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Abstract

The selection silvicultural system has gained popularity as a means for developing and maintaining uneven-aged stand
structure in a variety of forest types. Only limited information exists, however, regarding regeneration dynamics and growth of
longleaf pine (Pinus palustris Mill.) managed under the group selection silvicultural system in the southeastern USA. A
replicated artificial gap study, established in a 65-year-old, second-growth stand in northwest Florida, was used to examine the
interactions between site resource availability (light, nutrition, water) and canopy gap position on survival and growth of
containerized longleaf pine seedlings over two growing seasons. A gradient in site resource availability was created using
fertilizer and hand weeding treatments. Levels of light transmittance (averaged over the growing season) within the gaps varied
by location and ranged from 72% near the uncut edge to 96% in the gap center. Seedlings growing in the gap center had
significantly lower survival rates (e.g., 1999, center = 23%, edge = 51%), but larger diameter increments (e.g., 2000,
center = 3.6 mm, edge = 1.4 mm) than those found in lower light environments along the gap edge. Soil moisture content
had little apparent impact on these differences in survival and growth, as surface (0-15 cm) moisture contents did not vary
significantly among gap positions in either growing season. Although seedling survival was significantly reduced by the fertilizer
and hand weeding (control = 41%, treated = 31%), diameter increment was 44% greater than the untreated control. Results of
this study suggest that a group selection silvicultural system that provides sufficient light and relief from competition (for
nutrients) for seedlings may be a suitable silvicultural method for effectively regenerating longleaf pine forests.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Prior to European settlement, the longleaf pine
(Pinus palustris Mill.) ecosystem covered more than
37 million ha in the southeastern USA. Since that
time, a steady decline has occurred (Wahlenberg,
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1946; Croker and Boyer, 1976; Croker, 1979; Den-
nington and Farrar, 1983) and today less than 1.2 mil-
lion ha remain (Brockway and Outcalt, 2000). The
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reduction in land area occupied by this forest type can
be attributed to several factors. First, extensive har-
vesting that occurred between 1900 and 1930 greatly
reduced the levels of longleaf pine growing stock
(Wahlenberg, 1946; Boyer, 1979; Dennington and
Farrar, 1983; Boyer and White, 1990). Second, an
inadequate understanding of the biological require-
ments of this species and poor fire management led to
frequent regeneration failures (Wahlenberg, 1946;
Dennington and Farrar, 1983; Barnett et al., 1990).
In addition, the intolerance of longleaf pine to both
shade and understory competition (Barnett et al.,
1990) along with sporadic seed production (Croker,
1975; Boyer, 1990; Boyer and White, 1990), seed
predation (Croker and Boyer, 1976; Boyer and White,
1990) and bare mineral soil seedbed requirements
(Croker, 1975; Boyer, 1990), contributed to difficul-
ties in achieving successful regeneration. Many long-
leaf pine sites were also converted to other land uses,
or to other commercially important species such as
loblolly pine (P. taeda L.) and slash pine (P. elliottii
var. elliottii Englem, Wahlenberg, 1946; Boyer, 1979;
Croker, 1979; Dennington and Farrar, 1983).

The majority of second-growth longleaf pine forests
existing today resulted from even-aged, natural regen-
eration processes. In many stands, fire suppression and
sparse stocking have led to hardwood encroachment
and changes in the native ground cover (Brockway and
Outcalt, 2000). Over the last decade, interest has
grown considerably in conserving and restoring the
longleaf pine ecosystem. Both conventional and alter-
native management systems are being studied to
determine the most effective approach for achieving
this goal.

Traditionally, longleaf pine stands have been man-
aged using silvicultural systems that create and
maintaineven-aged structure. The clear-cut and shelter-
wood silvicultural systems have historically been the
most commonly used regimes for managing this spe-
cies (Croker and Boyer, 1976; Maple, 1977; Boyer,
1979, 1990, 1993; Croker, 1979; Dennington and
Farrar, 1983; Boyer and White, 1990). Recently, there
has also been increasing interest in developing and
maintaining uneven-aged stand structure in longleaf
pine stands using the irregular shelterwood and group-
and single-tree selection silvicultural systems (Baker,
1991; Farrar, 1996; USDA Forest Service, 1999a,b;
McGuire et al., 2001). The group selection system

attempts to mimic uneven-aged, gap-phase regenera-
tion dynamics through periodic harvest disturbances
that form canopy openings and encourage seedling
recruitment over extended periods of time.

