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1. Introduction
Measurement of total system carbon and its individual components within tropical land uses has assumed particular importance in global change studies because carbon lost from those systems significantly contribute to atmospheric change, particularly increases in CO2 concentration (Houghton et al., 1993).  National inventories of carbon stocks are now encouraged under international agreements on climate change (IPCC, 1995), although many African nations are delayed in their response to this challenge.  Environmental accounting based upon total system carbon sinks offer improvement over current protocols that overlook many large and robust carbon pools.  An important application of carbon stock characterization is in the design and monitoring of carbon offset projects (Trexler, 1993).

Estimating the carbon stocks in mixed-enterprise farming systems require that carbon measurements of woody and herbaceous biomass, litter, roots, tilled soil layer and subsoils be performed, and these measurements be compiled in a manner that reflects their proportion within the farming system.  The carbon content of biomass and intact litter may be inferred from mass (e.g. 0.45 to 0.50) but the C contents of soils and partially-decomposed litter require chemical analysis or combustion.  On the other hand, only one or few carbon stocks may be of particular interest within agroecosystems, and field activities may be designed to measure specific pools rather than derive an estimation of total system carbon.  Also, field measurements may serve as ground truthing of remotely sensed data, or to initialize and validate computer simulation models.  The information contained in these guidelines is suited for all of these purposes. 

The selection of sites is based upon natural and managed vegetation type and coverage, land use change and soil classification, institutional research priorities and histories, proximity to research facilities and access by air and road or river.  For National Carbon Inventories and in the establishment of Clean Development Mechanism negotiating positions, the areas for characterization should be selected in conjunction with the priorities of national committees.

2. Teams and Tools
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A minimum of three team members are required to conduct these field procedures, one of which is designated the leader and held responsible for all randomization procedures, data entry protocols and sample labelling codes.  These methods, however, are most efficiently conducted by teams of eight consisting of a leader, three members establishing major quadrates and measuring tree diameters followed by two members positioning understorey sub-quadrates and recovering vegetation and litter followed by two members sampling soils and recovering roots.  Local land managers who wish to work with the team should not be discouraged but require initial supervision and cautioning about site disturbance prior to and during measurements.  Transporting samples from remote sites to road heads is often very labour and time demanding, and teams must adjust their pace to this end-of-day effort.  One option is to begin measurements furthest from the road head in the morning and work towards it during the day.  A list of field equipment useful in conducting carbon measurements is presented in Table 1.  Most of this equipment is readily available in developing countries with the exception of geographical positioning systems, range finders and hand saws suitable for cutting roots in the soil.  

Table 1. Important field tools and their uses in a field campaign to measure total system carbon in smallhold farming systems.

___________________________________________________________________________

 tool: use

-----------------------------------------------------------------------------------------------------------------

 geographic positioning system: identify geographic coordinates of site and land use

 local or aerial map: assist in site location, establish rapport with farmers

 random number table: assist in randomization decisions

 compass: assist in mapping and randomization direction 

 data sheets and clip board: enter DBH and labelling codes with sketch maps on reverse side

 range finder: measure farm and field dimensions

 metric tape measure: establish 50 m linear axis of major quadrate. measure field dimensions

 diameter tape: measure tree diameter

 fluorescent tape: mark approximate location of major quadrates

 dial calliper: measure DBH of smaller trees

 1 m x 1 m wooden quadrate: establish boundaries for understorey recovery

 0.5 m x 0.5 m wooden quadrate: establish boundaries for surface litter recovery

 hand shears: recover understorey vegetation

 small hand rake: recover surface litter

 hand saw: recover small trees, woody litter and larger roots

 flat-bladed shovel: excavate soil and roots

 bulk density cylinders: recover soil bulk density samples for each land use

 wooden mallet: drive bulk density cylinders into soil

 flat-bladed knife: trim soil cylinders and others

 camera and film: document procedures and land uses

 plastic tarp: establish sample processing area

 ___________________________________________________________________________
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3. Woody Biomass Carbon Measurement and Sampling
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The presence and arrangement of woody biomass governs the approach to aboveground carbon measurement within an ecosystem (Woomer and Palm, 1998; Woomer et al., 2000).  Trees in remnant forests and woody fallows may be measured within replicated, elongated transects (e.g. 25 m x 4 m) with the origin and direction established at random, however this approach is poorly applicable to Sudanese savannas and other vegetation types where trees are infrequent or dispersed (Woomer et al., 2001).  Sample plot sizes must be larger and/or transects longer to accommodate lower tree density.  In the Sudanese savanna (White, 1983), woody biomass measurements should be obtained from “strips” 5 m x 500 m or plots up to 1 ha in area (Figure 1, Appendix 1B).  Systematically planted trees are measured along rows with the width of the transect adjusted to the inter-row spacing.  Trees and large shrubs within boundaries are measured in similar fashion with the transect width also adjusted to conditions.  The diameter at breast height (DBH in cm) of all stems greater than 2.5 cm is recorded using callipers or a diameter tape where circumference is expressed in units of diameter.  Biomass is assigned to individual trees through allometric equations either empirically derived from local conditions or adopted from previous work in various ecological zones (Brown et al., 1989; FAO, 1997).  Allometric equations based upon power functions, which intercept the origin, are recommended above quadratic approaches because of their greater accuracy for assigning biomass to smaller trees.  For general purposes, we recommend the equations from FAO (1997) in Dry Zones (<1500 mm y-1): 

