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Preface

The 14" Biennial Southern Silvicultural Research Conference was held February 26—March 1, 2007 at the Classic Center, Athens, GA.
This conference was the latest in a series of meetings designed to provide a forum for the exchange of research information among
silviculturists, researchers, and managers. Presentations emphasized research in carbon, pine and hardwood silviculture, invasive
species, wildlife, and growth and yield. Two field trips focused on pine productivity, hardwoods, water quality, wetlands restoration, and
wildlife management. The conference was attended by over 200 people. Nine sessions included 100 oral and 62 poster presentations.

Sponsors for the conference included the University of Georgia, Warnell School of Forestry and Natural Resources; Consulting Forest-
ers of America, Inc.; National Association of Professional Forestry Schools and Colleges; National Hardwood Lumber Association; So-

ciety of American Foresters; Association of Research Directors; 1890 Land-Grant Universities; 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:

David Moorhead (Local Arrangements Chair) Chris Maier, USDA Forest Service, Southern Research Station,
University of Georgia, Warnell School of Forestry and Research Triangle Park, NC
Natural Resources,Tifton, GA Norman Davis, Anderson-Tully, Vicksburg, MS
David Dickens, Dick Daniels, Larry Morris and Ron Hendricks, Brian Oswald, Stephen F. Austin University, Nacogdoches, TX
University of Georgia, Warnell School of Forestry and Scott Roberts, Mississippi State University,
Natural Resources, Athens, GA Mississippi State, MS
Kristina Connor, USDA Forest Service, Southern Research Michael Blazier, Louisiana State University, Homer, LA
Station, Auburn, AL Shep Zedaker, Virginia Tech, Blacksburg, VA
Kenneth Outcalt, USDA Forest Service, Southern Research Gordon Holley, Louisiana Tech, Ruston, LA
Station, Athens, GA Lori Eckhardt, Auburn University, Auburn, AL
Dave Haywood, USDA Forest Service, Southern Research Chris Allen, Louisiana State University, Baton Rouge, LA
Station, Pineville, LA John Kush, Auburn University, Auburn, AL
Brian Lockhart, USDA Forest Service, Southern Research John Groninger, Southern lllinois University, Carbondale, IL
Station, Stoneville, MS Mike Messina, Texas A&M University, College Station, TX
Donald Bragg, USDA Forest Service, Southern Research John Kushla, Mississippi State University, Verona, MS
Station, Monticello, AR Masato Miwa, International Paper, Bainbridge, GA
Marty Spetich, USDA Forest Service, Southern Research Ed Lowenstein, Auburn University, Auburn, AL
Station, Hot Springs, AR Andy Ezell, Mississippi State University, Mississippi State, MS
Mary Anne Sword-Sayer, USDA Forest Service, Southern Matt Lowe, Temple-Inland, Diboll, TX
Research Station, Pineville, LA Gary Boyd, International Paper, Savannah, GA
Susan Cohen, USDA Forest Service, Southern Research Howard Duzan, Weyerhaeuser, Columbus, MS
Station, Research Triangle Park, NC Marshall Jacobson, Plum Creek, Watkinsville, GA

Partial funding for the conference was provided by the Southern Research Station and the University of Georgia. We gratefully ac-
knowledge the University of Georgia’s School of Forestry and Natural Resources for handling fiscal matters and registration. Special
thanks to all committee members for invaluable advice; to David Moorehead for coordinating local arrangements; to Lynne Breland for
coordinating communications among the Forest Service, the University of Georgia, and the Classic Center and for tracking abstracts
and manuscripts; to Patricia Outcalt for creating and updating the conference web page; to Janet Revell, Lynne Breland, and Beulah
Sketo for helping with registration; to Rebecca Garner and Catherine Johnston for help with manuscript editing; and to the University
of Georgia students who acted as drivers, set up poster boards, and generally helped with arrangements. The many people who con-
tributed to the success of the field trips have our sincere thanks. We also gratefully acknowledge all those who helped judge student
presentations and posters.

Special recognition is given to the moderators. They include: Jim Guldin, Mike Messina, Harry Quicke, Bruce Jewell, Hans Williams,
Andy Ezell, Marty Spetich, Kristina Connor, Rich Guldin, Brian Oswald, Tom Waldrop, Tom Lynch, Gordon Holley, Callie Schweitzer,
Jimmie Yeiser, and Nancy Herbert.

A special 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.

The 113 papers published in these proceedings were submitted by the authors in electronic media. Limited editing was done to ensure
a consistent format. Authors are responsible for content and accuracy of their individual papers.

John A. Stanturf

Program Chair

USDA Forest Service
Southern Research Station
Athens, GA
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QUANTIFYING CARBON SEQUESTRATION IN FOREST
PLANTATIONS BY MODELING THE DYNAMICS OF ABOVE AND
BELOW GROUND CARBON POOLS

Chris A. Maier and Kurt H. Johnsen'

Abstract—Intensive pine plantation management may provide opportunities to increase carbon sequestration in the
Southeastern United States. Developing management options that increase fiber production and soil carbon sequestration
require an understanding of the biological and edaphic processes that control soil carbon turnover. Belowground carbon
resides primarily in three pools: roots, necromass (litter, roots), and soil. There is little evidence that intensive management
affects mineral soil carbon. Conversely, perennial root systems contribute to carbon sequestration through formation of long-
lived belowground biomass and carbon in root necromass and woody debris that may persist for years following harvest.

Due to their large mass and physicochemical composition, these dead coarse roots require decades to decompose. If the
length of the decay process extends beyond the length of the next harvest rotation, it will result in an accumulation of soil
carbon. Increasing productivity and shortening rotation length may accelerate carbon sequestration over successive rotations.
Further, management activities that retain forest floor and slash material or incorporate organic materials into the soil during

site preparation may also increase soil carbon.

INTRODUCTION

Forests are being considered as one option for stabilizing
or reducing atmospheric carbon dioxide (CO,). Forests can
reduce atmospheric CO, by storing carbon in biomass, soil,
and products and can be used as biofuel offsetting fossil
fuel (Birdsey and Heath 2001). However, forests grown into
perpetuity will provide no long-term CO, reduction because
eventually carbon losses will equal or exceed carbon gain.
Management of forest carbon sequestration should be
viewed as a temporary mitigation effort spanning 50 to 100
years as new technologies to store carbon or reduce carbon
emissions are developed. Carbon capture in forest growth
provides a low cost approach for meeting State and national
carbon sequestration goals and can be accomplished with
available technology.

Forests will likely never be managed solely for carbon
sequestration (Johnsen and others 2004). However, the
potential economic value of emission credits from carbon
sequestration might provide a co-benefit that, depending
on financial value, could affect management practices
(Birdsey 2006). Intensive pine plantation management may
provide opportunities to increase carbon sequestration in
the Southeastern United States. An understanding of the
biological and edaphic processes that increase and retain
soil carbon is required so that management can be modified
to increase fiber production and soil carbon sequestration.

MULTIPLE ROTATION CARBON DYNAMICS
Managed forests can provide in-situ (biomass and soils) and
ex-situ (products) pools for carbon sequestration (Johnsen
and others 2001). Intensive management utilizing improved
silviculture, fertilization, and genetically superior planting
stock has increased aboveground loblolly pine productivity
threefold (Borders and Bailey 2001) and decreased rotation
lengths. Less is known about how plantation forestry affects
the stand carbon balance (Johnsen and others 2001, 2004).
Belowground biomass carbon and fluxes is the weakest link
in our understanding of forest carbon cycling. There is little

evidence that silviculture and intensive management affects,
either positively or negatively, long-term mineral soil carbon
(Schlesinger 1990, Richter and others 1999, Laiho and
others 2003). This is presumably because of the relatively
high decomposition rates of newly input carbon and the low
rate of carbon incorporated into organo-mineral complexes
(controlled by soil physical properties).

Additionally, most studies have been conducted during

the first rotation following the abandonment of agriculture
(Richter and others 1999) or soil sampling has randomly

or even systematically (Laiho and others 2003 Schlesinger
1990,) avoided regions intimately associated with stumps
where decomposition rates of large coarse roots are

slower. Thus, given little evidence of the potential of forest
management to increase mineral soil carbon, we concentrate
here on examining the dynamics of root biomass and
necromass and their contribution to belowground carbon
storage. Along with aboveground pools, we consider the
potential of forest management to provide short- or medium-
term carbon sequestration.

In-situ plantation carbon dynamics can be conceived as
follows: trees are planted, above and belowground biomass
grows over time, trees are harvested, root biomass becomes
root necromass, trees are replanted and new biomass is
accreted as root necromass decomposes (fig. 1). The varying
rates of these processes, the rotation age, silviculture,
management, and the period for which these carbon
dynamics are assessed all greatly influence the estimate of
carbon sequestration. For example, intensive management
practices that increase aboveground productivity results

in increased belowground carbon in tap and coarse root
systems (Albaugh and others 2004, Samuelson and

others 2004a). Because of their relatively large mass and
physicochemical configuration, these root systems require
decades (20 to 60 years) to decompose (Ludovici and others
2002). If the length of the decay process extends beyond the
length of the next rotation, it will result in an accumulation
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Figure 1—Conceptual changes in carbon storage in a pine

plantation in aboveground and belowground pools over a 25-year

rotation. Changes in soil matrix carbon reflect changes in the
organic matter carbon pool above a baseline.

of soil carbon. Additionally, large increases in soil carbon
occur after harvesting, presumably from recently severed
root system and decomposing litter (Johnsen and others
2004, Van Lear and others 1995). This pool consists of light
fraction carbon or free organic matter that is not physically
or chemically bound in organo-mineral aggregates and will
not persist through the next rotation. There is evidence that
management practices such as fertilization may decrease the
rate of carbon loss from this pool (Butnor and others 2003,
Pangle and others 2002, Samuelson and others 2004b).
While carbon in decomposing root systems and litter is
relatively labile compared to recalcitrant mineral soil C, these
pools are easily manipulated and may offer an opportunity to
increase carbon sequestration in short rotation plantations.
Johnsen and others (2004) hypothesized that combining
increased aboveground productivity with shorter rotation
lengths will increase belowground carbon sequestration over
multiple rotations in intensively managed pine plantations.

Here we demonstrate simple examples of stand carbon
dynamics to illustrate how intensive forestry and rotation
length can potentially alter site carbon storage over
successive rotations. We also explore management impacts
on carbon sequestration and identify its key drivers as well as
the most critical information needed to improve the reliability
of estimates across different site types. There are numerous
carbon action programs at the global, national, and State
levels, and U.S. forests are being registered for potential
future carbon credits; however, there is no certified method to
estimate forest carbon sequestration. We illustrate what we
consider the correct approach to calculate short- to medium-
term carbon sequestration in intensively managed forest
plantations.

MATERIAL AND METHODS

We empirically modeled loblolly plantation carbon dynamics
of four carbon pools: aboveground biomass, coarse roots,
root necromass, and soil matrix organic matter (fig. 1).

We then compare simulated multiple rotation carbon
sequestration for stands receiving different levels of
management.

4

We used stem biomass growth curves developed for a high
productivity, short rotation research plantation (Martin and
Jokela 2004). In these stands, reducing nutrient limitations
through weed control and/or fertilization resulted in dramatic
increases in stem production (fig. 2). In addition, alleviating
soil nutrient limitations accelerated stand development such
that treated stands reached 95 percent of maximum stem
biomass about five years earlier (arrows, fig. 2) than non-
treated controls.

Aboveground biomass was calculated as a fixed proportion
of stem biomass [i.e., AGbiomass=1.52*stem biomass
(Albaugh and others 1998)]. Root system biomass was
accreted from coarse root allometry shown in Johnsen and
others (2004) using data derived from a wide range of sites,
stand age, and productivity. Root necromass attenuation
was estimated using an empirical model from Ludovici and
others (2002). Fine fraction soil organic matter dynamics from
0 to 30 cm were estimated by equations fitted to soil carbon
from Johnsen and others (2004) adjusted for initial root
necromass estimated at the beginning of each rotation. This
pool represents the ephemeral increase in soil matrix carbon
above an unchanging baseline. Carbon was estimated by
multiplying biomass by 0.5.

Simulations examined carbon dynamics in the various pools
over a 60-year project period for three treatment scenarios:
no treatment (NT), weed control (WC), and fertilizer plus
weed control (FWC) (Martin and Jokela 2004). Treatment
effects on carbon sequestration were compared for three
20-year rotations and four 15-year rotations in the case of
WC and FWC treatments. We assumed that the site was
managed as a loblolly pine plantation prior to the project.
Curves for biomass, necromass and organic matter C carbon
were calculated as above, the area was integrated under
each curve (fig. 1), and the sum of the integrated values
was divided by 60 (years) to provide an estimate of mean-
integrated carbon stored per year (i.e., Mg C ha'yr").

1207 mmm Fertilized + weed
[0 Weed control
1001 I No treatment

80

60 -

40 1

Stem biomass (Mg ha?)

20
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Figure 2—Stem biomass accumulation for three silviculture
treatments: no treatment (NT), weed control (WC), and fertilization
and weed control (FWC) derived from growth equations (Martin and
Jokela 2004). Arrows indicate time when stand reaches 95 percent of
maximum stem biomass.



RESULTS

Total carbon accumulation in the NT scenario approached 45
Mg C ha in each of the three successive 20-year rotations
(fig. 3a). In contrast, maximum total carbon accumulation was
substantially higher in the WC (data not shown) and FWC
(fig. 3b) scenarios and increased over successive rotations.
This corresponded to a mean integrated total carbon (above
+ belowground) of 28.0, 61.9, and 80.7 Mg C ha' y' in the
NT, WC, and FWC scenarios, respectively, over the 60-year
period (table 1). Root necromass increased over time in

the WC and FWC scenarios because root decomposition
exceeded the rotation length (fig. 4a). The WC and FWC
stands maintained 10.7 and 16.3 Mg C ha' y' more
belowground carbon, respectively, than did the NT over the
project period (table 1). Decreasing rotation length resulted
in less accumulated total carbon in the WC and FWC (fig.
3c) stands and 10 to 12 percent less total mean-integrated
carbon maintained on site (table 1). However, shorter
rotations resulted in an increase in belowground carbon
accumulation (fig. 4b), in mean integrated belowground
carbon storage, and in carbon of harvested biomass (table
1). Thus, while the longer rotation length increased the total
mean integrated carbon storage; shorter rotations resulted in
increased belowground carbon storage and carbon stored in
harvested biomass.

DISCUSSION

These scenarios demonstrate that stand productivity and
rotation length potentially can influence in-situ carbon
storage over successive rotations in short-rotation pine
plantations (e.g., pulpwood, biomass for energy). Weed
control and/or fertilization, greatly increased aboveground
production and resulted in increased belowground carbon
sequestration in living coarse root systems, necromass, and
soil organic matter. Furthermore, while longer rotation lengths
had higher mean-integrated total in-situ carbon storage,
increased productivity combined with shorter rotations
resulted in more belowground carbon storage and carbon in
harvested biomass. This is due to increasing the overlap in
accumulation of new biomass and the loss of necromass and
soil organic matter through decomposition. These scenarios
illustrate the importance of these ephemeral carbon pools
(root necromass and organic matter) in the carbon budget of
intensively managed plantations.

The most limiting aspect of these calculations all involve
estimates of belowground carbon allocation and residence
times. Ludovici and others (2002) estimated loblolly pine
taproot decomposition from a chronosequence beginning
with a 60-year-old plantation. Short rotation, high-productivity
plantations have taproots that are chemically dissimilar

to older trees and likely decompose at a faster rate under
similar soil conditions. We know very little about taproot
growth and decomposition processes in plantation forests or
the variation in these processes across genotype (species),
site conditions, disturbance regimes, and climate. For
example, Ludovici and others (2002) examined trees on a
well drained Piedmont soil. Loblolly pine plantations along
the coastal plain are often planted on moderately to poorly
drained sites with high water tables. Even in very high
productivity plantations, these sites are often inundated for
large portions of the year. Anaerobic conditions reduce initial
necromass decomposition rates and probably increase the
residence time of root necromass. On the other hand, site
preparation activities such as disking, bedding, chopping

or burning may accelerate root necromass decomposition
during stand reestablishment (Gough and others 2005).
Given the importance of the overlap of root biomass growth
and root necromass decomposition, realistic estimation of
coarse root decomposition is critical for quantifying in-situ
carbon sequestration, particularly when rotation length is
short.

The simulations ignored carbon stored in perennial hardwood
root systems. Hardwoods would be an important carbon
component in the NT scenarios. Miller and others (2006)
found after 25 years of plantation growth, silviculture
practices (chop and burn or shear-pile disk) that increased
aboveground pine production had no affect on total coarse
root biomass when hardwoods were considered. Thus,

we could assume that hardwood biomass would make up
most of the difference in mean integrated carbon storage
between the NT and WC scenarios. However, Martin and
Jokela (2004) found that the WC and FWC increased site
carrying capacity, which probably results in increased mean
integrated carbon storage. For example, comparing FWC
and WC scenarios, fertilization increased mean integrated
belowground carbon storage by 25 to 38 percent depending
on rotation length.

Table 1—Simulated mean integrated carbon storage over a 60-year project period

Treatment Rotation Total Aboveground Belowground ABG Ha}rvested
C storage C storage C storage biomass
years Mg C ha yr” Mg C ha™
NT 20 28.0 14.8 13.2 197.1
wcC 20 61.9 38.0 23.9 10.7 271.8
FWC 20 80.7 51.2 29.5 16.3 340.8
wcC 15 54.4 28.0 26.4 13.2 344.0
FWC 15 72.9 39.8 33.1 20.0 438.4

Note: Carbon (C) storage in aboveground, belowground, and harvested biomass are compared for 20-year and 15-year
rotations for stands under a range of treatments: no treatment (NT), weed control (WC), and fertilization plus weed control
(FWC). A BG is the increase in belowground C storage compared to No Treatment.
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Aboveground carbon allocation was fixed with time and
treatment. While aboveground metrics such as total biomass,
stem biomass or basal area is a good predictor of coarse
root mass (Johnsen and others 2004), root to shoot ratios
vary with stand development and site productivity (Albaugh
and others 2006) and species. A better understanding of

the physiological controls of carbon allocation is needed for
modeling short rotation forest carbon budgets.

Although forests in the U.S. are being registered for potential
carbon credits, there is no certified method to estimate forest
C sequestration. Simple estimates of carbon accumulation
based on net carbon stock (e.g., live biomass, mineral

soil C) (Birdsey 2006) changes over an interval will not be
sufficient for estimating the carbon budgets of short rotation
plantations. We suggest that the mean integrated approach
that incorporates dynamic changes in soil organic matter
and root decomposition following harvesting is the more
appropriate method for quantifying site carbon for short

rotation plantations. Accounting for site-specific effects on
these ephemeral pools will improve the precision of carbon
estimates.

CONCLUSIONS

The analyses shown in this study, while informative, are
simple and not sufficient to quantify marketable carbon
credits. However, we contend our approach is the most valid
way to address the problem. Our results suggest that short-
rotation; high-productivity forests potentially can be managed
for carbon sequestration, and management practices

that optimally increase productivity and retard necromass
decomposition will provide the greatest carbon sequestration.

Clearly, our ability to quantify coarse root decomposition in
young plantations under varied environmental conditions
represents our weakest area of understanding and is
critical for conducting realistic analyses using our approach.



In addition, mechanistic studies are needed to better
understand the variation associated with genotype (within
and among species) and G x E interaction in carbon
accretion, retention, and loss patterns. Regardless, carbon
sequestration will need to be estimated for forests sooner
rather than later. The value of C credits should be tied to the
precision and accuracy of carbon sequestration estimates
(Birdsey 2006, Johnsen and others 2004). Further research
should endeavor to improve accuracy of estimates across a
broad array of forest conditions.
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CARBON SEQUESTRATION AND NATURAL LONGLEAF PINE ECOSYSTEM

Ram Thapa, Dean Gjerstad, John Kush, and Bruce Zutter'

Abstract—The Southeastern United States was once dominated by a longleaf pine ecosystem which ranged from Virginia
to Texas and covered approximately 22 to 36 million ha. The unique fire tolerant species provided the necessary habitat for
numerous plant and animal species. Different seasons of prescribed fire have various results on the ecosystem and the
carbon which is stored in the trees and different vegetation classes. After analysis of the various hardwood treatments and
seasons of burn, the basal area of the longleaf pine and the soil carbon amounts differ. These results show that certain
seasons of prescribed fire can yield more basal area (winter) and soil carbon (winter). Vegetation classes and the amount of

stored carbon are also affected by the season of burn.

INTRODUCTION

Atmospheric carbon dioxide (CO,) levels have been
increasing over the past several decades. As a greenhouse
gas, there are concerns that the increased CO, levels will
cause potentially damaging changes to global climate.
Worldwide, there has been increasing attention given to
reducing atmospheric CO, levels by increasing carbon
sequestration and storage, in forested ecosystems. Birdsey
and Heath (1997) estimated United States forests have
sequestered enough carbon over the past 40 years to offset
approximately 25 percent of CO, emissions in the United
States. According to this report, managed southern forests
played a large role in this offset.

Kush and others (2004) presented reasons for longleaf
pine (Pinus palustris Mill.) being the major southern pine
species to consider growing for sequestering carbon. The
southeastern United States was once dominated by natural
communities of longleaf pine. This longleaf pine ecosystem,
which currently covers 1.2 million ha, was historically
estimated to have covered 22 to 36 million ha ranging from
Virginia to Texas. The ecosystem formed by the fire tolerant
longleaf pine is unique because it supports a number of
endangered species of plants and animals, such as the
pitcher plant and red-cockaded woodpecker. It is also the
second most endangered ecosystem in the United States.

Fire is critical to longleaf pine management. What is not
known is what role fire will play in sequestering carbon?
Preliminary research was begun by using a long-term

study conducted by the U.S. Forest Service on the effects

of season of burn and hardwood control treatments on
understory plant succession and overstory development

of longleaf pine. Boyer (1995) reported on response of
understory vegetation before, and then seven, and nine years
after the treatments. Kush and others (1999, 2000) examined
the effects of 23 years of these treatments on the long-term
response of understory vegetations.

OBJECTIVES

The experiment was conducted in order to determine the
relationship between the different prescribed burn treatments
and the above ground biomass and carbon sequestration.

The subsurface carbon sequestration of the soil in the
longleaf pine ecosystem was also sampled.

METHODOLOGY

The Escambia Experimental Forest (EEF) was used as the
site of study. Located in Escambia County, AL, it is managed
by the U.S. Forest Service in cooperation with the T.R. Miller
Mill Company. The design of the experiment consisted of
three treatments using a Randomized Complete Block
Design (RCBD) to limit hardwood competition. The first
treatment was the use of prescribed fire in a biennial burn.
The different seasons for the prescribed burns were winter
(December to February), spring (April to May), and summer
(July to August). A control treatment of a no burn check was
included. The second type of treatment was a chemical
treatment using undiluted 2, 4-D with an application rate

of 1 mL per 2.54 cm of diameter at breast height (d.b.h.).
This herbicide was applied to hardwood species in the late
spring of 1973 as the initial and only treatment. The third
type of treatment was a mechanical treatment. Mechanical
treatments were initially used in 1973 on any stem greater
than 1.3 m in height. Future use of the mechanical hand
clearing method was used when it was necessary to do so.
An untreated check was used as a control for the experiment.

Plot Sampling

The overstory, consisting of longleaf pine, was sampled by
measuring d.b.h., crown height, and total height in early
September 2003. All hardwood trees having a d.b.h. greater
than 1 cm were measured for d.b.h. and total height. All living
materials having a d.b.h. less than 1 cm were destructively
sampled in nine plots per treatment plot in late September
and early October in 2003. The destructively sampled plot
size was 0.90 square meters. The various vegetation classes
include grasses, vines, herbaceous plants, and woody plants.
The litter layer was sampled with a single 30.5 square cm
subplot contained in each sample plot.

Soil Sampling

The soil was sampled in each of the nine sample plots at
three different depths with a stainless steel probe in early
May 2006. Sample depths of 0-10 cm, 10-20 cm, and 20 cm
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and below were used. The slope on the plots was minimal;
therefore its influence was small.

Carbon Analyses Protocol

A Thermo Finnigan Flash 1112 Series N/C Analyzer was used
to perform the carbon analyses in the different vegetation
classes, the litter layer, and the soil.

Statistical Analysis

A two-way analysis of variance (ANOVA) was used in order
to determine the statistical significance of the treatments

on understory biomass and overstory longleaf pine basal
area. The soil carbon was also analyzed by using a two-way
ANOVA with the various soil depths as the block variables.
The SAS program was utilized to perform the two-way
ANOVA (SAS Institute Inc. 2003). All tests were conducted
using an alpha of 0.05.

RESULTS AND DISCUSSION

The basal area was the highest in the no burn sample plot
(table 1). The summer prescribed fire resulted in the lowest
amount of basal area, and the winter fire had the highest
amount of basal area. The spring prescribed fire resulted in a
basal area which was between the winter and summer fires.

There were no statistically significant differences in the
percent of carbon between the hardwood treatments or the
season of burn (table 2). However, there was a significant
difference in the percent of carbon in the vegetation classes.

The different seasons of prescribed fire resulted in different
amounts of stored carbon. For the burn treatments, the

winter fire had the highest amount of stored carbon, followed
closely by the spring burn (table 3). The summer burn had the
least amount of stored carbon. The no burn check treatment
contained the highest amount of stored carbon of all the
treatments.

The amount of carbon in the vegetation classes and the
litter layer varied with the season of burn. The grass had the
most carbon with the winter burn and the least carbon in the
absence of a burn (table 4). The herbaceous layer had the

Table 1—Relation of season of burn to basal area

Season of Burn Basal Area (m?/ha)

Winter 26.6
Spring 26.1
Summer 25.7
No Burn 27.1
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Table 2—Statistical significance for the hardwood
treatment, season of burn and vegetation classes

% Carbon p-value
Hardwood Treatment 0.1985
Season of Burn 0.8604
Vegetation Classes 0.0004

most carbon in the spring burn and the least carbon in the
absence of a burn. The vine layer had the most carbon in

the absence of a burn and the least carbon with the summer
burn. The woody layer had the most carbon with the spring
burn and the least carbon with the winter burn. The litter layer
had the most carbon in the absence of fire and the least
carbon with the summer burn.

Soil Carbon

The interaction between the hardwood treatments and the
seasons of burn was not significant (p-value of 0.733). The
supplemental hardwood treatments had no effect on the soil
carbon content (p-value of 0.649). However, the season of
burn did have a significant effect on the soil carbon content
(p-value of 0.0408). A pair-wise comparison of soil carbon
and different seasons of burn was performed by using
Tukey’s Studentized Range (HSD) test, with an alpha value
of 0.05. Overall, the mean carbon contents are significantly
different among the summer burn and the plot without a burn.

A comparison between the control treatment and the three
seasons of burn was performed with Dunnett’s t-test. The
summer burn and the no burn had significantly different
results in the means of the soil carbon content. The plot
without a burn had the highest soil carbon percentage.
Among the plots with prescribed fire, the spring burn resulted
in the highest soil carbon percentage and the summer burn
resulted in the lowest soil carbon percentage.

Table 3—Total aboveground biomass for the
different seasons of prescribed fire

Total Biomass

Season of Burn (kg/ha)

Winter 359740.0
Spring 353954.3
Summer 339791.3
No Burn 385967.7




Table 4—Amount of carbon present in non-longleaf pine vegetation

Season of
Burn Grass Herbaceous Vine Woody Litter Total
---------------------- Kilograms per Hectare -----==-==-======-----
Winter 54.7 18.1 50.9 113.6 8237.1 8474.4
Spring 36.1 414 18.0 570.7 9508.4  10174.6
Summer 28.8 34.7 3.1 141.1 8037.4 8245.1
No Burn 0.9 2.1 187.3 259.9 20761.8 21212.0
CONCLUSION LITERATURE CITED

The sample plot without a burn had the highest amount of
basal area and the greatest amount of carbon storage. The
winter burn resulted in the greatest basal area and carbon
storage of all the plots treated with prescribed fire. There
was very little significant interaction between the hardwood
treatments and the season of burn.

The season of burn had a significant effect on the amount of
soil carbon storage, with the spring burn having the highest
amount and the summer burn having the least amount.
However, the only truly significant results occurred in relation
to soil carbon when the summer burn and the no burn were
compared. The no burn plot had the highest amount of soil
carbon.
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CARBON SEQUESTRATION RESULTING FROM BOTTOMLAND HARDWOOD
AFFORESTATION IN THE LOWER MISSISSIPPI ALLUVIAL VALLEY

Bertrand F. Nero, Richard P. Maiers, Janet C. Dewey, and Andrew J. Londo'

Abstract— Increasing abandonment of marginal agricultural lands in the Lower Mississippi Alluvial Valley (LMAV) and

rising global atmospheric carbon dioxide (CO,) levels create a need for better options of achieving rapid afforestation

and enhancing both below and aboveground carbon sequestration. This study examines the responses of six mixtures of
bottomland hardwood species to fertilizer and herbaceous release treatments as a means of enhancing afforestation and
carbon sequestration in the LMAV. A completely randomized design with 6 x 2 x 2 factorial arrangement of treatments was
employed on sites near Cleveland and Greenville, MS. Dormant unrooted cottonwood cuttings and bare-root (1-0) seedlings of
all other species were planted in spring of 2006. First-year survival ranged from 50 to 80 percent for red mulberry, green ash/
oak mix, NRCS species mix and an oak mix. Cottonwood monoculture and cottonwood/oak mix plantings showed survival
below 40 percent. Very little differences in first-year growth were noted among the various planting types. Soil carbon prior to
planting constituted more than 99 percent of the ecosystem carbon. We expect a shift and redistribution of carbon pools as

the site transitions from herbaceous vegetation to forest.

INTRODUCTION

Growing forests for carbon sequestration is a new concept
for an old practice. The need for it is not only driven by the
persistent rise in atmospheric carbon dioxide (CO,) levels
(IPCC 2007) but also the increasing extent of valuable
forest loss coupled with resultant abandonment of marginal
agricultural lands especially in the Lower Mississippi Alluvial
Valley (LMAV) (Amacher and others 1998). To expedite the
process of carbon sequestration under a forestry scenario,
efficient afforestation mechanisms are required. Early
afforestation efforts have favored fast-growing monoculture
stands as an attempt to achieve rapid carbon sequestration
(Nilsson and Schopfhauser 1995). In hardwood plantation
silviculture, matching species to the site is essential in
achieving successful regeneration and afforestation (Stanturf
and others 1998). Stands of fast-growing species play a
pivotal role in meeting the rising demand of woody biomass
production (Schweitzer and Stanturf 1999), however, the
impacts of slow/fast growing hardwood species on below-
and above-ground carbon sequestration are not well defined
in the Mississippi River alluvial bottomlands. In the LMAV,
early reforestation activities primarily focused on pure
stands of oaks and pecans for their wildlife value (Stanturf
and others 1998), though currently mixed species plantings
are being adopted (Schoenholtz and others 2001). While
fast-growing monocultures provide a more rapid financial
return to land owners and enhance public perception of
reforestation efforts (Schweitzer and Stanturf 1999), carbon
value, aesthetics and ecological integrity of such forests
may be compromised. King and Keeland (1999) questioned
the predominance of oaks in pre-settlement bottomland
hardwood forests and suggested that the shortage of
seedling availability may increase the diversity of future
plantings. Establishing native bottomland hardwood species
and types based on existing stands of similar soils and site
characteristics offer better opportunities of restoring the
historic LMAV bottomland hardwood forest and may assure
multiple benefits including below- and aboveground carbon
sequestration. Planting a variety of bottomland hardwood

species may more closely approximate diversity of natural
stands and may maximize below- and above-ground carbon
sequestration because of the multifunctional characteristics
of diverse forest ecosystems. If indeed these stands can
thrive under this concept, these stands may prove more
socially and ecologically valuable than traditional bottomland
hardwood monoculture plantations. However, their ability to
mimic succession and answer these questions are beyond
the scope this study.

Intensive early silvicultural treatments, including fertilization
and herbicide use, can increase the survival and growth
rates of planted hardwoods (Baker and Blackmon 1976, Ezell
and Shankle 2004) and subsequently aboveground carbon
sequestration in hardwoods. Because of past agricultural
practices nitrogen (N) can be a limiting nutrient on LMAV
soils protected by the levee system. Herbaceous competition
is a major challenge to bottomland hardwood afforestation

in the LMAV (Groninger and others 2003). Fertilization and
herbaceous release practices in young afforested bottomland
hardwood stands may boost success, but effects on

below- and aboveground carbon sequestration are not well
understood. Fertilization can affect other soil processes such
as respiration, microbial activity, and soil pH (Lee and Jose
2004), thus potentially affecting net carbon sequestration on
such afforested sites.

New and efficient silvicultural techniques will enhance
afforestation establishment success, restore the ecological
integrity of degraded lands, enhance carbon sequestration
and meet the multiple objectives of landowners in the LMAV.
Benefits of afforesting marginal lands in LMAV may include
wildlife habitat restoration, connecting fragmented bottomland
forest, sequestering carbon thereby providing carbon credits
for land owners, as well as restoring many other valuable
biogeochemical and hydrologic functions (Shoenholtz and
others 2005). This study is designed to test the performance
of a number of hardwood species mixtures under early
herbaceous release and fertilizer application treatments on
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two sites in the LMAV. Specific objectives are 1) to compare
survival and growth performance of the different species
mixtures after one growing season, 2) to examine the survival
and growth response of different species mixtures to fertilizer
application and herbaceous weed control and 3) to assess
the trends of initial below-and above-ground carbon prior to
afforestation.

MATERIALS AND METHODS

Study Sites

The study was conducted at two sites in the LMAV: 5 miles
west of Greenville, MS (33°48'N, 90°98'W) in Washington
County and 5 miles north of Cleveland, MS (33°74’N,
90°73'W) in Bolivar County. The climate is typically warm

and humid. The original vegetation cover was temperate
deciduous bottomland hardwood forest. Mean annual
temperature is 17 °C, with winter and summer averages of

6 °C and 28 °C, respectively. Mean annual rainfall is 1430
mm. Effects of small elevation changes on species survival
and development have been reported (Hodges and Switzer
1979). The soils are alluvial in origin; dominant soil types are
Commerce silt loam (Fine-silty, Mixed, Superactive, Nonacid,
Thermic Fluvaquentic Endoaquepts) and Forestdale silty
clay loam (Fine, Smectitic, Thermic Typic Endoaqualfs) on
the Greenville and Cleveland sites, respectively (Morris 1961,
Rogers 1958). Both sites have been in pasture for at least
the past 25 years although the Greenville site supported row-
crop agriculture prior to conversion to pasture.

