Chapter 5

Pine Ecosystems

Timothy B. Harrington

Introduction

Many of the stand structural characteristics
of longleaf pine (Pinus palustris Mill.) forests
that existed prior to European colonization
have been altered or lost from past disturbance
histories (Frost this volume). For example,
often missing are the widely spaced, large-
diameter trees, the all-aged stand structure
that included a vigorous cohort of grass-stage
longleaf pine seedlings, and the understory
-community composed of numerous woody
and herbaceous species of short stature em-
bedded within the flashy fuels of a wiregrass
(Aristida beyrichiana Trin. & Rupr.) or bluestem
(Andropogon spp.) matrix. Some of these struc-
tural features, such as the understory commu-
nity, can be restored through modern silvicul-
tural methods, vegetation management, pre-
scribed fire, pine thinning, and artificial regen-
eration (i.e., planting or seeding) (Johnson and
Gjerstad this volume; Walker and Silletti this
volume). Other structural features, such as an
all-aged distribution of longleaf pines, must be
allowed to develop over time given appropri-

keystone species (i.e., longleaf pine and wire-
grass or bluestem) to “jump-start” the system.
A mechanistic understanding of overstory and
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" Plant Competition,
and Other Overstory—Understory
Interactions in Longleaf

Facilitation,

understory interactions will provide a sound

.basis for prescribing treatments designed to re-

store and maintain longleaf pine communities.

Overstory trees in forest stands affect
understory vegetation by modifying growing
conditions, either directly or indirectly. These
modifications are manifested in a variety
of ways, including consumption of growth-
limiting resources (i.e., light, soil water, and
nutrients) and alteration of other physical
characteristics that impact growing conditions
(i.e., temperature, litterfall accumulation, and
fire behavior). In a similar way, understory
vegetation can influence the growing condi-
tions of overstory trees, potentially affecting
their survival, stem growth, and crown mor-
phology. ‘

This chapter will focus on two common
interactions in forest communities, competi-
tion and facilitation, and their potential influ-
ences on overstory and understory responses
in southern pine forests, with emphasis on lon-
gleaf pine. First I will discuss basic concepts of

~ plant interactions, including types and associ-
- ated responses, and attempt to classify over-

_ate disturbance regimes-and-thepresence—of—story and understory interactions commonly

observed in longleaf pine forests. Implications
of plantation silviculture to these interactions
will be considered. Next I will review previous
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research on overstory and understory interac-
tions with emphasis on southern pine com-
munities. Finally I will discuss overstory and
understory interactions observed in two case
studies conducted in longleaf pine plantations
at the Savannah River Site, a National Envi-
ronmental Research Park near Aiken, SC. The
discussion will conclude with implications of
these interactions to restoration and mainte-
nance of longleaf pine communities.

The plant interactions that are the primary
focus of this chapter imply a stand structure
of at least two canopy layers, the overstory
and the understory. To simplify the discus-
sion, I will define “overstory” as the pine trees
that comprise the upper canopy of a forest
stand, where the minimum height of a “tree” is
equal to 6 m (Daniel et al. 1979). “Understory”
will be defined as herbaceous species (forbs
and grasses) plus woody species (vines, shrubs,
hardwoods, and pines) that have a stem diam-
eter at breast height (1.37 m) less than 2.5 cm
growing under or in the proximity of overstory
trees. Midstory layers also are possible strata
in this hypothetical stand structure but are not
the focus of this chapter.

Concepts of Plant
Interactions

Plant interactions encompass a broad variety
of positive and negative relationships that can
exist when plants are grown in close proxim-
ity such that they influence each other’s sur-
vival, growth, or reproduction (Harper 1977).
In this section, I will rely on the conceptual
framework proposed by Goldberg (1990) to
characterize plant interactions, with empha-
sis on competition and facilitation. Most in-
teractions between plants are indirect (i.e.,
they do not physically injure one another)
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resources, natural enemies, or plant-produced
toxins. The net result from a plant interaction
(i.e., is it positive or negative and what is the
magnitude of the effect?) is the combination
of one plant’s effect on abundance of the in-
termediary and the “target” plant’s response

II. Ecology

to abundance of the intermediary (Goldberg
1990).

Interference includes those negative plant
interactions that result either from competi-
tion for limited resources or allelopathy (pro-
duction of chemical toxins by one plant that
inhibit the functions of another). Because of
differences in plant size or other traits, com-
petition is often asymmetrical such that one
plant is negatively affected while the other
may show little or no signs of a.response
(Grace 1990). Resource gradients, such as spa-
tial differences in soil nitrogen availability,
can change competitive relationships that ex-
ist among plants to favor species or individu-
als that are most effective at resource capture
(Goldberg- and Miller 1990; Kalmbacher and
Martin 1996). Such modifications in compet-
itive relationships often result in declines in
plant species diversity because of dominance
by a few species. '

Table 1 provides examples of plant inter-
actions that have been observed in southern
pine communities, classified according to the
conceptual framework proposed by Goldberg
(1990). The simple case of exploitation of a
limiting resource has been defined as “uptake
effects” of competition. “Nonuptake effects” of
competition occur when an intermediary, such
as litterfall from overstory trees, changes re-
source availability indirectly. In southern pine
communities, both uptake and nonuptake ef-
fects of competition from overstory pines play
a prominent role in limiting abundance and-
species diversity of the understory (Monk:
and Gabrielson 1985; Harrington and Edwards
1999; Harrington et al. 2003). These effects
on the understory occur largely through di-
rect exploitation of light, soil water, and ni-
trogen resources by the overstory, but also in-
directly by accumulation of overstory needle
litter that limits light availability to forest floor
plants. ‘
termediary is not a growth-limiting resource
but rather it is a natural enemy, such as fire,
disease, or herbivory, that is promoted by one
plant so that the net effect of the enemy on
the target plant is similar to that resulting
from exploitation competition. For example,




' TABLE 1. Examples of plant interactions observed in southern pine communities as classified according to the framework of Goldberg (1990).

Overstory — understory interactions ~ Understory — overstory interactions
Interaction Intermediary E R N References : E R N References
Exploitation light - 4+ = Monk and Gabrielson 1985; Means 1997; Harrington
competition and Edwards 1999; McGuire et al. 2001; Harrington
(uptake et al. 2003
effects)®  ° - !
' soil water - + — Monk and Gabrielson 1985; Harrington et al. 2003 — + ~— Harrington and Edwards 1999
nitrogen - 4+ — Paliketal 1997; McGuire et al. 2001; Harnngton et al.
' 2003
Exploitation light ' .= + — Monk and Gabrielson 1985; Shelton 1995; Harrington
competition et al. 2003
(nonuptake '
effects)® '
Apparent fire + — — (1) Grace and Platt 1995; Brockway and Outcalt 1998; — <+ = (2) Richardson and Williamson 1988
competitiond ‘ Glitzenstein et al. 1995
Allelopathy*® toxin : + — — Richardson and Williamson 1988
Positive soil water + + + (3) Ginter et al. 1979; Boyer and Miller 1994
facilitation . : ,
nitrogen "+ + <+ (4)Harrington et al. 2003 + + + (6) Hendricks and Boring 1992;

Hendricks and Boring 1999; Wilson
: o et al. 1999; Hiers et al. 2003
fire "+ + + (5)Streng et al. 1993; Brewer and Platt 1994; Anderson + + + (7) Platt et al. 1988a
and Menges 1997 :

3 The influence of overstory pines on understory vegetation (overstory — understory interactions) are shown as the direction (+ or -) of effects (E) of the overstory on
abundance of an intermediary, response (R) of the understory to abundance of the intermediary, and net effect (N) to the understory. Understory —> overstory interactions
follow in a similar manner. Numbers in parentheses are explained in the footnotes.

