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Abstract 
 
To quantify the amount of carbon sequestered in the soils, various models have been developed. A 
closer estimate, however, is achieved through the conventional soil survey in which soil samples are 
collected from a representative soil pedons, which could be a demanding approach. Although remote 
sensing is a useful tool in mapping and quantifying biophysical resources, it has a limited application 
in acquiring information on Soil Organic Carbon (SOC) particularly in dry environments. Since vege-
tation is considered as a major source of SOC, this study aimed at evaluating the extent to which the 
variability in SOC can be explained by above ground woody biomass (as important vegetation vari-
able) and to see the possibilities of up-scaling SOC estimation using vegetation indices as a remote 
sensing options. The study was conducted around Serowe village (26001’37”- 26057’57” East and 
22011’46”-22035’31” South), in Botswana, having semi-arid agro-climatic conditions. The project 
area (267328ha) was stratified in to three main physiographic units, namely: sandveld, escarpment 
and hardveld. Based on a stratified random sampling design, 75 sample plots were allocated for each 
stratum optimally. Ankle height basal area was measured in the field and converted to biomass using 
the existing regression equations developed by Tietema (1993). To convert the fresh weight biomass 
to dry biomass, moisture content of eight dominant species were determined. From every plot, bulk 
density (using core sampler), % course fragments and % C (using Walkley-Black method) were de-
termined to estimate SOC for the top 30cm. NDVI, SAVI and LAI were estimated form Landsat TM 
7(October 2001), ASTER (August, 2001) and MODIS (March, 2002).  Pearson correlation was ap-
plied to evaluate the relationships between SOC and biomass and vegetation indices. Finally, regres-
sion analysis was carried out to evaluate the extent to which woody biomass contributes to the SOC 
variability and to estimate biomass and SOC from vegetation indices. The results indicate that, bio-
mass poorly explains the variation in SOC, R2 = 17% and 0%, in the sandveld and escarpment, respec-
tively. However, SOC was better explained by biomass in the hardveld (R2 = 49%). By taking the 
Arenosol, which covers 78 % of the project area, biomass could explain 13 % of the SOC variability. 
To explain the remaining SOC variability, clay content for 19 plots were estimated (using Pipette 
method) and, it was found to explain about 42 %.  
 
Of the vegetation indices NDVI has greater correlation with biomass and SOC. However, relatively 
better estimation was possible in the escarpment (R2=0.35 for biomass and 0.23for SOC) where Com-
bretum apiculatum is the dominant species with greater density and biomass. 95 % confidence for 
average standing biomass, SOC stock and carbon in biomass were estimated to 10.48±1.29 t/ha 20.6± 
1.82 t/ha 4.51± 0.55 t/ha respectively. Generally, the SOC was poorly explained by biomass and vege-
tation indices were found to have application in estimating biomass and SOC in the area. The amount 
of carbon sequestered in a unit area of soils was found to be relatively low and the possible reasons 
given were geological and climatic reasons.  
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1. Introduction 

1.1. Background 

Over the past century, human activities such as burning of fossil fuels, deforestation, grassland con-
version, and other land-use changes have resulted in large concentration of carbon dioxide (CO2) and 
other greenhouse gases in the atmosphere (USGS, 2002). This large concentration of green house 
gases is resulted in global warming which in turn brings about sea level rise, drought, desertification, 
etc., which makes life difficult. 
  
According to IPCC (2000) the major cause for the increase in carbon in the atmosphere (90% of the 
net release) is change in land use in the tropics. Agriculture, through conversion of forests and grass-
land during the past 140 years, has led to a net release of about 121 Gt C, of which about 60% has 
been emitted in the tropics and about 40 % in middle and high latitudes (IPCC, 2000). 
 
Different environmental groups, Governmental and Non Governmental Organisation have been argu-
ing on the reduction of greenhouse gases emission. Therefore, a variety of strategies are needed to 
reduce CO2 emissions and remove carbon from the atmosphere in order to mitigate the potential ef-
fects of climate change. One possible mechanism for climate change mitigation is carbon sequestra-
tion, the facilitated redistribution of carbon from the air to possible carbon pools like above ground 
biomass, litter and woody debris, below ground biomass, soil and harvested materials (IPCC, 2000). 
  
The worlds soils will respond to global climate change primarily through changes in soil moisture, 
soil temperature and, on a somewhat longer time scale, soil organic matter content (e.g.O-horizons). 
These changes will in turn, have a dynamic role in influencing further changes in global climate and 
determining the effect of those changes (Bouwman, 1990). The importance of soil as a carbon sink 
according to Batjes (2000)is due to the fact that organic carbon has relatively large size and long resi-
dence time in the soil.  
 
The study area is located in the central district of Botswana where land degradation is a serious prob-
lem and having severely restricted biomass resource which reflects the sparsity and seasonality of 
rainfall, and poor soil quality (ETC-Foundation, 1987).As Bouwman (1990) stated, for semi-arid and 
sub-humid regions of the world, carbon sequestration in soils represents the most promising option for 
climate change mitigation.  
 
The study area could represents the biophysical conditions (vegetation, soil, etc.) of the country in 
particular and semi-arid environments at large. This is mainly because it includes the two main physi-
ographic units, Sandveld (Kalahari sand), which covers about two third of the country by area, and the 
Hardveld (the lower lying area, see figure 5), which extends to the east. The main objective of the 
study was to analyse the relationship between soil organic carbon (SOC) and vegetation/ above 
ground woody biomass. Here, woody biomass was evaluated as an indirect estimator of SOC. To up-
scale the estimation and mapping of SOC, vegetation indices were evaluated as a remote sensing op-
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tions. Generally the study attempts to assess the possibilities of estimating SOC indirectly from 
woody biomass and vegetation indices by taking plot-based information. Since biomass and SOC 
were estimated from 75 plots, the result gives picture on the biomass status and the carbon sequestra-
tion potential of the study area. 
 

1.2. Statement of the problem 

Land degradation is among the major problems that developing countries have been facing. Botswana 
is also a country most seriously affected by desertification, problems like overstocking, large scale 
vegetation depletion and changes, especially around water points and accelerated soil erosion by 
wind, sheet wash and gullying are common (Darkoh, 2002). As a result of increasing pressure of the 
already crowded communal grazing areas of the east, owners of large herds have, in the last three dec-
ades, been moving westwards, establishing permanent cattle posts in the Kalahari sandveld and 
spreading conditions of overstocking and degradation of vegetation on a large scale (Darkoh, 2002). 
Some researches indicated that the organic matter content of most of the soils in the area is very low 
(Siderius, 1973; Ringrose et al., 1998). 
 
The importance of determining the trends in SOC and vegetation cover along savannah ecosystems 
can be viewed as an important aspect in understanding the functioning of ecosystem functioning and 
global change (Ringrose et al., 1998). Nowadays, particularly following the Kyoto protocol on climate 
change, carbon has becoming an internationally- tradable commodity (MacDicken, 1997). Thus, there 
has been a strong effort to monitor the carbon flux particularly in the terrestrial carbon pools. 
 
As already mentioned, soil is an important sink, and various studies have been carried out to quantify 
the stock of carbon in the soil (Batjes, 1999; Robert, 2001). However, lack of a reliable, cost effective 
method, as MacDicken (1997) stated, has been a major problem. In most cases collecting soil sample 
from the field following the conventional soil survey procedure has been used to monitor soil carbon. 
However, this conventional way of estimating SOC, some times becomes resource demanding, and 
enables to have information from a relatively smaller area. Moreover, soil survey is mainly restricted 
to areas which are accessible and under certain climatic conditions (Folster et al., 2001). 
 
Different remote sensing techniques have been applied to estimate SOC. However, their application is 
restricted to surface information while larger proportion of carbon is found in the top 30cm. Although 
it is possible to acquire information about SOC from remotely sensed data in certain areas, it is almost 
impossible to detect the surface soil carbon for arid areas because of extremely low level of organic 
carbon (Ringrose et al., 1998). Thus, estimating SOC indirectly from those factors, which controls its 
stock and distribution, is taken as one alternative.  
 
Since information about above ground biomass can be acquired from remotely sensed data and it is 
considered to have a greater influence on SOC content and distribution in the area, this research 
evaluates the possibilities of estimating SOC from above ground woody biomass and vegetation indi-
ces. 
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1.3. Objectives 

The main objective of the study is to assess the relationship between soil (SOC) and vegeta-
tion (above ground woody biomass). 

 
Specific objectives: 

��To assess the stock and the distribution of SOC under different land use/ cover 
types. 

��Evaluate the possibilities of estimating SOC from above ground woody bio-
mass.  

��To evaluate the possibilities of up scaling SOC estimation using remotely 
sensed data. 

 

1.4. Research questions and hypotheses 

1.4.1. Research questions 

The research questions that address the above objectives are the following: 
��Does SOC content vary with land use/cover types?  
��Is it possible to estimate SOC stock indirectly from above ground woody biomass?  
��Can vegetation indices estimate SOC?  

1.4.2. Hypotheses 

��Different land use/ cover types have different SOC stock.  
��SOC can be estimated indirectly from above ground woody biomass. 
��Vegetation indices can be used as indirect estimates of SOC 
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2.  Litrature review 

2.1. The dynamics of SOC 

The increase in the concentration of green house gases in the atmosphere is the result of both indus-
trial activities change in land use (vegetation) and fauna (IPCC, 2000). Bauwman (1990) also indi-
cated that about 30 per cent of the CO2 soils, vegetation and fauna control flux. Vegetation can influ-
ence SOC levels as a result of the amount, placement and biodegradability (chemical recalcitrance) of 
plant residues returned to the soil (Baldock and Nelson, 2000). 
 
The stock of organic carbon present in the natural soils represents a dynamic balance between inputs 
of dead plant materials and loss from decomposition (mineralisation) (Robert, 2001). According to 
Batjes (2001), soil forming factors, notably climate and the local biological activities in which man is 
often a predominating factor, control the amount of soil organic matter that corresponds with steady 
conditions in a certain natural ecosystem or agro-ecosystem. The relative importance of soil forming 
factors on SOM content can be viewed as: Management > Climate> Biota (vegetation and soil organ-
isms) > topography= parent material>time (Jenny, 1930 cited in Baldock and Nelson, 2000). Accord-
ing to Baldock and Nelson (2000), the influence of vegetation on SOC is greater in the topsoil, A-
horizon, while the concentration of carbon in the deeper horizons is under the influence of pedogenic 
processes, which are most likely, older than the existing vegetation. Climate is the other factor that 
controls the rate of plants growth and SOC mineralization. And according to Baldock and Nelson 
(2000), SOC has a positive correlation with precipitation at a given temperature. 
 

 

Figure 1: Soil organic matter equilibrium 

(From Johnson, 1995b cited in Batjes, 1999)  
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Batjes (1999) explains the dynamics of SOC as following a “tooth like” cycle. As it is indicated in 
figure1, the SOM level which was under steady state falls down due drastic events like fire deforesta-
tion, etc. following the disturbance, a new management system again will increase the level of SOC to 
a new steady level which could be lower (A) at similar level (B) or at a higher level (C) than the 
original steady state. 
  

 
Form the carbon cycle (figure 2), it is indicated that through photosynthesis green plants absorb the 
atmospheric CO2.  The biomass and nutrient storage then makes them to be one of the major terrestrial 
sinks. The litter fall and root decomposition further enriches the below ground carbon pool or soil 
(Brady, 1974). 
 

 

Figure 2: Carbon cycle 

(From NASA, 2002)  
 
Although the carbon cycle is a well known, according to Bouwnan (1990), the strength of sinks and 
sources of CO2 in terms of litter production and quality is poorly understood (Bouwman, 1990).  In 
terms of litter production, increase in CO2, CO2 fertilization, promotes net primary production while 
soil fertility might limit the CO2 enhanced growth. On the other hand if the level of nitrogen in the 
soil is not proportionally increases with the litter yield, the C/N ratio will increase and slow down the 
rate of litter decomposition. According to Bouwman (1990) these two conditions will contribute for 
the carbon sequestration process.   
 

2.1.1. Soil as an important sink for Co2 

The contribution of soils in sequestering larger proportion of the carbon is described by Batjes (1990) 
as: on average, the upper 1m of soil contains about 2.5 times more organic carbon than the terrestrial 
vegetation (600 Pg) and about twice as much carbon than is present in the atmosphere (750 Pg) (see 
figure, 3). The world land area hold a SOC stock amounting 684-724 Pg, 1462-1548 Pg, 2376-
2456 Pg in the top 30, 100 and 200cm respectively (Batjes, 1996). 
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According to Batjes (1999), the three principal processes in soil carbon sequestration are humifica-
tion, decomposition and volatilization and leaching. The different C pools existing in the soil have 
different mean residence times, ranging from one year to few years depending on the bio-chemical 
composition (lignin for example is more stable than cellulose) to decades or more than 1000 years 
(stable fraction) (Robert, 2001).  
 
Even if the carbon content and CO2 fixing capacity per hectare of dry lands is low, they make an im-
portant contribution to global carbon sequestration, at the same time preventing or decreasing the rate 
of desertification (Bouwman, 1990; Robert, 2001). This works true for the study area in that, despite 
the frequently occurring fire problem, the Botswana Kalahari region is considered as one important 
carbon sink (Ringrose et al., 1998). Batjes (1999), described the stock and densities of SOC by major 
Agro-Ecological Zone, and accordingly arid environments have a spatially weighted SOC pools of 
48.7 – 54.7 (Pg C to 0.3 m depth) and a mean SOC a mean SOC density of 2.0 – 2.2 (kg m-2 to 0.3 m 
depth). 
 
Figure3, indicates the different carbon pools and the amount of carbon stock  

 

Figure 3: Different carbon stocks (in Gt C) and carbon flows (in Gt C yr-1) from 1989 to 1998 

(From Shimel et al., 1996 cited in IPCC, 2000). 
 

2.1.2. Soil as source of Co2 

Soils will be important sinks so long as they are managed properly. According to Breemen and Fei-
jtel(1990), the pressure on natural sources and change in land uses observed in large parts of the trop-
ics is making soils to be an important source of CO2 than to be  sinks. Soil-vegetation systems can 
turn from a CO2 sink into CO2 source when the rate of respiration of soil organic matter exceeds the 
rate of its formation (Breemen and Feijtel, 1990). 
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According to Brady (1974), the complete oxidation of most of the organic compounds in the soil may 
be expressed as follows. 
 

__  [C, 4H] + 2O2  enzymatic        CO2  +  2 H2O + Energy  
 carbon & hydrogen         oxidation 

 containing compounds 

 
As the compounds in plant residues are digested, carbon dioxide is given off. The soil is the main 
source of this gas, although small amounts exerted by plant roots and is brought down in rainwater. 
According to Brady (1974), under optimum conditions as much as 100 pounds of carbon dioxide per 
acre per day may be evolved, 20 to 30 pounds being more common. The CO2 of the soil ultimately 
escapes in a large degree to the atmosphere, where it may again be used by plants, thus completing the 
cycle (Brady, 1974). 
 

2.2. Biomass estimation 

Wenger (1984) defined biomass of individual tree as the total dry material of the complete tree from 
the root tips to the leaf hairs (wood, bark, foliage, and fruits) including dead material.The biomass 
estimations made in the project area, so far identified, were estimations based on fresh weight. Since, 
there is no available data on the fresh to dry biomass conversion rate. It was tried to estimate the 
moisture content of eight species with three replicates. 
 

2.2.1. Inventory design 

According to MacDicken (1997), the four commonly used sampling designs are: complete enumera-
tion, simple random sampling, systematic sampling and stratified sampling. Of these alternatives, 
stratified random sampling, which yields more precise estimates for a fixed cost, (Wenger, 1984), was 
used in this study. Stratified random sampling, according to Wenger (1984), means dividing the popu-
lation into non-overlapping, relatively uniform subpopulations, strata, so that measurements within 
the subpopulation more alike than in the original population. Stratification is basically made to in-
crease estimation accuracy at a given cost (Stellingwerf and Hussin, 1997) 
 
For carbon inventory, strata may be most logically defined on the basis of vegetation type, soil type, 
or topography. MacDicken (1997) recommended stratification for carbon inventory to be defined 
based on the total carbon pool weight.   
 

2.2.2. Methods used in biomass estimation 

The following major biomass estimation methods are employed in estimating biomass (Adel, 1993; 
Lemenih, 1995). 
 
A. Average tree method: a tree with average basal area is felled and measured. The tree value is 
then converted to stand biomass by multiplying the number of tree per stand with the biomass of the 
sample tree. 

(Stand Biomass = number of trees * biomass of sample tree) 
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B. Harvest method (plot harvest): on a sample plot all trees are felled and weighed. The result 
then is extrapolated for the stand. 

 
C. Allometric method: is based on establishing equation to estimate biomass from relatively 
easily measured tree componets like diameter, height, etc. 
 
D. Multi-stage sampling method: all trees in a plot are felled and the total fresh weight is de-
termined. Trees are sampled from different size classes, and their fresh weight is estimated (for details 
refer to de Gier (1999). 
 
E. Indirect method: Biomass can also be estimated indirectly from volume by applying a con-
version factor. 
 
In estimating standing tree biomass, linear regression techniques are more frequently used (Wenger, 
1984). The two general models which are common in estimating tree biomass are: 
  
 Weight = bo +b1X + � 
  Where, X= D (diameter)or D2 
  And  
 Log (weight)= bo + b1 logX + � or 
 Ln(weight)= bo + b1lnX + � 
  Where, X= BA (basal area) or D2 or D2H (height) and � is error. 
 
When plotting weight over the predictor tree variables, it is possible to do logarithmic trans-
formation, which could enable to obtain homogeneity of variance as assumed in regression 
analysis by considering the downward bias that could arise from converting log estimates back 
to the original values (Wenger, 1984). 
 

2.2.3. Errors in biomass estimation and locating plots in the field  

A. Sampling error 
It is resulted from the fact that the sample is only a portion of the population and may not produce 
estimates identical to the population parameter. The sampling error is expressed as the standard error 
of the mean. The source of sampling error is the natural variation between the amount of sampling 
plots, or forest stands. This sort of error can be reduced by having an appropriate sampling design that 
represents the population and of course by increasing sample size (Wenger, 1984). 
 
B. Field measurement error 
Field measurement error depends on the degree of precision while doing the field measurements. This 
measurement error leads to a difference between the record and the real biomass value of trees or 
stands. This error could be minimized by using appropriate measuring devices, tools, and by doing the 
measurement carefully (Spurr, 1952). 
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C. Model construction error 
This error is due to using inappropriate regression function. It may be smaller when the statistical 
model is well selected. In general, the best procedure used for biomass estimation is the Least or the 
Weighted Least squares methods (Adel, 1993). 
 
D. GPS error 
GPS measurements are subject to error. Lillesand and Kefer (2000) listed the following causes of 
GPS errors: 

Uncertainties in satellite orbits (satellite ephemeris errors), errors due to atmospheric 
conditions, (signal velocity depends on time of day, season, and angular direction 
through the atmosphere), receiver errors (due to electrical noise and signal matching 
errors), and multipath errors (reflection of a portion of a transmitted signal from ob-
jects not in straight line path between the satellite and receiver). 
 

2.3. SOC estimation 

The method most commonly applied is to determine total organic carbon at different depths by taking 
bulk density and stoniness into account(Batjes, 2001; Robert, 2001). And the results may be ex-
pressed in Kg/m2, t/ha or Gt (Pg) totals over specified areas and depth ranges (Batjes and Dijkshoorn, 
1998). 
 
A. Organic carbon concentration (%C) 
In most cases composite samples are collected from the top 30cm (0-6, 6-12, 12-18, 18-24, 24-30cm) 
for SOC investigation(Folster et al., 2001; Groenendijk et al., 2002).  
 
Of the various laboratory analytical methods, dry combustion, having a precision of � 2-3 percent, is 
the most accurate one (IPCC, 2000). Since errors due to sampling and spatial variability could be in-
troduced, the precision level for carbon estimation exceeds 3 percent (IPCC, 2000). 
 
B. Coarse fragments 
The term coarse fragments embraces all mineral (lithic) fragments weather stones or large rock frag-
ments > 2mm in diameter (Baize, 1993). Rocks and bigger stone covers were estimated visually in the 
field, and finer ones were estimated by sieving the soil sample using a 2mm diameter sieve.  

 
C. Bulk density 
It is the mass of oven-dry material per unit volume of soil in its natural undisturbed states. Its value 
ranges from 1.0 to 1.8 g cm-3 for mineral soils (Dewis and Freitas, 1970). Bulk density was estimated 
by taking undisturbed soil samples using a core sampler of having 100cm3 volume. The core samples 
were kept in oven to dry at a temperature of 105oc for about 72 hours.  
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2.4. Remote sensing approach 

2.4.1. Spectral reflectance of vegetation 

Optical remote sensing is based on the amount of the reflected or the emitted electromagnetic energy 
from Earth features. When electromagnet energy is incident on any Earth object it can be reflected, 
absorbed or transmitted (Lillesand and kiefer, 2000).The spectral reflectance of vegetation depends on 
factors like surface thickness, pigmentation, amount of free water, and orientation of leaves, canopy 
type and structure. On the other hand the spectral reflectance of soil is a function of its physical and 
chemical properties like: soil type, color, roughness, organic matter content, amount of iron oxide and 
moisture (Lillesand and kiefer, 2000). 

 
Remote sensing is a useful tool in assessing the dynamics of the biosphere. However, according to 
Merry and Levine(1995), with the present technology, chemical and physical properties of soils (e.g. 
organic carbon) cannot be directly observed using satellite data. Ringrose et al.(1998) stated that the 
application of Landsat TM7 imagery in predicting SOC carbon has poor potential in the Kalahari Bot-
swana region, which is due to low SOC stock. Thus, predicting SOC from other factors that control 
accumulation of carbon can be employed to indirectly predict carbon status using techniques like 
NDVI, soil wetness, etc. 
 

2.4.2. Vegetation indices 

The Normalized Difference Vegetation Index (NDVI), which is related to the proportion of photosyn-
thetically absorbed radiation, is calculated from atmospherically corrected reflectance from the visible 
and near infrared bands (NASA, 2002).  
 
The pigment in plant leaves, chlorophyll, strongly 
absorbs visible light (from 0.4 to 0.7 µm) for use 
in photosynthesis. The cell structure of the leaves 
(spongy mesphyll), on the other hand, strongly 
reflects near-infrared light (from 0.7 to 1.1 µm). 
The more leaves a plant has, the more these wave-
lengths of light are affected, respectively 
(Lillesand and kiefer, 2000) 
 
Vegetation appears very different at visible and 
near-infrared wavelengths. In visible light, vege-
tated areas are very dark, almost black, while de-
sert regions (like the Sahara) are light (NASA, 
2002). At near-infrared wavelengths, the vegeta-
tion is brighter and deserts are about the same.  

Figure 4: NDVI for healthy (left) and unhealthy (right) 
vegetations       

(From NASA, 2000)          . 
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NDVI considers the reflectance properties of vegetated areas with those of water and snow as one 
group and rock and soil on the on the other hand. Here, clouds and water have higher reflectance in 
visual than infrared while rock and soil have similar reflectance in both visible and infrared ranges 
(ITC, 2001). 
 
Calculations of NDVI for a given pixel always result in a number that ranges from minus one (-1) to 
plus one (+1); however, no green leave gives a value close to zero. A zero means no vegetation and 
close to +1 (0.8 - 0.9) indicates the highest possible density of green leaves. 
 
In figure 4, a healthy vegetation (left) absorbs most of the visible light that hits it, and reflects a large 
portion of the near-infrared light. Unhealthy or sparse vegetation (right) reflects more visible light and 
less near-infrared light. The numbers on the figure above are representative of actual values, but real 
vegetation is much more varied (NASA, 2002). 
 