Aboveground tree biomass (kg tree-1) = exp(-1.996 + 2.32 lnD)           [Equation 1]

and in Moist Zones (1500-4000 mm y-1): 

Aboveground tree biomass (kg tree-1) = exp(-2.134 + 2.53 lnD)      [Equation 2]

where Y is the aboveground tree biomass in kg and D is the measured DBH in cm.  Other equations are available for drier (<900 mm y-1) and wet zone (>4000 mm y-1) from FAO (1997).  The above equations are based upon lowland tropical moisture-temperature relationships and judgement is required when applying them to higher elevations as evapotranspiration decreases and climate becomes "wetter" at a given rainfall (FAO, 1997).  Tree biomass is converted to carbon by a factor of 0.45 (Woomer and Palm, 1998).  The average biomass (kg) of field-replicated 2500 m2 quadrates is adjusted to Mg ha-1 with a factor of 0.004 (4 quadrates ha-1/1000 kg Mg-1).  

An alternative approach, The Point-Quarter Sampling Technique (Brower et al., 1990; Sutherland, 1996) relies on plotless sampling for tree or shrub density, biomass, or related properties and is often the method of choice when individuals are sparse and widely separated and it is too laborious to use line or belt transects (Figure 2). It is not the method of choice, however, when individuals are planted systematically and are uniformly spaced, as is usually the case in plantations, or when their distributions are highly aggregated.  The method is performed as follows:
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1. Select random locations along each transect to establish "points" and then identify the four "quadrants" at each point with a compass (N, S, E and W).
2. Measure the exact distance from the point to the nearest tree (middle of the tree) in each quadrant.  Identify species as required in the study and take additional measurements such as tree diameter, height and crown area.
3. Continue along the transect(s) to new, randomly selected, points and repeat until an adequate number of individuals has been obtained. Points must be separated by a great enough distance that a tree is NOT counted more than once.
4. Calculations (for each species as desired): a) sum all point-to-plant distances (in meters) and compute the mean value of point-to-plant; b) the mean area (meters squared) per plant is equal to the mean distance squared and c) the mean density (number per ha) per hectare is equal to 10,000/mean area.
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Biomass, carbon, or other tree attributes can now be calculated keeping in mind that algorithms do not scale linearly, requiring individual application of the algorithm and summation.

4. Herbaceous and Surface Litter Carbon  Sampling and Measurement
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Herbaceous and woody vegetation with DBH less than 2.5 cm is harvested from randomized (see Appendix 1), replicated 1.0 m x 1.0 m frames (Figure 1).  Transects are laid in each farm enterprise and 1.0 m2 quadrate positions assigned at random intervals along them (Appendix 1B).  The quadrates may be "nested" within the 100 m2 tree quadrates, or when trees are absent or sparse, located independently of tree measurement.  Plant tissues originating outside of the quadrate but falling within it are recovered and plant tissues originating within the quadrate but grown beyond it are discarded.  Then all remaining vegetation is cut at ground-level and recovered.  Care is taken to collect any fresh tissues that fall during harvest.  Samples are weighed, sub-sampled, dried at 65o C to constant weight and corrected for moisture.  Once dried, live vegetation is assumed to contain 0.45 C.  The average biomass (kg) of field-replicated 1.0 m2 herbaceous quadrates is adjusted to Mg ha-1 with a factor of 10 (10000 quadrates ha-1/1000 kg Mg-1).  Measurement of annual crop  biomass is time consuming considering the size of their carbon stocks.  An alternative approach is to reconstruct biomass C by adjusting yields with harvest index and the proportion of roots using the equation:

biomass C (Mg ha-1) = 0.45 x ((CY/HI) + RR(CY/HI))                    [Equation 3]

where CY = reported average crop yield, HI = harvest index and RR = the ratio of below-ground to aboveground biomass. 
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Surface litter is collected from centrally-positioned 0.5 m x 0.5 m frames within the larger herbaceous vegetation quadrates using a small hand rake (Figure 1).  Surface litter is assumed to be necromass of identifiable origin (e.g. leaves, fine branches) although judgement is often necessary in differentiating it from the soil organic horizon in grasslands or under trees.  Woody necromass <10 cm in diameter falling within the 0.25 m2 quadrate is collected with a hand saw.  Logs >10 cm diameter require separate characterization based upon geometric and wood density approaches (Woomer and Palm, 1998).  Surface litter is washed over a 2 mm sieve, dried at 65o C to constant weight and corrected for moisture.  Alternatively, the litter is sub-sampled and ashed in a muffle furnace to remove mineral contaminants.  Once dried or combusted, surface litter is assumed to contain 0.45 C.  The average biomass (kg) of field-replicated 0.25 m2 surface litter quadrates is adjusted to Mg ha-1 with a factor of 40 (40000 quadrates ha-1/1000 kg Mg-1).  Measurement of surface litter is not time consuming but this carbon stock tends to be small in enterprises other than woodlots, perennial crops, fodders and fallows.  