® Plant consumption

of a limiting resource (light, soil water, or nitrogen) restricts its avallablhty to “target” plants.

< Litterfall of overstoky pines limits light availability to ground-layer vegetation.

d Apparent competit

jon results when (1) pine litterfall increases fire intensity causing mortality of longleaf plne seedlings and i injury of hardwoods, and (2) understory

scrub vegetation decreases frequency of ground fires needed to regenerate longleaf pine.
€ Above- or belowground exudates from understory scrub vegetation chemically suppress growth of pine seedlings.
t positive facilitation [results when pine litterfall (3) protects soil structure needed to maintain its water-holding capacity, (4) provides nitrogen inputs to the soil, and (5)

promotes frequent g

round fires that stimulate growth and flowering of herbaceous species, and when understory plants (6) provide nitrogen inputs to the soil through

symbiotic nitrogen fixation and (7) promote frequent ground fires needed to regenerate longleaf pine.

uonepe ‘uonnaduo) jueld ‘S

LET




138

accumulations of needle litter near overstory
trees can support fire intensities capable of
killing grass-stage seedlings of longleaf pine
to create a vegetation-free zone similar in ap-
pearance to what would occur from intense
resource competition (Grace and Platt 1995;
Brockway and Outcalt 1998).

“Allelopathy” is-a direct interaction in which
plants produce a toxin in their foliage or roots
that chemically alters the functions of the tar-
get plant. For example, in scrub vegetation
communities of Florida, rosemary (Ceratiola
ericoides Michx.) and false rosemary (Conrad-
ina canescens [Torr. & Gray] A. Gray) shrubs
can limit seedling growth of bluestem, wire-
grass, longleaf pine, and sand pine (Pinus clausa
[Chapm. ex Engelm.] Vasey ex Sarg.) when
grown together in noncompetitive environ-
ments (Richardson and Williamson 1988). This
allelopathic relationship fosters the develop-
ment of a fire-tolerant community that favors
survival of shrubs at the expense of fire-
dependent species, such as wiregrass and lon-
gleaf and sand pines.

“Facilitation” is a plant interaction in which
one or both plants benefit from their relation-
ship with each other. For example, needle lit-
ter from overstory pines is a source of nitrogen
to understory plants that may aid their survival
and growth (Harrington et al. 2003): Similarly,
needle litter can act as a mulch to conserve soil
water (Ginter et al. 1979) and it can protect soil
structure needed to preserve water-holding ca-
pacity (Boyer and Miller 1994). Greater first-
year survival of longleaf pine seedlings under
uncut forest versus seedlings in experimentally
created gaps suggests a beneficial effect of the
overstory (McGuire et al. 2001). Note that, in
contrast to the common plant interaction of
facilitation, “mutualism” implies an obligatory
relationship betyween plant species such that
each benefits when grown in proximity to the
other and each suffers when grown separately
(Radosevich and Holt 1984).

II. Ecology

bance agent in these communities, has a dual

role in regulating interactions between over-
story and understory vegetation. It has a neg-
ative effect (apparent competition described
above) in directly injuring or killing understory
species incapable of tolerating its influence
(Glitzenstein et al. 1995; Grace and Platt 1995;
Brockway and Lewis 1997; Brockway and
Outcalt 1998). But fire also has a positive effect
(facilitation) in stimulating vegetative growth
and flowering of specific understory species
(Streng et al. 1993; Brewer and Platt 1994; An-
derson and Menges 1997) and in maintaining
wiregrass, a critical keystone species in longleaf
pine communities (Platt et al. 1988a).

Overstory and understory interactions may
operate differently in even-aged plantations
than in natural stands because of differences in
structural attributes (Oliver and Larson 1996).
Even-aged plantations generally have uniform
spacing and size of trees, similar crown mor-
phologies and shapes largely dictated by spac-
ing, and complete crown coverage when the
stands are at full stocking. Stem size distri-
butions are usually unimodal, and with time,
they develop increasing positive skewness in-
dicative of stand differentiation into different
crown classes. Depending on spacing among
trees, rates of crown closure and overall pro-
ductivity of even-aged plantations often ex-
ceed those of natural stands.

Structure of understory vegetation in even-
aged forest plantations is often symptomatic
of overstory structure and site history, includ-
ing previous land use and silvicultural treat-
ments. Thus, an understory in an even-aged
plantation is often uniform in plant size and
species composition due to the homogeneity
of the overstory and associated limitations in
understory resource availability. At crown clo-
sure of the overstory, the stand enters the

“stem exclusion stage” during which recruit-

ment Of new trees into the OVCI'ST,OI'Y ceases
and understory abu c

As indicated by the majority of the plant
interactions listed in Table 1, competition in

southern pine communities is asymmetric -

with the overstory having the predominant
influence in its relationship with understory
vegetation. However, fire, as a common distur-

species and vigor of tolerant speaes decline
(Oliver and Larson 1996). Invigoration of ex-
isting species and recruitment of new species
in the understory may not occur until the
“understory reinitiation stage” when canopy
coverage of the overstory begins to decline.
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The transition to the understory reinitiation
stage may be delayed in even-aged plantations

because their uniform spacing and size of trees -

prevents large canopy gaps from forming until
late in stand development. _

Given these differences in structural at-
tributes and rates of development, it seems
likely that some interactions between over-
story trees and understory vegetation are likely
to occur sooner, at greater intensity, and with
increased duration in even-aged plantations

versus natural stands. Exclusion or suppres-

sion of understory species as a result of over-
story competition probably will occur -more
rapidly than in natural stands, depending on
spacing among trees. However, understory
reinitiation may be delayed substantially be-
cause of the prolonged uniformity of stand
structure, even with the onset of density-
dependent mortality of overstory trees. Al-
though plantation silviculture can provide an
effective means for reestablishing stands of a
desired species composition and spacing, in
its conventional usage it may impede restora-
tion of understory species that rely on a het-
erogeneous stand structure. Thus, a complete
understanding of overstory and understory in-
teractions is needed to properly direct develop-
ment of longleaf pine plantations toward the
desired stand structure of the overstory and
species.composition of the understory.

Previous Research on |
Overstory and Understory
Interactions '

Early research on overstory and understory
interactions in longleaf pine communities fo-
cused on factors influencing the rate at which
longleaf pine seedlings exited the grass stage.

" Pessin (1938) compared 3-year growth of

139

inversely with pine seedling density and also
according to the presence (1-7 cm yr~l) ver-
sus absence (2-31 cm yr~!) of herbaceous veg-
etation. Emergence of pine seedlings from the
grass stage clearly was limited by availability
of belowground resources, because light avail-
ability (estimated by evaporation rates) was
60% of maximum intensity or greater in all
but the scrub oak plot (34% of maximum). Not
surprisingly, height growth of longleaf pine
seedlings in the scrub oak plot (1 cm yr?)
was among the lowest values observed in this
study.

Research on production of grazing forage
in longleaf pine rangelands has quantified the
extent to which overstory trees limit abun-
dance and biomass of understory herbaceous
species. Abundance of understory vegetation
varied inversely with increasing density of
overstory longleaf pines (Wolters 1973, 1981).
Pine thinning and prescribed burning com-
binations increased forage yields in natural
stands of longleaf pine to about half that
observed for treeless rangeland (Grelen and
Enghardt 1973). Although these studies pro-
vide empirical evidence of the competitive ef-
fects of overstory longleaf pines on understory
vegetation, they do not identify the primary
mechanisms responsible for them.

