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1.

The satellite-derived vegetation index can measure environmental factors
influencing species diversity of a given region (This Thesis).

A reliable measure of herbivore species diversity can be derived from the inverse
relationship between the body size of species and its local abundance (This Thesis).

An understanding of the species concept is fundamental to measuring biological
diversity.

Species diversity can change in response to both natural processes and human
actions (Johnson NC, Mark A], Szaro RC & Sexton WT, 1999, Ecological Stewardship. A
commion reference for ecosystem management, Vol. 1, Elsevier Science Ltd).

Planning of conservation priorities requires understanding of interaction between
historical and ecological processes (Fjeldsd |, 1994, Biodiversity and Conservation 3:
207-226).

A thing is right when it tends to preserve the integrity, stability, and beauty of the
biotic community. It is wrong when it tends otherwise (Aldo Leopold, 1949, A Sand
County Almanac, and Sketches Here and There, Oxford University Press, New York).

The one who possesses intellectual honesty is characterized by a readiness to
challenge what one believes to be true and to pay attention to other evidence

available.

The most important limit you must know is your own.
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CHAPTER
1

GENERAL INTRODUCTION

The extinctions of species resulting from human activities throughout the world have
caused great concern in the scientific community and among the general public. This
disappearance of species has been decried as a loss of plants and animals with
potential agricultural and economic value, as a loss of medical cures not yet
discovered, as a loss of the Earth's genetic diversity, as a threat to the glabal climate
and the environment for human existence, and as a loss of species that have as much
inherent right to exist as does Homo sapiens (Huston, 1994). The attention given this
issue has led to the addition of a new word, biodiversity (a contraction of 'biclogical
diversity'). Diversity is a concept that refers to the range of variation or differences
among some set of entities; bicdiversity is commonly used to describe the number,
variety and variability of living organisms (Groombridge, 1992},

There is little hope of understanding any phenomena with as many complex
components and scales of spatial and temporal variability as biological diversity,
unless it can be divided into components within which repeatable patterns and
consistent behavior occurs. Moreover, management of natural resources requires
measurement, and measures of diversity only become possible when some
quantitative value can be ascribed to them and these values can be compared
(Groombridge, 1992). It is thus necessary to try and disentangle some of the separate
elements of which biodiversity is composed. Hence, it has become a widespread
practice to define Dbiodiversity in terms of genes, species and ecosystems,
corresponding to three fundamental and hierarchically related levels of biclogical
arganization. Perhaps because the living world is most widely considered in terms of
species, biodiversity is very commonly used as a synonym of species diversity, in
particular of 'species richness', which is the number of species in a site or habitat
(Groombridge, 1992).



Biodiversity is best defined by patterns we see in the world around us and these
patterns are the raw material for understanding biological diversity (Huston, 1994).
Patterns of species diversity have long been of interest to biogeographers and
ecologists, but explanation of these patterns remains unresolved scientific issue
(Brown, 1988). Today, scientific interest in patterns of species diversity can be related
directly to three goals common to all branches of science that are interested in
improving our understanding of the Earth. These goals are to: {1) better understand
the functioning of the Earth as a planetary system; (2) predict global changes resulting
from human use of environment; (3) derive practical benefits from scientific
knowledge. Among the practical applications, scientists are being asked to propose
biologically defensive policies for sustainable development that include preservation
of biological diversity (Stoms and Estes, 1993). Spatial patterns of species diversity are
urgently required (Soulé and Kohm, 1989; Lubchenco et al., 1991} to formulate short-
term resource management strategies, to develop and test scientific hypotheses, and to
serve as baseline data in monitoring (Stoms and Estes, 1993).

Describing the great variety of species diversity patterns on the Earth is relatively
simple in comparison with understanding and explaining those paiterns. Associated
with almost every pattern of variation in species diversity are patterns of variation in
many different physical and biological factors that could conceivably influence
biological diversity. In order to understand patterns of species diversity, it is
prerequisite to determine what factors are correlated with species diversity,
independent of whether or not there is a spatial pattern such as zonation.
Environmental factors correlated with species diversity are, therefore, the raw
materials for identifying and potentially understanding the mechanisms that produce
the diversity patterns. However, it is the theory or theories of the regulation of species
diversity that will be the basis of understanding, and not simply the correlations
themselves (Huston, 1994).