Treatments

A 6 x 2 x 2 factorial arrangement of treatments in a
completely randomized design with 3 replicates was used on
each site. Six types (levels) of bottomland hardwood (BLH)
species mixtures (table 1), two levels of fertilizer (fertilizer
and no fertilizer) and two levels of herbicide (herbicide and
no herbicide) were used in the study. Nitrogen, Phosphorous
and Potassium (NPK) fertilizer (15:10:5) planting tablets were
applied to fertilizer treated plots, one tablet in a separate
hole adjacent to each planted seedling. Goal®2XL was
applied at a rate of 64 ounces per acre with Latron AG-98

at 0.25 percent vol. /vol. to control herbaceous weeds 2 and
5 months after planting. Goal®2XL was applied over the top
of seedlings with a band width of about 0.5 m using an ATV
mounted sprayer. Minor budbreak had occurred in seedlings
at the first application in early April. At the time of the second
application however, most seedlings had developed good
foliage. The herbicide was intended to serve as herbaceous
release for the woody crops and the fertilizer to provide
immediate nutrient requirements soon after establishment of
all planting stock. Bare-root (1-0) seedlings for all species,
except cottonwood which were dormant un-rooted vegetative
cuttings, were planted in January-February 2006 at a spacing
of 3 by 3 m. The experimental unit was a quarter-acre plot
with an average of 108 seedlings planted per plot. Initial
heights and root collar diameters were measured prior to
planting. Seedling survival, height and groundline diameter
were measured every third month after planting. Subsequent
growth data were based on a random sample of 25 percent
of seedlings per plot. When plot survival decreased below 25
percent, whole plot monitoring was employed for the last set
of data during the first growing season.
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Initial soil carbon and above-ground carbon were determined
prior to planting. Soil samples to a depth of 100 cm were
collected using Oakfield probes and 7.4 cm diameter by 3.7
cm height cylinder core samplers. Each 100 cm core sample
had 3 replicates per plot, partitioned into four depths: 0—15
cm, 15-30 cm, 30-60 cm, 60—100 cm. Replicates for each
depth were composited, dried to a constant weight at a
temperature of 70 °C and ground and analyzed for soil total
nitrogen (N) and total carbon (C) using a Fisons NA1500
elemental analyzer at the Mississippi State Forest and
Wildlife Research Center (FWRC). Core-sampled soils were
oven dried at 105 °C to a constant weight and the dry weight
used to estimate the bulk density of the soil by depth for each
plot. Bulk density data were used to estimate soil C on a per-
hectare basis. Herbaceous data were collected using 0.5 by
0.5 m square quadrats with three replicates randomly located
in each plot. All live biomass within a quadrat was removed
and oven dried at 65-70 °C. Dry weights were determined
and the amount of carbon estimated as half the dry weight
per plot of herbaceous biomass (Vogt 1991). This constituted
the initial above-ground carbon.

Mean change in height and diameter per plot relative to
mean height and diameter at planting were estimated after
the final measurements were made. Percent survival was
also estimated relative to number of seedlings planted. Plot
means of survival, height, and diameter were subjected

to analysis of variance (ANOVA) using SAS and, where
appropriate, significant means were ranked according to
Fishers' Protected LSD test at P = 0.05. Herbaceous carbon
changes over time and soil carbon changes with depth were
compared using paired t-test at a significance level of alpha
=0.05.

RESULTS

Survival and Growth

Survival was analyzed to determine the effects of the
different species combinations on the two test sites. First-
year survival was approximately 56 percent on the Cleveland
site and 45 percent on the Greenville site. On the Cleveland
site, green ash/oak mixture and red mulberry monoculture
stands had the highest survival at 75 percent and 72
percent, respectively. Survival of the oak mixtures and the
NRCS species mixtures were slightly above 60 percent

but not significantly different. Cottonwood monoculture and
cottonwood/oak mix plots had the lowest survival of 17
percent and 48 percent respectively (table 2). Fertilizer and
herbicide treatments at the Cleveland site had significant
effects on survival (table 3). Survival of the only fertilizer
treated plots were 15 percentage points lower than the
control (no fertilizer, no herbicide treated plots). No significant
differences were observed between the control, herbicide,
and fertilizer+herbicide combined (interaction). Similar
trends in survival were observed on the Greenville site with
respect to species mixtures. Red mulberry monoculture had
the highest percent survival rate (72 percent). No significant
differences were observed between the green ash/oak
mixture and the NRCS species mixtures (table 2). Oak mixed
plots, cottonwood/oak mixture and cottonwood monoculture
showed survival of less than 50. No significant differences
were observed in survival on the Greenville site with respect
to fertilizer and herbicide treatments (table 3).



Table 1—Six types of bottomland hardwood species mixtures planted on
marginal agricultural lands on Greenville and Cleveland test sites in MS

Treat- Planting

ment # Type Stock type Species Mixture/Combination

1 Monoculture  Unrooted Cottonwood (Populus deltoides
Cuttings Bartr. ex Marsh)

2 Monoculture  Bare-root Red mulberry (Morus rubra L.)
seedlings

3 Mixture Bare-root Oak mix: 33% Nuttall (Quercus
seedlings texana Buckl.), 33% Willow (Q.

phellos L.) and 33% Water oak
(Q. nigra L.)

4 Mixture Unrooted Cut-  50% Cottonwood and 50% Oak
tings & Bare- mix (Nuttall, Willow and Water)
root seedlings

5 Mixture Bare-root 50% Green ash (Fraxinus penn-
seedlings sylvanica Marsh.) and 50% Oak

mix

6 Mixture Bare-root NRCS: [50% Nuttall, 20% Green

seedlings Ash, 30% Sycamore (Platanus

occidentalis L.), Persimmon
(Diospyros Virginiana L.), Willow
and Water oak]

On the two sites, first-year survival of red mulberry
monoculture and NRCS species mixtures were approximately
the same. Of the remaining species combinations, survival
was relatively better at the Cleveland site compared to the
Greenville site. On the Cleveland site, the green ash/oak
mixed plots exhibited the highest survival rate of 75 percent
which was 25 percent better than on the Greenville site (table
2). Mean survival differed slightly for NRCS species mix,

red mulberry and oak mixture, at the Cleveland site and for
NRCS, red mulberry and Green ash/oak mix at the Greenville
site. Mean survival of 15 percent and 37 percent were
observed for the cottonwood monoculture and cottonwood/
oak mix respectively (table 2). Mean survival for the oak

mix, cottonwood/oak mix and cottonwood monoculture was
respectively 58, 91, and 30 percent higher at the Cleveland
site.

One-year growth in diameter and height were significantly
different among species combinations on both sites. Growth
in height and diameter in cottonwood monoculture stands
were 72 cm and 5 mm, respectively. Little or no change

in height and diameter was apparent for all other species
mixture a year after establishment on both sites (table 4).
Fertilizer-herbicide combined treatment yielded significantly
greater growth especially in diameter in the Forestdale

soils of Cleveland than the other three treatments (table

3). No significant difference in growth was observed on

the Greenville site with respect to fertilizer and herbicide
treatments (table 3).

Below- and Aboveground Carbon

Initial aboveground carbon estimated from the existing
herbaceous vegetation prior to planting did not differ by site.
However, seasonal differences were significant (fig. 1). The
average aboveground carbon in May was approximately 3600
kg/ha, this decreased by about 700 kg/ha in the latter part

of summer (August). Initial below ground data revealed that
soil nitrogen (fig. 2a) and soil carbon (fig.2b) concentrations
tended to decrease with depth on both sites. Soil nitrogen
and carbon differed significantly by site in the upper 15 cm
layer but tended to be similar in the deeper layers at P =
0.05. Nitrogen and carbon values within the top 15 cm soil
layer were about 1 mg-N/g soil and 17 mg-C/g soil greater
than values within the 15-30 cm subsurface layer on the
fine textured Cleveland soils. On the coarse textured soils

of Greenville, mixed differences were observed in soil N
concentrations, where the highest N concentration was in the
15-30 cm layer (fig.2a). Below the 15 cm layer, soil C did not
differ significantly with depth on the Greenville Commerce
silt loam soils; soil C was however, 5 mg-C/g soil greater in
the surface 15 cm layer. Soil bulk density ranged from 1.1 to
1.2 g/cmé@ for all soil depths except for surface soil-densities
of Cleveland which had soil-density as low as 0.7 g/cm?®. At
the ecosystem level, above-ground biomass represented
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Table 2—Mean survival of bottomland hardwood
species mixtures following one growing season on
Cleveland and Greenville sites. Values followed by
the same letter in the same column are not signifi-
cantly different at P = 0.05

Mean Survival (%)

Greenville Cleveland
Species (GV) (CL)
Cottonwood (CW) 12.70 e 16.50 d
Red mulberry 71.90 a 71.70ab
Oak mix 40.10 c 63.30 b
CW/Oak mix 25.20d 48.20 c
Green ash/oak mix 58.40 b 75.30 a
NRCS spp. mixes 61.90ab 62.20 b

less than one percent of the total ecosystem carbon on both
Cleveland and Greenville sites (table 5). Below ground C
indicated that 54 percent of Cleveland soil C accrued in the
upper 30 cm layer at the Cleveland site while 44 percent C
occurred in the same layer of the Greenville site (table 5).
Total ecosystem C was more than 1 kt/ ha greater at the
Cleveland site compared to the Greenville site.

Table 3—Chemical treatment effects on first year
mean survival, change in height and diameter on
two sites in the LMAV. Values in the same
column followed by the same letter are not
significantly different at P = 0.05 for each site

Treatment Height Diameter Survival
(cm) (mm) (%)
Cleveland
Control 8.30ab 0.96b 63.40a
Fertilizer 8.73ab 1.28b 48.50b
Herbicide 4.26b 0.73b 57.40ab
Fertilizer+
Herbicide 16.81a 2.67a 55.50ab
Greenville
Control 6.35a 0.60a 45.40a
Fertilizer 7.68a 0.82a 45.80a
Herbicide 11.24a 1.14a 50.00a
Fertilizer+
Herbicide 3.90a 1.02a 39.00a
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DISCUSSION

Survival and Growth

Survival and growth of bottomland hardwood species are
influenced by several factors ranging from seedling quality/
handling to environmental factors (Stanturf and others
1998). Success of bottomland hardwood afforestation has
varied with site preparation (Lockhart and others 2003),
species type (Stanturf and others 2000), soil type, planting
stock/method (Stanturf and others 1998), and competition
control (Ezell and Catchot 1998). In general, a survival of
247-494 seedlings/ha or 50-80 percent at age three is
considered successful among restorationists in the LMAV
(King and Keeland 1999). While (Allen 1990) reported
successful hardwood afforestation at 266 stems per acre
(665 stems/ha), the Natural Resources Conservation Service
(NRCS) standard for successful afforestation is a minimum
of 247 stems/ha of acceptable species after 3 years of
establishment (Stanturf and others 2001). Although, the
50-80 percent survival rate shown by most of the species
mixtures (red mulberry, NRCS, green ash/oak mix and the
oak mix) in this study (table 2) should have been higher,
they are within reported limits for successful afforestation.
The wide variations in survival on both sites may be among
other variables an indication of species preference for site.
Red mulberry and NRCS species mixtures appear to be
better adapted to both site conditions but the inconsistencies
in survival of the other species combinations may be due to
factors such as drought, herbivory, noxious and persistent
herbaceous species competition, planting stock quality,
handling, planting conditions as well as edaphic site factors.

Rapid early growth in height for bottomland hardwood
species is essential to overcoming difficult site conditions
(Stanturf and others 2000). Common site conditions
impacting hardwood survival and growth include; flooding,
restrictive pans, competing vegetation, drought, herbivory,
soil pH levels and presence of vines (Stanturf and others
2000, Stanturf and others2004). Correctly matching

species to soil/site conditions may ensure high survival and
continued growth. However, rapid early growth of species
such as cottonwood or slow early growth of oaks may not
necessarily indicate long-term adaptability of a particular
species to site. Soil-site characteristics tied to species needs
for long-term growth is key to successful establishment.
Survival and growth trends observed in this study may

be attributed to a number of these site factors. First-year
growth in height changed only slightly for all of the species
mixtures. The two monoculture treatments showed opposite
growth patterns. Cottonwood monoculture had a 71-74 cm
increase in height with 6 mm increase in diameter while

red mulberry monoculture stands decreased by 25 cm in
height relative to the initial height at planting. The survival of
cottonwood in this study is similar to the findings of (Randall
and Krinard 1977) who noted first year survival of unrooted
cuttings to be 36 percent. First-year growth of cottonwood

in this study was however far below the 8-9 feet height and
3.1 inches diameter growth by Randall and Krinard (1977).
The poor survival and growth of cottonwood in this study is
probably due to a combination of factors such as poor quality
of cuttings, improper handling prior to planting, genetics
and site relationship as well as several factors discussed
elsewhere in this paper. Lack of first-year growth and decline



Table 4—Initial and first-year mean diameters and heights of six bottomland
hardwood species mixes on two sites in the LMAV. Values followed by the
same letter in the same column are not significantly different at P = 0.05

Diameter (mm) Height (cm)
Species Initial First year Initial First year
Greenville  Cleveland Greenville Cleveland
Cottonwood
(Cw) 3.11 8.92a 8.93a 5.25 78.90a 76.93a
Red mulberry 4.21 4.24d 4.63d 62.79 3l1l.41c 39.50c
Oak mix 5.66 5.73bc 6.21c 49.24 45.40b 46.00bc
CW/Oak mix 3.39 5.51cd 6.97bc 39.83 47.00b 53.30b
Green ash/
oak mix 7.16 6.79bc 7.74b 50.17 47.60b 51.70b
NRCS spp
mixes 6.90 6.99b 7.09bc 49.38 50.10b 46.90bc

in height of the other species mixtures may be explained by
the dry site conditions following planting (April-May 2006)
and the extended drought season (4.5 months long) of 2006
(National Weather Service 2006), herbivory, competing
vegetation and poor seedling quality for some species.
Sumerall (2007) observed various intensities of herbivory
due to cotton rats and rabbits on the different species
mixtures, notably red mulberry, oak mixture, green ash/oak
mixtures and NRCS species mix plots on these same sites.
Dense herbaceous vegetation reflected in the biomass data
(fig.1) during the summer may have further reduced available
soil moisture under already drought stressed conditions.
Herbaceous vegetation may out-compete the seedlings

for nutrients and water from the soil as well as reduce light
levels reaching the seedlings resulting in poor survival and
growth. In addition, poor root/shoot ratios of seedlings prior
to planting might have also contributed to the low survival
and poor growth of bareroot seedlings. The distinct decline in
heights of red mulberry may be due to the characteristic large
shoots compared to roots of the planting stock. Seedlings
with poor root/shoot ratios may experience poor survival

and first-year growth, especially in drought conditions. The
high survival (72 percent) of red mulberry is a result of rapid
resprouting from roots. Thus, red mulberry, just like the oaks,
may have high coppicing ability and as such under stressed
conditions will resort to resprouting allowing the species to be
more effective in afforestation situations.

Studies by Ezell and Cachot (1998) and Groninger and others
(2003) indicated that use of pre-emergent sulfometuron methyl
and post-emergent glyphosate yielded excellent survival and
increased growth in some bottomland hardwood species.
Using Goal®2XL, we found no significant differences between
herbicide and no herbicide treatments in survival and growth
(table 3). The lack of significant results suggests that the rates
applied were either too low or that there are too many grass

species tolerant to Goal®2XL. Hot field temperatures following
herbicide application could have caused rapid breakdown of
Goal®2XL. Fertilizer application however significantly decreased
survival over the control but no significant differences were
observed in growth (table 3). Fertilizer uptake in plant roots
requires moisture. Lack of moisture in the plant root system

due to early droughts possibly created osmotic stress within the
rhizosphere of establishing roots leading to seedling wilt and
subsequently a decrease in survival. The combined effects of
fertilizer and herbicide treatments significantly increased growth
perhaps due to the fact that herbaceous competition was
somewhat reduced, increasing water and nutrient availability
for seedling uptake.

Below- and Aboveground Carbon

Herbaceous biomass constitutes the majority of aboveground
carbon in this study. Tree seedling data were not included
because previous studies by Zimmermann (2001) on nine
year old oak stands indicated less than one percent of

the aboveground carbon accrued from trees. Barker and
others (1996) noted that grassland provides a substantial

C sequestration potential, however afforesting such sites
provides seven times greater carbon sequestration than

on grasslands. We found approximately 3500 kg/ha carbon

in the above-ground vegetation during the active growing
season, though this was less than one percent of the total
ecosystem carbon (table 5). Above-ground herbaceous
vegetation carbon significantly decreased from May to
August 2006 (fig.1) indicating that aboveground carbon

on grasslands may have rapid turnover rate. The trends in
above-ground carbon may be explained by patterns of annual
variations in climate.

On abandoned agricultural lands, soil carbon tends to
increase steadily subjective to vegetation composition
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Table 5—Total ecosystem (kt/ha) carbon of abandoned agricultural
lands showing the distribution of C below- and above-ground on two
soil types in the lower Mississippi alluvial valley

Soil Type Depth

0-30 60-100 Soil Total

cm cm Total Herbaceous Ecosystem C
Forestdale 4.50 3.80 8.30 0.30 8.30
Commerce 3.10 3.90 7.10 0.30 7.10

(Jobbagy and Jackson 2000, Knops and Tilman 2000),

soil texture and climate patterns (Jobbagy and Jackson
2000). On both grass and forested lands, soil C has been
reported to decrease with depth (Jobbagy and Jackson 2000,
Vesterdal and others 2002). Our results show that soil carbon
decreased with depth and was somewhat higher in the finer
textured Forestdale soils than coarse textured Commerce
soils (fig. 2 and table 5). On Forestdale soils in Lake George,
Zimmermann (2001) found 4.1 kt-C/ha soil carbon prior

to afforestation in the upper 30 cm surface soils. This is
similar to 4.5 kt-C/ha of the Forestdale soils found on the
Cleveland site in our study. Differences in soil C in the upper
30 cm layer between Commerce and Forestdale soil may

be explained largely by the variations in texture, bulk density
and past land use. High soil organic carbon was noted to be
associated with fine-textured soils (Jobbagy and Jackson
2000). Low bulk density of 0.6 g/cm?® on Forestdale soils may
account for the higher carbon and nitrogen concentrations

in the upper 0-30 cm layer. The lower carbon content in the
upper 30 cm of the Commerce soils may be due in part to
past agricultural activities and higher efflux of carbon due to
increased decomposition. Disturbance due to tillage coupled
with the coarse-textured nature of commerce soils may have
fueled decomposition processes. On both soil types, soils in
the lower 30—100 cm were similar in carbon content (table
5). Bulk density did not differ with depth on the two sites
within the 30—100 cm subsurface soils and may explain the
similarity in soil carbon beyond the 30 cm depth. Because
soils in this area were formed from alluvial deposits, the
similarities in soil C at the deeper 30-100 cm layers are very
likely. Total site carbon storage includes the mineral soil,
ground cover, and vegetative pools (Londo 2000). Total site
carbon in our study was 1.2 kt greater in the fine textured
Forestdale soils compared to the course textured Commerce
soils of the Greenwville site (table 5). In their unforested state,
finer alluvial soils, with relatively higher clay contents may be
better carbon sinks. However, as the vegetation changes from
grassland to bottomland hardwood forest, the distribution

of ecosystem carbon is unclear. More carbon is likely to be
sequestered in the plantation as it ages (Londo 2000). In
general, carbon sequestration levels increase as a plantation
progresses through time until it reaches maturity.

CONCLUSION

Although it is too early to make any useful recommendations
from this study, preliminary results suggest that mixed
hardwood species plantings on the Cleveland and Greenville
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sites are relatively better in survival and growth, than the
cottonwood and red mulberry monocultures. Thus, the use
of species mixtures provides the advantage of potentially
overcoming some difficult site conditions. Planting mixed-
hardwood species is an appropriate technique for use in
afforestation of marginal lands in the LMAV but species
selection is critical to achieving satisfactory results,
because different site characteristics and variables affect
the performance of different species. Other factors such as
seedling quality, handling prior to planting may impact first
year survival and growth. Because of seedling problems, no
one-monoculture or species mixture is best and additional
testing should be done to recommend more viable species
combination types. Using a combination of 15:10:5 NPK
fertilizer and Goal®2XL as early management practices in
bottomland hardwood afforestation on Forestdale soils may
be worthwhile during the first year.

On unplanted old fields, above-ground C is a small portion
(<1 percent) of total ecosystem carbon. Greater quantities
of carbon (3.1-4.5 kt-C/ha) tend to accumulate in the upper
30 cm of the soil but this depends on the physical properties
of the soil. Soil carbon tends to be similar for different soils
at deeper depths. As the vegetation transitions into a forest,
the influence of the species mixes and early management
practices should redistribute ecosystem carbon pools and
fluxes on these afforested sites.
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CARBON STORAGE, SOIL CARBON DIOXIDE EFFLUX AND WATER QUALITY
IN THREE WIDTHS OF PIEDMONT STREAMSIDE MANAGEMENT ZONES

Erica F. Wadl, William Lakel, Michael Aust, and John Seiler’

Abstract—Streamside management zones (SMZs) are used to protect water quality. Monitoring carbon pools and fluxes

in SMZs may a good indicator of the SMZ'’s overall function and health. In this project we evaluated some of these pools

and fluxes from three different SMZ widths (30.5, 15.3, and 7.6 m) in the Piedmont of Virginia. We quantified carbon storage
in the soil (upper 10 cm), litter layer, and plant community, monitored soil carbon dioxide (CO,) efflux and measured total
organic carbon and benthic communities in stream water samples. The narrowest 7.6 m SMZ width did show changes in
ecosystem function (litter decrease, soil moisture increase, soil CO, efflux increase) which could result in long-term impacts.
At this point in time (3 years post harvest), no significant differences were found in the benthic community. The 15.3 m
thinning treatment did consistently have the highest total organic carbon (TOC) which may be related to the disturbance from

harvesting.

INTRODUCTION

Both agricultural and silvicultural activities may impair

water quality due to the increased potential of sediment
reaching either the streams or watersheds present near
these activities. In recent years, forestry best management
practices (BMPs) have been implemented in an attempt

to improve or maintain water quality as required by the
Federal Water Quality Control Act of 1972 (Aust and Blinn
2004). One of the BMP recommendations that specifically
targets the protection of streams and other bodies of water
is streamside management zones (SMZs). The Virginia
Department of Forestry defines an SMZ as an “an area of
reduced management activity on both sides of the banks

of perennial and intermittent streams and bodies of open
water where extra precaution is used in carrying out forest
practices in order to protect bank edges and water quality”
(Virginia Department of Forestry 2002). SMZs have many
functions including the trapping of both sediments and
nutrients; stream bank stabilization, temperature control, and
protection of the forest floor (Governo and others 2004). This
particular study focuses on the accumulation and cycling of
carbon. A complete understanding of both carbon stocks and
exchanges between vegetation, soil, and the atmosphere
must be obtained in order to have a better understanding

of the carbon cycle within terrestrial ecosystems (Cao and
Woodward 1998). Knowing how the carbon cycle within
SMZs is impacted is important to understanding their long-
term effectiveness.

Carbon serves as a building block for most of nature. For
this reason, carbon has been studied quite extensively and
yet there is still much to be discovered. It is well know that
carbon exists in many different forms and therefore in many
different pools within the terrestrial ecosystem, including
SMZs. Consequently, the presence of carbon drives many
of the ecosystem functions within the riparian area and can
be used as a determinant of both water quality and SMZ
processes. Within the terrestrial ecosystem, carbon moves
through the vegetation, soil, and litter layer and escapes back
into the atmosphere through autotrophic and heterotrophic

respiration (Cao and Woodward 1998). According to Giese
and others (2003) riparian areas have high potential to
store carbon due to their relatively high rates of productivity
and the persistent soil water saturation. Studies have

been developed to determine total carbon within an area
(Giese and others 2003, Governo and others 2004, Trettin
and others 1999) but little research has been conducted

to determine how silvicultural management practices may
impact the flow of carbon through SMZs.

The benthic macroinvertebrate community tends to be
sensitive to any disturbance within the habitat. Due to this,
macroinvertebrate sampling is done frequently to determine
the health of a stream. Stone and Wallace (1998) found

that logging might alter the site by changing the energy

of the stream from allochthonous (outside of the system)

to autochthonous (within the system). For this reason it

is believed that any change in carbon pools would result

in a change in the benthic macro invertebrate population.
The objective of this project is to determine the influence
various SMZ treatments (harvesting intensity; varying widths)
have on either the components of the carbon cycle or
accumulation of carbon within the stream water. Specifically
we will identify the impact these treatments have on
aboveground biomass, litter layer, soil carbon (10 cm depth),
and total soil CO, efflux, examine the influence of these
SMZ treatments on environmental drivers of carbon flux (soil
moisture and temperature), and determine the effects of
these treatments on benthic macro invertebrate populations
present within the stream.

MATERIALS AND METHODS

Study Site Description

A field experiment was designed that would allow us to
investigate the effects of different SMZ widths and thinning
in SMZs upon the riparian carbon dynamics and stream
benthic community. This experiment consisted of four SMZ
treatments (30.5 m, 15.3 m, 15.3 m with thinning and 7.6
m wide SMZs) with three to six replications across sixteen
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VA.
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watersheds. Treatment widths are per streamside, and
thinning is defined as the removal of approximately 50
percent of the basal area. Not all treatments were installed
properly when commercially harvested which resulted in an
incomplete block design.

The watersheds consist of first order headwater streams
that are ephemeral to intermittent in nature. They are all
located on MeadWestvaco property within the Piedmont in
Buckingham County, VA in 23 to 25 year old Pinus taeda

L. (old loblolly pine) plantations (Walker-Easterbrook and
others 2003). Overstory vegetation predominantly consists
of planted loblolly pine and native hardwoods such as Acer
rubrum (red maple), Quercus spp. (oaks), and Carya spp.
(hickory). This study was set up as a long-term study with
pre-harvest data collected and analyzed in 2002. In 2003 the
watersheds were clearcut and in 2004 post-harvest sampling
commenced. In addition to the carbon and benthic study,
erosion studies are also being conducted.

Field and Lab Techniques

A complete inventory was performed on the following strata:
over story, shrubs, and groundcover. The center of the
sampling plots was positioned in the middle of one side of
the SMZ. For the 7.6 m-wide treatment, the center of the

plot was placed in the stream to ensure that the plot did

not extend outside of the SMZ. Overstory was defined as
any vegetation with a diameter > 9.1 cm (3.6 inches) at 1.3
m above ground diameter breast height (d.b.h.). An 8.01

m radius circular plot (1/20-acre) was established and all
vegetation meeting these requirements was measured for
height and d.b.h. by species. Shrubs were defined as any
vegetation with a diameter < 9.1cm at d.b.h. For shrubs, a
circular plot with a 2.5 m radius (1/200 acre) was established
along the same location within the transect and all species,
number, and heights were recorded. A 1/1000 acre (1.1 m
radius) ground cover plot was established and all vegetation
within the plot was clipped to the ground line and transported
to the lab for dry weight determination. The data collected in
the field for both the over story and shrub strata was used

in conjunction with existing biomass equations to estimate
aboveground biomass within each treatment (Clark and
others 1986, Hauser 1992). Carbon was assumed to account
for about 50 percent of tree dry weight (Birdsey 1992).
Consequently, biomass estimates were converted to carbon
by multiplying by 50 percent. The groundcover samples were
brought back to the lab and dried at 85 °C in an oven and
then weighed.

In addition to biomass, the litter layer was sampled twice
during the year once in late summer (September 2005) and
again following leaf off in the winter (January 2006) at three
locations (creek side, middle of SMZ and upper edge of
SMZ). The two seasonal sub samples and locations in the
SMZ were averaged for analysis. Litter sub samples were
taken at the exact same time and location as a measure of
total CO, efflux. A soil CO, efflux measurement was taken
and the area (506.5 cm?) underneath the efflux chamber was
removed. Both the litter layer and the entire O horizon were
collected. Samples were brought back to the lab and dried

at 85 °C in an oven to a constant weight and then weighed.
These dry samples were then placed in muffle furnace at 380
°C for 24 hours to correct for mineral soil contamination. Litter
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weight was calculated as oven dried weight minus ash weight
obtained from the muffle furnace (Wiseman and Seiler 2004).

In November 2005, ten pushtube soil samples were taken

at each of the three sub sample locations (creek side,

middle and upper edge) along each transect. These 10
samples were taken along a 10 foot linear transect running
perpendicular to the original sub sample location. Pushtube
samples were taken to a depth of 10 cm. These samples
were mixed together and a single composite sample was
brought back to the lab for further analyses. In addition to
pushtube samples, an undisturbed bulk density soil sample
was taken to the depth of 10 cm using a double-cylinder bulk
density corer. Bulk density cores were brought back to the
lab and dried at 105 °C for 24 hours and weighed in order to
determine bulk density. These samples were subsequently
ground using a mortar and pestle and passed through a 0.64
cm mesh to separate the coarse fragments (Chen and Xu
2004). These coarse fragments were then weighed in order
to determine percent coarse fragment content. The separated
soil was analyzed for percent carbon content using an
Elmentar varioMax CNS analyzer (Elementar American Inc.,
Mt. Laurel, NJ).

Beginning in May 2005 and continuing through January
2006, total soil CO, efflux, soil temperature, and soil
moisture was measured on five different dates in an

attempt to capture seasonal variation. Measurements were
taken along the same transects and locations as with

the litter measurements. The order these three locations
were measured within the transect was randomized each
time. A 15 cm Digi-Sense® thermocouple thermometer
(Cole-Parmer, Vernon Hills, IL) was utilized to determine

soil temperature to a depth of 15 cm. Soil moisture was
measured using a Trase® 6050X1 time domain reflectometer
(Soil Moisture Equipment Corp., Golena, CA) to a depth of 13
cm. Total soil CO, efflux was measured using a Li-Cor 6200
infrared gas analyzer (Li-Cor Inc., Lincoln, Nebraska) with a
dynamic closed cuvette chamber system. The system was
constructed of PVC pipe walls, Plexiglas top, and a stainless
steel edge on the bottom to ensure a tight seal once placed
on top of the sampling location. The internal diameter of the
chamber was 25.5 cm and the height was 13.5 cm creating
a total volume of 6744 cm3. Plastic tubing (0.32 cm diameter)
was used to attach the cuvette chamber to the infrared gas
analyzer. Air enters the cuvette chamber through an input
hose on the side of the chamber. This air is then diffused
through the chamber via a perforated hose that runs along
the interior wall of the chamber. Air then leaves the system
through a hose that is located at the top of the chamber
through the Plexiglas top (Selig 2003). Before each sampling
date, the system was calibrated in the lab by running a
known CO, concentration through the system. Care was
taken to be sure no living plant material was in the chamber
and that CO, concentrations were at or near ambient levels
near the ground line. After CO, concentrations were found to
be steadily rising in the chamber, a measurement period of
30 seconds was used to estimate total soil CO, efflux.

Water samples were taken seasonally in order to estimate
total organic carbon (TOC). Water grab samples were taken
from a downstream portion of the stream to ensure the



presence of water. Three 25 ml bottles were filled by placing
them in the stream with the open end facing upstream to
capture flowing water. These bottles were then placed on ice
and brought back to the lab where they were placed in the
freezer until further analysis could be performed. The water
samples were then analyzed for TOC. The samples were
analyzed using persulfate-ultraviolet oxidation. In order to
remove any inorganic carbonates, the samples were purged
prior to analysis using oxygen. The instrument used was a
Seiver DC80 TOC analyzer with an autosampler.

Samples were also taken from the streams to determine
the benthic macroinvertebrate populations. This sampling
occurred in January 2006 two to three days after a rain

to ensure the most amount of water present for sampling
purposes. A D-frame macro invertebrate sampling net was
utilized along a 50 m stretch of stream. Along this 50 m
stretch a subsample was collected every 2 m. The benthic
samples were then washed in a 500pm mesh bottom
wash bucket and stored in 90 percent ethyl alcohol. The
macroinvertebrate samples were sorted and separated
from all gravel pieces and woody debris pieces that may
have been collected. These samples were then stored in
95 percent ethanol (EtOH) and later identified to family

by Stephen Hiner, an aquatic entomologist technician at
Virginia Polytechnic Institute and State University. The
results of these sample counts were then applied to various
macroinvertebrate metrics.

Statistical Analyses

Data were analyzed as an Incomplete Block Design using
an analysis of variance (ANOVA) to determine if differences
between treatments existed (SAS v 9.1, Cary, NC).
Differences in means were determined by using Tukey’s
Studentized range test (HSD) at the a= 0.1 significance
level. The three different biomass strata were analyzed
separately. For data that was not normally distributed a log
transformation was performed and the back transformed
means are reported. For the respiration data, the analysis
was performed as a repeated measure with both soil
moisture and soil temperature as covariates. In addition to a
repeated measure analysis, each respiration measurement
date was analyzed separately. A means separation

analysis was performed on litter layer, soil moisture, and
soil temperature (Number Cruncher Statistical Systems,
Kaysville, UT) to detect significant differences between SMZ
treatments and subplot location in these three independent
variables.

RESULTS AND DISCUSSION

No differences in total standing biomass carbon were found
between SMZ treatments (fig. 1, p=0.3061). The 15.3 m
thinned treatment did have the least standing carbon. No
differences in total groundcover carbon nor shrub carbon
were found between the SMZ treatment (fig. 2, p=0.4304
for groundcover, p=0.2587 for shrubs). The 15.3 m thinned
treatment did have the least groundcover and shrub carbon,
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Figure 1—Aboveground standing biomass as influenced by
streamside management treatment [numbers (e.g., 30.5) are SMZ
width in meters, NT=no thinning, T=thinning] on the Piedmont of
Virginia.

while the 7.6 m no thin treatment had the most groundcover
and shrub carbon. A study by Peterson and others (1997)
demonstrated that during the six years following a thinning
treatment regime, the trees responded with both increased
crown dimensions and bole diameter increases. Our
sampling occurred only two years following the harvest,
therefore residual trees had not yet reoccupied the site fully.

The average litter layer in the 7.6 m SMZ was found to be
significantly less than the 15.3 m treatments (fig. 3). As would
be expected given the short time treatments have been
installed, soil carbon showed no significant difference due to
the SMZ treatment (p=0.2361) or subplot location (p=0.4775)
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Figure 2—Aboveground groundcover and shrub biomass carbon as
influenced by streamside management treatment [numbers (e.g.,
30.5) are SMZ width in meters, NT=no thinning, T=thinning] on the
Piedmont of Virginia.
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Figure 3—Litter layer carbon as influenced by streamside
management treatment [numbers (e.g., 30.5) are SMZ width in
meters, NT=no thinning, T=thinning] on the Piedmont of Virginia.

effect. The results did show a significant interaction between
SMZ treatment and subplot location (p=0.0628). This was
due to the 15.3 m thin treatment showing a large soil carbon
concentration at the creek side subplot location. This high
value appears to be due to prior high soil organic matter
concentrations at a few locations.

Although the 7.6 m SMZ width did show a slight increase in
temperature during the fall months (fig. 4A), soil temperature
was not significantly impacted by the SMZ treatments

(table 1). However, soil moisture did show a consistent and
significant effect with the 7.6 m treatment having consistently
the highest soil moisture (table 1 and fig. 4B). Soil CO, efflux
did not demonstrate a large change due to SMZ treatment
but the 7.6 m treatment generally had the greatest rates over
the time of this study (table 1 and fig. 5). This is perhaps due
to the effect of the higher soil moisture and the slightly higher
temperature (Lloyd and Taylor 1994, Davidson and others
1998). A study conducted on similar sites on the Piedmont
of Virginia by Wiseman and Seiler (2004) indicated both soil
temperature and soil moisture as two of the main driving
factors influencing soil CO, efflux.

