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Soil organic carbon (SOC) mass and its constituents, chemistry, and isotopic signatures (D14C, d13C) were
examined for two different loblolly pine (Pinus taeda L.) research installations located in north-central
Florida. Both studies were designed as split-plots with the whole plots as different levels of fertilization
and herbicide application (cultural intensity), and full-sib families of loblolly pine were the splits. The
cultural intensities and the families of loblolly pine were different at each site and so each site was ana-
lyzed separately. The plantations were aged 9 or 10 years at the time of soil sampling. At both sites, the
overall mass of SOC to a depth of 0–30 cm was unresponsive to the level of family growth or cultural
intensity and did not show a trend with aboveground biomass. The SOC pool was further separated into
live roots and wood; and density fractionation was used to separate the SOC sample into a light fraction
(LF) (<1.7 g cm�3) and heavy fraction (HF) with the LF dissected further for charcoal and dead roots.
Higher fertilization levels generally depressed fine root (<1 mm) biomass, but whether the effect was sig-
nificant varied with family and soil horizon. The HF was a relatively small component (<5%) of SOC in
these sandy textured soils, but at one of the two sites, the HF was significantly increased with more inten-
sive silviculture and for the faster growing family. The D14C value of the LF-SOC for one slow growing
family under low culture (136 ± 11‰) differed from the faster growing low culture plot, and its relation-
ship to the atmospheric D14C record suggested that the LF-SOC likely originated prior to stand establish-
ment. The LF chemistry was determined with solid-state 13C nuclear magnetic resonance (NMR) and
cultural intensity did not significantly affect SOC chemistry. However, the family effect was significant
for carbohydrates at one site, and for lignin and lipids at the other site. Overall, these results suggest that
tree genetics in managed forests can influence SOC chemistry and that the relatively small fractions of
SOC can change with management intensity; however, the effect of cultural intensity is minimal for
the largest components of SOC and there is no clear relationship between SOC dynamics and above-
ground production under the management regimes, and stand ages, examined with these two research
installations.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction
The forests of the southeastern United States are important to
the region’s C cycling, offsetting nearly 13% of annual anthro-
pogenic CO2 emissions through C sequestration (Han et al.,
2007). The region’s forests are changing; however, with a growing
proportion of the land base that was once unmanaged woodland
now being intensively managed pine forests (Wear and Greis,
2002). Intensive pine forest management involves silvicultural
practices such as fertilization, the control of competing vegetation,
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and the planting of genetically-improved seedlings. These practices
are used because they increase net primary production, which
could affect regional C budgets through sequestration in
long-lived wood products and by shortening the time before peak
biomass is reached (Gan et al., 2012). In addition, soil organic car-
bon (SOC) response to these treatments could be beneficial to C
sequestration as some studies have observed increased SOC with
fertilization (Shan et al., 2001; Vogel et al., 2011). Alternatively, a
negative trend in SOC has been observed with intensive weed con-
trol (Shan et al., 2001; Echeverría et al., 2004). Tree genetic makeup
has also been shown to shift soil structure and C distribution in
SOC fractions in as few as 6 years after planting (Sarkhot et al.,
2008). Together these studies suggest that management
approaches may change the SOC dynamics of managed forests,
potentially altering the degree that these forests offset anthro-
pogenic emissions of CO2.

Forest management approaches are designed to increase forest
productivity, as a result, the practices will also mostly increase the
rate of C input to SOC. Silvicultural treatments increase above-
ground productivity, and with this change the rate of canopy
development and self-thinning rates, resulting in increased needle
and wood litter inputs to the surface SOC (Jokela and Martin,
2000). Leaching of dissolved organic carbon to surface mineral soils
may also increase with organic layer thickness, and belowground
inputs to SOC as coarse root fractions would increase with tree size
(Jenkins et al., 2003). In contrast to aboveground components of
the C cycle, fine root production with fertilization in managed
loblolly pine forests can decrease (Maier and Kress, 2000) or
increase (King et al., 2002). The elimination of competing under-
story plants has been shown to decrease root biomass in managed
pine stands (Shan et al., 2001). In comparison to silvicultural prac-
tices, the effects on belowground processes by the deployment of
specific genotypes is less studied for southern pine forests, but
Tyree et al. (2014) found that variation in aboveground character-
istics for different genotypes of loblolly pine corresponded to vari-
ation in both soil CO2 efflux and heterotrophic respiration.

Losses of C from SOC will be directly affected by how silvicul-
tural practices influence microbial activity as it responds to
changes in nutrient availability, the chemistry and abundance of
different substrates, and soil structure. For nutrient availability,
microbial response to N additions has been extensively studied,
but the results have been mixed. Many studies have observed a
suppression of the microbial enzymes that are focused on recalci-
trant materials (e.g. lignin) (Neff et al., 2002; Keeler et al., 2009),
while the decomposition of more easily decomposed materials
(e.g. cellulose) has either increased or not changed (Sinsabaugh
et al., 2005; Grandy et al., 2008). In grain agricultural systems,
SOC has sometimes increased with fertilization (Luo et al., 2010),
but the effect is often dependent on the soil depth examined
(Khan et al., 2007). Similar to cereal cropping systems, intensively
managed southern pine forests are often fertilized with both N and
P together (Fox et al., 2007), with K and other macronutrients
(Carlson et al., 2014), or in a mixture that includes micronutrients
(Vogel and Jokela, 2011); these varied nutrient additions could
cause significant deviation from what has been commonly
observed for N alone. Nutrient additions may also indirectly affect
the chemistry of what substrate is deposited because of changes in
relative allocation between roots and aboveground litter (King
et al., 2002), which might shift among different genotypes of
loblolly pine (Tyree et al., 2014). The chemistry of litter tissues is
also directly affected by competition control, which generally
removes deciduous species that often have a tissue chemical
makeup that results in faster decomposition. In contrast, native
SOC from deciduous forests can have lower rates of microbial res-
piration rates than SOC from coniferous forests (Fissore et al.,
2008). Genotypes of loblolly pine will naturally have differences
in tissue chemistry, with a commonly planted genotype in man-
aged forests having a variant in the lignin concentration of wood
(Ralph et al., 1997). Moreover, resin production is under significant
genetic control and increases with the rate of tree growth
(Westbrook et al., 2013).

