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Loblolly pine (LBP; Pinus taeda L.) stands provides two-thirds of the existing federally protected red-cockaded
woodpecker (RCW; Picoides borealis) habitat in Fort Benning, Georgia, USA. However, LBP in this area is suspected to
face a forest decline issue, which may risk the sustainability of the RCW population. Land managers are attempting to
convert LBP stands to longleaf pine (Pinus palustris Mill.), which once dominated the landscape, however the transition
has to be gradual so current RCW habitat is maintained until longleaf pine stands sufficiently support RCW populations. It
is critical to identify environmental factors influencing LBP health and convert LBP stands under poor environment to
longleaf pine first. We installed 90 plots (30 x 30 m?) in mature (>38 years) loblolly pine forests and measured aspect,
slope, soil texture, soil (pH, organic matter, cation exchange capacity, and exchangeable phosphorus, potassium,
magnesium, and calcium) and foliar (nitrogen and phosphorus) nutrient, diameter at breast height, light exposure, and
crown vigor class (CVC; 1 = good, 2 = fair, and 3 = poor). Stand age, site index, and burning and thinning history were
retrieved from existing inventory data. Our results show that site index was the main factor in determining LBP health. Site
index showed significant correlation with percentage of LBP in CVC1 (p = 0.04) and CVC3 (p = 0.07). Percentage of
LBP in CVC3 tended to decrease as soil texture became finer. Poorer site index and coarser soil likely resulted in water
stress during periods of drought leading to higher %CVC3 LBP. Based on these results, conversion to longleaf pine should

start from LBP stands on coarser soil (or lower site index) at Fort Benning.
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Introduction

Loblolly pine (LBP; Pinus taeda L.) is the most widely
planted pine species in the southeastern USA because of
its relatively fast growth, wide geographical habitat range,
and high commercial value (Schultz 1997). However,
several studies reported decline of LBP trees in the south-
eastern USA over the last 50 years (Sheffield et al. 1985;
Sheffield and Cost 1987; Hess et al. 1999), generating a
significant stir in the regional community due to its
ecological and economic importance (Zeide 1992). Espe-
cially, Sheffield et al. (1985) and Sheffield and Cost
(1987) analyzed the forest inventory and analysis database
and reported that the growth of four main pine species (i.e.
loblolly, shortleaf, longleaf, and slash pines) continuously
decreased by 30-50% from 1956 to 1982 in the Piedmont
Mountains and Coastal Plain regions of South Carolina
and Georgia. Bechtold et al. (1991) and Ruark et al.
(1991) also confirmed the results of Sheffield et al. (1985)
using a different statistical approach to analyze the same
data. However, these studies did not find any biological or
physical factors (e.g. aging of stands, stand density, hard-
wood competition, drought, and prescribed fire) satisfac-
torily explaining the cause of productivity decline. More
recently, several studies reported premature LBP mortal-
ity on well-drained sites in central Alabama after the tress
showed symptoms of short chlorotic needles, sparse

crowns, fine-root deterioration, and reduced radial growth
and argued that it was associated with Leptographium
spp. (Hess et al. 1999; Eckhardt et al. 2007; Eckhardt and
Menard 2008).

The LBP decline raised a concern to the land manag-
ers at Fort Benning, Georgia, USA, because the majority
of LBP stands were located on well-drained nutrient-poor
sandy soils. Unexpected LBP mortality could complicate
the forest management goals of Fort Benning, which were
to support existing red-cockaded woodpecker (RCW;
Picoides borealis), to facilitate military training, and to
sustainably produce timber. LBP forests are the primary
habitat for the federally protected endangered RCW in the
southeastern United States (Schultz 1997). Over
200 active RCW clusters are currently in LBP stands at
Fort Benning for foraging and nesting (USAIC 2000).
Therefore, LBP stands at Fort Benning are intensely man-
aged to meet the RCW habitat requirements: below basal
area of 18.4m>h ™' or an average spacing of at least 7.6 m
between pines with frequent (three-year mean interval)
surface burns (USDI Fish and Wildlife Service 2003).
Furthermore, land managers at Fort Benning have tried to
restore longleaf pine forests, which was the historic vege-
tation type and original RCW habitat (USDI Fish and
Wildlife Service 2003), by clearcutting the existing
upland LBP stands and planting longleaf pine seedlings.
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However, this conversion process has to be done gradu-
ally, so RCW can have enough mature (>40 years) LBP
stands to use for foraging and nesting during the conver-
sion process. It is critical to understand the future LBP
mortality pattern to develop a management plan satisfying
all management objectives.