5. Sampling Belowground Carbon: Roots and Soil
Root measurement is a necessary component of detailed investigations comparing candidate management interventions but is too time consuming for purposes of routine monitoring.  Roots are collected by excavating an area 0.2 m x 0.2 m to a depth of 50 cm with a narrow, flat-bladed shovel and hand saw.  Coarse roots are hand sorted and washed.  The remaining sample is dispersed in tap water, passed through a 2 mm sieve and roots collected without attempt to differentiate live and dead roots.  Roots are then washed of gross mineral contamination, dried at 65o to constant weight, weighed and a sub-sample ground and ashed.  Ash-corrected dry weight is assumed to contain 0.45 carbon.  The average biomass (kg) of field-replicated 0.04 m2 root quadrates is adjusted to Mg ha-1 with a factor of 250 (250000 quadrates ha-1/1000 kg Mg-1).  Other methods of sampling root biomass are described by Anderson and Ingram (1993).

An alternative approach is to assign root biomass as a proportion of aboveground biomass.  While a paucity of information is available on the proportion of roots in many tropical ecosystems, one estimate from Senegal may prove useful to researchers in African drylands.  The proportion of roots to woody biomass was calculated to be 0.38 based upon the work of Bille and Poupon (1972) who had examined subterranean tree biomass for 17 trees of up to 27 cm diameter.
Soils are recovered in two increments of 0-20 and 20-50 cm using a narrow, flat-bladed shovel.  Care is taken to recover coarse roots using a small hand saw during the excavation.  Samples for soil bulk density are recovered by driving a thin-walled metal cylinder of known volume into the vertical face of the excavation with a wooden mallet at two depths (10 cm and 35 cm, one central to each incremental soil sample), withdrawing the filled cylinder, trimming soil protrusions with a knife and storing the sample in a plastic bag for later soil moisture and bulk density determination.  Chemical analyses for soil and litter carbon are described in the following section.  

6. Chemical Analyses of Soil and Organic Resource Carbon (after Okalebo et al., 2002)
Total organic carbon content of soils

Principle.  Organic carbon is determined by the sulphuric acid and aqueous potassium dichromate (K2Cr2O7) mixture.  After complete oxidation from the heat of solution and external heating (Nelson and Sommers, 1975), the unused or residual K2Cr2O7 (in oxidation) is titrated against ferrous ammonium sulphate.  The used K2Cr2O7, the difference between added and residual K2Cr2O7, gives a measure of organic C content of soil. The chemical reaction in the method is;




2Cr2O72- + 3C + 16 H+ → 4Cr3+ 3CO2 + 8 H2O

An additional method is provided where the amount of chromic Cr3+ions formed during the oxidation process is determined colorimetrically to give total amount of organic carbon present in soil or manure sample. The method is suitable for soils with higher carbon contents (e.g. >2%).

Reagents
1. 1N Potassium dichromate solution: Dissolve 49.024 g of dry K2Cr2O7 in about 800 ml of distilled water, and dilute to 1000 ml.

2. Sulphuric acid, concentrated

3. Ferrous ammonium sulphate solution, 0.2 M.  Dissolve 78.390 g ferrous ammonium sulphate in 50 ml conc. H2SO4, and dilute to 1000 ml with distilled water.

4. Indicator solution: 1,10 Phenanthroline monohydrate - ferrous sulphate (Ferroin). [C12H8N2]3FeSO4. Dissolve 1.485 g of 1,10 ortho-phenanthroline monohydrate (C12H8N2.H2O) in 100 ml of 0.025 M ferrous sulphate (0.695 g of ferrous sulphate FeSO4.7H2O) in 100 ml of distilled water.

Procedure
1. Weigh out 0.1 to 0.5 g of ground (60 mesh) soil into a block digester tube (sample weight).  Add 5 ml potassium dichromate solution and 7.5 ml conc. H2SO4.  

2. Place the tube in a pre-heated block at 145-155(C for exactly 30 minutes.  Remove and allow to cool. 

3. Quantitatively transfer the digest to a 100 ml conical flask, and add 0.3 ml of the indicator solution. Using a magnetic stirrer, to ensure good mixing, titrate the digest with ferrous ammonium sulphate solution; the endpoint is reached with a colour change from greenish to brown. 

4. Record the titre and correct for the mean of 2 reagent blanks (T).

Calculation
Organic carbon (%) = (T x 0.3 x 0.2) / sample weight (g)

Example Calculation.  At the titration endpoint (point of equivalence, above):

(Vb - Vs) ml of 0.2 M Fe++ solution = (12/4000) × (0.2 × (Vb - Vs)) g C

where (Vb - Vs) = T (the titration volume).  Hence, the amount of C in a 0.3 g soil sample (w) is: 

Organic C (%) = (0.003 × 0.2(Vb - Vs) × 100)/w 

where Vb = volume in ml of 0.2 M ferrous ammonium sulphate used to titrate reagent blank solution, Vs = volume in ml of 0.2 M ferrous ammonium sulphate used to titrate sample solution and 12/4000 is the millequivelent weight of C in grams.    For example, if Vs = 8.75, Vb = 22.75 and w = 0.2 then:

C (%) = (0.003 × (0.2 × (22.75 - 8.75)) × 100) / 0.2 = 4.2% C

Colorimetric Determination of Organic Carbon

Reagents

1. Barium chloride, 0.4%: dissolve 4 g barium chloride in 1000 ml water.

2. Potassium dichromate, 5%: dissolve 50g in 1000 ml water.

3. Sulphuric acid, concentrated (H2SO4, about 36 N) 

4. 50 mg/ml C solution: Dissolve 11.886 g dry sucrose in water and make up to 100 ml in a volumetric flask (Dry about 15 g sucrose at 105oC for 2 hours. Cool in a desiccator)...