Much of the research on overstory and un-
derstory interactions in forest communities has
focused on the effects of three primary factors:
shade, root competition, and litterfall. Over-
story and understory competitive interactions
have been studied effectively by trenching
around experimental plots to eliminate below-
ground competition for soil water and nutri-
ents while maintaining light availability in the
understory at nominal levels. In an early study,
Fricke (1904, cited in Spurr and Barnes 1992)
cut the roots of overstory Scots pine (Pinus
sylvestris L.) in a closed canopy forest and ob-
served dramatic increases in growth of under-

grass-stage longleaf pines growing at various
densities (2470 to 247,000 seedlings ha~!)
with or without manual removal of herba-
ceous vegetation. Scrub oaks, primarily black-
jack (Quercus marilandica Muenchh.) and post
oaks (Quercus stellata Wangenh.), were re-
moved in all but one plot. Height growth varied

story pines, indicating that soil moisture; amnd
perhaps nutrients, were limiting their growth.
Other trenching studies have demonstrated
similar results with eastern white pine (Pinus
strobus L.) in New Hampshire (Toumey and
Kienholz 1931), loblolly pine (Pinus taeda L.)
in North Carolina (Korstian and Coile 1938),
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grand fir (Abies grandis [Dougl. ex D. Don]
Lindl.) in Montana (McCune 1986), and pon-
derosa pine (Pinus ponderosa Dougl. ex Laws)
in eastern Oregon (Riegel et al. 1992). Us-
ing a different experimental approach, Riegel
and Miller (1991) demonstrated for ponderosa
pine that eliminating some of the overstory
competition for soil water and nitrogen via ir-
rigation and fertilization, respectively, stimu-
lated a 36% increase in aboveground biomass

of the understory relative to nontreated areas.

Of the three factors mentioned previously,
litterfall is perhaps the one least studied in for-
est communities. Southern pines shed their
needles throughout the year, and this accumu-
lation forms a physical barrier that can prevent
seeds from reaching mineral soil and seedlings
from emerging into sunlight (Shelton 1995). In
general, herbaceous species with erect, semi-
woody growth habits can tolerate moderate
levels of litterfall (Sydes and Grime 1981a,b).
Litterfall can intercept, absorb, and facilitate
evaporation of rainfall before it reaches min-
eral soil layers, but it also can act as a mulch
to reduce evaporation from the soil and as a
substrate for protecting soil structure for re-
tention of its water-holding capacity (Ginter
et al. 1979; Boyer and Miller 1994). Litter-
fall can reduce temperature fluctuations in the
surface soil layers, and it can act as both a
source and sink of nitrogen for plant nutri-
tion. In addition, needle litter of longleaf pines

is an important fuel component that can influ-

ence fire intensity and spread, especially where
it accumulates around individual trees (Grace
and Platt 1995; Brockway and Outcalt 1998).
Monk and Gabrielson (1985) studied dynam-
ics of species turnover in old-field herbaceous
communities using treatments that combined
‘artificial shade, presence or absence of litterfall;
and trenching around isolated loblolly pines.
The normal progression -of changes in species
composition during the 2-year study was an
LLC Cd - a AESNSIEY 0 DE E

(4% of full sunlight) or litterfall accelerated the
turnover or loss of annuals but only slowed
the rate of succession to perennials resulting in
fewer species and lower densities of individual
plants. Combined effects of shade and litter-

crease in density of annuals. Presence of shade -

1I. Ecology

fall stimulated the greatest reductions in plant
density. Litterfall probably limited germination
of annuals; however, the upright growth form
of many of the perennial species enabled them
to shed litter, especially when grown in full
sun. In trenched plots, presence versus absence
of litterfall strongly: limited abundance of an-
nuals but it had no detectable influence on
perennials. However, in the absence of trench-
ing, litterfall did not influence abundance of ei-
ther annuals or perennials because apparently
their populations were already being regulated
by shade and root competition.

Recent research on longleaf pine communi-
ties has attempted to identify the critical factors
limiting pine seedling development; however,
as Harper (1977) points out, study design can
strongly influence experimental outcomes. For
example, in both natural and experimentally
created gaps within longleaf pine forest, com-
petition for light was identified as the pri-
mary factor limiting growth of longleaf pine
seedlings (Palik et al. 1997, McGuire et al.
2001). Nitrogen availability increased with de-
creasing density of overstory trees, but the
magnitude of its effect on seedling growth was
secondary to light availability. Soil water avail-
ability did not vary in a systematic way with
overstory density, perhaps because of broad
fluctuations in rainfall. In these studies, un-
derstory vegetation either was not manipu-
lated (McGuire et al. 2001) or it was eliminated
up to 1.2 m around individual pine seedlings
(Palik et al. 1997). Perhaps soil water availabil-
ity did play a more prominent role in affecting
seedling responses in these studies, but back-
ground effects of understory competition pre-
vented its detection, either as edge effects in
the study by Palik et al. (1997) or by varying
inversely with overstory density in the study
by McGuire et al. (2001).

In another example, abundance of longleaf
pine natural regeneration in an uneven-aged

distance from overstory trees exceeded 12 m,
and maximum seedling densities occurred at
distances of 16 m or greater (Brockway and
Outcalt 1998) (Fig. 1). Absence of strong dif-
ferences in light availability and the limited size
of the zone of higher fire intensity from needle
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FIGURE 1. Relationships of average biomass (data
from McGuire et al. 2001) and density (data
from Brockway and Outcalt 1998) of longleaf pine
seedlings growing within a gap versus distance from
the edge of mature longleaf pine forest. Maximum
values for these variables were approximately 9 g
and 6700 seedlings ha~! for biomass and density,
‘respectively. '

litter accumulations (up to 4 m away from indi-
vidual trees) prompted the authors to conclude
that competition for belowground resources
was the primary factor limiting pine regener-
ation within gaps. In the study by McGuire
et al. (2001), growth of planted longleaf pine
seedlings was maximized when they occurred
at least 18 m from overstory trees (Fig. 1). Re-
sults of these studies imply that gaps of radius
16 m or greater (0.08 ha or larger) are needed
to eliminate overstory influences. Palik et al.
(1997) advocated gap sizes of 0.14 ha or larger
(i-e., a radius of 21 m or larger for circular
gaps) to promote growth of pine seedlings free
of overstory influences. However, in each of
these examples, the experimental approaches
did not adequately separate and quantify over-
story and understory effects to determine if
consumption of belowground resources by un-
derstory vegetation was a key factor limiting
pine seedling development.

- Results of the canopy gap research on lon-
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1997). Such stand structures provide a higher
percentage of area with sufficient availabilities
of light and nitrogen to support regeneration
of longleaf pine seedlings (Battaglia et al. 2002;
Palik et al. 2003). The shape and orientation
of individual gaps also will influence the dura-
tion of sunlight and spatial distribution of root
competition from overstory trees.

