
Facilitating carbon sequestration in terrestrial ecosystems could 
provide a significant amount of atmospheric carbon dioxide (CO2) 

abatement, which is necessary to limit global temperature increases 
to only 2 degrees Celsius in the next century until more permanent 
mitigation strategies are instituted. With relatively small investments, 
greenhouse gas (GHG) emissions could be offset dramatically by 
management practices such as planting trees, reducing deforestation, 
midseason draining of irrigated rice, improving nitrogen fertilization 
efficiency, and increasing organic matter inputs to agricultural soils. 
Together these types of practices could add up to more than 25 
percent of the combined near-term abatement strategies (including 
energy efficiency and low-carbon energy supply) required to stabilize 
emissions.

While most terrestrial management potential is based on 
reduced deforestation and degradation (REDD), no one program 
can be effective in isolation. It is crucial to recognize that there 
are multiple competing uses for land and that maximizing GHG 
mitigation is not likely to be achieved with carbon-based financial 
incentives alone, particularly if incentives do not reach those most 
responsible for land management. Nearly 90 percent of the potential 
for terrestrial carbon capture can be found in the developing world, 
where land managers are largely poor farmers on small plots of land. 
It is imperative that these farmers be involved in carbon mitigation 
strategies, but dealing with numerous smallholders is an enormous 
challenge because planning, monitoring, reporting, and verifying 
mitigation creates transaction costs for carbon contracts that can be 
prohibitively expensive. It is therefore critical for the international 
community to immediately invest in the research and development 
of innovative methodologies to reduce transaction costs by 
increasing the effectiveness of monitoring, reporting, and verification 
for Agriculture, Forestry and Other Land Use (AFOLU) projects, 
particularly for smallholder agriculture in tropical regions.

AFOLU projects are a win–win for mitigation  
and adaptation 
There is enormous potential for AFOLU projects to create carbon 
mitigation programs that can help increase the adaptive capacity of 
those most at risk to climate change, while also improving liveli-
hoods, preserving biodiversity, and ensuring the sustainability of both 
the farming system and terrestrial mitigation projects. Management 
practices that increase organic inputs, such as cover crops, stover 
management, and reduced tillage can sequester on average between 
0.5–1 metric tons (mt) of carbon per hectare (ha) per year in the soil 
for up to 20 years and also increase soil water-holding capacity and 
soil fertility. The integration of trees into agricultural systems through 
agroforestry practices could also sequester up to 5 mt of carbon per 
ha per year for 20 to 30 years while at the same time generating 
alternative sources of income, providing organic nutrients, preventing 
erosion, and producing animal fodder.

More efficient use of nitrogen on the farm could reduce nitrous 
oxide emissions, which account for 2 percent of the total agricul-
tural technical mitigation potential. More importantly, it could also 

increase the benefit-to-cost ratio of production and reduce the need 
for further agricultural expansion. Partnering with local communities 
so that they receive tangible benefits from AFOLU projects will help 
prevent leakage and ensure the long-term success of mitigation. To 
enable the participation of smallholders, transaction costs must be 
reduced through innovative, cost-effective monitoring, reporting, 
and verification methods. 

Protocol development for AFOLU projects
Developing a consistent set of streamlined, cost-effective, and 
reliable protocols for project development and monitoring, reporting, 
and verifying them is critical to the success of AFOLU projects. There 
has been significant progress made in methodologies that capitalize 
on a combination of remote sensing techniques and ground-based 
inventories and that could be adopted by the United Nations 
Framework Convention on Climate Change (UNFCCC). The challenge 
is to improve these methods even further, namely by integrating 
existing protocols with newer cost-effective techniques as simply as 
possible.

Improving remote sensing capabilities
Remote sensing through aircraft- or satellite-based data acquisition 
will inevitably be an important component for monitoring AFOLU 
projects, but to what extent is still uncertain. With increased funding 
for research and development, remote sensing could substantially 
change the costs and reliability of monitoring mitigation projects 
and enable greater participation even from small-scale agriculture. 
The primary tool to map and estimate land cover or land use at 
the regional level could be a low-cost, readily available coarse-to-
medium-resolution satellite imagery (250m–1km to 10m–60m of 
resolution). While there are established methods for using historical 
Landsat satellite images (30 m x 30 m spatial resolution)—which 
are now freely available, as the primary observation source for 
developing regional scale baselines by monitoring land-use change 
—they are not yet sufficient for farm-scale monitoring.  Fine-
resolution platforms (less than 5 meters), such as IKONOS and 
QuickBird, that create digital data of large-scale airphoto quality 
could provide the detail required for farm-scale monitoring; these 
images are too costly for wide-scale monitoring but could be used 
as training sets or verification of land cover. Clear guidance must 
be provided and methods must be defined for integrating, when 
possible, satellite observations from other optical systems (for 
example, RapidEye, SPOT, ASTER, or CBERS) or microwave satellite 
sensors (including JERS or ERSSAR) that could increase the resolution 
of land-use analyses by overcoming the limitations of optical sensors, 
such as darkness or cloud cover. 

