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Abstract: Restoration of the longleaf pine forest ecosystem is critical for biodiversity.
However, the mixed hardwood forests can grow naturally in the same area. There are
limited studies comparing soil organic matter and nutrient contents for restoring longleaf
pine forests from the mixed hardwood forest areas in the southeastern USA. In this study, a
comparison of the contents in soil organic matter, macro-nutrients, trace metal elements,
and litterfall amount, was conducted on the 16 forest stands (4 treatments including stand
stages × 4 replicants) at William B. Bankhead National Forest in Alabama through the
space-replace-time approach. The results indicate that longleaf pine forests have lower
contents of soil organic matter, macro-nutrients, most trace metal elements, and litterfall
amount than mixed hardwood forests. However, longleaf pine forests have higher soil Ca,
Ba, and Pb contents than hardwood forests. Soil Fe content has more correlations with the
contents of other metal elements than soil Mn. The results suggest that multiple ecosystem
functions, including soil ecology, must be considered in the regional restoration of the
longleaf pine ecosystem. Longleaf pine forests with a certain amount of mixed hardwood
trees may be a good way to maintain soil organic matter and nutrients.

Keywords: Bankhead National Forest; litter production; soil organic matter; soil nutrients;
space-replace-time

1. Introduction
Longleaf pine (Pinus palustris Mill.) forests (LPFs) are among the most ecologically,

economically, and culturally valued ecosystems in the southeastern United States [1,2].
Before European settlement, LPFs occupied about 37 million hectares, ranging from eastern
Texas to southeastern Virginia [3]. Nowadays, LPFs can only be found in the remaining
approximately 1.9 million ha and under fragmented conditions due to decades of timber
exploitation, fire suppression, and forest land conversion [4]. Even though longleaf pine
timber is still economically valued, LPFs mainly serve as biodiversity refugia because their
“savanna” style forest structure and frequent surface fire regimes create valuable habitats
for many species [5,6]. LPFs are reported as one of the most biologically diverse ecosystems
in the world, as they support 900 plant species, 100 bird species, 36 mammal species, and
170 species of reptiles and amphibians across the range. In addition, included in
this community are several endangered species, such as the red-cockaded woodpecker
(Picoides borealis), gopher tortoise (Gopherus polyphemus), black pine snake
(Pituophis melanoleucus), and a variety of threatened carnivorous plants (Sarracenia spp.) [7].
Restoring LPFs has recently become a regional forest management priority. However, the
mixed pine and hardwood forests (MPHFs) also grow naturally in the southeastern region.
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LPF restoration usually involves clearcutting or removing undesirable woody vegetation
and MPHF, replanting longleaf pine seedlings, and maintaining a frequently prescribed
fire regime (e.g., 2–5 years) to suppress the growth of hardwood trees [8]. At the same
time, forests are required to store more carbon, primarily in soil carbon, to mitigate the
increasing atmospheric CO2 concentration. Replacing hardwood forests with longleaf pine
by frequent prescribed burnings can significantly affect the soil organic matter and nutrient
storage in forest ecosystems. Thus, comparing the contents of soil organic matter and
nutrients in the LPFs and MPHFs is necessary.

Previous studies have indicated that forest conversion could result in the loss of soil
organic matter [9], such as tropical forests being transformed into oil palm, rubber, and
cacao [10–12]. Similar results occurred in other climate areas when their natural forests were
transformed into forest plantations and others [13,14]. It is recognized that the soil’s organic
carbon stock changes are controlled by numerous (often interacting) factors, including
climate, vegetation, parent material, topography, and time. Each factor varies with scales
under different environmental settings [15]. However, at a small scale, soil moisture regimes
play a vital role in regulating the microbial communities responsible for the decomposition
of organic matter [16]. Also, soil mineralogy strongly affects the physical stabilization of
carbon on mineral surfaces and makes it vulnerable to losses after land-use change [17,18].
Some trace metal elements may play critical roles in the ecological processes related to soil
organic matter formation and nutrient cycling. The availability of manganese (Mn) is found
to be negatively associated with carbon storage at humus layers in northern coniferous
forests, with exchangeable potassium as an additional predictor [19,20]. The possible
explanation for the Mn effect in the humus layer is related to the role of Mn-peroxidase
enzymes in fungal-mediated decomposition [21,22].

For longleaf pine forests, despite the carbon flow from tree biomass to the soil in the
form of decay products, litterfall, and others, the soils preserve little of recent inputs, which
may be rapidly oxidized and lost to the atmosphere from periodic prescribed burnings
or maybe washed out of the forest via soil erosion after burning [23]. Soil organic matter
can directly affect the formation of soil organic carbon, and most soil organic carbon
is concentrated in topsoil [23]. Furthermore, soil carbon accumulation was associated
with clay and Fe contents. Under the regular management practices on the LPFs in this
region, the mature LPFs would look like woodland (sparse trees) with limited aboveground
biomass. The carbon storage capacity of LPFs mainly relies on the soil organic matter. Thus,
this study aims to compare the soil organic matter and nutrients in the topsoil of restored
LPFs and MPHFs. The specific objectives are to investigate (i) whether there are increased
contents of soil organic matter and nutrients (including trace metal elements) in older LPFs
than the young ones; (ii) whether LPFs at different stages hold more contents of soil organic
matter and nutrients in the topsoil than in the MPHF; (iii) whether LPFs at different stages
produce more litterfall amount than in the MPHF; and (iv) whether soil organic matter
content is associated with Mn and Fe or other trace metals. The hypotheses are (i) lower soil
organic matter content in LPFs than in MPHF and (ii) a negative correlation between soil
Mn and soil organic matter contents. The results of this study will be helpful for deciding
whether LPFs should be restored from the MPHF, which is important for regional forest
planning and management.