Water sample collection was attempted at all 16 watersheds
on 5 dates. Grab samples were never collected from one
of the watersheds due to the absence of water. In addition,
one other watershed was only collected from once and this
collection occurred after remnants of a hurricane passed
through the area. This one collection during high flow
instead of base flow, resulted in a highly significant date
effect (p=<0.0001). Thinning can increase the amount of
large wood debris that is present within the riparian area
therefore increasing the potential for introduction of carbon
into the water system. The additional large woody debris
can also form organic debris dams which assist in the
control of exportation of particulate matter downstream
(Bilby 1981). Samples that were taken from the 30.5 m no
thin treatment had lower TOC than the other treatments
during the hurricane season and consequently during high
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Figure 4—Seasonal trends in soil temperature (A) and soil moisture
(B) as influenced by streamside management treatment [numbers
(e.g., 30.5) are SMZ width in meters, NT=no thinning, T=thinning] on
the Piedmont of Virginia.

Table 1—Seasonal means for soil temperature,
soil moisture and soil CO, efflux as influenced by
the streamside management zone treatments

Streamside soil soil soil CO,
management temperature moisture efflux
treatment (°C) (%) (uMol/m? s)
30.5 m width 156 a 125a 34a
15.3 m width 154 a 158 a 4.2 ab
15.3 m width,

thinned 15.8a 17.2 ab 4.0ab

7.6 m width 16.0a 23.4Db 5.0b

Means in a column followed by the same letter do not differ
significantly (p=0.05).
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Figure 5—Seasonal trends in soil CO, efflux as influenced by
streamside management treatment [numbers (e.g., 30.5) are SMZ
width in meters, NT=no thinning, T=thinning] on the Piedmont of
Virginia.

flow suggesting that the width of the SMZ may reduce the
potential of carbon from entering the stream during storm
events. No significance was detected among treatments
(p=0.8396) and interaction between treatment and date
(p=0.9876).

Only 13 of the 16 streams were sampled for benthics due

to the absence of water. A total of 12 macro invertebrate
orders and 31 families were identified within the 13 streams
that were sampled. One genus that was found is rare,
Anisocentropus. In addition, a few families were found in only
one stream. Although no significant differences were found
for any of the analysis for treatment differences, the 15.3 m
no thin treatment had the better index value in 7 of the 10
tests performed. The same treatment also yielded the highest
TOC present in the water samples. Studies have shown

that the introduction of LWD to streams and consequently
the habitat improvement, potentially shifting the benthic
populations (Lemly and Hilderbrand 2000).

CONLCLUSION

The 7.6 m SMZ width did indicate some changes in
ecosystem function (litter decrease, soil moisture increase,
soil CO, efflux increase). With time, these initial changes
we measured could result in changes in soil carbon
concentration and water quality changes. Based on these
measured variables a 15.3 m SMZ even with thinning
appears adequate to prevent changes in water quality.
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EFFECTS OF NUTRIENT AND ORGANIC MATTER MANIPULATION ON
CARBON POOLS AND FLUXES IN AYOUNG LOBLOLLY PINE VARIETAL
STAND ON THE LOWER COASTAL PLAIN OF SOUTH CAROLINA

Michael Tyree, John Seiler, and Chris Maier!

Abstract—Manipulation of site organic matter and nutrients, in addition to planting of superior genotypes will likely influence
carbon fluxes from intensively managed forests. The objective of this research is to monitor total soil carbon dioxide (CO,)
efflux (Fy), microbial respiration (R,), and leaf gas exchange (P, ) in a two-year-old loblolly pine (Pinus taeda L.) stand located
on the Lower Coastal Plain of South Carolina, which has undergone logging residue (LR) and nutrient additions. Short-term
results showed a 17 percent decrease in stem volume with the addition of LR, and showed only modest improvement with the
addition of nitrogen (N) and phosphorous (P). However, fertilizer alone increased stem volume by 40 percent and increased
P, in needles produced in 2006. LR and fertilization had no consistent effect on F, but showed a tendency to increase and
decrease R, respectively. Most notably, varieties showed a significant and sustained difference in Fg, which was partially
explained by increased R,, and fine-root length. These early results suggest that clonal varieties respond differently to site
manipulations and nutrient additions and some of these measured responses have implications for long-term C storage.

INTRODUCTION

Southern pines in the southeastern United States are some
of the most intensively managed and highly productive
forested ecosystems in the world (Allen and others 2005).
Currently, southern pine plantations occupy more than

13 million ha and are forecast to increase 67 percent to

22 million ha by the year 2040 (Wear and Greis 2002).
Increasing future demands on forest products produced
from these forests as well as growing concern over rising
atmospheric CO, levels has begged the question, how can
we manage these forests to maximize both forest production
and carbon sequestration?

A treatment which has long been used in agriculture and
mine reclamation is the addition of organic residue to the soil.
A tremendous volume of logging residue (LR), up to 5-50
Mg/ha (Allen and others 2006) is generated during a typical
harvesting operation of a southern pine stand. This slash
represents huge stores of organic carbon, which left exposed
to the air will largely oxidize being released back into the
atmosphere as carbon dioxide, thereby robbing the site of
any potential benefits that may be gained by retaining organic
carbon and nutrients. More recently forest managers have
begun to spread this logging debris back onto the site in an
attempt to keep those nutrients on site. Further, an idea has
been proposed to incorporate this LR back to the soil. Not
only would this provide nutrients to successive stands, but
may additionally increase soil carbon sequestration as it is
likely some fraction will remain as recalcitrant soil carbon (C).

Manipulation of site nutrients could lead to large increases

in forest productivity as well as help to overcome any
immobilization caused by organic additions. Over the last
couple decades we have greatly increased our understanding
of how to manipulate site nutrients to increase forest
productivity. In fact, as of 2005, approximately one half million
ha of planted pines have undergone some type of nutrient
amendments (Fox and others 2007). As Allen and others
(1990, 2005) stated, this is only a fraction of the forested
stands that have the potential to respond to fertilization.

As the use of chemical fertilizer increases in intensively
managed pine forests it becomes necessary to understand
how net ecosystem productivity (NEP) will be impacted

by such additions. For instance, it is well established that
fertilization will increase above ground productivity due to
increased leaf area. Additionally, there is growing evidence
that fertilization, specifically nitrogen fertilization, suppresses
the rate of decomposition either through reduced microbial
activity (Gough and Seiler 2004, Tyree 2005), decreased
biomass (Blazier and others 2005, Lee and Jose 2003),
changes in microbial populations (Frey and others 2004,
Wallenstein and others 2006), or some combination. Either of
these outcomes could lead to increased NEP.

Advances in breeding and genetically modified plants to
produce superior genotypes have opened an exciting area
of research that shows potential for increasing productivity
of southern pine forests. Allen and others (2005) estimated
volume gains from 10 to 30 percent in superior clones over
standard planting stock. Improvements in carbon allocation,
photosynthetic capacity, drought and pest tolerance, and
resource use efficiency are a few ways in which carbon
capture (yield) can be increased.

Changes made to site organic matter and nutrients can
have diverse and long lasting impacts on site carbon pools
and fluxes, and ultimately, on the carbon balance of a site.
NEP is the difference between two competing processes.

1. The capture of inorganic C in the form of CO, from the
atmosphere and its fixation into biomass (gross primary
productivity, GPP) minus growth and maintenance respiration
(net primary productivity, NPP). 2. The release of CO,

back into the atmosphere as a result of decomposition and
oxidation of soil organic C by soil microbes (heterotrophic
respiration, R,). Active management of site nutrients and
LR may dramatically impact one or both of these processes
making our understanding of these changes crucial to our
ability to manage, control, and predict changes to NEP on
intensively managed pine forests. This research utilizes a
two-year-old loblolly pine (Pinus taeda L.) varietal plantation
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located on the Lower Coastal Plain of South Carolina.
The objectives are to determine how manipulation of site
C and nutrients impact aboveground stem biomass, net
photosynthesis, total CO, efflux, and microbial respiration
between two superior loblolly pine varieties one year after
treatment initiation.

MATERIAL AND METHODS

Site Description

The site is located in Berkeley County, SC. Elevation is 24
m above mean sea level. Average yearly temperature is 17.8
°C with average daily maximum of 24.1 °C and an average
daily minimum of 11.6 °C. Highest daily average temperature
is 26.7 °C which occurs during July, and a low of 8.2 °C,
which occurs in January. Average yearly precipitation is 120
cm with the highest rainfall of 18 cm in July and a low of 5
cm occurring in November. The dominant soil series on site
is Ocilla (loamy, siliceous, semiactive, thermic Aquic Arenic
Paleudults). The previous 21-year-old loblolly pine stand was
harvested in May 2004 and sheared in June 2004. Logging
residue was spread by hand in June and July 2004. Site
preparation (bedding) took place in October 2004, and the
current loblolly pine seedlings were planted in January and
February of 2005.

Experimental Design

This study is designed as a split-plot randomized complete
block design replicated three times with the whole-plot
treatments arranged in a full 2 by 2 factorial measured
repeatedly. Each 0.18 ha plot was planted with 243 container
grown varietal loblolly pine (Pinus taeda L.) seedlings

in nine rows at 4.3 m between row centers. The logging
residue (LR) whole-plot treatment consists of two levels of
LR incorporation. No LR incorporated and LR incorporated
into the mineral soil at an equivalent rate of 25 Mg/ha
ovendry weight (0.d.) concentrated onto the beds. Both LR
treatments retained original forest floor of approximately 25
Mg/ha o.d. on the surface. The second whole-plot treatment
is two loblolly pine varieties. Variety 93 is considered a high
leaf efficiency variety with high stem volume produced per
unit leaf area. Variety 32 has a lower leaf efficiency and
greater overall leaf area. Each plot is split into two 0.0013 ha
measurement plots consisting of six seedlings, which are
located at opposite ends of the whole-plot, and serve as the
experimental unit (EU). Each EU received one of two fertilizer
treatments. No nutrient additions or the addition of 209 kg-N
and 116 kg-P/ha in the form of diammonium phosphate and
ammonium nitrate. Fertilizer was applied on two separate
dates. Roughly 1/3 was applied on April 6, 2006 and the
remainder applied on May 8, 2006.

Measurements

Aboveground measurements—Aboveground height and
ground-level diameter were measured nine times over the
2006 growing season and used to calculate above ground
stem volume (diameter squared x height). Net photosynthesis
(P,) was measured 14 times between January 2006 and
2007 on a single detached fascicle from the upper third,
south facing side of the tree between 1100 and 1600 hours.
Gas exchange measurements were taken using an open-
flow, infrared gas analyzer equipped with a 2 by 3 cm cuvette
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and a blue-red LED light source (LiCor 6400, Lincoln,
Nebraska). Measurements were taken on two seedlings per
EU with the following chamber conditions: 1600 pmol/m?/sec
PPFD, 370 pmol/mol reference CO, concentration, ambient
temperature and humidity, and flow rate at 300 pmol/sec.
Following P, needles were immediately removed and fascicle
diameter measured to the nearest 0.01 mm using digital
calipers. P, was expressed per unit leaf area based on the
following equation (Ginn and others 1991):

LA=(nxIxd)+(mxdxl) (1)

where [ is the length of the needle in the chamber (3 cm), d is
the diameter of the fascicle measured just above the sheath,
and n the number of needles in the fascicle.

Belowground measurements—Total soil CO, efflux (F)
was measured at the soil surface near and away from the
second tree in each plot using a Li-Cor 6200 infrared gas
analyzer (Li-Cor Inc., Lincoln, Nebraska) with a closed
cuvette chamber constructed from a PVC pipe for walls,
and a Plexiglas top (25.5 cm internal diameter, height at
center 13.5 cm). The bottom of the chamber was fitted with
a stainless steel edge that was pressed approximately 1

cm into the soil to create a complete seal giving a total
system volume of 6300 cm? (Selig 2003, Tyree 2005). The
machine was calibrated before each sampling date by
running a known CO, concentration and making necessary
adjustments to the IRGA. Between blocks the system

was zeroed to account for any drift due to changes in
temperature. Respiration measurements were made in the
same sequential blocking order at approximately the same
time of day for each sampling date. The CO, concentration
in the cuvette chamber was lowered to ambient atmospheric
CO, concentration then placed on the soil surface on a spot
free of living, photosynthesizing vegetation. After efflux rates
began to steadily rise, CO, evolution was measured over a
30 second period and respiration rates calculated on a per
unit land area.

An index of microbial respiration (R,) was measured using
the LiCor 6250 infrared gas analyzer (Li-Cor Inc., Lincoln,
Nebraska) with a 0.25 L cuvette chamber, with a total
system volume of 429 cm?. Four to six cores were taken
systematically near and away from trees throughout the plot
to a depth of 30 cm (or to depth of water table) with a 2.5
cm diameter pushtube and mixed into a single composite
sample. Roots were carefully removed from the soil by

hand, and the soil placed into an aluminum weigh boat

(10 cm by 2 cm), which was placed into the 0.25 L cuvette
chamber (Gough and Seiler 2004, Tyree 2005). Once the
CO, concentration began to steadily rise (typically within one
minute) R, was measured over a 30 second period. Soil was
brought back to the lab, oven-dried for 48 hours at 105 °C,
and weighed gravimetrically to the nearest 0.01g. R,, was
calculated and expressed on a per soil mass basis (umol/
kg-soil/min). This was repeated twice in each measurement
plot and sub-samples averaged together to arrive at a single
R, value.



Data Analysis

Significant (P = 0.05) treatment (i.e., varietal, LR,
fertilization, and interactions) differences were determined by
analysis of variance with repeated measures (ANOVARM)
using the MIXED procedure in SAS version 9 (SAS. 1999).
Covariance structures were selected using Schwarz’s
Bayesian goodness (BIC) of fit criteria. When necessary
individual sampling dates were analyzed using the GLM
procedure. Residuals and the normality curves were plotted
for all analyses to confirm that data met assumptions of
equal variance and normality for all parameters measured.
All values are expressed as untransformed averages and
standard errors.

RESULTS AND DISCUSSION

Aboveground Measurements

We observed a highly significant (P <.0001) LR by fertilizer
by time interaction in aboveground stem volume (fig. 1a).

By the end of the second year the addition of LR decreased
above ground stem volume by approximately 17 percent
relative to control plots. Adding fertilizer resulted in a slight,
but non-significant, increase in stem volume when LR was
present. We hypothesize the amount of fertilizer added was
not enough to overcome any immobilization caused by the
addition of high C:N (about 700) LR, but this has yet to be
tested. The addition of fertilizer alone resulted in a 40 percent
increase in stem volume relative to control plots, which is
similar to other first year fertilizer responses in young loblolly
pine (Gough and others 2004b, King 2005).

Both varieties showed a decrease in stem volume with the
addition of LR, but variety 93 was less inhibited than variety
32 (fig. 1b). Interestingly, both clones responded similarly

to fertilizer additions showing no significant fertilizer by
variety (P = 0.65), or fertilizer by variety by time (P = 0.99)
interactions. This indicates that variety 93 may acquire or
utilize N, P, or both more efficiently than Variety 32 when
nutrients are limiting, but under conditions where N and P are
plentiful varieties 32 shows a slight increase in stem volume.
In support of this theory, Li and others (1991) showed that
components (uptake and utilization efficiencies) of nitrogen
use efficiency (NUE) (stem biomass produced per unit of

N applied) in P, taeda seedlings were moderately to highly
dependent on genotype.

We found no significant difference (P > 0.1) in P, between
LR treatments or varieties. Over all sampling dates there was
no fertilizer effect between treatments; however, on a number
of dates fertilized plots had significantly greater P rates than
controls (fig. 2). Slicing the data based on year of needle
development showed a significant (P = 0.02) increase in P,
in fertilized plots for needles produced in 2006. In June and
December 2006 there were significant (P < 0.05) interactions
between fertilizer and variety for P,. In both instances Variety
93 responding more favorably to fertilization than Variety 32.
Similar increases in P to fertilization have been shown in
loblolly pine (Gough and others 2004b, Samuelson 2000),
while others have shown little to no difference (Gough and
others 2004a, Maier and others 2002).

p<0.0001
n=46

—— Mo LR, War 32
12000 4 —a— Mo LR, War93
10000 4 LR, War32
—— LR Ward3d

Above ground stem volume (cm3)

T T T T T T
Sep 06 Jan07

Sampling date

Figure 1—The influence of logging residue (LR) and fertilizer (a), and LR and loblolly
pine variety (b) on second year seasonal stem volume (d? x ht) in Berkley Co., SC.
Arrows indicate time of fertilization and error bars represent + one standard error

from the mean.
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Figure 2—Fertilizer by time interaction for net photosynthesis of most recently elongated, south
facing loblolly pine needles measured from January 2006 thru January 2007. Single dagger and
double dagger indicate significance at the 0.10 and 0.05 alpha levels, respectively (Error bars
show + 1 standard error from the mean; n = 12). Thin and fat arrows indicate times of light and

heavy fertilization, respectively.

Belowground Measurements

In contrast to our hypothesis, the addition of LR resulted

in no consistent (P > 0.1) effect on F . We expected that
incorporating a readily available source of organic C into

the mineral soil would result in a detectable short-term
increase in F.. One implication is that more of the material
incorporated may remain in the soil than previously believed
potentially leading to increased soil C. Caution is needed
when interpreting these results as no estimate of C loss
through leaching has been measured on these plots to date.
The addition of LR tended to increase R, but overall the
effect was not statistically significant (P > 0.1). Additionally,
fertilization with N and P did not result in a consistent

effect on F . Work by others suggests that an increase in

root respiration accompanied by a decrease in microbial
respiration may offset each other resulted in no net difference
in Fg (Gough and Seiler 2004, Tyree 2005). We did find a
tendency for decreased R, in plots that received fertilizer
which has been shown by others in young loblolly pine
plantations (Tyree 2005). This finding was significant on three
separate sampling dates, but when all the data were analyzed
together the effect was not statistically significant (P > 0.1).

Variety 32 had consistently (P = 0.1) greater F rates than
Variety 93 throughout the entire 2006 growing season (fig.
3a). What makes this finding remarkable is that this effect
was detectable before full occupation of the site by the trees,
which implies planting varieties which differ in their allocation
patterns may have substantial short-term and possible long-
term impacts on NEP. The observed increase in F, may be a
function of increased below-ground C allocation (root mass,
exudates) in Variety 32 relative to Variety 93. Support comes
from greater R, (P = 0.04) in Variety 32 plots relative to
Variety 93 which may be a result of increased exudates (fig.
3b). Further, preliminary findings from a project collaborator
using mini-rhizotrons found greater fine-root length in
Variety 32 plots (Seth Pritchard, Dept. of Biology, College of
Charleston, personal communication), which could impact
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both increased root exudation and increased root respiration
both which would lead to increased F.

CONCLUSION

We monitored a number of C fluxes associated to NEP to
determine the impacts site C and nutrient manipulations

in a young varietal loblolly pine stand over the second
growing season. Early results showed LR and fertilization
treatments had dramatic effects on above ground C capture
as measured by stem volume. Logging residue decreased
above ground stem volume by 17 percent by the end of the
second growing season, which was presumably due to N
immobilization, but the negative effects of LR were much less
apparent in plots planted with Variety 93 relative to Variety
32. N and P fertilization alone increased stem volume by 40
percent, which could be a function of observed increases in
P, increased C allocation to above ground organs, or both.
Notably, N and P fertilization was unable to compensate

for the reduction in stem volume when LR was present.

In contrast to our hypothesis, the incorporation of LR did
not result in increased C loss from the soil as measured

by Fg implying that more C remained in the soil. We found
consistent differences in Fg between varieties. Variety 93
had significantly lower F rates than Variety 32, which was
surprising at such a young age. This was further supported
by a significant decrease in R, observed in the Variety 93
plots. These early results indicate that LR incorporation along
with careful selection of appropriate planting stock may be a
viable method for increasing site C.
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FAMILY BY ENVIRONMENT INTERACTIONS FOR LOBLOLLY AND SLASH
PINE PLANTATIONS IN THE SOUTHEASTERN UNITED STATES

Brian E. Roth, Eric J. Jokela, Timothy A. Martin, Dudley A. Huber, and Timothy L. White!

Abstract—Few studies have quantified the combined effects of silvicultural treatments and genetic improvement on unit area
production of full-sib family blocks of loblolly and slash pine. We examined genotype (family) by environmental interactions

(G x E) through age five years using a factorial experiment consisting of silvicultural treatment intensity, planting density and
full-sib families Five years after planting, both loblolly and slash pine demonstrated significant interactions among several
factors: G by site (p < 0.028 and p < 0.016 respectively) and G by silvicultural treatment intensity (p < 0.055 and p < 0.059

for basal area and standing stem volume). G by silvicultural treatment interactions were positive, large and of the scale-type
effe. . Changes in slash pine family rankings between sites were partly explained by a combination of fusiform rust infection
[Cronartium quercum (Berk.) Miyabe ex Shirai f. sp. fusiforme] and wind damage from the 2004 hurricane season.

INTRODUCTION

Considerable gains in the productivity of loblolly (Pinus
taeda L.) and slash pine (Pinus elliottii Englm. Var. elliottii)
plantations in the Southeastern United States have been
achieved over the past 30 years. When a combination of elite
genetic materials are combined with site-specific silvicultural
treatments, mean annual increments of up to 20 m%a/

per year have been documented (Allen and others 2005).
However, as resource managers begin to deploy selected
full-sib families or clones (Bridgwater and others 2005), there
is a greater likelihood that genotype by environmental (G

x E) interactions will occur, especially under conditions of
increased silvicultural intensity (McKeand and others 2006).

Research studies aimed at quantifying the combined
effects of silvicultural treatments and genetic improvement
on unit-area production in loblolly and slash pine are rare.
Earlier studies indicate that G x E would not be of major
consequence for the majority of genotypes being deployed
under traditional silvicultural systems (McKeand and others
2006) and tree improvement programs have historically
assessed G x E interactions for determining the need for site
specific breeding efforts (McKeand and others 1997). While
few studies have documented G x E interactions among
silvicultural treatments, available evidence suggests that
when G x E does occur in these situations, it is caused by
relatively few genotypes in the population that were highly
sensitive to environmental variation (Zas and others 2004).
It appears that G x E may become significant only under
extremes in seed source movement and/or site productivity
and that relatively few genotypes from the population
contribute to this response

The overall objectives of this study were to investigate

and quantify the magnitude and nature of G x E in full-sib
families of loblolly and slash pine. This was accomplished
using a series of replicated factorial experiments and family
block plantings established in FL and GA that manipulated
gradients in planting density, understory competition, and soil
nutrient availability.

METHODS

Study Description

In January of 2000, the Forest Biology Research Cooperative
(http://fbrc.ifas.ufl.edu), located at the University of Florida,
established a series of installations in southeast GA and
northeast FL that were designed to examine interactions

of full-sib loblolly and slash pine families with several
environmental factors, including study location, nutrient
manipulation treatments, and planting density (Roth and
others 2002). The topography is nearly flat, with less than a 1
percent slope. Soil series for the four sites were: Sanderson,
FL - Leon (sandy, siliceous, thermic Aeric Alaquods); Waverly,
GA - Bladen (mixed, semiactive, thermic Typic Albaquults);
Perry, FL - Leon (sandy, siliceous, thermic Aeric Alaquods);
Waldo, FL - Newnan (sandy, siliceous, hyperthermic Ultic
Haplohumods). All study sites share a subtropical and humid
climate with long hot wet summers and mild dry winters and
long-term (1931-2000) precipitation has averaged 1384 mm/
year (NOAA, 2002).

Experimental Design

The PPINES series is composed of two installations each

of loblolly pine and slash pine. Within each installation, the
experimental design is a 2 by 2 by 7 (silviculture by planting
density by genetic entry) factorial, which is planted in a
randomized complete block, split-plot design. Each site has
four complete blocks consisting of four silviculture-density
whole plots. Silvicultural and planting density treatments are
at the whole-plot level and genetic entries are at the sub-plot
level

Treatment Descriptions

Each installation was double bedded at 2.75 m spacing and
treated in the late summer/early fall of 1999 with pre-plant
herbicides with the goal of removing all woody competition
and reducing initial levels of herbaceous vegetation.
Following planting, competing vegetation was controlled

for two years using directed herbicide applications. The
intensive plots were fertilized with 660 kg/ha of 10-10-10 plus
micronutrients at the time of planting, which was followed by

"Program Manager, Forest Biology Research Cooperative, School of Forest Resources and Conservation, University of Florida, Gainesville, FL;
Professor of Silviculture, Forest Nutrition; Associate Professor of Tree Physiology; Associate in Quantitative Genetics; and Professor of Forest

Genetics, respectively.

Citation for proceedings: Stanturf, John A., ed. 2010. Proceedings of the 14th biennial southern silvicultural research conference. Gen. Tech. Rep.
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annual applications of macro- and micronutrient fertilizers.
Contrasting planting densities of 1 334 trees/ha and 2 990
trees/ha were created by varying the spacing within beds.
Genetic were represented by first generation full-sib genetic
entries: 1) elite families for growth, and 2) a poor grower.

Inventory, Yield and Biomass Estimates

Diameter at breast height (d.b.h.) was measured at age five
on all measurement trees. In addition, total height (HT) was
measured on a 20 percent sub-sample with the remaining
heights predicted from measured d.b.h., using site and
treatment specific relationships. Abiotic and biotic tree
damage was assessed at the time of measurement. Basal
area (BA) was calculated on a per family-plot basis (m?ha)
which accounts for variation due to mortality. Individual tree
stem volume was calculated as the sum of the volume of a
cylinder from the base of the tree to 1.37 m in height and the
volume of a cone from 1.37 m to the top of the tree. Individual
surviving trees per plot were summed and scaled to yield
total standing stem volume (VOL; m%ha). Aboveground
biomass (AGB) equations were developed using a dataset
consisting of treatment specific data from this experiment
along with supplemental data from several previous regional
studies of similar age and treatment history.

Analysis

All analyses were performed using PROC MIXED (Littel and
others 1996) in SAS. To test for differences in stand-level
attributes among treatments, separate analyses of variance
(ANQVA) were performed for loblolly and slash pine using a
mixed linear model for data pooled across two sites within
each species (equation 1):

|J+S+b(s) +C, +D,+CD,+
+CF +DF +CDF +SC

+SD +CD +SF +SCF

+ SDF + SCDF m ¥ b(s)C
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b(s)CF,,,, + b(s)DF,./.,m +b(s)

CDFIkIm + b(s)S + b(s)SC,, +

b(s)SD +b(s)CD_, + b(s)SF +

b(s)SCF +b s)éDF +w

ijlm ijklmn

ukhnn

whereY, is the response variable (BA, VOL, or AGB) of
the nth plot of the mth family of the /th planting density of the
kth silvicultural intensity of the jth block of the jth site (i = 1,2;
i=12,...,4k=12;1=1,2,m=1,2,..., 6 for slash and 7 for
loblolly pine; and n = 1); p is the overall mean; S, is the fixed
effect of the ith site; b(s), is the random interaction effect of
the jth block within the ith site; C, is the fixed effect of the kth
silvicultural intensity; D, is the fixed effect of the /th planting
density F_ is the fixed effect of the mth family and w,, is
the random error. Blocks were nested within sites, while the
factors of silviculture (C), planting density (D), and genotype
(F) were crossed. All terms containing b(s),,/, were considered
to be random effects in the model and were pooled as
appropriate for each variable tested using the procedure
described by Bancroft and Han (1983). Where multiple non-
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planned comparisons were made, a Bonferroni’s adjusted
significance level was used.

RESULTS

Strong and significant G x E in BA, VOL, and AGB were
apparent in this experiment for both species. The strength

of the experimental design enabled the detection of two
types of unit-area production interactions: genotype by site
and genotype by silviculture (tables 1 and 2.). There were

no significant three-way interactions involving genotype, site
and silviculture. Despite the high statistical power to detect
interactions, there was no evidence through age five years for
genotype by density interactions of any kind.

Genotype by Site Interactions

At age five there were significant interactions for BA, VOL,
and AGB (p = 0.0271, p = 0.0224, p = 0.0388) (table 1). For
slash pine, G x E between sites was more significant than
those for loblolly by age five (p = 0.0127, p = 0.0157, p =
0.0158) (table 2). The varying performance of families across
sites was largely due to scale effects, with certain families
performing better or worse than their peers when grown
together on contrasting sites (fig. 1).

Genotype by Silviculture Interactions

G x E as influenced by silviculture was significant in loblolly
pine for VOL (p = 0.0019) (table 1). The significance of the
interaction for loblolly pine in BA (p = 0.0541) and AGB (p

= 0.0502) at age five was not as strong as for volume. In
contrast, elite families of slash pine were not as responsive
to silviculture as loblolly pine and, similarly the performance
among slash pine families was more stable when grown
under contrasting silvicultural regimes. In slash pine, G x E
(as driven by silviculture) was not significant until age five
and then only for VOL (p = 0.0126); BA was weakly significant
at p = 0.0589 (table 2).

As with genotype by site interactions, the instability of family
performance across contrasting silvicultural treatments was
mainly the result of scale effects, where certain families either
outperformed or underperformed their peers with increasing
intensity of silvicultural treatment. Examination of least
squares means for VOL at age five showed that loblolly family
L4 was most responsive to increasing silvicultural intensity
(75 percent increase), while family L5 was one of the least
responsive families (55 percent increase) (fig. 2a). Family L5
also exhibited the least difference in volume growth across
contrasting sites (13 percent difference). All other families
were intermediate in their response. For slash pine, families
S2 and S6 were the most responsive in VOL at age five to
increasing intensity of silvicultural treatment intensity (63
percent increase), with all other families exhibiting a lower
response (combined 55 percent increase) (fig. 2b).

Effects of Disease and Hurricanes

Plot level, incidence of fusiform rust and wind damage at
age five was examined in an attempt to partially explain
genotype by site interactions. Despite the fact that all families
in the study were selected to have some level of fusiform



Table 1—Summary of statistical significance (prob. >F) and associated degrees of freedom from ANOVA

to test loblolly pine basal area, stem volume, and aboveground biomass at age 5 years

Source of Basal area’ Stem volume* Aboveground biomass®
variation Num.  Den. Num. Den. Num.  Den.
df df p-value df df p-value df df p-value

Age 5
Culture (C) 1 6 <0.0001 1 6 <0.0001 1 6 <0.0001
Density (D) 1 6 <0.0001 1 6 <0.0001 1 6 <0.0001
CxD 1 6 0.0014 1 6 0.0011 1 142 <0.0001
Family (F) 6 136 <0.0001 6 136  <0.0001 6 142 <0.0001
CxF 6 136 0.0541 6 136 0.0019 6 142 0.0502
DxF 6 136 0.1022 6 136 0.1149 6 142 0.4576
CxDxF 6 136 0.8249 6 136 0.6683 6 142 0.5154
Site (S) 1 6 0.0021 1 6 0.0028 1 6 0.0032
SxC 1 6 0.0056 1 6 0.0038 1 6 0.0005
SxD 1 6 0.1092 1 6 0.1314 1 6 0.0708
SxCxD 1 6 0.4445 1 6 0.2368 1 142 0.0007
SxF 6 136 0.0271 6 136 0.0224 6 142 0.0388
SxCxF 6 136 0.3847 6 136 0.2075 6 142 0.5364
SxDxF 5 136 0.4779 5 136 0.5922 5 142 0.4878
SxCxDxF 5 136 0.6594 5 136 0.5897 5 142 0.4361

Note: " Different models were constructed for each variable within each age with varying random effects in the variance terms;
hence the need for different numerator and denominator degrees of freedom in the mixed model. ' Basal area is expressed in
m*ha”. * Stem volume is expressed in m*ha™ and is calculated as the sum of per tree measurements of the volume of a
cylinder to 1.37 m and the volume of a cone from 1.37 m to the top if the tree. ¥ Aboveground biomass is expressed in Mg-ha’
', P-values significant at the 95% level of confidence are shown in bold type.

Table 2—Summary of statistical significance (prob. >F) and associated degrees of freedom from ANOVA
to test slash pine basal area, stem volume and aboveground biomass at age 5 years *

Source of Basal area’ Stem volume* Aboveground biomass®
Variation Num.  Den. Num.  Den. Num. Den.
df df p-value df df p-value df df p-value

Age 5
Culture (C) 1 6 <0.0001 1 6 <0.0001 1 6 <0.0001
Density (D) 1 12 <0.0001 1 12 <0.0001 1 12 <0.0001
CxD 1 12 0.0007 1 12 0.0002 1 12 0.0037
Family (F) 5 116  <0.0001 5 116  <0.0001 5 116  <0.0001
CxF 5 116 0.0589 5 116 0.0126 5 116 0.4432
DxF 5 116 0.2837 5 116 0.1763 5 116 0.1259
CxDxF 5 116 0.4665 5 116 0.5684 5 116 0.7740
Site (S) 1 6 0.0024 1 6 0.0037 1 6 0.0937
SxC 1 6 0.1441 1 6 0.1880 1 6 0.1037
SxD 1 12 0.0439 1 12 0.0197 1 12 0.0369
SxCxD 1 12 0.2945 1 12 0.2869 1 12 0.3651
SxF 5 116 0.0127 5 116 0.0157 5 116 0.0158
SxCxF 5 116 0.0510 5 116 0.0790 5 116 0.2363
SxDxF 5 116 0.7333 5 116 0.5427 5 116 0.4500
SxCxDxF 5 116 0.9229 5 116 0.8777 5 116 0.9953

Note: * Different models were constructed for each variable within each age with varying random effects in the variance terms;
hence the need for different numerator and denominator degrees of freedom in the mixed model. 1 Basal area is expressed in
m2-ha-1. F Stem volume is expressed in m3-ha-1 and is calculated as the sum of per tree measurements of the volume of a
cylinder to 1.37 m and the volume of a cone from 1.37 m to the top if the tree. § Aboveground biomass is expressed in
Mg-ha-1. P-values significant at the 95% level of confidence are shown in bold type.



rust resistance, there were significant rank changes among
slash pine families in fusiform occurrence between sites at
age five (p = 0.0189). Similar results have been previously
documented in slash pine (Schmidt and Allen 1998). Of the
six slash pine families in the experiment, three (S4, S5, and
S6) demonstrated a GxE in fusiform rust incidence, with the
Waldo, FL location having the highest incidence (fig. 3a). The
other three families had a similar but low overall incidence of
fusiform rust between sites. Loblolly pine families generally
had low incidence of fusiform rust and no significant
interactions were found.

In the summer of 2004, two hurricanes, Frances and Jeanne,
passed in close proximity to the Waldo, FL site. Damage
from these storms was minimal at the Perry, FL site and
barely evident at either of the two loblolly sites. There was

significant G x E for wind damage in slash pine between sites
(p < 0.0001) (fig. 3b). Trees at the two slash pine sites may
have toppled due to indirect effects of weak root systems,
combined with a relatively large leaf area, or stems may have
broken due to fusiform rust galls located on tree stems.

