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Abstract

The aims o f  the present study were to generate morphological and genetic data to 

support management strategies for captive antelope populations. To achieve this 

objective I i) tested the validity o f  previously described subspecies using morphological 

characters; ii) tested the utility o f  the external morphological characters to provenance 

specimens in captive populations; iii) developed genetic markers for characterising 

subspecies diversity within collections; iv) identified and characterised the genetic 

diversity in the captive populations compared to wild specimens; and v) tested the 

power o f  nuclear genetic markers to uncover relationships within groups.

Morphometric data, based on nineteen skull and horn characters, were used for 

multivariate analyses o f  Aepyceros melampus (impala) populations. A quantitative 

method for skin pattern analysis based on standard colour charts was developed. The 

results supported four out o f  five described subspecies: A. m. melampus, A. m. petersi, 

A. m. johnstoni, and A. m. suara.

Mitochondrial DNA sequences proved to be a powerful marker to assess the 

subspecies diversity within collections, and data revealed hybrid stock o f  A. m. petersi x 

A. m. melampus in European Zoos. A. m. petersi is listed as vulnerable and its status in 

captivity gives cause for great concern and the need for urgent measures. M useum 

specimens proved to be a reliable source o f  historical genetic information, giving DNA 

sequences on wild impala populations back to 70 years ago.

Ten Bos taurus (cattle) micro satellite loci were successfully amplified in five study 

species: A. melampus (impala); Hippotragus niger (sable antelope); H. equinus (roan 

antelope); Kobus ellipsiprymnus (waterbuck) and K. leche (leche). In six loci the allele 

size range was diagnostic at the species and/or genus level. These findings are 

especially important for the investigation o f  hybridisation, studies on mixed groups, and 

material o f  unknown provenance.

Simulation o f  parentage inference, based on the 6 polymorphic loci, indicates that 

this set o f  markers is able to resolve parentage between two candidate parents, at 95% 

confidence, whether one parent is known (99% certainty) or not (98%). The present 

study was able to test the accuracy o f  these simulations using a captive group o f  24 

impalas. The results strongly support the use o f  this analysis to assess the number o f  

markers or average polymorphism required to resolve parentage or relatedness in 

captive population studies.
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samples utilised in the present study. Black spots represent impala museum specimens 
from the Powell-Cotton Museum and red squares localities sampled by Arctander et al 
(1996) and Nersting & Arctander (2001). Boxes show museum sample identification 
numbers used in this study, the taxonomic identification given by the museum label, 
and abbreviation of localities sampled by Arctander et al (1996) and Nersting & 
Arctander (2001). Names and numbers of haplotypes are as follows: Shangani (SH, 
n=10), Chobe (CH, n=6), Mana Pools (MP, n=5), Selous (SE, n=4), Makau (MK, n=6),
Tsavo East National Park (TS, n=8), Amboseli National Park (AM, n=7), Nairobi 
National Park (NA/NB, n=4), Samburu National Park (SA, n=4), Nakuru National Park 
(NK, n=7), Masai Mara National Reserve (MM, n=9), Burko (BK, n=5). Lake Mburu 
(MB, n=5), Masai (MA, n=3), Ugalla (UG, n=6), Kizigo (KI, n=2), Rukwa (RU, n=2), 
Luangwe (LU, n=2), Kafue (KA, n=3), Etosha Park (ET, n=3). ? = specimens of 
known country but with unknown sample locality.

Figure 5.3 -  Unrooted neighbour-joining haplotype tree of the Aepyceros melampus 151
haplotypes used in the present study. Museum haplotypes are in red. Captive 
populations are in blue (Emmen Zoo); purple (Dvur Kralove); green (Lisbon Zoo) and 
light-blue (Hanover Zoo). Haplotypes from Arctander et al (1996) and Nersting & 
Arctander (2001) are designated by locality and black-faced impalas are shaded. See 
Figure 5.2 for locality abbreviations. Numbers in brackets are bootstrap values.

Figure 5.4 -  Maximum parsimony consensus tree based on d-loop sequence of Aepyceros 155
melampus. Museum haplotypes are in red. Haplotypes from Arctander et al (1996) and Nersting 
& Arctander (2001) are in black. The haplotype of a black-faced impala from Angola was used
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as outgroup. See Figure 5.2 for locality abbreviations.
Figure 5.4 -  Bootstrap 50% majority rule consensus tree based on d-loop sequence of 156
Aepyceros melampus. Museum haplotypes are in red. Haplotypes from Arctander et al (1996) 
and Nersting & Arctander (2001) are in black. The haplotype of a black-faced impala from 
Angola was used as outgroup. See Figure 5.2 for locality abbreviations. Numbers in brackets are 
bootstrap values.

CHAPTER SIX -  The use of bovine primers for analysing microsatellite variation in five 
species of African antelopes.

FIGURA 6.1 -Diagrams representing the alleles-size range of the bovine derived 177
microsatellite BM1824,ILSTS028, ETH225 and ILSTSOl 1 amplified in five species of 
antelopes. Size range refers to the observed size, in base pairs. Of the PCR product.
Empty boxes - allele not present. Dashed boxes represent museum samples. Non
dashed boxes represent zoo samples. Data of cattle range is based on Cattle Genome 
mapping Project Database (http://www.marc.usda.gov). Data of non-domestic 
ungulates are given as notes.

FIGURA 6.2 -Diagrams representing the alleles-size range of the bovine derived 179
microsatellite BM1818,ILSTS005,and BM2113 amplified in five species of antelopes.
Size range refers to the observed size, in base pairs. Of the PCR product. Empty boxes 
- allele not present. Dashed boxes represent museum samples. Non-dashed boxes 
represent zoo samples. Data of cattle range is based on Cattle Genome mapping Project 
Database (http://www.marc.usda.gov). Data of non-domestic ungulates are given as 
notes.

FIGURA 6.3 -Diagrams representing the alleles-size range of the bovine derived 181
microsatellite ETHIO, INRA063 and TGLA122 amplified in five species of antelopes.
Size range refers to the observed size, in base pairs. Of the PCR product. Empty boxes 
allele not present. Dashed boxes represent museum samples. Non-dashed boxes
represent zoo samples. Data of cattle range is based on Cattle Genome mapping Project 
Database (http://www.marc.usda.gov). Data of non-domestic ungulates are given as 
notes.

FIGURE 6.4 -  Alignment of nucleotide sequences from three bovine 184
microsatellitesINRA063, BM1818 and BM2113 amplified in African antelope species.
Dots indicate sequence identity with Bos taiirus. Dashes have been placed to maximise 
homology in alignment. Primers are indicated in black boxes and repeat motifs in red.
When known, allele size is indicated in brackets. Sequences from Capra hircus, Cervus 
elaphus and Bos taurus were extracted from GeneBank (see text for accession 
numbers).

CHAPTER SEVEN -  The use of microsatellites for parentage assignment in antelope 
captive populations: Impala case study.

FIGURE 7.1 - Aepyceros melampus (impala) at Emmen Zoo, Holland. This photo was 196
taken in July 1995, when the impala group was composed by 5 males and 28 females.

FIGURE 7.2 -Diagram showing the main events occurring on Emmen Zoo’s impala 198

http://www.marc.usda.gov
http://www.marc.usda.gov
http://www.marc.usda.gov
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group from the founder group in 1974 to the year 1999 when blood samples were taken 
for medical tests and in the present study, white/blue arrows = imports green arrows = 
exports red arrows = breeding male death

FIGURE 7.3 -  Mean (± SE) coefficient of relatedness values for different classes of 211
individuals of the impala Emmen group, based on genotype of 6 bovine microsatellites. 
Standard errors were estimated by jackknifing over all loci following Sokal & Rohlf 
(1981). In brackets the number of pairs of each class.



Chapter one

Management of wild animals in captivity



1.1. Aims of the study

As genetic and demographic reservoirs, captive populations can be used to 

reinforce wild populations either by revitalising populations that are languishing in 

natural or degraded habitats, or by re-establishing those that have become depleted or 

extinct. However, taxonomic uncertainty in many species jeopardises the effectiveness 

o f captive population management and its contribution to conservation programmes.

The majority o f  antelope species in European captive populations are o f  unknown 

or doubtful subspecies/origin, but are o f sufficient interest or present in sufficient 

numbers to warrant inclusion in a future European Collection Plan for this group.

During the compilation o f pedigree data o f  wild species in captivity, the majority o f 

studbook keepers have difficulty in tracing the origin o f wild founders, few stocks are 

known to be pure, and the available information rarely leads to subspecies identification 

or relationships within the groups.

The aims o f  the present study are to generate morphological and genetic data to 

support management strategies for antelope captive populations. To achieve this 

objective I i) test the validity o f  previously described subspecies using morphological 

characters; ii) test the utility o f the external morphological characters to provenance 

specimens in captive populations; iii) develop genetic markers for characterising 

subspecies diversity within collections; iv) identify and characterise the genetic 

diversity in the captive populations compared to wild specimens; and v) test the power 

o f nuclear genetic markers to uncover relationships within groups.



1.2. Captive populations

In addition to the management o f  natural habitats, conservation programme leading 

to viable populations o f threatened species may sometimes need a captive component 

(Sausman & Correl, 1994).

Ex-situ conservation refers to the maintenance o f wild animals in stable populations 

outside their original biotope. Being out o f their original habitat usually means that the 

animals are separated from the other components o f their natural community, and kept 

in zoos, breeding centres, or in semi-reserves. The ultimate goal is to provide support 

for the survival o f  species in their natural environment.

Ex-situ  programmes are not an alternative for, but rather are complementary to, 

conservation through biotope protection. Avise (1994) has stressed that one goal o f  

conservation biology is to preserve genetic diversity, and another should be to preserve 

evolutionary processes. So, to preserve existing genetic diversity, we need sustainable 

environments for life in which the evolutionary processes fostering biotic diversity are 

maintained.

Zoological Gardens and Aquaria are the principal institutions holding ex-situ  

populations o f animal species for captive breeding purposes. Although most originated 

as menageries for public entertainment, and to some extent education, they have been 

actively involved in captive breeding and conservation since the 1960’s. These breeding 

programme are a response, by the zoos, to the increasing difficulty o f obtaining new  

display animals from the wild and the realisation that captive breeding programme play 

an important role in the conservation o f many species (Foose & Ballou, 1988).

Captive breeding as a conservation strategy has becomes the foundation o f  modem



zoo management (e.g. Olney et al, 1994; Ballou et al, 1995) and the responsibilities, 

potentials and limitations o f  Zoos have been clearly described in the publication The 

World Zoo Conservation Strategy (lUDZG/IUCN, 1993).

According to this document, zoo populations can play three roles in conservation. 

First, they serve as living ambassadors that can educate the public and can generate 

funds for in situ  conservation. Second, they are scientific resources and opportunities 

for research that provide information and technologies beneficial to the protection and 

management o f wild populations, and third, they form a resource, reinforcing survival 

o f  taxa in the wild through re-stocking or re-introduction.

In recent years there has been an increase in the use o f captive breeding for 

recovering endangered species. Captive breeding techniques have been improving 

continuously, as have techniques for reintroducing captive-bred animals into the wild 

(Snyder e /a / ,  1996).

For some species, these programmes have clearly represented the difference 

between survival and extinction in the short term. Examples o f such species are: golden 

lion tamarin (Leontopithecus chrysomelas, Kleiman et al, 1990); California condor 

{Gymnogyps californianus, Snyder & Snyder 1989); M auritius Krestel (Falco 

punctatus, Jones et al, 1995); black-footed ferret {Mustela nigripes, Miller et al, 1994); 

Arabian oryx {Oryx leucoryx, Price, 1989); Père D avid’s deer (Elaphurus davidianus, 

Beck & Wemmer, 1983) and Przewalski’s horse {Equus przewalski, Boyd & Houpt, 

1994).

Although it is known that ex-situ conservation is one o f  many options open to 

wildlife managers, it often represents the only hope for species near to extinction in the 

wild.



1.3. The small population paradigm

In contrast with the dynamics o f  large populations that are governed by law o f 

averages, small populations are governed by the specific fortunes o f  each o f  their few 

individuals (Caughley, 1994). By chance, events such as a succession o f births o f  the 

same sex or a disease epidemic, and inbreeding-related problems, such as reduced 

juvenile survivorship or adult fecundity, can drive small populations to extinction 

(Frankel & Soule, 1981).

