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Introduction

Many land-use change and forestry (LUCF) projects have been developed and are currently under various stages of implementation (Brown et al. 2000b).  Much experience has been gained from these projects with respect to the development of practical tools and methods for developing baselines, and measuring and monitoring the carbon accruing from these projects.  Some of the key challenges for implementing LUCF projects are: to develop credible baselines; identify which carbon stocks need to be measured in the project; to measure carbon stocks accurately to a known, and often pre-determined, level of precision; and to monitor the changes in carbon stocks over the length of the project.  

Measuring and Monitoring Changes in Carbon Stocks

A key aspect of implementing LUCF projects is the accurate and precise quantification of greenhouse gas emissions or removals that are directly attributable to project activities. Techniques and methods for measuring and monitoring terrestrial carbon pools that are based on commonly accepted principles of forest inventory, soil sampling, and ecological surveys are well established and tested (Pinard and Putz 1997; MacDicken 1997; Post et al. 1999; Brown et al. 2000b; Brown 2002; Segura and Kanninen 2002). All of these methods can be applied for project-level measuring and monitoring (M&M) of LUCF projects. 


Methods for measuring non-CO2 GHG emissions are less well developed. Most projects designed to enhance carbon stocks have few non-CO2 GHG emissions associated with them; the exceptions include: use of fertilizer to enhance tree growth (possible N2O emissions), wetland restoration (possible increase in CH4 emissions), use of nitrogen fixing trees (possible increase in N2O emissions), and biomass burning (possible increase in N2O and CH4 emissions).  The IPCC 1996 Revised Inventory Guidelines (Houghton et al. 1997) provide some guidance for developing practical methods applicable to M&M projects.  Thus, in this paper I will focus only on carbon.

The practical steps involved in designing and implementing a M&M plan for a project are: develop the baseline, stratify the project area, select the carbon pools, design the sampling framework, identify the methods (field and models) for measuring carbon pools, and develop and implement the M&M plan.

Baselines

For any LUCF project, a baseline (without-project reference case) needs to be developed. The baseline is a projection of the carbon stocks in the project area in the absence of the project activity. This baseline implies the need to assess potential carbon stock changes in a manner consistent with those associated with the project. A baseline has two components—the projection of business-as-usual changes in land use for the project duration in the area where the project is located and the changes in carbon stocks on the project lands during this time.  The changes in carbon stocks with the project then need to be measured and monitored and compared to those of the project’s baseline (reference case).  The difference between the baseline and with-project activities is the net emissions or removals of carbon dioxide associated with the project. 


Of the two components needed for baselines, the projection of changes in land use are the most challenging.  Research in this area suggests that developing project-by-project projections of changes in land-use, which is the practice for many of the existing pilot projects, makes less sense in this field as it tends to make investment costs high, tends to lead to baselines being developed by project developers, and does not take into consideration other larger-scale, regional factors that could affect land-use changes.  Two steps can be used to develop a regional baseline of changes in land use.  The first step uses a relatively straightforward spatial modeling approach, using existing data, to produce a map of areas with high, medium, or low risk for change (e.g., reforest, change in forest management). The rate of change in land use can then be estimated based on simple empirical models that are used to extrapolate past changes forward for a given time period. Once a project area is identified, measurements of the carbon stocks on the project site in combination with the projection of rate of changes in land use would result in the baseline for that project.

Project stratification


There is a trade-off between the targeted precision level of M&M carbon stocks and costs that is related to the variability of the carbon stocks on the project lands.  The more variable the carbon stocks in a project, the more plots are needed to attain the targeted precision level and thus potentially the more costly to implement the M&M plan.  Stratification of the project lands into a reasonable number of relatively homogeneous units can reduce the number of plots needed for measuring and monitoring and thus reduce the costs.


Experience with pilot projects has shown that collecting as much relevant data and information as possible on the project area is a time- and cost-efficient activity.  Relevant data and information include: a land-cover/land-use map of the project area; identification of pressures on the land and its resources; history of land use in the project area; the identification of control areas; the climate regime; soil types, topography, and socio-economic activities.  Such information is useful to delineate relatively homogeneous strata (e.g., by forest, soil type, topography, land use, etc.) for designing the M&M sampling scheme. For example, in an afforestation project, the strata may be defined on the basis of variables such as the tree species to be planted, age class, initial vegetation, and site factors. 
Selection of carbon pools to measure and monitor

Land use and forestry projects generally are easier to quantify and monitor than national inventories due to clearly defined boundaries for project activities, relative ease of stratification of project area, and choice of carbon pools to measure (Brown et al. 2000b).  Criteria affecting the selection of carbon pools to measure and monitor are: type of project; size of the pool; its rate and direction of change; availability of appropriate methods; cost to measure; and attainable accuracy and precision.  Basically, a selective or partial M&M system can be used that includes all pools expected to decrease (i.e. those pools that are smaller in the with-project case than in the baseline) and choice of pools expected to increase (i.e. those pools that are larger in the with-project case than in the without-project case) as a result of the project.  

