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Abstract

The decline since European colonization in longleaf pine (Pinus palustris Mill.) within its range in the southeastern United States, attributed to
factors including both site conversion and fire exclusion has spurred interest in the re-establishment of the species. Land that originally
supported longleaf pine in the southeastern United States has often been converted for agricultural use, loblolly pine (Pinus taeda Mill.)
plantations, and urban development. Longleaf pine was found on a wide range of soil properties due to frequent fires which kept many
competing species suppressed; fire has often been excluded due to human health, safety, and liability concerns. Longleaf pine ecosystem
restoration efforts might be best focused on soils that have characteristics that naturally restrain herbaceous and hardwood competition.
Properties of three soil series in east Texas that historically or are currently supporting longleaf pine ecosystems were evaluated. Analysis of
Variance, Principal Component Analysis, and regression techniques were used to compare soil properties; while all three soils historically
supported longleaf pine, they vary in texture, depth to argillic horizons, nutrient availability, available water capacity, and other parameters which
are likely related to site quality, as measured by site index. Longleaf pine site index is influenced by depth to E and the first argillic B horizons, B
horizon texture and nutrients. B horizon physical and chemical variables appear to be the most influential for longleaf pine site index on these

sites, and should be considered when evaluating potential sites for longleaf pine restoration efforts.
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Introduction

Many ecosystems have been degraded through exploitation
of their natural resources, or land-use conversion to agricul-
tural and urban usel'), and restoration is often challenging due
to modifications of soils, introduction of exotic invasive species,
and lack of adequate resources to adequately conduct the
restoration. Site selection is an important step in ecosystem
restoration because the original ecosystems may have been
greatly altered due to human activities!?. The longleaf pine
(Pinus palustris Mill.) ecosystems of the southeastern United
States are no exception to this degradation. Prior to European
settlement, longleaf pine ecosystems occupied vast areas of
the southern Atlantic and Gulf Coastal Plain regions of the
United States, with approximately 30 million hectares extend-
ing between east Texas to Virginia, and stretching as far south
as Florida, covering several climatic, physiographic, and many
soil typesi3-ol,

Longleaf pine was found in a wide range of ecosystems and
sites from excessively drained sandhills to poorly drained flat-
woods’-"1l. Longleaf pine was most competitive on the
sandier, well-drained sites across the region; however, a rela-
tively frequent low intensity fire return interval, every two to
eight years, set by native peoples or from lightning, is regarded
as a key factor in historically reducing hardwood and shrub
encroachment on most sites where it was found!'2-'3l, During
the logging and naval stores industry boom of the 1920s, old
growth longleaf pine was quickly reduced!'¢); by the mid-1930s,
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only 10% of the old growth longleaf pine forest remained in
east Texas and west Louisiana, but was mostly secondary
growth!['7], This dramatic decline led conservation groups and
government agencies to begin conserving the remaining long-
leaf stands, and also to initiate longleaf pine ecosystem restora-
tion on sites where the ecosystem once existed. However,
many challenges exist that hinder this process.

One cause of longleaf pine ecosystem restoration failure is
the inadequate consideration of soil suitability for longleaf
pine. Soil type can affect the vegetation present, while vegeta-
tion can affect the condition of the soils!'8l. Due to these chal-
lenges, restoration efforts hypothetically should focus in areas
that fit site specific soil/site parameters that support longleaf
pine ecosystem restoration with the least management inputs.
The objective of this study was to evaluate select soil proper-
ties on three soil mapping units (series) currently supporting
longleaf pine stands in east Texas and relate these properties to
longleaf pine site index.

Materials and methods

Study area

This study was conducted in the Western Gulf Region of the
native longleaf pine range in eastern Texas within portions of
the Angelina National Forest (31°2'52.3" N, 94°21'48.96" W) and
Sabine National Forest (31°10'56.21" N, 93°43'34.68" W), United
States Forest Service Forests and Grasslands of Texas (USA).
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Sites contained longleaf pine ecosystems before and after the
logging boom, and are considered optimum reference sites for
possible longleaf pine restoration. All are located on the Cata-
houla geologic formation, stretching from east Texas to the
Mississippi River, that consisted of sandstone, ranging from a
few meters to approximately 18 m thick['®. As with most of
these national forests, recurring prescribed fires on a 3—5 year
interval have been used to maintain the site conditions and
reduce fuel loading. All sites contained an overstory of longleaf
pine, with minimal mid-story or longleaf pine advanced regen-
eration, and with a variety of herbaceous species and woody
plants dominating the understory. The climate for east Texas is
described as humid and subtropical, with mild winters with
mean low temperatures in January between 2.8 °C to 3.9 °C,
with summer temperatures reaching 33.3 °C to 34.4 °C for mean
highs in August. Annual rainfall ranges from 1,240 to 1,510 mm
with a relatively long growing season(20,

Sampling locations were located on three different soil series
mapping units, exhibiting different soil characteristics on well-
drained or excessively-drained soils and ranged in depth and
texture to the argillic B horizon: Letney Series (loamy, siliceous,
semi-active, thennic Arenic Paleudults), Tehran Series (loamy,
siliceous, semiactive, thermic Grossarenic Paleudults), and the
Stringtown Series (fine-loamy, siliceous, semiactive, thennic
Typic Hapludults).

Plot establishment

Ten, 50 m radius plots were established within each soil
series across the two national forests, for a total of 30 plots.
Prior to selection, each potential plot was randomly located on
relatively pure soil map units determined by soil profile assess-
ments at five points, one point in the center and four in each
cardinal direction, 50 m from the center point; verification and
identification of the soil series was accomplished using a
bucket auger. Any of the points that failed to be consistent with
the range of characteristics for the given soil map unit for the
site were rejected.

