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Atmospheric carbon dioxide
(CO2) concentration is increas-
ing at approximately 1.4 parts

per million (ppm) by volume per year.
Because CO2 acts as a greenhouse gas,
trapping exiting solar radiation, there
are concerns that these increases in at-
mospheric CO2 will result in climate
change. Annual anthropogenic carbon
emissions in the United States total ap-
proximately 1.7 billion tons (Marland
et al. 1999). Recently, there has been
increased international pressure to re-
duce net carbon emissions in the
United States and around the world. 

One potential mechanism for re-
ducing net carbon emissions is through
increased carbon sequestration into
forests. In a large-scale assessment,
Birdsey and Heath (1997) estimated
that over the past 40 years, US forests
have sequestered enough carbon to off-
set approximately 25 percent of US
emissions. Managed southern pine for-

ests have played a large role, steadily in-
creasing in land area over the past half-
century. The South represents about 24
percent of the land area of the United
States; outside of Texas and Oklahoma,
about 58 percent of this land is
forested and about 20 percent of the
forestland is owned by forest industry.
From 1962 to 1992 the total land area
of commercial pine forest rose 27 per-
cent to 27.9 billion acres (Powell et al.
1993). The extent of managed forests
has increased because southern pine
forests are extremely productive. The
warm climate of the South extends the
growing season and reduces rotation
length; pines reach sawlog size in 25 to
35 years on many southern sites
(Schultz 1997). Intensive management
of southern pine plantations, using
competition control, fertilization, and
superior genotypes, can now increase
productivity three-fold (Borders and
Bailey, in press). 

In managed forests, the amount of
carbon further sequestered will be de-
termined by three factors: (1) the in-
creased amount of carbon in standing
biomass, due to land-use changes and
increased productivity; (2) the
amount of recalcitrant carbon remain-
ing below ground at the end of the ro-
tation; and (3) the amount of carbon
sequestered in products created from
the harvested wood, including their
final disposition. Therefore, managed
southern pine forests sequester carbon
both in situ (biomass and soil) and ex
situ (products). Figure 1 displays a
simple model useful in conceptualiz-
ing carbon sequestration in southern
forests.

Carbon sequestration via southern
pine forests may benefit the United
States in terms of global policy com-
mitments. However, there are many
major methodological issues—such as
what carbon pools to include, how to
deal with events such as fire and pest
outbreaks, how to deal with carbon
“leakage” from systems—that require
international political agreement be-
fore carbon credits become a reality.
The purpose of this article is not to
enter into this political debate but in-
stead to provide a framework for
quantifying the ability of southern
pine forests to sequester carbon. Here,
we first assess the magnitude and pri-
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In managed forests, the amount of carbon further sequestered will be determined by (1) the
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mary controls of the major carbon
pools. We then suggest management
options for increasing carbon seques-
tration and research needed so that
southern pine forest carbon sequestra-
tion can be better quantified, pre-
dicted, and managed.

Land Use: A Major Determinant
Two primary forces determine land

use in the South. One is economic de-
velopment that generates demand for
urban, residential, and other human-
dominated land use; the other is the
relative economic returns from agricul-
ture and timber. The margin between
agriculture and forest land use is
uniquely elastic in the South. Over the
past 20 years, forest areas have shifted
into developed and urban uses and a
substantial area of agricultural land has
shifted back to forest; on net, the area
of forests in the South has remained
relatively constant over the past 40
years. However, the distribution of for-
est types has changed substantially. In-
creased pine plantations have steadily
offset declines in the area of natural
pine. Natural pine has declined from
about 72 million acres in 1952 to
roughly 34 million acres in 1998, while
plantations now comprise more than
32 million acres (about 16 percent)
(USDA Forest Service RPA data; see
also Powell et al. 1993).

Economic land-use models project
that, with stable agricultural prices,
shifts to forestland from agriculture
will continue to offset urbanization.
Urbanization will be concentrated
largely in the Piedmont and coastal
areas, while expanding forest cover is
expected in the Coastal Plain, the most
productive region for growing pine. It
is estimated that the area of planted
pine may double to more than 60 mil-
lion acres by 2040, mainly through
planting on marginal agricultural land
(Murray et al., in press). 