2. Material and Methods
2.1. Study Area

The study area is in William B. Bankhead National Forest in Alabama of the USA
(Short name Bankhead National Forest) (Figure 1), located in the Southwestern Appalachian
zone according to the Alabama physiography. Its coordinates are approximately 34◦05′ N
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and 87◦20′ E (see details in Table 1). Bankhead National Forest comprises approximately
73,654 ha of public land managed by the United States Department of Agriculture (USDA)
Forest Service to protect the regional watersheds and streams. About 71,226 ha in this
area are currently forested with major forest community types of upland hardwood and
mixed pine-hardwood forests broadly classified as about 51 percent southern pines and
49 percent hardwoods [24]. The general soil type in this area is sandy loam soil derived
from metamorphic sandstone rock. The taxonomic class of the soil at Bankhead National
Forest is coarse-loamy, siliceous, semiactive, and thermic Typic Dystrudepts based on the
National Cooperative Soil Survey. The soil pH is mainly acidic and varies from 4.5 to
7.0; other detailed characteristics can be found in [24–26]. The main pine species in this
area are loblolly and montane longleaf, and the significant hardwoods are oak and hick-
ory [24]. Topographically, the study stands are in relatively flat areas with an elevation from
200 to 250 m. Based on the recent 10 years of data from the weather station at the Double
Spring, the average monthly air temperature ranges from 6 ◦C to 26 ◦C, and the annual
precipitation is about 1420 mm. The monthly precipitation is about 100–150 mm, and there
is slightly more rainfall in winters and springs but less rainfall in the early fall. The summer
is hot and humid, and winter is cool and moist in this region. Since LPFs and MPHFs are
not at the same location but are within the same region, the space-replace-time idea was
used in this study.
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Figure 1. The location of the Bankhead National Forest in Alabama and the layout of study stands.
(red line patches: early stage of longleaf pine forest; pink line patches: late stage of longleaf pine
forest; white line patches: mature stage of longleaf pine forest; yellow-green line: mixed hardwood
forest) (courtesy of Dr. Willian Sutton).

Table 1. The coordinates of each stand in four treatments (C: control, E: early stage of longleaf pine, L:
late stage of longleaf pine, M: mature stage of longleaf pine).

Stands Latitude (N) Longitude (W)

C1 34◦04′56.34′′ 87◦23′56.29′′

C2 34◦04′10.36′′ 87◦22′15.19′′
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Table 1. Cont.

Stands Latitude (N) Longitude (W)

C3 34◦09′43.63′′ 87◦14′32.95′′

C4 34◦10′11.94′′ 87◦13′42.05′′

E1 34◦07′40.97′′ 87◦21′49.90′′

E2 34◦07′14.93′′ 87◦21′01.30′′

E3 34◦06′25.71′′ 87◦18′47.19′′

E4 34◦04′39.51′′ 87◦18′46.57′′

L1 34◦05′24.55′′ 87◦22′44.90′′

L2 34◦05′32.66′′ 87◦21′48.24′′

L3 34◦04′16.39′′ 87◦19′16.34′′

L4 34◦04′09.12′′ 87◦18′24.58′′

M1 34◦04′59.89′′ 87◦24′10.55′′

M2 34◦05′45.47′′ 87◦23′36.63′′

M3 34◦05′48.35′′ 87◦22′11.90′′

M4 34◦05′10.10′′ 87◦20′18.94′′

2.2. Treatments

Some areas in the Bankhead National Forest have naturally regenerated montane
longleaf pine forests. However, most longleaf pine forests were planted recently in areas
where the MPHF grew. In order to compare soil organic matter and nutrients at the topsoil
of LPFs at different successional stages, three stages were classified, which include the
early stage (forest age ≤ 25 years), the late stage (25 years < forest age ≤ 75 years), and
the mature stage (>75 years). Prescribed burnings were conducted at longleaf pine forests
every 3–5 years. Thinning was conducted before LPFs turned into the late or mature stage.
At a mature stage, old longleaf pine trees are usually sparse, and the understory has dense
seedlings of longleaf pine, shrubs, and herbs. The mature MPHF stands (ages > 75 years)
were used for comparison (Figure 2) because MPHF could grow there naturally if there are
no management practices for LPFs. The main tree species in the MPHF include loblolly pine
(Pinus taeda L.), sweetgum (Liquidambar styraciflua L.), tulip poplar (Liriodendron tulipifera L.),
shagbark hickory (Carya ovata (Mill.) K. Koch), red oak (Quercus rubra L.), black oak
(Quercus velutina Lam.), white oak (Quercus alba L.), American elm (Ulmus americana L.),
black cherry (Prunus serotina Ehrh.), and others. Thus, there are four treatments, including
MPHF and three successional stages of LPFs (early, late, and mature). For each treatment,
there are four replications. The area of each replication is about 1–3 hectares. Based on a
randomized block design, there are 16 stands (4 treatments × 4 replications). These stands
are distributed across the southern part of the Bankhead National Forest (see Figure 1). The
detailed coordinate information of these stands is listed in Table 1.
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Figure 2. The stand conditions for four treatments ((a): The old mixed pine and hardwood forest;
(b): the early stage of longleaf pine forest; (c): the late stage of longleaf pine forest; (d): the mature
stage of longleaf pine forest) (courtesy of Dr. Willian Sutton).
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2.3. Soil Sample Analysis

After removing the surface litter layer, five soil samples were randomly collected in
the topsoil (0–20 cm) through a soil probe at each forest stand. Since the soil probe is skinny,
it needs multiple points to collect sufficient mixed soil for one sample. These soil samples
were stored in sealed plastic bags at a low temperature. There was a total of 80 samples
(16 × 5). Each soil sample was dried and homogenized by passing through a <2 mm sieve,
and roots, twigs, and green vegetation were removed by hand before all samples were sent
for soil testing at the soil laboratory. The soil test included soil organic matter (%), total
nitrogen (%), potassium (K, ppm), phosphorus (P, ppm), magnesium (Mg, ppm), calcium
(Ca, ppm), aluminum (Al, ppm), arsenic (As, ppm), boron (B, ppm), barium (Ba, ppm),
cadmium (Cd, ppm), chromium (Cr, ppm), copper (Cu, ppm), iron (Fe, ppm), manganese
(Mn, ppm), molybdenum (Mo, ppm), sodium (Na, ppm), nickel (Ni, ppm), lead (Pb, ppm),
and zinc (Zn, ppm). Total nitrogen and organic matter in soil samples were analyzed
by thermal combustion, and the concentrations of metal elements were analyzed using a
modified method of ICP digestion based on the EPA [27].

