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REVIEWS REVIEWS REVIEWS. 

Rising atmospheric C02 
and carbon H 

sequestration 
in forests 

Peter A Beedlow, David T Tingey, Donald L Phillips, William E Hogsett, and David M Olszyk 

Rising C02 concentrations in the atmosphere could alter Earth's climate system, but it is thought that 

higher concentrations may improve plant growth through a process known as the "fertilization effect". 

Forests are an important part of the planet's carbon cycle, and sequester a substantial amount of the C02 
released into the atmosphere by human activities. Many people believe that the amount of carbon 

sequestered by forests will increase as C02 concentrations rise. However, an increasing body of research 

suggests that the fertilization effect is limited by nutrients and air pollution, in addition to the well docu- 

mented limitations posed by temperature and precipitation. This review suggests that existing forests are 

not likely to increase sequestration as atmospheric C02 increases. It is imperative, therefore, that we man? 

age forests to maximize carbon retention in above- and belowground biomass and conserve soil carbon. 

Front Ecol Environ 2004; 2(6): 315-322 

A tmospheric C02 is an environmental paradox. It is an 

XJLessential component in photosynthesis and thus 
essential for life, yet its increasing concentration in the 

atmosphere threatens to alter Earth's climate. Fossil fuel 

burning and changing land use since the onset of the 
Industrial Era have caused a steady rise in atmospheric 

C02 (Figure 1). While there is general agreement among 
scientists that the climate system is changing as a result of 

increasing atmospheric concentrations of C02 and other 

greenhouse gases, the degree to which temperature and 

precipitation patterns will change is uncertain. 

Nevertheless, strategies to remove C02 from the atmos? 

phere are a focus of global change research and interna? 
tional treaty negotiations. 

Terrestrial ecosystems are important in the Earth's car? 
bon (C) balance and, potentially, in offsetting anthro- 

pogenic emissions of C02 (Figure 2). The biosphere (land 
and ocean) absorbs about half of the roughly 6 petagrams 
(Pg; 1015 grams) of C emitted annually from human activi? 
ties (Schimel et al. 2001). On land, the largest C sink 

(1.3-2.9 Pg of C per year) is in the northern hemisphere 

In a nutshell: 
? An increase in carbon (C) sequestration by forests due to the 

fertilization effect is not likely to happen, because of limiting 
factors, including soil nitrogen and air pollution 

? Long-term C sequestration in forest soils is dependent on soil 
type and characteristics, and is therfore unlikely to increase as a 
result of rising atmospheric COz 

? Maximum C retention and conservation should be goals of for? 
est management, in order to increase and retain long-term C 
pools 

? Soil types that sequester substantial amounts of carbon should 
be identified and protected 

US Environmental Protection Agency, 200 SW35th Street, Corvallis, 
OR 97333 

(Houghton 2003), although substantial interannual vari? 

ability exists (Schimel et al. 2001). As of the early 1990s, 
the temperate forests of the northern hemisphere have 
been thought to be a net sink of 0.6 to 0.7 Pg of C per year, 
based on forest inventories (Goodale et al. 2002). There is 

uncertainty, however, regarding the sources and sinks in 

the terrestrial biosphere (Houghton 2003). Moreover, it is 

not known whether present sequestration rates can be sus- 

tained, in view of the limits to forest regrowth and nutrient 

availability (Scholes and Noble 2001; Schimel et al. 2001). 

Understanding the response of forest vegetation, asso? 
ciated soils, and soil organisms to elevated atmospheric 

C02 is central to determining the capacity of forested 

ecosystems to sequester anthropogenic C02. While refor? 

estation and afforestation can clearly increase C seques? 
tration (Prentice et al. 2001), it is not certain that rising 

atmospheric C02 will increase sequestration in existing 
forests. Here, we address how nitrogen (N) availability, 
air pollution, and C processing in forest ecosystems may 
limit sequestration in existing forests and associated soils 
with rising levels of atmospheric C02. 

? Where does the C go? 

C02 enters the plant through stomata, the small pores in 

leaves through which COz, water vapor, and other gases 
are exchanged with the atmosphere. Within the leaf, 

C02 reacts with the rubisco enzyme complex, forming car- 

bohydrates that are used to make various plant tissues and 
form storage pools (Figure 3). Some of the C assimilated 
in plants is released as C02 to the atmosphere through 
respiration. C is transferred to the soil by root exudates, 
root death, litter fall (leaves, twigs, and branches), and 
coarse woody debris (larger branches and trunks). Over 

time, litter and coarse woody debris on the forest floor 
and dead roots within the soil decompose via the soil food 

) The Ecological Society of America www.frontiersinecology.org 
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Figure 1. Atmospheric C02 concentrations over the past millennium. From a 

pre-industrial level of approximately 280 ppm in the atmosphere, C02 
concentrations have risen to over 370 ppm in the year 2000. B^ the end of the 

21st century - depending on future industrial trends - concentrations are projected 
to reach 540 to 970 ppm (Prentice et al. 2001). (Data sources: Etheridge et al. 

