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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government.  Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government of any agency thereof.  The
views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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ABSTRACT

The Nature Conservancy is participating in a Cooperative Agreement with the Department of
Energy (DOE) National Energy Technology Laboratory (NETL) to explore the compatibility of
carbon sequestration in terrestrial ecosystems and the conservation of biodiversity.  The title of
the research project is “Application and Development of Appropriate Tools and Technologies for
Cost-Effective Carbon Sequestration”. 

The objectives of the project are to: 1) improve carbon offset estimates produced in both the
planning and implementation phases of projects; 2) build valid and standardized approaches to
estimate project carbon benefits at a reasonable cost; and 3) lay the groundwork for
implementing cost-effective projects, providing new testing ground for biodiversity protection
and restoration projects that store additional atmospheric carbon. This Technical Progress Report
discusses preliminary results of the six specific tasks that The Nature Conservancy is
undertaking to answer research needs while facilitating the development of real projects with
measurable greenhouse gas impacts. The research described in this report occurred between July
1, 2002 and June 30, 2003.  The specific tasks discussed include:  

• Task 1: carbon inventory advancements
• Task 2: advanced videography testing
• Task 3: baseline method development
• Task 4: third-party technical advisory panel meetings
• Task 5: new project feasibility studies
• Task 6: development of new project software screening tool

Work is being carried out in Brazil, Belize, Chile, and eight U.S. states.  Partners include the
Programme for Belize, Society for Wildlife Conservation (SPVS), Universidad Austral de Chile,
Winrock International Institute for Agricultural Development, Stephen F. Austin University,
Geographical Modeling Services, Inc., Los Alamos National Laboratory, Century Ecosystem
Services, Mirant, General Motors, American Electric Power, and Salt River Project. 
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EXECUTIVE SUMMARY

The Nature Conservancy is participating in a Cooperative Agreement with the Department of
Energy (DOE) National Energy Technology Laboratory (NETL) to explore the compatibility
of carbon sequestration in terrestrial ecosystems and the conservation of biodiversity. The
work is being accomplished in close collaboration with NGO partners, government and
academic institutions, and U.S.-based companies. This research is being conducted on sites
where carbon sequestration activities have been underway for several years, and on sites that
appear to offer opportunities for carbon sequestration for those interested in taking action to
reduce atmospheric greenhouse gas concentrations.

Through our ongoing pilot projects and policy work, The Nature Conservancy discovered a
number of areas where research was needed to both enhance the science, and to provide
guidance to policy makers. The Nature Conservancy is undertaking six specific tasks to
answer these research needs.  Our objectives are to: 1) improve carbon offset estimates
produced in both the planning and implementation phases of projects; 2) build valid and
standardized approaches to estimate project carbon benefits at a reasonable cost; and 3) lay
the groundwork for implementing cost-effective pilot projects on the ground. 

Task 1: Carbon Inventory Advancements
In Brazil, new biomass regressions are being developed for species that are structurally
unusual relative to broad leaf trees from which general biomass equations in the tropics are
derived. For example, new equations are being developed for lianas and epiphytes. In
addition, data are being collected for large trees (> 50 cm in diameter) for which there are
currently few data points.

An additional emphasis of Task 1 is on the development of regression equations relating
remotely-sensed data to biomass. Since diameter can not be measured from the air, other
biomass relationships are being sought.  For example, equations have been developed
relating crown diameter and height to biomass for pines (pinus caribea) found in much of the
Caribbean. 

Existing technologies have made extensive soil carbon measurement too uncertain or too
costly, so many pilot projects either do not measure soil carbon, or use literature values that
have high degrees of uncertainty.  As part of the Los Alamos National Laboratory (LANL)
program on Terrestrial Carbon Sequestration and Management, LANL has developed a
method for soil carbon analysis based on laser-induced breakdown spectroscopy (LIBS).
The Conservancy is planning a workshop to be held in Brazil to discuss the use of LIBS in
Brazil, and to address issues such as relative cost, time and accuracy compared to existing
methods of soil measurement.  In addition, soil samples are being collected in Indiana
cropland and grassland systems, and also in the regenerating forests of the Atlantic Forest,
and carbon concentrations being estimated using both LIBS and dry combustion.  These data
will help to further refine and calibrate LIBS measurements.
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Task 2: Multi-Spectral 3-Dimensional Aerial Digital Imagery (M3DADI)
Setting up and measuring an adequate number of field monitoring plots in areas that are
heterogeneous or inaccessible can be cost prohibitive given the current value of CO2
emissions reductions.  A comparison of cost and accuracy is being made between traditional
carbon inventory methods and M3DADI.  In both Belize and the Mississippi Alluvial Valley
of the U.S.  Data is being gathered on: field monitoring personnel time, equipment (both
start-up and periodic), analytical time and reporting used in both methods.  Factors that are
being considered in the comparisons of accuracy include measurement error, regression
error, and sampling error.  Early results suggest that M3DADI is a viable alternative to
traditional ground measurements and has unique and valuable characteristics, such as
providing a permanent record that can be revisited. 

Task 3: Baseline Method Development
The Conservancy is evaluating the credibility, transparency, flexibility and cost-effectiveness of two
baseline methods. The first model, GEOMOD, was developed by researchers at the State University
of New York (SUNY) College of Environmental Science and Forestry.  The second model, referred
to as the forest restoration carbon analysis (FRCA) method, was developed by The Nature
Conservancy with research partners in Peru.  Both models are spatially-explicit.

Baseline studies are underway in Peru, three sites in Brazil, and one site in Chile.  One baseline
study has been completed in Virginia and another is underway in North Carolina.  TNC staff and
several local partners have been trained in the use of GEOMOD. Both methods use geographical
information systems to detect and measure the rate of land cover change in a time series of satellite
images, and use regression analyses to determine which areas are most likely to be deforested in the
future. In terms of their portability,  FRCA can be conducted using both ARC and IDRISI software,
whereas GEOMOD depends upon IDRISI.  GEOMOD however, is more automated.  The models
also vary in terms of how they project future land use trends, with GEOMOD converting cells to
various land uses according to the single most likely scenario, and FRCA estimating carbon storage
for each cell based on the weighted average carbon storage for the multiple potential scenarios that
exist.

Task 4: Third-Party Technical Advisory Panel Meetings
The Technical Advisory Panel (TAP) gathers a group of experts to evaluate existing methods
and to develop standardized carbon offset measurement guidelines for all projects.  The first
Technical Advisory Panel (TAP) meeting, which occurred in August, 2002, covered baseline
methods and leakage analyses.  It was attended by representatives of the private sector, U.S.
government, and international non-governmental organizations.  Panel members included
representatives of the U.S. government, an academic, a private sector entity, and an
environmental organization.  The second TAP meeting will occur in September, 2003, and
focus on presenting some of the preliminary results of the Cooperative Agreement, and on
evaluating specific carbon inventory and baseline methods.

Task 5: New Project Feasibility Studies
Various proposed and ongoing conservation activities being engaged in by The Nature
Conservancy provide case studies for assessing the potential for conservation-focused carbon
sequestration.  These analyses show that in some cases conservation management activities
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actually result in emissions relative to a business-as-usual baseline while in other situations
they result in sequestration.  In those situations where conservation management results in
sequestration, there will be a wide range in the costs per ton of CO2 sequestered.  Where
costs are high, other sources of finance, such as finance for the biodiversity benefits
themselves, need to be brought to bear for these projects to go forward.

Work was completed on feasibility studies in two sites:  Apache Highlands, Arizona and
Kankakee Sands, Indiana.  Work is underway on feasibility studies in the Mississippi
Alluvial Valley, Southwestern Virginia, Chesapeake River Virginia, and Susquehanna
Watershed in Pennsylvania.  The final study will soon begin on the remaining site in Florida.

Task 6: Development of New Project Software Screening Tool
After exploring various templates for a screening tool, it was determined that the final
product would incorporate two components:  (1) a carbon monitoring cost spreadsheet to
estimate measurement costs for various project types; (2) a carbon sequestration spreadsheet
to model total carbon sequestered by a project in different geographic areas.  By combining
the two models, a project designer would be able to quickly calculate whether the value
added by selling carbon credits would be more or less than the additional cost imposed by
monitoring the carbon over the life of the project.
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EXPERIMENTAL

Task 1: Carbon Inventory Advancements

There are two primary components to taking carbon inventory measurements, stratification
and measurement of representative carbon storage within each strata.  The representative
carbon storage for each strata is multiplied by the area for the given strata to determine
carbon storage for the entire area.

Inventories of carbon stored in with-project and without-project cases for the Brazil Guaraqueçaba
project areas are being carried out through this task.  
 
 The carbon inventory protocol includes the following components:
 
• Establishment of permanent sample plots geo-referenced via GPS for periodic measurements of

changes in carbon pools in the project area;
• Measurements of tree diameter and height, soil carbon, forest floor litter carbon, and other

carbon pools;
• Software for calculating minimum sample size, assigning sample unit locations, determining the

minimum spacing for plots, calculating precision of carbon benefits, calculating costs of
inventorying and monitoring, and optimizing site-specific monitoring plans;

• A database of tree biomass for developing allometric regression equations (to estimate biomass
carbon based on tree measurements) for selected species.

• The following will be applied to the Cachoeira and Itaqui carbon projects in Brazil in order to
improve existing methods and to test new ones:

• Improvements of allometric regression equations through destructive sampling of approximately
20 large trees for which there are currently few data points.

• The calibration of Laser-Induced Breakdown Spectroscopy (LIBS) for measuring soil carbon.

To stratify, the boundaries of each of the vegetation communities found in the area of interest
are identified using imagery from available remote sensing data, traditionally satellite data or
standard aerial photographs, and field surveys.  For this research, the main goal is to
simultaneously collect digital imagery that can be used for both stratification and carbon
inventory estimates.  To do this, we must develop correlations between what can be
measured using digital imagery (species, crown diameter, and height) with on-the-ground
measurements of carbon storage.  The costs of this new remote, digital imagery approach will
then be compared to traditional approach.

The digital imagery and laser profiling system provides an aerial shot of the vegetation as
well as a measurement of total height, trees or other representative vegetation that cover a
range of heights and diameters, and crown diameters. Given these data, for most forests or
vegetation types the best model is based upon the relationship between biomass and crown
diameter/total height. The total height, canopy diameter and dbh are measured for each
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representative piece of vegetation selected.  These samples then are destructively harvested
and weighed to determine biomass and associated carbon storage.  With the results we have
developed new correlations between diameter and height to predict biomass carbon for the
rest of the vegetation in the strata.  

The steps for the measurements for correlation with M3DADI are as follows:

1. Measure the height of the tree: This requires the user to stand far enough away
from the tree to view the top of the tree and record two measurements: the distance
between the user and the base of the tree (measured with the tape measure or DME),
and the angle from the user to the top of the tree (measured with the clinometer). Tree
height is calculated by multiplying the distance from the user to the tree by the
tangent of the angle to the top of the tree (hgt = x*tanθ).

2. Measure the tree crown radii: This requires two team members to stand directly
beneath the edge of the tree crown, stretching a measuring tape. Measurements are
taken at two positions, ninety degrees from each other. The crown area is calculated
by multiplying the two crown radii measurements by pi (Area = a*b*π).

More heterogeneous landscapes, such as the pine savanna in Belize, are sampled using clip
plots. Clip plots are aluminum sample frames 60 cm in diameter that are placed on the
ground at predetermined locations.  All vegetation—herbaceous and other non-tree
vegetation—that falls inside the clip plot frames is cut, placed in a sample bag and weighed.
Once all the vegetation has been cut and weighed, a sub-sample will be collected for
moisture content determination.

Task 2: Digital Imagery Testing

Due to changes in the type of camera used to record the images, advanced videography has
been renamed Multi-Spectral 3-Dimensional Aerial Digital Imagery (M3DADI).  M3DADI
utilizes GPS-base mosaicing techniques and off-the-shelf equipment with camera mounts that
can be attached to any Cessna aircraft to generate accurate raster-based photomaps.  After it
is flown, 3-dimensional (3D) reconstruction are developed from the digital imagery and
technicians interpret the data to identify terrain features, vegetation types, and the height and
crown area of individual trees.  The data can also be used to measure the area of canopy
cover for various vegetation types and height classes.  The measurements from the M3DADI
are then calibrated with the data from Task 1 to estimate carbon remotely.  From destructive
harvest methods, robust relationships are developed between measurable indices from the
imagery and biomass carbon for all plant types (Slaymaker et al, 1996).

Task 3: Baseline Method Development

Baseline analysis is being conducted using two different models.  The first model is GEOMOD.
GEOMOD was developed by researchers at the State University of New York (SUNY) College of
Environmental Science and Forestry with funding from the U.S. Department of Energy, Carbon
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Dioxide Research Program, Atmospheric and Climatic Change Division (Hall et al, 1995a).  A
computerized geographic model, GEOMOD simulates the pattern of land-use change in the tropics
from non-developed to developed land and vice-versa.  The model is IDRISI-based and requires a
spatially referenced set of equally dimensioned digital grid (raster) maps as inputs.   To depict
“without-project” scenarios, those areas impacted by clearing or other land cover change between
two points in time will be identified.  This will allow determination of the rate of deforestation,
identification of the location of areas converted, and calculation of the percentage of the total study
area deforested, and rates of forestation.  Each potential driver or combination of drivers will be
assessed to determine which provides the greatest predictive power.  Once the rate and the best set of
drivers have been selected, the model can be run for a specified timeframe, looking at output every
year, 5 years, 10 years, etc. 

For each of the proposed study areas, the following inputs, at a minimum, are required:

1. A digital elevation model (DEM) or a digital coverage of elevation contours and
maximum/minimum elevation points from which a DEM can be prepared using ARC/INFO’s
(ESRI) Tin generator.   Slope and aspect, which are potentially important drivers, are derived
from this. 

2. A digital hydrography coverage (streams, lakes).  This is used in the analysis as well as in the
creation of the DEM.

3. A digital coverage of roads.
4. A coverage of any other transportation routes (rail, air, boat) that give people access to the

interior.
5. Classified and geo-referenced land-use maps derived from either aerial photography or satellite

imagery for at least two points in time, preferably at the same scale, and no smaller than
1:24,000, with a grid cell resolution no larger than 30 x 30 meters.  Existing settlements should
be one of the identified land-use classes.  Any land guaranteed as “set aside” (i.e. protected)
should be indicated.

6. Population data over the same period of time.
7. Climate differences over the project area.  If there is a considerable elevation gradient, then both

mean annual temperature and precipitation measurements from one or more nearby weather
monitoring stations, if available, will be useful.  (The elevation and geographic coordinates of
that station are required as well.)

Additional useful data include:
1. Economic data such as crop production, investments, or exports. 
2. A digital soil map and accompanying information on such soil characteristics as soil thickness,

drainage characteristics, annual flooding, infiltration rate, and percent silt, clay, and loam.
3. Any other climatic data such as PET, daily insolation, cloud cover, etc. could be useful.
4. Carbon storage estimates (See Tasks 1&2) for digitized vegetation polygons or, if the land use

map is classified at a level that supports carbon storage estimates, an accompanying table would
be useful.

GEOMOD can produce a time series of land-use maps at a time interval to be chosen over the
selected time-frame (i.e. 40 years) for each project.  Each digital map is produced as a color print
with legend, and the area in each land-use type will be reported in an accompanying table. 
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Additionally, the output and accompanying predicted data can be displayed in a time-series display
module called ECOPLOT (RPA, undated).  ECOPLOT displays the changing landscape over time as
a central image, along with small graphs of important driving variables and program outputs
displayed at the image margins (e.g. population growth, GDP, linear miles of roads built, biomass,
carbon stored in the vegetation, etc.). 

Staff from the Nature Conservancy, Peruvian NGO ProNaturaleza, and the Universidad
Nacional Agraria La Molina improved on past research to develop a new spatially-explicit
baseline analysis method, referred to as forest restoration carbon analysis (FRCA).  This
method was developed through applied research on carbon sequestration in humid tropical
forest in Peru. Building on the lessons of past experience with GEOMOD, FRCA constitutes
an integrated spatial analysis of biodiversity, forest inventory, and remote sensing data that
quantifies land use change and estimates the carbon sequestration baseline of a forest
restoration project in a biologically important area. The method uses common software tools
that Nature Conservancy staff already possess and applies scientific procedures.

FRCA is similar to GEOMOD, but utilizes different, and generally more available, software
(ARC instead of IDRISI).  

The FRCA approach currently being tested proceeds through the following steps:
 1. Project area definition using biological significance
 2. Forest inventories using systematic sampling
 3. True color 30 m remote sensing image (1990–present)
 4. Forest cover (1990–present)
 5. Carbon calculation using local tree biomass and volume equations and species-specific

wood densities
 6. Deforestation and reforestation factor maps
 7. Principal components analyses for deforestation and reforestation pixels
 8. Derivation of deforestation and reforestation vs. Factor equations
 9. Estimation of the probability of deforestation and reforestation based on the factor

equations and current forest cover
 10. Weighting factors using principal component loadings
 11. Spatial analyses of future deforestation and reforestation
 12. Spatial analyses of future carbon with and without project

GEOMOD and FRCA vary in how they spatially assign the likelihood of future deforestation
and reforestation.  Both analyze past land cover change with GIS covers of environmental
factors in order to determine the vulnerability of specific areas to future change.  However,
when projecting change, GEOMOD converts the next most vulnerable pixel candidates for
baseline activity, whereas FRCA assumes statistical likelihood rather than next best
candidate approach (e.g. 5% probability = 5% deforested).

For example, assume that there are three possible land uses in a given area, forest, pasture,
and coffee plantation.  Also assume that the carbon stored of each of these systems for that
given area are 150 tons, 5 tons, and 10 tons respectively.  
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 .Figure 1    Relationship between distance from disturbance and probability of clearing

If the projection suggests that there is a 50% likelihood that the area will remain forest over a
10 year period, a 40% chance that it will become pasture, and a 10% chance it will become
coffee, GEOMOD will likely show that the area will remain forest.  In this example there
would therefore be no baseline carbon emissions from that specific area. FRCA, on the other
hand, will evaluate the carbon emissions according to the relative likelihoods as follows:

Starting condition forest = 150 tons of carbon

Likelihood of future land cover, based on historical analyses are 50% forest, 40% pasture,
and 10% coffee = (0.5 * 150) + (0.4 * 5) + (0.1 * 10) = 78 tons of carbon

Therefore, carbon emissions = 150 tons – 78 tons = 72 tons of carbon

For either of the models, it is necessary to identify potential project boundaries to which the
models will be applied.  This generally requires a basic analysis of forest conservation and/or
reforestation priorities and the development of a basic scenario of what the carbon offset
generating activity or activities would be.
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Tasks 4, 5, and 6:  Meetings, Reports, and Modeling 

These tasks are either syntheses of the aforementioned work, or reports or models based on
compilation of existing data.  In some cases, there is some original new research conducted
under these tasks – such as soil carbon sampling to determine potential carbon benefits from
projects – but this is not the primary focus.  The results and discussion of this work will be
provided below. 
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RESULTS AND DISCUSSION

Task 1: Carbon Inventory Advancements

Summary of Objectives

Carbon inventory plans are designed to quantify the amount of carbon stored in key pools on a
periodic basis.  These inventories are used to estimate the differences between the with- and without-
project carbon pools and are the primary basis for determination of project greenhouse gas (GHG)
benefits.  Through ongoing carbon inventory work in TNC’s pilot projects, several aspects of the
carbon inventories that could be improved or significantly strengthened were identified. 

Many of the regression equations used in the traditional carbon inventories for The Nature
Conservancy’s projects were developed in different regions and are not species-specific.  In
some cases, the results that one would get using a general biomass equation instead of a
species-specific equation are quite different.  In light of these types of differences, new
equations are needed for species that are structurally unusual relative to broad leaf trees from
which general biomass equations in the tropics are derived.   An additional emphasis of the
carbon inventory work is on the development of regression equations relating remotely-
sensed data to biomass. Since DBH can not be measured from the air, other relationships are
being sought.

The primary areas of carbon inventory research under this agreement are allometric regression
equations for use in both traditional and new digital-imagery inventory methods, precisely geo-
referenced sample plots, carbon inventory plots and destructive sampling for the calibration of
M3DADI measurements, and soil carbon measurement.  The following tasks are being carried out:

• Establish permanent  geo-referenced sample plots for periodic measurements of changes
in carbon pools in the project area (2003).

• Measure tree diameters and heights and sample soil, forest floor litter, and understory to
estimate carbon storage (2002-2003).

• Use database of tree biomass, and new data from destructive sampling of additional trees
to develop and/or refine allometric regression equations (to estimate biomass carbon
based on tree measurements) for selected species and forest strata (2002-2003).

• Test and calibrate LIBS for  measuring soil carbon in the General Motors and AEP project areas
in Brazil (2002-2003).