Forest management in the southeastern United States generally
involves the varied use of multiple practices (fertilization, compe-
tition control, genetic deployment) to increase tree productivity.
Because these silvicultural practices are applied in range of ways
that make it difficult to relate binary treatment designs (e.g. fertil-
ization vs. no-fertilization) to actual forestry practices, the overall
objective of this research was to determine if the level of tree pro-
ductivity brought about by silvicultural intensity (fertilization
levels, competition control) and the genetic deployment of specific
families of loblolly pine affected the accumulation of SOC, and the
chemical makeup of SOC. Two sites that had contrasts in silvicul-
tural experiments and that incorporated two replicate family
blocks � silvicultural intensity treatments were studied in
north-central Florida. Previous research in one of the proposed
research sites indicated that both Fertilization and Family influ-
enced soil aggregate formation and stabilization in as few as
4 years (Sarkhot et al., 2007a,b, 2008). We hypothesized that
increased aboveground productivity would correspond to an
increase in soil C amounts and that this change would be reflected
in changes in chemistry and a shift in the radiocarbon signatures of
SOC towards modern atmospheric values.
2. Methods

The two research sites are part of a series of experiments estab-
lished by the University of Florida’s Forest Biology Research
Cooperative. These experiments were designed to test the effects
of relative levels of management intensity and genetic deployment
on forest growth. One study site was located northeast of
Gainesville, FL, in the Austin Carey Experimental Forest (ACF)
(29�4405800N, 82�1300300W). The other study site was located near
Sanderson, FL (30�1402500N, 82�1905400W). The areas have a similar
average temperature of 20 �C, with Lake City, FL approximately
14 km west of Sanderson having an average precipitation of
1360 mm and Gainesville, FL approximately 8 km from ACF having
an average precipitation of 1228 mm (National Climate Data
Center, 1971–2000). Both studies were established on poorly
drained Spodosols (Pomona and Leon series for the ACF and
Sanderson sites, respectively) (USDA Soil Survey Staff). The
Pomona series is classified as a sandy, siliceous, hyperthermic
Ultic Alaquod, while the Leon series is classified as a sandy, silic-
eous, thermic Aeric Alaquod. The Pomona series has a Bh (spodic)
horizon within 74 cm of the surface and a Btg (argillic) horizon at a
depth of 130 cm. The Leon series has a Bh horizon within 38 cm of
the surface, but does not contain an argillic horizon.

Both of the studied forests were previously slash pine (Pinus
elliottii Engelm var. elliottii) forests, and after the initial harvest a
raised bed was created with a harrow plow. The beds at the high
and low intensity Sanderson plots, and the high intensity ACF plots
received two passes of the plow, and the low intensity ACF plot
received one pass of the plow. The loblolly pine was hand planted,
with the Sanderson site planted in January 2000 and the ACF site
planted in December 2000, resulting in a 1-year difference in stand
age. The high and low intensity treatments were both treated
before planting with the herbicides Chopper� (imazapyr) and
Garlon� (triclopyr) at manufacturer-prescribed rate listed on the
packaging. After the initial planting, divergent levels of fertilization
and herbicide control were implemented in order to create varia-
tion in management intensity that could be used to assess tree
growth response. At both sites, the high intensity management



Table 1
Cumulative element nutrient application rates for high and low culture treatments through 2008 in two managed loblolly pine sites in Florida.

Site Culture N P K Mg Ca S B Zn Mn Fe Cu
kg ha�1

ACF H 450 100 150 38 11 67 1 3 3 8 1
L 50 60 0 0 0 0 0 0 0 0 0

Sanderson H 760 180 120 45 45 65 1 3 2 32 4
L 220 80 0 0 0 0 0 0 0 0 0
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plots had undergone repeated vegetation control soon after tree
planting and received fertilization in the first year. In addition, spot
treatments kept ground cover below a 30% threshold through age 3
on the intensive plots. By age 5, the tree crowns had closed the
canopy and the herbaceous and woody understory coverage was
relatively sparse at both Sanderson (Roth et al., 2007) and ACF
(Vogel, personal observation). The total amounts of elemental fer-
tilizer differed between the high- and low-intensity treatments
(Table 1), with application rates varying at each site.

Multiple families of controlled-pollinated loblolly pine (full-sib)
were planted at both sites but only a relatively ‘fast’ and ‘slow’
growing family was contrasted. We note, however, that all four
families were likely superior growers relative to genetic material
from natural forests because the families were crosses of 2nd gen-
eration genetic selections. The fast growing families at both sites
had a common parent ‘‘Loblolly pine 756’’. Originally from South
Carolina, this family has been one of the most widely planted
loblolly pine families in the southeastern United States. The rela-
tively slow growing families at both sites did not have a common
parent. The slow growing family at ACF had its provenance from
east Texas, USA while the provenance of the slow growing family
at Sanderson was unknown and likely from a mixture of regions.
The loblolly pine families were planted as containerized 1-year
seedlings, at the Sanderson site at a spacing of 1.22 m � 2.75 for
2990 trees ha�1 while at ACF the seedlings were planted at
1.83 m � 3.05 m spacing or 1790 trees ha�1. Plots for each treat-
ment and family were replicated within each of four blocks, result-
ing in 16 research plots at each site. The trees in each research plot
were measured for diameter at 1.37 m and tree height (Drum,
2014), and these measurements were used with generalized allo-
metric relationships for loblolly pine to estimate aboveground bio-
mass (Gonzalez-Benecke et al., 2014). All tissues were assumed to
be 50% C.