To date, few landscape-level examples exist where
the principles of uneven-aged management have been
applied to the longleaf pine ecosystem. Recently,
however, the USDA Forest Service’s Revised Land
and Resource Management Plan for National Forests
in Florida (1999b) declared that over 50,000 ha of
even-aged longleaf pine and mixed longleaf pine—
slash pine stands on the Apalachicola National Forest
would be converted to a diverse patch-size structure
using a modified group selection system. The pro-
posed silvicultural regime would focus on creating
many small (<0.5 ha) patches (gaps) and fewer large
gaps within stands. Additional goals of the modified
group selection system would include enhancing red-
cockaded woodpecker (Picoides borealis) habitat,
production of poletimber and large sawtimber, and
provision for a wide range of recreational opportu-
nities for visitors (USDA Forest Service, 1999a,b).

For the group selection system to be successfully
applied in the longleaf pine ecosystem, a better under-
standing of the regeneration dynamics within canopy
gaps is required. Few studies are available as a basis
for making specific management recommendations
for this species (Palik and Pederson, 1996; Palik
et al., 1997; McGuire et al., 2001). Previous research
with other species has demonstrated that site resource
availability (i.e., light, water, nutrients) may vary
within canopy gaps (Minckler and Woerheide,
1965; Canham et al., 1990; McDonald and Abbott,
1994; Brown, 1996; Gray and Spies, 1996, 1997;
McDonald and Reynolds, 1999), and thereby affect
both seedling survival and growth. For example, shade
cast from surrounding mature trees may serve to
initially enhance seedling survival and thereby pro-
mote the regeneration process. Conversely, below-
ground competition for water and nutrients from
adjacent mature trees may hinder seedling develop-
ment as lateral root expansion occurs into newly
established openings (Brockway and Outcalt, 1998).

Fundamental questions related to the importance of
gap size, residual stand basal area, and interactions of
understory and mature tree competition on seedling
survival and development within harvested groups
remain unanswered, but should be addressed for the
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successful implementation of the group selection sys-
tem in longleaf pine. This study examined the inter-
actions between site resource availability and canopy
gap position, and their effects on survival and growth
of containerized longleaf pine seedlings over two
growing seasons. To accomplish this objective, we
utilized a replicated artificial gap study established in a
mature, second-growth longleaf pine stand in north-
west Florida. A gradient in site resource availability
was created using fertilizer and hand weeding treat-
ments.

2. Materials and methods
2.1. Study area and management history

The study site is located on the Apalachicola Ran-
ger District of the Apalachicola National Forest in
northwest Florida, USA (30°10'N, 84°43'W). The
terrain is flat to gently rolling, with many wet depres-
sions. The soils are mapped as loamy, siliceous, sub-
active, thermic Grossarenic Paleudults (Albany
series). The Albany series is somewhat poorly drained,
having formed in marine deposits of sandy material
underlain by loamy sediments. The soil nutrient
reserves are inherently low, as the A horizon has both
low organic matter content and extractable nutrient
levels (Table 1). The climate is humid subtropical and
annual precipitation averages 1670 mm.

The overstory was a second-growth, naturally
regenerated longleaf pine stand (average age 65
years), with minor interspersion of slash pine. Prior
to treatment, the average diameter and basal area of
the stand were 26 cm and 26 m”> ha™', respectively.
Major understory species were those common to flat-
woods sites and included gallberry (Ilex glabra (L.)
Gray), saw palmetto (Serenoa repens (W. Bartram)
Small), wiregrass (Aristida beyrichiana Trin. and
Rupr.), bluestem grasses (Andropogon viginicus L.,
A. capillipes Nash.), blueberry (Vaccinium myrsinites
Lam.), runner oak (Quercus pumila Walter) and dwarf
live oak (Q. minima (Sarg.) Small).