Field sampling

A 10 Basal Area Factor prism was used to determine basal
area at each plot center. Site index trees were chosen from the
trees recorded with the prism by selecting the six closest trees
to plot center that were either dominant or codominant and
free of wounds. If six were not recorded by the prism, the near-
est suitable trees still within the plot were measured. Annual
growth rings from the six trees were quantified from a tree core
extracted at DBH (Diameter at Breast Height) to determine age.
A laser range finder was used to estimate total height to the
nearest 3.05 cm. Total age and height were used in the site
index curves developed for longleaf pinel2'l. Soil samples were
taken using a bucket auger at plot center to correlate with the
collected longleaf pine data. Soil samples were taken from the
first three horizons (A, E, and the first argillic B) while individual
horizon depths were measured to a depth of 150 cm.

Laboratory methods

Soil textural (sand, silt, and clay) analyses were conducted
using the Bouyoucos method?? from the A, E, and B horizon
samples. For coarse textured soils, 100 g of oven-dried soil was
used, while 50 g was used for medium and fine textured soils;
each sample was mixed with 100 ml of sodium hexametaphos-
phate, left for 12 h in deionized water, and then agitated for 15
min. Hydrometer readings were then made at 40 sand at 2 h to
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obtain total suspended solids. Samples were then poured into a
series of sieves dividing the sample into the five sand particle
sizes and clay plus silti?3: very coarse sand, coarse sand,
medium sand, fine sand, and very fine sand with the range in
sizes being 1-2, 0.5-1, 0.25-0.5, 0.10-0.25, 0.05-0.10, and
< 0.05 mm, respectively. The samples were placed in a forced-
draft drying oven at 105 °C until a constant weight was
reached, then dry-sieved using a Ro-Tap® Shaker utilizing the
same size classifications. Soil samples were dried and weighed
prior to sieving and each sand fraction was weighed post
sieving.

Bulk density was measured following standard procedures!??!
adjacent to plot center where the other soil samples were
collected using a core sampler with 48.25 mm diameter rings,
and samples oven-dried at 105 °C until constant weight was
achieved and weighed prior and after drying. Field capacity and
wilting coefficient were measured using a soil pressure plate
apparatus and chambers. Field moist samples were soaked in
water for 24 h prior to being placed under the pressure plates
at both —31 and —1,500 kPa. Subsamples were weighed moist
and then oven-dried at 105 °C to constant weight and then
reweighed.

Standard lab methods using an ICP Thermoscientific
Analyzer were performed to obtain phosphorus, potassium,
calcium, magnesium, nitrogen, organic carbon, and ammo-
nium at the Stephen F. Austin State University Plant, Soil, and
Water Laboratory. To obtain pH, a one to two ratio of soil to
water using 12.5 g of soil and 25 ml of deionized water method
was determined using a pH probe. Electrical conductivity was
taken following the completion of the pH using the same
prepared sample using an E.C. meter.

Statistical analysis

Analysis of variance (ANOVA) using Proc GLM (General Linear
Model) procedure in SAS was used to determine significant
differences (p = 0.05). If differences were found among vari-
ables, Tukey's mean separation test was then used. Because
large set of variables inherently have some correlations, princi-
pal component analysis (PCA) was used to summarize all of the
variables into unrelated variables (PC1, PC2 ...), and important
or significant PCAs were selected to perform regression. The
number of principal components evaluated was determined by
using randomization in PC-ORD. The top 10 composite vari-
ables from each significant PCA were selected and used in step
wise regression to determine which variables most influenced
longleaf pine site index.

Results

The official descriptions for all three series were: are they are
deep, well drained to excessively drained, with some variations
in texture, color, and depth of each horizon[?4. Depth to the
first argillic horizon ranged from 23 to 49 cm (mean = 42.5 cm)
in the Stringtown series, from 55 to 88 cm (mean = 67.1 cm) in
the Letney series, and from 101 to 155 cm (mean = 111 ¢cm) in
the Tehran series. The greatest difference is depth to the first
argillic (Btl) horizon: Stringtown < 50 cm, Letney 50 to 100 cm,
and Tehran Bt1 > 100 cm.

Longleaf pine site indices
ANOVA indicated significant differences for longleaf pine site
index (Table 1). Mean site indices for Letney and Stringtown

Oswald et al. Forestry Research 2024, 4: 002



Longleaf pine site quality

soils were within the USDA Natural Resources Conservation
Service (NRCS) range of site indices, but was below for Tehran
soils (Table 2).

Soil physical parameters

Within the unweighted soil physical parameters, 12 were
significantly different (Table 3). Both depth of A and depth to E
on Tehran soils were significantly deeper than Stringtown. As
expected, depth to B was significantly different, with Tehran
being the deepest and Stringtown being the shallowest. Depth
of E was also found to be significantly different, with Tehran
being greater than both Stringtown and Letney; depth of B was
also significantly different, with Stringtown approximately 73
c¢m thicker than Tehran, and 31 cm thicker than Letney. Wilting
coefficient of the A horizon showed significant differences
between Stringtown and Letney soils, with 50% more water
held in the Stringtown series (Table 4). B horizon wilting coeffi-
cient was significantly greater in Stringtown than the Tehran
soils.

Medium sand in the A and B horizons had the highest
percent by weight in Tehran soils over the other soils. Medium
sand in the B horizon and wilting coefficient of the B horizon
were inversely correlated; as medium sand increased, wilting

Table 1. Means, standard deviations, and coefficient of variations for site
index (base age 50) for natural longleaf pine stands on three soil series in
east Texas.

A Site index Standard Coefficient of
Soil series n (m) deviation variation
Stringtown 10 22.2a 235 10.579
Letney 10 22.6a 1.28 5.564
Tehran 10 20.0b 1.60 7.980

n = number of plots. Same letter within a column indicates no significant
difference (p = 0.05).