Three soil cores were collected from the sides of beds within a
plot. The sampling location was at the intermediate point between
two live trees, with the first of the two trees randomly selected.
The next tree in the row needed to be alive for the location to be
used, if it was not, then another live tree was randomly selected.
The reason for this restricted sampling was that the effects of the
genotypes would have been concentrated on the beds for the first
few years after planting, and because fertilizers and spot herbicide
treatments were directed towards the bed. Although this sampling
precludes a full assessment of stand level effects of silviculture and
genetics on SOC processes, a fully random sampling of the beds and
the inter-bed areas would have likely included a significant
amount of variation that obscured treatment effects.

Sampling occurred in January of 2010 at Sanderson, and April of
2010 at ACF. The soil was sampled with a 7.5 cm diameter steel
corer that was 1.5 m long. The A horizon was divided into an upper
10 cm to create a consistent sampling unit, and then the remaining
A horizon collected. This remainder stopped at the transition from
the A and AE to the E. The E horizon was included as a distinct hori-
zon in all cores; however, its C concentration was too low for anal-
ysis. The Bh horizon was encountered at varying depths across
plots and often the full horizon could not be retrieved with the soil
corer because of a shallow water table. At Sanderson, at least every
plot had some of the Bh horizon collected and these partial sam-
ples were analyzed for proportional contributions of different frac-
tions but not compared statistically. Each horizon was composited
at the plot level.

The collected soils were composited by horizon for a plot,
passed through a 2 mm sieve, and the material collected on the
sieve separated into live root fractions (<1 mm, 1–2 mm, and 2–
5 mm) or wood debris that was distinguishable from dead fine
roots. Dead fine roots and char generally passed through the sieve
and were collected during the density fractionation. The passed
through mineral soil was analyzed for texture (hydrometer
method) for four plots of each cultural intensity, and pH (1:2 soil
to distilled H2O) was measured for all plots.

Sieved mineral soils were further differentiated using density
fractionation (Golchin et al., 1997). Density fractionation has
become a common way to separate particulate organic carbon
(light fraction) from mineral and organo-mineral particulates
(heavy fraction) in soil studies (Young and Spycher, 1979).
Various methods have been developed to separate soil into differ-
ent fractions based on both size and density, using physical and
chemical fractionation methods (Trumbore and Zheng, 1996),
however, we applied a 2-pool fractionation technique using
sodium polytungstate (SPT; H2Na6O40W12; Geoliquids, IL) as
the separating heavy liquid solution. SPT is an inert, low-toxicity
material commonly used for density separation. Batches of SPT
were prepared in 1 L quantities, where 741 g of SPT was added to
856 mL of de-ionized water to provide a density of 1.7 g cm�3.
Then 125 mL of this SPT mixture was added to �35.0 g of field
moist soil in 225-mL polycarbonate conical-bottomed centrifuge
tubes. The amount of solution was set to 3� the mass of estimated
dry soil in order to ensure proper separation between soil fractions
(Strickland and Sollins, 1987; Crow et al., 2007). Tubes were sha-
ken standing upright for 1 h in order to suspend the LF (Sollins
et al., 2006) and subsequently, vials were left to sit for 1 h to sep-
arate gravimetrically. Vials were then centrifuged for 30 min at
2400 rpm to accelerate separation (Crow et al., 2007).

The supernatant from the centrifuged samples was aspirated
into a 125 mL Erlenmeyer flask, and the centrifuge tubes rinsed
with 1.7 g cm�3 SPT in order to include all particles clinging to
the sides and lid in the aspirated liquid. Particles that clogged up
the aspirator were carefully removed using tweezers and added
to the liquid. The aspiration hose was rinsed at the end with the
SPT solution in order to ensure inclusion of all particles in the hose.
This aspirated liquid (the LF or H) was then decanted into a 3-piece
Whatman filter with a pre-weighed and pre-dried Whatman GF/F
filter (0.7 lm pore size). The liquid was run through this
vacuum-filtration system, and the sides of the filter reservoir
rinsed with SPT solution in order to rinse particles down to the
level of the filter paper. The filtered SPT solution was then collected
and labeled for later recovery using a recovery column (Six et al.,
1999). De-ionized water was then used to fill the filter reservoir
in order to rinse the sample and was run through the system
through the same filter. Once all the filtering was completed, the
LF or HF captured on the filter was placed in a petri dish and
weighed wet before being placed in the drying oven to dry for at
least 48 h.
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Charcoal floats at low liquid densities and therefore remains in
the light fraction after separation (Golchin et al., 1997). To remove
recalcitrant charcoal and the dead root fragment fraction from the
LF, the dried samples on the filters were dissected for �2 h by hand
using fine-tipped tweezers and a dissecting microscope set to 10�
magnification. Charcoal was likely present in these ecosystems due
to frequent burning during pre-colonial up through the
mid-twentieth century (Carter and Foster, 2004), though the for-
ests had not burned since the recent planting. For elemental and
isotopic analysis, the picked charcoal and roots were aggregated
at the site and cultural treatment level. Charcoal and dead root
fractions were also dried for at least 48 h at 65 �C.

