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What concentrations of atmospheric carbon dioxide should we not exceed, what is a
safe level? The opinions necessarily diverge. But the stakes are high and probably we
are well advised to shoot for a lower value (Schneider 2009) since dangerous climate
change and irreversible consequences have graduated from a possibility to a near
certainty (Solomon et al. 2009). If 350 ppm should be our target (Hansen et al. 2008),
it is clear that we have to actively withdraw carbon dioxide from the atmosphere,
not only reduce emissions from fossil fuels. The same is still true for less ambitious
targets.

But we should not delude ourselves; the reverse argument is equally true. Even
the most ambitious sequestration method or package of methods will not buy us
out of the need for serious efforts to reduce greenhouse gas emissions from energy
generation. We must use energy more efficiently, and we must substitute fossil energy
with renewable energy at a much larger scale than is presently established. The work
on sequestration options should not divert funds from these efforts.

Biocarbon approaches appear to deliver the most immediate options for carbon
sequestration—options that can be implemented in the near future. Ornstein et al.
(2009) propose a rather drastic but theoretically effective way of using photosynthesis
to draw down atmosphere carbon dioxide: large-scale afforestation of the World’s
largest deserts through irrigation with desalinized sea water.

Afforestation of the Sahara desert and the Australian outback may be an ex-
tremely worrying proposition for most, and correctly so. There surely are many
hurdles to success with such an approach that begin with implementation and end
with permanence of the forests that may succumb to logging, forest fires or pest
infestation. Fires may lead to massive and rapid evasion of carbon dioxide as seen
for the 1997 fires of forests and especially peatland in Indonesia (Page et al. 2002).
Bark beetle infestation is currently leading to wide-spread mortality in pine forests in
some areas such as western North America (Negrón et al. 2008). However, some feel
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that risks from interventions of the type that Ornstein et al. are proposing, pale at the
dawn of catastrophic climate change. These arguments have merit, too. Once polar
ice disappears, likely associated with ice sheets slipping into the oceans, currently
low-lying areas may become uninhabitable. Many of such areas are now home to
hundreds of millions of people. What is worse?

It may be argued that an intervention such as the one proposed by Ornstein et al.
need not be a one-shot deal. Rather, it may involve critical local evaluation of the
sustainability of afforestation, and be linked to monitoring of its full environmental
and social impacts without allowing loop holes. If the sustainability criteria are not
met, then projects must be abandoned at any juncture of implementation. However,
one might question whether weaving sustainability criteria into large-scale mitigation
efforts can really reduce the risk of unintended consequences if linked to the
construction of large and costly infrastructure (in this case desalinization plants).

Another concern for interventions such as the proposed afforestation is that one
region would carry the responsibility to save the rest of the world from climate disas-
ter. Is that fair? Not, if it is a burden. Ornstein et al. make the valid case that timber
and potentially other products generate economic opportunities for local populations
that could make it worth while and provide advantages when participating in climate
mitigation. But this is a discussion that only the local population can lead. And there
are the obvious and well-known challenges that revenues may actually not reach local
populations, but be largely distributed among implementing agencies that provide no
local return. Converting the Sahara desert into a forest surely comes with profound
changes in life style, customs, biodiversity, or regional climate among probably many
others.

But why should we employ carbon sequestration that creates liabilities at all? If
we have to stash away large amounts of carbon to create temporary relief in our
emission balance, then it must come at no extra burden to the environment and
people. Or can we take it a step further and even create environmental and social
value beyond climate change mitigation? That would be a strategic approach because
the global impact of any sequestration technology relies on scaling to a level that
delivers large storage. While the individual project may provide the desired carbon
dioxide withdrawal, it is necessarily uncertain how many projects of any given seques-
tration approach can be realized on a global level. If, however, carbon sequestration
comes with an environmental benefit—whether it delivers a large or only a small
global carbon dioxide withdrawal from the atmosphere—societal investments will be
rewarded under any outcome. A classic win–win situation.

Carbon sequestration in agriculture, for example, is typically linked to sustain-
ability outcomes, no matter whether it scales to a significant or less significant tool
in mitigating global warming. Increasing soil organic carbon is a good idea in any
situation to generate or maintain healthy soils (Lal 2004). It will benefit the farm
economy of those farmers who sequester the carbon, and anyone can participate
without a regional bias. Conservation agriculture can be practiced anywhere in the
world and tuned to local needs and abilities. Admittedly, drylands have lower net
primary productivity, and therefore lower amounts per unit area to barter with.
But all the more important is the judicious handling of biomass carbon to promote
sustainability in such areas.

How feasible is carbon sequestration in agriculture? The jury on carbon sequestra-
tion through reduced or no-tillage is still out (Baker et al. 2007). Any carbon accrual
through reduced tillage is certainly dependent on the soil type, crop and climate.
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A full assessment of all greenhouse gas emissions during its life cycle may in some
cases show an offset of the soil carbon accrual by emissions such as through N2O
emissions or increased nitrogen fertilizer needs (Li et al. 2005). This is precisely the
argument flagged for carbon sequestration by way of manure additions to soils that
may actually result in greater N2O emissions from soils (Schlesinger 1999). Biochar
production by pyrolysis and application to soil (Lehmann 2007) can deliver net
life cycle emission reductions and carbon sequestration under a range of scenarios
(Gaunt and Lehmann 2008). However, forest clearing for biochar production does
not deliver net life cycle emission reductions with acceptable payback time, and
dedicated biomass plantations are unlikely to be profitable. If crop land under any
scheme is converted to land use that only delivers carbon sequestration, the delivered
emission reductions may be cancelled by emissions generated through land-use
conversion from natural vegetation into crop land at a different location (Searchinger
et al. 2008). However, this does not have to always be the case and net sequestration
can be achieved when options are evaluated carefully.