The site was harvested in the late 1920s. Suppressed
and non-merchantable stems that remained following
harvest provided the necessary seed source to natu-
rally regenerate the area. Historically, the stand has not
been thinned, and prescribed surface fires have been

Table 1

Soil characteristics prior to treatment for a loamy, siliceous,
subactive, thermic, Grossarenic Paleudult (Albany series) in
northwest Florida (values were averaged across all gaps, gap
positions and treatments)®

Nutrient concentration Depth (cm) Average
Phosphorus (mg 17") 0-15 1.8
16-30 1.1
31-45 0.7
Potassium (mg 1 0-15 7.2
16-30 35
31-45 29
Magnesium (mg 1) 0-15 33
16-30 1.5
31-45 1.2
Calcium (mg17") 0-15 16.6
16-30 11.0
31-45 9.5
pH 0-15 4.8
16-30 49
31-45 5.0
Organic matter (%) 0-15 0.9
16-30 0.4
31-45 0.2

# Extractable nutrient concentrations were determined using the
Mehlich I procedure and organic matter content was determined
using the Walkley—Black procedure (Nelson and Sommers, 1982;
SRIEG 18, 1983; Hanlon et al., 1994).

used on a 3-year cycle to reduce fuel loads. The site
was last burned in the spring of 1998, 1 year prior to
implementation of this study. Advanced longleaf pine
regeneration was sparse across the area.

2.2. Experimental design and treatments

A randomized complete block, split—split-plot
design was used to examine the main effects and
interactions between canopy gap position (distance
from mature canopy and direction within the canopy
gap) and site resource availability on regeneration
dynamics of longleaf pine. Four 0.3 ha circular gaps
(radius = 30.9 m) were whole-tree harvested in
January 1999. An uncut buffer of at least 25 m,
providing an intact canopy, separated each gap.

Based on anticipated within-gap gradients in site
resource availability (Minckler and Woerheide, 1965;
Canham et al., 1990; Brown, 1996; Brockway and
Outcalt, 1998), each gap was divided into three zones
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Fig. 1. Experimental layout (randomized complete block split—split-plot design) used to test the effects of distance from gap edge, direction
within a gap and fertilizer plus hand weed control treatments on survival and growth of containerized longleaf pine seedlings planted in four
0.3 ha canopy gaps in northwest Florida. Plot arrangements were identical in the southern zone.

of competitive influence (Fig. 1). Each zone repre-
sented a different level of edge effect competition,
ranging from minimal edge effects (C1, center of gap)
to strong competitive edge effects (C3, perimeter of
opening, under the intact canopy). The rings of com-
petitive influence were fixed at 10.3, 20.6 and 30.9 m
from the center of all four gaps. The gaps were further
divided into a north and a south zone to isolate the
effects of gradients in solar radiation within gaps on
seedling survival and growth from those associated
with different levels of edge effect competition (Gray
and Spies, 1996). Along each gap ring and the two
cardinal point positions, two 7m X 14 m whole plots
were established, for a total of four whole plots along
each ring, and 12 whole plots per gap. The locations of
the plot centers along the rings of competitive influ-
ence were determined randomly by selecting compass

directions. Each plot was then divided into two
7m x 7m paired subplots for a total of 24 subplots
per gap.

Following harvest, understory vegetation was
removed manually from all plots using rotary cutters.
In February 1999, containerized longleaf pine seed-
lings were hand-planted in the subplots. A 5m X 5m
measurement plot was formed in each subplot by
planting five rows of seedlings at a I m x 1 m spacing
(n = 25 seedlings). Seedlings were also planted in a
1 m buffer that was maintained around each measure-
ment plot. A total of 2832 seedlings were planted
across the four experimental gaps. Only seedlings
having root collar diameters greater than 0.5 cm were
planted to help ensure high survival rates (Barnett
et al., 1990). Treatments were then randomly assigned
to the subplots. One paired subplot served as a control
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(i.e., no treatments imposed after the initial removal of
understory vegetation to facilitate planting) and the
other was fertilized 2 weeks after planting in February
1999, with 560 kgha ' of 10-10-10. Competing
vegetation was again manually removed on those plots
receiving fertilizer additions in May of 1999 and 2000.