Table 2. Mean, low and high site index values (base age 50) by USDA-
NRCS for Stringtown, Letney, and Tehran soils.

Mean site index Low siteindex  High site index

Soil series m) (m) (m)
Stringtown 245 20.7 26.5
Letney 24.8 213 320
Tehran 26.2 24.1 30.8

n = number of plots.

Table 3. Significant (p = 0.05) soil physical parameters not weighted by
horizon thickness, means, and p-values.
Horizon Variable Stringtown Letney  Tehran  p-value
A Thickness (cm) 14.80a 19.23ab  25.35b 0.008
WC (g-em3) 0.09a 0.06b 0.07ab 0.026
MS (%) 28.74a 31.77ab  40.59b 0.049
E DepthtoE(cm) 14.80a 20.53ab  25.15b 0.010
Thickness (cm)  24.20a 49.17b 86.45¢C <0.001
B Depth to B 38.90a 70.40b 111.80c  <0.001
Thickness (cm) 111.10a  79.60b 38.80c <0.001
MS (%) 20.99a 23.21a 36.14b 0.003
Silt + Clay (%) 46.11a 35.46ab  29.60b 0.014
Sand (%) 64.92a 72.58ab  78.27b 0.004
Clay (%) 26.95a 18.45ab  13.53a 0.013

Same letter within a row indicates no significant difference (p = 0.05). WC =
Wilting Coefficient, MS = Medium Sand.
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coefficient decreased. As the depth to the first argillic B horizon
increased, both total silt + clay and total clay in the B horizon
decreased.

Six physical variables weighted by horizon thickness were
determined to be significantly different by soil series (Table 4).
Field capacity in the E horizon was higher in Tehran soils than
the others. Stringtown soils were significantly different from
Letney and Tehran soils for field capacity and wilting coeffi-
cients weighted by thickness of the B horizon, and Stringtown
soils held more moisture at field capacity and at wilting coeffi-
cient in the B horizon than Letney and Tehran. A and E horizon
organic matter content was highest in Tehran. Organic matter
content in the B horizon had the opposite trend, where String-
town soils were significantly greater than Tehran soils.

Soil chemical parameters

Of the 36 soil chemical parameters not weighted by horizon
thickness, exchangeable Ca in the A horizon was the only
parameters found to be significantly different; Ca concentra-
tion in the A horizon in the Letney soils was significantly higher
than in the other two soils.

Weighted by horizon thickness, 17 variables were signifi-
cantly different (Table 5). Ca weighted by E horizon thickness

Table 4. Significant (p = 0.05) soil physical parameters weighted by
horizon thickness with p-values.

Horizon Variable Stringtown Letney  Tehran p-value
A WC (g-cm™3) 129 1.21 1.68 0.090
OM (g-cm™) 0.04a  005ab  007b  0.005
E FC(g-cm™) 3.32a 6.25a 18.94b 0.006
AWC (g-cm™) 213 4.46 14.26 0.019
OM (g-cm™) 0.06a 0.11a 0.19b <0.001
B FC (g-cm™) 36.05a 22.24b 10.59b 0.001
WC (g-cm) 26.70a 12.14b 2.99b <0.001
AWC (g-cm™3) 0.32a 0.23ab 0.13b 0.012

Same letter within a row indicates no significant difference (p = 0.05). FC =
Field Capacity; WC = Wilting Coefficient, AWC = Available Water Capacity,
OM = Organic Matter.

Table 5. Significant (p = 0.05) mean chemical parameters (mg-Kg™") by
horizon thickness by soil series.

Horizon Variable Stringtown Letney Tehran  p-value
A Total N 19.36a 24.60ab 34.64b  0.0034
P 0.03a 0.10b 0.09ab 0.0308

K 0.26a 0.53ab 0.60b 0.0345

Ca 241a 6.39 4.35ab 0.0444

@ 181.17a 269.76ab  361.33b  0.0054

E Total N 42.84a 82.11b 152.10c  <0.0001
NH, 0.10a 0.15a 0.36b  <0.0001

P 0.05a 0.09ab 0.14b 0.0042

K 0.87a 1.30ab 1.70b 0.0461

C 292.42a 534.65a  959.73b <0.0001

B Total N 217.14a 164.65b 8.74c <0.0001
NH,4 0.48a 0.32ab 0.22b 0.0105

K 4.75a 4.86a 1.51b 0.0062

Ca 67.87a 65.92a 1435b  0.0026

Mg 21.21a 15.04ab 2.55b 0.0056

S 2.62a 1.54ab 0.50b 0.0254

B 0.01 0.01 0.00 0.0753

C 1577.93a  1125.85ab 669.62b  0.0118

Same letter within a row indicates no significant difference.
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was not significantly different, but were in the A and B horizons.
Organic Cin the A horizon was greater in Tehran than in String-
town soils; and in the E horizon was greater than in Stringtown
and Letney soils. The B horizon had the opposite effect, as
Stringtown soils contained more organic C than Tehran. Over-
all, Stringtown contained more total N than Tehran soils, while
in the E horizon Tehran soils had more total N; Stringtown had
more total N in the B horizon than Letney soils, which had more
than Tehran soils. Tehran had more NH, in the E horizon, but
Stringtown had more in the B horizon than Tehran soils. Tehran
had more P in the A and E horizons than Stringtown soils, and
more K in the E horizon than Stringtown; Stringtown and
Letney soils contained more K in the B horizon than Tehran
sails. Stringtown soils contained more Mg in the B horizon than
Tehran, and Stringtown soils contained more S in the B horizon
than Tehran.