Fire is an essential feature of longleaf
pine forests because of their pyrogenic char-
acteristics of needle drape, grass-stage pine
seedlings, and uniformly distributed wiregrass
and bluestem (Andropogon spp.) (Platt et al.
1988a). Numerous studies have affirmed the
benefits of fire for reducing competition from
hardwoods and shrubs and for reducing nee-
dle litter accumulations that can impede es-
tablishment of longleaf pine seedlings (Boyer
1990, 1993; Glitzenstein et al. 1995; Brockway
and Lewis 1997). Where wiregrass forms a
dense and continuous cover under longleaf
pines, variability in fire intensity may play a
role in generating gaps in ground-layer veg-
etation that promote expansion of surviving
species and colonization of new species, such
as golden aster (Pityopsis graminifolia [Michx.]
Nutt.) (Brewer et al. 1996). Because they af-
fect burn intensity, frequency and timing of
prescribed fire influence the abundance, size,
and composition of understory species (Boyer
1995) as well as the timing of their flower-
ing and seed production (Platt et al. 1988b;
Brewer and Platt 1994). Hardwood mortality
also varies with frequency and timing of pre-
scribed fire. Over an 18-year period, Boyer
(1993) found that stand basal area of mid-
story hardwoods increased following winter
biennial burns (from 0.8 to 2.2 m? ha™?),
while it decreased following spring biennial
burns (from 0.9 to 0.3 m? ha~!). Van Lear and
Waldrop (1991) reported that over 80% of
oak (Quercus spp.) and sweetgum (Liquidambar
styraciflua L.) rootstocks were killed by 10 an-

— gleaf pire tdicate thatr group selectionisan ap-
propriate method of regeneration. For a given
stand basal area, forest stand structures that
have an aggregated distribution of overstory
trees will provide a higher percentage of area in
larger gaps than those that retain trees evenly
dispersed across a given area of land (Palik et al.

nual burns, while only 50% of rootstocks were
killed by 10 biennial burns. _

The research reviewed here indicates a
complex suite of factors regulates overstory
and understory interactions in longleaf pine
forests. Overstory effects on understory veg-
etation can be direct, such as competition for



142

limited resources or physical smothering from
needle litter. These effects also can be indirect,
such as spatial variation in fire intensity that
results from variable rates of needle litter ac-
cumulation. Two case studies are discussed be-
low to illustrate some of the overstory and un-
derstory interactions that occur in even-aged
plantations of longleaf pine. As discussed pre-
viously, the uniform size and spatial distribu-
tion of overstory trees in even-aged plantations
probably create a more homogeneous environ-

ment for studying effects of competition and -

facilitation than would be expected in a natu-
rally regenerated, uneven-aged stand.

Case Studies on Overstory
~and Understory

Interactions in Longleaf
Pine Plantations

Two case studies are presented to illustrate
responses to asymmetrical competition that
occur between the overstory and understory
of longleaf pine plantations. The studies pro-
vide a basis for prescribing silvicultural treat-
ments aimed at restoring plant species native
to longleaf pine communities. In the first study,
comimunity-level responses (abundance and
diversity) of understory vegetation were in-
vestigated in response to pine thinning and
hardwood and shrub control (Harrington and
Edwards 1999). In the second study, a con-
trolled experiment was established to sepa-
rately quantify competition and needle litter
effects of a longleaf pine overstory on fitness
and fecundity of planted populations of several
perennial herbaceous species native to longleaf
pine forests (Harrington et al. 2003).

Study I: Understory
Community Responses to
Pine Thinning and
Hardwood and Shrub
Control |

Initial research at the Savannah River Site
on overstory and understory interactions in

II. Ecology

longleaf pine plantations focused on commu-
nity responses (understory vegetation abun-
dance and diversity) to thinning of over-
story pines and control of hardwoods and
shrubs with herbicides (Harrington and Ed-
wards 1999). These silvicultural treatments
were selected for study because they provided
a wide range of light, soil water, and needle
litter conditions in which to study understory
responses. Six 8- to 11-year-old plantations of
longleaf pine growing on sandhill sites were
selected having average stand basal areas of
9.3 and 1.1 m? ha™! of pines and hardwoods,
respectively. Soils included loamy sands of the
Blanton, Lakeland, or Troup series that were
well drained to excessively well drained result-
ing in low to very low available water-holding
capacities (Rogers 1990). A prescribed fire of
moderate to high intensity was applied to each
site in February 1994 and 1998. Each of the
six sites was divided into four treatment ar-
eas of similar size (3 to 7 ha) and one of the
following treatments was randomly assigned
to each: (1) nontreated, (2) pine thinning in
May 1994 to leave approximately half of the
original stem density, (3) control of hardwoods
and shrubs-with herbicides in 1995 (grid ap-
plication of hexazinone) and 1996 (spot treat-
ments of triclopyr, imazapyr, and glyphosate),
and (4) combined treatments of pine thinning
and hardwood and shrub control. The experi-
mental design is a randomized complete block
with six replications (sites) of the four treat-
ments arranged as a 2 x 2 factorial.

Within each of the 24 treatment areas,
10 sample points spaced on a 40-m grid were
permanently marked for periodic vegetation
measurements. At each sample point, cover
was estimated for each understory species by
the line intercept method (Mueller-Dombois
and Ellenberg 1974) in August 1994-1996 and
by visual estimation within 10 m? plots in
August 1998. The data were pooled by cate-

woody species (hardwoods and shrubs). At the
end of the 1994-1996, 1998, and 2002 grow-
ing seasons, stem diameter at breast height .
(millimeters at 1.37 m above ground) was
measured on each pine and hardwood stem
rooted within 6 m of a sample point. Height
(centimeters) and crown width (centimeters -
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in north—south and east-west directions) also
were measured annually starting in 1995 on
approximately 20% of measurement trees per
sample point. ’

Periodic annual increments in individual-
tree stem basal area, height, and crown width
were calculated separately for pines and hard-
woods. Understory vegetation and tree growth
data were averaged first by sample point and

then by treatment area. Data for each mea-

surement year were subjected to analysis of
variance to identify whether main effects (pine
thinning or hardwood and shrub control) or
their interaction were significant (o = 0.05).
Multiple comparisons of means were con-
ducted with either Bonferroni adjusted proba-
bilities (for significant interactions) or Tukey’s
test (if only main effects were significant)
(Sokal and Rohlf 1981).

Understory Plant Abundance

Abundance of herbaceous vegetation re-
sponded dynamically to changes in stand
structure, with initial decreases following the
herbicide treatments, moderate increases fol-
lowing pine thinning, and, ultimately, large
increases following the combination treat-
ment (Fig. 2). In 1995, cover of both woody
and herbaceous species varied significantly
as a result of the interaction of pine thin-
ning and hardwood and shrub control treat-
ments. Of the four treatments, the combina-
tion treatment had the lowest overall abun-
dance of vegetation probably because activ-
ity of hexazinone herbicide (a photosynthetic
inhibitor) increased as a result of the greater
light availability in the pine-thinning treat-

~ ment. In 1996 and 1998, cover of under-

story hardwoods and shrubs was substan-
tially less in the presence versus absence of
the herbicide treatments (Fig. 2A). Cover of
herbaceous spec1es in 1996 and 1998 demon-
tthmng In addmon herbaceous cover in
1998 was greater in the presence versus ab-
sence of hardwood and shrub control. Pine
thinning increased light availability through-
out the study duration; however, it increased
soil water availability only during May 1995
and 1996. In contrast, hardwood and shrub

143
60
o non-treated ‘ A
50 1 e pine thinning
) a4 hardwood and shrub control
€ 404 a combination
g ]
>
g 20 {’# +
go 10 4
4
0 - PxH H H
60
50 -
£ 40 - + ﬁ;
@
> 30 - # .
8] ¢ ++ $
g 20 4 + + ' ‘JP
~ 101
04 - _ PxH P P,H
1994 1995 '1996 1997 1998
Year

FIGURE 2. Average cover (= standard error) of (A)
nonpine woody species (hardwoods and shrubs)
and (B) herbaceous species during 4 to 5 years af-
ter combinations of thinning of overstory pines and
control of hardwoods and shrubs with herbicides.
Letters along the x-axis indicate factors and their
interactions from the analysis of variance that were
significant (P < 0.05) for a given year of the study:
P = pine thinning and H = hardwood and shrub
‘control.

control was associated with increases in soil
water throughout the entire 1996 growing
season. Relative differences in the magnitude
of herbaceous cover responses to these treat-
ments in 1998 indicated that light availability
was the most influential factor limiting herba-
ceous cover (21% absolute cover reducuon)

to those resulting from dlfferences in soil water
availability (16% cover reduction) (Fig. 2B).

