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Abstract. Fuelwood harvesting is considered sustainable when consumption is equal to or less than production. 
An empirical model was developed to estimate potential fuelwood production from savannas. The model is 
based on the observation that in semiarid savannas, biomass production is linearly dependent on rainfall. Woody 
basal area is linked to mean annual precipitation, and aboveground woody biomass is proportional to basal 
area. Production averages 4% of standing woody biomass and is corrected to exclude stems that are too small 
for harvesting. The model assumes that the entire area consists of seminatural savanna. Corrections for the 
land lost as a result of land transformation and degradation would have to be included. Data on land loss can 
most effectively be obtained from satellite imagery, with appropriate ground calibration. The model is based 
on limited data sets but in most instances has been validated against independently collected data. The model 
yields a reasonable prediction at a national and regional level, but estimates for limited areas or specific points 
on the ground may differ substantially from the predicted values. Model results indicate a potential for 
sustainable fuelwood production at the national level, but specific regions are using fuelwood at nonsustainable 
levels. 

1. Introduction 

The Intergovernmental Panel on Climate Change (IPCC) emissions inventory methods 

consider unsustainable  use of fuelwood to be a source of net carbon dioxide (CO2) 

emissions (UNEP et al., 1995). Complet ion of the inventory, therefore, requires an 

estimation of the amount of fuelwood that is used unsustainably, which in turn requires a 

consideration of both consumption and production patterns. 

The burning of fuelwood is still the primary source of energy for most of sub-Sahara 

Africa (Anderson, 1986)--the majority of the rural population, even in relatively developed 

countries such as South Africa, still use wood as their primary energy source. Numerous 

studies indicate that in developing countries, wood is being consumed at nonsustainable 

levels (Bajracharya, 1983; Allen, 1985; Shackelton, 1994; Kaul, 1993; Kanetkar and Kaul 

1994). Within South Africa, it is estimated that approximately 11 million metric tons of 

fuelwood is consumed annually (Gander, 1994). However, in South Africa there are no 

data based on detailed empirical studies to use in estimating the size of the sustainable 

fuelwood resources in the extensive woodland areas of the country. 

Accurate estimates of fuelwood consumption are difficult because of methodological 

constraints and unreliable population demographics data. A number of estimates, largely 

based on questionnaires but with a few based on actual measurement, have been conducted 

within South Africa (summarized in Gander, 1994). Annual consumption rates vary greatly, 

from less than 250 kg per capita (Eberhard and Dickson, 1987) to more than 1100 kg per 
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capita (Best, 1979) in rural areas and from 26 kg per capita to more than 742 kg per capita 
in semirural/periurban areas (Eberhard, 1986). Workers on commercial farms are also often 
dependent on fuelwood--the few available studies estimate 800 to 900 kg per capita 
(Gander, 1992). Gander (1994) estimates total fuelwood consumption for South Africa to 
be 11.3 million megagrams (Mg), with the bulk, 6.6 million Mg, consumed in the ex- 
Bantustans and an additional 3.5 million Mg consumed by farm workers. Wood 
consumption rates depend on numerous issues such as wood availability, cost and 
availability of alternative fuels, levels of poverty, and the severity of the need for space 
heating. Not all fuelwood consumed is from the savanna regions. Forest patches, small 
woodlots, and wattle groves (Acacia spp.) are important wood sources, particularly in the 
grassland biome. Waste from commercial forestry also contributes to fuelwood availability 
but is probably of relatively limited importance at present (Gander, 1994). 

The estimation of savanna primary production is based on the observation that in 
semiarid savannas, the relationship between biomass production and rainfall is linear 
(Scholes, 1990, 1993). Although the assumption of linearity is robust, site-specific 
circumstances are such that the relationship between biomass production and rainfall for 
any particular site is in some ways unique. For instance, the depth, texture, and nutrient 
status of the soil affect both the slope and intercept of the relationship. Factors such as 
temperature and light also influence primary production because they influence the 
physiological processes of the savanna vegetation. The generalized relationships developed 
in the following sections are based on a large number of sites encompassing a wide range 
of variation. For any particular site, the prediction of biomass is likely to be erroneous, 
but for regional averages involving many sites, the central tendency is both robust and 
sufficiently accurate for the purpose of broad survey. 