The sediment that remained in the centrifuge vials subsequent
to aspiration was rinsed by adding 150 mL de-ionized water, sha-
ken for 15 min, and centrifuged (at 2400 rpm) for 15 min (Crow
et al., 2007). The supernatant was aspirated and placed in a
500 mL beaker. This was performed a total of four times, resulting
in a total of 500 mL of supernatant for each vial. This collected
supernatant was run through the vacuum-filtration system, using
a pre-weighed, pre-dried Whatman filter. This sample was labeled
and its final dry weight added to that of the light fraction.

The sediments left over from the final rinse were determined to
be the mineral-associated humic substances or HF. In order to
include the sediment remaining on the bottom of the vial after
scooping, 150 mL of de-ionized water was added to the vial and
it was shaken by hand, run through the filtration system, and col-
lected onto pre-dried filter paper. This sample was dried 48 h and
its dry weight added to that of the HF. Every 8th sample run was a
control and so for the LF separation, pure SPT was used and for the
rinsing steps, pure de-ionized water was used. Deionized water
was used to rinse the final HF sample.

The LF and HF for the A horizon and the A-Ae horizon, the char-
coal fragments, and the dead roots were then ground with a mortar
and pestle in preparation for C and N analysis and dry-ashing. The
C and N analysis was performed with a NC analyzer (Flash EA 1112,
ThermoElectron, Milan, Italy) on the LF, dead roots, and charcoal
fragments. The per sample mass of dead roots and charcoal frag-
ments were very low and were composited for adequate sample
preparation but the C concentrations were applied to all mass esti-
mates. The C concentration of the HF proved to be too low for the
NC analyzer and, therefore, a 10 g sample was dry-ashed at 450 �C
for 4 h to estimate organic carbon content. To estimate the amount
of C in the HF so that this fraction could be compared to the other
constituents, the % organic carbon estimate obtained with the
dry-ashing method was assumed to be 50% C (Broadbent, 1953).

Isotopic analyses (13C/12C and 14/12C ratios) were performed on
the LF samples for the 0–10 cm horizon, and the composite char-
coal and dead roots. The samples were first combusted inside pre-
viously heat-treated and evacuated quartz tubes that were sealed
with the sample and cupric oxide (Vogel, 1992). The combusted
sample was then released into a vacuum line and purified to only
CO2 using liquid N2 and further reduced into graphite via Fe reduc-
tion in He (Vogel, 1992). Graphite samples were sent to the UC
Irvine W. M. Keck Carbon Cycle Accelerator Mass Spectrometry
Laboratory for d13C and D14C analysis. The delta notation was used
for the stable isotopic signature:

d13Cð‰Þ ¼ 13C=12C
� �

sample=
13C=12C
� �

PDB

h i
� 1

� �
� 1000

where the isotopic ratio of the sample is divided by the isotopic
ratio of a common standard (Pee Dee Belemnite (PDB)).
Radiocarbon estimates were normalized for varying 13C/12C ratios
with a standardization of the d13C value to 25‰, and were normal-
ized for radioactive decay to a standard, oxalic acid (OX1,
d13C = �19‰) that is radiocarbon age-corrected to the year 1950
(Stuiver and Polach, 1977). In addition, the OX1 standard’s
measured activity is reduced by multiplying by 0.95, giving the frac-
tion modern (F14C) of the sample:

F14C ¼ 14C= 12Cþ 13C
� �

sample

h i
= 0:95 � 14C= 12Cþ 13C

� �
ðox1Þ

� �h i� �

The F14C values were converted to the more commonly used
D14C:

D14Cð‰Þ ¼ F14C � expð�ðy� 1950Þ=8267Þ � 1
� �

� 1000

where y equals the year of measurement, 1950 is the reference year
for the OX1 standard, and 8267 is the mean life, or average number
of years before radiocarbon undergoes radioactive decay (Torn
et al., 2009). Estimates of analytical error were on average ±1.8‰

for D14C.
Nuclear magnetic resonance (NMR) was used to characterize

the chemical constituents of the LF components of the 0–10 cm
depth soil. The NMR spectra were obtained on a 300 MHz magnet
with a Bruker AVANCE III spectrometer located at Baylor
University’s Paul Marchand laboratory. Between 40 and 120 mg
were packed into a 4 mm (outside diameter) NMR rotor with a
Kel-F cap, and spun at an MAS frequency of 12 kHz. The soil C func-
tional group distribution was measured by a ramped-amplitude
cross polarization pulse sequence with a contact time of 2 ms
and a recycle delay time of 2.5 s and approximately 20,000–
35,000 acquisitions (scans) were collected for each sample. The
data collected were treated with an exponential appodization
function and Fourier-transformed with 50–75 Hz line broadening
to obtain a spectrum to which we applied manual phase and base-
line corrections.

All NMR spectra were integrated according to predominant C
functional groups located in the chemical-shift regions specified
by Baldock et al. (2004). The peak areas were corrected for spin-
ning sidebands of aromatic, phenolic and amide/carboxyl C using
a computational procedure, and the corrected peak areas then fit-
ted using the molecular mixing model of Baldock et al. (2004). The
model also uses the elemental C/N ratios, measured by combustion
elemental analysis, as a constraint in calculations of the
N-containing compounds (protein and charcoal). The model
returned estimates of the mass percentage of carbohydrate, pro-
tein, lignin, lipid, carbonyl, and charcoal; in addition to the sum
of squares of deviation of spectra areas (measured vs. modeled)
as means of assessing ‘‘goodness of fit’’. The accepted the model
results if the sum of squares for these samples was <4% of the spec-
tral area.