Generally, Stringtown had higher concentrations of nutrients
in the B horizon than Tehran soils, although Tehran had higher
concentrations in the A and E horizons. Within the A horizon,
clay content was highest in the Letney soils which would
provide a higher cation exchange capacity. K and Ca within the
A horizon which were higher in Tehran and Letney soils; String-
town averaged lower silt and clay in the A horizon resulting in
lower quantities of those nutrients within the A horizon. Total N
was highest in the A horizon in the Tehran which also con-
tained the most organic C.

Soil profile nutrients were weighted by horizon depth and
then summed for the entire 150 cm soil profile; Ca, Mg, and S
were significantly different (Table 6). Stringtown and Letney
soils contained more Ca than Tehran, and Stringtown soils
contained more total Mg and S than Tehran. Soils with argillic B
horizons closer to the surface (Stringtown and Letney) tended
to have higher total available nutrient contents than Tehran.
Total amounts of Ca, Mg, and S were found to be greatest in the
Stringtown soils; Stringtown had the thickest B horizon relative
to the 150 cm profile depth, and also had the highest amounts
of silt and clay.

Table 6. Significant mean (g) chemical parameters within the 150 cm soil
profiles with means (g) by soil series.

Variable Stringtown Letney Tehran p-value
Ca 79.85a 86.93a 32.90b 0.0040
Mg 23.62a 18.01ab 5.53b 0.0048

S 3.11a 1.86ab 0.88 0.0174

Same letter within a row indicates no significant difference (p = 0.05).

Principal Component Analysis ordination

Five variable combinations accounted for approximately
62% of the variation (Table 7) using principal component analy-
sis. PC1 (21% of the variance) was strongly driven by depth to
the B horizon, thickness of the B and E horizons, percent silt and
clay in the B horizon, total wilting coefficient of the B horizon
and entire profile, and total organic matter in the E horizon.
PC2 (15% of the variance) was driven by percent medium sand,
total sand and silt in the A horizon as well as percent medium
sand, total sand, and silt in the E horizon. PC3 (10% of the vari-
ance) was driven by field capacity and available water capacity
of the A and B horizons, total potential field capacity and avail-
able water capacity of the A horizon, total potential available
water capacity of the B horizon, and total potential available
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water capacity for the profile. PC4 (7% of the variance) was
driven by field capacity, wilting coefficient, and available water
capacity of the E horizon and total field capacity of the entire
profile, while PC5 (7% of the variance) was driven by percent-
age of very coarse sand, coarse and medium sand in the A hori-
zon, percentage of very coarse sand and medium sand in the E
horizon, and percentage of very coarse sand, coarse sand, and
total clay in the B horizon.

Four significant PCA’s accounted for approximately 63% of
the variation among the soil chemical variables (Table 7). PC1
(24% of variance) were concentrations of K, Ca, Mg, and boron
in the B horizon, as well as total Mg and boron weighted by
depth of the B horizon, and total K, Ca, Mg, and S weighted by
depth of the 150 cm soil profiles. PC2 (17% of the variance) was
driven by concentration of K, Ca, Mg, S, and Boron in the E hori-
zon, total K, Ca, Mg, S, and B weighted by depth in the E hori-
zon. PC3 (14% of the variance) was driven by total C, P, K, Ca,
and Mg weighted by depth in the A horizon, as well as total
grams of P weighted by depth of E horizon and total NH,* and
total N weighted by depth of the B horizon. PC4 (8% of the vari-
ance) was driven by total C and P within the entire profile, and
total N, P, and Cin the B horizon.

Table 7. Results with p-values from each of the first 10 principal
components from 999 randomizations to determine significant compo-
nents based on relationship to the maximum theoretical eigenvalue vs the
true eigenvalue for all physical variables, chemical variables and physical
and chemical variables combined with associated % variance.

Maximum % of Cumulative

Axis  Eigenvalue Eigenvalue  Variation variation p-value

Physical parameters
1 13.09 7.467 20.779 20.779 0.001
2 9.683 5.829 15.371 36.150 0.001
3 6.585 5.187 10.452 46.602 0.001
4 4.892 4.895 7.765 54.367 0.002
5 4519 4.540 7173 61.540 0.002
6 3.243 4.075 5.147 66.687 1.000
7 2.999 3.751 4.760 71.447 1.000
8 2.525 5.532 4.008 75.455 1.000
9 2212 3.294 3.511 78.966 1.000
10 2.082 3.050 3.305 82.271 1.000

Chemical parameters
1 16.216 7.439 23.501 23.501 0.001
2 11.560 5.986 16.753 40.254 0.001
3 9.757 5.488 14.140 54.394 0.001
4 5.822 5.112 8438 62.832 0.001
5 4.248 4.730 6.156 68.988 0.2.92
6 3.269 4.378 4.738 73.726 1.000
7 2.649 4.074 3.838 77.564 1.000
8 2.450 3.739 3.551 81.115 1.000
9 1.890 3.500 3.500 83.854 1.000
10 1.732 3.401 2510 86.364 1.000