2.4. Litter Production

Due to access difficulty, litter production from three stands of each treatment was
collected from September to December 2023. Five plastic buckets with a diameter of 20 cm
were randomly placed in each stand. These buckets have holes and stones at the bottom
so they can stay over there, and water will not accumulate inside. The collected litter
(e.g., dead leaves, needles, and others) was dried and weighed. The average dry weight of
the five collected samples was used to represent litter production at each stand.

2.5. Statistical Methods

One-way ANOVA was conducted to test the difference in soil organic, nutrients, metal
elements, and litter production between the four treatments. The average values of the
four stands within the same treatment were used to represent this treatment. Pearson corre-
lation was conducted between soil organic matter and nutrients or litter production at the
treatment and all soil sample levels. SAS software 10.3 (Cary, NC, USA) was used for the
analysis (ANOVA and correlation). The statistical test was considered significant at p < 0.05.

3. Results
3.1. Comparison of the Contents of Soil Organic Matter and Nutrients in LPFs and MPHF

The soil organic matter content was the highest at the MPHF (Figure 3) and the lowest
at the late stage of LPF. The soil organic matter content was similar at the early and mature
stages of LPF. Soil nitrogen content was the lowest at the early stage of LPF (Figure 3) and
the highest at the mature stage of LPF. The soil P and K concentrations reached the highest
at the MPHF (Figure 3), and they decreased during the LPF’s successional stages. The soil
Mn concentration was the highest at the MPHF and the lowest at the late successional stage
of the LPF (Figure 3). The soil Ca concentration was the highest at the mature LPF and
the lowest at the MPHF. Other metal elements, such as Al, As, B, Cd, Cr, Cu, Fe, Mn, Na,
Ni, and Zn, were highest in the MPHF. However, Pb content was the highest at the late
successional stage of the LPF (Figure 3). Mg content was the highest at the early stage of the
LPF. Restoring LPF on the MPHF leads to the loss of soil organic matter, soil nutrients, and
most metal elements. However, some metal elements, such as Ca, Ba, and Pb, increased
after LPF restoration.
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Figure 3. Comparison of the contents in soil organic matter, macro-nutrients, and trace metal elements
at the mixed pine and hardwood forest and three stages of longleaf pine forest. (C: The old mixed
pine and hardwood forest; E: the early stage of longleaf pine forest; L: the late stage of longleaf
pine forest; M: the mature stage of longleaf pine forest. Different letters above error bars mean
statistically different).

3.2. Correlations Among Soil Organic Matter, Macro-Nutrients, and Trace Metal Elements at the
Treatment Level

At the treatment level, the soil organic matter content was positively correlated with
most soil metal elements (p < 0.05) (Figure 4), including K, P, Al, As, Ni, B, Cr, Cd, Fe, Cu,
Mn, Na, and Zn. It was negatively correlated with soil Ca content (Figure 5). However,
the soil organic matter content was not significantly correlated with that of soil N, Mo,
Ba, and Pb (p > 0.05). The soil N content was significantly correlated with the soil Mg,
Mo, and Pb (p < 0.05) (Table 2). However, it was not correlated with other metal elements
(p > 0.05), including Ca, K, P, Al, As, B, Ba, Cd, Cr, Cu, Fe, Mn, Ni, and Zn. The soil Mn
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content was significantly correlated with Fe, K, P, Al, As, Cd, Cr, Cu, and Ni (p < 0.05)
(Table 2), and it was not correlated with Ca, Mg, B, Ba, Mo, Na, Pb, and Zn. The soil Fe
content was significantly correlated with that of more metal elements (p < 0.05), such as Ca,
K, P, Al, As, B, Cd, Cr, Cu, Na, Ni, Mn, and Zn, and it was not correlated with that of Mg,
Pb, Mo, and Ba (p > 0.05) (Table 2).
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Table 2. The correlation between the contents of soil N, Mn, and Fe with other metal elements
(* indicates statistical significance).

Soil Metal Elements N Mn Fe

Ca
Y = 3629.5x + 102.86 Y = −0.2318x + 291.81 Y = −0.0034x + 290.03
R2 = 0.2575, p > 0.05 R2 = 0.3041, p > 0.05 R2 = 0.8754, p < 0.01 *

K
Y = −1067.7x + 180.87 Y = 0.7257x + 41.612 Y = 0.0078x + 71.245
R2 = 0.0048, p > 0.05 R2 = 0.6559, p < 0.05 * R2 = 0.9867, p < 0.01 *

Mg Y = −9621.9x + 595.78 Y = 0.3568x + 127.66 Y = −0.0046x + 136.13
R2 = 0.531, p < 0.05 * R2 = 0.2164, p > 0.05 R2 = 0.4669, p > 0.05

P
Y = −3625.9x + 222.29 Y = 0.2933x + 25.68 Y= 0.0035x + 34.608
R2 = 0.2363, p > 0.05 R2 = 0.4581, p < 0.05 * R2 = 0.8648, p < 0.01 *

Al
Y = −197333x + 13393 Y = 19.794x + 2204.7 Y = 0.2245x + 2914.3
R2 = 0.1783, p > 0.05 R2 = 0.5317, p < 0.05 * R2 = 0.8947, p < 0.01 *

As
Y = −142.86x + 8.7139 Y = 0.0132x + 0.7571 Y = 0.0002x + 1.2124
R2 = 0.2004, p > 0.05 R2 = 0.5073, p < 0.05 * R2 = 0.8794, p < 0.01 *

B
Y = 45.095x + 1.1376 Y = 0.0061x + 2.3437 Y = 0.000007x + 2.54
R2 = 0.0659, p > 0.05 R2 = 0.3562, p > 0.05 R2 = 0.6455, p < 0.05 *