In practice, biodiversity is commonly measured by counting the number of species in
an area (species richness). However, this simple count gives equal weight to all taxa,
whether they occur repeatedly in a sample or are represented by a single individual
{Schluter and Ricklefs, 1993). Ecologists often wish to include information on
commonness and rarity, by calculating one or more indices that combine measures of
the number of species in a sample together with the relative abundance of those
species (Peet, 1974). However, relative abundance of species varies widely in space and
time (Groombridge, 1992; Pielou, 1995) and requires massive sampling efforts.
Moreover, these measures of biodiversity treat all species as taxonomically equivalent,
or as equal units. In view of these, we consider it highly desirable to find effective




means of measuring biodiversity over large areas, by which the sampling effort is
reduced and species are treated as essentially different. The focus of this thesis is on
species component of biological diversity of better-known taxa, mainly birds and large
mammals (herbivores), and to a lesser extent plants, because they tend to be of
considerable direct importance to humanity. In addition, data on these taxa are readily
available. Therefore, the main objectives of this thesis are:

1. To evaluate existing biodiversity indices and propose new indices for quantifying
large herbivore species diversity.

2. To integrate remote sensing and Geographical Information System (GIS), as well
as statistical analysis, to address the question whether environmental factors can
be used to predict spatial patterns of species diversity.

3. Toinvestigate whether areas of high species diversity can be mapped from
remotely sensed data.

The Study Area

Kenya is situated between latitudes 5° 40' north and 4¢ 4' south and between
longitudes 33° 50' and 41° 45' east (Figure 1). It covers an area of 583,000 km? and has
diverse landforms ranging from coastal plains to savanna grasslands to highland
moors. The pattern of drainage is influenced by the country's topography. The main
rivers drain radially from the central highlands into the Rift Valley and eastwards into
the Indian Ocean. Rivers to the west of the Rift Valley drain westwards into Lake
Victoria. The climate of Kenya is controlled by the movement of the inter-tropical
convergence zene (ITCZ) that is then modified by altitudinal differences, giving rise to
varied climatic regimes. The country's equatorial location and its position on the
Indian Ocean seaboard also influence the climate, The land cover/land use types can
broadly be grouped into two main categories, namely: those occurring in the medium
to high rainfall with a high potential for agriculture and those occurring in arid and
semi-arid lands (ASALs}. The latter occupy about 80% of the total land area of Kenya
and support up to 20% of the country's population, and 50% of the national livestock
herd. ASALs contribute more than 3% of the annual agricultural output and 7%
commercial production. The medium and high rainfall areas cover approximately
165,243 km?. Land use is primarily agriculture, including dairy farming,.

Kenya's biological diversity is all of its plants, animals and microorganisms, the genes
they contain and the ecosystems of which they are part. The country has about 35,000
known species of animals, plants and microorganisms. These are fundamental to
human well being because they are the source of food, fuel, medicine, shelter and
income. Tourism is a key foreign exchange earner, which is largely based on the




presence of wildlife and seashores. Economic development in Kenya, which is and will
continue to be largely dependent on exploitation of biological resources, is presently
unsustainable, precisely, because many of the biological resources are being
mismanaged and cannot sustain their present rates of use. Biodiversity conservation is
therefore vital to sustainable economic growth (Government of Kenya, 1994).

Figure 1. Location of Kenya in Africa. The boundaries represent administrative districts.

Qutline of the Thesis

This thesis basically presents a collection of 8 research papers that have been accepted
for publication in five different international peer-reviewed journals. I have tried as
much as possible to maintain the content of each paper to reflect what was presented
to the journal, however, some standardization in the layout is necessary for
consistency of the thesis. Chapter 1 provides a brief general introduction on biological
diversity, objectives of the study and description of the study area. Chapters 2 and 3
review the species diversity measures with the help of a case study on large herbivore
species data. The chapters propose two diversity indices based on animal body size.