- Because needle litter accumulations were lim-

ited by the prescribed burns of 1994 and 1998,
this factor did not appear to play a strong
role- in limiting development of herbaceous
cover.
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Herbaceous Species Diversity

Herbaceous species density (number of species
per 40 m? sample area) in 1998 varied ac-
cording to the interaction of pine thinning
and hardwood and shrub control (Harrington
and Edwards 1999). Pine thinning alone had
a greater effect on species density (33 species)
than either of the hardwood and shrub con-
trol or combination treatments (30 species),
and each of these responses was greater than
observed for nontreated areas (25 species). A
comparison of relative differences in species
density resulting from pine thinning versus
hardwood and shrub control main effects indi-
cated that only thinning (increased light avail-
ability) stimulated increased diversity of herba-
ceous species.

Tree Groyvth

Overstory and understory interactions were
found to operate in both directions. That is,
not only did the overstory influence under-
story vegetation abundance and species diver-
sity, but the understory also influenced over-

‘story tree growth. In each of the measurement

years after 1994, pine thinning and/or hard-
wood and shrub control treatments were as-
sociated with growth increases in stem basal
area and crown width of longleaf pine trees
(Fig. 3). However, in 1995 and 1996, pine thin-
ning was associated with reductions in height
growth. Hardwood and shrub control was as-
sociated with marginal increases (P = 0.07) in
height growth in 1996, a year noted for sus-
tained increases in soil water from this treat-
ment. However, 1998 height growth was less
in the presence versus absence of hardwood

~and shrub control. Increased allocations of tree

growth to stem diameter and crown width at

the expense of growth in height also have been -

observed for loblolly pine soon after thinning
an 8-year-old plantation (Ginn et al. 1991).
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FIGURE 3. Average periodic annual growth (& stan-
dard error) in (A) stem basal area, (B) height, and
(C) crown width of individual longleaf pine trees
7 to 8 years after combinations of thinning of over-
story pines and control of hardwoods and shrubs
with herbicides. Letters along the x-axis indicate fac-
tors from the analysis of variance that were signif-
icant (P < 0.05) for a given year of the study: P =
pine thinning and H = hardwood and shrub control.

creases in average basal area growth of in-
dividual hardwood trees (P < 0.08; data not

At

Such shifts in growth allocation have been
attributed to tree responses associated with
the capture of newly available growing space
rather than those associated with “thinning
shock.” In 1995, 1996, and 1998, pine thin-
ning was associated with 67% to 91% in-

shown). In 2002, pine thinning was associated
with a 117 % increase in average height growth
of hardwoods (P = 0.05); however, high lev-
els of variability among plots prevented detec-
tion of significant growth increases for stem
basal area (P = 0.11).
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Conclusions

Results of Study I indicate that availabilities
of both light (via pine thinning) and below-
ground resources (via hardwood and shrub
control) play prominent roles in maintaining
abundance of herbaceous species, while per-
haps only availability of light influences diver-
sity of herbaceous species. Similarly, availabil-
ities of both light and belowground resources
played similar roles in stimulating growth in-
creases in stem basal area and crown width of
longleaf pine trees. Height growth responses to
treatment varied inversely with the stem and
crown responses. Although this research may
only be applicable to longleaf plantations of
similar age, it demonstrates a useful approach
for studying community dynamics in response
to silvicultural treatments.

Study II: Effects of Above-
and Belowground
Competition and Needle
Litter from Overstory Pines
on Fitness and Fecundity
of Reintroduced |
Herbaceous Species

A limitation of Study I was the c¢onfound--

ing that existed between overstory competi-
tion (availability of light versus belowground
resources) and needle litter because treatments
were conducted at the stand level, making it
impossible to separate the relative influence of
each factor on understory vegetation. For ex-
ample, understory conditions in nonthinned
stands included growth limiting effects of com-
petition for both light and belowground re-
sources, making it impossible to distinguish
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six sites from Study I were used in Study II
(i.e., areas away from the sample points in the
hardwood and shrub control and combination
treatments). Four 0.09-ha plots (30 m x 30 m)
were established in each of the 13- to 15-year-
old plantations. Each plot was randomly as-
signed a thinning to 0, 25, 50, or 100% of
the average basal area of nonthinned stands
(20 m? ha™!). In order to focus the research
on overstory effects, plots were kept free of all
nonpine vegetation with periodic applications
of non-soil-active herbicides and hand weed-
ing. '

In the interior 20-m x 20-m area within
each plot, four split-plot treatments were es-.
tablished to vary belowground resources and
needle litter independently of pine stocking.
Each of the following split-plot treatments was
randomly assigned to one of four 1.2-m x
13.7-m strips in each plot: (a) trenching plus
needle litter, (b) trenching minus needle lit-
ter, (c) absence of trenching plus needle lit-
ter, and (d) absence of trenching minus nee-
dle litter. Trenching was conducted in October
1998 with a Ditch Witch® (Perry, OK), alu-
minum flashing 0.51 m wide was installed
along the vertical wall of the trench to an aver-
age depth of 0.43 m to prevent encroachment
of pine roots, and the soil was replaced. In nee-
dle litter-present split plots, stand-produced
needle litter was supplemented with monthly
applications to result in a standardized rate
(7893 kg ha~! yr~!) equal to twice that pre-
dicted for nonthinned stands of 20 m? ha~!
basal area using data from Study I. In needle
litter-absent split plots, needle litter was re-

- moved manually each month. The experimen-

tal design of Study II was a randomized, com-
plete block with three replications (sites) of
the split-plot arrangement of treatments. Pine
stocking was the whole-plot factor and split-
plot factors were trenching and needle litter.

Fourteen perennial herbaceous species na~——

which—had the greatest influence on herba-
ceous vegetation. To isolate above- and be-
lowground components of overstory compe-
tition from needle litter effects, a controlled
experiment was established in 1998 accord-
ing to methods described in Harrington et al.
(2003). Nonsampled portions of three of the

tive to longleaf pine forests were selected for
intensive study to represent different growth
forms (e.g., upright versus prostrate) of forbs
and grasses. One herbaceous species was ran-
domly assigned to each of 10 1-m? quadrats
per split plot. Containerized seedlings of the
14 species were grown in a greenhouse and
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planted at a fixed density (11 to 36 plants m™2,
depending on success of greenhouse propaga-
tion) in May 1999, 2000, or 2001. Container-
ized seedlings of longleaf pine were purchased
from International Forest Company (States-
boro, GA) and planted at a density of 36 plants
m~2 within a randomly assigned quadrat of
each split plot.