From figure 4, it is possible to observe also that, a tree having more or less same biomass has got 
different NDVI values under such conditions biomass is poorly explained by NDVI. Although 
this is not the exact situation in the vegetation of the study area, it can be used to explain how 
NDVI varies with growth stage and season. The type of vegetation in the study area is deciduous 
type, which implies vegetation indices also have got seasonal variations. Biomass. 
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3. Description of the study area 

3.1. Location and accessibility 

Botswana is located in the southern hemisphere between 170.45 –270.00S and 200 .00 – 290 .30E, situ-
ated partly in the tropics and partly in the subtropical zone (Figure 5). The study area is found at Se-
rowe, central district, which is located about 275km from the capital city, Gaborone. The geographical 
location is with in the range of 26001’37”- 26057’57” East and 22011’46”-22035’31” South (UTM 
zone 35, between UTM coordinates of 400000-496483E- and 7501330-7545447 S) covering an area 
of 267328ha. The elevation of the study area ranges from 969 –1246 m.a.s.l. 
 
The boundaries of the project area was set following the ground water model set up by WCS (1998). 
A regionally stretching garben structure to the north, a dolerite dyke to the south and, the Ntane sand-
stone aquifer outcrop to the east, were taken as bases to set the boundaries (Magombedze, 2002). 
However, the western boundary does not coincide with natural physical features. 
 
Relatively speaking the hardveld, the lower field located closer to the Serowe town, has a better road 
access for vehicles, which makes accessing the field plots easier and faster. On the other hand it was 
difficult to access the plots located at the sandveld due to lack of road network. The quarantine fence 
in the sandveld is also another factor that makes one side of the study area less accessible. The reason 
is because the gates are located far apart for vehicles to come into. Moreover, the Sandveld is located 
far from the Stequane camp (35km), which makes the fieldwork difficult, and had influence on the 
sample size taken. Stequane campsite is located at Stequane (454568, 7527567 UTM), which is about 
15km from Serowe village to the west.   
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Figure 5: Location of the study area  

 (Displayed over Landsat TM7 FCC_432) 

  

 
 
 
  
 

Serowe 
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3.2. Climate 

Aridity indices indicate that the study area is found in semi-arid zone where evapo-transpiration ex-
ceeds precipitation and experiencing hot and relatively moist summers and cool and dry win-
ter(Bekker and de Wit, 1990). Because of the country’s location in the sub-tropical high pressure belt 
of southern hemisphere in the interior of Southern Africa, it is far away from oceanic influences, rain-
fall is low and the seasonal and diurnal ranges of temperature are high (Sefe, 2001). 
 

3.2.1. Rainfall 

The rainy months are, between November and March. Very little, if any, rainfalls in winter, which is 
between May to September (figure.6). Annual rainfall is low, unreliable, unevenly distributed with 
high annual variation, which make the country prone to drought. Since the rainfall season is during 
the time when evaporation is very high the effectiveness of the rainfall is very low. The mean annual 
rainfall in the area is about 447 mm(WCS, 1998). 

 

 

 

  

 

 
 
 
 

Figure 6: Mean monthly rainfall (left) and annual rainfall (1986-2002) (right) 

 

3.2.2. Temperature  

Mean annual temperature shows little variation in Botswana. It ranges from 200 C in the southwest to 
230 C in the north. According to SGC (1988) the lowest temperature (below 0oc) is experienced in 
winter (June to August) while the maximum (about 40o C) was recorded in the beginning of the rainy 
season (October to November). The mean annual temperature is 21.30 C (SGAB, 1988).   
 
The daily minimum and maximum temperature measured at Mokongweng ADAS station in Serowe 
for the period 8th April 1998 to 6th November 2002 is indicated in Figure 7. 
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Figure 7: Daily minimum and maximum temperature at Mokongweng station  

 

3.3. Geology 

The eastern part of the study area, escarpment and hardveld, are relatively exposed and creates a fa-
vourable conditions for geological survey unlike the sandveld, which is covered by a think sand de-
posit.  
 
Old igneous and metamorphic rocks, basement complex rocks, which are overlain by younger sedi-
mentary rocks covers about 70 % of the country (Sefe, 2001).The surface outcrops of these basement 
complex rocks occurs in Ghanzi ridge (west) and in the eastern, while in the rest part of the country is 
mostly found covered by Kalahari sand.  
 
According to Siderius (1973), the Archaeozic era can be represented by the basement complex that can be 
grouped into: 
  

��Undifferentiated gnesis with minor intrusive granite and metamorphosed sedimentary and 
volcanic rock and.  

��Various schists and associated sedimentary rock types often metamorphosed such as mar-
bles, ironstones, quartzites and amphibolites.  

 
During the field survey it was possible to identify ironstones (around Mogorosi village),shales, conglomer-
ates and andesites at the hardveld. Andesites, which were the result of extrusive volcaninc activity and is 
categorised as mesocratic due to its intermediate acidity (Farshad, 2001), is commonly found around drain-
age lines, particularly along riverbeds. 
 
The geology of the area further explained by Siderius (1973) that, the Karroo system, which is common in 
the southern Africa, represents the Paleozoic era. The same author identifies Ecca , Dwyka , and Stormberg 
series in the Karroo system. Ecca and Dwyka series include shales, sandstones, grits, mudstones, lime-
stones, tillites and coal (Siderius, 1973). The Kalahari system is that of the tertiary in Botswana in which 
the Aeolian Kalahari sands having reddish-brown to greyish white colour are common (Siderius, 1973). 
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When it comes to geological structures, according to Obakeng (2000), faults (WNW-ESE and NW-
SE) and dolerite dyke intrusions that criss-cross Karoo rocks (Basalt, Ntane, and Mosolotsane) char-
acterizes the study area. The geological map of the area which is developed by the WCS (2000) is 
summarised in figure 8. 

 

Figure 8: Geologic map of the study area 

  ( From WCS, 2000) 

 

3.4. Geomorphology and Topography 

A. Landscapes 
One of the geomorphologic features in the 
project area is the Kalahari escarpment, 
which trends in NE-SW direction. The es-
carpment is regarded as the edge of the “Ka-
lahari sandveld”, and ranges from 1110 to 
1160m.a.s.l. with a fairly abrupt (at its 
northern extent), and rises smoothly at  its 
southern extent. 

F 

 

Plate 1:  A side view of the Escarpment 

 
Plate 1 indicates the clear boundary between the landscapes at the northern extent of the study area. 
Sandveld is located to the west and hardveld to the east. 
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The other geomorphologic feature is the drainage network, in which small tributaries arise from the 
escarpment and drains to the east making deeper river incisions or gullies (see plate 3). These drain-
age systems can be considered as one of the major geomorphic processes for the formation of ero-
sional land forms in the escarpment in the hardveld. Very little or no surface water flow occurs in the 
sandveld, with all rainfall being quickly absorbed by the Kalahari sand (SGC, 1988).  
 
B. Topography 
The topography of Botswana mainly consists of gently undulating plateau with a mean elevation of 
about 1000m above sea level (Sefe, 2001). The maximum elevation in the project area is 1246m.a.s.l 
at the sandveld (near the ground water divide line) and the minimum is 969, which is located in the 
hardveld to the east (see figure, 9). 
 

 

Figure 9: Topographic map of the study area 

 
C. Slope 
Slope which can be considered as a major agent of erosion can influence the nutrient dynamics in 
soils (Brady, 1974). Since both the slope map and topographic cross-sections (figure10) were derived 
from digital terrain model (DTM), a digital terrain model for the project area was generated using the 
topographic map (figure 9). Except in the escarpment and in some of the isolated hills in the hardveld, 
the dominant slope class in the project area is below 5% (figure, 10). It is also possible see from fig-
ure 10 that there is great uniformity in slope and altitudinal variation in the study area. The whole 
sandveld area has 0-3% slope and with in 1117 to 1225 m.a.s.l. altitudinal range. The escarpment on 
the other hand includes almost all slope classes. Except for some isolated hills the hardveld can also 
be characterised as a flat area. Hence the role topography, particularly slope, plays in the soil forming 
process can be considered as minimum in larger part of the study area.  
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Figure 10: Digital Terrain Model (top) and slope map (bottom) of the project area 

3.5. Hydrology 

Water is one of the scarce resources in Botswana. The semi-arid climate, unreliability of rainfall, fre-
quent drought and high evapo-transpiration account a lot for the scarcity of water. the thick Kalahari 
sand deposit together with low rainfall makes the occurrence of ground water recharge less likely 
(Obakeng, 2000). Thus, the ground water in the study area is believed to be fossile water that has been 
mined for the last so many decades (Magombedze, 2002). Since there is no adequate surface water 
resource, most of Botswana’s population depends on ground water using wells and boreholes (Sefe, 
2001). There is no perennial river with in the project area. 
 
 The Available Water Capacity (AWC) of the soils in the project area is believed to be very low (Obakeng, 
2000). This is because of the large soil pore space in which large proportion of the available water is held at 
low suctions than finer soils (Driessen et al., 2001). The limited amount of water in the soils also influences 
both the distribution and density of vegetation in the country (Sefe, 2001).  
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3.6. Geomorphology and soils 

Geopedologically, three distinct landscapes are found in the project area. The area, which physi-
ographically named sandveld, is a plateau covering the largest proportion of the study area. The sand-
veld is the part of the extensive Kalahari Desert that covers about two third of the country having 
infertile sandy soils covered by scrub to bushy vegetation (Sefe, 2000).  
 
The other geomorphologic unit is the hilland that corresponds with the escarpment in the phyiso-
graphic soil map (de Alwis, 1985). This landscape is characterised by sloppy terrain with frequent 
rock outcrops (see photo in appendix 14) having regososls as a dominant soil types. 
 
The last geomorphologic unit that lies at the eastern extension of the project area is the peneplain, 
which is physiographically called hardveld. This part of the project is, has got higher soil spatial vari-
ability as compared to the previous ones. Arenosols, Cambisols, Luvisols, and Vertisols are the domi-
nant soil groups identified in the part of the study area (for further details, refer to chapter 5). 

3.7. Vegetation 

The vegetation of Botswana, as described by Bekker and de Wit (1990) changes from the southwest to 
the northeast from (low) shrub savannah to tree savannah and woodland following the increasing in  
precipitation towards the northeast.Namayanga (2002) identified the vegetation of the study area as 
part of the of the Zambezian Phyto-Region that lies between latitudes of 30-260 south. The most wide-
spread sandveld association is found in the centre of the country, which supports major species like 
Terminallia sericea, Acacia erioloba. , Dichrostachys cinerea, Ochna pulchra, Boscia albitrunca, 
Acacia luederitzii, etc. Hardveld has more species diversity which might be due to larger ranges of 
parent materials, climate and soils (Bekker and de Wit, 1990). Species, which are commonly found in 
the hardveld, includes: Acacia mellifera, Ziziphus mucronata, Acacia tortillis, etc. 
 
ETC-Foundation (1987), studied the biomass status of the SADCC countries and they found Bot-
swana as a country with low biomass stock and minimum mean annual increment (futher information 
is included in the chapter 6).  
 

3.8. Land use 

According to the Sefe (2001), 77% of the land of the country has been used for livestock production, 
17.5% for parks and game reserves, 2.7% is aquatic area (open water and swamps), 2% is under ar-
able land, 0.5% is under forest reserves and the remaining 0.1% is devoted to urban and industrial 
land. The area proportion of each landuse type is indicated in figure 11. 
 
Large part of the sandveld and part of the escarpment has been extensively used for cattle ranching. 
The various cattle posts in this area can be identified using satellite images (like Landsat TM and 
ASTER). The sandy infertile soils together with poor moisture conditions made the sandveld to have 
poor potential for arable farming. In most cases arable farming is carried out at the hardveld, where 
soils have better clay content, fertility and moisture holding capacity (see stereograms in appendix 
11). 
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Serowe is the biggest “village” in Botswana and with a population of about 90,000 is located nearly in 
the middle of the project area. During the field survey, it was possible to observe the expansion of the 
town in all directions. To the west, settlers are encroaching the dense woodland found at the escarp-
ment, which could account for the depletion of natural vegetation observed in the area. The other two 
small villages found in the project area are Mogorosi (west) and Paje, which is located to the north of 
the study area on the main road to Orapa.. 
 
Wildlife is a sector having a dominant role in the soci-economic context of Botswana. During the field 
work it was common event to encounter wild animals like Impala, Dyker, Kudu,etc and Ostrich  from 
the bird family. The Khama Rhino sanctuary, which is a habitat for, Rhino, Giraffe, Dyker, Ostrich, 
Impala, warthog, etc., is partly falls with in the project area. Since the sanctuary is fenced and well 
protected, it is easily identified on the satellite images (see top part of figure 5)..  
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 11: Land use area proportion in Botswana 

Livestock
Park and game reserve
Aquativ area
Arable land
Forest reserves
Urban and Industrial land



ANALYSIS OF SOIL-VEGETATION INTERACTION IN RELATION TO SOIL CARBON SEQUESTRATION (A CASE STUDY IN SEROWE, BOTSWANA) 

 

 

 

INTERNATIONAL INSTITUET FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION 21 

4. Materials and methods 

4.1. Materials 

Most of the Materials used both during the field and office works are summarized in the following 
table. 

Table 1: Materials used 

No Data re-
quired 

Variables to be 
measured/estimated 

Method of 
Measurement 

Source of infor-
mation 

Materials used 

Soil organic carbon 
 

Walkley- Black Laboratory - Laboratory items 
- 2m steel tape  
- Shovel, hoe, auger,  
- Soil knife,                               
- Sample bags (plas-
tic) 
- Geological hammer 
- Sensitive balance 

Bulk density 
 

Core  - Core sampler 
- Oven (drying) 
 

1 
 
 
 
 
 
 
 
 
 
 

Soil  

Coarse fragments  
 

Estimation of 
coarse earth 

Stone % field es-
timation  

- 2mm sieve 
 

2 Vegetation  Above ground 
woody biomass 
(diameter at ankle 
height)  

Existing regres-
sion 
equations de-
veloped by Ti-
etema (1993). 
 
 

Field measure-
ment 

- GPS 
- Compass 
- Climometer 
- Caliper  
- Measuring tape 
(50m) 
- Hand saw 
- Ribbon (flag) 
- Spring Balance 

3 Remote  
sensing  

NDVI, SAVI, etc.  -Topographic map  
- Aerial photos  
- Images: 
     Landsat TM 7 
     ASTER  
     IKONOS 
     MODIS 
 
      
 

- Mirror &Pocket 
stereoscope 
      
- ILWIS 3.1 GIS     
software 
 

 4 Data storage 
and analysis 

   - Microsoft Excel 
- SPSS 10 
- Minitab 13 
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Topographic Maps 
 The topographic maps used were of the 1980 with 1:50,000 scale. Sheet No 2226 B3, 2226 B1, 2226 
A2 and 2226A4 covers the study area.  
 
Arial photos 
Aerial photographs, which are of 1988 with 1:50,000 scale, were used in developing geo-pedological 
mapping units and in stratifying the study area, etc. For Aerial photo index of the project area refer to 
appendix 1.  
 
Satellite Images 

• Landsat TM 7 (October 1, 2001) covers the entire project area (30m spatial resolution) 
• ASTER  (August 23, 2001) does not cover part to the west of the sandveld (15m spatial    

resolution). 
• IKONOS (February 1, 2001) only one block (10*10km) at the centre of the sandveld (4m spa-

tial resolution). 
• MODIS (March 1, 2002) having 250m spatial resolution. 
 

Geological map  
The geological map used is taken from the Wellfield 2 Extension main report, which is developed by 
Wellfield Consulting Services (WCS, 2000). 
 
Soil map 
The soil map used for the study is the one developed by the Soil mapping and Advisory Service of 
Botswana(de Alwis, 1985). The soil map was made based on 1:50,000 scale aerial photo interpreta-
tion which gave it a good quality for its scale, 1:250,000.  
 
Vegetation map 
Riquene (2002) had developed vegetation maps, based on floristic composition and structure, of the 
study area using different images. The vegetation maps, which cover the whole area, were those made 
using Landsat TM and are used in this study.   
 
Note: all the maps in this thesis are projected in UTM 

4.2. Methods  

4.2.1. General work approach 

Pre-filed work activities: The general work approach started with office work, during which the re-
search proposal was prepared. During the proposal phase activities like, problem identification, defin-
ing objectives; literature review, etc. were carried out. Once the proposal was accepted, fieldwork 
preparation was carried out for about 20 days. During this field preparatory phase, it was possible to 
design the fieldwork in a more practical way. It was also possible to collect secondary data on soils, 
vegetation, etc and the necessary tools and equipments for the fieldwork were collected. False Colour 
Composite of Landsat TM, ASTER and IKONOS images (nir, red and green bands as RGB respec-
tively) were prepared in hard copies to be used during the field work.  Aerial photo interpretation was 
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also one of the major activities during this phase of the study in which the geopedological map units 
were delineated. 
 
Field work activities:  once the necessary information was collected, the fieldwork was started with a 
preliminary survey, reconnaissance, during which the feasibility of the office-based design was veri-
fied. The fieldwork was carried out by settling at Stequane camp arranged by the Geological Survey 
of Botswana. Besides the camp facilities, the Geological Survey of Botswana availed labour force and 
vehicles. Since a group of four persons were involved in the study, it was tried to plan the utilization 
of the labour force and other resource in an efficient way. The fieldwork took five weeks. During the 
fieldwork it was possible to get field level supervision from both of my research supervisors (Dr.A. 
Farshad and Ir.M.F. Gelens) for about10 days.   
 
Since most the field level soil survey was also to the benefit of Mrs. Esther Mweso (from the same 
soil division), it was possible to handle the fieldwork jointly. 
 
Post fieldwork activities: the final phase of the study includes post field activities like data compila-
tion, soil laboratory analysis, data analysis and Thesis writing.  
 
A flow chart that indicates the work procedure and the methods followed in the study is attached in 
figure 12. 
 

4.2.2. Inventory design 

The study area was stratified in to three major physiographic units, strata, (Sandveld, Escarpment, and 
Hardveld) each having more or less distinctive soil type, vegetation, etc. Aerial photos, satellite im-
ages and previous studies, (Namayanga, 2002; Riquene, 2002) were used to stratify the study area.  
 
The boundaries between the three major physiographic freatures (sandveld, escarpment, and hardveld) 
was done using aerial photographs and visual image interpretation. The false colour composite (nir, 
red and green bands) of ASTER image was found important in differentiating the three major physi-
ographic features (landscapes). Sample blocks having an area of 100sq.km were selected from every 
stratum (figure, 13) to collect field data. By taking the minimum and maximum coordinates (X, Y) of 
each block, random numbers were generated in Excel. The random points (coordinates) were im-
ported to ILWIS 3.1 (GIS software) and a point map was generated. The sample points then displayed 
on false colour composite of the different images used in the field. 



ANALYSIS OF SOIL-VEGETATION INTERACTION IN RELATION TO SOIL CARBON SEQUESTRATION (A CASE STUDY IN SEROWE, BOTSWANA) 

 

 

 

INTERNATIONAL INSTITUET FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION 24 

 

 

Figure 12: Flow diagram showing the major work procedure 
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Figure 13: Sample blocks selected for data collection 

(Displayed over Landsat TM FCC :4,3,2) 
 

4.2.3. Sample size determination and sample allocation 

As some previous works suggested, 50 sample could be enough for biomass studies(Lemenih, 1995). 
Thirty to fifty sample plots are statistically sufficient(Dessie, 1996). By taking the available resources, 
time, labour force, vehicles, etc., into account, it was planned to collect field data from 56 plots. How-
ever, it was possible to increase the sample size to 75 by working on Sundays and other public 
holidays. Besides this, the availability of vehicle and labour force did also contributed for the increase 
in sample size. 
 
Samples were allocated to each stratum based on the principle of optimum allocation. In this case, 
observations are allocated to the strata so as to give the smallest standard error possible with a total of 
n- observations. For a sample size of n, the number of observations (nh) to be made in stratum h under 
optimum allocation according to Freese (1984) is: 
     

 n
sN
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n L

nh

hh

hh
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  Where, Nh = size of stratum h 
    sh  = standard deviation in stratum h 
    L = number of stratum 
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Table 2: Sample allocation 

 
Number of plots  Stratum Area 

(km2) 
Standard deviation 
for woody Bio-
mass* 

Planned 16 

Sandveld 100 3.264 10 21 
Escarpment 100 18.921 20 30 
Hardveld 100 24.970 26 29 
 
Total 

 
300 

  
56 

 
75 

*Source: Namayanga (2002) 
 
Since sandveld has small variation in biomass, the number of plots based on the above formula was 
computed to be four. However, this sample size was found to be small, and as a result 6 more plots 
were added after the advice I got from de Gier (2002). 
 

4.2.4. Biomass estimation 

A. Plot shape and size 
The shape of a sample plot could be circular, rectangle or square. Of which circular plots are widely 
recommended for the following advantages (Spurr, 1952): 
 

��Circular plots are easy to layout in the field. On level ground the circular plots are de-
fined by the plot centre and radius. 

��They have got the smallest circumference to area ratio, which could minimize the 
number of boarder trees.  

 
By taking the scarcity of vegetation in 
some parts of the study area and to re-
late the plot information with vegetation 
indices plot size was fixed to 900m2 
(plot radius 16.93m on flat ground). 
 
B. Field layout 
The random coordinates generated (sec-
tion 4.2.2), were put in Garmine-12 
GPS, and used to establish the plots in 
the field. The GPS reading points were 
taken as plot centres.  

Plate 2: Plot layout in the filed 
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Once the plot centre is established, a peg was kept at the centre and a quadrant was formed using four 
ropes to avoid the ambiguity that might arise from boarder trees, weather to include them or not and it 
also reduced the time spent in doing the field measurement (see plate 2). 
Slope correction was made for plots located on a ground having a slope of 5% or more. Slope was 
determined using clinometer. The corrected plot radius was calculated as: 
 

Ls = L/ cos S 
 
Where, Ls is the corrected plot radius, S is the slope angle in degrees and cos is the cosine of 
the slope.  

 
Circular plots projected on a sloppy terrain will assume the shape of an ellipse, with a long radius 
equal to the radius of the circle multiplied by the cosine of the slope angle. Given a plot of area A 
square meter on slope �o, the horizontal plot radius is equal to: 

 
  cos *)( απA   Thus, the ellipse area (�) is calculated as: 

  
� = A/ cos �  

To avoid the difficulties in laying ellipse plot in the field, a circular plot having equal area to the el-
lipse was used(de Gier, 1989). 

                         
r =  )( πδ  

Where, r is radius of circular plot and � is area of an ellipse 
 

C. Biomass estimation 
To estimate fresh weight above ground biomass, the regression models developed by Tietema (1993) 
were used. In the model 14 species, which are common in Botswana were included (see table 3). The 
model considers ankle height (10-15 cm) basal area (cm2) as an estimator of tree/ shrub fresh weight 
biomass in kg. The model has been widely used in the country and recommendable (de Gier, 2002; 
MMEWA, 2000). 
 
All trees and shrubs having a diameter 2.5 cm and more at the ankle height were considered as woody 
and in the measurement(Kabore, 1991). To avoid the introduction of systematic error, the calliper end 
was always pointing to the plot centre. Further the ankle height diameter (cm) of each tree/shrub was 
converted to ankle height basal area (cm2) to be used in the regression equations. 
 
The allometric equation has the form: 

 
B= a*BAb        
Where: B= fresh weight biomass (kg). 

BA= basal area of a given tree stem (cm2) at ankle height (5-10 cm above 
ground). 

  a &b are constants (species dependent ). 
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Table 3: Regression equations used in estimating fresh biomass  

  (Tietema, 1993) 
Species Regression formula n R2 

 
Acacia erioloba B= 0.1376*BA1.2562 27 0.96 

Acacia erubescens B= 0.1507*BA1.2647 88 0.94 
B= 0.1376*BA1.2562 36 0.96 Acacia karro 
B= 0.7558*BA 36 0.93 
B= 0.1505*BA1.2835 19 0.90 Acacia luederitzii 
B= 0.9206*BA 19 0.93 

Acacia mellifera B= 0.2081*BA1.2193 35 0.97 
Acacia tortilis B= 0.1975*BA1.1859 109 0.93 

B= 0.2683*BA1.0455 23 0.93 Boscia albitrunca 
B= 0.3391*BA+1.0192 23 0.90 

Colophospermum mopane B= 0.0644*BA1.3341 36 0.95 
B= 0.2232*BA1.1001 58 0.85 Combretum apiculatum 
B= 0.5107*BA 58 0.94 

Combretum molle B= 0.1529*BA1.1141 6 0.94 
Croton gratissimus B= 0.0740*BA1.2668 34 0.97 
Dicrostachys cinerea B= 0.2787*BA1.0337 33 0.85 
Terminalia sericea B= 0.0871*BA1.2286 12 0.95 
Ziziphus mucronata B= 0.2772*BA0.8914 30 0.80 

    

Combi-line B= 0.1936*BA1.1654 512 0.92 
 
Except Colophospermum mopane and Combretum molle, all other species are also found in the study 
area. 
 