DISCUSSION

This experiment provided the opportunity to quantify the
combined effects of silvicultural treatments and genetic
improvement on unit-area production in full-sib loblolly

and slash pine families. The G x E observed in this study
occurred at the two-way level: genotype by site and
genotype by silviculture. Genotype by density interactions
were not significant. The variety of interactions evident in
this study was not surprising given the range of contrasting
elite genotypes, silvicultural treatments and study sites
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Figure 1—Standing crop biomass (metric tons per hectare) at age five demonstrating a genotype
x location interaction for (a) loblolly pine (p=0.0388) and (b) slash pine (p=0.0158). Data points
within sites with the same letter are not significantly different at the 90% level of confidence using

Bonferroni's Least Significant Difference (LSD).
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(a) Loblolly pine
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Figure 2—Standing volume (m3-ha-1) at age five demonstrating a genotype x silviculture interaction for (a)
loblolly pine (p=0.0019) and (b) slash pine (p=0.0126). Data points within species and cultures having the
same letter are not significantly different at the 90% level of confidence using Bonferroni's Least Significant

Difference (LSD).

established. When combined with the high statistical power
associated with a complex experimental design, we had the
ability to detect significant differences in the responses of
the elite genotypes across soils, climates and silvicultural
treatments that had not previously been observed for
plantations of loblolly and slash pine.

Genotype by Silviculture

McKeand and others (2006) suggest that GxE issues

in Southern forestry will not become important unless
silviculture or propagule type changes significantly

from those currently in use. Therefore, it was somewhat
surprising that the genotype by site interactions were more
significant and consistent than the genotype by silviculture
interactions, especially given the extremes in silvicultural
intensity. However, the magnitude of increase in
productivity with increasing silviculture likely overpowered

the statistical significance of this interaction as certain
families tended to show greater response than others. One
example was loblolly family L4 which is widely deployed
in the Southeastern United States and its plasticity

with regard to intensive management demonstrates
responsiveness considerably greater than its peers. While
not of the same magnitude, the same is true for select
families of slash pine in this experiment (S2 and S6). This
effect of similar relative differences in yield, yet larger
absolute differences with increasing silvicultural intensity
have been previously demonstrated in loblolly pine
(McKeand and others 1997a). It follows that this variation
in GXE between sites and silvicultural treatments could
potentially be exploited if the relatively few ‘responding’
genotypes are identified and deployed on the proper sites
in combination with site-specific silvicultural treatments.
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Genotype by Site

The strongly significant genotype by site interaction, even
after accounting for the extremes in silvicultural treatments,
is an indication that variation in soils, climate, edaphic
variables, and pests (even across relatively short distances)
are important regardless of the level of silvicultural intensity.
Soil conditions, such as the ability to supply moisture and
nutrients, may be partly responsible for the GXE observed in
this experiment, as has been suggested by other researchers
(Fox 2000). Certain soils with high clay content, such as

the Ultisols at Waverly, GA, have a relatively high water
holding capacity and when combined with favorable nutrient
availability, could potentially supply water and nutrients for

a longer duration than the sandy Spodosols at Sanderson,
FL. Growth response to nutrition has been shown to vary

by family, especially for loblolly pine (Li and others1991,
Samuelson 2000). There is also evidence that carbon
allocation to above- and belowground tissues is sensitive to
soil fertility and varies with provenance and family (Crawford
and others 1991, Wu and others 2004). For example,
Samuelson (2000) found variation among loblolly pine
families in fine root production under low N treatments, but
not under high N levels. Examination of foliar nutrition at age
five on the current experiment was not able to explain the G x
E observed in production at age five (unpublished data).

Genetic variability within a population allows for the potential
to buffer against the effects of disease and weather, and is an
important aspect of family stability, particularly where there
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Figure 3—(a) Percent incidence of fusiform rust per plot at age five demonstrating

a genotype x location interaction for slash pine (p=0.0189). Trees were considered
infected if galls were noted on the branches or the main stem. (b) Percent incidence of
wind damage per plot at age five, also demonstrating a significant genotype x location
interaction for slash pine (p<0.0001). Trees were considered to be impacted by wind

if they were leaning by more than 22 degrees from vertical or had a broken top. Data
points within sites with the same letter are not significantly different at the 90% level of
confidence using Bonferroni's Least Significant Difference (LSD).
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are extremes in localized climatic conditions and/or pathogen
populations. In the current study, through examination of
damage codes made at the time of inventory, we were able
to partially explain the G x E across sites for slash pine but
not for loblolly pine. This does not totally explain the G x E
in production as only two of the three families responsible
for the G x E in rust occurrence (S4 and S6) corresponded
to the GXE between sites in AGB at age five. In other
words, two of the three families with a proportionally greater
occurrence of rust at Waldo, FL also exhibited a lower than
expected amount of AGB at age five at that same site. It is
somewhat surprising that fusiform rust incidence did not
explain the genotype x site interactions in loblolly pine given
that the performance of resistant families of this species are
the most unpredictable across sites (McKeand and others
2003).

Since all test sites were located within USDA Plant Hardiness
Zone 8b, adaptation problems across sites should not be
expected in this experiment (Schmidtling 2001, Lambeth

and others 2005). One anomaly is the single slash pine
family (S5), which had a greater incidence of fusiform

rust occurrence at Waldo, FL (fig. 3a), yet similar biomass
production when compared across locations (fig. 1b). The
explanation for this anomaly may lie with its relative stability
to the severe winds of 2004 (fig. 3b). In contrast, family S6
had the highest incidence of weather damage at the Waldo,
FL site (42.4 percent), in combination with a fairly high
occurrence of fusiform rust (30.1 percent). While there were
large-scale effects of wind damage, there were no changes
in rank among the slash pine families (fig. 3b). Occurrence of
pitch canker, insect damage, and forking was examined, but
did not explain the G x E observed in this study.

CONCLUSIONS

The significant genotype by location interactions as
demonstrated in this study with limited genotypes and
locations serves to emphasize the importance of carefully
considering deployment and management of elite genotypes
in the future. It follows that the best genotypes should

be identified and deployed on the most suitable sites in
combination with site- and genotype-specific silvicultural
treatments. However, genotype deployment and silvicultural
treatment decisions must also take into account localized
pest and climactic conditions which may unexpectedly alter
genotype performance.
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PINESTRAW RAKING, FERTILIZATION AND POULTRY LITTER AMENDMENT
EFFECTS ON SOIL PHYSICAL PROPERTIES FOR A MID-ROTATION
LOBLOLLY PINE PLANTATION

William B. Patterson, Michael A. Blazier, and Steven L. Hotard'

Abstract—Frequent pinestraw raking and removal in pine plantations has led to concerns about nutrient removal from the
stand. While soil chemistry of raked stands has been studied, little attention has been placed on potential compaction from
raking operations. Four treatments were applied to a 16-year-old loblolly pine plantation at the Louisiana State University
AgCenter Calhoun Research Station in Calhoun, LA: 1) No Rake and No Fertilizer, 2) Rake and No Fertilizer, 3) Rake

and Commercial Fertilizer, and 4) Rake and Poultry Litter. Surface soil cores were sampled to assess treatment effects on
soil bulk density, total porosity, moisture content, air-filled porosity, organic matter, and available water holding capacity.
Raking significantly compacted the surface soil. Poultry litter significantly increased the soil moisture content over that of
the commercially fertilized treatment. The unraked and unfertilized treatment and the commercially fertilized treatment had
significantly greater air-filled porosity compared to the other two treatments. Raking with commercial fertilizer significantly
reduced soil organic matter content from that of the control, but only from 0 to 2 inches depth. Trafficking effects from raking

and fertilization operations are likely responsible for compaction effects on surface soils.

INTRODUCTION

Some forest landowners bolster forest products revenues

of Southern pine plantations with occasional pinestraw
raking. Fertilization of frequently raked stands has been
recommended due to concerns about nutrient removals

and alterations to soil chemistry. Fertilizing annually raked
stands has been shown to maintain (Haywood and others
1995) or increase longleaf pine (Pinus palustris Mill.)
pinestraw production (Dickens and others 1999) over that of
unfertilized raked stands, presumably due to maintaining soil
nutrition. However, little attention has been paid to potential
compaction from raking and other non-harvesting operations.

Pinestraw has several possible impacts on soil physical
properties, including increased water infiltration, reduced
runoff and erosion, insulation of temperature and moisture
regimes, increased available water-holding capacity,

reduced evaporation, and decreased compaction (Duryea
2003, Taylor and Foster 2004). In a 16-year-old AR loblolly
pine plantation, Pote and others (2004) found that annual
pinestraw raking decreased infiltration rates, increased runoff,
and increased erosion relative to less frequent raking. Within
two weeks of complete litter removal in a longleaf pine stand,
trees had lower xylem pressure potential and the soils had
less moisture content than the unraked control (Ginter and
others 1979). Longleaf pine growth was reduced in their
study as well, and McLeod and others (1979) attributed the
growth reduction to a disruption in the hydrologic cycle, rather
than nutrient removals.

Poultry litter is generated in large quantities in many locations
within the South, and it is being explored as a source for
forest fertilization. There is concern that application of poultry
litter will adversely impact water quality (Friend and others
2006). Not much information is available in the literature
concerning poultry litter effects on soil physical properties
(Brye and others 2004) or possible amelioration of raked
soils by organic inputs such as poultry litter.

The objective of this study was to examine the effects

of pinestraw raking and fertilizer source on soil physical
properties of soil strength, bulk density, porosity, aeration,
soil moisture content, organic matter, and available water
holding capacity.

METHODS

The study was conducted in Calhoun, LA within a 16-year-
old loblolly pine (Pinus taeda L.) plantation on the Calhoun
Research Station of the Louisiana State University
Agricultural Center. The trees were planted on a 16 by 6 feet
spacing. The experimental design is randomized complete
block design, with two blocks (soil type), each having eight
0.2-acre plots. Four treatments were imposed on four plots
each: control (no raking and no fertilization), raking with no
fertilization, raking with commercial fertilization (urea and
diammonium phosphate), and raking with poultry litter as
fertilizer.

The soils of the study area are the Ora and Savannah
series, both fine-loamy, siliceous, thermic Typic Fragiudults
(Matthews and others 1974). The study area was pasture
(cattle paddocks) until 1990, when it was machine planted
with loblolly pine, with no site preparation. The site was
thinned in 2000 to a density of 250 trees per acre. Starting
in fall 2000, the plantation was raked each fall using a tractor
and mechanical raker and baler. Diammonium phosphate
and urea (172 Ibs per acre nitrogen, 115 Ibs per acre
phosphorus were applied in spring 2003, spring 2004, and
fall 2005. Poultry litter was applied at those same times, at
the same rates of nitrogen and phosphorus). Fertilizers were
applied with a litter spreader.

Six surface (0-4 inches) soil cores were randomly sampled
using the impact coring method (Blake and Hartge 1986)
in April 2006 in each of the 0.2-acre plots. From these
cores, the following were analyzed: bulk density, porosity,
soil moisture content, and air-filled porosity. Six four-inch
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deep cores were randomly sampled within each plot in
January 2007, using a soil probe. Each core was divided
into 0-2 inch and 2-4 inch depths, which were analyzed for
organic matter using the loss on ignition method (Nelson
and Sommers 1996). Soil from additional randomly sampled
0-4-inch probe cores (six per plot) was composited by plot
for construction of soil moisture retention curves, using the
WP4 dewpoint potentiometer (Decagon Devices, Pullman,
WA). Available water holding capacity was predicted from
those curves. Soil strength was measured from April

28 to May 1, 2006, using the Field Scout SC 900 Soil
Compaction Meter penetrometer (Spectrum Technologies,
Inc., Plainfield, IL), with a mean of 18 randomly located
profiles down to 12-inches depth within each plot. SAS
(SAS Institute, Inc. 2006) was used to conduct analyses

of variance of soil physical properties among the four
treatments at a significance level of P < 0.05, using the
protected Fisher’s LSD procedure for mean comparison.

RESULTS

Mean surface bulk density for all treatments was compacted
(greater than 1.65 g/cm?), but the unraked and unfertilized
control treatment had significantly lower bulk density as
compared with that of the three raked treatments (table

1). Consequently, the control treatment had significantly
higher total porosity compared with that of the three raked
treatments. The raked and commercially fertilized treatment
contained the lowest soil moisture content. The control and
raked + commercial fertilizer treatments had significantly
more mean air-filled porosity than that of the raked without
fertilization and raked with poultry litter treatments.

The raked with poultry litter treatment had the lowest

mean soil strength at 0-2 inches depth, and the raked with
commercial fertilizer treatment had the highest mean soil
strength (table 2). At 2-4 inches depth, soil strength was
lowest in the control and raked with poultry litter treatments,
and again highest in the raked with commercial fertilizer
treatment, although not significantly different (P = 0.1292).
The unraked and unfertilized control had significantly
higher organic matter content relative to that of the raked +
commercial fertilizer treatment, but at the 0-2 inches depth
only. The unraked and unfertilized control contained the
highest mean available water holding capacity, although not
significantly different from the raked treatments (P = 0.0561).

DISCUSSION

Haywood and others (1995) found that winter and summer
burning and annual harvesting of longleaf pinestraw on a
Rapides Parish LA sandy loam soil (fine-loamy, siliceous,
thermic Typic Paleudults) significantly increased bulk
density over that of the unraked and unburned control, but
fertilization did not. In a continuation of that study, Haywood
and others (1998) found recovery of bulk density four years
after halting annual pinestraw harvesting. On a Leadvale
soil (fine-silty, siliceous, thermic Typic Fragiudults) in

Logan County, AR, Pote and others (2004) investigated soil
processes and water quality changes after annual raking of
pinestraw from a 16-year-old loblolly pine plantation. Annual
raking decreased infiltration, and increased runoff and
erosion versus that of less frequently raked plots. However,
where pinestraw had accumulated for at least two years,
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infiltration and erosion rates and runoff volume were similar
to that of the control. Pote and others (2004) noted that after
three years, pinestraw becomes matted by fungal growth.
Raking less frequently (than annually) left significant amounts
of partially decayed residue on the surface immediately after
raking. The compaction and reduction in porosity observed

in our study (table 1) resulting from annual pinestraw raking
would undoubtedly influence infiltration and runoff, as was
found in AR by Pote and others (2004). Similar to our finding
of no significant change in organic matter (at 2-4 inches) from
raking, commercial fertilizer, and poultry litter treatments,
Ross and others (1995) found no effect from raking pinestraw
or prescribed burning on surface soils under loblolly or
longleaf pine plantations.

In the Delta region of eastern AR, Brye and others (2004)
investigated effects of poultry litter form and rate on bulk
density and soil water content for two silt loam soils and one
silty clay soil. Only one of the silt loam soils experienced a
bulk density decrease in the upper four inches as litter rate
increased. None of the three soils’ volumetric water content
was increased by increasing poultry litter rates. Nonetheless,
the authors concluded that poultry litter has positive short-
term effects on soil physical properties, and that the water
content may be more sensitive for coarser-textured soils.
Five years after application of sewage-sludge compost with
beef manure on a sandy MD upland Coastal Plain soil, soil
strength and bulk density were significantly reduced, and soil
water content was increased as compared with that of the
control (Tester 1990). For our study, poultry litter application
significantly increased volumetric soil water content over
that of raking with commercial fertilization (table 2). Poultry
litter application also greatly reduced soil strength in the
upper four inches, as compared with the other two raking
treatments (table 2).

The main effects of raking pinestraw at the Calhoun
Research Station on soil physical properties were increased
bulk density and decreased porosity. The raked treatment
with commercial fertilization had the lowest soil moisture
content. Poultry litter application on raked soils increased
the organic matter relative to the other two treatments that
included raking, but not significantly. Although poultry litter
addition reduced soil strength, it also had significantly
lower air-filled porosity than the control and raking with
commercial fertilizer. Poultry litter ameliorated some soil
physical properties resulting from raking pinestraw, but not
significantly. These effects on the soil physical properties
are important factors when considering their impacts on
soil microbial biomass and activity. The soil’s capacity to
provide favorable conditions, particularly adequate soil
oxygen and moisture, for biological activity are fundamental
to sustaining forest productivity. It remains to be seen what
effects continued annual pinestraw raking and fertilization will
have on surface soils, and for how long. Ongoing research
on the relationship between observed soil physical effects
as well as chemical effects from pinestraw removal and
chemical amendments on microbial processes will increase



Table 1—Means of surface (0-4 in. core) soil physical properties for four
treatments applied to a mid-rotation loblolly pine plantation at Calhoun,
LA. Means with the same letter within a column are not significantly

different at ¢=0.05

Bulk Air-filled
Treatment Density Porosity Moisture  Porosity
volume  volume volume
g/cm?® % % %
Control (No Rake, No Fertilize) 1.67b 36.9a 27.0 ab 99a
Rake, No Fertilize 18la 31.8b 26.8 ab 50b
Rake, Commercial Fertilize 1.76 a 33.4b 248b 8.6a
Rake, Poultry Litter 1.78 a 32.8b 28.1a 48b

Table 2—Means of surface soil properties for four treatments applied
to a mid-rotation loblolly pine plantation at Calhoun, LA. Means with
the same letter within a column are not significantly different at 0=0.05

Available
Water
Holding
Treatment Soil Strength Organic Matter Capacity
psi % %
(0-2in.) (2-4in.) (0-2in.) (2-4in.) (0-4in.)
Control (No Rake,
No Fertilize) 180.6 b 341.7a 2.78a 23la 4265a
Rake, No Fertilize 334.5a 506.9a 2.58ab 20la 36.65a
Rake, Commercial
Fertilize 355.8a 5223a 225b 190a 35.35a
Rake, Poultry
Litter 144.0b 358.2a 2.58ab 219a 3840a
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our understanding of the ecological sustainability of these
practices.
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INITIAL RESPONSE OF LOBLOLLY PINE AND COMPETITION TO MID ROTATION
FERTILIZATION AND HERBICIDE APPLICATION IN THE GULF COASTAL PLAIN

Hal O. Liechty and Conner Fristoe'

Abstract—Application of N and P to mid-rotation loblolly pines (Pinus taeda L.) stands is a common silvicultural practice used
to increase crop tree production in the Gulf Coastal Plain. Mid-rotation applications of herbicides or combined applications of
herbicide and fertilizer are a less common practice. We applied herbicide (1.17 | imazapyr and 0.23 | surfactant/ha) and fertilizer
(409 kg-urea and 196 kg-diammonium phosphate/ha) to four mid-rotation stands (17- to 22-years-old) in southern AR and
northern LA to evaluate the response of pine and woody competition to each of these treatments as well as a combination

of these two treatments. Three years after initial herbicide application 50 to 83 percent of the initial woody competition had
died. Mortality of the woody competition from the herbicide application was significantly greater with the addition of fertilizer
than without. Net pine basal area and merchantable volume growth was increased. Net basal area growth 2 to 3 years after
initial treatment application was 10 to15 percent greater with fertilization than without. Net volume growth was greatest with the

combined herbicide and fertilization treatment.

INTRODUCTION

Nitrogen and phosphorus are the most limiting nutrients for
loblolly pine growth in the Southern United States (Schultz
1997). Growth of loblolly pine can be significantly enhanced
by applications of these nutrients during several stages of
stand development. In the Gulf Coastal Plain, Sword-Sayer
and others (2004) found that fertilization at ages of 11 and

17 increased biomass production of a loblolly pine stand

by 43 to 48 percent. Other studies in this region have found
significant but smaller volume or diameter growth responses
to fertilization (Haywood and Tiarks 1990, Williams and
Farrish 2000, Bataineh and others 2006 ). Weed control
(woody and herbaceous) following stand establishment can
also increase crop tree growth. Continuous weed control
during the first 3 to 6 years following plantation establishment
has been found to cause greater volume growth responses
than fertilizer at these early stand ages (Borders and Baily
2001). Combinations of weed control with fertilization during
these early periods of stand development usually provide

the greatest pine growth responses (Borders and Baily 2001,
Borders and others 2004). However, weed control and/or
applications of herbicide in later stages of stand development
have not always been found to improve loblolly pine growth.
Williams and Farrish (2000) did not find a significant
response to herbicide application when applied in 25 to 26 or
30 to 32-year-old stands in Louisiana. Diameter and volume
growth was not significantly increased during the first four
years following herbicide application in an 18-year-old loblolly
pine plantation located in Texas (Bataineh and others 2006).
Although growth responses of mid-rotation stands in some
studies have been optimized by a combination of fertilization
and herbicide application (Albaugh and others 2003) most
studies in the Gulf Coastal Plain has shown no additive
effects from the combination of these treatments (Williams
and Farrish 2000, McInnis and others 2004, Bataineh

and others 2006). To better understand the impacts of
fertilization and herbicide application on loblolly pine growth
and productivity within the Upper Gulf Coastal Plain, we
established a study in four mid-rotation loblolly stands located
in AR and LA.

METHODS

Study Site

The stands are located in the Upper Gulf Coastal Plain of
AR and northern LA. Soils on the sites are either Paleudults
or Fraglossudalfs. Three of the stands were plantations and
were either planted to 1682 or 1793 trees/ha in 1985. The
other stand was a natural stand and regenerated by seed
tree regeneration. The seed trees at this site were removed in
1981. Each stand was thinned in either 2000 or 2001, one or
two years prior to study establishment.

Experimental Design and Treatment

Twelve plots (between 0.06 and 0.10 ha) plots were
established at each site (W. Crossett, S. Crossett, Marion,
and Crossroads) during 2001 or 2002. All trees or other
woody vegetation with a diameter at breat height (d.b.h.)
>2.54 cm were permanently tagged and given a unique
number. Herbicide (1.17 | imazapyr and 0.23 | surfactant/

ha in 140.3 I/ha of water) was aerially applied during the fall
following plot establishment to half the plots as well as a
50-m buffer around each plot. During January or February
following the first growing season after herbicide application,
409 kg/ha of urea and 196 kg/ha of diammonium phosphate
was applied to three plots and associated buffers that
received the herbicide treatment and three that did not
receive the herbicide treatment. Fertilizer was applied by
hand at each plot.

Measurements and Statistical Analysis

D.b.h. of each tree and heights of each pine tree (d.b.h. >2.54
cm) in a plot were recorded prior to or just after herbicide
application. D.b.h. of each tagged tree was measured
annually and total height of each tagged pine tree was
measured biennially there after. Mortality of the hardwoods
(woody competition) was assessed annually during the early
portion of the growing season. Ingrowth (d.b.h. > 2.54 cm) of
hardwood and other woody competition was assessed and
tagged biennially after initial plot establishment. Total pine
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outside bark volume and total merchantable outside bark
volume was computed biennially using volume equations by
Amateis and Burkhart (1987). Total merchantable volume
was calculated to a 7.62-cm top for trees with a d.b.h. greater
than or equal to 14.2 cm. The experimental design of the
study was a split plot with the herbicide treatment being

the whole plot. Analysis of variance was used to determine
differences between herbicide and fertilizer treatments. If
there was a significant interaction, Tukey’s mean separation
test was used to determine differences between herbicide,
treatment combinations. To evaluate differences in the
proportion of hardwood mortality between fertilized and
unfertilized herbicide treatment combinations, a Kolmogorov-
Smirov nonparametric test was used. All statistical tests were
perform using a = 0.05.

RESULTS AND DISCUSSION

Initial Stand Conditions

Initial pine and hardwood density varied considerably among
the four sites. Pine basal area was respectively 26.8, 16.5,
12.9 and 16.0 m?/ha at the W. Crossett, S. Crossett, Marion,
and Crossroads site. Hardwood basal area was the greatest
at the Crossroads site (3.2 m?/ha) and least at the South
Crossett site (0.7 m?ha). Pine density was between 488 to
1291 trees/ha while hardwood density was between 366 to
833 trees/ha.

Hardwood Mortality

By the end of the third growing season following herbicide
application, 50 to 80 percent of the hardwood basal area

in plots receiving the imazapyr treatments had died (fig. 1).
Only 2.4 percent of the hardwood basal area died in the plots
that did not received herbicide. The proportion of hardwoods
that died in a plot following the application of imazypyr was
negatively correlated with the basal area of pine within a plot
prior to imazypyr application. A simple regression equation
(1) fitted to the cumulative hardwood basal area mortality
during the first two years of the study indicated that the
predicted hardwood mortality would be between 31 to 58
percent over the range of initial plot pine basal areas (28.4

to 11.4 m#ha) observed in the study. These results suggest
that increased pine density increases non-target species
interception of herbicide and thus reduces the amount of
herbicide delivered to the hardwood foliage or soil which
results in reduced hardwood mortality. Increasing the amount
of water applied with the herbicide in stands with high pine
densities may increase the transport of the herbicide to the
hardwood competition thereby increasing hardwood mortality
to more acceptable levels.

PHBAM = -0.0136 + 0.7033 IPBA r’=0.173 (1)

where: PHBA = Proportion of hardwood basal area
mortality

IPBA = Initial pine basal area

Hardwood mortality was also impacted by fertilization. After
three growing seasons hardwood mortality in the herbicided
plots that were not fertilized averaged 1.20 but 1.42 m#ha on
plots receiving both herbicide and fertilizer. The proportion
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Figure 1—Basal area of hardwood and woody competition that
was alive and died by the end of the third growing season following
herbicide application at four sites in the Upper Gulf Coastal Plain.

of initial hardwood basal that died during the first three
years following herbicide application was consistently higher
with fertilization (75.1 percent) than without fertilization
(62.2 percent) for all sites (fig. 2). These differences were
significant. Increases of hardwood mortality with fertilization
are likely related to increased competitive ability of the pine.
Nutrient amendment increases leaf area index of pine,
which would likely reduce the amount of light and decrease
available water for understory hardwood competition.

Pine Growth

Herbicide application did not significantly increase basal
area growth of the pine during the first two years of the study
(table 1). Basal area growth was significantly increased by
the fertilization treatment. Although fertilizer was only applied
during the start of the second year of the study, average
annual basal area growth was 1.72 m?/ha per year in the
fertilized plots compared to 1.56 m?/ha per year in plots
without fertilization. This represented an overall 10 percent
increase in growth during the initial two years of the study.
Herbicide application appeared to decrease height growth
while fertilizer had no effect on height growth of the pine
during the first two years following study initiation. Average
annual height growth was respectively 0.55 m with and 0.79
m without herbicide application. Short term stunting of pine
height growth following application of imazypyr has also been
reported in other studies (Quicke and others 1996). Although
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Figure 2—Cumulative proportion of hardwoods and woody
competition that died by the end of the third growing season
following herbicide application by fertilization treatment at four sites
in the Upper Gulf Coastal Plain.



Table 1—Mean net annual pine growth (standard deviation) during the first two years of the study for each

treatment combination at four study sites

Net Annual Growth Control Herbicide Fertilizer Herbicide+Fertilizer
Basal Area (m%ha) 1.53(0.24) 1.60(0.39) 1.63(0.23) 1.81(0.24)
Height (m/ha per year) 0.78(0.34) 0.52(0.33) 0.80(0.27) 0.58(0.30)
Total Volume (m3ha per year) 18.0(3.5) 15.5(4.3) 18.5(2.6) 18.0(3.8)
Merchantable Volume (m%ha per year) 19.2(3.0) 16.6(4.1) 19.3(2.4) 19.5(2.8)

the reduction in height growth was approximately 30 percent,
differences were not significant. The lack of a statistically
significant difference in height growth compared to basal area
(d.b.h.) growth likely reflects the larger errors associated with
height measurement compared to d.b.h. measurement.

Net total volume growth was consistently less than
merchantable volume growth (table 1) due to the mortality
of unmerchantable pine trees and ingrowth of trees into

the merchantable size class. Trees that died were generally
suppressed and were of low vigor prior to treatment
applications. There was no significant response of net total
volume growth to either the fertilizer or herbicide application.
Annual total volume growth was very similar among the
control, fertilizer, and fertilizer + herbicide treatments. The
fertilization and herbicide interaction term was significant for
net annual merchantable volume growth. Multiple range tests
ranked merchantable volume growth in the following order:
herbicide < control = fertilizer < fertilizer + herbicide. The
poor growth of trees receiving herbicide in part was due to
the higher rates of mortality associated with this treatment.
Total merchantable volume mortality during the two year
period was respectively 0.00, 0.63, 0.00, and 0.18 m®¥ha for
the control, herbicide, fertilization, and fertilization + herbicide
treatments. Application of fertilizer appeared to mitigate the
initial impacts of the herbicide application on merchantable
volume growth but when applied without herbicide did not
appear to enhance growth. Thus the combined fertilizer and
herbicide treatment had the highest merchantable volume
growth rate but differences between the combined treatment
and control were relatively minor.

Three year basal growth responses could only be assessed
for the W. Crossett, S. Crossett, and Crossroads sites
because the pine at the Marian site was mistakenly thinned
during the third growing season. Net basal area growth
treatment responses for this three year period were similar to
that for the first two growing seasons. Net basal area growth
was significantly greater with fertilization than without (1.84
vs. 1.63 m?/ha per year). Fertilization increased net basal
area growth by 13 percent but herbicide application had

no significant effect on growth. The combined fertilizer and
herbicide treatment consistently had the greatest growth but
the interaction term in the ANOVA was not significant.

The lack of positive growth responses associated with
herbicide application during the two to three year response
period reported above are similar to that observed for a
majority of sites evaluated by Albaugh and others (2003)
and studies reported by Williams and Farrish (2000)

and Bataineh and others (2006). Reponses to herbicide

especially when applied with fertilizer frequently occur over
greater periods of time (4 to 8 years) than was assessed

in our study (Fortson and others 1996, Quicke and

others 1996). The rapid growth responses associate with
fertilization emphasize that these sites were nutrient limited
and the benefit of fertilization in upper Gulf Coastal Plain
pine plantations.
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IMPACT OF PRUNING INTENSITY ON GROWTH OF YOUNG LOBLOLLY PINE
TREES: SOME EARLY RESULTS

Ralph L. Amateis and Harold E. Burkhart'

Abstract—In the spring of 2000, a designed experiment was established to study the effects of pruning intensity on the
growth of loblolly pine (Pinus taeda L.) trees. Trees were planted at a 1.83 by 1.83 m square spacing in plots of eight rows
with eight trees per row; the inner 36 trees constituted the measurement plot. Four blocks containing five treatment plots
were established at each of two locations in the Virginia Piedmont. The five treatment plots included an unpruned control,
and pruning treatments where 1/4 of the live crown was removed on all the trees, 1/2 of the live crown was removed on all
the trees, 1/4 of the live crown was removed on 1/2 of the trees, and 1/2 of the live crown was removed on 1/2 the trees.
Measurements at the time of treatment and one year after treatment for each tree included d.b.h., total height, height to base
of live crown, crown width within and between the row. Results are presented that show the initial impact of pruning on tree
growth. Additional measurements gathered over the life of the study will provide a more complete understanding of the effects

of pruning on development of loblolly pine trees.

INTRODUCTION

Pruning affects wood quality of trees harvested from loblolly
pine plantations (Gibson and others 2002). Pruning future
crop trees during stand development removes limbs (both
living and dead) that produce knots in wood products
merchandized from harvested logs. Removing live branches
may also affect the onset of the production of mature wood
and thus change the density and strength properties of wood
obtained from pruned trees. By improving wood quality,
pruning has been shown to be profitable given certain
economic assumptions (Huang and Kronrad 2004).

Pruning live limbs also affects tree growth and stand
development. Valenti and Cao (1986) showed that pruning
reduced stem taper resulting in more cylindrical trees with
more volume per tree. Burton (1981) as well as others such
as Labyak and Schumacher (1954) and Marts (1949) showed
that pruning vigorous, live limbs causes a real and significant
effect on stem form and subsequent diameter growth, at least
for a period of time following pruning.

For the most part, past studies on the impact of pruning on

tree form and growth have been conducted in stands without
intensive silviculture. Today’s plantations are being intensively
managed using cultural practices that produce very rapid growth
rates, thus allowing pruning treatments to be applied earlier in
the rotation when trees are growing most rapidly. It is unclear
what impact pruning will have on these intensively managed
stands, and how they will grow and develop following treatments.

In order to examine the impact of pruning on loblolly pine
trees growing in intensively managed plantations, a pruning
study was established to examine the effect of pruning
intensity on tree growth and stand development. In this paper
we present some early results from this study.

DATA

In the spring of 2000, two study sites in the Piedmont of VA
(Appomattox and Patrick Counties) were identified as being
suitable for establishment of the study. Both sites were cutover

areas, one of which was burned following harvest. At each site,
four replications containing five future treatment plots were

laid out and planted using genetically improved 1-0 loblolly

pine seedlings. The five future treatments included (1) control
(unpruned), (2) removing 25 percent of the live crown on all the
trees, (3) removing 50 percent of the live crown on all the trees,
(4) removing 25 percent of the live crown on half the trees, (5)
removing 50 percent of the live crown on half the trees. Square
treatment plots (eight rows with eight trees per row) were
established; the interior thirty-six trees were measurement trees.

Herbicides were applied during the first two years after planting

to control competing vegetation. Elemental nitrogen at 225 kg/ha
and 22 kg/ha of elemental phosphorus were applied at age 2 to
all plots. Annual measurements from age 2 included d.b.h., height
to live crown, total height and two measures of crown width.
Pruning treatments were applied at age 6. For treatments (4) and
(5), the choice of which trees to prune was made systematically:
tree 1 in row 1 was randomly determined to be pruned or not
pruned and then every odd-numbered tree in the plot received
the same treatment as tree 1. The even-numbered trees in the
plot received the other treatment. Thus, following treatment, each
tree in the plot was surrounded by four adjacent neighbors having
the other treatment. Table 1 presents summary statistics by
treatment at time of treatment (age 6).

ANALYSES

A model was specified to examine tree growth following
treatment (from age 6 to age 7) and stem form using analysis
of variance techniques:

G =b,+b,Loc +b,Rep, +b.T, +E, (1)

where G is the periodic annual growth (PAI) of d.b.h, total
height and average crown width between age 6 and 7, and
also the height over d.b.h. ratio at age 7. Loc is the location
effect (Appomattox or Patrick County, VA), Rep is the
Replication effect, T is the treatment effect (control or one
of the four pruning treatments) and E is the error term. All
statistical tests were made at the a=0.05 significance level.
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Table 1—Before and after pruning statistics at time of pruning
(age 6) for the four pruning treatment plots and the control plot

Before pruning After pruning

Mean

Std. dev. Mean Std. dev.

Dbh (cm) 8.40
Height to live crown (m) 1.42
Total height (m) 5.59
Crown width (m) @ 2.45

Dbh (cm) 8.10
Height to live crown (m) 1.35
Total height (m) 5.51
Crown width (m) @ 2.47

Dbh (cm) 8.31
Height to live crown (m) 1.39
Total height (m) 5.62
Crown width (m) @ 2.46

Dbh (cm) 8.18
Height to live crown (m) 1.33
Total height (m) 5.43
Crown width (m) @ 2.45

Control ------------

1.74
0.58
0.89
0.39

- Prune 25% of Live Crown on All the Trees -
1.89
0.61 2.46 0.62
0.94
0.39 2.24 0.39

- Prune 50% of Live Crown on All the Trees -
1.88
0.68 3.53 0.81
1.04
0.42 1.85 0.42

- Prune 25% of Live Crown on 2 the Trees -
1.92
0.59 2.45 0.62
0.93
0.42 2.27 0.37

- Prune 50% of Live Crown on 2 the Trees -
1.89
0.67 3.39 0.76
0.99
0.44 1.80 0.43

Dbh (cm) 7.88
Height to live crown (m) 1.35
Total height (m) 5.42
Crown width (m) @ 2.36

@ Average of within and between row crown widths

From age 6 to age 7, PAI for d.b.h. and average crown width
were significantly different between the treatments. There
was also a significant difference between treatments for the
height over d.b.h. ratio at age 7. PAl for height, however, was
not significantly different between the treatments (Table 2).

