canopy stands with trees >70 years old without major
anthropogenic or natural disturbances within the last 15-20
years.

The prescribed burns were not implemented during the
course of this study. However, since data were collected
within these unaltered stands, they were considered control
stands during statistical analyses. Two out of the five SW
treatments were not harvested prior to the completion of
field sampling and are omitted from statistical analyses.
These modifications resulted in 18 experimental stands: 10
controls, 5 OSW, and 3 SW.

SILVICULTURE TREATMENTS

Shelterwood harvest method—The SW harvest prescription
followed the guidelines of Brose and others (1999). The
treatment entailed harvesting of timber with a 30-40 percent
basal area (BA) retention. Residual trees were based on
species, diameter and quality. Trees were harvested by
chainsaw felling and grapple skidding along pre-designated
trails, leaving removed limbs and branches within the
stands. Treatments were implemented in the fall and winter
0f 2008.

Oak-shelterwood method—The OSW treatment followed
the guidelines of Loftis (1990). This treatment used a
Garlon 3A herbicide, with the main active ingredient being
Trichlopyr. Herbicide was induced into competing mid-story
trees with > 5 cm and < 25 cm diameter at breast height
(DBH) by the hack-and-squirt method. The initial treatment
implementation in fall/winter of 2008 was not effective for
undetermined reasons and was repeated in the fall/winter of
2009.
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MATERIALS AND METHODS

MICROHABITAT

Microhabitat data were collected along line transects located
at each herpetofauna sampling drift fence. At each fence two
10-m transects were installed. Transects originated 2 m from
the middle of the fence to eliminate any disturbance caused
by drift fence installation. Direction of the first transect was
randomly determined by azimuth degree compass bearing,
and the second transect used the polar opposite of the first
transect on the opposite side of the fence. Variables recorded
along transects included: litter depth, percent ground cover,
volume of coarse woody debris (CWD) and slash, and

forest stratification. Litter depth was recorded every 2 m
along each transect using a ruler to the nearest millimeter.
Percent ground cover was recorded every 5 m along each
transect using 0.5 x 0.5 m sampling plots. Percent ground
cover categories included leaf litter, bare ground, CWD,
slash, rock, and herbaceous and woody vegetation. Percent
cover of each category was recorded as cover within or
directly above the sampling plots up to 2 m. Forest strata
were visually assessed at each 5 m interval. The forest strata
was assigned one of the following categories modified

from Sutton (2010): 1) ground cover (< 2 m); 2) understory
(> 2 m — <4 m); 3) midstory (> 4 m — < overstory); and

4) overstory (the main forest canopy). Volumes of CWD
and slash piles were also assessed. Length and diameter

at transect contact was recorded for all CWD > 10 cm in
diameter at the transect intercept point. Volume of CWD
was calculated using the formula given by Van Wagner
(1968). The volume of slash piles was roughly estimated;
slash was measured if any portion of a mound intersected
with the transect based on diagrams given by Hardy (1996).
Canopy cover was collected at the center of each drift fence
using a hand-held spherical densiometer during mid-summer
when the canopy foliage was full.

HERPETOFAUNAL TRAPPING

The herpetofaunal community was assessed from mid-

May until the end of September in 2010 via drift fences

with pitfall and double funnel box traps, a commonly used
technique to capture terrestrial reptile and amphibian species
(Dodd 1991). In each unit four drift fences of 7.6 m long
aluminum flashing were installed by excavating trenches
approximately 15.2 cm deep and 15.2 cm wide and secured
using wooden stakes. Two drift fences were installed at the
lower slope region (bottom 1/3 of the stand) and the other
two drift fences were installed at the upper slope region (top
1/3 of the stand). A pitfall trap (a 19 L bucket) was installed
into the ground at each end of the drift fence. Each drift
fence also had a funnel box trap at the center along each side
of the fence. Traps were opened continuously except for a
few days at the end of August and beginning of September.
All traps were checked four to six days a week. Each time

a single drift fence was checked it was recorded as being a
single trap night.
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STATISTICAL ANALYSIS

Species and microhabitat data were analyzed using
general linear model analysis of variance (ANOVA) for

a completely randomized design to determine if there
were any differences among treatment types. Post-hoc
Tukey multiple range tests (HSD) were used to identify
differences between specific treatments if ANOVA tests
were significant. Principal component analysis (PCA) was
used to simplify microhabitat variables into components,
which allowed the interpretation of possible relationships
among microhabitat variables. A constrained ordination
technique, canonical correspondence analysis (CCA), was
used to explore the relationship between herpetofaunal
species and microhabitat variables (McGarigal and others
2000). Microhabitat variables represented by vectors in
CCA that did not show a strong relationship with either axis
were excluded. Species with < 10 captures were excluded
from CCA and ANOVA analyses. All tests were performed
with o =0.1.

RESULTS

MICROHABITAT

Several microhabitat variables differed among treatments
in 2010 (Table 1). Canopy cover was the only variable
significantly different among all three treatment types,
which averaged 92 percent for control stands, 86 percent
for OSW stands, and 67 percent for SW stands. Oak-
shelterwood and control stands had higher litter depth,
litter cover and presence of overstory than SW stands.
Shelterwood stands had a higher amount of slash, slash pile
volume, and woody and herbaceous vegetation than control
and OSW treatment stands. Shelterwood stands had more
bare ground than OSW and control stands. Understory and
midstory structure was reduced in SW and OSW treatments
compared to control stands.

Principal component analysis extracted 5 separate
components (eigenvalue >1) that accounted for 74.2 percent
of total habitat variance (Table 2). Component one was
positively related to canopy cover, overstory structure, litter
depth, and ground litter cover, and negatively related to the
amount of slash, ground cover, and woody and herbaceous
vegetation covers. Component two was positively related
to canopy cover and understory and midstory vegetation
cover, and negatively related to ground cover vegetation.
Component three was positively related to slash and slash
pile volume, and the amount of bare ground, and negatively
correlated with litter depth. Component four was positively
related to the presence and volume of CWD, but negatively
related to the amount of ground cover vegetation. The last
component, component five, was positively related to the
rock coverage and negatively related to the litter depth.

HERPETOFAUNA

There were 96 days of trapping during the 2010 field
season, which resulted in 6,912 trap nights. A total of
4,108 individuals of 28 species were captured. American
toads (Anaxyrus americanus) made up 84.6 percent of the
individuals captured. The abundance of four hereptofaunal
species differed among treatments. Eastern fence lizards
(Sceloporus undulatus), Eastern five-lined skinks
(Plestiodon fasciatus), and Fowler’s toads (Anaxyrus
fowleri) were more abundant in SW stands than oak-
shelterwood and control stands (Table 3). Broad-headed
skinks (Plestiodon laticeps) were more abundant in OSW
stands (Table 3).

MICROHABITAT AND HERPETOFAUNAL
RELATIONSHIP

For amphibians, CCA eigenvalues accounted for 84.9
percent of total variance of species-environment relationship
(Figure 1). Axis 1 was positively correlated to the percent
cover of rock and bare ground, and negatively related to
litter cover and presence of overstory; the second axis was
positively related to the covers of woody vegetation, slash,
and overall ground cover, and negatively related to the mid
and upper story vegetations, slash pile volume, litter depth,
and CWD volume. Eastern spadefoot toads (Scaphiopus
holbrookii) had a strong positive relationship with high
coverage of herbaceous vegetation, and slash. Other species
such as southern leopard frogs (Lithobates sphenocephala),
pickerel frogs (Lithobates palustris), American toads,

and Fowler’s toads appeared to be habitat generalists and
occurred at the center of the CCA plot. Eastern red spotted
newts (Notophthalmus v.viridescens) occurred more often
in sites with high rock coverage, whereas green frogs
(Lithobates clamitans) occurred more often at sites with
more bare ground. Cave salamanders (Eurycea lucifuga)
appeared to have a strong association with the second axis,
and occurred at sites with high ground cover.

For reptiles, CCA eigenvalues accounted for 88.9 percent
of total variance for species-environment relationship
(Figure 2). Axis 1 represented a gradient from higher
percentage of bare ground, CWD, and volume of slash,

and negatively related to canopy cover, litter cover and
depth, and understory. Axis 2 represented a gradient from
higher percentage of rock, presence of overstory, and CWD
volume, and was negatively related to woody vegetation,
presence of ground cover and midstory. Most reptile species
appeared to be habitat specialists and were associated with
specific microhabitat features. For example, eastern fence
lizards had strong positive relationship with the first axis,
characterized by habitats with more slash piles and increased
bare ground, whereas broad-headed skinks had a strong
negative association with the first axis, with more litter
cover and understory. Copperheads (Agkistrodon contortrix)
and eastern five-lined skinks were associated with sites that
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had a higher presence of overstory and litter depth. Species
such as the midwest worm snake (Carphophis a. helenae)
and eastern garter snake (Thamnophis s. sirtalis) were not
strongly associated with any of the tested microhabitat
variables.

DISCUSSION

This study examined herpetofaunal response to the

habitat changes created by different forest management
prescriptions for oak regeneration. Only the first phase

of each SW was implemented and studied, however each
created uniquely different microhabitat characteristics. Only
the SW treatment involved a commercial harvest, which
resulted in a 42 percent reduction in overstory basal area.
The OSW treatment did not alter the overstory basal area but
did change the composition and structure of the midstory.

Several reptile species were more abundant in SW stands
compared to OSW and control stands. This can be attributed
to the subsequent changes in forest canopy cover. The
opening of the forest canopy increased the amount of light
available for thermal regulation by reptiles. This coincides
with findings by Felix (2007) who also found an overall
increase in reptilian species richness and abundance in
response to canopy removal. Results of this study indicated
that abundance of most amphibians was either unchanged
or increased in disturbed forest habitats. This may be due to
several factors, including the increased heterogeneity and
complexity within these stands.

Canonical correspondence analysis showed the habitat
associations of reptile and amphibian species regardless of
the treatment by examining habitats associated with specific
trapping locations. Most species in this study were habitat
specialists and were associated with specific habitat features.
The gradients demonstrated in CCA also helped verify the
microhabitat conditions presented by PCA and ANOVA. For
example, in the CCA conducted using reptiles and habitat
associations, high canopy cover, litter cover, and litter depth
were correlated, and were associated with control stands in
ANOVA. These associations are also seen in PCA. These
same variables using CCA were inversely related to percent
coverage of woody, herbaceous, and slash covers, which
corresponded to ANOVA results showing these variables to
be more abundant in SW treatment stands.

