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Long-term effects of weed control and
fertilization on the carbon and nitrogen pools of a
slash and loblolly pine forest in north-central
Florida

Jason G. Vogel, Luis J. Suau, Timothy A. Martin, and Eric J. Jokela

Abstract: The effects of fertilization, weed control, and fertilization plus weed control on vegetation and soil C and N
pools were examined for a loblolly pine (Pinus taeda L.) and slash pine (Pinus elliottii var. elliottii Engelm.) forest at
ages 18 and 26 years (at the end of rotation). The total C accumulated in fertilized forests without weed control was 20%
(slash pine) and 40% (loblolly pine) greater than in the control forests at the end of rotation. Weed control increased pine
C pools at 18 years, but by the end of rotation, weed control effectively resulted in no gain in ecosystem C. When the two
treatments were combined, weed control slightly subtracted from the net C benefit produced by fertilization. This result
occurred because of decreased forest floor and soil C in the weed control plots. Fertilization significantly increased stem,
foliage, forest floor, and soil N pools, and N retention was 63% and 103% of the applied N in the slash and loblolly pine
forests, respectively. Weed control with fertilization reduced ecosystem N retention efficiency, but weed control alone did
not negatively affect ecosystem N accumulation. These results suggest that the optimal treatment for increasing C accumu-
lation and N retention in these ecosystems is fertilization without weed control.

Résumé : Les effets de la fertilisation et du désherbage, seuls ou combinés, sur la végétation ainsi que sur les réservoirs
de C et de N du sol ont été étudiés dans des foréts de pin a encens (Pinus taeda L.) et de pin d’Elliott (Pinus elliottii var.
elliottii Engelm.) agées de 18 et 26 ans (fin de la rotation). Le C total accumulé dans les foréts fertilisées était 20 % (pin
d’Elliott) et 40 % (pin a encens) plus élevé que dans les foréts témoins a la fin de la rotation. Le désherbage a augmenté
les réservoirs de C du pin a 18 ans mais n’a pas entrainé de gain de C dans I’écosysteme a la fin de la rotation. Lorsque
les deux traitements étaient combinés, le désherbage a 1égérement réduit le bénéfice net de C obtenu avec la fertilisation.
Ce résultat est survenu a cause la diminution du C dans le sol et la couverture morte dans les parcelles désherbées. La fer-
tilisation a significativement augmenté les réservoirs de N dans la tige, le feuillage, la couverture morte et le sol et la ré-
tention de N a atteint respectivement 63 % et 103 % de N appliqué dans les foréts de pin d’Elliott et de pin a encens. Le
désherbage combiné a la fertilisation a réduit 1’efficacité de rétention de N de 1’écosysteme mais le désherbage seul n’a
pas négativement influencé 1’accumulation de N dans 1’écosysteme. Ces résultats indiquent que le traitement optimal pour
augmenter ’accumulation de C et la rétention de N dans ces écosystemes est la fertilisation sans désherbage.

[Traduit par la Rédaction]

Introduction

Forest vegetation and soils are significant repositories for
C as it cycles between the terrestrial biosphere and the at-
mosphere. Globally, forests store approximately 1150 Pg of
C in vegetation and soil, which is nearly 1.5 times greater
than the current atmospheric C pool (Dixon et al. 1994).
Given the large amount of C stored in forests, even small
changes in this stored C could have a substantial effect on
atmospheric C pools. For example, in the continental United
States, forest C sequestration in vegetation biomass and soil

pools was primarily responsible for removing approximately
10% of fossil fuel CO, emissions between 1990 and 2004
(US Environmental Protection Agency 2005). Thus, increas-
ing or maintaining forest C pools represents a critical option
in societies’ efforts to mitigate rising atmospheric CO,.

The southeastern United States could be an attractive re-
gion for increasing CO, sequestration because much of the
region’s extensive forest coverage is under varying levels of
management. Han et al. (2007) proposed that land-based C
sequestration in the region could increase the capture of fos-
sil fuel emissions from 10% to 22% with the adoption of
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improved land, primarily forest, management. Accelerated
forest growth and increased C density are straightforward
means to increase forest C sequestration (Pacala and Soco-
low 2004), and in managed southern pine stands, forestry
practitioners generally accelerate the growth of stands with
initial site preparation techniques, fertilization, and weed or
understory control (Fox et al. 2007). Fertilization and weed
control both likely improve pine growth through an increase
in nutrient availability (Neary et al. 1990; Borders et al.
2004; Miller et al. 2006), while fertilization has the added
benefit of relieving site level nutrient deficiencies (Miller
1981). It remains unclear, however, whether an increase in
aboveground tree growth directly corresponds to an increase
in ecosystem C sequestration (Richter et al. 1999; Johnson
and Curtis 2001), especially given the variety of manage-
ment prescriptions applied in southern pine forests (Fox et
al. 2007) and the relatively few studies that have examined
all ecosystem C pools (Richter and Markewitz 2001; Shan et
al. 2001).

A management prescription that increases forest C seques-
tration would ideally also sustain or increase forest produc-
tivity for the long term. One important component of a
sustainable system is the retention of nutrients, whether ex-
isting site nutrients or nutrients applied in fertilizer. For
weed or understory control, previous research has suggested
that complete understory control can cause a decrease in soil
N in southern pine forests (Echeverria et al. 2004; Sartori et
al. 2007; Rifai et al. 2010), which may eventually lead to
decreased nutrient retention and stand productivity. For for-
est fertilization, productivity gains have been observed in
subsequent rotations even without further fertilization
(Comerford et al. 2002; Phelan and Allen 2008), but it is un-
clear how fertilization and herbicide use interact to affect
long-term productivity. In the last several decades, many
southern pine forests have received a combination of fertil-
izer and herbicide applications (McCullough et al. 2005);
therefore, it is critical to understand how these treatments
may interact to affect nutrient retention.

A number of studies have examined the effect of fertiliza-
tion and weed control on southern pine forest C (Shan et al.
2001) and N dynamics (Will et al. 2006). However, most
previous research has focused on either above- or below-
ground pools or stands that were several years from harvest
(11-20 years old), making it difficult to infer whether the
ecosystem patterns reported at earlier stages in stand devel-
opment would carry over to the end of rotation. The objec-
tive of this research was to determine how fertilization,
weed control, and the combined application of these man-
agement prescriptions affected the C and N dynamics of a
loblolly pine (Pinus taeda L.) and slash pine (Pinus elliottii
var. elliottii Engelm.) forest in north-central Florida. For this
site, researchers have reported that throughout most of stand
history, aboveground biomass was increased with both fertil-
ization and weed control (Jokela et al. 2010); however, a C
and N budget has never been constructed that included both
above- and belowground components. We hypothesized that
a significant increase in aboveground tree growth and bio-
mass would correspond to a significant increase in both
above- and belowground components of ecosystem C and
N. In addition, we hypothesized that biomass accumulation
would correspond to the retention of fertilizer N. For the lo-
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blolly pine forests, we also compared the aboveground veg-
etation and forest floor pools of C and N at two points
during stand development (at age 18 and 26 years) to deter-
mine the trends in pools during the late stages of the rota-
tion. To address this objective and hypotheses, we estimated
the C and N pools in the aboveground vegetation, forest
floor, roots, and soils to 1 m depth at the end of a 26-year
rotation.