3. Statistics

The study sites were analyzed separately because they were dif-
ferent aged forests with different prior treatment histories
(Table 1) and tree densities. All treatment comparisons were con-
ducted using a split plot design with fertilization as the whole plot,
and the loblolly pine families as the split. The analyses were per-
formed using SAS statistical software (v 9.3) with the PROC
MIXED command. Each soil component’s mass and total C amounts
were examined for normality using the Shapiro–Wilks test. Only
the heavy fraction was log-transformed. The NMR estimates for
chemical fractions, and percentage C values for soil fractions were
transformed with a logistic function, as these values were
expressed as percentages (Warton and Hui, 2011). Where a signif-
icant interaction was observed, treatment means were contrasted
and p-values adjusted using the Tukey’s HSD adjustment. Where
averages are shown, the associated standard error from the full
model is shown in the table entry. A significance level of p < 0.1
was used because of the heterogeneous nature of soil characteris-
tics and the importance of estimating whether a change in a SOC
constituent did occur.



Table 3
Soil C concentrations and estimated mass for the A to AE horizons and bedded areas of
two managed pine forests (ACF, Sanderson) in Florida with a fast and slow growing
family and a high and low culture. There were no significant differences among
treatments and the mass values include dead roots and char fragments.

Soil Carbon (%) Fast grower Slow grower

Depth (cm) or Mass High Low High Low

ACF
0–10 %C 4.5 (1.1) 4.4 3.2 5.5

Mg C ha�1 22.0 (4.0) 25.4 23.2 26.5
10–29a %C 1.8 (0.56) 1.8 1.8 2.3

Mg C ha�1 21.0 (6.4) 19.2 24.8 26.9

Sanderson
0–10 cm %C 2.6 (0.48) 2.5 2.5 3.1

Mg C ha�1 24.0 (1.9) 23.8 24.6 26.1
10–31 cm %C 2.9 (0.38) 2.6 2.4 2.9

Mg C ha�1 29.5 (5.6) 27.7 26.4 31.1

a Equivalent to the A horizon to AE transition.
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4. Results

4.1. Soil characteristics

The transition from the A horizon to E horizon, or an AE horizon,
occurred between 29 ± 6 cm (ACF) and 31 ± 4 cm (Sanderson)
depth and its thickness was unaffected by treatment. A distinctive
E horizon was observed around 30–50 cm depth at both sites. The
Bh horizon was encountered between 42 cm and 109 cm at the
Sanderson site (average = 63 cm) and this depth was unaffected
by treatment. The Bh layer tended to be deeper at the ACF site
(68–110 cm) and was often not present or could not be entirely
recovered with the soil corer at both sites, and for this reason, it
was not included in the statistical comparisons. Textural analysis
indicated that the A horizon varied little and was similar within
and between both sites, ranging from 91–93% sand, 5–7% silt,
and 1–2% clay. Soil pH ranged from 3.8 to 4.1 across both sites
for the surface horizons (0–30 cm) with no significant differences
among treatments within a site.
4.2. SOC and constituents

The amount of SOC in the surface A horizon (0–10 cm) ranged
between 22.0 and 26.5 Mg C ha�1, and in the A to AE horizon
(10–29 cm or 10–31 cm), the SOC mass ranged between 19.2 and
31.2 Mg C ha�1 across sites and treatments (Table 3). Together
these two horizons contained as much or more C
(average = 48 Mg C ha�1) as the aboveground biomass of many
treatments (Table 2). Despite the relatively large range in C con-
centration and SOC amounts, there were no significant differences
in the C concentration or SOC for either soil layer.

The SOC constituents (root fractions and detrital wood) were a
relatively small percentage of total SOC (<10%) but significant con-
trasts were found for Culture, Family, and Family � Culture for
these fractions. The most common significant main effect was for
the fine roots (<1 mm), where at ACF the high cultural treatment
had a significantly (p < 0.1) lower root biomass than the low cul-
tural treatments at both depth intervals (Table 4). For the <1 mm
fine root biomass at Sanderson, the culture main effect was signif-
icant for the 0–10 cm horizon (p < 0.05) and the interaction
Family � Culture significant for the 10–31 cm horizon (Table 4).
There was also a significant Family � Culture interaction for the
1–2 mm fraction at Sanderson. The interactions suggest that under
low culture, the fastest growing family allocated a greater propor-
tion of biomass carbon to fine root production than the other fam-
ily and treatment combinations. The other significant result for
Sanderson was for the wood fragments found in the 0–10 cm layer,
where both the Family and Culture main effects were significant
(p < 0.05) reflecting a relative increase for the fast-growing family
and high cultural treatment.
Table 2
Aboveground biomass accumulation for two managed pine sites in Florida having two
levels of cultural intensity and a relatively fast and slow growing family of loblolly
pine.

Site Culture Age Fast grower Slow Grower
Mg C ha�1

ACFa High 10b 37.3b 31.9
Low 24.0 12.9

Sandersona High 11 58.2 50.4
Low 36.7 31.7

a Drum (2014).
b Soil sampling occurred �1 year prior to the biomass estimate.
4.3. Density fraction characteristics

The LF contributed the greatest proportion (83–85%) to SOC car-
bon content relative to the HF and the constituents (dead roots,
charred material) within the LF (Table 5). There were no significant
Family or Culture effects for the LF mass or its constituents. For the
Sanderson site, both the Family and Culture effect was significant
(p < 0.05) for HF in the A to AE horizon (10–31 cm) (Table 5), a
result that followed similar but non-significant trends in the sur-
face A horizon. At the Sanderson site, the charcoal picked from
the 0–10 cm LF was the next largest proportional contributor to
SOC carbon content at 3% of total SOC-C mass, while at ACF, the
HF at 4% of SOC-C mass was the next largest fraction. Deeper
within the A horizon, the HF became the next largest contributor
to SOC at both sites after the LF (Table 5), with dead roots and char-
coal contributing very similar amounts.