The objective of this paper is to present a simple method for estimating sustainable 
biomass production on a regional scale, and to discuss the suitability of using this data as 

a basis for estimating CO 2 emissions from unsustainable fuelwood burning. 

2. Method 

Mean annual precipitation was chosen as a suitable independent variable for nationwide 
predictive models, because it is available for all of Africa at a 30 x 30 m resolution and 
for South Africa at a 1 x 1 m resolution from the Computer Centre for Water Research 
(CCWR). Temperature data at a similar resolution are not currently available for the country, 
although they are being developed. Soil data are extremely difficult to use in national 
predictive models because of the spatial variability in soil properties at the local scale, the 
unavailability of a national digital database of soil properties, and a lack of understanding 
about the ways in which different soil properties affect tree growth. 

Very few studies have investigated either total aboveground tree biomass or tree 
production rates within the savannas of southern Africa. It is, therefore, not possible to 
develop a direct relationship between either of these two parameters and mean annual 
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precipitation. The following four-step approach was used to predict woody production 

potentials: 
In step 1, a linear relationship was developed between the basal area of woody 

vegetation (BA: m2/ha)and the mean annual precipitation in South African savannas (MAP: 
mm). Forty-three sample quadrats from fourteen sites spread throughout the savanna region 
of South Africa were used to develop this relation, and twenty plots from an independent 
study were used to validate it. Study sites were located in areas of seminatural savanna, 
and sample quadrats were located at a range of catenal positions. Basal area was calculated 
as the summation of  the individual tree-stem area derived from stem-diameter 
measurements. Although there was a large degree of variance within the data, a significant 
correlation between basal area and rainfall was established (r 2 = 0.29, p < 0.05). The 
regression equation derived (BA = --0.03535 + 0.0158 MAP) was very similar to a 
regression derived by Frost, of the Department of Biological Sciences, University of 
Zimbabwe, from a totally independent data set collected in Central Africa. The linear model 
based on South African data begins to deviate from Frost's exponential model only when 
rainfall values are greater than 1200 mm (see Figure 1). These rainfall values are greater 
than the expected rainfall in almost all South African savannas. Maximum basal area was 
limited to 32 mZ/ha, which represents the upper limit of the data. 

In step 2, the aboveground woody biomass (WB:t/ha) was related to stand basal area. 
A linear regression model linking woody basal area to aboveground woody biomass was 
derived from Southern African data sources (Moore et al., 1967; Scholes, 1988; Rutherford, 
1982; Endean, 1967; Dayton, 1978). Although only seven data points were available, a 
highly significant regression equation (WB = -2.930 + 2.7 BA) was fitted (r 2 = 0.93, p < 
0.001). This equation compares favorably to Frost's exponential model derived for basal 
area values less than 10 m2/ha. At higher values, the linear model gives more conservative 
results. Maximum aboveground biomass was limited to values less than 144 t/ha based 
on data from Malaisse and Strand (1973). 

In step, 3, the annual basal area increment was related to the stand basal area. Very 
few data sets exist for this purpose (Rutherford, 1984; Lubke and Thatcher, 1983; 
Rutherford and Kelly, 1978; van Vegten, 1984; Malaisse et al., 1975; Endean, 1967). The 
values range from 2.1% to 9.4%, with a mode around 4% (Scholes and Walker, 1993). 
These data are often unreliable because of the complexities involved in measuring stem 
increment, and because the data were often collected over too short a span of years to 
adequately represent the fluctuations in rainfall. There appears to be a trend from higher 
values (6%) at sites with low basal area, to low values (2%) at sites with high basal area, 
but this trend is not statistically significant. The modal value used was 4%, which 
corresponds to the rainfall range in South African sites, if indeed this relationship exists. 
This value represents the weakest point in the procedure, and could be in error by + 50% 
because of the range in published values. 