Investment in the research and development of new technolo-
gies and ways to rapidly incorporate their capabilities into protocols 
is also necessary. Newer technologies such as radar, Light Detection 
and Ranging (LiDAR), hyperspectral imaging, and combinations of 
these data show great promise for remotely estimating vegetation 
biomass. However, they are currently too expensive to be employed 
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on a wide scale. Making these new technologies operational for 
carbon contracts in agricultural communities would require substan-
tial reductions in acquisition costs. Over the next decade, there will 
be a number of sensors that could dramatically improve the capacity 
to observe changes in forest cover and farm management, including  
platforms from Brazil that will provide free data to developing  
nations (for example, CBERS-5 and CBERS-6), several types of  
commercial sensors, and spaceborne LiDAR.

 
Improving ground-based inventory techniques 
and capacity 
While remote sensing has the potential to provide accurate regional-
level monitoring of mitigation projects through land-cover and land-
use change, it will require on-the-ground inventories to calibrate 
and verify analyses (as will any monitoring of farm-level projects). 
Reducing the cost of these inventories will require capital investment 
in two main areas: data collection and analysis and capacity building. 
Investments are needed to improve (1) the availability of regional 
data for estimating carbon stored in trees, (2) the development of 
new soil-analysis technology that will estimate soil carbon stocks 
to some specified depth, (3) the implementation of innovative data 
management technologies at farm and community levels, and (4) 
the connection of such information to carbon and nitrogen models 
for both the local and regional levels. Data are being collected to 
digitally map soils worldwide, beginning with Sub-Saharan Africa 
(through the African Soil Information System), and will substantially 
improve the potential to model carbon dynamics and crop-nitrogen 
requirements across the landscape.  The digital soil mapping project 
is largely made possible by new soil-analytical techniques that use 
visible-near-infrared reflectance (Vis-NIR) spectroscopy, which allows 
for rapid, inexpensive evaluation of soil carbon.

Other new soil-analysis technologies that have the potential to 
revolutionize carbon assessments include laser-induced breakdown 
spectroscopy (LIBS) and inelastic neutron scattering (INS). In addition 
to being field deployable, INS has the added advantage of sampling 
in situ and does not require labor-intensive bulk density sampling. 
Investing in the development and purchase of field-deployable soil-
analysis equipment could significantly increase monitoring capabili-
ties and reduce costs. Improved field sampling methods could be 
further enhanced by investment in the development of low-cost, 
handheld global positioning systems. These systems should have the 
capability to input inventory data and send them via text message to 
centralized data management centers, a process that is being piloted 
in remote medical clinics in a number of developing countries. These 
innovative tools will help define carbon models for local conditions 
so they can estimate carbon- and nitrogen-dynamics for AFOLU 
projects over the duration of mitigation commitments. 

 

A large national and subnational carbon-project workforce 
must be developed to meet the demands for high-quality, cost-
effective monitoring, reporting, and verification. Within the countries 
where AFOLU projects are to be implemented, training nationals 
in each sector of carbon-based projects could significantly reduce 
project costs over time and create a workforce capable of effectively 
managing natural resources over the long term. Building the capacity 
of national agricultural extension could combine monitoring 
capabilities with better nitrogen management and increased crop 
production.  Professional school, colleges, and universities need 
resources to implement the training required for such a workforce. 

Investing in national and subnational accounting systems will 
create the transparency, credibility, and efficiency required to attract 
private carbon investment. If done well, this system could provide 
the institutional infrastructure to document national-level forest 
inventories while at the same time accounting for community-level 
agricultural, agroforestry, or afforestation/reforestation projects. 
Integrated systems for accounting and registry could substantially 
reduce the transaction costs of projects dealing with smallholders 
and enable greater overall participation in mitigation projects.
 
Suggested negotiating outcomes:
Terrestrial carbon mitigation could play a substantial role in an 
overall strategy to avoid dangerous levels of climate change over 
the next century. To maximize this mitigation potential, AFOLU 
projects require streamlined, cost-effective protocols for monitoring, 
reporting, and verification that facilitate large-scale participation. 
The technology to link remotely sensed soil and vegetation analysis 
to ground-based sampling exists, but pilot studies are necessary 
to demonstrate the capability, reliability, and affordability of 
such integrated analysis to the carbon community. Regional data 
collection, analysis, and modeling for biomass and soil carbon should 
be funded, as should research and development of protocols that 
maximize current remote sensing capabilities and new, low-cost, 
remote-sensing platforms. Once accepted, widespread investment in 
technology transfer, national and subnational accounting systems, 
and training for developing countries may be the most cost-effective 
means of meeting global near-term abatement goals.  n
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“Agriculture,” in B. metz, et al., eds., Climate Change 
2007: Mitigation, Contribution of Working Group III to 
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