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Abstract The impact of extended herbicide (H)
and annual fertilizer (F) treatments on the min-
eral soil carbon (C) pool and nitrogen (N) and
phosphorous (P) availability were analyzed in
managed loblolly pine (Pinus taeda L.) planta-
tions in the Piedmont of Georgia in stands rang-
ing from 4 to 16 years old. Mineral soil C, N, P,
and extractable P were measured in 66 plots in
three locations comparing H, F, and their combi-
nation HF to the Control plots. Soils were sam-
pled in January 2000 near Eatonton (n = 40), in
August 2001 near Athens (n = 12), and in March
2003 near Dawsonville (n = 14). In addition,
twelve plots (two H and two HF at each location)
were measured on 17 dates using a mixed bead
resin core technique to estimate mineral soil N
availability. At all three study locations the H
treatment tended to deplete the mineral soil C
pool while, overall, the F treatments did not
determine any signiWcant mineral soil C increase.

The soil C pool (0- to 50-cm depth) was depleted
by about 5 Mg C ha¡1 under the H-treated plots
near Eatonton. The HF plots had much higher
resin-extractable N than the corresponding H
plots in all months of the year. At a plot level, HF
values ranged from about 9 to 3,195 �g N g¡1

resin while H values ranged from about 4 to
858 �g N g¡1 resin. The corresponding annual
cumulative resin-extractable N ranged from
about 13 kg N ha¡1 in the H to about
372 kg N ha¡1 in the HF. Extractable P values
were also elevated in all F-treated plots. Fertiliza-
tion and herbicide treatments favored C seques-
tration only in the aboveground biomass. No
signiWcant change was observed in the mineral
soil C pool, despite the generally observed
increases in soil available N and P.

Keywords Soil carbon sequestration · 
Fertilization · Herbicide control · Soil available 
nitrogen · Soil extractable phosphorous

Introduction

Intensively managed pine plantations in the
southeastern United States have been studied to
identify the relationship between tree growth and
silvicultural practices such as fertilization and
aggressive competition control (Albaugh et al.
2004; Borders et al. 2004; Jokela et al. 2004).
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Understanding the potential of southern pine
plantations to serve as carbon (C) sinks to coun-
teract the greenhouse eVect has become another
important focus of recent research (Lee and Dod-
son 1996; Johnsen et al. 2001; Sanchez and Eaton
2001; Shan et al. 2001). Because of the net C
increase in the atmosphere (3.2 Pg C yr¡1 (Janzen
2004)) there is strong interest in understanding
what land uses and management practices
enhance terrestrial C sequestration (Lee and
Dodson 1996; Post and Kwon 2000; Heath et al.
2003; Giardina et al. 2004; Johnson et al. 2006;
Niu and Duiker 2006). The literature on the
mechanisms that favor C storage as soil organic
matter (SOM) is currently expanding to better
quantify the impact of aVorestation of marginal
lands and forest management on the global C
cycle and the potential of forest soils to serve as a
C sink (Johnson and Curtis 2001; Paul et al. 2002;
Heath et al. 2003; Gough and Seiler 2004; John-
son et al. 2006). Carbon present in SOM is a sig-
niWcant component of the terrestrial C pool. SOM
dynamics can strongly impact the atmospheric C
pool because small changes in SOM concentra-
tion following land-use change can impart mea-
surable changes in atmospheric CO2 (Harrison
et al. 1993).

In this article we will frequently refer to soil C
as the C-mass equivalent of the predominant C-
containing components of the mineral soil. Soil C
is the mass of C in SOM, which is the sum of all
organic fractions of the mineral soil. It includes
plant, animal, and microbial residues, fresh and at
all stages of decomposition, and the relatively
resistant soil humus·all of which accompany soil
mineral particles able to pass through a 2-mm
sieve (Nelson and Sommers 1996).

Enhancing the soil C pool results in long-term
net-C gains and improves site fertility (Ingram
and Fernandes 2001; Sanchez and Eaton 2001;
Paul et al. 2002). Conversely, intensive forest
management practices may deplete soil C by
reducing the amount of aboveground and below-
ground litter inputs (Morris et al. 1983; Vitousek
and Matson 1985; Carlyle 1993; Shan et al. 2001;
Echeverria et al. 2004). In intensively managed
pine plantations of the southeastern United States,
large quantities of organic matter—in some cases
the whole tree components—are removed in

merchantable wood products at harvest. Similarly
at site preparation, the degree of organic matter
removal depends upon the practices being used to
improve site conditions for planting, seedling sur-
vival, and tree biomass production. These prac-
tices also reduce the competition from woody and
herbaceous vegetation (Butnor et al. 2006). One
of the most common practices at site preparation
is windrowing or spot piling, by which tree resi-
dues (comprised of bark, wood, and foliage) are
raked or bulldozed into rows or piles located out-
side the planting area (Morris et al. 1983; Vitousek
and Matson 1985; Piatek and Allen 2001). The
accumulated residues are generally left in place to
decompose or burned with consequent oxidation
of C as CO2 eZux to the atmosphere. Other
important macronutrients (i.e., N and P) may also
be lost through this process. The loss of nutrients
contained in SOM due to windrowing of organic
residues may produce a decline of the site produc-
tivity (Morris et al. 1983). Under this type of man-
agement regime, long-term C sequestration may
result more from C accumulations in long-lived
wood products, created from harvesting wood,
than in the mineral soil (Johnsen et al. 2001).

Forest soils studies suggest that, after agricul-
tural utilization, the soil C pool recovery within the
mineral soil under loblolly pine secondary forests is
relatively slow (from 0.075 to 0.79 Mg ha¡1 yr¡1,
Huntington 1995; Richter et al. 1995; Van Lear
et al. 1995; Schlesinger and Lichter 2001) and C is
allocated primarily to aboveground tree biomass
(4.1 Mg ha¡1 yr¡1, Richter et al. 1995; Shan et al.
2001; Johnson et al. 2003; Gough and Seiler 2004).
One of the management operations that may
enhance mineral soil C accumulations is fertiliza-
tion. In general, proper fertilizer use is considered
a “managed/improved” situation (Ingram and Fer-
nandes 2001) that favors soil C accumulations in
both forest and agricultural soils (Paustian et al.
2000; Johnson and Curtis 2001; Paul et al. 2002; Lal
2004). Such practice carries a C cost related to fos-
sil-fuel emission during fertilizer production that
may nullify any net soil C gains (Markewitz 2006).
In pine plantations, fertilization typically enhances
C sequestration in the aboveground biomass
rather than in the soil (Shan et al. 2001; Johnson
et al. 2003). For example, in loblolly pine planta-
tions re-sampled 18 years after establishment,
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Johnson et al. (2003) observed no signiWcant soil C
increase on Hapludults in Tennessee despite fertil-
ization applied from age 1 to 3 years.