CONCLUSIONS

Results from this study showed that several microhabitat
features in both the SW and OSW silviculture treatments
differed from control stands in the short-term. These
differences, either directly or indirectly, influenced the
composition and abundance of herpetofaunal communities.
The SW and OSW method created openings in the canopy
and changes in the vertical structure of vegetation that

50

likely resulted in more woody and herbaceous vegetation
ground cover. The SW method resulted in more open areas,
less canopy cover, and increased light availability. These
increases were beneficial for species that depend on sunlight
for thermoregulation. The SW treatment removed both the
midstory and overstory, which resulted in less litter cover
and litter depth due to a decrease in the source. However,
litter cover and depth will likely increase over time as the
vegetation responds, regeneration occurs, and the system
inputs leaves and twigs as part of the deciduous vegetation
process. Shelterwood stands also had higher amounts of
CWD and slash on the forest floor, which provided cover
not found in the other treatments. All of these factors
contributed to increased complexity and heterogeneity of the
forest floor environment and microenvironments, providing
increased habitat diversity that appeared to benefit some
reptile and amphibian species and subsequently change
species abundance compared to OSW and control stands.

These findings give forest resource managers and

private land owners in the region the knowledge of how
herpetofauna respond to these two forest management
practices compared to no management in the short-term.
Results suggest that these two active management practices
for oak regeneration do not adversely affect reptiles or
amphibian populations, and may benefit some of these
species. However, the scale and intensity of such operations
combined with differences in geographic locations should
be considered. It should also be considered that these
results are indicative of only one-year of response data, and
responses over longer temporal and broader spatial scales
should be investigated.
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Table 1—Comparison of microhabitat variables for three management treatments in Grundy County,
TN, 2010. ANOVA (F) test was followed with post-hoc Tukey tests. Means in the same row (Means +
Standard Deviation) with different superscript letters indicate significant difference (Tukey p<0.1)

Variable Control Oak- Shelterwood F P
Shelterwood

Canopy Cover % 92.3+ 3.02° 86.1+5.18° 67.4+9.91° 101.12  0.000
Litter Depth (cm) 3.2+ 1.15° 3.4+1.14° 2.2+0.77° 4.61 0.013
Litter Cover % 62.5+ 12.54° 60.2+8.85° 23.3+9.89° 58.95  0.000
Bare Ground Cover % 0.9+ 1.77% 0.7+0.91° 2.3+2.38° 3.386  0.040
Slash % 4.0+2.07"° 4.0+1.74° 7.9+4.28° 12.31  0.000
Slash Pile Volume (m*ha) 0.0+0.00° 0.0+0.00° 87.61+98.3° 2491  0.000
Woody Vegetation % 13.0+ 8.5 14.4+9.18° 30.2+11.92° 16.25  0.000
Herbaceous Vegetation% 8.9+ 8.13 b 9.916.79b 24.1+10.45% 16.55 0.000
Understory 0.6+ 0.31° 0.1+0.2° 0.2+0.19° 23.58  0.000
Midstory 0.7+ 0.23° 0.2+0.18° 0.4+0.29° 37.87  0.000
Overstory 01.0+ 0.13° 1.0+0.05° 0.8+0.18" 10.28  0.000
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Table 2—Component loadings based on principal component analysis for microhabitat variables in

Grundy County, TN, 2010

Component

Variable PC1 PC2 PC3 PC4 PC5
Litter % .85 .29 -.16 -.09 -.20
Overstory .78 -.23 -.24 -.10 -.05
Woody % -.81 -.18 -.02 -.25 -.04
Canopy Cover % .76 44 -.30 -15 .04

Herbaceous % -74 -.27 -.05 14 -.15
Slash % -49 .06 48 .02 .20

Ground Cover % -.45 -42 =11 -.52 A1

Understory 13 .90 -14 -.04 .06

Midstory .18 .82 .02 -.02 -.27
CWD % -.02 -.04 27 .73 -.09
CWD Volume (m3/ha) -17 -.08 -12 .80 .15
Slash Piles Volume (m3/ha) -40 -.25 .65 18 .16
Bare Ground % .03 -.05 .92 .09 -.07
Litter Depth (cm) 42 -13 -40 27 -.48
Rock % .08 -.18 .01 .07 .89
Percent of Variance 26.52 14.73 13.01 1.2 8.57
Cumulative Percent 26.52 41.25 54.26 65.46 74.0

Extraction Method: Principal Component Analysis
Rotation Method: Varimax with Kaiser Normalization

Table 3—Herpetofaunal response to three different forest management practices at Burrow Cove in Grundy
County, TN, 2010. ANOVA (F) test was followed with post-hoc Tukey tests. Means in the same row (Means +

Standard Deviation). Different superscript letters indicate significant difference (Tukey p<0.1)

Species Scientific Name Control Oak-Shelterwood Shelterwood F P
Eastern Five- Plestiodon 0.6+0.76° 0.8+1.03° 1.8+0.98° 4951  0.013
Lined Skink fasciatus
Eastern Fence Sceloporus 0.1+0.31 b 0.5+0.53 b 4.3+3.78° 18.569 0.000
Lizard undulatus
Broadheaded Plestiodon laticeps 0.2+0.52 b 1.2+1.81° 0.7+0.82 b 2.923 0.068
Skink
Fowler's Toad Anaxyrus fowleri 0.6+0.68" 1.3+1.57%° 1.8+1.17° 3.615  0.038
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Figure 1—Canonical correspondence analysis ordination plot
representing the relationship between amphibian species and
microhabitat variables at Burrow Cove in Grundy County, TN, 2010.
Four-lettered abbreviations accompanied with triangles represent
the Garrison code of species scientific names and arrowed lines

represent microhabitat variables.
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Figure 2—Canonical correspondence analysis ordination plot
representing the relationship between reptile species and
microhabitat variables at Burrow Cove in Grundy County, TN, 2010.
Four-lettered abbreviations accompanied with triangles represent
the Garrison code of species scientific names and arrowed lines
represent microhabitat variables.
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USE OF THE WEIBULL FUNCTION
TO PREDICT FUTURE DIAMETER
DISTRIBUTIONS FROM CURRENT

PLOT DATA

Quang V. Cao

ABSTRACT

The Weibull function has been widely used to characterize diameter
distributions in forest stands. The future diameter distribution of a forest
stand can be predicted by use of a Weibull probability density function from
current inventory data for that stand. The parameter recovery approach has
been used to “recover” the Weibull parameters from diameter moments or
percentiles. The Moment method involves arithmetic or quadratic mean
diameter, and diameter variance, whereas the Percentile method includes
diameter percentiles. The Hybrid method is a combination of both methods,
requiring both diameter moments and percentiles. Results based on data
from loblolly pine plantations showed that the three methods involving the
predicted quadratic mean diameter performed better than the rest, and that
the two methods involving the predicted 31% and 63 percentiles performed
the poorest.

INTRODUCTION

The Weibull function was introduced by Bailey and Dell
(1973) to model diameter distributions in forest stands.

It has since become popular because it is flexible enough

to fit shapes commonly found in both uneven-aged and
even-aged stands, and also because the calculation of
proportions of trees in diameter classes is straightforward.
The parameter recovery approach (Hyink and Moser

1983) has been found to perform better than the parameter
prediction approach, in which the Weibull parameters are
predicted directly. In the parameter recovery approach, the
Weibull parameters are “recovered” from diameter moments
(arithmetic and quadratic diameters, and diameter variance),
diameter percentiles (e.g. 25, 50%, 31%, 63", or 95"), or a
combination of both.

The objective of this study was to evaluate ten parameter
recovery methods to predict the parameters of Weibull
functions that modeled diameter distributions of a future
stand. The Weibull parameters were recovered from future
stand attributes, which were predicted from current stand
attributes by use of regression.

DATA

Data were from the Southwide Seed Source Study, which
involved 15 loblolly pine (Pinus taeda L.) seed sources
planted at 13 locations across 10 southern states (Wells

and Wakeley 1966). Seedlings were planted at a 6 ft x 6 ft
spacing. Each plot of size 0.04 acre consisted of 49 trees
measured four times at ages 10, 15 or 16, 20 or 22, and 25
or 27. A subset (100 plots) of the original data was randomly
selected as the fit data set, to be used for fitting the models.
Furthermore, only one growing period was randomly chosen
from each plot. The fit data set therefore contained growth
periods from age 10 to age 15 (33 plots), from age 15 to age
20 (33 plots), and from age 20 to age 25 (34 plots). Another
100 plots were randomly selected from the remaining
original data in the same manner to form a validation data
set. Table 1 shows summary statistics for stand attributes at
the end of each growth period for the fit and validation data
sets.

METHODS

The Weibull probability density function (pdf), used in this
study to characterize diameter distribution, has the following

form:
c-1

c
c\(x-a xX-a
x)=|—= exp| -
ro=[357) e
where a, b, and c are the location, scale, and shape

parameters, respectively, and x is tree diameter at breast
height.

PARAMETER RECOVERY METHODS
The Weibull location parameter (¢) must be smaller than the

predicted minimum diameter in the stand (ﬁo ). Weseta =

0.5 130 since Frazier (1981) found that this gave best results
in terms of goodness-of-fit. The other Weibull parameters,

Quang V. Cao, Professor, School of Renewable Natural Resources, Louisiana State University Agricultural Center, Baton Rouge, LA 70803
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b and ¢, were recovered from the moments of the diameter
distribution (Moment method), the diameter percentiles
(Percentile method), or a combination of both (Hybrid
method). The following parameter recovery methods were
evaluated:

Moment methods .

Method 1 (D and D var)
Method 2 ( Dg and D var)

Percentile methods X .
Method 3 ( D, and D63)

Method 4 ( D and f)95)
Method 5 ( D o5 90, and D)
Method 6 ( Dﬂ, 50, and D)

Hybrid methods N .
Method 7 ( D and D%)

Method 8 ( Dgand D, )

Method 9 (Dg. D, and D, )

Method 10 (Hg.p) . D, - and )
etno (Dq’DZS’ D507 an D95)

The Symbols 5, Dq, Dva‘ra D s _D s D s _D 5 and

D denote predicted values of average diameter, quadratlc
meéan diameter, diameter variance, and the 25%, 31, 50,
63", and 95" diameter percentiles, respectively. In method
10 (Bailey et al. 1989), the a parameter was computed from
Ha' — D

0 50
= nl/:; 1
where 7 is number of trees in the plot. Systems of equations
for the ten methods are shown in Table 2.

EVALUATION

The error index (Reynolds et al. 1988), used to evaluate
how well each method performed for the validation data, is
defined as:

1 .
[ = —Zh Z‘, ‘nm — n“‘

m

where n,_and fli{ are, respectively, the observed and
predicted number of trees/ha in diameter class k for the i*"
plot, and m is the number of plots. The smaller the error
index, the better the distribution fits the data.
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RESULTS AND DISCUSSION

The future stand survival was predicted from:
1.30125—-1

exp —0.01958(A]'30125 - A1.30125)

0

R =0.5775, where N is the predicted future stand
survival, N, is the current number of trees/ha, 4 and 4, are
future and current stand age, respectively.