Combined parameters
1 25.104 10.939 19.018 19.018 0.001
2 15.501 9.353 11.743 30.762 0.001
3 13.821 8.668 10.470 41.232 0.001
4 11.791 8.197 8.933 50.165 0.001
5 8.031 7.667 6.084 56.249 0.001
6 7.595 7.286 5.754 62.003 0.001
7 6.989 6.832 5.295 67.298 0.001
8 5.684 6.471 4.306 71.604 0.983
9 5.090 6.200 3.856 75.460 1.000
10 4.086 5.933 3.096 78.556 1.000
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Seven variables accounted for 67% of the variation (Table 7)
when the physical and chemical variables were combined for
analysis. PC1 (19% of the variance) was driven by depth to B,
thickness of E and B, wilting coefficient of the B horizon,
percentage of silt and clay in the B, total potential wilting point
of the B, total wilting point in the profile, organic matter in the
E horizon, Mg in the B, total N, K, Ca, Mg, S, and B in the B hori-
zon, and total K, Ca, Mg, and S. PC2 (12% of the variance) was
driven by field capacity and available water capacity in the A
horizon, field capacity and total field capacity of the B horizon,
total field capacity in the profile, P, K, Ca, and Mg in the A hori-
zon, NH, in the E horizon, NH, in the B horizon, total P, K, Ca,
Mg and S in the A horizon, and total NH, in the profile. PC3
(10% of the variance) was driven by Ca, Mg, and B in the E hori-
zon, Mg, S, and B in the B horizon, total grams of P in the A hori-
zon, and total Mg in the E, and total B in the B horizon. PC4 (9%
of the variance) was driven by percent coarse sand, very fine
sand, silt and clay, and total sand in the A horizon, percent
coarse sand, fine sand, very fine sand, total sand, and total silt in
the E horizon, total organic matter in the profile, P in the B hori-
zon, and total C, P, and B in the profile. PC5 (6% of the variance)
was driven by concentrations of K, Ca, Mg, S, and B of the E
horizon and concentration of C in the B horizon. PC6 (6% of the
variance) was driven by bulk density and organic matter in the
E and B horizons, concentration of B in the A horizon, concen-
tration of C in the E horizon, concentration of P and C in the B
horizon, and total grams of NH,, and B within the profile, while
PC7 (5% of the variance) was driven by clay, wilting point, and
total potential wilting point of the E horizon, concentration of
Cain the A horizon, and total Ca in the A horizon.

Regression for site index

Seven variables were the most significant soil physical factors
affecting longleaf pine: depth to B, thickness of the E and B
horizons, percent silt and clay in the B horizon, wilting coeffi-
cient of for the B horizon, wilting coefficient of the profile, and
percent organic matter in the E horizon.

The best two-variable model (1) included depth to the B hori-
zon and total wilting coefficient of the B horizon (R2 of 0.3984):

Site index = 88.71063 — (Depth (cm) to B horizon % 0.19074) —
(Total B horizon wilting potential  0.26955) (1)

Ten soil chemical variables correlated most with site index of
longleaf pine: total K, Ca, Mg, and S in the profile, total Mg and
B in the B horizon, and concentrations of K, Ca, Mg, S, and B in
the B horizon. Only a one variable model (2) best fit the site
index (R2 of 0.2026):

Site Index = 66.93652 + (Total Ca (mg) in Profile x0.05947) (2)

Combining all variables, the variables most correlated to site
index were depth to the B horizon, wilting coefficient of the B
horizon, percent silt and clay and depth weight wilting coeffi-
cient of the B horizon, the profile weight wilting point of the
whole profile, organic matter of the E horizon, concentration of
Mg in the B horizon, total N, K, Ca, Mg, S, and boron in the B
horizon, and total K, Ca, Mg, and S in the B horizon.

Using step-wise regression, the top variables that affect
longleaf pine site index were total N and S in the B horizon,
concentration of Mg in the B horizon, total Mg and S in the
profile, and wilting coefficient weighted by horizon thickness in
the B horizon. These six-variables proved to be the best model
(R2 = 0.6668). Regression Eqn (3) for site index using these six

Oswald et al. Forestry Research 2024, 4: e002

Forestry
Research

variables was:

Site Index = 64.98 + (Total N (mg) in B®%'%) +

(Total Mg (mg) in profile' #0902

(Total S (mg) in the B horizon’$764%) —

)+

(concentration of Mg (mg - cm™>) in B horizon®??#) —

(Total S (mg) in pr0ﬁ1e5‘25599) -

(Total wilting potential in B horizon®-*3%62)

3

Discussion

Soil physical and chemical parameters

The wilting coefficient was affected by the amount of silt and
clay within the profile; as silt and clay decreased, so did the wilt-
ing coefficient. Within the unweighted soil physical parameters,
field capacity and available water capacity should be affected
by this texture correlation; however, it was not found in this
study. In fact, available water capacity was highest in the
deeper sand soils, suggesting that the pressure plate method
used in this study may not have produced reasonable results.

The A horizon, as expected, contained more organic matter
than either of the other two horizons (Table 3). The E horizon is
characterized as where leaching of humus, silt and clay, and
various ions occur, while the B horizon is where accumulation
of humus, silt and clay, and various ions occur. In this study the
B horizon did contain higher percentages of silt and clay than
did the A and E horizons. Within all soils, as depth to the first
argillic B horizon increased, the percentage of silt and clay
decreased in the B horizon. Conversely, sand increased as
depth to the first argillic horizon increased.

Similar to a previous study!?], the wilting coefficient was
influenced by the proportion of B horizon in the entire profile,
which had higher wilting coefficients in all soils. Texture and B
horizon thickness played a big role due to the inherent ability
of fine textured soils to hold more water at the wilting coeffi-
cient. However, neither field capacity or available water capac-
ity were statistically different between soils, likely due to the
pressure plate system retaining more water than it should have.
The B horizon total potential field capacity was significantly
highest in the Stringtown soils, likely a result of the increase in
silt and clay content in the thicker B horizon in those soils.

The higher percentage of clay may have reduced Ca leach-
ing to the lower profile. The presence of finer texture soils
increases cation exchange capacity (CEC), retaining cations. It is
unclear why Stringtown had lower concentrations of Ca than
Letney and Tehran, or why concentrations of other nutrients
were not significantly different. The E horizon total potential
field capacity was highest in the Tehran soils, again indicating
that the pressure plate method did not produce reasonable
results. Finer texture soils have higher CEC, which can result in
the presence or ability to hold more cations!26l,

As depth to the B horizon increased, clay content decreased,
as did water holding capacity, available water capacity, and
wilting coefficient. Texture is inherently related to the amount
of water a soil can hold. All three of the soil series in this study
had A, E, and B horizons. In this study, texture did not prove to
be as important as expected.