It has been clearly demonstrated in diVerent
physiographic regions of the Southeast that lob-
lolly pine growth responds primarily to N and P
fertilization (Vose and Allen 1988; Maimone
et al. 1991; Jokela et al. 2004). Extremely high
growth responses, in particular, to the combina-
tion of extended Herbicide plus annual Fertilizer
(HF) treatment have been reported (Borders and
Bailey 2001; Borders et al. 2004). These relevant
aboveground biomass growth responses may have
important implications for soil C sequestration as
well as SOM processes related to nutrient or N
availability (Johnson 1995).

Many of the above cited soil studies have typi-
cally monitored soil C and nutrient changes in
response to one-time fertilizer applications. In
this article we report on the eVects of sustained
competition control with herbicide treatments
and repeated annual fertilizer applications for
periods as long as 12 years. The main objectives
of this work were to describe the decadal eVects
of the long-term Herbicide (H) and Fertilizer (F)
treatments on the (1) C, N, and P pools and (2) on
N and P availability of the mineral soil.

Materials and methods

Research locations

Three research sites were located in the Piedmont
of Georgia and were part of the Consortium for
Accelerated Pine Productivity Studies (CAPPS)
(Borders and Bailey 2001) (Fig. 1). The location
of these study sites, based on the eco-region clas-
siWcation developed by McNab and Avers (1994),
are in the Southern Appalachian Piedmont, con-
sisting of an intensely metamorphosed, moder-
ately dissected plain formed of thick saprolite,
continental sediments, and accreted terrains. Ele-
vation ranges from 100 m to 400 m. The potential
vegetation is oak-hickory-pine forest and south-
ern mixed forest (Kuchler 1964). Predominant
vegetation form is evergreen forest. The loblolly-
shortleaf pine (Pinus echinata Mill.) cover type is
common on disturbed areas and usually has

an understory component of dogwood (Cornus
Xorida L.) and sourwood (Oxydendrum arboreum
(L.) DC.). The growing season lasts about 205 to
235 days (Tables 1, 2).

For our research, we used plots within CAPPS,
consisting of randomized complete block designs
with equal number of replications of each treat-
ment in diVerent locations throughout the state
of Georgia (Borders and Bailey 2001). In each
block there are four 0.15-ha plots planted with
1660 trees ha¡1: a Control, extended H, annual F,
and HF treatments (Borders et al. 2004). The H
treatment consisted of a broadcast of sulfome-
thuron methyl during early spring of the Wrst
three growing seasons following planting and
subsequent application of glyphosate as needed
in mid-summer each year thereafter. Fertilization
rates were 78 kg N ha¡1 yr¡1, 64 kg P ha¡1 yr¡1,
and 58 kg K ha¡1 yr¡1 as NH4NO3, triple super

Fig. 1 Research locations near Athens (A), Eatonton (E),
and Dawsonville (D), Georgia within the Piedmont (shad-
ed area) of the southeastern United States. The Dawson-
ville site is located in a Xoodplain of the Etowah River,
Georgia
1 3
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phosphate, and KCl during the Wrst two growing
seasons applied in the spring and mid-summer. In
subsequent growing seasons: 59 kg N ha¡1 yr¡1 as
NH4NO3 early to mid-spring. At age 10 years,
118 kg N ha¡1 and 36 kg P ha¡1 as NH4NO and tri-
ple super phosphate. At age 11 years, 92 kg N ha¡1,
179 kg P ha¡1, and 45 kg K ha¡1 as NH4NO3, and
super rainbow® with micronutrients. At age
12 years and forward 118 kg N ha¡1 yr¡1 as
NH4NO3 applied in early spring.

For all studies tree volume data were com-
puted from the inventories conducted by CAPPS
at the D.B. Warnell School of Forestry and Natu-
ral Resources (Borders and Bailey 2001). Tree
biomass was calculated based on annual individ-
ual tree measures of diameter and height. Each
tree was identiWed by a unique tag number and
repeatedly measured yearly. The corresponding
volume outside bark was calculated using an allo-
metric equation (Harrison and Borders 1996).
Plot level estimates were computed by adding up
individual tree volumes and expressed on a per
hectare basis.

Soil samples

Mineral soil samples were collected from each
stand using a stainless steel probe (diameter:
2.5 cm; length 60 cm) with removable internal lin-
ers and a slide hammer, after removal of the O
horizon. The O horizon was not sampled because
this material does not serve as a long-term sink
for C sequestration—we assumed that it is
removed at site preparation. Fourteen soil cores
in each stand were divided into three diVerent

depth increments from the surface: 0 to 10, 10 to
30, and 30 to 50 cm and composited by depth
within a plot. Samples for physical and chemical
analysis were returned to the laboratory, air
dried, and passed through a 2-mm sieve prior to
analysis. Soil C and N concentrations were mea-
sured after pulverization with a dry combustion
technique using a CE Elantech (NJ) NC 2100
analyzer (Bremmer and Mulvaney 1982). Total P
concentration was measured on an Alpkem auto-
analyzer (OI Analytical, College Station, TX)
using the Murphy-Riley chemistry after digestion
with H2SO4-H2O2 and H2SeO2 as a catalyst (Kuo
1996). Extractable P concentration was estimated
via a double-acid (H2SO4-HCl) extraction (Kuo
1996).

For bulk density collections, a 7.5-cm diameter
by 7.5-cm high brass core with a slide-hammer
driven sampler was used. After collection, sam-
ples were returned to the laboratory, dried at
105°C to constant weight, and weighed. In the
Eatonton sites bulk density was measured within
each plot for the 0- to 7.5-cm depth (n = 40). In
the 10- to 30- and 30- to 50-cm depths bulk den-
sity values were estimated for the blocks (n = 10)
by collecting cores from the 15- to 22-cm and
from 35- to 42-cm depth. In the Athens site bulk
density was measured in the 0- to 7.5-cm horizon
of the Control and H plots (n = 4). The bulk den-
sity data for H and Control plots in Athens and
Eatonton have been reported previously (Ech-
everria et al. 2004). Soil bulk density was not
measured in the Dawsonville site and a bulk
density of 1.4 g cm¡3 was assumed based on the
United States Department of Agriculture-Soil

Table 1 Minimum and maximum average monthly temperatures and annual precipitation of the three locations near Ath-
ens, Eatonton, and Dawsonville within the Georgia Piedmont, United States

a In all three locations precipitation has a maximum in early March and minimum in October

Location Average monthly 
temperature (°C)

Average annual 
precipitationa (cm)

Source

January July

Athens ¡0.1 32 126 (1961 to 1990, University of Georgia, 
http://climate.engr.uga.edu/info.html)

Eatonton 1.1 32.5 124 (1911 to 2003, University of Georgia, 
http://www.griYn.peachnet.edu/bae/)

Dawsonville ¡0.1 30.7 140 (1911 to 2003, University of Georgia, 
http://www.griYn.peachnet.edu/bae/)
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Conservation Service for the Congaree soil series
of Dawson, Lumpkin, and White counties, GA
(USDA-SCS 1972).