The diameter moments and percentiles were simultaneously
predicted by use of seemingly unrelated regression (SUR).
The equations used were of the following general form:

y = yu{l +explb +bRS + b, ln(HdU) +b, ln(N“)}}

where p is the predicted future moment/percentile, y, is the
current moment/percentile, RS, = /(10000/N )"’]/Hd, is the
current relative spacing, and Hd, is the current dominant
height. The parameter estimates obtained from the fit data
are presented in Table 3.

Table 4 shows the error index computed for each method
from the validation data. The methods formed three groups
based on their error index results, with some overlaps in
between. The first group (methods 2, 9, and 10) produced
the best results by scoring the lowest error indices. This
group consisted of three methods, all of which involved

Dq . These results showed that Dq seemed to be a better

central measure of the Weibull distribution than either [

or D . An exception was method 8 ( Dq and D ) which
was ranked 8% among ten methods.

The lowest-ranked group (methods 3 and 6) produced the
highest values of error index, i.e. poorest fit. Both of these
methods involved D and D , suggesting that these two
percentiles should not be used h recovering the Weibull
parameters.

CONCLUSIONS

The analyses shown in this study revealed that the predicted
quadratic mean diameter played an important role in
recovering parameters of the Weibull that characterized the
future diameter distribution of loblolly pine plantations.

On the other hand, both methods involving the predicted
31* and 63" percentiles performed the poorest among

all methods. Method 2 ( Dq and D var ) produced the
lowest error index and should be considered as a parameter
recovery method for other data sets.
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Table 1—Means (and standard deviations) of stand attributes at the

end of each growth period for the fit and validation data

Age Number Dominant Number of Basal area
of plots height (m) trees per ha (m2/ha)
Fit Data
15 34 12.7 (1.8) 1843 (605) 28.9 (7.4)
20 33 16.4 (1.4) 1291 (250) 34.3 (8.4)
25 33 18.5 (2.0) 1346 (263) 40.1 (8.1)
Validation Data
15 34 13.1 (1.7) 1742 (579) 30.0 (6.3)
20 33 16.3 (2.2) 1305 (254) 34.0 (6.9)
25 33 18.9 (2.0) 1350 (255) 41.1 (6.2)
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Table 2—Summary of ten parameter recovery methods

Method

Equation for a

Equation for b and ¢ v

Method 1 (D and Dvar)

Moment methods

a=05D, b=(D -a)/G,
c is obtained from
b*(G, - G?) - Dvar=0
Method 2 (Dg and Dvar) a=05D,

Method 3 ( Dy, and D)

Percentile methods

a=05D,

2
b9, L) (G2 -Gy+
G, G, G

c is obtained from

b*(G, - G?) - Dvar=0

ln( In(1 - 0.63))
In(1-0.31)

Cc= = =
11](D63 - a) - ]n(D3] - a)

DA(,3 -a
[~In(1-0.63)] "¢

Method 4 ( Dy, and Dy )

a=05D,

C=

ln( In(1-0.95) )
In(1 - 0.50)

- ln(bg5 -a)- ln(DA50 -a)

bsg —-a
[~In(1-0.50)] /¢

Method 5 ( D,s, Dy, and Dys)

a=05D,

Cc=

ln( In(1 - 0.95))
In(1-0.25)

" In(Dss — a) - In(Dys - a)

bsg —-a
[~In(1-0.50)] /¢

Method 6 ( Dy,, Ds,,and D)

a=05D,

ln( In(1 - 0.63))
In(1-0.31)

- ln(b@ - a) - ]n(DA3] - a)

bsg —-a
[~In(1-0.50)] /¢

L

2
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Table 2—(Continued) Summary of ten parameter recovery methods

Method

Equation for a

Equation for b and ¢

Method 7 (D and Dys)

Hybrid methods

a=05D,

bgs —-dad
[-In(1-0.95)] /¢

c is obtained from

a+bG,~D =0

Method 8 (Dg and Dy )

a=05D,

bgs )
" [=In(1-0.95)] "¢

c is obtained from

b*G, +2abG, +a* - Dg* =0

Method 9 (Dg , D5, and Dys)

a=05D,

In(1 - 0.25)

1n( In(l - 0.95)]
" In(Des - a)—In(Dys - a)

b=-aG, /G, +[(al G,)*(G? = Gy) + Dg* 1G,1**

Method 10 (ﬁq , DAzsy ﬁso, and ﬁ95)

a

RV
=D0n
1/
R

A

- D5
-1

ln( In(1 - 0.95)]
In(1-0.25)

" In(Des - a)—In(Dys - a)

b=-aG, /G, +[(al G,)*(G? = Gy) + Dg* 1G,1**

¥ G, =T(1+k/c), where I'(*) is the gamma function.
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Table 3—Parameter estimates for predicting future diameter moments
and percentiles

Variable b b2 b3 b R®

D,  -2.29785 4.43916 0.3583
D 3.13645 129982 -0.21411 0.9242
Dvar 250950 -1.32765 0.6975
Dg  3.14000 130057  -0.21404 0.9309
Dys  1.08057 116174 0.8554
Dy, 154103 -1.35951 0.8740
Dy,  4.85622 146683  -0.39758 0.9041

Dy 1.30993 119434 0.8862

Dys  3.65865 115230 -0.31641 0.9179

Equation: y =y {1 +exp[b +bRS +b In(Hd )+ b In(N )|}

Table 4—Error index for each method from the
validation data

Rank  Method Moments/percentiles el
1 2 Dgq and Dvar 663°
2 9 Dq , Dy, and Dys 670 °
3 10 Dq ., Dy, Dy, and Dys 674°
4 4 Dy, and Dys 720°
5 1 D and Dvar 726
6 5 D,s, Dsy, and Dys 727"
7 7 D and Dy 731°%
8 8 Dq and Dys 743 >
9 6 Dy, Dyy, and Dg, 755
10 3 Dy, and Dy, 760

¥ Values with the same letter are not different at the 5% level.
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ASSESSING SOIL IMPACTS RELATED TO
FOREST HARVEST OPERATIONS

E. A. Carter and J. M. Grace lll

ABSTRACT

Three studies conducted in Alabama evaluated impacts associated with a
clear cut harvest in three physiographic regions. Machine impacts were
assessed via tabulation of soil disturbance classes, measurement of bulk
density and soil strength, or a combination of the two. Soil disturbance
classes were similar among all locations with untrafficked areas comprising
approximately 20 percent of the harvest tract and the remaining as slightly
or heavily disturbed. Soil strength response increased with disturbance
intensity in surface and subsurface soil layers, while bulk density did not
show a consistent pattern by depth with intensity. Post-harvest erosion
data underscored the variability of site response while site preparation and
subsequent planting contributed to higher erosion rates. Global Positioning
System receivers monitored machine movements and provided a basis for
disturbance class assessment. Similarly, positional data were used to create
Digital Elevation Models to determine runoff interception by silt fences to
assess erosion potential.

Keywords: bulk density, disturbance classes; erosion, GPS, physiographic
region, soil strength.

INTRODUCTION

Mechanized forest operations have induced changes in
soil properties with the potential to negatively impact soil
sustainability and forest productivity. Machine related soil
impacts vary spatially and in intensity depending on the
interaction between machine and site factors at the time
of impact. Attempts to characterize the degree of impact
and its variability throughout an affected area have relied
on methods that are hampered by the amount of time to
complete an assessment as well as a lack of accuracy.
Recent advances in global positioning systems (GPS) and
geographic information systems (GIS) have allowed more
accurate evaluation of the impact of forest operations. The
application of more accurate methods may provide more
relevant information to guide future management decisions
to promote adequate regeneration.

Previously, soil impacts related to harvest and thinning
operations were assumed to be distributed uniformly
throughout a harvest tract with the greatest impact found on
landings and skid trails. To ensure adequate regeneration,
land managers employed mechanical and chemical methods
of site preparation throughout the harvest tract to control
weeds, prepare planting beds and provide adequate water
and nutrients (Morris and Lowery, 1988; Allen and others,

1990; Dubois, 1995; Miller and others, 2006). More
accurate information on how site impacts vary spatially

and in intensity to ensure more cost effective remediation
techniques necessitated the use of ground disturbance
surveys, measurement of soil properties affected by machine
trafficking, or their combination. As stated previously,

these are time consuming and lack sufficient accuracy to be
useful. The use of GPS receivers to collect positional data
has been invaluable in allowing researchers to track machine
movements and assist in management activities (McMahon,
1997; McDonald and others, 2002; McDonald and Fulton,
2005; McDonald and others, 2008). Application of GPS
technology to assess soil impacts has been conducted by
linking GPS positional data to traffic maps or point specific
measurement of soil changes (Carter and others, 1999; 2000;
McDonald and others, 2002). The current generation of GPS
receivers allows the possibility of more precise positional
data to link with site specific changes in soil properties
(Renschler and Flanagan, 2008).

An additional consequence of mechanized operations in
managed forested landscape is the increased potential for
erosion whereby site productivity may be compromised due
to soil and nutrient redistribution and loss. Quantification
of erosion has typically been conducted by delineating an
area of known size and directing the runoff and entrained
soil and dissolved solids into a collection device. Numerous
studies have reported runoff and soil loss for a wide

range of conditions, plot configurations, and collection
devices (Dissmeyer, 1982; Pye and Vitousek, 1985;

Lacey, 2000; Robichaud and others, 2001; Costantini

and Loach, 2002; Field and others, 2005; McBroom

and others, 2008). Although the use of bound plots is a
standard method, studies that isolate a segment of the
surrounding landscape to monitor erosion may not be
representative of the full erosion potential of a managed
landscape. Forested landscapes subjected to harvesting,
thinning, and regeneration activities are highly variable in
surface disturbance levels and vary greatly in the degree of
erosion potential on a landscape basis. Larger portions of
the landscape may be monitored for erosion potential by
developing Digital Elevation Models (DEMs) that predict
water flow paths and that can be linked with models that
predict runoff and soil loss (e.g., Water Erosion Prediction
Project-WEPP). Digital elevation models can be easily

E. A. Carter, Research Soil Scientist, U.S. Forest Service, Auburn, AL 36849-5418
J.

M. Grace lll, Research Engineer, U.S. Forest Service
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constructed from highly accurate GPS systems (e.g. RTK
systems) and imported into GIS applications to predict flow

paths and erosion potential (Renschler and Flanagan, 2008).