Ba
Y = 7405x − 252.51 Y = −0.3682x + 119.67 Y = −0.0041x + 105.55
R2 = 0.4184, p > 0.05 R2 = 0.3065, p > 0.05 R2 = 0.4881, p > 0.05

Cd
Y = −17.003x + 1.1345 Y = 0.004x − 0.1152 Y = 0.00004x + 0.0425
R2 = 0.0405, p > 0.05 R2 = 0.6478, p < 0.05 * R2 = 0.9951, p < 0.01 *

Cr
Y = −567.09x + 34.138 Y = 0.0732x − 0.0845 Y = 0.0009x + 2.2249
R2 = 0.1073, p > 0.05 R2 = 0.529, p < 0.05 * R2 = 0.9755, p < 0.01 *

Cu
Y = −54.838x + 7.7717 Y = 0.0293x + 1.6378 Y = 0.0003x + 2.7792
R2 = 0.0075, p > 0.05 R2 = 0.6296, p < 0.05 * R2 = 0.9883, p < 0.01 *

Fe
Y = −351921x + 23519 Y = 89.858x − 3376.2

R2 = 0.032, p > 0.05 R2 = 0.6173, p < 0.05 *

Mn
Y = 4529.5x − 71.743 Y = 0.0069x + 71.891
R2 = 0.0692, p > 0.05 R2 = 0.6173, p < 0.05 *

Mo
Y = −18.734x + 1.1668 Y = 0.0005x + 0.2813 Y = 0.000008x + 0.2817
R2 = 0.6462, p < 0.05 * R2 = 0.1312, p > 0.05 R2 = 0.4234, p > 0.05

Na
Y = −411.27x + 33.787 Y = 0.0341x + 11.377 Y = 0.0006x + 11.006
R2 = 0.1045, p > 0.05 R2 = 0.2131, p > 0.05 R2 = 0.8187, p < 0.05 *

Ni
Y = −200.21x + 13.302 Y = 0.0181x + 2.2007 Y = 0.0002x + 2.8416
R2 = 0.2089, p > 0.05 R2 = 0.507, p < 0.05 * R2 = 0.8621, p < 0.01 *

Pb
Y = 719.22x − 19.866 Y = −0.0181x + 14.04 Y = −0.0002x + 13.566
R2 = 0.5998, p < 0.05 * R2 = 0.1131, p > 0.05 R2 = 0.233, p > 0.05

Zn
Y = −394.03x + 24.748 Y = 0.02x + 4.866 Y = 0.0003x + 5.1184
R2 = 0.3771, p > 0.05 R2 = 0.2893, p > 0.05 R2 = 0.7794, p < 0.05 *
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3.3. Correlations Among the Contents in Soil Organic Matter, Macro-Nutrients, and Trace Metal
Elements Across All Samples

Across all soil samples, soil organic matter content was only significantly correlated
with soil N content (p < 0.05) (Figure 6), and it was not correlated with the contents of other
elements (p > 0.05). Soil N or Mn contents were not correlated with others. The soil Fe
content was significantly correlated with the content of soil K, P, Al, As, Cu, Mg, Cd, Cr,
and Zn, respectively (p < 0.05) (Figure 7).

Forests 2025, 16, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 5. The negative correlation between soil organic matter and soil Ca contents. 

3.3. Correlations Among the Contents in Soil Organic Matter, Macro-Nutrients, and Trace 
Metal Elements Across All Samples 

Across all soil samples, soil organic matter content was only significantly correlated 
with soil N content (p < 0.05) (Figure 6), and it was not correlated with the contents of 
other elements (p > 0.05). Soil N or Mn contents were not correlated with others. The soil 
Fe content was significantly correlated with the content of soil K, P, Al, As, Cu, Mg, Cd, 
Cr, and Zn, respectively (p < 0.05) (Figure 7). 

 

Figure 6. The correlation between soil organic matter and soil N contents across all soil samples. 

Figure 6. The correlation between soil organic matter and soil N contents across all soil samples.

Forests 2025, 16, x FOR PEER REVIEW 10 of 16 
 

 

 

Figure 7. Correlations between the contents of soil Fe and other soil metal elements. 

3.4. Comparison of Litter Production Between LPFs and MPHF 

Forest litter production was the highest at the MPHF and the lowest at the early and 
late stages of LPF (Figure 8). At the treatment level, litter production was significantly 
correlated with the soil organic matter, K, B, Cu, and Mn contents (p < 0.05) (Figure 9). 

 

Figure 8. Comparison of litter production at the mixed pine and hardwood forest and three stages 
of longleaf pine forest (C: The old mixed pine and hardwood forest; E: the early stage of longleaf 
pine forest; L: the late stage of longleaf pine forest; M: the mature stage of longleaf pine forest. Dif-
ferent letters above error bars mean statistically different). 

Figure 7. Correlations between the contents of soil Fe and other soil metal elements.



Forests 2025, 16, 241 10 of 15

3.4. Comparison of Litter Production Between LPFs and MPHF

Forest litter production was the highest at the MPHF and the lowest at the early and
late stages of LPF (Figure 8). At the treatment level, litter production was significantly
correlated with the soil organic matter, K, B, Cu, and Mn contents (p < 0.05) (Figure 9).
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forest; L: the late stage of longleaf pine forest; M: the mature stage of longleaf pine forest. Different
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4. Discussion
This study used the space-replace-time approach to compare soil organic matter and

nutrients at the MPHF and different successional stages of LPF. This method was usually
used to study slow ecological processes in static spatial data sets. This practice is problem-
atic since ecological processes occur in time, especially in nonstationary environments [28].
Since restoring longleaf pine forests takes a long time, monitoring the soil’s organic matter
and nutrients for such a long time is not practical across a region. In addition, four stands,
as replications to represent each treatment in this region, had limited spatial variations.
It is reasonable to evaluate the contents of soil organic matter and nutrients based on the
aboveground forest types and successional stages.