Many studies have looked at the relationship between the
depth of horizons and site index, with varying results. While no
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correlation between site index and depth to the first argillic
horizon B for longleaf pine was found in east Texasi?’], a
negative correlation between site index and depth to finer
textured layers in sandy soils for white oak (Quercus alba) was
found in Michigan28, but the influence began to wane at
depths greater than 1.5 m. Site index of radiata pine (Pinus radi-
ata) increased with increasing depth of the topsoill2, but eval-
uated total soil depths in Douglas-fir did not show any signifi-
cance with soil depths ranging from 50 cm to 100 cmB%, No
single physical variable had a well-defined correlation with site
index for shortleaf pinel'); however, depth to the B horizon and
texture of that horizon was found to be a good indicator of
shortleaf pine on the soils studied, is similar to what our study
discovered. Higher soil organic matter resulted in increased site
quality for most soils[? 321 and soil texture was not the only
parameter affecting water holding capacity: other factors
included OM and soil bulk density along with gravel content
and salinity, which also affected water availability.

Ca, N, P, K, and Mg did not affect site index when added to
radiata pinel??!. This partially conflicts with our results, as Ca
was the only nutrient that was significant. Growth is often
limited in many forests in the southern United States by nutri-
ent availability, promoting fertilization in silvicultural practices.
Nitrogen and phosphorous are often considered the most
common nutrients that limit growth in southern pine forests3.
Similarly, nutrients had a positive correlation with site index in
radiata pinel29, but they did not specify a given depth at which
the nutrients were most effective. Our study found that nutri-
ent levels in the B horizon had a strong correlation with site
index increase in longleaf pine as did total amounts of nutri-
ents in the profile, which were usually correlated to soils with
higher silt and clay concentrations and shallower B horizons.
Boron has been shown to positively correlate with growth in
pineB4; our study also showed boron being positively corre-
lated to longleaf pine site index, but did not differ between
sails. Principal component analysis found depth to each hori-
zon as well as certain nutrients within the B and E horizons as
important. Higher nutrient levels correlated positively with site
index[?9, but they did not specify if this relationship was by
horizon or total in the profile. Our study showed low total nutri-
ents within all three soils, and as depth to the first argillic B
horizon increased, nutrients available decreased. Stringtown
appeared to have greater amounts of nutrients within the B
than the Tehran in most situations with Letney soils intermedi-
ate in nutrient availability.

Total N, Mg, and S in the B horizon had a positive effect on
longleaf pine site index, while concentrations of Mg and S had
a negative impact. Indirectly, depth to the B horizon had a
correlation to these values as the thickness of the B impacts
total available nutrients in that horizon. In addition, as B hori-
zon depth increased, the percent clay within the horizon
decreased. The presence of sand in the A and E horizon
resulted in a lower cation exchange capacity, allowing for nutri-
ents to leach through these horizons while the B horizon had
an increase in clay.

While all of the three soils found on sites in this study histori-
cally supported longleaf pine, these results highlight how site
index for this species might be driven by variables other than a
sandy, well-drained A horizon. The importance of the B horizon
depth and the lower ability of the B horizon to allow water to
drain was an important variable found in the PCA analysis. Two
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of the soils in this study had site indices within the NRCS range
for longleaf pine, but both were lower than the mean for those
soils. The Tehran soil was slightly below the minimum site
index for that soil. It could be on that soils, the NRCS underesti-
mated the importance of the depth of the B horizon. In addi-
tion, longleaf pine historically on those soils may have bene-
fited more from the short-interval fire frequency than on the
other two soils.

Conclusions

Soil physical parameters in the A and E horizons did not
appear to greatly influence site index for longleaf pine on these
soils in east Texas. However, the depth to B and wilting coeffi-
cient of the B influenced site index of longleaf pine on these
three soils, which suggest that water availability may play the
largest role in affecting site index on these deep, coarse
textured soils. Soil chemical parameters in the A and E horizons
did not appear significant; however, soil chemical parameters
in the first argillic B horizon, as well as nutrient availability in
the whole profile did. Soil variables in the B horizon affect site
index for longleaf pine the most, while some variables within
the whole 150 cm profile also had an effect. This is likely due to
the effect of the weighted by horizon thickness of the B hori-
zon had on the total profile because of clay content of the hori-
zon providing for higher available water content, and nutrient
storage. Some A horizon parameters showed some slight effect
on longleaf pine site index, but this could possibly be due to
the amount of organic matter within the A horizon. Each model
highlighting different variables reflects the complexity of the
interaction of soil variables with site index. Productive forests
tend to have soils with favorable physical properties that
enhance biological functions. Separating and choosing the
most significant of these soil variables can be challenging due
to the inherent complexity and interactions among many of
them.

Future studies should look at rooting depth within each of
these three soils as well as the effect of soils with drainage
classes that are known to hold more water. Studies should also
consider planting on these three-soil series using the same
treatments to how these soil variables affect longleaf pine
regeneration.

For those making management decisions on locations with
the greatest potential success for longleaf pine establishment,
soils with similar A and B horizon characteristics may have the
greatest success, along with the use of recurring prescribed fire.

Author contributions

The authors confirm contribution to the paper as follows:
study design and manuscript preparation: Oswald BP, Farrish
KW, Svehla R; data collection and data analysis: Svehla R. All
authors reviewed the results and approved the final version of
the manuscript.