In his paper about directions in conservation biology, Caughley (1994) used the 

expression “the small population paradigm” to summarise the set o f theories that 

explain the risk o f extinction o f a population due to low individual numbers. This 

paradigm deals largely with population genetic and population dynamic problems such 

as demographic stochasticity, loss o f  heterozygosity and fitness, genetic drift and 

inbreeding. According to this author, the population o f a small island, or its analogue in 

a zoo, exemplify such populations.

Genetically, small populations tend to lose diversity rapidly through the stochastic 

process o f  genetic drift, as well through inbreeding. Populations with low genetic 

variation are expected, according to evolutionary theory, to have lower adaptive 

potential to cope with environmental changes compared to populations with high levels 

o f genetic variation (Princée, 1991).

The retention o f  genetic diversity has several advantages. Among them, it preserves 

short-term fitness in the population, since the viability and reproductive success o f  

individuals are not decreased by inbreeding depression. It also preserves long-term 

fitness, i.e., a population’s ability to adapt to environmental changes through selection.



which is important if  individuals from captive populations are used for réintroduction or 

to reinforce wild populations (Beardmore, 1983).

Zoo populations exhibit all the characteristics defining the small-population 

paradigm. However, carefully-designed breeding programmes based on genetic and 

demographic analysis can greatly increase the probability o f  small population survival 

(e.g. red panda {Ailurus fulgens, Glatston & Princee, 1993) Przewalski’s horse {Equus 

przewalski, Ballou, 1994); Arabian oryx {Oryx leucoryx, Marshall et al, 1999).

1.4. Defining units of management

The identification o f systematic units and the determination o f  taxonomic 

uniqueness are crucial information for conservation programmes. The contribution o f  

captive populations to  protect and manage wild populations can only be possible if the 

correct taxonomic identification o f captive specimens has been established.

The biological species concept has guided the recognition o f  most animal species. 

A biological species is defined as a reproductive community o f populations 

(reproductively isolated from others) that occupies a specific niche in nature (Mayr, 

1969) and it is not immutable through time but changes during the course o f evolution.

Because the biological species concept may be difficult to apply in spatial and 

temporal dimensions, and because it excludes asexually reproducing forms, alternative 

concepts have been proposed.

Simpson (1961) attempted to  apply the biological species concept to encompass 

fossil species by defining the evolutionarv species concept as an ancestral-descendant



sequence o f  populations evolving separately from others and with its own evolutionary 

role and tendencies.

Several cladists have advocated that species should be defined as the smallest 

diagnosable cluster o f self-perpetuating organisms that have unique sets o f characters. 

Cracraft (1983) called this the phvlogenetic species concept.

The biological and evolutionary species concepts are classified as process-related 

definitions because they emphasise the biological processes that are thought to  be 

involved. On the other hand the phylogenetic species concept is a pattern-related 

definition as it emphasises the operational means by which the species are recognised.

For the purpose o f  devoting scarce or expensive resources to single-species 

conservation management, it is regarded as important to identify populations 

sufficiently distinct from an evolutionary and systematic point o f view that they merit 

the investment (Vane-Wright, et al. 1991).

In the conservation literature such populations have been termed "evolutionarily 

significant units" (ESU) (Ryder 1986; M oritz 1994). This term has been adopted, by 

some captive breeding specialists, to  refer to populations o f conservation interest. 

However some authors argue (e.g. Grant, 1995) that there is much confusion and 

ambiguity over how to define an ESU.

According to Cracraft (1997) there is no general support on how to define ESUs or 

how to apply the concept objectively. The author also argues that ESUs have no status 

within formal taxonomy, hence they have no standing within those legal instruments 

designed to  conserve and use sustainable biological diversity. As an alternative Cracraft 

(1997) suggested that the concept o f  ESU should be abandoned and the phylogenetic 

species concept should became the taxonomic currency o f  conservation biology.



Extant list o f  species and subspecies are not necessarily concordant with the ideal 

units for conservation and management purposes and, as stated by Barrowclough & 

Flesness (1997), only a very small fraction o f  currently threatened taxa have been 

studied using modem systematic techniques and in most cases it will be necessary to 

identify the proper units on a case-by-case basis.

1.5. Preserving genetic diversity

Opportunities to  design breeding programmes for new captive populations are rare. 

M ore often the task is to  design a plan for an existing captive population. In this case, 

the first step is to  determine the present status o f  the population by assembling and 

analysing available pedigree data.

In zoo populations, preservation o f  genetic diversity can be quantified formally in 

terms o f the percentage o f  the genetic diversity present in the founding individuals that 

has been retained over some period o f  time (Ralls & Ballou, 1986). To do so, captive 

breeding programmes depend upon the data recorded in studbooks. These include 

information such as sex, parents, date o f birth, death and lists o f  the various locations in 

which animals have been held. However, studbooks are often incomplete since, in the 

past, zoos did not keep records as well as they do now.

Since genetic management using studbook data is based on manipulating individual 

breeding combinations in order to  avoid inbreeding and to  minimise genetic loss, the 

knowledge o f  the correct relationships between individuals is essential.



1.6. Tools for management of captive populations

To solve problems ranging from the identification o f  species or subspecies o f 

conservation interest, to the management o f genetic variability o f captive population, 

the work o f  a studbook keeper needs to cross the limits o f pedigree data by 

incorporating recent findings generated by morphological and genetic work.

In recent decades, computer technology has had a great impact on the amount o f 

morphometric data that can be processed, and the speed and complexity o f the analyses 

that can be done, and has transformed the power o f multivariate analysis. Also, 

considerable advances have been achieved through the development o f  more refined 

molecular techniques. By using genetic markers it becomes possible to  estimate aspects 

o f  a population such as its subdivision, dispersal, gene flow and evolutionary history 

(Avise, 1994).

According to  M oritz & Hillis (1996), studies that incorporate both morphological 

and molecular data will provide much better descriptions and interpretations o f 

biological diversity than those that focus on just one approach.

1.6.1. The use of morphological data

The distinction between taxa based on phenotype (morphological) description has 

been the pillar o f  past taxonomic work, and legislation such as the Convention on 

International Trade o f  Endangered Species (CITES) has made taxonomy important by 

using species and subspecies as legal entities (e.g. Geist, 1991; O ’Brien & Mayr, 1991).

The characters that traditionally have been used by systematists in diagnosing 

subspecies and races are often morphological ones. However, in most cases, the



descriptions were based on a typological approach using few specimens, and mentioned 

differences in only one or two gross external characters. As a result, many species have 

numerous described subspecies, the validity o f  which has rarely been established 

(Sausman & Correl, 1994). This is especially true for large mammals where the sample 

size is limited by ethical, logistic and legal problems.

Taxonomic reviews o f described subspecies can greatly contribute to the 

management o f wild and captive populations, since the taxonomic uncertainty for many 

forms jeopardises the effectiveness o f  the management recommendations developed for 

each taxon. Barrowclough & Flesness (1997) cited pocket gophers and owl monkeys as 

examples o f  species whose taxonomic review had been particularly informative in the 

identification o f ESUs.

Smith & Patton (1988) have compared genetic and morphometric data with the 

geographic distribution o f subspecies o f pocket gophers {Thomomys bottae). A  

reanalysis o f  skull measurements o f  individuals from the northern Mojave Desert, using 

morphometric techniques that remove the effect o f  size differences, revealed tw o 

groups, based on shape, that were concordant with the geographic groups identified by 

allozyme electrophoresis. These two genetic units are the actual populations o f  interest, 

and not the eleven described subspecies.

South American owl monkeys o f  the genus Aotus  differ geographically in their 

colour and pelage patterns. By the 1950s a single widespread species with a range over 

most o f the continent comprising nine subspecies was the taxonomic classification 

accepted (Cabrera, 1957). In 1983, a major review elevated six o f  the former subspecies 

to  specific rank (Hershkovitz, 1983). Three additional species w ere also recognised 

based on karyotypic differences, since their ranges coincided with the ranges o f
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previously recognised subspecies. In this case, subspecies based on classic taxonomic 

examination o f  pelage were shown to reflect chromosomal races that are now 

recognised to be the proper units for study, conservation and captive management.

1.6.2. The use of genetic data

Recent years have seen rapid progress in the development o f molecular techniques 

that can be applied to systematics, population genetics, and the genetic characterisation 

o f individuals. The discovery o f  techniques such as the polymerase chain reaction, and 

the subsequent development o f  “universal” primer allows the rapid characterisation o f  

informative DNA sequences in many organisms at both the species and population 

levels, often from very small, degraded and even ancient samples (Bruford & Wayne, 

1993a).

In captive populations, molecular genetic techniques can be used to  explore the 

relationships among individuals in a breeding group; to test if  relatedness assumptions 

based on studbook records are in fact correct; to  assess genetic variability and to  

investigate the most probable geographical origin o f  the captive stock by comparing 

with data from wild animals. The genetic markers widely used to answer these 

questions are microsatellites and mitochondrial DNA sequences (mtDNA).

Microsatellites consist o f tandem repeats o f  sequence units, each generally less 

than 5 base pairs in length. They are also known as simple sequence loci, are widely 

dispersed in eukaryotic genomes, and are often highly polymorphic due to variation in 

the number o f  repeat units (Bruford & Wayne, 1993b). The large number o f  

microsatellite loci, together with their high variability, make them potentially important 

tools for a wide variety o f  studies requiring Mendelian markers.
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Jones et a l (2002) applied molecular genetic data to refine the genetic management 

o f  the endangered whooping crane {Grus americand) by developing a comprehensive 

genetic pedigree for the captive population. Improvements to the studbook were 

accomplished by the addition o f  pedigree information derived from leg-banding data on 

wild juveniles, and founder similarity coefficients calculated from microsatellite DNA 

profiles. According to these authors, results from the application o f  microsatellites 

produced a substantially different view o f the previous relatedness structure o f the 

captive population. Microsatellite data provided new information on shared founder 

genotypes, and provided a new DNA-based studbook pedigree that will assist genetic 

management o f the whooping crane populations.

The mitochondrion is a cytoplasmic organelle and contains a self-replicating 

genome which is a double-stranded circular DNA molecule, typically between 16,000 to 

18,000 base pairs for vertebrates, is almost always maternally by inherited and evolves 

five to ten times faster than the average nuclear gene (Wolstenholme & Fauron, 1995).

Because o f the relatively fast rate o f mtDNA sequence evolution, the amount o f  

sequence divergence among closely related species may accurately reflect their 

evolutionary history. When mtDNA data o f  individuals from different populations are 

analysed using phylogenetic algorithms, the structure o f  evolutionary trees often 

correlates with the geographic distance between populations or the presence o f  

geographic boundaries (Bruford & Wayne, 1993a).

The Saudi gazelle {Gazella saudiya) was endemic to  the Arabian peninsula but is 

now extinct in the wild and is potentially a candidate for captive breeding and 

réintroduction. Sequences o f  mtDNA cytochrome b gene derived from museum samples 

collected from the wild prior to the presumed extinction o f  this species were used by

12



Hammond et a l (2001) to investigate their taxonomic status. Results suggested that 

G.saudiya  is an evolutionarily significant unit. Analysis o f  several private collections o f 

living gazelles in Saudi Arabia provides no evidence for the survival o f G. saudiya. The 

authors recommended that field surveys should be undertaken to  establish whether G. 

saudiya  is indeed extinct in the wild, and that other private collections within the 

Arabian peninsula should be screened genetically.

13



Chapter two

Antelopes: their status in the wild and in captivity

14



2.1 Introduction

The family Bovidae includes all even-toed ungulates in which at least the males 

have homs. They evolved primarily in the Old World, few groups ever reached North 

America, and none got as far as South America (Figure 2.1).

c=>

FIGURE 2.1 -  D istribution of bovid species (w orldw ide d istribu tion  as dom estic anim als). 
From  W alther (1989).

The family represents the most diverse group o f large mammals and the great 

majority of the species are found in Africa. Bovid evolution has been seen primarily as 

an adaptive radiation into savanna environments which afford varied niches and food 

resources capable of sustaining a high herbivore biomass (Gentry, 1978). All the recent 

tribes, with exception of the Bovini, were differentiated by the Middle Miocene, long 

before the spectacular spéciation of the late Pliocene and Pleistocene (Thenius, 1989). 

The bovids’ adaptive ability may explain the great success of this family. They range 

from rabbit- to horse-sized and delicate to massive; head with short to long snout; neck 

short to very long; back straight or elevated at the croup or withers; legs pencil- thin to stocky.
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and short to very long. The coat can be short and smooth to long and woolly and in 

many cases with special features (beard, head tufts, manes on throat, neck, back or 

stomach); the sexes are o f the same or different colours; there are always several skin 

glands and two to four nipples (Figure 2.2). Except for the four-homed antelope 

(Tetracerus quadricornis), there are always two homs, in some cases only in the males. 