• Use or develop software to assist in calculation of minimum sample size, assignment of sample
unit locations, determination of the minimum spacing for plots, calculation of precision of
carbon benefits, calculation of costs of inventorying and monitoring, and optimization of site-
specific monitoring plans (2003).
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• Collect cost data to be used in a cost comparison between M3DADI and traditional carbon
inventory methods. (discussed under Task 2)

Progress

1.  Establishing Permanent Plots and Estimating Carbon Storage

Brazil
The installation of permanent geo-referenced plots for periodic measurements and
monitoring in GM’s Atlantic Rainforest Restoration Project was completed.  This work was
done on the 8,500 hectares that have been purchased so far, but the total land area of the
project will be 12,000 ha.  Therefore, the final inventory will be completed after the
completion of the land acquisition.  A total of 188 nested circular plots were installed on
different forest strata (table 1).  This is in excess of the 121 plots that would have been
required to keep the error at a desired level of the 95% CI being within 10% of the mean .

Table 1  Description of the each stratum, area, and number of plots established

Strata Code # Area (ha) Mean C/ha Est. Tot. C    % C CV Weighted CV # Plots

Arg -M 6 423.4 53.57 22683.45 4.1% 9.07 0.37 2
Arg-M/a 12 221.3 95.61 21159.93 3.8% 17.87 0.68 4
Camb-IA 6 46.5 44.92 2089.23 0.4% 19.78 0.07 0
Camb-M 12 475.7 62.98 29961.55 5.4% 23.75 1.28 7
Camb-M/A 34 1271.3 89.51 113795.66 20.4% 21.94 4.48 26
Camb-SM 46 1121.5 127.57 143073.99 25.7% 20.91 5.37 31
Camb_fl-M/A 3 109.5 61.27 6710.96 1.2% 33.05 0.40 2
Camb_gl-M 20 555.0 67.23 37313.52 6.7% 21.53 1.44 8
Camb_gl-M/A 11 338.3 116.61 39451.38 7.1% 16.97 1.20 7
Glei-IA 3 94.7 43.08 4080.59 0.7% 35.05 0.26 1
Glei-M 11 320.4 72.43 23211.55 4.2% 19.74 0.82 5
Glei-M/A 4 66.4 91.14 6048.70 1.1% 13.99 0.15 1
Glei_Mel_M 5 81.2 67.88 5511.99 1.0% 24.54 0.24 1
Glei_Mel_M/A 7 232.7 63.84 14856.87 2.7% 32.07 0.86 5
Neo_Fl_M/A 3 422.3 88.14 37219.41 6.7% 34.19 2.28 13
Neo_Fl_FP 5 498.4 99.78 49723.37 8.9% 12.78 1.14 7

Total 188 6278.7  556892,17 100,00%  21.05 121
Sm - submontane forest
M/A - advanced/medium forest
M - medium forest
IA - Young secondary forest
Fp - floodplain forest

The total carbon in the forest strata (excluding soil, litter and understory) was 741,086.44 t C
with a 95 % confidence interval of 6.9 % of the mean (tables 2 and 3).
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Table 2 Total, mean and statistical measures for carbon content of the 16 forest strata

 Strata Code # Area Mean/ha total Min Max Variance desvio error p CV
Arg -M 6 423.4 81.25 34400.8 42.6 116.4 632.5 25.1 10.3 31.0
Arg-M/a 12 221.3 128.52 28443.9 92.1 173.1 657.1 25.6 7.4 19.9
Camb-IA 6 46.5 68.54 3187.5 55.1 82.6 145.9 12.1 4.9 17.6
Camb-M 12 475.7 84.53 40209.8 40.0 123.5 583.2 24.2 7.0 28.6
Camb-M/A 34 1271.3 125.17 159117.9 66.0 232.2 1580.1 39.8 6.8 31.8
Camb-SM 46 1121.5 169.83 190461.5 69.6 303.8 1960.3 44.3 6.5 26.1
Camb_fl-M/A 3 109.5 91.54 10026.8 65.2 108.5 535.6 23.1 13.4 25.3
Camb_gl-M 20 555.0 92.76 51484.0 32.5 179.0 816.4 28.6 6.4 30.8
Camb_gl-M/A 11 338.3 150.76 51004.3 97.1 250.1 1671.2 40.9 12.3 27.1
Glei-IA 3 94.7 64.43 6102.7 50.6 76.3 167.6 12.9 7.5 20.1
Glei-M 11 320.4 91.95 29466.9 63.1 137.5 613.7 24.8 7.5 26.9
Glei-M/A 4 66.4 124.05 8233.1 108.9 135.3 144.5 12.0 6.0 9.7
Glei_Mel_M 5 81.2 81.13 6587.6 53.3 121.8 648.1 25.5 11.4 31.4
Glei_Mel_M/A 7 232.7 81.17 18892.2 45.6 125.2 949.4 30.8 11.6 38.0
Neo_Fl_M/A 3 422.3 112.04 47312.3 75.8 161.3 1952.9 44.2 25.5 39.4
Neo_Fl_FP 5 498.4 112.68 56155.2 76.5 137.6 597.0 24.4 10.9 21.7
CI % 6.9
Total 188 6278.7 741086.44

Table 3 Mean Carbon content by component and by forest strata

Strata Code Área aboveground
below
ground standing dead lying dead < 5cm        Total

Arg -M 423.4 55.77 11.15 6.01 4.42 3.90 34400.8
Arg-M/a 221.3 95.97 19.19 4.26 7.86 1.23 28443.9
Camb-IA 46.5 42.34 8.47 1.28 0.32 16.13 3187.5
Camb-M 475.7 62.92 12.58 3.18 3.38 2.47 40209.8
Camb-M/A 1271.3 92.16 18.43 4.62 8.75 1.19 159117.9
Camb-SM 1121.5 128.63 25.73 4.14 10.08 1.25 190461.5
Camb_fl-M/A 109.5 61.27 12.25 7.22 8.73 2.07 10026.8
Camb_gl-M 555.0 69.94 13.99 2.94 2.89 3.01 51484.0
Camb_gl-M/A 338.3 121.24 24.25 0.66 3.60 1.01 51004.3
Glei-IA 94.7 43.08 8.62 0.00 0.00 12.73 6102.7
Glei-M 320.4 73.39 14.68 0.72 0.65 2.52 29466.9
Glei-M/A 66.4 91.14 18.23 4.27 8.15 2.27 8233.1
Glei_Mel_M 81.2 62.32 12.46 1.07 2.98 2.29 6587.6
Glei_Mel_M/A 232.7 59.28 11.86 3.45 5.88 0.72 18892.2
Neo_Fl_M/A 422.3 88.14 17.63 3.63 0.73 1.91 47312.3
Neo_Fl_FP 498.4 90.19 18.04 1.19 2.18 1.08 56155.2
Total 6278.7 559389.73 111877.95 21747.64 35202.46 12868.67 741086.44
DESPAD  38.4 5.7 5.7 9.6 3.9 48.9
Weighted
mean(CI*)

 
89.09 17.82 3.46 5.61 2.05

118.03

Confidence
Interval 5.5 0.8 0.8 1.4 0.6 8.8
% biomass 75.5 15.1 2.9 4.8 1.7
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Plots were also installed to measure the carbon contained in non-forest areas.  24 destructive
sample plots were created to sample pasture / open areas and shrub biomass. The mean of
aboveground carbon content of pasture ranged from 1.6 to 4.9 t C/ha (table 4).

Table 4 Statistics for aboveground carbon in pasture

Shrubs Pasture Pasture/shrubs Total

Number 7 7 9
Area 306.68 693 297
Median 4.9 1.6 2.9
Min. 2.5 0.7 1.5
Max. 8.3 3.4 5.0
Variance 4.7 0.8 1.6
Stand. Deviation 2.2 0.9 1.3
Sampling Error 0.8 0.3 0.4
CV % 44.2 55.0 44.7

Mean T C/ha 3.1
Total (ton C) 1504.8 1102.0 847.7 3454.5
CI 0.8

Belize

Programme for Belize installed and measured permanent plots in pine savanna.  This was
used to conduct the baseline carbon inventory in Rio Bravo pine savanna ecosystem and will
be compared to digital imagery methods.  Nested permanent plot design was used, according
to the methodology described above.

8 plots were installed in each of 4 strata (pine, shrub, palmetto, grass), for a total of 32 plots.
Above ground biomass, necromass and standing litter crop were measured.  The data from
the sampling plots is included in Appendix 1.

Additionally, the effect of fire on carbon storage was estimated.  The pine savanna is a fire-
adapted ecosystem.  However, the frequency of fires in the area is much higher than natural
levels due to human activity, and this has suppressed the regeneration of pines.  A
management plan has been implemented to reduce the frequency and severity of fire to levels
necessary for the establishment and persistence of the pine ecosystem.  The M3DADI
analyses provide a permanent record that can be drawn upon to compare future growth in the
pine savanna.  Future comparisons will be made to calculate the CO2 impacts of the fire and
other management of the project.
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 Table 5     Effect of fire on Carbon pools 

Strata Code
Tons
C/ha* %/ha*

Mortality
(%)**

Biomass
burnt/ha**

Pine 7.9 12 5 0.4
Shrub 3.3 33 75 3.18
Palmetto .33 5 90 0.3
Grass 1.5 48 100 1.5

Total 13.0  5.38

* data derived from 2002 M3DADI estimates; ** data obtained from PfB estimates and TNC (Ron Myers)

2. Destructive Sampling and Allometric Regression

Brazil – Atlantic Forest Biome

In Year 1, destructive sampling was carried out on 5 trees between 20 and 85 centimeters
diameter at breast height (dbh). The preliminary results suggested that biomass for trees in
the Atlantic Forest fall somewhere between the general wet  biomass equation and the
general moist  biomass equation (Brown, S.  1997), and that the wet equation that we are
currently using in the project may be underestimating the total biomass and carbon stock of
the project.  Bill Stanley of TNC, and Dr. Sandra Brown from Winrock International
reviewed the preliminary results, and agreed that more data needs to be collected to verify the
accuracy of the equations. 

In Year 2, further destructive sampling was conducted on large trees as part of the effort to
adjust and/or define a new equation to estimate biomass as a function of dbh. We planned to
conduct destructive sampling on a few larger and taller trees (e.g. height range 5.0 – 8.0 m,
dbh > 70 cm).  A request was submitted to the Brazilian Environmental Agency, Instituto
Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis (IBAMA), to get a permit
to cut 5 such trees.

Because the three project sites in Brazil are located within a legally designated protected
area, the Guaraqueçaba Environmental Protected Area (GEPA), there are certain official
restrictions on harvesting native tree species.  Therefore, it is difficult to get permission from
the Brazilian environmental agency, IBAMA, to cut more than a small number of trees at a
time for destructive sampling.  However, due to weather conditions, a number of large trees
fell down naturally within the project area, and destructive sampling was carried out using
these samples instead.

In January – March 2003, five new trees were sampled.  The species sampled were Ocotea
catarinensis, Bauinia forficata, Hyeronima alchonioides, Carycorectes sp. and one species of
the Myrtacea family that could not be identified. In the period April-June 2003, 9 trees were
destructively sampled. The species were the following:  Pterocarpus violaceus,
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Pseudopiptadenia gardeniana, Cryptocaria aschersoniana, Machaerium hirtum, Myrtaceae
1, Myrcia sp2, Hyeronima alchonioides, and two trees of the species Ficus insida. 

Destructive sampling has now been accomplished on 16 species, and a total of 19 trees.
Preliminary analysis of the results suggests that both the general wet biomass equation and
the general moist biomass equation would underestimate the biomass in trees in the Atlantic
Forest (Figure 2).  Given these highly significant results, the destructive sampling results and
analyses will be looked at more closely through further peer-review prior to broader
dissemination.

  Figure 2     Comparison of Biomass vs. DBH Equations [[  

In addition to the estimation of tree biomass components, epiphytes and lianas were
measured to develop new equations for these above ground biomass components.  So far,
twenty-six lianas larger than 4-cm DBH were destructively sampled and a new allometric
equation has been developed (Figure 3).  

Biomass vs DBH vs Equations

0.0

5000.0

10000.0

15000.0

20000.0

25000.0

30000.0

0 20 40 60 80 100 120
DBH (cm)

B
io

m
as

s 
(k

g) wet
moist 1
moist 2
dry
Results



21

  Figure 3      Allometric Regression Equation for Lianas 
 

Belize

In Year 1, Programme for Belize completed field measurements and destructive sampling of
Caribbean pine, palmettos, and other vegetation.  This data was to be used in coordination
with the M3DADI measurements.  In Year 2, after further review of the regression equations
developed through the destructive sampling data, it was decided that the regression equations
were not strong enough.  The equations lead to a weak relationship between field
measurements and biomass, and there was a need to refine destructive sampling design.  

The goal of field work in 2003 was to reduce and quantify the uncertainty of field
measurements.  The field sampling of shrubs, palmettos and grasses was intensified in order
to improve relationships with the digital imagery measures.  Gaps in tree data were filled in
through further sampling, especially of larger diameter trees.  The identification of vegetation
strata was refined, information on the burn history of each strata was collected, and new
species-specific regression equations were developed.

Destructive sampling was conducted on several species as described below:

• 30 pine trees (pinus caribea) in 3 diameter classes were sampled, including 2 trees with a
dbh of greater than 50 cm.  The biomass equation was refined.

• 3 oak trees (quercus spp.)  were sample to develop the biomass equation.  Crown
measurements of 20 trees were taken.

• 5 Calabash trees with a dbh greater than 20 cm were sampled in order to obtain better
precision in the regression equation.
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In addition, measurements of individual palmetto, palmetto thickets, tall palmetto clumps in
Pine-oak woodland, and shrubs and grass were taken using clip plots.

Data from the destructive sampling is given in Appendix 2.

3.  Vegetation Mapping

A vegetation map for the General Motors project area in the Cachoeira River Basin was
completed in Year 1.   To leverage the benefit of the vegetation map to the research, a soil
map was completed for the General Motors project using internal funding.  Eleven forest
strata (4 to 8 per plot), were distinguished by combining soil classes (Argissolo, Cambissolo,
Gleissolo and Neossolo Flúvico) and vegetation types (Submontane Forest, Wetland forest,
advanced/medium secondary forest, medium secondary forest, and young secondary forest).
The combination of the vegetation and soil maps will not only allow the team to improve and
refine the stratification, but will also allow more confidence when estimating future growth
rates of the forests within the project area and for soil sample planning in coordination with
LIBS. 

In order to refine the vegetation maps, aerial photos from 1952 and 1980 were obtained.
These maps will aid in generating a better estimate of biomass increment at the different
forest strata, by determining the age of the forest. The age of the forest and carbon stock is
used to build the growth curves for the forest and soil types.  One of the most reliable way to
determine age is by going back in time and identifying areas that were non-forest at a given
time and converted to forest at a later period. 

This process involves scanning the aerial photos, geo-referencing of the scanned photos, geo-
corretion of the photos, preparation of the orthophoto and mosaic, and digitalization of the
orthophotos and editing of the polygons. 
 
4.  LIBS

The Nature Conservancy identified soil carbon as a key area that should be further measured in order
to improve project carbon inventories.  Existing technologies have made extensive soil carbon
measurement too costly in the past.  As part of the Los Alamos National Laboratory (LANL)
program on Terrestrial Carbon Sequestration and Management, LANL has developed a method for
soil carbon analysis based on laser-induced breakdown spectroscopy (LIBS) (Ebinger et al., 2001).
The calibration of LIBS for measuring soil carbon on carbon projects in Brazil is a promising way to
improve the soil carbon inventories of those projects in a cost-effective manner.  The three projects
where LIBS will be calibrate are the Guaraqueçaba Climate Action Project/AEP (Serra do Itaqui
Natural Reserve),  The Atlantic Rainforest Restoration Project/GM (Cachoeira River Basin), and
The Antonina Pilot Reforestation Project/Chevron/Texaco (Morro da Minas Reserve).

During Year 1 of the project, Mike Ebinger from LANL traveled to Brazil to gather some
initial information about the project sites and take local soil samples to be used in initial
calibration of the tool for soil carbon analysis in tropical soils. 
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For Year 3, a workshop is being planned to bring U. S. scientists and LIBS equipment to
study areas near Curitiba, Paraná, Brazil to conduct a demonstration workshop in the field.
The goal of this workshop is to familiarize Brazilian soil carbon experts with LIBS, as well
as familiarize LANL scientists with advances in soil measurement in Brazil.  The workshop
will also be an opportunity to calibrate LIBS on the project areas, and discuss its potential
and cost vis-à-vis other methods. 

TNC and LANL obtained additional funding for the LIBS workshop in Brazil from DOE-
NETL.  Initially, the workshop was planned for August, 2003.  However, LANL was
experiencing problems in  the calibration of LIBS and the workshop has been delayed
indefinitely.  LANL has had recent success in calibrations and reproducing those calibrations
with all soils tested.  Therefore, the core method  for measuring soils is on track.  There
remains to resolve whether tropical soils have too high an iron content to effectively measure
soil carbon with LIBS.  This will be determined in October of 2003 using samples obtained
in Brazil.

 
Problems Encountered

As previously discussed, the destructive sampling strategy for trees was somewhat
opportunistic given the restriction on tree harvesting in the Brazilian study area.  Sampling
was primarily on a large number of trees that fell down naturally.  Given this fact, there is
some concern that the sample of trees knocked down during storms may be self-selecting and
somehow distort the data.  Given the dramatic results obtained in the biomass equation
(Figure 2), sampling data needs to be re-examined.

There are various challenges to conducting carbon inventories in the project site in Belize.
Heterogeneity of the ecosystem makes sampling schemes more complex, but this is one of
the points of the research, to develop ways of overcoming these challenges.  There are a total
of 4 main vegetation classes divided into 14 sub-classes.  In addition, there is variable
biomass due to wildfires.  The fire season lasts from February through May/June.  Inventory
results may vary depending on when in the season field work is conducted.  A method to
quantify CO2  emissions, outside of the current scope of this research, needs to be
determined.

M3DADI may be a good solution for measuring such a heterogeneous ecosystem.  However,
if it displaces direct field measurement by project participants, it reduces some of the local
socio-economic benefits of the project. This could conflict with the sustainable development
mission of Programme for Belize.  One of the goals of the project is to provide employment
opportunities for locals. 

Deliverables in next reporting period (July 03 – June 04)

• LIBS workshop.  The workshop and an associated written report will developed.

• Final regression equations for Brazil and Belize
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• Final carbon inventory report for Brazil and Belize, which will provide GIS maps of
carbon inventory plot locations, carbon estimates for each of the plots, and data for new
destructive sampling of large trees.

Assessment of Future Progress

The bulk of the inventory work has been completed, and final inventory reports will be
delivered to DOE on schedule.

There has been recent progress made calibrating LIBS, and we remain hopeful that we will
be able to demonstrate its use in Brazil.
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Task 2: M3DADI Testing

Summary of Objectives

Reducing carbon inventory costs can help to ensure cost-effective production of offsets in the
land-use change and forestry sector.  One method of reducing carbon inventory and
monitoring costs is through the use of remote-sensing technologies.  However, there are
distinct limitations to satellite imagery when used in tropical environments to monitor fine-
scale, or project level land-use change, especially on heterogeneous landscapes. Selective
logging, small road development, and appearance of small farm holdings (¼ hectare or less)
that indicate colonization of a region or intrusion into a reserve are usually too small to be
picked up by the coarse resolution of Landsat or Spot images. Also, the persistent cloud
cover in these areas often makes it difficult to obtain satellite coverage on a time scale that is
useful for local monitoring.

The Nature Conservancy and its partners are working together with Winrock International to
develop low-cost digital camera systems to support large-scale aerial surveys of remote
regions. Since this research project launched last year, additional applications of M3DADI
have been identified and the research objectives have been expanded accordingly.  The
expanded objectives of this research are to:

• Find out whether measurements of crown diameter or vegetation area and height made
from the air can be sufficiently correlated to biomass to accurately calculate the carbon
storage in vegetation;. 

• Determine how well M3DADI can monitor carbon inventories on heterogeneous
landscapes, such as open forest pine savanna or patchy natural regeneration;

• Assess the effectiveness of M3DADI in measuring carbon storage in closed canopy
systems; 

• Assess M3DADI as a stratification tool; and
• Compare the costs of M3DADI to traditional inventory approaches.

Some regression equations for calculating above-ground biomass based on crown diameter
measurements and height obtained from digital imagery have already been developed,
however, it is necessary to improve these equations in order to better describe the correlation
between carbon storage measured through ground sampling and carbon storage calculated
using digital imagery.  Furthermore, these equations were developed for relatively
homogenous landscapes and for a specific type of vegetation, closed forest.  This research
applies digital imagery to the measurement of carbon in heterogeneous landscapes composed
of shrub, tree, palm, hardwood, and conifer mixtures, and in forests of varying ages in the
Mississippi Delta.