D. Fresh to dry biomass conversion 
The regression equations (table, 3) estimates fresh biomass from ankle height basal area. However, 
fresh weight biomass does not indicate the actual dry matter of a tree, which is the actual bio-
mass(Wenger, 1984). Thus, estimating the moisture content of the tree/shrub is important to convert 
fresh biomass to dry biomass. 
 
Moisture content was estimated by felling the shrubs and small trees. It was possible to avoid cutting 
big trees for this study by collecting the samples from the trees felled by other colleague (Mr. Walter 
Mapanda) whose work requires felling of bigger tress in the sandveld. Samples were collected from 
the different parts of the tree  (stem, branch, twigs, and leaves). As soon as the sample was collected, 
it was kept in a plastic bag and weighed using a spring balance (gram scale) in the field and by doing 
so it was tried to reduce the moisture loss from the wood samples. To determine the oven dry weight, 
the samples were kept in an oven till a constant weight is attained (for about 72 hours at a temperature 
of 105 0c).  
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Once the moisture has escaped, the oven dry weight was estimated in same way as done for the fresh 
sample. Finally, the MC(%) was computed as follows: 
  

 MC (%) = 100*
tFreshweigh

ghtovendryweitFreshweigh −
  

    
  Where, MC is moisture content 
 

4.2.5. Soil survey 

Before the actual field survey was undertaken, it was possible to have some insight about the nature of 
the soils from the previous works (de Alwis and Fernando, 1990; Siderius, 1973). The soil map pro-
duced by de Alwis and Fernando (1990) has a courser scale (1:1,000,000) that gives general informa-
tion. The soil survey task was planned to enrich the available soil data in such a way that it could sat-
isfy the information need for the study reasonably. However, during the fieldwork, it was possible to 
find the soil map with 1:250,000 scale (de Alwis, 1985) which could supply the required information 
for this study. Thus, the soil survey activities were mainly concentrated at charactering the major soils 
of the study area in such a way that it gave the chance to relate the soil with the general biophysical 
activities carried out in the different landscapes.  
 
A. Sample size and site selection 
Since the soil survey work was meant to complement the major objective of the study, relating SOC 
with biomass, the study was conducted in a relatively shallower depth.. A total of 14 mini-pits were 
described and the descriptions are attached in appendix 7. 
 
Arial photo interpretation was made to map the major geopedological-mapping units. The aerial pho-
tos were of 1988 having 1: 50,000 scale. Since few photos are missing around Serowe town (to the 
west), the interpretation was completed using ASTER image. The aerial photo interpretation work 
was started with making aerial photo mosaics during the preparatory phase of the fieldwork at ITC 
(the aerial photo index is attached in appendix 1). The geopedological approach was the basis for the 
aerial photo interpretation, details can be found in Zinck(1988/89). 
 
Once the major geopedological units were identified, pits were dug in such a way that major soil 
groups be represented. From the plateau (physiographically called sandveld), four mini-pits were 
taken which describes the three major soil types identified during the field survey. Three pits were 
opened from the hilland (Escarpment). The remaining eight pits were taken from the peneplain (hard-
veld) where soil spatial variability is relatively higher. 
 
B. Soil profile description 
The level of the study is at a mini- pit level in which pits, in most cases, 40-60 cm deep were dug to 
describe the topsoil. To further the investigation deeper, auguring was carried out. Since most of the 
Arenosols, that dominate the study area, have loose consistency, the cylindrical auger was used. On 
the other hand Edelman, or the Dutch auger was widely used in soils having vertic nature. 
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FAO(1990)field guide was used for pit description and field based soil classification was made using 
the World Soil References Base(Driessen et al., 2001). The field guide has three major components. 
The first component includes site information like location, altitude, topography, vegetation, land use, 
etc. The pits were located using GPS (Garmine-12), altitude was measured using altimeter vegetation 
and land use and others are identified through field observation. The second part of the survey is gen-
eral information on the profile itself in which different soil horizons were identified and described.. 
Munsell colour chart was used to identify colour and pH was estimated at field level. 
 
Pipette method which is believed to have more accuracy than the hydrometer, (Remmelzsaall, 
1989),was used in particle size distribution determination. Dry sieving segregated the sand fraction, 
courser than, and 50mu. For the clay and silt fraction, sedimentation cylinders were used and the frac-
tions were estimated by pipette sampling at a regular depth (determined by temperature controlled 
under water bath) and time  (for details refer Van Rueeuwijk, 2002).  
 
C. Digital Terrain Model (DTM) 
DTM was generated to develop slope map (figure, 10) and to develop topographical cross-section 
(figure, 20). First the topographic map (figure, 9) was digitised on screen using ILWIS 3.1. Then, by 
using height values of the contours as attributes, contour interpolation was applied to generate the 
digital elevation model with 30m-grid size (spatial resolution). 
 
D. Slope map and topographical cross-section 
To calculate the vertical and horizontal height differences, linear filters dfdx and dfdy of ILWIS were 
applied on the DTM. Finally the slope map was computed using the following command: 

SLOPEPCT = 100 * HYP (DX, DY)/ PIXSIZE (DEM), 

Where, HYP is an internal map calculation in ILWIS; DX and DY are height difference maps devel-
oped after the application of dfdx and dfdy filters respectively. 

To have a cross-sectional view along the major topographical sequence and the variability, a cross-
section was made using the digital terrain model (for details refer ITC, 2001).  
 

4.2.6. SOC estimation  

A. %Carbon concentration (by weight) 
Composite samples were collected from five different parts from every plot, one from the plot centre 
and the rest from four different parts at a distance of 8 meters from the centre following N-S and E-W 
directions. From each point the soil samples were collected at a depth of 0-10cm, 10-20cm and 20-
30cm. The composite sample was sieved using 2mm mesh and about 100gm of it was kept in a prop-
erly labelled plastic bag for laboratory analysis. Finally, per cent carbon concentration organic carbon 
was estimated in the laboratory using Walkley- Black method. The procedure followed in the Walk-
ley-Black method was taken from Van Reeuwijk (2002) and summarised below. 
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Principle: Walkley- Black method involves a wet combustion of the organic matter with a mixture of 
potassium dichromate and sulphuric acid at about 1250C. The residual dichromate is titrated against 
ferrous sulphate. To compensate for incomplete destruction an empirical correction factor of 1.3 is 
applied in the calculation of the result. 
 

The carbon content of the soil is obtained by: 
 

 % C = M*
s

vV 21−
* 0.39*mcf  

  Where,  M= molarity of ferrous sulphate solution (from blank titration) 
   V1= ml of ferrous sulphate solution required for blank 
   V2= ml ferrous sulphate solution required for sample 
   s.=  weigh of air-dry sample in gram. 
   mcf= moisture correction factor 
        0.39= 3*10-3 * 100% * 1.3 (3= equivalent weight of carbon) 
 
Note: the factor 1.3 is a compensation factor for the incomplete combustion of the organic matter  
 

B. Coarse fragments (%) 
Since composite samples were collected for laboratory analysis, coarser fragments having a diameter 
of greater than 2mm were sieved out and estimated visually.  
 
C. Bulk density 
Bulk density was estimated by taking undisturbed soil samples using a core sampler having a volume 
of 100cm3. The “undisturbed” core samples were collected form the centre of every plot. The core 
samples were kept in oven to dry at a temperature of 105oc for about 72 hours. To estimate the actual 
dry soil weight, average weight for the core sampler, ring, was pre defined and subtracted from the 
overall weight of the sample while it was in the ring. Sensitive balance (0.001precetion) was used to 
weigh the samples. 
 
Bulk density was then calculated as: 

  

Db= 
V
M

 

Where, Db =    bulk density (g/ cm3) 
   M  = dry mass of the sample (g) 
   V   = volume (cm3) 

 
Finally soil organic carbon stock (g/plot) was computed as follows: 
 

Volume of fine soil (cm3/plot) = Plot area* soil depth * %coarse fragment 
 Weight of soil (g/plot)  = fine soil vol. (cm3/plot) * Bulk density g cm-3 

        Weight of SOC (g/plot) = Weight of soil (g/plot)   * % C concentration. 
 
The soil data analysis methods used are summarized in the table 4 
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Table 4: Summary of soil analysis methods used 

Soil Property Unit Analysis technique  
Particle size distribution Wt% Pippette method  
Bulk density Kg cm-3 Core sample, oven dry  
Organic carbon Wt% Walkley-Black  
Course fragments Vol % Field estimation  

 

4.2.7. Remote sensing application in SOC estimation 

To assess the possibility of estimating SOC indirectly from vegetation indices, NDVI, SAVI and LAI, 
were computed. Since vegetation indices were computed using their reflectance, the DN values were 
first converted to their respective reflectance values (detail procedures are attached in appendix 13) 
 
A. Normalised Difference Vegetation Index (NDVI) 
NDVI gives information on the density of green vegetation. As discussed in section (2.4.2), NDVI is 
the difference in the reflectance in NIR and red divided by their sum. Being normalised, it is possible 
to avoid the problem that could arise from illumination, aspect and the like (ITC, 2001). The follow-
ing formula was applied in computing NDVI (Bastiaanssen, 1998): 
  

 NDVI= 
RNIR
RNIR

+
−

 

 
Where, NIR and R are reflectance in NIR and red bands respectively (in case of 
Landsat TM, TM4 and TM3 are used as NIR and R bands respectively) 
 

 
B. Soil Adjusted Vegetation Index (SAVI) 

 SAVI = 
LRNIR
RNIRL

++
−+ ))(1(

 

 Where, L= 0.5 while NIR and R are like the case in NDVI (Bastiaanssen, 1998) 
 
C.        Leaf Area Index (LAI) 
 

            LAI = 
2

1

c
cSAVI −

 

Where, c1=0.14and c2 =0.30 which are given values for bush and grasslands based on 
the findings in Niger (Parodi, 2000). 

Map calculations were carried out at once by putting the above formulae in the script of ILWIS (see 
ITC,2001).Once the vegetation index maps were generated, the vegetation index values for the plots 
were obtained using the following map value command: 
  

Out put column = MAPVALUE (map.ext, coordexpr)   (see figure, 14). 
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4.2.8. Data organization and analysis 

A. Data organization  
The data was organized in Microsoft Excel. Besides data storage, Microsoft Excel was used to do 
some basic exploratory analysis like descriptive statistics, scatter plots, etc. 
 
As indicated in figure 14, the data for every plot was collected using the mapvalue command  
in which the coordinates of the plot centres were used to read the respective map values from every 
map (one at a time). The map value command will collect all the map values of each map and stores 
in the attribute table as a new column. Once, all the data was organised in the attribute table of IL-
WIS, it was exported to Excel and finally imported to SPSS 10 for statistical analysis (figure14). 
 
B. Data analysis 
As described above the attribute table developed in ILWIS was the main database for every statistical 
analysis carried out. 
 
Test for normality: checking the normality of every data was the first step taken in the data analysis 
phase. The Anderson-Darling test was used in Minitab13 to test for normality. The Anderson-Darling 
test works based on empirical cumulative distribution function, and it plots the value of the data in the 
x-axis and the calculated probability values in the y-axis. 
 
Correlation analysis: Pearson correlation was used to evaluate how biomass and SOC and vegetation 
indices were correlated.  
 
Regression analysis: Regression analysis was carried out to evaluate the possibility of estimating 
SOC from woody biomass and biomass and SOC from vegetation indices  
 
Since simple linear regression doesn’t express the relationship between biomass and SOC to the 
maximum, the curvilinear one was used. 
 

The polynomial equation has the form: 
 y= b 0+b1x1+b2x 2+…+ bn x n 

 (y= b 0+b1x+b2x 
2+…+ bn x n) 

  Where, Y = the dependent variable  
  b0 -bn  = regression coefficients.  

X is the independent variable having different degree of polynomial function  
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Figure 14: Procedure followed in data organization and analysis 

 
Confidence limits for mean and total: It is important to exprese the reliability of estimates statisti-
cally using confidence limits. For normally distributed populations, the confidence limit is computed 
as follows (Freese, 1984). 
  
 Estimate ± (t)(Standard Error) 
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5. Soils 

5.1. Geomorphic processes and geoforms 

Farshad (2001) stated that geomorphic processes are associated with lateral movement of materials 
through agents like water, ice, and wind. In the sandveld, the dominant geomorphic process is most 
likely wind. The presence of very thick sand deposit and the small amount of rainfall, which does not 
allow surface run off to occur, made water to play insignificant role in the geomorphic process in the 
sandveld. In the escarpment and hardveld, however, water has appreciable role for the geomorphic 
process. The erosional landforms in the escarpment (figure 15-B) and the alluvial deposit in the hard-
veld (figure 15-A) are evidences for it (see also the sterrograms in appendix 12). 

 

Figure 15: Alluvial deposit in hardveld (A) and river incisions in the escarpment (B) 

 
The geopedological photo interpretation follows a hierarchical approach towards soil mapping. In this ap-
proach, there are four hierarchical groups namely, landscape, relief type, lithology, and landform (for de-
tails refer to Zinck, 1988/89). 
 
The three major landscapes identified in the study area are plateau, hilland and peneplain. The landscape 
which is geopedologically called plateau has been physiographically named sandveld. The hilland is also 
called the escarpment, which is small area that divides the sandveld from the lower lying peniplain or 
physiographically called the hardveld (a Dutch term to mean hard field).  
 
A. Plateau (Sandveld) 
The sandveld, whose eastern extension is abruptly interrupted by a escarpment having a escarp height of 
about 60m,can geopedologically be considered as a plateau landscape. Plateau is a landscape with, large, 
flat, elevated land having an abrupt connection to the lower land at least in its one side (Farshad, 2001). 
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B. Hilland 
The hilland is the place where river incisions and water erosional surfaces are commonly found (plate 
3). As seen in geology map (figure 8), all the river tributaries 
arises from the escarpment and crosses the handveld to drain 
to the Limpopo river basin. 
 
Compared to the other two landscapes, this landscape has 
rugged  topography with frequent rock out crops. Some of 
the landforms in this landscape include:  
 
Hillocks, which are small hills or dooms scattered in the 
landscape. The hillocks are erroded and in most cases rocks 
are exposed. In the aerial photos they appears white due to 
the exposed sandstone. (figure 15B). 
 
Talus, is another landform at the lower the lower, foot, part 
of the landscape having gentle slope. As indicated in plate 3 
U shaped  river gullies are commonly found in this land-
form.  

                           Plate 3: River incision (hilland) 

C. Peneplain 
the Peneplain landscape (physiographically named hardveld) is characterised by a flat to gently undulating 
topography. At some places,small hills 
emerged out in a rounded and elongated 
fashion called inselberges (figure 19), 
which are the results of  a process called  
peneplanation. 
 
The major land forming process in the 
peneplain landscape is erosion and in 
such landscapes it is important to con-
sider parent material and time as im-
portant soil forming factors (Farshad, 
2001).  

 

Figure 16: Inselbergs around Serowe town 

 
As it is seen in the geopedologic map of the study area (figure 17) the most common landforms are 
different levels of erosional terraces. 
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Generally, the most dominant landform in the study area, which covers about 60 per cent of the total 
study area, is the summit. This landform covers the whole of the plateau landscape. The area coverage 
of the different landforms of the project area is summarized in the following table.   
 

Table 5: Area coverage of the different landforms in the study area 

 
Landform Code Area (ha) % Proportion 

Summit Pu111 163826 61.3 
Talus/hillock complex Hi112 4020 1.5 
Slope/facet complex Hi111 13885 5.2 
High terrace Pe111 36651 13.7 
Middle terrace Pe112 18124 6.8 
Lower terrace Pe113 10977 4.1 
Eroded terrace Pe114 4637 1.7 
Vale Pe115 14988 5.6 
Inselbergs Pe116 221 0.1 
Total  267328 100 
 
 

Figure 17: Geopedologic map of the study area 
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Table 6: Legend of the geopedologic map 

                                                                                                                    

 
 

 Landscape Relief Type Lithology Landform Map unit 
symbol 

Slope 
(%) 

Major soils Area 
(ha) 

Plateau Mesa Sand with 
silicrete and 
ferricretes 

Summit Pu 111 0-5 Arenosols 
(Orthoeutric 
Arenosol 
Hypoluvic Dystric 
Arenosol, etc) 
 

163826  

Slope 
facet 
complex 

Hi111 10-30 Eutric Arenosol 
Arenic Luvic Xerosol 
Ferralic Arenosol 
Arenic Ferric Luvisol 
Arrenic Ferric 
Luvisol 
Calcic Luvisol 
Orthic Luvisol 
Chromic Luvisol 
 

13885 Hilland 
 

 
Hill/hillock 

Sandstone 

Talus-
hillock 
complex 

Hi 112 0-5 Orthic Luvisol 
Ferralic Arenosol 
Arenic Ferric Luvisol 
Luvic Arenosol 
Chromic Calcic 
Luvisol 
Calcic Eutric Nitosol 
 

4020 

High 
terrace 

Sandstone Tread- 
riser 
complex 

Pe111 0-5 Calcic Luvisol 
Ferralic Arenosol 
Arenic Ferric Luvisol 
Calcic Cambisol 
Orthic Luvisols 
Euthric Nitosols 
Chromic Nitosol 
Chromic Calcic 
Luvisol 
Calcic Gleysol 
 

18124 

Middle 
terrace 

Residual 
unconsollidat
ed 

Tread- 
riser 
complex 

Pe112 0-5 Ferralic Arenosol 
Chromic Luvisol 
Arenic Calcic 
Luvisol 
Eutric Nitosol 
Calcic Eutric Nitosol 
 

18124 

Lower 
terrace 

Residual 
unconsollidat
ed 

Tread- 
riser 
complex 

Pe113 0-5 Pellic Vertisol 
Ferric Arenosol 
Chromic Vertisol 
Calcic Cambisol 
Orthic Luvisol 
Chromic Calcic 
Luvisol 
 

10977 

Erroded 
terrace 

Sandstone Tread- 
riser 
complex 

Pe114 0-5 Chromic Calcic 
Luvisol 
Ferralic Arenosol 
 

4637  

Vale Alluvial Slope/floo
r complex 

Pe115 0-5 Arenic Ferric Luvisol 
Calcic cambisol 
Ferralic Arenosol 
Orthic Luvisol 
Pellic Vertisol 
 

14988 

Peneplain 

Inselbergs Sandstone 
Basalt 

Slope-
facet 
complex 

Pe116  Chromic Calcic 
Luvisols 
Rock outcrops 
 

221  
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The topographic cross-section of indicating the three major landscapes can be seen in figure 18. As 
discussed in the methods section, the topographic cross-section is made using the digital terrain model 
of the study area. The figure also indicates the location of the pits described.   
 

 

Figure 18: Geoppeologic map with pit locations and crossectional line (top) and topographic 
cross-section (A_B) (bottom) 
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5.2. Soils of the study area 

Besides, using the existing soil map, it was possible to describe 14 mini-pits to further enrich the data 
and particularly to have actual observation on the different nature of soils in the area. The mini-pits 
were selected form every landscape, which could represent the study area (figure 18).  
 

5.2.1. Major soils of the study area 

Arenosols having course texture comprises the largest part of the study area. The stratum sandveld (a 
term in Dutch language to mean sand field) is entirely covered by Arenosols, which is assumed to be 
of Aeolian origin(Remmelzsaall, 1989).  
 
According to Driessen et al., (2001), the development of Arenosols of 
the dry zone differs from that of the wet tropics. The profile develop-
ment in these soils was found to be poor, and it might be due to poor 
soil forming processes, which are inactive during the long drought pe-
riods (Driessen et al., 2001). A typical profile of the Arenosols is in-
dicated in plate 4 and further attached in appendix 12. 
 
Although shifting sand dunes is the characteristics of most Arenosols, 
the soils in the study area are well stabilized by vegetation.  

 

               Plate 4: Typical soil profile of Arenosols 

                          (From Sefi, 2001) 
 
Based on the information obtained from previous studies and the collected during the field investiga-
tion, the major soils identified are summarised in the next few paragraphs. 
 
Plateau (Sandveld): According to de Alsis (1985), Ferralic Arenosols, Dystric Arenosols, and Luvic 
Arenosols are the some of the major soils having deep to very deep, well to somewhat excessively 
drained, yellowish brown to yellowish red fine sands on flat to rolling topography.  
 
During the field survey it was possible to identify three types of soils having distinctive difference in 
colour. These soils can easily recognisable as one drives along the corridor fence.  With the assump-
tion that the three soil colours could lead to the identification of three soil types, three mini-pits were 
taken, one in each. The result indicates that three soil types are:  

• Haplic Arenososl( profile ID: SPT001/2000): having yellowish brown colour with massive 
structure, very deep and excessively drained.  

• Epidystric Arenosol(profile ID: SPT002/2002): having brown colour, with massive structure, 
slightly hard when dry and loose when wet, excessively drained and deep.  

• Hypoluvic Dystric Arenosol(profile ID: SPT003/2002): having dark greyish to olive brown 
colour, with clay bridges having Bt horizons, excessively drained and very deep. 

For detail profile description refer appendix 7. 
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Hilland (Escarpment): very shallow to shallow, well to somewhat excessively drained, reddish 
brown sandy-loam to clay loam Eutric Regosols on a rolling to hilly topography are the common soils 
in this landscape unit. The other soils, which are commonly found at the lower, foot slopes, are Feral-
lic Arenosols  
 

Peneplain (Hardveld) : the following soil types are commonly found in the hardveld stratum:  
 

• Calcic Luvisols: Moderatly deep-to-deep well drained dark brown clay loam to clay having 
undulating to rolling topography (on basaltic rock). 

• Calcic Cambisols: Moderately deep to very deep imperfectly drained, dark greyish brown-to-
brown clay loam clay with flat to slightly undulating topography. 

• Ferralic Arenosols: deep to very deep, well to somewhat excessively drained, red to strong 
brown fine sands to loamy fine sands, with flat to undulating topography. 

• Pellic Vertisol: deep to very deep, poorly to imperfectly drained, dark greyish brown to very 
dark clay on flat to almost flat topography. 

• Chromic Calcic Luvisols: deep to very deep, moderate to well drained, strong brown t yellow-
ish red sandy loams to clay loams, having flat to undulating topography. 

• Arenic Ferric Luvisols: deep to very deep, well to somewhat excessively drained, red to yel-
lowish red and dark brown loamy fine sands over sandy loams having flat to undulating to-
pography. 

 
As indicated in table 7, the predominant soils are Arenosols, which cover about 78 per cent of the 
study area. 
 

Table 7: Major soils of the study area 

Major soils Area (ha) % Proportion 
Arenosols 207866 77.8 
Regosols 5574 2.1 
Vertisols 6733 2.5 
Nitosols 7535 2.8 
Cambisol 8288 3.1 
Luvisol 29493 11 
Gleysol 228 0.1 
Xerosols 1083 0.4 
Rock outcrops 529 0.2 
   
Total 267328 100 

 



ANALYSIS OF SOIL-VEGETATION INTERACTION IN RELATION TO SOIL CARBON SEQUESTRATION (A CASE STUDY IN SEROWE, BOTSWANA) 

 

 

 

INTERNATIONAL INSTITUET FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION 42 

5.2.2. Chemical properties of the major soils 

Except for field level pH test and organic carbon, which is the major interest of the study, no other 
chemical analysis was carried out. According to some previous studies, (Ringrose et al., 1998; 
Siderius, 1973) and this study confirmed, the study are has low organic matter content and nitrogen. 
From the 75 samples collected for SOC estimation, the average %C estimated to be0.53. To compare 
the %C under farmlands and areas under shrub/forest cover, 20 soil samples were included from ar-
able lands at a depth of 30cm. By taking the 95 soil samples analysed, the average % C was estimated 
to be 0.50 (see table 8).  
 