Site description

In 1983, researchers from the University of Florida,
United States Forest Service, and forest industry established
the Intensive Management Practices Assessment Center
(IMPAC) to evaluate the biological growth potential of
southern pine forests (Jokela and Martin 2000). An IMPAC
research site was established approximately 10 km north of
Gainesville, Florida (29°30'N, 82°20'W), in a recently
burned and harvested slash pine forest. Mean annual precip-
itation is 1229 mm and mean annual temperature is 21 °C
for Gainesville (National Oceanic and Atmospheric Admin-
istration 1998), and the soils at the site are classified as
sandy, siliceous, hyperthermic Ultic Alaquods (Pomona fine
sands; Soil Survey Staff 1999).

The IMPAC study consists of three blocks of a2 x 2 x 2
factorial combination of species (loblolly and slash pine),
fertilizer, and herbicide treatments arranged in a split-plot,
randomized complete block design (Neary et al. 1990). Four
treatments were randomized within each species whole plot:
a control, fertilizer only (F), understory or weed control only
(W), and fertilizer plus weed (FW) treatment. Trees were
planted at a 1.8 m x 3.0 m spacing, with the whole plot
equivalent to 820 m? and with an interior measurement plot
consisting of five beds and eight trees per bed for a total 40
trees per plot (equivalent area 260 m?2). Along the beds, an
untreated six-tree buffer (~12 m) separated treatment plots,
and across the beds, the spatial equivalent of four untreated
beds (~12 m) separated adjacent plots.

Fertilizer was annually applied from stand age 0-10 and
16-18 years, with different macro- and micronutrient combi-
nations and different application rates in each time interval
(Table 1). The fertilizer was banded in a semicircle within
approximately 0.5 m of each tree’s base (Martin and Jokela
2004). Understory vegetation was controlled annually from
ages 1 to 10 years (1983-1993) using a combination of her-
bicides and mechanical rotary cutters (Neary et al. 1990).
Thereafter, canopy closure impeded encroachment by under-
story plants onto the weed control plots and herbicide appli-
cation was discontinued.

Methods

The vegetation, soils, and forest floor were measured in
sampling periods concentrated during the late dormant sea-
son (January to May). In 2001, or age 18 years, the loblolly
pine plots were sampled from January to March for the for-
est floor and understory C and N concentrations and late
March for loblolly pine tissues; in 2009, both pine species
were sampled during the final stand harvest in early May
for vegetation N concentration. In 2009, the forest floor,
understory, and soils were collected between January and
March for fine root and soil C and N estimates. The stands
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Table 1. Fertilizer application rates and timing for the loblolly pine (Pinus taeda) and slash pine (Pinus elliottii var. elliottii) experimental

sites receiving either fertilizer only or fertilizer and weed control.

Mean annual application rate (kg-ha~!-year!)

Time period Stand age (years) N P K Ca Mg Mn Fe Cu Zn B S
1983-1993 0-10 36.0 14.3 31.7 10.8 7.2 0.3 0.3 0.05 0.3 0.05 7.2
1998-2000 15-17 242.6 29.0 37.7 0 0 04 0.8 0.13 0.3 0.13 0

Table 2. Stand age of maximum stand basal area (BA), the amount of BA at its maximum, and BA at
stand age 26 years for loblolly pine (Pinus taeda) and slash pine (Pinus elliottii var. elliottii) control
forests and those receiving fertilization (F), weed (W) control, and fertilization plus weed control (FW).

Stand age (years)

maximum BA (m%ha™) Maximum BA (m2%ha™!) Year 25 BA (m%ha™')

Loblolly pine

Control 25 26.1 26.1
F 16 39.7 34.9
w 20 38.7 36.2
FwW 18 44.7 40.1
Slash pine
Control 25 25.8 25.8
F 18 34.4 28.2
w 25 41.1 41.1
FwW 18 40.6 335

were harvested in May of 2009 (age 26 years); however, the
final mensurational survey was conducted in December of
2007 (age 25 years), creating an offset in time of approxi-
mately one growing season between when the aboveground
pine biomass was estimated and when the pine C and N
concentrations and the forest floor, understory, and soil C
and N were estimated. Prior to the 25th year, all plots were
measured every 1-2 years for tree diameter and height
(Jokela et al. 2010).

In 2001, branch samples were acquired from the upper
third of the crown of five trees and divided into foliage and
branch wood. In 2009, three trees per plot were sampled for
branch wood immediately after being cut during the harvest.
Trees in the 2001 sampling were randomly selected across
all tree size classes and, in 2009, trees in the dominant and
codominant canopy classes were randomly selected for sam-
pling. For each branch, a disk was cut at the midpoint of a
midsized branch selected from each tree’s crown. Foliage
was also collected from one whorl of the three branches per
tree and three trees per plot. Stem bark samples were re-
moved with a chisel from a 5 cm x 5 cm section of the
stem from six trees (in 2001) and three trees (in 2009) in
each plot. In 2001, an increment borer was used to obtain
stem wood samples from six loblolly pine trees per treat-
ment plot. Understory vegetation in the F and control plots
was destructively sampled from 1 m2 quadrats located in
four random positions in each plot. Plant tissues that were
rooted outside the quadrat, but that overhung the quadrat
boundaries, were not included in the sampling. Only those
plants rooted in the plot were harvested. The harvested sam-
ples were divided into deciduous tree wood and leaves and
saw palmetto (Serenoa repens (Bartr.) Small) stems, fronds,
and reproductive parts. Herbaceous plants were included
with deciduous foliage. Each tissue type was ground and an-
alyzed for C and N concentration separately and recombined
by proportional dry mass.

Forest floor samples were obtained using a 20.3 cm diam-
eter cutting ring. Three sampling locations were randomly
located on the bed and interbed areas (six total) of each
plot. Each sample was divided into Oi (whole needles) and
Oe + Oa horizons (partially decomposed needles and de-
composed organic matter, respectively).

At age 26 years, soil and root C and N concentration was
estimated for both the loblolly and slash pine forests. Sam-
ples were collected from within the same circle harvested
for the forest floor with a 7.62 cm diameter auger. The
depth intervals collected were 0-33, 33—66, and 66—100 cm.
All depth intervals were composited by bed or interbed,
weighed wet, and then thoroughly mixed. The soil was then
subsampled based on mass so that approximately 15% of the
total sample was subsequently processed. From this subsam-
ple, roots were removed and divided into <2 mm and 2-
5 mm diameter size classes. Roots >5 mm diameter were
discarded during this process because they were to be ac-
counted for using an allometric approach. The remaining
soil subsample was weighed wet and then dried at 65 °C.
Approximately 100 g of soil was removed from the dried
soil and ground in a rotary ball mill. From this sample, two
samples were analyzed for C and N concentration on a CNS
analyzer (NCS 2500; CE Elantech, Lakewood, New Jersey).
No adjustments for rock density were made because no
rocks were found during soil coring in these predominantly
sandy soils.