In addition to developing and improving regression equations, this research will set the stage
to increase the accuracy with which the flight lines for digital imagery are established.  The
goal is to be able to fly over a strip whose midpoint is within 2 to 3 meters of the plot center.
The application of digital imagery in this proposal will also experiment with the use of digital
imagery before ground sampling.  A comparison of the results of typical inventory methods
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and digital imagery will shed light into which of the two techniques gives the most accurate
results at the lowest cost.

Progress

M3DADI was conducted in May, 2003 on the Rio Bravo Climate Action Project in Belize,
and the final report is in progress.  However we faced additional delays in getting permits in
Brazil and ultimately decided to conduct the other portion of this research in the Mississippi
Delta instead.

Brazil

Unfortunately, even though CNPq (Conselho Nacional de Desenvolvimento Científico e
Tecnológico), MCT(Ministry of Science Technology), and IBAMA (Instituto Brasileiro do
Meio Ambiente e dos Recursos Naturais Renováveis) authorized the execution of the
M3DADI project, when discussing plane rental with an aerial photography company in
Brazil, we were informed of the necessity for additional permits.  In order gather data from
an airplane or satellite, it is necessary to get additional permission from the Brazilian Armed
Forces, and a related agency needs to inspect and approve any new equipment installed in the
plane before the authorization process is begun. 

Due to the delay in getting the authorization for installing the digital imagery equipment and
implementing the flyover at the projects, the first authorization obtained through
CNPq/MCT/IBAMA expired and a new request was submitted to those organizations. That
permit process was proceeding smoothly, but uncertainty remained about the time it would
take and the likelihood of receiving the second permit to install equipment in the rental plane.  

Ultimately, it was decided to abort the M3DADI project in Brazil, and switch locations to the
Mississippi Delta.  Given that this region is one of the most promising areas for carbon
sequestration in the United States, we are enthusiastic about testing the M3DADI technology
in this new location.

Mississippi Delta

Planning is well underway to fly a 1.5-kilometer spaced-grid of the Delta National. The
National Forest which contains various age classes of trees, and a variety of species.  This
will provide an adequate data base for preliminary calibration of M3DADI for use in the
region.  An additional calibration mission may be needed depending upon the outcome of
this one.

A twin engine plane with a full size belly port will be used to mount the cameras.  This work
will be conducted in early October.   Field work on destructive sampling to be used in this
work is in the early planning stages.
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Belize

A draft report containing the analysis of imagery and inventory data from the Year 1
M3DADI mission is included in Appendix 3.  A return trip to Belize was conducted in order
to refine the data collected in Year 1.
The objective of the second trip was to improve digital imagery analysis by:
• Collecting new imagery with new system giving higher resolution height data; 
• Ground truthing to confirm identification of oak and calabash trees;
• Reducing time to analyze imagery by using nested plots (1 ha for all pine trees, 0.1 ha for

small broadleaf trees, 0.01 ha for shrubs, palmettos, grasses);
• Refining the model of total biomass carbon versus pine crown area.

We estimate that we will receive the final report with the digital imagery and carbon storage
estimate from Winrock by December, 2003. 

The scope of the M3DADI work in Belize was expanded to include a flyover in the closed
forest canopy section of the Rio Bravo project, where the permanent plots are located.  In
addition, PfB installed and measured permanent plots in the Pine Savannah.  In this way, we
will be able conduct a full cost and accuracy comparison between traditional carbon
inventory methods and M3DADI for both sections of the project.  

The following data is being collected on the M3DADI method:
• Person-hours to collect and analyze imagery and field data
• Person-hours to combine both sets of data for sufficient number of plots to reach

precision of 10% of mean with 95% confidence
• Total fixed and variable cost estimates
• Likely cost for monitoring next event and for estimating change in carbon stocks
• Cost benefits of measuring pine crown area only if model of biomass per ha versus pine

crown area holdswith new data.

For the traditional, direct field method, person hours to collect and analyze field data using
standard field protocols for a given number of plots.  We will then use the CV of the plot data
to estimate number of plots needed to reach same level of precision as imagery method,
estimate total fixed and variable cost to measure all required number of plots at time one, and
finally estimate total fixed and variable cost to monitor next event to estimate change in
carbon stocks

A full cost comparison will be written up after the final analysis of the M3DADI is
completed.

Problems Encountered  

Belize
Several technical challenges were encountered while conducting the M3DADI flights in
Belize.  A second trip was needed during Year 2 to correct deficiencies and attempt to get
full coverage of the pine savanna.  The desired, but partial, coverage was obtained at the low-
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altitude but, due to cloud cover, the high-altitude overflight was not successful and complete
coverage was still not possible.  However, the data collected is more than adequate for
developing a credible carbon analysis.  No follow-up trips are needed.  

Brazil
As described above, the process to obtain all the necessary permits to complete the M3DADI
project in Brazil was still ongoing after a year, with no certainty of resolution.  A decision
was made to move the work to the U.S. Mississippi Delta.

Deliverables in next reporting period (July 02 – June 03)

• M3DADI will be conducted in the Mississippi Delta in October, 2003
• A final report on the M3DADI results in the Mississippi Delta
• A final report on the M3DADI results from Belize 
• A cost comparison between M3DADI and traditional carbon inventory methods, based on

field work in Belize and the Lower Mississippi Valley

Assessment of Future Progress

Despite problems faced in Brazil, plans to switch the location of the research to the
Mississippi Delta are proceeding smoothly.  The fly-over should occur in October, and final
results will be ready by the end of the year.

After completing the analysis for Belize Winrock will develop a full report.  The report will
include a CD-ROM with the imagery, along with an assessment of biomass and carbon
storage. We anticipate publishing the results of this work in a scientific journal.  The results
from the pine savanna will be completed by November, and the results from the closed forest
canopy will be completed in February, 2004.
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Task 3: Baseline Method Development

Summary of Objectives

To quantify the CO2 emissions reductions resulting from the protection of forests you must
be able to quantify the environmental damage that would have occurred had the forest not
been protected. This is a challenging task, demanding that the probable future management
of a land area be predicted so that changes from the anticipated use can then be measured and
the difference between the two quantified. 

Emissions avoidance projects preserve carbon stocks (in soils, forests, etc.) in areas that are
demonstrably threatened with land conversion or degradation (e.g. high-grading).  Methods to
estimate the timing and location of deforestation or other management activities that lead to land use
are not yet well-developed. 

Predicting land-use trends is one of the most challenging components of baseline assessment in
forest-based carbon offset projects.  An appropriate method for making these assessments is critical
for producing accurate and precise carbon estimates.  Spatially explicit models are a sound way of
projecting baselines.  Deforestation or land-use emissions trend models – GIS and software-based
analyses that allow a more accurate estimation of the “without-project” baselines – need to be
refined and applied to project sites in order to evaluate their effectiveness.

The overall goal of this task is to develop and refine land cover change models and to test them by
applying them to a diverse suite of project sites within The Conservancy’s portfolio.  We originally
proposed applying models to five international and three domestic sites where The Conservancy and
its partners are developing and implementing projects.  Though the sites have changed, we still plan
on conducting five international and three domestic baseline studies. The models will asses the risk
posed to these forests and analyze expected carbon storage trends. 

Two different models are being used: GEOMOD, a computerized geographic model
requiring a spatially referenced set of equally dimensioned digital grid (raster) maps as
inputs, and The Conservancy’s FRCA model.  The models determine rates of deforestation,
identify the location of areas converted from forests, calculate the percentage of the total
study area deforested, and determine existing forestation rates.  At two sites, both approaches
will be used in order to compare them.  Specific objectives under this task include:

• Identify sites for study by screening their potential contribution to the protection of
biological diversity and carbon sequestration.

• Gather information on raster maps, or digital coverage of roads, hydrography, population
data, and climate difference over the project area.

• Determine rates of deforestation, identification of the areas converted, calculation of the
percentage of the total study area deforested, and rates of forestation.  

• Convert GEOMOD or other output maps and data into time-series display module called
ECOPLOT or into summary table format.

• Test variations of the spatial modeling approach, including FRCA.
• Assess variations in terms of credibility, transparency, portability, and cost-effectiveness.
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• Explore how baseline uncertainty might be quantified and treated.

Progress

Baseline studies are underway in Peru, three sites in Brazil, and one site in Chile.  One baseline
study has been completed in Virginia.  TNC staff and several local partners have been trained in the
use of GEOMOD.

Though the research is still underway, some early observations have been made when
comparing GEOMOD to the FRCA approach.  Both of these methods use geographical
information systems to detect and measure the rate of land cover change in a time series of
satellite images, and use regression analyses to determine which areas are most likely to be
deforested in the future. However, FRCA may be more portable than GEOMOD because it
can be conducted using both ARC and IDRISI software, whereas GEOMOD depends upon
IDRISI.
 
1.  La Selva Central, Peru

Through applied research on carbon sequestration in humid tropical forests in Peru, staff
from the Nature Conservancy, Peruvian NGO ProNaturaleza, and the Universidad Nacional
Agraria La Molina, led by The Nature Conservancy, developed the forest restoration carbon
analysis (FRCA) baseline method.

The area chosen for forest restoration carbon analysis development lies at the transition from
Amazon rainforest to the Andean Highlands in the Selva Central area of Peru. The Nature
Conservancy and its local partner, the Fundación Peruana para la Conservación de la
Naturaleza (ProNaturaleza) have defined a 476,000 ha area of moist humid tropical forest,
agricultural land, and pastures that lie in a buffer zone around the Yanachaga-Chemillén
National Park, the San Matías-San Carlos National Forest, and the Yanesha Communal
Reserve, three protected areas at the heart of the Ucayali and Yungas ecoregions. The area
hosts unique landscapes, such as montane cloud forest, unique flora, including a myriad of
orchids, and threatened bird species.

Analyses of Landsat data show that net deforestation from 1987 to 1999 exceeded 130 km2

(Figure 4). Gross deforestation actually totaled 290 km2, but the high natural regeneration
potential of local vegetation led to reforestation of 160 km2. Forest inventories by
ProNaturaleza on 26 one-hectare plots indicate that the net deforestation caused the emission
of approximately 1 million tons of carbon in that 12-year period to the atmosphere.

Principal components analysis, a multivariate statistical technique, permitted determination
of the relative weights of six different factors (distance to non-forest, distance to rivers,
distance to roads, distance to towns > 400 people, elevation, slope) in producing the observed
spatial patterns of deforestation and reforestation. Furthermore, bi-variate statistical analyses
of deforestation and reforestation with each of the six factors allowed derivation of curves
showing the relationship of probability of deforestation or reforestation to each of the six
factors. Figures 5 and 6 show the statistical curve fit for deforestation and reforestation with
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distance to non-forest areas. Figure 7 shows the estimated 2011 probability of deforestation
based only on 1999 distance to non-forest areas and on 1987-1999 deforestation.

Using the probabilities in Figure 7 and corresponding probabilities of reforestation, the
analysis produced a projected estimate of carbon loss for the next 12 years and the potential
carbon sequestration benefits of 7,000 hectares of agro-forestry, natural regeneration, and
plantation of native species (Figure 8). The project can potentially sequester 620,000 tons C
by 2011.

We have completed a first draft of the topical report presenting this applied research and are
also working on a scientific paper for publication. The improved forest restoration carbon
analysis method is now being applied to another site in Sul da Bahia, Brazil and will soon be
applied, with funding outside the cooperative agreement, to a third site in the Dominican
Republic. Development of the method has improved the in-house capability of the Nature
Conservancy to conduct applied research on forest carbon sequestration.
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  Figure 4      Forest cover change 1987-1999, La Selva Central, Peru
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  Figure 5     Deforestation probability vs. distance to non-forest.



36



37

red = observed deforestation 
blue = statistical fit
fraction = 3.3654876 + 1.9322391 distance - 0.032359 distance2 + 0.0001269 distance3 (r2

=0.98)
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  Figure 6     Reforestation probability vs. distance to forest
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red = observed reforestation
blue = statistical fit
fraction = 0.1272781 - 0.0377837 distance + 0.0001923 distance2 -  0.000000358 distance3

(r2 = 0.99)
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  Figure 7     Selva Central estimated 2011 probability of deforestation based only on
1999 distance to non-forest areas and on 1987-1999 deforestation, range 0-0.17.
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  Figure 8     Carbon baseline 1987-1999 and baseline and project projections to 2011.
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2.  Guaraqueçaba, Brazil

GEOMOD is being re-run for the entire Guaraqueçaba Environmental Protection Area
(GEPA) using the results of a multi-temporal analysis conducted by SPVS. This multi-
temporal analysis includes a larger area around the GEPA than had been evaluated in the
past, and uses additional satellite imagery.  One of the goals of this new modeling effort is to
identify variables that may influence land use change that were not captured during the first
modeling work.  This work was one of the outcomes of the first TAP meeting

The evaluation of the multi-temporal analysis (2002, 1986, 1970) was completed and the
team is in the process of re-running GEOMOD with the new image datasets to establish the
baselines for the carbon projects. 

The results of GEOMOD will be compared to results using the newly developed FRCA
method.  This model is still being refined through the ongoing work in Peru, and will be
applied to sites in Brazil once it is finalized. 

3.  Santa Catarina, Brazil

In Year 1, several regions in the state of Santa Catarina were identified as potential areas for
future carbon conservation projects.  The Conservancy used it’s original simply baseline
model (EDAF) to produce initial baseline projections for those different regions.  The
method used simple change detection to quantify the regional deforestation and reforestation
rates, taking data from the late 1980s and the late 1990s. 

The baseline analysis for Santa Catarina will be completed using FRCA. 

4.  Sao Paulo and Rio de Janeiro, Brazil

In Year 1, data was gathered for two feasibility baseline studies in São Paulo State (western
part) and Rio de Janeiro (eastern part of the state).  The preliminary analysis and results for
the baseline and field work done in Pontal do Paranapanema (Sao Paulo State) and
Cassemiro de Abreu (Rio de Janeiro State) were completed but have not been finalized.  The
new approach to define the appropriate scale for study areas on different project sites was
tested and described in the previous Technical Progress Report. 

This study will be finalized by Patrick Gonzalez using FRCA.

5. Serra do Conduru, Sul da Bahia, Brazil

In the second week of January two baseline studies were initiated in the states of Bahia
(Ilhéus, Itacaré, and Una counties) and Alagoas (Murico county), both located in the
northeastern part of the Atlantic Forest.  Those two areas are considered extremely important
for biodiversity conservation and both have a tremendous potential for carbon sequestration
projects involving restoration and forest protection.   The team has focused on developing the
baseline analysis for the study in Bahia, which has become a priority for project development
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in The Nature Conservancy.  The baseline study for Alagoas will not be included in the
research under the cooperative agreement at this time.  

The Mâta Atlântica along the coast of Brazil constitutes a globally unique moist tropical
forest type that harbors significant floral and faunal biodiversity. The Conservancy and its
partners have worked to conserve and restore a representative portfolio of Mâta Atlântica
sites, including an area around the Serra do Conduru State Park in the southern part of the
State of Bahia (Figure 9). The Brazil NGO Instituto de Estudos Socio-Ambientais do Sul da
Bahia (IESB) has defined a buffer zone in the private agro-sylvo-pastoral areas surrounding
the park. We are in the preliminary stage of conducting a forest restoration baseline analysis
to evaluate the carbon sequestration potential of the area.

Nature Conservancy staff have traveled to Serra do Conduru and conducted a forest
inventory. We and IESB are now in the process of planning extensive forest inventories to be
used in a FRCA analysis.  These inventories will be collected according to the following
outline:

1. Systematic sampling using geographic grid
2. Establish permanent twenty-five meter square plots

a. Measure diameter of all trees of diameter > 5 cm
b. Record species of each tree
c. Mark with aluminum tag

3. Establish five meter square plot at center of each 25 m plot, to examine regeneration and
to document conservation success

4. Record species of all trees
5. Measure diameter of all trees of diameter > 5 cm
6. Increase sampling intensity to reduce variance
7. Use existing or develop new local volume and biomass equations and wood densities

In the initial study in January, the team faced some problems coming up with consistent
results from the multi-temporal (two satellite images from two time periods for each of the
areas) because of the presence of clouds in the satellite imagery.  We will conduct further
remote sensing analyses of Landsat data in the newly defined area to quantify land cover
change and the carbon sequestration potential of forest restoration and conservation. In 2004,
we plan to produce a topical report of this applied research as well as submit a manuscript to
a scientific journal.
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  Figure 9     Serra do Conduru State Park, outlined in red on an aerial photo mosaic of
the area in Southern Bahia State Brazil (Instituto de Estudos Socio-Ambientais do Sul
da Bahia).
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5.  Valdivia, Chile
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The Nature Conservancy and the Universidad Austral de Chile (UACH) are working to
assess the potential for carbon sequestration through conserving and restoring temperate
rainforest in the Valdivia area of Chile.  The baseline study is being conducted in close
collaboration with Chilean experts in conservation and carbon sequestration project
development. 

The Faculty of Forest Engineering, Institute of Forest Management, led by scientist Jorge
Gayoso, has conducted extensive field research to develop local volume and biomass
equations for an array of forest species. They are presently compiling information on carbon
biomass estimates per hectare for native forests, plantations, shrublands and grasslands.

The resulting information from the analysis will be submitted in a report that estimates the
biomass and carbon, in tabular format along with all relevant sources of data and a
description of the criteria used in the calculations and incorporated into the Land Cover map.

UACH scientist Antonio Lara and colleagues conducted spatial analyses on Landsat data to
quantify land cover change (Figures 10,11).   This involved supervised classification of
satellite images.  This classification was corroborated with information gathered in the field,
and two published reports: Project Inventory of Native Vegetational Resources of Chile
(Conaf, 1997) and Inventory of Plantations (Infor, 1991)

According to the results of the spatial analysis, if the annual deforestation rate remains
constant, the native forest could be extinguished in 125 years in the northern part of the Xth
Region, Chile.  There is a significant increase of forest plantations, mainly in those
communes that are the centers of commercialization of wood and pulp. Analyzing the total
area covered by the satellite images, the main changes in forest cover happen in agricultural
lands, forest plantations and shrublands.  The analysis also identified the areas most at threat
for conversion.  
 



  Figure 10     Change of native forest 1986-1999 by commune in the region around Valdivia, Chile.
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  Figure 11     Land cover 1999 in the region around Valdivia, Chile (Unviersidad
Austral de Chile).
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The team prepared a GIS cover of environmental variables that would explain the change in
forest cover.  Variables included: elevation map, slope map, aspect map, potential
degredation of soils map, distance to highways, railways, and secondary roads.  Additional
information was incorporated into the analysis.  This additional information covered:
protected areas, biodiversity conservation priorities, design of protected areas, boundaries of
communities, and demographic information.

The influence of each of the environmental variables will be analyzed, with the help of
Myrna Hall and Patrick Gonzalez in modeling deforestation using GEOMOD software.
Many of the following necessary steps to complete the GEOMOD analysis have already been
completed:

1. Data Collection 
2. Creating the “mask” of areas not to be included in the analysis 
3. Definition of the political map 
4. Determination of the rate of change 
5. Selecting/Categorizing variables (biomass data from J. Gayoso) 

Further work that needs to be completed:
6. Weights of the variables 
7. Defining the final layers 
8. Running the model for calibration 
9. Analysis of the results 
10. Simulations 
11. Displaying results 

Dr. Gayoso will soon issue a topical report on the final results of this research.

6.  North Carolina

In Year 1, Tim Boucher and Bill Stanley begun discussions with local researchers conducting
GIS work in North Carolina to identify opportunities for collaboration in the Roanoke River
area.  In particular, Ben Poulter of Duke University offered to assist with data collection as a
part of his research at the Nicholas School of the Environment.  Specifically, he will help
with the following types of spatial data: digital Elevation Model (Lidar derived, 20 cm
vertical and 5 m horizontal resolution); National Wetlands Inventory classification;
Albemarle peninsula peat thickness map; Hydrography (rivers, streams, drainage ditches);
Soil types; Flood zone maps; Land ownership (incl. protected areas, state, federal etc.); Pulse
vegetation plots (permanent vegetation sampling plots established ~5-10 years ago).  Since
then, satellite data have been collected to conduct change detection and quantify the changes
in land cover over the last 10 years.  These data will provide an indication of land areas that
are currently non-forested, but where forests could be supported.  The potential for sea level
rise will also be taken into account when determining what tree species should be planted,
with an emphasis on species adapted to brackish water being favored in the lower lying areas.

7.  Virginia
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Recognizing that active, reclaimed, and abandoned mined lands pose a significant threat to
overall watershed health, The Nature Conservancy initiated an assessment to determine the
feasibility of establishing carbon sequestration/reforestation projects on these sites in the
Clinch and Powell River basins.  As part of this assessment, a baseline rate for land cover
change in the area was determined.  