How Is Sequestration Estimated?
Before we delve into the controls of

carbon sequestration per unit land area,
we will briefly discuss how these esti-
mates are attained. Essentially, carbon
sequestered by forests is the difference

between carbon gained by photosyn-
thesis and carbon released by respira-
tion of all the components of the eco-
system; this overall carbon gain or loss
is called net ecosystem productivity
(NEP). In the past, NEP could only be
estimated by measuring component
processes on one or a group of sites and
then summing the component values
(table 1, p. 16). More recently, technol-
ogy and theory have developed so NEP
can be estimated “directly” (some mod-
eling is needed) in a method called
eddy covariance. Besides the exact mea-
surement protocols, sampling intensity
and extent also can differ widely. 

Annual NEP of forests in the
southeastern United States, measured
with eddy-covariance instruments,
tends to be higher than that in forests
elsewhere in North America, reaching
values above 4,460 pounds of carbon
per acre per year (Clark et al. 1999).
Such high NEP values are supported
in the Southeast by mild climate,
ample precipitation during the grow-
ing season, and the presence of fast-
growing species. Unlike most
broadleaf species, most coniferous
species are able to absorb CO2 nearly
year-round under favorable climatic
conditions. Over two years, eddy co-
variance measurements at a 14-year-
old loblolly pine (Pinus taeda) stand at
the Duke Forest in Durham, North

Carolina (located in the northern third
of the species range) showed positive
NEP in nearly all months of the year
(fig. 2, p. 17). The annual NEP at this
forest was estimated between 5,620
and 6,780 pounds of carbon per acre
per year (Katul et al. 1999), similar to
estimates in a Florida slash pine (Pinus
elliottii) plantation (Clark et al. 1999).
Some of the variability in NEP was
due to stress from strong periods of
drought (Oren et al. 1998).

Using the mean annual NEP at the
two monitored southern pine forests
(6,110 pounds per acre), and the area
covered with southern pines in the
Southeast (795.9 × 103 square miles),
we estimate annual NEP in southeast-
ern pine forests should be in the order
of 0.21 Pg per year (P = 1015; 0.187 ×
1015 pounds per year). This NEP esti-
mate represents a gross approximation
of the upper limit for the southeastern
pine forests at their current extent and
equals approximately 12 percent of the
annual US fossil fuel emissions. This
estimate does not include the growth
of mixed hardwood-pine forests. In
addition, the estimate does not ac-
count for the impacts of fires, harvest-
ing, and other biotic and abiotic per-
turbations. Lastly this analysis assumes
that all pine forests are at the same
highly productive developmental stage
represented by the two monitored
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Figure 1. Conceptual model of carbon sequestration via southern pine forestry.



stands used in the estimate. (Note: Al-
though at a productive stage of growth,
the measured Duke Forest stand is not
highly productive, per se, as it has a
site index of 43 feet, base age 25.) 

Below-ground Carbon
Quantitative understanding of

below-ground carbon dynamics is par-
ticularly important to managing forests
and long-term carbon sequestration.
Below-ground carbon resides in three
components: root biomass, forest litter,
and mineral soil. 

Root biomass. The growth and de-
velopment of forests includes the ac-
cretion of about 15 to 20 percent of

the total organic matter in root bio-
mass. In southern pine forests, most
root accumulation is in large, woody
tap and lateral roots, with relatively
small fraction of the biomass accumu-
lating in fine roots. At the Calhoun
Experimental Forest in South Car-
olina, 46.4 tons per acre or 94.3 per-
cent of the total root biomass was es-
timated to be in coarse woody laterals
and tap roots over 34 years of pine
forest growth. Following harvest, al-
though fine roots may disappear
rapidly (Richter et al. 1999), woody
tap and lateral roots may decompose
slowly. Van Lear et al. (1995) esti-
mated that 13 years after logging in an

upland Piedmont site on clayey soils,
about 19 percent of the carbon in tap
and lateral roots was still below
ground. As rotation length decreases,
the amount of carbon present in resid-
ual tap roots should increase.

Forest litter. More is known about
the carbon deposited in litterfall and
accumulated in the forest floor. In
southern pine forests, carbon accumu-
lates rapidly in a heavy blanket of for-
est floor. In the first several decades of
pine growth, the forest floor or soil O
horizon may contain 34 to 78 tons per
acre of carbon. This material contains
not only large amounts of carbon but
also of essential nutrients as well, espe-
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Table 1. Methods for quantifying CO2 budgets in forest systems.