Tissue samples were oven dried at 65 °C, weighed, and
ground in a Wiley mill to pass a 1 mm screen. Concentra-
tions of C and N were then measured (NCS 2500; CE Elan-
tech). Preliminary analysis of the 2001 branch
concentrations showed unusually high N concentrations
compared with literature estimates and those from previous
studies at this site (Gholz et al. 1985; Colbert et al. 1990).
This was likely attributable to branch wood samples that
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Table 3. Mean (+SE) C pools (Mg C-ha™) of aboveground vegetation for 26-year-old loblolly pine (Pinus taeda) and slash pine (Pinus elliottii var. elliottii) stands that received
fertilization (F), weed control (W), and fertilization plus weed control (FW) treatments and the results from the ANOVA.

Roots Forest floor Soil depth interval (cm)
Foliage  Bark Branch Stem Understory <2mm  >2-5mm >5 mm Dead tree  Oi Oe+0Oa 0-33 33-66 66-100
Vegetation, forest floor, and soil C content
Loblolly pine
Control 35(0.1) 4.00.4) 8.0(0.2) 28.0(1.1) 1.6 (0.3) 1.8 (0.3) 3.1(0.3) 10.9 (0.6) 1(1) 5(0.2) 18(3) 39(5) 49(3) 42(12)
F 5.1(03) 5.6(1.3) 11.1 (0.3) 45.0(1.4) 1.8 (1.4) 1.3 (0.1) 3.9(0.3) 18.5(0.7) 13 (4) 8(1) 45(10) 50(7) 61(3) 34(5
w 5.1(0.1) 6.0(0.4) 11.9 (0.4) 47.4 (1.9) 0.6 (0.1) 2.7 (0.3) 21.0 (0.9) 6(1) 7() 12(3) 52(3) 45(7) 3109
FW 5.7(0.3) 69 (1.3) 12.8 (0.6) 52.9 (3.5) 0.4 (0.1) 28(1.5) 23.7(1.8) 13 (3) 9(1) 29(6) 53(3) 47(2) 2910
Slash pine
Control 32(0.7) 104 (0.8) 5.9 (1.6) 33.5(6.4) 2.5(0.2) 1.5(0.7) 2.6 (0.8) 10.8 (3.2) 6(3) 10(2) 28(4) 42(2) 56(4) 2903
F 34(0.7) 11.8(0.2) 7.2(0.6) 42.8 (3.0) 3.4 (0.4) 1.4 (0.4) 2.2 (0.6) 21.5(1.5) 132 10(1) 465 46 (1) 60(8) 37(2)
w 5.0(0.3) 17.1 (0.9) 10.0 (1.3) 60.0 (3.4) 0.5(0.1) 1.3(0.8) 28.7 (1.7) 3(1) 11(0.5) 22(2) 47(2) 54(@) 25(7)
FW 4.0 (0.8) 13.5(0.6) 9.0(1.2) 53.7 (6.6) 0.3 (0.5) 2.1(0.7) 244 (33) 142 13(2)  30(5 47(1) 67(4) 29 (6)
Significant (p < 0.05) ANOVA p values
Source of variation
Whole plot
Block (df = 2)
Species (S) (df = 1) <0.001
Error (df = 2)
Split plot
F@df=1) 0.032 0.003 0.003 <0.001 <0.001 0.026
W df=1) <0.001 0.003 <0.001 <0.001 0.002 <0.001 0.007 0.035
Fx W(@df=1) 0.025 <0.001 0.002 0.004
SxF@f=1) <0.001 0.042 0.003 0.003
SxW@f=1) 0.047 0.004 0.004
SxFxW(@f=1) 0.043

Error (df = 1)
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consisted predominately of growing tips and that had N con-
centrations considerably higher than from the older, woody
portions of the branch that constituted most of the mass. To
avoid propagating this bias to our estimates of stand-level
branch N content, we used the N concentrations from the
2009 sampling for the 2001 estimates. In 2009, stem N con-
centrations were not collected, and as a result, 2001 values
were used to estimate both loblolly and slash pine N con-
tent. Ecosystem component C and N content was estimated
by multiplying dry biomass by its corresponding C and N
concentrations where these were directly estimated.

To predict aboveground biomass for both species, we
used a combination of allometric equations that were site
specific and equations from the literature. The site-specific
equations were from Jokela and Martin (2000) and were re-
stricted to aboveground tissues (foliage, branch (bark in-
cluded), stem bark, and stem wood biomass) and to the tree
diameters found at the site for age 18 and 25 years. We
avoided extending equations beyond the diameters of har-
vested trees because this can introduce a systemic overesti-
mation of stand biomass. Treatment-specific equations were
unnecessary because there were no significant difference in
allometric equations (Jokela and Martin 2000). For the
larger slash pine, equations from Jokela et al. (1989) were
used that had been developed for mature slash pine forests
in north Florida. For loblolly pine trees that were larger
than the diameters of trees harvested for the Jokela and Mar-
tin (2000) equations, we used the equations of Naidu et al.
(1998). For both species, the range in tree diameters for
these literature equations fully encapsulated the range in
tree diameters at this site.

Coarse root biomass was estimated for both species from
the stem to coarse root biomass ratio (0.5) developed by Al-
baugh et al. (2006) for loblolly pine roots >2 mm. In their
study, stem biomass explained 91% of the variance in coarse
root biomass and their estimates of stem mass fully encapsu-
lated the stem mass estimates in our study. We directly esti-
mated the 2-5 mm fraction in the soil cores and this
estimate was subtracted from the final estimate of coarse
root biomass, resulting in a 5%—11% reduction in the stem
to coarse root biomass ratio of Albaugh et al. (2006). The
relative errors of these two approaches, and of using non-
site-specific equations, are examined in the Discussion sec-
tion.

Coarse woody debris and standing dead trees were esti-
mated using the annual inventories and a modeling approach
outlined by Radtke et al. (2009) for southern pine stands.
The model uses the year of mortality, and then from empiri-
cally derived equations, it estimates how long a dead tree
stands, how much coarse debris is produced by a tree in
each year since mortality, and how quickly the stem decom-
poses. The modeled standing dead trees and coarse woody
debris were estimated as biomass and then converted to C
content by multiplying the original stem C concentrations
by biomass. When a simulated decomposing tree reached
30% of its original mass, it was dropped from the “dead
tree” pool and assumed to be part of the forest floor sam-
pling. This cutoff was based on examining tree locations
and determining whether the residual logs or stumps would
have been sampled with the forest floor. No estimates of
dead tree N content were made because N content in coarse
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woody debris can vary significantly through time (Laiho and
Prescott 1999).

Statistical analysis

Treatment and species effects on the C and N content and
concentrations of the vegetation, forest floor, and soil com-
ponents at ages 18 years (loblolly pine only) and age
26 years for slash and loblolly pine soil were determined us-
ing a split-plot analysis of variance (ANOVA, mixed model
procedure) for a factorial experiment. The whole plot was
species and block and block x species (age 25 years only)
were treated as random effects. Significant changes in C
and N pools between the stand age 18 and 26 years were
determined by estimating the 95% confidence interval for a
treatment. Treatment effects were judged to be significant at
p < 0.05. The SAS statistical package version 9.1 was used
for all statistical analyses.

