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The concept of planting trees as part of a strategy to confront the possibility of global
climate change is now widely accepted. As trees grow they remove CO2 from the
atmosphere and thus slow the atmospheric build-up of CO2 , an important greenhouse gas.
Within the global-climate-change context, there are two fundamental problems with
managing trees to store carbon. First, the magnitude of fossil-fuel related emissions of CO2
is so large, 6 billion metric tons of carbon per year, that it takes very large areas of tree
planting to make a significant impact. Second, as trees mature their rate of growth, and
hence rate of net carbon uptake, declines. The large demand on land area suggests that
there is a limit to the fraction of total CO2 emissions that we might reasonably expect to
offset with growing trees. The ultimate maturation of forests suggests that there is a limit
on the length of time over which offsets are feasible and that we need to ask what to do as
the rate of C uptake declines. Acknowledging that the availability of land will constrain the
ability of tree planting to offset industrial emissions of CO2 , we consider how the land which
is available can be used most effectively.

Our analysis speculates on how much land might be available for a forest management
strategy motivated (at least partially) by concerns about climate change, but our principal
focus is on how a given land area can be best used to minimize net emissions of CO2 and
how much might be achieved on a unit of land. We do not suggest that carbon management
should be the principal criteria for land management, but we discuss the implications if it
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were. Confronting global and local changes in climate will be one of many objectives in land
management and we explore for the most effective strategy for pursuing this objective.

Land can be used to plant large areas of trees where there are not now trees and thus to
withdraw CO2 from the atmosphere and store it as carbon in the growing trees. This is
what people generally have in mind when they talk about "offsets". A corollary to this
strategy is to protect existing forests so that the contained carbon is not released to the
atmosphere. However, if our objective is to minimize net CO2 emissions to the atmosphere,
land might be used not as an offset for CO2 emitted, but in a way so as to prevent its
emission in the first place. If we used forest or agricultural land to raise trees to be used
as a fuel, an energy crop, we would reduce net CO2 emissions to the extent that the
renewable energy crop replaced fossil fuel use. In essence the carbon would be sequestered
in unburned fossil fuels, and the net cumulative CO2 reduction would continue to increase
with every harvest cycle. We should, of course, also inquire whether managing trees under
any strategy is the best use of land for confronting climate change. The primary source of
anthropogenic emissions of CO2

 t o t n c atmosphere is during the conversion of the chemical
energy of fossil fuels to thermal energy to run our machines. If we covered land with a
system for producing CO2-free thermal or electric energy, e.g. with photoelectric cells, we
could avoid much of our concern about carbon flows. To contrast this strategy with tree
planting involves many aspects which are beyond the scope of this analysis, but we do touch
on it by addressing the efficiency with which biomass energy systems can convert solar
radiation into useful energy.

The two basic forest management strategies are represented in schematic form in Figure 1.
The figure illustrates that a forest managed for carbon storage eventually matures and ceases
to be provide a sink for carbon whereas a forest which is harvested regularly to maintain
high growth rates, continues to provide a fuel offset indefinitely.

Figure 1 helps us to visualize the difference between using tree planting in a carbon
sequestering strategy and in a fossil-fuel-substitution strategy, but it does not provide us with
a realistic comparison. It does not show time or land area required. It does not address the
productivity of forests, the energy inputs required to operate an energy plantation, or the
efficiency with which biomass fuels can substitute for fossil fuels. It does not represent the
importance of soil and below ground carbon or of the wide variability in all of the above
factors in a real world. This analysis explores the shape of paths C and D in Figure 1 and
the factors that define those shapes. It explores the potential of tree plantations managed
as energy crops to minimize net emissions of CO2. It starts by discussing the productivity
of forests and how productivity varies in time and space and between natural and managed
stands. It then discusses photosynthetic potential and the limits of productivity. With the
atmospheric concentration of CO2 increasing, we consider whether this is likely to accelerate
tree growth and carbon uptake in managed and/or natural stands. The role of carbon
storage in soils, especially as it relates to intensively managed and harvested stands is
discussed. With this insight into potential productivity, the analysis looks at the quantities
of land available in the U.S. as a function of productive potential and then at pressures on
global forest resources and the prospects for protecting or increasing the areas in forest
globally. The next section examines the important issue of fuel-use efficiency and the



prospects for biomass fuels to replace fossil fuels. Two final sections consider whether
"energy crop" necessarily means trees and whether large-scale changes in earth surface