Standards.  Using a pipette transfer 0, 5, 10, 15, 20 and 25 ml of the 50 mg/ml C stock solution into labeled 100 ml volumetric flasks and make up the mark with distilled water, mix well. The standards working series contain 0, 2.5, 5.0, 7.5, 10.0 and 12.5 mg/ml C.  Pipette 2 ml of each of working standard into labeled 100 ml digestion tubes. Heat to dryness at 105oC. The dried content now contains 0, 5, 10, 15, 20, 25, mg C.
Procedure with external heating

1. Precisely weigh about 0.30 g ground soil (<0.5mm) into a clean labeled 100 ml digestion tube. (If the soil is dark, or is suspected to be high in organic matter, use about 0.1 g.)  Record the weight of soil, W.

2. Add 2 ml of distilled water.

3. Add 10 ml 5% potassium dichromate solution and allow it to completely wet the soil or dissolve the standards.

4. Slowly and carefully add 5 ml H2SO4 from a slow burette and gently swirl the mixture to mix.

5. Digest at 150 OC for 30 min.

6. Allow to cool, then add 50 ml 0.4% barium chloride, swirl to mix thoroughly bring the volume to 100 ml mark, allow to stand overnight, so as to leave a clear supernatant solution.

7. The standard series now contains 0, 0.05, 0.1, 0.15, 0.20 and 0.25 mg C/ml.

8. Transfer an aliquot of the supernatant solution into a colorimeter cuvette, measure absorbance of the standards, the sample and blank at 600 nm. Record each readings

Calculation

The content of total organic carbon in air dry soil expressed in %C is calculated as follows;

organic carbon % = [(a-b) x 0.1] / weight of sample (w)

Where a = concentration of chromic Cr3+ in the sample; b = concentration of chromic Cr3+ in the sample; w = weight of soil taken for analysis.
Fractionation of organic matter by particle size 

Principle. The objective of this procedure is to determine the absolute amounts and relative proportions of particulate organic C and N in soils.  Particulate soil organic matter is defined as the fractions with diameters between 250-50µm and is captured using a wet sieving technique.  The assumption is that the particulate fraction is the SOM most readily formed and decomposed in soils and that its levels and dynamics reflect upon the sustainability of various land management options.  Furthermore, the particulate fraction is an important substrate for soil mineralization processes, and a relative decline in the size of this fraction to total SOM is indicative of a loss in inherent soil fertility.  The amount of particulate carbon was well correlated with crop yield, soil nutrient content and farmers’ perception of soil quality in two studies in Central Kenya (Kapkiyai et al., 1999; Murage et al., 2000) and it is likely to prove an efficient index of soil management when employed over a wider range of conditions.

Materials
1.
2 mm, 250µm and 50 µm soil sieves

2.
Wet sieving apparatus and vibrating sieve shaker

3.
50 g (dw) fresh soil sample

4.
Soil dispersal agent (eg 10% Sodium hexametaphosphate (calgon solution).

Procedure
1. Collect a fresh soil sample and determine the moisture content of a sub-sample

2. Assemble a wet sieving apparatus with mesh sizes 2 mm, 250 µm and 50 µm.

3. Disperse a 50 g (dw) fresh soil sample with 10% calgon solution. Place the dispersed soil sample on the 2 mm sieve, begin wet sieving.

4. After 20 minutes, collect the fractions contained on the 2 mm sieve and between the 2 mm -250 µm and 250-50µm mesh sizes.

5. Optional. Examine selected samples of the 250-50 µm fractions under a microscope at 50 to 100 power to determine the relative proportions of fungal spores and mycelia, plant cellular materials and non-cellular particulate organic matter.

6. Repeat steps 4-7 using 50 g (dw) of a fresh non-dispersed soil sample.  

7. Oven-dry the collected samples at 65o C for 24 hours and record the weight of the samples.
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Determine the C and N contents of the collected materials.

9. Determine the total C and N contents of the soils.

Remarks.  Wet sieving of fresh soil is recommended in order to reduce changes in soil structural properties resultant from air or oven drying. The 2 mm, 250 and 50 µm mesh sieves are selected because the particulate organic matter (POM) is defined as having diameters ranging between 250-50µm (Figure 4).  The 2 mm mesh collects root litter and coarse to medium sand, the 250 µm mesh collects fine sand and partly degraded plant residues, the 50 µm mesh collects silt and POM and passes clay, soil microbes and clay associated organo-mineral complexes (humic substances).  This procedure is a rapid approximation of soil organic matter fractions based on particle size only, and does not yield information on microbial biomass.  Microscopic examination indicates that both microbial colonies and skins of humic substances adhere to the POM fraction during sieving.  Other micro-organisms are fragmented, and very likely washed through to 50 µm sieve.  