1998; Keeiing etal. 2004.) 

chain and are converted into soil organic matter. 

Decomposition releases most of the C to the atmosphere 
as C02, but a small portion is sequestered. 

Not all tree growth is equally suited for long-term C 

sequestration in biomass (Figure 3). Deciduous trees hold 

Atmosphere [730], increasing 3.2 ? 0.2/year 

Residual 
Sink 

2.9 ? 1.1/year 

90/year 

Land: 
Plants [500] 
Soil [1500] 

Sink 0.7 ? 0.8/year 

Ocean [38000] 

Sink2.4 ?0.71 year 

Figure 2. The global C cycle. The global C cycle is represented showing the C pools 
(in brackets), atmospheric exchanges (double-headed arrows), anthropogenic 
emissions (arrows), and sinks (in italics). All units are inPgC (l Pg= 1015 grams = 

one billion metric tons) and fluxes in Pg C per year. The indicated C pools are annual 

averages over the 1980s. Atmospheric C is increasing by approximately 0.44% per 

year. To balance the global budget a residual sink for 2.9 Pg of C is needed; this 

represents C that is not accounted for - missing C (Houghton 2003). ln contrast to 

the static view conveyed here, the C system is dynamic and coupled to the climate 

system on seasonal, interannual, and decadal timescales. (Data sources: pools and 

exchanges from Prentice et al. 2001; anthropogenic emissions and sinks from 

Houghton 2003.) 

their leaves for 1 year while conifers can 

hold needles for as long as 8 or more years. 
Fine roots live for days or years, depending 
on the species (Matamala et al. 2003). In 

contrast, tree trunks, large branches, and 

large roots, which remain on the tree for 

several decades or centuries, are the pri? 

mary sites of C sequestration. As branches 

fall and trees die, decomposition releases 

C02 to the atmosphere (Harmon et al. 

1990). When trees are harvested, some of 

the biomass is left to decompose; a portion 
is converted into manufactured forest 

products such as buildings, furniture, and 

paper items. Forest products have a car- 

bon-storage half-life ranging from only 
4 years for items made of paper to 65 years 
for building materials and furniture 

(Pussinen et al. 1997), times similar to 

those found in leaf litter and branch 

decomposition. To increase C sequestra? 
tion in trees the amount of C allocated to 

trunks and large branches must be 

increased or the trees must live longer; C 

that is allocated to leaves and fine roots is 

recycled to the atmosphere too quickly to be an effective 

C sink. 

Most of the annual C accumulation in growing forested 

ecosystems is found in trees and forest-floor litter; only a 

small portion enters the underlying mineral soil (Hooker 
and Compton 2003). Soil C com? 

pounds can be classified based on 

turnover time (Trumbore 1997): the 

"active" (or "fast") pool turns over in 

days to a year, the "intermediate" pool 
turns over in years to decades, and 

turnover in the "passive" (or "slow") 

pool takes more than a century. The 

active pool consists of easily decom- 

posed litter and fine roots. The inter? 

mediate pool is a mixture of com? 

pounds with varying turnover times, 
but in many soils this pool contains the 

most C (Trumbore 1997). The passive 

pool - most important to long-term C 

sequestration - is composed of persis- 
tent organic compounds, such as 

humus, and accumulates very slowly. 

? Will elevated C02 increase forest 

C sequestration? 

The most obvious way to increase C 

sequestration is to increase forest 

growth. Elevated atmospheric COz 
concentrations increase photosyn- 
thesis in C3 plants - the photosyn- 

www.frontiersinecology.org ? The Ecological Society of America 
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species - by increasing C02 uptake (Norby et 

al. 1999). This increase is a result of molecular 

competition within leaves for binding sites on 

the rubisco molecule shifting to increase car- 

boxylation and decrease oxygenation. Tree 

productivity should therefore increase if other 

growth factors such as nutrients, water, or tem? 

perature are not limiting. Theoretically, ele- 

vated C02 will enhance photosynthesis and 

decrease the need for plants to open their 

stomates as widely as they do at lower COz 
concentrations, allowing them to conserve 

water (Schafer et al. 2002). This C02-induced 
increase in primary productivity and water use 

efficiency is commonly known as the "fertiliza? 

tion effect". It is often assumed that forested 

ecosystems will increase C sequestration rates 

with rising concentrations of atmospheric 

C02. Indeed, this assumption is the basis for 

projecting future C fluxes with most state-of- 

the-art global vegetation models (Cramer et al. 

2001). 
Evidence is now emerging that this fertiliza? 

tion effect is variable and often limited by 
environmental factors. In most experiments, 
elevated C02 increases photosynthesis (at least 

initially), but the long-term effect on eco? 

system productivity is unclear. Early results 

from an open-air C02 enrichment experiment 
in a young North Carolina forest showed 

increased ecosystem net primary productivity 

during the first 2 years of exposure (DeLucia et 
al. 1999), but later findings indicate that this 

productivity declined with time (Finzi et al. 

2002). Trees in Italy that are near springs emitting 

high C02 concentrations grow no faster than their 

counterparts away from the springs (Tognetti et al. 