The hom s are short to long and o f  widely different shapes depending on the species 

(Thenius, 1989).

The word “antelope”, although in common use, is not a zoological term. In English 

the word was first used for the Indian blackbuck {Antilope cervicapra), but the German 

naturalist Pallas (1741-1811) extended the name to the whole group o f  which the 

blackbuck forms a part (Bere, 1970). Until the middle o f  the nineteenth century the 

hom ed ungulates were divided into four subfamilies: cattle, goats, sheep and antelopes 

(Walter, 1989). The sheep and goats were later placed in the same subfamily and the 

m ajor difficulty was with the antelopes, which included all species with hom s that did 

not belong to the cattle, goat and sheep groups (Walter, 1989).

During the exploration o f  the interior regions o f Africa and Asia, new species were 

discovered and it became clear that much diversity had been covered under the 

designation “antelopes” . The group was then split up into several subfamilies, but in 

order to correct the separation o f  closely related species, Simpson (1945) introduced a 

new unit between subfamily and genus: -the tribe.

Despite the great number o f  subfamilies and tribes attributed to the family Bovidae, 

the word antelope has still been used to designate those hom ed ungulates that do not 

belong to the tribe Bovini (cattle) or subfamily Caprinae (goats and sheep).

Paraphrasing Bere (1970): “ ... lacking an exact scientific définition, antelopes are
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best described sim ply as the more delicate and slender-built animals in the fam ily  

Bovidae'\

The taxonomy and phytogeny o f  the Bovidae have been controversial. The family 

includes more species and has proved more difficult to classify than any other extant 

family o f  large mammals (Georgiadis et al, 1990). The extensive spéciation in recent 

geological time, including many parallelisms, complicate the classification and the 

assessment o f  relationships among the species (Thenius, 1989). A bout half o f  the genera 

are monotypic, reflecting the complexity o f  relationships among the taxa, and the tribal 

affiliation o f  many remains uncertain (Vrba & Schaller, 2000).

The present study followed the taxonomic classification for Bovidae given in the 

publication "Mammal Species o f  the World" (W ilson & Reeder, 1993), which is also 

the reference used by CITES (Convention on International Trade in Endangered 

Species) and the zoo community (Shoemaker, 1998). This publication lists 9 sub

families, 45 genera and 137 species for family Bovidae (Table 2.1). Regarding tribal 

classification it followed the work o f  Spinage (1986).
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TABLE 2.1 -  Taxonomie division of the family Bovidae by sub-families, tribes and genera with 
number of species, common name and geographic area of occurrence. Based on Spinage (1986) and 
Wilson & Reeder (1993).

Sub-family Tribe Genera Species'
num ber

Species' 
common name

Range

Bovini

TragelaphiniBovinae

Boselaphini

Bubalus
Bos
Syncerus
Bison

Tragelaphus

Taurotragus

Boselaphus
Tetracerus

5 water buffalo, anoas
5 cattle, gaurs
1 African buffalo
2 bison, wisent

7 bushbuck, nyalas, kudus, sitatunga 
bongo 

2 elands

1 nilgai
1 four-homed antelope

Asia
Eurasia
Africa
North America, Europe 

Africa

Africa

Asia
Asia

Cephalophinae Cephalophus
Sylvicapra
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1

red and blue duikers 
common duiker

Africa
Africa

Reduncinae Redunca
Kobus

reedbuck
kob, waterbuck, lechwes

Africa
Africa

Hippotraginae Addax
Hippotragus
Oryx

1 addax Africa
3 roan and sable antelope, bluebuck Africa
3 oryx Arabia, Africa

Aicelaphinae Connochaetes
Alcelaphus
Damaliscus
Sigmoceros

wildebeest 
hartebeest 
blesbok, topi 
Hunter's antelope

Africa
Africa
Africa
Africa

Aepycerotinae Aepyceros impala Africa

Antelopini Antilope
Antidorcas 
Litocranius 
Gazella 
Procapra

Antilopinae Neotragini Oreotragus
Madoqua 
Dorcatragus 
Ourebia 
Raphicerus 
Neotragus

Ammodorcadini Ammodorcas

Saigini Pantholops
Saiga

I blackbuck
1 springbok
1 gerenuk

16 gazelle
3 Black-tailed gazelle

1 klipspringer
4 dik-dik
1 Beira antelope
1 oribi
3 steenbok, grysbuck
3 pygmy antelope, suni

1 dibatag

1 Tibetan antelope
1 saiga antelope

India
Africa
Africa
Eurasia, Africa 
Asia

Africa
Africa
Africa
Africa
Africa
Africa

Africa

Asia
Eurasia

Peleinae

Caprinae Rupicaprini

Ovibovini

Caprini

Pelea

Rupicapra
Naemorhedus
Oreamnos

Budorcas
Ovibos

Hemitragus
Capra
Pseudois
Ammotragus
Ovis

rhebuck

chamois 
goral, serow 
mountain goat

takin 
musk ox

tahr
goat, ibex, markhor 
blue sheep 
barbary sheep 
sheep

Africa

Eurasia
Asia
North America 

Asia
North America, Eurasia 

Asia
N. Africa, Eurasia 
Asia
N. Africa
N. America, N. Africa, 
Eurasia
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2.2 Antelope status in the wild

Among the species that currently appear to be heading towards extinction, the 

large mammals are the most visible. These megavertebrates are o f  major importance 

due to their impact on ecosystems, their economic and nutritional value, and their social 

and cultural significance (Sausman & Correl, 1994). The ungulates, and specially the 

antelopes, fall into all o f  these categories.

Human population growth is the fundamental cause o f  the current and potential 

loss o f most o f the earth's biodiversity. Over recent years, major declines in many 

populations o f  antelopes has been observed, and factors contributing to these declines 

are loss o f  habitat due to deforestation, agriculture and drainage o f  wetlands, hunting 

and disease (Schaller, 2000).

Antelopes are a major component o f  bushmeat and a major source o f protein for 

human populations in many parts o f Africa. Some antelope species, such as duikers, 

show considerable fragility to hunting pressure (e.g. Anstey, 1991).

Competition with domestic livestock over habitat or the spread o f disease have 

also taken their a toll on antelope abundance (e.g. Fischer & Linsenmair, 2001). One o f  

the most significant examples is rinderpest, a virus which was introduced into sub- 

Saharan A frica during the 19th century, probably through infected cattle brought into 

Ethiopia. This virus rapidly spread through the continent and caused catastrophic 

mortality o f  cattle and the most susceptible wildlife species, e.g. buffalo (East, 1998a).

Analysing the lUCN Red List o f  antelope taxa are can noticed that sub-Saharan 

A fnca has a much smaller proportion o f  threatened species than North Africa, the 

Middle East and A sia (Table 2.2). According to survey results (East, 1992a, 1992b, 

1993), this reflects the severe effects o f  uncontrolled hunting and degradation o f arid
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and semi-arid areas through overgrazing by livestock in much o f  North Africa and the 

M iddle East. While most savannah antelope species are currently categorised as Lower 

Risk/Conservation Dependent, most forest antelope species are categorised as Lower 

Risk/Near Threatened because o f  the threats from the rapid devastation o f  Africa's 

equatorial forests through road construction, hunting and the expansion o f  settlement 

(East, 1998a).

TABLE 2.2 - Number of antelope taxa from Sub-Saharan and North Africa, Middle East and 
Asia according to lUCN Red List categories. Data extracted from East, 1998a.

lUCN Sub-Saharan North Africa,
Red list categories Africa Middle East & Asia

Number of taxa %  total Number of taxa % total
Extinct

Extinct 1 3
Extinct in wild 1 1
subtotal 2 2.5% 4 19.0%

Threatened
Critically endangered 2 2
Endangered 4 4
Vulnerable 10 5
subtotal 16 20.5% 11 52.4%

Not threatened
Lower risk/conservation dependent 37 3
Lower risk/ near threatened 16 3
Lower risk/least concern 7 -

subtotal 60 77.0% 6 28.6%

The lUCN Antelope Specialist Group/Species Survival Committee (SSC), and the 

lUCN/Captive Breeding Specialist Group (CBSG), have been reviewing the status o f  

antelopes, both in the wild (East 1988, 1989, 1990, 1995, 1996a, 1996b, 1997a, 1997b, 

1997c, 199821, 1998b) and captivity (Sausman & Correl, 1994). These reports are an 

im portant step towards the development o f  a global strategy for conservation o f this 

group and provide im portant data and guidance for the management decisions that are 

increasingly required for the survival and recovery o f  threatened taxa.
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The Conservation Assessment and Management Plan (CAMP) for antelopes 

(Sausman & Correl, 1994) reviewed 396 distinct taxa (92 species and 304 subspecies) 

to assign a category o f threat for each and to recommend intensive conservation action. 

The evaluation was based on the current and projected status in the wild and categories 

o f threat were based on the Mace-Lande criteria (Mace & Lande, 1991). This system 

defines three categories of threat in terms o f likelihood o f extinction within a specified 

period o f time. They are: Critical - 50% probability o f extinction within 5 years or 2 

generations, whichever is longer; Endangered  - 20% probability o f extinction within 20 

years or 10 generations, whichever is longer; and Vulnerable - 10% probability of 

extinction within 100 years.

Eighty-four out o f 396 taxa reviewed by the antelope CAMP were assigned to one 

of three categories of threat (Figure 2.3), however this percentage will increase if more 

information regarding the taxa currently listed as undetermined is retrieved.

Critical n=20

Undetermined n=212

Endangered n=17

Vulnerable n=46

Secure n=98

FIG U R E 2.3 - N um ber o f antelope taxa per M ace-Lande th rea tened  categories (M ace & 
Lande, 1991). D ata ex tracted  from Sausm an & C orrel (1994).

According to East (1998a), projections based on current trends o f wildlife 

destruction suggest that a high proportion o f the antelope species o f sub-Saharan Africa
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will be threatened or extinct within the next 20-30 years. Some species o f  antelope, such 

as lechwe {Kobus sp.), are thought to be dominant members o f  their herbivore 

community and have an important impact on other associated antelopes and on the 

whole ecosystem. So, the welfare o f  the whole community may depend on maintaining 

large populations o f  these "keystone” species (East, 1992c).

Although the conservation o f the wildlife is o f global importance, the specific 

actions to minimise the impact o f human population growth are taken at the national 

and local levels, being political and social commitments to conservation the key to 

achieving a safe future for wildlife.

2.3 Antelopes in European zoos

In general, captive populations and breeding programme can serve several roles in 

holistic conservation. As genetic and demographic reservoirs, captive population can be 

used to reinforce wild populations either by revitalising populations in natural habitats 

or by re-establishing those that have become depleted or extinct. The captive specimens 

o f  threatened taxa are also living ambassadors that can educate the public and generate 

funds for in-situ conservation.

O f the 45 bovid genera (Table 2.1) listed by M ammal Species o f  the World (W ilson 

& Reeder, 1993), six genera are not represented in zoo captive populations world-wide 

(ISIS, 2001). They are: Sigmoceros, Ammodorcas, Dorcatragus, Pantholops, Pelea and 

Procapra, all antelopes (Table 2.3). The absence o f these genera m ay be the result o f  

their geographic range, mainly in China, Ethiopia and Somalia, and importation 

restrictions imposed by CITES in accordance with the threatened status o f each taxon.
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In addition to the 6 bovid genera not present in zoos world-wide, there is no 

European captive population o f the genera Litocranius (gerenuk), Ourebia (oribi), 

Raphicerus (steenbok). Neotragus (suni), Sylvicapra  (common duikers) and Rupricapra  

(chamois). However European zoos still have a high percentage (73.3%) o f  bovid 

genera represented in their collections.

TABLE 2.3 - Genera and species of family Bovidae which are not present in captive populations 
worldwide.

Genera Species Common
name

Range lUCN red list 
categories

Sigmoceros lichtensteini Lichtenstein'
hartebeest

Angola, Congo, Malawi, Mozambique, 
South Africa, Tanzania, Zambia

Lower risk

Ammodorcas llarkei dibatag Ethiopia, Somalia Vulnerable

Dorcatragus megalotis Beira antelope Ethiopia, Somalia Vulnerable

Pantholops hodgsonii chiru China, India Endangered

Pelea capreolus rhebok Lesotho, South Afnca, Swaziland Lower risk

Procapra gutturosa
picticaudata
przewalskii

Mongolian gazelle 
Tibetan gazelle 
Przewalski' gazelle

China, Mongolia, Russia
China, India
China

Lower risk 
Lower risk 
Critical

Figure 2.4 shows the 39 bovid genera represented in captivity. Black columns 

indicate the number o f  species per genus according to Wilson & Reeder (1993). The 

graph also shows how many o f  these species are kept in non- European (grey columns) 

and European zoos (blank columns).

