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ABSTRACT
Investigation of the Determinants of African Savanna Vegetation Distribution:
A Case Study from the Lower Omo Basin, Ethiopia
by
Catherine A. Schloeder, Doctor of Philosophy
Utah State University, 1999
Major Professor: Dr. John A. Bissonette
Department: Fisheries and Wildlife
The Ethiopian Wildlife Conservation Organization has little information on the
extent and ecological determinants of plant species composition and distribution in Omo
National Park. Elsewhere, the determinants of African savanna vegetation dynamics have
been the focus of numerous investigations, yet our understanding of the hierarchical
nature and relative importance of any relationships remains very general. As well, our
ability to derive predictions about vegetation responses is limited to extreme
generalizations. African savanna landscape ecotones have received even less attention
than most landscapes. In this dissertation, I test hypotheses about plant species
distribution-determinant relationships in Omo National Park, a park that occurs in a
landscape ecotone. Determinants investigated include rainfall and topographic-related
gradients in soil moisture and edaphic conditions, and availability of soil constituents.
Rainfall pattern was determined from meteorological data and multiple linear regression.
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Topographic attributes were measured in the field. Availability of soil constituents was
determined by evaluating and using spatial interpolation models using limited soils data,
and construction of surface soil maps. Hypotheses were tested using the simple and
partial Mantel tests of matrix association.
Results demonstrate that predictions using spatial interpolation models based on
limited, coarse-scale soils data are accurate and reliable when compared with more data
intensive investigations. Results using spatial statistics indicate that the nature of the
spatial pattern of perennial species associations is a monotonic spatial trend. The
distribution of perennial species associations is influenced both directly or indirectly by
rainfall. An indirect rainfall relationship occurs when there is variability in topography.
The means of influence by the topographic-related attributes is unclear despite significant
Mantel results. In the topographically invariant portion of the study area, however,
exchangeable sodium and magnesium concentrations appear to indirectly influence the
distribution of perennial species associations. Strength and ordering of the vegetation
determinant relationships varied depending on the type of perennial species association
type being investigated. Differences in species range of tolerance and rate of change in
species association, depending on association type, landforrn, and parent material
differences, account for the nature of the vegetation-determinant relationships, the
ordering of the determinants, and variability in responses.
(196 pages)
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CHAPTER1
INTRODUCTION
RESEARCHJUSTIFICATION
In the late 1960s Ethiopia began establishing conservation areas to protect several
of its species and resources for aesthetic, scientific, and economic purposes (Abraha,
l991). As a consequence of late establishment, areas and resources that received
protection occurred either between tribal boundaries or in inhospitable environments, or
contained unique features or species of interest (UNESCO, 1969; Hillman, 1993; Jacobs
and Schloeder, 1993). Omo and Mago National Park, located adjacent to each other in
southwest Ethiopia, were established for all these reasons (Fig. 1-1).
Omo and Mago National Park have been previously described as being
biologically unique and diverse, panorarnically spectacular, and scientifically important
(Blower, 1967; Urban and Brown, 1968; Bolton, 1971; Stephenson and Mizuno, 1978; de
Heinzelin, 1983; Wesselman, 1984; WCMC, 1991). Priorto their establishment, several
contemporary indigenous tribes resided in some areas now considered park lands (Turton,
1987). Tse-tse fly (Glossina spp.) and waterlogging of soils precluded the use of many
areas, however, for all but a few months each year. Currently, areas in or adjacent to both
parks are important to many of these tribes for hunter-gathering, livestock grazing, and
rain-fed and flood-retreat agriculture (Turton, 1987; Sutcliffe, 1992). Omo National Park
in particular now serves as a tribal interface between both warring and allied tribes.
Financial constraints have seriously limited management activities in both parks
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since their establishment in 1966. In addition, there have been few investigations on the
extent of and factors responsible for the diversity and maintenance of species found in
either park. Lack of data is now of concern to the Ethiopian Wildlife Conservation
Organization (EWCO) because of recent interest in the commercial development of lands
in the lower Omo Basin (Sutcliffe, 1992; EVDSA , 1992; EEC, 1993). In pruticular, the
ECWO is concerned about the potential loss of lands or natural resources found in either
park, or the adoption of new management guidelines that have little ecological
justification.
In 1993, at the request of the Wildlife Conservation Society (WCS) and EWCO, I
began a research project in Omo National Park (Omo NP) with the aim of addressing
some of the concerns of EWCO. The focus of my project was an investigation of the
ecological determinants (also termed factors) of plant-species association and distribution
in Omo NP. In this dissertation, I present results of three investigations. The first two
provided important data used in the third.

STUDY AREA DESCRIPTION
The study area was located in Omo NP (Fig. 1-2). Omo NP occurs west of the
Omo River, in an area referred to as the lower Omo Basin. The lower Omo Basin is a
result of extensive rift activity that began in the Tertiary and subsequent post-rift
sedimentation (Davidson, 1983). These activities produced a variety of different
landform features in the park, including the Omo and Mui Rivers, the Illilibai and Sai
Mountain ranges, and the Sai, Tinign, and Illilibai Plains. Two types of geologic
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substrate occur as a consequence of these activities, pre-rift volcanic rock interlayc1~d
with sedimentary rock on the mountains, and Quaternary alluvial sediments in the valley
bottom (Davidson, 1983). The soils on the alluvial plains are classified as Vertisols and
the soils on both mountain ranges are Stony Cambisols (Butzer, 1971; FAO, 1986). The
plains are gently undulating to level with elevations ranging from 430 to 490 m. The
topography of both mountain ranges varies considerably from south to north. Elevations
range from 500 to 1100 m in the Illilibai Range, with an average slope of 20%, and from
500 to 2500 m in the Sai Range, with an average slope of 5%.
Over geologic time the regional climate has varied considerably over the lower
Omo Basin, oscillating between tropical and arid conditions (Butzer, 1971; Wesselman,
1984). The current climate ranges from arid in the south near Omo Rate (approx.imately
100 km to the south of park headquarters) to humid in the north near Maji (Fig. 1-2). A
gradient in mean annual rainfall exists as a result, ranging from 242 mm at Omo Rate, to
793 mm at Mui (Omo NP headquarters), and up to 1523 mm at Maji. Mean annual
temperature for the lower basin is estimated at 20°C (Garnachu, 1974). The current
rainfall pattern across the lower Omo Basin results in its classification as a landscape
ecotone (Gosz and Sharp, 1989; Holland, 1988; Gosz, 1993).
To date, over 600 vascular plant species have been recorded in Omo NP
(Schloeder and Jacobs, unpubl.). The vegetation is classified as both subhumid and
semiarid savanna, based on the local climate, dominant growth forms, and species
composition (Pratt and Gwynne, 1977; Herlocker et al., 1992). Grasslands dominate the
plains with several species of shrubs and perennial herbs occasionally occurring or co-
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dominating. The two mountain ranges are characterized by open woodlands with
occasional patches of dense shrubland and bushland at the bases or in ravines. Dense
shrublands and bushland also occur immediately adjacent to the Omo and Mui Rivers and
all ephemera! water courses.

RESEARCHCONCEPTS
Vegetation dynamics in African savannas are believed to be influenced by specific
determinants, including climatic, edaphic, geomorphic, and biotic conditions, and fire and
anthropogenic activities (Huntley and Walker, 1982; Bourliere, 1983; Frost et al., 1985;
Menaut et al., 1985; Tothill and Mott, 1985; Walker, 1987). There is some agreement
about the hierarchical nature and relative importance of a few of these determinants when
influencing the structure of vegetation in specific landscapes (Walker, 1987). However,
for most landscapes there is still debate over the order of importance and the nature of a
determinant's influence on other types of plant -species responses (e.g., Belsky, 1983,
1986, 1987; McNaughton, 1983). The lack of spatially or temporally explicit
investigations, and the inappropriate comparison of results that are of different scales of
measurement and levels of observation are important concerns in many of these debates
(Brown and Allen, 1989). Our understanding of how these determinants affect species
responses remains limited as a result, and specific predictions about responses are limited
to extreme generalizations.
Lack of spatially explicit investigations in African savanna landscape ecotones has
resulted in even less understanding of the relative importance of these determinants when
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they manifest themselves as strong environmental gradients (Odum, 1990; Risser, 1995).
Gosz (1993) proposed that climatic and topographic gradients as well as edaphic
conditions dominate vegetation dynamics in landscape ecotones. However, the
hierarchical nature of the determinants, the exact nature of their influence, and the various
spatial scales at which they can operate in landscape ecotones remain unknown. For
conservation areas like Omo NP, that occur within landscape ecotones, identifying the
relative importance of a determinant and the nature of its influence on vegetation
composition and pattern would greatly facilitate resource management. This information
would also provide guidance when there is concern about species, including changes in
species diversity or increased likelihood of extinction.
Recently, investigators have been exploring the idea that an understanding of
vegetation-determinant relationships might be gained by using an approach based on
principals of hierarchy and landscape-level theory (Allen and Starr, 1982; ONeill et al.,
1986). One principle of hierarchy theory is that most determinants responsible for biotic
control actually operate on different spatial and temporal scales from each other. Another
is that determinants are ordered according to the degree of control and the type of
response one would expect. A principle of landscape-level theory is that certain types of
responses may in fact be explicitly linked to large-scale rather than small-scale events.
Consequently they may only be evident when measured over a large spatial area or over a
long period of time, and only when using the correct response descriptor.

In this dissertation, my approach to developing my study question and design was
based on the merging of the principles of hierarchy theory and landscape-level theory
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with concepts about which determinants should be of importance in African savanna
landscape ecotones. Data generated from this approach were acquired from spatially
explicit field investigations, topographic and satellite maps, and using various types of
spatial statistics. The use and results of spatial interpolation statistics were the focus of
my first two investigations. Data derived from using spatial interpolation methods were
then used in my third investigation.
In the first investigation, I evaluated the accuracy, reliability, and relative utility of
spatial interpolation methods in deriving predictions of soil constituents using limited,
coarse-spaced soil samples. In the investigation following, I characterized the predictions
of eight soil properties in the form of individual surface maps, using the interpolation
methods deemed most accurate and effective in the first investigation. The third
investigation ascertained the relative importance of rainfall and topographic-related
gradients, and availability of various soil constituents, on perennial plant-species
associations and spatial distributions . I also investigated the hierarchical structure and
nature of influence of these determinants .

INVESTIGATIONS
Spatial Interpolation Methods

Studies in landscape ecology are often constrained financially and logistically. As
a consequence, quite frequently there is a need to rely on interpolated data in order to
investigate a particular research question. Accuracy and effectiveness of spatially
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interpoiated data, however, are questionable at times due to data constraints. In Chapter
2, I present the results from an investigation of the reliability of spatial interpolation
methods, including ordinary kriging, inverse-distance weighting, and thin-plate
smoothing splines with tensions, when interpolating soil properties using limited, coarsespaced samples. I ascertained how accurate these three methods were, how and where
they differed, and whether each was equally as effective, when compared to using the
sample mean as the predictor instead. I also investigated the relative importance of
different inverse-distance weighting and spline modeling parameters and their
relationship with data characteristics using a factoriaJ-anaJysis design. With this analysis
I was able to test the utility of spatial interpolation methods in a situation where data were
coarse-spaced and limited, constntints under which many landscape ecologists operate. It
also enabled me to identify the most appropriate interpolation method to use in
developing surface maps of soils properties, which I used in my next two investigations.

Characterization of Soil Resources

Numerous authors have stressed the importance of investigating soil variability in
a spatial context to facilitate an understanding of specific and important types of soil
responses (Wilding and Drees, 1978, 1983; Trangmar, 1984; Nielsen and Bouma, 1985;
Uehara et al., 1985; Wildling, 1985). Currently, the Vertisol literature provides little
insight into how soil properties vary spatially within a single landscape due to data
constraints and methodological design. In Chapter 3, I present the results of my
investigation of whether and how particular soil properties varied spatially across a large,
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Vertisol-dominated plain, when using a spatially explicit survey design and spatial
interpolation methods . This investigation was conducted on eight soil properties using
those interpolation methods deemed most reliable in Chapter 2. The investigation
involved analyzing the nature and type of spatial pattern contained in each soil surface
model in the presence of other soil properties and under the influence of various
determinants. In this way I was able to assess the relative importance of rainfall,
topography, localized moisture inputs, and organic matter additions, on soil property
spatial variability.

Vegetation-Determinant Relationships

In African savanna landscape ecotones, gradients in rainfall, topography, and
edaphic and biotic conditions are expected to be important determinants (Frost et al.,
1985; Gosz , 1993). The ordering of importance, however , should vary depending on the
extent of topographic variability exhibited by the landscape and the scale of investigation .
The nature and extent of a response should vary as well depending on the scale of
measurement and investigation (O'Neill et al., 1986; Brown and Allen, 1989; Allen and
Hoekstra, 1992). Consequently, investigations of vegetation-determinant relationships
require not only the development of several alternative models (Legendre, 1993), but they
also require the development of hypotheses about the nature of the relationships over
various scales of investigation. They also require statistical methods that do not require
independence of observations because data from this type of investigation are most likely
spatially autocorrelated (Odland, 1988; Legendre and Fortin, 1989; Legendre, 1993).

9

In Chapter 4, I report my investigation of the relative importance of rainfall and
topographic-related gradients, and availability of various soil constituents, on plantspecies associations and distribution in Omo NP at two scales of investigation. In
addition, I present results about two scales of measurement at which these detenninants
can continue to operate, and the nature of the relationships with the species associations
at the different scales of measurement. To conduct this investigation. I used a centric,
systematic, gradient-oriented survey design to locate and orient 276 plots, 184 of which
were located in the Vertisol plain (Gillison and Brewer, 1985; Campbell, 1987). At each
plot site I recorded the presence of all vascular plant species, parent material type,
elevation, and landscape position (as a surrogate of geomorphic condition) . I used
statistical models, however, to derive estimates of mean annual rainfall and concentration
of each individual soil property, for each plot site.
Species data were subset into two data sets, one reflecting all common perennial
species (dicotyledons and monocotyledons) and the other only common perennial grass
species. Individual species and determinant distance matrices were then calculated from
each data set using various dissimilarity coefficients. The simple Mantel test (Mantel,
1967) and partial Mantel test of matrix association (Smouse et al., 1986) were used to test
the hypothesis that rainfall and topographic-related gradients, and soil constituents, were
the determinants of plant-species association and distribution in this landscape ecotone.
These matrix association tests were also used to test predictions about the specific
ordering of importance and the nature of influence of the determinants.
In Chapter 5, I present a summary of the results from Chapters 2 through 4 and
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draw conclusions concerning the importance of specific determinants in influencing the
distribution of species associations in the Omo NP landscape. I conclude by suggesting
future research needs.
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CHAPTER2
COMPARISONOF METHODSFOR INTERPOLATINGSOIL
PROPERTIESUSINGLIMITEDDATA
ABSTRACT
Spatial interpolation of biological and biophysical variables is of central interest
to many landscape ecologists. Various interpolation methods are currently in use and
there is debate about which produces the most reliable predictions. Most of the debate
centers on the influence of data characteristics and sample size on accuracy, with most
comparisons based on numerous fine-spaced samples. In this study [ evaluated the utility,
accuracy, and effectiveness of ordinary kriging, inverse-distance weighting, and thin-plate
smoothing splines with tensions using limited, coarse-spaced soil samples from the Omo
Basin, Ethiopia. I also endeavored to determine whether and how these methods differed
in accuracy and effectiveness . Accuracy was based on the mean absolute and mean
square error measures, and effectiveness was based on the goodness-of -prediction
measure. Ordinary kriging and inverse-distance weighting performed the best, with each
deriving similar predictions and encountering similar problems when predicting for
specific locations. Thin-plate smoothing splines with tensions was the least reliable
method, however, because it both smoothed the data and produced estimates for the edges
of the grid that were of a greater magnitude of error. Outliers were the only
characteristics that appeared important. Their importance varied, however, depending on
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whether they augmented or diminished spatial dependence . Using limited data in this
exercise not only led to satisfying results , it also proved reliable for deriving landscapescale predictions. These findings advocate the use of interpolation methods in situations
where data are coarse-spaced and limited , constraints under which many landscape
ecologists operate.

INTRODUCTION
Concern about global climate warming has led to an increase in research in
landscape ecology to assess how the dynamics of factors operating in large-scale
landscapes might spatially or temporally change (Hansen and di Castri, 1992). Of
additional interest is whether responses due to climate wanning may be more rapid or
discernible in landscape ecotones, and if so, whether these sites might serve better for
monitoring and assessment (di Castri and Hansen, 1992). The need to understand
landscape dynamics over a broad range of temporal and spatial scales is implicit in such
research .
Spatial interpolation methods offer a means of characterizing dynamics or
responses over many spatial scales. Spatial interpolation methods differ from classic
modeling approaches in that they incorporate information about the geographic position
of the sample points. Some methods also have the benefit of incorporating information
about the degree and extent of dependence between measurements at different locations.
There are two types of statistical approaches to spatial interpolation in use: the fined
function and the weighted average approach. Watson (1992) described the fined function
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approach as one of applying a polynomial function of geographic coordinates that results
in a surface that fits the data, either globally or locally, and then using the set of
parameters from the function to derive predictions at unsampled locations. Alternatively,
he described the weighted average approach as one where the predictions are based on a
direct summation of data influences that occur within a prescribed range.
The methodology and theory upon which each approach is based has been
extensively presented (see Journel and Huijbregts, 1978; Cliff and Ord, 1981; Isaaks and
Srivastava, 1989; Watson, 1992; Cressie, 1993). Various spatial interpolation methods
using each approach are currently in use by many soil scientists and agriculturalists.
These include the kriging, inverse·distance weighting, and spline methods. Kriging and
inverse.distance weighting use a linear weighted-averaging approach to estimation, and
the spline method uses a fitted function approach.
Numerous measures, including the mean absolute, mean square, root mean square
error and goodness·of-predictions measure, are frequently employed to determine the
extent of accuracy and effectiveness of a method (Agterberg, 1984; Weber and Englund,
1992; Cooke et al., 1993; Hosseini et al., 1994; Laslett, 1994; Wollenhaupt et al., 1994;
Gotway et al., 1996). Under what circumstances kriging, inverse-distance weighting, or
splines would be preferred has received considerable discourse, however (Uehara et al.,
1985; Isaaks and Srivastava, 1989; Voltz and Webster, 1990; Englund et al., 1992; Weber
and Englund, 1992; Cooke et al., 1993; Hosseini et al., 1994; Laslett, 1994; Wollenhaupt
et al., 1994; Gotway et al., 1996). What is not in dispute is that the decision to use a
specific spatial interpolation method is often based on a minimum sample size or pairwise
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comparison criterion and characteristics of the data (Joumel and Huijbregts, 1978; Isaaks
and Srivastava, 1989). These factors may also be what determines the level of accuracy
one can expect. Data characteristics of importance include the coefficient of variation,
skewness, kurtosis, and presence of outliers.
Sample size is important because accuracy has been demonstrated to increase as
sample size increases (Uehara et al., 1985; fsaaks and Srivastava, 1989; Englund et al.,
1992; Wollenhaupt et al., 1994). Accuracy also increases as the number of possible
pairwise comparisons increases (Joumel and Huijbregts, 1978; Isaaks and Srivastava,
1989). Furthermore, a decline in map resolution has been demonstrated with fewer
samples (Uehara et al., 1985; Gotway et al., 1996). However, the reported decline may be
because some investigators have attempted to predict at scales much finer than the sample
spacing (e.g., Gotway et al., 1996). Accuracy appears independent of sample pattern and
sample distance, however (Voltz and Webster, 1990; Englund et al., 1992; Laslett, 1994;
Wollenhaupt et al., 1994; Gotway et al., 1996).
Data characteristics may be important because it is still not clear whether data
transformation improves spatial interpolation (Isaaks and Srivastava, 1989), increases
accuracy (Weber and Englund, 1992), or has little effect on results (Cooke et al., 1993).
It is also not clear whether highly variable data affect accuracy in general (Hosseini et al.,
1994; Laslen, 1994). Which characteristics of the data may be most important, when
comparing approaches to a method, is also unclear. Gotway et al. (1996) reported that
accuracy of inverse distance-based methods improved with increased distance power
(e.g., increased importance of points closest to interpolation site) when the coefficient of
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variation exhibited by the data was low. However , Weber and Englund (1992) reported
that accuracy declined with increased distance power (e.g. increased importance of distant
points) when the data were highly skewed or exhibited extreme kurtosis. Gotway et al.
( 1996) also reported that outliers appear to exert little influence on results.
Many investigators have had the benefit of large data sets (n> 100) and a
substantial number of pairwise comparisons (Uehara et al., 1985; Voltz and Webster,
1990; Cooke et al., 1993; Englund et al., 1992; Laslett, 1994; Wollenhaupt et al., 1994;
Gotway et. al., 1996). Various sampling schemes were also used to avoid missing long
and narrow patterns (Gotway et al., 1996); to improve accuracy along the margins of the
area of interest (Diaz et al., 1992; Gotway et al., 1996) and within the area of interest
(Wollenhaupt et al., 1994). Unfortunately, these options are rarely available to landscape
ecologists because of frequent logistical and financial constraints. It is important to
understand how these constraints might affect a landscape ecologist's decision to use
spatial interpolation methods, as a result.
One objective of this study was to investigate if the use of spatial interpolation
methods was appropriate using limited soils data (n::46) that had been collected over a
large geographic area, using a coarse-scaled, irregular-grid sample design. Another
objective was to determine whether and how different interpolation methods differed in
accuracy and effectiveness under these constraints. Spatial interpolation methods that I
compared included ordinary kriging, inverse-distance weighting, and thin-plate
smoothing splines. The mean absolute error, mean square error, and goodness-ofprediction measures were used to investigate appropriateness, accuracy, and
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effectiveness . The soils data used in this study had been collected as part of another
large-scale investigation of vegetation-soil resource dynamics in Omo National Park,
Ethiopia. The study site, data set, methods used, and the criteria for comparison of
methods are described in more detail below. The results are summarized and discussed ,
and compared with more data intensive investigations. The utility of spatial interpolation
methods to the field of landscape ecology, under limited data constraints, is then
discussed. Conclusions are then drawn about how predictions or maps derived using
these methods might facilitate the investigation of other aspects of large-scale landscape
dynamics .

MATERIALS AND METHODS

Study Site, Sample Design, and Laboratory Analyses

The lower Omo Basin is located in southwest Ethiopia, immediately north of Lake
Turkana and east of the Sudan-Kenya border (Fig. 2-1) . The western portion of the lower
basin is a wide, level plain that developed as a result of repeated large-scale flood and
lacustrine events (Butzer, 1971; Davidson, 1983). There is little topographic relief on the
plain with elevations ranging from 430 to 490 m. The soils are classified as Vertisols and
the alluvial landscape is characterized by a mixture of grassland types bordered by Acacia
shrublands along the footslopes and eastern margins. For a more detailed discussion of
the study area see Chapter 4.
Soil samples were collected at 46 sites in both the northern and southern portions
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of the alluvial plain (Fig. 2-2). The sites were selected to provide equal representation of
all soil types and an adequate number c,f pairwise comparisons. Five 10-cm diameter
cores per site, to a depth of 30 cm, were extracted, bulked, and dried. Standard soil
analyses on each sample were performed as described in Miller et al. ( 1998). Analyses of
soil samples were carried out by the International Livestock Research Institute soils lab,
Addis Ababa, Ethiopia . Soil properties investigated in this study included percent sand,
silt, and clay; soil pH; the exchangeabl e cations: calcium, magnesium, potassium, and
sodium; cation exchange capacity; base saturation; total available phosphorous; and
organic matter. Summary statistics were computed in SYSTAT (SPSS, 1996), where the
coefficient of variation is calculated as the standard deviation as a percentage of the
mean, and skewness and kurtosis measures are centered at zero. For additional details of
these methods see Chapter 3.