FIGURE 1: Schematic representation of cumulative net emissions of CO, as a function of
time for various combinations of a coal-fired power plant and forest management strategy.
Path A shows the uniform increase of cumulative net CO, emissions from the coal-fired
power plant If enough trees were planted so that CO2 emissions from the power plant were
exactly offset by the photosynthetic uptake of C in young, rapidly growing trees; path B would
represent the cumulative net emissions for the sum of power plant and tree plantation. The
latter part of path B shows net emissions growing parallel to those of path A as the mature
forest stand no longer has a net uptake of carbon. Path C represents net CO, emissions
when a sustained yield energy plantation is established after initial clearing and use of an
existing forest stand. Path D represents the emissions from a power plant which burns wood
from a sustained-yield energy plantation established on a site which was not previously
occupied by forest The path envisions a tree plantation started some years prior to operation
of the power plant so that the plantation can be partially harvested each year to fuel the
power plant with no net CO, emissions. The distance between paths C and D is related to
the amount of carbon which was held in the pre-existing forest

vegetation might have climate-change implications of its own - through alteration of the
terrestrial albedo or hydrologic balance. The paper closes with some speculations on the
climatic impacts of energy plantations and some contrasts with carbon sequestering and
storage in trees.

Figure 2 illustrates the interaction of some of the factors which will define the most effective
use of land for minimizing net CO2 emissions. lines in the plot cross one another and the
optimum solution, that is the solution with the highest average annual rate of net CO,
sequestering, changes with the interacting factors. Recognizing that plantation management
requires some input of resources and emission of COa and that one Mg of C in a forest
cannot substitute for one Mg of C in fossil fuel, results in the conclusion that managing trees
to store carbon in the forest will be the most effective option on some sites. Managing for
on-site storage of carbon will be favored where there is a large initial standing crop and low
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FIGURE 2: Output from a very simple model of carbon balance in a forest system (Marland
and Marland, 1992, Water, Air, and Soil Pollution, 64:181-195) shows that biomass fuel
plantations can, under some circumstances, result in more net 'sequestering* of carbon than
would simple storage of carbon in standing trees. The advantage of the biomass plantation
increases with plantation productivity and the efficiency with which the biomass is produced
and used, and depends on how the site was occupied prior to establishment of the plantation.
This model run assumes that the maximum standing biomass which can be supported on the
site is 150 Mg C/ha and that forest productivity is initially at the rate described on the abscissa
but approaches ISO Mg C/na asymptotically. Carbon 'sequestered* includes both the increase
in standing biomass and the offset of COt emissions when biomass is substituted for fossil
fuels. "High-efficiency" means state-of-the-art efficiency for plantation management and
substitution for coal at an electric generating plant "Low efficiency* is fuel substitution at
half this net system efficiency and is near what might be envisioned for a system producing
liquid transportation fuel from cellulose. Values for annual carbon sequestering are the
average over 50 years. Consideration of longer time intervals would increasingly favor biomass
fuels.

productivity and when there is a high energy cost or low efficiency associated with fuel
harvest and substitution. Dearly these factors will affect both the carbon balance and the
economics of biomass fuels. The questions for land management decisions involve the
circumstances under which plantation forestry is the best choice and how much carbon offset
is possible.

Taken qualitatively, Figure 2 begins to demonstrate that the optima] solution for land use
depends on existing land use and on land productivity. It depends on the efficiency with
which wood fuels can be substituted for fossil fuels and on the time period over which we
choose to average. Analyses of soil carbon show similarly that the impact of different forest
strategies will depend on the specifics of forest management, the initial state of soil carbon,



and on the details of the setting. Our more comprehensive analysis is examining the
importance of CO2 fertilization for long-term sequestering, the impact that reforestation is
likely to have on climate through changes in albedo and hydrologic regime, and the possible
role of biomass crops other than tree species, i.e. herbaceous crops, as a replacement for
fossil fuels. Climate change itself adds another level of detail to a complete analysis because
any trees planted may be confronted with a changing physical environment and the changing
climate could have positive or negative feedback on ecosystem response through its impact
on carbon fluxes.

The prevailing view is that many variables will determine the optimal use of any particular
parcel of land in terms of its impact on net emissions of CO2 to the atmosphere. Using
growing trees to store carbon on site will be the optimal choice on some low productivity
sites but, in general, sites with good productivity will produce a greater reduction in net CO2

emissions if they are used to produce a harvestable energy crop. The final choice of land
use will, of course, have to consider economic factors and a variety of objectives in addition
to carbon management.
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