Considering only antelope taxa (non-asterisked), 38 species from 20 genera are 

kept by European zoos. A total o f 12 genera (60%) are fully represented, o f  which 9 

(75%) are monotypic. Despite the high number o f  species, the duikers (Cephalophus) 

are not making progress in captivity. Problems related with husbandry requirements and 

difficulties o f  new imports have not allowed improvement o f management strategies. 

Taking into account the three species represented in Europe, the captive stock o f duikers 

has a total o f  21 animals (ISIS, 2001).
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There are three main levels o f captive management applied to antelope species in 

European zoos (Bleijenberg & Rietkerk, 1995). The first level is the European breeding 

program (EEP^), closely followed by European studbooks (ESB). The studbook keepers 

are responsible for collecting and compiling pedigree data from all captive animals o f  a 

particular species. The EEP co-ordinator analyses the studbook data and develops 

breeding polices that often require the exchange o f animals, encouraging or 

discouraging breeding o f  certain lines and expanding or reducing the total population 

size.

M onitoring taxa is the third level o f management in which particular zoo staff 

member keep updated information on development within the captive European, as well 

as wild populations o f a species. M onitoring taxa can later be elevated to studbook 

management and, depending on the population, to the development to breeding 

programs.

The European Antelope-Taxon Advisory Group (Antelope-TAG) is part o f the 

organisational structure o f  the European Association o f Zoos and Aquaria (EAZA). This 

group provides guidance and recommendations to zoos by identifying antelope taxa 

with conservation, education, and exhibition priorities, and making recommendations to 

establish breeding programme and studbooks.

The TAG is also involved in conservation projects by giving know-how and 

financial support. Examples o f  this involvement are projects such as Saiga  recovery in 

Kalmykia/Russia”, “A der’s duiker recovery in Zanzibar” and “Conservation o f  Sahelo- 

Saharan antelopes” .

* Initials from Europaisches Erhallungszucht Programm
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During the last Antelope-TAG meeting, held at Rotterdam Zoo in June 2002, the 

Antelope Collection Plan for European zoos was established. This document contains 

the list o f  antelope taxa present in European collections and the types o f management 

that has been or will be implemented. Fifty-six antelope taxa are included in the 

Collection Plan. O f those taxa, 6 are already managed as breeding programme, 8 as 

European studbooks, 4 as monitored taxa and 3 as international studbooks.

Analysing the list o f antelope taxa grouped by Mace-Lande categories (Sausman & 

Correl, 1994), it can be conclude that o f the total number o f listed taxa kept in captivity, 

European collections include 25% (n=5) o f  those classified as critical, 33% (n=3) 

endangered and 50% (n = l l)  vulnerable.

Table 2.4 shows the number o f  antelope taxa by European captive management

level and corresponding Mace-Lande categories. The total number o f  taxa from the 

Mace-Lande list that is not held in captivity world-vride and the total kept in non- 

European zoos are also presented. The Antelope-TAG, through the Collection Plan, has 

defined the level o f management for each taxa and once implemented it will increase the 

number o f breeding programs to 7, European studbook to 17 and monitoring taxa to 8, 

been the majority o f these taxa classified as vulnerable.

TABLE 2.4 - Number of antelope taxa in European zoos by level of management and category 
of threat based on Mace-Lande criteria (Mace & Lande, 1991).

European captive 
management 

levels

Mace-Lande categories

Critical Endangered Vulnerable 
n=20 n=17 n=46

Non threatened 
category

Total

Breeding programme 4 1 1 0 6
European studbook 0 1 1 6 8
Monitoring 0 0 2 2 4
International studbook 1 1 1 0 3

Total 5 3 5 8 21

Total in non- European zoos 4 6 12
Total not kept in captivity 11 8 23
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Among the antelopes held by European zoos, the genera Aepyceros, 

Hippotragus and Kobus are referred, by the Antelope-TAG, as taxa in need o f  major 

research and included in the “Research Taxa” group (Bleijenberg & Rietkerk, 1995). 

This means that the majority o f  animals in European captive populations belonging to 

these taxa are o f  unknown or doubtful subspecies/origin, however they are o f  sufficient 

interest and present in sufficient numbers to be kept in European zoo collections.
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Chapter three

Study taxa
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3.1 Introduction

Captive populations can contribute, as scientific resources o f  information and 

applied technology is that they can be used to protect and manage wild populations, but 

this contribution depends on the correct taxonomic identification o f  captive specimens.

Many species o f antelope have numerous described subspecies, the validity o f  

which has rarely been established. This problem gives rise to questions regarding the 

taxonomic level that should be used as a unit o f management in captive populations, 

where taxonomic uncertainty in many species jeopardises the effectiveness o f  

management decisions and their contribution to conservation programmes.

The five antelope species contemplated by the present study belong to three genera 

and have thirty-two described subspecies (Table 3.1).

TABLE 3.1 -  Species and subspecies of the genera Aepyceros, Hippotragus and Kobus 
according to Ansell (1971).

Genera Species Subspecies Genera Species Subspecies
Aepyceros melampus melampus

johnstoni
katangae
suara
rendilis
petersi

Kobus ellipsiprymnus ellipsiprymnus
kondensis
thikae
pallidus
crawshaii
adolfi-friderici
tjaderi ^

y ellipsiprymnus
group

Hippotragus equinus equinus
cottoni
langheldi

defassa
hamieri

bakeri penricei
>

defassa
charicus annectens group
koba tschadensis

unctuosus
Hippotragus niger niger

kirkii
roosevelti
variani

Kobus leche leche
smithemani 
kafuensis 
robertsi f

t  extinct

According to the International Species Information System (ISIS), at the end o f the 

year 2001 there was a total o f  87 European zoos keeping species o f  Aepyceros,
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Hippotragus and Kobus. Table 3.2 shows the number o f animals, number o f  holding 

zoos and subspecies represented in the European captive populations.

TABLE 3.2 -  Number of animals, holding zoos and subspecies of Aepyceros, Hippotragus and 
Kobus in European captive populations (ISIS, 2001).

Taxa Common name N of animals N of Zoos
Aepyceros melampus Impala (*) 131 13
Aepyceros melampus petersi Black-faced impala 13 2

Hippotragus equinus Roan antelope (*) 71 11
Hippotragus equinus bakeri Sennar roan antelope 6 1
Hippotragus equinus langheldi East African roan antelope 7 2

Hippotragus niger Sable antelope (*) 84 13
Hippotragus niger niger South African sable antelope 52 13

Kobus ellipsiprymnus Waterbuck (*) 46 8
Kobus e. ellipsiprymnus Southern waterbuck 74 12
Kobus e. defassa Defassa waterbuck 112 16

Kobus leche Lech we (*) 59 9
Kobus leche leche Red lech we 36 4
Kobus leche smithemani Black lech we 40 1
Kobus leche kafuensis Kafue Flats lech we 183 17

(*) Managed at species level

This chapter describes the five species o f  antelope contemplated in this study. 

Information is given regarding external morphological characters, geographic range and 

described subspecies. The compilation was based on several publications, and data on 

described subspecies are presented according to the following topics: author, type 

locality, morphological description and geographical range. Regarding the species 

Kobus ellipsiprymnus, w ith 13 described subspecies, the study was restricted to K  e. 

ellipsiprymnus and K  e. defassa  subspecies.
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3.2 Genus Aepyceros

The genus Aepyceros is composed o f  a single species, the well-known impala 

{Aepyceros melampus). According to fossil evidence the impalas have always 

comprised one genus and one species (Vrba, 1984).

3.2.1 Aepyceros melampus Lichtenstein, 1812

The impala is one o f the most graceful and beautiful o f the antelopes, with its shiny 

reddish coat and long slender legs. Adult males (Figure 3.1 A) stand about 75-92 cm at 

the shoulder and have a mean mass o f  about 60kg. Females (Figure 3 .IB) are slightly 

smaller (70-85cm), with a mean mass o f about 45kg (Skinner & Smithers, 1990). Only 

the males carry horns, these being o f  lyrate shape and strongly ridged, but with 

comparatively thins tips that are wide apart.

A vertical black streak lies on each side o f  the hindquarters. The specific nam e 

melampus refers to the black-haired glandular tufts situated above the hind-hoofs. There 

is a black patch on the crown o f  the head and black tips to the ears. They have white 

patches above their eyes, which extend in front o f these as narrow white bands. There is 

also a patch round the lips, and a narrow throat-band, both white(Skinner & Smithers,

1990).

The impala is active throughout the 24-hour day, alternating resting and grazing, 

and drinking at least once a day. The diet is composed o f  grasses, leaves, blossoms, and 

fruit. The groups are formed by males in herds o f  about 30, and females and young in 

herds o f  up to 200. Herds have a home range o f about 2-6 square kilometres'. The degree 

o f  territorial behaviour and enforced sexual segregation o f  impala herds is closely linked 

to the breeding season and climatic regime. Adult males hold territories, which vary in
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e 1,000 to 10,000 ^

• loss thon 1,000 or present 
but obundonce unknown

FIGURE 3.1 -  Maie (A) and female (B) of Aepyceros melampus and map (C) showing the 
species* geographic range in Africa (from East, 1998a). X= range of the subspecies A. m. 
petersi.
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which vary in size. These territories are marked with urine and faeces, and are defended 

against the intrusion o f  rival males. The owner o f the territory attempts to control any 

female herds which wander into it (Estes, 1991).

According to the lUCN African Antelope Database (East, 1998a), the impala 

formerly occurred widely in Southern and East Africa, favouring the ecotone between 

savanna woodland and open grassland. It has been eliminated from substantial parts o f  

its former range by hunting and the spread o f settlement, but it remains common or 

abundant in many protected areas on private land, and some other areas where human 

population densities are low (Figure 3.1C).

Today, the largest numbers o f common impala occur in areas such as the Mara and 

Kajiado (Kenya), Serengeti, Ruaha and Selaus (Tanzania), Luangwa Valley (Zambia), 

Okavango (Botswana), Hwange, Sebungwe and the Zambezi Valley (Zimbabwe), 

Kruger (South Africa) and on private farms and reserves (South Africa, Zimbabwe, 

Botswana and Namibia). The main surviving populations o f  the subspecies black-faced 

impala (A. melampus petersi) occur in Etosha National Park and private farms in 

Namibia. M ost o f the species' largest populations are stable or increasing (East, 1998a).

In the Catalogue o f  the Ungulate Mammals in the British Museum (Natural 

History) (Lydekker, 1914), the author presented a key for impala subspecies 

identification, here transcribed:

1 No dark blaze on lower part of face

a Horns medium; generally from 18 to 20 inches in a straight line; colour duller  A. m. melampus
b Horns very small frequently not more than 14 inches in a straight lin e ........................... A. m. johnstoni

c Horns still smaller...................................................................................................................  A. m. katangae

d Horns very large, attaining in some cases a length from 23 to 25 inches in a straight
line, colour redder, faint dark marks near ey e ................................................................... A. m. suara

e Horns larger than last, colour darker, no dark eye-marks..................................................  A. m. rendilis

2 A dark blaze on lower part of face  A. m. petersi
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Regarding the impala described subspecies, the publication Rowland W ard’s 

Records o f  Big Game (Best & Raw, 1975) considers three groups: 1) the Southern 

impala, A. m. melampus, which includes holubi, johnstoni, and katangae’, 2) the 

Angolan impala . A. m. petersi’, and 3) the East African impala, A. m. rendilis, which 

includes suara.

The present study adopted the taxonomic classification presented by Ansell (1971). 

This author listed six subspecies (Table 3.1) but considers that A. m. petersi (by its 

geographical isolation) and A. m. suara  (by its large horns) are the only subspecies 

distinct enough and points out that the limits and inter-grading o f the other subspecies 

are not very clear.

The following data on the six described subspecies o f  impala were compiled from 

Lydekker (1914); Lydekker & Dollman (1926); Allen (1939); Ansell (1971); Best & 

Raw (1975); Spinage (1986) and Skinner & Smithers (1990). The subspecies were 

ordered according to the year o f description.