Sampling method Purpose Description Pros Cons

Determines the total
stand carbon flux.

Determines carbon 
sequestered in soils 
and trees.

Determines quantity of
CO2 produced. Can be
separated into soil and
root components.

Determines total quantity
of carbon sequestered in
trees.

Micrometeorological tech-
nique based on the princi-
ple that eddies displace
gas parcels from the soil
surface to some measure-
ment height. Measure-
ment apparatus consists
of a tower equipped with
sonic anemometers and
CO2 analyzers.

Measures above- and
below-ground biomass
over long periods of time
using silvicultural mensu-
ration and soil cores.
Core samples are ana-
lyzed for carbon content
and quality.

Measures CO2 efflux in
chambers placed on the
soil surface or around
roots using automated
system. Many chambers
can be attached to the
base unit and monitored
continuously.

Assesses above- and
below-ground biomass.

Integrates carbon efflux
over large areas (stand
level). Measures continu-
ously when weather con-
ditions permit.

Can be used for compo-
nent analysis.
Can separate carbon
stored in soil and trees.
Very detailed carbon
analysis for the long-term
plot.

Can be used for compo-
nent analysis.
Can assess small treat-
ments or plots.
Portable; can move to
many different sites or
treatment plots.

When combined with CO2
efflux, provides a more
complete quantification of
carbon budget. When
used in this fashion it can
be determined if a site,
treatment, or manage-
ment practice is a source
or sink of CO2.

Gas exchange in trees 
or shrubs can interfere.
Cannot assess small
treatments or plots.

Usually expensive to 
install and maintain long-
term studies.
Study area of limited size.
Data may only relate to
limited geographic area or
management type.

Potential for chamber 
effects to alter soil or root
surface conditions.
Difficult to partition total
flux into autotrophic and
heterotrophic components.

Labor intensive.
Destructive sampling.

Eddy covariance

Component analysis
Long-term sampling
Harvest and soil 
carbon analysis

Short-term sampling
Carbon efflux 
measures

Harvest and biomass
analysis
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cially nitrogen and phosphorus. Com-
pared with forest ecosystems domi-
nated with deciduous hardwood, the
decomposition of pine litter is slow.
Jorgensen and Wells (1986) estimated
that nearly half of the needlefall car-
bon was present in the forest floor five
years after being deposited. Following
forest harvest, however, decomposition
of this forest floor material is rapid.
Logging slash is also added to the for-
est floor during harvest, and estimates
indicate that while foliar materials are
decomposed relatively rapidly, decom-
position of large woody debris is lim-
ited by moisture conditions (Barber
and Van Lear 1984; Tiarks et al. 1999)
and may contribute to medium-term
carbon storage.

Mineral soil. Mineral soil carbon
includes only the finest carbon frac-
tions that would pass through a 2 mm
sieve or the carbon that adheres to soil
mineral matter. The accumulation of
organic matter in the mineral soil of
southern pine systems can be slow due
to relatively high decomposition rates
of new carbon inputs (Richter et al.
1999). These dynamics are strongly
controlled by soil physical properties
such as clay content and porosity. A
number of estimates of decomposi-
tion indicate that although most new

carbon inputs to mineral soil may be
decomposed quickly, the small frac-
tion of residual organic material is rel-
atively difficult to decompose, espe-
cially if it is stabilized and bound to
clay (Hassink and Whitmore 1997;
Sanchez 1997). Thus, the mineral soil
may be a relatively static pool of car-
bon with inputs from fine root decay
or root exudates nearly equivalent to
decomposition losses as CO2 with
only a small residual fraction poten-
tially accumulating in the soil. An ex-
ception follows logging, when there
can be a major input of soil organic
matter as severed root systems, forest
floor, and logging slash are incorpo-
rated into the mineral soil. In addi-
tion, mineral soil carbon has been
shown to increase following the con-
version from agriculture to pine plan-
tations (Lee and Dodson 1996). The
balance of post-harvest inputs and de-
composition of roots and forest litter
overlaid on the gradually increasing
regrowth of forest biomass makes the
mineral soil a dynamic and difficult
system to evaluate.