Fitness of each herbaceous species was as-
sessed as survival (%) and visually estimated
cover (percentage) in October. Fecundity of
each herbaceous species was assessed as in-
florescence count (number of flower clusters
per square meter), seed production (num-
ber of seeds produced per square meter; es-
timated from subsamples of 20 or more in-
florescences), .seed weight (grams per 1000
seeds), and seedling emergence (percentage)
from standard germination tests (45 days of
cold stratification followed by 3 weeks of ger-
mination in a greenhouse). In fall 2001, sur-
viving longleaf pine seedlings growing in their
assigned quadrat were severed, counted, and
returned to the laboratory for biomass esti-
mation. Fitness of longleaf pine was assessed
as survival (percentage), average stem height
(centimeters), average biomass (grams), and
percentage of surviving trees that were exiting
the grass stage, defined as those with stems 12
cm or greater in height (Haywood 2000).

To highlight the basic findings of Study II,
this chapter covers responses of two perennial
grasses (green silkyscale, Anthaenantia villosa
[Michx.] Beauv., and pineywoods dropseed,
Sporobolus junceus [Michx.] Kunth, planted
May 1999 and assessed in October 2000), a
perennial forb (beggar’s ticks, Desmodium cil-
iare [Muhl. Ex Willd.] DC, planted May 2001
and assessed October 2001), and seedlings of
longleaf pine (planted December 1998 and as-
sessed October 2001). Analysis of variance was
conducted to identify significant (a = 0.05)
treatment effects Multlple comparlsons of

adjusted probablhtles (for 31gmﬁcant mterac-
tions) or Tukey’s test (if only main effects were
significant) (Sokal and Rohlf 1981). Linear re-
gression was used to quantify the relationship
between average aboveground biomass and
average height of longleaf pine seedlings.

0. Ecology

Anthaenantia villosa Responses

Average survival of Anthaenantia villosa ex-
ceeded 90% in all treatments at the end of the
second year after planting, although a slight re-
duction was observed in the presence of nee-
dle litter (Fig. 4A). In the absence of trenching
(i.e., in the presence of root competition from
overstory pines), cover, number of inflores-
cences, and number of seeds decreased with in-
creasing pine stocking at a more rapid rate than
in the presence of trenching (Fig. 4B-D). Cover
in trenched plots averaged about 80% and it
did not vary among pine stockings. Cover was
greater in the presence of needle litter, an ef-
fect likely attributable to nitrogen inputs as-
sociated with this treatment (Harrington et al.
2003). Seed weight did not vary significantly
among treatments (Fig. 4E). Seedling emer-
gence was less at 0% pine stocking than at
25, 50, or 100% stockings (Fig. 4F). Although
plant size, flowering, and seed production each
were greatest in the absence of overstory pines
(0% stocking), seed viability was not. Appar-
ently some level of overstory competition stim-
ulated increased seed viability; thus, total re-
productive effort (i.e., the product of seed pro-
duction and seedling emergence) was greatest
at 25% pine stocking. A. villosa had an interac-
tive response pattern in which its fitness and
fecundity were maximized at specific combi-
nations of above- and belowground competi-
tion. The species was able to survive in a wide
range of competitive environments, it pro-
duced the most vegetation when belowground
resources were not limiting, and it produced
the most viable seed in a mildly competitive
environment.

Sporobolus junceus Responses

In contrast to Anthaenantia villosa, Sporobolus
Junceus drsplayed a very dlfferent set. of re-

ceeded 60% for all treatments but it decreased
in the presence of either trenching or needle
litter (Fig. 5A). Needle litter most likely caused
shading and eventual death of suppressed in-
dividuals. Cover of S. junceus did not vary
significantly among any of the treatments,
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FIGURE 4. Average indices of fitness and fecundity (+ standard error) of the perennial grass Anthaenantia
villosa as influenced by stocking of overstory pines (basal area as a percentage of nonthinned stands) and
presence or absence of trenching and needle litter. Letters in the lower left corner of each graph indicate
factors and their interactions from the analysis of variance that were significant (P < 0.05): S = pine

stocking, T = trenching, and N = needle litter.

suggesting that the species was relatively tol-
erant to the experimental range of resource
- availabilities and needle litter levels (Fig. 5B).
For the trenching effects on survival, increases
in belowground resources might have stim-
ulated greater amounts of density-dependent
mortality (i.e., “self-thinning”). This explana-

tion was supported by the fact that,-although—net-vary significantly ammong stocking levels.

survival declined slightly from trenching and
_needle litter effects, surviving individuals oc-
cupied the newly available growing spacing
resulting in the absence of treatment effects
on cover. These fitness responses contrasted
sharply with the species’ fecundity responses.

In the presence of needle litter, inflorescence

~ number was less than a third of that ob-

served in its absence (Fig. 5C). In the ab-
sence of trenching, inflorescence number at
100% pine stocking was less than at the
other stocking levels; however, in the pres-
ence of trenching, inflorescence number did

Seed number at 100% stocking was less than
at the other stocking levels (Fig. 5D). Pres-
ence of needle litter greatly limited seed num-
ber, seed weight (Fig. 5E), and seedling emer-

- gence (Fig. 5F). S. junceus demonstrated a fit-

ness response that was relatively tolerant of
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FiGURE 5. Average indices of fitness and fecundity (+ standard error) of the perennial grass Sporobolus
- junceus as influenced by stocking of overstory pines (basal area as a percentage of nonthinned stands) and
presence or absence of trenching and needle litter. Letters in the lower left corner of each graph indicate
factors and their interactions from the analysis of variance that were significant (P < 0.05): S = pine

- stocking, T = trenching, and N = needle litter.

competition from overstory pines. The species
was able to recover growing spacing through
increases in plant size and fully occupy the site
regardless of density-dependent mortality or
needle litter. However, fecundity was greatly
impacted primarily by needle litter (via re-
ductions in flowering, seed production, seed
size, and seed viability) and secondarily by

able to thrive vegetatively in the wide range
of growing conditions present in the study.
Observed increases in nitrogen concentration
of S. junceus foliage in the presence of nee-
dle litter (Harrington et al. 2003) suggested
that improvements in plant nutrition might
have stimulated vegetative growth at the ex-

stocking (via reductions in flowering and seed
production). The mechanism underlying the
strongly negative effects of needle litter on fe-
cundity was not clear since similar effects on
plant fitness were not apparent until October
2001 (Harrington et al. 2003). The species was

more likely explanation for the fecundity re- :
sponses could be the shading effects of nee-
dle litter. Fecundity responses to stocking in-
dicated that a threshold in light availability
existed below which flowering and seed pro-
duction were strongly curtailed. This threshold
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FIGURE 6. Average indices of fitness and fecundity (% standard error) of the perennial forb Desmodium
ciliare as influenced by stocking of overstory pines (basal area as a percentage of nonthinned stands) and
presence or absence of trenching and needle litter. Letters in the lower left corner of each graph indicate
factors and their interactions from the analysis of variance that were significant (P < 0.05): S = pine

stocking, T = trenching, and N = needle litter.

occurred between 50% and 100% stocking of
overstory pines, because at lesser stockings,
responses of these variables were relatively
stable.