The objective of this paper is an assessment of methods
utilized in our studies to assess soil impacts from forest
operations, including soil compaction and erosion potential.
Of significance in assessing the impact of forest operations
was the application of GPS and GIS to enhance data
collection and interpretation.

MATERIALS AND METHODS

SOIL COMPACTION

The evaluation of soil compaction as a result of forest
harvest operations was concentrated in three study sites

in Alabama (fig. 1). The upper site (SCUAL) was located
in Lawrence County, near Moulton, Alabama, within

the southern boundary of the Cumberland Plateau. Soils
within the study area were typified by Hartsells, Townley
and Sipsey soil series, fine-loamy and loamy, siliceous

and mixed, subactive and semiactive, thermic members of
Typic Hapludults. The central site (SCCAL) was located in
Chambers County, near Lafayette, AL, within the Piedmont
region of Alabama. Soils of the study site were composed
primarily of fine, kaolinitic, thermic Typic and Rhodic
Kanhapludults and Kandiudult families and typified by
Cecil and Gwinnett soil series. The lower site (SCLAL)
site was located in Covington County, near Andalusia,

AL, within the Gulf Coastal Plain; soils within the study
site were composed primarily of Orangeburg sandy loam,
classified as a fine-loamy, kaolinitic, thermic member of
Typic Kandiudults.

The degree of soil disturbance and final soil compaction
was based on tabulation of soil surface disturbances and
collection of soil cores to determine changes in soil volume
and stength. Soil surface disturbance classes typical of
sites under consideration were identified and tabulated via
transects throughout harvest tracts with the final classes
based on ground disturbances tabulated and reported by
Lanford and Stokes (1995). Ground disturbance was linked
to soil changes by removing soil cores from locations
representative of soil disturbance classes randomly or

at predetermined grid points. Soil cores were removed,
subsectioned into 10 centimeter increments, and dried

at 105 degrees Celsius to determine bulk density (p,)

and gravimetric soil moisture (6,) (Klute, 1986). In-

situ measurements of soil strength were conducted by
inserting a Rimik CP20 recording cone penetrometer to a
predetermined depth and measurements recorded in 2.50
centimeter increments and expressed as cone index (CI)
(ASAE, 2000).
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MACHINE TRAFFICKING AND GPS

The Global Positioning System was employed to monitor
machine movements during harvest of a loblolly pine
plantation and subsequent positional data utilized to
facilitate determination of soil disturbance classes and
traffic intensity (number of passes). Positional data were
collected by GPS receivers mounted on a feller buncher and
two skidders, converted into raster maps and displayed as a
map of traffic intensities by location in two harvest stands
in the Piedmont region of Alabama (McDonald and others,
2002). Traffic intensities were linked to soil disturbance
classes by determining surface disturbance on a 9.8 x 9.8
meter grid after harvesting, collecting positional data of
grid point locations, and matching disturbance classes with
traffic intensities. Subsequently, postharvest soil cores were
removed from locations representative of soil disturbance
classes and processed for p,, Gg,and CI. Soil sampling
locations were linked to traffic intensities via GPS data
and p, 0g, and CI averaged by disturbance class and traffic
intensities. The spatial variability associated with p, and CI
in the harvested tract was determined via spatial analysis
techniques.

EROSION

Investigation of the erosion potential associated with
harvest activities was examined in two project locations:
in lower Alabama (SELAL) and another central Alabama
site (SECAL) in the Piedmont region, located in Lee
County, near Auburn, AL. The study conducted in SELAL
was previously described in the soil compaction section
while a harvest operation followed by site preparation and
replanting was conducted in SECAL. Soils of SECAL
were primarily composed of Gwinnett sandy loam and
classified as fine, kaolinitic, thermic members of Rhodic
Kanhapludults. Soils typical of SELAL were previously
described in the soil compaction section as this site served
the dual purpose of examining both compaction and erosion

(fig 1).

In SECAL, an erosion collection system consisting of bound
plots approximately 5.5 x 2.0 meter in size was installed in
select locations to monitor runoff and sediment production
from areas disturbed by harvest and tillage operations.
Runoff and entrained sediment were routed through a PVC
pipe to a 210 liter collection barrel placed down slope from
the plot outlet. Runoff was measured and sediment samples
were collected after each rainfall event. Each location
contained three plots that were installed on similar soils

and slope steepness (~ 10 percent). In SELAL, silt fences
were installed in down slope locations and positional data
collected by a Real Time Kinematic GPS system to create

a 1 meter Digital Elevation Model (DEM) (fig.3). Silt
fences were placed along the lower portion of a hill slope of
approximately 8 percent steepness and sediment captured
from an upslope area approximately 25 meters in length.
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The collected GPS data were analyzed by a Geographic
Information System (GIS) application to predict water
runoff paths to evaluate interception of runoff by each silt
fence. Final accumulated soil quantities were determined
for both harvested and undisturbed locations and runoff
interception by each silt fence was investigated.

RESULTS

Soil disturbance classes associated with each study site
were tabulated on a grid base system, compiled into
categories that denoted impact intensity and the percentage
estimated within each category (table 1). Examination of
the disturbance category tabulations for clear cut harvests
indicated a similar percentage of the harvest stand classified
as untrafficked (UNT), or no evidence of traffic disturbance.
Differences were noted between the percentage of slightly
(SD) and highly disturbed (HD) areas among the study
sites. Slightly disturbed was defined as showing evidence
of trafficking most often with litter still in place and

HD defined as rutted or used as a skid trail. The highest
percentage of HD was associated with SCCAL and the
lowest percentage tabulated in SCUAL; SD tabulations
were higher in SCUAL and relatively similar in SCCAL
and SCLAL. The total percentage of area disturbed (SD

+ HD) was approximately 74 percent in the SCUAL and
SCLAL sites and 83 percent in SCCAL. The final tabulation
of disturbance classes has been reported to depend on the
number of sites evaluated, the distance between points, and
the type of tabulation method (McMahon, 1995).

Bulk density and CI measurements collected for the three
sites under evaluation were reported by disturbance
category (table 2). Gravimetric water contents were

also included for each site. As was expected, p, and CI
were higher in the subsurface layer (10 — 20 centimeter)

compared to the surface layer in all sites; Og was typically
higher in the surface layers compared to subsurface
levels. Bulk density data did not indicate a clear trend
with increased disturbance for either soil layer in the sites
evaluated but CI data typically increased with disturbance
level in both surface and subsurface soil layers.

Soil disturbance classes and traffic intensities determined
from machine monitored GPS data indicated disturbed areas
tabulated as SD experienced 1 to 3 passes while HD areas,
including skid trails and landings, experienced 4 or more

passes. Soil measurements (P, and CI) were matched with
traffic intensity data and showed an increase with traffic
intensity, and appeared to reach a maximum level after
approximately 3 passes (table 3).

Machine movements are highly dispersed throughout a stand
in the course of harvest operations resulting in changes in
soil conditions that vary in intensity and spatial dependence.
Two subsections of the harvested loblolly pine stand used

in the traffic intensity study were evaluated for spatial
dependence and found to vary by soil property and location
within the tract (table 4). An initial indication of spatial
dependence is often assessed through interpretation of the
nugget semivariance in which values less than or equal to
25 percent are an indication of strong spatial dependence
while values between 26 and 75 percent indicate moderate
dependence and greater than or equal to 75 percent shows
weak dependence (Cambardella and others, 1994). Strong
spatial dependence was detected in site two for both
properties based on the nugget semivariance while site 1
appeared to indicate moderate spatial dependence. Further
corroboration of spatial dependence would be indicated by
the r? value and the range of spatial dependence. The results
for CI in site two showed good model fit and a range of
spatial dependence that would be reasonably expected under
the conditions of the harvest operation. In site one a good
model fit was calculated for CI but the range of dependence
is greater than the lag distance (approximately75 meters)
selected for the analysis and is indicative of not capturing
spatial dependence at the selected sampling distance. The

results for P, in sites one and two may be questioned due
to a low r? values although the range of dependence is
reasonable. The results for site one may be an indication
that the range of correlation was not detectable at the grid
spacing chosen but more evident by results for site two.

A typical erosion collection system installed in 1998 in
SECAL monitored post-harvest and post site preparation
and replanting erosion. Three areas within the stand were
monitored during the post harvest phase, two of which
had been subjected to harvest disturbances (DIST1 and
DIST2) and a control plot (CON); differences in erosion
response were detected among locations (fig. 2a). The
location labeled DIST2 yielded the greatest amount of
sediment, the cumulative total in excess of 200 kilograms
per hectare while DIST1 and CON did not exceed 100
and 50 kilograms per hectare, respectively. A statistical
comparison of means for sediment displacement indicated
DIST2 was significantly different from DIST1 and CON.
Runoff quantities followed a similar pattern among locations
but cumulative totals for disturbed sites produced more
runoff compared to CON; means among treatments were
significantly different for all three treatments (fig. 2a).
Erosion potential in the initial period after completion of
site preparation and replanting was evaluated based on
orientation of beds within the framed plots: across the
slope (ATS), down the slope (DTS), machine plant only
(no beds) (MPO) and control (CON). Sediment totals were
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excessively high in DTS while MPO exceeded ATS and
CON (fig. 2b). Runoff totals were greatest from DTS and
measured in excess of 200 millimeters over the study period
followed by MPO and ATS between 50 and 100 millimeters;
CON was less than 50 millimeters. Sediment and runoff
quantities from DTS were significantly different from other
treatments (fig. 2b).

Estimation of erosion potential in SELAL was conducted
by placing silt fences in select locations. Soil accumulation
by each fence was greater in harvested stands compared to
undisturbed sites but accumulations in both harvested and
undisturbed varied, presumably due to terrain differences
that affected water flow (table 5). The utility of silt fences
as a reliable estimate of erosion potential would depend

on their ability to intercept runoff water with entrained
sediment. The degree to which each silt fence was able to
intercept runoff was tested by constructing 1 meter Digital
Elevation Models (DEMs) from Real Time Kinematic
(RTK) GPS derived elevation data. Runoff flow paths
were illustrated by analyzing DEM data via TopoGrid,

a Geographic Information System (GIS) application,

and runoff interception by a randomly placed silt fence
illustrated (fig. 3). Runoff flow paths illustrated in figure
three were representative of interception by all silt fences in
this study and it appears that a portion of slope runoff was
captured by each silt fence.