The soil organic matter content decreased by about 19% after the LPF replaced MPHF.
This result confirmed the first hypothesis. The soil organic matter content continuously
declined in LPF before the mature stage. The decrease of soil organic matter content should
be related to the frequent burnings in LPF. The slight increase of soil organic matter content
at the mature stage may be due to the increase of understory vegetation. Burnings lead to
very little contents of organic matter on the ground and low soil N [29]. In fact, longleaf
pine trees like to live on acidic and infertile sandy soils with low organic matter [30].
Burnings of accumulated organic materials result in soil C and N losses via volatilization.
The soil organic matter fraction change was related to dehydrogenation, de-oxygenation,
and decarboxylation under repeated burnings [25]. However, the ash, which consists of
soil C and N, is considered to leach into the mineral soil [26]. The increase of soil N content
is very limited in this study. Without prescribed burnings or with a longer burning interval,
more woody debris accumulation, and hardwood tree establishment, it may have led to
higher organic matter inputs. However, the development of hardwood trees at the LPF
stands may affect the growth of longleaf pine because longleaf pine is a shade-intolerant
species. Thus, restoring LPF from the MPHF will decrease soil organic matter (or carbon)
content and increase air pollution due to prescribed burning [31].

The restoration of LPF on the MPHF also led to the loss of soil macro-nutrients (N, P, K).
At least 10% of N, 30% of K, and 12% of P contents disappeared. This decline may be
the direct effect of logging and prescribed burning and the indirect effect of soil erosion
and leaching due to rainfall [32–34]. However, it depends on the severity of rainfall just
after prescribed burnings. Losses in forest floor N and organic matter increased with the
frequency of burning [35]. However, some early studies found increased N content in
topsoil after burning [30,36] or no significant change in soil N and P contents [37]. Although
multiple prescribed burnings were conducted on these longleaf pine stands, the result in
this study indicated that the contents of soil nutrients in LPF changed with its successional
stages (e.g., early stage, late stage, or mature stage). Overall, compared with the MPHF, the
contents of soil macro-nutrients declined in the LPF.

Most soil metal elements had lower contents in the LPF than in MPHF, except for
Ca, Ba, and Pb. The increase in soil Pb content might be related to the prescribed burning
process, including applying gasoline for ignition [38]. The high availability of soil Ca
content can affect tree species growth and forest dynamics [39], while high soil Ba content
could be toxic to plants [40]. If a large amount of these elements were washed into a
water body, the water quality would be degraded. However, a previous study found no
change in Ca and Mg concentrations after the initial burning and thinning in the nearby
mixed hardwood forest ecosystem [30]. Significant changes in the contents of magnesium,
calcium, and sodium were also found over the pre-burn to post-burn and green-up time
frame [32]. Trace metal elements in forest soil are mainly from litter decomposition through
biogeochemical cycling. The function of metal elements is critical for forest ecosystems. The
formation of stable soil organic matter is related to the microbial residues associated with
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mineral surfaces [41]. Also, B plays a role in cell wall constituents and is highly required for
plant reproductive structure [42]. The B concentrations in wood and bark are relatively high,
and in two Pinus sylvestris stands, the proportion of B in stem wood and bark could reach
30% and 56% [43]. The difference in B content between forest ecosystems may indicate
differences in physiological function, such as water use [44]. When B enters the root system,
it is strictly transported in the xylem with the occurrence of transpiration [45]. B deficiency
makes trees more susceptible to frost damage, such as the dieback of apical buds and wood
deformation in tree stems [46]. Thus, tree growth and physiological processes can affect
metal elements in soil. This study also found that soil Mn and Fe contents significantly
correlated with the contents of soil organic matter and other metal elements, which does not
support the second hypothesis. The soil Fe content has more correlations with others than
Mn. This result means that Fe has a high co-occurrence with other trace metal elements
for absorbing or binding. Fe-bound organic carbon (OC-Fe), an essential component of
mineral-associated organic carbon, plays a crucial role in the accumulation and preservation
of soil organic carbon through the formation of Fe–organic complexes [47,48]. However, soil
Ca content has a negative correlation with that of Mn and Fe. The partial reason is that Ca
is used to help longleaf pine interfere with disruption in photosynthetic reactions, phenolic
biochemistry, or Mg function [44]. The information on metal elements in different pools
(e.g., soil and foliar) must be integrated to fully understand forest growth and nutrient
use. Further research on the biogeochemical processes of metal elements is needed in
the LPF and MPHF. The major way to lose trace metal elements in forest soil may be
leaching, harvesting, and burning. Thus, the current management approach (e.g., logging
and burning) in longleaf pine restoration may cause a loss in soil metal elements, especially
when the young longleaf pine forest was restored from the original hardwood forest area in
several years (e.g., 3–5 years). Although there might be variability in nutrient changes from
location to location, we should not continue to manage LPF ecosystems without improving
soil fertility over the long term [49,50]. This long-term ecological process and the longleaf
pine ecosystem restoration on soil organic matter and nutrient loss need considerable
study [51].

At the treatment level, the soil organic matter content was positively correlated with
litterfall and most soil metal elements. Litter production in LPFs increased by about 11% to
15% from the early stage to the late stage or from the late stage to the mature stage. This
result is understandable because old longleaf pine trees produce more litter than young
ones. The MPHF had produced 13% more litterfall amount than the mature LPF. Though
the tree ages, density, and environment could affect litter production, this study’s litter
production of longleaf pine is about 50% more than was reported in South Carolina [52].
Generally, it is better to measure litter production for multiple years because of the high
inter-annual variation in litter production. Litter production and accumulation contribute
to organic formation, carbon sequestration, and soil fertility buildup. Based on personal
observation in the study area, the fallen leaves were decomposed within several months,
while needles may last longer. Hardwood leaf litter was also reported to contain high
nitrogen content and facilitate decomposition [53].