•  Aepyceros m elam pus m elam pus L ichtenstein , 1812 

D escribed by : Lichtenstein, 1812 (Reise 2: 544). The subspecies includes the 

synonymy pallah  Gervais, 1841 and typicus Thomas, 1892.

T ype locality : Klipfontein, Little Namaqualand, Cape o f  Good Hope.

D escrip tion : known as the South African impala, the horns are o f  medium size and 

more slender than in the East African subspecies (A. m. suara  and A. m. rendilis). The 

general colour o f  the upper surface o f  the body is bright reddish brown, and there is no 

dark blaze on the face such as is found in the Angolan subspecies (A. m. petersi).
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R ange: South-eastern Angola, and possibly south-western Zambia. Thence the species 

ranges from the Zambesi river southwards, but the exact limits and intergrading with 

johnstoni are not clear.

•  Aepyceros melampus petersi Bocage, 1878 

D escribed by : Bocage, 1878 (Proc. Zool. Soc. London: 741).

D escrip tion : known as the Angolan impala or black faced impala, this is distinguished 

from the typical impala by the presence o f  a black streak or blaze along the middle o f 

the face from the eye downwards. It has frequently been treated as a distinct species. 

T ype locality: Capangombe and Humbe, Angola.

R an g e : South-western Angola and north-western Namibia.

•  Aepyceros melampus johnstoni Thom as, 1892 

D escribed b y : Thomas, 1892 (Proc. Zool. Soc. London: 553). The subspecies includes 

the synonym holubi Lorenz, 1894,

T ype locality: Zomba, Nyasaland (= Malawi).

D escrip tion : known as the Nyasaland (= Malawi) impala, it is very closely allied to the 

typical subspecies. It is distinguished by its shorter horns and more slender skull.

R an g e : Northern Mozambique, Malawi, eastern Zambia, and possibly south-western 

Tanzania, exact limits not known.

•  Aepyceros melampus suara M atschie, 1892 

D escribed by : Matschie, 1892 (Sitzb. Ges. Naturf. Freunde. Berlin :135).

T ype locality: Gonda and Ugalla River, Tanganika Territory (in Tanzania).
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D escrip tion : known as the impala o f Tanzania and Kenya. It is larger than A. m. 

melampus with longer and more massive horns. The tips o f the horns are usually more 

widely spread. The general colour above is brighter, being bright cinnamon rufous, 

sharply defined against the buff tint o f the side stripe, which extends all along the 

flanks. The crown o f the head is blackish, and frequently a slight indication o f  a black 

face-blaze is developed.

R ange: Tanzania, exact limits to south and south-west not clear. Rwanda and probably 

south-western Uganda and southern part o f  Kenya.

•  Aepyceros m elam pus rendilis L onnberg , 1912

D escribed by : Lonnberg, 1912 (Kungl. Svenska Vet.-Ak. Handl.Stockholm 2, 48: 164) 

T ype locality : North o f Guaso-Nyiro, Kenya.

D escrip tion : has been described as distinct from suara, but the characters by which this 

form was distinguished do not appear, for many authors, to be o f systematic value, and 

rendilis is considered to be identical with suara. There is also frequently a more or less 

well-developed blackish face blaze, although this is much less marked than in the black 

faced impala.

R ange: N orthern part o f  the Kenya range and presumably eastern Karamoja, Uganda.

•  Aepyceros m elam pus katangae L onnberg , 1914 

D escribed b y : Lonnberg, 1914 (Revue Zool. Africaine 3: 276).

Type locality : Katanga, Belgian Congo.

D escrip tion : this is the smallest m ember o f  the genus.

R ange: South-eastern Congo, probably extending into adjacent areas o f  Zambia.
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3.3 Genus Hippotragus

The genus Hippotragus includes three species: the sable antelope {Hippotragus 

niger); the roan antelope (Hippotragus equinus); and the bluebuck (Hippotragus 

leucophaeus). The latter was exterminated by settlers between 1799 and 1800, only 34 

years after it was first described; it was the first known African mammal to be 

exterminated by modem  man (Spinage, 1986).

3.3.1 Hippotragus niger (Harris, 1838)

Perhaps the most magnificent o f  the antelopes, with its beautiful black and white 

livery and long curved horns, the sable antelope (Hippotragus niger) is built rather like 

a cob horse: short-coupled with sturdy legs and thick neck enhanced by a bushy mane. 

Adult males (Figure 3.2A) stand about 117-140 cm at the shoulder and have a mean 

mass o f  about 235kg, females (Figure 3.2B) about 220kg (Skinner & Smithers, 1990). 

Both sexes carry horns which, in the females, are more slender and less sweepingly 

curved than in the males.

Old adult males are black, with a satiny sheen to their coats. The under parts are 

pure white. The face pattern is characteristic, being black with a white chin and a broad 

white patch extending from the nostrils along the gape o f the mouth and broadening 

towards the angle o f  the lower jaw . A broad white stripe extends from near the base o f 

the horns downwards in front o f  the eyes and along the muzzle to m eet the white o f the 

lower parts o f the face and nostrils. The ears are narrow and pointed, fringed with white 

hairs, and are m fous at the back. The females and young males present rich rufous coats 

(Skinner & Smithers, 1990).
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FIGURE 3.2 -  Mak (A) and female (B) of Hippotragus niger and map (C) showing the species’ 
geographic range in Africa (from East, 1998ai X= range of the subspecies H. n. variani
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Travelling approximately 1.2 km a day, sable are especially sedentary on dry- 

season pastures, when herds may spend weeks on the same field, leaving only to go to 

water or seek shade during the hottest hours. A grazer/browser, it eats grasses 

supplemented by foliage and herbs, especially kinds growing on woodland termite 

mounds. It goes to water at least every other day and regularly visits salt licks. Herds o f 

15 to 25 females and young are typical but often represent only part o f the resident 

population (typically 30-75 animals in good habitat) sharing a common, exclusive home 

range o f  10-25 km^. Territorial bulls often stay alone, even when a female herd is in 

residence, patrolling and scent-marking or just resting in some shady grove (Estes,

1991).

According to the lUCN A fncan Antelope Database (East, 1998a) the sable 

antelope formerly occurred widely in the savanna woodlands o f Southern and Eastern 

Africa, with an isolated population o f H. n. variani (giant sable) in Central Angola. The 

common sable has been eliminated from large areas o f its former range by hunting and 

loss o f  habitat to expansion o f agricultural settlement and livestock.

Sable antelope survive in good and generally stable numbers (Figure 3.2C), in 

areas such as M ayowosi-Kigosi, Katavi-Rukwa and the Ruaha and Selous ecosystems 

(Tanzania), Kafue (Zambia), Liwonde (Malawi), Okavango and Chobe (Botswana), 

Hwange, Matetsi, Sebungwe and the M iddle Zambezi Valley (Zimbabwe) and Kruger 

(South Africa).

In addition, there are relatively large, increasing numbers o f  the common sable on 

private farms in Namibia, Zimbabwe and South Africa. The survival o f  the subspecies 

variani, through 20 years o f civil war in Angola, is encouraging, but its survival will 

remain precarious until genuine peace and political stability (East, 1998a).
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In the Catalogue o f  the Ungulate Mammals in the British Museum (Natural 

History) (Lydekker, 1914) the author presented a key for sable antelope subspecies 

identification, here transcribed. This key does not include H. n. variani because this 

subspecies was described in 1916.

1 General colour o f female more or less brownish black  H. n. niger

2 General colour of female intermediate in colour between 1 and 3 ...........................  H. n. kirkii

3 General colour of female light chestnut, the face-markings and fore-legs
being alone b lack .......................................................................................................... H. n. roosevelti

Regarding described subspecies o f sable antelope, Rowland W ard’s Records o f  B ig  

Game (Best & Raw, 1975) considers three groups: 1) the Typical sable (common sable), 

H. n. niger which includes kirkii and kaufnanni; 2) the East African sable, H. n. 

roosevelti', and 3) the Royal sable (giant sable), H. n. variani.

The present study adopted the taxonomic classification presented by Ansell (1971). 

This author listed four subspecies (Table 3.1) but considered that apart from the isolated 

and yery distinct variani the limits and inter-grading o f the subspecies are not yery 

clear. Lundholm (1949) suggested that there might be a smooth transition in colour 

from south to north (this d in e  being found mainly in females).

The following data on the four described subspecies o f  sable antelope were 

compiled from Lydekker (1914); Lydekker & Dollman (1926); Allen (1939); Ansell 

(1971); Best & Raw (1975); Spinage (1986) and Skinner & Smithers (1990). The 

subspecies were ordered according to the year o f  description.

• Hippotragus niger niger (Harris, 1838)

Described by: (Harris, 1838) (Proc. Zool. Soc. London: 2 ). Includes the synonym 

/zûfrm /Harris, 1839.
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Type locality: Cashan range, near Pretoria, north-western Transvaal.

Description: known as typical sable (common sable), the darkness o f  body coloration 

in the female approximates to that o f  the male, and the horns, without being enormous, 

are o f considerable size.

Range: Southern parts o f  the species range, limits and inter-grading with kirkii and 

roosevelti not exactly known.

• Hippotragus niger kirkii (Gray, 1872)

Described by: (Gray, 1872) (Cat. Ruminant Mamm. Brit. Mus. p. 35). Includes the 

synonym kaufmanni Matschie, 1912.

Type locality: Zambia

Description: the females are said to be lighter in colour than in the South African form. 

Probably very closely allied to, if  not identical, with, the typical sable.

Range: Zambia, also presumably eastern Angola and the Congo range o f the species. 

According to Ansell (1971), kirkii was not recognised by Schouteden (1946), Sweeney 

(1959) listed the nominate race from Malawi and Harper (1945) thought that kirkii 

probably occurred in Malawi and adjacent Mozambique. This seems likely, as the 

females in the Eastern Province o f  Zambia are brown, not becoming almost black, thus 

corresponding with kirkii, which is now thought to be the only Zambian subspecies.

• Hippotragus niger roosevelti (Heller, 1910)

Described by: (Heller, 1910) (Smithson. Misc. Collect, 54(6)).

Type locality: Shimba Hills, Kenya

Description: smaller than South African sable, and carries smaller horns. The general
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colour o f  the male is seal-brown, more rufous than in niger, and the female’s coat is 

bright rufous.

Range: South-eastern Kenya and north-eastern Tanzania; exact limits and intergrading 

with the adjacent kirkii indeterminate. According to Ansell (1971), Roosevelt & Heller 

(1922) gave the Kigani River as the southward limit, but Swynnerton & Hayman (1951) 

listed it as the only Tanzanian form. In western Tanzania, however, kirkii seems the 

more likely occupant, as the population there is separated from that in the east by the 

southern salient o f  the Somali arid zone and the Southern Highlands.

• Hippotragus niger variani (Thomas, 1916)

Described by: (Thomas, 1916) (Abstract Proc. Zool. Soc. London 15).

Type locality: Luando River, Angola

Description: known as giant sable, the females are strikingly different from those o f  

niger, being a brilliant chestnut red in colour, instead o f the coat being nearly as dark as 

in the male sex; however this feature is also pointed out for roosevelti.

Range: surviving only in a limited area between the Cuanza and Loando river (1 1°S 17° 

E), but formerly extending further south-west and possibly south-east.
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3.3.2 Hippotragus equinus (Desmarest, 1804)

The w orld’s fourth-largest antelope (Estes, 1991), the roan antelope {Hippotragus 

equinus) superficially resembles the sable but is easily distinguishable from it by a 

number o f  characters such as more elaborated face-markings that are already displayed 

by young calves.

The roan antelope has sloping withers accentuated by a short mane; long tufted 

ears, and a distinctive black-and-white patterned face (Figure 3.3A). Adult males stand 

about 126-145cm at the shoulder and have a mass o f about 280kg, the females are 

slightly smaller and lighter (260kg) (Skinner & Smithers, 1990). Both sexes carry 

horns; those o f the females are more lightly built. They depart from the top o f the head 

in an even backward curve and are strongly ridged for most o f their length, the tips 

smooth.

The body colour is uniformly dark rufous to reddish fawn, the females and young 

males being redder than the adult male and resembling the female sable antelope. The 

W est African subspecies is distinctly reddish. The most characteristic features are seen 

on the face which is black or very dark brown, this colour extending on to the sides o f  

the neck, with a strongly contrasting white patch which extends over the top o f the 

muzzle, around the nostrils, broadly on either side o f the lips and on to the chin. A white 

patch on either side o f  the face extends from the base o f  the horns, inside the eyes low 

down on to the cheeks (Skinner & Smithers, 1990).