According to Siderius(1973), the soils in the study area have very low nitrogen content. The field 
level pH test indicated that a pH range of 5-8.5 while the average was about 6. 
 

5.2.3. Soil physical properties 

Among the soil physical properties, bulk density was estimated at each plot established for biomass 
estimation.The average soil bulk density for the top 30 cm, based on the 75 samples, is estimated to be 
1.51 g/c.c. The maximum bulk density (1.8g/cc) was of the sandy soils, Arenosols, while the 
minimum (1.2 g/cc) for vertisols in the hardveld. Bulk density for the vertisols was estimated with 
some difficulties. This is because of the difficulties from the strength of the soils to insert the 
rings (core sampler) in to the soil with out disturbing the soil. On the other hand it was found eas-
ier to do it in soil, which have sandy nature.  

Table 8: Bulk density and %C summary for the different landscapes 

Landscape N Minimum Maximum Mean Std.Deviation 
Arable land* % C 20 0.25 0.98 0.53 0.22 

Bulk density (g/cc 1.4 1.8 1.6 0.10 Sandveld 
% C 

16 
0.18 .53 0.34 0.09 

Bulk density (g/cc 1.3 1.8 1.5 0.12 Escarpment 
% C 

30 
0.29 0.89 0.43 0.10 

Bulk density (g/cc 1.2 1.8 1.42 0.14 Hardveld 
% C 

29 
0.28 1.10 0.65 0.28 

Bulk density (g/cc 75 1.2 1.8 1.5 0.114 Total 
% C 95 0.18 1.1 0.50 0.23 

 
* Arable land is included as a land use type  
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Figure 19: Soil map 



ANALYSIS OF SOIL-VEGETATION INTERACTION IN RELATION TO SOIL CARBON SEQUESTRATION (A CASE STUDY IN SEROWE, BOTSWANA) 

 

 

 

INTERNATIONAL INSTITUET FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION 44 

Table 9: Correlation between the soil map legend and with the geopedologic map, as pre-
sented in this thesis (Table 6) 

(After de Alwis, 1985) 
Symbol Soil Description 

 
Classification Landform 

A1 Deep to very deep, poorly to imperfectly drained, dark grayish brown to 
very dark gray clay. Flat to almost flat 

Pellic vertisol, partly 
sodic 

Lower terrace 
(Pe111) 

A2 Deep to very deep, poorly to imperfectly drained, dark grayish brown to 
reddish brown clay loam to clay  
Flat to slightly undulating 
 

Chromic Vertisol Lower terrace 
(Pe111) 

A3 Deep to very deep,imperfectly drained dark grayish brown sandy clay-
loam to clay. Flat to slightly undulating 

Vertic Cambisol Middle terrace 
(Pe112) 

A4 Mod. deep to very deep. Imperfectly to mod. Well drained, dark grayish 
brown to brown sandy loam to sandy clay 
Flat to slightly undulating 
 

Calcic Cambisol Vale 
(Pe115) 

A4b Mod. deep to very deep imperfectly to mod. Well drained. Dark grayish 
brown to brown clay loam to clay 
Flat to undulating 
 

Calcic Cambisol Lower terrace 
(Pe111)  
Vale 
(Pe115) 

A4c Mod.deep to very deep, mod. Well-drained grayish brown-to-brown 
sandy loam to sandy clayloam. Flat to undulating 

Calcic Cambisol Vale 
(Pe115) 

A9 Deep to very deep, imperfectly to mod. Ell drained, dark brown sandy 
clay loam to clay 
Flat to slightly undulating 
 

Calcic Luvisol Middle terrace 
(Pe112) 

A10 Deep to very deep, mod. Well-drained, strong brown to yellowish red 
sandy loams to sandy clayloams. Flat to undulating 
 

Chromic Calcic Luvisol 
partly petrocalcic 

High terrace 
(Pe113) 

A12 Mod. Deep to deep, well drained, brown to yellowish red loamy sands 
to sandy loams 
Almost flat to undulating 
 

Arenic Ferric Luvisol Middle terrace 
(Pe112) 

A13 Mod.deep to deepmod. Well to well drained, dark red to strong 
brown,sandy loam to sandy clayloam. Almost flat to undulating 
 

Chromic Luvisol Middle terrace 
(Pe112) 

A14 Mod.deep to very deep, mod well to well drained. Dark brown to yel-
lowish sandy loam to sandy clay 
Flat to undulating 
 

Orthic Luvisol Middle terrace 
(Pe112) 
 

A16 Very deep., mod. Well to well drained, dark red to strong brown, sandy 
loam to sandy clayloam. Almost flat to undulating. 

Eutric Nitosol Middle terrace 
(Pe112) 
High terrace 
(Pe113) 

A16a Very deep , imperfectly to mod. Well-drained, dark red to dark brown 
sandy clayloam to claystrongly calcareous and often with dark grayish 
brown toplayer. Flat to almost flat. 

Calcic Nitric Nitisol Middle terrace 
(Pe112) 

A19 Deep to very deep well to somewhat excessively drained, dark red to 
brown sands to loamy sands 
Almost flat to slightly undulating 

Ferralic Arenosol 
 

Lower terrace 
(Pe111) 

A30 Deep to very deep imperfectly to poorly drained (very) dark gray sandy 
clay to clay. Flat 

Calcaric Gleysol Sodic High terrace 
(Pe113) 

B1 Very shallow to shallow, well to somewhat excessively drained, reddish 
brown to dark brown sandy loam to clay loam 
Undulating to hilly 

Eutric Regosol Slope-facet 
complex 
Hi111 

B5 Mod. deep to deep, mod well to well drained, reddish brown to strong 
brown sandy clay loam to clay 
Undulating to rolling on basalt 

Chromic Luvisol Slope-facet 
complex 
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B5a Shallow t mod deep, well drained reddish brown to strong brown sandy 

clay loam to sandy clay 
 
Undulating to rolling (mainly on basalt) 
 

Chromic Luvisol 
Partly petric, some lithic 

Vale 
(Pe115) 

B6 Mod.deep to deep, mod.well to well drain, dark brown to reddish brown 
clayloam to clay. Undulating to rolling  (basalt) 
 

Calcic Luvisol Erroded terrace 
(Pe114) 

D9 Deep, mod, well drained, reddish brown to dark yellowish brown sandy 
clay loam to sandy clay 
Flat to undulating 
 

Calcic Luvisol Middle terrace 
(Pe112) 

S1 Very shallow to shallow, excessively drained yellowish red to yellowish 
brown sands and loamy sands 
Undulating to hilly 
 

Ferralic Arenosol 
Lithic 
 

Slope-facet 
complex 
Hi111 

S1a Moderately deep, somewhat excessively drained, yellowish red to yel-
lowish or dark reddish brown sands and loamy sands. Undulating to 
hilly 
 

Ferralic Arenosol Slope facet 
complex  
(Hi111) 

S3 Deep to very deep, well to somewhat excessively drained, yellowish 
brown (but with chroma of more than 4) to yellowish red fine sands. 
Flat to undulating 
 

Ferralic Arenosol Summit  
(Pu111) 

S5 Deep to very deep, well to somewhat excessively drained, red to strong 
brown fine sands to loamy fine sands 
Flat to undulating 

Ferralic Arenosol Middle terrace 
(Pe112) 
High terrace 
(Pe113) 

S5a As S5, but showing lamellae of clay accumulation Luvic Arenosol Middle terrace 
(Pe112) 

S6 Deep to very deep, somewhat excessively to excessively drained, red to 
yellowish brown fine sands and loamy fine sands. Undulating to rolling 
dunes 
 

Ferralic Arenosol Middle terrace 
(Pe112) 

S7 Deep to very deep, well to somewhat excessively drained, red to strong 
brown loamy fine sand. Flat to undulating 
 

Arenic Ferric Luvisol Middle terrace 
(Pe112) 

S10 Deep to very deep, well to excessively drained, red to yellowish red 
loamy fine sands over sand loams 
Flat to undulating 
 

Arenic Ferric Luvisol High terrace 
(Pe113) 

S16 Deep to very deep, somewhat excessively drained, light yellowish 
brown to dark grayish brown fine sands to loamy fine sands 
Flat to undulating 
 

Dystric Arenosol Vale 
(Pe115) 

S17 Deep to very deep, well to somewhat excessively drained, light yellow-
ish brown to dark grayish brown fine sands to loamy fine sands (non 
calcareous between 50 and 100cm) 
 

Eutric Arenosol Talus-hillock 
complex  
(Hi112) 

Note: Ks = soils on coarse-grained sedimentary rocks 
          R = very shallow soils on steep hills, ridges and escarpments  
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6. Vegetation 

According to Sefe (2001), climate and geology are the two prominent factors that control the natural vege-
tation in Botswana. Soil moisture, which is the result of the nature of the soil and geomorphology, particu-
larly considered as the most influencing factor for the richness and density of vegetation in the study area 
(Obakeng, 2000; Sefe, 2001). 
 
As stated by Siderius (1973), and from the field observation, it was difficult to find the climatic-climax 
vegetation in the area. This might mainly be due to anthropological reasons where by vegetation has been 
extensively used for cattle ranching, fuel wood and other purposes. Bekker and de Wit (1991) and Ti-
etema et al.(1991) also stated that, the pressure on land due to deforestation and overgrazing had encour-
aged bush encroachment and soil erosion which might end up in desertification. 
 

6.1. Vegetation structure  

Vegetation structure includes forest measurement variables like, height, crown cover, vegetation density 
and the like (Wenger, 1984). Sefe (2001) described the vegetation of the country as dominated by the shrub 
savannah in the arid southwest then followed with bush savannah, tree bush savannah and tree savannah 
with Mopanea shrub savannah towards the north.  
 
In terms of vegetation density, higher values were observed near river coarse, and in pan like depressions. 
The NDVI map (figure 21) can indicates the density of vegetation in the study area to a certain extent. Near 
the edge of the sandveld or near the transitional zone between the sandveld and hardveld where Combretum 
apiculatum is the dominant species, the density of trees and shrubs was observed to be higher. According to 
Obakeng (2000) this could partly be due to soil moisture availability that can be influenced by geomor-
phology and topography.  By taking the 75 plots used for biomass study, the number of woody shrubs/trees 
(stump height diameter greater than 2.5cm) per hectare was found to be 1533, 2005, and 1152 for sandveld, 
escarpment and hardveld respectively.  
 
Riquene (2002) mapped the vegetation of base on structure and floristic composition and used in this study. 
He identified five vegetation structural classes (figure 20). During the establishment of plots for biomass 
study, it was possible to observe the vegetation structures, which are common to the study area. It is possi-
ble to say that about 50 per cent of the study area is covered by wooded bush land. This wooded bush land 
is predominantly found in the sandveld. The other dominant structural class is woodland, which is common 
in the hardveld where Acacia tortillas and Ziziphus mucronata are commonly found on a fine to medium 
textured soil. Riquene (2002) estimated the proportional area coverage of this structural class to be 18 per 
cent of the total study area. 
 
The diameter, basal area and biomass result for every plot is summarised in appendix 4. 
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Figure 20: Map showing the different vegetation structures 

 (From Requene, 2002) 

6.2. Species diversity  

The dominant vegetation type in the study area is deciduous, in which trees shade their leaves during the 
dry season and in winter. Trees start to develop their leaves just few weeks before the rainy season to start 
 It was observed that Terminalia sericea, Ochna pulchra and other few species had developed their leaves 
prior to the occurrence of the rainy season. 
 
The vegetation continuum in the study area is a bit smooth and it could impose some difficulties to put ex-
act boundaries among the different plant communities. According to Bekker and de wit (1991) the pre-
dominant sandveld association of the country is represented by the sandveld stratum, which has less diver-
sity as compared to the lower lying escarpment and hardveld. The escarpment can be considered as transi-
tional zone between the sandveld and haredveld plant communities. In the sandveld, Terminallia sericea, 
Acacia erioloba. , Dichrostachys cinerea, Ochna pulchra, Boscia albitrunca, Acacia luederitzii are identi-
fied as the dominant species. Hardveld has more species diversity which can be accounted for larger ranges 
of parent materials, climate and soils (Bekker and de Wit, 1991). Species, which are commonly found in 
the hardveld, include: Acacia mellifera, Ziziphus mucronata, Acacia tortillis, etc.Beside the influence the 
environmental factors like geology  and climate, anthopogenic activites are believed to influence the distri-
bution of vegetation communities in the study area.  Van Rensburg (1971, cited in Siderius, 1973)stated 
that, Dichrostachys cenerea, A.fleckii, A. mellifera, A. tenuespina, A. tortilis and Euclea undulata as spe-
cies that encroached the eastern parts of Botswana as a result of anthropogenic activities.  
 
A total of about 56 species were identified during the field survey and their list is summarised in ap-
pendix 3. 
Requene (2002) identified the following four plant communities: T. sericea_G. retinervis_D.cinerea 
G.flava_G.retinervis_A.millefera, C.appiculatum_G.bicolour and A.karroo_A.tortilis_Z.mucronata (fig-
ure21). 
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Figure 21: Vegetation floristic composition map 

 (After Requene, 2002) 

6.3. NDVI 

As stated in the literature review chapter, NDVI indicates the vigour and density of vegetation in a 
given area. NDVI takes the reflectance difference between NIR and red wavebands. The correlation 
matrix of the two bands was found to be 0.95 for the Landsat TM7 and 0.96 for ASTER images. This 
high correlation between the two bands brings a very low (closer to zero) NDVI in the project area. 
Such a low NDVI or high correlation between red and NIR wavebands is evidence for the savannah 
woodland environment as characteristics of the study area (Ringrose and Matheson, 1991). The NDVI 
map generated form Landsat TM is shown in figure 22 

 

Figure 22: NDVI map from Landsast TM 7 
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7. Result  

7.1. Test for nomality 

Once data organisation was done, checking for normality, which gives clue to select the type of statis-
tical analysis to be used, was the first step taken in the data analysis phase of the study. In the follow-
ing figure histograms with normal curve (left) and the Anderson normality test result (right) are sum-
marized below  
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Except for SOC in the hardveld the Anderson-Darling normality test indicated that all the reset follow 
a normal distribution pattern. The major reason for the non-normality of SOC in the hardveld is evi-
dence for the existence of two populations that might arises form greater soil heterogeneity unlike the 
other landscapes.  The Kolmogorov-Smirnov and Ryan-Joiner testes indicated P-value of 0.089 and 
0.084 respectively, which could support the idea that the data is not strongly non-normal. 
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7.2.  Analysis of variance for % Carbon 

A. Among land covers (structures) 
 
One-way ANOVA: Dense woodland, Forest land and Arable land 
Analysis of Variance 
Source     DF        SS        MS        F        P 
Factor      2    0.2201    0.1101     4.75    0.013 
Error      46    1.0667    0.0232 
Total      48    1.2868 
                                   Individual 95% CIs For Mean 
                                   Based on Pooled StDev 
Level            N      Mean     StDev  ----+---------+---------+---------+-- 
Dense woodland  11    0.3618    0.0926   (--------*--------)  
Fores land      18    0.4244    0.0732           (------*-------)  
Arable land     20    0.5285    0.2164                      (------*------)  
                                   ----+---------+---------+---------+-- 
Pooled StDev =   0.1523              0.30      0.40      0.50      0.60 

 
Here it is possible to conclude that there is significant variation in %Carbon in soils under different 
land covers at 95 % level of significance.   
 
B.  Among different floristic composition groups and arable land 
 
One-way ANOVA: Ar, AAZ, GGA 
Analysis of Variance 
Source     DF        SS        MS        F        P 
Factor      2    0.7224    0.3612    11.19    0.000 
Error      44    1.4203    0.0323 
Total      46    2.1427 
                                   Individual 95% CIs For Mean 
                                   Based on Pooled StDev 
Level       N      Mean     StDev  ----------+---------+---------+------ 
Ar         20    0.5285    0.2164          (----*----)  
AAZ         7    0.7743    0.2530                      (-------*--------)  
GGA        20    0.4035    0.0877  (----*----)  
                                   ----------+---------+---------+------ 
Pooled StDev =   0.1797                    0.48      0.64      0.80 
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Ar:  Arable land 
AAZ: A. Karroo, A. tortilli, Z. 
mucronat 
GGA: G. flava, G. retinervis, A. 
mellifera 
 
 
 
 
 
Still the variation in % Carbon under different floristic groups and arable land is significant at 95%. 
 
From the box plots it is possible to observe that, the mean  % Carbon is greater in soils under 
A_karroo_A.tortillas_Z.mucronata cover than the other the others. 
 
C. Among landscapes (SOC density) 

 
One-way ANOVA: Sandveld, Escarpment, Hardveld 
 
Analysis of Variance 
Source     DF        SS        MS        F        P 
Factor      2    1202.2     601.1    13.02    0.000 
Error      72    3322.8      46.2 
Total      74    4525.0 
                                   Individual 95% CIs For Mean 
                                   Based on Pooled StDev 
Level       N      Mean     StDev  ---+---------+---------+---------+--- 
Sandveld   16    16.964     4.917  (------*------)  
Escarpme   30    18.400     2.537       (----*----)  
Hardveld   29    26.048     9.953                      (----*----)  
                                   ---+---------+---------+---------+--- 
Pooled StDev =    6.793            15.0      20.0      25.0      30.0 
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20
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40

Boxplots of Escarpment, Hardveld and Sandveld
(means are indicated by solid circles)

Escarpment Hardveld Sandveld

  
 

The above result indicated that there is significant difference in SOC density among the three land-
scapes at 95 % confidence level. 
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7.3. Biomass 

7.3.1. Moisture content of major tree/shrub species 

To convert the green weight biomass estimated using the existing equations, moisture contents of 
eight species were estimated and the result is summarised in the following table 
 

Table 10: Moisture content of some of the common species at Serowe 
No. Species MC (%) FDBR* 
1 Burkea Africana 43 0.57 
2 Ochna pulchra 39 0.61 
3 Acacia Luederitzii 28 0.72 
4 Acacia aeroloba 29 0.71 
5 Terminalia sericea 29 0.71 
6 Acacia erubescens 33 0.67 
7 Croton gratissimus 33 0.67 
8 Acacia tortillis 34 0.66 
Mean 34 0.66 

 
* =  Fresh-dry biomass ratio 
 
It is known fact that moisture content is influenced by seasons. The estimation was made during the 
dry season (October) and then the result can be taken as moisture content of the dry season.  
Since the estimation was done on the basis of three replica, the result might not be quite accurate. 
However, it could give some estimate of the moisture content of major species of the study area.  
 
The result in the table10 indicates that the moisture content ranges form 29 to 43 %. The average of 
all is estimated to be 34 % (0.66 DFR). Gelens (2003), found a dry to fresh biomass ratio of 0.63 in 
his study at Namibia where the biophysical environment is closely similar to that of Serowe, but a bit 
warmer. 
 

7.3.2. Biomass estimated 

After the conversion of the fresh weight biomass to dry biomass using the FDBR estimated above, the 
dry biomass form the 75 plots is summarised below 
 

Table 11: Descriptive statistics of biomass  (t/ha)  
Stratum N Minimum Maximum Mean Std. Deviation 
Sandveld 16 1.43 10.85 5.31 2.71 
Escarpment 30 7.83 39.12 21.22 7.64 

Hardveld 29 2.58 34.69 13.99 8.35 
Total 75 1.43 39.12 10.48 9.34 
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To support the result with statistics, the 95 % confidence limit for the mean and total dry biomass was 
estimated and summarised as follows. 
 

Stratified mean = 10.48 t/ha 
  Standard error of the mean = 0.64 
  Degree of freedom = 72 

Confidence limits: 
  95- percent confidence limits for the mean = 10.48 ± 1.29 t/ha  
  95- percent confidence limits for the total = 2800898 ± 344210 ton 
   
The plot based descriptive statistics for biomass is attached in appendix 4. 

7.4. Estimated carbon stock in soils and biomass 

7.4.1. SOC  

For every filed plot, bulk density was estimated in the fieldwork and  % Carbon concentration was 
estimated at ITC soil lab. The result of bulk density, %C and SOC are summarised in the next few 
paragraphs. 
 
A. Bulk density 
As mentioned in section 4.2.6, bulk density was estimated using core sampler (ring) and the average 
values for the different soils is summarized in the following table. 

Table 12: Summary of the bulk density in major soils 
Major Soils N Mean bulk density (g/c.c) 
Arenic Ferric Luvisol 3 1.5 
Arenosols 28 1.6 
Calcic Cambisols 5 1.4 
Chromic Calcic Luvisols 4 1.5 
Eutric Arenosol 2 1.6 
Eutric Regosol 2 1.6 
Ferralic Arenosol 21 1.7 
Orthic Luvisol 6 1.5 
Pellic Vertisol 4 1.3 
Total 75 1.5 
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The estimated bulk density ranges from 1.2 to 1.8 with a standard deviation of 0.14. This result indi-
cates bulk density has less spatial variability.  
 
B. % Carbon concentration  
% C was estimated from the 75 plots and additional 20 samples were included from arable lands 
The purpose of having samples from farmlands was to compare %C under the different landuse/cover 
types, which leads to answer the first hypothesis. Most of the arablelands have been developed after 
the clearance of vegetation and are mainly concentrated in the hardveld, particularly on the alluvial 
deposits, where there is a better moisture and soil fertility conditions.  

Table 13: Descriptive statistics of % C for major soils 
Soils N 

 
Minimum Maximum Mean Std. Deviation 

Arenic Ferric Luvisol 3 0.35 1.10 0.64 0.40 
Arenosols 28 0.18 0.53 0.39 0.09 
Calcic cambisol 5 0.43 1.03 0.80 0.22 
Chromic Calcic Luvisol 4 0.37 1.04 0.74 0.28 
Eutric Arenosol 1 0.53 0.53 0.53 . 
Eutric Regosols 2 0.40 0.49 0.45 0.06 
Ferralic Arenosol 21 0.28 0.97 0.46 0.20 
Orthic Luvisol 6 0.31 0.48 0.38 0.07 
Pellic Vertisol 5 0.80 1.10 0.86 0.083 

 
The soil carbon per cent per weight estimated from the 95 samples indicates that the area has rela-
tively poor organic carbon. It was possible to observe that, the area experiences, high temperature, 
low rainfall, appreciable livestock pressure, good relative vegetation cover, but poor in organic car-
bon. 
 
C. SOC density  
The descriptive statistics of SOC density for the top 30cm depth is summarised for the different soil 
groups in the following table  

Table 14: Descriptive statistics of SOC density (t/ha for 0-30cm) for major soils 
Soils N 

 
Minimum Maximum Mean Std. Deviation 

Arenic Ferric Luvisol 3 14.42 37.01 25.26 11.32 
Arenosols 28 8.20 26.93 17.78 4.32 
Calcic cambisol 5 19.75 42.17 30.97 8.89 
Chromic Calcic Luvisol 4 17.96 43.51 30.71 10.50 
Eutric Arenosol 1 21.12 21.12 21.12 . 
Eutric Regosols 2 14.99 16.70 16.70 1.21 
Ferralic Arenosol 21 11.77 34.63 18.71 5.58 
Orthic Luvisol 6 13.90 20.45 18.04 2.34 
Pellic Vertisol 5 31.35 42.63 35.48 5.21 

 
Having the plot-based information on bulk density, % course fragments, and %C per weight, it was 
possible to estimate the SOC stock in ton per hectare for the top 30cm soil. 
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Table 14 indicates the estimated SOC density for the top 30cm for major soils found in the study area. 
From the table it is observed that vertisols have got the maximum density, 42.63 t/ha, and the list in 
found in Arenosols, which is about 8.20t/ha. 
 
The mean SOC density in the different landscapes and the total SOC stock is estimated and the result 
is indicated in table 15 

Table 15: Statistical summary of SOC (t/ha) under the three landscapes 
Stratum 
 

N Minimum Maximum Mean Std. Deviation 

Sandveld 16 8.20 26.93 16.96 4.92 
Escarpment 30 13.88 23.20 18.40 2.54 

Hardveld 29 11.77 43.51 26.05 9.95 
Total 75 8.20 43.51 20.60 7.82 

 
Estimated SOC (t per ha for 0.3m depth) 
 
 Stratified mean = 20.6 t/ha 
 Standard error of the mean = 0.91 
 Degree of freedom = 72 
Confidence limits: 
 95- percent confidence limits for the mean = 20.6 ± 1.82 t/ha 
 95- percent confidence limits for the total = 5514417 ± 485377 ton 
The plot based descriptive statistics is attached in appendix 4. 
 