A second model was specified to examine the growth of the
pruned trees (P) in the two plots where one-half the trees
were pruned and the other half were unpruned:

G =Db,+b,Loc +b,Rep, +bP(T) +E, 2

where P is the group of trees pruned within treatment plot,

T (the plots where 25 percent of the crown was pruned on
half the trees or 50 percent of the crown was pruned on half
the trees), and other variables are as previously defined.
D.b.h., and mean crown width PAI from age 6 to age 7 were
significantly different between the pruned and unpruned trees
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in these two treatment plots. Likewise, the mean height over
d.b.h. ratio was significant. However, the mean total height
PAl was not significant. Table 3 presents these results.

DISCUSSION AND CONCLUSIONS

The pruning treatments applied in this study range from light
(removing 25 percent of the crown length on half the trees)
to very severe (removing 50 percent of the crown length on
all the trees). At age 6, the time of treatment, the plots had a
closed canopy and crowns of adjacent trees were touching.
Intraspecific competition had begun and crowns were
beginning to recede. Removing 25 percent of the live crown
length appeared to reduce crown mass, or volume, by about
30 percent on an individual tree basis, but still left the plot
with a closed canopy. Removing 50 percent of the live crown
length appeared to reduce crown mass by considerably
more, perhaps on the order of 60 to 70 percent and greatly
opened up the canopy of the plot. This was especially true on



Table 2—Periodic annual increment (standard deviation in parentheses) for dbh, total height
and mean crown width; mean height over dbh ratio for the control and four pruned treatment
plots (P value for F-test between treatment means)

Prune 25%

Prune 50%

Prune 25%  Prune 50%

on on on half the on half the P
Variable Control all trees all trees trees trees value
PAI dbh (cm) 1.51(0.36) 1.41(0.36)  1.07(0.37)  1.46(0.37)  1.33(0.50) <.0001
PAI total
height (m) 1.23(0.30)  1.22(0.34)  1.20(0.28)  1.21(0.28)  1.20(0.26)  0.4960
PAI mean
crown width (m)  0.13(0.25)  0.32(0.28) 0.60(0.32) 0.24(0.25) 0.41(0.32) <.0001
Height over
dbh ratio (m/cm)  0.70(0.10)  0.73(0.11)  0.74(0.10)  0.71(0.11)  0.74(0.11) <.0001

Table 3—Periodic annual increment (standard deviation in parentheses) for dbh, total

height and mean crown width; mean height over dbh ratio for the pruned and unpruned tree
groups within the prune 25% of the live crown on half the trees and the prune 50% of the
live crown on half the trees treatment plots (P value for F-test on the means between pruned

and unpruned trees within treatment plots)

Prune 25% on half the trees

Prune 50% on half the trees

Unpruned Unpruned Pruned

Variable trees Pruned trees trees trees P value
PAI dbh (cm) 1.51(0.41) 1.41(0.33) 1.60(0.45) 1.06(0.39)  <.0001
PAI total height (m) 1.19(0.30) 1.22(0.25) 1.23(0.26) 1.16(0.26) 0.0778
PAIl mean crown

width (m) 0.18(0.23) 0.30(0.25) 0.26(0.24) 0.55(0.32) <.0001
Height over dbh

ratio (m/cm) 0.72(0.13) 0.70(0.09) 0.72(0.10) 0.76(0.12)  0.0096

the plot where 50 percent of the crown length was removed
on all the trees. The trees appeared to respond to the pruning
treatment as they would to a thinning, with greater rates of
lateral crown expansion.

D.b.h. growth in the year following treatment was significantly
less for the more intensively pruned plots. These findings
suggest that pruned trees will allocate growth firstly to crown
growth and secondly to diameter growth.

Interestingly, height growth was not significantly impacted
by pruning. Even though a large portion of the crown

was removed in the heavily pruned plots, resources were
still adequate for achieving height growth that was not
significantly different from the control. In a companion study
(Amateis and Burkhart 2006) severe pruning at age 3 was
found to significantly reduce height growth. Apparently, at
this particular point in stand development, trees that have

been severely pruned will still maintain normal height growth
despite losing a large portion of their photosynthetic capacity.

Since height growth was maintained while diameter growth
diminished, the height over d.b.h. ratio was slightly larger
for the pruned plots. Thus, stem form has been altered by
pruning even after only one year following treatment.

In the plots where half the trees were pruned and half were
not pruned, results were similar. Within these plots, the
mean height growth of the pruned trees was not significantly
different from the unpruned trees, even though each pruned
tree had four nearest neighbors that were unpruned.
Diameter growth was significantly less for the pruned trees
than for the unpruned trees, and thus the height over d.b.h
ratio was larger for pruned than for unpruned trees within
these plots.

If these early results persist they suggest that pruning all
trees in a stand and even pruning some trees in a stand at
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an early age when height growth is vigorous may be viable
treatments for improving wood quality and stem form.
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EFFECTS OF PRECOMMERCIAL THINNING IN NATURALLY REGENERATED
LOBLOLLY-SHORTLEAF PINE STANDS INTHE UPPER WEST GULF COASTAL
PLAIN: RESULTS AFTER TWO GROWING SEASONS

James M. Guldin and Michael G. Shelton'’

Abstract—The benefits of precommercial thinning in naturally regenerated stands of southern pines have been well
documented, but questions remain about how long precommercial thinning can be delayed and still be biologically and
economically effective. In 2004, a precommercial thinning demonstration study was installed in naturally regenerated loblolly-
shortleaf pine (Pinus taeda and P, echinata, respectively) stands that were 8, 14, and 19 years old. Treatments consisted of
three levels of precommercial thinning with an unthinned control. Precommercial thinning promoted the growth of individual
pines; dominant trees in the lowest retained densities annually grew 0.05 to 0.07 square feet in basal area regardless of
stand age. However, stand-level growth was greatest for moderate densities because more trees occupied the site, offsetting
the lower rates of tree growth. Tree mortality increased with increasing density and was a major element of stand dynamics.
These results from our study provide foresters and landowners with a first look at the implications of delayed precommerecial

thinning with respect to individual tree and stand growth.

INTRODUCTION

The value of precommercial thinning in naturally regenerated
stands of southern pines has been well documented for the
Upper West Gulf Coastal Plain. Precommercial thinning of
natural stands of loblolly-shortleaf pines (Pinus taeda and

P, echinata, respectively) at age 6 significantly increased
volume growth by age 19 (Cain 1996) and sawtimber
production at age 25 (Cain and Shelton 2003). These
publications are based on an ongoing study established in
1980 on the Crossett Experimental Forest in southeastern
AR, but that study has now aged to the point that it no longer
has value as a demonstration of recent precommercial
thinning treatments. In addition, there are other questions
appropriate for consideration by private landowners: how
long can precommercial thinning be delayed and remain

an effective tool; what are the costs of treatments in stands
where stems vary in size; and what comparable returns

in growth, stand development, and added value over time
can be expected above and beyond the alternative of no
treatments?

An even-aged regulation demonstration was established

on two 40-acre stands on the Crossett Experimental Forest
in 1980, and they offered an opportunity to answer these
questions. The demonstration imposed a prescription that
consists of clearcut and seed-tree reproduction cutting
methods applied sequentially in 5-acre blocks and strips
during successive 5-year cutting cycles over a 40-year
period. Each block and strip harvested to date has resulted
in successful pine regeneration, and tree density in all blocks
and strips far exceeded that which is needed for development
of fully stocked stands.

As of 2004, none of these stands had been precommercially
thinned. However, conventional recommendations for
precommercial thinning call for treatment by age 5 to a
residual density of 500 to 700 trees per acre (Baker and
Langdon 1991). That leads to the question of whether and
when precommercial thinning is needed to properly regulate

tree density, and thereby to accelerate the development of
the new cohort into pulpwood and sawtimber size classes.
In the current study, a two-replication demonstration
approach was used to evaluate the effects of precommercial
thinning in different age cohorts in the even-aged

regulation demonstration. Our objective was to quantify and
demonstrate the growth response that can be expected
when thinning even-aged, naturally regenerated stands

of loblolly-shortleaf pine in the Upper West Gulf Coastal
Plain to different residual density levels at ages older than
conventionally are recommended.

METHODS

Study Site and Management History

The study is located within two 40-acre loblolly-shortleaf
pine stands on the Crossett Experimental Forest in Ashley
County, AR at 33° 02’ N mean latitude and 91° 56’ W mean
longitude. Soil series are Bude (Glossaquic Fragiudalfs) and
Providence (Typic Fragiudalfs) silt loams (Gill and others
1979). These soils have a site index of 85 to 90 feet for
loblolly pine at age 50 years. Elevation is about 130 feet with
nearly level topography. Annual precipitation averages 55
inches with seasonal extremes being wet winters and dry
autumns. The study area is typical of productive sites for
mixed stands of loblolly and shortleaf pines growing in the
Upper West Gulf Coastal Plain.

From the mid-1930s through the 1960s, the areas were
managed using single tree selection, which involves periodic
harvests of the poorest quality trees while retaining the best
trees in certain size classes for future harvests and natural
seeding (Reynolds 1969). The areas were not managed from
1970 to 1980 and became overstocked (basal area over 100
square feet per acre) with pines ranging from 10 to 24 inches
diameter at breast height (d.b.h.). When the areas were
selected for study installation in 1980, there was a mixture of

'Research Ecologist, USDA Forest Service, Southern Research Station, Hot Springs, AR; Research Forester, USDA Forest Service, Southern

Research Station, Monticello, AR, respectively.

Citation for proceedings: Stanturf, John A., ed. 2010. Proceedings of the 14th biennial southern silvicultural research conference. Gen. Tech. Rep.
SRS-121. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research Station. 614 p.
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midstory and understory hardwoods beneath a closed pine
canopy.

Each 40-acre stand was subdivided into eight 5-acre
subunits. One stand was subdivided into strips (165 by 1,320
feet) and the other into blocks (330 by 660 feet) with the long
axes being oriented north and south. At approximately 5-year
intervals, even-aged reproduction cutting of two subunits
(one strip and one block) per interval proceeded across

the stands in a westerly direction to ensure that pine seeds
from the residual stand would be dispersed by prevailing
northwesterly winds into the subunits being cut.

Regeneration cohorts used in this study developed from
seed crops principally dispersed during the autumn of 1980,
1985, 1990, and 1996; these years are used to designate
the subunits established in the block and strip management
areas. Reproduction cutting either occurred concurrently
with seed dispersal in the autumn (1985 and 1996) or in the
following spring (1981 and 1991). In the same operation as
the reproduction cut, the remaining portion of the original
stand in each management area was thinned to a residual
basal area of 80 square feet per acre, cutting trees mainly in
the lower crown classes. Clearcutting was used for the 1980
cohort in both the block and strip. Subsequently, the strips
were regenerated using clearcutting, and the blocks were
regenerated using the seed-tree method by retaining 10 to
15 seed trees per acre. The seed trees in the 1985 and 1990
blocks were cut after 5 years, but seed trees were retained in
the 1996 block.

To promote natural pine reproduction, prescribed winter
burns were periodically conducted to top-kill understory
hardwoods and create a favorable pine seedbed by reducing
forest floor litter. Burns were conducted in March 1980,
October 1981, November 1986, February 1987, December
1989, and December 1995. All 5-acre subunits that had
previously received reproduction cutting were excluded

from burning after an initial site-preparation burn. In the
summer of 1980, hardwoods were controlled by basal stem
injection with herbicides in the two subunits designated for
reproduction cutting. Likewise in summer 1984, hardwoods
were controlled with a soil-applied herbicide in the two
designated subunits. However, no herbicides were used in
the 1990 and 1996 cohorts because the repeated fires had
effectively controlled understory hardwoods and markets
existed then for hardwood pulpwood, which enabled cutting
midstory hardwoods. Cain and Shelton (2001) provided
additional detail on the site preparation techniques employed
in the study area.

Treatments

In early summer 2004, each regenerated 5-acre strip and
block for the 1985, 1990, and 1996 cohorts was subdivided
into four 1.25-acre treatment plots (165 by 330 feet), and four
treatments were randomly assigned within the strip and block
management areas separately. The thinning treatments,
conducted precommercially (that is, no harvested material
was removed from the site), consisted of three levels of
mechanical or geometric thinning (Smith and others 1997,
Helms 1998) with an unthinned control. Three methods of
precommercial thinning were used: (1) chain-saw felling to
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a designated operational target of residual stems (100, 200,
or 400 stems per acre) based on tree spacing by contract
crews, (2) one-pass mowing using a farm tractor with bush-
hog attachment to cut a 6-foot-wide swath and leaving a
2-foot strip between swaths and conducted by staff of the
Crossett Experimental Forest, and (3) two-pass mowing

as previously described but with swaths occurring at right
angles. Treatments were implemented from June 1 to June
6, 2004. Treatments for the 1996 cohort were 200 trees per
acre, two-pass mowing, one-pass mowing, and an untreated
control. Treatments for the 1985 and 1990 cohorts were 100,
200, and 400 trees per acre and an untreated control.

No precommercial treatments were implemented in the 1980
block and strip cohorts, which were damaged by an ice storm
in December 1998 (Cain and Shelton 2002, Bragg and others
2003). However, little or no damage occurred in the younger
blocks and strips. The 1980 cohorts were commercially
salvaged and thinned to about 200 crop trees per acre

the year following ice damage. Data from these areas are
included for comparative purposes.

Measurements and Analysis

For each 1.25-acre treatment plot receiving precommercial
thinning or their controls, four 0.05-acre circular (26.3-foot
radius) subplots were established along the long axis of
the center line. Only two subplots were located in the 200
trees per acre, 1996 block, because the subplots fell within a
pre-existing streamside management zone. Four 0.05-acre
subplots were also located within the 1980 strip and block.
On each subplot, all residual pine and hardwood stems
0.6-inches d.b.h. and larger were tagged with a prenumbered
round aluminum tag, and a mark was painted at 4.5 feet
aboveground. Subplot establishment and measurement
began on September 7, 2004 and was completed on June
28, 2005. Subplots measured during the early part of the
2005 growing season included one subplot of the one-pass
treatment in the 1996 block, the four control subplots of

the 1996 block, and all subplots of the strip management
area except the 1980 cohort. Tagged stems were measured
for d.b.h. and species was recorded. Tagged stems were
remeasured for d.b.h. from September 13, 2006 through
November 2, 2006; mortality was recorded. Any untagged
stems growing past the 0.6-inch d.b.h. threshold were
tagged, d.b.h. measured, and species recorded.

Eight 0.05-acre subplots existed for all ages and treatments
except for the 200 trees per acre, 1996 block for which there
were six subplots. For each subplot, density, basal area,

and mean d.b.h. were calculated by pine and hardwood
components; these values were then averaged by treatment
and age and standard errors calculated. No existing pine seed
trees were included in the calculations. The growth of individual
trees was modeled according to the procedure of Murphy and
Shelton (1996). Stand-level variables for the model were from
the specific 0.05-acre subplot that the subject tree occurred
on. An indicator variable (Rao 1998) was included in the model
to account for the late first measurement occurring on some
subplots (May 12, 2005 through June 28, 2005). Data from

the 1980 cohort were not included in the model. Equation
coefficients were obtained from nonlinear ordinary least
squares regression using SAS procedure MODEL (SAS 1988).



Variables were dropped from the equation if their coefficients
did not differ from zero at P < 0.05. When measurements began
at the end of the 2004 growing season, the reproduction cutting
employed resulted in a series of even-aged natural stands that
were 8 (1996 cohort), 14 (1990), and 19 (1985) years old as
judged from the principal pine seed crop that resulted in their
regeneration; these were the ages used in the model.

An expression of stand growth was calculated by subtracting
the stand-level property of subplots obtained during the first
inventory from that obtained during the second inventory.
Because some plots were measured during the early part

of the 2005 growing season during the first inventory, the
time interval is slightly less than two growing seasons. No
compensation for measurement date was attempted because
of the short-term nature of the monitoring period. We chose
to present these interim results because the growth interval
was fairly well balanced across treatments and ages.

RESULTS AND DISCUSSION

Stand Conditions in 2006

The precommercial thinning conducted in 2004 resulted in

a visible change in stand conditions 2 years later (table 1).
The most intensive thinning treatment reduced pine density
to 12 percent of that in the unthinned control in the 1996
cohort, 16 percent in the 1990 cohort, and 26 percent in

the 1985 cohort. Although cutting hardwoods was not an
objective of the thinning operation, hardwoods were cut in
the mechanical one- and two-pass mowing conducted in the
1996 cohort because of their presence on the mowed strips.
In the selective chain-saw thinning, hardwoods were cut to
gain access to treated pines, which were the real objective
of the operation. Thus, hardwood densities were fairly
variable 2 years after treatment, when hardwood density in
the most heavily thinned treatments ranged from 14 to 54
percent of the unthinned controls. In the selectively thinned
treatments, the residual pine density was generally higher
than the specified target, because the treatments were done
by contractors working across the entire area rather than

by research technicians working on the plots. In addition,
some residual stems were below the minimum threshold

for treatment, but they were included in the monitoring
procedure.

For the most part, the lowest pine basal areas occurred in
the more heavily thinned stands; values for these treatments
ranged from 24 to 50 percent of the untreated controls (table
1). Pine basal area in the unthinned controls was 62, 143,
and 144 square feet per acre for the 1996, 1990, and 1985
cohorts, respectively. The peaking of basal area at slightly
over 140 square feet per acre suggested that the carrying
capacity of the site was attained after 16 years. As this
relationship suggests, reduced growth and increased mortality
characterized stand dynamics as the carrying capacity was
approached. Pine basal area in the 1980 cohort, which was
commercially thinned after 19 years, was within 16 percent of
the carrying capacity of the stand, suggesting that another
thinning is in order. Hardwood basal area was considerably
more variable than that for the pines. In fact, the most heavily
thinned treatment in the 1990 cohort actually exceeded

the basal area of the control by 4 square feet per acre; this

reflected the fact that thinning hardwoods was not a treatment
objective.

Mean pine d.b.h. generally declined as residual pine density
increased (table 1). Mean d.b.h. in the most heavily thinned
treatment was 2.1, 1.3, and 1.4 times greater than that of
the untreated control in the 1996, 1990, and 1985 cohorts,
respectively. This difference reflected the increased diameter
growth associated with the lower densities resulting from
thinning. In addition, some “jump” in mean d.b.h. occurred

in the selectively thinned treatments because the larger,
more dominant trees were retained as crop trees. The
commercially thinned 1980 cohort was only 0.6 inches larger
in mean d.b.h. than the untreated control in the 1985 cohort.
Hardwoods in the study area were considerably smaller on
average than the pines and also were considerably more
variable in mean d.b.h. across the precommercial thinning
treatments.

A Preliminary Look at Stand Dynamics

The two inventories conducted in our study allowed capturing
some summary information on stand dynamics. Because

the first inventory on about half of the plots was conducted
during the early part of the growing season, the time-basis

of this comparison can at best only be expressed as about 2
years. However, comparisons among treatments were valid
because the timing of the first measurement was fairly well
balanced across treatments.

Pine mortality was strongly affected by stand age and
residual pine density, with the unthinned controls displaying
the highest rates (table 2). There was relatively little mortality
occurring on any treatments that were precommercially
thinned at any age. The annual number of dying pines
averaged 0.8 percent of initial density for the precommercially
thinned treatments over all three stand ages. The number of
dying pines in the control declined sharply with increasing
stand age—from 653 trees per acre in the 1996 cohort to
only 70 trees per acre in the 1985 cohort. However, when
expressed as a percentage of the initial pine density, the
annual rate was fairly uniform across the three ages and
averaged 7 percent. By comparison, the pine density
mortality rate in the commercially thinned stands in the 1980
cohort was 2.6 percent per year. In terms of pine basal area,
the precommercially thinned treatments lost an average

of 0.1 square feet per acre annually, while the unthinned
controls increased from 2 square feet/acre in the 1996 cohort
to 7 square feet per acre in the 1985 cohort. Most of this
mortality was in the smaller trees because the d.b.h. ratio for
dying to living pines ranged from 0.3 to 0.9 across all ages
and treatments. Hardwoods displayed similar patterns of
mortality as the pines, except that rates were generally lower
for both density and basal area.

For pine density, the mortality rates observed for the
precommercially thinned plots and the commercially thinned
stand were comparable to the 2 percent annual mortality
reported for loblolly pine plantations by Zeide and Zang
(2006) and the 2 percent average mortality rate observed in
managed uneven-aged loblolly pine stands by Murphy and
Shelton (1998).
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Table 1—Means and associated standard error for each mean for stand properties
after the 2006 growing season in naturally regenerated pine stands that were
commercially thinned, precommercially thinned 2 years earlier to different densities,
or unthinned controls

Density Basal area d.b.h.
Cohort Std. Std. Std.
and treatment? Mean error Mean error Mean error
trees/acre ft?/acre inches
Pines
1996:200 447 62 31.0 4.3 35 0.47
Two pass 1,043 211 27.6 5.1 2.1 0.09
One pass 2,425 330 54.1 5.7 1.9 0.07
Control 3,618 779 62.3 12.0 1.7 0.07
1990:100 290 44 33.9 3.0 4.6 0.47
200 273 25 42.7 4.1 5.2 0.33
400 343 38 48.5 8.2 4.7 0.32
Control 1,780 145 143.2 10.9 3.6 0.09
1985:100 140 11 65.8 7.0 9.1 0.29
200 215 22 89.6 7.2 8.7 0.28
400 265 15 105.1 5.9 8.4 0.15
Control 535 56 144.2 12.3 6.7 0.30
1980: Commercial 368 30 120.7 11.9 7.3 0.36
Hardwoods
1996:200 457 383 7.1 55 1.4 0.13
Two pass 805 171 17.0 2.8 1.8 0.10
One pass 740 57 18.5 2.6 1.8 0.07
Control 1,858 124 28.4 34 1.4 0.04
1990:100 218 112 14.2 5.6 3.3 0.67
200 273 147 7.5 3.2 2.2 0.68
400 75 53 7.1 4.5 4.0 1.23
Control 405 142 9.9 2.1 2.2 0.23
1985:100 30 17 1.5 1.1 25 0.99
200 45 33 2.7 2.5 2.4 0.83
400 15 15 35 3.5 6.3 - b
Control 218 93 7.5 2.1 2.6 0.24
1980: Commercial 150 34 8.1 3.1 2.6 0.20

aTreatments: 100, 200, and 400=precommercially thinned using chain saws in 2004 to an operational target of 100,
200, or 400 pine trees/acre, respectively; one pass=6-foot strip mowed leaving a 2-foot strip; two pass=as in one
pass except two mowed strips at right angles; Control=no treatment; Commercial=commercially thinned in 1999 to
200 crop trees/acre.

"Only one of the eight plots had hardwoods present.



Table 2—Mortality occurring over an observation period of about 2
years in naturally regenerated pine stands that were commercially
thinned, precommercially thinned 2 years earlier to different densities,

or unthinned controls

Pines Hardwoods

Cohort and Basal d.b.h. Basal d.b.h.
treatment? Density area  ratio® Density  area ratio

trees/ ft2/ trees/ ft2/

acre acre acre acre
1996:200 10 0.0 0.30 40 0.2 0.65
Two pass 8 0.1 0.92 18 0.1 0.68
One pass 68 0.5 0.68 25 0.2 0.70
Control 653 2.1 0.54 118 0.5 0.70
1990:100 15 0.4 0.63 00 - ¢
200 5 0.4 0.78 0.0 0.15
400 5 0.2 0.59 00 -
Control 288 6.2 0.60 53 0.4 0.57
1985:100 0 00 - 0.2 0.90
200 0 00 - 00 -
400 0 00 - 00 -
Control 70 7.1 0.67 45 0.7 0.70
1980: Commercial 20 1.2 0.46 58 0.6 0.59

aTreatments: 100, 200, and 400=precommercially thinned using chain saws in 2004 to an
operational target of 100, 200, or 400 pine trees/acre, respectively; one pass=6-foot strip
mowed leaving a 2-foot strip; two pass=as in one pass except two mowed strips at right angles;
Control=no treatment; Commercial=commercially thinned in 1999 to 200 crop trees/acre.

b Ratio of the d.b.h. of dying trees to the stand mean at the beginning of observation period.

¢ No trees present for analysis.

in the 1990 cohort and only 1.4 times in the 1985 cohort.

In contrast, the change in stand basal area was greatest
for the moderate densities, because more trees occupied
the site which tended to compensate for the lower rates

of d.b.h. growth. Plus, these moderate densities also had
comparatively low mortality rates. The low level of net basal
area change for the unthinned control in the 1985 cohort
reflected the high rates of basal area loss associated with
mortality. Also noteworthy was the low rates of hardwood
d.b.h. growth and basal area growth when compared to the
pines (table 3).

Individual Tree Growth

Annual basal area growth of individual trees was modeled
from the d.b.h. of the tree and stand level properties, which
were obtained from the subplot that the subject tree occurred
on. A correction factor was also included to account for the
difference in the initial start of the monitoring period. The pine
prediction equation was:

B 29.16[1 - exp(- 0.12368, )]
P 1+exp(0.0003468P +0.0001787H +0.1868A + 0.2642M )

AB (1)

where:

change in tree basal area in square feet from the first (2004
or early 2005) to second (2006) measurement divided by 2,

B, =tree basal area in square feet at first measurement,

P =pine density at first measurement in trees/acre,

H =hardwood density at first measurement in trees/acre,
A=stand age in years at first measurement

M =indicator variable for timing of first measurement:
0=2004/05 dormant season, 1=2005 early growing season.

There were 4,070 observations for equation 1, the root
mean square error was 0.00499 square feet, the coefficient
of determination was 0.80, and all coefficients of treatment
variables were significant at P < 0.001. A similar prediction
equation was developed for hardwood basal area growth as
follows:

AB - 29.16[1 - exp(- 0.1236B, )]
® " 1+exp(0.0003468P +0.0001787H +0.1868A + 0.2642M )

@)
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Table 3—Change in mean stand d.b.h. and basal
area occurring over an observation period of
about 2 years in naturally regenerated pine stands
that were commercially thinned, precommercially
thinned to different densities, or unthinned
controls

Cohort Pines Hardwoods

and Basal Basal

treatment? d.b.h. area d.b.h. area
ft2/ ft2/

inches acre inches acre
1996:200 1.05° 16.0 0.10 1.7
Two pass 0.55 13.0 0.34 55
One pass 0.38 185 0.20 4.0
Control 0.35 143 0.18 5.9
1990:100 079 9.8 0.14 1.4
200 0.74 115 0.18 1.1
400 0.66 13.1 0.26 0.6
Control 0.40 125 0.22 0.6
1985:100 089 120 - ¢
200 0.66 12.8 0.16 0.6
400 0.63 16.1 0.28 0.3
Control 0.62 53 0.15 0.0

1980: Commercial 0.67 16.4 0.33 1.5

aTreatments: 100, 200, and 400=precommercially thinned using
chain saws in 2004 to an operational target of 100, 200, or 400
pine trees/acre, respectively; one pass=6-foot strip mowed leaving
a 2-foot strip; two pass=as in one pass except two mowed strips
at right angles; Control=no treatment; Commercial=commercially
thinned in 1999 to 200 crop trees/acre.

b Stand mean in 2006 minus that observed at beginning of
monitoring.

¢ Inadequate number of trees for analysis.

Stand growth was also strongly related to precommercial
thinning treatment and stand age (table 3). The change in
mean pine d.b.h. was consistently greatest for the lowest
residual pine density. In addition, the steepness of this
relationship tended to decline through time; for example, the
d.b.h. growth rate in the lowest density was 3.0 times that of
the unthinned control in the 1996 cohort, but was 2.0 times
where:

AB, = change in hardwood tree basal area growth and all
other variables are as previously defined. Equation 2 was
based on 1,648 observations, the root mean square error
was 0.0028 square feet, the coefficient of determination was
0.64, and all coefficients were significant at P < 0.01.
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Solving equation 1 for a reasonable range of values for
independent variables yielded the predicted values for pine
basal area growth shown in figure 1. Growth progressed in
a logical manner; increases occurred with increasing tree
d.b.h. and decreases occurred with increasing pine density.
The effects of stand age must be considered concomitantly
with tree d.b.h., because tree d.b.h. varied considerably
over the 11-year period covered by the model. The largest
trees produced a relatively uniform annual basal area
growth of 0.05 to 0.07 square feet over the range of stand
ages represented by our study, which suggests that more
rapid diameter growth of the dominant trees in the cohort
will result when the cohort is precommercially thinned at an
earlier age. The broadest range in basal area growth within
the population was expressed at the younger ages before
self-thinning substantially reduced stand density; this range
changed from about 3 fold in the 1996 cohort to 1.4 fold in
the 1985 cohort.

A similar relationship was developed from equation 2 for
hardwoods ( fig. 2). The similarity in hardwood d.b.h. range
for each age probably reflected the different site preparation
treatments used when the study areas were regenerated.
The basal area growth pattern displayed for hardwoods
substantially differed from that of pines. First, pines showed
an increasing growth rate with d.b.h. throughout the range
in diameters at each age, while hardwood growth became
asymptotic for the larger diameters. Second, the growth rates
for hardwoods were considerably below those for the pines.
In the 1996 cohort, for example, the dominant hardwoods
were growing at 0.03 to 0.04 square feet per year, which
was only half the rate displayed by the dominant pines. In
addition, hardwood growth rates decreased substantially
through time, widening the growth differential between
hardwoods and pines. This decline undoubtedly reflected
the suppression of hardwoods by the rapidly developing
pine component, which captured and dominated the site
during early succession (Cain and Shelton 2001). Third, the
expressed ranges in values for hardwood growth were much
narrower than those displayed by pines.

CONCLUSIONS

Our study showed that controlling stand density through
precommercial thinning strongly affected growth of individual
trees and the patterns of stand dynamics. The lowest residual
densities displayed the highest rates of individual tree growth.
The effects of stand age on tree growth were minor for the
dominant trees in the stand. At the stand level, however,
moderate densities favored the highest levels of basal area
growth, because more trees occupied the site and mortality
was far lower than in the unthinned controls. Tree mortality
through self-thinning was the driving force that caused

the basal area growth of the stand to decline at the higher
densities. Mortality was mainly from the smaller trees in the
population. Results of our study reinforce the notion that

the earlier precommercial thinning can be done, the better.

In addition, stands are far easier to precommercially thin
when the trees are smaller. Although the short-term results
of this paper contribute to our knowledge of precommercial
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Figure 1—Annual basal area increment (BAI) of individual pines predicted from tree d.b.h., pine
density, and stand age at treatment (2004) and for a uniform hardwood density of 500 trees per acre
(equation 1 with M =0).

0.05 0.05

- 8 Years 100 Stand age
L o0af Ve 0.04 | 14 Years Pine density
= (trees/acre)
-800
2 0.02 0.02 \1600
= 001} 0.01}
000 =534 5 6 7 8 810 000 =534 5 6 7 8 810
0.05
= 19 Years
& 0.04 |
< 0.03 |
11]
g 002} _100
L= ~
= 0.01f 800
0.00

01 23 45678910

Tree d.b.h. (inches)
Figure 2—Annual basal area increment (BAI) of individual hardwoods predicted from tree d.b.h., pine
density, and stand age at treatment (2004) and for a uniform hardwood density of 500 trees per acre
(equation 2 with M =0).



thinning, some issues, like economics, product yields, and
tree quality, will have to wait for a longer monitoring period to
resolve. This study also meets an important goal for science
delivery in that we now have an active precommercial
thinning demonstration on hand at the Crossett Experimental
Forest for review by visitors, tour groups, short courses, and
workshops.
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UNDERSTORY PLANT COMMUNITY RESPONSE TO COMPACTION AND
HARVEST REMOVAL IN A LOBLOLLY PINE PLANTATION

Benjamin J.Vierra and Gary B. Blank'

Abstract—In 1992 the Southern Research Station, U.S. Forest Service, constructed three Long-Term Soil Productivity (LTSP)
installations in a loblolly pine (Pinus taeda L.) plantation on the Croatan National Forest in Craven County, NC. The LTSP
study consists of a nationwide network of experiment sites designed to examine the long-term effects of soil disturbance

on forest productivity, one aspect of which is the growth of understory vegetation. Each installation features three levels of

soil compaction crossed with three levels of organic matter removal imposed on a harvested site prior to planting. Intensive
surveys of the understory vegetation were carried out on the Croatan LTSP site prior to and two years after treatment
installation, focusing on the extremes of the soil compaction (no compaction, severe compaction) and organic matter removal
treatments (bole only, whole tree + forest floor). We collected plant community data in the summer of 2006 to address the
following objectives: (1) to characterize the current standing understory vegetation, (2) to determine the interaction of organic
matter removal and compaction treatments fourteen years post-treatment, and (3) to compare current vegetation patterns with
the pre-treatment and two years post-treatment vegetation. Preliminary results of an analysis of variance of 2006 vascular

plant richness data, as well as a description of changes in species composition over time, are presented here.

INTRODUCTION

The Long-Term Soil Productivity (LTSP) study was
established by the U.S. Forest Service (USFS) in response
to concerns about declining productivity in managed forests
(Powers and others 1989, 2004). The first LTSP experimental
site was installed in 1990 in LA. With the construction of
additional experimental sites by the USFS in major forest
regions across the United States, as well as the formation of
partnerships within both the United States and Canada, the
LTSP network has grown to include over 100 installations
(Powers and others 2004).

The LTSP study focuses on two pulse disturbances
associated with forest management activities that are likely
to affect site productivity: reduction of soil porosity (through
compaction) and removal of organic matter (Powers and
others 1989, 2004). Soil compaction may hinder root growth
as well as reduce the availability of oxygen, while organic
matter removal is a concern because of the removal of
nutrients from a site.

While the LTSP experiment was designed as a productivity
study, the experimental framework provides an opportunity
for studying the long-term effects of anthropogenic pulse
disturbances on forest plant communities. The development
of understory plant communities has implications for wildlife
habitat, biodiversity, conservation of rare species, recreation,
and non-timber forest products.

Studies of the long-term effects of organic matter removal
set in North Carolina are particularly relevant as the woody
biomass in the state’s forests is being considered as a fuel
source. As an example, North Carolina State University
recently hosted a conference titled “Energy from Wood:
Exploring the Issues and Impacts for North Carolina”
(Raleigh, NC: March 13-14, 2006), to serve as a forum to
discuss the issue. What are the long-term effects of removing
more biomass during timber harvest on the development

of forest plant communities? How would non-timber forest

values and uses, such as biodiversity and wildlife habitat, be
impacted by such a shift in harvest practices?

Objectives

This paper is a progress report on a study of the forest plant
communities on an LTSP experiment site located on the
Croatan National Forest in North Carolina. The objectives
of the study are (1) to characterize the current standing
understory vegetation at the Croatan National Forest LTSP
site, (2) to determine the interaction of organic matter
removal and soil compaction 14 years post-treatment, and
(3) to compare current vegetation patterns with the pre-
treatment and two years post-treatment vegetation. In other
words, what vegetation patterns currently exist on the site?
What patterns of changes have occurred over the years
since timber harvest? Finally, are these patterns linked to
the experimental treatment factors of soil compaction and
organic matter removal?