In step 4, a correction was made for that fraction of the aboveground biomass that is 
not considered useful as fuel. The lower size limit for fuel is an arbitrary decision, because 
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Figure 1. DBH (diameter at breast height) data from sixty-two sample plots showing 
the fitted regression equation and Frost's exponential model derived from independent data. 

it varies with the use pressure. Output indicates that the model is not very sensitive to the 

influence of  rainfall on the correction factor. A value of  0.025 m for the twig diameter 

(TD:m) was used. The approach is based on the "pipe theory" for tree architecture, which 

predicts that the total cross-sectional area of a tree is relatively constant from the base to 

the twigs. Guy (1981) presents an equation that relates stem diameter to wood mass for 

individual savanna stems. The relationship appears stable over the entire data range. The 

wood biomass for the whole stem is, therefore, calculated by applying the equation to the 

mean stem (MSD:m) diameter at the site (WB = WB (1.0 - exp (log (TD/MSD) 0.5101)). 

The mass of  an equivalent cross-sectional area, made up of  25 mm diameter twigs, is then 

subtracted. 

The mean stem diameter at a site is derived from the observation that savannas across 

a broad rainfall range tend to have 500 to 1000 (averaging 800) stems per hectare that 

are greater than 50 mm in diameter. Substitution of  the Guy relation into the predicted 

biomass per tree allows the mean stem diameter to be estimated as (MSD = 0.1807 

exp(0.00019604 MAP)). It is a weak increasing function of  rainfall. The result of  these 
calculations reduces the predicted total woody biomass by 22.5% to 25% to yield a usable 

woody biomass estimate. 
The data are applicable only to savanna areas. A digitized and rasterized vegetation 

map (Acocks, 1988) was used to determine the extent of  the savanna biome in South Africa. 
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The classification criteria of Rutherford and Westfall (1986), with modifications suggested 

by Ellery (1992), were used to reclassify the map to represent biomes. Data analysis was 
conducted with the CCWR rainfall data, a rasterized map of the Bantustans, and a derived 
biome map as input. The calculations were made with custom code written in the BASIC 
programming language on a microcomputer, and the resulting output was generated with 
IDRISI software. Results were computed at the national level, and for each ex-Bantustan 
for comparison against published consumption levels. 

3. Results 

A map of the predicted wood production in South African savannas is shown in Figure 2. 
The predicted total annual production of usable fuelwood from savannas in South Africa 
is 20 million Mg, assuming no land-use transformation or land degradation. This estimate 
is based on a predicted total standing woody biomass of 762 million Mg. 

Table I shows the model's predictions of potential wood production from the savanna 
regions of the Bantustans. This is compared to published estimates of consumption per 
Bantustan. 
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Figure 2. Potential b iomass  product ion  o f  South Afr ican  savannas  in M g  ha  yr. 
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TABLE I 

Predicted fuelwood gonsumption rates versus potential production in.the ex-Bantustan areas. 

Bantustan % Savanna 

Potential 
Annual Factored Savanna 

Consumption Consumption Production 
(000 Mg)* (000 Mg) (000 Mg) 

Bophuthatswana 93.5 483 451 1494 

Ciskei 69.7 193 135 310 

Gazankulu 99.9 452 452 362 

KaNgwane 73.3 283 72 165 

KwaNdebele 91.7 98 90 359 

KwaZnln 63.9 2193 1401 1652 

Lebowa 85.5 1271 1086 970 

QwaQwa 0 26 0 0 

Transkei 24.6 1311 322 1070 

Venda 75.7 315 238 249 

* From Gander, 1994 
Note: Consumption has been factored by the percentage of the area under savanna. This is a conservative 
estimate because fuelwood is likely to be transported out of the savanna areas, and consumption is likely to 
be highest in the savanna areas where fuelwood is more easily obtainable. 