2.3. Sampling procedures

Prior to assigning the experimental treatments, soil
samples were collected from three depths (0-15, 16—
30 and 31-45 cm) in each subplot. All soils were air-
dried, sieved and extracted using the Mehlich I pro-
cedure (Hanlon et al., 1994). Extractable nutrient
levels were determined using an inductively coupled
argon plasma unit. Soil pH was determined using a 1:2
(w/v) soil/water slurry and the Walkley—Black proce-
dure (Nelson and Sommers, 1982; Hanlon et al., 1994)
was used to determine soil organic matter content
(Table 1).

Over the 1999 and 2000 growing seasons, all four
gaps were visited monthly. Photosynthetically active
radiation (PAR; 400-700 nm; pmol m 2 sfl) was
determined for each subplot on nearly cloudless days
between 11:00 and 14:00 h. PAR levels were measured
1 m above the ground simultaneously at (a) the center of
each of the subplots (with a sunfleck ceptometer;
Decagon Devices, Pullman, WA; n = 4 per subplot)
and (b) the center of each gap (with an LI-COR 190 SA
Quantum Light Sensor; LI-COR, Lincoln, NE). Corre-
sponding PAR values were used to calculate PAR
transmittance using the following formula:

PAR subplot
SUBPIO >><100

PAR transmittance = | ——————
PAR gap center

PAR transmittance was calculated for June, July and
August of 1999, and monthly, May—September of 2000.
Monthly soil moisture content (0—15 cm) was deter-
mined gravimetrically (May—October of 1999, and
May-September of 2000) at the center of each subplot
(n = 2 samples per subplot). Survival and root collar
diameter of longleaf pine seedlings were recorded at the
beginning (May) and end (October of 1999 and Sep-
tember of 2000) of both growing seasons. Seedling
diameter increments (mm growing per season) were
calculated as the increase in root collar diameters over
the course of each growing season. Seedling heights
were not determined, as the majority of the plants had

not emerged from the grass stage even after the 2000
growing season.

2.4. Statistical analyses

Data were analyzed separately for each growing
season (1999 and 2000) using analysis of variance
techniques for a randomized complete block, split—
split-plot design (SAS Institute, 1996). Differences in
seedling survival, growth and average growing season,
soil moisture content by gap position, direction within
gap, and fertilizer plus hand weeding treatments were
tested (o« = 0.10) using the PROC GLM procedure.
Significant treatment effects were separated using
contrasts in the PROC MIXED procedure and linear
correlations between variables were tested using the
PROC CORR procedure. PAR data were analyzed
using analysis of variance techniques for a randomized
complete block split-plot design because measure-
ments were unaffected by fertilization plus hand
weeding treatments.

3. Results and discussion

Wide-scale implementation of uneven-aged silvi-
cultural systems (e.g., group- and single-tree selec-
tion) has focused the need to acquire information on
important processes regulating seedling development
within various-sized canopy gaps created from either
natural disturbances or through the removal of overs-
tory trees. Although recent studies have begun to
explore gap regeneration dynamics in longleaf pine
ecosystems (Palik et al., 1997; Brockway and Outcalt,
1998; McGuire et al., 2001), knowledge concerning
the competitive effects that mature canopy trees have
on within-gap site resource availability (light, water,
nutrients) and seedling survival and growth is still
quite limited.