Productivity
Intensive forest management (i.e.,

weed control, fertilization, and genet-
ics) can increase net ecosystem pro-

ductivity (NEP) and forest carbon se-
questration largely through increases
in net primary productivity (NPP).
Maier and Kress (2000) assessed the
impact of fertilization on NEP in mid-
rotation loblolly pine stands. Fertiliza-
tion greatly increased total NPP and
plant respiration, but had little effect
on soil CO2 evolution. Net ecosystem
productivity was calculated in a com-
ponent analysis (table 1) as the differ-
ence in total carbon used for plant
production and total carbon lost in
plant and heterotrophic (soil organ-
isms) respiration. Figure 3 shows non-
fertilized stand NEP was slightly nega-
tive, indicating that at age 11 these
stands were still a net source of carbon
to the atmosphere (historically, the
Southeast Tree Research and Educa-
tion Site [SETRES] was a longleaf
pine site on a deep, sandy soil). In con-
trast, the positive NEP of the fertilized
stands indicates these stands were
strong carbon sinks. The large differ-
ence in NEP between nonfertilized
and fertilized stands was essentially
due to increased pine productivity. 

Fertilization response at SETRES
has been particularly dramatic, as SE-
TRES is a very nutrient-poor site and
fertilization has been conducted to
achieve “optimum” nutrition (Albaugh

Figure 3. Net ecosystem productivity developed
from component analysis for nonfertilized and
fertilized 11-year-old loblolly pine plantations
growing at the Southeast Tree Research and 
Education Site (SETRES), Laurinburg, North
Carolina. The results are for the 1995 growing
season, after four years of fertilization treat-
ment. Source: Maier and Kress (2000).
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Figure 2. Monthly sums of net ecosystem carbon productivity (NEP) over a loblolly pine plantation 
at the Duke Forest. Positive NEP values represent uptake by the forest, whereas negative values 
indicate that release from decomposition and plant respiration is greater than net photosynthesis.
Adjusted values represent estimates corrected for ecosystem respiration under stable nighttime
conditions. Note that the drought during June 1999 drastically reduced carbon uptake relative to 
the previous June. 
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et al. 1998). However, operational ap-
plications of fertilizer have been shown
to consistently increase productivity
across a large range in southern pine
sites (Schultz 1997). In response, in-
dustrial fertilization increased from
40,000 acres per year in 1988 to
850,000 acres in 1998. Although
southern pine stands typically are nu-
trient-limited, fertilization will need to
proceed carefully so additions can be
made in an environmentally acceptable
manner. The matching of fertilizer sup-
ply with efficient plant use over the
course of a rotation (i.e., stand nutri-
tion management) will be required to
optimize productivity while minimiz-
ing nutrient losses from forest stands.
In addition, although it appears that
fertilization can increase NEP via in-
creases in NPP that increase standing
biomass and soil organic matter, the
overall impact of other practices associ-
ated with intensive forestry need to be
assessed. For example, bedding increas-
ingly is being used on seasonally wet
sites and its long-term impact on soil
carbon is not known.

Increased atmospheric CO2 concen-
trations also likely will increase loblolly
pine productivity (Groninger et al.
1999). In an 11-year-old stand sub-
jected to Free Air Carbon Enrichment
(FACE) technology at the Duke Forest,
increases in growth due to elevated
CO2 during the first three years of en-
richment averaged 34 percent; this in-
creased growth dropped to 7 percent in
the second three-year period (Oren
2000, unpublished data). Such initial,

but not prolonged, sharp productivity
increases were hypothesized by
Groninger et al. (1999) and likely are
due to site nutrient limitations. In
studies conducted at the Duke FACE
site (moderate fertility) and at 
SETRES (low fertility), the combina-
tion of fertilization and elevated CO2
increased growth two and three times
more than did the addition of elevated
CO2 and fertilization as separate treat-
ments (Oren et al. 2000, unpublished
data). Thus, productivity gains via fer-
tilization may well increase as atmos-
pheric CO2 increases. 