The average d13C signature of the LF of the A horizon (0–10 cm)
ranged from �27.2‰ to �30.2‰ and from 81‰ to 136‰ for D14C
(Table 6). There was a general trend for d13C to be more negative
under low culture at both sites, but the trend was not significant
at either site (Table 6). For D14C there were no consistent trends
with culture, but at ACF a significant Family � Culture interaction
reflected that the slow growing, low culture treatment combina-
tion had a more positive value than the other treatment combina-
tions and differed significantly from the fast grower, low culture
treatment combination (Table 6). The range in isotopic values for
dead roots and charred material, composited at the cultural treat-
ment level for each site, did not overlap for d13C but did for D14C
(Fig. 1).

At both sites, lignin ranged from 26% to 37% of SOC and was the
largest chemical constituent of the A horizon’s (0–10 cm) LF, while
the second largest class of compounds was carbohydrates (Fig. 2).
The main effect of Family was significant at Sanderson for lignin
and lipids, and for carbohydrates at ACF (Table 7). The only
instance of the Culture main effect being significant was for car-
bonyl (p = 0.09) at the ACF site, and there were no significant
Family � Culture interactions.

5. Discussion

The Spodosols of Florida contain SOC amounts that generally
exceed 100 Mg C ha�1 in the upper 1 m (Stone et al., 1993), and
for the upper �30–35 cm, stored C values have been reported that
ranged from 39 to 53 Mg C ha�1 in mature 26 year-old loblolly pine
forests (Vogel et al., 2011) to 29–43 Mg C ha�1 in 17 year-old slash
pine forests (Shan et al., 2001). These values tended to be similar to
those reported here (Table 3), despite our measurements being



Table 4
Mass of live roots by size class (<1 mm, 1–2 mm, 2–5 mm) and detrital wood for two managed loblolly pine forests (ACF, Sanderson) in Florida receiving different cultural (Clt)
treatments and families (Fam) of planted pine. The first average values are followed in parentheses by the standard error of the full model.

Soil Fast grower Slow grower P-valuesa

Depth (cm) Type High Low High Low Clt Fam Clt � Fam

Units = g C m�2

ACF
0–10 <1 mm 53 (8) 81 27 78 0.064 0.295 0.600

1–2 mm 33 (7) 31 24 30 0.673 0.315 0.433
2–5 mm 161 (39) 175 171 112 0.597 0.543 0.402
Wood 374 (140) 283 135 463 0.550 0.803 0.112

10–29 <1 mm 37 (11) 47 15 108 0.081 0.481 0.145
1–2 mm 36 (18) 50 56 113 0.141 0.934 0.584
2–5 mm 234 (366) 324 680 173 0.341 0.498 0.185
Wood 112 (65) 43 41 112 0.993 0.962 0.251

Sanderson
0–10 <1 mm 60 (19) 143 54 127 0.002 0.544 0.798

1–2 mm 28 (11)b 43 a 43 ab 29 b 0.913 0.990 0.023
2–5 mm 106 (39) 118 108 29 0.210 0.110 0.100
Wood 570 (80) 157 297 147 0.040 0.030 0.261

10–31 <1 mm 12 (6)b 49 a 18 b 27 b 0.100 0.104 0.013
1–2 mm 46 (10) 38 51 49 0.419 0.832 0.745
2–5 mm 483 (110) 293 803 324 0.236 0.178 0.254
Wood 112 (63) 95 50 158 0.998 0.658 0.239

Significant (p < 0.1) values are in bold and italics.
a Degrees of freedom = 1 for all analyses.

Table 5
The light fraction (LF), and constituents (dead roots and charred material), and the
heavy fraction (HF) mass of two managed loblolly pine sites (ACF, Sanderson) in
Florida receiving different cultural (High vs. Low) treatments and families (Fast vs.
Slow grower) of planted pine. The first average values are followed in parentheses by
the standard error of the full model.

Soil Fast grower Slow grower

Depth (cm) Type High Low High Low

Units = g C m�2

ACF
0–10 LF 1460 (241) 1480 1140 1590

Rootsa 23 (15) 36 47 34
Char 26 (20) 78 32 59
HF 52 (12) 40 32 58

10–29 LF 2230 (770) 1180 2270 2190
Roots 32 (15) 19 44 50
Char 19 (30) 18 22 50
HF 119 (78) 115 171 93

Sanderson
0–10 cm LF 1360 (230) 1100 1080 1300

Roots 69 (11) 25 55 32
Char 55 (14) 14 26 21
HF 30 (9) 28 34 15

10–31 LF 1580 (880) 1120 1670 1230
Roots 13 (17) 14 23 21
Char 13 (37) 46 40 39
HFb 28 (6) 12 35 28

a Dead root fragments.
b A significant result (p < 0.05) was found for Clt and Fam.

Table 6
The isotopic signatures (d13C, D14C) of the light fraction of two managed loblolly pine
sites (ACF, Sanderson) in Florida receiving high and low cultural (Clt) treatments and
slow and fast growing families (Fam) of planted pine. The soil depth examined was 0–
10 cm. The first average values are followed in parentheses by the standard error of
the full model.