3.1. Within-gap site resource availability

3.1.1. Soil moisture

Surface soil moisture content over both the 1999
and 2000 growing seasons averaged 12% (Fig. 2).
Although within-gap gradients in soil moisture con-
tent have been identified in other forest types (Min-
ckler and Woerheide, 1965; McDonald and Abbott,



138 J.L. Gagnon et al./Forest Ecology and Management 172 (2003) 133—144

a. 30 -
1999 Growing season = Mean
—_ 25 1 4  Minimum
IS ® Maximum
3 20
St
E .
.g 15 1 Y [ ] ] [ ]
g . ° . u a n
= 10 [ ] [ ] a
% a & & ¢ ‘
5 4
T e hy ., Se O d
2y Yy, ey e, O, “p,, Y
» e » Sy, ” le"lée"%el- etaé'e
Month
b. 30

2000 Growing season
25 1 |

20 1

Soil moisture (%)
&

1
10 T . ry
a
s1 &
0

'/‘Z "/Il "/11/ :41, ‘Iye 4 2
W e s Cug, 0190)681.“&,?&8

Month

Fig. 2. Monthly soil moisture contents (0-15 cm) found within
artificially created canopy gaps (0.3 ha) in northwest Florida during
the (a) 1999 and (b) 2000 growing seasons. Note: monthly values
were averaged across all gaps and gap positions, as no significant
differences were detected.

1994) and were anticipated for longleaf pine based on
the findings of Brockway and Outcalt (1998) on xeric
sandhill sites, no significant differences were observed
in relation to distance from gap edge or direction
within a gap. Our findings are similar to those for
temperate deciduous forests (Wilczynski and Pickett,
1993) and longleaf pine stands on mesic uplands
(Palik et al., 1997). The drought conditions that pre-
vailed in Florida from 1998 to 2000 undoubtedly
contributed to the low within-gap variation in growing
season soil moisture contents. For example, annual
precipitation levels were 23 and 37% below normal in
1999 and 2000. During the 2000 growing season soil
moisture content ranged from 6 to 11% and did not

change substantially until September, when a tropical
depression contributed heavy rainfall to the site
(increasing soil moisture content to 24%). McGuire
etal. (2001) similarly found that soil moisture contents
did not vary from gap edge to gap center for a range of
gap sizes (0.11-1.63 ha) during a period of drought in
southwestern Georgia, USA.

3.1.2. PAR transmittance

Light availability has been shown to vary within
canopy openings (Canham et al., 1990; Phillips and
Shure, 1990; Gray and Spies, 1996; Palik et al., 1997;
McGuire et al., 2001). In this study, a significant
increase in PAR transmittance was found as distance
from the gap edge increased. For example, during the
1999 growing season, PAR transmittance was highest
in the gap center (C1 = 96%) and lowest near the gap
edge (C3 =72%). Consistent findings were also
observed during the 2000 growing season
(C1 =92%, C3 = 73%). Significant within-gap dif-
ferences in growing season PAR transmittance were
also found between the northern and southern zones.
During both growing seasons, average PAR transmit-
tance was highest in the northern zone (92%) compared
to the southern zone (77%). PAR transmittance along
each ring within the northern zone was also generally
higher than the corresponding ring in the southern zone
(Figs. 3a and 4a), and could be attributed to differences
in sun angle and solar track. As expected, a steady
decline in monthly PAR transmittance occurred among
gap positions over the course of the growing season. For
example, PAR transmittance within the gap center (C1)
ranged from about 100% in May to 83% in September;
corresponding monthly values for the gap edge position
(C3) varied from about 83 to 62%. By December,
PAR transmittance values did not vary significantly
among gap positions (C1 = 69%, C3 = 58%); how-
ever, differences still persisted between gap directions
(north = 78%; south = 49%).

Measurements of PAR transmittance in this study
were instantaneous and representative of light levels at
solar noon during the growing season. Data represent-
ing cumulative seasonal PAR levels in tropical forest
gaps (Brown, 1996) and in tropical and temperate
forests (Canham et al., 1990) support the findings
of this study. However, Brockway and Outcalt
(1998) found that cumulative PAR levels (within
canopy gaps in mature stands of longleaf pine on
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Fig. 3. Within-gap variation in 1999: (a) average growing season
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xeric sites) were uniformly distributed from gap edge
to gap center, regardless of measurement direction
within the opening. Their results may differ from our
findings because of differences in density of the
surrounding stands. Longleaf pine canopies on xeric
sandhill sites tend to be sparser than those on flat-
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Fig. 4. Within-gap variation in 2000: (a) average growing season
PAR transmittance; (b) longleaf pine seedling survival; (c) diameter
increment (the increase in seedling root collar diameter over the
growing season). Means (averaged across all gaps) followed by
different letters denote significant differences (o = 0.10) using
linear contrasts in the PROC MIXED procedure.