DISCUSSION

Soil compaction and surface disturbances are inevitable
where forest operations are implemented, the degree

of impact determined by site and machine factors. Soil
disturbance classes have been used extensively to evaluate
the impact of forest operations and compare types of harvest
systems and locations (Dyrness, 1965; Hatchell, 1970;
Lanford and Stokes, 1995; Aust and others, 1998; Carter
and others, 2006). Surface disturbances can range from
undisturbed with no evidence of trafficking to rutting, skid
trails and landings indicative of intense trafficking. The
utility of tabulating surface disturbance classes as a means
of evaluating machine impacts may be limited due to a

lack of standardization or determination of the accuracy
associated with this method. McMahon (1995) compared
soil disturbances from three survey methods with an
intensive 1 x 1 meter grid survey and determined how each
method compared to the intensive survey. The result of his
intensive survey indicated that approximately 70 percent

of the harvest area was undisturbed or slightly disturbed
while the remainder of the area had been rutted or heavily
trafficked; the point transect method at a spacing of

30 m compared favorably to the intensive survey. The upper
site (SCUAL) was comparable to the 70 percent level as
reported by McMahon (1995) while cumulative percentages
of 48 and 57 percent were detected in SCCAL and SCLAL.
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Improvement in the ability to link machine trafficking to soil
surface disturbances was possible by collecting positional
data via Global Positioning System (GPS) receivers,
translating GPS data to maps of traffic passes and matching
positional data with surface disturbances (McMahon, 1997;
McDonald and others, 2002). McDonald and others (2002)
concluded that GPS data translated into a raster map of
machine passes would be of sufficient accuracy to be used
to determine site level disturbances as well as a record of
machine movements within a harvest tract. They noted that
the ability to use GPS data to assess point specific data e.g.
soil compaction would not be sufficiently accurate.

Soil physical changes, an obvious consequence of machine
trafficking, are typically reported as changes in bulk density
and/or soil strength (Gent and Ballard, 1984; Carter and
others, 2000; Shaw and Carter, 2002; Carter and others,
2006). Machine factors, singly or in combination, are often
implicated in the reported changes in bulk density and/

or soil strength due to high machine loads, high ground
pressures, increased traffic intensity or their combination
(Koger and others, 1985; Smith and Dickson, 1990; Horn
and others, 1995). Machine stresses induce soil volume
changes typified by loss of aggregation and reduced soil
pore structure and function, with the final compaction status,
either increased or decreased bulk density and soil strength,
influenced strongly by soil texture, soil organic matter status
and soil moisture content. Numerous studies have reported
the status of bulk density and soil strength by disturbance
class and found a direct relationship between disturbance
intensity and soil physical response (Shaw and Carter,
2002; Carter and others, 2006) but inconsistent responses
have been reported as well (Meek, 1996; Carter and others,
1999). Bulk density reported by soil disturbance intensity
was not consistent while CI data typically increased as

soil disturbances intensified. These results may reflect
differences in machine configuration or soil properties even
when linked with disturbance classes determined by GPS
tracking.

Soil erosion is another consequence of machine trafficking
as reductions in soil volume result in decreased water
infiltration and increased surface runoff (Voorhees and
others, 1979; Watson and Laflen 1986). Soil compaction
was evident in SECAL as evidenced by changes in bulk
density and soil strength throughout the harvest tract (Carter
and others, 1999). The postharvest condition (DIST1 and
DIST?2) indicated differences in sediment displacement

and runoff production although each site was subjected

to similar impacts. Site response may have differed due

to spatial variability of soil physical properties in the

soil surface layer as a result of site response to machine
movements during harvest operations (Carter and others,
1999; Carter and others, 2000; Carter and Shaw, 2002).
Machine traffic during harvesting was more intense in select
portions of the harvest tract and less intense in other areas
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and potentially altered soil physical conditions and response
accordingly.

Site preparation had a profound effect on sediment
displacement and runoff production depending on the
specific treatment. Obviously, erosion potential was greatest
when beds were oriented down slope (DTS) and to a lesser
degree, on plots where no bedding occurred (MPO). Soil
loss and runoff quantities measured in DTS may have

been influenced by slope, lack of vegetative cover and soil
erodibility (Stein and others, 1986; Burroughs and others,
1992; Kinnell and Cummings 1993; Van Oost and others,
2006). Surface soil left unprotected is prone to erosion
through the disruption of soil aggregates by rainfall and
subsequent release of soil particles; this is especially evident
in soils dominated by silt and clay size fractions similar to
the textural composition of this study site (Dickerson, 1975;
Burroughs and others, 1992; Miller and Baharuddin 1987).
In contrast, sediment loss and runoff were substantially
lower from ATS plots where ground cover was more
plentiful and shorter runoff distances between beds
intercepted water flow and potentially reduced sediment
loss. Runoff results from MPO indicated levels elevated in
comparison to ATS but substantially more sediment loss.
The sediment displacement may be the result of the tillage
effect imposed during replanting of seedlings that utilized

a small shank and bedding plow to provide an opening and
small bed for planting new seedlings. Sufficient surface soil
was disturbed in this process that when exposed to rainfall,
soil particles were entrained by runoff and transported down
slope. Soil disturbances resulting from tillage have often
been linked to higher erosion rates and the increased soil
loss in MPO may have resulted from the loosening of an
erodible soil (Stein and others, 1986; Costantini and Loach,
2002; Van Oost and others, 2006). Soil loss and runoff in
CON would be expected to be less than other treatments and
the results confirm this expectation.

The assessment of erosion potential is often conducted by
isolating a portion of a harvest tract to measure runoff and
entrained sediment. A simpler and less time consuming
procedure of erosion assessment utilizes silt fence
technology, or synthetic geotextile material of sufficient
mesh size to allow water to pass through while holding
sediment. Silt fences have been found to trap a sufficient
amount of sediment to provide a fairly accurate assessment
of sediment displacement in erosion studies, although less
accurate than bound plots (Robichaud and others, 2001).
This expectation was confirmed in that more sediment
was trapped by silt fences placed in a harvested arca
when compared to an undisturbed area. Recent advances
in GPS technology have provided a means of measuring
highly accurate vertical elevations to delineate runoff
flow paths and determine contributing areas to runoff and
soil movement (Renschler and others, 2002). Renschler
and Flanagan (2008) determined that topographic data

determined by RTK GPS grade receivers accurately
predicted soil displacement and runoff by the Water Erosion
Prediction Project (WEPP). In this study, it was shown that
a silt fence was able to intercept runoff, and ostensibly the
entrained sediment, but missed a portion of the runoff as it
diverted away from the established silt fence. In the future,

a site expected to undergo erosion could be evaluated for
runoff contributing areas and silt fences placed where runoff
could be intercepted and erosion estimates determined from
trapped sediment.

SUMMARY

Clearcut forest operations typically result in compacted
soil layers that increase the erosion potential of a harvested
site. The final compaction status can vary spatially and

in intensity as a result of harvest traffic patterns and
systems. Tools exist to assist in determining the extent

and intensity of soil compaction and erosion with the
potential to be applied on a stand level. Machine impacts
are often evaluated by tabulation of soil surface disturbance
classes representative of the type and degree of trafficking
impact, changes in soil bulk density or soil strength, or

in combination. These methods are very time consuming
and lack sufficient accuracy. Preliminary investigations
have indicated the usefulness of GPS receivers to monitor
machine movements and provide a basis for disturbance
class assessment through trafficking patterns. Similarly,
positional data from GPS receivers can be used to create
DEMs to assess runoff interception by silt fence placement.
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Table 1—Soil disturbance class percentages for select sites subjected to harvest operations, Alabama

DISTURBANCE CLASS CATEGORIES
UNTRAFFICKED  SLIGHTLY NON-SOIL  n GRID
DISTURBED  DISTURBED (m)
(UNT) (SD) (NS)
UPPER
CLEARCUT 18 57 180 18x 18
CENTRAL
CLEARCUT 10 38 250 10x 10
LOWER
CLEARCUT 15 42 11 421 3x 30

Table 2—Select soil physical properties by disturbance class associated with clear cut forest operations,

Alabama
DISTURBANCE CLASS CATEGORIES
UNTRAFFICKED SLIGHTLY HIGHLY
DISTURBED DISTURBED
SOIL PROPERTIES (UNT) (SD) (HD)
BD (Mg/m°)
UPPER 0-10cm 1.04 (23.6) + 1.10 (22.6) 1.14 (26.4)
10-20 cm 1.33 (14.7) 1.35 (16.8) 1.35 (18.8)
CENTRAL 0-10cm 0.98 (19.4) 1.08 (19.7) 1.06 (23.1)
10-20 cm 1.35 (11.9) 1.29 (11.2) 1.31 (12.3)
LOWER 0-10cm 1.03 (22.5) 1.04 (17.6) 0.89 (31.5)
10-20 cm 1.33 (11.2) 1.36 (10.8) 1.35 (12.6)
GMC (%)
UPPER 0-10cm 29.5 (51.8) 32.4 (40.3) 32.1 (47.5)
10-20 cm 22.7 (30.4) 22.7 (28.4) 25.1 (46.7)
CENTRAL 0-10cm 24.9 (36.6) 22.3 (24.7) 241 (24.8)
10-20 cm 22.1 (13.1) 22.8 (19.0) 24.5 (16.5)
LOWER 0-10cm 10.5 (16.8) 11.5 (24.5) 14.8 (50.6)
10-20 cm 8.7 (20.1) 9.0 (23.8) 9.7 (16.8)
Cl (MPa)
UPPER 0-10cm 0.77 (60.8) 0.95 (54.0) 1.12 (50.7)
10-20 cm 0.81 (68.8) 1.07 (51.3) 1.59 (40.6)
CENTRAL 0-10cm 1.20 (62.5) 1.50 (39.6) 1.46 (43.9)
10-20 cm 1.90 (36.3) 2.20 (27.9) 2.16 (27.4)
LOWER 0-10cm 0.57 (45.8) 0.90 (45.0) 0.98 (44.5)
10-20 cm 1.16 (38.9) 1.66 (36.1) 2.09 (43.5)
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Table 3—Soil disturbance categories, traffic intensities, and select soil physical properties of a harvested

loblolly pine plantation, central Alabama

DISTURBANCE  TRAFFIC DEPTH SOIL PHYSICAL PROPERTIES
CATEGORIES INTENSITY BD (cv) = GMC (cv) Cl (cv)
(cm) (Mg/m®) (%) (MPa)
UNT 0 0-10 0.98 (19.4) 24.9 (36.6) 1.20 (62.5)
10-20 1.35 (11.9) 22.1 (13.1) 1.90 (36.3)
SD 1-3 0-10 1.08 (19.7) 22.3 (24.7) 1.50 (39.6)
10 -20 1.29 (11.2) 22.8 (19.0) 2.20 (27.9)
HD 4+ 0-10 1.06 (23.1) 24.1 (24.8) 1.46 (43.9)
10-20 1.31 (12.3) 24.5 (16.5) 2.16 (27.4)