Investigative Approa ch and Spatial Interpolation Methods

One approach to ordinary kriging, and 12 different approaches to inverse-distance
weighting, and thin-plate smoothing splines with tensions were used in this investigation.
Predictions obtained from these methods were derived using the jackknife procedure (also
referred to as the cross-validation procedure) (Isaaks and Srivastava, 1989). This
involved consecutively removing a data value from the sample data set, interpolating to
that site using the remaining 45 values, and calculating the residuals (i.e., predicted minus
observed).
For ordinary k:riging and inverse-dis tance weighting (hereinafter referred to as OK
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or ordinary kriging and ID or inverse-distance weighting), the predictions are presumed to
be a linear combination of the available data, with the model being :
n

~

z(s0 ) =LA;* z(s)

[ 1]

i•l

where

zis the predicted value at interpolation

point s z(s;) is the value of variable z at
0

,

sample points;, "-;is the weight given to observed value z(s;), and n is the number of
observed values used in the estimation.
The methods differ by how the weights are calculated. With OK, the weights are
obtained by solving the kriging equation (Isaacs and Srivastava, 1989):
n
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where d(s ...s0 ) is the distance between si and s0 , obtained through the semivariogram:

[3]
As specified by Isaaks and Srivastava (1989), weights are chosen to ensure that the
average error for the model is O and the model error variance is minimized.

In all instances, the variograms for each soil property were estimated using a
classical variogram estimator using the S+ (SPLUS) software (Kaluzny et al., 1996). A
spherical variogram model was then used to fit each of the empirical variograms, and the
parameters were estimated by nonlinear least squares. The parameters for weighting
derived from each of the spherical variogram models included: (y(h)( co>c 9 a)), where c0 is
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the nugget, cs the sill, and a the range. A spherical covariance function was then used to
create the matrices for the predictions, using these weights .
With ID, the weights are instead inversely related to distance (Gotway et al.,
1996):

A = [d(&,,Sa)r"
I

n

L,.,[d(S;,S )r"

[4]

0

where p is the power parameter that controls how fast the weight of the points tends to
zero with increasing distance from the interpolation site.
With ID one is able to define a maximum distance beyond which sample points
are ex.eluded from local predictions (or their relative contribution is close to or is zero).
The inverse-distance power parameter option enables one to control the weight assigned
to sample points used for prediction such that weights decrease with distance. Powers > l
give higher weight to the nearest points (compared to the weights of distant points) and as
a result predict a more detailed surface, while powers <l increase the importance of
distant points, predict a more smoothed surface (Watson and Philip, 1985), and the
predictions tend towards the sample mean (lsaaks and Srivastava, 1989; Cooke et al.,
1993).
Selecting each of the parameter values used with ID is a fairly subjective process.
I used six different approaches in an attempt to reduce the level of subjectivity in this
process. These included three commonly used variations of the distance power parameter
(p) and two variations of the search radius (r) . The two variations of the search radius

26
represented half the study area width, and half its length, in kilometers. Following
calculation, the predictions were then smoothed using a 3 by 3 km low pass filter to
locally smooth the effects of outliers. Results are presented in the following manner:
approach 1-6, r = 22 and approach 7-12, r

=12; approach

1, 2, 7, and 8, p

=0.5; approach

3, 4, 9, and 10, p = l; approach 5, 6, 11, and 12, p = 2; and, the even-numbered
approaches represent the unsmoothed calculations, odd numbered approaches the
smoothed calculations.
Thin-plate smoothing splines with tensions (hereafter referred to as splines or S)
calculate a two-dimensional minimum curvature spline interpolation. The S function
used for surface interpolation is that described by Mitas and Mitasova (1988):
n

s(x,y)=t(x,y)+L J.j•R(rj)

[5]

i:sl

where n is the number of interpolation points,

)Jand t(x,y)

are coefficients found by a

solution of a system of linear equations, rj is the distance from the (interpolation) point to
the/h point, while R represents a distance-dependent function (see equation 4) which is
controlled by a tension parameter qi:
[6]

where <p2 is a weight or tension parameter, r is the distance between the (prediction) point
and the sample point, c is a constant equal to 0.577215, and K0 is the modified Bessel
function.
The tension parameter (<p2) modifies the minimization criterion so that firstderivative terms are incorporated in the minimization criteria (ESRI, 1991). A weight-
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parameter enables one to control the amount of tension (stiffness) with higher values
resulting in a coarser surface (that more closely conforms to the sample points) (Weisz et
al., 1995). Lower weight values generate a smoother surface. Weights have to be equal
to or greater than zero. Again, the spatial range of influence upon predictions at given
locations can be limited. However, it is done by indicating the number of points rather
than by selecting a radius. Generally, the greater the number of points selected for local
predictions the smoother is the resulting surface.
Similar to the ID method, selecting each of the parameter values used with S is
also a fairly subjective process. I also used six different approaches with S to reduce the
level of subjectivity in this process. These included three commonly used variations of
the weight (w) parameter and two variations of the number of points parameter (p). The
two values selected for the points parameter represented the average number of points
that would fall within the search radius when using ID. Following calculation, the
predictions were then smoothed using a 3-by-3 km low pass filter to locally smooth the
effects of outliers. Results are presented in the following manner. approach 1-6, number
of sample points=l6 and approach 7-12, number of sample points=8; approach 1, 2, 7,
and 8 distance power=0.01; 3, 4, 9, and 10 distance power=0.10; 5, 6, 11, and 12 distance
power=0.50; even-numbered approaches represent unsmoothed versions, odd-numbered
the smoothed versions. The GRID-module in Arc/Info (ESRI, 1991) was used to
calculate the ID and S interpolated surfaces .
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Measures of Accuracy and Effectiveness

Accuracy assessment was based on two measures, the mean absolute error (MAE)
and the mean-squared error (MSE) . The MAE measure is a measure of the difference
between observed and predicted, and is given as:

[7]
where z (x;) is the observed value at location i, z(xi) is the predicted value at location i,
and n is the sample size. Small MAE values indicate a method with few errors, overall.
The MAE measure gives an indication of absolute differences between
interpolation methods but does not reveal the magnitude of error that might occur at any
point. For this reason the MSE measure was used. The MSE measure is given as:

[8]
Squaring each difference gives an indication of the magnitude of differences such that
small MSE values indicate more accurate predictions, point-by-point.
The goodness-of-prediction measure (G) indicates how effective a prediction
might be relative to that which could have been derived from using the sample mean
alone (Agterberg, 1984). This is given as:
G=

(1-{f
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, ))2
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2

})100

[9)

where zis the sample mean. A G value equal to 100% indicates perfect prediction while
negative values indicate that the predictions are less reliable than if one had used the
sample mean instead.
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Statistical Analyses

Estimates derived by the three interpolation methods were compared , for all eight
soil variables, using the analysis of variance (ANOV A) procedure. A pairwise
comparison t test was then calculated to determine if the methods predicted the same
values at site-specific locations (Hollander and Wolfe, 1973). Estimates from the ID and
S approaches that produced the lowest MAE and MSE values and highest G values were
selected for comparison with estimates obtained from using the OK method . All analyses
were performed in SYSTAT (SPSS, 1996). Significance was based on a probability of
0.05 using a Bonferroni-correction (Cooper , 1968) to take into account multiple testing,
when applicable.
Evaluating effectiveness of interpolation (G values) is similar to evaluating
appropriateness; it is a very subjective decision . I chose a categorization scheme
proposed by Monserud and Leemans (1992) for evaluating the positive G values and to
enable comparison with another investigation. Their scheme is: 0 - 5%, no difference; 5 20%, very poor, 20 -40%, poor; 40 - 55%, fair; 55 - 70%, good; 70 - 85%, very good; 85
- 99%, excellent;> 99%, perfect. Negative G values, however, would be considered
worse.

RESULTSAND DISCUSSION
Table 2-1 contains a summary of the results from the laboratory analyses. Results
from the MAE, MSE, and G assessments are detailed in Tables 2-2 through 2-8. Spatial
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interpolation of the properties sand, soil pH, exchangeable sodium, calcium, and
magnesium, and available phosphorus and organic matter was based on 46 samples. For
clay, interpolation was based on 44 samples because of the influence of two outliers.
The inclusion of these outliers resulted in weak to no spatial autocorrelation while their
exclusion resulted in significant spatial autocorrelation. Spatial interpolation of the
properties silt, exchangeable potassium, cation exchange capacity, and base saturation
proved unreliable using OK. Furthermore, the G values were always extremely negative
when using the ID and S methods. Tables 2-2 through 2-8 do not contain any values for
these four properties as a result.

LaboratoryAnalyses
The data distributions were normal for the properties clay, pH, exchangeable
calcium and magnesium, cation exchange capacity, base satur.1tion, and organic matter.
However, the data distributions were slightly positively skewed for sand, silt, and total
available phosphorus, and bimodally distributed for exchangeable sodium. Locally
extreme samples were identified and included two sites where the sand content was
greater than 40%, two sites where the clay content was less than 32%, and three sites
where the total available phosphorus amount was greater than 20.00 mg kg -1• [n general,
the soils on the lower Omo plain are high in clay content, very alkaline in nature, and rich
in exchangeable cations. Average percent base saturation is e)(tremely high, averaging
over 90%, suggesting little weathering since the deposition of these soils.
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Modeling Problems

Little or no spatial autocorrelation in the silt, cation exchange capacity, base
saturation, and exchangeable potassium data was probably responsible for the derivation
of extremely high MAE and MSE values, and extremely negative G values. These re5Ults
imply that the spatial scale at which these data were collected was inappropriate for this
exercise. Instead, spatial autocorrelation in these data most likely occurs at smaller
spatial scales for silt, cation exchange capacity , and exchangeable potassium, as indicated
by the variograms (spatial autocorrelation was detected at distances less than 10 km) .
Spatial autocorrelation probably occurs at larger spatial scales for base saturation,
however, as indicated by little variability and no detectable spatial autocorrelation in the
data at the scale of my sampling interval. What is also interesting to note as a result of
this exercise is that I would have not been able to determine appropriateness if I had
based my decision solely on either the MAE or MSE measures. It was only because : had
calculated the G measure that I was able to determine that interpolation with these
properties, using any of these methods, was inappropriate.

Appropriatenessand Accuracy

The ability to derive predictions and positive G values for most of the soil
properties in this investigation suggests that the use of spatial interpolation methods nay
be appropriate when data are limited, provided the data are spatially autocorrelated.
However, appropriateness does not necessarily mean that the estimates are acceptable.

32
Rather, appropriateness is purely a subjective decision often based on the economic costs
associated with making errors (Englund et aJ., 1992; Weber and Englund, 1992). In this
particular exercise, in which economics was not an issue, estimates produced by these
methods resulted in all 46 sites remaining accurately classified as Vertisols. However, if
my criterion had been that the residuals had to be less than or equal to 10% of the sample
mean instead, I would have concluded that spatial interpolation with these methods was
inappropriate for at least some of these properties.
The ANOV A test results indicated that the three methods did not differ in
accuracy, regardless of which types of residuals were being examined (e.g ., MAE or

MSE) (Appendix 1, Section A). This suggests that any of these methods would suffice to
interpolate using limited spatially autocorrelated data. However , results from the
pairwise comparison t test indicated that some of these methods did not interpolate the
same at certain locations for some of the properties (Appendix 1, Section B). Those
methods that did not differ significantly included OK when compared to ID and OK when
compared to S. The ID method, however, did appear to differ significantly when
compared to the S method.
The S method differed from the ID method by frequently producing residuals that
were of greater magnitude at certain locations, for exchangeable magnesium (MAE: t =
0.01, p

=0.03; MSE: t =0.0 l, p = 0.02), sand (MAE: t =-2. 78, p =0.0 l), and

exchangeable calcium (MSE: t = -2.61, p = 0.04). The Sand ID methods would have
differed statistically as well when comparing MSE values for sand if a.= 0.10 was the
level of rejection chosen (MSE: t

=-2.45, p =0.05).
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Thin-plate smoothing splines with tensions tended to yield higher residuals
because this method, which is based on a polynomial function, uses a smoothing
approach when interpolating. Smoothing leads to a loss of local detail at specific points,
as a result. The OK and ID methods, on the other hand, calculate an estimated value that
is based on a direct summation of the data values within a specified distance or radii of
the interpolated point. This direct summation approach tends to preserve both local detail
and trend. More localized details or trends in the sand, and exchangeable calcium and
magnesium data subsets, were probably what led to less accurate estimates using the S
method as a result.
Extreme similarity in values when comparing approaches to a method (Table 2.2,
2.3, 2.5, and 2.6) indicated that changing the values of the parameters in the ID and S
models resulted in very little improvement. Therefore, these results do not agree with the
findings of more data intensive investigations (Gotway et al., 1996). Instead,
characteristics of limited data, including skewness , kurtosis, and variability, have little
influence on results when varying the parameters of ID and S.
One does have to wonder , however, why some investigators would even attempt
to link characteristics of their data with the ID modeling parameters. After all, the data
characteristics they were referring to applied to the entire data set rather than to the
subsets of data that were used when interpolating. It would instead be more reasonable to
assume that when the entire data set does exhibit high variability, skewness, or kurtosis,
that subsets of the data (used for interpolating) would not necessarily exhibit the same
characteristics because often times it is just a few data points that influence the
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calculations.

As a result, these unusual data points would either not be included in the

mode n or their influence would be very limited and dependent on their geographic
position.
As a point of illustration , the available phosphorus data I examined contained
three extreme values, two of which had been collected at sites adjacent to each other .
These three extreme values were what resulted in the high estimates of variability,
skewness, and kurtosis. However, the geographic position of the two adjacent samples,
and the northern position of the third sample, resulted in either their contributing very
little to two-thirds of the calculations or their complete exclusion when interpolat ing at
certain locations. This explains why no significant differences between approaches were
found when comparing estimates for this soil property.

Effectiveness

Results from the G assessment indicated that the ID method was significantly
more effective than the other methods when estimating sand, clay, exchangeable calcium
and magnesium, and organic matter, the OK method when estimating soil pH and total
available phosphorus, and the S method when estimating exchangeable sodium (Tables 24, 2-7, and 2-8). Interpolation with S was also clearly very ineffective when estimating
sand, and exchangeable calcium and magnesium.
The S method proved mostly ineffective for all but exchangeable sodium for the
very same reason as why it produced somewhat higher residuals. That is, it uses a
smoothing approach, which results in a loss of local detail and produces estimates more
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similar to, or worse than, the sample mean. The OK and ID methods , howeve r, were
more effective because these methods produce estimates that preserve local detail and
trend. The estimates obtained by OK and ID should be better than using the sample mean
as the predictor, as a result.
Another explanation of why S did so poorly, and why OK and ID produced
similar and better G values , is that in the absence of external data points for reference,
predictions along the edges will follow the specific pattern of the model. For ordinary
kriging this means that the estimates are a product of one ' s efforts to predict what the
pattern in spatial continuity is from the variogram and solved for using either a spherical,
gaussian, or exponential covariance function. Therefore, it is the pattern of spatial
continuity that is modeled that determines the influence of the nearby sample points on
the prediction, as a function of covariation by distance and having the criterion of
minimizing the error variance.
Alternatively, ID conserves the nearest values such that if the nearby values are
high, ID will derive a prediction that is similarly high. Following, if the nearest values
are low, ID will derive a prediction that is similarly low. Thin-plate smoothing splines,
however, follows the model trend such that if the last values it has to work from have an
increasing trajectory, the prediction will be higher than these values. If the trajectory is
decreasing, however, the predictions will be lower. In this investigation, 37% of the sites
I obtained predictions for occurred along the margins of the study area. As a result, the S
method frequently produced predictions of greater magnitude of error for these sites, and

36
the OK and ID methods tended to produce similar predictions, of lower magnitudes of
error.
Using the Monserud and Leemans (1992) categorization scheme, one can
conclude that my ability to effectively predict ranged from: worse to no difference for
sand and clay; worse to very poor for exchangeable calcium and magnesium; worse to
poor for available phosphorus; no difference to fair for soil pH and organic matter; and
very poor to very good for exchangeable sodium (Table 2-4, 2-7, and 2-8).
Categorization of G values reported by Gotway et al. ( 1996) for organic matter would
range from poor to good, and from no difference to poor for nitrogen, under this scheme.
However, their data were not standardized to remove sample size differences making it
difficult to make direct comparisons.
Monserud's and Leemans scheme is presented as a less subjective method for
evaluating effectiveness and to facilitate a direct comparison with other investigations.

I

had predetermined that any G estimate greater than 20% (e.g., very poor) would be
acceptable to my intentions (see Chapter 4). This level of rejection may not be acceptable
to others, however, despite the fact that any G estimate greater than zero does imply that
the predictions were better than those derived by using the sample mean instead. It is up
to the investigator to make the final determination of effectiveness since they obviously
have a specific use in mind. This scheme may facilitate a decision.

Outliers and Sample Size Considerations

I investigated the influence of outliers on accuracy and effectiveness by removing
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the first and then the second highest values from the sand data set, and the three highest
values from the available phosphorus data set (data not presented), and recalculating the
MAE, MSE, and G values . When the one highest value was dropped from the sand datl
set (x = 51.8%), accuracy improved (MAE= 4.9; MSE = 36.7) and effectiveness
increased from poor to fair (G = 46.7) (results from using the ID method). When the tvo
highest values were then dropped, accuracy improved slightly (MAE= 4.7, MSE = 32. 7 ),
and effectiveness remained fair (G = 42.8) . Slightly different results were obtained when
the three highest available phosphorus values were dropped, however. Both the MAE
and MSE values improved (2.4 and 10.4, respectively); however, effectiveness decline d
from poor to very poor (G = 15.3) (results from using the ID method). These results orly
partly support the findings of Gotway et al. (1996), that outliers have little effect on
results.
For sand, removal of the outlier(s) resulted in the remaining data being spatial I)
autocorrelated to a greater extent. For available phosphorus, however, removal of the
three outliers resulted in the remaining values becoming more similar to the sample mean
and the data exhibiting weak spatial autocorrelation. It appears that for some data sets
then, outliers will at times impart information of a nature that will result in a decrease i1
effectiveness even though accuracy may improve. In others, however, the inclusion of
extreme values may result in an imparting of information that could lead to an
improvement in both accuracy and effectiveness . Caution should be exercised when
considering the influence or removal of outliers, as a result, particularly when data are
limited.
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There were not enough data in this investigation to divide the data and test
whether and how data limitations might have affected results. However, even with
limited data I was able to obtain G values that were comparable to other investigations.
The G values in this investigation ranged from 9. 1 to 74.8 (x = 29.7%) while those of
Gotway et al. (1996) ranged from 5.8 to 68.5 (x = 35.7%). Furthermore, my exercise of
dropping outliers in one instance did result in an improvement in accuracy and
effectiveness rather than a decline. These values were obtained even though my data
were collected on a 2-km-scale irregular sample grid, while Gotway and others' data were
collected on a 24-m-scale regular sample grid.

CONCLUSIONS
Using coarse-scaled, limited data in this investigation not only produced similar
results when compared to other investigations, it produced reliable results as well.
Therefore, the use of spatial interpolation methods with limited data appears to be
appropriate provided there is spatial dependence in the data. Furthermore, until more
investigators have funds to collect more samples over larger spatial scales, these tools are
useful in that they can provide reliable results that can serve as the initial model of
patterns or dynamics (of features of interest), at much larger spatial scales than have been
accomplished to date.
The use of validation procedures and accuracy measures, including the mean
absolute and mean square error measures, was invaluable in the determination of
appropriateness, however. Furthem10re, any accuracy measure should be accompanied by
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an evaluation of effectiveness, such as the goodness-of-prediction measure. Evaluating
appropriateness and effectiveness is clearly a subjective process, however. A
modification of Monserud and Leemans' ( 1992) categorization approach provides a
means for removing some of the subjectivity involved. It also has the advantage of
serving as a way of making comparisons between different investigations. This approach
to categorization should be used with discretion, however, and supported with strong
scientific reasoning. This is because without determining effectiveness, one may
erroneously conclude that their modeling effort was successful or one method was better
than another.
With any spatial interpolation method, accuracy and effectiveness depend on
characteristics of the data that are both localized and unique, and how well an
interpolation method can model that uniqueness. In this investigation, ordinary kriging
and inverse-distance weighting appeared to be similarly accurate and effective. Thinplate smoothing splines with tensions, however, did not.
Ordinary kriging and inverse-distance weighting produced predictions that were
acceptable because both use an approach that tends to preserve local detail and trend .
Furthermore, both produced more conservative estimates along the edges of the grid
because they used an approach based either on spatial continuity (ordinary kriging), or on
one that conserves the nearest values to infinity (inverse-distance weighting). Thin-plate
smoothing spline with tensions produced mostly unacceptable predictions because it uses
a smoothing approach that results in a loss of local detail and trend. Furthermore,
estimates along the edges of the grid followed the prevailing trend of the nearest data
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points such that they were either higher or lower than the adjacent reference points.
Oftentimes this resulted in errors of greater magnitude.
An interesting finding in this investigation was that outliers may play an important

role when interpolating with limited data . They may do so by either increasing the
amount or extent of spatial dependence in the data, or by reducing the amount of
variability and dependence between data points . Caution should be exercised when
considering their removal, as a result. Data characteristics including variability,
skewness , and kurtosis, however, do not appear to play an important role.
Furthermore, extreme similarity in estimates when comparing approaches to a
method suggests that predictions are not a function of an interaction between any data
characteristics and a model's particular parameters, when data are limited. However, it is
more likely that interactions are not possible because of a difference in scale in the
information contained in the entire data set versus that contained around the interpolated
area. That is, data characteristics are calculated from values pertaining to the entire data
set, while predictions are based on a subset of data values that most likely have
characteristics that are either attenuated or different from the entire data set. Attempts to
derive a connection between these two entities are inappropriate, as a result.
Aside from the obvious benefits of these results to the agricultural community,
they may also be used to elucidate patterns in soil resources at a larger spatial scale than
has been possible to date. This information may facilitate an understanding of the role
various soil forming processes may play in geographically large landscapes and how a
property might vary or change over a spatial gradient. Spatially dependent matrices of
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predictions may also be useful for investigating relationships between patterns in species
distributions, diversity, or abundance, and patterns in soil resources. This last possibility
has the greatest potential for advancing our understanding of vegetation dynamics in large
landscapes. This is particularly an important benefit that may attract landscape ecologists
who have a desire to understand landscape dynamics over a broad range of spatial scales.
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Table 2-1. Detailed summary statistics for all soil properties: Mean, Standard Deviation (SD), per cent coefficient of variation
(CV%), Skewness, Kurtosis, and Range.
Property

Mean

SD

CV% Skewness

Kurtosis

Range

Sand

%

17.11

9 . 81

57

1.17

2.64

Silt

%

21. 39

9.50

44

1. 68

3.28

10.00 - 56.00

Clay

%

63.13

10.51

71

-0.15

0.71

41.80 - 84.16

7.82

0.38

5

-0.44

-0.41

6.87-8.49
0.24-8.77

pH
Na cmolc

kg -1

3.61

2.40

66

- 0.05

0.50

Ca cmolc

kg ·l

27 . 56

5.49

20

-0 . 27

0.28

1.22

0.35

28

0.93

1.41

7.64

3.24

42

0 . 30

43.22

8.14

19

0.13

0.41

91. 98

7.15

7

- 0.54

-1.00

P mg kg-1

4.68

5.65

121

1. 74

2.80

OM

1.48

0.40

27

0 . 63

0.21

K cmolc

kg- 1

Mg cmolc
CEC cmolc
BS %

kg-

1

kg - 1

-0.37

1. 84-51.

84

15 . 27 - 39.11
0.65-2.34
0.92-14.43
26.06-62.79
76 . 68-100
0. 01-21.

58

0.89 - 2.64

Table 2-2. Mean absolute error values (MAE) and standard errors (se) by approach, using the inverse-distance weighting
method.