Temporal soil available N measurements

Twelve plots (two H and two HF at each location)
were repeatedly sampled 17 times, with
10 monthly (from July 2002 to May 2003) and 7
bi-weekly (from June to September 2003) collec-
tions. These data are part of a more extensive
soil-site productivity study (Sartori 2004). In this
article we summarize and report only the monthly
N availability estimates, to compare temporal pat-
terns of N availability in the H and HF plots for
the three diVerent locations. We only investigated
these two treatments assuming that the diVerence
between the two would be greatest. We assumed
that on N-limited sites the presence of the under-
story vegetation would reduce the diVerence in N
availability between the F and Control plots. The
understory vegetation creates a multi-strata sys-
tem with higher inter- and intra-species competi-
tion for soil available N in the surface soil. This
may result in higher rates of N uptake and trans-
location of soil N into understory-vegetation-bio-
mass N.

Field collections were made using six polyvinyl
chloride tubes with a 3.5-cm internal diameter fol-
lowing approximately a 3 £ 3 m regular grid.
Tubes were driven to a 12-cm soil depth and
removed with the internal soil core intact. A small
portion of the soil core at the base of the tube was
removed and replaced with a mixed-bead resin
bag (Binkley and Matson 1983), to capture avail-
able N derived from the soil solution percolating
through the soil core. During each Weld collection
a new 3 £ 3 m grid within each plot would be
selected and new soil cores set in place as
described above. Two sets of 70 bags were avail-
able for this study: at each collection date one set
of bags would be collected from the Weld and
replaced with the freshly recharged set of bags.

The 4 £ 4 cm resin bags were constructed using
Nitex® 03-80/37 nylon material and sewed using
nylon thread. Four grams of 20–50 mesh ion
exchange resin from BIO-RAD (2 g of AG® 1-
X8 chloride form and 2 g of AG® 50W-X8
hydrogen form) were placed within each bag.

Each resin bag collected from the Weld was placed
in separate centrifuge tubes with 40 ml of
1 M HCl solution and recharged by shaking it on
a reciprocating shaker at 200 RPM for at least
24 h. Resin bags were extracted using a 1 M KCl
solution in a reciprocating shaker (Mulvaney
1996). Resin-extractable NO3-N and NH4-N con-
centrations were measured on an Alpkem auto-
analyzer (OI Analytical, College Station, TX) and
on a Technicon segmented Xow analyzer (Nichol-
son 1984), using the cadmium reduction column
and the indophenol blue method for NO3-N and
NH4-N concentrations, respectively. Because the
resins were initially recharged with HCl, the KCl
extracts had low pH (i.e., about 1 to 2) that could
cause interference for the analysis of NH4-N con-
centration. Therefore, samples were neutralized
by addition of a drop of a 5 N NaOH solution
prior to analysis. During each collection the soil
within the PVC tube was collected and compos-
ited by plot in a plastic bag, returned to the labo-
ratory, air dried, and passed through a 2-mm sieve
for further analysis (Sartori 2004).

Atmospheric mineral N deposition

At each location one automated solar powered
dry fall-wet fall collector (Aerochem Metrics,
Kissimee, FL) was placed in an opening to collect
wet-fall only precipitation samples. Intervals
between collection dates were the same as those
of the resin bag collections. The rain samples
were taken to the laboratory and stored frozen in
a scintillation vial until analysis. Atmospheric
NO3-N and NH4-N concentrations were mea-
sured on a Dionex DX 500 Ion Chromatograph
(Dionex, Sunnyvale CA).

Statistical analyses

Statistical analyses on the 2001 and 2003 single-
time measured soil variables (i.e., soil C, total N,
total P, and extractable P concentrations) for the
comparison of all treatments were most con-
cerned with soil diVerences among plot treat-
ments by depth—statistical analyses were
conducted only on the concentration data. The
experimental design for these samples followed
a randomized complete block design. We
1 3
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conducted a three-way MANOVA test (Wilk’s
Lambda) to test for an overall treatment eVect
using the SAS GLM procedure (SAS Institute
1990; Johnson and Wichern 1998), including as
model variables soil C, N, total and extractable P
concentrations.

If treatment was signiWcant (P < 0.05) in the
MANOVA, we conducted an F-test (univariate
ANOVAs) for each individual variable by depth
testing the eVect of treatment, age, and block
nested within age. If the univariate analysis was
signiWcant (P < 0.05), we then conducted
Fisher’s protected LSD (P < 0.05) to test the fol-
lowing orthogonal contrasts: A) Herbicide plots
(H and HF) versus non-herbicide (Control and
F), B) H versus HF, and C) Control versus F. In
this study it was of interest to address speciWc
questions in comparing H, HF, F, and Control
plots with respect to the diVerent soil nutrients,
using speciWc orthogonal contrasts for pre-
planned comparisons as suggested by Dean and
Voss (1999). The questions of interest addressed
using the selected orthogonal contrasts were: A)
are the plots that received the H treatment sig-
niWcantly diVerent from the non-H treated
plots? B) In the presence of H application does
fertilization have a signiWcant eVect? C) In the
absence of H application does fertilization have
a signiWcant eVect?

For the repeated soil available N measure-
ments the eVect of treatment, block, collection
time, and the interaction between treatments and
time were tested using SAS PROC MIXED (SAS
Institute 1990). We used this SAS procedure con-
sidering a split-plot design for repeated measures
having treatment, block, time, and the interaction
of treatment £ time as predictors of the log trans-
formed available N response variable. Various
diVerent variance–covariance structures for the
repeated measures through time were considered,
but the split-plot in each case was found to be the
most appropriate and therefore selected for anal-
ysis. The log was used as a variance stabilizing
transformation because for many collection dates
the HF had values 100-fold higher than the corre-
sponding H treatment. The analysis was carried
out by location considering that the study plots in
the Dawsonville location had been treated diVer-
ently over the years.

Results

Based on the MANOVA analysis, for the 0- to
10- and 30- to 50-cm depths near Athens and 0- to
10-cm depth in the Eatonton location there was
an overall signiWcant treatment eVect (� = 0.05).
To the contrary in the Dawsonville location treat-
ment had no overall signiWcant eVect at any
depth. For descriptive purposes of comparison
among sites results for the diVerent variables have
also been reported as average values by depth
and treatment for each location.