An initial field assessment of the area was carried out, followed by acquisition and pre-
processing of Landsat imagery from 1987, 1995, and 2002.   Unsupervised classification of
the satellite data was used to identify portions of the image, which were then used to develop
training signatures for a supervised classification of the data.  Areas outside the Clinch and
Powell River watershed, outside the historical extent of mining, and areas of dense rural
development were “clipped” out of the images.  Eight land cover classes emerged from this
analysis.  Lands in non-forest classes were further limited, to 5-acre minimum contiguous
patches.  In the study area, there are currently 41,061 acres of non-forested mined lands that
are at least 5 acres in size.

To determine eligibility under Kyoto Protocol rules (as a proxy for eligibility requirements
under unknown future U.S. programs), change detection was used to determine which lands
in a non-forest class in 2002 were in a non-forest class prior to 1990 (Figure 12).   In the
study area, approximately 23,126 acres of non-forested mined lands in 5-acre patches meet
this criteria.  

To measure general land cover change from 1987 to 2002, the eight initial land cover classes
were collapsed into four categories: 1) cleared areas, 2) grasslands, 3) grass-shrub-tree mixed
lands, and 4) forest and woodlands.  Change classes between the four land cover categories
were derived from the 1987 and 2002 maps.  Overall, 48.4% of all pixels classified as non-
forest (cleared, grasslands, grass-shrub-tree mix) in 1987 remained in non-forest cover in
2002.   Within the cleared class, 83.7% of all cleared pixels in 1987 were classified as non-
forest in 2002.  The cleared land cover class displays the greatest tendency to remain non-
forested over a fifteen-year interval.

Individual watersheds were prioritized to determine the best reforestation opportunities for
biodiversity and watershed improvements.  Using GIS, a series of landscape variables were
quantified to create a sedimentation threat score, a riparian impact score, a matrix forest
value score, and an aquatics value score.  These scores were combined into one equation to
prioritize each watershed; this equation was used to generate the top 30 watersheds for
carbon sequestration/reforestation projects that would maximize biodiversity and watershed
improvements. Figure 13 shows TNC’s watershed priorities for carbon sequestration projects
for one section of the Clinch River Valley.
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  Figure 12     Change Detection to Determine Eligible Project Sites.
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  Figure 13     TNC Watershed Priorities for Carbon Sequestration Projects in the Middle
Clinch River Valley

A topical report on this baseline study was delivered to DOE-NETL.
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Problems Encountered

The primary problems encountered have been 1) finding cloud free images from which to conduct
analyses; and 2) identifying and preparing data for use with GEOMOD and FRCA.  We have found that
it is extremely difficult to find cloud-free satellite images for some parts of the tropics.  This is a serious
limitation of  any method which depends upon satellite imagery.  Also, there are numerous mistakes that
can be made in processing data for use in methods that require multiple data layers.  This has slowed
progress.

Deliverables in next reporting period (July 02 – June 03)

• Completed baseline study for La Selva Central, Peru (November, 2003)
• Completed baseline study for Serra do Conduru, Brazil (October, 2003)
• Completed baseline study, using GEOMOD, for Guaraqueçaba, Brazil (October, 2003)
• Completed baseline study, using FRCA, for Guaraqueçaba, Brazil (December, 2003)
• Comparison of FRCA and GEOMOD results for Guaraqueçaba (January, 2004)
• Completed baseline study for Sao Paulo, Brazil (December, 2003)
• Completed baseline study for Valdivia, Chile (January, 2003)
• Comparison of FRCA and GEOMOD results for Chile (January, 2004)
• Completed baseline study for Roanoke, North Carolina (March, 2004)

Assessment of Future Progress

Baseline work in Peru is nearly complete, and has led to the development of a more sophisticated
spatially-explicit model for The Conservancy to use.  Our collaboration with researchers at the
Universidad Austral de Chile has been very fruitful, and the baseline study in Chile will provide
a good opportunity to compare the results of the two different models.  In addition, the two
models will be compared on the Guaraqueçaba site in Brazil.  We should not face any obstacles
in completing the baseline studies before the end of Project Year 3.
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Task 4: Third-Party Technical Advisory Panel Meetings

Summary of Objectives

Standardizing measurement procedures and methods for carbon monitoring and estimation is a
major step in the demonstration that land use projects are quantifiable.  The Technical Advisory
Panel (TAP) meetings gather a group of experts to evaluate existing methods and to help TNC
identify carbon offset measurement guidelines that can be used consistently in all of its carbon
sequestration projects.  The goals of the TAP are to: 1) ensure that all projects use the best
available science to meet high scientific and technical standards in monitoring carbon offsets;
and 2) share these standards and methodologies across projects and with a broader scientific and
policy audience.  This is accomplished by:

• Opening carbon offset estimation procedures and reports to expert evaluation and critique by
third party TAP members;

• Providing opportunities for participants in various projects to meet and share ideas about
carbon monitoring and to standardize approaches as appropriate; and

• Disseminating key findings to a wider audience by including outside observers in panel
meetings and publishing summaries of primary advances.

Comments and recommendations from the TAP on how carbon monitoring protocols, plans, field
methods and reports could be improved will be condensed, and an annual report for publication
and presentation will be developed for each of the three annual meetings.

Progress

The fist TAP meeting occurred on August 1st, 2002, at The Nature Conservancy’s office in
Arlington, Virginia.  There were 30 participants, including project investors, NGO partners, U.S.
government representatives, and consultants. The four panelists were Gregg Marland from Oak
Ridge National Laboratory, Marco Boscolo from Harvard University, Jeff Fiedler from Natural
Resources Defense Council, and Neil Sampson from The Sampson Group. 

Presentations given at the meeting demonstrated the advances in techniques for establishing
baselines and innovative approaches to addressing leakage.  Both new and old methods were
compared and discussed in the context of The Conservancy’s international carbon projects:  the
Rio Bravo Carbon Sequestration Pilot Project in Belize, the Noel Kempff Climate Action Project
in Bolivia, and the Atlantic Forest Carbon Projects in Brazil.

The sources of data and methodologies that can be used to develop a baseline were reviewed.
Methods discussed included: expert opinion, available historical data (from FAO, local
government agencies or NGOs), satellite imagery and GIS data, and mathematical models such
as GEOMOD and LUCS.  There was a consensus that local expert opinion should only be used
in conjunction with more rigorous scientific data and methodologies, in order to enhance the
credibility and transparency of a baseline.  Advances in baseline technology were described,
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focusing on the two methods that the Conservancy is using to update the baselines on our carbon
sequestration projects, GEOMOD and EDAF.

Much of the discussion by the panel and participants focused on the trade-offs between cost and
accuracy for the different baseline methodologies.  Several solutions for resolving this trade-off
were offered, such as guidelines for using project-specific versus regional baselines.  Also
debated was the need for dynamic versus static project baselines.  Most participants agreed that
baselines cannot be accurately projected over more than a couple decades, although there
remained disagreement over how often a baseline would need to be revised.  Another frequently
mentioned solution for resolving trade-offs was to discount the credits received by a project if
they opt to use the more cost-effective, but potentially less accurate methods.  

During the second half of the TAP meeting, the topic of leakage was addressed.  Leakage occurs
when the greenhouse gas (GHG) benefits of the project are partially or completed negated by
increased GHG emissions outside of the project boundary.  Two main classes of leakage were
identified:  1) primary leakage, when the emissions are directly caused by the actors or activities
that the project targets, and 2) secondary leakage, or market effects such as changes in timber
prices, not caused directly by the targeted actors.  The panelists were in disagreement, some
making the case that that only primary leakage should be accounted for, and that secondary
leakage, especially in the long-term, is difficult to separate out from larger trends in land use and
production that are not related to the project.  Others made the case that projects need to account
for all leakage, since if they only reduce emissions in a specific location, but not overall
emissions, there is no benefit to the atmosphere.

A consensus emerged that minimizing leakage at the project design phase is important, and is
probably the most effective way of addressing the issue of leakage for land use projects. Well-
designed projects include measures, such as sustainable development activities, to mitigate the
risk of leakage.  Another way to address leakage up front is to expand the boundaries of the
project so that the baseline scenario can take into account shifts in activities and larger land-use
and market trends. 

There is still little agreement on what the boundaries for leakage analysis should be.  For
practical reasons, it is difficult for project developers to monitor leakage beyond the region or
country where the project occurs.  Potentially, if global timber demand is inelastic, then
reduction in supply due to a stop logging project will be made up by producer from another
country.  Theoretically, the country that increased production would have to account for its
increased emissions.  However, in the current situation, many countries do not account for their
GHG emissions and there is no way to control market leakage across countries.

In addition to spatial boundaries, temporal boundaries are important to address.  Many land use
projects are designed to be 30-50 year projects.  It is difficult and expensive to track actors and
prices over such a long period, especially on a region or country-wide basis.  Also, as time goes
by it becomes more difficult to assess causation.

Simple leakage methodologies are difficult to design.  A huge number of influencing factors lead
to a complex interaction between deforestation and reforestation drivers or agents.  Ecosecurities,
who were contracted to do the leakage analysis for the deforestation components of the Noel



61

Kempff and Rio Bravo projects, developed a framework to help project designers identify, track
and quantify leakage.  This framework was presented at the TAP, and many of the participants
thought it could be a useful tool.  It will be discussed in more detail in the formal TAP
proceedings.

Instead of designing one leakage methodology for all projects, another possible solution is
creating a project typology which would estimate the leakage risks for particular types of
projects.  The typology could include guidelines on addressing both primary and secondary
leakage for different project types.  Low risk projects would require a less complicated analysis.
However, the problem with this approach is that the leakage risks for project typologies do not
apply across the board. Within project typologies there are different methods for addressing
leakage, and varying likelihood for success.  

Because of these complexities, some panelists and other participants at the TAP meeting argued
that projects should only have to address primary leakage and only in the short term.
Discounting credits could again play a role in resolving the trade-off between cost and accuracy.
Projects could have choice to reduce offsets due to expected leakage, or do a sophisticated, long-
term analysis for secondary leakage

The consensus from the TAP members was that progress made on this topic has been impressive,
but key issues were identified where more work is still needed.  The discussions from the TAP
meeting were drawn upon to develop a publication on baseline and leakage methodologies used
by The Nature Conservancy.

Planning for the 2003 TAP meeting commenced.  The meeting will focus on presenting the
results of the Cooperative Agreement so far, and on evaluating specific carbon inventory and
baseline methods.  We are recruited experts in these fields to be on the panel.  Panelists selected
were:  Dr. Richard Birdsey from the USDA Forest Service, Dr. Brian Murray from Research
Triangle Institute, Ben de Jong from ECOSUR Institute, and our returning panelist, R. Neil
Sampson from The Sampson Group.  The 2003 meeting had occurred as of the writing of this
report, and will be described in detail in the next quarterly report.  Formal proceedings will be
written up, and the presentations from the meeting will be compiled and delivered to DOE.

Problems Encountered

The 2002 TAP meeting occurred without any problems.  We did face delays in publishing the
proceedings from the first meeting.  The scope and purpose of the publication changed several
times over the course of the year, and there have been problems finding sufficient time to finalize
the document while conducting ongoing research.

Deliverables in next reporting period (July 02 – June 03)

• The final report on baseline and leakage methodologies will be completed in October and
published later in the year.
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• The 2003 TAP meeting occurred on September 11th and 12th  at The Nature Conservancy’s
office in Arlington, Virginia, and will be reported on in the next quarterly report.

• Proceedings from the 2003 meeting will be written up and circulated to TAP members to get
further comments and edits during the month of October. 

• The proceedings will be finalized in November and distributed to scientific and policy
audiences.

• The 2004 TAP meeting will take place in June.

Assessment of Future Progress

The second TAP meeting occurred after the period covered by this report, but by June 31st,
planning was well underway to ensure a successful meeting.

The focus of the final TAP meeting will be determined over the coming months, but is likely to
include updates to work presented in 2003, along with new results from the ongoing work being
conducted under this cooperative agreement.  
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Task 5: New Project Feasibility Studies

Summary of Objectives 

The feasibility studies evaluate potential carbon sequestration ideas in terms of sequestration
potential, costs, impacts on local social, cultural, or economic needs, and their ability to
contribute other benefits such as the protection of biodiversity or improvements to water quality.
The studies also analyze the carbon sequestration ideas in terms of their ability to address
technical issues that may impact the carbon benefits of the project, such as leakage and the long-
term security of the sequestration.  Key tasks include:  data collection, carbon estimates,
assessment of co-benefits, calculation of project costs, risk analysis, definition of scope, and
compilation of the study.

The studies are occurring over a broad area of the U.S. to identify where biodiversity benefits
and low cost carbon sequestration opportunities overlap. Sites and activities are identified
according to both carbon sequestration potential and biodiversity goals.  The studies assess cost
per ton of CO2 sequestered for activities within the given sites.

The projects selected for the feasibility studies are– 
• Bottomland Hardwood Restoration; Mississippi Alluvial Valley: Mississippi, Louisiana,

Arkansas, and small portions of Tennessee, Illinois, and Missouri 
• Semi-arid Grassland Restoration; Apache Highlands, Arizona
• Mined Land Forest Restoration; southwestern Virginia
• Native Prairie Restoration; Kankakee Sands, Indiana
• Floodplain Forest Restoration; Pennsylvania
• Longleaf Pine Forest Protection and Restoration; Southeast U.S.: Florida, Georgia, Alabama
• Chesapeake River, Virginia

Progress

Work was completed on feasibility studies in two sites:  Apache Highlands, Arizona and
Kankakee Sands, Indiana.

Work is underway on feasibility studies in the Mississippi Alluvial Valley, Southwestern
Virginia, Chesapeake River Virginia, and Susquehanna Watershed in Pennsylvania.  The final
study will soon begin on the remaining sites in Florida.

1.  Bottomland Hardwood Restoration; Mississippi Alluvial Valley: Mississippi, Louisiana,
Arkansas, and small portions of Tennessee, Illinois, and Missouri

Climate action projects in the Mississippi Delta hold particular appeal and promise.  First, land
values and restoration costs for marginally productive agricultural areas are relatively low
compared to other places in the country.  Second, because of the Delta’s climate and soils carbon
sequestration potential is relatively high. Within the LMV, there remain 16.4 million acres of
reforestable land.  Carefully targeted reforestation/carbon sequestration projects have the
potential to restore habitat for threatened and endangered species, improve water quality, and
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serve as natural flood storage basins.  Preliminary analysis indicates that 4 million acres in the
LMV could be reforested to meet the multiple goals of carbon sequestration, habitat restoration,
water quality improvement, and natural flood storage basin creation.

Due to the potential for successful projects, TNC sees the feasibility study as an opportunity to
conduct a much broader analysis on the carbon sequestration project potential in the region.  To
this purpose, TNC is collaborating with the Lower Mississippi Valley Joint Venture to engage
the key participants in the region and explore how to leverage the DOE feasibility study into a
coordinated carbon sequestration program in the valley. 

The Lower Mississippi Valley Joint Venture is a private, state, and federal bird conservation
partnership conceived in 1988 in response to the North American Waterfowl Management Plan.
Since its inception, the self-directed partnership has broadened its biological scope to include
strategic planning and implementation for “all birds in all habitats”, and its geographic extent to
include the West Gulf Coastal Plain.  In response to challenges inherent in landscape scale
integrated bird conservation, LMV Joint Venture partners have organized their institutional
capabilities and personnel expertise to (1) define a science-based biological foundation, (2)
develop a spatially-explicit conservation blueprint of priority sites for restoration and
conservation, and (3) orchestrate habitat delivery and management.

Partners in this regional collaboration include: 
- Arkansas Game and Fish Commission
- Ducks Unlimited
- US Fish and Wildlife Service
- US Forest Service
- Louisiana Department of Wildlife and Fisheries
- Tennessee Wildlife Resources Agency
- Texas Parks and Wildlife Department
- The Conservation Fund
- The Nature Conservancy
- US Geological Survey
- Business Council for Sustainable Development
- Environmental Synergy, Inc.
- Fields to Forests
- Mississippi Fish and Wildlife Foundation
- Winrock International

Building on the data available, TNC and partners analyzed baseline trends in the LMV, explored
project costs, carbon yield curves, permanence, additionality, leakage, and socioeconomic issues
related to carbon sequestration projects.  Standards, including reforestation, monitoring, and
verification standards, were also discussed.   Priority sites for restoration and conservation, based
primarily on biodiversity and hydrological characteristics, are being identified. 

Research on this project was put on hold in order for several months to further develop plans for
the partnership under DOE’s Regional Partnership Proposal.  If funded, the Regional Partnership
would have greatly expanded the scope of the study.   Although the Partnership was ultimately
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not funded, it led to a more focused definition of joint goals, standards and methods for
determining priorities.  A draft feasibility study has now been completed and will be finalized in
January.

The first carbon sequestration projects involving bottomland hardwood restoration on cropland
in the U.S. were started in 1996.  Given that these projects contain very young trees, it is not
possible to measure the carbon sequestered in mature bottomland hardwood stands that were
established on cropland and managed as carbon sequestration projects.  Thus it is necessary to
look to existing mature stands of bottomland hardwoods in the LMV to approximate the carbon
sequestration potential of reforestation projects.

Bottomland hardwood forests have considerable potential to sequester carbon.  Birdsey (1996)
estimates in the south central states, planted bottomland hardwoods on lands with site indices 79
and above can sequester 343 metric tons of CO2 equivalent per acre over 70 years1.   The Birdsey
estimate is based on Forest Inventory and Analysis (FIA) data from plots in Alabama,
Mississippi, Tennessee, Arkansas, Louisiana, Texas, Oklahoma.

The Nature Conservancy contracted with Winrock International to analyze FIA data specific to
the LMV.  Winrock International recommends using the FIA-derived estimate (198 metric tons
of CO2 equivalent per acre for the large size class) as a lower bound and Winrock’s unpublished
field measurements (295-378 metric tons of CO2 equivalent per acre in 70 year old forest) as an
upper bound for the carbon sequestration potential in reforested bottomland hardwood stands in
the LMV.  

There are several drivers for reforestation in the Lower Mississippi Valley.  These drivers
include federal subsidy programs (e.g. the Conservation Reserve Program and Wetlands Reserve
Program), federal land acquisitions (land purchase and reforestation for inclusion in National
Wildlife Refuges), state land acquisitions, privately-financed carbon sequestration projects, and
other privately-financed reforestation. Carbon sequestered through privately-financed
reforestation (excluding carbon sequestration projects) can be considered beyond business-as-
usual sequestered carbon.  The baseline reforestation rate in the Lower Mississippi Valley is
represented by reforestation that is privately financed (excluding carbon sequestration projects).  

According to preliminary data from forest change detection in the Lower Mississippi Valley,
since the mid-1980s, forest cover increased by 790,000 acres (Ducks Unlimited, 2003).  To
determine the business-as-usual reforestation rate, the reforested acreage represented by
publicly-funded reforestation and privately-funded carbon sequestration projects should be
deducted from the total reforested acreage.  

Using available sources of data, 98 percent of the detected increase in forest cover in the Lower
Mississippi Valley can be attributed to publicly-funded reforestation and privately-funded carbon
sequestration projects.  Practically all reforestation that has occurred in the Lower Mississippi
Valley in the last seventeen years has been not been business as usual.  Thus on a region-wide

                                                
1 Includes aboveground and belowground biomass of trees and understory vegetation, coarse woody debris, forest
floor, and soils, and subtracts baseline soil carbon.
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scale, the baseline, business-as-usual reforestation rate in the Lower Mississippi Valley is
negligible2.

Carbon sequestration projects in the LMV will contain three necessary components: 1) land or
easement acquisition to compensate landowners for lost commodity revenue and to ensure
reforested lands remain in a forested status, 2) reforestation, and 3) monitoring of carbon
benefits.  Additional recommended components include hydrologic restoration and monitoring of
water quality and habitat benefits. Calculated is the first year price per metric ton of CO2
equivalent that would cover the project costs – that is the price that would result in a net present
value of zero – based on the set of assumptions in Table 6.

  Table 6      Assumptions for cost/price per metric ton of CO2 equivalent calculations
Land or easement purchase price $700, $800, $900, $1000, $1200, $1500 (per acre)
Closing costs $70/acre
Administrative costs 3% of purchase price
Planting costs $100, $200, $300
Carbon monitoring costs3 $1/acre/year (for length of carbon contract)
Management costs $0
Length of carbon contract 20 years, 40 years
Project size 1,000 acres
Discount rate 10%
Inflation rate (for price of carbon) 2%
Carbon sequestration – low rate
(metric tons of CO2 equivalent)

1.8 tons/year for years 1-20
4.95 tons/year for years 21-40

Carbon sequestration – high rate
(metric tons of CO2 equivalent)

3.0 tons/year for years 1-20
8.25 tons/year for years 21-40

Baseline carbon sequestration rate Negligible
Leakage 0% and 20% of terrestrial carbon sequestration

benefits

Using a 10% discount rate, given the most favorable circumstances (low land purchase costs, low
planting costs, high carbon sequestration and a 40-year carbon contract), the break even price of
carbon needed is $18/ton of CO2 equivalent.  This price exceeds the $3/ton and $10/ton of CO2
benchmarks set by the Department of Energy.  If a discount rate of 0% were applied, costs per
ton would be well below the DOE target of $10.