Approach

1

2

3

4

5

6

7

8

9

10

11

12

Property:

Sand%

6.32

6 . 32

6.38

6 . 37

6.54

6 .51

6.43

6 .5 3

6.47

6.56

6.59

6.63

se

1. 09

1. 09

1. 04

1. 03

1 . 02

1. 01

1. 09

1.10

1. 05

1. 05

1. 03

1. 02

Clay%

8.09

8.18

7.94

8.01

7.93

7 . 95

7.87

7.96

7.78

7.89

7.99

8 . 04

se

0. 84

0 . 83

0. 84

0. 82

0. 86

0. 83

0. 84

0. 83

0. 84

0 . 83

0 . 84

0 . 83

pH

0.26

0.26

0 . 24

0.25

0.22

0.22

0 .2 5

0 . 25

0 . 24

0.24

0 . 21

0.21

se

0. 03

0. 03

0. 03

0 . 03

0. 03

0. 03

0. 03

0. 03

0. 03

0. 03

0. 03

0 . 03

1.52

1.53

1.42

1.43

1.27

1.29

1.42

1.41

1.34

1.33

1.22

1.21

0.15

0.14

0.16

0.15

0.16

0 .1 6

0.14

0 . 14

0 .14

0.14

0.14

0.15

4.31

4,26

4.29

4 . 25

4.41

4.39

4.39

4.38

4.35

4.36

4.46

4.48

0.36

0.36

0.41

0.41

0.44

0.44

0.37

0.37

0.41

0.40

0.43

0.42

2.14

2.16

2.13

2.14

2 . 11

2.10

2.18

2 .1 9

2.15

2.16

2 . 12

2.11

0.26

0.26

0.26

0.26

0.26

0.27

0.26

0.26

0.25

0.26

0.26

0.27

3.50

3.49

3.44

3.43

3.61

3.61

3.46

3.44

3.44

3.45

3.61

3.63

se

0.48

0.48

0 . 52

0.52

0.55

0.54

0.48

0.48

0.51

0.50

0.52

0.51

OM

0.21

0.21

0.22

0.22

0 . 22

0.22

0.22

0.23

0.22

0 .2 2

0 . 22

0.22

se

0.03

se

se

se
P mg kg·

1

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
Model parameters:
approach
1-6,
search
~adii=22
and approach
7-12,
search
radii=l2;
approach
1, 2, 7, and
8 distance
power=0.5;
approach
3, 4, 9, and 10 distance
power=l;
5, 6, 11, and 12 distance
power=2;
evennumbered
approaches
represent
the unsmoothed
calculations,
odd ·-numbered
the smoothed
calculations.

Table 2-3. Mean square error (MSE) and standard errors (se) by approach, using the inverse-distance weighting method.

Approach

1

2

3

4

5

6

7

8

9

10

11

12

Pr0Qert:1i:::
Sand

%

85.59

86 . 30

88.77

89 . 08

96. 06

95.91

88.24

90.14

91.10

92.40

97.48

97.77

47.95

47.91

43.02

43 . 12

40.03

40.04

49.18

48.82

45.96

45.34

43.79

42.96

95.27

98.45

92.19

94.35

92.87

93.68

91.23

93.47

90 . 44

92.41

93.56

94 . 93

se

17. 77

17.67

16.35

16.05

16.29

15.81

19.33

18.80

18. 04

17.41

17 . 69

17.01

pH

0.11

0 . 11

0 .10

0.10

0.08

0.09

0.10

0 . 10

0.09

0.09

0.08

0.08

se

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0 . 02

0.02

0.02

0.02

0.02

3.43

3.54

3.05

3.16

2.51

2.62

2.99

2.92

2. 72

2.67

2.35

2.34

0.55

0 . 53

0.64

0.61

0.68

0.66

0.48

0 . 48

0.52

0.54

0 . 55

0 . 59

30.55

30.06

29.90

29.55

30.81

30.80

31.17

31.51

30.73

31.14

3.65

3.60

4.17

4.16

4.76

4.79

3 . 73

3.65

4.09

7 . 74

7.82

7.51

7.55

7.45

7.41

7 . 90

7.73

1. 79

1. 80

1. 71

1.70

1 . 74

1. 74

1. 75

24 . 01

24 . 08

23.33

23.44

se
Clay

%

Na cmol

0

kg·

1

se
Ca cmolc

kg ·

1

se
Mg cmolc

se
P mg kg · l

kg·

1

31.67

32 .25

4 . 00

4.47

4.39

7.64

7.50

7.56

7.39

1. 82

1. 61

1. 70

1. 62

1. 71

23.88

24 .11

23 .2 0

23.47

23 . 31

23 . 62

25.56

25.67

se

5.66

5. 72

7.08

7.09

7.90

7.95

5.63

5.61

6.75

6.59

7.38

7.20

OM

0.08

0.08

0.08

0.08

0.08

0 . 08

0.09

0.09

0.08

0.09

0.08

0.08

se

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

Model parameters:
approach
1-6, search
radii=22
8 distance
power:0.5;
3, 4, 9, and 10 distance
approaches
represent
the unsmoothed
calculations,

and approach
7-12,
search
radii=12;
approach
1, 2, 7, and
power:l;
5, 6, 11, and 12 distance
power:2;
even-numbered
odd-numbered
the smoothed
calculations
.

...

00

Table 2-4. Goodness-of-prediction values (G) by approach, using the inverse-distance weighting method.
Approach

1

2

3

4

5

6

7

8

9

10

11

12

4.26

3.25

1.87

-3.54

-3.84

Property:
5.71

5.39

-2.02

-1.87

6.28

Sand%

9.10

8.34

Clay%

11.11

8 .14

pH

25.45

23.94

32.38

31.15

41.15

40.36

28.42

28.21

35.29

35.24

42.72

43.02

13. 99 11. 96 13. 35 12. 59 14. 88 12. 79 15. 61 13. 78 12. 70 11. 42

Na cmolc

kg-1

38.97

36.92

45.63

43.65

55.31

53.32

46.70

47.92

51.49

52.47

58.20

58.31

Ca cmolc

kg-1

6.01

7.51

8.01

9.09

5.20

5.22

4.11

3.04

5.45

4.18

2.55

0.78

Mg cmolc

kg-1

26.80

26.36

27.32

27.76

22.94

24.67

25.52

26.90

26.30

27.94

24.5123.76

P mg kg-1

18.25

17.90

23.22

22.97

25.37

25.04

23.63

22.90

25.81

24.93

25.45

24.45

OM

48.72

49.17

49.35

49.37

49.76

48.99

45.60

44.04

47.12

45.63

48.66

47.11

radii=l2;
search
7-12,
and approach
radii=22
search
1-6,
approach
Model parameters:
5, 6, 11,
power=l;
distance
10
and
9,
4,
3,
power=0.5;
distance
8
and
1, 2, 7,
approach
calculations,
the unsmoothed
represent
approaches
even-numbered
power=2;
and 12 distance
calculations.
the smoothed
odd-numbered

Table 2-5. Mean absolute error values (MAE) and standard errors (se) by approach, using the thin-plate smoothing splines
with tension method.

Ul

0

8

10

11

12

6

7

9.68

10.19

9.34

9.88

9.58

10.13

9.89

10.45

1.53

1.62

1.52

1.70

1.61

1.69

1.59

1.67

1.58

8 . 27

8.54

8.35

8.64

8.02

8.27

8.05

8.33

8.33

8.50

0.83

0.84

0.82

0.86

0.83

0.84

0.83

0.84

0.83

0.84

0.83

0.23

0.25

0.24

0.25

0.24

0.25

0.23

0.24

0.23

0.24

0.24

0.25

se

0.03

0.03

0.03

0.03

0.03

0 . 03

0.04

0.03

0.03

0.03

0.03

0.03

Na cmolc kg - 1

1.01

1.07

1.01

1.07

1.01

1.07

1.01

1.06

1.00

1.06

0.99

1.06

se

0.11

0.10

0.10

0.10

0.10

0 . 10

0.10

0.10

0.10

0.10

0.10

0 .1 0

5.53

5.90

5.59

5.97

5.66

6 . 06

5.38

5.76

5.48

5 . 88

5.63

6.06

se

0,36

0.36

0.41

0.41

0.44

0.44

0.37

0.37

0.41

0.40

0.43

0.42

Mg cmolc kg - 1

2.56

2.67

2.57

2.68

2.59

. 2.69

2.56

2.70

2.62

2.73

2.69

2.80

se

0.36

0.35

0.36

0.34

0.36

0 . 34

0.35

0.34

0.35

0.33

0.35

0.33

3.93

4.14

4.02

4.21

4.08

4.30

3.72

3.90

3.79

4.01

3.92

4.17

se

0.57

0.56

0.56

0.55

0.55

0 . 55

0.56

0.55

0.56

0 .55

0.55

0.54

OM

0.24

0.25

0.24

0.25

0.24

0.25

0.24

0.25

0.24

0 .2 5

0 .25

0.26

se

0.03

0.03

0.03

0.03

0.03

0.03

0 . 03

0 . 03

0.03

0.03

0.03

0.03

Approach

1

2

3

4

Sand%

9.46

9.97

9.57

10.08

se

1.64

1.55

1.62

Clay%

8.22

8.47

se

0 . 84

pH

5

9

Property:

and approach
1-6, number of sample points=16
approach
Model parameters:
5,
3, 4, 9, and 10, weight=0.10;
1, 2, 7, and 8, weight=0.01;
approach
odd-numbered
calculations,
the unsmoothed
represent
numbered approaches

7-12, number of sample points;8;
even6, 11, and 12, weight=0.50;
calculations_
the smoothed

-
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Table 2-6. Mean square error (MSE) and standard errors (se) by approach, using the thin-plate smoothing splines with
tension method.

UI

t-..>

4

3

2

1

Approach

5

9

8

7

6

10

11

12

Pro12erty:
189.52

212.17

193.60

74.28

66.93

73.00

99.08

105.00

100.50

se

17.77

17.67

pH

0.10

se

Sand %

216.90

197.89

221. 31

185.33

209 . 31

195.10

219.86

208.07

233.60

76.02

68.49

72 . 83

65. 71

77. 76

70.24

76.82

69.33

106.70

102.50

109.10

93.02

98.58

95.38

101. 59

101. 59

106.60

16.35

16.05

16.29

15.81

19.33

18.80

18.04

17 .41

17.69

17.01

0.10

0 . 10

0 .11

0.10

0.11

0.10

0.10

0 . 10

0.11

0 . 10

0 . 11

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

1. 51

1.65

1.50

1.66

1.49

1. 64

1.49

1.64

1.46

1. 61

1. 43

1.60

0.27

0.24

0.27

0.24

0.27

0.24

0.26

0.23

0 . 26

0 .23

0.26

0.23

51.44

58.26

51.93

60,10

53.98

62 . 72
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55.59
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53.88

62.83

3.65

3.60

4.17

4 . 16

4.76

4.79

3.73

3.65

4 . 09

4.00

4.47

4 .3 9
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12.69
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12 . 82
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12.95

11. 46

12.43

11. 78

12.78

12.21

13 . 25

3.28

3,06

3.26

3 . 03

3.25

3.03

3.20
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3.19

2.95

3.18

2.94

28.13

30 .11

28.90

30.98

29.97

32.20
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27.73

26.74

28.94

28.47

30.94

se
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6.80
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6.51

6.36

6.37

6.21
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0.09

0.10

0.09
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0.09

0.10

0.09

0.10

0.09

0.10

0.10

0.10

se

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0 . 02

0.02

se
Clay

%

Na cmolc

kg·

1

se

Ca cmolc

kg·

1

se
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kg·

1

se
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Table 2-7. Goodness-of-prediction values (G) by approach, using the thin-plate smoothing splines with tension method.
Approach

l

2

3

4

5

6

7

8

9

10

11

12

-120 . 99

- 148 . 10

7 . 24

0.51

Property:
Sand%

-110.30

- 125.89

- 105.60

-130 . 40

- 110 . 10

-135 . 06

- 96 . 84

- 122 . 30

-107 . 20

Clay%

7.55

1 . 99

6 . 21

0 . 41

4 . 32

- 1.80

13 .2 1

8 . 02

11. 01

25.47

23 . 94

32.38

31.15

41 . 15

40 . 36

28 . 14

18.12

35 . 29

)5.24

42 . 71

43.02

73.09

70 . 54

73 . 31

70.68

73.52

70 . 81

73 . 46

70 . 87

74 . 00

71.27

74 . 49

71 . 56

-55.21

-79.24

- 59.78

-84.91

- 66.08

-92.99

- 47.57

-71 . 04

-54 . 83

- 79.79

-65 . 77

- 93.31

-14.54

-23.73

- 15 . 70

- 24 . 98

- 16 . 86

- 26.25

- 11.79

- 21.2)

-14 . 85

- 24 . 59

- 19.09

- 29 . 21

p mg kg·•

10.01

3.71

7.56

0,90

4.14

- 3.00

17 . 78

11.30

14.47

7.45

8.93

1.0)

OM

42.78

39 . 30

42.50

39.02

41.65

37.95

40 . 71

37 . 07

39.78

36.10

38 . 84

35 . 00

pH

Na cmol,

Mg cmol,

kg · •

kg · •

Model parameters:
approach
1, 2, 7,
numbered
approaches

approach
1-6, number of sample points=l6
and approach
and 8, weight=0.01;
3, 4, 9, and 10, weight=0 . 10; 5,
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the unsmoothed
calculations,
odd-numbered

-13).52

5 . 21

7-12,
number of sample
points=8;
6, 11, and 12, weight=0 . 50; eventhe smoothed
calculations.

Table 2-8. Mean absolute error (MAE) and mean square error (MSE), standard errors (se),
and goodness-of-prediction values (G), using the ordinary kriging method.

Property

MAE

se

MSE

se

G

Sand %

6.25

1.07

90.24

49.01

4.16

Clay%

8.30

0.91

104.22

20.81

2.79

pH

0.21

0.03

0.08

0.02

44.27

Na cmolc kg-l

0.98

0.11

1. 50

0.31

73.33

Ca cmolc kg-1

4.44

0.54

32.68

7.63

12.22

Mg cmolc kg-1

2.37

0.28

9.20

1. 92

10.25

P mg kg-1

3.12

1. 07

22.86

7.18

26.88

OM

0.22

0.03

0.08

0.02

46.61

Vl
Vl
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Fig. 2-1. Location of the lower Omo Basin, Ethiopia.
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CHAYI'ER3
OF SPATIALPATTERNSOF SOIL PROPERTIES
CHARACTERIZATION
IN A VERTISOLLANDSCAPE
ABSTRACT
The literature on Vertisols contains no information about how soil properties
might vary spatially in a landscape since data from most investigations are both limited
and of very coarse or fine resolution. In this study, the spatial variability exhibited by
eight soil properties was analyzed using comprehensive data collected from a Vertisol
plain, located in the lower Omo Basin, Ethiopia . A northwest-southeast rainfall gradient
occurs across the Omo plain, and topography varies from gently sloping at the margins to
relatively level elsewhere. Surface models for each soil property were calculated using
spatial interpolation methods. The models illustrate that exchangeable calcium and total
available phosphorous concentrations are spatially invariant , while sand and clay
fractions vary to a very limited ex.tent. The pattern exhibited by orgaruc matter and
exchangeable magnesium was a spatial trend in concentration from north to south.
Exchangeable sodium and pH exhibited a rapid, multi-directional, radiating spatial
pattern. Moisture inputs determine the character of the variable patterns in this system,
via rainfall, surface flows, natural springs, and hydrothermal sources. The effect of
historic and recent parent material additions and topographic variability, however, is only
apparent on the less dynamic constituents. In addition, the response of one soil property
may be modified by the response of another by affecting the rate and magnitude of
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mineralization, alkalization, adsorption, or fixation. Evidence of high spatial variability
in the more dynamic and important soil constituents suggests that characterization using
more data may be important for effective management of soils in certain landscapes.

INTRODUCTION
Vertisols have been the subject of many investigations because of their
importance for agriculture. There is an abundance of literature on Vertisol genesis,
distribution, morphology, mineralogy, and chemistry under a wide range of conditions
throughout the world (Duda!, 1965; D'Hoore, 1965; Dixon, 1982; Ahmad, 1983; Probert
et al., 1987; Wilding and Puentes, 1988; Ahmad and Mermut, 1996; Coulombe et al.,
1996a). This has led to an understanding of the numerous conditions, features, and
characteristics that most, if not all, Vertisols share and can be used to define their
behavior at the global scale. The spatio-temporal scale over which this information was
collected has generally been suitable for landscape-scale agricultural purposes (see
summaries by: Dixon, 1982; Ahmad, 1996a, b; Ahmad and Muirhead, 1996; Coulombe et
al., 1996a, b; Freebairn et al., 1996; Kut11ek, 1996; McGarry, 1996; Yule and Willcocks,
1996). However, the Vertisol literature provides little insight into how soil properties
vary spatially within a single landscape because the data are limited and collected at
extremely coarse or very fine resolutions.
The importance of understanding how soil properties vary within a single
landscape has been discussed by numerous authors (Wilding and Drees, 1978, 1983;
Trangmar, 1984; Nielsen and Bouma, 1985). In particular, until there is an understanding
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of how soil properties vary in a spatial context, our comprehension of specific and
important types of soil behavior will remain limited. Furthermore, lack of understanding
may result in improper management of certain soils, or locales within a landscape,
resulting in significant financial losses.
Investigations into how soil properties vary spatially in a single landscape should
ideally be conducted in a landscape where all but one state factor is thought to be
relatively invariant (e.g., a climo-, tempo-, topo-, bio-, or lithe-sequence).

This approach

would enable the investigator to ascertain the specific role of each of the state factors and
avoid confusion regarding the response of the soil property. In addition, the investigation
should include an appropriately scaled and spatially explicit sampling scheme, and
involve collection of an adequate amount of data (Wilding, 1985). This would avoid
"noisy" data, increase the accuracy and precision of estimates when required, and allow
quantitatively robust spatial characterization of the property of interest.
The present study was initiated to characterize the soils from a Vertisol plain, and
to investigate how and to what extent particular surface soil properties varied, using a
spatially explicit sampling scheme . This investigation was conducted in a 76 000 ha
savanna landscape in the lower Omo Basin, Ethiopia, that exhibited a rainfall gradient.
Comprehensive information on several physical and chemical soil properties were
obtained from 46 samples collected in the Vertisol plain, that is gently sloping to
relatively level. Characteristics of the data were determined using standard statistical
procedures and results were compared with those described for other Vertisol Iandscapes.
The characteristics investigated included distributional attributes of the data (e.g., mean,
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coefficient of variation, etc.). The analysis of spatial variability was conducted using
spatial interpolation methods to calculate surf ace models for eight soil properties. The
patterns exhibited in each model were then examined and interpreted with reference to
patterns exhibited by other soil properties , the rainfall gradient, and knowledge of recent
parent material additions.

MATERIALSAND METHODS

Study Area Description

The study area was the Omo Plains, located within the boundaries of Omo
National Park (Fig. 3-1 and 3-2). The Omo Plains are part of a more extensive, wide,
relatively level sedimentary landscape fanned during the Quaternary period. They are
dominated primarily by alluvium of basaltic origin (Davidson, 1983). The landscape
developed as a result of flooding and meandering by the Omo River, with repeated level
changes in Lake Turkana in the extreme southern half, and varying but limited amounts
of colluvial depositions along the uplifted margins (Butzer, 1971; Davidson, 1983).
Butzer and Thurber (1969a, b) estimated the sedimentary deposits were no less than 120
m thick in the extreme southernmost portion of the lower Omo Basin. The source of the
colluvial deposits included salic-rich crystalline basement rocks and volcanic rock,
overlaying a layer of sedimentary rock (Davidson, 1983). An additional but more recent
source of alluvial material was the Mui River. The Mui is currently characterized as
ephemeral but was described as perennial until the early 1970s (Sutcliffe, 1992).
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Paleontological evidence suggests that the climate has changed repeatedly since
the development of this landscape, oscillating between wet and dry periods (Butzer,
1971). The current climate ranges from arid in the south near Omo Rate ( x = 242 mm) to
subhumid in the north near Maji (x =1523 mm). Mean annual rainfall at Mui averages
793 mm and is bimodally distributed (Omo NP headquarters, 518 m elevation) . Mean
annual temperature for the entire lower basin was estimated as 20°C (Gamachu, 1974).
Savanna vegetation dominates the Omo landscape, with tall grasslands common
in the northern half, mixed intermediate grasslands in the central portion, and short
grasslands in the southern half. Adjacent to the Omo River and bordering the grasslands
to the east are mixed Acacia-dominated dense shrublands. The western edge of the
grasslands are bordered by a north-south-trending mountain range with mixed shrublands
along the margins. These mountains are dominated by open Combretum woodlands
interspersed with dense bushlands, while dense woodland belts occur immediately
adjacent to the Mui and Omo Rivers.
With the exception of a few volcanic outcrops in the northern portion of the Omo
Plains, topography within the study area varies little and ranges between 430 and 490 m
elevation. The volcanic outcrops average 800 min elevation and divide the northern
portion into two plains. These two plains will be referred to as the northwestern and
northeastern plains, henceforth (Fig. 3-2). In the northern portion of the study area, the
adjacent mountains range as high as 2500 m and there is a gradual altitudinal transition
between the mountain range and the plain. South of the Mui River. however, elevations
do not exceed 1100 m and there is an abrupt rather than gradual altitudinal transition
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between the mountain range and the plain.

Sampling, Laboratory, and Statistical Analyses

In August 1996 soil samples were collected from 46 sites in the study area (Fig. 32). The sites were selected to provide an adequate sample size, proportional
representation of each soil type, and coincidence with vegetation survey sites (see
Chapters 2 and 4). Soil types were detennined a priori while conducting vegetation
surveys and based on classification according to the Munsell dry-color scheme. At each
of the 46 sites, five 30-cm deep cores were collected systematically along a 20-m transect,
oriented north to south, using a 10-cm diameter soil push tube. The five samples were
then bulked by site, air-dried, and passed through a 2-mm sieve.
The International Livestock Research Institute (Il..RI) lab in Addis Ababa,
Ethiopia, performed all soil analyses following procedures outlined in Miller et al. (1998).
Soil properties investigated included percent sand, silt, and clay; pH; exchangeable
cations: calcium, magnesium, sodium, and potassium; percent cation exchange capacity
(CEC) and base saturation; total available phosphorous; and organic matter. Soil pH was
measured using the 1:1 soil/water saturation paste method; available phosphorus was
determined using Olsen's method; exchangeable calcium, magnesium, sodium, and
potassium were measured using a modification of the Ammonium Acetate Method; and
particle size distribution was detennined by the Andreasen pipette method and by sieving.
CEC was determined by summing the exchangeable cations; and base saturation was
determined as the ratio of exchangeable cations to CEC and expressed as a percentage.
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All analyses were perfonned in triplicate and results were averaged. Correlation analyses
between all soil properties were perfonned in SYST AT (SPSS, 1998) using standardized
data and Pearson's correlation coefficient.

Climate Model

Multiple stepwise regression using SYSTAT (SPSS, 1998) was employed to
derive an equation to model rainfall. This equation was then used to calculate estimates
of mean annual rainfall at specific geographic coordinates throughout the study area. The
data were from Mui and four meteorological stations located within 150 km of Mui, at
vary:ng elevations (range 380 to 2260 m). The data included mean annual rainfall (mm),
elevation (m), and X and Y geographic position (in 10,000 m Universal Transmercator

(lJTM) measure units). Number of years of mean annual rainfall data varied from 6 yr
(Omo Rate) to 10 yr (Jinka) (e.g., 1985-1995, data not presented). Temperature was not
included in this analysis because of invariance at this scale of investigation.
Regression analysis revealed elevation and the Y geographic coordinate as the
best independent model variables (adjusted multiple squared R = 0.96). The equation
used to calculate the rainfall estimates was:
P = (E

* - 0.73) + (Y * 0.58 · 104 ) + (Y * E * 0.19 · 10"5)

[ll

where P is mean annual rainfall (mm), Eis elevation, and Y the Y - U1M coordinate.
Estimates were then computed, 184 of which coincided with sites for which there
was interpolated soils data (see Soil Property Surface Models). All estimates were
mapped on an irregular grid approximately 30 by 60 km, at the scale of a 2-by-2 km cell,
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using the GRID-module in Arc/Info (Fig. 3-3) . For the purpose of illustration, the data
were smoothed using a 3-by-3 moving window average.