Soil bulk density

Based on our analyses, there were no statistically
signiWcant diVerences in bulk density within loca-
tion related to the use of the F treatment. The only
signiWcant diVerences were between H and non-H
treatments. Therefore, the same results and con-
clusions referring to the comparison Control ver-
sus H, as discussed by Echeverria et al. (2004), can
also be extended to the comparison F versus HF
treatments for the Athens and Eatonton sites.
Assuming the same bulk density for the entire soil
proWle in the Dawsonville location may have
aVected the pool estimates. Based on Weld obser-
vations, the Dawsonville site had fairly homoge-
nous soil textural composition, structure, and
color within the sampling depth. Possible changes
in bulk densities may be due to the eVects of peri-
odic Xooding and depth to the water table. The
depth to the ground water table—measured dur-
ing the winter months (data not shown)—
increased with the distance from the adjacent
Etowah River. This may create a bias in the esti-
mation of bulk densities, which may vary with the
distance from the river. However, we believe it
was a realistic assumption for comparing the nutri-
ent pools between treatments as discussed below.
Likely it was not acceptable to test diVerences
across sites based on element pool estimates.

Mineral soil C, N, and P concentrations

At the Athens site there was no statistically sig-
niWcant diVerence at any depth for soil C concen-
trations between H and non-H plots, although H-
treated plots always had lower concentrations
1 3
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than the other treatments (Table 3). There was a
general decreasing pattern in soil C concentration
with depth having a maximum concentration of

2 % in the surface and a minimum of 0.3 % at 30-
to 50-cm depth. Total N concentration showed a
similar decreasing pattern with depth ranging

Table 3 Total C, N, P, and extractable P concentrations (mean § 1 SE) measured for replicate loblolly pine stands within the
Consortium for Accelerated Pine Productivity Studies (CAPPS) in Georgia

a  The Control (C), fertilizer (F), herbicide (H), and HF treatments were sampled in December 1999 and January 2000 near
Eatonton (n = 40), in July and August 2001 near Athens (n = 12), and in March 2003 near Dawsonville (n = 14)
b Orthogonal contrasts at each depth: letters beneath a column indicate signiWcance at P < 0.05 (capitals) or 0.10 (lower case)
for contrasts: A) Herbicide (H and HF) versus non-herbicide (C and F), B) Herbicide (H) versus Herbicide plus Fertilizer (HF),
and C) Control (C) versus Fertilizer (F). Contrasts not shown were not signiWcant (NS)

Location Depth (cm) Treatmenta C (%) N (%) P (�g g¡1) Ext-P (�g g¡1)

Athens 0–10 C 1.5 § 0.2 0.05 § 0.01 485 § 71 1.7 § 0.1
F 2.0 § 0.6 0.11 § 0.04 566 § 85 8.6 § 1.9
H 1.1 § 0.1 0.04 § 0.00 502 § 29 1.4 § 0.2
HF 1.3 § 0.3 0.06 § 0.01 691 § 55 14.0 § 5.7

SigniWcant contrastsb: NS NS NS B, c
10–30 C 0.6 § 0.1 0.03 § 0.01 455 § 85 0.8 § 0.1

F 0.5 § 0.1 0.03 § 0.01 642 § 82 2.0 § 0.5
H 0.5 § 0.0 0.03 § 0.00 451 § 13 1.2 § 0.5
HF 0.6 § 0.1 0.03 § 0.01 576 § 19 1.8 § 0.1

SigniWcant contrastsb: NS NS NS NS
30–50 C 0.3 § 0.1 0.02 § 0.00 446 § 88 0.6 § 0.1

F 0.3 § 0.0 0.01 § 0.00 585 § 74 0.9 § 0.2
H 0.3 § 0.0 0.01 § 0.00 516 § 20 0.8 § 0.2
HF 0.3 § 0.0 0.01 § 0.00 435 § 41 1.7 § 0.0

SigniWcant contrastsb: NS NS NS NS
Eatonton 0–10 C 1.5 § 0.2 0.07 § 0.01 339 § 48 1.2 § 0.5

F 1.5 § 0.2 0.08 § 0.01 389 § 37 4.8 § 1.2
H 1.3 § 0.1 0.06 § 0.00 341 § 30 0.8 § 0.2
HF 1.4 § 0.1 0.07 § 0.01 402 § 36 3.9 § 1.1

SigniWcant contrastsb: NS NS NS B, C
10–30 C 0.8 § 0.2 0.04 § 0.01 319 § 39 0.4 § 0.2

F 0.7 § 0.1 0.04 § 0.00 336 § 22 1.3 § 0.8
H 0.6 § 0.1 0.03 § 0.00 361 § 28 0.3 § 0.1
HF 0.6 § 0.0 0.03 § 0.00 340 § 25 0.4 § 0.1

SigniWcant contrastsb: A NS NS NS
30–50 C 0.3 § 0.1 0.02 § 0.00 345 § 36 0.3 § 0.1

F 0.4 § 0.0 0.03 § 0.00 335 § 33 0.3 § 0.1
H 0.3 § 0.0 0.02 § 0.00 402 § 40 0.3 § 0.1
HF 0.3 § 0.0 0.02 § 0.00 330 § 29 0.3 § 0.1

SigniWcant contrastsb: NS NS NS NS
Dawsonville 0–10 C 2.0 § 0.0 0.12 § 0.00 NA 34.0 § 7.4

F 2.1 § 0.4 0.13 § 0.03 NA 87.0 § 37.0
H 1.7 § 0.1 0.10 § 0.01 NA 51.0 § 18.0
HF 1.6 § 0.0 0.09 § 0.00 NA 58.0 § 13.0

SigniWcant contrastsb: NS NS C
10–30 C 1.4 § 0.1 0.08 § 0.00 NA 19.0 § 5.7

F 1.4 § 0.3 0.07 § 0.02 NA 39.0 § 18.0
H 1.2 § 0.2 0.07 § 0.01 NA 25.0 § 8.3
HF 1.3 § 0.1 0.07 § 0.00 NA 18.0 § 4.2

SigniWcant contrastsb: NS NS C
30–50 C 1.1 § 0.2 0.06 § 0.01 NA 2.8 § 0.3

F 0.7 § 0.1 0.04 § 0.01 NA 6.5 § 4.5
H 0.9 § 0.2 0.05 § 0.01 NA 5.0 § 0.6
HF 1.0 § 0.2 0.06 § 0.01 NA 4.3 § 0.8

SigniWcant contrastsb: NS NS
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from a maximum of 0.11 % to a minimum of
0.01 %. Total P concentration did not demon-
strate a similar pattern with depth. Total P con-
centration was low, however, in the 0- to 10-cm
depth for the Control, about 485 �g g¡1, but was
not signiWcantly diVerent compared to the other
treatments. Conversely, in the 0- to 10-cm depth,
extractable P concentration tended to be lower
(� = 0.1) in the Control, 1.7 �g g¡1, compared to
the F treatment, 8.6 �g g¡1, and was 10-fold lower
(� = 0.05) in the H, 1.4 �g g¡1, compared to the
HF, 14 �g g¡1. Fertilized plots retained higher
extractable P concentrations in the lower depths
relative to the other treatments, although these
diVerences were not statistically signiWcant.