2000). Although elevated COz may increase the C 
assimilation rate, it does not necessarily mean that 

growth will be increased, as other limiting factors 
come into play, particularly in natural ecosystems 

(Norby et al. 1999; Hungate et al. 2003). 
There are a number of factors that could diminish 

the effect of C02 fertilization on forest growth. 

Clearly, increasing temperature and drought can 

reduce growth, but perhaps more importantly, chang? 
ing climatic patterns can affect net ecosystem produc? 

tivity (Knapp et al. 2002). There is a mounting body of 

evidence, however, for limitations beyond temperature 
and precipitation. These involve: (1) the potential for 
N availability to restrict the ability of forests to sustain 

C02-induced increases in growth; (2) the effects of 

regional air pollution - N deposition and tropospheric 
ozone - on C sequestration; and (3) the reallocation of 

C in forests as a result of rising atmospheric COz with 

potential effects on C sequestration. 
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Figure 3. Diagrammatic representation of C uptake, release, and 

retention time in forested ecosystems. CHO represents the movement of 
photosynthates between plants, soils, and the atmosphere. 

? Nitrogen availability 

At the cellular level, enzymes are required to convert 

atmospheric C02 into carbohydrates. They are also 

required for plant growth and maintenance. To produce 

enzymes, plants must have adequate N. In fact, most of 

the N in leaves is found in enzymes, especially rubisco, 
which facilitate uptake of C02 during photosynthesis. 

Mineral weathering, along with mineralizing litter 

and soil organic matter, form the soil pools of N and 

other essential nutrients which are taken up by fine 

roots and associated mycorrhizae and moved throughout 
the plant (Figure 3). Although the amount of N in dif? 

ferent tissues may vary, it is essential for sustained plant 

growth (Finzi et al. 2002). If the soil N is deficient, 

growth is limited. Consequently, plants will increase 

growth in response to increasing levels of atmospheric 

C02 only if there is a sustained increase in nutrient use 

efficiency or there is continuing supply of N (Finzi et al. 

2002). The increased N supply can be met by: (1) N real- 

located from within the plant; (2) increased mineraliza? 

tion in the litter and soil; (3) fertilizers; and (4) air pollu? 
tion (N deposition). 

) The Ecological Society of America www.frontiersinecology.org 
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Figure 4* The distribution of mineralizable N in forested lands of the US. Mineralizable N represents the N in soils that is available 

to plants. Notice that forest soils containing the highest levels ofN occupy less than 10% ofthe total, and that soils relatively rich in N 

are found in the northern regions. 

At the ecosystem level, soil N availability can limit the 

C02 fertilization effect and rising atmospheric C02 can 

alter decomposition and N mineralization and fixation, 
thus changing N availability in the soil (McGuire et al. 

1995). A long-term study in a North Carolina pine forest 

failed to find increased N mineralization with elevated C02 
exposure (Finzi et al. 2002). Increased C storage, if it occurs 

with rising atmospheric C02, places an additional demand 

on available N. As organic matter contains N, storing more 

C requires removing some N from the actively cycling pool 
and sequestering it, along with the C, in wood, leaves, litter, 
and soil. Litter and soil are both rather high in N, creating a 

continuing demand for it and other nutrients. 

Modeling studies support the concept of N limitation and 

show that the observed increase and subsequent slowing of 

plant growth in response to elevated C02 is a consequence 
of nutrient limitation (Pan et al. 1998). Applying a biogeo- 
chemical model to forest stands in the western Cascade 

Mountains of the Pacific Northwest, McKane et al. (1997) 

suggest that soil N is a primary constraint on the ability of 

those forests to sequester C. In 100-year model runs, ele? 

vated atmospheric COz and temperature raised total ecosys? 
tem C storage by less than 10% for a N-poor site versus 25% 

for a N-rich site. Vegetation models that account for N lim? 

itation also predict much less C sequestration under future 

climate scenarios than do models that assume N is always 
sufficient (Pan et al.1998; Hungate et al. 2003). 

The availability of N varies between and within forested 

regions. Consequently, the C02 fertilization potential for 

particular forest stands will also vary. For example, in 

forested lands of the US (Figure 4), the distribution of N 

not only varies from region to region, but the land area with 

the most N that can be mineralized (ie the most available 

N) is less than 10% of the total. In areas where N is defi? 

cient, C sequestration is not likely to-increase with rising 
levels ofC02. 

? Regional air pollution 

Fossil fuel combustion and intensive agriculture have 

increased atmospheric inputs of nitrate (N03~) and 

ammonium (NH4+) to forests, grasslands, and cultivated 

lands (Figure 5). Such anthropogenic deposition of N on 

N-poor soils could relieve limitations on forested land, 
which would allow C02-induced growth stimulation. 