In the course o f  daily feeding, a herd moves 2-4 km  from its watering point. Roan 

feed on aquatic plants. They submerge their heads into waterholes for about 48 seconds 

while gathering mouthfuls o f  aquatic plants. Roan drink regularly and in great quantity, 

sometimes visiting water twice a day. They also visit mineral licks and chew on old bones.
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FIGURE 3.3 -  (A) Hippotragus equinus and map (B) showing the species* geographic range in 
Africa (from East, 1998a).
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Intolerance o f males towards one another and the existence o f what may be 

closed social units among the hierarchically organised females may be responsible for 

the sparse distribution o f herds. Exclusive use o f relatively large areas o f favoured 

habitat by a single herd puts a restriction on population size. Herd territories range over 

total areas averaging 80 square kilometres (Estes, 1991).

According to the lUCN African Antelope Database (East, 1998a), the roan antelope 

formerly occurred very widely in the savanna woodlands and grasslands o f  West, 

Central and South-central Africa and more locally in East and Southern Africa. It has 

been eliminated from large parts o f  its former range and survives mainly in and around 

protected areas and in other areas with low densities o f  people and livestock.

Today, the largest surviving populations (Figure 3.3B) occur in areas such as 

Niokolo-Koba (Senegal), Comoe (Ivory Coast), Arly-Singou and Nazinga (Burkina 

Faso), M ole (Ghana), Pendjari (Benin), Waza National Park and the national parks and 

hunting zones o f North Province (Cameroon), Manovo-Gounda-St. Floris (Central 

African Republic), M oyowosi-Kigosi and Katavi-Rukwa (Tanzania), the Luangwa 

Valley (Zambia), Nyika National Park (Malawi) and northern Botswana. M ost o f these 

populations are stable or increasing but some, e.g. in Comoe, Arly-Singou and 

Cameroon's North Province, are in decline despite the roan antelope's ability to 

withstand illegal hunting pressures better than most other large herbivores (East, 

1998a).

In the Catalogue o f  the Ungulate Mammals in the British Museum (Natural 

History) (Lydekker, 1914), the author presented a key for roan antelope subspecies 

identification, here transcribed. This key does not include H. e. cottoni because this 

subspecies was described in 1928.
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1 Ears moderate.

a General colour greyish roan; forehead wholly black in both sexes ............................................. H. e. equinus
b General colour pale rufous; a patch of chestnut at base of front of horns in both sexes H. e. langheldi

2 Ears longer.
General colour browner. Upper part of forehead black in males, chestnut in females....... H. e. bakeri

3 Ears still longer; general colour more ftilvous; upper part of forehead chestnut in both sexes.
a Size smaller.................................................................................................................................  H. e. gambianus

b Size larger.............................................................................................................................................. H. e. sharicus

Regarding the roan antelope’s described subspecies, Rowland W ard’s Records o f  

Big Game (Best & Raw, 1975) considers five groups: 1) the Southern roan antelope H. 

e. equinus’, 2) the Sudan roan antelope H. e. bakeri which includes dogetti’, 3) the 

Angola roan antelope H. e. cottoni’, 4) the Western roan antelope H. e. koba w hich 

includes sharicus; and 5) the East African roan antelope H. e. langheldi.

The present study adopted the taxonomic classification presented by Ansell (1971). 

This author listed six subspecies (Table 3.1), but considered that the validity and limits 

o f several subspecies are unclear.

The following data on the six described subspecies o f roan antelope were compiled 

from Lydekker (1914); Lydekker & Dollman (1926); Allen (1939); Ansell (1971); Best 

& Raw (1975); Spinage (1986) and Skinner & Smithers (1990). The subspecies were 

ordered according to the year o f  description.

• Hippotragus equinus equinus (Desmarest, 1804)

Described by: Demarest, 1804 (Die. Class. Hist. Paris: 24). Including aethiopica  

Schinz, \% 2\',jubata  Goldfuss, 1824; barbata H. Smitch, 1827; aurita  H. Smitch 1827; 

truteri Fischer, 1829, and typicus Sclater & Thomas, 1899.

Type locality: N. South Africa, Lakatu (Takoon).
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Description: the general colour is greyish roan, and the forehead is coloured black in 

both sexes right up to base o f horns. Ears relatively short.

Range: Rhodesia and perhaps southern Malawi southwards, exact limits and 

intergrading with cottoni not clear.

• Hippotragus equinus bakeri Heuglin, 1863 

Described by: Heuglin, 1863. Including daggeti de Beaux, 1921.

Type locality: Eastern Sudan

Description: the general colour is brower and the forehead patch is blackish in the 

males and chesnut-coloured in the females. Ears relatively long.

Range: Northern Uganda, north-eastern Congo, Ethiopia, and the Sudan, limits and 

intergrading with sharicus not clear, but evidently extending to south-eastern Chad

• Hippotragus equinus langheldi Matschie, 1898 

Described by: Matschie, 1898 (Smithson. Misc. Collect, v. liv, p .l) . Including rufo- 

/ 7 a / / / N e u m a n ,  1899.

Type locality: Tabora, Tanzania.

Description: the general colour is pale rufous roan and the forehead is chestnut- 

coloured in both sexes at the base o f  horns. The ears and horns are very similar to those 

o f H. e. equinus, the horns measuring rather less than in the typical form.

Range: Tanzania, Kenya, Rwanda, Burundi, and southern Uganda.
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• Hippotragus equinus koba (Gray, 1872)

Described by: Gray, 1872 (Cat. Ruminant Mamm. Brit. Mus p.35). Including docoi 

Gray, 1872 and gambianus Sclater & Thomas, 1899.

Type locality: Gambia coast, M acarthy's Island.

Description: it is distinguished from H. e. bakeri by its general rufous coloration, more 

marked in young than old specimens, which are pale tawny. The forehead patch is 

chestnut-coloured in both sexes.

Range: Western Nigeria, westward to Senegal.

• Hippotragus equinus scharicus (Schwarz, 1913)

Described by: Schwarz, 1913 (Ann.Mag. Nat. Hist 8(11):266).

Type locality: Abilela, lower Shari River, French Equatorial Africa.

Description: similar in colour to H. e. koba  but with rather larger horns. Ears very 

long.

Range: Cameroon, western Chad and Central African Republic, eastern Nigeria; 

intergrading with forms to east and west indeterminate.

• Hippotragus equinus cottoni Dollman & Burlace, 1928 

Desciption: Dollman & Burlace, 1928 (Rowland W ard's Records o f  Big Game 9: 265) 

Type locality: Quanza River, Angola

Description: the ground colour is o f  a rich rufous tint. The horns average somewhat 

smaller in length than in the typical race.

Range: N orthern Botswana, Angola, southern Congo and Zambia, and perhaps central 

and northern Malawi, limits and intergranding with equinus to the south and langheldi 

to the north not clear. According to Ansell (1971), the Schouteden (1946) cottoni seems
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more likely to be the subspecies near the Congo river mouth than gambianus (=  koba), 

which is separated from the southern range by the lowland forest zone. According to 

Ansell (1971), Hill (1942) cottoni may be inseparable f r o m b u t  there seems 

to be no reason to interpret H ill’s remarks as indicating that it extends to Mozambique, 

as did Roberts (1914).
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3.4 Genus Kobus

Two out o f five species from the genus Kobus are included in the present study: the 

waterbuck Kobus ellipsiprymnus (Ogilby, 1833) and the lechwe Kobus leche Gray 

(1850).

3.4.1 Kobus ellipsiprymnus (Ogilby, 1833)

Waterbuck, so named because the species is associated with water throughout its 

distribution range, are large antelope, the males standing about 1.2 m at the shoulder 

and having a mass o f  between 250 and 270 kg. The females are smaller and lighter. 

Only the males carry horns which, arising from the top o f  the head, sweep forward in a 

curve. They are heavily ringed for about three-quarters o f their length, and are smooth 

towards the tips (Skinner & Smithers, 1990).

The colour o f the upper parts o f  the body is variable and may be a dark brownish- 

grey or greyish-brown, in either case grizzled with white and grey hairs. They have two 

elongated patches o f  white extending from above the eyes around their inner edges on to 

the muzzle and a white ring just behind the rhinarium encircling the top o f the muzzle. 

The chin is white and they have a collar o f white on the sides o f the neck and around the 

throat. They also have a white band encircling the lower part o f the legs just above the 

hooves. The white markings are similar in the females but are less pronounced and 

never so distinct. The juveniles are reddish in colour. W aterbuck have a very strong 

goat-like smell and the flesh can become tainted if  allowed to lie in contact with the hair 

and external surface o f  the skin. Often they can be smelt before they are seen. (Skinner 

& Smithers, 1990).
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Mainly grazers, they consume types o f  coarse grass seldom eaten by other grazing 

animals and occasionally browse leaves from certain trees and bushes. They feed in the 

mornings and at night, and rest and ruminate the remainder o f  the time.

At 7-9 months, males are driven from their maternal family and join up with a 

bachelor herd. These groups have a distinct social hierarchy based on size and strength, 

and contests are frequent. Around 6-7 years, males become territorial, staking out areas 

o f  150-625 acres and defending them against mature rivals with posturing and fights 

(Estes, 1991). These territories are maintained throughout the year, and a male is 

generally overthrown before he reaches 10 years o f  age. Female groups wander over a 

home range o f  200-600 hectares, which may be kept for up to 8 years and encompasses 

several male territories.

The species K. ellipsiprymnus has thirteen described subspecies (Table 3.1). 

Originally it was divided into two species K. ellipsiprymnus and K. defassa. However 

the two groups hybridise in overlap areas along the Rift Valley, Tanzania (Figure 3.4E), 

producing forms with an intermediate rump pattern (Spinage, 1986). Although in 

Zambia the two groups are separated either by unsuitable terrain or by the M uching 

escarpment, individuals o f  either are found in the other's range, and hybrids have been 

recorded (Skinner & Smithers, 1990). Now, all forms are regarded as a single species K. 

ellipsiprymnus, into two groups (Table 3.1). The validity and limits o f  the described 

subspecies within these tw o groups are in many cases not well established (Ansell, 

1961).

The K. e. ellipsiprymnus and K. e. defassa  group are very similar. The most 

obvious distinction is the marking on the rump, which in the defassa  group is entirely 

white (Figure 3.4A (males) and 3.4B (females)), as against the white elliptical ring o f
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FIGURE 3.4 -  Male (A) and female (B) of Kobus elUpsiprymnus defassa and male (C) and female 
(D) of Kobus eUips^rymnus ellipsiprymnus. Map (£) showing the African geographic range of the 
two subspecies (from East, 1998).
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ellipsiprymrms (Figure 3.4C (males) and 3.4D (females)) from which derives the 

specific name.

According to the lUCN African Antelope Database (East, 1998a), the waterbuck 

formerly occurred near permanent water in savanna woodlands and forest-savanna 

mosaics throughout most o f  sub-Saharan Africa. It has been eliminated widely within its 

former range but survives in many protected areas and in some other areas, which are 

sparsely populated by humans.

Important populations o f the defassa  waterbuck group (Figure 3.4E) persist in areas 

such as Niokoio-Koba (Senegal), Comoe (Ivory Coast), Arly-Singou and Nazinga 

(Burkina Faso), Mole and Bui (Ghana), Pendjari (Benin), the national parks and hunting 

zones o f  North Province (Cameroon), M anovo-Gounda-St. Floris (Central African 

Republic), M oukalaba (Gabon), Garamba and Virunga (Congo-Kinshasa), the Awash 

Valley and Omo-M ago-M urule (Ethiopia), Murchison Falls and Queen Elizabeth 

National Parks (Uganda), Serengeti, Moyowosi-Kigosi, Ugalla River and Katavi-Rukwa 

(Tanzania) and Kafue (Zambia), but about half o f  these populations are in decline 

because o f  poaching (East, 1998a).