At the Eatonton site (Table 3), there was a
decreasing pattern with depth for soil C concen-
tration with values ranging from 1.5 % to 0.3 %.
In the 0- to 10-cm depth there were no signiWcant
treatment eVects on soil C concentration, but the
H and HF plots had the lowest values. In the 10-
to 30-cm depth the same H and HF plots did have
a signiWcantly lower soil C concentration relative
to the corresponding plots without H (� = 0.05).
There were no signiWcant diVerences in soil C
concentration at 30- to 50-cm depth. Soil total N
concentration had a similar decreasing pattern
with depth declining from 0.08 % to 0.02 % N.
There were no signiWcant diVerences between
treatments. Total P concentration did not decline
regularly with depth but in the 0- to 10-cm depth
was lower (not signiWcantly) in the Control, about
339 �g g¡1, compared to all the other treatments.
Extractable P concentration in the 0- to 10-cm
depth was signiWcantly lower (� = 0.05) in the
Control, about 1.2 �g g¡1, compared to the F,
about 4.8 �g g¡1, and in the H, about 0.8 �g g¡1,
compared to the HF, about 4 �g g¡1. The same
pattern of elevated extractable P concentration in
the F and HF was maintained at lower depths,
although again not statistically signiWcant.

Although the overall MANOVA test for Daw-
sonville was not signiWcant the univariate ANO-
VAs were carried out considering this initial
overall result. Soil C concentration again declined
with depth from a high of 2.1 % to a low of 0.7 %
(Table 3). On average soil C concentration
was higher in plots that did not receive any H
treatments but such diVerences were again not

statistically signiWcant. Total N concentration had
a general decreasing pattern ranging from a high
of 0.13 % at the surface to a low of 0.04 % at 30-
to 50-cm depth. Treatment had no signiWcant
eVect on total N concentration. Total P concen-
tration was not measured in these plots. Based on
the univariate ANOVAs by depth, extractable P
concentration was signiWcantly lower (� = 0.05) at
0- to 10-cm depth in the Control (34 �g g¡1) than
in the F treatment (87 �g g¡1). DiVerences in
extractable P concentration between these treat-
ments were still signiWcant at 10- to 30-cm depth,
but were non-signiWcant at 30- to 50-cm depth.

Temporal patterns in soil available N concentra-
tion

A seasonal pattern in soil available N concentra-
tion was observed for both the H and HF plots in
all locations. In general, the highest N availability
concentrations, for all three locations, were
observed during September and October. The HF
plots had much higher N availabilities than the
corresponding H plots in all months of the year.
HF plot averages across locations ranged from
about 9 to > 1,700 �g N g¡1 while H values ranged
from about 4 to < 860 �g N g¡1. In the Athens
location (Fig. 2), based on the overall test using
the split-plot model design for repeated measures,
all three categorical variables (treatment, time,
and treatment £ time) were signiWcant (i.e.,
P < 0.0001). On average HF resin-extractable N
ranged from about 105 �g N g¡1 in January to
about 3,195 �g N g¡1 in September, while H con-
centrations ranged from about 8 �g N g¡1 in May
to about 77 �g N g¡1 in October. In the Eatonton
location the only signiWcant variables were treat-
ment (P < 0.05) and time (P < 0.001). On average
HF resin-extractable N concentrations ranged
from about 128 �g N g¡1 (January) to about
1,286 �g N g¡1 (October), while H concentrations
ranged from about 4 �g N g¡1 (November) to
about 171 �g N g¡1 (August). In the Dawsonville
location, treatment and the treatment £ time
interaction were not signiWcant (P = 0.95 and
P = 0.77, respectively), while time was signiWcant
(P < 0.0001). HF resin-extractable N concentra-
tions ranged from about 9 �g N g¡1 (August) to
about 322 �g N g¡1 (September), while H
1 3



22 Biogeochemistry (2007) 84:13–30
concentrations ranged from about 26 �g N g¡1

(November) to about 506 �g N g¡1 (September).

Atmospheric mineral N inputs

Athens and Dawsonville sites had the same vol-
ume weighted mean annual concentration of total
inorganic N in wet-only deposition (0.7 mg L¡1),
which was only slightly greater than inputs found
near Eatonton (0.6 mg L¡1) (data not shown).
Cumulative amounts of precipitation diVered,
however, with the Dawsonville sites (209.2 cm)
exceeding those near Athens (165.4 cm) and
Eatonton (173.4 cm). As a result, the sites near
Dawsonville also had a higher total inorganic N
deposition (12.6 kg ha¡1) during the period of col-
lection compared to those near Athens
(9.9 kg ha¡1) and Eatonton (11.4 kg ha¡1).

Discussion

Mineral soil C—response to fertilization

Long-term fertilizer application tended to
enhance mineral soil C storage only in one loca-
tion. In the Athens site (Fig. 3), at 0- to 50-cm
depth, plots that received the F treatment in

presence or in absence of the H treatment
appeared to have a higher (but not signiWcantly)
soil C pool, being about 38.6, 42.6, 36.7, and
42.0 Mg C ha¡1 for the Control, F, H, and HF
treatment, respectively. Increased N inputs
reduced the corresponding soil C:N ratio in both
the F and HF plots compared to Control and H,
respectively, in these N-limited sites. The corre-
sponding C:N ratios were 30:1, 18:1, 27.5:1, and
21.6:1 for Control, F, H, and HF, respectively (0-
to 10-cm depth). In the Eatonton location only
soil total N and the C:N ratio in the fertilized
plots (F and HF) were slightly greater and
smaller, respectively, compared to the corre-
sponding non-fertilized plots (Control and H).
Near Dawsonville, where fertilization was trun-
cated after 6 or 9 years (i.e., from 1987 or 1989 to
1996), no signiWcant eVects on soil C, N, or C:N
ratio were observed (C:N varied between 16:1
and 18:1 in the 0–10 cm depth).

These results that demonstrate limited soil C
accumulations in response to fertilization are in
agreement with previous Wndings under pine
plantations, underscoring that C sequestration
occurs primarily in the aboveground biomass
(Richter et al. 1995; Shan et al. 2001; Schlesinger
and Lichter, 2001; Johnson et al. 2003). In other
words the amount of sequestered C per unit of

Fig. 2 Resin-extractable N (NO3-N plus NH4-N) concen-
tration (mean § 1 SE �g N g¡1 resin, n = 2 plots) estimated
using a mixed bead resin core technique in the 0–10 cm

depth on a monthly basis during 2002–2003 for the Herbi-
cide (H) and Herbicide plus Fertilizer (HF) plots located
near Athens, Eatonton, and Dawsonville, GA
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fertilizer added is much smaller in the mineral soil
compared to above and belowground biomass C
gains. On another CAPPS site in the Georgia
Coastal Plain near Waycross, studies have dem-
onstrated a similar shift from below to above-
ground C allocation after 13 years of loblolly pine
plantation management. Near Waycross, the F
and HF treatments decreased the Wne root C
pools to 560 and 380 kg C ha¡1, respectively, rela-
tive to 925 and 540 kg C ha¡1 in Control and H
plots, respectively. Meanwhile, augmented above-
ground allocation to foliage increased litter C
accumulation (i.e., soil O horizons) from 8,900
and 10,050 kg C ha¡1 in Control and H, respec-
tively, to 16,400 and 19,700 kg C ha¡1 in F and HF
(Will et al. 2006). Similar allocation patterns have
been reported by other authors for fertilized
stands under 17-year-old slash pine (Pinus elliottii
Engelm.) plantations in the Coastal Plain Flat-
woods of Florida (Shan et al. 2001).