Desmodium ciliare Responses

tions were similar to those observed for other
perennial forbs in that they indicated a strong
degree of intolerance to both shade and root
competition from overstory pines (Harring-
ton et al. 2003). In general, these experimen-
tal effects were additive and not interactive,

suggesting that the species was able to respond
to a variety of growing conditions. Although
survival of D. ciliare declined somewhat with
increasing pine stocking, these responses were
not statistically significant (Fig. 6A). Cover de-
creased systematically with increasing pine
stockmg and it was espeaally hrmted at 100%

cover were margmally 51gmﬁcant (P = 0.06),

indicating a mild additive effect resulting
from increased availability of belowground re-
sources. Flowering and seed production re-
sponses were similar to those for cover (Fig.
6C,D): a decline with increasing stocking and
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a small to moderate increase from trench-
ing. Seed weight did not vary significantly
among treatments (Fig. 6E). The interaction
of stocking and trenching was significant for
seedling emergence because increases from
trenching were observed only at 50% stock-
ing; all other stockings demonstrated neutral
effects from trenching (Fig. 6F). In addition,
there was less seedling emergence in the pres-
ence versus absence of needle litter. These re-
sults suggested that seed viability of D. ciliare
was regulated largely by light availability de-
termined by either or both of overstory den-
sity and needle litter. In summary, D. ciliare
had a strong requirement for light to survive,
grow, and reproduce; its potential responsive-
ness to enhanced belowground resources was
secondary to that resulting from increased light
availability.

Pinus palustris Seedling
Responses

Pinus palustris was able to survive but grew
very little in response to shade and root com-
petition from overstory pines. In the third
year after planting (2001), seedling survival
was greater in the presence versus absence
of trenching, and it was reduced in the pres-
ence versus absence of needle litter (Fig. 7A).
Stocking of overstory pines did not signifi-
cantly influence either of these survival re-
sponses, suggesting that light availability was
not a limiting factor for survival except when
smothering from needle litter occurred. The
fact that stocking had no detectable effect
on survival of P. palustris seedlings probably
was the result of adequate carbohydrate stor-
age in the taproot of the nursery-grown
seedlings that permitted the plant to toler-

ate severe growth-limiting conditions for sev- .

eral years. However, it remains uncertain

sustained themselves under these growing
conditions. The moderate degree of survival
(59% to 68%) observed in the absence of
overstory competition and needle litter sug-

gests that density-dependent mortality had
occurred,
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FIGURE 7. Average (A) survival, (B) stem height,
and (C) percentage of survivors exiting the grass
stage (=% standard error) for seedlings of the tree Pi-
nus palustris as influenced by stocking of overstory
pines (basal area as a percentage of nonthinned
stands) and presence or absence of trenching and
needle litter. Letters in the lower left corner of
each graph indicate factors and their interactions
from the analysis of variance that were significant
(P < 0.05): S = pine stocking, T = trenching, and N
= needle litter. '

About 97% of the variation in averag

see’gs was explaine by its linear relation-
ship with average height (centimeters) (R? =
0.97;syx = 12.2; n = 48):

Y = —2.755 + 6.090(X)

Because of this high correlation, height and




3 5. Plant Competition, Facilitation

aboveground biomass had essentially identi-
cal responses to the interaction of stocking and
trenching (only height responses are shown
in Fig. 7B). Both of these variables exhibited
steep declines with increasing stocking but the
steepness of the decline was much greater in
the absence versus presence of trenching. This
result indicated a strong threshold response
to light availability because average height
(and aboveground biomass) declined precipi-
tously as stocking increased from 0% to 25%
with subsequent increases in stocking causing
only slight decreases in growth. The thresh-
old growth response to light availability was
moderated only slightly by increases in be-
lowground resources from trenching. By the
third year after planting, over half of long-
leaf pine seedlings growing in 0% stocking
were exiting the grass stage, while less than
20% of seedlings were doing so in stockings
of 50 and 100% (Fig. 7C). In contrast to the
average height responses, trenching strongly
increased the percentage of trees exiting the
grass stage for stockings of 25 and 50%. This
result is in agreement with previous research
in which increased availability of belowground
resources, such as resulting from control of
competing herbaceous vegetation with herbi-
cides or mulching (Haywood 2000), enabled a

higher percentage of longleaf pine seedlings to

exit the grass stage. However, Study I demon-
strated that light availability had a much
greater effect than availability of belowground
resources since very few of the seedlings grow-
ing in trenched split plots at 100% stocking
were exiting the grass stage. In terms of pro-
-viding new saplings of P. palustris to ultimately
replace overstory trees, only the lowest stock-
ings (0 and 25%) averaged more than 20%
of seedlings emerging from the grass stage to
support their growth into the upper canopy.

Conclusions
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belowground competition and needle litter.
However, of all the species’ responses, only
one indicated a positive effect of overstory
shade (facilitation): seed viability of A. villosa
was greater at pine stockings of 25% to 100%
than it was at 0%. Therefore, a primary finding
from Study I is that the growing conditions in
gaps (i.e., full sunlight) provided the resources
needed to maximize fitness and fecundity of
reintroduced herbaceous species. In addition,
root competition had a critically negative ef-
fect on most of the species’ responses, indi-
cating that restoration plantings will be most
successful in the absence of both overstory
and understory vegetation. The vigorous re-
sponses of herbaceous species observed in the
relatively small gaps (30 m x 30 m or 0.09
ha) of Study II indicated that the zone of over-
story root competition from neighboring 13-
to 15-year-old pines extended less than 10 m
into the gap. Surprisingly, plant responses to
needle litter varied from positive effects (facil-
itation via nitrogen addition) to negative ef-
fects (apparent competition via reduced light
availability). Mulching effects from needle lit-

_ ter (i.e., increased retention of soil water) were

not detected (Harrington et al. 2003).

Implications to
Maintenance and
Restoration of Longleaf
Pine Communities

Previous research and the two case studies re-
viewed here illustrate the multiple interactions
that occur between ovérstory pines and un-
derstory vegetation of longleaf pine forests. As
indicated initially in this chapter, a mecha-
nistic understanding of overstory and under-
story interactions will provide a sound basis

Results from Study IT confirm some of the find-
ings from Study I: effects of overstory competi-
tion for light and for belowground resources on
understory vegetation can be of similar mag-

nitude. Study II further illustrates the great -

variability in species’ responses to above- and

for prescribing treatments designed to restore
and maintain longleaf pine communities. In
this concluding section I will discuss the im- -
plications of overstory-and understory compe-
tition and facilitation to silvicultural regimes
that are currently in use or being considered
for longleaf pine forests. Three conditions will
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be considered: new longleaf pine communities;
existing herbaceous communities within natu-
ral, uneven-aged longleaf pine stands; and ex-
isting herbaceous communities within even-
aged, planted longleaf pine stands.

New Longleaf Pine
Communities

Restoring all of the elements of a longleaf
pine community requires coordinated estab-
lishment of longleaf pine seedlings and herba-
ceous species. Both vegetation components re-
quire an environment with an abundance of
direct sunlight and soil water. Within existing
forest, gaps 21 m in radius or larger provide
such an environment. Recently harvested for-
est sites or old fields will have adequate light
availability but not necessarily adequate soil
water availability because of a potentially high
abundance of competing vegetation. In order
to increase soil water availability, competing
vegetation abundance must be reduced signif-
icantly, at least in the individual spots where
seedlings are to be established.

Spot (or banded) treatments provide a
means of reducing competition without the
widespread disruption in the ground layer
community that can result from broadcast
treatments (Brockway and Outcalt 2000).
In addition, spot treatments enable existing
desirable species growing between spots to
be retained in an undisturbed condition. One
potential technique is to create gaps in the
ground layer vegetation 1 meter in radius
or larger by chemical (e.g., nonsoil active
herbicides, such as glyphosate or triclopyr)
or mechanical methods (e.g., “Wombat” spot
cultivator, Savannah Forestry Equipment,
Savannah, GA).