Silviculture Systems
In plantation forestry, rotation

length will greatly influence the in situ
forest carbon pools. Figure 4a shows a
hypothetical time course of above-
ground carbon accrual for an upper
Coastal Plain loblolly pine plantation
with a site index of 80. The growth
curve was derived using the North Car-
olina State University Plantation Man-
agement Simulator. Using this growth
curve, we plotted the impact of rota-
tion age on the 100-year average in situ
carbon pool and the total above-
ground carbon absorbed (both har-
vested and standing carbon at the end
of 100 years). While increasing rota-
tion length does increase the mean
standing in situ carbon pool, shorter
rotations result in a greater amount of
total carbon converted to wood prod-
ucts over the 100-year period (fig. 4b).
The latter result is due to the shorter
rotation stands being harvested as pro-

ductivity begins to decline, while the
longer rotation maintains relatively
slow growth rates for a longer propor-
tion of the stand’s lifespan. The con-
version of this harvested carbon into
products is also an important avenue of
sequestration. 

Not all southern pine forests are
managed as even-aged stands. Uneven-
aged forestry is particularly alluring
where aesthetics are of paramount con-
cern. For instance, in the Ouachita Na-
tional Forest in Arkansas, approxi-
mately 3.2 million cubic feet of pine
was harvested in both 1998 and 1999
entirely from uneven-aged stands
(Guldin 2000, pers. commun.). Un-
even-aged management can result in
high and stable quantities of above-
and below-ground standing biomass.
Also, due to minimal ground distur-
bance, partial cutting will maintain a
thick forest floor, potentially elevating
mineral soil carbon concentration over
the long term. 

Ex Situ Carbon Pools
In managed southern pine forests,

the absolute amount of carbon se-
questered from the atmosphere de-
pends largely on the fate of the har-
vested wood (Skog and Nicholson
1998). Different products—such as
building materials, paper products,
and fuel—have very different dura-
tion-of-use and final dispositions. The
half-lives of a single-family home built
after 1980, apartment buildings, and
commercial buildings have been esti-
mated to be 100, 70, and 67 years, re-
spectively. Paper products have a short
half-life of one to six years. Before
1972, most paper and waste wood
products were burned in dumps.
Landfills have now replaced dumps
and the carbon in landfills is buried
and available oxygen is consumed
rapidly, resulting in low decomposi-
tion rates. This means that little decay
of solid wood occurs; newsprint and
kraft paper with 20 to 27 percent
lignin content are also resistant to
decay. It has been estimated that of
the wood and paper that enters a
landfill, the decay of solid wood is 3
percent, newsprint 16 percent, box-
board 32 percent, and office paper 38
percent, over a 50-year period (Mi-

Figure 4. (a) Modeled carbon accretion (stemwood only) over time for an upper Coastal Plain
loblolly pine stand with a site index of 80, and (b) total carbon gained and mean standing carbon 
as a function of rotation length, both calculated over a 100-year period.
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cales and Skog 1997). 
The final aspect of harvested wood

is that burned for fuel. Waste wood is a
common fuel in wood manufacturing
plants, pulp mills, and paper process-
ing plants. This fact is an important
component of mitigation, because it is
a direct replacement for fossil fuel use.
In some forest management scenarios,
replacement of fossil fuels with wood-
burning can provide as much as 560
tons per acre in reduced carbon emis-
sions from fossil fuels over a 50-year
period, if all of the harvested wood is
used for fuel (Schlamadinger and Mar-
land 1996). In most cases, only waste
wood and sawdust is burned, but this
accounts for 45 tons of carbon per year
in the United States (Row and Phelps
1996) in comparison to the 15 to 27
tons of carbon in wood and paper
added annually to landfills (Skog and
Nicholson 1998). 

In Situ and Ex Situ Integration 
An example of the potential impor-

tance of carbon sequestered both in
situ and ex situ is shown in figure 5.
These values are from simulations
using the HARVCARB model for a
generic loblolly pine stand in the
southeastern United States (Row and
Phelps 1996). This example assumes
average rates of stand growth, a 25-
year rotation, and products of lumber
and pulp for paper production with
waste burned for fuel. The output is in
metric tons of carbon (1.102 short
tons per metric ton) accumulated after
four successive rotations. In this sce-
nario, 25 years after the first harvest,
30 percent of the carbon from the first
rotation remained stored in products.
Over successive rotations the pool of
carbon stored in products increases.
An additional accumulation occurs in
waste that enters landfills. Over time
the carbon accumulation in these two
pools of products and landfill waste,
along with any buildup of in situ min-
eral soil carbon, indicates that succes-
sively harvested pine plantations (fig.
5a) have the potential to sequester sig-
nificantly more carbon than unculti-
vated, unharvested forests (fig. 5b).
When pine plantations are intensively
managed to increase productivity
using fertilization and weed control,