7.4.2. Carbon stock in biomass 

Namayanga (2002) estimated the carbon content 10 species, which are dominantly found in the study 
area.  The per cent carbon content of dry biomass used in converting the estimated carbon stock in the 
biomass is summarized in the following table.  

Table 16: Percent Carbon content of some species at Serowe  

(From Namayanga, 2002) 
No. Species C (%) 
1 Acacia erubescens 42.76 
2 Acacia karroo 42.46 
3 Acacia tortillis 41.96 
4 Bosica albituranica 42.16 
5 Combretum apiculatum 41.82 
6 Croton gratissimus 43.8 
7 Dichrostachys cinerea 44.86 
8 Peltophorum africanum 43.06 
9 Ochna pulchra 44.98 
10 Terminalia sericea 44.7 
Mean 43.26 
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By using the above biomass to % C conversion factor, the means and total carbon stock in standing 
woody biomass is estimated and the result is summarised in table 17  
 

Table 17: Summary of average Carbon stock in biomass 

Stratum 
 

N Minimum Maximum Mean Std. Deviation 

Sandveld 16 0.61 4.67 2.28 1.17 
Escarpment 30 3.37 16.82 9.12 3.29 
Hardveld 29 1.11 14.92 6.01 3.59 
Total 75 0.61 16.82 4.51 4.01 

 
 
Stratified mean = 4.51t/ha 
 Standard error of the mean = 0.27 
 Degree of freedom = 72 
Confidence limits: 
 95- percent confidence limits for the mean = 4.51± 0.55 t/ha 
 95- percent confidence limits for the total = 1205039 ± 148042 ton 
 
The average carbon stock in soils and biomass is indicated in table18 and figure 23 
       

Table 18: Average carbon stock in biomass and soils 

From the soil to biomass ratio, is possible to ob-
serve that much carbon is sequestered in the bio-
mass in the escarpment than the others. In the 
sandveld, biomass has poor potential in sequester-
ing carbon as compared to escarpment and hard-
veld.                                       

 
 

 

 

 

 

 

 

 

Figure 23: Average carbon stock (t/ha) in soils (30cm depth) and biomass 

Stratum Soil to biomass
Biomass Soils (30cm depth) ratio

Sandveld 2.28 16.96 7.44
Escarpment 9.12 18.40 2.02
Hardveld 6.01 26.05 4.33
total 4.5 20.6 4.58
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7.5. Relationship between SOC, biomass and vegetation indices 

7.5.1. Correlation analysis 

This sub chapter will give answer for the last two hypotheses in which the possibility of estimating 
SOC from biomass and vegetation indices was tested. It is recalled that the second hypothesis says: 
Above ground woody biomass can be used to predict SOC stock. To test this hypothesis, first the cor-
relation analysis was made and the result is summarised in the following table.  

Table 19: Correlation analysis (Pearson, 2-tailed) result summary 
  

NDVI 
 
SAVI 

 
LAI 

Landscape 

SOC TM 
 

ASTER MODIS TM ASTER MODIS TM MODIS 

0.39 -0.013 0.271 0.357 0.100 0.549 0.376 0.034 0.384 Biomass  
0.136 0.962 0.604 0.174 0.712 0.259 0.151 0.9.1 0.142 

0.238 0.287 0.034 0.311 0.546 0.050 0.103 0.010 

Sandveld 

SOC  
0.375 0.581 0.902 0.240 0.263 0.854 0.704 0.972 

-0.031 0.587 0.413 -0.190 0.587 0.383 -0.172 0.284 -0.18 Biomass 
0.870 0.001* 0.023* 0.324 0.001* 0.037* 0.372 0.128 0.347 

0.366 0.076 -0.347 0.225 -0.041 -0.353 0.289 -0.350 

Escarpment 

SOC  
0.047* 0.691 0.065 0.231 0.831 0.061 0.122 0.063 

0.688 -0.301 -0529 -0.294 -0.453 -0.461 -0.93 0.082 -0.291 Biomass 
0.000* 0.113 0.003* 0.121 0.014* 0.012* 0.123 0.672 0.126 

-0.532 -0.453 -0.501 -0.616 -0.447 -0.501 -0.151 -0.500 

Hardveld 

SOC  
0.003* 0.014* 0.006* 0.000* 0.015* 0.006* 0.434 0.006* 

0.306 0.335 0.233 -0.291 0.144  0.109 -0.289 0.345 -0.289 Biomass 
0.008* 0.003* 0.062  0.012* 0.217 0.386 0.013 * 0.002 *  0.013* 

-0.419 -0.420 -0.550 -0.491 -0.371 -0.545 -0.110 -0.548 

All together 

SOC  
0.000* 0.000*   0.000* 0.000* 0.002* 0.000* 0.348 0.000* 

*. Correlation is significant at the 0.05 level  
Cell contents: Pearson correlation 
  P- Value 
 
The above correlation analysis indicates that, in most cases, SOC is poorly correlated with above 
ground woody biomass and vegetation indices. Both the Landsat TM and ASTER were acquired dur-
ing the dry season where most species had shade their leaves. The attempt to find Landsat TM and 
ASTER images of different season was not possible. The only image which I found available was 
MODIS which is feely downloadable. The shortcoming of this image as compared to Landsat TM and 
ASTER is its coarser resolution (spatial resolution of 250m). As indicated in the above table, signifi-
cant correlation between biomass and SOC was obtained in the hardveld (r= 0.69) and when all the 
data were taken together (r=0.31). Biomass and SOC have a significant positive correlation with 
NDVI and SAVI of Landsat TM and ASTER images in the escarpment. Almost all vegetation indices 
have significant negative correlations with biomass and SOC in the hardveld, which implies that these 
vegetation indices can not predict biomass and SOC in this part of the study area.  
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7.5.2. Regression analysis 

 
A. Biomass as estimator of SOC 
By taking biomass as an estimator of SOC the relationships between biomass and SOC in each stra-
tum and in the whole study area is indicated in the following four figures (24A,B, C, &D) 
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Figure 24: Relationship between biomass and SOC 

 
The results in the above curves can be interpreted as: biomass explains 17%, 0% and 49% of the 
variations in SOC in the sandveld (A), escarpment (B) and hardveld (C) respectively. Taking the 
whole dataset together (D), biomass could explain 13 % of the SOC variability observed in the study 
area. Further explanations will be presented in the discussion chapter. The regression equations are 
summarized in table 20 and the ANOVA summaries are attached in appendix 8. 
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Table 20: Regression equations to estimate SOC (y) from biomass (x) 

Stratum Equation R2 F Sig. F 
Sandveld y = 0.0955x2 - 0.4786x + 16.156 0.17 1.3764 0.2870 
Escarpment y = -0.0004x2 + 0.0068x + 18.446 0.00 0.1500 0.9851 
Hardveld y = -0.0179x2 + 1.4367x + 10.661 0.49 12.6439 0.0001 
 
Total 

 
y = -0.0152x2 + 0.7882x + 13.931 
 

 
0.13 

 
5.2884 

 
0.0072 

 

B. NDVI as estimator of biomass 
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Figure 25: Relationship between NDVI and biomass 
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From the above curves it is possible to observe that NDVI could better estimates biomass in the es-
carpment (B) with R2=0.35 and poorly in the sandveld (A). On the other hand, NDVI is negatively 
correlated with biomass in the hardveld (C) and can not be used as estimator of biomass. Further ex-
planation is given in the discussion chapter. 

 
C. NDVI as estimator of SOC 
    
 
 
 
 
 
 
 
 
 
 
 
 

 
(A)        (B) 

 
 
 
 
 
 
 
 
 
 
 
 
 
                          

(C )         (D)       
 

Figure 26: Relationship between NDVI and SOC         

 
Like the case in biomass, NDVI could still be a better estimate of SOC in the escarpment (B) (R2= 
0.23) and poorly in the sandveld (A). In the hardveld (C) NDVI is negatively correlated with SOC 
which implies, the NDVI value can not be used as an estimate for SOC..  
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D.  SAVI as estimator of biomass 
The regression analysis indicating the possibility of estimating biomass using SAVI (derived from 
Landsat TM) is summarised in figure 27A, B, C & D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (A)       (B) 
    
     
  
 
 
 
 
 
 
 
 
 
 
 
 (C )               (D) 
 

Figure 27: Relationship between SAVI and biomass 

 
As in the case in NDVI (figure 25B) SAVI could also is a better estimator of biomass in the escarp-
ment (R2= 0.36) and poorly in the sandveld (R2= 0.02) while it is negatively correlated in the hard-
veld.  
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E. SAVI as estimator of SOC 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
   (A)       (B) 
    
 
 
 
 
 
 
 
 
 
 
 
 
 

(C )       (D)  
 

Figure 28: Relationship between SAVI and SOC 

     
Figure 33 indicates that SAVI equally estimate SOC in the sandveld (A) and escarpment (B), (R2= 
0.13) , but not in the hardveld (C) and when all three taken together (D). 
 
The regression analysis carried out using ASTER image and MODIS images are summarised in ap-
pendix 10. Since only 7 samples were included in the IKONOS image, no regressio anlaysis was car-
ried out using this image. 
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F Soil clay content as estimator of SOC 

To evaluate the extent to which SOC stock is influenced by soil texture, clay content, %clay content 
was determined for 19 samples for the regression analysis indicted in figure 29 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 29:Relationship between %clay and SOC 

From figure29, it can be concluded that about 42 per cent of the variation in SOC observed in the 
study area can be explained by soil texture or clay content. 
 
G. Biomass as estimator of SOC in the Arenosols 
 
Since there might be a difference in the extent to which biomass explains the variability in SOC under 
different soils, a regression analysis was carried between biomass and SOC by taking only the 
Arenosol major soil group, which covers about 78 % of the study area. As indicated in figure 30, bio-
mass could explain 13 per cent of the variability in SOC observed in the whole study area.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 30: Relationship between biomass and SOC in Arenosols 
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8. Discussion 

The main objective of this study was to assess the interaction between soils and vegetation in relation 
to soil carbon sequestration. Biomass was taken as an important vegetation parameter and the extent 
to which it influence the SOC variability in the study area was addressed as a main objective of the 
study. Moreover, the study addressed, quantifying standing biomass (with 2.5 cm as a minimum ankle 
height diameter (section 7.3.2), SOC stock in the top 30cm (section 7.4.1), Carbon stocks in biomass 
(section 7.4.2), relationship between biomass and SOC and the possibilities of estimating both (bio-
mass and SOC) using vegetation indices (section 7.5). In this chapter, results are summarised and dis-
cussed shortly.  
 

8.1. Biomass 

The stratified random sampling as recommended for forest inventory purpose (Wenger, 1984) was 
found feasible in the biomass estimation of the area. The strata, sandveld, escarpment and hardveld 
have got distinctive vegetation structures, which make stratification sound. As de Gier (2002) also 
agrees, moisture in the wood does not give true picture of biomass. Thus, it was found logical to com-
pare SOC with dry biomass than the fresh biomass. Moreover, it was tried to estimate the carbon 
stock in the living biomass, which makes knowing the moisture content of species vital. So far no in-
formation was available regarding the moisture content of the species grown in the study area. In this 
study it was tried to estimate the moisture content of eight species (table 10). Although, the number of 
samples taken is small, it gives a close estimate of the moisture content for the majority of species 
grown in the area. The average moisture content obtained for the dominant species was 34 per cent  
(section 7.3.1), which is closer to the one Gelens (2003) obtained in Namibia, 37 per cent, which has a 
closer similarity in agro climatic conditions. 
 
As indicated in table 11, the average biomass in ton per hectare is highest in the escarpment (21.22 
t/ha), followed with the hardveld (13.99 t/ha) and the least was estimated in the sandveld (5.31t/ha). 
This result is also similar with the one found by Tietema et al. (1991) in which they found standing 
fresh biomass of 20-30 t/ ha for Acacia tortillis woodland which could represent the hardveld part of  
the study area. In the escarpment some of the species like Combretum apiculataum could attain a 
height of about 6m. Moreover, some species, which are in shrub life form in the sandveld, were seen 
attaining a tree size in the escarpment (e.g. Acacia flekii). The possible reason for a better biomass 
stock in this part of the study area could partly be due to better soil moisture. Namayanga (2002) did 
also hypothesised that, edaphic factors could be the main reasons for higher biomass.  Mweso 
(2003)found a higher soil residual moisture in this part of the study areas  which could support the 
idea that residual soil moisture might indeed has some contribution for the higher biomass. The other 
reason could be lower level of human influence. Although the level of human influence was not stud-
ied thoroughly, it was observed that the level of pressure on vegetation from livestock was lower 
which might be due to rugged topography that makes less accessible as compared to other parts of the 
study area.   
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8.2. Carbon stock  

8.2.1. SOC 

It was possible to follow the proper procedure to estimate the carbon stock in the top 30cm depth.  
The average carbon stock estimated in the area was also compared with other research works and the 
value was found reasonable. The mean SOC stock for the top 30cm (table 14) was estimated to be 
about 20.6 t/ha, which is closer to the one found by Batjes (1999), that is,  22 t/ha for dry environ-
ments. Although the litter production in the area was relatively higher, sandy soils have got the least 
carbon stock. One reason for this could be soil texture. This is due to the fact that sandy soils get less 
biological protection from the soil mineral components as compared to clay rich soils, and according 
to Baldock and Nelson (2000), sandy soils could have less SOC stock. Breemen and Feijtel (1990) 
found that the silt and clay content of soils influence the SOC primarily through their influence on 
hydrology and thus, the rate of decomposition. Breemen and Feijtel (1990) also found an increase in 
SOC by 36% and 52% respectively at 40-60 and 60-80cm depths due to soil texture change from 
sandy clay loam to clay loam in 150 years period.  This implies that clay content or soil texture can be 
taken as one major reason for the variation in SOC stock observed in the study area. To evaluate the 
extent to which % clay content influences the SOC variability, a regression analyses was carried out 
between clay content and SOC, and it was found that % clay explained about 42 per cent of the vari-
ability in SOC (figure 29). 
 
Climate could be one of the factors that influence the SOC density in the area. As indicated in chapter 
3, the study area experienced higher evapotranspiration for a relatively longer period of the year. 
Moreover, the pressure on the natural vegetation in the study area, as Tietema et al.(1991) stated, 
made soils to be exposed and the soil temperature could reach 400C and above. These two conditions 
might lead to desiccation of litter which according to Verburg (1998) could hampered the (micro) bio-
logical activities and consequently the rate of litter decomposition. Higher temperature in the soils as 
Robert (2001) also stated encourages mineralisation of organic matter, which might be considered as 
another reason for less SOC stock in the study area.  
 
The other reason, which influences SOC, could be litter quality. Although it is not possible to give 
conclusive evidence on how litter quality influenced SOC density, it might be important to see the 
following points. Tietema et al.(1991)indicated that, species which have been encroaching (e.g. Aca-
cia tortillis) have got higher  nitrogen content, which could promote the rate of litter decomposition. 
However, soils in the study area have got very low nitrogen content (Siderius, 1993), and as Bouman 
(1990) pointed out that if the litter production rate is not followed by a proportional increase in soil 
nitrogen, the higher C/N ratio that might hampered the rate of litter decomposition and consequently 
less carbon stock in the soils. To adapt the dry environment, most of the species grown in the area 
have got thinly leaves, which makes the ratio of leaves in the total litter production smaller. Thus, the 
litter is mainly composed of wood materials, which might not be easily decomposable as compared to 
leaves. Besides this large proportion of the leave livestock could remove biomass and wild animals, 
which shared 95 % of the land use in the country (figure 11).  
 
As it is indicated in section 7.2.B, higher % Carbon was found in A. Karroo, A. tortillis and Z. mucro-
nata stand. It was observed during the field survey also that, these species, particularly A. tortillis and 
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Z. mucronata, are mainly found on alluvial deposits and on the vertisols where clay content of soil 
fertility is relatively higher.  
 
Generally speaking, although the amount of litter production in study area is relatively higher, poor 
moisture conditions, high temperature, poor soil development and others might be mentioned as rea-
sons for less carbon stock. Thus, soils in the study area have got poor potential in sequestering carbon. 
 

8.2.2. Carbon stock in biomass 

To estimate the carbon stock in the biomass, the carbon content of dry wood was taken from the study 
made by Namayanga (2002). Having this conversion factor, the average carbon stock in the biomass 
was estimated to be 4.5 t/ha (table 17). The ratio in carbon stock between soils and biomass was com-
puted to be about 5 (table 17), which implied that the average carbon stock in the soils is about five 
times that of the one found in the biomass. Here it should be noted that, the biomass does not include 
roots and dead wood, which might be an important pools of carbon. In the same table the ratio of the 
carbon stock in soils to biomass was found minimal in the escarpment as compared to the other two 
strata. One reason for this could be the presence of soil erosion. It can be seen in figure 20 that the 
drainage density is higher which can be taken as evidence for water erosion. And this erosion could 
contribute for soil organic carbon which is commonly found in higher quantities in the top soil which 
according to Shrestha(2000) is highly subjected to erosion. The other reason is the presence of higher 
biomass in the escarpment than the other two strata.  
 

8.3. SOC  and biomass estimation  

8.3.1. Biomass as estimator of SOC 

The regression plots in section 7.5.2 indicated that the relationship between SOC and biomass is rea-
sonably higher in the hardveld (R2 =49). This result implies that biomass explains about 49 per cent of 
the variation in SOC observed in the hardveld. On the other biomass almost does not explain the SOC 
variability observed in the escarpment and to some extent (R2 =17) in the sandveld. The main reason 
for reason for a higher R2 in the hardveld might be the presence of soils with relatively higher clay 
content that could hold more carbon that comes from litter fall or from the vegetation. On the other 
hand, the sandveld has got little clay content and having larger amount of litter input does contribute 
much for the carbon stocks in the soils.  
 
Since the response of biomass to different soil groups might vary, a regression analysis between bio-
mass and SOC for Arenosols, which covers, 78 % of the study area, were carried out. As figure 30, 
and the ANOVA result in appendix 8 indicate, biomass could explain 13% of the variation in SOC in 
Arenosols at 95 % confidence limit. This result indicates that there are factors which controls the 
SOC more than vegetation do.   
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8.3.2. Vegetation indices as estimators of biomass and SOC 

The regression plots in section 7.5.2 indicated that, both NDVI and SAVI have poorly correlated with 
biomass and consequently with SOC. In the correlation analysis, (table 18), it was indicated that 
NDVI and SAVI are significantly correlated with biomass in the escarpment (r= 0.38). On the other 
hand there is not significant correlation between the two vegetation indices and biomass and SOC in 
the sandveld. Both NDVI and SAVI have shown a negative correlation with biomass and SOC in the 
hardveld. The main reason for better correlation observed in the escarpment is due to the fact that, this 
part of the study area has got a higher biomass stock, include bigger trees which could contribute for 
higher vegetal spectral reflectance. Moreover, the species composition might also contribute for the 
higher NDVI values and better relationship with biomass. The dominate species found in this part are 
Combrertum apiculatum and Ochna pulchra which both are broad leaved species could have a larger 
leaf area index than those having smaller leaf size to have higher reflectance as compared to other 
species with tiny, needle, leaves. Another study conducted by (Van Heist and Kooiman, 1992)also 
came up with a result showing a higher correlation between biomass and NDVI in a stand that sup-
ported a dense Combretum apiculatum species. 
 
One interesting observation in the hardveld was the presence of a significance negative correlation 
between vegetation indices and biomass (section 7.5.2. B,C,D,E). The main reason for this is the pres-
ence of biomass and SOC in places where vegetation was sparse but dominated by bigger trees that 
contribute for higher biomass (which is particularly true on the Vertisosls). On the other hand, on the 
Arenosols, there exists relatively dense vegetation that contributed for a higher NDVI values while 
biomass per unit area is lower. Thus, the regression relationship between vegetation indices and bio-
mass and SOC showed an opposite trend with that the one between biomass and SOC in the hardveld. 
Generally, as most previous studies conclude (MMEWA, 2000; Tietema, 1993; Van Heist and Kooi-
man, 1992), this study leads to a conclusion that optical images do not have a significant contribution 
in biomass estimation in the study area. However, the result obtained (section 7.3.2) of this thesis 
does not lead to conclude that remote sensing has poor potential to study biomass and SOC in the 
area. There could other techniques, and methods which might rather been used than just taking the 
popular vegetation indices. 
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9. Conclusion and recommendataion 

9.1. Conclusion  

It was possible to observe the relationship between woody biomass and SOC stocks in the three land-
scapes in particular and in the whole project area at large. Even if it was not possible to get images 
(with a higher resolution than MODIS), of February or March during which trees support more leaves 
for the evaluatition of vegetation indices as estimators of biomass and SOC, the result could lead to 
give some conclusions for the three hypothesis set.  
 
The ANOVA result (section 7.2) leads to accept the first hypothesis; different land use/ cover types 
have different SOC stock, at 95% confidence level. The second hypothesis, SOC can be estimated in-
directly from above ground woody biomass can not directly lead to a single conclusion. This is be-
cause there are places where it works true and place where it does not. However, this study can lead to 
a conclusion that biomass could explain 13% of the SOC variability in the Arenosols with 
95%confidence level. The variability in SOC stock of the study area is less explained by biomass. 
Thus other factors like climate, geology are considered as other factors to express the variation that 
was not explained by biomass.  Thus, it is important for studies or models, which involve in modelling 
SOC to be critical in taking vegetation as a variable in predicting SOC stock in dry environments. 
 
The last hypothesis was: vegetation indices can be used as indirect estimates of SOC. To test this hy-
pothesis there is still a need to investigate different images and taken at different seasons. Thus, it is 
found difficult to give conclusion at this level of study. However, it was possible to conclude that, dry 
season images of Landsat TM7, ASTER, and MODIS were not able to explain the amount of biomass 
and SOC in the study area significantly. Although this is a general conclusion for the study area, 
NDVI and SAVI have showed reasonable correlation with biomass and SOC in the escarpment, which 
is dominated by relatively denser vegetation, mainly composed of Combretum apiculatum species. 
Since large part of the study area is covered by the sandveld and hardveld landscapes, the results 
found in the escarpment has less representation for the study in terms of biomass, SOC and the rela-
tionship between them and the vegetation indices.  
 
The existence of significant positive correlation between SOC and biomass and negative between 
vegetation indices and biomass and SOC can be taken as a good indication for the heterogeneity of the 
hardveld or the presences of at least two populations. Hence, it is important to give more weight to 
soils while stratifying areas for SOC studies. 
 
Besides the above major conclusions the following conclusions can be drawn about the biomass and 
SOC stock of the area.  
 

• Biomass estimated: the woody biomass of the study area was estimated to be with in the 
range of 2,456,688 and 3,145,108 ton while the average is with in 9.19 and 11.77 t/ha at 95 % 
confidence limit. 
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• SOC stock: the SOC density in the study area was estimated to be with in the range of 
5,029,040 and 5,999,794 ton and the average is with in 18.78 and 22.42 at 95 % confidence 
level.  

 
Finally, the out comes of this study could contribute for future studies like spatio- temporal viabilities 
in SOC and biomass and modelling carbon fluxes. In the carbon accounting system, the estimated 
mean and total carbon stocks in the soils and above ground (living woody biomass) can be used to 
indicate the carbon sequestration status of the area for climate change studies. Moreover, the amount 
of organic carbon can give important information for land use planners to design an appropriate land 
use planning. The estimated biomass can also be used to know the fuel wood status of the area. . 