Calculations
1.
The total particulate organic carbon of the dispersed soil (POMT) is:


POMT = (DW50-250) × (C%/100)
2.
The unprotected particulate organic carbon of the non-dispersed soil (POMU) is:


POMU = (DW50-250) × (C%/100)
3.
The particulate organic carbon that is physically protected (POMP) by the soil aggregates is:


POMP = POMT - POMU
4.
The relative proportion of particulate organic carbon (POMR) is equal to:


POMR = POMT / Total soil C
Note that similar calculations can be performed for the data obtained from the nitrogen analyses.  An alternative approach is to compare the N mineralization of the particulate fraction to that of 50 g (dw) oven dried soil.

The absolute amount of POM is a reflection of the balance between plant residue inputs and the mineralization of soil organic matter.  POM is believed to be a more labile fraction of SOM.  Because of this, the relative proportion of POM to SOM (POMR) is a measure of the mid- to long-term balance of organic matter inputs and losses of a soil system.  For example, many forest soils contain greater than 50% POM (POMR > 0.5) and following several years of cultivation and removal of harvest the POMR drops to < 0.2.  The protected particulate organic matter (POMP) results from the effects of soil aggregation (particularly clays and amorphous minerals) and may represent the longer-term potential of a soil system to provide plant nutrients.  In long term plant productivity and soils studies, changes in POM are very likely to be correlated with changes in crop performance over time (Kapkiyai et al., 1999) or due to residue management and organic input strategies (Murage et al., 2001).

Soil microbial biomass carbon 

Principle.    Microbial biomass as determined by the fumigation-extraction technique subjects a fresh soil to chloroform fumigation that results in cell wall lyses, allowing the cellular contents to become extractable in 0.5 M K2SO4.  This is not a measure of soil microbial activity because no differentiation is being made between quiescent and active organisms, or between different classes of micro-organisms.  Care must be exercised when comparing soils collected from different locations as microbial biomass fluctuates greatly within a single soil in response to litter inputs, moisture availability and temperature.  
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Assessment of C Sequestration Opportunities

If different agricultural soils are being compared at a single time, the fresh soils should be at or near moisture holding capacity.  If soils from different natural ecosystems are being compared, samples should be collected toward the middle of the wet and dry seasons.  The following procedure is based on that of Anderson and Ingram (1993), Brooks et al. (1985) and Vance et al. (1987).  Many refinements to measurement of microbial biomass and its components are available, including substrate-induced incubation and the extraction of ATP (see Horwath and Paul, 1994).  Powlson (1994) published a concise review of the concept of microbial biomass measurement that contains numerous useful citations.

Reagents
1. Chloroform (alcohol-free).  Wash chloroform with 5% concentrated H2SO4 in a separation funnel, separate the acid and then rinse repeatedly (8-12 times) in distilled H2O.  Store in a dark bottle.

2. Potassium Sulphate, 0.5 M.  Prepare by dissolving 87.13 g K2SO4 in 1000 ml distilled water.

Procedure
1.
Place 15 g of fresh soil samples into a 50 ml beaker. Conduct a moisture determination on soil sub-samples so that the results can be expressed on a dry weight basis (Figure 5).

2.
Place the beakers into the two paired desiccators.  Into one of the desiccators, place a 100 ml beaker containing 25 ml of chloroform (alcohol-free) into the centre of the desiccator.  Adding boiling chips to the chloroform assists in rapid volatilisation of the chloroform.  The second desiccator contains the non-fumigated control samples which apart from fumigation/evacuation are to be handled in the same fashion.  Close the lids of the desiccators paying particular attention that the sealant is uniformly distributed.

3.
Apply a vacuum to the fumigated treatment until the chloroform is rapidly boiling.  Close the desiccator and store under darkened conditions for 72 hours at room temperature.

4.
Evacuate the fumigated treatments using the vacuum pump repeatedly (8-12 times).  Remember that the chloroform is being trapped by the oil in the vacuum pump so the oil must be changed more often than normal.  Alternatively, chloroform can be trapped by a cooling finger to prevent contamination of the vacuum oil.  It is not necessary to evacuate the control desiccator.

5.
Open the desiccators and transfer the soil samples to shaking bottles or flasks (125-250 ml).  Add 50 ml of 0.5 M K2SO4 and shake on a wrist action shaker for 25 minutes.
6.
Either filter the soil suspensions using No 42 filter paper, or centrifuge, in order to obtain a clear extract.  

7.
Digest the sample as and analyse for total N as described in Chapter 9, and for C as described in Chapter 23.

Calculations
Microbial Biomass C = (Cfumigated - Ccontrol)

Microbial Biomass N = (Nfumigated - Ncontrol)

Remarks.  Some authors suggest that empirically derived correction factors should be applied to these results.  These factors may be obtained by conducting the fumigation/extraction procedure on inert soils containing a known quantity of microbial biomass (e.g. mushrooms or washed bacterial cells).  Vance et al. (1987) advocate a factor of 2.64 for microbial biomass C and Brooks et al. (1985) recommend a factor of 1.46 for biomass N.  If these factors are applied, this should be clearly indicated when reporting the results.  Because of the tremendous variation in soil microbial (and microfaunal) populations in soils, we suggest that these factors not be applied.