Isotope
(‰)

Fast grower Slow grower P-valuesa

H L H L Clt Fam Clt � Fam

ACF
d13C �26.0

(1.6)
�27.2 �26.5 �27.3 0.44 0.88 0.79

D14C 96 (11) ab 81 b 97 ab 136 a 0.19 0.18 <0.01

Sanderson
d13C �27.3

(1.8)
�30.2 �26.9 �29.4 0.39 0.66 0.89

D14C 109 (10) 89 99 95 0.26 0.86 0.44

Significant (p < 0.1) values are in bold and italics.
a Degrees of freedom = 1 for all analyses.
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Fig. 1. Isotopic values of dead fine roots and charred material composited at either
a high (H) or low (L) cultural treatment level for two different managed forests (ACF,
Sanderson (San)) in north central Florida.
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concentrated on the planted beds. Interestingly, the C concentra-
tions reported in this study tended to be greater than those
observed for previous studies of the upper �30 cm (Table 3), with
most studies reporting values for C concentrations that were less
than 2.0% (Stone et al., 1993; Ahn et al., 2009; Vogel et al., 2011).
One reason for this difference might be explained by the stage in
stand development, where these relatively young forests (9 and
10 years of age) were still losing the forest floor and wood frag-
ments incorporated into the surface mineral soils during harvest
and site preparation. Both study sites were previously mature slash
pine forests, and the harvest of these forests could at stand estab-
lishment result in as much �75 Mg C ha�1 being added to the
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surface soil as forest floor, branch and foliage slash, and coarse root
material (Gholz and Fisher, 1982). Incorporated material could
help explain the results of Ahn et al. (2009), who reported that
young plantations of pine had SOC concentrations in the surface
30 cm that were nearly double those of mature upland unmanaged
forests and C concentrations that were 30% larger than mature pine
plantations. As these forests transition from a state of ongoing C
loss to more steady-state soil C dynamics, it is likely that silvicul-
tural and family effects on SOC will become more easily discerned
because the variability caused by detritus incorporation should
decrease with stand age.
Table 7
Statistical results (F statistic and p-values, df = 1) of NMR compound estimates for the 0–10
different cultural (Clt) treatments and families (Fam) of planted pine.

Compound ACF

Clt Fam Clt � Fam

F P F P F P

Carbohydrate 0.01 0.92 5.00 0.05 0.02 0
Protein 0.99 0.34 0.40 0.54 0.31 0
Lipid 2.16 0.17 0.18 0.68 0.47 0
Lignin 1.51 0.27 3.75 0.10 0.91 0
Carbonyl 3.42 0.09 0.00 0.96 0.02 0
Char 0.52 0.52 0.29 0.61 0.01 0

Significant (p < 0.1) values are in bold and italics.
The planted pine forests of the southeastern United States are
managed for increased productivity using a number of different
approaches (fertilization, selection of genetically improved plant-
ing stock, and competition control), applied at varying levels that
reflect the tradeoffs between expense and profit (Fox et al.,
2007). In general, forest managers understand that the greater
the application of silvicultural practices or the level of genetic con-
trol used in seedling choice, the greater the expected gain in
growth (Jokela et al., 2004). Thus, the hypothesis that most directly
relates to forest management practices is that increased above-
ground forest growth and biomass will result in an increase in
SOC as a result of increased inputs of C to the soil (Vogel et al.,
2011). In this study, aboveground biomass for the higher cultural
intensities was on average 42% greater than the low cultural treat-
ments across sites and families, while the fast growing families had
on average 22% more biomass than the slow growing families
across cultural treatments (Table 2). In addition, both litterfall
and the forest floor mass were increased by cultural intensity to
a greater degree than genetic selection (Drum, 2014). It seemed
reasonable then to hypothesize that the largest effect on SOC con-
stituents would be attributed to the cultural intensity. This was the
case for fine roots (<1 mm), and here the main effect of increased
culture was generally negative and its interaction with family
was significant for most soil depths (Table 4). In contrast, a signif-
icant positive culture effect was observed for detrital wood at the
Sanderson site. However, there was no indication that cultural
intensity alone altered the largest pool of SOC—the LF. Rather, cul-
ture mainly affected relatively small pools of SOC like roots or the
HF, or culture interacted with family at a given site to create a sig-
nificant difference in the radiocarbon signature of the LF SOC.

Intraspecific variation in tissue chemistry is expected for all
non-clonal plant species, and this variation should have conse-
quences for ecosystem processes (Schweitzer et al., 2008a; Bailey
et al., 2009). However, it has not been previously observed, as we
report here, that the genotypic variation of families of pine alters
the chemistry of the LF of SOC. This family effect occurred even
though these controlled crosses of loblolly pine still have sibling
levels of genetic variation. Notably, the fast grower was the same
family between ACF and Sanderson, but its effect on SOC chemistry
was not consistent relative to the comparison family (Table 6),
which may have reflected the difference in comparison families
at the respective sites. If forestry professionals in the future use
more seedlings that are clones (Jokela et al., 2004), it is likely that
the effect of tree genetics on SOC chemistry will become more
easily discerned. For example, Stovall et al. (2013) observed signif-
icant clonal variation in root exudation in loblolly pine seedlings
and Tyree et al. (2014) observed variation in heterotrophic respira-
tion among different pine clones. In model systems of Populus spp.,
both the decomposition rates of aboveground litter (Madritch
et al., 2006) and the surrounding soil microbial communities
(Schweitzer et al., 2008a,b) have been shown to be sensitive to
cm soil layer of two managed loblolly pine sites (ACF, Sanderson) in Florida receiving

Sanderson

Clt Fam Clt � Fam

F P F P F P

.88 1.54 0.30 0.00 0.84 0.08 0.79

.59 1.31 0.28 0.40 0.54 0.18 0.68

.51 3.71 0.15 20.9 <0.01 0.70 0.43

.38 0.63 0.49 10.1 0.02 0.00 0.96

.90 0.01 0.95 2.9 0.14 0.30 0.60

.93 0.33 0.58 1.4 0.26 0.03 0.86
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genotype. In this study, we cannot discern whether the family
effects on SOC chemistry were related to differential rates of litter
input or its chemistry, or some relationship between the decom-
poser community and the plant. However we note that in loblolly
pine plantations, root net primary production across studies ranges
from 0.55 Mg C ha�1 yr�1 to 5.0 Mg C ha�1 yr�1 (Lai et al., 2002;
Palmroth et al., 2006) while heterotrophic respiration ranges from
4.07 to 10.6 Mg C ha�1 yr�1 (Lai et al., 2002; Schafer et al., 2003),
suggesting that decomposition processes rather than root dynam-
ics alone were the more likely source of variation in SOC chemistry.
Given the growing appreciation of how ‘priming’, or the acceler-
ated decomposition of native SOC by new litter inputs can affect
SOC mineralization (Kuzyakov and Domanski, 2000), it is likely
that the rhizosphere directly interacted with heterotrophic activity
to affect SOC chemistry.