 

9.2. Recommendations 

Like any other research, the study was not ideally ‘complete’. Thus, it is important to note the follow-
ing recommendations, particularly for future studies. 
 

a. It is important to increase the sample size to reach at a more sound conclusion to which 
vegetation (biomass) explains the variability in SOC stock. 

b. It is important to check the validity of the result by taking independent data.  
c. It is important to have images of the different seasons to evaluate the extent to which 

vegetation indices could assist the estimation of biomass. Besides, the optical images, it 
could be worth trying radar images that could reflect the structure of the vegetation, 
which is an important variable in biomass estimation. 

d. It is recommendable to check how the applications of the different soil carbon- dynamic 
simulation models work in the area.  

e. It is important to support soil-vegetation interaction studies with physiology and litter 
quality (nutrient content) of the major species grown in the area.  

f. In this study it was attempted to estimate the moisture content of eight species. Since the 
number of replication is small, it is important to develop the moisture content of different 
species, if possible at different season, by taking large sample sets. 

g. Since bulk density indicates little variation, it could be possible to reduce the sample size. 
h. It was observed that satellite images, particularly ASTER, have a good potential in map-

ping soils. Since the study area is flat, relief displacement of aerial photos is lower. Thus, 
even with out making orthophotos, the aerial photo interpretation results could be easily 
transformed to satellite images to map soils. 
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Glossary 

 

Remote sensing: it is the science and art of obtaining information about an object, area, or 
phenomenon through the analysis of data acquired by a device that is not 
in contact with, the object, area or phenomenon under investigation 
(Lillesand and kiefer, 2000). 

 
Biomass: the living or dead weight of organic matter in tree, stand, or forest in units such 

as living or dead weight, wet or ash-free weight, etc. (Helms, 1998). 
 
Carbon sequestration: The process of increasing the carbon content of a carbon pools other than the 

atmosphere (IPCC, 2000). 
 
LAI the leaf area index (LAI) is the cumulative area of leaves per unit area of land 

at nadir orientation (Bastiaanssen, 1998). 
 

Shrub: a woody, perennial plant differing from a perennial her in its persistent 
and woody stem, and less definitely from a tree in its lower structure and 
the general absence of a well-defined main stem (Helms, 1998). 

 
SOC:  Soil organic matter: the sum of all natural and thermally altered biologi-

cally derived organic material found in the soil or on the soil surface ir-
respective of its source, weather it is living or dead, or stage of decom-
position, but excluding the aboveground portion of living plants 
(Sumner, 1999). 

   
Vegetation index: is a common spectral index that identifies the presence of chlorophyll 

which is composed of reflectance in the red spectral region (0.62 to 
0.7�m) and a portion (0.7 to 1.1 �m) of the near-infrared spectral re-
gion(Bastiaanssen, 1998). 

 
Stand density: is a quantitative measure of tree stocking usually expressed in terms of 

the absolute number of trees, basal area, volume or other criteria on a per 
unit area basis (Wenger, 1984). 

Stand structure:         refers to the number of trees by species and tree size on a forest area  
           (Wenger, 1984). 

 
Pixel:   shorthand form for picture element, which is the smallest discrete element of   

an image or a map (ITC, 2001). 
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Appendices 

Appendix 1: Aerial photo index of the project area 

 

Appendix 2: Litho-stratigraphy of the study area 
Age Supergroup Group Formation Lithological description 
Cainozoic  Kalahari Kalahari beds Crystalline, massive,amygdaloidal basalts 
Mesozoic Stormberg Lava  Sand, silt, clay and duricrust 

Ntane Aeolian sandstone interacalations, white pink, 
red, brown, grey, green, yellow, partially fluvi-
atile towards base 
 

 
 
 
 
Lebung Mosolotane Fluvial red beds, siltstones with minor sand-

stones 
Beaufort Thabala Non-arbonaceouse and siltstones, coally carbo-

naceous mudstones,, fine sandstone 
Serwe Carbonaceouse mudstones, coals, siltstones, 

coally carbonaceous mudstones, fine sandstone 
Morupule Coal seams black carbonaceous mudstone, sub-

ordinate non- carbonaceous mudstones 
Kamotaka White, massive, coarse to medium grained sand-

stone, subordinate siltstones, micaceous 

 
 
 
 
 
 
 
 
Ecca 

Makoro Post glacial lacustrine mudstones and siltstones 
marking the base of Ecca Group 

 
 
 
 
 
 
 
 
Upper 
Palaeozoic 

 
 
 
 
 
 
 
 
 
 
Karoo 
 
 

Dwyka Dukwi Base of Karoo sequence, tillites and shales, 
varved silstones and mudstones 

Proterozoiv   
Plapye 

 
Shoshong 

 
Dolerite, siltstones, shales and quartzite 

Archean  Basement Granite, gneiss and amphibolites 

(Adapted from WCS, 1998) 
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Appendix 3: Species identified during the field study 

No. Botanical Name Tswana English 
1 Acacia caffra Morutlhare     
2 Acacia erioloba Mogotlho   Camel thorn 
3 Acacia erubescens Moloto   Blue thorn 
4 Acacia fleckii Mohahu     
5 Acacia galpinii Mokala     
6 Acacia karoo/A.luederitzii Mooka   Sweet thorn 
7 Acacia mellifera Mongana     
8 Acacia nigrescens Mokoba     
9 Acacia tortilis Mosu Umbrella thorn 
10 Asparagus africanus  Mohalatsamaru    
11 Bauhinia petersiana Mogosi     
12 Bolusanthus speciosus Mosokaphala     
13 Boscia albitrunca Motopi   Shepherd's tree 
14 Burkea africana Monato   Wild Syringa 
15 Cassine transvaalensis Monamane     
16 Combretum apiculatum Mohudiri   Bushwillow, Red 
17 Combretum collinum Fresen Modubana     
18 Combretum hereroense Mokabi   Bushwillow, Russet 
19 Combretum molle Modubatshipi     
20 Commiphora spp Seroka     
21 Commiphora edulis Mokumoto     
22 Croton gratissimus Moologa   Lavender Feverberry 
23 Dichrostachys cinerea Moselesele   Sicklebush 
24 Diospyros lycioides Mohata    
25 Ehretia spp Morobe     
26 Euclea divinorum Hiern. Mothakula     
27 Euclea undulata Motlhakola     
28 Euclea undulata subsp. myrtina Euc Motlhakolane     
29 Grewia bicolor Mogwana     
30 Grewia flava Moretwa    
31 Grewia flavescens Mokgomphatha     
32 Grewia retinervis Motsotsojane   False rought-leaf raisine 
33 Lannea schweinfurthii Modumela   False Marula 
34 Lippia javanica Mosukutsane     
35 Lonchocarpus nelsii Mhata   Kalahari Appel-leaf 
36 Maytenus senegalensis Mothono Confetti tree 
37 Maytenus sp Mochlono    
38 Mimusops zeyheri Mmoopudu     
39 No scientific name Available Mohurokwana     
40 No scientific name available Motlhagwe     
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Table con’td. 
 
41 Ochna pulchra Monyelenyele   Peeling bark Ochna 
42 Olea africana/ O. europea Mothware     
43 Ozoroa sp Monokane     
44 Pappea capensis Mothata     
45 Peltophorum africanum Mosethla   Weeping wattle 
46 Rhus leptodictya Motshotho     
47 Ricinodendrum rutananii Mokongwa     
48 Rothmannia capensis Morutlwa     
49 Securidaca longepedunculata Mmaba   Violet tree 
50 Solanum spp Tholwana     
51 Strychnos cocculoides Mogorogorwana   Corky-bark Monkey orange 
52 Terminalia prinioides Motsiara     
53 Terminalia sericea Mogonono   Siliver cluster leaf 
54 Vangueria infausta Motlhwane     
55 Ximenia caffra Moretologa   Brandy bush 
56 Ziziphus mucronata Mokgalo   Buffalo-thorn 
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Appendix 4: Descriptive statistics of tree variables  

Note: AHD = Ankel Height Diameter (cm)       
          AHBa = Ankel Height Basal Area (cm2)       
          Biomass = Fresh Biomass (kg/plot) 
 
 
 
 
 
 
 
 
  
      

Variable Plot_1 Plot_2 Plot_3
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 3.2 9.2 5.3 3.5 10.3 2.9 4.8 22.7 6.4
Standard Error 0.2 2.0 1.0 0.1 0.4 0.1 0.3 3.9 1.4
Standard Deviation 2.4 26.3 13.1 0.9 6.1 2.1 2.5 32.8 11.4
Sample Variance 5.7 692.4 170.4 0.9 37.1 4.3 6.3 1072.8 129.6
Range 10.5 126.1 70.9 5.1 38.0 12.7 15.0 223.7 77.4
Minimum 2.4 4.5 0.6 2.2 3.8 0.5 2.0 3.1 0.6
Maximum 8.1 130.6 12.0 7.3 41.8 13.2 17.0 226.9 77.9

Sum 302.0 2301.0 195.0 768.4 2265.5 634.5 333.9 1590.8 446.5
Count 83.0 166.0 166.0 219.0 219.0 219.0 70.0 70.0 70.0
C.Level(95.0%) 0.37 4.03 2.00 0.12 0.81 0.28 0.60 7.81 2.71

Variable Plot_4 Plot_5 Plot_6
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 3.5 10.0 3.0 3.8 12.8 3.9 5.0 22.5 6.4
Standard Error 0.1 0.4 0.1 0.2 1.2 0.5 0.2 1.7 0.7
Standard Deviation 0.7 4.2 1.3 1.4 11.0 4.3 2.0 19.7 8.3
Sample Variance 0.5 17.9 1.7 2.0 120.9 18.2 4.0 388.7 68.7
Range 3.3 20.5 6.4 6.8 58.7 23.3 10.0 113.0 61.5
Minimum 2.3 4.2 1.2 2.1 3.5 0.6 2.2 3.8 0.6
Maximum 5.6 24.6 7.6 8.9 62.2 23.8 12.2 116.8 62.1
Sum 382.0 1095.0 329.7 321.9 1087.4 327.3 655.8 2965.0 845.0
Count 109.0 109.0 109.0 85.0 85.0 85.0 132.0 132.0 132.0
C.Level(95.0%) 0.14 0.80 0.25 0.30 2.37 0.92 0.34 3.39 1.43

Variable Plot_7 Plt_8 Plot_9
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.4 25.8 8.4 6.0 33.6 10.0 6.1 32.4 11.7

Standard Error 0.1 1.5 0.7 0.3 4.2 1.3 0.2 2.3 1.0
Standard Deviation 1.9 19.8 8.9 2.6 37.2 11.9 1.9 19.1 8.4
Sample Variance 3.6 390.6 79.1 6.9 1386.6 141.1 3.7 365.3 71.2
Range 10.8 128.9 72.2 14.7 234.3 72.4 8.4 89.7 30.2
Minimum 2.2 3.8 0.7 2.8 6.2 0.9 2.6 5.3 0.7
Maximum 13.0 132.7 72.9 17.5 240.4 73.3 11.0 95.0 30.9
Sum 958.1 4564.9 1479.6 467.8 2620.2 782.9 411.1 2170.8 785.6
Count 177.0 177.0 177.0 78.0 78.0 78.0 67.0 67.0 67.0
C.Level(95.0%) 0.28 2.93 1.32 0.59 8.40 2.68 0.47 4.66 2.06
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Variable Plot_10 Plot_11 Plot_12
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.1 20.4 5.4 6.6 42.8 13.7 4.6 23.1 8.3
Standard Error 0.4 1.7 0.7 0.6 8.8 2.2 0.3 4.3 2.3
Standard Deviation 4.9 19.5 7.7 3.3 49.1 12.4 2.9 40.6 21.6
Sample Variance 23.6 380.6 59.6 11.0 2409.9 152.9 8.3 1647.3 468.1
Range 53.5 131.9 47.3 14.3 209.9 45.5 16.0 258.7 145.2
Minimum 1.9 2.8 0.4 2.2 3.8 0.4 2.3 4.2 0.6
Maximum 55.4 134.7 47.8 16.5 213.7 45.9 18.3 262.9 145.8
Sum 666.4 2673.4 695.9 205.2 1325.7 425.0 418.7 2101.0 757.6
Count 131.0 131.0 130.0 31.0 31.0 31.0 91.0 91.0 91.0
C.Level(95.0%) 0.840 3.372 1.339 1.218 18.006 4.535 0.601 8.453 4.506

Variable Plot_13 Plot_14 Plot_15
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 4.0 15.3 4.6 4.7 22.4 6.8 4.2 15.6 4.1
Standard Error 0.2 1.5 0.5 0.2 3.7 0.9 0.1 1.5 0.7
Standard Deviation 1.9 17.9 6.5 2.5 49.7 12.2 1.6 17.9 7.9
Sample Variance 3.5 319.4 41.7 6.2 2471.1 148.4 2.6 318.9 63.1
Range 10.3 120.5 47.3 26.7 656.0 148.8 12.9 177.2 82.5
Minimum 2.3 4.2 0.5 2.3 4.2 0.5 2.3 4.2 0.5
Maximum 12.6 124.6 47.8 29.0 660.2 149.3 15.2 181.4 83.0
Sum 593.2 2265.5 683.5 866.6 4102.9 1245.8 613.1 2300.2 598.1
Count 148.0 148.0 148.0 183.0 183.0 183.0 147.0 147.0 147.0
C.Level(95.0%) 0.30 2.90 1.05 0.36 7.25 1.78 0.26 2.91 1.29

Variable Plot_16 Plot_17 Plot_18
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.4 26.9 8.3 6.2 39.8 15.5 8.9 82.7 37.6
Standard Error 0.2 2.3 1.2 0.3 4.1 2.1 0.5 10.9 6.0
Standard Deviation 2.3 29.0 15.7 3.4 52.1 26.9 5.2 109.3 60.4
Sample Variance 5.4 840.3 246.8 11.8 2716.1 726.1 27.0 11951.3 3643.9
Range 15.9 260.9 174.7 22.2 456.6 244.7 28.9 778.1 456.0
Minimum 2.5 4.9 0.9 2.0 3.1 0.6 2.7 5.7 1.0
Maximum 18.4 265.8 175.5 24.2 459.7 245.3 31.6 783.9 456.9
Sum 876.7 4389.2 1353.7 1016.6 6482.2 2525.6 887.1 8272.3 3761.7
Count 163.0 163.0 163.0 163.0 163.0 163.0 100.0 100.0 100.0
C.Level(95.0%) 0.36 4.48 2.43 0.53 8.06 4.17 1.03 21.69 11.98

Variable Plot_19 Plot_20 Plot_21
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 7.0 48.0 18.3 7.4 60.1 22.6 5.5 28.8 9.1
Standard Error 0.3 4.3 2.2 0.4 9.0 3.3 0.2 1.9 1.0
Standard Deviation 3.5 55.0 28.2 4.7 109.4 39.9 2.5 28.0 14.0
Sample Variance 12.1 3026.5 796.6 21.7 11971.1 1592.6 6.2 783.8 197.1
Range 21.3 426.4 226.1 34.0 1014.2 344.0 12.2 155.1 90.6
Minimum 2.1 3.5 0.7 2.0 3.1 0.7 2.0 3.1 0.5
Maximum 23.4 429.8 226.9 36.0 1017.4 344.7 14.2 158.3 91.1
Sum 1128.4 7730.2 2954.2 1104.8 8956.3 3365.0 1150.1 5994.9 1890.2
Count 161.0 161.0 161.0 149.0 149.0 149.0 208.0 208.0 208.0
C.Level(95.0%) 0.54 8.56 4.39 0.75 17.71 6.46 0.34 3.83 1.92
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Variable Plot_22 Plot_23 Plot_24
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 4.6 19.2 7.4 7.4 60.7 25.3 6.3 68.3 34.7
Standard Error 0.1 1.5 0.9 0.4 6.0 3.4 0.6 18.7 12.1
Standard Deviation 1.8 18.1 10.4 4.7 77.2 44.3 6.9 230.3 149.1
Sample Variance 3.1 326.8 107.6 22.3 5956.9 1965.1 47.7 53058.5 22235.1
Range 11.2 133.6 82.9 22.9 465.6 429.7 47.5 1883.0 1269.8
Minimum 2.0 3.1 0.8 1.5 1.8 0.5 1.5 1.8 0.5
Maximum 13.2 136.8 83.7 24.4 467.4 430.2 49.0 1884.8 1270.3
Sum 669.7 2782.0 1067.6 1240.5 10136.1 4232.6 950.5 10317.9 5243.2
Count 145.0 145.0 145.0 167.0 167.0 167.0 151.0 151.0 151.0
C.Level(95.0%) 0.29 2.97 1.70 0.72 11.79 6.77 1.11 37.04 23.98

Variable Plot_25 Plot_26 Plot_27
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 4.7 28.9 11.8 7.3 72.6 31.4 8.6 86.0 38.2
Standard Error 0.3 7.8 3.9 0.6 13.5 6.8 0.5 12.8 7.4
Standard Deviation 3.9 89.5 45.2 6.3 138.6 69.8 5.9 151.7 87.6
Sample Variance 15.0 8015.6 2039.4 39.9 19197.3 4875.4 35.1 23004.2 7673.7
Range 33.0 958.5 490.4 31.2 862.1 441.3 35.8 1129.7 701.4
Minimum 2.0 3.1 0.7 2.0 3.1 0.6 2.2 3.8 0.9
Maximum 35.0 961.6 491.1 33.2 865.3 441.9 38.0 1133.5 702.3
Sum 618.5 3815.9 1552.2 763.8 7619.1 3297.4 1210.3 12045.1 5345.0
Count 132.0 132.0 132.0 105.0 105.0 105.0 140.0 140.0 140.0
C.Level(95.0%) 0.67 15.42 7.78 1.22 26.81 13.51 0.99 25.34 14.64

Variable Plot_28 Plot_29 Plot_30
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 9.1 91.6 44.2 6.1 37.4 15.8 7.9 226.8 111.3
Standard Error 0.7 26.2 17.2 0.2 3.7 1.8 1.2 175.1 89.4
Standard Deviation 5.9 206.4 135.5 3.3 51.1 25.5 15.1 2214.5 1131.4
Sample Variance 34.4 42610.2 18358.6 10.8 2613.4 651.7 228.2 4903846.2 1280032.8
Kurtosis 24.2 52.0 56.0 6.3 35.7 43.1 132.0 159.5 159.4
Skewness 4.2 7.0 7.3 2.0 4.9 5.5 11.0 12.6 12.6
Range 43.5 1622.0 1068.0 22.8 494.0 253.8 186.4 28035.7 14319.9
Sum 564.2 5677.9 2738.8 1184.9 7295.8 3088.2 1261.5 36289.9 17809.9
Count 62 62 62 195 195 195 160 160 160
C.Level(95.0%) 1.49 52.42 34.41 0.46 7.22 3.61 2.36 345.76 176.65

Variable Plot_31 Plot_32 Plot_33
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.3 28.1 9.3 7.3 64.2 32.2 6.9 49.2 18.6
Standard Error 0.2 2.3 0.9 0.5 10.0 7.4 0.4 5.8 3.3
Standard Deviation 2.8 37.8 15.2 5.4 101.7 74.7 3.9 62.1 35.2
Sample Variance 7.9 1431.2 231.8 28.7 10341.9 5585.9 14.8 3861.7 1241.3
Range 16.3 270.0 134.0 25.0 569.1 462.3 18.3 346.2 244.4
Minimum 2.4 4.5 0.5 2.0 3.1 0.7 2.9 6.6 0.8
Maximum 18.7 274.5 134.5 27.0 572.3 463.1 21.2 352.8 245.2
Sum 1379.1 7328.0 2417.0 752.6 6617.2 3320.2 789.6 5610.1 2125.7
Count 261.0 261.0 261.0 103.0 103.0 103.0 114.0 114.0 114.0
C.Level(95.0%) 0.34 4.61 1.86 1.05 19.88 14.61 0.71 11.53 6.54
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Variable Plot_34 Plot_35 Plot_36
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.0 30.3 11.9 6.2 39.8 13.4 6.2 38.6 13.2
Standard Error 0.3 7.1 3.7 0.3 3.7 1.6 0.2 3.1 1.4
Standard Deviation 3.8 90.4 46.4 3.5 49.5 20.9 3.3 45.8 20.3
Sample Variance 14.2 8174.9 2156.8 11.9 2449.3 438.6 11.0 2094.1 411.8
Range 29.8 800.0 410.0 20.0 376.8 193.3 18.6 338.7 173.4
Minimum 2.2 3.8 0.6 2.0 3.1 0.7 2.3 4.2 1.0
Maximum 32.0 803.8 410.5 22.0 379.9 194.0 20.9 342.9 174.3
Sum 798.3 4885.3 1923.5 1096.0 6997.5 2356.2 1373.8 8576.3 2928.5
Count 161.0 161.0 161.0 176.0 176.0 176.0 222.0 222.0 222.0
C.Level(95.0%) 0.59 14.07 7.23 0.51 7.36 3.12 0.44 6.05 2.68

Variable Plot_37 Plot_38 Plot_39
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 4.8 20.0 6.5 7.3 52.7 22.9 5.1 29.7 11.8
Standard Error 0.1 0.7 0.3 0.3 4.1 2.8 0.2 2.9 1.5
Standard Deviation 1.7 15.4 6.9 3.8 60.3 41.3 3.1 47.9 25.6
Sample Variance 3.0 238.5 47.9 14.2 3630.5 1703.3 9.6 2291.6 657.2
Range 9.7 113.0 59.5 21.6 447.6 415.8 19.7 372.7 194.0
Minimum 2.3 0.0 0.0 2.4 4.5 0.5 2.2 3.8 0.4
Maximum 12.0 113.0 59.5 24.0 452.2 416.3 21.9 376.5 194.4
Sum 2289.5 9667.6 3124.6 1586.5 11484.1 4987.9 1434.9 8383.5 3337.1
Count 482.0 483.0 483.0 218.0 218.0 218.0 282.0 282.0 282.0
C.Level(95.0%) 0.15 1.38 0.62 0.50 8.04 5.51 0.36 5.61 3.00

Variable Plot_40 Plot_41 Plot_42
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.8 35.6 14.8 5.4 36.7 13.9 6.9 54.7 21.0
Standard Error 0.2 5.5 3.3 0.3 4.9 2.3 0.4 7.2 3.6
Standard Deviation 3.5 83.8 50.8 4.2 78.3 36.9 4.7 84.7 42.9
Sample Variance 12.2 7016.5 2584.0 17.8 6137.5 1362.9 22.5 7178.6 1838.5
Kurtosis 36.2 158.2 184.9 8.6 19.6 23.3 3.0 10.8 29.5
Skewness 4.4 11.7 13.0 2.8 4.3 4.6 1.7 3.1 4.9
Range 36.7 1189.8 745.7 24.6 552.3 288.2 22.9 487.2 347.0
Sum 1357.6 8412.8 3502.5 1358.7 9205.4 3500.9 956.3 7607.0 2919.5
Count 236.0 236.0 236.0 251.0 251.0 251.0 139.0 139.0 139.0
C.Level(95.0%) 0.45 10.74 6.52 0.52 9.74 4.59 0.80 14.21 7.19

Variable Plot_43 Plot_44 Plot_45
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.4 31.4 11.4 5.1 27.9 10.6 4.1 20.3 7.4
Standard Error 0.3 3.0 1.3 0.3 4.1 2.0 0.2 3.5 2.0
Standard Deviation 3.2 38.0 16.9 3.0 44.1 21.3 3.0 49.6 28.5
Sample Variance 10.4 1446.1 286.7 9.1 1944.3 454.6 9.3 2457.0 812.3
Range 14.4 208.0 98.2 18.6 341.7 175.2 22.4 467.4 357.8
Minimum 2.0 3.1 0.9 2.4 4.5 1.1 2.0 0.0 0.6
Maximum 16.4 211.1 99.1 21.0 346.2 176.3 24.4 467.4 358.4
Sum 899.2 5186.4 1888.1 602.0 3259.4 1236.3 834.4 4158.4 1510.0
Count 165.0 165.0 165.0 117.0 117.0 117.0 204.0 205.0 204.0
C.Level(95.0%) 0.50 5.85 2.60 0.55 8.07 3.90 0.42 6.83 3.93
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Variable Plot_46 Plot_47 Plot_48
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.6 30.6 9.3 5.4 33.4 13.4 6.7 56.2 18.9
Standard Error 0.2 2.4 0.7 0.3 6.5 3.5 0.8 14.0 4.9
Standard Deviation 2.8 37.5 11.2 3.6 69.5 37.2 5.3 98.0 34.4
Sample Variance 7.6 1403.0 125.4 13.1 4835.9 1380.3 27.8 9611.1 1186.2
Range 17.0 290.9 96.8 25.0 569.1 316.1 21.0 398.9 140.9
Minimum 2.4 4.5 1.0 2.0 3.1 0.6 1.6 2.0 0.4
Maximum 19.4 295.4 97.8 27.0 572.3 316.7 22.6 400.9 141.3
Sum 1372.3 7486.6 2266.6 625.3 3845.2 1543.0 326.6 2754.7 926.6
Count 245.0 245.0 245.0 115.0 115.0 115.0 49.0 49.0 49.0
C.Level(95.0%) 0.35 4.71 1.41 0.67 12.85 6.86 1.51 28.16 9.89