An example of a decision matrix for identifying which pools to chose for M&M for different types of LUCF projects is illustrated in Table 1.  The decision matrix presented in Table 1 implies that one design does not fit all projects—that M&M designs will vary by project type and resources available to make the measurements.  

Carbon in trees should be measured for practically all of these project types as this is where most of the carbon accumulation will occur; understory is recommended in cases where this is a significant component such as in agroforests or open woodlands; dead wood should be measured in most forest-based projects as this can be a significant pool of carbon.  In projects related to changing forest harvesting practices, dead wood must be measured as it is likely to decrease as a result of the project.  For most forestry projects, soil need not be measured if it can be shown that the project will not result in a loss of soil carbon. Most projects related to forests, whether they be protection of threatened forests, improved management for timber harvest, forest restoration, or longer rotation plantations will not cause soil carbon to be lost, and if anything will cause carbon in soil to be maintained or increase. 

Table 1. A decision matrix of main carbon pools for examples of LUCF projects to illustrate the selection of pools for M&M (based on Brown et al. 2000b). Y= yes and indicates that the change in this pool is likely to be large and should be measured. R = recommended and indicates that the change in the pool could be significant but measuring costs to achieve desired levels of precision could be high. N = no and indicates that the change is likely small to none and thus it is not necessary to measure this pool. M = maybe and indicates that the change in this pool may need to be measured depending upon the forest type and/or management intensity of the project. 

	Project type
	                  Live biomass
	       Dead biomass
	Soil

	
	Trees
	Herbaceous
	Roots
	Litter
	Wood
	

	(Stop deforestation
	    Y
	    M
	    Y
	    Y
	    Y
	    R

	(Improved forest management
	    Y
	    M
	    M
	    M
	    Y
	    M

	(Restore native forests
	    Y
	    M
	    Y
	    Y
	    Y
	    M

	(Plantations
	    Y
	    N
	    R
	    M
	    M
	    R

	(Agroforests
	    Y
	    Y
	    M
	    N
	    N
	    R

	(Grazing land management
	    M
	    Y
	    M
	    Y
	    N
	    M

	(Soil carbon management
	    N
	    M
	    M
	    M
	    N
	    Y


Sampling framework


The use of permanent plots, located systematically with a random start, is recommended as the statistically superior means for M&M changes in carbon stocks in LUCF projects. Typically, to estimate the number of plots needed for M&M, at a given confidence level, it is necessary to first obtain an estimate of the variance of the variable (for example, carbon stock in trees) in each stratum. This can be accomplished either from previous studies in the type of project to be implemented or by making measurements on an existing area representing the proposed project.  Methods are well established and tested for determining the number, size, and distribution of permanent plots (i.e., sampling design) for maximizing the precision for a given monitoring cost (MacDicken 1997; Segura and Kanninen 2002). 

Measurements of carbon

Foresters have been sampling and measuring forests for merchantable volume and tree growth for many decades and their techniques are well developed and accepted and applicable to carbon projects.  To estimate live tree biomass, diameters of all trees are measured (tree height combined with diameter can also be a useful predictor) and converted to biomass and carbon estimates, generally using allometric regression equations.  Such equations exist for practically all forests of the world; some are species specific and others, particularly in the tropics, are more general in nature (e.g., Alves et al. 1997; Brown 1997; Schroeder et al. 1997). Sampling a sufficient number of trees to represent the size and species distribution in a forest to generate local allometric regression equations with high precision, particularly in complex tropical forests, is time-consuming and costly, and generally beyond the means of many projects.  

The advantage of using general equations, stratified by, e.g., ecological zones or species group (broadleaf or conifer), is that they tend to be based on a large number of trees (Brown 1997) and span a wider range of diameters; this increases the accuracy and precision of the equations. It is very important that the database for regressions equations contain large diameter trees, as these tend to account for more than 30% of the aboveground biomass in mature tropical forests (Brown and Lugo 1992; Pinard and Putz 1996).  A disadvantage is that the general equations may not accurately reflect the true biomass of the trees in the project.  However, field measurements, e.g., diameter and height relationships of the larger trees, or destructive harvest of a few representative large trees  performed at the beginning of a project can be used to check the validity of the general equations. For plantation projects, developing or acquiring local biomass regression equations is less problematic, as much work has been done on plantation species (Lugo 1997). 