Organic matter content of manure and compost
Principle.  The sample is ignited slowly in a muffle furnace to a final temperature of 550(C.  The loss in weight represents the moisture and organic matter content of the sample, while the residue represents the ash.

Apparatus.  Muffle furnace (550oC capacity)

Procedure  

1. Weigh 10 ± 0.1 g of well mixed air dry (< 2 mm) manure or compost sample of a known moisture content in a dry porcelain or nickel crucible.  

2. Heat slowly in a furnace (raising the temperature setting in steps (100, 200 and 550(C).  The final temperature setting of 550(C should be maintained for 8 hours.

3. Remove the crucible containing a greyish white ash.  Cool in a desiccator and weigh.

Calculations.  The percentage ash and organic matter are calculated by the differences in weight of the crucibles before and after combustion as follows:




ash (%) = [(W3 - W1) / (W2 - W1)] x 100 and




organic matter (%) = 100 – ash %
where W1 = the weight of the empty, dry crucible; W2 = the weight of the dry crucible containing manure; and W3 = the weight of the dry crucible containing manure following ignition.  Note that the weight of the ash = W3 - W1.

Remarks.  The percentage of organic matter and ash are usually calculated on oven dry basis of the material.  To convert air dried sample ash and organic matter contents from an air dried to a dry weight basis multiply the air dried percentages with:

oven dried sample weight / air dried sample weight
where oven dried sample weight = air dried sample weight x  (1 - moisture content).

7. Data Compilation, Analysis and Interpretation
To calculate total system carbon stocks, the individual carbon pools, woody biomass, herbaceous biomass, litter, roots and soil, are totalled and expressed as kg or Mg carbon ha-1 (Woomer and Palm, 1998; Woomer et al., 2000).  This operation is best performed within a spreadsheet data base by entering the carbon pools as columns and the sites (cases) as rows.  Additional columns are required that characterize the site in terms of its coordinates, land use, soil characteristics and additional references. An extract from such a data base that is being constructed for sites in Senegal appears in Table 2.  Completion of the spreadsheet C data base allows for similar sites to be grouped, and summary statistics performed.  Data for one set of carbon values obtained for a given zone and land use combination may be compared to other sets through estimates of error terms.  An example of the carbon summary prepared from the Senegal carbon data base appears in Table 3.
Table 2. A portion of the carbon data base under development in Senegal.  Note the columns consist of carbon pools and other information that may be used to group the sites.

______________________________________________________________________________
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Table 3. Biomass carbon, soil organic carbon and total system carbon (t ha-1) in selected eco-geographical zones and land uses in Senegal.

Eco-geographical Zone
 n

   Biomass C
         Soil C
            Total C

Land Use



       

---------------- t ha-1 -------------

------------------------------------------------------------------------------------------------------------

Senegal River Valley

  4




Cultivated

  2

  3.4


13.8

17.2 (0.1)

Forest


  2

73.9


41.0
          114.9 (9.8)

Sylvo-pastoral Zone

16




Cultivated

  2

  0.1


14.5

14.6 (1.8)


Degraded 

  3

  1.7


  7.6a

 9.3 (na)


Grazed


 11

  4.2


16.2

 9.3 (8.8)

Groundnut Basin: Old
  9





Cultivated

  4

10.3


 22.5

41.3 16.0)


Fallow


  2

16.5


 22.3

40.5 (19.0)


Cultivated Parkland
  3

24.7


 21.4

 47.8 (6.3)

________________________________________________________________________

a values in parenthesis are based upon generalized or off-site soil carbon and bulk density measurements. b Standard Deviation in parenthesis, na = not applicable.

Accounting for different land management enterprises.  Approaches to estimating biomass and wood volumes within different farm enterprises are presented in Table 4.  Annual crops should be measured at peak biomass or biomass data is better reconstructed from yield records.  Banana presents a problem in biomass measurement.  It is a giant herb with a large underground storage organ.  The application of allometric equations for woody biomass is inappropriate and destructively sampling bananas as herbaceous biomass is extremely difficult.  Modelling approaches may assist in reconstructing banana biomass C from yield records when detailed soil data is available and land history known (Woomer et al., 1997, 2000).  Baobab  (Adansonia digitata) presents a similar problem although opportunity exists to apply allometric equations that are adjusted for the extremely low wood density and hollow space. Younger fallows and woodlots are undergoing successional changes and researchers must exercise judgement in randomization procedures, particularly for woody biomass measurement (Woomer and Palm, 1998).  Fields of annual crops and fodder often contain scattered trees, the DBH of each should be measured as these may contain greater biomass than the crop.  It may be necessary to separate farm and field boundaries because the former usually contains more and larger trees, requiring a set of total length, average width and unit biomass measurements for each.  Guidelines for estimating wood volume of farm structures are not well established but information is available on the density of wood from many tree species (FAO, 1997).  