Table 4—Semivariance parameters of select soil properties in a harvested loblolly pine stand in the Piedmont

region of Alabama

MODEL+t MODEL RANGE NUGGET GRID

SOIL PROPERTY FIT SEMIVARIANCE + SPACING
(") (m) (m)

SITE 1

Py exp 0.11 10.2 26.0 6x6

Cl exp 0.88 295.0 42.0

SITE 2

Py exp 0.31 13.2 13.0 3x6

o] sph 0.74 11.4 18.0

1 Geostatistical parameters - models : exp = exponential; sph = spherical. + Nugget Semivariance: 0 — 25% high; 26-75% moderate;

>75% weak

Table 5—Soil accumulation of 5 silt fences in a harvested and non-harvested slash pine stand in Conecuh

National Forest, lower Alabama

TREATMENT SILT FENCE # ACCUMULATION (kg)
1 2 3 5

HARVESTED 5.94 3.35 4.92 3.09 18.63

NON-HARVESTED  2.48 1.61 2.78 0.20 9.23
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LESSONS FROM THE FIELD:

THE FIRST TESTS OF RESTORATION
AMERICAN CHESTNUT (CASTANEA
DENTATA) SEEDLINGS PLANTED IN
THE SOUTHERN REGION

Stacy Clark, Scott Schlarbaum, Fred Hebard, Arnold Saxton, David Casey,
Barbara Crane, Russ MacFarlane, Jason Rodrigue, and Jim Stelick

An exotic fungus, the chestnut blight (Cryphonectria
parasitica Murr. Barr), decimated the American chestnut
tree (Castanea dentata Marsh. Borkh.) throughout eastern
North America in the first half of the 20th century. The
United States Department of Agriculture, Forest Service
(FS), The University of Tennessee, and The American
Chestnut Foundation (TACF) are collaborating on chestnut
restoration research on National Forest System lands. In
autumn 2007 and 2008, TACF used a back-cross breeding
technique (Hebard 2001) to produce chestnuts, referred to
as the BC3F3 generation, that are predicted to be American
chestnut in character with blight resistance from Chinese
chestnut (Castanea mollissima Blume).

Chestnut seedlings from four generations (BC1F3, BC2F3,
BC3F2, and BC3F3) and two parental species (American
and Chinese) were grown as high-quality 1-0 seedlings
(Kormanik et al., 1993), averaging 3.1 and 4.3 ft in height
and 0.5 and 0.6 inch in root collar diameter for 2009 and
2010 plantings, respectively. Trees were out-planted into
five shelterwood harvests (residual basal area of 10-20 ft2
acre-1) on three southern National Forests in 2009 and 2010.
Six more plantings were established in 2011 but have not
yet been evaluated. Prior to plantings, we divided trees into
Large and Small size classes based on visual assessment
(Clark et al. 2000). We evaluated seedlings in the first

growing season for bud-break phenology, survival, height
growth, and presence or absence of chestnut blight and deer
browse to the terminal bud.

The BC3F3 generation seedlings were slightly more
developed than American chestnut seedlings in bud-break
phenology, indicating a departure from the more desirable
American chestnut phenotype. First-year survival ranged
from 80-93 percent at each location, except one location
planted in 2010 that had 44 percent mortality due to a high
water table and poor drainage on the site. This site also had
the greatest incidence of chestnut blight with 4 percent and
3 percent of the BC3F3 generations and American chestnuts,
respectively, with blight. Chestnuts were capable of fast-
growth in the first year after planting if not browsed by
deer, averaging 3 and 7 inches in height growth for 2009
and 2010 plantings, respectively. Browsed seedlings were
7 inches (2009) and 16 inches (2010) shorter after year

1 compared to unbrowsed trees. Seedlings classified as
Small at planting had more browse and more growth than
seedlings classified as Large, but Large seedlings remained
11 and 18 inches taller than Small seedlings at the end of
year 1 for 2009 and 2010 plantings, respectively. Deer
browsing was location specific ranging from 3 percent

to 80 percent of trees browsed at each site. In both years,
American chestnut and BC3F3 generation seedlings were
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not different in height growth, and Chinese chestnuts had
significantly less height growth than American chestnuts
and all generations. In 2010, Chinese chestnut seedlings had
the best survival (100 percent) compared to Americans and
all generations, but had and the worst survival in 2009 (81
percent).

Using high-quality seedlings with terminal buds that are
above the deer browse line (~4.5 feet) and/or the use of
deer protection for smaller seedlings will be a requirement
for the successful restoration of American chestnut in areas
with high deer populations. At the beginning of the second
growing season hard plastic mesh shelters (5 feet tall) were
erected at plantings that had significant deer browsing in the
first year. Results presented here are preliminary, but show
that chestnut is capable of relatively fast growth and good
survival after one growing season if the site is well-drained
and free of deer browsing pressure.

The biggest challenges identified by field managers from the
NFS were providing and maintaining deer protection, having
sufficient financial resources to carry out reforestation and
to support research efforts, the lack of available material for
planting, and identifying proper areas for planting blight-
resistant chestnuts. A major anticipated challenge that was
not identified as a significant problem in this study was
Phytophthora cinnamomi Rands, an exotic soil pathogen
that kills the root system of chestnut plants, particularly

on lower-quality sites with wet, compacted soils (Rhoades
et al. 2003). Proper planning and resource support are
needed to overcome these challenges. Future results from
this and similar studies will be used to guide and maximize
efficiency of reforestation efforts on NFS lands.
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LONGLEAF PINE AGROFORESTRY

Kristina Connor, Rebecca Barlow, Luben Dimov, and Mark Smith

ABSTRACT

While ecosystem restoration of longleaf pine (Pinus palustris Mill.)

forests represents a worthy ideal, it is not always a practical alternative

for landowners. Agroforestry systems, which can be developed in existing
agricultural land, natural forest stands, plantations, or pasturelands, offer
the opportunity to provide multiple benefits: high value timber production,
continual agricultural production, and improved wildlife habitat when
compared to agricultural land. The possibilities for multiple income sources
associated with agroforestry are plentiful and, for forest landowners, may
mean the difference between profit and loss in times of commodity price
fluctuations. Agroforestry can provide a range of income alternatives,
including agricultural products, wildlife, medicinal plants, mushrooms,
carbon credits, pine straw or biofuels, providing landowners with a stable
income until the trees become merchantable. We discuss alternative income
possibilities and the necessity to locate and secure dependable markets to
supply a steady cash flow for forest landowners.

INTRODUCTION

Research needs for longleaf pine (Pinus palustris Mill.)
ecosystem restoration are many and of critical importance.
These fire-driven ecosystems, which once occupied over
90 million acres in the southern United States, were logged
extensively in the late 19 and early 20" centuries (Frost
2006). A number of factors contributed to the decline of
longleaf pine, among them a massive regeneration failure.
This led to the replacement of longleaf pine primarily with
slash pine (P, elliottii Engelm.) and loblolly pine (P. taeda
L.) plantations throughout much of what was the longleaf
pine range. These two species became the focus of the
intensive management practices required to maximize
economic returns (Garrett and others 2004).

An effort is now underway to restore longleaf pine to an
approximation of its former prominence (Regional Working
Group for America’s Longleaf 2009). While some major
restoration efforts will concentrate on both the overstory and
understory, it is important to remember that 80 percent of
the forested land base in what was the longleaf pine range
occurs on privately held lands. It is critical that landowners
and forest managers involved in restoration activities
consider the ecosystem services and silvicultural practices
that could serve as incentives for private landowners to
establish and maintain longleaf pine forests. Connor and
others (in press) suggested that agroforestry might be an
attractive land use alternative in areas where row cropping,
grazing, or pulpwood markets are no longer viable or
where there is a threat of insect and disease epidemics. The
combination of intensively managed timber with livestock

forage, wildlife habitat, other agricultural or nursery crops,
and biofuel crops presents an attractive prospect to those
wishing to maintain a productive, pastoral land base.

Land ownership patterns have shifted dramatically in

the South (Wear and Greis 2002). As urbanization and
development spread further into what were once rural

areas, cohesive blocks of forested land are subdivided, and
ownership may transfer to those less familiar with traditional
forestry practices, such as burning, thinning, and other
forest management tools (Clutter and others 2007; Wear
2007; Wear and others 2007). Another effect of urbanization
has been changes in land valuation. Since income from
traditional forest uses or forest land sale is rarely able to
compete with income from real estate development, finding
alternate income sources from land management activities
is a daunting task. Fluctuating and declining pulpwood
markets, insect infestations, plant diseases, and storm events
have impacted the values of loblolly pine and slash pine
plantations. Land managers now have an unprecedented
opportunity to convert these plantations to either longleaf
pine plantations or to longleaf pine agroforestry systems.

The environmental benefits of retaining land in forests are
many and include positive impacts on water and air quality,
soil conservation, and wildlife habitat. However, landowners
are not yet rewarded for good stewardship (Shrestha and
Alavalapati 2004) and must look elsewhere for economic
returns. The objective of this article is to discuss crop
alternatives for managers and private landowners interested
in longleaf pine agroforestry.

INTERCROPPING

The list of species for intercropping is extensive (Gray
and others 2003; Rao and others 2004), and includes
traditional crops such as corn, soybeans, and cotton but
may also include less traditional crops such as mushrooms
and medicinal herbs. However, an investment in planning
and marketing surveys prior to beginning any venture is
essential for success. In addition, a good business plan
should be developed and information on appropriate species
that can be grown on the site should be compiled. A good
place to start on the latter is the USDA Plants Database
(2011). Websites such as Richter’s Herbs (2011) can also
be useful. Also, some basic site evaluations, such as soil
analyses, soil surveys, and nutrient analyses, must be
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completed. Once these tasks are performed, plans can be
analyzed for potential economic success. The following
are some possible income sources from land maintained in
agroforestry:

MEDICINAL PLANTS AND HERBS

Medicinal and aromatic plants were valued worldwide at
$1.6 billion in 1996 and almost $4 billion in 1998 (Brevoort
1998; Gray and others 2003). Lists of herbs and understory
plants that can be grown as cash crops can be found at
various internet sites (e.g. Richter’s Herbs 2011) or in
reference texts (Clason 2003; Garrett and others 2004).
Either shade tolerant or intolerant species are possible
candidates, depending on alley width and/or the growth
stage of the overstory trees (Jose and others 2004; Lin and
others 1999). Some examples of medicinal herbs commonly
mentioned as marketable are (nomenclature from USDA
Plants Database [2011]):

American ginseng - Panax quinquefolius L.
Black cohosh - Actaea racemosa L.
Bloodroot - Sanguinaria canadensis L.
Blue skullcap - Scutellaria lateriflora L.
Catnip - Nepeta cataria L.