5. Conclusions
Restoring longleaf pine forests through burning and harvesting hardwood tree species

is important for this ecosystem. However, after comparing the contents of soil organic
matter, macro-nutrients (e.g., N, P, K), and trace metal elements in the topsoil between
the MPHF and LPF at three successional stages restored from hardwood forests in the
Bankhead National Forest through the space-replace-time approach, the results indicated
that the contents of soil organic matter, macro-nutrient, most trace metal elements, and



Forests 2025, 16, 241 13 of 15

litterfall amount were the highest at the MPHF. This pattern could significantly affect the
capacity of soil carbon and nutrient storage in the LPFs, although further detailed research
on the processes should be conducted across the LPF range. It is unclear whether this is
a general phenomenon across LPFs. Also, did periodic prescribed burnings and logging
lead to this condition? The result of this study may have implications for the current policy
and practices of longleaf pine forest restoration in mixed pine and hardwood forest areas.
For most areas, it is hard to find large patches of hardwood forests within the longleaf pine
historical range. A complete evaluation of the forest’s multiple functions from different
perspectives, including soil ecology, should be considered before ecological restoration.
Longleaf pine forests mixed with patches of hardwood trees may be a good approach to
maintaining soil organic matter and nutrients.

Funding: This research was supported by the USDA 1890COE NREE and Mc-Stennis program.

Data Availability Statement: Data are available at http://datadryad.org/stash/share/08SGOuiBJd8
Nyr7Jq5QY-_oYoG7hFt62PuFQ5WZg4mY (accessed on 20 January 2025).

Acknowledgments: The author thanks Samuel Robinson and William Sutton at Tennessee State
University for the site information, Victor Sennaro for the field assistance at soil sample collection,
and the staff at Bankhead National Forest for the research permission. Five anonymous reviewers’
suggestions greatly improved this manuscript.

Conflicts of Interest: The author declares no conflicts of interest.

References
1. Hodges, A.W. The naval stores industry. In The Longleaf Pine Ecosystem: Ecology, Silviculture, and Restoration; Jose, S., Jokela, E.J.,

Miller, D.L., Eds.; Springer: New York, NY, USA, 2006; pp. 43–48.
2. Jose, S.; Jokela, E.J.; Miller, D.L. The Longleaf Pine Ecosystem: An overview. In The Longleaf Pine Ecosystem: Ecology, Silviculture,

and Restoration; Jose, S., Jokela, E.J., Miller, D.L., Eds.; Springer: New York, NY, USA, 2006; pp. 3–8.
3. Frost, C.C. History and future of the longleaf pine ecosystem. In The Longleaf Pine Ecosystem: Ecology, Silviculture, and Restoration;

Jose, S., Jokela, E.J., Miller, D.L., Eds.; Springer: New York, NY, USA, 2006; pp. 9–42.
4. Outcalt, K.W.; Sheffield, R.M. The Longleaf Pine Forest: Trends and Current Conditions; Resource Bulletin SRS-9; USDA Forest Service,

Southern Research Station: Asheville, NC, USA, 1996.
5. Platt, W.J.; Carr, S.M.; Reilly, M.; Fahr, J. Pine savanna overstorey influences on ground-cover biodiversity. Appl. Veg. Sci. 2016, 9,

37–50. [CrossRef]
6. Rother, M.T.; Huffman, J.M.; Guiterman, C.H.; Robertson, K.M.; Jones, N. A history of recurrent, low-severity fire without fire

exclusion in southeastern pine savannas, USA. For. Ecol. Manag. 2020, 475, 118406. [CrossRef]
7. USDA Natural Resource Conservation Service (NRCS). Longleaf Pine Ecosystem Restoration; FY20-24 Implementation Strategy;

USDA: Washington, DC, USA, 2020.
8. Guldin, J.M. Restoration of native fire-adapted southern pine-dominated forest ecosystems: Diversifying the tools in the

silvicultural toolbox. For. Sci. 2019, 65, 508–518. [CrossRef]
9. Guo, L.B.; Gifford, R.M. Soil carbon stocks and land use change: A meta analysis. Glob. Chang. Biol. 2002, 8, 345–360. [CrossRef]
10. de Blécourt, M.; Brumme, R.; Xu, J.; Corre, M.D.; Veldkamp, E. Soil carbon stocks decrease following conversion of secondary

forests to rubber (Hevea brasiliensis) plantations. PLoS ONE 2013, 8, e69357. [CrossRef]
11. van Straatena, O.; Correa, M.D.; Wolfa, K.; Tchienkouab, M.; Cuellarc, E.; Matthewsd, R.B.; Veldkampa, E. Conversion of lowland

tropical forests to tree cash crop plantations loses up to one-half of stored soil organic carbon. Proc. Natl. Acad. Sci. USA 2015, 112,
9956–9960. [CrossRef]

12. Powers, J.S.; Corre, M.D.; Twine, T.E.; Veldkamp, E. Geographic bias of field observations of soil carbon stocks with tropical
land-use changes precludes spatial extrapolation. Proc. Natl. Acad. Sci. USA 2011, 108, 6318–6322. [CrossRef]

13. Chen, X.; Li, B.-L. Change in soil carbon and nutrient storage after human disturbance of a primary Korean pine forest in
Northeast China. For. Ecol. Manag. 2003, 186, 197–206. [CrossRef]

14. Chen, X.; Xiao, P.; Niu, J.; Chen, X. Evaluating soil and nutrients (C, N, and P) loss in Chinese Torreya plantations. Environ. Pollut.
2020, 263, 114403. [CrossRef]

15. Trumbore, S.E. Potential responses of soil organic carbon to global environmental change. Proc. Natl. Acad. Sci. USA 1997, 94,
8284–8291. [CrossRef]

http://datadryad.org/stash/share/08SGOuiBJd8Nyr7Jq5QY-_oYoG7hFt62PuFQ5WZg4mY
http://datadryad.org/stash/share/08SGOuiBJd8Nyr7Jq5QY-_oYoG7hFt62PuFQ5WZg4mY
https://doi.org/10.1111/j.1654-109X.2006.tb00654.x
https://doi.org/10.1016/j.foreco.2020.118406
https://doi.org/10.1093/forsci/fxz005
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1371/journal.pone.0069357
https://doi.org/10.1073/pnas.1504628112
https://doi.org/10.1073/pnas.1016774108
https://doi.org/10.1016/S0378-1127(03)00258-5
https://doi.org/10.1016/j.envpol.2020.114403
https://doi.org/10.1073/pnas.94.16.8284