woods sites, resulting in more uniform light conditions
within gaps. Discrepancies may also be attributed to
the temporal measurement period used, as they
recorded PAR levels in December, when the sun
was low in the south, further increasing the uniformity
of light conditions within the gaps. McGuire et al.
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(2001) calculated a gap light index using hemisphe-
rical photographs in longleaf pine stands and observed
findings similar to those reported here. They also
noted that the proportion of gap area receiving full
sun light increased as gap size increased.

3.2. Longleaf pine seedling response to
within-gap environment

Longleaf pine seedling survival decreased signifi-
cantly over both the 1999 and 2000 growing seasons.
Average seedling survival for all plots in May 1999
was 77% and by September 2000 it averaged 27%.
Initial root collar diameter was not significantly
related to seedling survival. The presence of mature
longleaf pines surrounding the uncut gap edges, how-
ever, initially had a positive effect on within-gap
seedling survival. In October 1999, survival was sig-
nificantly lower in the gap center (C1 =23%) than
along the gap edge (C3 =51%; Fig. 3b). Similar
results were found during the 2000 growing season
(C1 = 19%, C3 = 36%; Fig. 4b); however, the rela-
tive advantage associated with the gap edge position
on seedling survival diminished over time, i.e.,
decreases in relative seedling survival rates between
years was greater along the gap edge (—15%) than in
the gap center (—4%). This represented a reversal from
that observed in 1999 and suggests that the protective
shelter effect provided by overstory trees near the gap
edge diminished after the seedlings became estab-
lished.

During the 1999 growing season, seedling survival
was inversely related to PAR transmittance. PAR
transmittance was highest near the gap center, where
survival was lowest. Conversely, PAR transmittance
was lowest along the gap edge, where survival was
highest (r> = 0.22; Fig. 5a). This relationship was
strongest (r? = 0.28) for the southern rings
(Fig. 5b). Correlations between PAR transmittance
and survival were similar for the 2000 growing season
(r* = 0.10 for all plots; > = 0.19 for the southern
plots alone). Within-gap direction did not significantly
affect seedling survival during either growing season;
however, seedlings planted in the northern zone, along
the gap center, had the lowest first year survival (19%;
Fig. 3b) of all gap positions.

Longleaf pine seedling growth was also affected by
variation in the within-gap environments for both the

a. 100
O  C1- Inner ring All plOtS
O  C2 - Intermediate ring
80 4 & C3-Outerring N A
S
i/ 60 4
=
Z
£ 40
=
wn
20 +
0
b. 100
80 -
s
= 60
[
2
Z 40 -
=
7]
20 |
2 o
r<=0.28; P < 0.001 ° o
0 T T T T T T

0 10 20 30 40 50 60 70 80 90 100
PAR transmittance (%)

Fig. 5. PAR transmittance and longleaf pine seedling survival by
ring (distance from gap edge) and gap direction (north vs. south)
during the 1999 growing season in artificially created canopy gaps
in northwest Florida. Survival was averaged across all gaps for (a)
all longleaf pine seedlings (averaged across both gap directions),
and (b) longleaf pine seedlings in the southern canopy gap only.

1999 and 2000 growing seasons. Seedling diameter
increments increased significantly as distance from
the gap edge increased and levels of PAR transmittance
increased. Diameter increments were largest along the
gap center and the intermediate rings (C1 = 2.6 mm,
C2 =27mmin1999;C1 = 3.6 mm,C2 = 3.2 mmin
2000; Figs. 3c and 4c), where average growing season
PAR transmittance was highest. Seedling diameter
increments were smallest along the gap edge
(C3 =1.7mmin 1999; C3 = 1.4 mm in 2000), where
average growing season PAR transmittance was lowest.