the impact on carbon sequestration
may be substantially magnified (fig.
5c). Although these analyses are infor-
mative, they use many gross approxi-
mations; more accurate analyses will
require better quantification of model
components. 

Management Options, Research Needs
The absolute carbon sequestered

and the balance between in situ and ex
situ carbon sequestration of southern
pine forests will be determined by the
biology of forest growth and the eco-
nomics that influence both land own-
ership patterns and investments in in-
tensive forestry. There are also oppor-
tunities, however, for policy to affect
the amount of carbon sequestered.
One policy approach would be to pro-
vide incentives for converting mar-
ginal agricultural land to forestry. Be-
sides increasing the standing above-
ground carbon pool present in pine
trees, and increasing the flow of car-

bon into ex situ pools of products,
these marginal crop lands, where soil
has often been degraded by cycles of
agricultural tillage, may increase in
mineral soil carbon when converted to
pine. It has been estimated that there
are 16 million acres of marginal farm-
lands in the southeastern United
States (USDA-FS 1988). A small por-
tion of this land, just 1 million acres,
has been placed in pine plantations
through the USDA Conservation Re-
serve Program; an additional 15 mil-
lion acres could still be converted
under economically profitable condi-
tions for farmers (Plantinga 1997).
Tax incentives, as a type of carbon
credit, could be used to facilitate this
goal. These sites likely will not be in-
tensively managed and so will have
moderate growth rates resulting in
longer rotation ages, and thus higher
in situ carbon sequestration. These
stands may be of particular utility in
decreasing near-term (next 35 years)
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Figure 5. Integrated analysis of carbon sequestration using the model HARVCARB (from Row and
Phelps 1996): (a) stand with site index of 75 and a 25-year rotation length; (b) an uncultivated, 
unharvested stand; and (c) stand managed to decrease rotation length to 20 years. 
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net emissions while improvements in
energy technologies hopefully decrease
the reliance on fossil fuel, thus de-
creasing gross carbon emissions. 

Again, intensive forestry may also
increase carbon sequestration. The in-
creased use of fertilization, in an envi-
ronmentally acceptable fashion, will
likely be a key component of increas-
ing yields. Genetic improvement,
spurred by advanced breeding, clonal
forestry, and biotechnology will con-
tinue to heighten productivity, espe-
cially when elite genotypes are planted
on intensively managed sites. The con-
tinued investment of forest industry
will undoubtedly further increase pro-
ductivity on their landholdings. 

We foresee clear opportunities to
increase the productivity of southern
pine forests with the potential of aug-
menting carbon sequestration over the
medium and long term. Such carbon
sequestration gains, however, will re-
quire a careful management of intensi-
fying forestry practices and an im-
proved understanding of the in situ
and ex situ factors controlling carbon
storage. Strong support for research is
needed on several fronts to better
quantify the role of southern pine for-
estry in sequestering carbon, develop
management strategies to increase car-
bon sequestration, and ensure that the
forest management applied is sustain-
able over time.

More specifically, our understand-
ing of below-ground carbon cycling is
the weakest link in the in situ carbon
chain. We need to reliably elucidate
the controls of the major below-
ground carbon pools. Long-term car-
bon dynamics will require the study of
a well-organized network of long-term
research sites. In intensive forestry op-
erations, where sites are disturbed
more frequently, we need to devise
methods to minimize carbon losses
following harvest. An example might
be to modify the operational move-
ment of slash and bark during harvest,
perhaps even incorporating it below
ground (Sanchez and Eaton 2001).
Net ecosystem productivity (NEP)
needs to be assessed on more site types
representing more ages. The goal
should be to integrate results from di-
vergent studies into process models,

eventually devising models that can be
run using remotely sensed data.