Other studies have observed relatively high
rates of soil C accumulations under loblolly pine
plantations even within a decade since planting
(from 0.4 to 1.7 Mg C ha¡1 yr¡1), underscoring
that the rate of accumulation is highly variable

with soil-site conditions (Van Lear et al. 1995;
Garten 2002). Soil C accumulation under aggrad-
ing forest ecosystems varies widely (Post and
Kwon 2000) and the time required to detect sig-
niWcant soil C accumulations is at least a decadal
scale process (Paul et al. 2002). Land-use history,
soil type, vegetation type, harvesting cycle, and
other management practices inXuence rates of
soil C accumulations (Sartori et al. 2006). The
amount of soil C that can be stored in the mineral
soil is determined by physicochemical limits. For-
mation of stable micro- and macro-aggregates in
soils rich in silt and clay increases soil C protec-
tion (Jenkinson 1977; Tisdall and Oades 1982;
Amato and Ladd 1992) as does the adsorption of
C by silt and clay. Ingram and Fernandes (2001)
deWned the saturation of this adsorption capacity
as the ‘attainable” level of soil C relative to the
“actual” soil C present. Increases in the soil C
pool due to fertilization in pine plantations may
be hard to detect if the actual soil C pool is
already near or at the “attainable” level.

The three sites in the current study may well
diVer in the relative sizes of the “actual” and
“attainable” soil C levels. In fact, the clay-rich

Fig. 3 Soil total C and N by location, treatment (Control
(C), Fertilizer (F), Herbicide (H), and Herbicide plus Fer-
tilizer (HF)), and depth (all element pools refer to a 10-cm
soil depth increment) (mean § 1 SE). Letters in the upper
left corner of each graph indicate signiWcance at P < 0.05

(capitals) or 0.10 (lower case) for contrasts: A) Herbicide
plots (H and HF) versus non-herbicide ones (C and F), B)
H versus HF, and C) F versus C (Only signiWcant contrasts
are presented by each depth. Contrasts not shown were not
signiWcant)
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Hapludults in the Athens and Eatonton locations
may oVer relatively greater SOM protection than
the sandy-loam textured UdiXuvent in the Daw-
sonville site. However, in highly weathered soils,
such as Hapludults, aggregate formation typically
depends on the binding between 1:1 clay minerals
and oxides and is less related to SOM (Oades and
Waters 1991). Thus, low-activity 1:1 clay minerals
(kaolinite) provide relatively low protection to
soil C against microbial activity. The mechanisms
of soil C sequestration in aVorested soils are still
not well understood. Physical or density fraction-
ation methods may provide a better quantiWca-
tion of the more recalcitrant soil C fractions (Six
et al. 2002; Echeverria et al. 2004).

The hypothesis that soil C increases with sus-
tained fertilization is not well supported by this
study, whose focus was on the C pool of the min-
eral soil. Carbon sequestration may derive more
from accumulations in forest Xoor or tree biomass
(Richter et al. 1995; Van Lear et al. 1995; Schle-
singer and Lichter 2001). Unfortunately, the for-
est Xoor C pool may be removed during site
preparation under many operations as currently
applied in intensively managed pine plantations.
Thus, the forest Xoor would represent only a
short-term C sink (i.e., rotation length). The dis-
position of tree biomass whether as pulp for
paper or saw logs for lumber will directly impact
the longevity of sequestered C as aboveground
biomass. These results suggest that other manage-
ment practices that enhance C sequestration need
to be considered, if/when C sequestration
becomes an important externality to forest man-
agers. The retention of the forest Xoor at site
preparation and its inclusion with the forest slash
into the mineral soil may prove eVective to aug-
ment C sequestration in southern pine planta-
tions. Some preliminary data suggest that these
practices may also improve soil properties and
seedling survival (Sanchez and Eaton 2001).

Mineral soil N and P—response to fertilization

Results for mineral soil N indicated no clear dis-
tinction between treatments based on soil total N
(Fig. 3). In general, surWcial soil total N near Ath-
ens and Eatonton was slightly higher (not signiW-
cantly) for plots that received the F treatment,

whereas near Dawsonville there were no clear
patterns. Patterns in total N with management are
consistent with data from the mixed bead resin
core technique (i.e., low and high N values for the
H and HF, respectively, for Athens and Eatonton
sites) and conWrm previous studies that found
total N correlates to soil N availability indices
(Binkley and Hart 1989). At greater depths these
diVerences in N among treatments tended to dis-
appear. In the Athens site, based only on the
resin-extractable N estimates at 0- to 10-cm
depth, the corresponding yearly cumulative N
extracted was on average 13.5 kg ha¡1 yr¡1 for the
H plots and about 370 kg ha¡1 yr¡1 for the corre-
sponding HF plots. The cumulative contents were
computed considering that each bag contained 4 g
of resins and the soil core volume internal to the
PVC tube was about 96.2 cm3 (depth = 10 cm).
Similarly, in the Eatonton site total resin-extract-
able N was on average about 18 and
270 kg ha¡1 yr¡1 for the H and HF plots, respec-
tively. In the Dawsonville site, total cumulative
resin-extractable N was on average about 53 and
43 kg ha¡1 yr¡1 for the H and HF plots, respec-
tively. Clearly, the annual fertilization near Ath-
ens and Eatonton has sustained an increase in soil
available N. Conversely near Dawsonville, where
fertilization was discontinued, diVerences in N
availability were absent, despite relatively high
soil N availability.

The cumulative annual Xuxes of N mineraliza-
tion in the HF plots near Athens and Eatonton
were much higher than the annual N fertilization
rate—even if the rates of the H- are subtracted
from the rates of the HF-treated plots (i.e., about
6-fold and 4-fold higher in the Athens and Eaton-
ton sites, respectively). These results suggest that
there was an overestimation of N Xuxes using a
mixed-bead resin core technique. There is no
available method that can measure accurate rates
of N mineralization in the Weld. All procedures
that measure the accumulation of N in the
absence of plant uptake alter to some degree soil
moisture and the functional status of roots and
mycorrhizae (Keeny 1980; Vitousek and Matson
1985; Adams et al. 1989; Hanselman et al. 2004).
In general, the presence of any apparatus causes
some modiWcations, whose degree varies upon its
structure and with the time of in situ application.
1 3
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The speciWc PVC apparatus as used in our study
may have produced (1) a reduction of the C input
from litter decomposition and cessation of inputs
from Wne-root turnover, (2) an increase in C
inputs from severed roots, and/or (3) a modiWca-
tion of the soil moisture and temperature regimes.