Soil Property Surface Models

Surface models illustrating the spatial pattern exhibited by sand, clay, pH,
exchangeable calcium, magnesium, and sodium, available phosphorus , and organic matter
were derived using either ordinary kriging (OK) or inverse-distance weighting (ID)
interpolation methods. These methods were presented in detail in Chapter 2. No attempt
was made to develop surface models for silt, base saturation, CEC, and exchangeable
potassium because of an inability to derive accurate and reliable predictions using either
interpolation method (see Chapter 2). I briefly reiterate what each interpolation method
entailed and describe the modeling approach for each of the eight soil properties.
Ordinary kriging involved computation of an isotropic variogram, estimation of
the variogram parameters through non-linear squares weighting using a spherical
estimator, followed by kriging, as described by Isaaks and Srivastava (1989). The
matrices for kriging were derived using a spherical covariance function with the weights
used in the covariance model derived from the spherical variogram model parameters
(i.e., sill, nugget, and range). All 46 sample points were used to interpolate when kriging .
The ID method involved predicting a surface using a linearly weighted combination of a
set of sample points with the weight being a function of inverse distance (Watson and
Philip, 1985). The difference between OK and ID is that OK uses the minimization of
covariance criterion when fitting the representative surface (I.saaksand Srivastava, 1989)
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while the ID method operates under the assumption that the influence of each sample
point declines as a simple function of distance (Watson and Philip, 1985).
The S+ Spatial module (Mathsoft, Inc.) was used to compute the variograms and
calculate the kriged surfaces following procedures outlined by Kaluzny et al. ( 1996) and
the GRID-module in Arc/Info (ESRI, 1991) was used to calculate the ID interpolated
surfaces. Predictions for the eight soil properties were derived for 142 sites and the true
data values were replicated at the 42 sites from which cores were collected. Four sample
sites were not included in the surface maps since these sites occurred on slightly elevated
positions in the plains. Results were mapped on an irregular grid approximately 24 by 60

km in size, at the scale of a 2-by-2 km cell using the GRID-module in Arc/Info.

RESULTSAND DISCUSSION
Laboratory and Statistical Analyses

Results from the laboratory analyses for each of the soil properties are preseqted
in Table 3-1. Properties that varied little included pH, organic matter, CEC, base
saturation, and exchangeable potassium and calcium (CV< 30%). Available phosphorus
varied the most, with three samples having values > 20.00 mg kg ·1• The soils for the
most part were not well leached (44 samples with pH > 7 .00) and high base saturation (>
75%) predominated as they do elsewhere in Africa (D'Hoore, 1965; Duda!, 1965;
Hubble, 1984). Clay content was high(> 40%), and calcium and magnesium dominate
the exchange complex, as is commonly reported (D'Hoore, 1965; Duda!, 1965;

67
Coulombe et al., 1996a; Mennut et al., 1996).
The soils were alkaline in nature (pH: x = 7 .82), which was expected under low
rainfall conditions (D'Hoore, 1965; Duda!, 1965; Ahmad, 1996a; Mennut et al., 1996).
Available phosphorus, and exchangeable potassium , sodium, and magnesium were low
but comparable to elsewhere (Blokhuis, 1993; Coulombe et al., 1996a), with the
exception of the three sites where available phosphorus was extremely high. Organic
matter was also low(< 2%) but normal for Vertisols, and probably a result of low rainfall
and drought conditions (Coulombe et al., 1996a).
The soils were generally fine-textured Silty Clay Loams and ranged in color from
very dark grayish brown (dry and moist: 10 YR 3/2) to dark gray (dry and moist: 5YR
4/1) (data on texture and all Munsell color values not presented here). These colors
probably reflect the adsorption of organic matter onto the clay particles during anaerobic
conditions rather than the presence of iron, and high residence times on the exchange
complex (Dudal, 1965; Ahmad and Mennut, 1996). The soils have mixed mineralogy
that was smectite rich (Soil Survey Staff, 1996), which is not uncommon for Africa
(Ahmad and Mermut, 1996).
Cumulatively, these data reveal that the soils are relatively unweathered, most
probably as a result of low rainfall. Field observation of the presence of slickensides and
cracks(> 5-mm in size, depth> 25-cm, > 90 days), along with the lab results
quantitatively verify that the Vertisol soils in the study area can be classified as Udic
Haploxererts (Soil Survey Staff, 1996). Furthermore, the soils of the study area are very
similar to other Ethiopian and East African Vertisols (FAO, 1965; D'Hoore, 1965; Dudal,
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1965; Berhanu, 1982; Russell-Smith, 1984; Dudal and Eswaran, 1988; Ahmad, 1996a;
Coulombe et al., 1996a, b).
Correlation analyses resulted in several significant correlations (Table 3-2). Not
surprisingly, clay was significantly correlated with sand, silt, CEC, and exchangeable
potassium. Other significant and interesting correlations included those between pH and
exchangeable sodium, pH and available phosphorus, and between exchangeable sodium
and available phosphorus, and between exchangeable sodium and organic matter (Table
3-2). A significant correlation between clay and CEC and not between organic matter
and CEC implied that clay content influenced the availability of cation-exchange sites to
a greater extent than did organic matter (Johnson et al., 1962; Shadfan et al., 1983;
Merrnut et al., 1996). The strength of the correlation between exchangeable calcium and
CEC suggested that calcium dominates the cation-exchange sites.
Clay content appeared to have a decisive influence on the amount of exchangeable
potassium as well, by increased adsorption on the exchange sites as the amount of clay
increased (Coulombe et al., 1996a). A positive correlation between pH and exchangeable
sodium reflected the interrelationship between these properties under high pH conditions
due to alkalization of the soils (Bou! et al., 1989). A negative correlation between
available phosphorus and pH suggested fixation of available phosphorus under high pH
conditions but not under low pH conditions, while a negative correlation between
available phosphorus and exchangeable sodium was likely a reflection of the correlation
each had with pH (Coulombe et al., 1996b). A significant negative correlation between
organic matter and exchangeable sodium reflected the influence of exchangeable sodium
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on vegetation, since few species are known to tolerate high sodium concentrations.

Characterization of Spatial Patterns

Maps of each of the soil surface models are illustrated in Figure 3-4. Predictions
for each plot site are represented at the scale of a 2-by-2 km cell. The small-scaled gaps
in the surface maps, between the northern and southern portions of the study area and
within the northern portion, represent areas with more recent parent material additions
that might influence modeling results. These include additions from the Mui River and
the volcanic outcrops in the northern plain. Mapping at the scale of a 2-by-2 km cell
represents the minimum sampling distance between sample sites and the maximum
spatial ex.tent of each data value (i.e., actual or estimate), with the data value having been
derived for the center coordinate of each cell.
Analyses of each surface model suggests that there are three general types of
spatial patterns exhibited by the eight soil properties in the Omo Plain. ln addition , the
patterns appear to reflect the influence and particular characteristics of different state
factors.

Percent Sand and Clay
The spatial pattern exhibited by sand and clay appeared as a gradual, continuous ,
radiating change in values in the southern plain landscape, and few differences in the
northern plains. An exception was a few sites with high clay content near the base of the
mountains in the northern plain. [n the southern plain, the patterns were due to recent
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parent material additions as a result of surface runoff from the adjacent landfonn.
Specifically, the southern mountain range is highly susceptible to erosion because unlike
the northern range it supports less biomass and has a long history of disturbances that
include seasonal pastoral settlement activity, frequent burning, and live~;tockgrazing. In
addition, the average slope on these mountains is high and the range ends abruptly at the
edge of the plain. As a result, the opportunity for transportation of sand particles via
sheet erosion and aeolian events is greater, and for greater distances, than in the northern
range . This is particularly the case when the landscape is subjected to infrequent but
intensive rainfall events and there is a specific path for the runoff, as was evidenced by
high sand content associated with the path of runoff .

In the northern plains, shallower slopes and a gradual transition into the plains
results in lower surface-flow velocities, the transportation of finer rather than coarser
materials, and depositions closer to the base of the northern range, and hence a likely
explanation for high clay fractions within short range of the base of the mountains rather
than high sand fractions. An additional explanation for high clay fractions could include
downslope translocation when soils upslope become saturated. However, given the
spatial scale over which translocations must occur to explain these high values,
translocation seems an unlikely explanation. In situ soil fonnation is a possibility as well
(Kantor and Schwertmann, 1974; Shadfan, 1983; Hussain et al., 1984). When the ratios
of CEC to clay fractions were calculated, however, there was no evidence that soil
formation was more advanced in the northern plains (Table 3-3).
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Soil pH
The spatial pattern exhibited by pH can be characterized as a rapid, radiating,
multidirectional pattern of change in soil alkalinity (Fig. 3-4). The pattern appeared due
to both a west-trending topographic gradient (northern plain), and alkalization in response
to exchangeable sodium additions (Fig. 3-4). Values of pH in the northeastern plain also
reflected the relatively topographically invariant nature of this area, which results in these
soils remaining waterlogged for extended periods and the release and retention of cations
within this plain. In the southern plains, however, pH appeared to be exclusively a result
of the rainfall gradient and alkalinization. In general, the rate-of-change of pH with
distance appeared similar in both the northern and southern plains, and less than that
exhibited by exchangeable sodium (Fig. 3-4).
The spatial patterns exhibited by pH appeared reasonable in response to the effect
of sodium on the alkalinization process. However, rainfall was expected to exert a
greater influence than it did (Molloy and Blakemore, 1974; Williams et al., 1978;
Shadfan, 1983), particularly since these soils were not considered saline.

ExchangeableSodium
The spatial patterns exhibited by exchangeable sodium were similar to those
exhibited by pH (Fig. 3-4). As a result, the pattern can also be characterized as a rapid,
radiating, multidirectional pattern of change in exchangeable sodium. This pattern in
concentration appears to be a function of the influence of moisture, via rainfall, surface
flows, natural springs, and hydrothermal sources, rather than of differences in parent

72
material (historic versus recent).
Specifically, in the northern plains, patterns in exchangeable sodium reflected the
pattern in rainfall (Fig. 3-3) and direction of surface runoff from the adjacent slopes, and
the locale(s) of sodium accumulation. Unusually high concentrations in the center of the
northeastern plain also reflected additional sodium inputs via natural springs. These
springs are likely a result of both long-distance and short-distance subterranean flows that
have been forced to the surface along the base of the volcanic outcrops, resulting in
additional sodium inputs within a limited portion of this landscape. Sodium
concentration in the southern plain appeared to reflect the influence of rainfall and
hydrothermal sources, both directly and indirectly. A direct rainfall influence was evident
in the pattern of increase in exchangeable sodium away from the Mui River.
Similar relationships between rainfall or topography, with exchangeable sodium,
have been noted by other investigators as well (Molloy and Blakemore, 1974; Fitzpatrick
and Le Roux, 1977; Williams et al., 1978; Shadfan, 1983). However, in the Omo, the
influence of rainfall or topography was apparent only under limited conditions as a result
of the overriding effect of two hydrothermal sources. These included a currently active
perennial hotspring that exerts its influence at quite a large scale due to its outflow (UTM
X: 807,720 and UTM Y: 632,430), and an inactive hotspring with a very localized effect
(UTMX: 805,005 and UTM Y: 625,010). The active hotspring receives inputs via
rainfall and subsurface flows, the latter partly a result of being adjacent to the southern
range.
As a result of these factors the pattern was one of high exchangeable sodium in
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locales under the influence of the hydrothennal sources, and declines in concentration
radiating away from the influence of these sources. Furthermore, there was a twofold
increase in the relative abundance of exchangeable sodium on the cation exchange
complexes in the southern plain, when compared to the northern plains (Table 3-3). The
addition of sodium via the hotsprings probably accounts for this discrepancy in relative
availability.

ExchangeableCalcium
Exchangeable calcium appeared somewhat higher in the northern plains than in
the southern plain (Fig. 3-4). Two sites where exchangeable calcium was low
corresponded to two sites where exchangeable magnesium was high. For exchangeable
calcium, this patch of low values resulted in a very limited-in-extent pattern of increase
away from the two sites. There was little spatial variability exhibited by exchangeable
calcium across the entire landscape, however. Few north-south differences and little
spatial variability reflected static behavior by this property, despite evidence of recent
colluvial additions and the existence of a rainfall gradient. Rather, exchangeable calcium
reflected initial parent material additions and low weathering rates (Table 3-3).
The expectation, however, was a decrease in exchangeable calcium as rainfall
decreased (e.g., a gradient in weathering or mineralization) and a possible increase along
the slight topographic gradient (Fitzpatrick and Le Roux, 1977; Williams et al., 1978;
Shadfan, 1983). The range and amount of rainfall across the Omo Plain may be too low
to result in differential weathering or mineralization rates, however.
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Exchangeable Magnesium
The spatial pattern exhibited by exchangeable magnesium appeared southtrending, smooth, and.gradual (Fig. 3-4). The pattern did appear to change, however,
exhibiting discontinuous and homogenous concentrations south of the central portion of
the southern plain. This pattern of decline in concentration appeared to follow the pattern
of decline in rainfall somewhat. A possible relationship with rainfall suggested that
recent parent material additions appeared to be relatively unimportant, while moisture
inputs were of prime importance in influencing weathering and mineralization rates.
Fitzpatrick and Le Roux (1977) reached a similar conclusion. However, calculation of
the ratio of exchangeable magnesium to clay showed there was little evidence of a broadscale difference in weathering or mineralization rates between the northern and southern
plains (Table 3-3).

Total Available Phosphorus
With the exception of the three sites with unusually high values, available
phosphorus varied little across the whole Omo Plain (Fig. 3-4). These results
contradicted those reported by Molloy and Blakemore (1974) and Williams et al. (1978)
for South Island, New Zealand, tussock grasslands. What differences there were included
somewhat greater range of variability in levels in the northern plains and fairly similar
levels across the southern plain (with the exception of the one outlier site). Increased
levels of available phosphorus in the north probably reflected the addition of organic
phosphorus through biodegradation, on a very localized scale (Schlesinger, 1991).
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Why high available phosphorus levels were found at three of the sample sites
remains unclear, however. The lab analyses were replicated three times and produced
similar results each time, ruling out the possibility of serious lab error. Samples were not
taken from recently burned sites, and at least at one of the sites, fire susceptibility was
extremely low because fuel loads never get high enough to support fires of any frequency
or intensity. These sites did not exhibit any other types of consistent soil property
anomalies either.

In addition, the vegetation was not unique and was not characteristic of a site that
had been either recently or historically occupied by humans. Neither was there evidence
that they served as either a grazing, resting, or latrine arena by wildlife, or a death or kill
site. Five cores per site were collected with a 4-m sampling interval between each, then
bulked, minimizing the possibility that the samples were taken from a site that was under
the influence of very small-scaled (< 50 m) factors, particularly in light of the fact that
two of the sites were located adjacent to each other (2 km apart). However, the third site
was located approximately 20 km south of these. The proximity of the two sites raises
the possibility of a similar, large-scaled, but limited-in-extent factor, leading to a similarly
high available phosphorus content, but fails to explain the content at the third site.
Furt.1:ierinvestigations are needed to offer an explanation of these results.

Organic Matter
Organic matter exhibited a strong association with geographic location on the
landscape (Fig. 3--4). The nature of the pattern displayed by organic matter was a gradual,
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continuous, smooth, unidirectional, south-trending decrease in content. A cluster of low
organic matter values in the southeast comer of the southern plain was responsible for the
one exception to this pattern. An apparent relationship with rainfall suggested that
moisture was the primary factor influencing the spatial pattern of organic matter, and that
differences in historic or recent parent material additions were relatively unimportant.
Similar conclusions were reached by Tate and Churchman (1978).
Higher organic matter values in the northern plains were a direct response to
higher primary productivity. Higher primary productivity can be a function of numerous
factors increases in moisture, organic matter additions, and availability of other soil
constituents including exchangeable calcium and magnesium, and available phosphorus,
or, few losses due to leaching and sorption onto the cation exchange complex. The
means by which rainfall affects organic matter additions is by increasing the potential for
greater amounts of above- and belowground biomass, by affecting the type, abundance,
magnitude, and duration of activity of soil biota, and by influencing the rate and
magnitude of weathering, decomposition, mineralization, and transformations events
(Molloy and Blakemore, 1974; Tate and Churchman, 1978; Williams et al., 1978; Donkin
and Fey, 1993). These in tum are expected to increase the availability of exchangeable
calcium and magnesium, and available phosphorus, which can facilitate or maintain high
primary production and organic matter additions, thereby eliciting cyclic behavior.
However, evidence of greater weathering or mineralization rates was weak for the
northern portion of the study area, as reflected by the calculations of the ratios of the
exchangeable cations to clay, exchangeable calcium and magnesium, and sum of
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exchangeable cations to clay (Table 3-3). The apparent differences in the type, rate, and
magnitude of a constituent's response to the various soil processes operating within this
landscape may be a possible explanation of why there was little evidence of differential
weathering or mineralization.

It also explains why no significant correlations were found

between the properties exchangeable calcium and magnesium, available phosphorus, and
organic matter (Table 3-2) even though it was expected that a significant relationship
between organic matter and available phosphorus would be found (Coulombe et al.,
1996b). Therefore, the spatial trend in organic matter was probably due to a spatial trend
in productivity as a result of the moisture gradient, and a corresponding gradient in
sorption.

Spatially InvariantData

It was not possible to develop surface models for the constituents silt, CEC,
exchangeable potassium, or base saturation, because of either extremely weak or no
spatial autocorrelation in these data (see Chapter 2). At the scale of this sampling
scheme, silt, exchangeable potassium, and CEC exhibited spatial autocorrelation at much
smaller scale, and the base saturation data exhibited no variability at all.
For silt, this was not too surprising because silt was a minor component of the
particulate measure. Furthermore, one should not expect silt's values to change
specifically in response to changes only in either the sand or clay fractions, but rather
both. However, I expected spatial autocorrelation in the CEC data because other
investigators observed that CEC increased under high rainfall conditions, in response to
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increased weathering (Shadfan, 1983; Donkin and Fey, 1993). Results presented in Table
3-2 showed instead that clay content was what detennined the spatial pattern in CEC,
rather than the rainfall gradient.
The results for exchangeable potassium and base saturation were unexpected as
well (Shadfan, 1983). The data on percent exchangeable potassium suggested that
potassium fixation was exclusively a function of clay content rather than a function of
both clay content and rainfall. The data on percent base saturation reflected the relatively
unchanged parent material mineralogy . Furthermore, the absence of differences in the
relative amounts of exchangeable potassium, and calculation of the sum of exchangeable
cations to clay ratios for the northern and southern plains (Table 3-3), supports the
suggestion that weathering rates differ little from north to south despite a rainfall
gradient.

SUM1\1ARYAND CONCLUSIONS
The landscape of the Omo Plain is equivalent to other Vertisol landscapes found
throughout tropical and subtropical regions in terms of the conditions required for
Vertisol formation. Its chemistry is also similar to that reported in other investigations.
The soils can be characterized as highly alkaline in nature, medium to fine textured, and
rich in terms of soil nutrients and their availability. Moisture availability appears to be
the driving force behind many of the soil processes in the Omo Plain in the form of direct
and indirect inputs.
While the Omo Plains soils data were similar to other investigations, some of
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these data did exhibit considerable spatial variability at times. In addition to the rainfall
gradient and various moisture inputs, both recent and historic parent material additions
and topographic gradients appear to influence the spatial patterns of the data, both
individually and at specific locales. Furthennore, individual soil constituents appear to
modify other constituents' responses to varying degrees and extent. However, there is
little evidence of significant differences in weathering or mineralization rates across this
landscape, despite higher rainfall and organic matter inputs in the north.
The spatial patterns exhibited by the constituents were both diverse and unique,
and at times highly variable, particularly when under the influence of the various sources
of moisture. Furthennore, exchangeable magnesium exhibited what appears to be
threshold behavior in that its pattern changed continuously with rainfall until a point
when it suddenly became invariant. This was a clear demonstration of relatively invariant
behavior under low rainfall conditions and continuously variable behavior under high
rainfall conditions.
Overall, these data were similar at one scale of investigation and variable at
another. Several constituents exhibited few differences, however, at either scale of
investigation. A closer or larger sampling interval probably would have revealed the
characteristics of the spatial patterns exhibited by those data not spatially autocorrelated .
Alternatively, the characteristics of the spatial patterns of the spatially autocorrelated data
would not have been evident if the data had been more limited, or of finer or coarser
resolution. In either case, limited or different resolutions would not have affected any
generalizations.
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Other implications of this investigation are that several soil properties did vary
spatially across this landscape, but often in ways that were inconsistent with what was
reported in the literature. How much this has to do with Omo's climate or topography is
not exactly clear, however. The rainfall regime (e.g., range, amount, timing, magnitude,
frequency, spatial pattern) may be such that the rainfall gradient in Omo has an effect on
many of the soil properties in a way that would differ if one or more aspects of the regime
were to differ (e.g., an increase in rainfall, or unimodal rather than bimodal occurrence).
Alternatively, if other investigators had attempted to calculate the weathering rates across
their landscape, they may or may not have found differences in the availability of many of
the soil constituents across the gradients they were investigating. An additional
possibility is that the patterns reported by these investigators may be an artifact of sample
size limitations, transect length, and disturbance history (Fitzpatrick and Le Roux., 1977;
Shadfan 1983), or be specific to a certain climatic regime (Williams et al., 1978; Shadfan,
1983). Additional investigations using spatially explicit survey designs, that are more
data intensive, would be required to resolve the contradictions.
As a follow-up investigation, research should be conducted to determine whether
the spatial patterns exhibited by these constituents are biologically relevant to a spatially
explicit ecological question. In terms of agriculture, the apparent far-reaching influence
of the two hotsprings and natural springs was very evident in its effect on sodium
concentration in this landscape. The resultant spatial patterns exhibited by exchangeable
sodium reveal that agricultural development of this plain would result in excessive and
widespread salinization of these soils and resultant low crop yields.
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Table 3-1. Summary statistics for soil properties measured in Omo National Park.
Mean, standard Deviation (SD), per cent coefficient of variation (CV%), and range.

Property

Mean

SD

CV%

Sand%

17.11

9.81

57

Clay%

61.49

12.29

71

28.16-84.16

Silt%

21.39

9.5

44

l 0.00 - 56.00

pH

7.82

0.38

5

6.87 - 8.49

OM

1.48

0.40

27

0.89 -2.64

CEC cmol, kg·1

43.22

8.14

19

26.06 - 62.79

BS%

91.98

7.15

7

76.68 - l 00.00

Kcmolc kg·1

l.22

0.34

28

0.65 - 2.34

Na cmolc I kg·1

3.61

2.40

66

0.24 - 8.77

Ca cmolc kg·1

27.27

5.76

21

14.36 - 39.11

Mg cmolc kg·1

7.64

3.24

42

0.92 - 14.43

P mg kg·1

4.68

5.65

121

0.01 - 21.58

Range
1.84 - 51.84

Table 3-2. Correlations between physical and chemical soil properties.
Property

Sand

Clay

Silt

pH

OM

CEC
cmolckg·•

------------ % ----------

BS
%

K

Na

Ca

Mg

------------------ cmol, kg·• ------- --------- --

Clay

-0.65*

Silt

-0.19

-0.62*

pH

0.39

0.05

0.47

OM

-0.20

0.13

0.03

-0.37

CEC

-0.35

0.65*

-0.47

0.41

0.11

BS

0.35

-0.32

0.05

-0.07

0.14

-0.45

K

-0.34

0.57*

-0.40

-0.01

0.16

0 .25

-0.07

Na

0.11

0.13

-0.28

0.69*

-0.57*

0.39

-0.36

-0.01

Ca

-0.12

0.30

-0.26

0.31

0.23

0.69

0.14

0.22

0.06

Mg

-0.24

0.43

-0.31

-0.18

0.43

0.27

0.03

0.03

-0.32

-0.06

P mg kg·•

-0.35

-0.01

0.37

-0.69*

0.41

-0.27

-0.03

-0.05

-0.52*

-0.36

0.39

* Statistically significant correlation at a= 0.05

00
-J
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Table 3-3. Ratio of exchangeable cations to clay and exchangeable Mg to Ca, by
geographic location

Exchangeable cations (cmolc kg-1) / clay

South plain

North plain

Exchangeable K

0.02

0.02

Exchangeable Na

0.08

0.04

Exchangeable Ca

0.45

0.50

Exchangeable Mg

0.11

0.13

CEC

0.72

0.73

Exchangeable Mg/Exchangeable Ca *

0.25

0.27

* Ratio of exchangeable magnesium to exchangeable calcium cations
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Fig. 3-2. Soil model prediction area boundaries with location of sample sites
indicated by A. Prediction area is bounded by a broken mountain range to
the west, the Omo River to the East (not illustrated), and is dissected (north
to south) in the middle by the Mui River. Coordinates are in Universal
Transmercator units. The break in coordinates on the X axis (//) represents a
difference in scale on either side. Pixels on the west side of the break
represent specific elevation intervals, ranging from 500 to 900 m, at 100 m
intervals. Pixels east of the break represent geographic coordinates in 2-km
intervals. The Y axis scale is geographic coordinates exclusively, in 2-km
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Fig. 3-4. Soil surf ace prediction models illustrating the spatial pattern of the
properties: sand, clay, pH, exchangeable sodium (Na), calcium (Ca),
magnesium (Mg), total available phosphorous (P), and organic matter (OM).
Coordinates are in Universal Transmercator units. Location or sample sites
are indicated by A and values at these sites are actual. Estimates were
derived for the geographic center of each cell and mapped at a scale
representing a 2-by-2 km area. Sample sites outside the prediction
boundaries represent samples used in statistical modeling investigation but
not in the pattern analysis investigation.
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CHAPTER4

DETERMINANTSOF AFRICANSAVANNAVEGETATIONDISTRIBUTION
IN AN AFRICANSAVANNALANDSCAPEECOTONE

ABSTRACT
Vegetation dynamics in landscape ecotones are believed to be under the influence
of strong climatic, topographic, and edaphic gradients. Lack of spatially explicit
investigations, however, has resulted in little understanding of the spatial nature of
vegetation-determinant relationships in landscape ecotones. There is even less
understanding about these types of relationships in African savanna landscape ecotones.