Echinacea - Echinacea angustifolia D.C.
Goldenseal - Hydrastis canadensis L.
Valerian - Valerian officinalis L.

Wild indigo - Baptisia australis (L.) R. Br

VXN RN —

Shrubs with medicinal properties include:

10. American witchhazel - Hammelis virginiana L. (leaves,
bark).

11. Slippery elm - Ulmus rubra Muhl. (inner bark)

12. Wild hydrangea - Hydrangea arborescens L. (bark and
roots)

Habitat requirements and intolerance to extreme
temperatures limit many of the herbs listed above from
growing well in the South. In addition, some species may
have undesirable characteristics which should be considered
before planting. If land managers are considering livestock
grazing on some of portion of their property, consider, for
example, that although common St. Johnswort (Hypericum
perforatum L.) is reportedly of value as an anti-depressant
(Linde and others 2008), it is not native to North America
and is considered invasive in some areas. This, combined
with its toxicity to livestock, would negate its value as an
intercrop species in areas where it might spread to pastures
(USDA Plants Database 2011).

Growing herbs can be a risky venture even with the best
considered plans. Market and price instability can adversely
affect even a well-researched business venture. For instance,
U.S. consumer sales of common St. Johnswort, estimated

at $400 million dollars in 1998 (Monmaney 1998), has
dropped precipitously. The size of the initial investment,
scale of the project, and future market all influence
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profit margins. Burkhart and Jacobson’s (2006) paper

on goldenseal is an excellent, in-depth study on growth,
collection, and marketability of an herb. If a product is to
be exported, a set of laws, regulations, reports, and licenses
must be considered, especially if the species in question is
on the endangered species of flora list.

AROMATICS AND ESSENTIAL OIL/COOKING
HERBS

The aromatics, such as rosemary (Rosmarinus officinalis L.)
and kitchen sage (Salvia officinalis L.) are possible species
for intercropping. These plants are naturally occurring in the
Mediterranean countries and grow well on poor, sandy soils.
Caper (Capparis spinosa L.), also a Mediterranean species,
was at one time cultivated in the United States. Caper
thrives in a semi-arid environment, so its success in an area
with higher humidity is problematic. Other potential crop
species include, but are not limited to:

1. Cayenne pepper - Capsicum annuum L. var.

glabriusculum (Dunal) Heiser & Pickersgill

Sweet basil - Ocimum basilicum L.

Wild chives - Allium schoenoprasum L.

Dill - Anethum graveolens L.

French shallots - Allium cepa var. ascalonicum

Parsley - Petroselinum crispum (Mill.) Nyman ex A.W.

Hill

7. Peppermint - Mentha x piperita L. (pro sp.) [aquatica X
spicata]

8. Spearmint - Mentha spicata L. var spicata

9. Garden thyme - Thymus vulgaris L.

SAINANE Il N

All species would require further investigation before
planting. Preferred climate and soils, tolerance to
temperature and humidity extremes, ease of cultivation,
and markets may all be limiting factors. While some of
the above listed species are not normally found in the
southern states, some will survive and flourish here if
soil and climatic conditions are conducive to growth and
development. However, it may be necessary to consider
that some non-native or non-local plants, as previously
mentioned, can become invasive or are otherwise
undesirable.

MUSHROOMS

Edible and medicinal mushrooms present intriguing
alternative crop possibilities. Freshly cut 5 to7 inch diameter
hardwood stems (e.g. small sweetgum [Liguidambar
styraciflua L.] removed from a planting site or during
clean-up of existing stands) can be inoculated with shitake
(Lentinula edodes [Berk.] Pegler) and oyster (Pleurotus
spp.) mushroom spores. Holes are drilled into the wood,
the spores implanted, and the drill hole painted with a
coating of paraffin to prevent desiccation. Propped against
longleaf or other pine crop trees, the inoculated logs are
kept out of alleys so they do not interfere with mowing

or use of the alleys for other cash crops. Informational
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sources on species of edible mushrooms that can be grown
in this manner are Cannon-Crothers (2009) and http://www.
mushroommountain.com.

FRUIT CROPS

Installing fruit orchards in rows between crop trees may
have limited application. It generally takes at least 4 to

5 years for fruit trees to become established and produce

a crop. In this interval, rapidly growing crop trees may
overtop and shade the fruit trees, substantially reducing
yields. Additionally, the droughty, poor quality soils suitable
for pine production may not be appropriate for fruit trees.

Soft fruits (stoneless fruits, such as strawberries, raspberries,
blueberries, blackberries, and grapes), however, are
potential crop species and market possibilities can include

a pick-your-own variation (with appropriate insurance for
protection against injuries). If this is not an option, other
sales avenues must be assessed, as should skills necessary
to maintain the canes of blackberries and raspberries to
maximize fruit production. Grapes require the construction
and maintenance of a trellis infrastructure, adding to startup
costs.

LANDSCAPE PLANTS

Ornamental trees and shrubs—Landscape trees and
shrubs could be grown either in the ground or in containers
under longleaf pine trees. The latter application offers the
greatest versatility, since soil conditions would not limit
species selection. A newly planted agroforestry system
would favor shade-intolerant species, while shade-tolerant
species could be grown in mature systems. Hagan and
others (2009) found that shade-tolerant native understory
species American beautyberry (Calliocarpa americana

L.), wax myrtle (Morella cerifera [L.] Small), and inkberry
(Ilex glabra [L.] A. Gray) performed poorly as an intercrop
under a 15-year-old longleaf pine stand. However, unlike
an agroforestry system with upwards of 12 m between tree
rows, the overstory trees in this study were planted with
1.5 m between trees and 3 m between rows. Additionally,
intense intraspecific competition may have been exacerbated
by limited rainfall. In any intercropping system, especially
for plants cultured in containers, supplemental water would
be critical for success in areas with sporadic or limited
rainfall.

Crop trees would provide shade and wind protection for
the landscape plants, while the landscape plants could
be a lucrative yearly crop for the landowner. It would be
necessary to mow among rows and containers or perform
some other management activity to prevent uncontrolled
herbaceous vegetation in open areas (Greg Ruark, pers.
comm., July 23, 2009), but this might facilitate the
harvest of other products, such as pine straw and pine
seeds and cones. A new line of large-pot stock types
have been developed for restoration efforts, a departure
from traditional-sized pots (Landis and others 2002).
These containers may readily adapt to use in landscape

plant growing endeavors but may be too small for most
ornamental trees and shrubs as the growing season
progresses. Although there does not seem to be literature
on the subject, it may also be possible to grow orchids and
bromeliads on trunks of crop trees in areas where frosts are
of limited occurrence and relative humidity is high.

Species for restoration or revegetation—Other stocktypes
that could be grown either in-the-ground or in containers
under a longleaf pine agroforestry system are grasses and
woody plants commonly used in reforestation projects.
Grasses can be grown and planted as plugs. Additionally,
grasses may be harvested for seeds if they are planted in
the ground and if seeds of the species are rare or hard to
collect (Steinfeld and others 2007). For example, wiregrass,
a desirable grass species in longleaf pine restoration efforts,
is in great demand, and seed for sale to the public is often
in short supply. Seed transfer zones for understory plants

in longleaf pine ecosystems have been proposed (Walker
and Hernandez in press) with the intent of increasing the
availability of regionally adapted native plant material.
Native plants grown under agroforestry crop trees could
provide certified seed to a developing industry.

BIOFUELS

Where markets are available, intercropping can be focused
on the production of biofuels and bio-oils. Switchgrass,
hybrid poplars, and other cellulosic sources, such as
tropical maize, can all be used to produce cellulosic ethanol
(Rockwood and others 2004) while corn and soybeans

can either be harvested as a food crop, silage, or used to
produce oil. As with any product, markets, inputs (fertilizer,
pesticides), harvesting costs, and transportation costs must
all be considered in the business plan, as should issues such
as soil pH, water availability, and the effects of shading.

An advantage of corn and soybeans is that they have more
than one outlet if the biofuel market fluctuates. However,
they also require more intensive management which
increases production costs, and plentiful sunlight, which
may make them a good intercrop only when the longleaf
pine crop trees are young (Jose and others 2004). Additional
consideration about the use of crops like corn for biofuels is
that such use competes with the use of the crop for human
food and animal feed. A number of other biofuel crops are
suitable and can be grown in longleaf agroforestry systems.

WILDLIFE

Compared to agricultural fields, most agroforestry systems
offer improved habitat for enhancing wildlife populations
(National Agroforestry Center 2008). Longleaf agroforestry
systems are no exception. Whether for game species or
songbirds, management activities can be adapted to enhance
habitat or forage for wildlife. Lands that include fee
hunting-related activities can yield up to 14 percent more
value per acre than traditional silvopasture systems (Grado
and Husak 2004). Acreage involved may limit some larger
species, and the landowner must consider effects of larger
animals on crop trees and other plant species during the
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silvopasture establishment phase. Bobwhite quail (Colinus
virginianus L.) and wild turkeys (Meleagris gallopavo L.)
are ideally suited to agroforestry and silvopasture. Food,
roost trees, and shelter considerations for either of these
two species could readily be met in some agroforestry
systems. For example, landowners may plant the necessary
food and cover crops among trees on their acreage to
attract and maintain wildlife populations while still
growing agricultural row crops. Quail thrive in frequently
burned longleaf pine forests, and a quail-blackberry or
soybean-crop tree system should, with proper planning, be
a manageable alternative. In addition to providing a soft
fruit for market, blackberry canes would provide shelter for
quail. Soybean seeds would provide food for the birds plus
a biofuel. In addition, lease hunting opportunities are an
achievable option for landowners who successfully establish
and retain wildlife on their property.

CARBON CREDITS

Carbon credits give a monetary value to the above and
below ground carbon stored in trees and other plants.
Credits can be purchased to offset greenhouse gas
emissions. Thus the carbon stored in trees in an agroforestry
system can be sold as credits to companies or individuals

to reduce their carbon footprint.Longleaf pine agroforestry
systems offer opportunities for more carbon credits than
traditional agricultural systems.