Forests 2025, 16, 241 14 of 15

16. Marín-Spiotta, E.; Sharma, S. Carbon storage in successional and plantation forest soils: A tropical analysis. Glob. Ecol. Biogeogr.
2013, 22, 105–117. [CrossRef]

17. Sollins, P.; Homann, P.; Caldwell, B.A. Stabilization and destabilization of soil organic matter: Mechanisms and controls. Geoderma
1996, 74, 65–105. [CrossRef]

18. Verchot, L.V.; Dutaur, L.; Shepherd, K.D.; Albrecht, A. Organic matter stabilization in soil aggregates: Understanding the
biogeochemical mechanisms that determine the fate of carbon inputs in soils. Geoderma 2011, 161, 182–193. [CrossRef]

19. Stendahl, J.; Berg, B.; Lindahl, B.D. Manganese availability is negatively associated with carbon storage in northern coniferous
forest humus layers. Sci. Rep. 2017, 7, 15487. [CrossRef]

20. Zhang, Y.; Hobbie, S.E.; William, H.; Schlesinger, W.H.; Berg, B.; Sun, T.; Zhu, J. Exchangeable manganese regulates carbon storage
in the humus layer of the boreal forest. Proc. Natl. Acad. Sci. USA 2024, 121, e2318382121. [CrossRef]

21. Hofrichter, M. Review: Lignin conversion by manganese peroxidase (MnP). Enzyme Microb. Technol. 2002, 30, 454–466. [CrossRef]
22. Sinsabaugh, R.L. Phenol oxidase, peroxidase and organic matter dynamics of soil. Soil Biol. Biochem. 2010, 42, 391–404. [CrossRef]
23. Butnor, J.R.; Samuelson, L.J.; Johnsen, K.H.; Anderson, P.H.; González Benecke, C.A.; Boot, C.; Cotrufo, M.F.; Heckman, K.A.;

Jackson, J.A.; Stokes, T.A.; et al. Vertical distribution and persistence of soil organic carbon in fire-adapted longleaf pine forests.
For. Ecol. Manag. 2017, 390, 15–26. [CrossRef]

24. USDA Forest Service. Final Environmental Impact Statement, Forest Health and Restoration Project, National Forests in Alabama,
Bankhead National Forest; Management Bull. R8-MB 110B; Department of Agriculture Forest Service: Atlanta, GA, USA, 2003; 353p.

25. Ranatunga, T.D.; He, Z.; Bhat, K.N.; Zhong, J. Solid-state 13C nuclear magnetic resonance spectroscopic characterization of
soil organic matter fractions in a forest ecosystem subjected to prescribed burning and thinning. Pedosphere 2017, 27, 901–911.
[CrossRef]

26. Noble, M.M.; Dillon, W.; Mhila, M. Initial response of soil nutrient pools to prescribed burning and thinning in a managed forest
ecosystems of northern Alabama. Soil Sci. Soc. Am. J. 2009, 73, 285–292. [CrossRef]

27. Sikora, F.J.; Moore, K.P. Soil Test Methods From the Southeastern United States; Southern Extension and Research Activity Information
Exchange Group-6 (SERA-IEG-6); Southern Cooperative Series Bulletin No. 419; University of Georgia: Clemson, SC, USA, 2014.

28. Damgaard, C. A Critique of the Space-for-Time Substitution Practice in Community Ecology. Trends Ecol. Evol. 2019, 34, 416–421.
[CrossRef] [PubMed]

29. Varner, J.M.; Gordon, D.R.; Putz, E.; Hiers, J.K. Restoring fire to long-unburned Pinus palustris ecosystems: Novel fire effects and
consequences for long unburned ecosystems. Restor. Ecol. 2005, 13, 536–544. [CrossRef]

30. Boyer, W.D. Pinus palustris Mill. Zn Silvics of North America. Vol. 1. Conifers; Burns, R.M., Honkala, B.H., Eds.; USDA Handbook:
Washington, DC, USA, 1990; Volume 654, pp. 405–412.

31. Chen, X.; Willis, J.L. Interactions of Biosphere and Atmosphere within Longleaf Pine Restoration Areas. Atmosphere 2022, 13, 1733.
[CrossRef]

32. Dunson, C.P.; Oswald, B.P.; Farrish, K.W. Comparing the Effects of Prescribed Burning on Soil Chemical Properties in East Texas
Forests with Longleaf and Other Southern Pines in the Overstory. Forests 2023, 14, 1912. [CrossRef]

33. Neary, D.G.; Overby, T.; Haase, S.M. Effects of Fire Interval Restoration on Carbon and Nitrogen in Sedimentary- and
Volcanic-Derived Soils of the Mogollon Rim, Arizona. In Proceedings of the Fire, Fuel Treatments, and Ecological Restora-
tion (RMRS-P-29), Fort Collins, CO, USA, 16–18 April 2003; pp. 105–115.

34. USDA Natural Resources Conservation Service. Soil nitrogen. In Soil Quality Kit-Guide for Educators; USDA Natural Resources
Conservation Service: Washington, DC, USA, 2014.

35. McKee, W.H., Jr. Changes in Soil Fertility Following Aboveground Biomass, Forest Floor Mass, and Nitrogen and Prescribed Burning on
Coastal Plain Pine Sites; Research Paper RE-234; USDA Forest Service: Asheville, NC, USA, 1982; 23p.