Tree mortality is a vital process in forest dynamics
(Das et al. 2008) and tree vigor is often closely related to
the tree mortality, since trees with low vigor are more
susceptible to environmental stresses (Manion 1991;
Pederson 1998). Therefore, various methods have been
developed to assess tree health in the field, and these
methods use crown transparency (Eichhorn et al. 2004),
needle size or shape (Kozlov and Niemela 1999), crown
morphology (Roloff 1987), crown ratio (Burkhart et al.
2001), and foliar and sapwood nutrient analysis (Stefan
et al. 1997). These measures mainly rely on the crown
condition, because photosynthesis is the energy source
and trees allocate energy to the canopy development as a
priority (Ryu et al. 2006). However, it is often difficult to
clearly assess the tree vigor using one measure, because
tree vigor is controlled by complex interactions between
various physiological and morphological factors. There-
fore, USDA Forest Service (1999) developed a canopy
assessment system (named ‘crown vigor class’ (CVC))
that can be used to readily evaluate tree health in the field
based on canopy conditions, and it was found to be well
related to tree growth for many species (e.g. Manion
1991; Kramer 1996; Dobbertin 2005) including loblolly
pine (Anderson and Belanger 1987). The CVC considers
live crown ratio, crown dieback, and crown density to
classify trees into good (CVC1), fair (CVC2), and poor
(CVC3) vigor conditions (USDA Forest Service 1999).

The main objective of the study is to understand the
current health condition of LBP stands and to identify fac-
tors negatively influencing the health of LBP. Considering
that LBP mortality was observed in well-drained sites, we
hypothesized that water stress was the main cause of LBP
mortality, and management practices (e.g. prescribed burn-
ing history) influenced loblolly pine health. We expect to
find a measure readily and easily usable for land managers
to develop a long-term management plan in Fort Benning.

Methods and materials
Study area

Fort Benning is located on the southern edge of the fall
line, which borders the Piedmont and Coastal Plain phys-
iographic provinces. The study landscape is composed of
two major physiographic subsections, the Sand Hills and
the Upper Loam Hills (McNabb and Avers 1994). The
Sand Hills are part of the Lower Coastal Plains and Flat-
woods section and cover approximately the northeast two-
thirds of the installation (Figure 1). The Upper Loam Hills
are part of the Middle Coastal Plains and are more mesic,
with higher organic matter content than soils of the Sand
Hills. The predominantly rolling terrain is highest (225 m
above sea level) in the east and lowest (58 m above sea
level) in the southwest along the Chattahoochee River.

The climate is characterized by hot and humid summers
and mild winters (National Data Center, Asheville, NC).
Mean annual precipitation was 1240 mm, evenly distrib-
uted throughout a year (Columbus, GA, Airport weather
station). In the last 10 years (1997-2006), March had the
highest mean precipitation (135mm) followed by June
(119 mm) and July (114 mm), while October had the least
precipitation (50mm). The Department of Defense
acquired Fort Benning in 1918, which is currently
72,800 ha. Prior to Fort Benning’s establishment as a mili-
tary installation, the landscape was heavily farmed, pri-
marily for cotton, resulting in widespread erosion and
depletion of organic matter in the soil (USAIC 2006).

Data collection and analysis

Stand selection

Our sampling design aimed to catch a wide range of spa-
tial variation, stand age, and stand health condition. We
first located all mature (>35 years old) LBP stands based
on the stand map derived from Fort Benning’s forest
inventory, and then overlaid each LBP stand with 2003
aerial photographs (50 cm resolution) to inspect the spe-
cies composition (e.g. hardwood cover) and size (mini-
mum 40m x 40 m) of the stands. Afterward, we visited
each candidate stand to visually confirm whether the
stands were dominated by LBP. Among the stands satisfy-
ing these criteria, we selected study plots systematically
using the management compartments (land unit for army
training purposes). When a compartment had more than
two qualifying stands, we selected two stands representing
the healthiest and unhealthiest condition through visual
inspection (29 compartments). Among these compart-
ments, four compartments (D17, E7, O7, and S3) had
highly heterogeneous (e.g. age structure) LBP stands, so
we selected one more LBP stand for each of these com-
partments. Twenty-eight compartments had only one suit-
able LBP stand. The selected LBP stands were secondary
growth forests or plantations.