Dead wood, both lying and standing, is an important carbon pool in forests and one that should be measured in many forestry projects (Table 1).  Methods have been developed for this component and have been tested in many forest types and generally require no more effort than measuring live trees (Harmon and Sexton 1996).  Total root biomass is another important carbon pool and can represent up to 40% of total biomass (Cairns et al. 1997).  However, quantifying this pool can be expensive and no practical standard field techniques yet exist.  Instead, recent reviews of the literature based on research studies of all examples of the world forests are available for estimating root biomass carbon based on aboveground biomass carbon (e.g., Cairns et al. 1997). 

There is a well established set of methods for measuring soil carbon pools (Post et al. 1999).  Measuring change in soil carbon over relatively short time periods is more problematic because rates of soil carbon accumulation are generally slow.  Promising technologies for measuring carbon both directly and indirectly, involving in some cases the use of modeling and remote sensing, are on the horizon (Post et al. 1999). 

Project monitoring

Monitoring relates to the on-going measurement of the selected carbon pools and to overall project performance.   The ongoing monitoring of the selected carbon pools is performed in the permanent plots where the frequency should be on the order of every 5 years for fast changing pools such a live trees and on the order of up to 10 years for slower changing pools such as soil.

Remote sensing technology may be useful for monitoring overall project performance of LUCF projects, though to date it has hardly been used. Interpretation of satellite imagery has been used mostly for producing land-use maps of project areas and for estimating rates of land-use change in the project formulation phase. However, high resolution remote sensing imagery such as Ikonos or QuickBird  clearly has potential for monitoring forest-based projects.  Monitoring of improved forest management or secondary forests, particularly in the tropics, is difficult with the current suite of satellites. 

Because LUCF projects have well defined boundaries and are relatively small in area, remotely-sensed data from low flying airplanes can be used for monitoring. A promising advance in this area couples digital cameras (wide-angle and zoom) with a pulse laser profiler, data recorders, and differential GPS mounted on a single engine plane (EPRI 2001). This system is able to produce 3D images of the landscape and a calibrated digital elevation model of the vegetation cover.  From such images, crown area, tree height, and number of stems per unit area, can be obtained.  With use of appropriate regression models these data have been shown to generate estimates of the carbon stock in aboveground tree biomass per unit area that are equal, both with respect to magnitude and precision, to those obtained from field measurements. 

Models are also useful tools to complement monitoring activities for LUCF projects by estimating changes in carbon pools over short time periods (e.g., annually) for which direct measurements are likely to be unreliable.  Direct measurements over longer time intervals are needed to verify model projections (Schlamadinger and Marland 1996; Paustian et al. 1997, Post et al. 1999; Nabuurs et al. 2002). 

Pilot Project Experience

The Noel Kempff Climate Action Project, Bolivia

This forest-based joint implementation pilot project started in 1996 and is located in the Department of Santa Cruz.  The duration of this project is 30 years.  Further details of this project are given in Brown et al. (2000a).  Prior to the initiation of the Noel Kempff Climate Action Project (NKCAP), the forest in the expansion area had been high-graded over a period of about 15 years for several commercial species by three concessionaires.  The project has two main activities: averted logging where removal of commercial timber and associated damage to unharvested trees was halted, and averted conversion of forested lands to agricultural uses.

Measurement and monitoring of carbon pools: The project design for M&M carbon pools is based on the methodology and protocols in MacDicken (1997).  The measurement of carbon in the area was based on data collected from a network of permanent plots, located using a differential global positioning system (DGPS).  A total of 625 plots were established across the project area with the number of plots sampled in a given strata based on the variance of an initial sample of plots in each strata, the area of the strata, and the desired precision level (±10%) with 95% confidence (Table 2).  The following pools were measured in each plot: all trees with dbh > 5cm, understory, fine litter, standing and lying dead wood, and soil to 30 cm depth (Table 2).  Tree biomass was estimated from a general biomass regression equation for moist tropical trees (Brown 1997); the validity of this equation was confirmed with the destructive harvest of two large diameter trees.  Biomass regression equations for early colonizing tree species and palms were developed by destructive harvesting of a sample of individuals of such species.  Root biomass was estimated from the regression model in Cairns et al. (1997).