Chapter 4 explores the relationship between interannually integrated maximum NDVI
variables (viz. average, standard deviation and coefficient of variation) and species
richness of large mammals (nine districts) and plants (two districts) at a landscape
scale. The influence of remotely sensed derived ecosystem productivity on variation
of species richness and number of individuals is given in chapter 5.




Chapter 6 deals with the mapping of areas with high large mammal species richness
using high resolution remotely sensed imagery (Landsat TM). Chapter 7 investigates
environmental correlates of avian species richness at regional scale. While chapter 8
assesses the extent to which vegetation index time series data can be used to predict
the avian species richness at regional scale. In this chapter the relations between bird
species richness and interannually integrated NDVI variables (viz. average, standard
deviation and coefficient of variation} are explored. Chapter 9 compares regional
patterns of large herbivore species richness with remotely sensed data reflecting
current ecoclimatic stability. Finally, chapter 10 provides an overview of the findings
of the research in relation to the theories of species diversity.
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CHAPTER
2

BODY SIZE AND ABUNDANCE RELATIONSHIP: AN
INDEX OF DIVERSITY FOR HERBIVORES

Abstract

It is evident to any biologist that small-bodied species within a given higher taxon
(order, class, phylum, etc) tend to be represented by more individuals. Hence small-
bodied species are generally more abundant than large-bodied species. We analyzed
large herbivore species data collected in Kenyan rangelands. An index of biological
diversity derived from the negative relation between animal species body size and its
local abundance is proposed. We compared the new index with species abundances at
landscape scale (10 x 10 ki) in individual districts, as well as in the combined regional
data. The results show a consistently strong positive relation between the new
diversity index and species abundances. The proposed diversity index has the
advantage of incorporating information on species abundances without the need for
time-consuming surveys.

Key words: animal abundance, biodiversity indices, body size, large herbivores,
species diversity




Introduction

Biodiversity is the sum total of all biotic variation from the level of genes to
ecosystems. The challenge comes in measuring such a bread concept in ways that are
useful. The most commonly considered facet of biodiversity is species richness — the
number of species in a site or habitat. Hence, species are an obvious choice of unit
when trying to measure diversity (Purvis and Hector, 2000). Many diversity indices
have been developed to convey the extent to which individuals are distributed evenly
among species. Species diversity indices usually combine two distinct statistical
components, species richness and the distribution of individuals among the species
{Huston, 1994). The best known of these composite statistics are the Shannon-Wiener
(H" and Simpson's indices (D} (McIntosh, 1967; Peet, 1974; Pielou, 1975; Magurran,

1988).
H'= -¥pilnp; 1)
D=1/ Ip? 2)

where p; is the proportion of the total sample (i.e., of the total number of individuals)
composed of species {. Communities with the same species richness may differ in
diversity depending upon the distribution of the individuals among the species.
Although as a heterogeneity measure H' takes into account the evenness of the
abundance of species, Peet (1974) proposed an additional measure of evenness. Since
the maximum diversity (Hmax) results if individuals are distributed equally among
species, the ratio of observed diversity (H) to maximum diversity can be taken as a
measure of evenness (E) (Peet, 1974; Pielou, 1975; Magurran, 1988).

E = H'/Huax ' )

In mammal assemblages, the relationship between body size and population
abundance is characteristically negative, that is, larger species have a lower abundance
(Damuth, 1981; Fa and Purvis, 1997). Indeed, across a variety of habitats from
different continents, large-bodied mammal species occur at lower densities than small-
bodied species, with regression slopes of approximately -0.75 on logarithmically
transformed scales (Damuth, 1981; Peters and Raelson, 1984).

Now assume the number of individuals in each species of a mammal assemblage is
sampled. Flotting one point for each species on a graph of abundance against size
yields an approximate universal form {Damuth, 1981):



A = kWa7s (4)

where A is the abundance of a species, W is the average body mass of the species, and
different guilds have different values of k, even if they all share a common slope.