Mechanisms that increased C-inputs into the
soil core’s system likely increased N immobiliza-
tion by the bacterial population. Thus, higher
immobilization may have lowered soil N avail-
ability. At the same time, the cessation of N
uptake by tree roots (in presence of the PVC
tube) may have contributed to the larger-than-
expected N accumulation in the resin bags. The
mixed bead resin core technique as used in this
study also demonstrated some other limitations
discussed by Hanselman et al. (2004). During
many collection dates, standing water was found
on the top of the soil core internal to the PVC
tubes indicating that water dynamics did not reX-
ect that in the Weld and such prolonged water sat-
urated conditions may induce denitriWcation.
Such conditions may produce biased estimates of
soil N availability (Hanselman et al. 2004). Deni-
triWcation would have resulted in lower estimates
of N availability during the wettest months (i.e.,
March) (Fig. 2).

The temporal patterns in resin-extractable N
concentrations indicate that there was a relative
minimum in all locations during the winter
months (including the wettest month, March).
However, the low soil temperatures during the
winter months (data not shown)—rather than
denitriWcation losses—likely caused the relatively
lower soil N availability. Low soil temperatures
reduced the activity of the bacterial population
and thus soil N mineralization processes. In the
HF plots the annual fertilizer application of about
59 kg N ha¡1 yr¡1 has likely created the elevated
spikes in N availability, despite fertilizer applica-
tions in April. Relative maxima were observed in
both treatments in October (near Athens and
Eatonton) and September (near Dawsonville)
(Fig. 2). During the summer months there were
dry soil moisture conditions (data not shown),
which may have reduced N mineralization pro-
cesses.

The above estimates for annual resin-extract-
able N in the H plots are within the range of

previously reported data. For example, Vitousek
and Matson (1984; 1985) and Vitousek et al.
(1992) report that in the 0- to 15-cm depth layer
net N availability under loblolly pine in the North
Carolina Piedmont ranged from 80–90 kg
ha¡1 yr¡1 at age 1 year to 40–50 kg ha¡1 yr¡1 at
age 5 years. Vitousek and Matson (1985) studied
the eVects of harvest intensity, site preparation,
and herbicide treatment in a clear-cut site under
loblolly pine in the North Carolina Piedmont.
These authors reported that net nitrogen mineral-
ization followed a sinusoidal pattern, with a peak
early in the growing season (April to June) in all
plots during both 1982 and 1983. They also con-
cluded that the peaks were accentuated by forest
harvesting operations through their eVects on soil
temperature, moisture, and substrate litter quality.

Although available N is likely a major driver of
growth among the treatments at all sites, the pres-
ence of readily available P is essential for sus-
tained tree growth (Fig. 4). In the Athens
location, P fertilization has signiWcantly increased
extractable P contents in the F and HF treatment
plots at 0- to 10-cm depth (i.e., about 2, 10, 2, and
19 kg ha¡1 for the Control, F, H, and HF plots,
respectively) and a similar signiWcant increase was
detected in the lower 30- to 50-cm depth (i.e.,
about 5, 17, 7, and 28 kg ha¡1 for the Control, F,
H, and HF plots, respectively, at 0- to 50-cm
depth). In all cases, however, available P only rep-
resents a small percentage of the corresponding
soil total P that ranged between 2,653 kg ha¡1 and
3,635 kg ha¡1 (0- to 50-cm depth). Results near
Eatonton were similar to the Athens sites where
the extractable P was approximately 3-fold higher
in plots that received the F treatment (i.e., about
3.5, 10.7, 3.0, and 7.3 kg ha¡1 for Control, F, H,
and HF plots, respectively) and represents only a
small percentage of the corresponding soil total P
that ranged from about 2,249 kg ha¡1 to 2,649 kg
ha¡1 (0- to 50-cm depth). In the Dawsonville loca-
tion, extractable P was higher in the F compared
to the non-F plots only in the absence of the H
treatment (i.e., about 78, 185, 113, and
113 kg ha¡1 for Control, F, H, and HF plots,
respectively, at 0- to 50-cm depth). The P fertiliza-
tion in this study caused a long-term increase on
the soil nutrient status since P was not applied
annually like N. The retention of P fertilizer over
1 3



26 Biogeochemistry (2007) 84:13–30
decades or even centuries time scale has been
observed by other authors (e.g., Fransson and
Bergkvist 2000). The long-term recycling of P fer-
tilizer inputs through organic residues was dem-
onstrated in a north Florida pine plantation
(Polglase et al. 1992) and would be important at
these sites for the sustained availability of P with
its subsequent eVect on growth.

The soils in the Dawsonville site had an inher-
ently higher extractable P (Control and H plots),
which may depend on diVerences in parent mate-
rial, biogeochemistry, or site history. The Typic
Kanhapludults near Athens and Eatonton are
highly weathered soils and likely contain less
phosphate-rich minerals than the Typic UdiXu-
vents near Dawsonville. The Dawsonville soils
are also Xood-prone soils that undergo anaerobic
conditions for brief periods during winter or
spring. In the Georgia Coastal Plain, Wright et al.
(2001) studied the eVects of artiWcial Xooding on
P availability in a forested Xoodplain ecosystem
along the Ogeechee River, near Savannah, GA.
These authors hypothesized that P availability
would increase with Xooding duration and period-
icity, primarily because the Xooded-induced

release of P from Fe and Al phosphate, as
observed for upland soils Xooded for rice cultiva-
tion. Based on their results, they concluded that
biological processes were the major cause for
Xooding-induced increases in P availability rather
than solubilization of mineral phosphate. Finally,
many of the Xoodplains of the Etowah River near
Dawsonville are currently under agriculture and
this study area may have had a similar agricultural
history. Even in the absence of agriculture in
vicinity of this site, in agricultural and urban areas
higher P-availability may derive from the Xood-
waters, which can carry signiWcant loadings of
available P (Carpenter et al. 1998).