In this study I investigated vegetation-determinant spatial patterns and relationships in a
savanna landscape ecotone in Ethiopia. The Mantel and partial Mantel statistics were
used to test whether spatial patterns exhibited by species associations, rainfall,
topography, and edaphic conditions were a monotonic trend. They were also used to test
whether the spatial patterns exhibited by specific species associations were related to
those exhibited by each of these determinants. Results indicate that patterns exhibited by
species associations and the determinants were those of a monotonic trend, except for
exchangeable calcium and soil pH. Additionally, there was a significant relationship
between the patterns exhibited by the determinants and those exhibited by species
associations. The nature of the relationships included an indirect influence by rainfall
when the topography was variable, and a direct influence where it was invariant. The
nature of the relationships between species associations and the topographic and large-
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scale edaphic gradients was inconclusive, however, while small-scale concentrations of
magnesium and sodium exerted an indirect influence in the alluvial plain. The spatial
patterns exhibited by species associations reflected differences in range of ecological
tolerance of species to range in mean annual rainfall and small-scale patterns in soil
resources.

INTRODUCTION
Vegetation dynamics in African savannas are believed to be under the influence of
climatic, geomorphic, edaphic, and biotic conditions, as well as fire and anthropogenic
activities (see syntheses by Bourliere and Hadley, 1970; Huntley and Walker, 1982;
Bourliere, 1983; Frost et al., 1985; Menaut et al., 1985; Tothill and Mott, 1985; Smith
and Goodman, 1986; Walker, 1987; Herlocker et al., 1992). There is some understanding
about how and to what extent these determinants influence vegetation structure in some
African savanna areas (Frost et al., 1985; Walker, 1987). However, there is currently
disagreement about the nature of their influence on plant species distribution and
composition (Belsky, 1983, 1986, 1987; McNaughton, 1983; Herlocker et al., 1992). Our
ability to derive predictions about the nature of plant species responses in African
savannas, when the role of a determinant changes or a new one is imposed, is limited to
extreme generalizations as a result.
What little understanding there is of the ecological determinants of African
savanna vegetation dynamics is the result of numerous investigations. Few of the
investigations, however, were conducted in landscape ecotones. Landscape ecotones
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have been defined as large-scale landscapes that exhibit a steep climatic gradient, and
which may also exhibit other environmental gradients (Holland, 1988; Sala et al., 1988;
Gosz and Sharpe, 1989; Neilson et al., 1992; Gosz, 1993). Of the investigations
conducted in African savanna landscape ecotones, lack of spatially explicit methodology ,
attempts to extrapolate to scales different from the one at which the investigation was
conducted, and inappropriate comparison of different scale-dependent responses may be
the reason for disagreement (O'Neill et al., 1986; Brown and Allen, 1989; Allen and
Hoekstra, 1992; Milchunas and Laurenroth, 1993). What is deemed a response, and
variability in species responses due to differences in life history traits, reproductive
strategies, ecological tolerance, and morphological variability, may also contribute to our
lack of understanding (Grime, 1979; Walker, 1985; Tilman, 1988; Allen and Hoekstra,
1992; Gosz, 1993).
It has been suggested that investigations of vegetation dynamics in large-scale
landscapes would be facilitated by the use of spatially explicit, competing, ecological
models that are based on principles of hierarchy theory (Allen and Starr, 1982; O'Neill et
al., 1986). This approach to an investigation is not novel by any means (Menaut et al.,
1985; Frost et al., 1985; Allen and Hoekstra, 1992), yet few investigations of this kind
have actually been conducted because they entail the collection of abundant data, are
time-consuming, and quite costly (Uehara et al., 1985; Grover and Musick, 1990; Leduc
et al., 1991; Gosz, 1993; Ward et al., 1993; Swaine, 1996). For investigations of
vegetation distribution and composition in African savanna landscape ecotones, this
approach would entail the development of numerous hypotheses contained within each
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ecological model. The hypotheses contained in each model should include conjectures as
to which detenninants are of importance, their hierarchical arrangement, the nature of the
spatial patterns exhibited by the detenninants and plant species, and the nature of the
vegetation-determinant relationships.
Choice of which ecological detenninants should be investigated in a model of
vegetation dynamics in an African savanna landscape ecotone depends on the behavior of
the detenninant. In particular, it depends on whether the behavior of the detenninant
becomes more or less amplified or attenuated over the ecotone and on which
detenninant(s) emerges as the dominant constraint (Holland, 1988; Huston et al., 1988;
Gosz and Sharpe, 1989; Odum, 1990; Allen and Hoekstra, 1992). Gosz (1993) proposed
that climatic and topographic gradients as well as edaphic conditions influence plant
species distribution and composition in landscape ecotones. In the absence of
anthropogenic activities, fire, and herbivory, Frost et al. (1985) proposed that soil
moisture and soil nutrients, and topographic-related attributes, were the dominant
determinants of plant species distribution and composition in non-ecotone African
savanna landscapes. When combined, the emergent hypothesis is that plant species
distribution and composition in African savanna landscape ecotones are influenced by
rainfall, topographic (including geomorphic), and edaphic gradients, and small-scale
patterns in soil resource availability. Additionally, the hierarchical arrangement is
expected to follow this same order.
When under the influence of a determinant(s) in a landscape ecotone, species
responses are expected to become both individualistic and predictable as they reach the
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limits of their ecological tolerance (Holland, 1988; Neilson et al., 1992; Gosz, 1993).
Additionally, predictable responses can be manifested in several ways (Fig. 4-l ). These
include a direct, smooth, and linear pattern of change along the smooth gradient of
control, a Type l response; an abrupt change along the same smooth gradient, a Type 2
response; or a hysteretic change indicating more than one possible stable equilibrium
state within a portion of the changing system, a Type 3 response (Holland, 1988).
Alternatively, the response variable can fluctuate within the system, giving rise to what
has been described as more than one possible stable state along the full range of change, a
Type 4 response (Shugart, 1990).
Type 2 through 4 responses are attributed to the presence of other environmental
determinants that exert an influence internally to the dominant gradient (Holland, 1988;
Shugart, 1990). Alternatively, they may occur because of a change in the amount or rateof-change of the dominant detenninant, such that, the spatial pattern exhibited by the
determinant is clearly not a monotonic trend. The nature of the spatial pattern is a further
consideration to be taken into account in an ecological model of vegetation dynamics in
an African savanna landscape ecotone .
Another consideration in any ecological model of African savanna vegetation
dynamics is the nature of the vegetation-detenninant relationships (Legendre and
Troussellier, 1988). That is, whether a determinant exerts a direct or indirect influence on
vegetation dynamics in a landscape ecotone. How a determinant exerts its influence can
covary as a function of the rainfall gradient. Additionally, the influence of a rainfall or
topographic gradient can be modified by different landscape attributes (Troe, 1964; Ruhe,
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1969; Pennock et al., 1987; Swanson et al., 1988, 1992), the existing biota (Molloy and
Blakemore, 1974; Belsky, 1983; McNaughton, 1983), or small-scale gradients in soil
resources (Milne, 1935; Cole, 1963, 1982; Anderson and Talbot, 1965; Pennock et al.,
1987; Swaine, 1996). If rainfall is the only detenninant of importance, however, it should
exert a direct rather than indirect influence on species distribution and composition. If
topography, geomorphology, or soil resource availability are important in addition to
rainfall, however, the influence of each of these detenninants should be shared, resulting
in each having an indirect rather than direct influence.
The overall objective of this investigation was to investigate whether gradients in
rainfall, topography, and edaphic conditions influenced perennial plant species
association and distribution in an African savanna landscape ecotone. Perennial plant
species associations were investigated rather than total species composition because of
sensitivity of herbaceous species to the timing and amount of rainfall.
The specific objectives included determining: (1) if perennial plant species
exhibited predictable, spatially autocorrelated, and unique spatial distributions in
landscape ecotones; (2) if the nature of the spatial patterns exhibited by plant species
associations and each determinant was a monotonic trend; (3) if rainfall, and topographic©

related and edaphic conditions exerted an influence on the distribution of species
associations; (4) what was the nature of the vegetation-determinant relationships; and (5)
what is the hierarchical arrangement of these determinants. An additional objective
included determining if these determinants still acted as a constraint when the scale of
measurement of each determinant was increased.
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The study area was located in Omo National Park (Omo NP), Ethiopia. The data
were acquired from topographic maps, satellite imagery, meteorological stations,
statistical interpolation, and field investigations, using spatially explicit methodology.
The Mantel (Mantel, 1967) and the partial Mantel tests of matrix association (Smouse et
al., 1986) were used to test all hypotheses. An approach developed by Legendre (1993)
was used to validate the Mantel results and to determine the nature of the relationship
each detenninant has with the species associations.

MATERIALSAND METHODS
Study Area Description

Omo NP is located in the lower Omo Basin, in southwest Ethiopia (Fig. 4-2). The
geologic features of the lower Omo Basin are a consequence of periodic rift activity
which began in the Tertiary, and subsequent post-rift sedimentation (Davidson, 1983).
These have resulted in a variety of landform features, including the Omo and Mui Rivers,
the Illilibai and Sai Range, and the Sai, Tinign, and Illilibai Plains (Fig. 4-3). Two types
of geologic substrate predominate on the two major landforms found within the study
area. Pre-rift volcanic rock interlayered with sedimentary rock comprise the mountainous
landform, while Quaternary alluvial sediments characterize the valley bottom landform
(termed plains henceforth).
The plains are gently undulating to level, with elevations ranging from 430 to 500
m. The topography of both mountain ranges varies considerably from south to north,
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with elevations ranging from 500 to 1100 m in the Illilibai Range (south) and from 500 to
1600 min the Sai Range (north). Within the study area boundaries, average slope for the
two mountain ranges is 20% slope on Illilibai and 5% slope on Sai (between 500 and 900
m). The soils on the plains are classified as Vertisols (see Chapter 3), while the soils on
the ranges consist of Stony Cambisols (FAO, 1986).
The regional climate has varied considerably over this landscape, oscillating
between tropical and arid conditions (Butzer and Thurber , 1969; Butzer, 1971). The
current climate ranges from arid in the south near Omo Rate, to tropical in the north at
Maji and Jinka. At Mui (Omo NP headquarters), mean annual rainfall was 793 mm.
Mean annual temperature for the lower basin has been estimated to be 20°C (Gamachu,
1974). The distribution of rainfall at Mui varies to such an extent that its occurrence can
be either unimodal or bimodal, although during some years rainfall has occurred in every
month. Annual potential evapotranspiration ranges between 1,250 and 1,600 mm. These
indicate soil water deficits for all but a few months out of the year (Gamachu , 1974).
Over 600 vascular plant species occur in Omo NP (Schloeder and Jacobs , unpub
data) . The vegetation in Omo NP can be classified as either subhumid and semiarid

savanna based on the climate, dominant growth forms, and species composition (Pratt and
Gwynne, 1977; Herlocker et al., 1992). Grasslands characterize the plains, with Setaria

incrassata (Hochst.) Hack. and !schaemum afrum (J.F. Gmel) Dandy dominant in Sai
Plain; Chrysopogon plumulosus Hochst., Panicum coloratum L., /. afrum, and

Sporobolus helvolus (Trin.) Th. Dur. & Schinz, dominant in Tinign Plain; and, S.
helvolus and Eriochloafatmesis (Hochst. & Steud.) Clayton dominant in Illilibai Plain.
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Several species of shrubs and perennial herbs either co-occur or codominate in
these grasslands as well. These include Combretum aculeatum Vent., Rhynchosia
malacophylla (Spreng.) Baj., and Triumfettaflavescens Hochst. in the north, and
Indigo/era schimperi Jaub. & Spach., Acacia horrida (L.) Willd. and Acacia reftciens
Wawra in the south. These acacias are also the dominant species in the shrubland
communities bordering the grasslands to the east and south.
The two mountain ranges are characterized primarily by open woodlands,
dominated by Acacia ehrenbergiana Hayne, Acacia seyal Del., and Tenninalia brownii
Fresen. on the Sai range, Onnocarpum trichocarpum (Taub.) Engl. and Commiphora
africana (A. Rich.) Engl. on both ranges, and Lannea schweinfurthii (Engl.) Engl. on the
Illilibai range. The understory is dominated by four species of grasses, including
Cymbopogon commutatus (Steud.) Stapf, Heteropogon contortus (L.) Roem. & Schult.,
Sehima nervosum (Rottier) Stapf, and Digitaria macroblephara (Hack.) Stapf., and four
species of shrubs including C. aculeatum, Grewia villosa Willd., Grewia velutina
(Forsk.) Yahl., and R. malacophylla.
Four contemporary indigenous groups of people (termed tribes henceforth) live in
the immediate vicinity of Omo NP and utilize its resources to varying extents. These
include the Surma, Mursi, Kwegu, and Burne. Each uses a variety of subsistence and
resource-exploitation strategies that include pastoralism, hunting and gathering, and rainfed or flood-retreat agriculture, in various combinations, seasons, and locations (FAO,
1986; Turton, 1987; Sutcliffe, 1992). Tribal conflicts between the Burne and either the
Kwegu, Mursi, or Surma precludes use of the majority of the Omo Plains grasslands by
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all tribes. However, access to modern-day weaponry by all tribes has resulted in
significant declines in the wildlife populations throughout the lower Omo Basin. Grazing
intensity by wildlife is considered extremely low, as a result (Jacobs, 1999). All fires in
Omo NP are human related (Jacobs, 1999). Fire is used to facilitate travel, hunting, and
honey-gathering, and to reduce opportunities for ambush (personal observation), and as a
consequence of the belief that it brings the rains.

The Investigation

Two ecological models were developed which contain the hypotheses that were
tested. These hypotheses incorporate both individualistic (Gleason, 1926; Goodall, 1963)
and continuum model concepts (Curtis and McIntosh, 1951; Whittaker, 1967; Gauch and
Whittaker, 1972) with the landscape ecotone and savanna vegetation-determinant
concepts presented previously. Ecological Model l pertains to hypotheses about the
distribution of perennial plant species associations over the full extent of the study area (n

= 276 sites) and Ecological Model 2 pertains to hypotheses about the distribution of these
associations over the extent of the plains portion of the study area only (n = 184 sites)
(Fig. 4-4). The environmental variables depicted in these models include a rainfall
gradient (temperature is considered invariant in this landscape), topographic-related
conditions, and edaphic conditions. The topographic-related conditions are represented
by the attributes elevation and hillslope position and the edaphic conditions are
represented by parent material and soil properties.
The hypotheses in Ecological Model lare that rainfall is the dominant determinant
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of the spatial distribution of perennial plant species associations in the Omo NP, and the
nature of rainfalls influence is direct rather than indirect (Fig. 4-4). Additionally,
elevation, hillslope position, and parent material are important, but the nature of influence
by these determinants is indirect rather than direct because of the overriding influence by
rainfall. The hypothesis that these determinants are hierarchically arranged in terms of
importance, as illustrated in Fig. 4-4, was also tested.
The hypotheses in Ecological Model 2 (Fig. 4-4) include rainfall as the dominant
determinant, whose means of influence is direct, and, an indirect means of influence by
specific edaphic conditions (Danin et al., 1975; Walker and Noy-Meir, 1982; Cole, 1985;
Menaut et al., 1985; Burgman, 1987; Ward et al., 1993; Swaine, 1996). Ecological
Model 2 differs from Ecological Model 1, however, in that it is an attempt to explore
rather than suggest the specific role of various soil properties as constraints to species
distributions, along a rainfall gradient .

Sampling and Estimation

A systematic, gradient-oriented, sampling scheme (termed grid henceforth)
(Gillison and Brewer, 1985) was used to locate and orient 276 plots in an area
approximately 1,624 km2• In addition, two approaches were used to select the sampling
interval between plots. Within the plains landform, plots were located below 500 m
elevation, at 2-km intervals, along 30 west-trending transects approximately 2 km apart (n

= 205). An odd-numbered XY Universal Transmercator (UTM) geographic coordinate,
to the nearest thousandth meter, was selected for the first plot location below 500 m in
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elevation, in the northwest comer of the grid. Concurrent with 18 transects, additional
plots were located westard up onto the adjacent mountainous landform, beginning at 500
m elevation and ending at 800 m elevation . These plots were approximately 100 m apart
in elevation (n = 71). The upper elevation limit was a constraint imposed by the average
highest elevation of the Illilibai Range, while the selection of which transect to extend
onto the slopes reflected an attempt to select sample sites that were of similar relief,
slope, aspect, steepness, and curvature, by range type. Sample sites were also restricted to
avoid dense bushlands and shrublands , small volcanic outcrops , and floodplain zones .
These criteria are reflected in the geographic extent of the grid and by gaps in the center
and northern portions.
Plot UTM positions were located using 1:250 000 and 1:100 000 scale
topographic maps, a Trimble® Global Positioning System (GPS), hand compass,
clinometer, and altimeter . Daily calibrations enabled accuracy within 5 m and 30 m of
the elevations and geographic positions required, respectively , and in the selection of
locales with an average of 25° to 30° slope. Two plot sizes, a 20 by 50 m and a 50-m
radius, were established to record all vascular plant species presence. The larger circular
plot was required to obtain an adequate representation of tree species occurrence. Plots
were oriented parallel to the rainfall gradient and perpendicular to the elevation gradient
(Gillison and Brewer, 1985).
Environmental variables recorded at each of the 276 sites included two classes of
parent material type, hillslope position, and elevation. A modification of Ruhe's (1969)
hil1slope model was used for hillslope position classification. The classes included: (1)

107
Plains, slope O - 2%, (2) Edge of plains, slope 2 - 4%, (3) Foothill,> 4% slope, (4)
Footslope, > 4% slope, (5) Mountain, lower slope, (6) Mountain, mid slope, and (7)
Mountain, upper slope. The Foothill and Footslope classes differ in terms of potential
inputs via sheet erosion, with the Foothill class having less surface and subterranean
inputs than the Footslope class. The range in elevation was 430 to 800. Elevation
differences between plots were
elevations

~

~

10 mat elevations below 500 m, and 100-m intervals at

500 m.

Quantitative estimates of mean annual rainfall and soil resource availability, for
each plot site, were derived by multiple linear regression and spatial interpolation (see
Chapters 2 and 3). Soil resources investigated included exchangeable calcium, sodium,
and magnesium, soil pH, and organic matter content.

DataSets
Species associations used to investigate the hypotheses in Ecological Model land
2 were created by subsetting data from the species list, using criteria based on minimum
frequency-of-occurrence and species type. For Ecological Model 1, the minimum
frequency-of-occurrence criterion was n > 12, and for Ecological Model 2 it was n > 8.
These values represent frequency-of-occurrence in a minimum of 5% of the plots (e.g.,
Ecological Model 1, n = 276 plots, and Ecological Model 2, n = 184 plots). An exception
was made for tree species due to low relative abundance, where, n

~

4 was the minimum

frequency-of-occurrence criterion.
The species type criterion involved creating two types of data subsets per model,
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following qualification based on the minimum frequency-of-occurrence criterion. One
type contained all perennial species, including all perennial grass species, and the other

only common perennial grass species. These data sets will be referred to as All species
and Grass species, henceforth, with the numbers l or 2 following, denoting which
ecological model the results apply to.
Two scales of measurement over which a determinant can exert an influence
where investigated as well, when applicable. These are termed gross-scale and coarse-

scale of measurement, henceforth. Gross-scale is defined as that scale of measurement
where the data set includes fewer classes of data than does the coarse-scale data set. In
Ecological Model 1, parent material represented the gross-scale of measurement of
edaphic conditions; hillslope position the gross-scale of measurement of topographicrelated conditions; and elevation the coarse-scale of measurement of topographic-related
conditions . Furthermore, estimates of mean annual rainfall (estimates) represented tte
coarse-scale of measurement of rainfall, and subsequent classification of these estimates
into five rainfall classes represented the gross-scale of measurement. These five rainfall
classes are:< 600, 600-649, 650-699, 700-749, and> 750 mm.

In Ecological Model 2, rainfall was represented by the coarse-scale of
measurement only, and the soil properties represented the coarse-scale of measurement of
edaphic conditions. Parent material and all topographic-related conditions were
considered invariant because of little topographic relief and one dominant soil type.
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Statistical Analyses

Because of the assumption and investigation of spatial autocorrelation between
samples, statistics designed specifically for the analysis of spatial autocorrelation were
used. These included the Mantel test (Mantel, 1967) and partial Mantel test (Smouse et
al., 1986) of matrix association.
The Mantel test allows for the simultaneous analysis of either univariate or
multivariate data against a gradient of geographic distances, or a particular causal model.
Analyses are based on distance measures between two different data matrices. Matrix A
is usually comprised of geographic distances among all pairs of geographic points (when
the trend in the data may be linear or monotonic), while Matrix 8 is usually comprised of
ecological distances among stations. In this investigation, the matrices representing
Matrix B were comprised of either the vegetation or determinant data values.
The ecological distances are obtained by using any one of the number of
coefficients of association available, as discussed by Legendre and Fortin ( 1989). The
intent of this type of analysis is to establish whether there is a gradient in the ecological
data, that is, whether ecological distances increase as geographic distances increase.
The Mantel statistic is simply the sum of the cross-products of the corresponding
distances in the two matrices A and 8:
[l]

for i ~j, where i and j are row and column indices, for all pairs of values (i,j) of the two
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matrices (excluding diagonals). The Mantel statistic can also be standardized so that it
ranges between -1 and l (Smouse et al., 1986). However, each matrix must be
standardized separately before the sum of the cross-products is calculated.