4. Discussion 

The predicted sustainable wood production rates presume the existence of healthy savanna 
vegetation over the entire savanna region. Land transformation or degradation has, however, 

accrued over most of the savanna region. Analysis of satellite imagery could provide a 
cost-effective mechanism for correcting for land transformation and degradation, but this 
would require field calibration of the effects of different levels of observed degradation 

on standing basal area. Up to this point, imagery analysis has been conducted only on 
limited areas and with limited or no ground verification. 

The results indicate that at a national level, there is a potential for sustainable fuel 
consumption, assuming that most of the savanna areas are maintained in a seminatural 
state. This would mean zero net CO 2 emissions, given uniform usage of the resource. 
However, it must also be noted that fuelwood consumption is not uniform over the savanna 

regions; high nonsustainable consumption is concentrated around areas with high 
population densities. Within South Africa and many other African states, betterment 
programs (resettlement programs forcing communities into villages) have resulted in high- 
density nuclear settlements. These settlements are often located close to agricultural fields 

that are totally cleared of bush, which reduces the area available for fuelwood production. 
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Table I indicates that in some of the ex-Bantustan areas there is potential for sustainable 

fuel production, but this conclusion does not take into account the fact that land degradation 
and transformation have greatly reduced the area available for production of fuelwood. In 
other ex-Bantustans, consumption exceeds maximum potential production. Fuelwood 
consumption is probably at unsustainable levels at localized sites in all the ex-Bantustans, 

although there is potentially a surplus in a few instances. Harvesting fuelwood for sale in 
nonsavanna regions and periurban and urban areas may further increase the level of 

consumption in some regions. 
Although South Africa has almost no charcoal trade, in nations such as Tanzania, 

Malawi, Zambia, and Mozambique charcoal trade is very active. Once areas of woodland 

have been cleared for charcoal production, they are often converted to agricultural use, 

and no tree regeneration can occur. 
Fuelwood consumption patterns change as fuelwood becomes scarcer. Traditional 

resource management practices on communal land limit fuelwood collection to dead wood; 
and in such cases, fuelwood consumption is sustainable. However, increased population 
pressure and the conversion of land from woodlands to agriculture or other uses increase 

the pressure on the remaining woodlands. This can lead to the harvesting of live wood to 

meet the shortfall in fuelwood. If  this occurs, there will be a net emission of CO 2 from the 
region. However, as fuelwood becomes scarce, its value increases, which often results in 
a switch to alternative energy sources, such as paraffin. The system may then stabilize at 

a lower level of sustainable wood consumption, or the wood resources may become locally 
depleted. 

4 .1  PRECAUTIONS WHEN INTERPRETING THE DATA 

Because this is the first time that a production (versus a standing crop) estimate has been 
made for savannas in South Africa, there are no data to verify the prediction. It should, 
therefore, be regarded as tentative. 

Each step in the modeling process relies on regression equations. The data on which 
these models are based are, in most instances, limited to fairly small data sets. Where 

possible, these have been validated against independently collected data. 

The models should give a reasonable prediction of total woody biomass production of 
savannas at the national level, but estimates for limited areas or specific points on the 

ground may differ substantially from the values predicted in the model. The results should 
not be expressed at a scale smaller than the magisterial district. 

5. Conclusions 

The methodology described in this paper provides an efficient way to predict potential 

fuelwood production at a regional, national, or continental level. At a regional level 
predictions about fuelwood production can be combined with fuelwood consumption data 
to allow for calculation of unsustainable consumption. It must be recognized, however, 
that consumption patterns are spatially heterogeneous and that localized overconsumption 
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is not compensated for by underconsumption in other areas. Although there is potential 
for sustainable consumption in South Africa at a national level, localized consumption is 
not operating in a sustainable fashion, and this is leading to net CO 2 emission and 
degradation of the savanna resource° 
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