An example conceptual framework for the interpretation of carbon stocks and dynamics of within-site interpretations based upon the conditions in the Sylvo-Pastoral Zone follows (Figure 6).  First, natural and protected areas are characterized in terms of area and system C stocks, and the land uses derived from those areas determined.  If the derived land use is shifting cultivation, then the maximum and minimum C stocks over the fallow-cultivation cycle should be determined, as well as the value of crops produced within it.  If the land use is grazing, and if that grazing has led to environmental degradation, then an estimate of the C stocks and land area can reveal the social costs of overgrazing once the value of livestock produced during the degradation process is determined.  

Table 4. Approaches to estimating biomass and wood volumes in different enterprises of smallhold farming systems.

______________________________________________________________________________
Farm enterprise
                                              Approach

Annual food crops
Measure random sample of herbaceous vegetation by destructive sampling of small quadrates with plot size dependent upon row spacing.  Include scattered woody biomass by measuring DBH >2.5 cm.  Crop biomass may be reconstructed from yield through harvest index. Adjust for cropping pattern.

Woodlots and perennial crops
Calculate total row length of woody biomass.  Measure DBH of a random sample of trees >2.5 cm in 25 m long quadrates with rows adjusted for row spacing.  Adjust randomization procedures in woodlots resembling natural forest.

Annual market crops
Destructively sample herbaceous vegetation in randomized, replicated 1.0 m2 quadrates or reconstruct biomass based on yields.

Fodder, forage and fallow
Destructively sample herbaceous vegetation in randomized, replicated 1.0 m2 quadrates.  Count and measure DBH of scattered trees.  Tree fallows are considered woodlots.

Farm and field boundaries
Establish total length and average width of farm boundaries.  Measure DBH of woody vegetation >2.5 cm along randomized, replicated 25 m sections.  Nest quadrates for destructively sampled herbaceous vegetation within woody biomass sample if necessary.

Household area
Estimate the wood volume of structures and adjust for wood density.  Measure DBH of woody biomass >2.5 cm.  Estimate mass of manure piles and compost, sample and analyze for total C.  Include fences and other wooden structures.

___________________________________________________________________________
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Villages as carbon units.  It is important that land tenure and management systems be incorporated into the approaches toward carbon stock estimation.  In the case of smallhold farming systems, it is necessary to develop a C stock estimate and coverage for each different farm enterprise (Woomer et al., 2001). A similar situation exists for the village settings in the Old Groundnut Basin, but at a larger scale, where households are clustered in the center of the village holding and are surrounded by intensively managed infields, extensively managed outfields and grazing lands.  Carbon measurements may be combined to calculate an estimate of total village carbon when it is separated into different land management categories, their areas and carbon stocks measured and then the estimates are “reconstructed” on a total village basis.  A “three-dimensional” approach to this calculation is presented in Figure 7, where land uses are measured along four transects originating from the village center, and C stocks are measured in the land uses along two of those perpendicular transects.  The village may either be treated as nested quadrangles or concentric circles (or as more complex polygons) considering the appropriateness of geometrical models.  
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Sampling Natural Vegetation.  The basic sampling approach to estimating carbon stocks is similar to that of agroecosystems but with care taken to identify the types and coverage of natural vegetation and land uses derived from them as a means of inferring changes in C pools (Woomer and Palm, 1998).  Again, estimates of total system carbon are performed in randomized, field-replicated quadrates.  The major quadrat is 25 m x 4 m, or larger depending on tree density, forest uniformity and needs for precision, and replicated four or five times (see  Figure 1, lower left).  
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The starting point and direction of the quadrat's central axis is randomly selected (Appendix 1C).  Stakes are inserted into the ground at the two ends of the central axis and a 25 m tape measure tied between them at approximately 30 cm height.  Quadrat sides are identified using 2 m poles, one for each side of the central tape although care must be taken not to overly disturb areas that are intended for measurement.  These poles may also be used to “beat the bush” to discourage dangerous animals as tape measures are deployed and measurements taken.  The continuous identification of narrow quadrat boundaries with relatively short poles is designed to reduce errors in the width of the sampling area.  Quadrat locations are also marked for later plot identification by tying fluorescent tape to the first and last tree encountered within the major quadrat.  

Next, a new direction in which to initiate the next quadrat is selected at random (Appendix 1) separated by distances that are determined by the research team based upon the size of the land use, usually 50 to 100 m between quadrates (Figure 1).  Each team carries a table of random numbers and a compass to assist in randomization.  Quadrates were not allowed to cross one another or to extend beyond their designated land use.  Woody biomass, herbaceous biomass, litter, roots and soil are measured as described earlier in this paper.  For more precise estimates of tree biomass in woodlands or forest systems, increase the size of the five quadrat sub-samples to 100 m x 5 m resulting in the combined sampling area of 2500 m2 recommended by Brown et al. (1995).