We installed one 30 x 30 m* plot per selected stand
(total of 90 plots; 36 in 2006 and 54 in 2007). Field survey
and data collection were conducted over two growing sea-
sons during July—September 2006 and June—August 2007,
respectively.

Data collection

We measured the diameter at breast height (dbh; 1.3m
height) and recorded the species of each tree >5cm dbh
in each plot. For LBP trees, we also evaluated CVC,
where the CVC was determined mainly by live crown
ratio (%), crown dieback (% crown), and crown density
(%; relative to the nearby highest crown density) follow-
ing the USDA Forest Service Health Monitoring protocol
(USDA Forest Service 1999). CVC assigns each tree a
“grade” to describe canopy health (1 = good, 2 = fair,
and 3 = poor) and was used as an indicator of tree health
(CVC1 = live crown ratio >35%, crown dieback <5%,
and crown density >80%; CVC3 = live crown ratio
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Figure 1. Geographic location of Fort Benning, GA (inset), and the locations of study plots (total 89 plots) in the base.

<35%, crown dieback >50%, and crown density <20%;
and all other trees were classified as CVC2). We also mea-
sured crown light exposure (0 is the lowest light exposure
and 5 is full exposure; a point is given to a quarter of
crown exposed to direct sunlight and top of the tree
exposed to direct sunlight) and crown position in the can-
opy (dominant/co-dominant and suppressed). Addition-
ally, any visible symptoms of poor health or damage (e.g.
fusiform rust, physical scar, stem canker, and excessive
cone production) were also noted. The coordinates of
each plot’s center were recorded using a global position-
ing system, and slope and aspect of each plot were mea-
sured using a clinometer and compass.

With the exception of one plot, which was disturbed
by logging, soil samples were collected for soil chemical
analysis during the dormant season (February 2007 for
2006 plots and March 2008 for 2007 plots). We collected
five samples (the plot center and the points midway
between the center and each corner) per plot using a
2.5 cm diameter Oakfield soil corer (0—20 cm depth), and
samples were composited for analysis. Soil samples were
air-dried as soon as possible and later sent to Spectrum
Analytic Inc. (Ohio, USA) to analyze soil pH (water),
organic matter (%), exchangeable phosphorus (P),

potassium, magnesium, and calcium (ppm; extracted
by Mehlich-3), and cation exchange capacity (CEC)
(cmol kg™ 1). Soil texture of each plot was analyzed using
the hydrometer method (Milford 1997) and classified
following the USDA soil classification system.

Foliage samples were collected to evaluate the nitro-
gen (N) and P status of each plot. We randomly selected
five super-dominant or dominant LBP trees per plot.
Three samples from each tree were collected using a shot-
gun during the growing season before needles changed
color to yellow. The three samples were taken from below
the top quarter of a crown and above the top third of a
crown and composited for each tree for further analysis.
Fully grown current year needles were manually sampled.
The foliage samples were immediately stored in a cooler
after collection and frozen as soon as possible. Only fully
grown needles were later manually sorted and dried for
48 hours between 65 and 70 °C. The foliar N and P were
analyzed at the Clemson University Agricultural Service
Laboratory (SC, USA). The sampling period was August
for 2006 plots and July for 2007 plots. We sampled
20 plots in 2006 and 50 plots in 2007, but failed to sample
the other 20 plots, because accessibility to the plots could
not be gained before natural senescence occurred. We
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averaged the foliar N and P of trees in a plot to be related
to other characteristics at plot level.

Using Fort Benning’s forestry field survey data, stand
age and site index (SI) were estimated, and previous man-
agement history including years since the last burn and
thin, and number of burns since 1985 was determined.
Moreover, stand density index (SDI) (Equation (1)) was
calculated to standardize the tree competition (Reineke
1933), where TPH and DBHq stand for number of trees
per hectare and quadratic mean diameter (cm), respec-
tively.

DBHq> 1'6. W

SDI = TPH | ——
(%%

Statistical analysis

To quantify stand health, we calculated %CVCI1 and
%CVC3 as the percentage of LBP trees (both live and
dead) classified as crown vigor class 1 and 3, respectively.
High %CVC1 and high %CVC3 indicate healthy and poor
LBP stand, respectively. We compared the plot character-
istics of the healthiest (top 10%; nine plots of highest
%CVC1) and the poorest (bottom 10%; nine plots of high-
est %CVC3) stands using #-test.