                                                
2 This is an imperfect analysis.  The forest change detection analysis indicates a net increase of 790,000 acres since
the mid-1980s, which includes some deforestation.  Thus the reforestation in the time period is likely more than
790,000 acres, as some deforestation has been offset through the net increase.  Recently planted trees are difficult to
interpret on satellite images.  CRP data is only available on a county-by-county level.  CRP data was included from
counties that intersect the Lower Mississippi Valley, representing a land area larger than the Lower Mississippi
Valley boundaries.   CRP acreage covered by CP3 (new tree planting) and CP11 (established trees) was included,
while acreage in other cover practices that could include tree planting (such as CP22 – riparian buffers) was
excluded. 
3 The carbon monitoring costs for the length of the carbon contract are assumed to be budgeted in year 1. All project
costs are budgeted in year 1, with carbon benefits coming in yearly for the length of the contract.
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2. Semi-arid Grassland Restoration; Apache Highlands, Arizona

To assess the additional carbon sequestration potential in the Apache Highlands ecological
region, the spatial extent and condition of the grasslands was assessed to estimate the magnitude
of land on which carbon sequestration projects could be developed.  Then explored were the
terrestrial carbon storage effects of restoring and managing Apache Highlands grasslands to meet
biodiversity goals, based on The Nature Conservancy’s project experience.

The first step was to rapidly assess and broadly characterize the extent of the vegetation changes
to grasslands in the Apache Highlands ecological region using an expert-based approach.  This
approach involved (1) the use of range management experts with in-depth knowledge of local
range conditions to map the spatial extent of a series of grassland condition types; (2) field
verification of the expert maps to assess their accuracy; and (3) re-mapping where necessary to
correct inaccuracies.  Our goal in doing this was to identify the best remaining native grasslands
and restorable grasslands for conservation planning and ecological management purposes.    

Experts identified 13,115,000 acres in the US and Mexico as current or former grassland (43.7%
of the ecoregion); this represents the historic distribution/extent of grasslands.  Most current and
former grasslands, 10,724,000 acres, occur in the US.

Vegetation changes in grasslands have been extensive and dramatic.  Native grasslands with low
shrub cover now cover only 2,019,000 acres, or 15.4% of current and former grassland.  Roughly
three-quarters of this high-quality native grassland, or 1,472,000 acres, occurs in the US (13.7%
of current and former US grassland).

Shrub encroachment, in some places extensive in other places less so, has occurred on over
9,273,000 acres, or 70.7% of current and former grasslands.  Approximately 3,829,000 acres of
this is restorable back to native grassland using prescribed burns (29.2% of current and former
grassland).  However, shrub cover has exceeded a threshold producing a type conversion from
grassland to shrubland on over 4.1 million acres or 36% of the historic extent of grasslands in the
ecoregion.  In the US, shrub encroachment has been more extensive and severe, affecting over
8,707,000 acres (84.1% of current and former US grasslands).  Shrub-invaded native grasslands
with restoration potential make up 3,478,000 acres of this (32.4% of current and former US
grasslands) while type conversion to shrubland has occurred on approximately 3,838,000 acres
(37.1% of current and former US grassland).  Thus, the opportunity for restoration of shrub-
invaded native grassland using prescribed fire is substantial in the US, as well as time-sensitive,
considering the amount of grassland that has already been converted to shrubland.

Almost 6 million acres (with low shrub cover) of grasslands in the Apache Highlands ecological
region could be managed to promote or restored to native grasslands.  On these lands there exists
the potential to sequester additional carbon through grassland management and restoration
activities.

In the second step, the Century model was applied at two grassland sites (Gray Ranch and
Muleshoe Ranch) in the Apache Highlands to assess the carbon sequestration potential of
grassland management and restoration activities.  The Gray Ranch and Muleshoe Ranch are sites
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that have experienced substantial degradation as result of overgrazing that started in the 1880s.
The Muleshoe Ranch was heavily grazed until the 1970's and has been invaded by mesquite
shrubs. The Gray Ranch is a desert grassland site that received heavy grazing pressure prior to
the 1930's but has not yet been invaded by shrub systems.

For inclusion in the Century model runs, the VEMAP4 database was used for soil and climatic
data for the two sites.  Site managers provided land use history and expected future management
activities.  A range of future management activities was modeled for the Gray Ranch and
Muleshoe Ranch, based on variations of grazing and fire application.  

The Century model results indicate that given the range of management activities, over a 100-
year time period, additional carbon sequestration will be negligible at Gray Ranch and negative
at Muleshoe Ranch.  These preliminary results suggest that management of grasslands to
promote good-quality grassland structure, either through maintenance of intact grasslands or
through restoration of shrub-encroached grasslands, will not result in significant additional
sequestration of carbon.
 
3. Mined Land Forest Restoration; southwest Virginia

Each year, approximately 6,300 acres are mined and reclaimed in southwest Virginia alone.
Subsidizing all or a part of these costs through carbon sequestration projects would be a strong
incentive for landowners to reforest their sites, and could also provide additional incentives for
an operator to remine and reclaim abandoned mine lands that would otherwise not be reclaimed. 

This feasibility study is exploring opportunities for reclaiming and reforesting abandoned mined
lands and reforesting mined lands that have been reclaimed to grassland in southwest Virginia.
The Conservancy’s interest in mined land reclamation is primarily related to its role in reducing
sedimentation of important aquatic habitat, such as the Clinch River.  The Clinch River is habitat
to the greatest diversity of freshwater mussels found in the world.

The Conservancy completed the GIS analysis to determine the potential for reforestation of
mined lands in the Clinch and Powell River Valleys.  We have also determined lands that when
reforested will have the biggest impact on freshwater biodiversity.. The report of this analysis
was submitted as a baseline study under Task 3.  

Dr. Gary Kronrad of Stephen F. Austin University has developed a model for predicting timber
harvest and carbon sequestration present value benefits, based on management technique,
various site indices, the price of carbon, and various internal rates of return (Kronrad, Bates and
Huang, 2002). The Conservancy prepared a list of options to model, including carbon payment
regimes, value maximization goals, and carbon accounting guidelines.  

We received the results from Dr. Gary Kronrad’s economic analyses.  After reviewing Kronrad’s
results, a draft report was completed.  The report will be finalized when Zoe Kant, the lead
researcher under this task, returns from maternity leave.

                                                
4 Vegetation/Ecosystem Modeling and Analysis Project
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4. Native Prairie Restoration; Kankakee Sands, Indiana

The Nature Conservancy’s restoration of native sand prairie at Kankakee Sands, Indiana has the
potential to sequester carbon in addition to the business-as-usual scenario (continued cultivation).
The Century model and analysis of field samples were used to assess the carbon sequestration
potential of this work.

Soil data, climatic data, and land use data were gathered for Kankakee Sands, for inclusion in the
Century model.  Modeling runs were done for the mesic prairie and prairie savanna system types
to determine carbon changes in the soil and plant carbon.   Figure 14 shows the additional system
carbon sequestration from restoration activities on the prairie savanna and mesic prairie.

  Figure 14     Kankakee Sands additional system carbon sequestration from restoration activities
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Literature estimates were used to project soil carbon sequestration rates in the wet prairie system
type.  In the baseline scenario, greenhouse gas emissions will result from fertilizer application
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(N2O).  After restoration, the restored wet prairie (wetland) soils will emit methane (CH4).
Literature estimates were also used to project changes in CH4 and N2O outputs.  

Figure 15 shows the estimated net greenhouse gas reductions from restoration activities at
Kankakee Sands in the wet prairie system, incorporating the CH4 emissions rates and avoided
N2O emissions rates from the literature.

  Figure 15     Kankakee Sands greenhouse gas changes in wet prairie

The Century model results for soil and plant carbon changes in the mesic prairie and prairie
savanna system types indicate that 24.5 and 46.5 metric tons of CO2 equivalent per acre
respectively, could be stored over 100 years due to restoration activities at Kankakee Sands.
Field samples were taken and analyzed to compare with the Century model results.

Using cultivated and different-aged restored prairie land within and contiguous with the
Kankakee Sands project area, soil samples were taken and analyzed using dry combustion.  The
results indicated a general trend of carbon gain in prairie soils with time after restoration.
However a statistically significant trend could not be demonstrated, due to the variation in the
results. 
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  Table 7      Number and type of soil samples taken for analysis in Kankakee Sands
Number of samplesSite Restoration age

(years)
Transects

30 cm
cores

1 m cores Bulk
density

Field E9 (Corn) 35 2 5Agriculture
(pre-restoration)

0
Field L15 (Soybeans) 35 3 5

Conrad Station 5 Conrad 30 1 5
East 10 - 2
West 15 - 2

Stoutsburg Savanna 12

Central 10 - 1
North (BLP-N) 35 3 5Beaver Lake Prairie

(intact prairie)
~100

South (BLP-S) 35 2 5

Despite the inconclusive field sampling results, it is interesting to compare the field results with
the model results for the prairie savanna and mesic prairie system types.   With the exception of
the mesic prairie model result at year 12 post restoration, all the Century model soil carbon
results fall within the minimum and maximum soil carbon measurements taken in the field.  

The cost per ton of CO2 equivalent sequestered was calculated in two different ways.  In the first
method the total project costs and the total project tons were estimated over a specified time
period, and then used to calculate the total cost over the total tons.  This cost calculation is based
on the premise that a carbon investor would pay up front for sequestration over a specified
number of years.  Using this method, based on the Century model results, the cost per ton of CO2
equivalent sequestered in soil and plant carbon is $62 if land acquisition and restoration costs are
included, and $19 if only restoration costs are included.  

In the second method the investor pays for carbon as it accumulates.  The cost/ton is determined
using the tons of carbon sequestered per year and the costs per year, to create an annualized
cost/ton.  The stream of annual carbon payments is discounted back to determine the net present
value.  The cost per ton of CO2 equivalent is then calculated as the annual price of carbon that
would result in a net present value of zero (representing the break even price of carbon; carbon
production costs are covered).  Using this method, based on the Century model results and
assuming a 20-year carbon contract, the break even cost per ton of CO2 equivalent sequestered in
soil and plant carbon is $348 if land acquisition and restoration costs are included, and $83 if
only restoration costs are included. 

Given these results, it does not seem that a carbon sequestration project in Kankakee Sands
would only be economically viable if sources of project finance, outside of carbon funds were
brought to bear.  A topical report, which discusses this research in more detail, was completed
and delivered to DOE.
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5. Chesapeake River

The Chesapeake River feasibility study in underway and will be completed by the end of
October.  Mirant Corporation provided match funds for this study.

The study will develop baseline trends through GIS change detection to determine the spatial
distribution of candidate sites and the baseline rates of change between land uses.  Reforestation
options will be identified, and the carbon sequestration rates for the reforestation options will be
calculated.

The feasibility study will also include a socio-economic analysis.  Trends in forestry and trends
in farming and agriculture will be identified.   Project technical issues, including leakage,
permanence and additionality will be assessed, and where possible, quantified.

The final result of the study will be to determine the most viable project opportunities, specifying
sites, methods and project costs.  A carbon monitoring plan will also be developed.

The study will be delivered as a topical report to DOE, and developed into a pilot project
proposal for Mirant Corporation.

6. Susquehanna Watershed, Pennsylvania

The Nature Conservancy is planning a project to reforest riparian land in the Susquehanna
watershed in Pennsylvania. Planting or permitting natural regeneration of forests in buffers
around streams and rivers allows the accumulation of carbon, improves wildlife habitats
and reduces pollutant run-off.

Winrock International examined the potential carbon benefits of creating riparian forested
buffers around streams and rivers in the Susquehanna watershed. Buffers equal to 15, 60,
100, 150 and 200 foot either side of streams or rivers were considered.

We assume that the project will be conducted in areas that have been continuously without
forests in the recent past. The vegetation in the project sites is assumed to be pasture
(Pennsylvania is the 4th largest milk producing state in the Union [NASS 2003]). In
Winrock’s experience approximately 1 - 2 t C per ha can be stored in this vegetation
system.  It may be assumed that biomass in understory vegetation in the with-project case
is roughly equivalent to the same biomass pool in the pasture (without-project) case,
though the composition of the pool may have shifted from herbaceous plants to woody
saplings and shrubs.  As this pool is thus predicted to be more or less constant, we propose
that it be excluded from measuring and monitoring, and that all tree biomass be considered
as additional

The most suited forest type for this habitat and geographic location is elm-ash-cottonwood. This
type of vegetation will accumulate between 90 and 150 tons of carbon per hectare in live tree
biomass after 80 years of regeneration (mean 120 t C/ha). Per hectare values were converted to
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quantities for each buffer size per mile of stream or river length. Over 80 years Winrock
International anticipates the sequestration of:

• 15 ft buffers: 175 t C/mile (range of 129-221 t C/mile)
• 60 ft buffers:  700 t C/mile (range of 519-884 t C/mile)
• 100 ft buffers:  1167 t C/mile (range of 860-1474 t C/mile)
• 150 ft buffers:  1750 t C/mile (range of 1290-2211 t C/mile)
• 200 ft buffers:  2333 t C/mile (range of 1720-2947 t C/mile)

The final result of the study will be to determine the most viable project opportunities will
be identified, specifying sites, methods and project costs.  A monitoring plan will be
developed.

Problems Encountered

There have been few problems encountered in the work under task 5.  Our contractors have been
delayed in producing deliverables, due to their workloads.  However, their work continues to
progress. 

The modeling work done by Dr. Gary Kronrad took much longer than anticipated.  The options
that The Conservancy wanted to model required him to adjust his model, and required a more
complex analysis.

Deliverables in next reporting period (July 02 – June 03)

All remaining studies will be complete including:

• Bottomland Hardwood Restoration; Mississippi Alluvial Valley, Mississippi, Louisiana,
Arkansas, and small portions of Tennessee, Illinois, and Missouri

• Longleaf Pine Forest Protection and Restoration, Southeast U.S.
• Floodplain Forest Restoration, Pennsylvania
• Chesapeake Rivers Reforestation, Virginia

Assessment of Future Progress 

Based on the information we have currently, we expect the following general results, shown in
Table 8:
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 Table 8     Expected Results from Feasibility Studies

Feasibility Study Carbon
sequestration
potential

Viable project
(factoring in project
costs)

Bottomland Hardwood Restoration; Mississippi
Alluvial Valley 

Positive Yes

Semi-arid Grassland Restoration; Apache
Highlands, Arizona

Negative Not viable

Mined Land Forest Restoration; southwestern
Virginia

Positive Yes

Native Prairie Restoration; Kankakee Sands,
Indiana

Negligible Low viability

Longleaf Pine Forest Protection and Restoration;
Southeast U.S.

Positive Probable

Floodplain Forest Restoration; Pennsylvania Positive Probable
Chesapeake River; Virginia Positive Yes
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Task 6:  Development of New Project Software Screening Tool

Summary of Objectives
 
There is currently a great interest in carbon offsets across the United States, but little knowledge
by many organizations and private landowners with access to land about what is required to
make a project an attractive one.  Easy-to-use tools are needed for quick screening of specific
carbon sequestration project ideas.  We are developing an Excel-based screening tool to provide
an initial estimate of both the costs of carbon monitoring, and the carbon emissions avoidance or
removals, represented by different project ideas.  The model will allow the user to explore
carbon offset potential in a variety of ecosystem types and baseline conditions found across the
United States. 

Some of the attractive features of this type of tool are the following:  (1) they may require few
inputs that are easy to generate; (2) they are easy to modify and adaptable to local or regional
conditions; (3) once they are calibrated, they are user friendly and can be used by people coming
from a variety of backgrounds; and (4) they provide key information needed to determine
whether or not a project idea would be feasible.

In order to develop the screening tools, four main objectives were identified:

• Data collection and calibration by gathering information across the U.S. on: 
1. Carbon inventories and sequestration rates
2. Land purchase or acquisition costs 
3. The costs of monitoring carbon storage over time
4. Other implementation and management costs 

• Incorporation of data into the model
• Development of guide
• Dissemination of model

Progress

After exploring various templates for a screening tool, it was determined that the final product
would incorporate at least two components:  (1) a carbon monitoring cost spreadsheet to estimate
measurement costs for various project types; (2) a carbon sequestration spreadsheet to model
total carbon sequestered by a project in different geographic areas.  By combining the two
models, a project designer would be able to quickly calculate whether the value added by selling
carbon credits would be more or less than the additional cost imposed by monitoring the carbon
over the life of the project.

Carbon Monitoring Cost Spreadsheet

To date spread sheets have been developed that calculate monitoring costs for 4 project types: 

1. Measurement costs for contiguous parcels of land, excluding soil carbon
2. Measurement costs for contiguous parcels of land, including soil carbon 
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3. Measurement costs for non -contiguous parcels of land, excluding soil carbon
4. Measurement costs for non-contiguous parcels of land, including soil carbon

Work has also been done to analyze the change in project costs as the coefficient of variation and
project area vary.  The coefficient of variation reflects the heterogeneity of the project area.  A
more heterogeneous project will require a larger number of sample plots than a more
homogeneous project to obtain the same accuracy of results.  The one remaining item to
incorporate into the model is the relationship between costs and timing.  

Carbon Sequestration Spreadsheet

This model will be based on Forest Inventory and Analysis (FIA) data on carbon sequestration
rates developed by Dr. Richard Birsdey for forest types across the United States.  FIA data will
be augmented with data gathered through the feasibility studies.

Other
Through work on the Chesapeake River feasibility study in Virginia, TNC has also explored
developing an optimization model.  The objective of the model is to help determine optimum
project design in the study area, taking into account various criteria for projects, including
carbon, biodiversity, income from timber or other landowner priorities, and various constraints,
such as cost.  The result of this work will be further researched to see if it would be feasible to
create a tool based on that template given the scope and timing of our cooperative agreement

Problems Encountered

The challenge will be to develop a relatively accurate tool that requires few inputs and is simple
to use, but is flexible enough to apply to a variety of project types, sizes, and geographical
locations.  Models that The Nature Conservancy has explored to date would all require
significant amounts of adjustments and data input to make them useful for various geographic
locations.  We are considering partnering with a software development firm to work through
some of these issues.

Deliverables in next reporting period (July 03 – June 04)

• Additional biomass and growth data from the feasibility studies will be compiled to be used
in the carbon sequestration spreadsheet

• The carbon monitoring cost spreadsheet will be finalized (December, 2004)
• The carbon sequestration spreadsheet will be created (April, 2004)
• The two will be combined, and the final tool will be submitted to DOE (June, 2004)

Assessment of Future Progress 

The draft carbon monitoring cost spreadsheets are being reviewed and refined.  This component
of the tool will be completed by December 2003.
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The biomass and growth data that is being collected as part of the 7 domestic feasibility studies
will directly contribute to the development of the carbon sequestration spreadsheet.  The
Conservancy will hire a contractor to help compile the FIA data on carbon sequestration rates
across the country.

We have already developed several simpler versions of the model for use in the feasibility
studies, and will be building upon these, along with the model developed in Brazil. 
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CONCLUSION

Since initiating this work two years ago, The Nature Conservancy and collaborators have made
great strides in achieving the research goals of this cooperative agreement.  The Climate Action
Project Research Initiative is helping to improve existing carbon inventory methods, create new
methods where adequate methods do not exist, and compare offset estimate methods to identify
those that are most cost-effective.  Though this work is ongoing, preliminary results have helped
to strengthen carbon inventories and have shown great promise in terms of measuring carbon
pools that were either too difficult or too expensive to measure in the past.  Results suggest that
M3DADI is a viable alternative to traditional ground measurements and has unique and valuable
characteristics, such as providing a permanent record that can be revisited. 

Further work is also being accomplished to establish policy-relevant baselines.  Over the next year,
baseline approaches will be compared in more detail.  Initial comparisons between GEOMOD and
FRCA have show that the latter may be more portable because it can be conducted using both ARC and
IDRISI software, whereas GEOMOD depends upon IDRISI.  GEOMOD however, is more automated.
A more thorough analysis will be done to evaluate which is more cost-effective and practical.  The
models also vary in terms of how they project future land use trends, and an assessment of accuracy,
transparency, and acceptability to policy-makers needs to be made.

The research fills an important niche in exploring whether or not carbon sequestration can lead to
meaningful conservation benefits.  In particular, it is assessing the cost-effectiveness of various
conservation activities across the U.S. in terms of the cost per ton of CO2 emissions reduced or
removed.  Early results are mixed, with some conservation activities, such as prescribed burning
in grasslands, leading to net emissions of CO2, other activities leading to emissions reductions
and removals that are prohibitively expensive, and still others where conservation can lead to
cost-effective carbon sequestration.