Model simulations suggest that N deposition in temperate 
forests of eastern North America and Europe allows for up 
to 25% of the C sequestration in these forests (Townsend 
et al 1996). However, results from tracer studies using N 

isotopes in temperate forests in the US and Europe show 

the C sequestration resulting from growth stimulation by 
N deposition to be less than 10%, if only woody tissues, 
which have longer turnover times, are considered 

(Nadelhoffer etal 1999). 

www.frontiersinecology.org ? The Ecological Society of America 
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While soil N is important for forest growth, 

N deposition appears to play only a minimal 

role in increasing C sequestration when com? 

pared to the negative effects of air pollution. In 

fact, N deposition could lead to forest decline if 

available N exceeds the capacity of plants to 

use it; N compounds can bond with calcium 

and magnesium ions in soil, which can then be 

leached from the ecosystem, thereby limiting 

plant growth (Nosengo 2003). Although rising 

C02 and N deposition may have increased for? 

est growth over the past several decades, the 

magnitude of these increases has been consid- 

erably reduced by concurrent increases in air 

pollution - primarily tropospheric ozone 

(Ollingeretol.2002). 
In the US, vast areas of forests are potentially 

impacted to varying degrees by tropospheric, or 

ground-level ozone pollution (Hogsett et al. 

1997; Figure 6). On a global scale, damaging 
ozone concentrations (defined as >60 ppb) 
occur over 29% of the world's temperate and 

sub-polar forests and are predicted to affect 

60% of these forests by 2100 (Fowler et al. 1999). 
Ozone is formed in sunlight by the reactions of volatile 

organic compounds and nitrogen oxide air pollutants. 
Global warming could exacerbate risks to forests from ozone, 
because hot weather and high atmospheric pressure promote 
its formation. Moreover, increased fossil fuel use will proba? 

bly increase the production of ozone-forming air pollutants. 
In trees, ozone reduces C02 assimilation and alters C allo? 

cation (Andersen 2003). It causes foliage to die and drop 

prematurely, which reduces the amount of C available for 

growth and sequestration. In some cases, the stimulatory 
effect of COz on forest productivity is reduced by more than 

20% by ozone pollution (Tingey et al. 2001; Ollinger et al. 

2002; Karnosky et al. 2003). In addition, the interacting 
effects of C02 and ozone can alter the susceptibility of 

plants to pest damage and diseases (Percy et al. 2002). 
Ozone not only reduces C sequestration in trees; it also 

inhibits sequestration in soils. In a field experiment, the 

passive soil C pool was decreased by 5% when exposed to 

COz and ozone combined compared to elevated COz over 

4 years of exposure (Loya et al. 2003). 

? Carbon reallocation 

It appears unlikely that rising C02 will cause a sustained 

increase in C sequestration, because of limitations such as N 

availability and ozone. However, if rising COz could 

increase the allocation of C into long-term storage pools in 

wood or mineral soil, it would increase sequestration even 

without a sustained increase in plant growth. If C is reallo- 

cated, in order to have much influence on sequestration it 

must result in trees that live substantially longer or are sub- 

stantially larger than they would have been without being 

exposed to elevated C02. 

m x ' Total N (kg/ha) 

V, DDryN 
f| BWetN 

Figure 5. Annual N deposition /or the US. Map of wet and dry deposition, 
which illustrates the extent and magnitude of deposition. The size of the circles 

corresponds to the relative magnitude of deposition and the color represents the 

form (wet versus dry), with the total amount shown as kilograms per hectare. 

The eastern part of the US has deposition values 2-3 times greater than the 

western section. 

If rising C02 increased wood density or tissue C con? 

tent, sequestration would increase. Yet, observed effects 

of elevated C02 on wood density range from no effect 

(Calfapietra et al. 2003) to a small increase that dimin- 

ished with exposure time (Telewski et al 1999), suggest- 

ing that increases in wood density will not create a major 
C sink. 

If rising C02 increases plant size, more C would be 

sequestered. Experimental studies show that if water and 

nutrients are adequate, elevated C02 does initially increase 

plant growth, but the C02 benefit decreases with time. 

Nevertheless, the initial advantage of increased growth may 
be maintained even though increased net ecosystem pro? 

ductivity tapers off, if larger trees could gain a competitive 

advantage that would prevail throughout their lifetime 

(Calfapietra et al. 2003). The unanswered question is 

whether tree stands will ultimately have more volume of 

wood than stands growing at that same site without the 

benefit of elevated C02, or if the stand volume will be 

unchanged but concentrated in fewer, larger trees. It is not 

clear that rising C02 will permit plants at specific sites to 

grow larger than they would otherwise, given the availabil? 

ity of other resources. 