We conducted a Spearman correlation test among
crown health metrics (%CVCI1 and %CVC3) and stand
characteristics (stand age (year), site index (m at age 50),
slope (degree), stem density (SD; live stems only; number
of stems ha™ '), basal area (BA; m>ha™ "), nutrient condi-
tion (soil pH, organic matter (%), exchangeable soil P, K,
Mg, and Ca (ppm), CEC (cmolkg '), foliar N and foliar
P), and management history (time since last thinning
(years), time since burning (years), and number of burns
since 1985)), because data did not satisfy normality
assumptions. The Kruskal-Wallis test was employed to test
the effects of soil texture on the %CVC1 and %CVC3 due
to the non-normality data distributions. Effects of fusiform
rust, stem canker, physical damage, and abundant cone

presence on the CVC of individual trees were tested using
Chi-square and Kendall’s Tau-b due to their non-
parametric data characteristics. We tested if there was an
effect of CVC classes on dbh at individual tree level using
ANOVA followed by post-hoc Tukey tests. We also com-
pared the light exposure among different CVC trees using
Kruskal-Wallis tests and evaluated the relationship
between them using Kendall’s Tau-b test. All statistical
analyses were performed using SAS (SAS version 9.1,
SAS institute, Inc., Cary, NC, USA) and significant differ-
ences were based on an alpha of 0.05 unless stated
otherwise.

Results
Characteristics of studied plots

Selected plots covered a wide range of ages (38—
98 years), SI (19.5-36.3 m at age 50), slope (0—10 degree),
SDI (108.8-541.0), SD (55.6-577.8 stems ha™'), LBP SD
(55.6-566.7 stems ha'), and BA (8.1-28.4m?ha ")
(Table 1). The sampled stands were mostly mature (mean
age of 62.1) with an open canopy (mean SD of 195.8
stems ha~' and loblolly pine BA of 13.7m”ha™") as result
of RCW habitat management guidelines, which requires
the BA of each stand to be between 9 and 14m*ha '
(USDI Fish and Wildlife Service 2003). The study plots
had been rigorously managed, burned every three years
and thinned regularly with a mean of 8.5 years since last
thinning. More than half of our plots (60 plots) had more
than 50% of LBP trees classified in CVCI, 21 plots had
LBP classified in CVC3, and only 11 and 3 plots had
more than 10% and 20% VC3, respectively. Overall mean
%Dead was 8.2% and mean %Dead of plots with CVC3
LBP presence was 8.9%, which was not significantly dif-
ferent. Mean %Dead of plots with >10% and >20%
CVC3 were 7.9 and 4.5, respectively.

When we compared the top 10% stands and the bottom
10% stands, we found significant (p < 0.10) differences in

Table 1. Summary on the characteristics of loblolly pine study plots in Fort Benning, Georgia.

Mean (SE) Sample Size Min Max Top 10% Bottom 10%
Age (yr) 62.1(1.7) 86 38.0 98.0 59.0 (5.0) 61.3 (6.0)
Site Index 26.5(0.4) 86 19.5 36.3 28.0 (1.6) 24.8 (1.2)
Slope (degree) 3.4(0.3) 89 0.0 10.0 2.6 (2.6)" 4.4(0.8)"
SDI 280.6 (8.6) 90 108.8  541.0 262.1(19.2)" 341.9 (38.4)"
SD 195.8 (10.9) 90 55.6  577.8  155.6 (14.4)" 248.1 (48.1)"
Basal Area 15.2 (0.5) 90 8.1 28.4 13.5(0.9) 17.4 (1.9)
Time since last thinning (yr) 8.5(0.8) 87 0.0 30.0 9.0 (3.0) 12.3 (3.9)
Time since last burn (yr) 1.1(0.1) 87 0.0 3.0 0.9 (0.3) 0.9 (0.4)
Numbers of burns since 1985 6.7 (0.2) 87 2.0 12.0 6.7 (0.8) 7.4 (0.5)
Live SD 153.4 (8.3) 89 55.6  566.7 1284 (11.5)" 209.9 (39.4)"
Loblolly Pine Live Basal Area 13.7 (0.4) 89 4.5 25.8 13.2(0.9) 16.1 (1.7)
%CVC1 54.1 (2.6) 89 0.0 100.0 91.7 (1.3)" 37.4 (8.0)™"
%CVC2 34.8(2.4) 89 0.0 100.0 6.2 (1.7 36.0 (7.7)"*
%CVC3 2.9(0.7) 89 0.0 31.0 0.0 (0.0)™ 19.1 (2.4)"
%Dead 8.2(0.9) 89 0.0 333 2.1 (1.5 7.5 (1.9