The one significant effect for the D14C of the LF was from the
slow growing family under the low cultural treatment at ACF.
The D14C of this fraction (136‰) corresponded to an atmospheric
value of D14C that was closest to the year 1992 (Hua et al.,
2013), approximately 12 years prior to stand establishment. This
result, in conjunction with the trend toward this treatment having
a greater soil C concentration (Table 3) and LF mass (Table 5), but
the slowest tree growth (Table 2) than the other treatments at ACF,
suggests that the Family � Culture influence was on the decompo-
sition of plant or detrital material that pre-dated site planting. This
might have occurred because priming was lower as rates of new
root litter inputs were also likely lower in this treatment
(Kuzyakov and Domanski, 2000). Alternatively the slow tree
growth may have directly affected an abiotic characteristic that
affected decomposition, for example the relatively open canopy
of the slower growing trees may have created a drier environment
for decomposing organisms that inhibited their activity (Borken
et al., 2006), or lower rates of transpiration of the slow growing
trees may have allowed for longer periods where a perched water
table inhibited decomposition. In these sandy well-drained soils
that have a relatively shallow water-table (1–2 m), both saturated
and excessively dry and warm conditions often occurred within
the same year (Drum, 2014), suggesting both factors could have
affected decomposition processes differently across treatments.

The LF was the largest contributor to SOC in these forests at all
depths; including the recoverable spodic horizons (Fig. 3). For
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Fig. 3. Proportional contribution among recovered fractions of different compo-
nents of soil organic carbon averaged across the two sites for the surface A horizon
(0–10 cm), the remaining A horizon (10–31 cm), and the spodic horizon (65–81 cm,
Sanderson only).
these sandy soils, aggregate structure may be more important to
SOC stabilization than the formation of HF on clay-surfaces
(Sarkhot et al., 2007a). In soil types with more clay, a
HF > 1.7 g cm�3 is often a much larger part of the mineral fraction
than the LF (Golchin et al., 1997; Sollins et al., 2006) and the HF
fraction is older than the LF (Crow et al., 2007). In a relatively
un-weathered silt loam from Alaska, Kane et al. (2005) also found
that that LF was a greater percentage of SOC than the HF. Despite
HF’s small contribution to SOC, it is interesting to note that in this
study the HF did respond to both family and culture at the
Sanderson site. Why this might have occurred is unclear but it
reflects an overall trend in this study for smaller components of
SOC being more responsive to treatment than the larger LF. If this
trend is maintained throughout the forest’s development, then SOC
constituents like detrital wood or coarse roots could be a signifi-
cant source of a proportional change in the SOC storage of managed
forests.

One potential long-term change in SOC that could occur in man-
aged pine forests is related to the production of charcoal and black
carbon pools if the use of fire in private forest management
becomes less prevalent in the southeastern United States (Haines
et al., 2001). Prior to colonization and widespread conversion of
forests to agriculture, forest fires in the Coastal Plain region of
the southern United States had return intervals that likely ranged
between 1 and 30 years (Komarek, 1974). Although less frequent
in the 20th century, prescribed burning continued in the region
as a forest management tool that was used to control competing
vegetation, for fuels reduction, and in site preparation.
Urbanization and concerns about liability by private landowners
have put downward pressure on the use of prescribed fires in man-
aged forests (Haines et al., 2001). Although charcoal particles were
a relatively small fraction of SOC (Table 5) the NMR results sug-
gested a larger occurrence of char in the LF (Fig. 2), perhaps as
much as �100 g C m�2 or an amount greater than the HF or char-
coal fragments. Most charcoal composites had a ‘bomb’ radiocar-
bon signature but one composite from ACF (�9.4‰) was at least
several decades old (Fig. 1), suggesting char may be a source of rel-
atively old C in these systems. It is also likely that char and black
carbon detected with NMR are older than distinguishable frag-
ments, and that disintegrated fragments may be carried to deeper
soils in these coarse-textured sands, potentially forming the basis
of deeper SOC pools (Foereid et al., 2011). We point these patterns
out because there are relatively few estimates of charcoal or black
carbon from this soil type and fire frequency is a feature of the
ecosystem that will likely change in the future in response to
changes in forest management practices.
6. Conclusions

We found that even when aboveground biomass accrual is dra-
matically altered, the effect of silviculture on the total mass of SOC
in the A-horizon appears to be modest in Florida Spodosols. This
result may generally be due to the coarse texture and lack of reac-
tive minerals in the A horizon, or in this study may reflect that at 9
and 10 years of age, these forests were in a state of transition
between the effects of detrital incorporation during site prepara-
tion to the sustained effects of a fully developed pine overstory.
We hypothesize that the changes that have occurred in SOC chem-
istry with family selection, and even in small fractions of SOC with
cultural intensity, could result in substantial differences in SOC
mass among cultural treatments and families at the end of a typical
25 year rotation. Testing this prediction will likely require a study
design that differentiates between how decomposition processes
are affected directly by tree genetics and culture, or indirectly as
the result of a pine family’s modification of the soil environment.
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