Increasing the duration of leaves and roots, or tree life 

spans could also increase C sequestration. However, ele? 

vated C02 has been shown to decrease needle longevity 
(Schafer et al. 2002) and to increase C allocation to foliar 

nonstructural carbohydrates, leaves, and fine roots, which 

are rapidly respired without adding to sequestration 

(Norby et al. 2003; Olszyk et al. 2003). In loblolly pine 
(Pinus taeda), elevated C02 reduced the age of maturity 
while cone and seed production increased (LaDeau and 

Clark 2001); accelerated maturation may shorten life 

span, resulting in faster C turnover, but not necessarily 

) The Ecological Society of America www.frontiersinecology.org 
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Figure 6. Monthly ozone exposures expressed as SUM06 across the US, illustrating the monthly and year-to-year variability 

depending on temperature and emissions. Ozone concentrations peaked during the record high temperatures and drought of 1988 

throughout the eastern half of the US. More typical conditions prevailed during 1994. SUM06 is the sum of all hourly ozone 
concentrations between 7 am and 7 pm that are equal to, or exceed, 60 ppb over a 3-month growing season. Exposures were spatially 

interpolated to relate ozone concentrations to elevation, temperature, and geographical coordinates following the procedure ofHogsett 
etal. (1997). 
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more biomass. Accelerated maturation is compounded by 
the fact that the ability of forests to sequester C decreases 

with time (Finzi et al. 2002). 

Climate, topography, soil parent material, time, and 

organisms determine the amount of C in soils (Johnson 
1995). Elevated C02 only directly affects the organisms in 

this relationship. To increase C sequestration in soil, ele? 

vated C02 must increase C pools with turnover times of 

decades and centuries. C in the active pool is lost too 

quickly. The passive soil C pool, which contains persistent 

organic material such as humus, is obviously important to 

sequestration, but intermediate pools - those that turn 

over on decadal time periods - can also be important. 

Alternatively, sequestered C can be maintained by reduc? 

ing the loss of passive C through management practices 
that minimize erosion and oxidation of C compounds in 

soils (Johnson 1995). 
Evidence that rising C02 will increase C sequestration in 

soil is generally lacking. Although elevated C02 can 

increase net primary production, the additional C is either 

allocated to fine root production, which is rapidly turned 

over, or is respired directly by soil organisms. Elevated C02 

has been shown to have little or no effect on passive soil 

organic matter (Schlesinger and Lichter 2001). In fact, the 

amount of passive soil organic matter is more dependent 
on soil characteristics, such as soil maturity and mineral- 

ogy, than on vegetation production (Trumbore 1997; 

Hagedorn et al. 2003). 

Experimentally elevated C02 levels have not resulted in 

long-term increases in litter (Schafer et al. 2002; Norby et 

al. 2003) or soil organic matter production (Schlesinger 
and Lichter 2001). Elevated C02 stimulated fine root pro? 
duction in deciduous forest species, which in turn 

increased soil respiration as the C was cycled through 
short-term pools without adding to the C present (King et 

al. 2001; Norby et al. 2002). Elevated C02 did not stimu- 

late more fine root production or allocation of C to fine 

roots in Douglas fir (Olszyk et al. 2003), although C alloca? 

tion was shifted belowground (Hobbie et al. 2004)- Similar 

findings were reported for a loblolly pine forest exposed to 

elevated C02 (Schlesinger and Lichter 2001). Hobbie et al. 

(2004) hypothesize that the additional C assimilated by 

plants exposed to elevated COz was used by the below? 

ground biota with no movement of C into long-term stor- 

www.frontiersinecology.org ? The Ecological Society of America 
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age. This is supported by reported changes to belowground 
food chains due to elevated C02 (Fransson et al. 2001). 

Model simulations suggest that higher N availability may 
increase litter quality and subsequent C sequestration 
(McMurtrie et al 2000). There is no clear evidence of that 

happening in the field, however. Elevated C02 increased C 
to N and lignin to N ratios in tissues while decreasing 
decomposition rates in some C3 plants, but not in C4 

plants (Ball 1997). In a survey of six species from alpine, 
temperate grassland, and tropical forest ecosystems, 
Hirschel et al. (1997) concluded that elevated C02 did not 
affect litter quality or decomposition rates. Similarly, ele? 
vated C02 experiments show no effect on mineralization 
or the availability of N for plant growth (Zak et al. 2003). 

? Conclusions 

Changes in climatic conditions, growing season length, 
precipitation, cloud cover, and temperature have con- 
tributed to increases in global net primary production over 
the past two decades (Nemani et al. 2003), suggesting that 
terrestrial ecosystems are sequestering more C. 

Nevertheless, the fertilization effect of rising atmospheric 

COz does not appear to be an important factor in the 
increased sequestration. Land-use changes, particularly the 

regrowth of forests on land previously used for agriculture, 
have played a major role (Schimel et al. 2001); in general, 
recovery from historic land use may be the dominant cur? 
rent terrestrial sink for C (Caspersen et al. 2000). 

There is little experimental evidence to suggest that 
either rising atmospheric COz or N deposition will con- 
tribute to sustained stimulation of C sequestration in forests 
or associated soils. Nutrient limitations in unmanaged 
forests are likely to constrain tree response to rising C02, 
while increased soil respiration seems to be balancing the 
increased input of C to soil (Schlesinger and Lichter 2001). 

As rising C02 is not expected to stimulate C sequestra? 
tion in forests, it is imperative that the C in these ecosys? 
tems be conserved. Forested landscapes should be managed 
to maximize C accumulation and retention in trunks and 

large branches. Soils accumulate C very slowly, and the 

passive C pool is largely a function of soil characteristics. 