Table 2.  Estimates of carbon stocks (t C/ha) in the forests of the Noel Kempff Climate Action Project (from Delaney et al. 2000).

	Strata (#plots)
	Area

(ha)
	Above ground woody biomass 
	Palm

biomass
	Standing

dead biomass 
	Lying dead biomass 
	Understory
	Litter
	Below ground

biomass
	Soil
	Mean

	Tall evergreen(171)
	226,827
	129
	0.5
	4.1
	11.0
	2.0
	3.6
	25.8
	26.9
	203

	Liana (131)
	95,564
	56
	0.5
	2.3
	4.7
	3.8
	4.0
	11.1
	39.9
	122

	Flood Tall (64)
	99,316
	132
	1.1
	3.2
	11.3
	1.9
	3.1
	26.4
	44.8
	224

	Flood Short (35)
	49,625
	112
	0.2
	3.0
	9.6
	2.1
	2.9
	22.3
	55.5
	207

	Mixed L. (218)
	159,471
	90
	1.5
	4.4
	7.7
	2.6
	4.3
	17.9
	24.4
	152

	Burned (6)
	3,483
	57
	0.2
	1.6
	4.9
	0.9
	4.2
	11.4
	36.0
	116

	Weighted mean
	634,286
	106.7
	0.8
	3.6
	9.1
	2.4
	3.7
	21.3
	33.3
	181

	Statistics
	
	
	
	
	
	
	
	
	
	

	95% CI, % of mean
	4.2
	
	
	
	

	Project total carbon content (million tons)
	
	114. 9
	
	
	
	


The 95% confidence interval of the total carbon stock was ± 4.2 %, based on sampling error only. Inclusion of the error due to regression and measurement is likely to increase the total error to by no more than double, as the sampling error has been shown to be the largest source of total error (up to 80% or more) in measuring carbon stocks (Phillips et al. 2000).  

The Itaqui Climate Action Project, Brazil

The Itaqui Climate-Action Project (ICAP) is located in the Atlantic forest in Paraná, Brazil
.  The project area of about 4,500 ha has about 15% of the lands in pasture, 20%of the land in young to very young secondary forests and 65%of the land in late secondary forests; all these forests have been disturbed or cleared in the past.  The project activities are: the purchase of water buffalo ranches, protection of all remaining forests, reforestation of some of the pasture lands with native species, allowing the remaining pasture to regenerate naturally, and allowing regrowth in the secondary forests over a 40-year life.

Measurement and monitoring of carbon pools: The approach taken for this project is generally the same as that described above for the Noel Kempff project.  Using a combination of remote sensing data, and on the ground measurements, the project area was classified into four forest (based on disturbance and successional stage) and three non-forest (based on presence/absence of shrubs) strata upon which the changes in carbon stocks from this project will be estimated. The total number of plots established in the initial inventory was 168, a number based on initial field measurements in each strata. The main pools included in this project were live trees to a minimum diameter of 2.5 cm, dead wood, roots, and soil (to 30 cm depth), litter and understory in the younger forest strata (Table 3).  

Table 3.  Total carbon stocks in trees, roots, understory, dead wood and litter (excluding soils) in the forest strata of the Itaqui Climate Action Project, Brazil .

	
	Mature altered
	Medium/ advanced
	Young
	Very young

	n=
	69
	46
	13
	12

	Area
	763.0
	2,269.6
	583.9
	363.8

	Mean
	153.5
	113.5
	96.5
	40.3

	Min
	73.6
	65.1
	41.1
	5.7

	Max
	398.7
	197.4
	203.7
	73.2

	Standard Error
	6.2
	4.6
	13.2
	5.9

	C.V. (%)
	34
	27
	50
	51

	Mean (t C/ha ±95% CI)
	
	111.9
	± 6.8
	

	Total (thousand t C ±95% CI)
	445.5
	± 27.2
	

	95% CI (% of mean) 
	 
	6.1
	
	


For this and the Noel Kempff pilot projects, encompassing several strata of complex tropical forests, the measurement of carbon stocks can be accomplished with a high degree of accuracy and precision—less than 10% of the mean with 95% confidence.  The key is to establish the required number of plots to reach the targeted precision levels.  The cost to measure this quantity of carbon in both of these projects was less than 1 cent a ton.  Similar results have been obtained for other pilot projects that demonstrates that, even in complex landscapes, the use of a well-designed sampling plan and existing, peer reviewed methods can produce transparent and precise measurements of carbon stocks at a modest cost. 
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