Furthermore, it has been noted that the species diversity of any group of taxa generally
increases as the abundance of the taxa increases (Diamond, 1988). A new diversity
index (B) is therefore proposed where species diversity is estimated using body mass
(Equation 5).

B= i W75 (5)

=1

The performance of the proposed biodiversity index was tested by correlating it with
species abundances from ecological communities. This comparison indicates whether
the use of body size as a surrogate for diversity is adequate. Moreover, the proposed
index was correlated with species richness, evenness, Shannon-Wiener and Simpson
indices to assess which component of diversity it measures (Magurran, 1988). The
proposed diversity index was tested at a landscape scale because most management
decisions concerning the conservation of species are made at this scale (Bohning-
Gaese, 1997).

Methods

Study area and animal species data

Kenya is situated between latitudes 5° 40' north and 4° 4' south and between
longitudes 33° 50" and 41° 45' east. The study area covered five districts, namely,
Kajiado, Laikipia, Narok, Samburu, and Taita Taveta (Figure 1). The major national
parks and reserves are situated in four of these districts such as Tsavo National Park
(Taita Taveta), Amboseli National Park (Kajiado), Masai Mara National Reserve
(Narok) and Samburu, Shaba and Buffalo Springs reserves (Samburu). Although
Laikipia district does not have game reserves, most ranches carry abundant wild
herbivore species (Mizutani, 1999).

The large herbivore species were observed from 1981 to 1997 across the five districts in
Kenya. The data were obtained from Department of Resource Surveys and Remote
Sensing (DRSRS), Ministry of Environment and Natural Resources, Kenya. The
systematic reconnaissance flight methodology used by DRSRS for aerial census of
animals is well documented (Norton-Griffiths, 1978). Statistical analyses to validate
DRSRS survey methodology have proved the method and data to be reliable {De




Leeuw et al., 1998; Ottichilo and Khaemba, 2001). Topographic maps of scale 1:250,000
were used for flight planning and all transects conform to the UTM coordinate system.
The aerial surveys were carried out along transects oriented in east-west direction and
spaced at 5 km intervals.

Figure 1. The location of Kenya and the study districts, Samburu (a), Laikipia (b), Narok {c),
Kajiado (d) and Taita Taveta (e).

The standard flying height and aircraft speed were 120 m and 190 km/hr respectively.
Two experienced and well-trained observers (Dirschl et al.,, 1981) occupied the rear
seats of a high wing aircraft (Cessna 185 or Partenevia) and counted animals that
appeared between two rods attached to the wing struts. The field of vision between
these rods was calibrated by flying repeatedly across ground markers of known
spacing (Ottichilo and Sinange, 1985). The number of animals falling within the
survey strips on either side of the aircraft along each 5 ki transect segment were
counted and recorded onto tape recorders by the two rear seat observers. Groups of
animals more than ten in number were also photographed. After every survey the
tape-recorded observations were transcribed to data sheets, which together with
processed photographs, were interpreted for animal species using 10 x binocular
micrascope and overhead projector. Since our study was executed at landscape scale,
the processed data at 5 x 5 km spatial resolution were converted to 10 x 10 km grid
cells. The study focuses on a group of species exploiting the same class of
environmental resource in a similar way—such a group has been termed a guild
(Begon ef al., 1990). Examples of such classes of environmental resources for herbivores
are fruits, seeds, tree leaves, herbs and grasses (Prins and OIff, 1998), We have limited
our investigation to herbivores heavier than 10 kg and native to Kenya. The average



body mass of each species is defined as the midpoints of quoted weight ranges and
averaged male and female body weights (Prins and OIff, 1998). Body mass data were
obtained from Haltenorth and Diller (1980).