Particularly important is protecting soil C, including the 
litter layer, during and following logging activities, espe? 
cially in forest types that hold high levels of soil C, such as 
those in cool climates and bog and swamp woodlands 

(Johnson and Kern 2003). 

Regionally, elevated tropospheric ozone is already reduc? 

ing C sequestration in forests. Ozone not only reduces 

sequestration in natural forests, but also affects reforesta? 
tion and afforestation projects. Consequently, it is impor? 
tant to reduce the extent and magnitude of exposures. 

Managing forested ecosystems to maximize C sequestra? 
tion and retention will require a detailed knowledge of 

past, present, and future land use, and how those practices 
affect carbon sources and sinks at regional scales. Social, 

political, and economic effects on C sequestration must be 

quantified and any ensuing conflicts with C conservation 
resolved before effective sequestration strategies for forests 
can be developed. 

Promoting terrestrial sinks will certainly help lower 

atmospheric C02 concentrations, but some perspective is 
warranted. Even if all of the C that was lost from the land 
due to human activities over the last 250 years could be 

returned, it would only lower atmospheric C concentra? 
tions by about 70 parts per million (ppm) from projected 
concentrations of 500-950 ppm by 2100 (Scholes and 
Noble 2001). This amounts to only a 7-14% reduction. 

Avoiding additional loss of land C is therefore critical. 

? Acknowledgements 

We thank JG Carter, RK Dixon, MT Little, and AM 
Solomon for their thoughtful comments. We also thank 

JS Kern, EH Lee, and GG Lear for the maps. This work 
was funded by the US Environmental Protection Agency 
(EPA) and approved for publication after EPA review. 

Approval does not signify that the contents reflect the 
views of the agency, and the mention of trade names or 
commercial products does not imply endorsement. 

? References 
Andersen CP. 2003. Source-sink balance and carbon allocation 

below ground in plants exposed to ozone. New Phytol 157: 
213-28. 

Ball AS. 1997. Microbial decomposition at elevated C02 levels: 
effect of litter quality. Glob Change Biol 3: 379-86. 

Calfapietra C, Gielen B, Sabatti M, et al. 2003. Do above-ground 
growth dynamics of poplar change with time under C02 
enrichment? New Phytol 160: 305-18. 

Caspersen JP, Pacala SW, Jenkins JC, et al. 2000. Contributions of 
land-use history to carbon accumulation in U.S. forests. 
Science 290: 1148-51. 

Cramer WA, Bondeau A, Woodward FI, et al. 2001. Global 
response of terrestrial ecosystem structure and function to C02 
and climate change. Glob Change Biol 7: 357-73. 

DeLucia EH, Hamilton JG, Naidu SL, et al. 1999. Net primary-pro? 
duction of a forest ecosystem with experimental C02 enrich? 
ment. Science 284: 1177-79. 

Etheridge DM, Steele LP, Langenfelds RJ, et al. 1998. Historical 
COz records from the Law Dome DE08, DE08-2, and DSS ice 
cores. In: Trends: a compendium of data on global change. Oak 
Ridge, TN: Carbon Dioxide Information Analysis Center, Oak 
Ridge National Laboratory, US Department of Energy. 

Finzi AC, DeLucia EH, Hamilton JG, et al. 2002. The nitrogen 
budget of a pine forest under free air C02 enrichment. 
OecohgLa 132: 567-78. 

Fowler D, Cape JN, Coyle M, et al. 1999. The global exposure of 
forests to air pollutants. Water Air Soil Poll 116: 5-32. 

Fransson PMA, Taylor AFS, and Finlay RD. 2001. Elevated atmos? 
pheric C02 alters root symbiont community structure in forest 
trees. New Phytol 152: 431-42. 

Goodale CL, Apps MJ, Birdsey RA, et al. 2002. Forest carbon sinks 
in the northern hemisphere. Ecol Appl 12: 891-99. 

Hagedorn F, Spinnler D, Bundt M, et al. 2003. The input and fate 
of new C in two forest soils under elevated C02. Glob Change 
Biol 9: 862-72. 

Harmon ME, Ferrell WK, and Franklin JF. 1990. Effects on carbon 
storage of conversion of old-growth forests to young forests. 
Science 247: 699-702. 

) The Ecological Society of America www.frontiersinecology.org 



Rising C02 and forests PA Beedlow et al. 

^H 
Hirschel G, Korner C, and Arnone JA. 1997. Will rising atmos? 

pheric COz affect leaf litter quality and in situ decomposition 
rates in native plant communities? Oecohgia 110: 387-92. 

Hobbie EA, Johnson MG, Rygiewicz PT, et al. 2004. Isotopic esti? 
mates of new carbon inputs into litter and soils in a four-year 
climate change experiment with Douglas-fir. Plant Soil 259: 
331-43. 

Hogsett WE, Weber JE, Tingey DT, et al. 1997. Environmental 

auditing: an approach for characterizing tropospheric ozone 
risk to forests. Environ Manage 21: 105-20. 

Hooker TD and Compton JE. 2003. Forest ecosystem carbon and 

nitrogen accumulation during the first century after agricul? 
tural abandonment. Ecol Appl 13: 299-313. 