Mineral soil C, N, and P—response to herbicide 
treatment

Results relating to mineral soil C in response to
herbicide treatments agree with those reported by
Echeverria et al. (2004). These authors observed
that soil C was signiWcantly lower in the H com-
pared to the Control plots, using some of the
same stands—but working only in the Control
and H plots—near Athens and Eatonton. The soil

Fig. 4 Soil total and extractable P by location, treatment
(Control (C), Fertilizer (F), Herbicide (H), and Herbicide
plus Fertilizer (HF)), and depth (all element pools refer to
a 10-cm soil depth increment) (mean § 1 SE). Total P was
not measured for the Dawsonville site. Letters in the upper
left corner of each graph indicate signiWcance at P < 0.05

(capitals) or 0.10 (lower case) for contrasts: A) Herbicide
plots (H and HF) versus non-herbicide ones (C and F), B)
H versus HF, and C) F versus C (Only signiWcant contrasts
are presented by each depth. Contrasts not shown were not
signiWcant)
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C pool at all three study locations show decreas-
ing patterns with the application of H treatments,
although signiWcant concentration diVerences
occurred only in the 10- to 30-cm depth near
Eatonton. For example, in the Eatonton site,
plots under the H treatment had lower soil C pool
(0- to 50-cm depth), being 50.2, 48.9, 43.6, and
41.1 Mg C ha¡1 for the Control, F, H, and HF,
respectively (Fig. 3). Similarly, near Dawsonville,
the soil C pool was 64.6, 58.9, 52.8, and
55.2 Mg C ha¡1 for the Control, F, H, and HF,
respectively. The results from these two locations
appear to indicate that declines observed in
response to H treatments were not balanced by
increases under F. In other words, the surface soil
C pool in the HF plots was typically lower than in
the Control plots and about the same in the H
plots. Near Athens, reductions in the mineral soil
C pool were only partially counterbalanced in the
HF (42.0 Mg ha¡1 yr¡1) compared to the H
(36.7 Mg ha¡1 yr¡1) and the Control
(38.6 Mg ha¡1 yr¡1). It is likely that over longer
durations larger and signiWcant diVerences
between H- and non-H-treated plots may be
detected similarly to other studies.

The above results also support Wndings
reported by Shan et al. (2001), who observed a
signiWcant decrease in mineral soil C in a 17-year-
old slash pine plantation. These authors also
observed a reduction in Wne-root turnover of
0.4 Mg C ha¡1 yr¡1 due to the H treatment.
Reduction in mineral soil C in H-treated plots
under pine plantations may well result from
reduced Wne-root litter inputs. In the 13-year-old
CAPPS plots near Waycross, the H treatment had
decreased the Wne root biomass pool, which was
385 kg C ha¡1 smaller than in the Control (i.e.,
925 and 540 kg C ha¡1 in Control and H, respec-
tively), and increased the forest Xoor biomass
(i.e., 8,900 and 10,050 kg C ha¡1 in Control and H,
respectively). Despite the presence of a thicker
forest Xoor under the H treatments, the mineral
soil C pool was generally lower under H com-
pared to non-H-treated plots, although not statis-
tically signiWcant (Will et al. 2006). Similarly,
Echeverria et al. (2004) found average reductions
for C and N of 20 % and 19 % compared to the
Control plots, respectively, and average declines
found in the literature ranged from 18 % to 33 %

for mineral soil C and 10 % to 30 % for N (Aust
and Lea 1991; Polglase et al. 1992; Carlyle 1993;
Munson et al. 1993).

The H treatment eVects on the N pool were
similar to those of F only near Athens. In fact, the
H treatment lowered the soil C:N ratio compared
to the Control. One possible hypothesis support-
ing lower C:N ratios in the H plots is that there
are diVerences in quality of SOM inputs. Above-
ground litter inputs are reduced and most SOM
derives from belowground litter (e.g., Wne roots)
inputs with lower C:N ratios. Instead in the other
two locations, C:N ratios in the H and Control
were about the same and do not support such
hypothesis.

The absence of any speciWc patterns of total or
extractable P with application of the H treatments
suggests that P availability in upland soils is not
predominantly controlled by the cycling of soil C,
although clearly depends on these sources over
the long-term (Richter et al. 2006). Observed pat-
terns in soil P depend primarily on the external
fertilizer inputs as indicated by higher total and
available P in the F and HF plots. Generally the
amount of soil P available to plants, which is
extremely low in piedmont soils, depends on the
equilibrium among diVerent soil P pools, includ-
ing organic pools, which involve interaction with
iron and aluminum and the ability of pine mycor-
rhizae to obtain P from insoluble forms (Humph-
reys and Pritchett 1971; Jorgensen and Wells
1986; Richter et al. 2006).

Tree growth response

Given the above responses in mineral soil C, N,
and P one might infer clear tree growth increases
in F or HF plots. Aboveground biomass was esti-
mated using available growth data for the Ath-
ens, Eatonton, and Dawsonville sites (Borders
and Bailey 2001; Borders, unpublished data),
tree volume outside bark equations (Harrison
and Borders 1996), and an assumed wood density
of 0.249 Mg C m¡3 (based on Birdsey 1992).
Stands in the Athens and Eatonton locations
showed a response to F, H, and particularly HF
of about 2-fold higher compared to the Control.
For example at age 10 years near Athens,
standing biomass was about 19.2 and
1 3
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34.5 Mg C ha¡1 greater for the H and HF, respec-
tively, than in the corresponding Control plot
(about 28.7 Mg C ha¡1). At age 11 years near
Eatonton, standing biomass was about 24.7 and
42.2 Mg C ha¡1 greater for the H and HF, respec-
tively, than the corresponding Control plot
(about 25.5 Mg C ha¡1) (Borders and Bailey
2001). In the Dawsonville sites the response to H
treatments was clear, but that to F was not so
apparent likely due to the abandonment of
annual fertilization in 1996 and higher site fertil-
ity. As an example, at age 12 years standing bio-
mass was about 47.9 and 41.9 Mg C ha¡1 greater
for the H and HF, respectively, than the corre-
sponding Control plot (about 27.2 Mg C ha¡1)
(Borders et al., unpublished data).

Conclusions

In all three locations the decade-long treatments
of competition control with herbicides and annual
fertilizations (throughout stand life near Athens
and Eatonton and for 7 to 9 years near Dawson-
ville) primarily enhanced C sequestration in the
aboveground biomass in agreement with previous
studies in pine plantations. The herbicide treat-
ments appeared to deplete the soil C pool in all
three locations—a signiWcant depletion in mineral
soil C was observed only in one location (near
Eatonton). The fertilization treatment did not
consistently increase the C pool of the mineral
soil, suggesting that such treatments may not
buVer and counter the possible negative eVects of
the herbicide treatment. It appears that within the
mineral soil the potential belowground C losses—
from Wne root inputs—are not balanced by
increased inputs deposited on the soil surface
through increased aboveground litter inputs. In
general, however, the H, F, and HF treatments in
these pine stands increased tree growth. At pres-
ent it still is not possible to predict mineral soil C
response to plantation management activities and
despite some declines in soil nutrient contents it
does not appear that site productivity has dimin-
ished during the current rotation.

On the relatively nutrient poor Ultisols near
Athens and Eatonton high values of soil available
N and P were associated with high tree biomass

growth responses. On the nutrient rich UdiXu-
vents near Dawsonville it was not possible to Wnd
a clear correspondence between soil available N
and extractable P and the response to F and H
treatments in aboveground tree biomass. In fact,
soil available N was about 100-fold higher in the
HF compared to H plots near Athens and Eaton-
ton but not near Dawsonville.
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