Of course, estimates and predic-
tions can only be fully scaled up if we
have tools to accurately quantify cur-
rent and future land-use patterns. Re-
search to increase productivity via fer-
tilization needs to establish optimum
doses and frequencies of application so
that environmentally acceptable nutri-
tion management can be applied over
the entire course of a rotation. Forest
genetics and silviculture research need
to work in concert so that the ge-
netic–environmental system can be
optimized. Research on the impacts of
multiple rotations on long-term site
sustainability will be paramount as our
reliance on intensive forestry increases.
However, as all sites will not receive in-
tensive management, research on “ex-
tensive” silviculture, using longer rota-
tion ages, or uneven-aged forestry, to
produce high-quality, long-lifespan
products needs to continue. These
areas of research will help us realize the
full potential of southern pine forestry
to further decrease net US carbon
emissions. 

Literature Cited
ALBAUGH, T.J., H.L. ALLEN, P.M. DOUGHERTY, L.W.

KRESS, and J.S. KING. 1998. Leaf area and above- and
below-ground responses of loblolly pine to nutrient
and water additions. Forest Science 44:1–12.

BARBER, B.L., and D.H. VAN LEAR. 1984. Weight loss
and nutrient dynamics in decomposing woody
loblolly pine logging slash. Soil Science Society of
America Journal 48(4):906–10.

BIRDSEY, R.A., and L.S. HEATH. 1997. The forest carbon
budget of the United States. In USDA Forest Service
Global Change Research program highlights: 1991–
1995, eds. R. Birdsey, R. Mickler, D. Sandberg, R.
Tinus, J. Zerbe, and K. O’Brian. General Technical
Report NE-237. Washington, DC: USDA Forest
Service.

BORDERS, B., and B. BAILEY. In press. Pushing the limits
of growth. Southern Journal of Applied Forestry.

CLARK, K.L., H.L. GHOLZ, J.B. MONCRIEFF, F. CROPLEY,
and H.L. LOESCHER. 1999. Environmental controls
over net exchanges of carbon dioxide from contrast-
ing ecosystems in Florida. Ecological Applications
9(3):936–48.

GRONINGER, J.W., K.H. JOHNSEN, J.R. SEILER, R.E.
WILL, D.S. ELLSWORTH, and C. MAIER. 1999. Ele-
vated carbon dioxide in the atmosphere: What might
it mean for loblolly pine plantation forestry? Journal
of Forestry 97(7):4–10.

HASSINK, J., and A.P. WHITMORE. 1997. A model of the
physical protection of organic matter in soils. Soil Sci-
ence Society of America Journal 61(1):131–39.

JORGENSEN, J.R., and C.G. WELLS. 1986. A loblolly pine
management guide: Foresters’ primer in nutrient cycling.
General Technical Report SE-37. Asheville, NC:

USDA Forest Service.
KATUL, G., C.-I. HSIEH, D. BOWLING, K. CLARK, N.

SHURPALI, A. TURNIPSEED, et al. 1999. Spatial vari-
ability of turbulent fluxes in the roughness sublayer of
a uniform pine forest. Boundary-layer Meteorology
93:1–28.

LEE, J.J., and R. DODSON. 1996. Potential carbon se-
questration by afforestation in the south-central
United States. Agronomy Journal 88:381–84.

MAIER, C.A., and L.W. KRESS. 2000. Soil CO2 evolution
and root respiration in 11 year-old loblolly pine
(Pinus taeda L.) plantations as affected by moisture
and nutrient availability. Canadian Journal of Forestry
Research 30(3):347–59.

MARLAND, G., T.A. BODEN, R.J. ANDRES, A.L.
BRENKERT, and C. JOHNSTON. 1999. Global, re-
gional, and national CO2 emissions. In Trends: A
compendium of data on global change. Oak Ridge,
TN: US Department of Energy, Oak Ridge National
Laboratory, Carbon Dioxide Information Analysis
Center.

MICALES, J.A., and K.E. SKOG. 1997. The decomposi-
tion of forest products in landfills. International
Biodeterioration and Biodegradation 39(2–3):145–58.

MURRAY, B.C., R. ABT, D.WEAR, P. PARKS, and I.
HARDIE. In press. Land allocation in the southeastern
US in response to climate change impacts on forestry
and agriculture. World Resource Review.