Standard tools to aid project development have been difficult to develop due to the large
variation in carbon sequestration rates and land acquisition costs across the United States.
Having evaluated several templates for a project screening tool, The Nature Conservancy has
determined that the most replicable model would contain two components:  (1) a carbon
monitoring cost spreadsheet to estimate measurement costs for various project types; and (2) a
carbon sequestration spreadsheet to model total carbon sequestered by a project in different
geographic areas.  This tool will allow a project designer to quickly calculate whether the value
added by selling carbon credits would be more or less than the additional cost imposed by
monitoring the carbon over the life of the project.
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Appendix 1

2003 Nested Plot Data for the Rio Bravo Carbon Sequestration Pilot Project
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FIELD DATA FOR PERMANENT SAMPLE
PLOTS

No. of stems<5cm
Plot # Tree/tag # (S,M,L) Species DBH(cm) or height(m) 1 m radius

1P10001 S001 6 0.91
M002 10 26.3
M003 10 36.5
S004 11 18.1
M005 11 29.4
M006 11 26.7
M007 10 29.1
M008 10 24.8
M009 10 20.8
M010 11 20.3
M011 11 22.6
M012 11 39.8
M013 10 31.3
M014 10 22.9
M015 10 25.4
M016 10 23.1
M017 10 26.1

1P10002 M001 10 22.4
M002 10 35
M003 10 39.4
M004 10 31.1
M005 11 28.8
M006 11 32.2
M007 10 34
M008 11 21.6
M009 10 37.4
M010 10 34.2
M011 10 21.5

1P11003 M018 10 35.1
M019 11 32.1
S020 6 2.1
S021 6 2.8
S022 6 1.9
S023 6 1.45
S024 6 2.15
M025 10 38.6
M026 11 24.7
M027 10 20.8
M028 10 27.2

1P11004 S-501 12 8.5
S-502 12 5.9
S-503 10 5.3
S-504 12 6.0
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S-505 10 9.5
S-506 10 17.1
M-507 10 24.0
M-508 10 32.5

1P11005 S-509 12 7.4
M-510 10 34.1
M-511 10 21.4
M-512 11 26.3

1P11006 M-513 10 26.5
M-514 10 23.9
M-515 10 41.2
M-516 10 29.0
M-517 10 27.0
M-518 10 40.8
M-519 10 26.8
M-520 10 28.8

1P10007 S-521 10 8.6
S-522 11 11.0
S-523 11 15.3
M-524 10 34.4
S-525 10 8.4
S-526 10 7.2

1P11008 S-550 10 18.9
S-551 10 16.6
S-552 10 15.1
S-553 10 15.1
S-554 10 12.6

1P10009 S-527 6 1.25 1
S-528 6 1.6
S-529 6 2.04
S-530 6 1.58
S-531 6 0.34
S-532 6 1.15
S-533 6 2.24
S-534 11 9.3
S-535 6 1.15
S-536 6 1.7
S-537 6 2.05
S-538 6 1.15
M-539 10 34.3
M-540 10 32.8
M-541 10 39.5
M-542 10 28.7
M-543 10 27.6
M-544 10 28.3

1P11010 M-555 10 26.1
S-556 10 16.1
M-557 10 30.3
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M-558 10 27.1
M-559 10 25.3
M-560 10 36.3
M-561 10 35.4
M-562 10 36.4
M-562 10 35.7

1P10011 S-564 11 10.3
S-565 11 12.5
S-566 11 16.7
S-567 11 12.1
S-568 11 6.6
M-569 11 26.4
M-570 10 27.1
M-571 10 20.9
M-572 10 26.7
M-573 11 25.6
M-574 6 35.7

1P11012 S-575 6 2.5
S-576 6 1.88
S-577 6 2.4
S-578 6 2.18
S-579 6 1.8
S-580 10 17.5
M-581 10 34.5

1P10013 S-582 13 7.8 2
M-583 10 34.1
S-584 12 10.1
S-585 12 5.1
M-586 10 24.7
M-587 10 24.0
M-588 12 27.2
M-589 10 47.5
M-590 10 45.0

1P10014 M-591 10 31.3
M-592 10 22.1
M-593 10 34.4
M-594 10 34.5
M-595 10 25.9
M-596 10 36.7
M-597 12 22.9
M-598 10 25.7
M-599 10 24.9
M-600 10 31.7

1A1015 S-601 11 12.8
S-602 11 18.0
S-603 11 6.1
S-604 11 8.5
S-605 6 4.5
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S-606 11 5.6
S-607 11 13.7
S-608 6 1.24
S-609 6 4.9
S-610 6 4.5
S-611 6 3.2
S-612 11 8.4
M-613 10 25.1
M-614 11 29.5
M-615 10 44.5
M-616 11 25.8
M-617 10 34.3

1P11016 M-618 10 37.3
M-619 10 37.2
M-620 10 33.0
M-621 10 22.9
M-622 10 27.8
M-623 10 21.3
M-624 10 22.8
M-625 10 24.4
M-626 10 24.5
M-627 10 43.7
M-628 10 23.1
M-629 10 49.6
M-630 10 42.7
M-631 10 27.4
M-632 10 31.2
M-633 10 35.0

1P13017 S-634 6 2.8
S-635 15 5.1
S-636 15 5.0
S-637 15 5.4
S-638 15 5.0
M-639 10 23
M-640 10 33.5
S-641 10 8.9
S-642 11 6.9
S-643 6 2.6
S-644 13 5.6
S-645 6 2.8
S-646 6 1.85
S-647 6 1.65
S-648 6 1.4
S-649 13 7.9
S-650 15 6.0
S-651 13 10.3
M-652 16 20.7
S-653 16 15.8
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S-654 6 2.4
S-655 6 1.4
S-656 6 2.4
S-657 6 1.85
S-658 6 2.0
S-659 6 2.03
S-660 13 5.0
S-661 10 6.5
S-662 10 7.5
S-663 10 6.6
S-664 15 5.3
S-665 15 7.2
S-666 15 7.0
S-667 10 5.4
S-668 15 7.1
S-669 15 6.4
S-670 15 5.1
S-671 16 13.8
S-672 10 5.4
S-673 15 6.6
S-674 15 6.1
S-675 15 6.8
S-676 15 6.6
S-677 15 5.6
S-678 16 15.3
S-679 15 5.4
S-680 15 7.6
S-681 15 7.2
S-682 6 2.0
S-683 6 1.8
S-684 6 1.6
S-685 6 1.72
S-686 15 7.0
S-687 10 5.0
S-688 6 1.5
S-689 6 2.4
S-690 6 2.56
S-691 6 2.1
S-692 15 5.3
S-693 6 2.2
S-694 6 2.4
S-695 6 2.2
S-696 6 2.7
S-697 6 2.9
S-698 6 2.0
S-699 6 3.2
S-700 6 2.0
S-701 6 2.15
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1P12018 S693 6 14.4
S694 10 5.4
S695 10 6.6
S696 10 7.7
S697 10 5.5
S698 10 5.6
S699 10 7
S700 12 12.9
S701 10 6.5
S702 12 7.9
S703 10 10.4
S704 10 5.4
S705 10 6.3
S706 10 8.5
S707 10 7
S708 10 6.9
S709 10 7
S710 10 6.1
S711 10 5
S712 13 5
S713 10 6.2
S714 10 5.3
S715 10 5.4
S716 10 5.7
S717 10 6.3
S718 10 5.6
S719 10 6.9
S720 10 6.1
S721 10 6.7
S722 13 7.5
S723 13 7.3
S724 12 11.3
S725 12 5.7
S726 12 6
S727 10 6.5
S728 10 6.5
S729 10 6.7
S730 10 5.7
S731 10 7
S732 10 7.2
S733 10 5.3
S734 10 7.1
S735 12 9.7
S736 10 5.9
S737 10 7.4
S738 10 5.9
S739 10 7.1
S740 10 7.5
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S741 10 6.8
S742 10 5.9
S743 10 6
S744 13 5.3
M745 10 56.3

1P12019 M746 10 35.3
S747 6 1.5
S748 6 1.45
S749 6 1.44
S750 6 1
S751 6 1
S752 15 6.1
S753 10 13.3
S754 6 0.4

1P12020 S755 12 6.4
S756 10 9.6
S757 10 13.8
S758 10 7.9
M759 10 24.5
S760 6 2.4
S761 6 0.9
S762 6 0.8
S763 6 1.7
S764 10 6.3
S765 10 13.5
S766 10 13

1P12021 NIL NIL NIL
1P12022 S767 13 8.2

S768 13 9.5
S769 16 8.5
S770 16 9.1
S771 12 5.6
S772 13 16.1
S773 16 7.8
S774 16 6
M775 10 30.6
S776 13 7
S777 13 7.8
S778 13 5.5
M779 10 39.3
S780 13 7
S781 6 1.2
S782 6 1.4
S783 6 1.3
S784 6 1.6
S785 6 1.08
S786 6 0.97
S787 6 1.4
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S788 6 1.3
S789 6 2.6
S790 6 3.1
S791 6 3.3
S792 6 1.8
S793 6 3
S794 6 3.3
S795 6 3.5
S796 6 1.8
S797 6 2.2
S798 6 3.8
S799 6 1.7
S800 6 2.1
S801 6 2.7

1P12023 M802 10 34
M803 10 39.9
S804 10 6
S805 10 5
S806 10 5.4
S807 10 5.7
S808 10 5.2
S809 10 7.6
S810 10 5
S811 10 13.1
S812 10 10.8
S813 10 13.2
S814 10 8.8
S815 10 5.9
S816 10 8.2
S817 10 11.6
S818 10 6.8
S819 10 8
S820 10 5.9
S821 10 6.3

1P12024 S822 10 9.4
S823 10 6.2
S824 10 10.8
S825 10 9.7
S826 10 8.4
S827 10 6.6
S828 10 5.8
S829 10 13.9
S830 13 6.6
S831 13 6.5
S832 10 6.5
S833 10 10.3
S834 10 5.1
S835 10 7.5
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S836 10 5.4
S837 10 9
S838 10 7
S839 10 10.5
S840 10 7.2
S841 10 13
S842 10 11.3
S843 10 5.4
S844 10 6.9
S845 10 16
S846 10 5.8
S847 10 6.7
S848 10 6.8
S849 10 10
S850 10 7.2
S851 10 7.9
S852 10 11.9
S853 6 1.2
S854 6 2
S855 6 1.7
S856 6 1.6
S857 6 1.35
S858 6 2.2
S859 6 1.33
S860 6 1.4
S861 6 1.45
S862 6 0.75
S863 6 1.15
S864 6 1.4
S865 6 1.8
S866 6 6.5
S867 10 6.1
S868 10 11.5
S869 10 15.5
S870 10 7.5
S871 10 11.3
S872 10 6.3
M873 10 32.6
M874 10 31.3
S875 10 5.5
S876 10 5.5
S877 10 5.5
S878 10 5.2
S879 10 7.5
S880 10 5.8
S881 10 9
S882 10 6
S883 10 11.5
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S884 10 5.7
S885 10 11.8
S886 10 16.2
S887 10 8.4
S888 10 6
S889 10 8.7
S890 10 5.7
S891 10 6.8

1P12025 S892 10 13.4
S893 10 8.2
S894 10 7.4
S895 10 10.1
S896 10 15
S897 10 8.5
S898 6 0.4
S899 6 0.4
S900 6 0.5
S901 6 0.8
S902 6 0.7
S903 6 1.8
S904 10 7.6
S905 10 13.6
S906 10 12.6
S907 10 15.5
S908 10 6.7
S909 10 6.7
S910 10 10.5
S911 10 8.2
S912 10 7.6
S913 10 13.2
S914 10 8.4
S915 10 12.6
S916 10 6.6
S917 10 9
S918 10 7.5
S919 10 7.3
S920 10 9.3
S921 10 6.5
S922 10 9.5
S923 10 5.2
S924 10 11.9

1P12026 S925 10 5.7
S926 10 11.4
S927 10 9.6
S928 10 14
S929 10 14.6
S930 10 8.2
S931 10 10.3
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S932 10 15.7
S933 10 8.2

1P13027 NIL NIL NIL
1P13028 S934 10 5

S935 6 0.65
S936 12 11.9
S937 10 5.2
S938 10 8.8
S939 11 6.3
S940 11 5.5
S941 10 6.8
S942 11 5.5
S943 11 7.1
S944 11 5.5
S945 11 7.8
S946 11 5.2
S947 11 7.1
S948 11 5.2
S949 13 5.6
S950 11 5.2
S951 11 5.1
S952 11 6.5
S953 11 6.5
S954 11 5.7
S955 11 5.1
S956 11 5.2
S957 11 5.6
S958 11 5.4
S959 11 5.1
S960 12 7.1
S961 11 5.3
S962 11 6.7
S963 11 6.7
S964 13 6.4
S965 11 6.8
M966 11 25.4
S967 13 10.9
S968 13 12.8
S969 10 5.3

1P13030 S970 6 1.9
S971 6 2
S972 6 2.4
S973 6 1.5
S974 6 1.55
S975 6 0.6
S976 6 0.4
S977 6 1.9
S978 6 1.8
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S979 10 10.8
1P13031 S980 11 7

S981 11 5.8
S982 11 5.6
M983 10 34.4
S984 11 6.6
S985 11 6.4
S986 12 5.8
S987 10 5.1
S988 13 5.5
S989 10 6
S990 12 10
M991 10 38.8
S992 10 7
S993 10 8.5
S994 10 6
S995 10 7.6
S996 10 5.3
S997 10 5.5
S998 10 6.3
S999 10 5.8
S1000 10 6
M1001 10 59.8
S1002 12 6.5

1P13032 S1003 10 6.1
S1004 10 5.9
S1005 10 6
S1006 10 6.6
S1007 10 7
S1008 6 1.4
S1009 6 0.5
S1010 6 1.8
S1011 6 1.1
S1012 6 1.7
S1013 6 1.05
S1014 10 8.5
S1015 10 7
S1016 13 8.3
S1017 13 9
S1018 15 7
S1019 15 5.3
S1020 15 6.7
S1021 15 5.8
S1022 15 5.1
S1023 15 5.2
S1024 15 5.4
S1025 15 5.1
S1026 15 5.1
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S1027 15 5.5
S1028 15 5.1
S1029 15 5.1
S1030 15 5.7
S1031 15 6
S1032 15 5
S1033 15 6
S1034 15 7.3
S1035 15 9.1
S1036 13 6.3
S1037 15 8
S1038 15 5
S1039 15 5.2
S1040 15 5.1
M1041 16 21.6
S1042 15 7.1
S1043 15 6.8
S1044 15 7
S1045 15 5.4
S1046 15 7.8
S1047 15 6.8
S1048 15 6.7
S1049 15 5.7
S1050 15 6.3
S1051 10 5.1
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FIELD DATA FOR STANDING DEAD
TREES

Height(m)             Diameter (cm)
Plot # Proportion remaining Density

class
Total Top dbh Base

1P10001 NIL NIL NIL NIL NIL NIL
1P10002 4 S 3.3 11.1 19.2
1P11003 NIL NIL NIL NIL NIL NIL
1P11004 I 0.65 40.5 46.9

I 0.38 43.4 46.9
I 0.44 37.2 38.4
I 1.40 28.2 39.1

1P11005 I 0.38 37.7 49.2
S 5.70 12.0 32.6
I 0.30 40.2 42.8
I 0.38 12.7 18.8

1P11006 NIL NIL NIL NIL NIL
1P10007 I 0.61 46.1 50.0

I 0.20 52.0 55.2
1P11008 S 4.20 7.0 23.5

S 5.50 7.3 13.9
S 1.80 17.0 20.1
S 0.25 37.8 38.0

1P10009 NIL NIL NIL NIL NIL
1P11010 2 S 54.5

S 0.87 11.0 15.0
1P10011 S 0.49 55.8 63.5

S 0.40 46.9 53.1
1P11012 I 1.05 50.3 59.7
1P10013 I 0.42 39.3 49.8

I 0.26 45.6 53.3
S 0.60 15.5 25.2
I 0.77 29.5 40.5

1P10014 I 3.00 15.0 28.1
I 0.08 10.0 11.2

1P10015 I 3.50 13.0 23.2
S 4.50 11.5 28.0
I 2.20 8.0 10.9

1P11016 S 0.43 15.3 20.0
I 2.20 7.6 11.5
S 0.43 17.7 23.3
I 1.87 7.7 12.8
I 6.00 13.0 31.7
I 0.43 24.6 30.2

1P13017 NIL NIL NIL NIL NIL
1P12018 I 0.92 12.2 11.7
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1P12019 NIL NIL NIL NIL NIL NIL
1P12020 NIL NIL NIL NIL NIL NIL
1P12021 NIL NIL NIL NIL NIL NIL
1P12022 NIL NIL NIL NIL NIL NIL
1P12023 S 4.4 18 29.2
1P12024 NIL NIL NIL NIL NIL NIL
1P12025 I 2.2 13 11.6
1P12026 NIL NIL NIL NIL NIL NIL
1P13027 NIL NIL NIL NIL NIL NIL
1P13028 NIL NIL NIL NIL NIL NIL
1P13029 NIL NIL NIL NIL NIL NIL
1P13030 NIL NIL NIL NIL NIL NIL
1P13031 NIL NIL NIL NIL NIL NIL
1P13032 I 9.5 14 38.9



99

TREE CODES
Common

Name
Scientific name Family

6 PALMETTO Acelloraphe wrightii Palmae
10 PINE Pinus caribea Pinaceae
11 OAK Quercus oleoides Fagaceae
12 YAHA Curatella americana Dilleniaceae
13 CRABOO Byrsonima crassifolia Malpighiaceae
14 WHITE OAK Ternstroema

tepezapote
Theaceae

15 TEABOX Myrica cerifera Myricaceae
16 CALABASH Cresentia cujete Bignoniaceae
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PLOT DESCRIPTION AND LOCATION

Type Plot No. Eastings Northings Years since
last burn

pine oak
woodland

1P1001 318045 1937767 8

pine oak
woodland

1P1002 317569 1936510 8

pine woodland 1P11003 317530 1934906 8
pine woodland 1P11004 318084 1937874 8
pine woodland 1P11005 317949 1937781 8
pine woodland 1P11006 317836 1937788 8
pine oak
woodland

1P10007 317661 1936530 8

pine woodland 1P11008 317438 1936500 8
pine oak
woodland

1P10009 317338 1936498 8

pine woodland 1P11010 317544 1934818 8
pine oak
woodland

1P10011 317501 1934697 8

pine woodland 1P11012 317494 1934628 8
pine oak
woodland

1P10013 316658 1933768 8

pine oak
woodland

1P10014 316609 1933678 8

pine oak
woodland

1P10015 316543 1933599 8

pine woodland 1P11016 8
shrub grassland 1P13017 317485 1934541 8
pine grassland 1P12018 316385 1928608 1
pine grassland 1P12019 322625 1943654 1
pine grassland 1P12020 322479 1943634 1
pine grassland 1P12021 322381 1943616 1
pine grassland 1P12022 322284 1943598 1
pine grassland 1P12023 318736 1938251 10
pine grassland 1P12024 318794 1938333 10
pine grassland 1P12025 318861 1938400 10
pine grassland 1P12026 318960 1938426 10
shrub grassland 1P13027 319851 1940168 1
shrub grassland 1P13028 319952 1940162 1
shrub grassland 1P13029 320048 1940164 1
shrub grassland 1P13030 320151 1940165 1
shrub grassland 1P13031 317551 1934437 8
shrub grassland 1P13032 317473 1934373 8



CLIP PLOT MEASUREMENTS
Plot No. Tot. fresh wt.(g) Subsample fresh wt.(g) No. of No. of Subsample dry wt(g)

Understory Litter Understory Litter clip plots
palmetto

/ht

Understory minus bag Litter minus
bag

1P10001 1965 2970 76 87 4 52.4 38.4 87.4 73.4
1P10002 1145 2255 164 70 4 136.2 122.2 63.7 49.7
1P11003 411 1577 49 60 4 41.5 27.5 62.8 48.8
1P11004 448 2054 75 78 4 54.8 40.8 78.2 64.2
1P11005 165 1558 35 40 4 34.5 20.5 41.8 27.8
1P11006 513 2827 53 68 4 33.9 19.9 55.1 41.1
1P10007 60 2148 40 94 4 23.6 9.6 75.7 61.7
1P11008 nil 1625 nil 96 4 nil nil 80.8 66.8
1P10009 532 1490 50 45 4 37.3 23.3 56.4 42.4
1P11010 2237 2149 100 100 4 76 62 91 77
1P10011 490 1308 90 90 4 57.1 43.1 66.9 52.9
1P11012 238 1440 93 78 4 54.1 40.1 51.5 37.5
1P10013 485 1656 90 75 4 51.2 37.2 51.9 37.9
1P10014 288 531 50 46 4 40 26 45.5 31.5
1P10015 190 1369 40 50 4 29.7 15.7 52.1 38.1
1P11016 423 726 60 50 4 33.2 19.2 48.3 34.3
1P13017 594 957 73 57 4 53.3 39.3 54.4 40.4
1P12018 515 50 63 30 4 36.6 22.6 35.4 21.4
1P12019 795 NIL 40 NIL 4 22.7 8.7 nil nil
1P12020 342 275 90 87 4 40.8 26.8 40 26
1P12021 13.8 NIL 49 NIL 4 30.7 16.7 nil nil
1P12022 528 64 50 35 4 26.7 12.7 40.6 26.6
1P12023 669 1278 70 60 4 48.3 34.3 49.3 35.3
1P12024 1085 848 80 60 3 1/2.1 49.6 35.6 36.7 22.7
1P12025 1504 1110 61 75 4 41.3 27.3 49.3 35.3
1P12026 723 1642 90 95 4 57.7 43.7 55 41
1P13027 612 124 57 35 4 43.6 29.6 36.7 22.7
1P13028 321 161 60 40 4 46.7 32.7 40.8 26.8
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1P13029 514 324 70 48 4 45.1 31.1 46.1 32.1
1P13030 1325 424 40 33 4 48.7 34.7 38.3 24.3
1P13031 888 898 55 55 4 37.7 23.7 49.6 35.6
1P13032 2870 1557 200 55 4 129.5 115.5 43.5 29.5