By locating these ground-layer gaps at a
spacing of 3 m or greater, the desired com-
munity components can be established over
a broad area. Half of the gaps can be planted
with a single longleaf pine seedling and no
other vegetation, while perennial herbaceous
species can be established in the remaining
gaps by sowing seeds or planting containerized
seedlings. . The success of a. spring planting

I1. Ecology

of herbaceous will rely on absence of a se-
vere frost and presence of adequate rainfall
(Harrington et al. 2003); winter planting of
dormant, containerized herbaceous seedlings
is an untested approach that may avoid these
pitfalls of spring weather.

Each. ground-layer gap will have sufficient
availabilities of light and soil water, at least
during the first growing season, to enable es-
tablishment of the new seedlings. Alterna-
tively, specific soil-active herbicides that are
safe for pines and that provide residual con-
trol of competing vegetation (e.g., hexazinone
or imazapyr) can be used specifically to create
ground-layer gaps in which to plant longleaf
pine seedlings. Herbaceous species susceptible
to these herbicides can be established 1-2 years
later after soil concentrations of such herbi-
cides have declined sufficiently..

Nitrogen is probably the nutrient most limit-

~ ing to establishment and growth of new herba-

ceous and pine seedlings. However, fertilizer
should only be applied directly to the plant-
ing hole to avoid stimulating growth and po-
tential dominance of other, more aggressive
plant species, and the prescribed fertilizer rate
should be safe for seedling roots.

Fire is a key ingredient for maintenance of
new plantings, because it will suppress or kill
nonadapted plant species and allow adapted
species to flourish. Field observations from
Study O indicated that,” by the end of the
first or second year after planting, most peren-
nial herbaceous species native to longleaf pine
communities can withstand dormant season
fires. -

Existing Herbaceous
Communities within Natural,
Uneven-Aged Longleaf Pine
Stands

In this forest community, many of the stand
structural components already exist, and only
enrichment plantings are needed to reestab-
lish the desired native herbaceous species.
Understory light availability should be ade-
quate, although not optimum, if the uneven-

aged structure of the stand is composed of
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widely spaced individual trees (spacing of 11
m or greater; Platt et al. 1988a). If light avail-
ability is potentially limiting to longleaf pine
seedlings and their associates, excess over-
. story trees should be harvested or girdled (to
create wildlife habitat). As discussed previ-
ously, tree removals that result in aggregated,
rather than dispersed, stand structures provide
a higher percentage of growing space with high
light availability. Additional canopy layers of
hardwoods and shrubs cause further limita-
tions to understory light availability, and their
abundance should be reduced significantly by
spot treatments that do not endanger desir-
able herbaceous species, such as injection with
non-soil-active herbicides, girdling, or cutting.

Inherent limitations in availability of below-
ground resources, primarily water and nitro-
gen, are typical of longleaf pine communities
‘because often they occur on sandy soils with
low water-holding capacities and limited ni-
trogen retention. Because the pools of below-
ground resources can be in such short supply,
full occupancy of belowground resources by
overstory pines may occur at stem densities
that do not provide complete crown coverage.
Therefore, moderate densities of longleaf pine
can be highly competitive for belowground
resources. Soil water availability in this com-
munity also will be limited by understory veg-
etation. Although this recommendation con-
flicts with the findings of Palik et al. (1997)
and McGuire et al. (2001) in which soil wa-
ter availability did not vary systematically with
overstory density, I hypothesize that if over-
story and understory components were ma-
nipulated independently in natural stands of

longleaf pine, their separate and significant

competitive effects on soil water could be de-
tected, as found in the longleaf pine planta-
tions of Study II. '

As discussed previously, spot (or banded)
treatments can be used to create ground-layer
gapsin areas at least 21 m from overstory pines.
If advanced regeneration of longleaf pine is
needed, mineral soil seedbeds can be created
to foster germination and seedling develop-
ment in years of adequate seed crops. Some of
the ground-layer gaps can be located approxi-
mately 16 m from potential longleaf pine seed
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trees to allow pine seeds to germinate in ar-

eas of minimal competition and accumulation

of needle litter from overstory trees. As dis-

cussed previously, root competition from over-

story pines can create zones that exclude nat-

ural pine regeneration, and areas within 4 m

of overstory pines have the potential for in-

tense ground fires capable of killing young pine-
seedlings.

Reinstatement of prescribed fires in the dor-
mant season or spring is essential for main-
taining the vigor of the new plantings and to
avoid overtopping by resprouting hardwoods
and shrubs.

Existing Herbaceous
Communities within Planted,
Even-Aged Longleaf Pine Stands

Extensive plantations of longleaf pine have
been established on public lands and, as part
of the Conservation Reserve Program, on for-
mer agricultural land. Often these plantations
were established at spacings typical for loblolly
pine (e.g., up to 1800 trees ha~!). As men-
tioned previously, belowground resources may
not be adequate to support long-term develop-
ment of longleaf pine established at close spac-
ings, especially on sandhill sites. Under these
conditions, mortality from bark beetles (Den-
droctonus spp. and Ips spp.) is likely, as has
been observed recently in nonthinned stands
of Study I. To foster long-term health of the
forest community, densely stocked plantations
can be thinned to wide spacings (5 m or more)
prior to engaging in understory restoration.
Within the widely spaced stands, gaps 21 min -
radius or larger can be established for under-
story restoration. Conversely, an aggregated
stand structure can be created to maintain
some areas of higher stocking for timber pro-
duction while providing open areas for under-
story restoration.

Because of uniformity of spacing and size
of trees, plantations will have regions of re-
stricted light availability even after the preced-
ing stocking guidelines have been followed. To
provide adequate light and soil water avail-
ability, ground-layer gaps can be established
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away from overstory trees and on the north
side of overstory gaps. Results from Study I
suggest that the critical zone of root com-
petition extends less than 10 m away from
13- to 15-year-old longleaf pines, unlike the
18-m zone observed for mature trees (Brock-
way and Outcalt 1998). Note that restrictions
in light availability in longleaf pine plantations
are likely to become more intense with de-
creasing space among trees and increasing site
quality.

Based on Study II, reintroduced herbaceous
and longleaf pine seedlings will have a wide
range of fitness and fecundity responses in
the understory of a longleaf pine plantation.
Responses are likely to range from increases
in vegetative growth at the expense of re-
productive performance to gradual declines in
response to needle litter accumulations. This
diversity of plant responses indicates that a di-
versity of growing conditions would be needed
to maintain a full gamut of species in the un-
derstory. Applications of prescribed fire, vege-
‘tation management, and pine thinning can be
scheduled at appropriate times to create pock-
ets of enhanced resource availability that foster
flowering, seed production, and recruitment
of new seedlings. In time and given appro-
priate maintenance treatments, reintroduced
plant species are likely to form stable popula-
tions that are self-perpetuating.

USDA/Forest Service
Disclaimers

The use of trade or firm names in this publi-
cation is for reader information and does not
imply endorsement by the U.S. Department of
Agriculture of any product or service. This pub-
lication reports research involving pesticides.
It does not contain recommendations for their
use, nor does it imply that the uses discussed
here have been registered. All uses of pesti-
cides must be registered by appropriate state
or federal agencies, or both, before they can be
recommended. CAUTION: Pesticides can be in-
jurious to humans, domestic and wild animals,
and desirable plants if they are not handled or
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applied properly. Use all pesticides selectively
and carefully. Follow recommended practices
for the disposal of surplus pesticides and pesti-
cide containers.
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