Variable Plot_49 Plot_50 Plot_51
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 7.7 61.4 30.1 8.0 69.8 54.4 7.0 51.9 25.9
Standard Error 0.6 11.9 7.3 0.5 8.7 6.4 0.4 6.3 4.2
Standard Deviation 4.4 82.7 50.4 5.0 81.3 59.3 4.1 67.2 44.7
Sample Variance 19.6 6839.3 2539.4 24.7 6605.9 3519.0 16.8 4518.0 1995.7
Range 20.8 414.7 253.1 22.1 432.0 306.3 22.3 463.9 288.5
Minimum 2.3 4.2 1.0 1.4 1.5 0.4 2.1 3.5 0.9
Maximum 23.1 418.9 254.2 23.5 433.5 306.7 24.4 467.4 289.4
Sum 368.6 2946.8 1446.0 698.8 6074.1 4730.6 808.4 5967.3 2973.9
Count 48.0 48.0 48.0 87.0 87.0 87.0 115.0 115.0 115.0
C.Level(95.0%) 1.29 24.01 14.63 1.06 17.32 12.64 0.76 12.42 8.25

Variable Plot_52 Plot_53 Plot_54
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 6.5 41.2 22.0 7.0 98.4 56.9 8.3 131.1 73.5
Standard Error 0.4 5.3 2.9 1.8 67.3 44.1 1.6 46.1 27.9
Standard Deviation 3.3 44.3 24.2 8.9 329.5 216.2 10.0 295.3 178.9
Sample Variance 11.0 1959.8 585.8 79.6 108547.2 46731.1 100.5 87187.6 31991.5
Range 14.6 199.4 106.0 42.6 1605.2 1056.4 35.6 1129.0 701.3
Minimum 1.4 1.5 0.4 2.7 5.7 1.5 2.4 4.5 1.1
Maximum 16.0 201.0 106.4 45.3 1610.9 1057.8 38.0 1133.5 702.3
Sum 451.6 2882.0 1543.5 168.1 2361.9 1366.2 340.4 5375.7 3012.3
Count 70.0 70.0 70.0 24.0 24.0 24.0 41.0 41.0 41.0
C.Level(95.0%) 0.79027 10.5558 5.771122 3.76794 139.1207 91.2821 3.165 93.200383 56.455662

Variable Plot_55 Plot_56 Plot_57
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 4.2 16.6 5.6 6.4 48.5 36.9 3.4 9.6 3.5
Standard Error 0.2 2.2 0.8 0.5 8.7 7.4 0.1 0.6 0.3
Standard Deviation 1.9 19.1 7.0 4.7 81.6 68.7 1.0 6.4 2.6
Sample Variance 3.7 363.6 49.6 22.2 6651.0 4713.3 1.0 40.5 6.7
Range 10.1 118.1 39.1 21.6 459.7 421.6 4.5 31.4 12.8
Minimum 2.4 4.5 1.1 2.6 0.0 1.6 2.2 3.8 0.7
Maximum 12.5 122.7 40.2 24.2 459.7 423.2 6.7 35.2 13.5
Sum 305.7 1213.6 405.3 545.6 4216.0 3138.4 335.4 963.6 352.2
Count 73.0 73.0 73.0 85.0 87.0 85.0 100.0 100.0 100.0
C.Level(95.0%) 0.45 4.45 1.64 1.02 17.38 14.81 0.20 1.26 0.52
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Variable Plot_58 Plot_59 Plot_60
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 4.0 14.0 4.1 3.6 11.6 3.8 5.6 37.5 28.8
Standard Error 0.1 0.7 0.3 0.1 1.1 0.4 0.3 7.2 7.1
Standard Deviation 1.3 10.7 4.4 1.4 15.2 5.3 4.1 91.0 89.1
Sample Variance 1.8 115.5 19.7 2.0 230.8 27.7 16.4 8277.3 7942.0
Range 8.1 79.5 39.8 13.0 171.4 58.5 33.9 1013.9 965.7
Minimum 2.2 3.8 0.7 1.9 2.8 0.7 2.1 3.5 0.9
Maximum 10.3 83.3 40.5 14.9 174.3 59.1 36.0 1017.4 966.7
Sum 958.3 3348.6 982.3 668.2 2172.6 712.2 886.2 5927.8 4556.9
Count 239.0 239.0 239.0 187.0 187.0 187.0 158.0 158.0 158.0
C.Level(95.0%) 0.17 1.37 0.57 0.21 2.19 0.76 0.6 14.3 14.0

Variable Hard_61 Plot_62 Plot_63
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 5.6 44.4 23.4 4.1 14.7 4.4 3.8 12.5 3.8
Standard Error 0.6 11.8 7.4 0.1 0.9 0.3 0.1 0.6 0.2
Standard Deviation 5.1 102.3 64.2 1.4 10.7 4.0 1.2 7.8 2.9
Sample Variance 25.5 10458.5 4125.0 2.1 114.2 16.2 1.3 60.5 8.6
Range 27.6 693.3 463.8 6.5 51.5 26.6 5.6 41.3 15.5
Minimum 2.2 3.8 1.2 1.8 2.5 0.5 1.9 2.8 0.3
Maximum 29.8 697.1 465.0 8.3 54.1 27.1 7.5 44.2 15.8
Sum 420.2 3332.1 1753.6 608.8 2196.5 661.5 761.8 2495.0 748.8
Count 75.0 75.0 75.0 149.0 149.0 149.0 199.0 199.0 199.0
C.Level(95.0%) 1.16 23.53 14.78 0.23 1.73 0.65 0.16 1.09 0.41

Variable Hard_64 Plot_65 Plot_66
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 6.0 42.9 27.4 5.2 33.2 22.6 8.6 75.3 56.6
Standard Error 0.5 10.3 6.9 0.5 7.2 5.1 0.6 9.9 7.6
Standard Deviation 4.4 86.2 57.7 3.9 60.7 42.9 4.8 85.5 66.2
Sample Variance 19.2 7435.0 3333.4 15.1 3685.6 1837.1 22.9 7302.0 4388.1
Range 26.0 612.3 400.4 21.4 420.0 330.5 20.7 378.6 290.6
Minimum 2.0 3.1 0.7 1.8 2.5 0.6 1.3 1.3 0.3
Maximum 28.0 615.4 401.1 23.2 422.5 331.1 22.0 379.9 290.9
Sum 418.8 3004.8 1915.6 371.6 2357.0 1601.5 642.4 5647.6 4248.1
Count 70 70 70 71 71 71 75 75 75
C.Level(95.0%) 1.04 20.56 13.77 0.92 14.37 10.15 1.10 19.66 15.24

Variable Plot_67 Plot_68 Plot_69
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 6.5 53.6 23.9 7.6 58.4 42.0 7.5 118.1 107.3
Standard Error 0.5 8.5 4.3 0.4 6.6 5.1 2.7 76.6 70.7
Standard Deviation 5.1 88.3 44.1 4.1 62.7 48.6 10.1 286.6 264.4
Sample Variance 25.8 7790.9 1949.0 16.7 3932.8 2363.7 101.9 82113.3 69913.7
Range 21.0 412.1 211.3 17.0 298.9 270.4 35.3 1055.8 973.0
Minimum 2.0 3.1 0.7 2.7 5.7 1.6 1.4 1.5 0.4
Maximum 23.0 415.3 212.1 19.7 304.7 272.0 36.7 1057.3 973.4
Sum 699.6 5738.3 2562.6 684.5 5252.7 3776.5 104.6 1653.3 1502.1
Count 107 107 107 90 90 90 14 14 14
C.Level(95.0%) 0.97 16.92 8.46 0.86 13.13 10.18 5.83 165.45 152.67
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Variable Plt_70 Plot-71 Plot_72
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 3.9 13.3 9.4 8.6 81.5 41.1 5.3 29.8 9.4
Standard Error 0.1 0.7 0.7 0.6 11.7 7.1 0.2 3.5 1.7
Standard Deviation 1.3 9.2 8.6 5.5 99.4 60.0 3.2 52.4 25.9
Sample Variance 1.6 83.8 74.5 30.3 9882.9 3599.3 10.2 2744.3 671.5
Range 5.4 40.7 39.7 25.6 594.8 386.9 23.7 519.1 266.3
Minimum 2.1 3.5 0.9 2.0 3.1 0.8 2.1 3.5 0.6
Maximum 7.5 44.2 40.7 27.6 598.0 387.7 25.8 522.5 266.9
Sum 592.4 2015.0 1413.6 619.1 5866.3 2956.0 1164.8 6576.9 2074.9
Count 151 151 151 72 72 72 221 221 221
C.Level(95.0%) 0.20 1.47 1.39 1.29 23.36 14.10 0.42 6.94 3.44

Variable Plot-73 Plot_74 Plot_75
AHD AHBa Biomass AHD AHBa Biomass AHD AHBa Biomass

Mean 4.4 20.3 7.5 7.0 50.1 20.7 4.8 25.1 8.8
Standard Error 0.2 3.6 2.0 0.4 5.8 3.0 0.2 4.3 2.2
Standard Deviation 2.6 37.7 20.6 3.9 60.7 31.6 3.0 54.6 28.3
Sample Variance 6.8 1418.1 426.1 15.2 3678.7 997.1 8.9 2982.7 798.4
Range 18.3 326.1 199.7 18.4 338.0 199.2 24.3 555.1 308.0
Minimum 2.2 3.8 0.9 2.5 4.9 1.2 2.4 4.5 0.6
Maximum 20.5 329.9 200.5 20.9 342.9 200.5 26.7 559.6 308.5
Sum 489.1 2268.3 839.5 768.2 5511.1 2276.3 779.0 4063.7 1432.0
Count 112 112 112 110 110 110 162 162 162
C.Level(95.0%) 0.49 7.05 3.86 0.74 11.46 5.97 0.46 8.47 4.38
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Appendix 5: Particle size distribution lab result summary 

 No Sample  Coordinates Particle size distribution 

 code X Y % Sand % Silt % Clay  

1 SPT_002 428575 7531451 95.32 1.31 3.37 

2 SPT_002 428575 7531451 94.09 1.12 4.79 

3 SPT_002 428575 7531451 92.93 0.53 6.54 

4 HARD_13 466980 751374 94.00 1.41 4.59 

5 HARD_13 466980 751374 92.27 1.69 6.04 

6 HARD_13 466980 751374 91.76 1.56 6.68 

7 HPT_001 465347 7507938 58.05 15.09 26.86 

8 HPT_001 465347 7507938 55.97 16.83 27.21 

9 HPT_001 465347 7507938 70.36 11.08 18.55 

10 HPT_003 444677 7516908 91.72 4.98 3.30 

11 HPT_003 444677 7516908 91.98 1.90 6.12 

12 HPT_003 444677 7516908 89.44 1.61 8.95 

13 SPT_003 444677 7516908 94.39 0.87 4.73 

14 SPT_003 444677 7516908 94.70 0.66 4.64 

15 SPT_003 444677 7516908 92.37 1.31 6.32 

16 EPT_002 475066 7535877 87.67 4.11 8.22 

17 EPT_002 475066 7535877 87.24 3.68 9.08 

18 HPT_007 467604 7519059 71.10 15.97 12.93 

19 HPT_007 467604 7519059 60.36 19.68 19.95 

20 HPT_007 467604 7519059 73.32 15.57 11.11 

21 HPT_005 469774 7518089 23.54 31.65 44.81 

22 HPT_005 469774 7518089 22.99 25.57 51.44 

23 HPT_005 469774 7518089 24.56 26.82 48.62 

24 HPT_005 469774 7518089 18.32 30.82 50.85 

25 HPT_06 467215 7517154 90.46 1.48 8.05 

26 HPT_06 467215 7517154 77.48 2.80 19.72 

27 HPT_06 467215 7517154 89.18 1.86 8.96 

28 EPT_01 474663 7539777 88.57 3.81 7.62 

29 EPT_01 474663 7539777 88.32 3.37 8.31 

30 SPT_1 433495 7527033 77.19 12.61 10.21 

32 ESC_10 477466 7535997 78.45 12.58 8.98 

33 ESC_07 473503 7534453 58.67 17.11 24.23 

34 ESC_11 471714 7531696 58.56 13.76 27.68 

35 ESC_30 476692 7537143 46.70 18.95 34.35 

36 ESC_14 475135 7530185 56.03 16.59 27.37 

37 Sand_17 425914 7534098 96.90 0.89 2.21 

38 Sand_ 43 434559 9525505 96.95 0.93 2.12 

39 Sand_ 56 4333493 7527033 94.69 1.36 3.94 

40 Hard_01 460013 7510014 94.14 1.04 4.83 

41 Hard_32 466630 7513081 91.88 2.98 5.14 

42 Hard_11 461741 7511696 26.56 72.00 1.45 

43 Hard_54 469767 7518092 22.82 29.45 47.72 

44 Hard_56 467597 7519066 64.89 16.93 18.18 

45 Esc_58 461394 7516475 93.81 2.93 3.26 

46 Farm_01 460594 7520848 87.11 2.90 9.99 

47 Farm_02 463636 7519154 86.36 2.89 10.76 

48 Farm_03 464878 7519907 77.43 5.06 17.51 
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Appendix 6: Plot data summary 
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Appendix 7: Soil profile description 

 
Soil profile SPT 001/2002 
 
A. Information on soil profile site 
 

Date of examination 25/09/02 

Type of observation mini pit 

Authors Ermias Aynekulu, Esther 
Mweso. 

Location                      433495, 7527033,  

Altitude                           1213 m.a.s.l. 

Geopedological unit         Pu111 

Topography                       flat 

Slope   0-2% 
Parent material   Aeolian sand 
Vegetation                open savannah shrub 

land with good grass 
cover 

 
 
 
 
 
B. General information on the soil profile 
 
Classification (WRB) Haplic Arenosol 
Human influence vegetation moderately 

disturbed  
Effective soil depth         very deep, >150cm 

Drainage class                 excessively drained 

Internal drainage               well drained 

External drainage               neither receiving nor  

shedding 

Ground water depth very deep, >150cm 

Surface stoniness   none 

Rock outcrops   none 
Evidence of erosion  none  
 

Land use open grazing 
 
C.           Soil profile description  
 

Horizon Depth (cm) Description 
 
A 

 
0-10 

 Yellow brown (10YR 5/4) when dry and dark yellowish brown  (10YR 
4/6) when moist; fine sand; massive structure; medium sub angular blocky; 
loose when dry and very friable when moist; non sticky and non plastic; fine 
to medium size roots are common; field pH 4.5; gradual boundary 

 
C1 

 
10-40 

Very brownish yellow (10YR 6/8) when dry and yellow brown (10YR 5/4) 
when moist; fine sand; massive structure; loose when dry and very friable 
when moist; non sticky and non plastic; few medium roots; field pH 5.0; 
gradual boundary 

 
C2 

 
40-70 

Yellowish brown (10YR 5/8)when dry and when moist; fine sand; massive 
structure; loose when dry and very friable when moist; non sticky and non 
plastic; few fine roots; field pH 5.5; gradual boundary 

 
C3 

 
70-120 

Very brownish yellow (10YR 6/8) when dry and yellowish brown (10YR 
5/6) when moist; fine sand; weak massive structure; loose when dry and 
very friable when moist; non-sticky and non-plastic; few fine roots; field pH 
5.5. 
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Soil profile SPT 002/2002 
 
A. Information on soil profile site 
 

Date of examination     25/09/02 

Type of observation     mini pit  
Authors Ermias Aynekulu, 

Esther Mweso. 
Location                    428575,7531451 

Altitude                     1200 m.a.s.l. 

Geopedological unit    Pu111 (Kalahari sand) 

Topography        flat 

Slope   0-2% 
Parent material   Aeolian sand 
Vegetation     Savannah  
Land use  open grazing  
 
 
 

 
 
B. General information on the soil profile 
 
Classification (WRB) Epidystric Arenosol 
Human influence vegetation moderately 

disturbed  
Effective soil depth   very deep, >150cm 

Drainage class           excessively drained 

Internal drainage                well drained 

External drainage               neither receiving nor    

  shedding                             

Ground water depth    very deep, >150cm 

Surface stoniness       none 

Rock outcrops                   none 

Evidence of erosion none 
Sealing /crusting                 none 

Moisture condition             dry

  

C. Soil profile description  
 

Horizon Depth (cm) Description 
 
Ah 

 
0-15 

Very brown (10YR 4/3) when dry and yellowish brown (10YR 5/4)) when 
moist; loamy very fine sand; massive structure; slightly hard when dry and 
loose when wet; non sticky and non plastic; many very fine, many fine 
pores; fine and medium roots are common; field pH 5; gradual boundary 

 
C1 

 
15-35 

Dark yellowish brown  (10YR 3/4) when dry and dark greyish brown 
(10YR 4/2) when moist; loamy very fine sand; weak massive structure; soft 
when dry and loose when wet; non sticky and non plastic; many fine pores; 
medium size roots are common; field pH 6.5; gradual boundary 

 
C2 

 
35-80 

Very dark yellowish brown (10YR4/4) when dry and dark greyish brown 
(10YR4/2) when moist; loamy very fine sand; weak massive structure, me-
dium to coarse sub-angular blocky; loose when dry and wet ; non sticky and 
non plastic; many fine pores; few coarse roots; field pH 7; gradual boundary 

 
C3 

 
80-140 

Very yellowish brown (10YR 5/6) when dry and brown (10YR 4/3) when 
moist; loamy very fine sand; weak massive structure; loose when dry and 
wet; non sticky and non plastic; many fine pores; few coarse roots; field pH 
7.0 
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Soil profile SPT 003/2002 
 
A. Information on soil profile site 
 
Date of examination    26/09/02 

Authors Ermias Aynekulu, 
Esther Mweso. 

Location   444677, 7516908 
Altitude                         1200 m.a.s.l. 

Geopedological unit       Pu111 

Topography                    flat 

Parent material           sand  

Slope    0-2% 
Parent material    Aeolian sand 

Vegetation  savannah  
Land use   open grazing  
 
 
 
 
 

 
 
 
B. General information on the soil profile 
 
Classification (WRB) Hypoluvic Dystric 

Arenosol 
Human influence vegetation disturbed 
Effective soil depth            very deep, >150cm 

Drainage class          excessively drained 

Internal drainage     well drained 

External drainage       neither receiving nor 

shedding 

Ground water depth     very deep, >150cm 

Surface stoniness   none 

Rock outcrops       none 

Evidence of erosion    wind 

Sealing /crusting       none 

Moisture condition       dry

  
C. Soil profile description  
 

Horizon Depth (cm) Description 
 
A 

 
0-10 

Dark greyish brown (7.5YR 4/4) when moist; fine sand; loose when dry 
and wet; non stick non plastic; many very fine pores, fine and medium 
roots are common; field pH 6.0 

 
Bt1 

 
10-30 

Olive brown (5YR 4.5/4) when moist, loamy fine sand; slightly hard 
when dry and loos when wet: non sticky and non plastic; clay bridges; 
many very fine pores; few medium size roots; field pH 6.5 

 
Bt2 

 
30-120 

Light olive brown (5YR5/4) when moist, loamy fine sand; slightly hard 
when dry and loos when wet: non sticky and non plastic; clay bridges; 
many fine pores; few medium size roots; field pH 6.5 
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Soil profile SPT 004/2002 
 
A. Information on soil profile site 
 
Date of examination       24/09/02 

Type of observation        mini pit 

Authors Ermias Aynekulu, 
Esther Mweso. 

Location                      435542,7525186,   

Altitude                           1205 m.a.s.l. 

Geopedological unit         Pu111 

Topography                      flat 

Slope   0-2% 
Parent material   sandstone 
Vegetation                          Savannah woodland 

Land use                             Grazing 
 
 
 

 
 
B. General information on the soil profile 
 
Classification (WRB) Hypoluvic Dystric 

Arenosol 
Human influence vegetation disturbed 
Effective soil depth          very deep, >150cm 

Drainage class          excessively drained 

Internal drainage                 well drained 

External drainage                neither receiving nor    

shedding 

Ground water depth            very deep, >150cm 

Surface stoniness        none 

Rock outcrops                    none 

Evidence of erosion       wind 

Sealing /crusting   none 

Moisture condition     dry

 

C. Soil profile description  
 

Horizon Depth (cm) Description 
 
Ah 

 
0-15 

Very dark grey  (10YR 6/2.5) when dry dark brown (10YR 4/2.5) when 
moist; fine sand; weak massive structure; loose when dry and friable 
when moist; non sticky and non plastic; fine roots are common; field pH 
5; gradual boundary 

 
C1 

 
15-45 

Very dark grey  (10YR 6/8) when dry and dark brown (7.5YR 5/5) when 
moist; Gradual boundary, fine sand; weak massive structure; loose when 
dry and very friable when moist; non sticky and non plastic; medium size 
roots are common; field pH 5.5; gradual boundary 

 
C2 

 
45-130 

Very dark grey  (10YR 6/3.5) when dry and dark brown (7.5YR 5/4) 
when moist; fine sand; weak massive structure; loose when dry and very 
friable when moist; non sticky and non plastic; few fine; field pH 6 
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Soil profile EPT 001/2002 
 
A. Information on soil profile site 
 
Date of examination 13/09/02 
Type of observation    mini pit 
Authors Ermias Aynekulu, 

Esther Mweso. 
Location 474663, 7539777 (300 

m from the main road to 
Khama Rhino sanctu-
ary)  

Altitude   1294m.a.s.l. 
Geopedological unit Hi111  
Topography          flat 

Slope   0-2 % 
Parent material   Aeolian sand  
Vegetation                    Savannah woodland 
Land use  open grazing  
 
 

 
B. General information on the soil profile 
 
Classification (WRB) Arenosol 
Human influence vegetation slightly dis-

turbed 
Effective soil depth             Very deep, >150cm 

Drainage class somewhat excessively 
drained 

Internal drainage never saturated (well 
drained) 

External drainage  neither receiv-
ing nor shedding 

Ground water depth      very deep, >150cm  
Surface stones  none 
Rock outcrops  none 
Evidence of erosion none 
Sealing /crusting                none 

Moisture condition      dry 

 

C. Soil profile description  

Horizon Depth (cm) Description 
 
A 

 
0-18 

Reddish brown (5YR4/4) when dry and yellowish red (5YR4/6) when moist; 
fine sand; weak with massive structure; soft when dry and very friable when 
moist; non sticky and non plastic; few coarser roots; field pH4.5, smooth 
boundary  

 
C 

 
18 + 

Reddish yellow (7.5YR 6/8)when dry and strong brown (7.5YR5/8) when 
moist; fine sand; weak with massive structure; slightly hard when dry, very 
friable when moist; non sticky and non plastic; fine roots are common, field 
pH 5.0 smooth boundary 
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Soil profile EPT 002/2002 
 
A. Information on soil profile site 
 
Date of examination 15/09/02 
Authors Ermias Aynekulu, 

Esther Mweso. 
Location 475335, 7531980 

(100m from the military 
camp fence 

Altitude   1050m.a.s.l. 
Geopedological unit Hi112  
Topography:  flat 
Slope 0-2% 
Parent material  Aeolian sand 
Vegetation savannah woodland  
Land use  open grazing  
 
 

 
 
 
B. General information on the soil profile 
 
Classification (WRB) Arenosol 
Human influence Slight vegetation distur-

bance 
Effective soil depth            very deep, >150cm 
Drainage class  well drained 
Internal drainage  rarely saturated 
External drainage  slow run-off 

Ground water depth  very deep, >150cm  
Surface stones  none 
Rock outcrops  none 
Evidence of erosion water, 0-5% area af-

fected  
Sealing /crusting             none 

Moisture condition           moist

 
C. Soil profile description  
 

Horizon Depth (cm) Description 
 
A 

 
0-16 

Dark greyish brown (2.5Y4/2) when dry and light olive brown (2.5 Y 
5/3) when moist; fine sand; weak with massive structure; soft when dry 
and loose when moist; slightly sticky and non- plastic; very fine pores are 
common; very few fine roots; field pH5.5 abrupt 

 
B 

 
16+ 

Reddish yellow (7.5YR 6/8) when dry and strong brown (7.5YR 5/8) 
when moist; fine sand; weak massive structure; hard when dry and very 
friable when moist; non sticky non plastic; few fine roots; pH 5  
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Soil profile EPT 003/2002 
 
A. Information on soil profile site 
Date of examination 18/09/02 
Authors Ermias Aynekulu, 

Esther Mweso. 
Location 475066, 7535877, 6Km 

west of Paje village 
Altitude                           1211m.a.s.l. 