Data availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

Oswald et al. Forestry Research 2024, 4: 002



Longleaf pine site quality

Acknowledgments

The Division of Environmental Science in the Arthur Temple
College of Forestry and Agriculture at Stephen F. Austin State
University provided financial support for this project. Our
sincere appreciation is extended to Megan McCombs, Cassity
Aguilar and Jacalyn Jones for their assistance in the field and
with the lab analysis.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 25 August 2023; Revised 12 December 2023;
Accepted 19 December 2023; Published online 12 January 2024

References

1. Rapport DJ, Costanza R, McMichael AJ. 1998. Assessing ecosystem
health. Trends in Ecology & Evolution 13:397—402

2. Chazdon RL. 2008. Beyond deforestation: restoring forest and
ecosystem services on degraded lands. Science 320:1458—60

3. Henderson JP, Grissino-Mayer HD. 2009. Climate-tree growth rela-
tionships of longleaf pine (Pinus Palustris Mill.) in the Southeastern
Coastal Plain, USA. Dendrochronologia 27:31-43

4. Pessin LJ. 1938. Effects of soil moisture on the rate of growth of
longleaf and slash pine seedlings. Plant Physiology 13:179-89

5. Peet RK, Allard DJ. 1993. Longleaf pine vegetation of the southern
Atlantic and eastern Gulf coast regions: a preliminary classification.
Proceedings of the Tall Timbers Fire Ecology Conference, Tallahassee,
Florida 1993. 18: 45—-81. http://labs.bio.unc.edu/Peet/pubs/TTFEC-
1993.pdf

6. Patterson TW, Knapp PA. 2016. Observations on a rare old-growth
montane longleaf pine forest in central North Carolina, USA. Natu-
ral Areas Journal 36:153—61

7. Chapman HH. 2013. Is the longleaf type a climax? Fire Ecology
9:2-7

8. Harcombe PA, Glitzenstein JS, Knox RG, Orzell SL, Bridges EL. 1993.
Vegetation of longleaf pine region of the west gulf coastal plain.
Proceedings of the Tall Timbers Fire Ecology Conference. Tallahassee,
Florida 1993, 18: 83-104. https://talltimbers.org/wp-content/
uploads/2018/09/83-Harcombeetal1993_op.pdf

9. Landers JL, Van Lear DH, Boyer WD. 1995. The longleaf pine forests
of the southeast: requiem or renaissance. Journal of Forestry
93:39-44

10. Drewa PB, Platt WJ, Moser EB. 2002. Community structure along
elevation gradients in headwater regions of longleaf pine savan-
nas. Plant Ecology 160:61-78

11. Oswalt SN, Smith WB, Miles PD, Pugh SA. 2012. Forest Resources of
the United States, 2012: a technical document supporting the Forest
Service 2010 update of the RPA Assessment. USDA Forest Service
General Technical Report WO-92. https://www.fs.usda.gov/
research/treesearch/47322

12. Christensen NL. 1993. The effects of fire on nutrient cycles in
longleaf pine ecosystems. Proceedings of the Tall Timbers Fire Ecol-
ogy Conference. Tallahassee, Florida 1993, 18: 205—14. https://tall-
timbers.org/wp-content/uploads/2018/09/205-Christensen1993_
op.pdf

13. Outcalt KW. 1993. Southern pines performance on sandhill sites in
Georgia and South Carolina. Southern Journal of Applied Forestry
17:100-02

14. Stambaugh MC, Sparks JC, Abadir ER. 2014. Historical pyrogeogra-
phy of Texas, USA. Fire Ecology 10:72—89

15. Brockway DG, Lewis CE. 1997. Long-term effects of dormant-

Oswald et al. Forestry Research 2024, 4: e002

Forestry
Research

season prescribed fire on plant community diversity, structure and
productivity in a longleaf pine wiregrass ecosystem. Forest Ecology
and Management 96:167—83

16. Rosenberg N, Trajtenberg MA. 2001. A general-purpose technol-
ogy at work: the Corliss steam engine in the late19" century US.
The Journal of Economic History 64:61-99

17. Frost CC. 1993. Four centuries of changing landscape patterns in
the longleaf pine ecosystem. Proceedings of the Tall Timbers Fire
Ecology Conference. Tallahassee, Florida. 18: 17-23. https://talltim-
bers.org/wp-content/uploads/2018/09/17-Frost1993_op.pdf

18. Eviner VT, Hawkes CV. 2008. Embracing variability in the applica-
tion of plant-soil interactions to the restoration of communities
and ecosystems. Restoration Ecology 16:713-29

19. Matson GC. 1916. The Catahoula Sandstone. Report. Professional
Paper 98, USGS published series, Mississippi. pp 209-26.
https://doi.org/10.3133/pp98M

20. United States Climate Data. August 24, 2017. https://www.uscli-
matedata.com/climate/united-states/us

21. USDA Forest Service. 1929. Volume, yield, and stand tables for
second-growth southern pines. Handbook 50. U.S. Department of
Agriculture, Washington, DC. 202 pp. https://doi.org/10.5962/bhl.
title.65546

22. Klute A. 1986. Methods of soil analysis: part 1physical and miner-
alogical methods. Madison, Wisconsin: American Society of Agron-
omy, Inc. Soil Science Society of America, Inc. xxviii, 1188 pp.
http://doi.org/10.2136/sssabookser5.1.2ed

23. Soil Science Division Staff. 1993. Soil survey manual. United States
Department of Agriculture Handbook No. 18. 639 pp. https://www.
nrcs.usda.gov/sites/default/files/2022-09/SSM-intro.pdf

24. United States Department of Agriculture-Natural Resource Conser-
vation Services (USDA- NRCS). 1992. Soil-woodland correlation
field data sheet (ECS-005) for longleaf pine on selected Letney,
Stringtown, and Tehran soils. Retrieved from https://esi.sc.egov.
usda.gov/ESIForestland/.