When

standardized, the statistic becomes equivalent to a Pearson correlation coefficient
between the values of the two matrices (Legendre, 1993).
Tests of significance are achieved either by repeated random permutation of the
rows and columns of one distance matrix, and recalculation of the coefficient each time,
with each case corresponding to one possible realization of the null hypothesis (i.e., no
linear relation between the two matrices), or, by transfonnation of the z statistic into
another statistic termed the t statistic (Mantel, 1967), and then testing by referring to a
standard normal distribution table. The latter is only appropriate when the data are
abundant, as was the case in this investigation (n = 276).
The partial Mantel test allows one to test whether the observed spatial trend in one
variable (or multivariate data) could be in part explained by the spatial structure in
another variable, or whether the correlation between the spatial structures of both
variables is an artifact of some other unmeasured spatial structure. The test works by
creating three matrices, A, B, and C, where A is comprised of the geographic distances,
and Band C the ecological distances among stations (e.g., the values representing the
vegetation: B, and the determinants: C). New matrices (B', C') are then created that
contain the residuals from a regression of the values in 8 on the values in A, and of the
values in C on the values in A, after standardizing the values within each of these
matrices, as suggested by Smouse et al. (1986). The partial test is then calculated in the
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same way as the Mantel test, between the new matrices B' and C', and tested for
significance by either permutation (8' or C') or normal approximation .
S¢rensen's coefficient was used to calculate the species association resemblance
matrices and Kulczynski's coefficient was used to calculate the individual determinant
resemblance matrices. All matrices were then converted into individual distance matrices
(D = 1 - similarity) and tested using the Mantel and partial Mantel tests of matrix

association. All calculations, conversions, and Mantel and partial Mantel tests were
carried out using the "R Package for Multidimensional and Spatial Analysis - VMS
version" (Legendre and Vaudor, 1991). Significance was based on a probability of 0.05,
using a Bonferroni-correction (Cooper, 1968) to take into account multiple testing.
An approach developed by Legendre (1993) was used to be clear about whether
the determinants actually do operate in the hierarchical manner, as suggested by the
Mantel and partial Mantel test results when they were significant. This approach also
allowed for the determination of the nature of the spatial panems in the data, and the
nature of the vegetation-determinant relationships. Additionally, it provided evidence
that other possible alternative relationships were not applicable. Fig. 4-5 illustrates the
four possible scenarios of influence with the arrows indicating the presence and nature of
a relationship. For each scenario, predictions are listed that enable a systematic
determination of whether there is support for a particular scenario, or none at all.
Parentheses indicate the Mantel test between the two matrices that contain the residuals
following regression.
Scenario 1 implies a significant spatial trend in the spatial distribution of the
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species association data that is only indirectly (dashed arrow) explained by the
determinant of interest (Fig. 4-5) . It is also the only scenario that implies that there is not
a significant spatial trend in the determinant data as well. Scenario 2 is the only one that
implies that the spatial trend in the species association data can be directly (solid arrow)
explained by the determinant of interest. Senario 3 differs in that it implies that the
determinant has only an indirect effect on the spatial distribution of the species
association data. The last possible relationship, Scenario 4, is the only one that implies
that a spurious relationship exists between the spatial patterns of the determinant and the
species associations rather than a "real" relationship.

RESULTSAND DISCUSSION

Four hundred and fourteen vascular plant species were recorded in the survey and
349 (84%) were positively identified to the species taxonomic level. Of these, 132 (38%)
were perennials that met one or more of the minimum frequency-of-occurrence criteria.
The species type criterion resulted in 117 perennial species qualifying for the All speciesI association data matrix, 27 for the Grass species-I matrix, 80 for the All species-2

matrix, and 25 for the Grass species-2 matrix.
Maps of all the determinants except parent material are presented in Fig. 4-6
through 4-8. Parent material was represented by two soil types, Stony Cambisols on the
mountain ranges and Vertisols on the alluvial plain. Maps of the 132 species are
presented in Fig. 4-9 and entire species names are listed in Appendix 2. Maps illustrating
the distribution of the more common species along specific transect lines are presented in

113
Fig. 4-10 through 4-13. Maps illustrating plots with similar species associations are
presented in Fig. 4-14 and 4-15.
Tables 4-1 and 4-2 contain the results of the Mantel tests. The partial Mantel
results are listed in Tables 4-3 and 4-4. SPACE in these results represents the matrix of
geographic distances among sampling stations. Each determinant was represented by
individual distance matrices. Parentheses indicate which Mantel test was calculated.
following a regression of the values in the nonparenthetical matrix with the values in each
of the other two matrices. The analyses were based on the approximation probabilities
because these results did not differ from those obtained by pennutation. The partial
Mantel test results are discussed in the context of which of Legendre's (1993) four
scenarios and associated predictions (Fig. 4-5) were applicable. The results represent the
two spatial scales at which this investigation was conducted (e.g., Ecological Model 1Full study area extent, and Ecological Model 2-Plains area extent) and the two spatial
scales over which a determinant was measured (e.g .• gross- and coarse-scale of
measurement).

Characteristicsof the DeterminantData
The maps of each of the determinants illustrate the nature of the spatial pattern
exhibited by each determinant. They also clearly reflect the nature of the environment,
but only in the context of the survey design, determinant model choices, and statistical
(interpolation) modeling. The spatial pattern of rainfall was characterized by a constant,
continuous. relatively steep gradient downslope that varied in steepness between ranges.
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and a gradual and continuous gradient northwest to southeast within the plain (Fig. 4-6).
The nature of the spatial pattern exhibited by rainfall was a monotonic trend (Table 4-1 ).
The trend was somewhat stronger at the gross-scale of measurement (i.e., classified
rainfall data) and across the plains (i.e., Ecological Model 2).
The spatial pattern exhibited by the determinants hillslope position and elevation
was that of a continuum of change downslope, and invariant or relatively invariant
conditions across the plains (Fig. 4-7). Differences between these two determinants
included somewhat more variability in the hillslope data in the plains because of the lowlying basalt outcrops in the north, and less variability in the elevation data than in the
hillslope data, in the southern mountains. Despite relative invariance in these
determinants across the alluvial plain, the nature of the spatial pattern exhibited by both
hillslope position and elevation was a monotonic trend (Table 4-1). More variability in
the hillslope data appeared to result in a somewhat stronger trend, however (Table 4-1).
The spatial patterns exhibited by the five soil properties appeared more variable,
ranging from multidirectional to unidirectional, and at rates and magnitudes unique and
specific to the soil property of interest (Fig. 4-8). There was a monotonic trend in pattern
for all but exchangeable calcium and pH. The monotonic trend exhibited by
exchangeable magnesium and sodium, pH, and organic matter was most likely a function
of the monotonic trend in rainfall (Table 4-2). These patterns could also be due to
localized inputs via subterranean flows and hotsprings, and soil alkalinization (see
Chapter 3).
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Characteristics of the Species Data

Plant species recorded in Omo NP frequently occur in other East African savannas
(Edwards and Hedberg, 1989; Edwards et al., 1989; Phillips, 1989; Herlocker et al.,
1992). Several have very widespread geographic distributions, ranging from South to
West Africa (Edwards and Hedberg, 1989; Edwards et al., 1989; Phillips, 1989;
Herlocker et al., 1992). Furthermore, species occurring in association in Omo NP were
similar to those found associated together in other ecological regions in East Africa
(Herlocker et al., 1992). However, Omo NP differs from these regions in that the
associations found in Omo were common to more than one ecological region (Herlocker
et al., 1992). These include the subhumid Themeda triandra-Pennisetum menzianum
association, the semiarid Chrysopogon plumulosus-Setaria incrassata association, the
semiarid/arid C. plumulosus-Schoenfeldia transiens-Sporobolus helvolus association, and
the arid S. helvolus-Lintonia nutans association (Herlocker et al., 1992).
Within the survey area, the majority of species were nonrandornly distributed and
few occupied both the mountain ranges and the plains (Fig. 4-9). Many species
distributions were clearly spatially autocorrelated and geographically restricted. In
addition, species common in the northern and central plains were rarely found in the
southern portion of the study area. Within the mountains, however, few species exhibited
geographically restricted distributions along the north-south-trending axis (Fig. 4-9).
Turnover in species association across the plains appeared gradual and somewhat
systematic (Fig. 4-10). Within the mountains, little turnover in species association
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mirrored the lack of geographic restriction on individual species distributions (Fig. 4-11).
There were several different patterns of turnover in species association across the study
areas' west-trending axes, however. These included an abrupt turnover in species
association between the mountain and plains landforms in the southern landscape (Fig. 412) and a gradual turnover in species association between the mountain and plains
landforms in the northern landscape (Fig. 4-13).
Non-random species distributions, apparent spatial autocorrelation , and
geographic propensity resulted in distinct species associations and spatial patterns in
species association, at either scale of investigation (Fig. 4- 14 and 4-15). The nature of the
spatial patterns exhibited by both species association matrices was a monotonic trend
(Table 4-l and 4-2; Fig. 4-1.a). However, the trend exhibited by both species
associations appeared weaker across the full extent of the study area, and stronger across
the alluvial plain (e.g., Ecological Model l and 2). Additionally, the trend exhibited by

All species association 1 and 2 appeared weaker than the trend exhibited by Grass species
association l and 2.

Vegetation-DeterminantRelationships
The relationships between the All species and Grass species associations and all
determinants were significant (Table 4-1 and 4-2). Exceptions included a nonsignificant
relationship between both species associations and exchangeable calcium, and the Grass

species-2 association and pH. The relationship between the All-species association and
rainfall was also stronger than all other All-species association-determinant relationships,
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regardless of which ecological model or determinant was being investigated. The
relationship between the Grass species-I association and hillslope position, however, was
stronger than all other Grass species association-determinant relationships.
Coarse-scale measurements (e.g., unclassified rainfall) and patterns in rainfall
explained more of the spatial variability exhibited by the All species-I association matrix
than did gross-scale rainfall measurements. Coarse-scale measurements also explained
more of the spatial variability exhibited by the All species-I association matrix than was
exhibited by the Grass species-I association matrix (Table 4-L). However, coarse-scale
measurements of rainfall explained more of the spatial variability exhibited by the Grass

species-2 association matrix than was exhibited by the All species-2 association matrix
(Table 4-2).
The topographic-related conditions (e.g., hillslope position and elevation) exerted
more influence over the spatial distribution of the All species-I association than they did
over the Grass species-I association (Table 4-1 ). Furthermore, gross-scale measurements
of topographic-related conditions (i.e., hillslope position) appeared to exert a greater
influence over the spatial distribution of the All species-I association. Coarse-scale
measurements (i.e., elevation) rather than gross-scale measurements, however, appeared
to exert a greater influence over the spatial distribution of the Grass species-I association.
Additionally, gross-scale differences in soils (e.g., parent material) appeared more
strongly related to the All species-I association than they were to the Grass species-I
association (Table 4-1).
At the coarse-scale of measurement, there was no soil property that exhibited a
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consistently stronger relationship with both species associations (Table 4-2). Instead, all
appeared weakly related, probably because all soil properties except organic matter
(exhibited a weak spatial monotonic trend (Table 4-2). Exchangeable magnesium,
sodium, and organic matter exhibited the strongest relationships with both associations.

Interpretationof the Partial Mantel Relationships

The spatial pattern exhibited by rainfall almost completely explained the spatial
pattern exhibited by both species associations (Tables 4-3 and 4-4; Fig. 16), regardless of
scale of measurement. The nature of rainfall effect included an indirect influence on the
distribution of species associations over the entire study area, as evidenced by support for
Scenario 3, and a direct influence over the plains area, as evidenced by support for
Scenario 2 (Fig. 4-5 and 4-16). An indirect relationship was probably due to few species
association changes across the mountains despite the gradient in rainfall. A direct
relationship in the alluvial plain, however, was probably a result of frequent species
association changes across the plain that were in apparent synchrony with the trend in
rainfall.
Gross-scale measurements and patterns in rainfall also explained slightly more of
the variability in both species associations matrices. However, it is likely that the
differences between the partial Mantel rainfall results are not statistically different. These
results do suggest that species responses were clearly identifiable and similar at these two
scales of measurement despite how different the data were. To what extent this reflects
the influence of distance measure used, however, is unclear.
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Little turnover in species association across the mountains and a high turnover
across the alluvial plain were probably why hillslope position, elevation, and parent
material left more of the spatial variability in both species associations unexplained
(Table 4-3; Fig. 4-16). These patterns of species associations changes also explained the
hierarchical arrangement revealed by the Mantel and partial Mantel tests (Table 4- l and
4-3; Fig. 4-16). However, it was also what led to inconclusive evidence as to the nature
of the vegetation association-relationships, for both types of species associations, because
it led to rejection of one or more of the scenario predictions (Fig. 4-5).
The Mantel and partial Mantel test results also supported the hypothesis of an
indirect relationship between exchangeable magnesium and sodium and the species
associations (Table 4-4 and 4-5; Fig. 4-5 and 4-16). The exception was the relationship
between Grass species-2 and exchangeable magnesium. Soil pH, however, left much of
the va:iability in the All species-} association unexplained despite being significantly
related to sodium concentration (Table 4-2 and 4-4). Additionally, exchangeable calcium
appeared unrelated probably because it did not exhibit a monotonic trend. These results
reflect a general tolerance of all species associations to the full range of alkaline and
aridic soil moisture conditions in this landscape .
Organic matter was the only determinant that appeared unrelated to both species
associations (Table 4-2 and 4-4; Fig. 4-5). This should not be surprising. Organic matter
reflects additions to the soil as a function of rainfall and not necessarily as a function of
type of species association. It also reflects abundance owing to high residence time due

to adsorption onto the cation-exchange complexes (a common characteristic of Vertisols)
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(Ahmad and Mermut, 1996).

Other Considerations

Rejection of any of the alternative scenarios in Fig. 4-5 does not necessarily imply
that these determinants were of little importance to the distribution of species associations
in Omo NP (Fig. 4-16). The scale of measurement used to represent these determinants
may have been too gross or too fine. Additionally, the exact nature of the spatial pattern
displayed by a determinant or an association may not have been captured. This is
certainly possible with the determinants because estimates rather than actual site
measurements for most were used. However, these possibilities are not supported by the
evidence. Instead, the nature of the spatial patterns exhibited by these species
associations on the different landforms suggests that topographic-related conditions and
gross edaphic differences are of little importance.
These results suggest that spatial patterns exhibited by the species associations in
Omo NP were very much a function of the rainfall gradient, but in a way that was specific
to the characteristics of this landscape. In particular, rainfall exerted a direct influence on
species distributions within the topographically invariant plains, and an indirect influence
on species distributions over the more topographically variable landscape (Fig. 4-16).
Additionally, the amount, range, and pattern in rainfaJl probably accounts for why species
common to East, West, and South Africa occur in Omo NP. Rainfall also accounts for
the types and patterns in species associations, and occurrence of association types that are
similar to several ecological regions rather than one particular region. These results also
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suggest that unlike other landscapes (Anderson and Talbot, 1965; Cole, 1982; Pennock et
al., 1987), gradients in soil moisture and edaphic conditions on mountain slopes are of
little importance in Omo NP. Rather, small-scale patterns in specific soil constituents are
of more importance.

SUMMARYAND CONCLUSIONS
These results support the hypothesis that there is a spatial monotonic trend in the
distribution of species associations occurring within the Omo NP landscape. The trend is
stronger for the association representing only perennial grass species, than it is for the
association representing all perennial species. The trend in these associations is also
stronger in the alluvial plain. A stronger trend in the grass species association,
particularly in the plains, reflects the ability of many grasses to dominate soils that are
high in clay content and low in moisture.
All determinants in this investigation were of some importance with the exception
of exchangeable calcium, pH, and organic matter. Rainfall, not surprisingly, was most
important. Furthermore, the hierarchy of the large-scale determinants in this investigation
was similar to the hierarchy suggested in other models of savanna vegetation dynamics.
However, there was inconclusive evidence as to the exact nature of the relationships of
the large-scale, topographic- and edaphic-related determinants with the species
associations used in this investigation. Additionally, gross-scale measurements of these
determinants do not explain much more than do coarse-scale measurements despite how
different the data were.
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There was a significant but indirect relationship between exchangeable sodium
and magnesium levels and the spatial distribution of the All species association matrix in
the alluvial plain. Failure to discover any relationship between exchangeable magnesium
and the Grass species association matrix, or between both associations and other soil
properties, suggests a wide range of tolerance to highly alkaline soil conditions and
almost saline conditions . Furthermore, the results suggest indifference to exchangeable
calcium levels, probably because of invariance. Organic matter additions mirrored the
trend in both species associations because of the influence of rainfall on both.
Several conclusions can be reached about plant species dynamics in Omo NP as a
result of this investigation . The first is that the rainfall gradient is clearly the primary and
most significant determinator of the spatial pattern in vegetation, as evidenced by the
distribution of the species associations (Fig. 4-14 and 4-15). The rainfall gradient is what
dictates which species are associated together , where these associations might occur, and
is responsible for the monotonic trend in the distribution of species associations. The
means by which rainfall exerts its influence is probably by facilitating immigration and
persistence by the more humid- and subhumid -adapted species in the northern region, and
by the arid- and semiarid-adapted species in the southern region.
A second conclusion is that exchangeable sodium and magnesium act as
determinators as well, by operating within the constraint of the rainfall gradient, as
evidenced by the distribution of species associations across the plains (Fig. 4-15). The
way in which exchangeable sodium and magnesium exert an influence is probably by
facilitating the persistence, and association of the more arid- and semiarid-adapted, and
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salt-tolerant species. The gradient in rainfall and the trend exhibited by these soil
constituents also explain why species associations characteristic of more than one
ecological region occur together in Omo NP. Rainfall may also explain the threshold
behavior exhibited by many of the subhumid species along the southern extent of their
distribution (Fig. 4-9).
A logical next step should involve ascertaining which species are most influenced
by these determinants and determining the hierarchy of the determinants on a species-byspecies basis. The distribution maps suggest that there may be some that follow the
ordering in these ecological models better than others. In addition, experiments should be
conducted in an attempt to determine if species do in fact respond to different
concentrations of exchangeable sodium and magnesium in the manner suggested by the
Mantel and partial Mantel results. Alternative models should be investigated as well,
including models that portray responses that are a function of differences in life-history or
reproductive strategies, seedling survival, or possible competitive interactions.
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Table 4-1. Ecological Model 1--Mantel statistics and associated probabilities . Tes ts of significance are one-tailed.
Mantel Tests

Rain 1

Rain2

PM

HP

E

Space

All perennial species
association

0.544
P<0.00001*

0.476
P<0.00001*

0.500
P<0.00001*

0.499
P<0.00001*

0.515
P<0 .00001*

0.249
P<0.00001*

Perennial Grass
Species Association

0 .399
P<0.00001*

0.411
P<0.00001*

0.380
P<0.00001*

0.487
P<0.00001*

0.343
P<0.00001*

0.269
P<0 .00001 *

Rain 1 (Rainfall unclassified)

0.590
P<0.00001*

0.509
P<0.00001*

0.807
P<0 .00001*

0.334
P<0.00001*

Rain 2 (Rainfall Classified)

0.564
P<0.00001*

0.469
P<0.00001*

0.604
P<0 .00001*

0.389
P<0 .00001*

0.645
P<0.00001*

0.821
P<0.00001 *

0. 106
P<0.00001*

0.630
P<0.00001 *

0. 135
P<0 .00001*

Parent Material (PM)

Hillslope Position(HP)

Elevation (E)

0.119
P<0 .00001*

* Mantel test significant at the Bonferroni -corrected probability level (0.05/ 15 = 0.00333) for an overall significance level a= 0.05
over 15 simultaneous tests, per species association, by rainfall measure.

t,J

0

Table 4-2. Ecological Model 2--Mantel statistics and associated probabilities. Tests of significance are one-tailed.
Rain 1

Ca

Mg

Na

pH

OM

Space

All perennial
species

0.328
P<0.00001*

0.078
P=0.00335

0.242
P<0.00001*

0.185
P<0.00001 *

0.076
P=0.00007*

0.241
P<0.00001*

0.320
P<0.00001*

Perennial grass
species

0.354
P<0.00001*

0.025
P=0.23624

0.178
P<0.00001*

0.237
P<0.00001*

0.014
P=0.28015

0.216
P<0.00001*

0.335
P<0.00001*

0.011
P=0.38021

0.316
P<0.00001*

0.274
P<0.00001*

0.033
P=0.08780

0.577
P<0.00001*

0.888
P<0.00001*

0.152
P=0.00009*

0.385
P=0.18000

0.277
P<0.00001*

0.095
P=0.00031

0.039
P=0.11082

0.158
P<0.00001*

0.068
P=0.00631

0.455
P<0.00001*

0.334
P<0.00001 *

0.326
P<0.00001*

0.209
P<0.00001 *

0.166
P<0.00001*

0.106
P<0.00001*

0.042
P=0.02742

Mantel test

Rain 1 (rainfall
unclassified)
Calcium (Ca)

Magnesium (Mg)
Sodium (Na)
Soil pH (pH)

Organic Mauer

0.650
P<0.00001*

* Mantel test significant at the Bonferroni-corrected probability level (0.05/28 = 0.00178) for an overall significance level a = 0.05
over 28 simultaneous tests, per species association.
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Table 4-3. Ecological Model !--Partial Mantel statistics with associated
probabilities. Tests of significance are one-tailed.
All Perennials

Perennial Grass

(Vcgctation·SPACE).Rain I

0.084
P<0.0000 I•

0.154
P<0.00001•

(Vcgctation·Rain !).SPACE

0.505
P<0.00001 •

0.337
P<0.00001•

(Rain I ·SPACE). Vegetation

0.244
P<O.OOOOJ•

0.269
P<0.00001•

(Vcgctatioo·SPACE) .Rain 2

O.Q78
P<0.00001•

0. 127
P<0.00001•

(Vcgctation ·Rain 2).SPACE

0.425
P<0.00001•

0.346
P<O.0000 I •

(Rain 2-SPACE) .Vcgctation

0.389
P<0.00001•

0.318
P<0.00001•

(Vcgctation·SPACE) .?.trcnt Material

0.227
P<O.OOOOt•

0.245
P<0.00001•

(V cgctation ·Parcnt M:itcrial).SPACE

0.492
P<0.00001•

0.368
P<0.00001•

(P\lrcnt Matcrial·SPACE) .Vcgctation

-0.022
P=0 . 12932

0.006
P=0.38934

(Vegetation·SPACE) .Hillslopc position

0.21 I
P<0.00001 •

0.232
P<0.00001•

(Vcgetation·H.illslopc position) .SPACE

0.485
P<0.00001 •

0.473
P<0.0000!•

(H.illslopc positioo)·SPACE. Vegetation

0.012
P=0 . 17926

0.006
P=0.33736

(Vcgctation·SPACE).Elcvation

0 .220
P<0.00001 •

0.238
P<0.00001•

(Vcgctatioo·Elcvation).SPACE

0.505
P<0.00001•

0.321
P<0.00001 •

(Elevation ·SPACE). Vcgctation

-0.01 I
P=O.J1375

0.030
P=0.09672

Partial Mantel tests

* Partial mantel test significant at the Bonferroni-corrected probability level (0.05/12 = 0.00417) for an
overall significance level a= 0.05 over 12 simultaneous tests, per species association, by rainfall measure.
Rain l unclassified rainfall data; Rain 2 classified rainfall data:< 600, 600-649. 650-699, 700-749, > 750799 mm
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Table 4-4. Ecological Model 2--Partial Mantel statistics with associated
probabilities. Tests of significance are one-tailed.
All Pettnnials

Perennial Grass

(Vcgctatioo·SPACE).Rainfall

0.068
P=0.00459

0.048
P=0.05741

(Vcgctation·Rainfall) .SPACE

0.099
P=0.00017•

0.131
P=O.00002 •

(Rainfall·SPACE). Vegetation

0.875
P<0.00001•

0.872
P<0.00001 •

(Vcgetation·SPACE).Magncsium

0.262
P<0.00001•

0.296
P<O.OOOOt•

(Vcgctation·Magncsium).SPACE

0.151
P<0.00001•

O.D75
P=0.00623

(Magncsium·SPACE). Vcgctation

0.279
P<0.00001•

0 .295
P<0.00001 •

(V cgctation·SPACE) .Sodiwn

0.299
P<O.0000 l •

0.308
P<0.00001*

(Vcgctation·Sodium) .SPACE

0.141
P<0.00001 •

0.195
P<0.00001•

(Sodium·SPACE).Vcgctation

0.114
P=0.00001•

0.095
P<0.00001•

(Vcgctation·SPACE) .soil pH

0.318
P<0.00001•

(Vegetation-soil pH).SPACE

0.065
P=0.00173•

(soil pH·SPACE) .Vcgctalion

0.019
P=0.21654

(Vcgctation·SPACE).Organic matter

0.221
P<0.00001•

0.212
P<0.00()()1•

(Vcgctation-()rganic mattcr) .SPACE

0.046
P=0.01205

0.002
P=0.45456

(Organic matter-SPACE) . Vcgctation

0.623
P<0.00001•

0.629
P<0.00001•

Partial Man~I tests

* Partial mantel test significant at the Bonferroni-corrected probability level (0.05/15 = 0.00333) for an
overall significance level a= 0.05 over 15 simultaneous tests, per species association. Hyphen indicates
statistic not calculated (Mantel test not significant).
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Fig. 4-1. Models of nature of species responses under a gradient of control. Type 1-montonic trend, Type 2--variable, Type 3 --hysteretic, and Type 4--multiple
responses (modified from Holland, 1988 and Shugart, 1990).
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Fig. 4-4. Ecological Models 1 and 2: Determinants and their hierarchy in an African savanna landscape ecotone
scenario. Model 1 is the scenario proposed for dynamics at the entire scale of the investigation and Model
2 is the scenario proposed for dynamics within the Vertisol plain. Location of determinant reflects
position in hierarchy, a solid arrow represents the hypothesis of a direct influence over species
distributions, and a dashed arrow the hypothesis of an indirect influence.
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Fig. 4-6. Interpolated map of rainfall gradient across the study grid. Geographic
coordinates are in Universal Transmercator Grid units. The break in
coordinates on the X axis (If) represents a difference in scale on either side.
Pixels on the west side of the break represent plots at specific elevations,
ranging from 500 to 900 m, at 100-m intervals. Rainfall estimates are
represented at the entire scale of a pixel with the actual estimate applying to
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140

Hillslope Position and Elevation
Projection: UTM, Zone 36
Hlllalope e&aaa..