METHODS

Study Site Description

The study area is an LTSP site located on the Croatan
National Forest in Craven County, in the coastal plain of NC.
The site lies in the extreme southeast portion of the county,
near the intersection of State Highway 306 and Forest
Route 132, roughly 2 km from the Neuse River. Goodwin
(1989) characterizes the area’s climate and soils; summers
in Craven County are hot and humid while winters are cool
with brief cold spells. July and August are the hottest months
of the year, with average daily maximum temperatures
approaching 32 °C; annual average temperature is 17 °C.
Total annual precipitation is 138.4 cm, mostly falling from
April through September. Ninety-nine percent of the land

is nearly level or gently sloping to the southeast. Much of
the county is poorly drained. Soils on the site are mapped
as the Lynchburg series (fine-loamy, siliceous, semiactive,
thermic Aeric Paleaquults) and Goldsboro series (fine-loamy,
siliceous, subactive, thermic Aquic Paleudults).
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Lankford (1995) reports that prior to timber harvest and

the installation of the LTSP treatments the site supported

a 65 year old loblolly pine (Pinus taeda L.) plantation with
a component of mixed hardwoods in the mid and upper
canopies. Woody shrubs were common in the understory.
However, due to incomplete crown closure, a discontinuous
herbaceous layer occurred throughout the site.

Experiment Design and Implementation

The LTSP experiment features a two-factorial randomized
complete block design, with three levels of organic matter
removal (bole only, whole tree, whole tree + forest floor)
crossed with three levels of soil compaction (none,
intermediate, severe) for nine total treatment combinations
(Powers and others 1989). At the Croatan LTSP installations,
each plot is further split into herbicide and non-herbicide
treatments. Blocking is based on soil series. Block 1 is
located on the Goldsboro series soil, while Blocks 2 and 3
are mapped as the Lynchburg series. Figure 1 contains a
map of plot locations.

The existing timber on the site was harvested from July to
September of 1991. Additional organic matter removal was
carried out from October of 1991 through January 1992. Soil
compaction treatments were implemented in December 1991
and March to April 1992. Loblolly pine seedlings were planted
in April 1992 using 3 by 3 m spacing.

LEGEND
State Highway

Forest Route
Stream

Low OMR, No Compaction
Low OMR, Severe Compaction

High OMR, Severe Compaction
Net Studied

High OMR, No Compaction
5]
]

SH 308

Figure 1—Map of the Croatan LTSP experiment site, showing plots
studied.
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This study is restricted to a subset of the non-herbicide
treatment plots, including two levels of compaction (none
and severe) and two levels of organic matter removal (bole
only and whole tree + forest floor). This gives four treatment
combinations for a total of twelve plots. The narrow focus
was necessitated by budget and time constraints. However,
the selection still allows for comparisons between the most
extreme treatment levels and also preserves continuity with
earlier vegetation surveys on the site, which focused on the
same four treatment combinations.

Vegetation Survey

The plant communities on the site were surveyed from June
through July of 2006 (14 years post-treatment) using the
methodology developed by the Carolina Vegetation Survey
(CVS) (Peet and others 1998). The preliminary results
presented below are based on complete vascular plant
species lists developed for the 20 by 50 m CVS sample unit
nestled within each LTSP plot. Nomenclature follows Weakley
(2006).

Previous vegetation surveys carried out on the Croatan LTSP
site in 1991 (Lankford 1995) and 1993 (Mellin 1995) also
followed the CVS protocol. The USFS Southern Research
Station RWU-4154 (Forestry Sciences Laboratory, 3041
Cornwallis Road, Research Triangle Park, NC) shared the
original data produced by these earlier vegetation surveys.

Initial Analyses

Vascular plant richness in 2006—Species richness,

the number of species present in a given area, is a
straightforward measurement of species diversity. Total
vascular plant richness was determined for each plot and
subjected to an analysis of variance (ANOVA) to test whether
species diversity differed between plots based on the two
treatment factors. The ANOVA was carried out using SAS
software (SAS Institute 2001).

Changes in species composition—A descriptive approach
was used initially to identify patterns of changes in species
composition between study years (1991 to 1993 and 1993
to 2006) by treatment combination. The number of species
gained and lost between study years on at least two of

the three replications of each treatment combination was
identified. These species were then grouped by growth form
to identify patterns across categories of plants. Species
were assigned to growth forms following the classifications
used by the PLANTS Database (USDA Natural Resources
Conservation Service [N.d.].

Due to the use of different taxonomic authorities, some
plant species in the genera Dichanthelium, Andropogon,
and Rubus were treated inconsistently between vegetation
surveys. Species from these genera were abundant on

the site during all three study years. Whenever necessary,
species within these genera were lumped into broader
groups to improve comparability between study years.



PRELIMINARY RESULTS

Vascular Plant Richness

In 2006 the Croatan LTSP site was a 14-year-old loblolly pine
plantation that had experienced crown closure on all plots,
with only infrequent small gaps in the canopy. 121 species of
vascular plant were found there. The overall average vascular
plant richness was 55.3 per plot. Adjusted for differences in
the treatment of the genera Dichanthelium, Andropogon,

and Rubus, the overall average richness in 2006 was 53.4
per plot, a slight decrease from 56.3 in 1991 (preharvest) and
56.8 in 1993 (two years post-harvest).

By treatment combination, average 2006 richness per

plot was 51.3 for bole only organic matter removal without
compaction, 52.3 for bole only organic matter removal with
severe compaction, 57.7 for whole tree + forest floor organic
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Figure 2—Vascular plant species richness in 2006, averaged by
treatment combination, with standard error. A = bole only organic
matter removal with no compaction, B = bole only organic matter
removal with severe compaction, C = whole tree + forest floor
organic matter removal with no compaction, and D = whole tree +
forest floor organic matter removal with severe compaction.

Table 1—Results for ANOVA (a = 0.10) performed
on 2006 vascular plant richness data

Effects P

Organic matter removal 0.063
Compaction 0.635
Interaction 0.873
Block 0.215
C.V. (%) 9.410
RO 0.612

matter removal without compaction, and 59.7 for whole tree
+ forest floor with severe compaction (fig 2). ANOVA revealed
that the differences between the bole only and the whole
tree + forest floor organic matter removal treatments were
significant at a = 0.10 level (table 1).

Changes in Species Composition

1991 to 1993—Between 1991 and 1993 the Croatan LTSP
site was transformed from an established loblolly pine
plantation with mixed hardwoods present in the mid- and
upper-canopies (Lankford 1995) to an early-successional
loblolly plantation. Figure 3a shows the species gained

and lost between the two earlier vegetation surveys by
growth form. Some of the patterns shown there simply

reflect expected successional trends following removal of
overstory plants; there was an influx of ruderal forbs/herbs
and graminoids that commonly colonize disturbed areas. For
example, the genera Eupatorium, Solidago, Dichanthelium,
and Rhynchospora were represented by at least two species
each. For each treatment combination the number of species
gained was greater than the number lost, due to this influx of
ruderal species.

One pattern may be linked to the intensity of the organic
matter removal and soil compaction treatments; changes

in species composition were most dramatic on the most
intensive treatment combination (whole tree + forest floor and
severe compaction), which at the same time gained the most
(15) and lost the most (13) species. Also, the only losses of
tree species—flowering dogwood (Cornus florida L.) and
American holly (llex opaca Ait.)—occurred on this treatment
combination.

1993 to 2006—Figure 3b shows species gained and lost
from 1993 to 2006 by growth form. During this longer

time period, the loblolly pine plantation on the study site
experienced crown closure and the loss of many of the early-
successional species gained between 1991 and 1993.

There is evidence for a soil compaction treatment effect:
The severe compaction treatment combinations each lost
more species than they gained, whereas the no compaction
treatments gained roughly the same number of species as
they lost. Curiously, the recruitment of vine species was
particularly affected by compaction level. The two severe
compaction treatments gained one species of vine each. In
contrast, the no compaction treatments each gained four
vine species, two of which—cross-vine (Bignonia capreolata
L.) and Virginia creeper (Parthenocissus quinquefolia (L.)
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Figure 3—The number of vascular plant species lost and gained between study years on

at least two of three plots for each treatment combination, by growth form. A = bole only
organic matter removal with no compaction, B = bole only organic matter removal with severe
compaction, C = whole tree + forest floor organic matter removal with no compaction, and D =
whole tree + forest floor organic matter removal with severe compaction.

Planchon)—were gained on both of the no compaction
treatments and neither of the severe compaction treatments.
Coral honeysuckle (Lonicera sempervirens L.) was gained
on both of the no compaction treatments, as well as the
bole only organic matter removal and severe compaction
treatment.

DISCUSSION

Initial Findings

The results presented here provide a partial account of the
influence of organic matter removal and soil compaction

on the development of plant communities on the Croatan
LTSP site. In the short span of time from preharvest to early-
successional conditions (1991 to 1993) the most intensive
treatment combination (whole tree + forest floor and severe
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compaction) experienced the greatest changes in species
composition; other treatment effects are unclear. From early-
successional conditions to a few years after canopy closure
(1993 to 2006) there is evidence that the soil compaction
treatments influenced species compositional change, most
notably that of vines. However, ANOVA of 2006 species
richness revealed an organic matter removal effect, not a soil
compaction effect, 14 years post-treatment. This potential
disparity may simply reflect that ANOVA was only performed
on the total number of species and not on differences by
growth form. Alternatively, the changes in diversity due to soil
compaction may have occurred outside of the 1993 to 2006
time frame.



Next Steps

The analyses presented here do not take full advantage of
the rich dataset provided by the use of the CVS protocol
(Peet and others 1998). In addition to the presence and
richness data used above, the abundance of each species
was recorded in terms of percent cover. Stems were tallied
by species and by diameter class, providing both another
measure of abundance and a means of evaluating the

structural composition of the plant communities on the site.

Data analysis will be refined and continued through the
use of multivariate techniques such as cluster analysis

or indirect ordination, which can be used to evaluate the
abundance data collected. The ANOVA of vascular plant
richness will be expanded to include richness by growth
form, in order to evaluate the effects of the experimental
treatments on specific categories of plants. An ANOVA
will also be performed on the stem count data to evaluate
treatment effects on the density of stems. The descriptive
evaluation of changes in species composition will be
expanded to include the 1991 to 2006 time period, which
would allow comparisons between current and preharvest
species composition.
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A COMPARISON OF NORTHERN AND SOUTHERN TABLE MOUNTAIN PINE STANDS

Patrick H. Brose, Thomas A. Waldrop, Helen H. Mohr!

Abstract—Table Mountain pine (Pinus pungens) stands occur throughout the Appalachian Mountains, but ecological research
has concentrated on the southern part of this region. In 2006, research was initiated in northern Table Mountain pine stands
growing in PA to compare some basic attributes of those stands with previously described ones in TN. Overall, the northern
and southern stands were quite similar. Both contained 13 species, 10 of which they had in common. In the overstory, the

PA stands had fewer trees, fewer pines, more oaks (Quercus spp.), and less basal area per acre than the TN stands. The PA
stands also had Table Mountain pines with nonserotinous cones while those in TN had sealed cones. In the understory, the TN
stands had more shrub cover, taller shrubs, and much less pine regeneration per acre than the PA stands. The presence of
pine regeneration in PA and its absence from TN are likely due to the differences in cone type and shrub cover.

INTRODUCTION

Mountain pine (Pinus pungens) is a native hard pine of the
Eastern United States. It, along with pitch pine (P, rigida),
shortleaf pine (P, echinata), and Virginia pine (P, virginiana),
forms small scattered stands throughout the Appalachian
Mountains. Table Mountain pine (TMP) stands occur from
southern PA to northern GA on thin, dry soils of south- and
west-facing ridges and upper slopes between 1 000 and 4
000 feet (Della-Bianca 1990, Williams 1998, Zobel 1969).
TMP stands are becoming increasingly valued for diversity
by land managers because they constitute an uncommon
conifer community in an otherwise hardwood-dominated
forest landscape.

Because of this intrinsic diversity value, TMP stands have
been rather extensively studied by forest ecologists over the
past 15 to 20 years. Before 1990, only eight papers were
published and four were authored by the same individual
(Barden 1977, 1979, 1988; Barden and Woods 1974). Since
1990, publications on TMP stands have nearly quadrupled
to 30 papers; however, virtually all of this research has been
conducted in the southern Appalachian Mountains. TMP
stands in the northern part of its range have been virtually
ignored. The only research focused on northern TMP stands
was that by Mclntyre (1929) and Zobel (1969). The former
studied cone and seed production and the latter included five
TMP stands from PA in his monograph on the ecology of the
species.

In 2006, an opportunity arose to complete a dendroecology
study started in 1991 of three TMP stands in southern PA
(the northern end of Table Mountain pine’s range). In this
paper, we compare the characteristics of those stands (PA)
to TMP stands growing at the southern end of the species
range in eastern Tennessee (TN).

METHODS

Study Sites

Two of the three northern TMP stands were on Mont Alto
Mountain in the Michaux State Forest and the other was on
Martin Hill in Buchanan State Forest. All three of the southern

TMP stands were on Gregory Ridge in Great Smoky
Mountains National Park. All of the TMP stands occurred
on the top and upper slopes of north-south oriented ridges.
The PA stands were primarily on the west side of the ridges
with azimuths ranging from 220 to 290 degrees while the
TN stands were on east aspects (azimuths from 90 to 120
degrees). All stands were rocky and steep; slope sometimes
exceeded 50 percent. The PA stands ranged in elevation
from 1 500 to 1 900 feet a.s.l. while those in TN were about
twice as high above sea level (2 880 to 3 540 feet). Soils

in all stands were sandy loams that formed in place by the
weathering of gneiss, sandstone, and schist parent material
(Davis 1993, Knight 1998, Long 1975). Consequently, soils
were of low fertility and strongly acidic. All stands appeared
to have been undisturbed for decades and were composed
of TMP, one or more other pine species, several hardwoods
(especially chestnut oak (Quercus montana)), and various
ericaceous shrubs.

In 1999, in each southern TMP stand, fifteen 0.05-acre (33
by 66 feet) rectangular plots were systematically established
to uniformly cover the area as part of a landscape-scale TMP
dendroecology project (Brose and Waldrop 2006). In 1991, in
the three northern TMP stands, a total of 60 to 65 dominant
Table Mountain pines were selected and tagged for use in

a dendroecology study. This project was never completed
and those stands and tagged trees were relocated in 2006.
Two stands still existed and 15 tagged pines were randomly
selected in each one, and a 0.05-acre circular plot was
established with the tagged tree at the center. The other PA
stand no longer existed so a nearby TMP stand was selected
as its replacement based on similarity in appearance to

the other two PA stands. In this stand, we systematically
selected 15 dominant TMPs to uniformly cover the area and
established a 0.05-acre circular plot around each of these
dominant TMPs.

In each plot, all trees more than 10 feet tall were identified

to species, counted, and measured to the nearest inch

in diameter at breast height (d.b.h.). These data were
subsequently used to calculate importance values for each
species (Cottam and Curtis 1956). Pine seedlings and
saplings less than 10 feet tall were also tallied throughout the
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entire plot into one of three height classes: less than 2 feet, 2
to 5 feet, and more than 5 feet. We estimated percent cover
of evergreen shrubs, almost exclusively mountain laurel
(Kalmia latifolia), for the entire plot by standing in the center
and visually grouping all shrubs together (Marquis and others
1992). Shrub height was measured to the nearest half-foot
on one shrub visually judged to be the average height of

all shrubs present on the plot. Slope and aspect were also
determined from plot center and recorded to the nearest
degree and azimuth.

Our null hypotheses were that no differences existed
between the PA and TN sites in any of the plot-level
response variables, i.e., basal area, trees per acre, seedling
and sapling density, shrub cover and height, etc. Each of
these was compared between the PA and TN sites using
t-tests with separate variances (SAS 2002). To ensure the
assumptions of independence and normal distribution were
met, the data from the stands in each respective state were
pooled. This increased sample size to 45 for each state and
limited the effect of any intrastand relationship due to two or
more of the individual stands having a shared developmental
history.

RESULTS

The PA and TN sites had numerous tree species in common
(Table 1). Thirteen tree species were found at each site and
ten of these occurred at both sites. Species common to

PA and TN were: Table Mountain pine, pitch pine, chestnut
oak, scarlet oak (Q. coccinea), white oak (Q. alba), red
maple (Acer rubrum), blackgum (Nyssa sylvatica), American
chestnut (Castanea dentata), serviceberry (Amelanchier
spp.), and pignut hickory (Carya glabra). Black oak (Q.
velutina), flowering dogwood (Cornus florida), and sourwood
(Oxydendrum arboreum) were found only in the TN stands
while eastern white pine (P, strobus), sweet birch (Betula
lenta), and eastern hemlock (Tsuga canadensis) were
present only in the PA stands.

Table Mountain pine was the most important conifer at both
sites with importance value (IV) scores of 27 for PA and 31
for TN (table 1). These relatively high IV scores were the
result of this species’ abundance, size, and stocking. TMP
densities were 78 and 161 trees per acre for PA and TN,
respectively. This species also had the most basal area

with an average of 58 square feet per acre for PA and 78
square feet per acre for TN. Table Mountain pine was quite
widespread at both sites; occurring in all 45 plots in PA and
40 of 45 plots in TN. Pitch pine was the only other conifer
common to both sites and was an important species in
Tennessee (IV = 19) where it averaged 99 trees per acre, 38
square feet per acre of basal area and was found in 37 of the
45 plots. Pitch pine was not nearly as important in PA where
its abundance, dominance, and stocking were 7 trees per
acre, 4 square feet per acre of basal area, and 17 of 45 plots,
respectively, gave it an importance value of 5.

Chestnut oak was the most important tree species in PA

with an importance value of 29 (Table 1). In PA, chestnut oak
averaged 103 trees per acre, 60 square feet per acre of basal
area, and occurred on 41 of 45 plots. Scarlet oak was the
second most important hardwood in PAs TMP stands (IV =
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17). It was quite abundant and widespread, 88 trees per acre
and 38 of 45 plots, respectively, but lacked in dominance with
an average basal area of 14 square feet per acre. Chestnut
oak also was the most important hardwood in the TMP
stands in TN. There it averaged 47 trees per acre, 22 square
feet per acre of basal area, and was found on 33 of 45 plots.
These characteristics gave chestnut oak an importance value
of 12, making it the third most important species overall—
well behind Table Mountain and pitch pine. Red maple was a
close second in importance (IV = 11) to chestnut oak in the
TN stands because it had slightly fewer trees per acres and
occurred on slightly fewer plots.

Between the two sites, all response variables were
significantly different (Table 2). TN averaged more trees per
acre, 435, and more basal area, 205 square feet per acre,
than did PA which had 374 trees per acre and 151 square
feet per acre. Mountain laurel covered an average of 54
percent of each plot in TN while mean cover in PA was less
than half that amount. Average height of mountain laurel

in TN was 8.1 feet, double the mean height of mountain
laurel found in PA (4.0 feet). TMP regeneration also differed
between the sites. In TN, regeneration of any pine species
was virtually non-existent; less than five stems per acre and
all less than 2 feet tall. In PA, density of TMP regeneration
averaged 350 stems per acre and these were found in all
size classes: 250 less than 2 feet tall, 75 between 2 and 5
feet tall, and 25 more than 5 feet tall. Although not quantified,
it was observed that nearly all TMP cones in TN were
sealed shut with resin (serotinous) regardless of how many
years they had been on the branches but those in PA were
nonserotinous and opened in the fall and winter to disperse
the seeds.

DISCUSSION

At first glance, the TMP stands in PA and TN appear to have
much in common. All occur on or near the top of steep rocky
ridges. All stands have somewhat of a southerly aspect. In
both states, pines dominate a discontinuous overstory and
a mix of oaks and other hardwoods form the midstory. They
share the same two major pine and hardwood species—
Table Mountain pine and chestnut oak. They have eight
associate species in common. Mountain laurel is found to
varying degrees in all stands.

Despite their similarities, we detected significant differences
in the overstory, shrub, and regeneration layers between

the two states. The PA TMP stands are, in reality, oak-pine
stands because they have considerably more oak than

pine; the TN stands are the opposite: pine-oak stands with
noticeably more pine than oak. This difference in composition
is likely due to differences in their developmental history.

The PA stands are near old charcoal iron furnaces (Birkenbine
1894). During the 1800s, this industry completely clearcut
forests on a 15 to 20 year cycle. Such an intense, frequent
disturbance regime promotes species capable of resilient
sprouting and precocial seed production. Chestnut oak has
both traits (McQuilken 1990). Sprouting probability ranges from
50 to 100 percent depending on stem diameter and chestnut
oak sprouts can produce abundant acorn crops by age 7 or 8.
Many forests used by the charcoal iron industry were protected



Table 1—Tree species found in the Pennsylvania and Tennessee TMP
stands and their abundance (trees per acre), dominance (ft?/ac of basal
area), stocking (number of plots with at least one stem), and importance
value (average of relative abundance, dominance, and stocking

expressed as a percent)

Common Name Abundance

Dominance  Stocking Imp. Value

Pennsylvania

Chestnut oak 103
Table Mountain pine 78
Scarlet oak 88
Red maple 47
Blackgum 24
Pitch pine 7
Eastern white pine 11
American chestnut 3
Pignut hickory 3
Serviceberry 5
Sweet birch 3
White oak 5
Eastern hemlock 3
Totals 374
Tennessee
Table Mountain pine 161
Pitch pine 99
Chestnut oak 47
Red maple 42
Scarlet oak 24
Sourwood 15
Blackgum 16
Black oak 16
Serviceberry 4
American chestnut 3
Pignut hickory 3
White oak 3
Flowering dogwood 2
Totals 435

60 41 29
58 45 27
14 38 17
3 25 9
4 22 7
4 17 5
2 7 2
1 4 1
1 2 <1
2 5 <1
1 5 <1
2 3 <1
1 6 <1
151 214 100
78 40 31
38 37 19
22 33 12
22 30 11
13 21 7
9 22 6
9 17 5
9 9 3
1 4 2
1 4 1
1 2 1
1 2 1
<1 2 1
205 223 100

from fire and livestock grazing (Birkenbine 1894). Decades of
this type of disturbance regime likely contributed to chestnut
oak dominating these sites and making them oak-pine forests.

The TN stands were never logged but did experience
frequent fire and livestock grazing due to their proximity

to Cades Cove (Dunn 1988). Throughout the 1800s and

early 1900s, farmers of this isolated community burned the
surrounding forest to provide forage for their cattle and hogs.
The stands were essentially wooded pastures until the 1920s.
The hog feeding probably was especially critical to the lack of
chestnut oak in the current stands. Hogs feed heavily on nuts

in the autumn, and the large acorns of chestnut oak would
have been a prime target. Few acorns probably survived
to become seedlings. Those that did then had to withstand

frequent surface fires and browsing by cattle, other livestock,

and wildlife. When the burning and grazing regime abated
in the late 1920s and early 1930s with the abandonment
of Cades Cove, the growing space was captured by fast-
growing pines resulting in the present pine—oak forest.

The TN stands had significantly more mountain laurel
than the PA stands and the TN laurel was twice as tall.
Not enough is known about the seedbed requirements of
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Table 2—Attributes (mean + one standard error) of the overstory,
shrub, and regeneration layers at the Pennsylvania and Tennessee TMP
stands. Small, medium, and large TMP seedlings are < 2 feet tall, 2to 5

feet tall, and > 5 feet tall, respectively

Attribute Pennsylvania Tennessee
Overstory density (trees/acre) 374 + 16 435 + 21*
Overstory basal area (square feet/acre) 151 = 11 205 +17*
Mountain laurel cover (percent) 23+10 54 +18*
Mountain laurel height (feet) 4013 8.1 +15"
Small TMP density (seedlings/acre) 250 + 108 4.3 + 3.6"
Medium TMP density (seedlings/acre) 75 + 39 0.0 £ 0.0*
Large TMP density (seedlings/acre) 25+ 16 0.0 +0.0*
Serotinous cones present (yes/no) No Yes

* significant difference at the 0.05 level between states for that particular attribute.

mountain laurel to know if a fire/grazing regime would favor
the shrub over a frequent cutting regime. The differences
between states may be due to latitudinal and altitudinal
variables because mountain laurel cover and height in TMP
stands tend to increase from north to south and from low to
high elevation (Zobel 1969, authors’ pers. obs.).

Perhaps the most interesting difference between PA and TN
TMP stands is the difference in pine seedling density and
height. The PA stands had abundant Table Mountain pine
regeneration of varying heights. Some stems were more
than 10 feet tall. The three TN stands had only a few pine
seedlings and they were always just a few inches tall.

This stark difference is likely due to two important factors:
coverage of mountain laurel and serotiny of the Table
Mountain pine cones. The TN stands had widespread, tall
mountain laurel to the point that more than 50 percent of the
stands were covered. Often, this shrub would be so dense

it was nearly impossible to crawl through it. Additionally, the
laurel was tall, averaging 8 feet in height. Consequently,
these laurel thickets continually cast a dense shade on the
forest floor and Table Mountain pine seedlings are intolerant
of dense shade (Della-Bianca 1990). Additionally, the Table
Mountain pine cones in TN were serotinous. Nearly all

the cones for the past several years were still sealed shut
with resin and attached to the branches. The TN stands
suffered from limited seed fall and limited suitable seedbeds.
Consequently, Table Mountain pine regeneration was virtually
nonexistent.

The PA TMP stands did not have these same seed fall
and seedbed limitations. Table Mountain pine in PA has
nonserotinous cones; they open every fall to release their
seeds. Consequently, there is a fairly regular seed fall and
these seeds have a reasonable chance to find a suitable
seed bed because the PA TMP stands also had much less
mountain laurel. Coverage and height of this shrub was
less than half that of TN and except for a few small areas,
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moving through the Pennsylvania stands was fairly easy.
Where mountain laurel was dense in the PA stands, no pine
regeneration was found.

Perpetuation of Table Mountain pine stands in either

state requires active management. In TN, prescribed fire

is probably the only reasonable method for perpetuating
these TMP stands because they are in a national park (no
logging and only restricted herbicide use) and the mountain
laurel shrub layer is already dense enough to preclude
regeneration. Burning of mountain laurel can be difficult
due to its high flammability, but the intense fire readily kills
the laurel, opens the sealed cones, and creates a suitable
seedbed (Waldrop and Brose 1999). In PA, logging probably
is a suitable approach because the cones open without fire
and the laurel is still a minor obstacle to regeneration. The
key will be to sufficiently disrupt the laurel shrub layer to
prevent its spread and establish new pine seedlings.
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LONG-TERM AFFECTS OF A SINGLE P FERTILIZATION ON HEDLEY P
POOLS IN A SOUTH CAROLINA LOBLOLLY PINE PLANTATION

Bradley W. Miller and Thomas R. Fox'

Abstract—While phosphorus (P) fertilization increases plant available or “labile” P immediately after fertilization, it is
uncertain how it influences P pools over the long term in forest soils. Phosphorus pools from a 22-year-old loblolly pine

(Pinus taeda L.) fertilization study were quantified using the Hedley sequential fractionation procedure, Mehlich-1, and
Mehlich-3 soil tests. The Hedley fractionation procedure partitions the extracted P into six fractions, which are then defined as
labile, moderately labile, and recalcitrant P pools. After 22 years, fertilization effects were limited to the surface horizon. The
largest response to fertilization in this study was an increase in the Hedley recalcitrant P pools in the 0 to 10 cm soil horizon.
Mehlich-3 extractable P was significantly (p = 0.02) larger in the 0 to 10 cm soil horizon of the fertilized treatment compared to
the control. Our results suggest the largest portion of applied P has remained in the surface soil horizon and has the potential

to increase site quality.

INTRODUCTION

Plant growth is typically limited by nitrogen (N) and P
availability in forests soils. While the absolute quantities of
these nutrients in forests soils may be large and appear
sufficient to support robust plant growth in some locations,
the actual pools of labile P are markedly smaller and
typically growth limiting. The simple and economically viable
solution in agriculture and plantation forestry operations

has been to apply inorganic fertilizers to meet plant growth
requirements. In 1999 nearly 500 000 ha of pine plantations
in the Southeastern United States were fertilized with P or a
combination of P with N (NCSFNC 2000). Whereas inorganic
N can be volatilized and rapidly lost from the site after
fertilization, the fate of inorganic P (Pi) and organic P (Po) is
typically considered to be regulated by plants, soil microbes,
and the P fixation capacity of the soil (Turner and Lambert
1988, Yuan and Lavkulich 1994).

The affects of P fertilization on the long-term P cycle in forest
soils has recently been investigated in pine plantations in the
Southeastern United States. Fertilization can increase plant
uptake of P and the total P concentrations in litterfall up to
400 percent (Dalla-Tea and Jokela 1991, Piatek and Allen
2001). Several studies have shown that the O horizon may be
a sink for P in forest soils due to an accumulation of P over
time (Piatek and Allen 2001, Sanchez 2001). Comerford and
others (2002) sampled plant and soil responses to a single P
application of 17.5 kg-P/ha, 29 years after fertilization. Their
results supported the view that P fertilization increased the
pine needle litter P content, and increased labile pools P from
easily mineralizable Po.

In the early 1980s a large number of silvicultural research
trials were established to examine interactions among site
preparation, weed control, and fertilization. The short- and
medium-term growth response to a single P treatment of
56 kg/ha applied as 280 kg/ha DAP showed increases

in stand growth in excess of 100 percent on many sites
(NCSFNC 2004). Determining the fate of the applied P may
elucidate the long-term affects of P fertilization on labile P
pools. A significant and long-term increase in labile P pools

may positively affect the following rotation’s growth thereby
reducing the need for increasingly expensive fertilizers
applications and improving forest site quality.

There are a variety of methods to test for biologically
available or “labile” P depending largely upon the physical
and chemical properties of the soils you are testing
(Pierzynski 2000). Routine soil tests such as Mehlich-1

(M-1), Melhich-3 (M-3), and Olsen-P use a variety of different
chemicals to predict labile P pools (Tiessen and Moir 1993).
The results of these tests are correlated with plant growth
experiments that predict critical levels of P pools to meet
agronomic crop needs. These equations typically account for
50 to 60 percent of the observed variability in crop growth
(Tiessen and Moir 1993). While these empirically derived
equations work well in agronomic crops they may be less
reliable in forested ecosystems where biogeochemical cycling
of P is more important and long rotation cycles limits their
usefulness.

The Hedley sequential fractionation procedure attempts

to quantify P pools within a soil by using a sequential
chemical fractionation (Hedley and others 1982). The Hedley
fractionation procedure has the advantage over most routine
soil tests in its attempt to measure Po and Pi pools. These

Po and Pi pools are then partitioned into labile, moderately
labile, and recalcitrant P pools based upon to the chemical
strength of the P bonds and the plants ability to access those
P pools (Hedley and others. 1982, Tiessen and Moir 1993).

Our long-term goal is to have site specific, whole rotation,
nutrient management recommendations for loblolly pine
plantations. To attain this goal we need to understand the
long-term effects of management practices on labile P pools.
The specific objectives of this research project are to quantify
the effects of fertilization on the Hedley P pools in loblolly
pine plantation soils. Our hypotheses are that 20 years after
fertilization:

Ha: Hedley labile P pools in the fertilized plots will be
significantly greater than control plots.

Ha: Hedley moderately labile organic P pools in the fertilized
plots will be significantly greater than control plots.
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MATERIALS AND METHODS

Field Experiment

Treatment plots sampled in this study were established in

a loblolly pine plantation in Williamsburg Co., SC (SC1101).
The SC1101 site was planted in March 1979 and fertilized
with 56 kg-P/ha applied as 280 kg-DAP/ha in April 1979.

All trials were installed with four blocks based on uniformity
of soil and site conditions. Treatment plots were 20 by

20 meters, with 16 rows of 16 trees planted at 2.4 by 2.4
meter spacing. The internal 8 rows by 8 trees served as

the measurement plots. The site is located on a Wahee soil
series (Aeric Endoaquults) in the coastal plains physiographic
province. A factorial combination of two levels each of site
prep, fertilization, and vegetation control were applied. The
eight treatments were applied in a split-plot design with site
preparation assigned the whole plots treatments. The subplot
treatments were fertilization and weed control. A description
of treatment applications and soil horizons sampled for this
study is listed in table 1.

P Pools Assessment

Soil samples were collected within the plots in 2001 using

a 7.2-cm-inside-diameter probe. Phosphorus pools were
extracted from the 0 to 10 and 10 to 20 cm depths. The
samples were sieved (< 2 mm) to remove coarse debris,

air dried, and stored in plastic bags until analyses. The soil
samples within each plot were again passed through a 2
mm sieve and composite samples were analyzed for Hedley
P content following the procedure of Tiessen and Moir
(1993). Mehlich-1 and M-3 extractable P were also quantified
(Pierzynski 2000). Subsamples of the composites were oven
dried weigh and moisture corrections. Three lab replicates
were analyzed per composite samples.

Hedley sequential fractionation—The Tiessen and Moir
(1993) adaptation of the Hedley sequential fractionation
procedure uses six extracting solution of differing ionic
strength to divide the P content into pools of decreasing
biological availability (fig. 1). The six sequential fractions are
(1) deionized water with an anion exchange membrane-P;
(2) NaHCO,-Pi and -Po; (3) NaOH-Pi and -Po; (4) 1M HCI-P;
(5) hot concentrated HCI-Pi and -Po; and (6) H,SO,/H,O,-Pi
which when summed give Total Hedley P. Readers should
refer to Tiessen and Moir (1993) for a detailed description of
the fractionation procedure.

Methods of Analysis
Statistical analyses were performed using the MIXED model
with restricted/residual maximum likelihood estimation

0.5 g soil in 100 ml
centrifuge tube

A 4
30 ml DiH,0
Shake 16 hrs.
Centrifuge & Filter

H,0-P

\ 4

Y

30 ml 0.5 M NaHCO, NaHCO:- Inorganic P

Shake 16 hrs. P NaHCO,- Organic P
Centrifuge & Filter s

Y

30 ml 0.1 M NaOH | NaOH- Inorganic P

Shake 16 hrs. #| NaOH- Organic P
Centrifuge & Filter -

Y
30 ml 1 MHCI
Shake 16 hrs.
Centrifuge & Filter

|

18 ml Conc. HCI - | Gonc. HCI Inorganic P
80°C H,0 Bath 7| Cone. HCI Organic P
Centrifuge

!