SD indicates stem density (number of stems ha™"). The unit of site index and basal area are m at age 50 and m>ha™", respectively. Data are presented
as mean values (one standard error; SE). CVC indicates crown vigor class, where 1, 2, and 3 are healthy, intermediate, and poor, respectively, and
percentages are calculated only among loblolly pine trees. *, **, and *** within a row indicate a significant difference (p < 0.10, 0.05, and 0.01,
respectively) between healthier (top 10%) and poorer canopy condition (bottom 10%) stands.



slope, SDI, and SD (both total and loblolly trees) between
the two groups (Table 1). The BA of the bottom 10%
stands (17.4m?ha™") slightly exceeded the RCW habitat
guideline (Table 1). %CVC1 was significantly (p < 0.01)
higher in the top 10% stands and %CVC2, %CVC3, and
%Dead were significantly (p < 0.05) higher in the bottom
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10% stands. The poorest stands had 63% higher SD than
the healthiest stands, but BA was only 22% larger in the
poorest stands, suggesting that loblolly pines had smaller
dbh in the bottom 10% than the top 10% stands.

Soil pH ranged between 4.4 and 5.8 (Figure 2b). Mean
organic matter content was 1.0% (median 0.9%) with
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Figure 2. The relationship between loblolly pine trees classified as Crown Vigor Class 1 (%; closed circle) and Crown Vigor Class 3
(%; empty circle) with (a) site index, (b) soil pH, (c) organic matter, (d) exchangeable phosphorus (P), (¢) exchangeable potassium (K),
(f) exchangeable magnesium (Mg), (g) exchangeable calcium (Ca), and (h) cation exchange capacity.
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Figure 3. The relationship between loblolly pine trees classified
as Crown Vigor Class 1 (%; closed circle) and Crown Vigor
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phosphorus concentration.

standard deviation of 0.6%; ranging between 0.1% and
2.7% (Figure 2c). Mean (standard deviation) values of
exchangeable P, K, Mg, and Ca were 11.5 (£11.7), 35.7
(£26.9), 67.8 (£85.9), and 250.2 (£174.7) ppm, respec-
tively (Figure 2defg). Mean CEC was 5.4cmolkg™';
median and standard deviation were 3.7 and 5.6
cmol kg™, respectively (Figure 2h). Among 89 plots, 32,
42, 11, 3, and 1 plots were classified as sand, loamy sand,
sandy loam, sandy clay loam, and clay loam, respectively.
Mean foliar N content was 1.01% with standard deviation
of 0.08% (Figure 3a). Foliar N content ranged between
0.74% and 1.33% (Figure 3a). Mean foliar P content was
0.10% with standard deviation of 0.01% (Figure 3b).
Foliar P content ranged between 0.06% and 0.13%
(Figure 3b).

Factors related to crown health

Slope showed no significant relationship (Figure 4c) with
either %CVC1 (r = —0.04, p = 0.74) or %CVC3 (r =
0.13, p = 0.21). The highest %CVC3 was observed
at slope 8 degree, but it was not significantly different
from %CVC3 at other slopes (Figure 4c). Moreover, we
did not observe any noticeable influence of aspect on

%CVCl and %CVC3 (Figure 4a,b). As expected,
%CVC1 was negatively and significantly (» = —0.39,
p <0.001) correlated with %CVC3.

SI correlated positively and significantly (Figure 2a)
with %CVCl1 (r = 0.22, p = 0.04) and negatively with
%CVC3 (r = —0.19, p = 0.07). We did not find any
significant correlation between crown health condition
metrics (%CVCl1 and %CVC3) and foliar and soil nutrient
condition (Figures 2 and 3). Soil texture did not have any
significant effect on %CVCI1l and %CVC3 (Figure 5).
However, %CVC3 tended to decrease as soil texture
became finer; mean %CVC3 was 4.0%, 2.6%, 1.7%,
0.0%, and 0.0% for sand, loamy sand, sandy loam, sandy
clay loam, and clay loam (Figure 5b).