Results

Carbon pools

Tree basal area (BA) (square metres per hectare) was pos-
itively correlated with aboveground biomass in the 25th year
of the stand (not shown), and historically, BA was at its
greatest point for the F and FW control plots between ages
16 and 18 years (39.7-44.7 m?-ha-!) for both the slash and
loblolly pine forests (Table 2). For the loblolly pine W plots,
BA had peaked at age 20 years (38.7 m®ha!) and had de-
clined slightly by 26 years (36.2 m2-ha™!). In contrast, BA
for the control plots and slash pine W plots continued to ac-
crue up until the end of the rotation (25.8-41.1 mZha!)
(Table 2). Indeed, at the end of rotation, the slash pine W
plots had the highest BA among treatments and controls,
but among all treatments and years, the 44.7 m%ha-! of the
18-year-old loblolly pine FW plots was the largest recorded
BA.

The C content of biomass for both pine species was con-
sistently greatest for stems (28.0-60.0 Mg C-ha™!) followed
by roots >5 mm in diameter (10.9-28.7 Mg C-ha!)
(Table 3). For slash pine, the next largest pool was bark
(10.4-17.1 Mg C-ha!) and then branches (5.9-10.0 Mg
C-ha!), with the pattern reversed for loblolly pine (Table 3).
The foliage and 2-5 mm roots were the next largest pools,
but the two pools varied in rank order among species and
treatments. Roots <2 mm were the smallest pool (0.3-1.8
Mg C-ha!) for both species. For most pine biomass compo-
nents at both age 18 and 26 years, the F and W treatments
caused an increase in C content relative to the control plots
(Table 3 and 4). At age 18 years, the F and W main effects
were significant for nearly all components (minus bark), but
at age 26 years, the branch and bark were no longer signifi-
cant for the F effect. Notably at age 26 years, the interaction
terms species (S) x F and Sx W were significant for a
number of biomass components, reflecting the relatively dif-
ferent responses of species to treatments. In general, the re-
sponse to fertilization differed among species because the F
and FW treatments of slash pine supported less biomass than
the fertilized loblolly plots and the W plots of slash pine
supported more biomass than the weed control loblolly for-
ests (Table 2). Only fine root (<2 mm) biomass was lower in
the treated plots relative to the controls, with a significant
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Table 4. Mean (=SE) C pools (Mg C-ha™!) of aboveground vegetation and the forest floor for the loblolly pine (Pinus taeda) stands at 18 years that received fertilization (F), weed

control (W), and fertilization plus weed control (FW) treatments and the results from the ANOVA.

Oe + Oa

Oi

Understory Roots >5 mm Dead tree

Stem

Branch

Bark

Vegetation, forest floor, and soil C content

Control

Foliage

14.4 (2.2)
27.7 (1.4)
21.3 (3.6)
31.7 3.2)

3.2 (0.7)
3.7 (0.7)
3.9 (1.3)
5.5 (0.4)

0.1 (0.1)
5.6 (3.9)
1.0 (0.1)
4.5 (1.9)

9.5(24)
23.0 (1.0)
20.8 (1.6)

25.5 (1.3)

5.5 (0.6)
2.9 (0.2)

19.0 (4.8)
46.1 (2.0)
41.5 (3.2)
50.5 (2.5)

57 (1.5)
12,6 (0.2)
12.0 (1.0)
14.5 (0.4)

2.9 (0.8)
5.5(0.3)
5.3 (0.4)
6.4 (0.4)

2.5 (0.5)
5.1 (0.2)
4.9 (0.5)
5.5(0.3)

FW

Significant (p < 0.05) ANOVA p values

Source of variation

0.003

0.033 0.002

0.003

0.022

0.032

Fdf=1)

0.002

0.002

0.002

0.041

W (df = 1)

0.003

0.035

0.003

0.035

FxW(@df=1)
Error (df

:8)
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decrease associated with the main effect of the W treatment
(Table 2). The only species-level difference in C content
was for bark (Table 2), which was significantly greater in
slash than in loblolly pine plots because of species-level dif-
ferences in total mass.

Because stand BA peaked prior to the end of the rotation
for the fertilized plots (Table 2), density-related mortality
occurred and corresponded to a significant increase in the
estimated dead tree C content at the end of rotation (Tables 3
and 4). No significant treatment effect was observed for the
Oi layer, although the C content of the Oi layer in the slash
pine forest was on average 32% greater than that of the lo-
blolly pine forest (p = 0.08). The C content of the forest
floor Oe + Oa layer was significantly increased in the F
plots at age 18 years (loblolly pine only) and 26 years (both
species). At the end of rotation, this effect was partly due to
the increased C concentration of the loblolly pine Oe + Oa
layer (Table 3), but at age 18 years, there was no significant
effect of the W or F treatment on the C concentration of any
forest floor component. At age 26 years, the C content of
the Oe + Oa layer was lower in the W treatment (Table 4),
which was in part due to a significantly lower C concentra-
tion (Table 3).

Soil C content increased slightly going from the 0-33 cm
depth interval (39-53 Mg C-ha™!) to the 33-66 cm depth in-
terval (45-67 Mg C-ha’!) and then decreased in the 66—
100 cm depth interval (25-42 Mg C-ha!) (Table 3). This
trend may have occurred because the spodic or Bh horizon
was found within the 33-66 cm depth interval (not shown).
The response to treatment differed among soil depth inter-
vals, with a significant F treatment main effect in the 33—
66 cm depth interval reflecting an increase in soil C. For
the 66—100 cm depth interval, the W main effect reflected a
decrease in soil C (Table 4). These significant patterns in C
content matched the trends in C concentration (Table 3), de-
spite there being a significant negative linear relationship
between C concentration and bulk density (R* = 0.41, p <
0.001, n = 432, data not shown). After summing all depth
intervals, the only marginally significant result (p = 0.14)
was for the F-only treatment, which had 12% more soil C
than the control.

Nitrogen concentration and pools

The highest vegetation N concentrations were found in fo-
liage and fine roots and understory vegetation (Tables 5 and
6). The tissues most sensitive to treatment were pine stem at
age 18 years and foliage at both ages (Tables 5 and 6), with
fertilization producing an average 36% increase in foliage N
concentration at age 18 years (Table 5), but the magnitude
of the effect decreased to 11% at age 26 years in loblolly
pine (Table 6). A significant S x F x W interaction at age
26 years highlighted the differential response of the two spe-
cies’ foliage to treatments (Table 6) where slash pine foliar
N concentration was lowered by the W treatment relative to
the control but increased for loblolly pine. For fine roots, the
main effect of the W treatment was significant, reflecting an
increase in N concentration. The only species difference in
N concentration was observed for the bark where slash pine
had a lower N concentration than loblolly pine (Table 6).

The N content of all vegetation components generally in-
creased with fertilization at both ages in loblolly pine (Ta-
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Table 5. Mean (+SE) N concentration (g-kg™!) of aboveground vegetation and the forest floor for 18-year-old
loblolly pine (Pinus taeda) stands that received fertilization (F), weed control (W), and fertilization plus weed
control (FW) treatments and the results from the ANOVA.