In a related study, Smith (1955) found that longleaf
pine seedlings established within 3 m of mature pines
were significantly smaller than those seedlings located
6-9 m from the base of the trees. The negative effects
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that mature trees have on seedling growth could be
attributed in part to decreased light availability
near the intact canopy edge. For example, decreased
seedling growth in response to decreased light avail-
ability has been found in a variety of forest types
(Minckler and Woerheide, 1965; McDonald and
Abbott, 1994; Pacala et al., 1994; Brown, 1996; Palik
et al., 1997; McDonald and Reynolds, 1999; Droby-
shev and Nihlgard, 2000; McGuire et al., 2001). In this
study, however, PAR transmittance only partially
explained the differences in seedling growth. PAR
transmittance was significantly higher in the northern
zone of the gap, yet there were no significant differ-
ences in seedling diameter increments between the
two directions (north = 2.2 mm, south = 2.3 mm in
1999; north = 2.7 mm, south = 3.1 mm in 2000).
Therefore, although PAR transmittance significantly
increased as distance from gap edge increased, the
lack of differentiation in growth between gap direc-
tions indicated that other limiting factors, such as soil
nutrient availability (Palik et al., 1997; McGuire et al.,
2001), could also be affecting growth. Continued
monitoring of the seedling growth dynamics will be
needed to fully understand these interactions. In addi-
tion, studies conducted over an array of site conditions
(from wet savannas to xeric sandhills) are needed to
determine if similar processes occur across the range
of the longleaf pine ecosystem.

The survival and growth of longleaf pine seedlings
in this study were recorded in the absence of pre-
scribed fire. Other studies in longleaf pine stands have
suggested that these survival patterns may be reversed
following the introduction of prescribed fire (Grace
and Platt, 1995; Brockway and Outcalt, 1998). For
example, the presence of mature trees along the gap
edges may indirectly affect seedling survival by first
reducing diameter increment due to shading effects
(Croker and Boyer, 1976; Grace and Platt, 1995) and,
second, by increasing fuel loads along the gap edges,
resulting in higher fire temperatures (Grace and Platt,
1995; Brockway and Outcalt, 1998). Brockway and
Outcalt (1998) suggested that, in xeric sandhill long-
leaf pine forests, a seedling exclusionary zone
extended 12—-16 m from the gap edge, and was caused
by increased fire intensity and increased fine root
competition from mature trees adjacent to the gap
openings. An indication that this pattern may emerge
in this study, even in the absence of fire, was the

reversal in relative seedling survival trends noted
previously between the center and the edge of the

gaps.

3.3. Longleaf pine seedling response to
fertilization and hand weeding

Longleaf pine seedlings that received the fertilizer
plus hand weeding treatment had significantly lower
survival rates during the 1999 growing season com-
pared to the untreated control (control =41%,
treated = 31%; Fig. 6a). No significant differences
were detected, however, between treatments in seed-
ling survival during the 2000 growing season
(control = 29%, treated = 25%; Fig. 6b). Decreases
in seedling survival in 1999 on the treated subplots
may have been accentuated by the drought conditions
that began soon after the seedlings were planted and
treated with fertilizers. There were no significant
interactions between treatment and gap position (dis-
tance and direction within a gap), although the nega-
tive effects of the fertilizer and hand weeding
treatment on survival in 1999 appeared to be less
severe along the gap edge (C1 = 23%, C3 = 51%).

In contrast, seedling growth responses were positive
to the fertilizer and hand weeding treatment. In 1999,
diameter increments were 41% greater for the fertilizer
and hand weeding treatment compared to the untreated
control (control = 1.7 mm, treated = 2.9 mm; Fig. 6¢).
Similar results were found in 2000, with growth res-
ponses averaging 47% (control = 2.0 mm, treated =
3.8 mm; Fig. 6d). As soil nutrient levels were low and
well below published critical levels for southern pines
(Pritchett and Comerford, 1983; Allen, 1987), growth
responses should continue to be strong on the treated
plots. Phosphorus deficiencies have been especially
common in this region of Florida, and growth res-
ponses to fertilization exceeding 2-fold have been
documented over a 25-year rotation with slash pine
(Jokela et al., 1989).