D
D

nodata
Ptaina (1lope = 0-2%1

-

Edgo of plaln (1lopo

-

M><rtalopo

= 2-4%)

-

Foothill

-

Mountain , lower elope

-

M0tsntaln. mid alopo

-

Mountain , 141por1lopo

•

635 ' 000

·+·

r

Legend
-

1-

Contours (50ml
Mui River
Study Area

!

I
I

I

j

615'000
~---~~~~~~~~~~~~

806'000

816'000

826'000

Fig. 4-7. Map of hillslope position and elevations across the study grid. Geographic
coordinates are in Universal Transmercator Grid units. The break in
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Pixels on the west side of the break represent plots at specific elevations,
ranging from 500 to 900 m, at 100-m intervals. Hillslope position and
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applying to the center of each pixel. Pixel size is 2 by 2 km.
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Fig. 4-9. Species distribution maps. Green represents presence in plot.
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Distribution of common perennial species, excluding grasses
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Distribution of common perennial species, continued

Pert qued

Prem reli

Ahl.NInar.i

Rhyn """'

Ruol pen,

S.lv pe,a

Taff port

Term bn,w

Term 1111in

Trag plut

Trio ula

Triu n.v

S.na •by•

S.n, etve

Sore vim

145

Distribution of common perennial grass species
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Fig. 4-10. Distribution of 26 common perennial species at 28 transect positions, along Universal Transme rcator X
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Fig. 4-11. Distribution of 45 common perennial species at 18 transect positions (elevations 700 and 800 m
combined), along the south-north-trending mountain range. Shading represents individual species
occurrence.
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Fig. 4-14. Species associations maps illustrating spatial distributions of the
associations at the entire scale of investigation. Geographic coordinates are
in Universal Transmercator Grid units. The break in coordinates on the X
axis (//) represents a difference in scale on either side. Pixels on the west side
of the break represent plots at specific elevations, ranging from 500 to 900 m,
at 100-m intervals. Pixels represent an area approximately 2 by 2 km, with
the actual observation applying to the geographic center of each pixel.
Colors represent species associations; similar colors (in color schematic)
represent similar species associations.
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Fig. 4-15. Species association maps illustrating the spatial distribution of
associations at the plains scale of investigation. Geographic coordinates are
in Universal Transmercator Grid units. The break in coordinates on the X
axis(//) represents a difference in scale on either side. Pixels on the west side
of the break represent plots at specific elevations, ranging from 500 to 900 m,
at 100-m intervals. Pixels represent an area approximately 2 by 2 km, with
the actual observation applying to the geographic center of each pixel Colors
represent species associations; similar colors (in color schematic) represent
similar species associations.
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CHAPTERS
SUMMARY
Ecologists have long attempted to understand the determinants that influence plant
species distributions, frequently relying on limited data. This is particularly the case for
African savanna systems (Bourliere and Hadley, 1970; Huntley and Walker, 1982;
Bourliere, 1983; Tothill and Mott, 1985; Frost et al., 1985; Walker, 1987). In general,
vegetation dynamics in African savannas are believed to be influenced by climatic,
edaphic, geomorphic, and biotic conditions, and fire and anthropogenic activities
(Huntley and Walker, 1982; Bourliere, 1983; Frost et al., 1985; Menaut et al., 1985;
Tothill and Mott, 1985; Walker, 1987).
There is some agreement about how these determinants influence the structure of
vegetation in certain landscapes; however, there is still debate over how they affect
species distributions in many landscapes (Belsky, 1983, 1986, 1987; Walker, 1987;
McNaughton, 1983). Relatively few investigations in African savanna landscape
ecotones have resulted in even less understanding of the relative importance of these
determinants, particularly when they manifest themselves as strong environmental
gradients. Consequently, our ability to determine the causes of vegetation distribution in
African savanna landscape ecotones is limited to extreme generalizations.
Climate is expected to be the most important factor influencing species
distributions in many types of landscape ecotones (Gosz, 1993). When a topographic
gradient also exists, species distributions are expected to follow the gradients in soil
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moisture and edaphic conditions as well (Milne, 1935; Cole and Brown, 1976; Cole,
1985; Pennock et al., 1987). Species distributions may also reflect small-scale spatial
variability in soil alkalinity, salinity, and toxicity, within the moisture gradient (Cole,
1985; Herlocker et al., 1992). The exact nature of influence by any of these determinants
is still unclear, however.

In this dissertation I investigated how gradients in rainfall and topography, and
patterns in soil constituents, affect species distributions in an African savanna landscape
ecotone. My investigation was conducted in the western portion of the lower Omo Basin,
Ethiopia. The data I was able to obtain pertaining to the availability and pattern exhibited
by different soil properties were limited, however. As a result, my first investigation
(Chapter 2) involved a statistical analysis of the appropriateness, accuracy, and
effectiveness of spatial interpolation methods to derive spatial predictions when data were
limited and coarse-spaced. My second investigation (Chapter 3) involved an ecological
analysis of the spatial patterns exhibited by the different soil properties, as predicted by
the most accurate methods. Results from Chapters 2 and 3 were then employed in the
investigation of how gradients in rainfall and topography, and patterns in soil resources,
affect species distributions in an African savanna landscape ecotone (Chapter 4).

Chapter 2

In Chapter 2, I investigated the use of ordinary kriging, inverse-distance
weighting, and thin-plate smoothing splines with tensions to derive spatially explicit
predictions of the different soil properties, since the current debate centers on these
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interpolation methods (Hussain et al., 1984; Wollenhaupt et al., 1994; Gotway et al.,
1996). Predictions obtained from using these three methods were derived using the
jackknife procedure (Isaaks and Srivastava, 1989). This involved consecutively removing
a data value from the sample data set, interpolating to that site using the remaining 45
values, and calculating the residuals (e.g., predicted minus observed).
Twelve different approaches were used when interpolating with the inversedistance weighting and thin-plate smoothing splines with tensions methods. The
intention of using different approaches was to reduce the amount of subjectivity involved
in the selection of the weighting and distance parameter values required in each model.
Only one approach to interpolation with ordinary kriging was employed, however,
because the parameters for kriging were obtained directly from the variogram model. The
46 predictions obtained by each method were then compared, and accuracy was
determined using the mean adjusted error and mean-square error measures. Effectiveness
was based on the goodness-of-prediction measure. Analysis of variance and pairwise
comparison t tests were then employed to determine if the results were significantly
different.
The use of spatial interpolation methods using coarse-scaled, limited soils data
proved appropriate for the majority of the soil properties I analyzed. My results were also
comparable to more data-intensive investigations. The use of validation procedures, and
accuracy and effective measures, including the mean absolute, mean square error, and
goodness-of-prediction measures, were invaluable in the determination of
appropriateness. However, a level of subjectivity remains in the decision-making process
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despite the use of these procedures and measures. Therefore it is recommended that
investigators using these methods adopt some type of categorization approach to reduce
the amount of subjectivity involved, such as I did by using a modification of Monserud
and Leemans' (1992) approach to the evaluation of effectiveness.
Appropriateness appeared dependent on the extent of spatial dependence in the
data. I also determined that accuracy and effectiveness were dependent on local and
unique characteristics of the data and how well an interpolation method can model that
uniqueness . In most cases, ordinary kriging and inverse-distance weighting appeared to
be similarly accurate and effective. Thin-plate smoothing splines with tensions, however,
proved inaccurate and ineffective in all but one instance.
Predictions derived by ordinary kriging and inverse-distance weighting were
acceptable because both use an approach that preserves both local detail and trend. These
methods also tended to derive more conservative estimates along the edges of the grid
because they use an interpolation approach based either on spatial continuity (ordinary
kriging), or one that conserves the nearest values (inverse-distance weighting). Thinplate smoothing spline with tensions was unacceptable because it uses a smoothing
approach that results in a loss of local detail and trend. Additionally, estimates along the
edges of the grid followed the prevailing trend of the nearest data points such that they
were either higher or lower than the adjacent reference points. Frequently this resulted in
errors of greater magnitude.

In my investigation I also determined that outliers may play an important role
when interpolating. Other data characteristics, including variability, skewness, and
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kurtosis, appeared unimportant, however. Outliers influence results by either increasing
the amount or extent of spatial dependence in the data or by reducing the amount of
variability and dependence between data points. Therefore, outliers should not be
removed from a data set without first determining the consequences of their removal.

Chapter 3

The importance cf understanding how soil properties vary spatially within a single
landscape has been discussed by numerous authors (Wilding and Drees, 1978, 1983;
Trangmar, 1984; Nielsen and Bouma, 1985; Uehara et al., 1985; Wilding, 1985). It is
both timely and costly to collect data of this nature, however . As a result, the literature on
how soil properties vary spatially remains limited to conjectures. The intent of my
investigation in Chapter 3 was to analyze and describe how different soil properties
varied spatially in a Vertisol landscape in Ethiopia, under the influence of a rainfall
gradient.
Results obtained in Chapter 2 were what determined which of the spatial
interpolation methods were used when calculating the soil surface maps. Multiple linear
regression was used to calculate the rainfall gradient. I then characterized the patterns
displayed by each soil surface model using an interpretive rather than a statistical
approach. Emphasis was placed on the nature (e.g., abrupt or gradual), extent (e.g., full
or partial), and type of patterns (e.g., linear spatial trend or radiating) displayed by each
property. I also considered the geographic location of the highest and lowest estimates to
determine if some soil properties might be interacting.
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From this investigation I was able to determine that the soils in the lower Omo
Basin were equivalent to soils in other Vertisol landscapes, in both conditions required
for Vertisol formation and soil chemistry. There was considerable spatial variability
exhibited by the different soil properties, however. Moisture availability, including
rainfall, subsurface flows, natural springs, and hydrothermal sources, determined the
character of most of the responses in this landscape. Recent and historic parent material
additions and topographic variability limited the range of the response, however. The
pattern displayed by one soil property was at times a consequence of the variability
exhibited by another property as well. In particular, the spatial pattern exhibited by soil
pH appeared to be a direct consequence of alkalinization due to high sodium
concentrations. There is little evidence of differences in weathering or mineralization
rates across this landscape, however.
The spatial p1tterns exhibited by all the soil properties were both diverse and
unique. Some patterns were also highly variable, particularly when a property appeared
to be under the influence of more than one source of moisture . In addition, exchangeable
magnesium exhibited a type of threshold behavior. This was manifested as a pattern of
continual decrease going from north to south, and few differences in the south. The
rainfall gradient was apparently responsible for this trend in availability, up until some
level of low rainfall was reached. Below this level, exchangeable magnesium remained
relatively unaffected.
The patterns exhibited by the soil properties in Omo were inconsistent with what
was reported in the literature. How much this has to do with Omo's climate or
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topography is not exactly clear, however. The rainfall regime may be such that the
rainfall gradient in Omo has an effect on many of the soil properties in a way that would
differ if one or more aspects of the regime were to suddenly differ, such as an increase in
rainfall amount. However, until the weathering rates are calculated for the other
landscapes, direct comparisons will remain impossible. Alternatively, the inconsistencies
may be an artifact of sample size limitations, transect length, and disturbance history
(Fitzpatrick and Le Roux, 1977; Shadfan, 1983), or be specific to a certain climatic
regime (Williams et al., 1978; Shadfan, 1983). More data-intensive and spatially explicit
investigations are required to resolve this issue.

Chapter 4

The distribution of plant species in landscape ecotones primarily reflects the range
of tolerance of each species to a particular range of influence by a determinant (Holland,
1988; Gosz and Sharpe, 1989; Neilson et al., 1992). The nature of the response to a
determinant has yet to be explored, however, particularly in a spatial context. In Chapter
4, I investigated whether patterns in species distributions in Omo were similar to a
monotonic trend. I also investigated: (1) whether gradients in rainfall, topography, and
variable edaphic conditions influenced perennial plant species associations and
distributions in an African savanna landscape, (2) what was the nature of the species
association-determinant relationships, and (3) the hierarchical arrangement of the
determinants.
I used a spatially explicit survey design to collect the data used in this
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investigation. Spatial interpolation as described in Chapters 2 and 3 provided the
spatially based estimates of edaphic conditions. Because of the assumption and
investigation of spatial autocorrelation, I used the Mantel and partial Mantel statistics
(Mantel, 1967; Smouse et al., 1986) to test whether species associations and the
determinants exhibited a pattern that was a monotonic spatial trend. An approach
developed by Legendre (1993), which relies on the Mantel and partial Mantel results, was
used to determine the nature of the spatial patterns in these data, the nature of the
vegetation-determinant relationships, and the determinant hierarchy.
The results of my investigation suggest that species composition in Omo National
Park resembles that of several major East African ecological zones rather than just one
particular type. They also suggest that there is a spatial monotonic trend in the
distribution of the types of species associations found in Omo National Park. The trend is
stronger in the associations representing grass species exclusively, however, than it is in
the associations representing all perennial species including grass species. The trend in
the grass species association is also stronger in the alluvial plain. Together, these results
reflect the ability of many grasses to dominate soils that are high in clay content and low
in available moisture.
With the exception of exchangeable calcium, pH, and organic matter, all
determinants in this investigation were of some importance. Rainfall, not surprisingly,
was most important. Furthermore, the determinant hierarchy in this investigation was
similar to the hierarchy depicted in other models of savanna vegetation dynamics. There
was inconclusive evidence as to the exact nature of the relationships between the
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topographic and edaphic conditions and the species associations in this investigation ,
however.
A wide range of tolerance to the range of topographic and edaphic conditions is
what led to an indeterminate relationship between the species associations and the
topographic-related determinants. Rainfall limitations to species distributions in the
plains, however, led to a stronger trend in the alluvial plain. These results were consistent
with patterns of species composition in the Serengeti Plains. However, Anderson and
Talbot (1965) attributed the compositional changes in the Serengeti more to edaphic
features than to the rainfall gradient. The results from Omo National Park suggest then
that even if topographic-related gradients in soil moisture or cdaphic conditions are
present, as has been suggested for other landscapes (Kantor and Schwertmann, 1974;
Molloy and Blakemore, 1974; Hussain et al., 1984), they appear relatively invariant to the
plants in Omo National Park.
Exchangeable magnesium and sodium were the only soil properties investigated
that exerted a significant influence on the distribution of the species associations. The
influence of these resources was indirect, however, suggesting that only a few types of
species associations were affected by somewhat high levels of these resources. These
species most probably include Sporobolus helvolus, S. iocladus, and Eriochloafatmensis,
as reported by Herlocker et al. (1992).
Alternatively, failure to discover any relationship between any of the species
associations and the other soil properties suggests a wide range of tolerance to highly
alkaline soil conditions and near saline conditions. Furthermore, the results of this
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investigation suggest indifference to exchangeable calcium levels, probably because of
invariance in this resource. Additionally, organic matter mirrored the trend in the species
associations because of the influence of rainfall on both.
Several conclusions can be reached about plant species dynamics in Omo National
Park as a result of this investigation. The first is that the rainfall gradient is clearly the
primary and most significant determinant in Omo National Park, as evidenced by the
distribution of the species associations. The rainfall gradient dictates which species are
associated together, and where these associations might occur, and is responsible for the
monotonic trend in the distribution of species associations. Rainfall exerts its influence
by facilitating immigration and persistence by the more humid- and subhumid-adapted
species in the northern region, and by the arid- and semiarid-adapted species in the
southern region.
Exchangeable sodium and magnesium act as determinators as well, but only in the
context of the rainfall gradient. These soil properties exert an influence by facilitating the
persistence and association of the more arid- and semiarid-adapted, and salt-tolerant
species in the plains. The patterns in rainfall and these soil constituents also explain why
species associations characteristic of more than one ecological region occur together in
Omo National Park. Rainfall may also explain the threshold response exhibited by many
of the subhumid species along the southern extent of their distribution.
For the future, investigations should focus on how sensitive individual species
might be to these types of environmental gradients. The distribution maps suggest that
there may be some that are more sensitive, or follow the ordering in the model proposed
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for Omo National Park, better than others.

Understanding environmental limitations of

individual species would help unravel the influence of certain determinants, including
biotic and anthropogenic activities. In addition, it may identify a savanna-adapted species
that might serve as a reliable predictor of global climate change .
Experiments to determine if species do in fact respond to different concentrations
of exchangeable sodium and magnesium would also be informative. Alternative
ecological models should be investigated as well, including models that portray responses
that are a function of differences in life-history or reproductive strategies, seedling
survival, or possible competitive interactions .
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APPENDIX 1. ANALYSIS OF VARIANCE AND PAIRWISE
COMPARISON t TEST RESULTS
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Analysis of Variance and Pairwise Comparison t test results
Section A-. ANOVA comparison, between Interpolation methods: Ordinary Krlglng, IDW, and Splines. Mean,
MAE and PMSE results
1. Sand, MAE
Source
Sum-of-Squares df Mean-Square F-ratio
P
METHOD
2.89399E+-05 2 1.44699E+-05 1.183S98 0.309241
Error
l .65001E+-07 135 1.22223E+-05

2. Sand: PMSE
Source
Sum-of-Squares df Mean-Square F·ratio
P
METHOD
2.89399E+-05 2 l .44699E+-05 1.183S98 0.309241
Error
1.65001E+-07 135 1.22223E+-05
3. Clay, MAE
Source
Sum-of-5quares df Mean-5quare F-ratio
P
METHOD
7.060873 2 3.530436 0.105664 0.899805
Error
4310.139973 129 33.411938
4. Clay, PMSE
Source
Sum-of-Squares d1 Mean-Square F-ratio
P
METHOD
4485.801950 2 2242.900975 0.136036 0.872936
Error
2.12689E+-06 129 1.64875E+-04
5. Soil pH, MAE
Source
Sum-of-Squares df Mean-Square F-ratio
P
METHOD
0.008592 2 0.004296 0.109474 0.896385
Error
5.297396 135 0.039240
6. Soil pH: PMSE
Source
Sum-of-Squares df Mean-Square F-ratio
P
METHOD
0.006532 2 0.003266 0.139470 0.869944
Error
3.161307 135 0.023417
7. Sodium, MAE
P
Source
Sum-of-Squares df Mean-Square F-ratio
METHOD
1.602414 2 0.801207 1.269152 0.284402
Error
85.224589 135 0.631293
8. Sodium, PMSE
Source
Sum-of-Squares df Mean-Square F-ratio
P
METHOD
23.607669 2 11.803834 2.038423 0.134223
Error
781.740319 135 5.790669
9. Calcium, MAE
Source
Sum-of-Squares df Mean-Square F-ratio
P
METHOD
34.065410 2 17.032705 1.151717 0.319180
Error
1996.510970 135 14.788970
10. Calcium, PMSE
Source
Sum-of-Squares df Mean-Square F-ratio
P
METHOD
8929.436538 2 4464.718269 1.192098 0.306759
Error
5.05610E+-05 135 3745.259955
11. Magnesium, MAE
Source
Sum-of-Squares df Mean-Square F-ratio
P
METHOD
5.029691 2 2.514845 0.643591 0.527006
Error
527.515037 135 3.907519
12. Magnesium, PMSE
Source
Sum-of-Squares df Mean-Square F-ratio
METHOD
379.968819 2 189.984410 0.831658

P
0.437545
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Error

3.08395E-+-04 135 228.440586

13. Available phosphorus, MAE
P
Sum-of-5quares df Mean-Square F-ratio
Source
8.506979 2 4.253490 0.336247 0.715043
METHOD
1707.736602 135 12.649901
Error
14. Available phosphorus, PMSE
P
Sum-of-Squares df Mean-Square F-ratio
Source
189.098571 2 94.549286 0.046211 0.954856
METHOD
2.76215E+-05 135 2046.036654
Error
15. Organic Matter, MAE
P
Sum-of-Squares di Mean-Square F-ratio
Source
0.017886 2 0.008943 0.251822 0.777747
METHOD
4.794330 135 0.035514
Error
16. Organic matter, PMSE
P
Sum-of-squares di Mean-Square F-ratlo
Source
0.004302 2 0.002151 0.104219 0.901100
METHOD
2.786275 135 0.020639
Error

Section B: Pairwise comparison t test, between methods.