Foliage Stem Bark Understory  Oi Oe + Oa

Vegetation and forest floor N concentration
Control 11.0 (0.5) 0.73 (0.08) 2.4 (0.3) 6.5 (0.13) 6.4 (0.5) 11.0 (0.7)
F 14.1 (0.6) 0.80 (0.34) 2.6 (0.2) 8.4 (0.05) 6.8(0.7) 10.1 (0.3)
W 11.3 (1.2) 0.63 (0.136) 2.5 (0.3) 5.6 (0.2) 8.3 (0.7)
FW 16.0 (0.6) 0.83 (0.12) 2.6 (0.3) 7.3 (0.4) 9.4 (0.4)
Significant (p < 0.05) ANOVA p values
Source of variation

F@f=1) <0.001 0.002 <0.001

W df=1) <0.001

FxW(df=1) 0.003

Error (df = 8)

bles 7 and 8). In contrast, slash pine mortality and the result-
ing decrease in BA in the F and FW plots (Table 2) resulted
in only a modest increase in N content for nearly all vegeta-
tion components. The exception was for the stem N content
where both the F and W main effects were significant with
no interactions between species and treatment. The different
response of the two species to treatment was evident for fo-
liage and branches where significant interactions occurred
between S x W (foliage) and S x F (branches) (Table 8).

The N content in the forest floor, or the summed Oi and
Oe + Oa layers, for the two species and at the two different
stand ages was between 1.8 and 4.2 times greater than the
summed aboveground vegetation for each age and treatment
combination (Tables 7 and 8). At age 25 years, the soil N
pool was on average larger than the combined forest floor
and vegetation N pools (Table 8). The F main effect for N
content was significant for the Oe + Oa layer in both years,
and the W and FW interaction was significant at age
26 years (Table 8). The W main effect reflected a significant
N content decrease in the Oe + Oa layer. The main effect of
W for the 0-33 cm soil depth interval was significant and
represented an overall increase in N (Table 8). For the 33—
66 cm soil depth interval, the F main effect was significant
and represented an increase in soil N.

Carbon and nitrogen pools: change between years

The amount of C in the foliage and branches of loblolly
pine changed between little age 18 and 26 years for the F,
W, and FW plots, indicating that the canopies of treated
plots were near steady state (Fig. 1). An increase in pine
stem C content in the F treatment and branch C content in
the control were the only significant (p < 0.05) changes for
the overstory C content. Other pine vegetation components
that increased in the control plots included stem, foliage,
and bark, and by comparison, these increases were weakly
significant (between p > 0.05 and p < 0.07). The dead tree
C pool increased significantly for the F and W plots, the Oi
layer pool of C increased for the F and FW plots, and the
understory C content decreased significantly in the control
plots.

The significant changes in vegetation N pools were simi-
lar to those in the C pools with the exception of FW foliar N
content (Fig. 2). FW foliar N content decreased from ages

18 to 26 years primarily because of a 32% decrease in foliar
N concentration (Tables 5 and 6). For the Oi and Oe + Oa
layers and the understory N pools, the patterns of significant
differences were identical to those of the C pools (Fig. 2)

Ecosystem C and N

Ecosystem C storage at age 26 years ranged from a low
of 218 Mg C-ha™! in the loblolly pine control to a high of
311 Mg C-ha! in fertilized loblolly pine without weed con-
trol. Differences in C storage among treatments were
smaller for slash pine and were within the range of loblolly
pine differences. The soils had the greatest percentage of
ecosystem C (45%—60%) followed by vegetation biomass
(31%—-42%) and the forest floor (10%-22%) (Fig. 3), with
the rank order in pools consistent among all treatments. In
the analysis of ecosystem C, the F main effect was signifi-
cant (p < 0.001) and the F x W interaction was significant
(p = 0.013). The interaction term highlighted that F alone,
without weed control, brought about the largest gains in eco-
system C.

The largest pool of ecosystem N was soil (68%—-80%) fol-
lowed by the forest floor (7%—-26%) and vegetation (4%-—
7%) (Fig. 4). The slash pine FW treatment had the lowest
vegetation N content of any F or W treatment plot (223 kg
N-ha™!), but the soil of the slash pine FW plot had the high-
est N content (3916 kg N ha™!) of any treated or control
plot. The ANOVA indicated that the F treatment had a sig-
nificant effect (p = 0.001) on ecosystem N with no signifi-
cant interaction terms.

Ecosystem N retention

The amount of fertilizer retained in an ecosystem can be
approximated from the net difference in the fertilized and
control plots’ nutrient capital divided by the amount of fer-
tilizer added. Summing all N pools, the loblolly and slash
pine F plots accumulated 1265 and 785 kg N-ha! in excess
of their respective control plots. The N fertilizer applied was
1098 kg N-ha-!, and therefore, the estimated percent effi-
ciency for N retention was 115% for the loblolly pine forest
and 72% for the slash pine forest. Notably, these estimates
did not include coarse roots and dead trees. Although these
pools were likely small relative to the rest of the ecosystem
N, they were omitted from the calculations because it was
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Table 6. Mean (+SE) N concentration (g-kg™) for 26-year old loblolly pine (Pinus taeda) and slash pine (Pinus elliottii var. elliottii) stands that received fertilization (F), weed control

(W), and fertilization plus weed control (FW) treatments and the results from the ANOVA.

Roots Forest floor Soil depth interval (cm)
Foliage Bark Branch Understory <2 mm >2-5 mm Oi Oe + Oa 0-33 33-66 66-100
Vegetation, forest floor, and soil N concentration
Loblolly pine
Control 9.9 (0.32) 2.4 (0.03) 2.4 (0.15) 6.9 (1.1) 7.6 (0.92) 4.7 (0.50) 7.7 (0.32) 9.9 (0.52)  0.30 (0.05) 0.21 (0.02) 0.18 (0.02)
F 11.1 (0.32) 2.4 (0.03) 2.7 (0.12) 7.0 (1.6) 7.9 (0.78) 4.8 (0.20) 8.0 (0.33) 11.0 (0.32)  0.38 (0.06) 0.28 (0.01) 0.15 (0.02)
w 10.9 (0.21) 2.6 (0.09) 2.6 (0.15) 8.1 (0.53) 5.5 (1.10) 7.0 (0.30) 7.6 (0.62)  0.38 (0.05) 0.19 (0.02) 0.17 (0.02)
FW 10.9 (0.12) 2.4 (0.01) 2.7 (0.01) 8.7 (0.15) 5.3 (1.32) 7.7 (0.60) 10.9 (0.46)  0.37 (0.03) 0.24 (0.03) 0.14 (0.03)
Slash pine
Control 10.2 (0.18) 2.2 (0.11) 2.6 (0.01) 6.9 (0.8) 6.6 (0.40) 5.6 (0.05) 6.2 (0.50) 9.3 (0.81)  0.35(0.05) 0.28 (0.04) 0.14 (0.02)
F 10.3 (0.15) 2.1 (0.06) 2.7 (0.07) 7.2 (1.7) 7.1 (0.07) 5.6 (0.24) 7.3 (0.55) 11.3 (0.01)  0.35 (0.04) 0.28 (0.02) 0.16 (0.01)
w 9.8 (0.26) 2.1 (0.06) 2.9 (0.12) 7.7 (1.14) 5.2 (0.15) 5.8 (0.33) 9.2 (0.26)  0.33 (0.04) 0.26 (0.02) 0.14 (0.02)
FW 11.2 (0.59) 2.1 (0.01) 2.6 (0.20) 8.9 (0.82) 6.0 (0.63) 6.0 (0.55) 9.3 (0.61)  0.30 (0.02) 0.33 (0.01) 0.14 (0.01)
Significant (p < 0.05) ANOVA p values
Source of variation
Whole plot
Block (df = 2)
Species (S) (df = 1) 0.029
Error (df = 2)
Split plot
F@f=1 0.006 <0.001 0.032
W@ df=1) 0.053 0.042 <0.001
FxW(df=1)
SxF@f=1
SxW@f=1)
SXFxW(df=1) 0.009 <0.001

Error (df = 12)
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Table 7. Mean (+SE) N content (kg-ha™') of aboveground vegetation and the forest floor for 18-year-old loblolly
pine (Pinus taeda) stands that received fertilization (F), weed control (W), and fertilization plus weed control
(FW) treatments and the results from the ANOVA.