We found a significant negative relationship between
%CVC1 and time since the last thinning (r = —0.25, p =
0.02; Figure 6a), but time since last thinning showed no
relationship with %CVC3. Neither of the burn measures
(time since last burn and number of burns since 1985)
showed significant relationships with %CVC1 and
%CVC3 (Figure 6bc). We did not observe any pattern of
%Dead associated with burning activity. Mean %Dead
values were 8.6%, 7.4%, 9.7%, and 7.0% for 0, 1, 2, and
3 years since last burn, respectively, and 0.0%, 10.5%,
0.0%, 7.8%, 9.6%, 7.6%, 8.4%, 2.4%, 8.3%, 12.5%, and
0.0% for 2, 3,4,5,6,7,8,9, 10, 11, and 12 number of
burns since 1985, respectively.

Soil texture of the bottom 10% stands was sand
(44.4%), loamy sand (44.4), and sandy loam (11.2%),
while sand, loamy sand, and sandy loam composed 36.0%,
47.2%, and 12.4%, respectively, of total plots (89 plots).
The bottom 10% experienced the last thinning 2—30 years
before and no trend was observed. Moreover, the bottom
10% experienced prescribed burning 6—10 times since
1985 with mean of 7.3 times, which was not significantly
different from the overall mean, 6.7 times.

Individual tree condition

We surveyed 1246 LBP trees and observed 210 and
38 trees with fusiform rust and stem canker, respectively,
while 37 trees suffered with both symptoms. Fusiform
rust presence did not have significance effect on CVC
class (chi-square p = 0.63, Kendall’s Tau-b = 0.02 and
p = 0.44). However, stem canker presence showed signifi-
cant effect on CVC class (chi-square p = 0.05, Kendall’s
Tau-b = 0.07 and p = 0.02); 36.1%, 58.35, and 5.6% trees
fell in CVCI, 2, and 3, respectively, compared to 56.25,
39.85, and 4.0% without stem canker, respectively. We
also observed that 226 LBP trees were physically dam-
aged (e.g. by fire and logging), but did not find significant
effect on CVC (chi-square p = 0.23, Kendall’s Tau-b =
—0.04 and p = 0.10). There were 139 LBP trees with very
abundant cones (2, 130, and 7 trees were super-dominant,
dominant/co-dominant, and intermediate/overtopped
trees), but the presence of many cones did not show sig-
nificant effect on CVC (chi-square p = 0.53, Kendall’s
Tau-b = —0.03 and p = 0.28). There was a significant dif-
ference in dbh between CVCs (p < 0.01), with mean dbh
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plot aspect and (c) CVC1 and CVC3 distribution by slope. The dot and error bar indicate mean value and one standard error, respectively.

— 80

= (a) .

—_ 704

w

w

=60 1

o !

g

B 399

-

o 40 A

3

= 30 4

&

~ 6

& (b)

oy

&

g 4

@]

L

=]

R

= 2 {

=

z

2

2 . . ; - .
Sand Loamy Sand Sandy Loam Sandy Clay Loam Clay Loam

Soil Texture

Figure 5. The distribution of loblolly pine trees classified as
Crown Vigor Classl (%) and Crown Vigor Class3 (%) by soil
texture classes. The dot and error bar indicate mean value and
one standard error.

of 35.3, 27.6, and 16.1 cm for CVC1, CVC2, and CVC3
(Figure 7a), respectively. We also found that healthier
LBP trees were exposed to more light (Figure 7b;
p <0.01; Kendall’s Tau-b = 0.11 and p < 0.01).