Houghton RA. 2003. Why are estimates of the terrestrial carbon 
balance so different? Gbb Change Biol 9: 500-09. 

Hungate BA, Dukes JS, Shaw MR, et al. 2003. Nitrogen and cli? 
mate change. Science 302: 1512-13. 

Johnson MG. 1995. The role of soil management in sequestering 
soil carbon. In: Lal R, Kimble J, Levine E, and Stewart BA 
(Eds). Soil management and greenhouse effect. Boca Raton, 
FL: CRC Press. 

Johnson MG and Kern JS. 2003. Quantifying the organic carbon 
held in forested soils of the United States and Puerto Rico. In: 
Kimble JM, Heath LS, Birdsey RA, and Lal R (Eds). The 

potential of U.S. forests soils to sequester carbon and mitigate 
the greenhouse effect. Boca Raton, FL: CRC Press. 

Karnosky DF, Zak DR, Pregitzer KS, et al. 2003. Tropospheric 03 
moderates responses of temperate hardwood forests to elevated 

C02: a synthesis of molecular to ecosystem results from the 

Aspen FACE project. Funct Ecol 17: 289-304. 
Keeling CD and Whorf TP. 2004. Atmospheric C02 records from 

sites in the SIO air sampling network. In: Trends: a com- 

pendium of data on global change. Oak Ridge, TN: Carbon 
Dioxide Information Analysis Center, Oak Ridge National 

Laboratory, US Department of Energy. 
King JS, Pregitzer KS, Zak DR, et al. 2001. Fine-root biomass and 

fluxes of soil carbon in young stands of paper birch and trem- 

bling aspen as affected by elevated atmospheric COz and tro? 

pospheric 03. Oecologia 128: 237-50. 
Knapp AK, Fay PA, Blair JM, et al. 2002. Rainfall variability, car? 

bon cycling, and plant species diversity in a mesic grassland. 
Science 298: 2202-05. 

LaDeau SL and Clark JS. 2001. Rising COz levels and the fecun- 

dity of forest trees. Science 292: 95-98. 

Loya WM, Pregitzer KS, Karberg NJ, et al. 2003. Reduction of soil 
carbon formation by tropospheric ozone under increased car? 
bon dioxide levels. Nature 425: 705-07. 

Matamala R, Gonzalez-Meler M, Jastrow JD, et al. 2003. Impacts of 
fine root turnover on forest NPP and soil C sequestration 
potential. Science 302: 1385-87. 

McKane RB, Tingey DT, Beedlow PA, et al. 1997. Spatial and tem? 

poral scaling of C02 and temperature effects on Pacific 
Northwest forest ecosystems. Am Assoc Adv Sci Pacific Div 
Abstracts 16: 56. 

McGuire AD, Melillo JM, and Joyce LA. 1995. The role of nitro? 

gen in the response of forest net primary production to elevated 

atmospheric carbon dioxide. Ann Rev Ecol Syst 26: 473-503. 
McMurtrie RE, Dewar RC, Medlyn BE, et al. 2000. Effects of ele? 

vated [COz] on forest growth and carbon storage: a modeling 
analysis of the consequences of changes in litter quality/quan- 
tity and root exudation. Plant Soil 224: 135-52. 

Nadelhoffer KJ, Emmett BA, Gundersen P, et al. 1999. Nitrogen 
deposition makes a minor contribution to carbon sequestration 
in temperate forests. Nature 398: 145-48. 

Nemani RR, Keeling CD, Hashimoto H, et al. 2003. Climate-dri- 
ven increases in global terrestrial net primary productivity. 
Science 300: 1560-63. 

Norby RJ, Hanson PJ, O'Neill EG, et al. 2002. Net primary produc? 
tivity of a C02-enriched deciduous forest and the implications 
for carbon storage. Ecol Appl 12: 1261-66. 

Norby RJ, Sholtis JD, Gunderson CA, et al. 2003. Leaf dynamics of 
a deciduous forest canopy: no response to elevated C02. 
Oecologia 136: 574-84. 

Norby RJ, Wullschleger SD, Gunderson CA, et al. 1999. Tree 

responses to rising C02 in field experiments: implications for 
the future forest. Plant Cell Environ 22: 683-714. 

Nosengo N. 2003. Fertilized to death. Nature 425: 894-95. 
Ollinger SV, Aber JD, Reich PB, and Freuder RJ. 2002. Interactive 

effects of nitrogen deposition, tropospheric ozone, elevated 

COz and land use history on the carbon dynamics of northern 
hardwood forests. Glob Change Biol 8: 545-62. 

Olszyk DM, Johnson MG, Tingey DT, et al. 2003. Whole-seedling 
biomass allocation, leaf area, and tissue chemistry for Douglas- 
fir exposed to elevated COz and temperature for 4 years. Can ] 
For Res 33: 269-78. 

Pan Y, Melillo JM, McGuire AD, et al. 1998. Modeled responses of 
terrestrial ecosystems to elevated atmospheric COz: a compari? 
son of simulations by the biogeochemistry models of the 

Vegetation/Ecosystem Modeling and Analysis Project 
(VEMAP). Oecobgia 114: 389-404. 