FIELD DATA FOR FALLEN DEAD WOOD MEASUREMENTS

Diam. Width disc dry
Wood Diameter (cm) Diam of hollow of disc(cm) of disc(cm) wt.(g)

Plot #  type Sound Intermed. Rotten portion(cm) L1 L2 T1 T2
1P10001 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P10002 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P11003 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P11004 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P11005 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P11006 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P10007 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P11008 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P10009 D 13.2 5.0 229

D 14.0 125.2
1P11010 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P10011 D 30.0 27.2 23.2 3.4 4.0 1698.1

29.0 23.0 4.0 4.0 1812.1
27.2 24.0 3.6 3.2 1828.7

1P11012 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P10013 D 11 9.8 7.8 4.2 3.8 233.4

8.2 9.6 3.9 4.1 258.6
10.0 10.8 3.8 3.7 258.8

1P10014 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P10015 D 12.5 9.2 6.3 4.8 4.7 165

7.9 7.0 4.5 4.8 145.3
7.2 8.0 3.5 4.0 122.7

1P11016 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P13017 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12018 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12019 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12020 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12021 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12022 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12023 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12024 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12025 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P12026 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P13027 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P13028 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P13029 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P13030 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P13031 NIL NIL NIL NIL NIL NIL NIL NIL NIL
1P13032 NIL NIL NIL NIL NIL NIL NIL NIL NIL
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Appendix 2

2003 Destructive Sampling Data to Develop M3DADI-Compatible
Regressions



Calabash

No. Tot ht.(m) dbh(cm) crown crown branch stem lvs sample lvs dry minus disk sample disk
diameter diameter wt (kg) wt (kg) wt (g) wt bag wt. wt (g) dry wt(g)

1 4.2 23.35 5.6 5.3 76.5 143 125 65.9 51.9 916 427.1
2 3.6 23.5 4.7 3.95 50 90.67 180 79.2 65.2 1312 754.3
3 5.45 25.8 4.4 4.2 68.7 175.95 280 144.2 130.2 581 344.3
4 6.1 28 4.95 4.55 53.8 226.35 260 142.4 128.4 1430 746.2
5 5.45 23.9 4.1 3.8 54.1 164 295 164.4 150.4 1100 573.4
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Palmetto(2x2)
No. of lvs(kg) stem lvs dry wt minus disk dry wt

No. stems Max ht av ht bulk wt bulk wt %
cov

wet wt (g) bag wt wet wt (g)

1 12 5.15 4.35 16.255 71 60 172 100.7 86.7 224 118.7
2 6 4.96 4.24 11.6 44.1 50 138 84 70 170 82.4
3 10 4.3 3.3 13.2 39.1 60 104 69.3 55.3 212 108.1
4 12 4.68 4.55 7.75 58.25 40 91 53.5 39.5 235 115
5 9 4.87 4.42 4.25 32.1 40 120 67.4 53.4 151 68.5
6 11 3.77 2.75 6.5 40.3 40 115 64.2 50.2 215 94.8
7 5 3.15 3.05 4.4 23.65 35 141 76 62 219 91.3
8 9 3.3 2.68 10.65 44.4 90 133 78.8 64.8 185 81
9 12 2.9 2.37 13.45 39.75 100 122 79.6 65.6 192 69.7
10 6 2.95 2.28 6 15.25 95 120 77.6 63.6 245 96.7
11 7 2.75 1.97 7.5 24.4 85 140 87.1 73.1 200 89.9
12 7 2.98 2.6 7 23.9 85 83 62.6 48.6 190 76.7
13 5 6.25 4.26 9.5 35.55 90 101 73 59 169 60.4
14 7 2.6 1.77 6.4 16.75 90 85 64.2 50.2 145 59.4
15 9 5 3.14 14.85 47.2 80 134 88.5 74.5 162 66.5
3x3 12 2.9 1.98 7.31 33.4 75 110 68.8 54.8 203 82.9
3x3 10 3.35 2.15 4.63 32.85 65 140 84.8 70.8 147 60.8
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Oak
               clinometer ht.(%)      crown diam(m)

No. dbh dist to tree top bottom north south east west
1 29.00 20 46 8 4.7 3.8 3.65 3.5
2 44 20 50 9 9.25 4.4 4.77 7.2
3 48.6 20 78 7 8.42 6.3 5.3 9
4 36.6 20 36 8 5 4.85 4.43 3.1
5 31.3 20 50 8 6 5.43 6.4 5.85
6 40.3 20 55 9 6.7 5.7 6 6.85
7 30.7 20 46 8 4.1 6.5 3.25 7.9
8 29 20 30 9 3.2 4.54 3.75 5.23
9 30 20 34 7 4.04 4.7 3.05 5.2
10 28.3 20 45 5 4.8 4.7 4.35 5.8
11 43.3 20 61 10 7.7 7.15 7.3 7
12 26 20 44 6 5.55 3.65 6 3.25
13 23 20 43 5 5.4 2.43 2.72 6.45
14 52.5 20 64 7 9.3 8.68 7.6 6.57
15 42.2 20 63 4 8.75 5.95 6.34 9.4
16 23 20 34 11 4.17 5.78 4.05 5.48
17 26 20 59 8 0.3 5.45 5.9 3.3
18 24.2 20 62 8 3.22 3.92 4.48 3.67
19 20 20 40 7 2.36 4.7 5.8 6.4
20 37.5 20 52 5 7.37 7.64 6.15 6.55
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Oak1
diam diam diam tot tot tot

tot ht(m) lt. bole stump(cm) center top dbh leaf wt branchwt stem wt leaves leaves minus disk disk d1 d2 d3
8.00 1.7 56.8 44.5 44.4 44.5 197.55 1518.3 437.85 fresh wt(g) dry wt bag wt wet wt (g) dry wt (g) L1 45 29.4 17.4

subsample
1

120 68.5 53.5 - 8300 L2 41.6 29.2 15.6

2 160 107 92 - 2062 T1 5.8 3.8 3.2
3 161 108.7 93.7 - 557.9 T2 5 3.2 3.4

Dry wt(g) 8300 2062.6 557.9

Oak2
diam diam diam tot leaf tot tot

tot ht(m) lt. bole stump(cm) center top dbh wt (kg) branchwt stem wt leaves leaves minus disk disk d1 d2 d3
7.20 3.17 37.5 29.6 28.6 30.2 175.5 173.7 697.05 fresh wt(g) dry wt bag wt wet wt (g) dry wt (g) L1 30.08 28 17.3

subsample
1

232 183 168 - 2228 L2 27 25.7 13.7

2 253 192.9 177.9 - 2141 T1 4.4 4.5 3.4
3 252 177.4 162.4 - 467.9 T2 3.6 4.2 2.8

Oak3 Dry wt(g) 2228.7 2141 467.9

diam diam diam tot leaf tot tot
tot ht(m) lt. bole stump(cm) center top dbh wt (kg) branchwt stem wt leaves leaves minus disk disk d1 d2 d3

8.50 2.9 45.2 35.9 31.5 35.9 243.45 726.75 330.75 fresh wt(g) dry wt bag wt wet wt (g) dry wt (g) L1 40 30 15.6

subsample
1

241 184.2 169.2 - 4337 L2 37.9 28.4 13.8

2 240 175.5 160.5 - 2147 T1 4.9 3.9 3.8
3 191 145.5 130.5 - 542 T2 3.9 3.2 3.9

Dry wt(g) 4337.3 2147.9 542
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Palmetto (individual)
lv wt st. wt leaves leaves minus disk disk

No. Max ht(m) kg kg wet wt dry wt bag(wt.) wet wt dry wt
1 1.52 2.25 2.1 120 66 52 218 54.8
2 2.2 2.1 4 109 63.6 49.6 205 72.7
3 3 3.6 6 125 71.3 57.3 145 69.7
4 4.15 5.5 12.9 135 78 64 520 228.9
5 1 1.1 0.515 110 61.7 47.7 130 32.6
6 1.55 2 2.6 80 45.3 31.3 148 48.2
7 2.05 4.4 6.5 100 50.8 36.8 245 81.9
8 2.61 3.1 5.5 108 56.7 42.7 205 76.9
9 3.01 4 7 122 63.2 49.2 180 76.3
10 4.2 2.5 8.6 125 69.8 55.8 160 66.4
11 4.95 3 16 120 63.5 49.5 240 78
12 2.91 2 4.75 105 54 40 158 55.8
13 5.05 1.7 8.4 90 53.6 39.6 100 51.5
14 6.35 2.3 12.3 132 72.2 58.2 150 65.2
15 3.5 1.95 5.75 125 69.2 55.2 165 62.1
16 2.3 2.7 4.1 135 78.9 61.9 316 125.1
17 3.1 0.85 5.25 105 66.4 49.4 124 53.4
18 4.4 2.28 11.25 170 95.7 78.7 261 103.3
19 4.6 3.38 12 170 94.1 77.1 200 93
20 1.6 0.41 2.35 65 40.8 23.8 132 43.2
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Palmetto 1x1m
No. of Max ht avg. ht leaf stem lv sample lv sample minus disk disk lvs + disk lvs + disk

plot # stems (m) (m) % cov wt(kg) wt(kg) fresh wt (g) dry wt.(g) bag  sample fresh dry fresh wt. dry wt.
1 1 5 4.35 3 95 5.3 23.98 100 99.7 85.7 153 101.4
2 2 4 6.84 5.06 98 10.6 55.78 89 59.4 45.4 249 153
3 3 5 4.47 4.14 88 9.97 31.74 100 61 47 250 165.2
4 4 5 4.3 2.2 75 6.8 17.68 89 56.4 42.4 189 138
5 5 6 6.3 5 80 9.75 59.86 170 98.3
6 6 4 3.6 2.7 75 4.5 16.32 235 121
7 7 7 4.3 3.5 60 5 34.55 85 125 210 127.3
8 8 8 4.1 2.9 90 6.62 26.38 150 55 205 110.3
9 9 8 6.6 5.5 95 24.55 105.66 190 110.5

10 10 7 6.8 5.6 85 22.49 91.11 130 109 239 125.5
11 11 7 3.85 2.63 75 10 42.5 115 72 58 120 54.1
12 12 9 3.21 2.34 85 9.15 33.9 105 61.8 47.8 125 78.8
13 13 8 4.25 3.31 85 10.3 40.55 100 58.4 44.4 65 22.4
14 14 7 4.15 3.57 90 12.85 38.7 120 66.2 52.2 110 50.7
15 15 4 3.72 3.05 85 6.9 24.75 110 60.8 46.8 60.8 22.7
16 16 4 5.02 4.45 85 12 41.3 155 86.4 72.4 70 27.4
17 17 4 4.12 3.1 90 6.5 26.6 140 71.9 57.9 100.5 34.4
18 18 8 3.05 2.75 85 8.5 22.8 160 86 72 55 19.7
19 19 5 4.7 3.8 90 14.74 40.09 200 110.2 96.2 91 43.3
20 101 6 5.63 5.05 9 46.2 135 77.3 62.3 180 99.3
21 102 6 4.5 4.05 14.11 29.2 150 83.7 68.7 132 57.4
22 103 3 4.57 2.88 5.9 12.64 130 75.5 60.5 130 50.9
23 104 6 6.15 3.8 9.15 33.7 108 67.4 52.4 209 100.7
24 105 5 4.35 3.8 8.55 30.4 100 59 49 180 84.3
25 106 4 5.65 3.85 10.15 36.9 140 78 68 208 110.9
26 107 5 3.85 3.45 8.65 27.7 125 69.8 59.8 185 85.3
27 108 5 4.2 3.7 9.4 23 90 47.1 37.1 150 68.8
28 109 7 3.45 3.1 9 22 120 62.9 47.9 105 50.3
29 110 5 4.25 3.6 11.8 44.65 113 58.9 43.9 180 88.2



111

30 111 7 6.05 3.85 10.5 39.8 140 73.8 63.8 130 65.7
31 112 5 5.5 4.45 12.5 41.2 135 72.3 57.3 200 112.8
32 113 5 5.45 4.35 8.2 42.4 135 74.5 59.5 150 76.1
33 114 6 4.55 3.15 11 33.4 145 78.6 63.6 210 106.1
34 115 4 3.7 2.5 7 22 110 56.3 41.3 180 80.6
35 116 4 4.15 3.45 6 22.6 110 65.4 55.4 135 59.2
36 117 5 5.6 4.55 12.5 50.15 135 80.3 65.3 225 79.5
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Shrubs
No. of crown crown max ht av ht bulk wt fresh wt sample minus 

disk(fresh
)

disk(dry)

No. Spp stems
diam

1
diam

2

(m) (m) (kg) sample(g) dry wt bag wt (g) wt (g)

1 123 109
2 collected by Sandra and Maya 102.1 88.1
3 225.4 211.4
4 134.3 120.3
5 87.6 73.6
6 118.7 104.7
7 craboo 4 3.2 2.5 2.95 1.9 28.57 160 77.3 63.3
8 craboo 9 2.95 2.4 2.65 2.4 27.22 190 83.6 69.6
9 cocoplum 2 1.7 2 1.7 1.3 12.75 115 64.4 50.4
10 cocoplum 7 2.5 2.32 2.7 2.4 10.75 145 71.4 57.4
11 craboo 3 2.15 2 2.1 1.9 9435 130 53.5 39.5
12 yaha 3 2.3 1.4 2.1 1.75 6.4 170 77.7 63.7
13 craboo 8 4.3 3.3 2.9 2.45 40.8 190 84.5 70.5
14 yaha 2 2.55 2 3.45 1.65 20.4 170 62.3 48.3
15 craboo 3 2.6 2 2.7 1.85 13 170 73.9 59.9
16 yaha 2 4.5 5.4 7.7 6.8 114.8 310 149.4 135.4 590 297.9
17 yaha 5 2.25 2.35 2.81 2.1 15.1 150 87.7 73.7
18 craboo 6 2.3 1.8 1.95 1.4 10 130 55.4 41.4
19 teabox 6 2.45 2.52 3.15 2.5 12.8 100 60.9 46.9
20 craboo 5 3.65 3.72 2.71 2.24 26.7 160 72.7 58.7
21 teabox 3 2.6 2.8 3.3 2.8 23.5 190 100.9 86.9
22 craboo 6 2.2 3.1 2.25 2 12.6 160 60.5 46.5
23 craboo 1 2.3 1.8 2.4 14 155 67.1 53.1
24 yaha 1 2.6 1.8 5.1 11.75 265 128.3 114.3 185 84.1
25 yaha 2 4.55 4.24 5.4 4.9 67.02 250 103.6 89.6 320 152.5
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26 yaha 1 4.6 5.27 5.2 67.24 295 123 109 665.7 324.3
27 yaha 1 2.75 2.74 5.6 48.24 220 92.5 78.5 435 202.5
28 yaha 1 4.5 3.7 4.75 70.5 185 85.5 71.5 640 353.6
29 teabox 1 1.55 1.75 1.9 3.67 115 67.4 50.4
30 teabox 4 1.9 1.5 2.3 5.25 160 100 83
31 teabox 2 2.3 2.75 3 19 190 114.4 97.4
32 teabox 1 3.1 3.5 3.45 27 125 68.7 51.7 215 118
33 teabox 1 1.8 2.2 3.15 11.4 175 94.8 77.8 75 37.9
34 teabox 2 1.65 1.6 2.7 6.25 175 95 78
35 teabox 3 2.5 2.2 2.81 7.25 190 105.4 88.4
36 craboo 1 1.6 2.4 2.25 7.75 220 96 79
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pine1 diam diam diam tot tot tot
sample tot ht lt bole stump center top dbh leaf wt branchwt stem wt field wt dry wt

18.5 7.25 62.6 43.9 39.1 52.5 338.4 295.65 1565.55 - -
lv1 305 165.6
lv2 165 95.6
lv3 170 83.1
lv4 270 172.6
lv5 240 143
d1 350 250.5
d2 300 191.4
d3 180 126.1
d4 300 193.5
d5 200 131.6

d1 d2
L1 43 33.2
L2 43.3 32.3
T1 2.8 3.2
T2 3.1 4.1

Dry wt(g) 2160 2059

pine2 diam diam diam tot tot tot final
sample tot ht lt bole stump center top dbh leaf wt branchwt stem wt field wt dry wt

19.1 9.9 50.95 34.8 31.9 44.3 231.8 300.15 1243.35
lv1 200 103.7
lv2 236 125.7
lv3 300 155.5
lv4 216 104.6
lv5 241 122.1
d1 348 220.8
d2 240 163.9
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d3 246 164.7
d4 301 189.6
d5 326 206.2

d1 d2
L1 40 30.2
L2 39.3 31.4
T1 2.5 3
T2 3 3.8

Dry wt(g) 2042 1970
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Grass
wet dry minus years since last burn

No. Bulk wt sample wt sample wt bag wt
1 210 92 80.9 66.6 1
2 270 92 84.3 70 1
3 420 190 137.2 122.9 1
4 210 174.5 174.5 160.2 8
5 270 224.6 224.6 210.3 8
6 420 357 361.5 347.2 8
6 340 242.1 242.1 227.8 8
7 190 142.7 142.7 128.4 8
8 280 225.3 225.3 211 8
9 175 138.9 138.6 124.3 8
10 335 252 251.3 237 8
11 360 275.4 271.5 257.2 8
12 325 239.2 239.1 224.8 8
13 205 156.9 156.9 142.6 8
14 290 221.5 220.2 205.9 8
15 140 81.4 80.5 66.2 1
16 200 105.5 105.1 90.8 1
17 190 100.8 100.6 86.3 1
18 200 156.8 155.4 141.1 4
19 205 150.8 149.3 135 4
20 155 110.8 109.5 95.2 4
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1.0  Introduction

Pine-savanna vegetation (Figure 1) is an important ecosystem within the Rio Bravo
Carbon Sequestration Pilot Project area because of the diversity of plant species and
habitats for birds and wildlife.  Prior to the start of the project, pine savanna was
vulnerable from increased periodicity of fire and encroachment from agriculture.  Fire is
a natural component of this ecosystem, however, frequency of fire has exceeded the
tolerance of regenerating pines and therefore a management plan has been implemented
to reduce their frequency and severity to adequate levels favoring, but not excluding, the
establishment and persistence of the pine ecosystem.  The pine savanna ecosystem is also
important in terms of carbon benefits (potentially over 100,000 t C in the Expansion and
Original properties).  One of the challenges for carbon benefit estimation is the current
lack of data on the carbon content of the pine savanna vegetation.  The pine savanna is
very heterogeneous consisting of a mixture of trees (Pinus caribbea), grasslands, shrub
islands, and palmetto vegetation. To estimate the carbon content of such a complex
vegetation community would require the installation of many permanent measurement
plots which would be expensive.  The purpose of this study was to determine if
Winrock’s multi-spectral, 3D aerial digital imagery (M3DADI) system can decrease the
need for extensive ground measurements while creating accurate and precise carbon
estimates in a cost effective manner.

Our approach was to use digital aerial imagery in conjunction with on the ground
measurements to establish relationships between aerial measurements (crown area,
height, etc.) and carbon.  The pine savanna in the Original and Expansion area properties
were flown in 2002 with the M3DADI system and interpretation of the images has been
completed.  Details of the imagery analysis can be found in the report Carbon Monitoring
Analysis and Status Report for the Rio Bravo Carbon Sequestration Pilot Project: Year
2002 which was submitted to Programme for Belize (PfB) in September of 2002.  This
report presents the details of the analysis and the results of the effort to combine the aerial
imagery with the on-the-ground measurements of carbon for all major vegetation in the
pine savanna strata.  

2.  Methods 

In 2002, Winrock International developed protocols for measuring carbon in the pine-
savanna strata and trained PfB personnel in their use.  The details of the measurement
protocols can be found in the document Measurement Protocol for 2002 Field Work Rio
Bravo, Belize that was delivered to PfB in March 2002.  The document describes all of
the measurement procedures that were followed by PfB when collecting the data.
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Figure 1.  Pine savanna in the Rio Bravo project area.