Digest with
H;S0,-H,0; —>

1 M HCI- Inorganic P

h 4

Residual P

Figure 1—Schematic representation of the Tiessen and Moir (1993)
modification of the Hedley sequential fractionation procedure.

method for a split-plot design in SAS software (SAS Institute,
Cary, NC). The Satterthwaite option was employed to
calculate the correct degrees of freedom. When necessary,
data was natural log transformed, when appropriate, to meet
the model assumptions. Generalized least squared means
were calculated and analyzed for treatment effects at the p <
0.05

RESULTS AND DISCUSSION

The Hedley labile P, Mehlich-1, and Mehlich-3 extractable
P pools were largest in the surface horizon and fertilized
treatment (table 2). Hedley labile P pools are slightly larger
in the surface horizon of the fertilizer plots compared to the

Table 1—Silviculture treatments and soil depths sampled for quantification of Hedley P
pools. Treatment chosen exhibited the largest growth response 14 years after fertilization

a. i. = active ingredient

Fertilizer Weed Control
Treatment Site Prep (kg-P/ha) (kg-hexazinone/ha) Soil Depth (cm)
Control Chop 0 0-10
Fertilized Chop, Bed 1.12 10-20
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Table 2—Summary of Hedley P pools, Mehlich extractable P pools, from the 0-10 cm

soil horizon of a SC loblolly pine plantation. Treatments were 0 or 56 kg/ha P applied at

establishment. Values in parenthesis represent standard error of the means

Treatment (P mg/kg)

Extraction Diffec;ence Cc_mtrast
Control Fertilized ° p-value

Mehlich-1 5.3 7 32 *

Mehlich-3 49.4(1.16) 80.9 (1.16) 64 p = 0.005
Hedley Labile P 9.6 (0.71) 11.5 (0.28) 19 p = 0.096
Hedley Mod. Labile P 1.8 (1.3) 3.53 (1.3) 98 p = 0.059
Hedley Recalcitrant P 45.3 (4.8) 59.6 (4.9) 31 p = 0.039
Total Hedley P 56.8 (5.9) 74.7 (5.8) 31 p=0217

*Mehlich-1 was performed on a simple composite soil sample.

control plots (p = 0.096, table 2). This is supported by the
increase in Mehlich-1 and Mehlich-3 extractable P pools in
the fertilized plot (fig. 2). Both Mehlich-1 and Hedley labile

P pools are measured by relatively mild extracting solutions
which would be measuring P loosely sorbed to the mineral
soil and Po compounds. Mehlich-3 extractable P was
significantly higher (p = 0.005) in the fertilized treatments
(table 2). Mehlich-3 uses a stronger extracting solution
which, in comparisons to the Hedley fractions, appears to be
liberating Pi from the more recalcitrant P pools (fig. 2).

Hedley labile P is extracted by the first two fractions
(DiH,O and NaHCO,) and is readily absorbed by plants

and microbes (Tiessen and Moir 1993). Anion exchange
membranes first remove the Pi held in soil solution. The

P extracted by the bicarbonate solution represents P that
would be exchanged because of HCO, generated from root
respiration. These two pools of phosphorus are believed

to represent the labile phosphorus pools (Cross and
Schlesinger 1995, Johnson and others 2003, Tiessen and
Moir 1993).

Hedley moderately labile P nearly doubled in the fertilizer

treatment to 3.53 mg-P/kg-soil (table 2). While the increase
confirmed our hypothesis, it makes up a very small portion
of the extractable Hedley P (fig. 2). The Hedley moderately

90
[IMehlich 1
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M Hedley Labile P
70 .
[EHedley Mod. Labile P
o = D]Iudlcy Recaleitrant P
2 50 —.7 B viehlich 3
(=9
40
j—
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0+—L[1 | L] N B |
Cn * 0-10 Fert * 0-10 Cn * 10-20 Fert * 10-20

Treatment * Soil Depth

Figure 2—Mehlich-1, Mehlich-3, and Hedley extractable P pools from a SC loblolly pine
plantation 22 years after a single fertilizer application of 280 kg/ha DAP. Treatments were 0

or 56 kg/ha P applied at establishment.
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labile P pools are composed of the NaOH-Po and 1 M HCL
fractions (Tiessen and Moir 1993). The NaOH-Po pool is
believed to be involved in the long-term transformation of

P pools but may be plant available over several years to
decades. The Pi extracted from 1 M HCl is likely calcium
associated Pi (Tiessen and Moir 1993). In acid forest soils it is
likely generated in part from decomposing soil organic matter.

The Hedley recalcitrant P pool had the largest increased
22 years after fertilization to 59.6 mg-P/kg-soil (fig. 2). This
was largely driven by an increase in NaOH extractable Pi (p
= 0.025) and represent P bound to the Fe- and Al- oxides.
When Pi is brought into soil solution, it is an anion that can
be rapidly and strongly adsorb to soil Fe- and Al- oxides.
The Pi anion can also be rapidly immobilized by plants or
soil microbes. Therefore changes in Hedley P pools do not
necessarily follow a sequential order. For example labile P
may not be converted to moderately labile P which would in
turn be converted to recalcitrant P.

The Hedley recalcitrant P pools include the 0.1 M NaOH-Pi,
hot concentrated HCI, and the concentrated H,SO,/H,0,
fractionations (Cross and Schlesinger 1995). The P pools
extracted by these solutions are believed to be highly
recalcitrant and thought to be unavailable to the plant.
However recent studies have shown changes in these pools
attributed to plant or microbial uptake (Gahoonia and others
2000, Liu and others 2004, Liu and others 2006). These
recalcitrant P pools may be made labile with the exudation

of organic acids like oxalate from plant roots and soil
microbes. These organic acids can release P from the Hedley
recalcitrant P pools by increasing the solubility of P in the soil
solution (Fox and Comerford 1992).

CONCLUSION

The Hedley fractionation procedure attempts to extracts

P, based upon chemical solubility, into pools believed to
have biological relevance. However, recent research has
shown moderately labile and recalcitrant P pools are indeed
accessible to the soil biota. Therefore interpretation of Hedley
extractable P pools have been further complicated.
Twenty-two years after fertilization all three soil tests showed
an increased in labile P pools in the surface (0-10 cm) soil
horizon. There was also a small increase in the Hedley
moderately labile P pools. However, the fertilizer applied

has been largely sequestered in the Hedley recalcitrant P
pool. The increase was largely Pi associated with Fe- and
Al-oxides. In light of recent research this does not preclude
the potential that a portion of this P pool may be plant
available for the following rotation.

Future research should be directed towards quantifying the
long-term affects of fertilization on organic P species present
using NMR. Additional research could monitor changes in
Hedley P pools after harvesting operations.
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EFFECT OF BIOSOLIDS ON A LOBLOLLY PINE PLANTATION FOREST IN THE
VIRGINIA PIEDMONT

Eduardo C. Arellano and Thomas R. Fox'

Abstract—Forests in the piedmont of VA may be a good alternative location for land application of biosolids. The objectives
of this study were to quantify nutrient availability and tree growth in a loblolly pine (Pinus taeda L.) plantation following the
application of different biosolids types, at different rates, and at two different times. The study was installed in September
2005, in a thinned loblolly pine plantation, located in Amelia County in the piedmont of VA. The study was established as a
randomized complete block design with nine treatments. The treatments are three different biosolids types (lime stabilized,
anaerobic digested, and pelletized), conventional fertilizer (Urea + diammonium phosphate), and seasonal applications (fall
or winter). Biosolids increased soil nitrogen (N) availability and tree growth one growing season after application compared
to the control treatment. Results for this study indicate that biosolids may be a good alternative to fertilizers to increase forest
growth while providing additional sites for the land application of biosolids.

INTRODUCTION

Biosolids are solid or liquid materials produced during the
treatment of sewage that has been sufficiently processed to
allow land application of these materials (Evanylo 1999a).
Approximately 5.6 million dry tons of sewage sludge are
disposed of annually in the United States with approximately
60 percent used for land application (NRC 2002).

Land applications of biosolids are regulated by the US
Environmental Protection Agency (EPA 2000). The EPA
established regulations for the land application of biosolids,
based on concentration limits and loading rates for specific
chemicals. The EPA regulations are also designed to control
and reduce pathogens or disease vectors.

Decreasing availability of agricultural land suitable for
biosolids application in eastern VA due to urban expansion in
the Washington-Richmond-Norfolk corridor may limit ongoing
land application programs. Forestland in the Piedmont and
Upper Coastal Plain of VA provides an alterative location

for the land application of biosolids. In VA, approximately 50
percent (75 000 dry tons) of the biosolids produced annually
by water treatment plants in the state are land applied

(UVA 1997). In VA, the acreage permitted for biosolids land
application represented approximately 2.5 percent of the 8
million acres in agricultural production in 1997 (UVA 1997).

Managed pine forests tend to grow on nutrient deficient soils
and may be an effective nutrient sink. Growth of loblolly pine
increases on most soils following fertilization (Fox and others
2007). In the South, the average growth response following
fertilization with 200 pounds per acre of N and 25 pounds
per acre of phosphorus (P) averaged around 55 cubic feet
per acre per year. Similar to agricultural systems, biosolids
supply plant essential nutrients that are deficient in most
forest ecosystems, particularly N and P. Land application

of biosolids can improve site productivity by increasing soil
organic matter content. Because of the different organic forms
found in biosolids, they function as slow-release fertilizers,

releasing plant essential nutrients over time to the trees and
crops (Evanylo 1999b). Published research shows that land
application of treated municipal and industrial wastewater

on forestland has been utilized successfully as source

of nutrients at various locations in the United States for

over 30 years (Cole and others 1986). A significant growth
response frequently occurs in forests following the application
of biosolids (Chapman-King and others 1986), but the

growth response following biosolids applications to loblolly
pine forests has been inconsistent. For example, McKee

and others (1986) showed that liquid, not solid, biosolid
applications increased tree growth in loblolly pine plantations.
However, in young plantations, the increased competition
from weeds whose growth was stimulated by the sludge
application detrimentally affected the growth of the pine trees.

To ensure the sustainable application of biosolids to

forested lands, we need to consider: (i) the ability of the

soil to assimilate and cycle N; (ii) the cumulative effects of
nutrients on the soil; and (iii) the change in bioavailability of
nutrient with time. When properly managed, application of
biosolids can increase tree growth due to increased mineral
nutrient availability (Henry and others 1993, Kimberley and
others 2002). Most of N in biosolids is organically bound N.
The organic N needs to be mineralized before it becomes
available for roots uptake. N mineralization of biosolids varies
by sources (Kelty and others 2004), rates (Harrison and
others 2002) and locations (Wang 2004). To avoid residual
N, it is important to match the ability of the ecosystem to
assimilate N mineralization rates. It has been reported

that high application rates of biosolids could result in NO_
leaching from the site (Burton and others 1990). This study
is a part of a larger project focusing on the effect of biosolids
on nutrient cycling and tree growth. The objective of this
study is to: (1) document the growth response of loblolly pine
following the application of biosolids; (2) compare the growth
response of loblolly pine to different types of commonly
produced biosolids and conventional inorganic fertilizers; and
(3) compare impact of biosolids application on N availability.
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MATERIALS AND METHODS

Study Area

The study was established in the summer of 2005 and it was
conducted in Amelia County northeast of Blackstone, VA. The
site supports a loblolly pine plantation that is 18-years old.
The stand was thinned in 2004-2005 using a combination of
fifth-row removal and low thinning between the removal rows.
The soil at the site is predominantly from the Appling series
(Fine, kaolinitic, thermic Typic Kanhapludults). The Appling
series consists of very deep, well drained, moderately
permeable soils on ridges and side slopes of the Piedmont
uplands. These soils are deep to saprolite and very deep

to bedrock. They formed in residuum weathered from felsic
igneous and metamorphic rocks of the Piedmont uplands.
Slopes at this site range from 2 to 15 percent.

Experimental Design

The experimental design was a randomized complete block
design with four plots and nine treatments. Thirty-six plots

of 0.25-acre (200 by 50 feet) were established in July 2005.
The buffer area between each plot is approximately 100 feet.
Each treatment area was approximately 1.03 acres.

Biosolid Application

Biosolids were applied in November 2005 and March 2006
using a side discharge spreader. The biosolids were not
tilled into the soil. Collection trays were installed in each plot
to accurately determine the amount of biosolids applied.
Three different types of biosolids were used for this study
from different locations (table 1). The anaerobically digested
material was obtained from the Alexandria, VA and Back
River, MD facilities. The lime stabilized biosolids were
obtained from the Blue Plains facility (Washington, DC). The
pelletized biosolids were obtained from the Baltimore, MD
facility. The conventional fertilizer was based on common
recommendations to loblolly pine plantations using urea +
diammonium phosphate. Biosolids were applied at different
target N loading rates, base on the amount of plant available
N (PAN) estimated using established recommendations for
VA (Evanylo 1999b). Treatment descriptions and biosolid
characterization are listed in Table 1.

N Availability

In situ ion exchange membrane-N (IEM-N) was measured
in all plots according to Cooperband and Logan (1994)
and Huang and others (1996) procedures. Cation and
anion exchange membrane sheets (lonics Inc., Watertown,
MA), were first cut into 13-square inch sheets. Cation and
anion membrane squares were kept separate, washed
with de-ionized water, and soaked inside plastic carboys
containing 1 M NaCl solution every time they were used.
Two sets of membranes were installed at random in the
soil of each plot. After a 30-day incubation period individual
membranes were then removed and stored at 4 °C

until extraction with 1 M KCI. All extracts were analyzed
colorometrically for nitrate (US EPA Method 353.2) and
ammonium (US EPA Method 350.1) using a TRAACS 2000
Auto Analyzer (SEAL Analytical, Mequon, WI).
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Foliage Weight Sampling

Foliage was sampled in each plot on February 1-7, 2007
following the procedure established by Colbert and Allen
(1996). In each plot, five dominant or co-dominant trees were
selected and marked. Then 20 fascicles from the 5 trees in
each plot were composited to create a plot foliage sample

of 100 fascicles. The foliage samples were dried in a forced
air drying oven at 70 °C for 7 days. The oven-dried needle
samples were then weighed and ground in a Wiley® mini-mill
to pass through a 1 mm screen.

RESULTS AND DISCUSSION

Nitrogen availability was measured using IEM-N which is the
sum of HN,* and NO," extracted from the membranes located
at the top mineral soil and the forest floor. The total amount of
N extracted was divided by the amount of days that they were
buried in the field. Fall fertilization with lime stabilized and
anaerobically digested biosolids increased total IEM-N from
November 2005 to September 2006 in relation to the control
treatment. The largest concentration of 36 mg-N/m?/day was
released by the anaerobically digested material in February.
Total IEM-N concentrations for lime stabilized biosolids were
elevated in May and July (fig. 1).

Spring biosolid application at different rates of anaerobically
digested, lime stabilized, pelletized biosolid, and conventional
fertilizer also significantly increased total IEM-N relative to
the control treatment. Figure 2 shows the treatment increases
in total IEM-N compared to the control treatments. There are
no differences in total IEM-N among the 200 pounds per acre
treatments, but N availability tended to last longer in biosolid
applications than the conventional fertilization.

The main form of N in biosolids is organically bound N.

This means that mineralization will play a key role in N
availability (Hallett and others 1999). Given the large addition
of organic N in both types of biosolids, we could expect that
the N availability in the biosolids treated plots would remain
higher than control plots for a longer period of time due

to mineralization of organically bound N. Throughout the
duration of this study biosolids applications increased soil
IEM-N compared to control plots especially in the high rates
biosolid treatments (fig. 2).

Trees respond to N availability by allocating more N to

the foliage N. Increases in foliar N leads to increase foliar
biomass, which then increase tree stem growth (Binkley and
Reid 1984). Needles dry weight increased with biosolids
applications, at both application times (fig. 3). The increases
were not significant and not consistent with the biosolids
loading rates. We may expect future significant responses
since biosolids and fertilizer applications have shown to
increase the tree foliage mass (Magesan and Wang 2002).
Pelletized biosolids tended to have no effect on foliage
weight; this could be explained due to the slower N release
from the pellets.



mg NH4+ and NO3- m-2 day-1

Table 1—Treatment application rates and selected characteristics of the different biosolids

Carbon
(tons per Effective
acre) PAN
Dry Weight (pounds per Total N (pounds
Treatments (tons per acre) acre) (tons per acre) per acre) pH
Fall Application
Lime Stabilized 800 42.3 14.8 1.5 880 124
Anaer. Digested 800 315 9.8 1.57 935 8.2
Spring Application
Lime Stabilized 200 10.3 3.6 3.8 220 12.2
Pellets 200 1.08 - - 230 -
Urea + DAP 200 - - - 209 -
Anaer. Digested 200 77 2.4 0.4 223 8.5
Anaer. Digested 800 33.5 10.4 1.7 943 8.5
Anaer. Digested 1600 62.6 19.4 3.1 1820 8.5
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Figure 1—Total ion exchange membrane-NH4+ and NO3- from the forest floor and the upper 6 inches of mineral
soil in a loblolly pine plantation in the Virginia Piedmont. Treatments are anaerobically digested and lime stabilized
biosolids applied during November 2005 at a rate of 800 pounds per acre of plant available nitrogen (PAN), and
reported in units of mg-N/m? of ion exchange membrane surface.
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Figure 2—Total ion exchange membrane-NH4+ and NO3- from the forest floor and the upper 6 inches of mineral
soil in a loblolly pine plantation in the Virginia Piedmont. Treatments are three rates of Anaerobically Digested
biosolid (200, 800, and 1600 PAN), Lime Stabilized (200 PAN), pelletized biosolids (200 PAN), and conventional
200 pounds per acre of urea and DAP applied during March 2006, and reported in units of mg-N/m? of ion

exchange membrane surface.
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Figure 3—Total foliage dry mass of 100 needles sampled from a loblolly pine plantation in the
Virginia Piedmont following treatment applications during November 2005 and March 2006. The
first treatment applications were at one rate of anaerobically digested and lime stabilized biosolids
(800 pounds per acre of PAN). The second treatment applications were at three different rates of
anaerobically digested biosolid (200, 800, and 1600 pounds per acre PAN) and one application rate
(200 pounds per acre PAN) of lime stabilized, pelletized biosolids, and a conventional urea + DAP

treatment. Results are reported in mg/100 fascicles.

CONCLUSION

Preliminary results from this study indicate that biosolids
additions increased soil nitrogen availability. Soil nitrogen
availability following biosolids applications were greater
than in the control plots. This occurred following both fall
and spring treatment applications. Soil nutrient availability
following biosolids was similar to that following application
of inorganic fertilizer. Foliage mass increased in response to
biosolids and fertilizer applications indicating there will likely
be a positive effect on tree growth. Because the application
of biosolids increased N availability in the soil, it also has
the potential to increase N leaching. Several studies indicate
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that high application rates of biosolids increase the potential
for nutrient leaching (Wells and others 1986, Ferrier and
others 1996, and Jordan and others 1997). Additional work
is underway to determine the leaching of N from these
treatments.

The findings reported here and in other studies show that
the characteristics of the biosolids being applied to land are
as important as the site characteristics. Organic N forms,
moisture content, and other soil chemical and physical
properties could affect nutrient cycling and should be
considered when applying biosolids.
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PROJECTED GROWTH AND YIELD AND CHANGES IN SOIL SITE
PRODUCTIVITY FOR LOBLOLLY PINE STANDS 10 YEARS AFTER VARYING
DEGREES OF HARVESTING DISTURBANCE

Mark H. Eisenbies, James A. Burger, W. Michael Aust, and Stephen C. Patterson'

Abstract—Southern industrial pine plantations are intensively managed. Shortened rotations and wet season trafficking can
result in significant soil disturbances. This study investigated the effects of wet and dry weather harvesting, the ameliorative
effect of bedding on soil site productivity on a rotation-length study, and compared the cost benefit of several site preparation
treatments. Loblolly pine plantations were subjected to combinations of wet- and dry-weather harvesting and mechanical site
preparation. Sites that were bedded had significantly more wood production at age 10 than non-bedded sites: approximately
60 and 45 tons/acre green-weight respectively. There were no significant differences between wet- and dry-weather harvested
sites that were not bedded. Dry-weather harvested sites had the least production among the bedded sites, but there were few
significant differences. Projected growth using the model FASTLOB2 suggests that flat-planted sites may be more profitable,
but only if survival can be assured. This study also indicates that an experimental mole plow treatment can be productive and
profitable, but requires further investigation on a wider variety of sites.

INTRODUCTION

Southern pine plantations are among the most intensively
managed forests in the country (Allen and Campbell

1988). Forests in this region produce up to 400 cubic feet/
acre annually (Borders and Bailey 2001), and due to
limitations with mill inventories, they are harvested year-
round. As a result, harvests during winter months, when
evapotranspiration is minimal and soils are wet, results in
soil impacts. Studies of trafficking disturbance have shown
negative effects on soil properties and reductions in tree
growth and survival (Aust and others 1995, Hatchell and
others 1970, Lockaby and Vidrine 1984, Moehring and Rawls
1970, Scheerer 1994, Shoulders and Terry 1978, Youngberg
1959). Harvesting traffic during wet weather may cause
rutting and compaction, erosion, nutrient loss, and organic
matter disturbance (Greacen and Sands 1980, Kozlowski
1999, Miller and others 2004, Miwa and others 2004, Powers
and others 1990, Sheriff and Nambiar 1995). In spite of
literature that shows how forest practices can negatively
affect soil chemical and physical properties related to tree
growth, the direct link between forest operations and reduced
productivity has been difficult to establish (Burger 1996,
Morris and Miller 1994, Worrell and Hampson 1997).

Potential site impacts due to trafficking and biomass removal
may be mediated both naturally and artificially (Cairns 1989,
Vorhees 1983). The presence of shrink-swell clays can allow
compacted soils to achieve lower bulk densities after multiple
cycles of wetting and drying (McGowan and others 1983,
Sarmah and others 1996). Soil biological activity, such as
soil organisms or root systems, can benefit soil properties
by contributing to the formation and stabilization of soil
aggregates, alter soil structure, incorporate organic matter,
and decrease bulk density (Jastrow and Miller 1991, Larson
and Allmaras 1971, Oades 1993, Perfect and others 1990).

Intensive management practices may enhance site
conditions, increase growth and yield, and improve economic

return. Site preparation may also be used to ameliorate
harvesting impacts. Bedding is a common site preparation
practice on intensively managed plantations of the coastal
plain recognized for its benefits for drainage, competition
control, and nutrient allocation (Aust and others 1995, Coile
1952, Gent and others 1983, McKee and others 1985, Morris
and Lowery 1988, Schultz and Wilhite 1974). Other types of
mechanical site preparation include chopping, harrowing,
disking, shearing, ripping, etc. (Smith 1986). Additional goals
might include improving site drainage, as with drainage
(Smith 1986) or mole plowing (Spoor and Fry 1983, Spoor
and others 1982, Weil and others 1991). The main limitations
of mechanical site preparation methods include the expense
and potential impacts of repeated trafficking (Walstadm and
Kuch 1987).

The long-term goal of this study is to evaluate (1) whether
logging disturbances affect soil quality and loblolly pine
(Pinus taeda L.) productivity on wet pine flats, and (2) can
forestry practices mitigate disturbance effects if they exist? A
specific objective of this paper is to evaluate the cost-benefit
of an experimental mole plow treatment relative to more
common site preparations.

METHODS

The study site is located on wet pine flats (Messina and
Conner 1998) on the Atlantic Coastal Plain in Colleton
County, SC. Three, 50-acre, bedded, loblolly pine plantations
were selected as blocks in 1992 based on similar age (20-
25 years), soil, and hydrologic conditions. The topography is
flat to gently rolling marine terraces dissected by drainages.
Soil parent materials consist of marine and fluvial sediments
and feature the phosphatic Cooper Marl (Stuck 1982). Soils
are poorly to somewhat poorly drained, and have an aquic
moisture regime. Regionally, these sites are considered
highly productive and are often intensively managed for the
production of loblolly pine (Pinus taeda L.).
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Soils primarily consist of the Argent (fine, mixed, thermic,
Typic Ochraqualfs) (57 percent), Coosaw (Loamy, siliceous,
thermic Arenic Hapludults) (15 percent), Santee (Fine, mixed,
thermic, Typic Argiaquolls) (13 percent), and Yemassee
(Fine-loamy, siliceous, thermic Aeric Ochraquults) (14
percent) series. However, the sites are similar enough that
they managed as a single unit. Surface drainage is largely
controlled by microtopography and subsurface drainage by
thick argillic horizons of low permeability that cause perched
water tables (Xu and others 2002).

Five approximately 8-acre treatment areas were laid out as
individual harvest units within each block including separate
decks and skid trails (fig. 1). A sixth area in each block
consisted of a no-harvest control, and was not used in this
portion of the experiment. Prior to harvest each treatment
area was overlain with a 66 by 66 feet grid. Within each of the
1170 1/10th-acre cells, a circular 1/50"-acre measurement
subplot was permanently established.

In the fall of 1993, two randomly selected plots on each
block were dry-weather harvested. In the spring of 1994,
the remaining three plots on each block were harvested in
wet conditions with the goal of maximizing soil disturbance.
Harvesting was performed by conventional commercial
logging operations using mechanized fellers and wide tired
buncher/grapple skidders. The logger was instructed to
treat the individual sites as they normally would for the site
conditions that were encountered. Specifically, no effort was
made to alter logger behavior. Disturbances were applied in
this manner to ensure that the degree and distribution of both
soil physical and harvesting residue disturbances would be
operationally realistic.

Three levels of mechanical site preparation were applied
in 1995: no mechanical site preparation (flat planting),
conventional bedding, and an experimental mole plow

Block 1 Block 2
| Control = TR 5
ole | Dry ry
HEEIEIR Con- | piow | Flat | Bed
ol |m|| @
o|lslwl 2 Wet | Wet
g =|l=s|alo Flat | Bed
Block 3
Legend: Control

Forest Road

Wet Bed

200 meters

Wet Flat | Dry Bed |

Mole Plow

....................................

Figure 1—Block layout of individual harvesting units and
corresponding treatments.
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treatment. The purpose of the mole plow treatment was to
facilitate water table equilibration via subsurface drainage in
the argillic horizon for areas where rutting and churning may
have disrupted normal drainage. Bedded sites were sheared
and drum chopped prior to bed installation. Mole plowing
was performed in October 1995 using a mole-shank and
modified bedding plow, and then bedded in November 1995.
Thus there were five treatments at the operational level:
dry-harvested and flat-planted (DF), wet-harvested and flat-
planted (WF), dry-harvested and bedded (DB), wet-harvested
and bedded (WB), and wet-harvested, mole plowed and
bedded (WMB).

All sites received chemical weed control in the form of
Imazapyr (16 ounces/acre) and Glyphosate (76 ounces/acre)
in July 1995. The sites were hand planted in February 1996
with best first generation, open-pollinated family, loblolly pine
seedlings. As a precaution, non-bedded stands were double
planted to emphasize treatment effects on productivity over
that of stocking and survival effects. Extra seedlings were
culled from double plantings that remained after the first year
of growth.

Height and diameter breast height (d.b.h.) of all trees within
the 1/10-acre subplots were measured prior to harvesting.
Inventories of height and d.b.h. in the current rotation were
conducted at ages two, five, and ten for the same 1/10-acre
subplots across the entire study area. Site indexes (base
age 25) were calculated at age 10 based on the height of a
dominant or codominant tree nearest each 1/10-acre subplot
center using equations developed for a range of loblolly
pine site types (Amateis and Burkhart 1985). Green weight
biomass was calculated as a function of height and d.b.h.
(Bullock and Burkhart 2003, Phillips and McNab 1982).

An economic analysis was conducted by projecting growth
and yield to the end of the rotation using the FASTLOB2
stand development model (Amateis and others 2005).
Rotation lengths were optimized for individual treatment plots
based on maximum net present value (NPV) at interest rates
of 8 and 12 percent. The expressed site index and stocking
at age 10 were used as surrogates for treatment effects in
FASTLOB2. Biomass was assumed to be sold as pulpwood
(4 inch d.b.h., $6 per ton), chip and saw (9 inch d.b.h., $21
per ton), or sawtimber (12 inch d.b.h., $38 per ton) using
Southwide average prices obtained from Timber Mart South
(University of GA) in February 2007. Treatment costs were
estimated using regional trends (Dubois and others 2003).
The assumed costs for flat-planted sites included hand
planting ($48 per acre), fertilization ($65 per acre), chop and
sheer ($100 per acre), and herbicides ($52 per acre). The
assumed costs for bedded sites included the additional costs
of bedding ($135 per acre). The cost of the experimental
mole plow treatment was estimated to be approximately $100
per acre. Cost and benefits associated with taxes, hunting
leases, and other sources of revenue were not considered.

Maximum NPV, stand age, and biomass were evaluated

at the operational scale using the general linear model

at the alpha = 0.05 level (Hicks and Turner 1999). Means
separations were conducted using Fishers’ protected least
significant difference. The covariates prior stand production



and site index were considered, but not found to be
significant.

RESULTS AND DISCUSSION

Disturbance Response

In a review of harvesting disturbance from the 1960s to the
1980s, Reisinger and others (1988) reported that greater
than 63 percent of logging areas remain undisturbed after
harvesting operations. At the time of treatment installation,
deep rutting was considered excessive in SC when 20 to
25 percent of the site is affected (Tim Adams, SC Forestry
Commission, Personal Communication, 1994). The wet-
weather harvesting treatments were designed to maximize
soil disturbance. While soil compaction occurred on less
than 10 percent of dry-weather harvested sites, wet-weather
harvested sites were over 60 percent disturbed including
compaction, rutting, and churning (Eisenbies and others
2006). Between 26 and 44 tons per acre of harvesting
residues were distributed across the sites with greater
quantities found on wet-harvested sites (Eisenbies and
others 2002). Loggers topped trees where they were felled
on wet-harvested sites in order to increase tire floatation
and reduce drag on wet harvested sites. On dry harvested
sites whole trees were skidded to delimbing gates near the
landings.

Production was greatest on bedded sites, but no significant
differences were found between wet- and dry-harvested
sites (Eisenbies and others 2007). The benefits of bedding
loblolly pine stands are already well established (Aust and
others 1995, Gent and others 1983, McKee and others 1985,
Miller and others 2004, Miwa and others 2004, Morris and
Lowery 1988, Schultz and Wilhite 1974, Terry and Hughes
1975). However, no changes in soil-site productivity were
detected among non-bedded (DF and WF) and bedded (DB,
WB, and WMB) sites except with regards to height growth
on flat-planted sites. Eisenbies and others (2007) noted that
survival was very high on flat-planted sites due to relatively
dry conditions for the first few years of growth. They also
observed that localized areas where moderate amounts of
disturbance occurred appeared to perform better than less

disturbed areas, and that soil bulk density and porosity
were also improve over time due to bedding and natural
processes.

Simulation Results

These sites are projected to produce between 134 and 260
tons/acre when their net present values are maximized

at 8 and 12 percent (table 1). The wet-harvested, mole
plowed and bedded sites are projected to have the highest
production of the five treatments. There is some evidence
that the MP sites may have had slightly higher initial site
quality (Eisenbies and others 2006). Optimized rotations
lengths based on cost estimates and current estimates for
timber prices are between 16 and 33 years. Higher costs and
higher interest rates logically result in the maximum NPV
being attained earlier in the rotation. Simulated mortality on
flat-planted sites only resulted in 2 year delay in rotation age,
but there was no change in actual yield.

Although the WMB treatment had significantly higher
simulated production, it did not generate significantly higher
income than the other bedded sites in most cases (table 2).
The flat-planted sites were the most profitable within blocks,
but rarely significantly so and not when a planting failure
was simulated. One limitation is that the simulations do
assume that current separation between treatments will be
maintained for another 10 years; however, apparent changes
in soil-site productivity have been converging with time
(Eisenbies and others 2007). Additionally, FASTLOB2 seems
to predict slightly high yields from age 10 data. These sites
were unusually productive for coastal plain plantations due to
the parent material and have high site indexes. Thus, either
the model’s capacity to accurately simulate these sites may
be impaired, or the site index curves utilized are too general
and overestimate some stands.

The comparatively high costs of operating heavy machinery
may favor flat-planting economically, especially if interest
rates rise; however, site-preparation may remain the best
choice in order to ensure proper stocking. It is also difficult to
recommend the WMB treatment despite its higher predicted

Table 1—Predicted age and yield where net present value is maximized based on FASTLOB2 simulations
from age 10 for five harvesting/site preparation treatments

Treatment ~ -———--—-——--- 8 percent --------m--me-- s 12 percent ---------------
Harvest Age Yield Harvest Age Yield
years tons/acre years tons/acre
DF 30.0 bc 200 c 18.3 ab 134 c
WF 33.3a 230 b 19.0a 147 bc
DB 323 ab 240 b 18.3 ab 156 b
WB 30.7 bc 240 b 17.3 bc 156 b
WMB 290c 260 a 16.0b 179 a
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Table 2—Comparison of maximum net present value (in dollars) predicted using four FASTLOB2 simulations

for five combinations of harvesting treatments

Treatment Maximum Net Present Value
Block 1 Block 2 Block 3 Total

----------------------- 8 percent IR without Mortality --------------=--------
DF 145 244 18 135a
WF 107 178 46 110 a
DB 74 104 -97 27b
WB -18 150 39 57 ab
WMB 114 162 -101 58 ab

8 percent IR with Mortality

DF 31 115 -78 16 a
WF 13 74 -39 22a
DB 74 104 -97 27 a
WB -18 150 39 57 a
WMB 114 162 -101 58 a

---------------------- 12 percent IR without Mortality ----------------------
DF -89 -36 -163 -96 a
WF -122 -85 -157 -121 a
DB -195 -181 -291 -223b
WB -247 -146 -220 -204 b
WMB -201 -163 -345 -236 b

------------------------ 12 percent IR with Mortality -------------=----------
DF -185 -143 -244 -191 a
WF -189 -160 -217 -189 a
DB -195 -181 -291 -223 a
WB -247 -146 -220 -204 a
WMB -201 -163 -345 -236 a

yield without more replication on a wider variety of sites.
Although few clear economic decisions can be drawn from
this study, the opportunity to compare the experimental site
preparation against more common practices is valuable.
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DOUBLE-PLANTING CAN AFFECT GAINS FROM WEED CONTROL TREATMENTS

David B. South'

Abstract—Double-planting is the practice of planting two seedlings at every planting spot. When both seedlings survive, then
either the less vigorous seedling is removed or each seedling is given an equal chance of being removed. Some researchers
double-plant so that tree growth among experimental plots is not affected by initial differences in stocking. However, double-
planting might have an effect on conclusions when the response variable is affected by initial survival. A growth and yield
program was used to estimate the effects of double-planting on yields obtained from eliminating hardwood competition. As
expected, increasing stocking (by double-planting) increased standing volume at age 25 year. If the herbicide treatment
increased survival, the predicted increase was greater for double-planting than for single-planting. However, when the use of
herbicides reduced seedling survival, the predicted increase in volume gains was greater for single-planted stands.

INTRODUCTION

“Double-planting” involves the practice of planting two
seedlings at every planting spot (typically from 0.1 to 0.5 m
apart). This is done in hopes that most planting spots will
have at least one live seedling a year after planting. When
both seedlings are alive then one is removed. In some
studies, the less vigorous seedling is removed while in others
each seedling is given an equal chance of being removed.

It is not known when this practice began but Powers (1979)
double-planted seedlings in December of 1978. Its popularity
has increased among researchers in the Southern United
States (table 1). Some researchers are concerned that when
planting one tree per planting spot (i.e. single-planting),
first-year survival might be less than 90 percent and that
stocking might vary by treatment. Therefore in South Africa,
researchers and some companies single-plant and then
replant the “blank spots” a month later (a.k.a. blanking).
Blanking is known as “beating-up” in the United Kingdom
and “interplanting” in the United States. Occasionally,
interplantaing is practiced when initial survival is decreased
by the application of chemicals (Edwards 1994, Haywood
and Tairks 1990). However, since analytical problems can
occur with interplanting, some researchers prefer to double-
plant seedlings. In one study in California, double-planting
plus interplanting were used to ensure one tree per planting
spot (York and others 2004).