Populations o f  the ellipsiprymrms waterbuck group (Figure 3.4E) occur in areas 

such as Tsavo, Laikipia, Kajiado, Lake Nakuru and the coastal rangelands (Kenya), 

Tarangire and Selous-Mikumi (Tanzania), the Luangwa Valley (Zambia), northwestern 

Matabeleland, Sebungwe, the M iddle Zambezi Valley and private farmland (Zimbabwe) 

and Kruger, Hluhluwe-Umfolozi and private land (South Africa). Recent surveys show 

that about 40% o f  these key populations o f  the ellipsiprymrms waterbuck have 

decreased during the last 10 years but others have increased, e.g., in Selous-Mikumi and 

on private land in South Africa (East, 1998a).
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In the Catalogue o f  the Ungulate M am mals in the British M useum (Natural

History) (Lydekker, 1914), the author presented a key for waterbuck identification, also

considering ellipsiprymrms and defassa  as two separate species:

A white elliptical band on rum p  K. ellipsiprymnus

B no white rump band ...........................................................................  K. defassa

Regarding described subspecies o f  waterbuck the publication Rowland W ard's 

Records o f  B ig  Game (Best & Raw, 1975) considers ellipsiprymnus and defassa  as tw o 

separate species and recognises only subspecies o f  K. defassa. However the authors 

stressed that the two species are so nearly alike that it is impossible to assign any given 

head or horns to its correct form with certainty. The K. defassa  subspecies group are: 1) 

the tvpical defassa . K. d. defassa, 2) the Uganda defassa K. d  ugandae; 3) the 

Rhodesian defassa K. d. crawshayi , 4) the Angola defassa K. d. penricei and; 5) the 

Sing-sing waterbuck K. d. unctuosus.

The present study has adopted the taxonomic classification presented by An sell 

(1971). This author accepts two subspecies groups within the species K. ellipsiprymrms'. 

the ellipsiprymnus group composed o f  four subspecies and the de fassa  group composed 

o f nine subspecies (Table 3.1).

The following data on the K. e. ellipsiprymrms and K. e. defassa  were compiled 

from Lydekker (1914); Lydekker & Dollman (1926); Allen (1939); Ansell (1971); Best 

& Raw (1975); Spinage (1986) and Skinner & Smithers (1990).
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•  Kobus ellipsiprym nus ellipsiprym nus  (O gilby, 1833) group  

D escribed bv ; Ogilby, 1933 (Proc. Zool. Soc. London, p. 47, 24 May 1833)

Type locality: The district between Lataku and the west coast o f South Africa. 

D escrip tion: coat long and coarse, general colour grizzled brownish grey, tending to 

blackish on the back; a white elliptical band on the rump extending downwards on each 

side o f the flanks.

R ange: from South Africa north o f  the Limpopo along the coastal region through 

Malawi, Tanzania and Kenya and then to the Shebeli River in Somalia.

•  Kobus ellipsiprym nus defassa R iippell, 1835 group  

D escribed by : Riippell, (Neue Wirbelth. Abyssin, p. 9, pi. 111, 1835).

T ype locality : near Lake Tana, Abyssinia.

D escrip tion : distinguished from the typical subspecies by the elliptical white ring on 

the rump being replaced by a large white patch, not extending above level o f  root o f  tail, 

ear usually shorter, general colour ranging from bright rufous to smoky or blackish 

grizzled.

R ange: widely spread in Africa from the Zambia northwards in a longitudinal central 

belt to the Upper Nile and Somalia; westwards in Angola and through the eastern 

Congo, Central Africa, Chad, Cameroon, Nigeria and Gambia. Absent from the eastern 

belt o f Africa (the Rift Valley, Tanzania being the demarcation line) and the equatorial 

forest o f  Congo.
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3.4.2 Kobus leche Gray, 1850

The lechwe are, with the exception o f  the sitatunga, the most aquatic o f  the 

antelopes. Their hooves are adapted for swampy terrain and their distribution is entirely 

restricted to seasonally inundated flood plains in the vast central basin o f Africa south 

o f  the equator were they spend most o f  their time standing knee-deep in water (Spinage, 

1986).

Lechwe are medium-sized antelope with heights ranging from 90 to 112 cm. The 

hindquarters are noticeably higher than the forequarters. Adult males (Figure 3.5A) 

have a mass o f  about 118kg and females (Figure 3.5B) about 80 kg. Only males carry 

horns, which are long and slender, considerably exceeding twice the length o f  the head, 

and show a tendency to a double curvature (Skinner & Smithers, 1990).

The coat is long and rough, and does not exhibit the grizzled appearance seen in the 

waterbuck. The colour is chestnut with white underparts, throat, and facial markings. 

They have a white patch around the eyes. The tip o f  the muzzle and chin are white and 

this extends back along the gape o f  the mouth. Males darken with age. Lechwe have 

dark leg and body markings, and these markings vary in colour from black to red, and 

are noticeably different between subspecies. W hile lechwe do not have scent glands, 

their coats are greasy and have a distinct odour (Skinner & Smithers, 1990).

Lechwe are active in the hours before sunrise and for several hours afterwards. 

They eat nutritious grasses that are found in flooded meadows. In order to get to their 

food, lechwe will feed in water up to their bellies. During the cool weather, they do not 

have to  drink, but in the hot weather, they may need to drink up to  three times a day 

(Estes, 1991).

M ale and female lechwe remain separated from each other most o f  the year. Some
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FIGURE 3.5 -  Male (A) and female (B) of Kobus leche. (C) Map showing the species’ 
geographic range in Africa (from East, 1998a). X= K. L kafuensis and 7j= K  L smühemani.
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males are strongly territorial for part o f  the year. Females and calves depend on water 

and are commonly found near wet areas, while males do not require as much water and 

are found at greater distances from water sources.

Males compete for their territories during the rut. The rest o f the year they remain 

in bachelor herds. Female herds are very open and are always changing. W ithin these 

groups, there is no connection between individuals except for mothers and calves that 

are in their first year. The largest populations can be found on flat plains where the wet 

meadow is maintained throughout the flood cycle. W hen there is extreme flooding, 

lechwe take refuse in the woodlands (Estes, 1991).

Four races are recognised as distinctive: the red lechwe {K. I. leche), which is the 

type form; the black lechwe (K. I. smithemani), distinguished by its significant black 

coloration; the Kafue Flats lechwe (K. I. kafuensis), o f  very limited distribution; and 

Robert's lechwe (K. I. robertsi), now believed to be extinct (East, 1998a).

The distributions and populations o f all three surviving subspecies have suffered 

substantial declines. M ajor concentrations are now confined to three areas: Okavango 

(red lechwe), Kafue Flats (Kafue lechwe) and Bangweulu (black lechwe). In addition, 

the red lechwe still occurs in scattered localities in other parts o f Zam bia and Botswana 

and in Namibia, Congo-Kinshasa and Angola, including significant populations in areas 

such as Busanga, Eastern Caprivi and Linyanti (Figure 3.5C)(East, 1998a).

In the Catalogue o f  the Ungulate M ammals in the British M useum (Natural 

History) (Lydekker, 1914), the author presented a key for lechwe subspecies 

identification. This key does not include K. I. kafuensis because this subspecies was 

described in 1963. Regarding K. I. maria, which was at that time considered a
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subspecies o f K. lechwe, it is nowadays accepted a species, Kobus megaceros (Nile 

lechwe).

1 No white patch in front of withers

a Hair of back not reversed; general colour wholly or mainly fulvous

a ‘ general colour wholly fulvous  K. I. leche

2̂  some black on bases of shoulders and neck   K. I .robertsi

b Hair of back reversed; general colour of back, shoulders, thighs and K. I. smithemani
face more or less blackish brow n....................................................................

2 A large white patch in front of withers  k. I. maria

Rowland W ard’s Records o f  B ig Game (Best & Raw, 1975) considers two groups 

o f  lechwe: 1) the Red lechwe, K. I. leche, which includes notatus; and 2) the Black 

lechwe , K. I  smithemani, which includes robertsi.

The present study adopted the taxonomic classification presented by Ansell (1971). 

This author listed four subspecies (Table 3.1). According to this author most o f the 

range is occupied by the nominate race, but well-marked subspecies occur in two 

restricted areas o f  Zambia.

The following data on the four subspecies o f lechwe were compiled Lydekker 

(1914); Lydekker & Dollman (1926); Allen (1939); Ansell (1971); Best & Raw  (1975); 

Spinage (1986) and Skinner & Smithers (1990). The subspecies were ordered according 

to the year o f description.

•  K obus leche leche G ray , 1850 

D escribed bv : Gray, 1850 including lechee Gray, 1852; leechi Buckley, 1876; 

amboellensis Sokolowksy, 1903; lechwe Rothschild, 1907; and notatus Matschie, 1912. 

T ype locality: Zonga Valley near Lake Ngami.
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D escrip tion : known as red lechwe, females are red to tawny, graduating to white on the 

underside and throat, with white borders around the eyes and muzzle. M ales have 

similar colouring but the front o f  the legs below the knee are black, w ith white patch 

above the hoofs.

R ange: Angola, Botswana, Namibia, former Zaire and Zambia

• Kobus leche sm ithem ani L ydekker, 1900

D escribed by : Lydekker, 1900 (Proc. Zool. Soc. London, p.982, 1 Ap. 1900)

T ype locality: borders o f  Lake Mweru, Zambia

D escrip tion : known as black lechwe, distinguished from leche not only by the colour 

but in having the hair o f  the back reversed. In adult males the back and sides, sides o f  

the neck and the outer surfaces o f the legs become blackish brown, the face remaining a 

chestnut red.

R ange: restricted to the area surrounding Lake Bangweulu, and (formerly) the flats 

along the upper Chambeshi River.

•  Kobus leche robertsi R othschild , 1907 

D escribed b y : Rothschild, 1907

T ype locality: between Lake M weru and Bangweulu, Zambia

D escrip tion: differs from the typical lechwe in having black patches on the lower part 

o f the neck and front o f  the shoulders; there is a certain amount o f  black on the sides o f  

the face and throat, and the horns are smaller and less massive. As in leche the dorsal 

hair is directed backwards.
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R ange: Perhaps interposed between leche and smithemani in the Kawambwa District 

between lakes Mweru and Bangweulu. However, it may no longer exist, and few 

specimens have been preserved, so it is difficult to assess its true position.

•  Kobus leche ka fuensis  H alten o rth , 1963 

D escribed bv : Haltenorth, 1963, including graW zcom fj Ansell, 1964 

Type locality: Lochinvar Ranch (15° 48 ’ S . , 27° 16’ E).

D escrip tion : males differ from the typical race {K. I  leche) by having a very distinct 

shoulder patch on each side, fully confluent with the foreleg stripe, and longer horns. 

R ange: Known only from Kafue flats, east o f  about 26° E., Zambia
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Chapter four

Aepyceros melampus geographical variation and subspecies 

validation based on morphological characters

63



4.1 Introduction

The distinction between taxa based on phenotypic (morphological) description has 

been the pillar o f past taxonomic work, and legislation such as the Convention on 

International Trade o f Endangered Species (CITES) has made taxonomy important by 

using species and subspecies as legal entities (e.g. O ’Brien & Mayr, 1991; Geist, 1991,

1992).

The majority o f  antelope surveys and reports focus on the species taxonomic 

level, as the precise distributions o f  many subspecies are still uncertain, debated or 

pending review. Subspecies are only mentioned when they are classified at a different 

threat level by the lUCN or when they are o f special conservation interest because 

'‘‘'...they are sufficiently distinctive morphologically, behaviourally and/or 

geographically to be recognised as distinct by wildlife managers in the f ie ld '  (East, 

1988).

However, in contrast to species, which normally have well-defined limits to their 

characters, subspecies usually differ from each other by slight differences in external 

morphological characters. Their descriptions, in most cases, are based on few specimens 

and this is especially true for big mammals where the sample size is limited by ethical, 

logistical and legal problems.

In the present study subspecies is defined by the most commonly used definition 

for subspecies that is applied to sexually reproducing animals. As defined by M ayr 

(Mayr & Ashlock, 1991), a subspecies is aggregate o f  local populations o f  a 

species inhabiting a geographic subdivision o f  the range o f  the species and differing  

taxonomically from  other populations o f  the species". A subspecies can still interbred
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successfully with the remainder o f the species, however in some cases, interbreeding 

capabilities are unknown and subspecies designations are based entirely on phenotype 

(Strickberger, 1996). These subspecies might or might not be monophyletic genetically, 

hence contradict the phylogenetic species concept.

Many species o f antelope have numerous described subspecies, the validity of 

which has rarely been established. The European Antelope Taxon Advisory Group 

referred to the genera Aepyceros, Hippotragus and Kobus as taxa in need of major 

research and included them into the “Research Taxa” category, as the majority o f 

animals in European captive populations are o f  unknown or o f  doubtful 

subspecies/origin; however, they are o f sufficient interest and present in sufficient 

numbers to be kept in European zoo collections (Bleijenberg & Rietkerk, 1995).