36. Schoch, P.; Binkley, D. Prescribed burning increased nitrogen availability in a mature loblolly pine stand. For. Ecol. Manag.
1986, 14, 13–22. [CrossRef]

37. Boyer, W.D.; Miller, J.H. Effect of burning and brush treatments on nutrient and soil physical properties in yoting longleaf pine stands.
For. Ecol. Manag. 1994, 70, 311–318. [CrossRef]

38. Baieta, R.; Vieira, A.M.D.; Vankova, M.; Mihaljevic, M. Effects of forest fires on soil lead elemental contents and isotopic ratios.
Geoderma 2022, 414, 115760. [CrossRef]

39. Dijkstra, F.A. Calcium mineralization in the forest floor and surface soil beneath different tree species in the northeastern US.
For. Ecol. Manag. 2003, 175, 185–194. [CrossRef]

40. Cappuyns, V. Barium (Ba) leaching from soils and certified reference materials. Appl. Geochem. 2018, 88, 68–84. [CrossRef]
41. Liang, G.; Stark, J.; Waring, G.B. Mineral reactivity determines root effects on soil organic carbon. Nat. Commun. 2023, 14, 4962.

[CrossRef]
42. Dell, B.; Huang, L. Physiological response of plants to low boron. Plant Soil 1997, 193, 103–120. [CrossRef]
43. Lehto, T.; Ruuhola, T.; Dell, B. Boron in forest trees and forest ecosystems. For. Ecol. Manag. 2010, 260, 2053–2069. [CrossRef]

https://doi.org/10.1111/j.1466-8238.2012.00788.x
https://doi.org/10.1016/S0016-7061(96)00036-5
https://doi.org/10.1016/j.geoderma.2010.12.017
https://doi.org/10.1038/s41598-017-15801-y
https://doi.org/10.1073/pnas.2318382121
https://doi.org/10.1016/S0141-0229(01)00528-2
https://doi.org/10.1016/j.soilbio.2009.10.014
https://doi.org/10.1016/j.foreco.2017.01.014
https://doi.org/10.1016/S1002-0160(17)60439-9
https://doi.org/10.2136/sssaj2007.0137
https://doi.org/10.1016/j.tree.2019.01.013
https://www.ncbi.nlm.nih.gov/pubmed/30824195
https://doi.org/10.1111/j.1526-100X.2005.00067.x
https://doi.org/10.3390/atmos13101733
https://doi.org/10.3390/f14091912
https://doi.org/10.1016/0378-1127(86)90049-6
https://doi.org/10.1016/0378-1127(94)90096-5
https://doi.org/10.1016/j.geoderma.2022.115760
https://doi.org/10.1016/S0378-1127(02)00128-7
https://doi.org/10.1016/j.apgeochem.2017.05.002
https://doi.org/10.1038/s41467-023-40768-y
https://doi.org/10.1023/A:1004264009230
https://doi.org/10.1016/j.foreco.2010.09.028


Forests 2025, 16, 241 15 of 15

44. Sayer, M.A.S.; Eckhardt, L.G.; Carter, E.A. Nutrition challenges of longleaf pine in the Southeast. In Proceedings of the SAF 2009
National Convention, Orlando, FL, USA, 30 September–4 October 2009; Society of American Foresters: Washington, DC, USA, 2009.

45. Marschner, H. Mineral Nutrition of Higher Plants; Academic Press: Cambridge, MA, USA, 1995; 889p.
46. Dugger, D.M. Boron in plant metabolism. In Encyclopedia of Plant Physiology; New Ser. vol 15B, Inorganic Plant Nutrition;

Lauchli, A., Bieleski, R.L., Eds.; Springer: Berlin/Heidelberg, Germany, 1983; pp. 626–650.
47. Jia, N.; Li, L.; Guo, H.; Xie, M. Important role of Fe oxides in global soil carbon stabilization and stocks. Nat. Commun. 2024, 15,

10318. [CrossRef] [PubMed]
48. Wen, Y.; Xiao, J.; Goodman, B.A.; He, X. Effects of organic amendments on the transformation of Fe (oxyhydr) oxides and soil

organic carbon storage. Front. Earth Sci. 2019, 7, 257. [CrossRef]
49. Johnston, J.M.; Crossley, D.A., Jr. Forest ecosystem recovery in the southeast US: Soil ecology as an essential component of

ecosystem management. For. Ecol. Manag. 2002, 155, 187–203. [CrossRef]
50. Mickler, R.A. Southern pine forests of North America. In Impact of Air Pollutants on Southern Pine Forests; Fox, S., Mickler, R.A., Eds.;

Springer: New York, NY, USA, 1996; pp. 2–57.
51. Christensen, N. The effects of fire on nutrient cycles in longleaf pine ecosystems. In Proceedings of the Tall Timbers Fire Ecology

Conference. No. 18, The Longleaf Pine Ecosystem: Ecology, Restoration and Management (May 30 -June 2, 1991, Tallahassee, FL);
Hermann, S.M., Ed.; Tall Timbers Research Station: Tallahassee, FL, USA, 1993.

52. Gresham, C. Litterfall patterns in mature loblolly and longleaf pine stands in coastal South Carolina. Forest Sci. 1982, 28, 223–231.
53. Masuda, C.; Kanno, H.; Masaka, K.; Morikawa, Y.; Suzuki, M.; Tada, C.; Hayashi, S.; Seiwa, K. Hardwood mixtures facilitate leaf

litter decomposition and soil nitrogen mineralization in conifer plantations. For. Ecol. Manag. 2022, 507, 120006. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-024-54832-8
https://www.ncbi.nlm.nih.gov/pubmed/39609446
https://doi.org/10.3389/feart.2019.00257
https://doi.org/10.1016/S0378-1127(01)00558-8
https://doi.org/10.1016/j.foreco.2021.120006

	Introduction 
	Material and Methods 
	Study Area 
	Treatments 
	Soil Sample Analysis 
	Litter Production 
	Statistical Methods 

	Results 
	Comparison of the Contents of Soil Organic Matter and Nutrients in LPFs and MPHF 
	Correlations Among Soil Organic Matter, Macro-Nutrients, and Trace Metal Elements at the Treatment Level 
	Correlations Among the Contents in Soil Organic Matter, Macro-Nutrients, and Trace Metal Elements Across All Samples 
	Comparison of Litter Production Between LPFs and MPHF 

	Discussion 
	Conclusions 
	References