Foliage Bark Branch Stem Understory Oi Oe + Oa

Vegetation and forest floor N content
Control 58 (13) 16 (5) 30 (9) 31 (8) 78 (6) 40 (12) 347 (64)
F 137 (10) 30 (4) 70 (3) 70 (31) 54 (7) 53 (13) 627 (27)
w 119 (17) 30 (1) 66 (3) 63 (10) 40 (11) 427 (77)
Fw 183 (14) 35(1) 83 (1) 95 (9) 80 (1) 647 (52)
Significant (p < 0.05) ANOVA p values
Source of variation

F@df=1) <0.001 0.036 0.003 0.012 0.004

W df=1) <0.001

FxW@df=1)

Error (df = 8)

Fig. 1. Change in ecosystem C between year 18 and the end of ro-
tation (25 years). Error bars are 95% confidence intervals and sig-
nificant differences from zero are denoted by an asterisk.
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Fig. 2. Change in ecosystem N between year 18 and the end of ro-
tation (25 years). Error bars are 95% confidence intervals and sig-
nificant differences from zero are denoted by an asterisk.
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Fig. 3. Carbon content in the soil, forest floor, and vegetation bio-
mass of a loblolly pine (Pinus taeda) and slash pine (Pinus elliottii

var. elliottii) forest.
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Table 8. Mean (+SE) N content (kg-ha™) for 26-yearold loblolly pine (Pinus taeda) and slash pine (Pinus elliottii var. elliottii) stands that received fertilization (F), weed control
(W), and fertilization plus weed control (FW) treatments and the results from the ANOVA.

Roots Forest floor Soil depth interval (cm)
Foliage Bark Branch ~ Stem Understory <2 mm 2-5 mm Oi Oe + Oa 0-33 33-66 66-100
Vegetation, forest floor, and soil N content
Loblolly pine
Control 71 (15) 26 (5) 43 (12) 46 (11) 23 (1) 26 (8) 31(9) 110 (2) 510 (79) 1097 (131) 1137 (61) 983 (194)
F 115 (8) 25 (5) 64 (7) 75 (33) 27 (4) 21 (4) 38 (6) 173 (24) 1210 (24) 1347 (10) 1480 (90) 850 (95)
w 112 (8) 28 (1) 66 (1) 65 (11) 10 (1) 29 (7) 127 (23) 380 (80) 1623 (290) 1033 (107) 920 (112)
Fw 131 (2) 34 (3) 74 (6) 98 (3) 8 (1) 27 (3) 220 (10) 770 (125) 1600 (260) 1250 (201) 790 (217)
Slash pine
Control 65 (2) 45 (2) 32 (1) 54 (4) 37 (8) 20 (3) 30 (5) 163 (27) 700 (123) 1280 (200) 1477 (97) 800 (51)
F 67 (6) 50 (7) 42 (3) 77 (35) 48 (16) 21 (1) 25 (5) 173 (27) 1240 (76) 1310 (96) 1543 (188) 903 (64)
w 103 (4) 73 (3) 61(2) 84 (18) 8(2) 14 (3) 157 (3) 550 (31) 1483 (200) 1413 (90) 770 (151)
Fw 90 (11) 58 (9) 48 (3) 105 (19) 5(2) 22 (16) 237 (35) 718 (118) 1323 (91) 1783 (75) 810 (69)
Significant (p < 0.05) ANOVA p values
Source of variation
Whole plot
Block (df = 2)
Species (S) (df = 1) 0.028
Error (df = 2)
Split plot
F@df=1) <0.001 <0.001 0.041 <0.001 <0.001 0.006
W df=1) 0.017 <0.001 0.018 0.047 <0.001 <0.001 0.006
Fx W @df=1) 0.031 0.028 0.043
SxF@f=1
Sxw@df=1) 0.002

S x FxW (df = 1)
Error (df = 12)
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Fig. 4. Nitrogen content in the soil, forest floor, and vegetation
biomass of a loblolly pine (Pinus taeda) and slash pine (Pinus el-
liottii var. elliottii) forest.
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difficult to assign reasonable N concentrations. If only those
N pools that responded significantly to fertilization were
summed (foliage, stem, forest floor, and 33-66 cm soil),
then the efficiency decreased to 103% and 62% for the lo-
blolly and slash pine forests, respectively. For the FW plots,
the N retention was calculated based on the N content of the
W plots. For the N pools significantly affected by fertiliza-
tion, the FW treatment plots retained between 62% and 53%
of the added N for the loblolly and slash pine forests, re-
spectively. The lower N retention was calculated for ferti-
lized slash pine forests because the slash pine control plots
had 27% greater background N content in the forest floor
and surface soil than the loblolly pine control plots and was
not the result of lower accumulation in the F plots of the
two species (5451 kg N-ha! for loblolly pine versus
5425 kg N-ha'! for slash pine).

Discussion

Fertilization and weed control dramatically increased pine
growth rates and biomass accumulation at this site (Jokela et
al. 2010); however, in the treated plots, pine net primary
productivity generally peaked at about age 6 years (Martin
and Jokela 2004) and stand BA and biomass have been near
steady state or slightly declining since ages 16-20 years in
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most plots (Table 2) (Jokela et al. 2010). Thus, it was un-
clear whether the gains in C that had presumably occurred
with increased pine growth were maintained to the end of
rotation. We found that fertilization alone resulted in an in-
crease in ecosystem C relative to controls plots of 20%
(slash pine) to 40% (loblolly pine). When both weed control
and fertilization were applied to a stand, C accumulation de-
creased relative to the fertilizer-only plots between 3% and
8% 1in the slash and loblolly pine forests, respectively
(Fig. 3). This decrease in the FW relative to the F treatments
occurred primarily because of a decrease in the C found in
the forest floor and mineral soils. Although weed control
did increase some aboveground pine C pools at age 18 and
26 years, the total increase in ecosystem C that occurred
with silviculture was only significant in the fertilized forests.