Analysis

The sum of the species abundances was calculated in every quadrat (10 x 10} across the
tive districts, Kajiado, Laikipia, Narok, Samburu and Taita Taveta. The number of
herbivore species present was also counted to give a value for total species richness. In
addition, in every quadrat the Shannon-Wiener and Simpson's indices as well as
Shannon evenness were calculated (Equation 1-3). The expected abundance (A} of
every species was calculated from their average body mass (W) as:

A =W-075 (6)

The abundance (A) is higher in smaller species (e.g., steinbok (Raphicerus campestris)
11.1 kg (A = 0.164) than larger species {e.g., elephant (Loxodonta africana) 3550 kg (A =
0.002). Since the estimated species abundance values are fractions, calculating the total
(Equaticn 5) in every quadrat gives a single value (the new diversity index) that lies
between () and 1. For smaller species with body masses less than 1 kg, the diversity
index will have values greater than 1, for example, by including shrews (2g)—the
diversity index will range from 0 to approximately 106. The highest values occur in
ecosystems with numerous species of small body mass; large body mass species
contribute relatively less to the proposed diversity index (Equation 5). The Pearson
correlations between the new diversity index and species abundance as well as species
richness, Shannon evenness, Shannon-Wiener and Simpson's indices were then
calculated at 95% confidence intervals.

Results

The response of the proposed diversity index to species abundance is quite good.
Table 1 shows that the new index is strongly related to the abundance of individuals
compared to diversity measures based on proportional abundances of species such as
Shannon evenness, Shannon-Wiener and Simpson's indices. A comparison of diversity
indices (i.e., for two districts known to be rich in large herbivore species, Narok and
Laikipia) reveals that biodiversity indices are highly correlated (Table 2). The proposed
diversity index yields a stronger correlation with measures of richness (i.e., species
richness and Shannon-Wiener index) than with a measure of dominance {Simpson's
index) or evenness.




Figure 2 shows the negative relation of herbivores abundance to body size—
abundance declines with body mass according to the -0.75-power law. The least
squares fit for the relations between body mass and species abundance accounts for
51% of the variance. The proposed diversity index shows a very sitrong correlation
with species abundance. The straight-line (Figure 3} relationships between species
abundance and the proposed diversity index accounts for 63% of the variance.

Table 1. Coefficient of correlation (r?) between log-species abundances and diversity indices,
species richness (5), Shannon-Wiener index {H'), Simpson's index (D), Evenness (E) and
proposed diversity index (B) across five districts in Kenya. N stands for number of sample points

5 H' D E B N

Kajiado 0473 0273 0180 0.224 0392 215
Laikipia 0.586 0396 0219 0410 0552 81
Narok 0720 0152 0021 0.130 0703 129
Samburu 0493 0283 019 0218 0336 83
Taita Taveta 0562 0.313 0153 0306 0400 157
Lumped 0.677 0374 0210 0.279 0633 665

Table 2. Coefficient of correlation (r?) between diversity measures. The diversity of large
herbivore species in two districts were correlated for five diversity indices, species richness (5),
Shannon-Wiener index (H'), Simpson's index (D}, Evenness (E), and proposed diversity index
(B). La and Na stand for Laikipia and Narok districts respectively

H' D E B H D E B
S 0443 0198 0403 0892 5 0817 059 0816 0.767
H' 0.842 1.000 0523 H' 0.851 1.000 0.592
D 0.796 0.264 D 0.849 0.382
E 0.483 E 0.565
Na B La B
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Figure 2. Species abundance (log A) compared with the mean body mass (log W} for 16 large
herbivores; each point represents one species. The line represents the least-squares regression
line, log A = -0.75 (log W) + 4.46; r2 = 0,506, p<0.05 in five districts (Kajiado, Laikipia, Narok,
Samburu and Taita Taveta) lumped.

Discussion

The usual measure of biological diversity using species richness gives equal weight to
all taxa, whether there is a single individual or many individuals in a sample. Hence,
ecologists have devised diversity indices that weight the contributions of species
according to their abundance, usually discounting rare species to some degree
{Hurlbert, 1971). Because the abundance of species within samples tend to exhibit
regular patterns of distribution, the sample size, species richness, and various indices
of species diversity are generally interrelated (Schluter and Ricklefs, 1993).