ECONOMICS

The reason double-planting is rarely practiced operationally
is due to higher establishment costs. For example, if a bare-
root longleaf pine (Pinus palustris Mill.) seedling costs 8
cents each and it costs 7 cents to plant a tree by hand,
double-planting would cost about 33 cents per planting spot
(removing doubles might cost $50/ha). Planting container
seedlings might cost only 24 cents per seedling (17 cents
for seedlings plus planting costs). However, double-planting
is used in some parts of Africa. In semi-arid areas of Kenya,
some farmers (about 1 out of 10) will plant two seedlings in
each pit (Roothaert and others 2003).

RESEARCH TRIALS

Double-planting is practiced mostly by researchers in the
United States although it has been used in Sweden and
Brazil (Johansson 2004, Pereira and Vale 1984). In Italy,

double planting has been used in cherry and oak plantations
(Buresti and others 2001, 2003). Seven years after planting,
the less vigorous and/or poorly formed seedling is removed.
Although many establishment trials are established in
Canada, China, the United Kingdom, South Africa, New
Zealand and in Australia, double-planting is rarely practiced
in these countries. It is possible that some trials were double-
planted but the practice was not mentioned in the methods
section (e.g. Nowak and Berisford 2002).

Some researchers have experienced planting failures and
therefore they double-plant to reduce the risk of failure. Low
survival after planting bare-root, loblolly pine (Pinus taeda
L.) or slash pine (Pinus elliottii Engelm.) might be related

to: (1) planting stock with root-collars less than 5 mm; (2) a
reluctance to plant seedlings deep—uwith the root-collar 15
cm below ground; (3) using inexperienced hand-planting
crews; (4) allowing tree planters to prune or strip roots in
order to avoid bent roots in the planting hole; and (5) planting
late (i.e. after March 1). Some researchers will prune roots to
facilitate hand planting (e.g. Wilder-Ayers and Toliver 1987)
even though pruning roots will increase the shoot/root ratio
and will reduce the chance of seedling survival (Harrington
and Howell 1998, South 2005). Likewise, transplanting
seedlings just prior to a hard freeze can reduce longleaf
pine survival (South and Loewenstein 1994). To provide

a buffer against improper planting techniques or weather
events, some researchers double-plant (which can increase
stocking levels up to 25 percent). Instead of double-planting,
geneticists often choose to single-plant, container-grown
loblolly pines.

DOES IT AFFECT RESULTS?

Double-planting will have no effect on results and conclusions
of some experimental trials. For example, if the objective

is to examine the effect of ozone concentration of seedling
physiology, then double-planting will not alter the conclusions.
However, double-planting might affect the results if the
response variable of interest is: (1) stocking or (2) per hectare
volume.

The survival percentage (i.e. number alive/number planted) is
not affected by double-planting but stocking level (live trees/
ha after thinning at the end of the first growing season) will be
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Table 1—A partial list of double-planted experiments in the United States

Species Study involves Reference

Pinus taeda Ozone Barbo and others 2002
Fertilization Borders and others 2004
Tillage Carlson and others 2006
Logging Eisenbies and others 2006
Topography Haywood 1983

Tillage and Fertilization
Logging method

Site preparation
Mycorrhizae

Weed competition

Fertigation
Spacing

Second-rotation
Second-rotation

Haywood 1995

Laihoa and others 2003
Martin and Shiver 2002
McLellan and others 1995
Miller and others 1991
Nowak and Berisford 2000
Rahman and others 2006
Rose and Shiver 2000
Rubilar 2003

Ozone Sasek and others 1991

Ozone Stow and others 1992
Populus deltoides Genetics Foster 1986

Genetics Foster and others 1998

Genetics Knowe and others 1994
Western conifers Opening size York and others 2004

affected. Even so, some claim that double-planting increases
seedling survival (Rahman 2006). However, in this case

it would have been appropriate to state that stocking level
averaged 94 percent (instead of saying that seedling survival
was 94 percent). A stocking level of 94 percent suggests that
seedling survival was approximately 76 percent.

When survival is 50 percent, double-planting will increase
stocking level to 75 percent (fig. 1). In some cases, single-
planting morphologically improved seedlings (with 8 or 9 mm
root-collars) will result in fewer empty spots than double-
planting typical seedlings with 4 mm root-collars (fig. 1).

Planting spots with live seedlings (%)

100 |

80 |

60 -

single-plant double-plant

ssssam

0 L 1 L 1 1 ) 1 | |
2 3 < 5 6 7 8 9 M0 11 12
Root collar diameter (mm)

Figure 1—The potential effect of double-planting on stocking of slash
pine in Georgia. The single-planted stand is represented by the
equation Y = 100-1026-0.145 where Y is 3-yr survival and X is the
root-collar diameter at time of planting. The increase in stocking due
to double-planting was greatest when planting seedlings in the 4 to
6 mm range. Survival on this site was greater than 90 percent when
seedlings with large roots (e.g. RCD > 9 mm) were machine planted
(South and Mitchell 1999).
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However, many researchers prefer to double-plant 4-mm
seedlings than to single-plant 8- or 9-mm seedlings.

For loblolly pine, volume gains from controlling herbaceous
weeds can increase as pine stocking increases. Quicke and
others (1999) report volume gains (at age 15 years) from weed
control might be 2 m¥ha at a stocking of 800/ha while gains were
9.2 m¥ha when seedlings were planted at 2200/ha. Therefore, as
initial stocking levels increase, pine production will be increased
(at least at ages 15 to 20 years). The question then becomes,
when the difference in initial stocking level is minimized, does

the volume gain (from weed control) decrease? Outputs from a
growth and yield model were used to address this question.

METHODS

The North Carolina State University Growth and Yield
Simulator was used to predict yields from controlling
hardwoods in loblolly pine plantations in the Piedmont. Inputs
included 1,200 spots/ha and the site quality would produce
an average height of dominants and co-dominants of 22.9

m at age 25 years. The theoretical herbicide treatment
eliminated competition from hardwoods while nontreated
stands contained 20 percent of the basal area in hardwoods
(at age 10 years). Four simulations were conducted. On Site
#1, the herbicide treatments did not affect seedling survival
while they reduced survival on Site #2. Herbicide use on Site
#3 increased survival by 10 percentage points (i.e. from 80
percent to 90 percent) while on Site #4 survival increased by
25 points (i.e. from 50 percent to 75 percent). The following
equation was used to estimate stocking level: Stocking =
survival + [(1- survival)*(survival)]. For example, a stocking
level of 84 percent is obtained by double-planting when
survival is 60 percent: 0.84 = [(1-0.6)*(0.6)] + 0.6.

RESULTS AND DISCUSSION

As expected, eliminating hardwood competition increased
volume production for all four sites (table 2). The increase
was greatest for the low-survival site and was lowest for the
site where herbicides reduced survival.



Table 2—Predicted effects of planting method and hardwood control on volume production at age 25 years

(modeled output from NCSU Plantation Simulator)

. . . Gain due to
. - Hardwood Initial Planting Stocking Volume
Site  Herbicides competition  survival method (1% yr) (m®ha) we(emdBc/:r? :)t rol
#1 Yes None 80% Double 96% 334 62
No 20% 80% Double 96% 272 -
Yes None 80% Single 80% 323 59
No 20% 80% Single 80% 264 -
#2 Yes None 70% Double 91% 332 60
No 20% 80% Double 96% 272 --
Yes None 70% Single 70% 313 49
No 20% 80% Single 80% 264 -
#3 Yes None 90% Double 99% 336 64
No 20% 80% Double 96% 272 --
Yes None 90% Single 90% 331 67
No 20% 80% Single 80% 264 -
#4 Yes None 75% Double 94% 333 73
No 20% 50% Double 75% 260 -
Yes None 75% Single 75% 318 84
No 20% 50% Single 50% 234 --

Site index = 23 m in 25 years; 1200 planting spots per ha; 20% = amount of basal area in hardwood trees.

Regardless of site, double-planting increased stocking and
volume production. At two sites (#1 and #2), double-planting
increased the gain from weed control. For the sites where
herbicide treatment increased survival (sites #3 and #4),
double-planting reduced volume gains by 3 to 11 m®ha. On
sites where double-planting does not increase stocking, there
will be little or no effects of double-planting on treatment
response.

On Site #2, the application of herbicides reduced survival by
10 percentage points. This is similar to what was observed
at Liberty, MS (Miller and others 1995) where hardwoods
sprouts were treated with herbicides and survival was
reduced by about 12 percent (fig. 2). The use of herbicides
has reduced survival of pine seedlings in several research
trials (Barnard and others 1995, Quicke and others 1999,
South and others 1995). In one study, seedlings treated with

% Stocking (year 1) Seedlings per ha

11.400
Single planted |

100 - Double planted
- {1,200

11,000

84
. 73
60 | o 1800
L 48 |
| 600
40| .
- | 400
20 - '
_ 200
0 ‘0

Untreated Herbicide Untreated Herbicide

Figure 2—An example of the effects of double- planting and
use of herbicides on first-year stocking of loblolly pine at
Liberty, MS (double-planting results from Miller and others
1995—single-planting results are estimates).

hexazinone had 64 percent survival while plots not treated
had 93 percent survival (Edwards 1994).

CONCLUSIONS

Researchers double-plant to reduce the risk of low seedling
survival and to minimize the variation in survival among
experimental units. When seedling survival or volume/ha are
not reported, double-planting will not affect the conclusions.
In some cases where herbicides increase seedling survival,
volume gains obtained from the weed control may be
reduced by double-planting. This effect is expected by

those researchers who want to eliminate stocking effects
from growth related treatment responses. However, double-
planting might increase volume gains on sites where stocking
is either reduced or unaffected by herbicide use. These
results are likely dependent on the growth and yield model
employed.
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RELATIONSHIP BETWEEN HERBACEOUS LAYER, STAND, AND SITE
VARIABLES IN THE BANKHEAD NATIONAL FOREST, ALABAMA

Joel C. Zak, Luben D. Dimov, Callie Jo Schweitzer, and Stacy L. Clark’

Abstract—We studied herbaceous layer richness, diversity and cover in stands on the southern Cumberland Plateau. The
stands are mixed pine-hardwoods dominated by 25-40-year-old planted loblolly pine (Pinus taeda L.). Scheduled future
treatments combining thinning and fire are designed to restore the hardwood component, particularly oak (Quercus spp.) and
hickory (Carya spp.) species, and to increase herbaceous diversity. We related pretreatment herbaceous layer (vegetation <
1.4 m height) richness, diversity, and cover to basal area and site variables on 125 plots in 25 stands. Our models showed
significant but weak relationships. Slope, broadleaf litter cover, and basal area accounted for 14 percent of the herbaceous
layer richness. Models for species diversity and cover had lower coefficients of determination. The measured stand and site
variables were not reliable predictors of pretreatment herbaceous layer variation.

INTRODUCTION

Floral diversity of temperate forests in eastern North America
is highest in the herbaceous layer (classified as vegetation

< 1-2 min different sources) (Braun 1950, Gilliam and
Roberts 2003). Composition of the herbaceous layer is also
influenced by stand conditions, which are often modified by
silvicultural treatments and natural disturbance events (Royo
and Carson 2006). Concerns about biodiversity loss have
caused forest managers to use silvicultural practices that
promote biodiversity and alter species composition (Burton
and others 1992).

Future silvicultural activities on the William B. Bankhead
National Forest (BNF) are also designed with biodiversity

in mind, mostly in response to recent outbreaks of southern
pine beetle (Dendroctonus frontalis Zimm) and in an effort to
restore stands on ridge tops currently dominated by planted
loblolly pine (Pinus taeda L.) to oak (Quercus spp.)—hickory
(Carya spp.), and mixed hardwood. The desired future
community has been found to hold the highest diversity in the
herbaceous layer (Monk and others 1969) and ought to be
characterized before silvicultural treatments begin.

Past studies relating herbaceous layer data to environmental
variables report that slope and especially aspect (Clanton
1953, McCarthy and others 1987), in addition to soil moisture
(Wayman and North 2007), tend to have the strongest
influence on richness, diversity, and cover in the herbaceous
layer. Small and McCarthy (2002) suggest that topographical
variation and ecosystem properties be well-studied along
with disturbance responses. In the central hardwoods region
and the southern Cumberland region, there remains a need
for in depth herbaceous layer studies given the wide variety
of results and lack of consistent findings on herbaceous layer
dynamics (Gilliam and Roberts 2003).

Our study objectives were to 1) quantify herbaceous layer
species richness, diversity, and cover; 2) determine their
relationships to pretreatment basal area and site variables
(slope, aspect, broadleaf litter, pine leaf litter, and moisture);

and 3) establish baseline characterization of the plant
communities of the ridge tops in the BNF. This work is a part
of a multidisciplinary forest ecosystem response study to
nine silvicultural treatments. Our null hypotheses were that
site and stand variables would not be significant predictors
of species richness, diversity, and cover in the herbaceous
layer.

METHODS

Study Area

The study took place in the Bankhead National Forest (BNF)
on the southern Cumberland Plateau (N 34°19° W087°21’)
in Lawrence, Winston, and Franklin counties in northwest
AL. Study stands are all located on or near ridge tops of

the plateau and are composed of mixed pine-hardwoods
(approximately 75 and 25 percent of the basal area,
respectively) dominated by planted loblolly pine. Approximate
stand ages range from 25 to 40 years. Average total basal
area in each stand is 38 m¥ha + 10 SD (range 18-67).
Precipitation is approximately 145 cm per year (Sipsey Fork
near Grayson, AL, USGS Station 02450250). Soil pH ranged
from 4.5 to 5.8 (Dillon 2006). The soils were sandy Ultisols
on limestone bedrock, well drained, and permeable Typic
Hapludults (Smalley 1982). Elevation ranges from 219 to 300
m. Scheduled silvicultural treatments are nine combinations
of three levels of low intensity dormant season prescription
burns—frequent (3 to 5 years), infrequent (8 to 10 years),
and control (no burn), and three levels of partial overstory
removal, which is a free thinning to favor the hardwoods—
heavy thin (residual basal area 11 m?/ha), light thin (residual
basal area 17 m?ha) and control (no thin). Treatments will
be replicated four times. Post-treatment herbaceous layer
sampling is planned and will be carried out three times
during the growing season.

Herbaceous Layer Sampling

All vegetation < 1.4 m in height was sampled in 25 of the 36
stands selected for future treatment at the BNF. The other 11
stands had already been treated at the time of the sampling.
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Herbaceous layer vegetation plots were situated within five
permanently marked, concentric circular nested 0.08-ha
woody vegetation plots in each stand. Imposed upon each
of the woody vegetation plots were 4 subplots, each 4-m?, to
measure herbaceous layer vegetation. The area sampled in
each of the 125 plots totaled 16 m2. Cover was determined
by ocular estimates to the nearest 1 percent and totaled

100 percent since overlap was uncommon. All vascular
plants were identified to species whenever possible. Specific
nomenclature follows that of Radford and others (1968).

Stand and Site Variables

All trees with diameter at breast height (d.b.h., 1.37 m above
ground) greater than 3.8 cm were used to calculate basal
area in each of five 0.01-ha circular plots, nested within the
0.08-ha plots. At each subplot, area not covered by live
vegetation or other ground variables (e.g. rock, bare soil, tree
bole, etc.) was categorized as either pine litter or broadleaf
litter. Broadleaf and pine litter cover were also used as
predictor site variables in this study because of the different
physical, chemical, and biotic influences they have on the soil
and distribution of plant species (Facelli and Pickett 1991).
However, they were not included as predictor variables in
the model for plant cover because of collinearity between
the two variables. Slope and aspect were collected from the
center of each plot. Aspect was transformed to a northness
(cos[Aspect]) and eastness (sin[Aspect]) component where
a value of 1 for northness represented due north and -1
represented due south. Likewise, a value of 1 for eastness
represented due east and -1 represented due west. The
moisture index (MI) used in this study was generated in
ArcGIS (ESRI, Redlands, CA, USA) with a digital elevation
model (10-m resolution) using the ratio of slope to specific
watershed area (Beven and Kirby 1979):

MI = In(WA/tg(B)) (1)

where WA is the watershed area of the pixel and tg(B) is the
local slope. A mean of this index was generated for each plot.

Data Analysis

Diversity was represented by the Shannon-Wiener index (H’)
calculated with the formula (Magurran 1988):

H'=-3 pInp, (2)

where p; is the proportion of all individuals in sample that
belongs to the ith species.

Species richness was the number of species in each sample
unit (i.e., the plot). Multiple linear regression analysis with
stepwise variable selection was used to relate herbaceous
layer cover, richness (number of species - S’), and diversity
(H’) to basal area and site variables using SAS V. 9.1.3 (SAS
2005). Each plot was treated as a sample (n = 125). Because
each of the plots is 33 to 498 m apart (X =197 + 105 SD),
we treated them as independent from one another.
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RESULTS AND DISCUSSION

Average pretreatment stand-scale (averaged for all 5 plots
per stand) herbaceous layer cover was 32 percent, species
richness was 57, and Shannon-Wiener Index (H’) was 2.74.
Across all 25 stands, we found 165 vascular species, 127
genera, and 62 families. This is similar to findings on dry
mixed hardwood and pine-hardwood stands in the Southern
Appalachians where species richness was less than 200
(Clinton and Vose 2000, Elliot and Knoepp 2005). Fifteen

of the most frequently occurring vine, herbaceous, and
graminoid species, five from each of three different life forms,
included species that also represent much of the relatively
sparse cover that exist on these sites (table 1). Slope

varied from 0 to 19.9 degrees (X = 7.9) and aspect varied
considerably across all 25 stands and within any given stand
(table 2).

We found herbaceous layer species richness to have
significant negative association with the predictor variables
broadleaf litter cover and slope, but positive association with
basal area (table 3). The overall model was highly significant
(p-value < 0.01), but the model accounted for only 14 percent
of the total variance in the data (table 3). The independent
variables slope and eastness were significant predictors of
species diversity (model P = 0.06), while slope and mean
moisture index were significant predictors of vascular plant
cover (model P = 0.02). However, the models R? were

low, 5 and 6 percent, respectively (table 3). The parameter
estimates indicated that a change in the mean moisture index
value would result in much larger response in vascular plant
cover than changes in the slope. The negative association
between cover and moisture index also suggests that there
is higher cover of vascular plants on drier sites. The low fit

of the models indicate that that the relationship between the
dependent and independent variables may be non-linear or
that other variables that we did not measure have stronger
influence on richness, diversity, and cover.

Pretreatment herbaceous layer richness and diversity were
low in the studied stands at the BNF most likely because of
the closed canopy, low light conditions, and limited moisture
on the plateau ridge tops. Although there were a number

of variables in the model that were significant, basal area
and the measured site variables did not account for much
of the variance in herbaceous layer richness, diversity, and
cover at the plot level. Other variables not considered, such
as burn history (Joyce and Baker 1986) and land use (Flinn
and Velland 2005) are likely contributing to variation in the
herbaceous layer and will have to be taken into account in
future analysis.

Thinning, dormant season prescribed burning, and
combinations of thinning and burning in a randomized
complete block design will be applied to the stands.

This study will establish the baseline data upon which to
investigate long-term response to silvicultural practices

in these plant communities. We expect that stronger
relationships between herbaceous layer vegetation and
environmental variables will emerge after the treatments and
that richness, diversity, and cover will increase post-treatment
as has recently been found in other studies from the region
(Hutchinson and others 2005, Zenner and other 2006).



Table 1—Five most frequently occurring species of 3 life forms in 25 mixed pine-hardwood stands at the
Bankhead National Forest, AL (listed alphabetically for each life form)

Life Form Scientific Name Common Name Cover Frequency
----- percent -----
Berchemia scandens (Hill) K.Koch Supplejack 1.8 38
Gelsemium sempervirens (L.) Ait. Yellow jessamine 1.2 31
Vines Smilax rotundifolia L. Roundleaf greenbrier 2.0 98
Rhus radicans L. Poison ivy 3.2 75
Vitis rotundifolia Mich. Muscadine 8.5 93
Chimaphila maculata (L.) Pursh Pipsissewa 0.2 54
Lespedeza procumbens Mich. Creeping bush clover 1.0 9
Herbaceous Mitchella repens L. Partridge berry 2.9 13
Polystichum acrostichoides (Mich.) Schott Christmas fern 25 14
Solidago arguta Ait. Atlantic goldenrod 0.6 26
Carex picta Steud. * Boott's sedge 35 38
Danthonia spicata (L.) Beauvois Poverty oat-grass 0.5 6
Graminoids Scleria oligantha Mich. Nut rush 0.7 15
Stipa avenacea L. Needlegrass 14 60
Uniola sessiflora Poir. Spanglegrass 21 12

* not found in Radford and others (1968); accepted by ITIS (Integrated Taxonomic Information System)

Table 2—Mean, standard error, minimum, and maximum for variables from 125
plots that were used in the analysis

Standard
Variable Mean Deviation  Minimum Maximum
Independent
Slope (°) 7.8 4.1 0.5 19.9
Eastness -0.12 0.67 -1.0 1.0
Northness -0.09 0.73 -1.0 1.0
Basal area (m?/ha on 0.01 ha plot) 38.0 10.0 18.2 67.9
Pine litter cover (%) 38.2 134 7.5 68.4
Broadleaf litter cover (%) 25.0 9.2 9.2 56.3
Moisture Index 0.003 0.001 <0.001 0.008
Dependent
Species richness (S’) 111 3.0 5.0 20.5
Species diversity (H") 1.56 0.27 0.93 2.20

Cover (%) 33.0 15.9 4.8 71.0




Table 3—Selected predictor variables, parameter estimates, and overall model P-
value and R? for multiple linear regression using the stepwise variable selection.
The predictor variables were chosen from among the stand and site variables

Dependent and Parameter  Standard Model Model
predictor variable Est. Error P-value  P-value R2
Species Richness (S’):

Intercept 13.15 1.32 <0.01

Broadleaf litter cover -0.05 0.02 0.01 <0.01 0.14
Slope -0.16 0.06 0.01

Basal area (0.01 ha plot) 0.04 0.03 0.15

Species Diversity (H’):

Intercept 1.65 0.06 <0.01

Slope -0.01 0.01 0.06 0.06 0.05
Eastness 0.07 0.04 0.08

Vascular Plant Cover (%):

Intercept 43.90 4.27 <0.01

Slope -0.70 0.35 0.05 0.02 0.06
Mean moisture index -2051.48 1191.07 0.09

Such relationships and increases should be captured as
we study the initial impacts of the silvicultural treatments on
herbaceous layer dynamics.

ACKNOWLEDGMENTS

Research support was provided by National Science
Foundation, CREST-Center for Ecosystems Assessment,
Award No. 042054 1. Additional support came from the
Center for Forestry, Ecology, and Wildlife; Department of
Plant and Soil Science, Alabama A&M University; USDA
Forest Service, Southern Research Station, Ecology and
Management of Southern Appalachian Hardwoods Research
Work Unit. We would also like to thank our partners from the
USDA Forest Service William B. Bankhead National Forest
for providing logistical and technical support throughout the
study and the Bankhead Liaison Panel. Dawn Lemke and
Yong Wang from Alabama A&M University provided technical
and statistical advice, respectively.

LITERATURE CITED

Beven, K.J.; Kirby, M.J. 1979. A physically-based variable contributing
area model of basin hydrology. Hydrological Science Bulletin. 24:
43-69.

Braun E.L. 1950. Deciduous Forests of Eastern North America.
Hafner Publishing Co., New York, USA.

Burton, P.J.; Balisky, A.C.; Coward, L.P.[and others]. 1992. The value
of managing for biodiversity. Forestry Chronicle. 68: 225-237.

Clanton, J.E. 1953. Vegetation and microclimates on north and
south slopes of Cushetunk Mountain, New Jersey. Ecological
Monographs. 23: 241-270.

98

Clinton, B.D.; Vose, J.M. 2000. Plant succession and community
restoration following felling and burning in the southern
Appalachian mountains. In: Moser, W. Keith; Moser, Cynthia (eds.).
Fire and forest ecology: innovative silviculture and vegetation
management. Tall Timbers fire ecology conference proceedings,
No 21. Tall Timbers Research Station, Tallahassee, FL: 22-29.

Dillon, W. 2006. Carbon sequestration in a disturbed forest
ecosystem of northern Alabama. Master’s Thesis. Department
of Plant and Soil Science, Alabama Agricultural and Mechanical
University, Normal, AL: 78 p.

Elliot, K.J.; Knoepp, J.D. 2005. The effects of three regeneration
harvest methods on plant diversity and soil characteristics in the
southern Appalachians. Forest Ecology and Management. 211:
296-317.

Facelli, J.M.; Pickett S.T.A. 1991. Plant litter: Its dynamics and effects
on plant community structure. The Botanical Review. 57(1): 32p.

Flinn, K.M.; Velland, M. 2005. Recovery of forest plant communities
in post-agricultural landscapes. Frontiers in Ecology and the
Environment. 3: 243-250.

Gilliam, F.S.; Roberts, M.R. 2003. The Herbaceous Layer in Forests
of Eastern North America. Oxford University Press, New York.

Hutchinson, T.F,; Boerner, R.E.J.; Sutherland, S. [and others]. 2005.
Prescribed fire effects on the herbaceous layer of mixed-oak
forests. Canadian Journal of Forest Research. 35: 877-890.

Joyce, L.A.; Baker, R.L. 1987. Forest overstory-understory
relationships in Alabama forests. Forest Ecology and
Management. 18: 49-59.

Magurran, A.E. 1988. Ecological Diversity and its Measure. Princeton
University Press, Princeton, NJ.

McCarthy, B.C.; Hammer C.A.; Kauffman, G.L. [and others]. 1987.
Vegetation patterns and structure of an old-growth forest in
southeastern Ohio. Bulletin of the Torrey Botanical Club. 114:
33-45.



Monk, C.D.; Child, G.I.; Nicholson, S.A. 1969. Species diversity in a
stratified oak-hickory community. Ecology. 50: 468-470.

Radford, A.E.; Ahles, H.E.; Bell, C.R. 1968. The manual of the
vascular flora of the Carolinas. The University of North Carolina
Press, Chapel Hill, NC.

Royo, A.A.; Carson, W.P. 2006. On the formation of dense understory
layer in forests worldwide: consequences and implications for
forest dynamics, biodiversity, and succession. Canadian Journal of
Forest Research. 36: 1345-1362.

SAS Institute Inc., SAS User’s Guide 9.1.3, Cary, NC.

Small, C.J.; McCarthy, B.C. 2002. Spatial and temporal variation in
the response of understory vegetation to disturbance in a central
Appalachian oak forest. Journal of the Torrey Botanical Society.
129: 136-153.

Smalley, G.W. 1982. Classification and evaluation of forest sites on
the mid-Cumberland Plateau. Gen. Tech. Rep. SO-38. U.S. Forest
Service, Southern Forest Experiment Station, Asheville, NC: 58 p.

Wayman, R.B.; North, M. 2007. Initial response of a mixed-conifer
understory plant community to burning and thinning restoration
treatments. Forest Ecology and Management. 239: 32-44.

Zenner, E.K.; Kabrick, J.M.; Jensen, R.G. [and others]. 2006.
Responses of ground flora to a gradient of harvest intensity in the
Missouri Ozarks. Forest Ecology and Management. 222: 326-334.

99






Invasives

Moderator:

BRUCE JEWELL

USDA Forest Service

Southern Research Station






THE FACILITATION AND IMPACTS OF MICROSTEGIUM VIMINEUM
COLONIZATION IN AN EASTERN HARDWOOD FOREST

Christopher M. Oswalt and Sonja N. Oswalt'

Abstract—Microstegium vimineum is an annual, invasive Asian grass that occurs across the southeastern United States.
Research on M. vimineum suggests there is a suite of environmental conditions that contribute to the species’ spread. We
have synthesized the results of two studies that tested 1) the effects of winter litter disturbance on the spread of M. vimineum
under various canopy conditions, and 2) the impacts that establishment and growth of M. vimineum have on woody species
density and diversity. Plots with winter litter disturbance experienced M. vimineum expansion rates 4.5 times those measured
in undisturbed plots. Native woody species density and diversity both decreased with increasing M. vimineum percent cover.
Land managers who have found M. vimineum on the forestland they manage may benefit by removing the species prior to
any site manipulation to avoid the plant’s spread and a subsequent decline in woody regeneration success.

INTRODUCTION

Microstegium vimineum is an annual, shade-tolerant grass
introduced from Asia into the southern United States in the
early 1900s (Barden 1987). The species is identified by its
sprawling form, alternate leaf arrangement, and lanceolate,
sparsely hairy leaves with offset mid-vein (Miller 2003). With
its rapid invasion in many southern forests and floodplains,
M. vimineum has garnered attention in the last few decades
(Barden 1987, Horton and Neufield 1998, Oswalt and others
2004, Cole and Weltzin 2004, Buckley and Marshall 2005,
Cole and Weltzin 2005, Oswalt and others 2007).

Multiple, interacting mechanisms combined with M.
vimineum’s ability to compensate for light and/or moisture
limitations have hampered researchers’ efforts to narrowly
define the driver(s) of M. vimineum distribution. M. vimineum
can persist year after year as a small, inconspicuous plant
in low-light conditions (Horton and Neufeld 1998) while
producing copious seed that may persist in the soil for 3 to 5
years, and that vigorously respond to increased light (Barden
1987, Miller 2003, Oswalt and others 2004, Oswalt and others
2007).

Barden (1987) found that M vimineum was able to rapidly
invade floodplain forests in North Carolina following canopy
disturbance. Cole and Weltzin (2004) documented negative
correlations between M. vimineum biomass and litter mass in
all but one site (a clearcut) in a Tennessee study. The overall
plasticity of the species and its wide ecological amplitude
suggest that a variety of environmental factors facilitate
spread and growth, including light availability associated with
canopy density and light availability associated with litter on
the forest floor.

This paper synthesizes results from two previously published
studies (Oswalt and others 2007, Oswalt and Oswalt 2007)
and, in addition, uses information from other pertinent
literature with respect to the facilitation and impacts of M.
vimineum invasions in Eastern hardwood forests. We also
consider implications of the developing knowledge of M.
vimineum invasions for timberland management within

its currently known range. Lastly, we suggest modes of
management that may aid in reducing the spread and
impacts of this highly-invasive grass.

STUDY SITE

Both studies were conducted on The Ames Plantation in
southwest TN in the headwaters region of the North Fork

of the Wolf River (NFWR) (35°09" N, 89°13" W). Part of the
Southeastern Mixed Forest Province (Bailey 1995), the site
primarily is composed of mixed hardwood forest dominated
by various oak species (Quercus sp.) and yellow-poplar
(Liriodendron tulipifera). Historically, the study site was used
for agriculture, grazing, and timber production. Surrounding
properties include woodlands interspersed with soybean,
cotton, and other agricultural crops common to the southeast.
METHODS

Microstegium vimineum Expansion Study

In late summer 2004, we identified and marked established
M. vimineum patches for future relocation and plot/treatment
installation. In December 2004, we established 40 plots (2
by 0.5 m) within 10 blocks of 2 replicates each (2 plots per
replicate, 2 replicates per block). Each block comprised

one established M. vimineum patch located beneath an
undisturbed, closed hardwood canopy and controlled for
slope and aspect. In addition, plots were selected to avoid
large differences in initial leaf litter thickness. Plot installation
resulted in each plot radiating 2 m out from the established
M. vimineum patch with the 0.5-m face adjacent to the patch
(fig. 1). One of two treatments was randomly assigned to
each plot within a block. Treatments included a disturbed
(litter removed) and undisturbed (no litter removed) litter
layer. For the disturbed treatment all leaf litter was removed
from the plot and special care was taken to leave the A
horizon intact. Plots were visually marked in such a way as to
minimize the chance of further anthropogenic disturbance.
Linear spread and cover expansion from established M.
vimineum patches were documented after one complete
growing season—in the fall of 2005—for each plot. Linear
spread was quantified by measuring the linear distance
(meters) from the previously delineated boundary between
the plot and established M. vimineum patch to the
furthermost stem of M. vimineum. Cover expansion was
quantified by estimating percent M. vimineum cover for each
of four 0.5-m? subsections of the plot (fig. 2), defined as 0.0
to 0.5, 0.5 10 1.0, 1.0 to 1.5, and 1.5 to 2.0 m in progressive
0.5-m divisions from the established M. vimineum patch.
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Simple analysis of variance (ANOVA) was used to test for
significant differences between treatments for linear spread
and cover expansion with a of less than 0.05 used to indicate
differences. Fisher’s Least Significant Difference (LSD) tests
were used for post-ANOVA mean separation (SAS Institute
Inc. 1999). A simple one-sample t-test was used to test if the
linear spread of the undisturbed plots was different from zero.

Microstegium vimineum Impact Study

In fall 2001, we identified three experimental blocks based
on landform and position. Differences in average stand basal
area were significant among the blocks (20-36 m?/ha, P =
0.04), which appeared to be a result of past selective cutting.
Twelve 0.8-ha treatment units (approximately 61 by 122 m)
were evenly distributed within the experimental blocks. Three
canopy disturbance treatments (0 m?haor 0 percent residual
canopy; 3.2 m?ha or 10 percent residual canopy; and 4.6
m?/ha or 20 percent residual canopy) and an undisturbed
control (32.6 m?/ha or 100 percent residual canopy) were
randomly assigned to the 4 units within each of the 3
replicate blocks using a randomized complete block design.
Canopy disturbance treatments were completed in the winter
of 2001-2002.

To evaluate the impacts of M. vimineum on woody
regeneration density and species diversity, we recorded
percent cover estimates for M. vimineum in late summer
2003 from 60 systematically located 1-m? plots in each unit,
for a total of 720 plots. Native woody species regeneration in
four height classes (< 0.61, 0.61 to 1.22, 1.22 to 1.83, and >
1.83 m) was quantified using a 0.0004-hae (1/1000-acre) plot
nested within a 0.004-ha (1/100-acre) plot. We recorded six

Figure 1—Undisturbed and disturbed litter layer treatments were
aligned in transects adjacent to and leading away from previously
established patches of M. vimineum.
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Figure 2—Plot layout illustration.

plots for each unit, for a total of 72 plots. Each regeneration
plot was classified into one of four broad M. vimineum cover
classes (less than 25, 25 to 50, 51 to 75, and greater than
75 percent) through spatial association with the M. vimineum
plots.

Mixed-model analysis of variance and least square means
were used to discern differences in native woody species
(NWS) density (stems/ha) and NWS diversity among
canopy disturbance levels (SAS Institute Inc. 1999). We
compared total native woody species (NWS) density (stems/
ha) among canopy disturbances, and across four height
classes to ensure that the populations of comparison were
similar. We then used polynomial regression to identify
possible relationships and trends between total square-root
transformed NWS stems/ha and mean M. vimineum cover.

Shannon’s and Simpson’s diversity indices, along with
species richness, were used to quantify NWS diversity. To
ensure that treatment was not a covariant factor in NWS
diversity regression models, we compared species richness
among three canopy