Discussion

SI was the only variable showing a significant relationship
with %CVC1 and %CVC3 (Figure 2a), which indicated
that tree health was limited by poor growth condition (e.g.
nutrients and water). Generally, LBP demands more
nutrients and water than other pine species (Baker and
Langdon 1990); therefore nutrient and/or water deficiency
could have stronger effects on LBP health than on other
pine species. Our results showed a clear trend of higher
unhealthy LBP (%CVC3) associated with coarser soil
texture (Figure 5), as coarse soil texture has a small soil
surface area and low electrical charges, resulting in low
nutrient and water-holding capacity. However, we did not
observe any significant influence of soil and foliar nutrient
on crown health metrics (%CVCl1 and %CVC3) in this
study (Figures 2 and 3), which suggested that water stress
could be the main causal factor determining LBP crown
health. Although we did not find an impact of slope and
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aspect on LBP health, a study in central Alabama reported
that higher slope and southern aspect increased LBP
decline (Eckhardt and Menard 2008). Theoretically, greater
slopes tend to increase lateral water flow and soil erosion,
resulting in decreased soil water-holding capacity (Miller
and Donahue 1995), and, similarly, south-facing stands
receive more direct sunlight than other aspects, resulting in
increased soil temperatures, greater evaporation, and
reduced water availability. It was possible that the
observed effects of slope and aspect implied the water
stress, but it did not appear in this study because water
stress already existed regardless of slope and aspect. Fur-
thermore, prescribed burning has been implemented in
Fort Benning since the 1980s, and the area of treatment
for RCW habitat management has increased at the rate of
12,000 ha per year on an approximately three-year rotation
(USAIC 2006). Although fire can be an effective
management tool (e.g. for reducing understory hardwood),
it is also known to reduce nutrient availability
(Raison et al. 1985; Landsberg 1993) and water availabil-
ity (Boyer and Miller 1994; Busse et al. 2000; DeBano
2000). In addition, prescribed burns under some circum-
stances can attract root beetles (e.g. Hylastes spp.) that
carry pathogenic fungi (Sullivan et al. 2003), which have
been associated with thinning and discolored pine crowns
(Otrosina et al. 1999). Stem canker results also support
the impact of water stress on tree health. Stem canker
presence was found to significantly worsen crown health,
and according to the study by MacFall et al. (1994) stem
canker caused by fusiform rust reduces water flow in the
xylem leading to water stress. Klos et al. (2009) also
showed a decrease in pine growth with increasing drought
severity.

Availability of base cations can decrease under high
temperature and reduced precipitation condition (Tomlinson
1993). Severe drought in 1998-2001 could have
caused nutrient stress to LBP forest as well (Figure 8);
however, we did not find evidence of nutrient stress

s & . % s

0 T -
1 2 3

Crown Vigor Class

Figure 7. Box-whisker plot showing the range of (a) diameter at breast height and (b) light exposure (higher means more light
exposure; range 0-5) of loblolly pine trees by crown vigor class. Solid bars of box-whisker plot represent 5%, 2%, 50%, 7%, and 95%

values, and dashed bar is a mean.
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the region (data from Columbus airport approximately 10km
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affecting LBP health. A possible explanation is that the
LBP forest within our study area experienced nutrient
stress during the drought period (1998-2001), but the
stress was subsequently mitigated during favorable moisture
conditions in 2002-2005. We observed that smaller
trees tended to show poorer crown health (Figure 7),
which could be due to mainly water and/or nutrient stress
because it is harder for small trees to compete for nutrients
and water (e.g. Binkley et al. 2002). The studied LBP stands
were open, and light was not generally a limiting factor (e.g.
2-3 suppressed trees per 100 m?).

We found only 4.0% of LBP in CVC3. Cao (1994)
reported that annual LBP mortality could exceed 3% in
thinned plots around age 30 in Louisiana. It was clear that
LBP in our study plots were not experiencing major die-
back of LBP stands. However, our results indicated that
LBP stands in this area can have abnormally high LBP
mortality under high-stress weather, which will likely
happen considering that Fort Benning experienced severe
drought during four consecutive years (1998-2001)
(Figure 8) and we expect more abnormal weather under
global climate change. Land managers may consider
reducing the prescribed burn frequency or amending the
soil physical property to decrease water stress. Further-
more, based on these results, conversion to longleaf pine
should start from LBP stands on coarser soil (or lower SI)
at Fort Benning.

Conclusions

Our results show that site index was the main factor in
determining LBP health. Poorer site index and coarser
soil likely resulted in water stress during periods of
drought leading to higher %CVC3 LBP. Based on these
results, conversion to longleaf pine should start from LBP
stands on coarser soil (or lower SI) at Fort Benning. This
approach will retain healthy and mature LBP stands for
the RCW population to nest and forage, until longleaf
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pine stands become mature and large enough to support
the RCW population. Additional studies are needed to
understand how LBP CVC classes can be related to the
annual mortality rate. It will help us understand the LBP
mortality dynamics in the study area and develop better
loblolly pine management guidance.
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