25. Saxton KE, Rawls WJ. 2006. Soil water charactelistic estimates by
texture and organic matter for hydrologic solutions. Soil Science
Society America Journal 70:1569-78

26. Bolioluzzi EC, Tessier D, Rheinheimer DS, Julien JL. 2006. The
cation exchange capacity of a sandy soil in southern Brazil: an esti-
mation of permanent and pH-dependent charges. European Jour-
nal of Soil Science 57:356—64

27. McWhorter IV. 2005. Effects of fire exclusion on the longleaf pine
ecosystem of upland island wilderness. Thesis. Stephen F. Austin
State University, Nacogdoches, Texas.

28. Farrish KW, Doolittle 1A, Gambel EE. 1990. Loamy substrata and
forest productivity of sandy glacial drift soils in Michigan. Cana-
dian Journal of Soil Science 70:181-87

29. Hunter LR, Gibson AR. 1984. Predicting Pinus radiata site index
from environmental variables. New Zeeland Journal Forestry Science
14:53-64

30. Corona P, Scotti R, Tarchiani N. 1998. Relationship between envi-
ronmental factors and site index in Douglas-fir plantations in
central Italy. Forest Ecology and Management 110:195-207

31. Coile TS. 1935. Relation of site index for shortleaf pine to certain
physical propefTiies of the soil. Journal of Forestry 33:726—30

32. Dexter AR. 2004. Soil physical quality: Part I. Theory, effects of soil
texture, density, and organic matter, and effects on root growth.
Geoderma201-14

33. Fox TR, Lee Allen H, Albaugh TJ, Rubilar R, Carlson CA. 2007. Tree
nutrition and forest fertilization of pine plantations in the south-
ern United States. Southern Journal of Applied Forestry 31:5—11

34. Mead DJ, Gadgil RL. 1978. Fertilizer use in established radiate pine
stands in New Zealand. New Zeeland Journal Forestry Science
8:105-34

Copyright: © 2024 by the author(s). Published by
By Maximum Academic Press, Fayetteville, GA. This
article is an open access article distributed under Creative

Page 7 of 7


https://doi.org/10.1016/S0169-5347(98)01449-9
https://doi.org/10.1126/science.1155365
https://doi.org/10.1016/j.dendro.2008.08.001
https://doi.org/10.1104/pp.13.1.179
http://labs.bio.unc.edu/Peet/pubs/TTFEC-1993.pdf
http://labs.bio.unc.edu/Peet/pubs/TTFEC-1993.pdf
https://doi.org/10.3375/043.036.0206
https://doi.org/10.3375/043.036.0206
https://doi.org/10.1007/BF03400625
https://talltimbers.org/wp-content/uploads/2018/09/83-Harcombeetal1993_op.pdf
https://talltimbers.org/wp-content/uploads/2018/09/83-Harcombeetal1993_op.pdf
https://doi.org/10.1093/jof/93.11.38
https://doi.org/10.1023/A:1015875828742
https://www.fs.usda.gov/research/treesearch/47322
https://www.fs.usda.gov/research/treesearch/47322
https://talltimbers.org/wp-content/uploads/2018/09/205-Christensen1993_op.pdf
https://talltimbers.org/wp-content/uploads/2018/09/205-Christensen1993_op.pdf
https://talltimbers.org/wp-content/uploads/2018/09/205-Christensen1993_op.pdf
https://talltimbers.org/wp-content/uploads/2018/09/205-Christensen1993_op.pdf
https://doi.org/10.1093/sjaf/17.2.100
https://doi.org/10.4996/fireecology.1003072
https://doi.org/10.1016/S0378-1127(96)03939-4
https://doi.org/10.1016/S0378-1127(96)03939-4
https://talltimbers.org/wp-content/uploads/2018/09/17-Frost1993_op.pdf
https://talltimbers.org/wp-content/uploads/2018/09/17-Frost1993_op.pdf
https://talltimbers.org/wp-content/uploads/2018/09/17-Frost1993_op.pdf
https://doi.org/10.1111/j.1526-100X.2008.00482.x
https://doi.org/10.3133/pp98M
https://www.usclimatedata.com/climate/united-states/us
https://www.usclimatedata.com/climate/united-states/us
https://www.usclimatedata.com/climate/united-states/us
https://doi.org/10.5962/bhl.title.65546
https://doi.org/10.5962/bhl.title.65546
http://doi.org/10.2136/sssabookser5.1.2ed
https://www.nrcs.usda.gov/sites/default/files/2022-09/SSM-intro.pdf
https://www.nrcs.usda.gov/sites/default/files/2022-09/SSM-intro.pdf
https://esi.sc.egov.usda.gov/ESIForestland/
https://esi.sc.egov.usda.gov/ESIForestland/
https://doi.org/10.2136/sssaj2005.0117
https://doi.org/10.2136/sssaj2005.0117
https://doi.org/10.1111/j.1365-2389.2005.00746.x
https://doi.org/10.1111/j.1365-2389.2005.00746.x
https://doi.org/10.1111/j.1365-2389.2005.00746.x
https://doi.org/10.4141/cjss90-020
https://doi.org/10.4141/cjss90-020
https://doi.org/10.1016/S0378-1127(98)00281-3
https://doi.org/10.1093/jof/33.8.726
https://doi.org/10.1016/j.geoderma.2003.09.004
https://doi.org/10.1093/sjaf/31.1.5

Forestry
Research Longleaf pine site quality

Commons Attribution License (CC BY 4.0), visit https://creative- ~ commons.org/licenses/by/4.0/.

Page 8of7 Oswald et al. Forestry Research 2024, 4: 002


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Study area
	Plot establishment
	Field sampling
	Laboratory methods
	Statistical analysis

	Results
	Longleaf pine site indices
	Soil physical parameters
	Soil chemical parameters
	Principal Component Analysis ordination
	Regression for site index

	Discussion
	Soil physical and chemical parameters

	Conclusions
	Author contributions
	Data availability
	References