By measuring ecosystem C pools at two different ages,
we were able to determine the trajectory of the different
pools in response to treatment and their relative importance
over time. At age 18 years, we found that loblolly pine bio-
mass responded to fertilization to a greater degree than the
forest floor, but at age 26 years, the pools that contributed
the most to net C gain in the fertilized forests were the for-
est floor and dead tree pool (47%) followed by vegetation
biomass (36%). Forest floor pools were particularly dynamic
through time, with the W treatment causing a decrease in
the Oe + Oa layer between ages 18 and 25 years. Gholz
and Fisher (1982) reported that past the age of 24 years in
managed slash pine stands, the forest floor increased in
mass even as vegetation biomass remained at steady state;
however, these stands did not receive fertilizer or weed con-
trol treatments. In comparison, our results suggest that forest
floor dynamics are sensitive to understory or weed control
and that as stands age, the forest floor becomes more impor-
tant to C balance as a pool that can be either lost or gained
in response to silvicultural treatment.

The mineral soil layers were sensitive to both the weed
control and fertilization treatment. In many regions, mineral
soils respond very little to forest management (Jandl et al.
2007); however, previous research has indicated that south-
ern pine forests can lose soil C with understory treatments
or weed control (Carter et al. 2002; Echeverria et al. 2004;
Sartori et al. 2007; Rifai et al. 2010), which has been attrib-
uted to decreased fine root growth and turnover (Albaugh et
al. 1998; Shan et al. 2001). Similarly, with weed control, we
observed a significant C decrease in the deepest soil layer
(66—100 cm) and an overall decrease in fine root mass of
nearly 60%. Fine roots were a very small component of veg-
etation biomass (Table 7), but their rapid mortality and turn-
over can add significant amounts of C to the deeper soil
horizons (Haile et al. 2010) and create the soil structure that
then moderates soil organic matter decomposition (Sarkhot
et al. 2008).

Forest fertilization has been shown to increase mineral
soil C in other ecosystems (Johnson and Curtis 2001;
McFarlane et al. 2009; Nave et al. 2010), but our observa-
tion of increased mineral soil C with fertilization is unique
relative to many other studies that have examined southern
pine forests (Harding and Jokela 1994; Echeverria et al.
2004; Leggett and Kelting 2006; Sartori et al. 2007). Our re-
sults may differ from previous studies because we examined
forests at the end of the rotation, whereas other than Harding
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and Jokela (1994), most studies have focused on forests
18 years or younger. A difference of only 8 years may
seem too short a time period to result in changes in mineral
soil C, but radiocarbon measures of soil C (Richter et al.
1999) and studies of silviculture effects on soil C early in
stand history (Sarkhot et al. 2007) have indicated substantial
C changes within this time frame for southern pine forests.
Notably, Rifai et al. (2010) reported significantly increased
soil C in a 20-year-old fertilized forest. Alternatively, pre-
vious research at this site has consistently indicated greater
soil C in fertilized plots at different periods of stand history
(Polglase et al. 1992b; Grierson et al. 1998), suggesting that
some unique aspect of the site or treatment regime may have
increased soil C. An important factor may have been the re-
lationship between background fertility and soil C response
to fertilization. In this regard, McFarlane et al. (2009) com-
pared Douglas-fir (Pseudotsuga menziesii var. menziesii
(Mirb.) Franco) forests of varying background fertility and
found that soil C at the lowest fertility site increased with
fertilization but that soil C at the moderate and high fertility
sites were unchanged. The Spodosols (Pomona series) exam-
ined in this study are nutrient poor relative to other Florida
soils that support southern pines (Harding and Jokela 1994).

An uncertainty in our biomass estimates was the use of
non-site-specific allometric equations to estimate above-
ground biomass for trees larger than those harvested at the
site. In general, allometric relationships for stem biomass
are highly constrained across tree species and sites (Jenkins
et al. 2003); therefore, we only assessed potential bias for
the branch and foliage biomass. For trees that overlapped in
diameter, on average 36% and 9% more branch and foliage
biomass would be estimated with the site-specific equations,
respectively, than with the equations for slash pine (Jokela
et al. 1989) and loblolly pine (Naidu et al. 1998). We cannot
say for certain, but we believe that these biases reflect that
the 16-year-old trees harvested for site-specific equations
had only begun to senesce larger branches due to intertree
competition, and likely the literature equations that included
older, larger trees were more accurate for the large trees at
the site. Exchanging equations had no effect on the statisti-
cal contrasts of both elements in the foliage and branch
pools, which together represented between 3% and 8% of
ecosystem C and N.

The estimates of coarse root biomass were also made us-
ing a ratio derived for sites other than those measured here
and only for loblolly pine (Albaugh et al. 2006), but we ap-
plied the ratio to the slash pine plots because of the similar-
ity in the two species. It is difficult to assess the potential
error of this choice because at present, there are no pub-
lished allometric equations for slash pine coarse roots. Pre-
vious researchers have used the equation of Santantonio et
al. (1977) developed for all conifers to estimate coarse root
biomass for this species (Gholz and Fisher 1982; Shan et al.
2001). These researchers estimated a stem to coarse root bi-
omass ratio of between 0.77 and 0.74 for slash pine, consid-
erably more than the ratio of 0.5 found by Albaugh et al.
(2006) for loblolly pine. One aspect of the Albaugh et al.
(2006) sampling methodology that could have caused this
result is that they explored deeper into the horizon than
many other researchers, an approach that has proven critical
in identifying highly variable stem to coarse root biomass
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ratios (cf. King et al. 2007). Given the paucity of literature
on coarse root biomass and the inherent variability in the
measurements, it is difficult to assess whether treatment dif-
ferences could have occurred that would have affected our
comparisons, although Retzlaff et al. (2001) reported that
the effect of fertilization on loblolly pine coarse roots was
only a function of tree size and not shifts in allometric ra-
tios. Using a ratio of 0.5 or 0.77 would translate to a 3%-—
5% change in the ecosystem C estimates.

The N content of pine aboveground biomass was gener-
ally increased by both treatments relative to the control
(Table 8), and for weed control, we believe that the N con-
tent increase reflected past N availability. Other studies have
examined weed control effects on N availability early in
stand history and have reported net N mineralization in-
creasing (Vitousek et al. 1992), remaining unchanged (Gur-
levik et al. 2004; Meason et al. 2004; Sartori et al. 2007), or
decreasing with weed control (Polglase et al. 1992a; Will et
al. 20006). In our study, loblolly pine stem and slash pine fo-
liage N concentrations were decreased significantly in the
weed control plots relative to the control plots, suggesting
lower overall N availability at the time of our measure-
ments. This observation, in conjunction with greater biomass
N content, suggests that the weed control treatment relieved
a deficiency in N earlier in stand history than our measure-
ment period (Dalla-Tea and Jokela 1994). Alternative, com-
plementary explanations are that weed control relieved the
limitation of another element, resulting in N dilution at the
tissue level but an increase in total N content, or that under-
story removal relieved interspecies competition for water,
thereby allowing pine to take up greater amounts of N (Sa-
muelson et al. 2004). We cannot disentangle these possible
explanations from our results but note them as potential hy-
potheses for future studies.