Percy KE, Awmack CS, Lindroth RL, et al. 2002. Altered perfor? 
mance of forest pests under atmospheres enriched by COz and 

03. Nature 420: 403-07. 
Prentice IC, Farquhar GD, Fasham MJR, et al. 2001. The carbon 

cycle and atmospheric carbon dioxide. In: Houghton JT, Ding 
Y, Griggs DJ, et al. (Eds). Climate Change 2001: The Scientific 
Basis. Contribution of Working Group I to the Third 
Assessment Report of the Intergovernmental Panel on Climate 

Change, p 183-237. Cambridge, UK: Cambridge University 
Press. 

Pussinen A, Karjalainen T, Kellomaki S, et al. 1997. Potential con? 
tribution of the forest sector to carbon sequestration in 
Finland. Biomass and Bioenergy 13: 377-87. 

Schafer KVR, Oren R, Lai C, et al. 2002. Hydrologic balance in an 
intact temperate forest ecosystem under ambient and elevated 

atmospheric COz concentration. Glob Change Biol 8: 895-911. 
Schimel DS, House JI, Hibbard KA, et al. 2001. Recent patterns 

and mechanisms of carbon exchange by terrestrial ecosystems. 
Nature 414: 169-72. 

Schlesinger WH and J Lichter. 2001. Limited carbon storage in soil 
and litter of experimental forest plots under increased atmos? 

pheric C02. Nature 411: 466-69. 
Scholes RJ and Noble IR. 2001. Storing carbon on land. Science 

294: 1012-13. 
Telewski FW, Swanson RT, Strain BR, et al. 1999. Wood properties 

and ring width responses to long-term atmospheric C02 
enrichment in field-grown loblolly pine (Pinus taeda L.). Plant 
Cell Environ 22:213-19. 

Tingey DT, Laurence JA, Weber JA, et al. 2001. Elevated C02 and 

temperature alter the response of Pinus ponderosa to ozone: a 
simulation analysis. Ecol Appl 11: 1412-24. 

Tognetti R, Cherubini P, and Innes JL. 2000. Comparative stem- 

growth rates of Mediterranean trees under background and nat- 

urally enhanced ambient COz concentrations. New Phytol 146: 
59-74. 

Townsend AR, Braswell BH, Holland EA, et al. 1996. Spatial and 

temporal patterns in terrestrial carbon storage due to deposi? 
tion of fossil fuel nitrogen. Ecol Appl 6: 806-14. 

Trumbore SE. 1997. Potential responses of soil organic carbon to 

global environmental change. Proc Natl Acad Sci 94: 8284-91. 
Zak DR, Holmes WE, Finzi AC, et al. 2003. Soil nitrogen cycling 

under elevated COz: a synthesis of forest FACE experiments. 
Ecol Appl 13: 1508-14. 

www.frontiersinecology.org ? The Ecological Society of America 


	Article Contents
	p. 315
	p. 316
	p. 317
	p. 318
	p. 319
	p. 320
	p. 321
	p. 322

	Issue Table of Contents
	Frontiers in Ecology and the Environment, Vol. 2, No. 6 (Aug., 2004), pp. 283-336
	Front Matter [pp. 333-335]
	Guest Editorial
	The Hard Road to Education Reform [p. 283]

	Dispatches
	New Antifouling Solutions Sail into View [p. 284]
	Babies at Greater Risk from Environmental Pollutants [p. 285]
	Europe Tackles Environmental Effects on Child Health [p. 285]
	National Plan to Get Australian Rivers Flowing [p. 286]
	Treaty Improves Access to Plant Genetic Resources [p. 286]
	Rainfall Patterns Changing in Amazon Rainforest [p. 287]
	Storing CO Underground [p. 287]
	Toxic Compounds Gather on the Sea Surface [p. 288]
	Disappearing Prey Spurs Leopard Attacks [p. 288]

	Write Back
	The Real Enemy Is Poverty, Not Affluence [p. 289]
	Author's Reply [pp. 289-290]

	Erratum: Patterns of Extinction in Prairie Dog Metapopulations: Plague Outbreaks Follow El Niño Events [p. 290]
	Reviews
	Ants Show the Way Down Under: Invertebrates as Bioindicators in Land Management [pp. 291-298]
	Muddy Waters: Elevating Sediment Input to Coastal and Estuarine Habitats [pp. 299-306]
	Climate Flickers and Range Shifts of Reef Corals [pp. 307-314]
	Rising Atmospheric CO and Carbon Sequestration in Forests [pp. 315-322]

	Pathways to Scientific Teaching
	Pathways to Scientific Teaching [p. 323]
	Climate Change: Confronting Student Ideas [pp. 324-325]

	Forum
	The Private Side of Conservation [pp. 326-331]

	Laws of Nature
	Environmental Terrorism [p. 332]

	Finishing Lines
	Gorillas in the Coffee Shop [p. 336]

	Back Matter