8. Conclusions

Carbon measurements are performed for different purposes and the exact methods employed will reflect the need for reliability versus the availability of time.  Most system carbon occurring within tree parklands, woodlands and forests resides in the soil and aboveground woody biomass, and researchers an justify ignoring smaller, more difficult to measure pools once they have an developed an understanding of the errors associated with their shortcut methods.  On the other hand, researchers working in agroecosystems with the intention of identifying opportunities for carbon sequestration by land managers must document the amount and fate of farmer-available organic resources.  Furthermore, the suite of carbon measurements must allow for accurate comparison between different land uses and ecological zones.  For example, proportionately large amounts of C occur within the surface litter and roots of grasslands, but the absolute amount of this litter and root C is often less than that occurring in adjacent dryland forests.  Researchers with interest in 
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exploring carbon dynamics through the use of computer models, such as Century (Parton et al., 1994) have additional incentive toward more detailed measurement of carbon pools so that they may be used to initialize and validate the resulting simulations.  The procedures for estimating carbon presented in this paper assume that researchers seek to develop detailed estimates of carbon pools so that carbon fluxes between changes in land management may be inferred and the opportunities identified for carbon sequestration within different ecological zones and land uses (Figure 8).  For example, the opportunity for increasing carbon stocks through promotion of agroforestry in the cultivated parklands of Casamance may be many times greater than that of restoring degraded grasslands in the Sylvo-Pastoral zone to the north, but the social costs of desertification may in fact justify the lesser option.  The cost of precisely measuring the total system carbon occurring within a single small farm is probably greater than the trading value of that carbon, however, the knowledge gained has the potential to mobilize an “army” of smallholders and villagers as agents toward the mitigation of climate change.  In general, do not spend excessive time documenting small carbon stocks that offer little opportunity for better carbon management, but always be willing to spend the time necessary to reliably document the major carbon pools within an ecosystem.
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Appendix 1. Tables of random numbers
A. Table of random numbers from 1 to 10 to assist in routine field randomization procedures.

___________________________________________________________________________
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B. Table of random numbers from 1 to 25 to assist in sub-quadrat placement.

___________________________________________________________________________


13
10
25
18
12
21
15
 6 
21
4
 19
16


19
 7
24
13
   1 
 3
11         
20
         22        2 
    7
25

           23        
31
21
   7        
23        22           6         21           5        7             1         5

     
      20        16         24          9          4        11           1           8          19      15          17        20

           10        18         14        13          2        11           3         12          14        8          10        16

     
      21        22           9          7        10          6          17        16            4      13          12        22

           15        24           5         21         8        20          12          3          19        7            8        16

           23        19           1          5          6        13          17        18          10      16          11          5

             6        22         21          4       14         12          11        21            5        3          20        17

           24        14         17        23       18         12            7        10            9        2            5        22

           17        20         24        10       16           5            1          7          23      13            8        16

           18        21           3        16         8         17          23          9            3        1          24          7

___________________________________________________________________________

C. Table of random numbers from 45o to 3600 in 45o increments to assist in randomization of field direction (see key, below).

___________________________________________________________________________


 315
 135
225
 90
360
180

              270
  45
180
 45
 90
135

              270
 360
315
225
315
180

               90 
  45
270
135
225
360

              135 
  90
315
360
225
270

             180
  90
180
225
135
  45

             270
360
315
 45
270
215

              90
135
360
180
315
135

___________________________________________________________________________

key: 45o = NE; 90o = E; 135o = SE; 180o = S; 227o = SW; 270o = W; 3150 = NW; 360o = N

Figure 1. The major quadrat for (a) woody biomass estimation and (b) sub-quadrates for understorey, litter and soil/root sampling.  Note that the 1.0 m2 understorey sub-quadrat is nested within the 100 m2 major quadrat.  R indicates randomization decisions.








Figure 2. The Point Quarter Sampling Technique.





Measuring tree diameter with a diameter tape (above, left) and calipers (below, right).





Figure 3. The sampling areas for understorey biomass (1 m2) surface litter (0.25 m2) and roots and soil (0.04 m2 to a depth of 40 cm). 








Understorey and litter quadrates are randomly placed along a transect 





Figure 4. Recovery of particulate organic matter and other fractions using the wet sieving technique. 
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Figure 5. Experimental apparatus and sample arrangement in the chloroform fumigation-extraction method for measuring microbial biomass.





Figure 6. A conceptual model for carbon accounting within an ecological zone based upon the carbon stocks and respective areas of different land uses and the possible policy considerations that control movement between land uses.





Figure 8. Comparing opportunities for carbon offsets between different ecological zones requires that the social costs and returns of protecting or restoring carbon stocks be compared within different land managements.  





Figure 7. A minimum data set for estimating village system carbon. The procedure is stratified random sampling. The village area is assumed to occupy either a quadrangle or oval and the “width” of representative land uses is measured along four transects originating from the village.  Two of the transects are selected for C stock measurement (soil, root litter, understorey and woody biomass C) within land uses (e.g. sv1).  For the quadrangle approach, village area is ((dvxyz/4)2 and the area of   land use v (outer parklands) is ((dvxyz/4)2 - ((dxyz/4)2. A component of randomization must be included within sampling the stratified land uses.  This approach requires eight sets of C stock measurements per village.





An aerial view of a village in Senegal’s Old Groundnut Basin showing different land uses.





Sampling woody biomass in a Senegalese savanna along a transect.  Note the meter tape and 2 m pole used to define the sampling area 





Carbon sampling approaches must be sufficiently rigorous to characterize the total carbon pools in different adjacent land conditions such as degraded outfields (upper left), productive cultivated parkland (upper right), resource abundant infields (lower left) and across infield-outfield boundaries (lower right) occurring in Senegal’s Groundnut Basin. 





Tools for characterizing carbon pools. 