B.1. a. Test of MAE values: soil pH
Paired samples t test on PH1 vs PH2 with 46 cases

= 0.210687
Mean PH1
= 0.213043
Mean PH2
Mean Difference = -0.002357 95.00% Cl = -0.077792 to 0.073079
t = -0.062918
SO Difference = 0.254023
di = 45 Prob = 0.950110
Bonferroni Adjusted Prob = 1.000000
Paired samples t test on PH1 vs PH3 with 46 cases

=
Mean PH1
=
Mean PH3
Mean Difference =
SO Difference =

0.210687
0.22e478
-0.01n91 95.00% Cl = -0.099649 to 0.064066
t = -0.43n57
0.275648
df = 45 Prob = 0.663657
Bonlerroni Adjusted Prob = 1.000000

Paired samples t test on PH2 vs PH3 with 46 cases
= 0.213043
Mean PH2
= 0.228478
MeanPH3
Mean Difference = -0.015435 95.00% Cl = -0.042844 to 0.011974
t= -1.134208
SO Difference = 0.092297
di= 45 Prob= 0.262713
0.788139
Bonferroni Adjusted Prob=

B.1. b. Test of MAE values: exchangeablesodium
Paired samples t test on NA1 vs NA2 with 46 cases
= 0.979366
Mean NA1
= 1.214783
Mean NA2
Mean Difference = -0.235417 95.00% Cl = -0.591725 to 0.120892
t= -1.330740
SO Difference = 1.199840
df = 45 Prob = 0.189979
Bonferroni Adjusted Prob = 0.569936
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Pairedsamples t test on NA 1 vs NA3 with 46 cases

= 0.979366
Mean NA1
MeanNA3
= 0.992391
Mean Difference = -0.013025 95.00% Cl = -0.307496 to 0.281445
t = -0.089091
SO Difference = 0.991606
df
45 Prob
0.929405
Bonferroni Adjusted Prob = 1.000000

=

=

Paired samples t test on NA2 vs NA3 with 46 cases
Mean NA2
= 1.214783
Mean NA3
= 0.992391
Mean Difference = 0.222391 95.00% Cl = -0.016934 to 0.461717
t = 1.871589
SO Difference = 0.805909
df = 45 Prob = 0.067772
Bonferroni Adjusted Prob=
0.203317
8.1. c. Tat cf MAE values: exchangeablemagnesium
Paired samples t test on MG1 vs MG2 with 46 cases

Mean MG1
= 2.370978
MeanMG2
= 2.100000
Mean Difference = 0.270978 95.00% Cl = -0.549566 to 1.091523
t = 0.665141
SO Difference = 2.763118
df = 45 Prob = 0.509355
Bonferronl Adjusted Prob = 1.000000
Paired samples t test on MG1 vs MG3 with 46 cases
= 2.370978
Mean MG1
MeanMG3
= 2.565217
Mean Difference = -0.194239 95.00% Cl = -1.080276 to 0.691798
t = -0.441537
so Difference = 2.983657
df = 45 Prob = 0.660939
Bonferroni Adjusted Prob = 1.000000
Paired samples t test on MG2 vs MG3 with 46 cases
MeanMG2
= 2.100000
MeanMG3
= 2.565217
Mean Difference = -0.465217 95.00% Cl = -0.814925 to -0.115510
t = -2.679372
SD Difference = 1.1n611
di= 45 Prob=
0.010266
Bonferroni Adjusted Prob = 0.030798

B.1. d. Test of MAE values: avallable phosphorus
Paired samples t test on AVP1 vs AVP2 with 46 cases

= 3.115870
MeanAVP1
MeanAVP2
= 3.439565
Mean Difference = -0.323696 95.00% Cl = -1.489936 to 0.842545
t = -0.559024
SD Difference = 3.927221
df = 45 Prob = 0.578917
Bonferroni Adjusted Prob = 1.000000
Paired samples t test on AVP1 vs AVP3 with 46 cases
MeanAVP1
= 3.115870
MeanAVP3
= 3.723913
Mean Difference = -0.608043 95.00% Cl = -1.908848 to 0.692761
t = -0.941465
SO Difference = 4.380354
df = 45 Prob = 0.351493
Bonferroni Adjusted Prob = 1.000000
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Paired samples t test on AVP2 vs AVP3 with 46 cases

= 3.439565
MeanAVP2
= 3.723913
MeanAVP3
Mean Difference = -0.284348 95 .00% Cl = -1.002840 to 0.434144
t = -0.797094
SD Difference = 2.419464
0.429582
df = 45 Prob=
1.000000
Bonferroni Adjusted Prob =
B.1. e. Test of MAE values: percent sand
Paired samples t test on SAND1 vs SAND2 wtth 46 cases
;:;: 6.247570
Mean SAND1
= 6.319130
MeanSAND2
Mean Difference = -0.071561 95.00% Cl = -3.302700 to 3.159578
t = -0.044607
SD Difference = 10.880598
0.964618
df = 45 Prob=
1.000000
Bonferronl Adjusted Prob =
Paired samples t test on SAND1 vs SAND3 with 46 cases

= 6.247570
Mean SAND1
= 9.346522
Mean SAND3
Mean Difference = ·3.098952 95.00% Cl = -7.298885 to 1.100981
t = ·1.486121
SD Difference = 14.142934
df = 45 Prob = 0.144220
Bonferron i Adjusted Prob = 0.432660
Paired samples t test on SAND2 vs SAND3 with 46 cases
= 6.319130
Mean SAND2
= 9.346522
MeanSAND3
Mean Difference = ·3.027391 95.00% Cl = -5.220387 to -0.834396
t = ·2.780434
SD Difference = 7.384735
df = 45 Prob = 0.007898
Bonferroni Adjusted Prob = 0.023695

8 .1. f. Test of MAE values: pe;,:ent organic matter
Paired samples

t test on OM1 vs OM2 with 46 cases

= 0.224459
Mean OM1
= 0.213913
MeanOM2
Mean Difference = 0.010546 95.00% Cl = -0.074805 to 0.095898
t = 0.248870
SD Difference = 0.287415
df = 45 Prob = 0.804593
Bonferroni Adjusted Prob = 1.000000
Paired samples t test on OM1 vs OM3 with 46 cases

= 0.224459
MeanOM1
= 0.240435
MeanOM3
Mean Difference = -0.015975 95.00% Cl = -0.099918 to 0.067967
t = -0.383310
SD Difference = 0.282669
0.703295
df = 45 Prob=
1.000000
Bonferroni Adjusted Prob =
Paired samples t test on OM2 vs OM3 with 46 cases
:::: 0.213913
MeanOM2
= 0.240435
MeanOM3
Mean Difference = -0.026522 95.00% Cl = -0.074757 to 0.021714
t = -1.107433
SD Difference = 0 .162429
0.273991
df = 45 Prob=
0.821974
Bonferroni Adjusted Prob=
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B.1. g. Test of MAE values: exchangeable calcium
Paired samples t test on CA 1 vs CA2 with 46 cases
MeanCA1
= 4.439891
MeanCA2
= 4248696
Mean Difference = 0.191196 95.00%CI = -1.46074210 1.843133
SD Difference = 5.562766
t = 0.233113
df = 45 Prob=
0.816731
Bonferroni Adjus1ed Prob =
1.000000
Paired samples t test on CA 1 vs CA3 with 46 cases
Mean CA1
= 4.439891
MeanCA3
= 5.386087
Mean Difference = -0.946196 95.00% Cl = -2.776742 to 0.884351
SD Difference = 6.164217
t::: -1.041075
df = 45 Prob=
0.303402
Bonferroni Adjusted Prob=
0.910206
Paired samples t test on CA2 vs CA3 with 46 cases
Mean CA2
= 4.248696
MeanCA3
= 5.386087
Mean Difference = -1.137391 95.00%CI = ·2.110055to -0.164727
SD Difference = 3.275368
t = -2.355205
di = 45 Prob = 0.022932
Bonlerroni Adjusted Prob = 0.068797

8.1. h. Test of MAE values: percent clay
Paired samples t test on CLAY1 vs CLAY2 with 44 cases
MeanCLAY1
= 8.301359
MeanCLAY2
= 7.779568
Mean Difference = 0.521791 95.00% Cl = -2.077782 to 3.121364
SD Difference = 8.550444
t = 0.404794
df = 43 Prob=
0 .687636
Bonlerroni Adjusted Prob =
1.000000
Paired samples t test on CLAY1 vs CLA Y3 wittl 44 cases
Mean CLAY1

=

MeanCLAY3

=

Mean Difference =
SD Difference =

8.301359
8.020773
0.280586 95.00% Cl = -2.212082 to 2.773255
8.198818
t = 0.227008
di= 43 Prob=
0.821493
Bonferroni Adjusted Prob = 1.000000

Paired samples t test on CLAY2 vs CLA Y3 with 44 cases

= 7.779568
= 8.020773
Mean Difference = -0.241205 95.00% Cl = -1.801540 to 1.319131

MeanCLAY2
MeanCLAY3

SD Difference

=

5.132214
t=
-0.311750
di = 43 Prob = 0.756737
Bonferroni Adjusted Prob =
1.000000

B.2.a. Pairwise comparison,t TEST of PMSE values: soil pH
Paired samples t test on PH1 vs PH3 with 46 cases
Mean PH1
= 0.079865
Mean PH2
= 0.081522
Mean Difference = -0.001656 95.00% Cl = -0.054076 to 0.050763
SD Difference = 0.176518
t = -0.063640
df = 45 Prob = 0.949539
Bonferroni Adjusted Prob=
1.000000
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Paired samples t test on PH1 vs PH3 with 46 cases

= 0.079865
Mean PH1
= 0.095217
Mean PH3
Mean Difference = -0.015352 95.00% Cl = -0.ono30 to o.046327
t = -0.501316
SD Difference = 0.207697
df = 45 Prob= 0.618592
Bonferroni Adjusted Prob = 1.000000
Paired samples t test on PH2 vs PH3 with 46 cases
= 0.081522
Mean PH2
= 0.095217
Mean PH3
Mean Difference = -0.013696 95.00% Cl = -0.032935to 0.005543
t = -1.433786
SD Difference = 0.064785
df = 45 Prob= 0.158546
Bonferroni Adjusted Prob = 0.475637
B.2.b. Pairwisecomparison, t TEST of PMSE values: exchangeable sodium
Paired samples t test on NA 1 vs NA2 with 46 cases

= 1.497834
Mean NA1
= 2.340652
Mean NA2
Mean Difference = -0.842818 95.00% Cl = -2.025883 to 0.340247
t = -1.434852
SD Difference = 3.983875
df= 45 Prob= 0.158243
Bonferroni Adjusted Prob= 0.474730
Paired samples t test on NA1 vs NA3 with 46 cases
t .497834
=
Mean NA1
= 1.431957
Mean NA3
Mean Difference = o.0658n 95.00% Cl = -0.745593 to 0.877348
0.163511
t=
SO Difference = 2.732561
df = 45 Prob = 0.870849
Bonferroni Adjusted Prob = 1.000000
Paired samples t test on NA2 vs NA3 with 46 cases
= 2.340652
Mean NA2
= 1.431957
MeanNA3
Mean Difference = 0.908696 95.00% Cl = 0.075239 to 1.742152
t = 2.195924
SD Difference = 2.806597
df = 45 Prob = 0.033293
Bonferroni Adjusted Prob = 0.099880
B.2.c. Pairwisecomparison, t TEST of PMSE values: exchangeable magnesium
Paired samples t test on MG1 vs MG2 with 46 cases

= 9.204135
MeanMG1
= 7.408696
MeanMG2
Mean Difference = 1.795439 95.00% Cl = -4.024402 to 7.615280
0.621357
t=
SD Difference = 19.597842
df = 45 Prob= 0.537500
Bonferroni Adjusted Prob = 1.000000
Paired samples t test on MG1 '•S MG3 with 46 cases
= 9.204135
Mean MG1
= 11.463913
Mean MG3
Mean Difference = -2.259n8 95.00% Cl = -9.588058 to 5.068502
t = -0.621
SD Difference = 24.6n389
df = 45 Prob= 0.537682
Bonferroni Adjusted Prob = 1.000000

on
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Paired samples t test on MG2 vs MG3 with 46 cases

=
Mean MG2
MeanMG3
=
Mean Difference
SD Difference=

7.408696
11.463913
-4.055217 95.00% Cl
·6.935975 to • 1.174460
9.700716
t = ·2.835236
df = 45 Prob = 0.006836
Bonferroni Adjusted Prob = 0.020509

=

=

B.2.d. Pairwisecomparison, t TEST of PMSE values: available phosphorus
Paired samples t test on AVP1 vs AVP2 with 46 cases

Mean AVP1
= 22.855732
Mean AVP2
= 24.006957
Mean Difference= ·1.151224 95.00% Cl = -17.231134 to 14.928686
so Difference = 54.14n93
t = -0.144198
df = 45 Prob = 0.885988
Bonferrooi Adjusted Prob = 1.000000
Paired samples t test on AVP1 vs AVP3 with 46 cases
Mean AVP1

= 22.855732
= 25.705217
Mean Difference= ·2.849485 95.00% Cl = ·19.517188 to 13.818217
SD Difference = 56.127137
t = -0.344328
df = 45 Prob= 0.732204
Bonferroni Adjusted Prob = 1.000000

MeanAVP3

Paired samples t test on AVP2 vs AVP3 with 46 cases
Mean AVP2
= 24.006957
= 25.705217
Mean AVP3
Mean Difference= ·1.698261 95.00% Cl = ·11.031539 to 7.635017
SD Difference= 31.429057
t = -0.366481
df = 45 Prob= 0.715723
Bonferroni Adjusted Prob = 1.000000
B.2.e. Pairwisecomparison, t TEST of PMSE values: percent sand
Paired samples t test on SAN01 vs SAN02 with 46 cases

Mean SAN01
= 90.187845
= 86.297609
Mean SAND2
Mean Difference= 3.890236 95.00% Cl = ·1274E+02 to 1.352E+02
SO Difference= 442.144211
t = 0.059675
df = 45 Prob = 0.952679
Bonferroni Adjusted Prob = 1.000000
Paired samples t test on SAND1 vs SAN03 with 46 cases
Mean SAND1
= 90.187845
Mean SAND3
= 185.326957
Mean Difference= -95.139111 95.00% Cl = -2.638E+02 to 73.489881
SD Difference = 567.844460
t = -1.136341
df = 45 Prob = 0.261829
Bonferroni Adjusted Prob=
0.785488
Paired samples t test on SAND2 vs SAND3 with 46 cases
Mean SAN02
= 86.297609
Mean SAN03
= 185.326957
Mean Difference= ·99.029348 95.00% Cl = ·1.803E+02 to -11.no1sa
SO Difference = 273.633732
t = -2.454557
df = 45 Prob= 0.0~8038
Bonferroni Adjusted Prob = 0.054114
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B.2.f. Pairwise comparison, t TEST of PMSE values: percent organic matter
Paired samples t test on OM1 vs OM2 with 46 cases

= 0.084192
MeanOM1
= 0.079348
MeanOM2
Mean Difference = 0.004844 95.00% Cl = -0.062368 to 0.072057
t = 0.145161
SO Difference = 0.226332
df = 45 Prob = 0.885232
Bonferronl Adjusted Prob = 1.000000
Paired samples t test on OM1 vs OM3 with 46 cases

= 0.084192
MeanOM1
= 0.093478
MeanOM3
Mean Difference = -0.009286 95.00% Cl = -0.069260 to 0.050687
t = -0.311865
SD Difference = 0.201955
df = 45 Prob= 0.756584
Bonferronl Adjusted Prob = 1.000000
Paired samples t test on OM2 vs OM3 with 46 cases

= 0.079348
MeanOM2
= 0.093478
MeanOM3
Mean Difference = -0.014130 95.00% Cl = -0.051335 to 0.023074
t = -0.764965
SO Difference = 0.125283
df = 45 Prob = 0.448286
Bonferroni Adjusted Prob = 1.000000
B.2.g Pairwise comparison,t TEST of PMSE values: exchangeable calcium
Paired samples t test on CA 1 vs CA2 with 46 cases

= 32.690900
Mean CA 1
= 29.545217
Mean CA2
3.145683 95.00% Cl =-19.795695 to 26.087060
Mean Difference=
t = 0.276170
SO Difference= 77.253228
df = 45 Prob = 0.783682
Bonferrnni Adjusted Prob = 1.000000
Paired samples t test on CA 1 vs CA3 with 46 cases

= 32.690900
Mean CA 1
= 47.963261
Mean CA3
Mean Difference= -15.272361 95.00% Cl =-44.009060 to 13.464339
t = -1.070412
SD Difference= 96.768505
0.290142
df = 45 Prob=
Bonferroni Adjusted Prob = 0.870425
Paired samples t test on CA2 vs CA3 with 46 cases

= 29.545217
Mean CA2
= 47.963261
Mean CA3
Mean Difference= -18.418043 95.00% Cl = -32.644496 to -4.191591
t = -2.607526
SD Difference = 47.906426
0.012329
df = 45 Prob=
Bonferroni Adjusted Prob = 0.036988
B.2.h. Pairwise comparison, t TEST of PMSE values: percent clay
Paired samples t test on ClA Y1 vs ClA Y2 with 44 cases
= 104.235606
Mean ClAY1
= 90.444773
Mean CLAY2
Mean Difference= 13.790833 95.00% Cl = -42.994983 to 70.576649
t = 0.489768
SD Difference= 186.778371
df = 43 Prob = 0.626788
Bonferroni Adjusted Prob = 1.000000
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P3fred samples t test on CLAY1 vs CLAY3 with 44 cases

MeanCLAY1
= 104.235606
MeanCLAY3
= 93.015909
Mean Difference= 11.219697 95.00% Cl = -45.547067to 67.986461
t = 0.398590
SD Difference= 186.715704
df = 43 Prob=
0.692168
Bonferronl Adjusted Prob = 1.000000
Paired samples t test on CLAY2 vs CLAY3 with 44 cases
Mean CLAY2
= 90.444773
Mean CLAY3
= 93.015909
Mean Difference= -2.571136 95.00% Cl = -35.443515to 30.301242
SD Difference= 108.122939
t = -0.157737
df = 43 Prob = 0.875402
Bonferronf Adjusted Prob = 1.000000
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APPENDIX 2. COMMON PERENNIAL SPECIES RECORDED
IN THE SURVEY
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List and full names of 133 Common Perennial Species recorded in the survey

Family

Genus

Species Detenninator:

Acanthaceae Justicia caerulea Forssk.
Acanthaceae Justicia cufodontii (Fiori ) Ensennu
Acanrhaceae Justiciaflava Yahl.
Acanthaceae Ruellia patula Jacq.
Agavaceae Sansevieria abyssinica N.E. Br.
Agavaceae Sansevieria ehrenbergii Schweinf .
Aiwaceae Trianthema salsoloides (Oliv.)
Anacardiaceae Lanneafruticosa (A. Rich) Engl.
Anacardiaceae Lannea rivae (Chiov .) Sacl.
Anacardiaceae Lannea schweinfurthii Engl.
Anacardiaceae Ozoroa insignis Del.
Anacardiaceae Rhus natalensis Bern. Ex Krausse
Anacardiaceae Sclerocarya birrea (A. Rich)
Anthericaceae Chlorophytum tuberosum Bak.
Apocynaceae Adenium obesum (Forssk) Roem. & Schult .
Araceae Stylochi:on borumensis N.E.Br.
Asclepiadaceae Sarcostemma viminale (L.) R. Br.
Asclepiadaceae Secamone punctulata Decne
Asparagaceae Asparagus scabernlus A. Rich.
Balanitaceae Balanites aegyptiaca (L.) Del.
Balanitaceae Balanites rotundifolia (van Tieghem) Blatter
Bignoniaceae Stereospermum kunthianum Cham.
Boraginaceae Cordia gharaf (Forssk.) Ehreub ex Aschers
Burseraceae Commiphora africana (A . Rich .) Engl .
Burseraceae Commiphora bruceae Chiov.
Capparidaceae Boscia angustifolia A.Rich
Capparidaceae Cadaba farinas a Forssk.
Capparidaceae Cadaba gillettii R.A. Graham
Capparidaceae Cadaba glandulosa Forsk.
Capparidaceae Cadaba mirabilis Gilg
Capparidaceae Cadaba rotundifolia Forssk.
Capparidaceae Capparis tomentosa Lam.
Capparidaceae Maerua aethiopica (Fenzl) Oliver
Capparidaceae Maerua angolensis D.C.
Capparidaceae Maerua crassifolia Forssk .
Capparidaceae Maerua oblongifolia (Forssk.) A.Rich
Capparidaceae Maerua pseudopetalosa (Gilg & Bened) De Wolf
Capparidaceae Maerua subcordata (Gilg) De Wolf
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Celastraceae Maytenus senegalensis (Lam) Exel!.
Combretaceae Combretum aculeatum Vent.
Combretaceae Combretum adenogonium Steud. ex A. Rich.
Combretaceae Combretum hereroense Schinz.
Combretaceae Combretum molle R.Br. ex G. Don
Combretaceae Terminalia brownii Fresen.
Combretaceae Tenninalia spinosa Engl.
Commelinaceae Aneilema forskalei V ahl.
Commelinaceae Commelina albescens Hassk.
Commelinaceae Commelina benghalensis L.
Convolvulaceae /po mea ficif olia Lindl.
Convolvulaceae lpomea sinensis (Desv.) Choisy
Convolvulaceae Seddera arabica (Forsk) Choisy
Convolvulaceae Seddera bagshawei Rendle
Dichapetalaceae Tapurafischeri Engl.
Ebenaceae Diospyros scabra (Chiov.) Cufod.
Euphorbiaceae Acalyphafruticosa Forssk.
Euphorbiaceae Dalechampia parvijlora (Chiov.) M . Gilbert
Euphorbiaceae Euphorbia breviarticulara Pax
Euphorbiaceae Jatropha glauca V ahl
Euphorbiaceae Phyllanthus maderaspatensis L.
Euphorbiaceae Tragia plukenetti A. Radcl.-Smith
Fabaceae: Mimosoideae Acacia brevispica Harms
Fabaceae: Mimosoideae Acacia ehrenberghiana Hayne .
Fabaceae: Mimosoideae Acacia etbaica Schweinf.
Fabaceae: Mimosoideae Acacia horrida (L.) Willd.
Fabaceae: Mimosoideae Acacia mellifera (Vahl.) Benth ..
Fabaceae: Mimosoideae Acacia nilotica (L.) Willd. ex. Del.
Fabaceae: Mimosoideae Acacia paolii Chiov.
Fabaceae: Mimosoideae Acacia reficiens Wawra
Fabaceae: Mimosoideae Acacia senegal (L.) Willd.
Fabaceae: Mimosoideae Acacia seyal Del.
Fabaceae: Mimosoideae Albizia anthelmintica (A. Rich.) Brogn.
Fabaceae: Mimosoideae Dichrostachys cinerea (L.) Wight & Arn.
Fabaceae: Papilionoideae Indigo/era colutea (Burm.f.) Merr.
Fabaceae: Papilionoideae Indigo/era schimperi Jaub. & Spach
Fabaceae: Papilionoideae Indigo/era volkensii Taub.
Fabaceae: Papilionoideae Onnocarpum trichocarpum (Taub.) Engl.
Fabaceae: Papilionoideae Rhynchosia malacophpylla (Spreng.) Boj.
Malvaceae Pavonia ellenbeckii Gurke
Malvaceae Pavonia glechomifolia (A.Rich) Garke
Malvaceae Pavonia propinqua Garcke
Malvaceae Pavonia triloba Guill. & Perr.
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Malvaceae Sida ovata Forssk.
Malvaceae Sida rhombifolia L.
Moraceae Ficus vasta Forssk.
Passifloraceae Adenia venenata Forssk.
Portulacaceae Portulaca oleracea L.
Portulacaceae Portulaca quadrifida L.
Portulacaceae Talinum ca.ffrum (Thund.) Eckl. & Zey.
Portulacaceae Talinum portulacifolium (Forssk.) Schweinf.
Salvadoraceae Dobera glabra (Forssk.) Poir.
Salvadoraceae Salvadora persica L.
Sapindaceae Pappea capensis (Spreng) Eckl & Zeyl.
Simaroubaceae Harrisonia abyssinica Oliv.
Solanaceae Lycium europaeum L.
Sterculiaceae Melhania ovata (Cav.) Spreng.
Sterculiaceae Melhania velutina Forssk.
Sterculiaceae Sterculia africana (Lour.) Fiori.
Tiliaceae Grewia tenax (Forssk.) Fiori
Tiliaceae Grewia velutina (Forssk.) Yahl
Tiliaceae Grewia villosa Willd.
Tiliaceae Triumfetta jlavescens Hochst.
Verbenaceae uzntana vibumoides (Forssk.) Yahl
Verbenaceae Premna resinosa (Hochst.) Schauer
Vitaceae Cissus quadrangularis L.
Vitaceae Cissus rotundifolia (Forssk.) Yahl

Family: Poaceae
Genus Species

Determinator:

Bothriochloa radicans (Lehm.) A. Camus
Cenchrus ciliaris L.
Chloris roxburghiana Schult.
Chrysopogon plumulosus Hochst.
Cymbopogon commutatus (Steud.) Stapf
Digitaria macroblephara (Hack) Stapf.
Echinochloa haploclada (Stapf) Stapf
Enteropogon macrostachyus (Hochst. ex A. Rich)
Eriochloa fatmensis (Hochst. & Steud.) Clayton
Heteropogon contortus (L.) Roem. & Schult.
lschaemum afrum (J.F. Gmel) Dandy
Lintonia nutans Stapf
Loudetia flavida (Stapf) C.E. Hubb.
Panicum coloratum (L.)
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Panicum maximum Jacq.
Pennisetum menzianum Leeke
Schoenefeldia transiens (Pilg.) Chiov.
Sehima nervosum (Rottier) Stapf
Setaria incrassata (Hochst.) Hack.
Sorghum arundinaceum (Desv.) Stapf
Sporobolus agrostoides Chiov.
Sporobolus helvolus (Trin.) Th. Dur. & Schinz.
Sporobolus ioclados (Trin.) Nees.
Sporobolus stapftanus Gand.
Tetrapogon cenchrifonnis (A.Rich.) Clayton
Tetrapogon tenellus (Roxb.) Chiov.
Themeda triandra Forssk.
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