At the end of the rotation, forest floor N was decreased by
weed control and increased by the fertilization treatment.
Fertilization likely increased N in the forest floor and soil
because the added N was immobilized by soil microbes or
was perhaps abiotically fixed (Johnson 2006). For the weed
control treatments, the forest floor N was 113-156 kg N-ha!
(loblolly and slash pine) lower than in the control plots at
the end of rotation. In contrast, for a 13-year-old loblolly
forest, Will et al. (2006) reported no difference in forest
floor N, and in our study, when the loblolly stands were
18 years old, the forest floor N was slightly lower in the
control than in the weed controls plots. However, from 18
to 26 years, 233 kg N-ha-! accumulated in the control plots,
while the weed control plots only accumulated 30 kg N ha-!.
In the control plots, this reflects an accumulation rate of
26 kg N-hal-year-!, which is more than double the 11 kg
N-ha!-year! rate estimated by Gholz et al. (1985) for a
chronosequence of Florida slash pine forests. One reason
for this difference may be that our study site was twice af-
fected by tropical storms at age 21 years, which caused re-
ductions in overstory leaf area (T.A. Martin, unpublished
data). In response to this disturbance, the understory in the
control and fertilized plots may have responded to the in-
creased light and contributed more to forest floor buildup
than what would have normally occurred.

In certain intervals within the soil profile, soil N was in-
creased by both fertilization and weed control. The increase
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in surface (0-33 cm) soil N with weed control was unusual
relative to other studies in loblolly pine forests (Echeverria
et al. 2004; Sartori et al. 2007; Rifai et al. 2010), although
Polglase et al. (1992b) reported a significant soil N increase
in the furrows of the weed control plots at this same site.
Some of the increased N could have been redistributed from
deeper in the soil profile because for both the 33-66 and
66—-100 cm intervals, the soil N in weed control plots was
nominally less than in the controls. Alternatively, the early
fast biomass accrual in the weed control plots could have re-
sulted in greater capture of atmospheric N inputs, or reten-
tion of background N levels, relative to the control plots.
With the treated stands tending to stagnate in terms of bio-
mass accumulation over the last several years of the rotation
(Table 2), N that was previously found in the forest floor
may have begun accumulating in the soil profile rather than
being taken up and recycled through the canopy.

Nitrogen retention efficiency ranged from 62% to 103%
for the fertilized-only slash and loblolly forests, respectively.
For the loblolly forests, previous studies have also estimated
relatively high fertilizer N retention efficiencies of 89%
(Will et al. 2006) and 76% (Albaugh et al. 2006). Because
we were unsure how to assign N concentrations to coarse
roots and the dead trees, our estimates excluded these N
pools, but based on the C pools, it is likely that these pools
would have differed from the controls and further increased
the estimates of ecosystem N retention. Nitrogen retention
efficiencies in excess of 100% are fairly common in fertil-
ization studies and are reported both in studies using the
5N isotope labeling approach and in those using the treat-
ment-minus-control method described here (Schlesinger
2009). Why this occurs is unclear, but accumulating errors
in measurements and (or) the alteration of N cycling within
the fertilized plots are plausible explanations. For the spe-
cies differences, the lower N retention efficiency of slash
pine relative to loblolly pine reflected greater N contents in
the slash pine control forest floor and soil rather than lower
accumulated N in the fertilized plots (Fig. 4). Rather than
edaphic differences in the control plots, we believe that this
reflects that the inherently lower leaf area of slash pine rela-
tive to loblolly pine is accentuated under low nutrient avail-
ability (Peduzzi et al. 2010). This attribute of slash pine, and
the apparent feedback that occurs between the understory
and forest floor N retention, may explain the greater forest
floor N accumulations in the control plots of slash pine rela-
tive to loblolly pine.

The reduced N retention efficiency of the FW plots rela-
tive to the F plots was the result of their significantly lower
N pools in the understory biomass, fine roots, and the forest
floor. These results suggest that FW treatments lost a greater
fraction of the applied N through volatilization or leaching
than did the F treatments. Nitrogen is more likely to be lost
from forests when foliage N concentrations exceed 1.4%
(Gundersen et al. 2006), and after 3 years of intensive fertil-
ization, the loblolly FW forests had a foliar N concentration
of 1.6% at age 18 years. This concentration was higher than
any other that was measured over stand rotation (Dalla-Tea
and Jokela 1994; Martin and Jokela 2004) and may have in-
dicated a period of N loss for the FW forests. In addition,
the pine biomass was apparently near steady state and had
reached steady state earlier in stand history for the FW than
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for the F forests (Table 2); thus, it is possible that reduced
vegetation demand for N at this later point in stand develop-
ment was allowing some N to leave the FW forests. One
mechanism for this process may be that the soils of southern
pine forests receiving understory control are generally
warmer and wetter than plots with an intact understory (Gur-
levik et al. 2004), which may have stimulated N mineraliza-
tion in the forest floor or the volatilization of applied
fertilizer (Kissel et al. 2004).

Species-level effects for both C and N pools were most
prevalent in the interaction terms for aboveground vegeta-
tion. These effects highlighted a notable difference between
the two species: slash pine mortality increased significantly
with fertilization relative to loblolly pine (Jokela et al.
2010). This mortality muted some of the C and N accumula-
tion in aboveground components and may reflect slash
pine’s greater sensitivity than loblolly pine to pitch canker
(Gibberella circinata Nirenberg & O’Donnell 1998) infec-
tion (Dwinell and Barrowsbroaddus 1979) and density-re-
lated competition. Similar to Colbert et al. (1990), the only
other statistically significant difference between the two spe-
cies was the greater bark C content, and lesser N concentra-
tion, in slash pine relative to loblolly pine. Generally, the
statistical analyses provided few species differences in C or
N pools as main effects, which may have reflected that spe-
cies was the whole-plot error in the analysis. However, the
many significant interactions between treatments and species
do suggest that further research is needed to understand how
species differences may affect C accumulation and nutrient
retention.

Conclusions

Silvicultural treatments that increased southern pine bio-
mass had mixed results for ecosystem C and N accumulation
and N retention. Fertilization increased C storage in these
ecosystems, while weed control had no effect alone, or a
negative effect on C storage when combined with fertiliza-
tion. This influence of weed control would have not been
found at age 18 years and without an analysis that included
all components of ecosystem C. Notably, weed control re-
duced forest floor C and decreased it through time in a man-
ner that differed from the observations of continuous
increase (Gholz et al. 1985) or steady-state conditions
(Richter and Markewitz 2001) that have been previously re-
ported for southern pine forests having received no weed
control or fertilizer additions. Weed control also reduced
ecosystem N retention efficiency of applied fertilizer, but
there was no evidence that weed control would result in a
significant loss in background levels of N beyond what was
removed during harvest. A significant finding of this re-
search is that the understory plays a role in ecosystem C
and N dynamics through its effects on the forest floor and
soils that is proportionately much larger than its pools of C
or N.

Extending our results to operational conditions is difficult
because a more extensive set of plots are needed, and stud-
ies are needed in forests managed using silvicultural techni-
ques that are closer to “typical” for southern pines. The
experiment that we describe here was designed to test the
physiological limits of pine growth, and therefore, the treat-
ment levels were more intensive than would be found under
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most operational conditions. Indeed, the level of weed con-
trol resulted in effectively no understory coverage, and the
fertilization treatments that occurred between ages 16 and
18 years were well beyond stand needs and did not increase
stand growth (Martin and Jokela 2004). This suggests that
the observed C benefits, and perhaps even greater N reten-
tion, could be achieved with lower levels of fertilization. It
is also likely that lower levels of weed control can be em-
ployed with fertilization in a manner that results in higher
rates of N retention and C accumulation.
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