Geopedologic unit Hi111 foot of the es-

carpment, flat topogra-

phy   

Topography                       flat 

Slope   0-2% 
Parent material   sandstone 
Vegetation   savannah woodland 

Land use  open grazing  
 

 
 
B. General information on the soil profile 
Classification (WRB) Arenic Acrisol 
Human influence slight vegetation distur-

bance 
Effective soil depth            Very deep, >150cm 
Drainage class somehow excessively 

drained 
Internal drainage  none 
External drainage neither receiving nor 

shedding 

Ground water depth Very deep, >150cm 
Surface stones  none 
Rock outcrops  none 
Evidence of erosion vegetation disturbance 
Sealing /crusting          none 

Moisture condition      first 20cm moist, the 

rest is dry

C. Soil profile description  
 

Horizon Depth (cm) Description 
 
Ah 

 
0-15 

Reddish brown (7.5YR7/6) when dry and strong brown (7.5YR4/6) when moist; loamy fine 

sand; massive structure; loose when dry and moist; non sticky and non plastic; fine pores are 

common; very fine roots are common; field pH5; clear boundary 

 
Bt1 

 
15-35 

Reddish yellow (7.5YR6/6) when dry and (7.5YR6/4) when moist; loamy fine sand; massive 

structure; loose and friable when moist; non sticky and non plastic; fine pores are common; few 

medium size roots; field pH5.7; gradual boundary 
 
Bt2 

 
35-54 

Pink (7.5YR8/4) when dry and strong brown (7.5YR5/6) when moist; loamy fine sand; massive 

structure; soft when dry and friable when moist; non-sticky and non-plastic; very few mottles of 

medium size. Common clay cutans ; very fine pores are common; very few fine roots; field 

pH5.7; clear boundary  
 
BC 

 
54-60 

Pink (7.5YR8/4) when dry and strong brown (7.5YR5/6) when moist; loamy fine sand; massive 

structure; soft when dry and friable when moist; non sticky and non plastic; Abundant coarse, 

angular, weathered sandstone rock fragments Fine pores; many mottles of medium size grey in 

colour. Common clay cutans ; very fine pores are common; few fine roots; field pH5.5; clear 

boundary 
 
BC2 

 
60-120 

Pink (7.5YR8/4) when dry and strong brown  (7.5YR8/4) when moist; loamy fine sand; massive 

structure; slightly hard when dry and friable when moist; non-sticky and non plastic; Dominant 

stones, angular, weathered sandstone rock fragments Fine pores; many mottles of medium size 

grey in colour. Common clay cutans; many very fine pores; few fine roots; filed pH 5.0 
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Soil profile HPT 001/2002 
 
A. Information on soil profile site 
 
Date of examination 20/09/02 
Type of observation       mini pit 

Authors Ermias Aynekulu, 
Esther Mweso. 

Location   465347, 7507938 
Altitude                           1025 m.a.s.l. 

Geopedologic unit         Pe113 

Topography                       flat 

Slope   0-2% 
Parent material   alluvial material 
Vegetation                         Savannah bush 

Land use  open grazing  
 
 
 
 

 
 
B. General information on the soil profile 
 
Classification (WRB) Arenic Rhodic Acrisol 
Human influence slight vegetation distur-

bance 
Effective soil depth            Very deep, >150cm 

Drainage class                    somehow excessively  

drained 

Internal drainage        well drained 

External drainage             neither receiving nor 

shedding 

Ground water depth           Very deep, >150cm 

Surface stones  none 
Rock outcrops  none 
Evidence of erosion none 
Sealing /crusting                 none 

Moisture condition         dry 

  
C. Soil profile description  
 

Horizon Depth (cm) Description 
 
 
Ah 

 
0-15 

Yellowish red  (5YR5/6) when dry and when moist; loamy sand; massive 
structure; slightly hard when dry and very friable when moist; non sticky 
and non plastic; bridges of sand coated but not strongly cutans; many 
medium pores; fine roots are common; biological activities are common; 
field pH 6.0; gradual boundary 

 
Bt1 

 
15-80 

Yellowish red  (5YR6/8) when dry and moist; loamy sand; massive struc-
ture; slightly hard when dry and very friable when moist; non sticky and 
non plastic; clay bridges and sand coated, but not strong; many medium 
pores; many fine roots; field pH 5.5; gradual boundary 

 
Bt2 

 
80-130 
 
 

Yellowish red (5YR5/6) when dry and moist; loamy sand; massive struc-
ture; slightly hard when dry and very friable moist; non sticky and non 
plastic; clay bridges and sand coated, but not strong; many medium pores; 
few medium roots; field pH 5.0 
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Soil profile HPT 003/2002 
 
A. Information on soil profile site 
 
Date of examination 20/09/02 
Type of observation        mini pit 
Authors Ermias Aynekulu, 

Esther Mweso. 
Location 466980, 7513874, near 

Sokwe hill 
Altitude   1067m.a.s.l. 
Geopedological unit Pe113  

Topography                 Flat 

Slope   0-2% 
Parent material   Sandstone 
Vegetation shrub savannah 
Land use  open grazing  
 

 
 
B. General information on the soil profile 
 
Classification (WRB) Arenic Rhodic Arenosol   
Human influence  vegetation disturbed 
Effective soil depth            very deep, >150cm 

Internal drainage                well drained 

External drainage             neither receiving nor 

shedding 

Ground water depth          very deep, >150cm 

Surface stones  none 
Rock outcrops  none 
Evidence of erosion none 
Sealing /crusting          none 

Moisture condition     dry

 
C. Soil profile description  
 

Horizon Depth (cm) Description 
 
Bt1 

 
0-10 

 
Red  (10R4/6) when dry and dark red (10R3/6) when moist; very fine loamy 
sand; massive structure; loose when dry and very friable when moist; non 
sticky and non plastic; many prominent cutans ; field pH 5.5; clear bound-
ary 

 
Bt2 

 
10-30 

Red (10R4/6) when dry and dusky red (10R3/4) when moist; very fine 
loamy sand; massive structure; slightly hard when dry and friable when 
moist; non sticky and non plastic; Many prominent cutans; field pH 5.5; 
clear boundary 

 
 
Bt3 
 

 
 
30+ 

Dusky red (10R3/4)) when dry and dark red (10R3/6) when moist; very fine 
loamy sand; hard when dry and firm when moist; slightly hard when dry and 
very friable when moist; non sticky and non plastic; Many prominent cu-
tans; field pH 5 
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Soil profile HPT 004/2002 
 
A. Information on soil profile site 
 
Date of examination   21/09/02 

Type of observation        Mini-Pit 

Authors Ermias Aynekulu, 
Esther Mweso. 

Location                      468575,7513048,  

Altitude                           1068 m.a.s.l. 

Geopedological unit         Pe111 

Topography                       flat 

Slope   0-2% 

Parent material               Alluvial deposits 
Vegetation                          Savannah grassland with 

scanty shrubs 

Land use                             Grazing 

 
 
B. General information on the soil profile 
 
Classification (WRB) Pellic Vertisol 
Human influence              vegetation disturbed  

Effective soil depth            Very deep, >150cm 

Drainage class                    poorly drained 

Internal drainage                 not known 

External drainage               neither receiving nor 

shedding 

Ground water depth           very deep, >150cm 

Surface stoniness               none 

Rock outcrops        none 
Evidence of erosion none 
Sealing /crusting                medium 

Moisture condition            dry

  

C. Soil profile description  
 
Horizon Depth 

(cm) 
Description 

 
Ah 

 
0-20 

Dark grey (5Y4/1) when dry and very dark grey (5Y3.1/1) when moist; sandy 
clay; very strong structure which is coarse and prismatic; hard when dry and very 
firm when moist; sticky and plastic; clear slicken sides; fine roots are common; 
field pH 7.5; gradual boundary 

Bt1  
20-50 

Dark grey (5Y4/1) when dry and moist; sandy clay; very strong structure which is 
coarse and prismatic; hard when dry and very firm when very sticky and very 
plastic; clear slicken sides; few coarse roots; field pH 8.0; gradual boundary 

 
Bt2 
 

 
50-90 
 
 

Dark grey  (5Y3/1) when dry and black (5y2.5/1) when moist; sandy clay; very 
strong structure that is coarse and prismatic; hard when dry and very firm when 
moist; very sticky and very plastic; clear slicken sides; no roots; field pH 7.5; 
gradual boundary 
 

 
      Bt3 

 
90-130 

Dark olive grey (5Y3/2) when dry and dark grey (5Y4/1) when moist; sandy clay; 
very strong structure that is coarse and prismatic; hard when dry and very firm 
when moist; clear slicken sides; very sticky and very plastic; no roots; field pH 
7.5 
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Soil profile HPT 005/2002 
 
A. Information on soil profile site 
 
Date of examination 21/09/02 

Type of observation mini-Pit 

Authors Ermias Aynekulu, 
Esther Mweso. 

Location                      469774,7518089,  

Altitude                           1111 m.a.s.l. 

Geopedological unit         Pe111 

Topography                       flat  
Slope   0-2% 
Parent material   alluvial deposit 
Vegetation  savannah bush 
Land use  open grazing  
 
 
 
 
 

 
 
B. General information on the soil profile 
 
Classification (WRB) Pellic Vertisol 
Human influence                vegetation slightly dis-

turbed 

Effective soil depth             very deep, >150cm 

Drainage class                     poorly drained 

Internal drainage          well drained 

External drainage       neither receiving nor 

shedding 

Ground water depth      very deep, >150cm 

Surface stoniness        none 

Rock outcrops          none 

Evidence of erosion       none 

Sealing /crusting         medium 

Moisture condition      dry 

 
C. Soil profile description  
 

Horizon Depth 
(cm) 

Description 

 
Ah 

 
0-15 

Black (5Y2.5/1) when dry and moist; sandy clay; very strong structure which is 
coarse and prismatic; slightly hard when dry and moist; sticky and plastic; clear 
slicken sides; fine roots are common; field pH 7.5; gradual boundary 

 
Bt1 

 
15-70 

Black (5Y2.5/1) when dry and dark olive grey (5Y3/2) when moist; sandy clay; 
very strong structure which is coarse and prismatic; sticky and plastic; clear 
slicken sides; fine roots are common; field pH7.0; gradual boundary 

 
Bt2 

 
70+ 
 
 

Black (5Y2.5/2) when dry and hen dry and moist; sandy clay; very strong structure 
which is coarse and prismatic; sticky and plastic; clear slicken sides; fine roots are 
common; field pH 8.5 
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Soil profile HPT 006/2002 
 
A. Information on soil profile site 
 
Date of examination 22/09/02 
Type of observation Mini-Pit 
Authors Ermias Aynekulu, 

Esther Mweso. 
Location   467215, 7517154 
Type of observation     mini pit 
Altitude                           1094 m.a.s.l. 

Geopedological unit         Pe111 

Topography                       Flat 

Slope   0-2% 

Parent material              Alluvial deposits 
Vegetation                          Savannah shrub  
Land use  farmland  
 
 
 
 

 
 
B. General information on the soil profile 
 
Classification (WRB) Endoleptic Vertic Cam-

bisol 
Human influence                none 

Effective soil depth         very deep, >150cm 

Drainage class            poorly drained 

Internal drainage          well drained 

External drainage         neither receiving nor 

shedding 

Ground water depth     Very deep, >150cm 

Surface stoniness        none 

Rock outcrops                 none 

Evidence of erosion         none 

Sealing /crusting          very thick 

Moisture condition        dry 

Remark: A farmland closer to Sokwe hill

 

C. Soil profile description  
 

Horizon Depth (cm) Description 
 
Ah 

 
0-15 

Very dark grey (10YR3/1) when dry and dark brown (10YR3/3) when 
moist; sandy clay; strong sub angular structure; extremely hard when dry 
and firm when moist; stick and very plastic; fine roots are common; field 
pH 7.5; gradual boundary 

 
Bw1 

 
15-40 

Very dark grey (10YR3/1) when dry and very dark greyish brown 
(10YR3/2) when moist; sandy clay; very strong sub angular structure; ex-
tremely hard when dry and very firm when moist; stick and very plastic; few 
medium size roots; field pH 8.0; gradual boundary 

 
 
Bw2 
 

 
 
40-70 
 
 

Very dark grey (10YR3/1) when dry and very dark greyish brown 
(10YR3/2) when moist; sandy clay loam; very strong sub angular structure; 
extremely hard when dry and very firm when moist; sticky and very plastic; 
field  pH 8.0  
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Soil profile HPT 007/2002 
 
A. Information on soil profile site 
 
Date of examination 22/09/02 
Type of observation        Mini-Pit 

Authors Ermias Aynekulu, 
Esther Mweso. 

Location                      467604, 7519059 

Altitude                           1112 m.a.s.l. 

Geopedological unit         Pe115 

Topography                       Flat 

Slope   0-2% 

Parent material                Alluvial deposits  
(Andezitic substra-
tum) 

Vegetation                          Savannah shrub 

Land use                            Grazing 
 
 

 
 
B. General information on the soil profile 
 
Classification (WRB) Endoleptic Cutanic Lu-

visol  
Human influence                none 

Effective soil depth     very deep, >150cm 

Drainage class                    somehow excessively 

drained 

Internal drainage             Rapid 

External drainage        slow run-off 

Ground water depth     Very deep, >150cm 

Surface stoniness               none 

Rock outcrops                none 

Evidence of erosion       none 

Sealing /crusting            none 

Moisture condition         Dry

  
C. Soil profile description  
 

Horizon Depth 
(cm) 

Description 

 
Ah 

 
0-15 

Dark greyish brown (10YR3/1or 2) when dry and dark brown (10YR3/3) when 
moist; fine sandy loam; weak sub- angular blocky structure; slightly hard when 
dry and friable when moist. Slightly sticky and plastic; clay cutans are common; 
many fine pores; fine and medium roots are common; field pH 7.5; wavy 
boundary 

 
Bt1 

 
15-40 

Very dark grey (10YR4/2) when dry and very dark greyish brown (10YR4/4) 
when moist; sandy clay loam; weak sub angular blocky structure; slightly hard 
when dry and firm when moist; slightly sticky and plastic; many fine pores; few 
medium and coarse roots; field pH 7.5; wavy boundary 

       Bt2 
 

 
40-70 
 
 

Very dark grey (7.5YR4/3) when dry and very dark greyish brown (7.5YR3/3) 
when moist; sandy clay loam; hard when dry and firm when moist; gravel sticky; 
fine pores are common; no roots; field pH 7.5 
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Appendix 8: Regression analysis result summary 

 
STRATUM:  sandveld 
 
Dependent variable.. SOC               Method.. QUADRATI 
 
Multiple R           .41803 
R Square             .17475 
Adjusted R Square    .04778 
Standard Error      4.79878 
 

Analysis of Variance: 
 
               DF   Sum of Squares      Mean Square 
 
Regression      2         63.39046        31.695232 
Residuals      13        299.36774        23.028288 
 
F =       1.37636       Signif F =  .2870 
 
-------------------- Variables in the Equation -------------------- 
 
Variable                  B        SE B       Beta         T  Sig T 
 
BIOMASS            -.478622    2.032362   -.263737     -.236  .8175 
BIOMASS**2          .095502     .159448    .670769      .599  .5595 
(Constant)        16.156174    5.616945                2.876  .0130 

 

STRATUM:  Escarpment 
Dependent variable.. SOC               Method.. QUADRATI 
Multiple R           .03333 
R Square             .00111 
Adjusted R Square   -.07288 
Standard Error      2.62766 
 

Analysis of Variance: 
 
               DF   Sum of Squares      Mean Square 
 
Regression      2           .20732         .1036588 
Residuals      27        186.42452        6.9046117 
 
F =        .01501       Signif F =  .9851 
 
-------------------- Variables in the Equation -------------------- 
 
Variable                  B        SE B       Beta         T  Sig T 
 
BIOMASS             .006822     .288396    .020550      .024  .9813 
BIOMASS**2         -.000378     .006181   -.053057     -.061  .9517 
(Constant)        18.446187    3.179419                5.802  .0000 



ANALYSIS OF SOIL-VEGETATION INTERACTION IN RELATION TO SOIL CARBON SEQUESTRATION (A CASE STUDY IN SEROWE, BOTSWANA) 

 

 

 

INTERNATIONAL INSTITUET FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION 104 

STRATUM:  Hardveld 
 
Dependent variable.. SOC               Method.. QUADRATI 
 
Multiple R           .70218 
R Square             .49306 
Adjusted R Square    .45406 
Standard Error      7.35380 
 

Analysis of Variance: 
 
               DF   Sum of Squares      Mean Square 
 
Regression      2        1367.5307        683.76536 
Residuals      26        1406.0372         54.07835 
 
F =      12.64398       Signif F =  .0001 
 
-------------------- Variables in the Equation -------------------- 
 
Variable                  B        SE B       Beta         T  Sig T 
 
BIOMASS            1.436656     .633468   1.204994     2.268  .0319 
BIOMASS**2         -.017908     .017754   -.535921    -1.009  .3224 
(Constant)        10.661237    4.727472                2.255  .0328 

 

 

All together 
  
Dependent variable.. SOC               Method.. QUADRATI 
 
Multiple R           .35789 
R Square             .12808 
Adjusted R Square    .10386 
Standard Error      7.40261 
 

Analysis of Variance: 
 
               DF   Sum of Squares      Mean Square 
 
Regression      2         579.5903        289.79516 
Residuals      72        3945.5031         54.79865 
 
F =       5.28836       Signif F =  .0072 
 
-------------------- Variables in the Equation -------------------- 
 
Variable                  B        SE B       Beta         T  Sig T 
 
BIOMASS             .788219     .328350    .941014     2.401  .0190 
BIOMASS**2         -.015157     .008979   -.661722    -1.688  .0957 
(Constant)        13.930760    2.529675                5.507  .0000 
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% Clay Versus SOC 
 
Dependent variable.. SOC               Method.. QUADRATI 
 
Multiple R           .64655 
R Square             .41802 
Adjusted R Square    .34527 
Standard Error      6.31901 
 
Analysis of Variance: 
               DF   Sum of Squares      Mean Square 
Regression      2        458.89217        229.44609 
Residuals      16        638.87794         39.92987 
 
F =       5.74623       Signif F =  .0132 
 
-------------------- Variables in the Equation -------------------- 
 
Variable                  B        SE B       Beta         T  Sig T 
 
CLAYCONT           -.390938     .372154   -.768613    -1.050  .3091 
CLAYCONT**2         .013587     .007327   1.356766     1.854  .0822 
(Constant)        20.531067    3.046242                6.740  .0000 

 
Arenosols 
Dependent variable.. SOC               Method.. QUADRATI 
 
Multiple R           .36628 
R Square             .13416 
Adjusted R Square    .09652 
Standard Error      4.77842 
 
Analysis of Variance: 
               DF   Sum of Squares      Mean Square 
 
Regression      2         162.7490        81.374512 
Residuals      46        1050.3307        22.833276 
 
F =       3.56386       Signif F =  .0364 
 
-------------------- Variables in the Equation -------------------- 
Variable                  B        SE B       Beta         T  Sig T 
 
BIOMASS             .439012     .249941    .879580     1.756  .0857 
BIOMASS**2         -.007697     .006761   -.570080    -1.138  .2608 
(Constant)        14.855359    1.799844                8.254  .0000 
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Appendix 9: NDVI (left) and SAVI (right) of ASTER image as estimators of Biomass 

The regression plots of sandveld are not included because only six plots were covered by the 
ASTER image. 
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Appendix 10: NDVI (left) and SAVI (right) of MODIS image as estimators of Biomass 
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Appendix 11: Woody biomass inventory form 

 
Stratum _______   Plot number ______ Waypoint number _______   Plot radius ______ 
Vegetation type ________Collected by________ Assistant _________Date ___/ ___/ __ 
  
Woody stems > 2.5 cm DAH* 
 

Species Tree 
no. Common Name Botanical Name 

Species 
Code  

DAH   
 (cm) 

Fresh wood 
sample 
weight 
(gm) 

Remark 

1       

2       

3       

4       

5       

6       

7       

8       

9       

10       

11       

12       

13       

14       

15       

 
Next waypoint number: ______  Bearing to the next waypoint: _____   Distance: _____m  
 

* DAH = Diameter at ankle height  (5-10cm) 
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Appendix 12:Stereograms form showing synoptic views of the study area 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Left: alluvial deposits and eroded terraces 
dominated by arable lands  
 
 
 
 
 

Right: transitional zone between hilland 
and escarpment (around Paje village, mili-
tary camp) dominated by shrubs 
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Appendix 13: Conversion of DN values to reflectance 

 
LANDSAT 7(ETM+) data are acquired as the 8 bit gray-scale imagery in Level 1G products. The equation and 
constants (see in table below) for converting the 8 bits digital number of the image data into the spectral radiance 
is as follows (Markam and Barker, 1996): 
 

))(*)/(()( minminminmaxminmax LQCALQCALQCALQCALLLRadiance +−−−=                

 
Where QCALmin=1; QCALmax=255; QCAL= Digital number 

          
 

Before July 1,2000 After July 1,2000 
Low gain High gain Low gain High gain 

Band 
number 

Lmin Lmax Lmin Lmax Lmin Lmax Lmin Lmax 
Band1 -6.2 297.5 -6.2 194.3 -6.2 293.7 -6.2 191.6 
Band2 -6.0 303.4 -6.0 202.4 -6.4 300.9 -6.4 196.5 
Band3 -4.5 235.5 -4.5 158.6 -5.0 234.4 -5.0 152.9 
Band4 -4.5 235 -4.5 157.5 -5.1 241.1 -5.1 157.4 
Band5 -1.0 47.7 -1.0 31.76 -1.0 47.57 -1.0 31.06 
Band6 0.0 17.04 3.2 12.65 0.0 17.04 3.2 12.65 
Band7 -0.35 16.60 -0.35 10.932 -0.35 16.54 -0.35 10.80 
Band8 -5.0 244.00 -5.0 158.40 -4.7 243.1 -4.7 158.3 

 
The radiance is converted to atmospheric reflectance using the following equation and shown below: 
 

θ
πλ

λ

λ

COSESUN
dL

r ip *
**

)(
2

=                 

                                                                                      
Where rp (λi ) is planetary reflectance 
 
              Lλ spectral radiance at the sensor aperture 
 
              D is earth sun distance in astronomical units, 
 
               ESUN is mean solar exo atmospheric irradiance (see Table 9 below) 
               COSθ is solar zenith angle. 
Bands ESUN (Wm-2µµµµm-1) 
Band1 1970.00 
Band2 1843.00 
Band3 1555.00 
Band4 1047.00 
Band5 227.10 
Band7 80.53 
Band8 1368.00 
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Appendix 14: Photos from the study area 

  

 Shrubland at the hardveld 
 

 

 
 
 

 
River bank at Hardveld 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rock out crops at the Escarpment (sandstone)  
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 Sandved (Profile ID:  SPT001/2002)   Sandved (Profile ID:  SPT004/2002) Hardveld  (Profile ID: HPT 005/2002) 
 
 
 
 
 
 
 
 
 
 
 
Bulk density measurement     

Diameter measurement (ankle height) 
  
 
 
 
 
 
 
 
 
 
 
 
Soil sample collection  
 