The challenge for most approaches to agricultural and specifically soil carbon
sequestration clearly is the distributed nature of the sequestration and the frag-
mented and highly variable activities and ecosystem responses. This does not only
make verification of net emission reductions laborious, but also poses significant
hurdles to implementation in a carbon abatement scheme. For example, the precise
amount of carbon accrual to be traded depends on many factors such as what soil
management was present before the change in practice, what are the soil type and
climate, what practice is implemented and so on. Also, biochar systems deliver
vastly different sequestration and emission reductions depending on the baseline
conditions, the pyrolysis unit, biomass types and cropping system. Avoided emissions
from biochar conversion of green waste (using slow pyrolysis bioenergy production
with the capacity of 2 t h−1) may be as high as 3.8 t CO2e t−1 dry feedstock, in
comparison to wheat straw with only 1.1 t CO2e t−1 (Gaunt and Cowie 2009). If
biochar is integrated into a horticultural production system, emission reductions in
the order of 0.7–2.6 t CO2e ha−1 may be claimed, in comparison to only 0.1–0.5 t
CO2e ha−1 for wheat (Gaunt and Cowie 2009).

As variable as the magnitude of sequestration across different approaches are also
their costs (Fig. 1). This is only in part a result of uncertainty but also of variability
of the opportunities. Biological sequestration options certainly exist that come at an

Fig. 1 Carbon costs of
different biological
sequestration approaches in
comparison to geological
sequestration, shown as a
range (upper and lower end of
the bars); (1) Ornstein et al.
(2009), (2) Zeng (2008), (3)
Gaunt and Lehmann (2008),
(4) van Kooten et al. (2004),
(5) Manley et al. (2004), (6)
IPCC (2005)
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affordable price. The question is how many of these opportunities can be tapped
given the competition for carbon and its many uses beyond sequestration of carbon.
Competing uses for biomass may also change over time. Today’s biomass waste
may be tomorrow’s resource. A very important consideration is potential conflicts
between food production versus other biomass uses, which deserves a separate
discussion.

One potentially significant competitor for carbon sequestration in agricultural and
forest soils is bioenergy. Whether we should use dead trees in old-growth forests
as a substitute for coal as proposed by Ornstein (2009) or whether we should
bury (Zeng 2008) or pyrolyse them (Lehmann 2007) for carbon sequestration, is
an important strategic decision. Similar decisions have to be made between either
maximizing crop residue return for soil carbon sequestration or withdrawing a safe
amount for bioenergy generation. Offsetting fossil fuel emissions through bioenergy
may sound attractive and would theoretically contribute to energy security with
important ancillary geopolitical benefits. On the other hand, there are very few if
any known alternatives to the withdrawal of atmospheric carbon dioxide through
biological carbon sequestration that can be implemented in the near future. This
begs the question whether we should use photosynthetically fixed organic carbon
for sequestration and production of bioproducts rather than as a source of energy,
and preferentially use renewable wind, water and solar energy to replace fossil fuels.
Using biomass for energy generation, the photosynthetically fixed carbon rapidly
returns to the atmosphere as carbon dioxide. Keeping as much of the organic carbon
in bioproducts and soils would constitute a net withdrawal of carbon dioxide from the
atmosphere that may be important for a comprehensive climate mitigation scheme.
Pyrolysis with biochar sequestration is an option that delivers both withdrawal of
atmospheric carbon dioxide and energy production (Lehmann 2007). Any bioenergy
generation, however, adds complexity to the use of biomass, as the source of biomass
is often distributed in agricultural and forest landscapes and the need for energy is
not always co-located.

Could the distributed nature and variation of biomass opportunities become an
asset when moving towards more sustainable land-use systems? Distributed and
small-scale sequestration activities may ensure sustainability because they derive
many of their returns from sources other than carbon sequestration or from a combi-
nation of sources. These could include enhancement of crop yields in an agricultural
system, reduced off-site pollution by agrochemicals in lawns or recreational value in
parks. If a certain sequestration technology financially or socially relies on multiple
value streams that include not only climate mitigation but also other environmental
benefits, the approach may prove sustainable in a distributed system.

Distributed carbon sequestration systems may show adaptability to changing eco-
nomic as well as climate conditions, since they are locally controlled. Sustainability
would be served if both environmental costs and benefits are born locally, thereby
providing an incentive to minimize any detrimental environmental consequences.
Any failure to design a successful approach will be a small-scale failure that can be
resurrected locally, rather than a catastrophic failure that leaves entire regions in
ecological disaster or does not achieve any climate benefits. Large-scale projects may
seem straightforward to implement, but may be more difficult to control.

A valid question is whether carbon credits may ever be effective with such
distributed carbon sequestration activities. The revenues created for small-scale
agricultural systems may never reach individual farmers because they may generate
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only low returns even under high carbon prices. But they may be efficient in driving
adoption programs for carbon sequestration that have multiple sustainability and
livelihood benefits including crop productivity and security to name only a few. On
the other hand, could we also reward these other sustainability outcomes of carbon
sequestration in soils? Could we see that this is a worthwhile investment in addition
to climate change mitigation? If we do, we should pay a premium for projects that
sequester a sensible amount of carbon in agricultural soil rather than discount it.
Stacking benefits and rewarding sustainability outcomes is in our collective interest.
And while climate change mitigation may be our immediate incentive, restoring
environmental quality as a whole should be the long-term achievement.
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