OREN R, B.E. EWERS, P. TODD, N. PHILLIPS, and G.
KATUL. 1998. Water balance delineates the soil layer
in which moisture affects canopy conductance. Eco-
logical Applications 8:990–1002.

PLANTINGA, A.J. 1997. The cost of carbon sequestration
in forests: A positive analysis. Critical Reviews in En-
vironmental Science and Technology 27(special
issue):S269–S277.

POWELL, D.S., J.L. FAULKNER, D.R. DARR, Z. ZHU, and
D.W. MACCLEERY. 1993. Forest resources of the United
States, 1992. General Technical Report RM 234.
Washington, DC: USDA Forest Service.

RICHTER, D.D., D. MARKEWITZ, S.E. TRUMBORE, and
C.G. WELLS. 1999. Rapid accumulation and
turnover of soil carbon in a re-establishing forest. Na-
ture 400(6739):56–58.

ROW, C., and R.B. PHELPS. 1996. Wood carbon flows
and storage after timber harvest. In Forests and global
change, vol. 2: Forest management opportunities for mit-
igating carbon emissions, eds. R.N. Sampson and D.
Hair, 27–58. Washington, DC: American Forests.

SANCHEZ, F.G. 1997. Soil organic matter and soil pro-
ductivity: Searching for the missing link. In The pro-
ductivity and sustainability of southern forest ecosystems
in a changing environment, eds. R.A. Mickler and S.
Fox. New York: Springer-Verlag.

SANCHEZ, F.G., and R.J. EATON. 2001. Sequestering car-
bon and improving soils: Benefits of mulching and
incorporating forest slash. Journal of Forestry 99(1):
32–36.

SCHLAMADINGER, B., and G. MARLAND. 1996. The role
of forest and bioenergy strategies in the global carbon
cycle. Biomass and Bioenergy 10(5–6):275–300.

SCHULTZ, R.P. 1997. The ecology and culture of loblolly
pine (Pinus taeda L.). USDA Agriculture Handbook
713. Washington, DC: US Government Printing
Office.

SKOG, K.E., and G.A. NICHOLSON. 1998. Carbon cy-
cling through wood products: The role of wood and
paper products in carbon sequestration. Forest Prod-
ucts Journal 48(7–8):75–83.

TIARKS, A., K. KLEPZIG, F. SANCHEZ, M. LIH, J. POWELL,
and M. BUFORD. 1999. Roles of coarse woody debris
in the loblolly pine ecosystem. In Proceedings of the



Journal of Forestry 21

10th Biennial Southern Silviculture Research Confer-
ence, February 16–18, Shreveport, Louisiana, ed. J.D.
Haywood, 238–42. General Technical Report SRS-
30. Asheville, NC: USDA Forest Service, Southern
Research Station.

USDA FOREST SERVICE (USDA-FS). 1988. The South’s
fourth forest: Alternatives for the future. Forest Re-
sources Report No. 24. Washington, DC.

VAN LEAR, D.H., P.R. KAPELUCK, and M.M. PARKER.
1995. Distribution of carbon in a Piedmont soil as
affected by loblolly pine management. In Carbon
forms and functions in forest soils, eds. W.W. McFee
and J.M. Kelly. Madison, WI: Soil Science Society of
America.

Kurt H. Johnsen (kjohnsen@fs.fed.us) is
project leader, D. Wear is project leader,
F. Sanchez is team leader, J. Butnor is
biological scientist, and C. Maier is re-
search scientist, USDA Forest Service
Southern Research Station, PO Box
12254, Research Triangle Park, NC
27709; R. Oren, D. Richter, and G.
Katul are associate professors, School of
the Environment, Duke University,
Durham, North Carolina; R.O. Teskey
is professor and R. Will and D. Marke-
witz are assistant professors, Warnell
School of Forest Resources, University of
Georgia, Athens; T. Rials is project
leader, USDA Forest Service Southern
Research Station, Pineville, Louisiana;
H.L. Allen is professor, Department of
Forestry, North Carolina State Univer-
sity, Raleigh; J. Seiler is professor, De-
partment of Forestry, Virginia Tech,
Blacksburg; D. Ellsworth is associate
staff scientist, Brookhaven National
Laboratory, Upton, New York.