4. Summary and implications for longleaf pine
management

Over the course of two growing seasons, surface
soil moisture content did not vary significantly within
the canopy gaps of a mature longleaf pine stand in
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Fig. 6. The effects of fertilizer additions and competition control on longleaf pine: (a) survival in 1999; (b) survival in 2000; (c) diameter

increment in 1999; (d) diameter increment in 2000.

northwest Florida. Light levels within canopy gaps,
however, were heterogeneous. Seedlings growing in
the center gap position had significantly lower survival
rates, but larger diameter increments, than those seed-
lings growing along the gap edges that were exposed
to corresponding lower levels of PAR.

The fertilizer and hand weeding treatment signifi-
cantly decreased seedling survival during the 1999
growing season. However, seedling growth response,
measured as diameter increment over both growing
seasons, averaged 44% greater on the fertilizer and
weeded plots than the untreated controls. There were
no significant growth interactions between gap posi-
tions and the fertilizer and weeding treatment during
either growing season.

In this study, seedling response to increased site
resource availability (i.e., expressed as increasing
distance from gap edge or through the fertilizer and
weeding treatment) involved a trade-off. Larger seed-
lings were generally located in gap areas having lower

initial survival and higher resource availability (i.e.,
center of gap), while smaller seedlings were located in
gap areas having higher initial survival and lower
resource availability (i.e., edge of gap). A similar
trade-off between seedling survival and growth was
found in a canopy gap study conducted with western
conifers (Gray and Spies, 1996).

Based on these results, a group selection silvicultural
system that creates canopy openings large enough to
provide relief from competition (for light and nutrients)
may facilitate gap-phase regeneration on flatwoods
sites, while maintaining continuous canopy cover. Fer-
tilization and weed control treatments would also prove
effective in promoting seedling growth on similar sites,
but they may be more beneficial if delayed until the
seedlings have become established (e.g., age 2-3 years)
to prevent lower survival rates, especially during per-
iods of prolonged drought.

Before specific recommendations for the group
selection silvicultural system can be made for longleaf
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pine, at least two additional areas of research are
required. First, the optimal size and shape of canopy
openings that promote high seedling survival and
growth must be determined for both artificially and
naturally regenerated stands. Previous studies have
generally suggested that larger seedlings will be asso-
ciated with larger canopy openings. There will likely
be a maximum gap size, however, after which enlar-
ging the opening would not provide additional benefits
for growth (Minckler and Woerheide, 1965). For
example, as gap size and light availability increases,
competition from herbaceous and shrubby understory
plants may be accentuated and thereby decrease pine
growth, especially on sites having low soil nutrient
capital (Neary et al., 1990; Jokela and Martin, 2000;
McGuire et al., 2001). In addition, the appropriate
arrangement of these openings across the landscape
needs to be determined (i.e., how many openings per
hectare, and how much variation in size and shape is
desirable). Although the shade-intolerant nature of
longleaf pine makes it a reasonable candidate for
the group selection silvicultural system, recent evi-
dence also suggests that gaps as small as 0.1 ha were
large enough to promote acceptable seedling growth
and, hence, the potential application of the single-tree
selection system (McGuire et al., 2001).

To begin answering these questions, a larger net-
work of designed studies (i.e., artificially created gap
openings), replicated across a range of site types, is
needed to assemble the long-term data required to
understand regeneration processes and the subsequent
growth and development of multi-cohort stands. Alter-
natively, regeneration studies could be conducted in
canopy openings formed by natural disturbances. In
either case, selecting silvicultural systems for effec-
tively managing longleaf pine forests (e.g., group
selection, single-tree selection, shelterwood, clear-
cut) should be based on satisfactorily meeting the
ecological requirements of this species and satisfying
the management objectives of the landowner.
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