After the first site visit in 2002 and discussion with personnel at PfB, vegetation in the
pine savanna was divided into six categories:

1. Pine trees
2. Broadleaf vegetation (Gallery, Oak, Calabash)
3. Savanna palmetto
4. Savanna shrubs
5. Savanna-grasslands
6. Saplings

For each of these vegetation categories, a different protocol was followed to develop
carbon estimates.  The measurements were either: a) direct measurements of carbon via
destructive sampling of vegetation (grasslands, shrubs, palmetto, saplings, calabash, and
pines) or b) indirect measurements that were used to estimate carbon namely total height,
crown area, and dbh (gallery and oak forests).

All the ground measurements were designed to be used in conjunction with the aerial
imagery and included measurements of height and area of specific vegetation.  For the
direct measurements of shrubs, palmetto, saplings, and grasses fixed area plots were used.
A clip plot (0.28 m2) was used for grasses and individual saplings (Figure 2) and a 2 m x
2 m plot was used for shrubs, palmettos, and groupings of saplings (Figure 3).  
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Figure 2.  Example of the use of a clip plot to measure grassland vegetation 

Figure 3.  Example of shrub and palm (Acoelorrhaphe wrightii) vegetation.  
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For the clip and 2 m x 2 m plots all vegetation within the plot boundaries was harvested
and weighed.  A sub-sample was taken to determine dry/wet weight ratios and values
were then converted to carbon.  Maximum height, average height, and % coverage were
also recorded.  

For the indirect measurements of gallery and oak trees, total height, crown area, and dbh
were measured.  In addition, PfB destructively harvested 30 pine trees and the data was
used to create a biomass regression equation.  The same was not done for gallery or oak
trees because of time constraints and the cost and expense of destructive harvesting was
not deemed as important as it was for the pine trees.  Using indirect methods, PfB
measured height, crown area, and dbh of 30 gallery and oak trees which were then used
to calculate carbon. 

All of the data that PfB collected was sent to Winrock for analysis.  At the same time, the
aerial imagery was analyzed.  In our September 2002 report, we produced a preliminary
analysis of the imagery data combined with the ground data and predicted a mean carbon
content of 9.2 t C/ha (without roots) with a 90% confidence interval of 22% of the mean.
We have extensively revised this first estimate with further analysis of the field data and
improved development of regression equations for biomass versus various tree
dimensions and for crown areas and dbh and height. 

We established 19 1-ha plots (originally 20 plots were established but one proved to
present problems and was discarded) that had been randomly selected from the imagery
transects. Within each of these plots, polygons were drawn around each type of
vegetation (Figure 4).

Figure 4. Examples of interpretation of sub-vegetation types within 1 ha “plots” of
the pine savanna used for estimating the carbon stocks.  Based on the field
data and other measures from the digital imagery, carbon stock estimates
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were applied to each of the sub vegetation types and a total carbon
estimate was made for each 1 ha “plot”.

We initially proposed that the aerial imagery would have provided height of vegetation as
well as crown area.  However, for technical reasons estimating height of vegetation
(particularly shrubs and saplings) with the earlier version of the M3DADI system proved
difficult.  Distinguishing heights between pines and grasses was relatively easy, but
distinguishing heights between a 1.5 m high shrub and a pine sapling proved much more
difficult than expected and prone to error.  Therefore, we decided to drop the height
variable from the analysis and focus on other methods as described below.  

2.1  Pines  

For pine trees, PfB collected tree height and crown area for 30 trees for a variety of dbh
classes.  They also destructively harvested the trees and the data were used to develop a
new biomass regression equation (Fig. 5, Table 1).

Table 1.  Biomass regression equation for pines.

Vegetation Formula dbh range r2

Pines Y= 0.0396*(dbh)^2.8142 8-50 cm 0.98

*where Y=biomass in kilograms, dbh =diameter at breast height.

Figure 5.  New pine biomass regression equation based on the destructive sampling
results collected by PfB.  

We also developed a regression equation for estimating biomass directly from the crown
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y = 0.0396x2.8142

R2 = 0.9859

0

500

1000

1500

2000

2500

0 10 20 30 40 50 60

Dbh (cm)

B
io

m
as

s 
(k

g)



127

equation to estimate biomass, we also estimated pine biomass directly from the crown
measurements and regression equation shown in Figure 6.   

Figure 6.  Relationship between crown area and biomass for pine trees in the project
area.

We also used the crown area and dbh data of the 30 pine trees to develop an equation that
predicted dbh using crown area (Figure 7).  

Figure 7.  Relationship between crown area (m2) and dbh (cm) for pine trees in the
project area.  

Biomass for pine trees was calculated using both methods and the results are reported
below (Section 3.1).   
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2.2  Gallery forests

A similar approach was used to estimate biomass and carbon of gallery forests.  Although
we did not have destructive sampling data for these trees, PfB did obtain crown area and
dbh information for 30 trees of various dbh classes.  Using that information we developed
an equation that predicted dbh from crown area (Table 2).  

Table 2.  Equation for estimating dbh based on crown area for Gallery forests.

Vegetation Formula dbh range r2

Gallery Y= 8.9923*LN(CA)-0.6939 3-116 cm 0.64
*where Y= predicted dbh, CA= Crown area (m^2)

The relationship between crown area and dbh was not as strong as we would have liked
(r2=0.64), but as gallery vegetation was a relatively minor component of the pine-savanna
strata we decided it was adequate for our purposes.  

 2.3  Savanna-palmetto and savanna shrubs

For savanna-palmetto and shrubs we analyzed all the data from the 20, 2 m x 2 m plots.
Originally, we tried to relate percent ground cover (0-100%) and height to develop an
equation for predicting carbon but there was no relationship.  For palmetto, we calculated
an average biomass carbon per m2 from the 2 m x 2 m plots. 

For shrubs, we first examined the relationship between crown area and biomass (Figure
8).

Figure 8.  Relationship between biomass and crown area of shrubs.  
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The relationship was not strong (r2= 0.63) so we instead took the 20, 2 m x 2 m plots and
calculated an average carbon value per square meter and applied that to the total area of
shrubs identified in the polygons to predict carbon per ha.   

2.4  Savanna-grasslands

For the savanna-grasslands, we used the results of the clip plots to calculate an average
carbon value per square meter.  We then applied those results to the area identified in the
polygons as grasslands to come up with carbon per ha.

2.5  Saplings

Saplings were sampled in the field using clip and 2m x 2m plots.  Saplings were only
measured if they had a visible dbh between 2-5 cm (saplings with no measurable dbh
were sampled during the grassland data collection).  For individual saplings identified
during field work, a clip plot was used.  However in many cases there were groupings of
saplings at a given location.  In these cases, a 2m x 2m plot was used.  All saplings that
fell within the border of the plots were clipped and weighed.   A sub-sample was
collected to determine dry/ wet weight ratios and the data converted to carbon.  However,
this vegetation type was not identifiable in the imagery and thus these data were not used
in the analysis.

2.6 Other vegetation

In addition to the above vegetation communities, PfB also measured Calabash
(Crescentia cujete) and Oak (Quercos oleoides) (Figure 9).  These two types of
vegetation were not identified in the 19 1-ha plots and were not included in the C
estimates of the pine savanna vegetation at this time.  Winrock will consult with PfB for
the 2003 measurements to determine if further work should be done with these two
vegetation types. 
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Figure 9.  Example of Calabash (above) and Oak (bottom).  

For Calabash, PfB collected height, dbh and crown area of 30 individuals which were
then destructively sampled.  We examined the relationship between several variables to
see if there were any relationships between height, dbh, crown area, and biomass (Figure
10).  
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Figure 10.  Biomass of Calabash (kg of C) as a function of Height * Crown Area.

For Oak, Pfb measured the height, crown area, and dbh of 30 individuals but did not do
any destructive sampling.  We therefore used the general moist biomass regression
equation to estimate carbon.  Just like for Calabash, a combination of crown area and
height was a better predictor (r2=0.71) of biomass than just crown area (r2=0.60) (Figure
11).  

As oaks and calabash were not identified in the imagery, no carbon estimates were made
in the 19 1-ha polygons.   

Figure 11.  Relationship between biomass carbon and crown area x height for
Quercus oleoides. 
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3.0  Results

Using the methods described above, carbon estimates per vegetation type were developed  

for each of the 19 1-ha plots.

3.1  Biomass C of Pines

Biomass carbon for pines in each of the 19 1-ha plots was predicted in two ways.
Method 1 used crown area to predict dbh which was then placed into the new pine
biomass regression equation to estimate biomass (BioDbh).  Method 2 used the crown
area measurements to predict biomass directly (BioArea).  The results for each method
are reported below (Table 4).
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Table 4.  Carbon content and statistics of pine trees within the 19 1-ha plots of the pine
savanna strata.

3.2  Biomass C of broadleaf vegetation

Destructive sampling of gallery trees was not conducted and therefore no direct estimates
of carbon were developed.  We did however examine the relationship between crown
area and dbh as well as crown area and biomass.  Using the formula for predicting dbh of
gallery trees (Table 2) we estimated biomass (using the general moist biomass equation)
for the 30 gallery trees measured by PfB.  Average biomass for gallery trees was 289 kg
C.  

Of the 19 1-ha plots analyzed only none contained gallery trees.  Further work on this
strata will need to be done in 2003, including discussions with PfB as to how extensive
the gallery strata is in the pine savanna area.  

Calabash and oak were not identified in the 19 1-ha plots.  For the 30 individual calabash
that were sampled by Pfb, average biomass C was 13.6 kg, and a good relationship was
obtained between biomass carbon and crown area and height.  If the 2003 aerial imagery
can identify calabash as well as quantify height, carbon estimates can be made.  Although
given the high variability in the first 30 samples, more field data on calabash will likely
be required.

Average biomass C for oak trees was 270 kg C/tree.  More information needs to be
collected from PfB on the extent and importance of this type of vegetation before making
a decision to collect destructively harvested data.  

3.3  Biomass C of savanna-palmetto and savanna shrubs

 An average value for palmetto was 0.77 kg C/m2 (Table 5).   The results of the 2m x 2m
plots were highly variable (CV=75 %) indicating that more data need to be collected for
this type of vegetation.  

Method 1:
BioDbh

Method 2: 
BioArea

n= 19 19
Mean 8.0 7.7
SE 1.3 1.3
C.V. (%) 72.9 72.4
CI % (+/-) 28.1 27.9

MIN 0.2 0.1
MAX 20 19.6
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Table 5.  Mean C content (kg C/m2) and statistics for palmetto.

n 11
Mean 0.77

SE 0.12
C.V. (%) 74.6
CI % (+/-) 26.5

MIN 0.1
MAX 1.8

An average value per square meter was also developed for shrubs (0.44 kg C/m^2), based
on the 2m x 2m plot results (Table 6).  The CV was high (59.5%), given the relatively
low number of plots and the highly variable nature of the shrub associations.  

Table 6.  Mean C content (kg C/m^2) and statistics for shrub
associations.

n 15
Mean 0.44

SE 0.07
C.V. (%) 59.5
CI % (+/-) 25.8

MIN 0.1
MAX 0.9

The average carbon content of palmetto and shrubs were then applied to all of the areas
identified in the 19 1-ha plots and converted to t C/ha.  The results can be found below
(Table 7).

3.4  Biomass C of Savanna-grasslands

Results of the savanna-grasslands sampling indicate that biomass carbon was relatively
low at 0.3 kg C/m2, with CV of 44%.  These estimates are based on only 10 of clip plot
samples; additional samples should be collected in 2003.  

3.5  Biomass C of Saplings

Biomass of saplings collected from clip and 2 m x 2 m plots averaged 0.61 kg C/m2 and
CV and SE were high (75% and 0.09, respectively).  A total of 25 plots were installed
during PfB field work, but the results indicate that more work should be done to reduce
the variability for this pool.  The results indicate that saplings are an important carbon
pool (twice as much biomass C as grasslands).  However, identifying areas of saplings
from the aerial imagery has been problematic.  If saplings cannot be identified in the
2003 aerial imagery, one option is to add sapling biomass carbon to the grassland strata 
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3.6  Carbon content of all vegetation in the pine savanna strata

There were four vegetation classes in the aerial imagery (Pines, shrubs, palms, and
grasses).  For the 19 1-ha plots, the area of each vegetation class was quantified.  Using
the relationships that were developed for pines, shrubs, palms, and grasses we estimated
the carbon content (t C/ha) of each of the 19 plots per vegetation type (Table 7).  Total C
content of all vegetation was 12.8-13.1 t C/ha (depending on the method used to estimate
Pine biomass).  

Table 7.  Carbon content (t C/ha) for pine savanna vegetation.  Data interpreted
from 19 1-ha polygons.  

BioDbh BioCrown  BioDbh BioCrown
Polygon Pine Pine Shrub Palms Grass Total Total
number t C/ha t C/ha t C/ha t C/ha t C/ha t C/ha t C/ha

1 3.2 3.4 0.4 0.2 2.6 6.9 7.1

2 6.9 7 3.0 0.1 1.7 11.7 11.8

3 19.9 17.9 2.9 0.4 1.1 24.2 22.2

4 14.8 14.2 2.0 0.3 1.6 18.6 18.0

5 20 19.6 2.6 0.3 1.2 24.0 23.6

6 7.7 7.7 2.6 0.3 1.8 12.3 12.3

7 14.8 14.6 1.3 0.2 1.3 17.6 17.4

8 0.9 0.6 6.5 0.3 1.1 8.7 8.4

10 9.3 10.2 6.7 0.5 0.5 16.8 17.7

11 7.3 6.8 6.1 0.4 0.8 14.4 13.9

12 3.8 3.4 6.5 1.0 0.5 11.5 11.1

13 6 5.6 4.4 0.7 1.2 11.9 11.5

14 6.4 6.7 4.7 0.8 1.1 12.7 13.0



136

15 10.9 9.7 0.4 0.4 2.4 13.9 12.7

16 0.4 0.4 0.4 0.4 2.8 3.9 3.9

17 0.2 0.1 1.0 1.1 2.3 4.2 4.1

18 7.2 7 4.8 0.0 1.2 13.2 13.0

19 6 5.3 3.3 0.1 1.7 11.0 10.3

20 6.5 6.1 3.4 0.0 1.6 11.5 11.1

Stats
n= 19 19 19 19 19 19 19
Mean 8.0 7.7 3.3 0.4 1.5 13.2 12.9

SE 1.3 1.3 0.5 0.07 0.2 1.3 1.2

C.V. (%) 72.9 72.4 64.9 76.8 44.0 41.4 40.6

CI % (+/-) 26.0 25.7 22.4 29.6 15.7 16.4 16.1

MIN 3.9 3.9

MAX 34.4 34.4

 # of plots
+/-7% 100 96
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4.0  Discussion

4.1  Number of pines

The results indicate a high amount of variability in the measurements as expected.  To
reach a target level of precision, data from a total of about 100 plots would be needed.
However, interpreting the 19 1-ha plots was a time-consuming exercise and expanding
that to 100 plots would not be practical.  Improved methods for analyzing aerial imagery
will need to be developed.  Winrock is in the process of developing an automated
program to classify vegetation but a working prototype is unavailable at this time.  One
alternative is to look at other variables or indices that can be rapidly assessed from the
aerial imagery and used to predict total pine-savanna carbon, while at the same time
respond to changes in biomass carbon over the duration of the project.  From the 19 1-ha
polygons we can see that the total crown area of pine trees appears to be a good predictor
of total aboveground biomass carbon (Figure 12).  None of our results include estimates
for below ground biomass and further work will be done on this in 2003 through searches
in the literature.  

Figure 12.  Relationship between total pine crown area per 1-
ha plot (m2/ha) and total biomass carbon in the 1 ha

plots (t C/ha).

Identifying pines in the aerial imagery can be done rapidly and might be a way of
efficiently predicting biomass across a broader area of the pine-savanna strata.  The
analysis reported here is for 19 plots which covers only 19 ha of the entire pine savanna
strata in the project area.  The total area of the pine savanna strata is more than 5,000 ha
between the Expansion and Original properties.  We will need broader interpretation of
the aerial imagery before we can make an accurate estimate of carbon content of the

y = 0.0055x + 6.0228
R2 = 0.9043

0.0

5.0

10.0

15.0

20.0

25.0

0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0 3500.0

Total Pine Crown Area  (m^2/ha)

T
ot

al
 b

io
m

as
s c

ar
bo

n 
(t

 C
/h

a



138

entire pine savanna strata.  But the purpose of this study was to test our current approach
and see if it held promise for future analysis and indications are that it does.  

4.2  Ranking pine savanna vegetation

For each of the 1 ha plots, vegetation was classified by area (Table 8).  Of the 19 ha
interpreted and classified,  grasses accounted for the greatest area (48% of the total)
followed by shrubs (33%), pines (12%), and palms (5%). The highest average amount of
carbon was found in pines (7.9 t C/ha) but it had one of the lowest levels of precision (CI
+/-25.9).   Grasses make up the largest area in the pine savanna but it had one of the
lowest amounts of carbon (1.5 t C/ha), and are relatively homogeneous (CI +/-15%).
Palm biomass was surprisingly low (0.3 t C/ha), lower even than grasses, and the total
area of that type of vegetation ranked fourth out of the vegetation categories.  As palms
appear to cover a relatively small area of the pine savanna strata, improving the carbon
estimates for palms should be placed lower on the priority list for 2003.  

All of these conclusions are only valid if the 19 1-ha plots that were selected for
interpretation are representative of the pine savanna strata in general.  Further
interpretation of more areas is required before that can be confirmed.  Any conclusions at
this stage are preliminary, but the general patterns from the first 19 1-ha plots give some
indication of which components of the pine savanna strata make up the most amount of
carbon and cover the greatest area.      

Table 8.  Area per vegetation class for the 19 1-ha polygons.

Total Area in Area in Area in Area in
Polygon polygon Grasses Shrub Pine Palms
number area (m^2) (m^2) (m^2) (m^2) (m^2)

1 10,000 8,721 376 522 281
2 9,933 5,700 2,959 1,087 187
3 10,204 3,792 2,919 3,039 455
4 10,039 5,385 2,003 2,327 323
5 10,227 4,097 2,599 3,151 379
6 10,088 5,859 2,609 1,218 403
7 9,302 4,324 1,326 2,362 280
8 10,606 3,563 6,485 141 417

10 10,573 1,650 6,722 1,558 643
11 10,463 2,802 6,067 1,135 459
12 10,027 1,680 6,539 585 1,224
13 9,998 3,882 4,374 926 815
14 10,382 3,634 4,707 1,063 979
15 10,491 7,929 361 1,711 490
16 10,407 9,493 409 64 440
17 10,090 7,656 970 36 1,428
18 9,962 4,054 4,748 1,127 33
19 9,855 5,590 3,256 908 101
20 9,777 5,321 3,406 1,008 42

Total (m^2) 202,679 98,765 67,591 24,849 10,255
Total ha 20 10 7 2 1
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5.0 Conclusions

5.1 Lessons learned and next steps

In 2003, a team from Winrock International will revisit the pine savanna area in Rio
Bravo.  Dana Slaymaker will Winrock’s new M3DADI system and will re-fly the pine
savanna in both the Expansion and Original areas.  The new system will greatly enhance
our ability to obtain high resolution imagery and make the mosaicing and classification
more efficient.  The new camera will also allow for more accurate and rapid assessments
of height of vegetation.  In addition to the aerial imagery collection, PfB will lead a site
visit of the pine-savanna strata and review the field measurement protocols.  For most of
this current analysis, average values were used for vegetation, specifically shrubs,
grasses, saplings, and palms but for future sampling we would prefer to have a more
robust way of estimating carbon that is more sensitive to differences in height.  

Carbon estimates for shrubs and palms were calculated using 2m x 2m plots and a %
coverage was estimated for the entire plot area.  However, we believe using a 1m x 1m
plot would provide more efficiency.  During field measurements and aerial image
interpretation plots were categorized as either shrubs or palms but in some cases palms
and shrubs were present in the same location (Figure 3). We recommend future sampling
schemes make another category to include a shrub-palm association.  Before a final
decision is made we will have to confirm if these finer distinctions between shrubs and
palms and mixtures of the two can be made in the aerial imagery.  

One of the measurements that we recommended during our last field phase was to
measure crown area using a clinometer.  Details of the measurements can be found in the
measuring protocol report.  This method did not prove to be effective for measuring
crown area, particularly with the pines whose canopies tended to be wide and flat.
Fortunately, PfB measured the crown area using the clinometer as well as a tape measure
and we were thus able to use the data.  In the future a tape measure reading on the ground
is the only method we will use for measuring crown area.  

Measuring the pine savanna strata and estimating its carbon content is a new effort for
this project.  Interaction and feedback from all of the participating organizations
(particularly PfB who did the field work) is useful and essential as we enter into the next
phase of measurements for 2003.
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