The most commonly used diversity measures based on proportional abundances of
species are the Shannon-Wiener and Simpson indices. However, these indices are
unsuitable for measuring herbivore species diversity over large areas because they
require detailed and time-consuming measurement of relative numbers of different
species. In addition, relative abundance of species is not a fixed property of species
{Groombridge, 1992) hence more affected by quantitative variability (Pielou, 1995).
Furthermore, biodiversity surveys already take a large proportion of conservation
budgets and the demand for them is growing; cost-effectiveness is therefore becoming
increasingly important (Burbidge, 1991).
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For rapid appraisals suilable diversity indices should be based on presence or absence
data. Such binary data must be easy to measure and capable of capturing the degree of
difference between species. A potential animal species attribute that meets this
condition is body size. Animal body size is easy to measure and it is related to many
other species characteristics such as longevity, reproductive success, predation,
competition and dispersal (Dunham et al., 1978; Siemann et al., 1996).

3.6 T ; T

Log Abundance
M
s

—_
[\ ]

a
00 01 02 0.3 04
Proposed diversity index

Figure 3. Scatter plots of relation between proposed diversity index (B) and species abundance
(log A), log A =4.23B + 0.83; r2 = 0.634, n = 665, p<{.05, in five districts (Kajiado, Laikipia, Narok,
Samburu and Taita Taveta) lumped.

The proposed diversity index is based on a different kind of community pattern, that
is, the inverse relationship between the body size of species and its local abundance
(Figure 2). This pattern may be explained by the fact that within an assemblage of
animals, or a taxonomic group (e.g., birds, mammals, fish), larger-bodied species tend
to be rarer (Diamond, 1988). Since body size is positively correlated with generation
time, large-bodied species will tend to have higher extinction rates resulting in lower
speciation rates (Begon et al, 1990). In contrast, smaller-bodied species have lower
extinction rates, probably due to high reproductive rates; hence the rate of speciation
will be higher (Begon et al, 1990). Moreover, smaller species have a wider range of
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. ecological niches at their disposal, to the extent that they can resolve the natural world
at a finer scale,

The performance of the proposed diversity index on a range of data sets is promising
(Table 1). The new index's strong relationship with species abundances (Figure 3)
indicates that body size may be adequately used as a surrogate for diversity.
Moreover, the results (Table 2} show that the proposed diversity index is correlated
with other conventional indices. This is in agreement with the observation of
Magurran (1988} that diversity indices are often correlated. However, the proposed
diversity index is more strongly related to richness measures (species richness and
Shannon-Wiener index) than to the dominance measure (Simpson's index}. This gives
strong evidence that the new diversity index is a species richness measure. The highest
values of the proposed diversity index are found mainly in the sampling units with
numerous small-bodied species. Thus, diversity is maximized with species of small
body size. A consequence is that a community of ten steinbok would have a higher
index of diversity than 9 steinbok and an elephant. Thus, even though the proposed
diversity index has a bias towards small species, it performs well when tested with real
ecological data (Table 1}.

The main practical advantage of the proposed index over previous ones is that it
incorporates information on species abundances without the need for time-consuming
surveys. By estimating the abundance of every species from its body mass, differences
between species are also incorporated in the proposed index. Moreover, the fact that
the proposed diversity index is based on binary data (presence-absence) makes it ideal
for rapid appraisal of diversity of herbivores over large areas (Pielou, 1995). Since the
true value of a diversity measure is determined by whether or not it is empirically
useful (Magurran, 1988), the significant positive correlation with other indices
indicates that the proposed diversity index has the potential of being used in
conservation management as well as environmental monitoring (Mcintosh, 1967).
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CHAPTER
3

BODY SIZE AND MEASUREMENT OF SPECIES
DIVERSITY IN LARGE GRAZING MAMMALS

Abstract

Species are by definition different from each other. This fact favours ranking rather
than additive indices. However, ecologists have measured species diversity in terms of
species richness, or by combining species richness with the relative abundance of
species within an area. Both methods raise problems: species richness treats all species
equally, while relative abundance is not a fixed property of species but varies widely
temporally and spatially, and requires a massive sampling effort. The functional aspect
of species diversity measurement may be strengthened by incorporating differences
between species such as body size as a component of diversity. An index of diversity
derived from a measure of variation in body size among sp