SUMMARY

The above are just some of the possibilities that exist

for the landowner interested in agroforestry and land
conservation. Agroforestry practices may not suit the
needs of all landowners. The importance of a sound
business plan, market research, and thoroughly examining
plant growth habits and characteristics before investing

in any intercropping system cannot be over-emphasized.
Agroforestry systems offer an opportunity to re-establish
longleaf pine on private lands that are currently in
agricultural use. These are lands where there is a desire for
continued agricultural use and a resistance for conversion of
fields and pastures to plantations.
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FIRST YEAR RESPONSE OF OAK NATURAL
REGENERATION TO A SHELTERWOOD
HARVEST AND MIDSTORY COMPETITION
CONTROL IN THE ARKANSAS OZARKS

K. Kyle Cunningham

ABSTRACT

A study evaluating the response of oak reproduction to a shelterwood
harvest and midstory competition control in an upland hardwood stand
within the Ozark Highlands of Arkansas is being conducted. The study site
is located in the dissected Springfield Plateau physiographic region on the
University of Arkansas — Division of Agriculture Livestock and Forestry
Research Station near Batesville, AR. Five-acre treatment plots have

been established within a 140 acre shelterwood harvest on north-facing
slopes (SI 65 - 75 for oaks) in a 110 year old upland hardwood stand. The
overstory is dominated by white oak (Quercus alba L.), black oak (Quercus
velutina Lam.), and northern red oak (Quercus rubra L.). Treatments
include: 1) shelterwood harvest to basal area (BA) 50 ft? a”' (BA50); 2)
shelterwood harvest to BA 50 plus injection of undesirable stems greater
than linch DBH (BA50+MR); and 3) non-harvested/ control treatment
(NHC). For BAS0 and BAS0+MR, post-treatment basal areas ranged
from 45 to 55 ft* a”!, resulting in approximately a 55 percent reduction in
over-story density. The NHC remained at initial basal area levels (~ 94 ft?
a'). The mean post-treatment mid-story density for BA50 was 157.5 TPA,
resulting in approximately a 51 percent reduction from initial mid-story
density from harvest damage. The BA50+MR mid-story trees were near
100 percent removed from chemical injection treatments (~ 310 TPA).
NHC mid-story densities were approximately the same as initial stand
conditions. Mean mid-day photosynthetic photon flux densities (PPFDs)
following treatment applications were 476.0 (+ 75.3, a=0.05), 640.8 (+
180.3, a=0.05) and 62.5(+ 60.0, ¢=0.05) pmol photons m? ™!, respectively
for BA50, BA50+MR, and NHC.

INTRODUCTION

Throughout the hardwood forests of North America,
regenerating oak stands on productive upland sites presents
a major problem to resource managers (Brose et al. 1998).
The physiological and morphological adaptations of oak
seedlings often narrow the environmental conditions

in which they survive and grow. A basic assumption is

that success in survival and growth is influenced by: 1)
microclimate and edaphic factors, 2) morphological and
physiological characteristics of a particular species, and

3) interaction between the two (Hodges and Gardiner
1993). Understanding these relationships is important to
understanding management strategies for perpetuating oaks
into new forests.

Mature, undisturbed hardwood stands typically do not

have enough sunlight reaching the understory for the
development of oak seedlings into the mid and upper
canopies. Canham et al. (1990) found closed canopy
hardwood forests to exhibit understory light levels from

0.4 to 2.5 percent of total available sunlight. Also, 48 to

69 percent of PAR transmittance occurs in sunflecks with

4 to 11 minute duration. Low understory light levels in
hardwood stands may be the most limiting factor to the
establishment and growth of oak regeneration (Hodges

and Gardiner 1993). Battaglia et al. (2000) stated that
environmental factors such as light and soil moisture may
have independent or interacting influence on hardwood
seedling survival and growth. Quero et al. (2008) found that
irradiance levels have greater impact on oak seedling growth
than water supply. Increases in sunlight aid in promoting
both the successful establishment and subsequent growth of
oak reproduction in hardwood stands. However, too much
light in the initial stages of development may hinder oak
seedlings by favoring faster growing, more shade intolerant,
tree species and herbaceous vegetation (Hodges and Janzen
1986). Hodges and Gardener (1993) suggested that sufficient
sunlight levels for growth and survival for cherrybark oak
(Quercus pagoda Raf.) occurred at 27 percent of total
available PAR and optimal growth conditions occur at

53 percent of total available PAR.

Sources for hardwood regeneration include: seedlings,
seedling sprouts, and stump sprouts. When present prior to
harvest, these sources are known as advanced reproduction
(Rogers et al. 1993). The level of partial overstory removal
may affect the amount of advance reproduction present
following harvesting activity as it impacts both the amount
of site disturbance and the resulting available sunlight.
Shelterwood harvests may present the most flexible
alternative to naturally regenerating desirable species such
as oaks. A shelterwood harvest is a management system
that promotes a standing crop of regeneration through a
series of partial removals of the overstory (Smith et al.
1996). An alternate version of the classical approach to

K. Kyle Cunningham, Extension Forestry Instructor, Arkansas Forest Resources Center, University of Arkansas Division of Agriculture, Little
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shelterwood harvests may be required for the desirable oak
species on the more productive sites. Combining herbicide
treatments and/or prescribed fire along with the shelterwood
has been evaluated by many researchers (Hicks et al.
2001). Although there are no universal prescriptions for

the hardwood regeneration problem, modified shelterwood
systems that remove canopy and sub-canopy individuals
prior to overstory removal to increase light reaching the
ground can increase seedling dominance and survival

for desirable species such as the oaks (Loftis 1993). This
study attempts to further supplement our knowledge of

oak natural regeneration by evaluating understory light
levels and hardwood regeneration response to two modified
shelterwood methods.

MATERIALS AND METHODS

The study site is located in the Ozark Mountains of
Arkansas, within the dissected Springfield Plateau
physiographic province. The predominant soils are listed

as Clarksville very cherty silt loam, 20 to 40 percent slopes
and Clarksville very cherty silt loam, 8 to 20 percent slopes.
These soils are described as deep, somewhat excessively
drained, low available water, low organic matter content,
and strongly acidic (Ferguson et al. 1982). It should be noted
that the description provided is a general soil description
based on broad ranges of slope positions. The areas selected
for this study were only on north aspects, which potentially
have somewhat higher organic matter, higher moisture
content, and are generally considered more productive than
ridge-tops and south facing slopes.

Site indices for white oak, black oak, and northern red oak
dominant and co-dominant trees were determined from
equations developed by Graney and Bower (1971). Oak
site indices ranged from 65 to 75 feet, depending on slope
position. Initial over-story mean basal area of treatment
replicates was 93.8 ft> a’! (£ 8.5 ft? a™!), representing a fully
stocked to slightly overstocked stand. Initial over-story
species composition was dominated by approximately

75 percent oak species. Initial mean mid-story density was
310 trees per acre (TPA) and dominated by non-oak, shade
tolerant species. Mean understory (regeneration source)
density included 475 oak seedlings per acre (SPA)

(+ 147 SPA) and 2,532 non-oak seedlings per acre

(366 SPA). Species composition in the under-story was
dominated by shade tolerant species. Red maple, winged
elm, and hickory comprised 48 percent of understory, while
oaks, collectively, comprised 15 percent.

The study utilizes two primary treatments that incorporate
two shelterwood methods to potentially generate an
adequate to optimum environment for mid-tolerant oak
seedling establishment and development. A third treatment
is a control, where no stand manipulation has occurred.

Treatments include: 1) shelterwood harvest to BA 50
(BAS50); 2) shelterwood harvest to BA 50 plus injection of
undesirable stems greater than linch DBH (BA50+MR);
and 3) non-harvested/ control treatment (NHC). Mid-story
removal treatments were applied from November 2008

to February 2009. Follow-up treatments were applied in
July 2009. Non-oak species were removed using herbicide
injection. One milliliter of an aqueous solution of 25
percent imazapyr and 75 percent water was injected for
every three inches of circumference around tree trunks. The
mechanical thinning operation was applied to the BAS0 and
BAS50+MR from October 2009 through March 2010. The
target residual basal area was 50 ft* a”!. Desirable residual
tree characteristics were well spaced oak species with large
vigorous crowns.

EXPERIMENTAL LAYOUT AND FIELD
MEASUREMENTS

The experimental design is a randomized complete block
(RCB). However, a physical constraint on randomization
exists. The BAS0 and BA5S0+MR are blocked and replicated
into four blocks within the harvested area, while NHC
replicates are located adjacent to the harvest area. This
design was necessary to fit geographical constraints and to
reduce the potential for bias between harvested and non-
harvested treatments, potentially having significant impacts
on data quality. The tradeoff is that the control replicates are
not truly blocked with BA50 and BA50+MR. The author
feels the modified design does not jeopardize confidence in
results. 1) The treatment replicates are all in relatively close
proximity, and 2) appreciable homogeneity existed among
site and initial stand conditions.

Each treatment within a block contains twelve 1/100 acre
circular regeneration sample plots spaced on a grid along
the slope gradient. Regeneration measurements at each plot
included species and height class (<1 feet, 1 to 3 feet, and
>3feet). Over-story measurements were taken from two
(one upper slope and one lower slope) fifth acre circular
plots. Over-story measurements included species, DBH,
merchantable height, log grade, damage, and number of
epicormic branches. Mid-story measurements were taken
from 2, 1/20 acre circular plots. Mid-story measurements
included species and total height. Initial over-story, mid-
story and understory measurements were taken in the
summer of 2009.

Photosynthetic Photon Flux Density (PPFD) was measured
at each of the twelve regeneration plots per replicate.
PPFD was measured at plot center using a quantum sensor
attached to a Mini-PAM 2000 (WALZ, Inc.). Mini-PAM
readings were calibrated against a Li-COR quantum sensor
for accuracy. The sensor was mounted to a leveled tripod
at each measurement point. Plot center light measurements
were taken in September 2010. PPFD measurements were
taken under mostly sunny conditions.
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STATISTICAL ANALYSES

All statistical analyses were performed in SAS 9.2.
Normality tests were performed through the PROC
UNIVARIATE procedure utilizing the Shapiro-Wilks
We-test. Sunlight level and regeneration response were
analyzed for treatment differences using analysis of variance
(ANOVA) using PROC GLM. Individual means separation
was conducted with Student Newman-Kuels SNK tests. All
tests were run at the o = 0.05 level.

RESULTS

Treatment applications had appreciable impact on residual
over-story and mid-story conditions. For the BA50 and
BAS50+MR, post-treatment basal areas ranged from 45 to
55 square feet/acre, resulting in approximately a 55 percent
reduction in over-story density. The NHC remained at
initial basal area levels (~ 93.8 ft* a-!). The BA50 mid-
story density was approximately 125 TPA for upper slope
plots and 190 TPA for lower slope plots. The mean post-
treatment, mid-story density for BA50 was 157.5 TPA,
resulting in approximately a 51 percent reduction from
initial mid-story density. The BA50+MR mid-story trees
were approximately 100 percent removed (~ 310 TPA). The
NHC mid-story densities were approximate