After surveying the British Natural History Museum and Powell-Cotton Museum 

collections it was observed that o f the five antelope species considered in the present 

study, Aepyceros melampus was more abundant in terms o f number o f skulls and skins, 

as well as geographical and described subspecies representation.

The aim o f the present study was to use Aepyceros melampus as a species model to 

test geographical variation and subspecies definitions based on morphological 

characters. By testing the validity o f  previously described subspecies we can contribute 

to the definition o f units o f management that can be adopted by zoo and wild population 

managers.
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4.2 Material and methods

4.2.1 Samples

A survey o f  the Bristish Natural History M useum’s specimens o f  Aepyceros 

melcq)us was undertaken. During the survey a detailed examination o f  skulls and skins 

was performed and a database was created using the software M icrosoft® Access 97. 

The present study also included specimens from the Powell-Cotton Museum, Kent, but 

few skulls and skins were available. Although material was suitable for DNA 

preparation, the majority o f skins could not be used for morphological study, as their 

brittle condition did not allow manipulation for pelage analyses.

The database contains information based on specimen labels and personal 

observation o f  the material such as integrity o f  skull and horns, and skin condition 

(brittle, stuffed or incomplete). Details o f  the structure o f the database are found in 

Table 4.1.

TABLE 4.1 -  Structure of the database on Aepyceros melampus skull and skin collections held at 
the 6th floor of the British Natural History Museum, London and Powell-Cotton Museum, Kent.

Items for sknll data Items for sidn data
1. Museum 1. Museum
2. Cupboard 2. Cupboard
3. Drawer 3. Drawer

* 4. Museum ID * 4. Museum ID
* 5. Species * 5. Species
* 6. Subspecies ♦ 6. Subspecies
• 7. Sex ♦ 7. Sex
* 8. Field date * 8. Field date
* 9. Country * 9. Country
♦ 10. Locality * 10. Locality
*11. Co-ordinates *11. Co-ordinates
* 12. Collector * 12. Altitude
* 13. Collector’s number * 13. Collector

14. Condition 1 (broken skull, no boms. * 14. Collector’s number
only horns, no mandibles) * 15. Field measures

16. Condition 1 (stuffed or not stuffed)
17. Condition 2 (soft or brittle)
18. Condition 3 (complete or incomplete)
19. Condition 4 (only head, no head, 

no legs, no legs and no head)

museum label information
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Specimens to be considered for morphological analyses were selected. The lack of 

information on geographical origin as well as damage to skulls and skins were used as 

criteria to exclude specimens from the study.

4.2.2 Sexing and ageing of specimens

The impala skulls were sexed by the presence o f horns in males and absence in 

females. In the case o f the skins the sex determination was based on museum label 

information.

The sequential loss of deciduous teeth and succession by permanent teeth have 

been widely used for estimating age in domestic and wild animals (Morris, 1972), and 

according to Spinage (1973) may be the best way to determine age in African mammals. 

In the present study the complete eruption o f the molar teeth defined the adult animal, 

and juveniles were excluded.

According to the degree of wear in mandibular M l’s the adult skulls were sorted 

into four age categories coded as: young-adult, adult, old and very old (Figure 4.1).

< - M  1  >  c '

< - M  3  >

M 1 > (

V e ry  o ld  
A ll t e e th  v e r y  w o rn

FIGURE 4.1 -  Illustration of the degree of mandibular Ml wear used to define the four age 
categories considered in the present study.
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4.2.3 Skull measurements

Skull morphology has been used to test geographical variation at species (e.g. Riga 

et a l 2001; Krystufek & Griffiths, 2000; Aragon et al, 1998) and subspecies level (e.g. 

Chimimba, 2001; Jones et al 1991; Lovari & Scala, 1980). Skull shape has been 

regarded as the most important factor in phylogenetic analysis w hen closely related taxa 

are compared (Corruccini, 1973).

Fourteen skull measurements were chosen to quantify length, breadth, depth and 

snout shape. Description and illustrations o f  all measurements are given in Figure 4.2. 

The measurements were taken on the left side o f  each skull using a calliper with a 

resolution o f  0.5mm. Missing values were estimated by means o f  a standard regression 

model based on related measurements. This method has been used in other 

morphometric studies (e.g. Bekele et a l ,1993; Riga et al 2001).

4.2.4 Horn measurements

Bovid horn shape and size are largely species-specific and the amount o f 

intraspecific variation in their characteristics differs from one species to another 

(M loszewski, 1981). Shape characteristics are difficult to record objectively and few 

attempts have been made to quantify these variations (e.g. Lundrigan, 1996; 

M loszewski, 1981). Considering the five species o f  antelopes contemplated by the 

present study, horn size has been regarded as one o f the morphological characters that 

best distinguishes between the subspecies. Seven horn measurements were taken to 

assess shape and size (Figure 4.3). The horn measurements were taken on the left horn 

with a tape measure to the nearest 5mm.
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10

13
14

Code Skull parameter
S1 Greatest breadth across the orbits
82 Least breadth between the orbits
S3 Facial breadth
84 Greatest breadth across the premaxillae
85 Total length
86 Palatal depth
87 Cranial height (measured with the calliper fixed at 90°)
88 Greatest breadth of the occipital condyles
89 Greatest breadth of the base of the paraoccipital processes
810 Condyl(*asal length
811 Snout length
812 Oral palatal length
813 Length of the premolar row measured at the alveolus
814 Length of the molar row measured at the alveolus_______

FIGURE 4.2 -  The fourteen skull measurements and the code designations used in the 
statistical analyses.
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Code Horn parameter
HI Length along the anterior midline
H2 Greatest reach
H3 Homcore basal circumference
H4 Breadth between the horn tips
H5 Inner breadth between the base of the homcores
H6 External breadth between the lateral borders of the homcores
H7 Maximum breadth between homs._________________________

FIGURE 4.3 -  The seven horn measurements and the code designations used in the statistical analyses.
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Six skulls and homs were selected and each character was measured six times to 

assess the intraobserver error. The mean o f each measurement was calculated and 

incorporated into an equation for measurement error (ME%) (Lynch et al 1997). If 

measurement error exceeded 2%, those variables were left out o f the analysis.

4.2.5 Coat patterns analyses

Coat colour and patterns are an important character for systematic identification in 

mammal species and many subspecies designations are based on variations o f these 

characters. Taxonomic studies have been reported for tamarins (Jacobs et al, 1995), 

felids (Ragni & Possenti, 1996; Werdelin, 1997), mongoose (Taylor et al, 1990) and 

antelopes (Grubb 1985, 1988, 1989).

The use o f  qualitative or quantitative data are two approaches to coat colour 

analyses. In most cases colour variation is analysed by means o f  general qualitative 

description based on comparisons o f  museum study skins. Quantitative methods o f 

colour determination such as Munsell Colour System (Munsell, 1946) and disc 

colorimeters (Nickerson, 1946) have been used. Regarding coat patterns, the general 

approach is to identify the patterns that occur in each pre-defined area o f  the coat and to 

attribute codes/states according to their presence/absence or degree o f intensity.

In the present study the coat colour variation was determined using a Munsell Soil 

Colour Charts, revised edition o f  1994. The M unsell system defines and codes colour by 

three different physical proprieties nam ed Hue, Value and Chroma.

The Hue notation o f  colour indicates its relation to red, yellow, green, blue and 

purple; the Value indicates its lightness and Chroma its saturation. The Hue, Value and 

Chroma codes were defined by matching the left rump area o f  the antelope skin (shown
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on Figure 4.4B) with the Munsell Colour Soil Charts under standard conditions 

(same observational position and light). From each coat two photographs were taken: 

the first shows a close angle o f the head (Figure 4.4A) and the second the complete coat 

(Figure 4.4B). Later examination o f the photographs allowed the identification and 

codification o f the patterns on different areas o f the coat.

FIGURE 4.4 -  Photography of an Aepyceros melcunpus skin at the British Natural History 
Museum. (A) photo with close angle of the face and (B) photo of the whole skin. Square shows 
the skin area where colour was scored using Munsell Soil Colour charts.
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4.2.6 Statistical analysis

The usefulness o f  continuous variables in describing biological processes depends 

on statistical properties such as resolution, precision, accuracy and conformity to a 

normal distribution in a homogeneous sample (Taylor et al, 1990).

Statistical analyses were performed using the computer programme STATISTIC A 

version 5.1 (StatSoft - 1997). For all tests statistical significance was accepted when 

p<0.05.

Although size is widely regarded as a fundamental aspect o f any organism ’s 

biology, the goal o f  many comparative studies is to assess similarity or differences 

among taxa after size is taken into account, controlled for, or factored. As a 

consequence, numerous size adjustment techniques have been proposed (e.g. 

Mosimann, 1970; Darroch & Mosimann, 1985; Sokal & Rohlf, 1995).

In the present study, all statistical analyses were performed using raw data (size-in 

analysis) as size is a valuable character in Aepyceros melampus subspecies definition. 

However, to investigate the shape, after size is taken in account (size-out analysis), we 

followed two approaches:

The first refers to a procedure wherein the first principal component (PC I) is 

interpreted as representing general size and the scores o f the remaining principal 

components were taken as size-adjusted data and so used to explore shape differences 

(Rohlf, 1967). The second approach was to size-out the data by dividing each variable 

by the geometric mean o f  all variables. One advantage o f  using the geometric mean is 

that the standard against which the individuals are scaled is not dependant on the 

composition o f the sample (Jungers Qt a l ,  1995).
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In the present study, ail statistical analyses were performed using raw data, because 

size is a valuable character in Aepyceros melampus subspecies definition. However, to 

investigate the shape, after size is taken in account, the first principal component is 

viewed as representing general size (Rohlf, 1967). The scores o f  the remaining principal 

components are taken as size-adjusted data and so used to explore shape differences.

4.2.6.1 Descriptive statistics

The most widely used descriptive statistics are measures o f the “location” o f the set 

o f  numbers, such as the mean or median, and measures o f  the “spread” o f  the data such 

as the standard deviation (Dytham, 1999). Samples o f  skull and horn measurements 

were characterised by their N, mean, range, standard deviation and coefficient o f  

variation.

Although the coefficient o f  variation (CV) provides a rough measure o f  population 

variation (Sokal and Rohlf, 1995) it can be used to investigate if  a given sample is more 

variable for one character than another. Characters having low coefficient o f  variation 

usually have greater systematic importance than those with high coefficients since 

taxonomic differences will be more clearly apparent in the former (Taylor & Meester, 

1993).

4.2.6 2 Univariate analysis

The sample was sorted into sex and age categories, as previously described. Then, 

by using univariate analyses each morphometric variable was explored individually and 

its homogeneity tested for the effect o f  sex and age.

Categorised box and whisker plots were used to graphically represent the linear 

skull and horn measurements used in the present study. In this type o f  graphic the

74



smallest box in the plot represents the mean (central tendency) o f  the variable, while the 

dispersion (variability) is represented by ± the standard error (large box) and ± the 

standard deviation by the "whiskers".

Normal distribution and homogeneity o f  variance in a sample set is an important 

precondition for several parametric statistical tests. Prior to the analysis o f  variance 

(ANOVA), the normal distribution o f  the sample was tested using the Shapiro-W ilks’ 

Test. In recent years, this test has become the preferred test o f  normality because o f  its 

powerful properties as compared to a wide range o f alternative tests (Dytham, 1999). 

The homogeneity o f  variance among groups was tested using the Levene Test in which 

statistically significant values reject the hypothesis o f  homogeneous variances.

W hen both assumptions, normality and homogeneity o f  variance, were respected 

one-way ANOVA was used to assess the importance o f  sex and age variation in each o f  

the 21 skull and horn measurements. W hen one o f  the assumptions was violated a one

w ay non-parametric Kruskal-W allis test was used. For those measurements in w hich 

there was statistically significant (p< 0.05) age variation, a post hoc multiple range test 

(LSD - least significant difference) was performed in order to identify non-significant 

subsets.

4.2.6.3 Multivariate analysis

Initial data investigation by multivariate techniques does not need to have a 

hypothesis for testing. The exploration o f  the data tries to find relationships among 

individuals, helps assign unknown specimens to categories, or suggests hypotheses to be 

further tested (Dytham, 1999). To investigate possible relations among the sampled 

specimens the following multivariate analyses were performed:
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Principal component analyses (PCA) is a multivariate technique that reduces the 

dimensionality o f  the data while at the same time summarising much o f the variance in 

the few resultant dimensions. The first principal factor (PC I) in such analyses can be 

considered as a size component if  all the coefficients are either positive or negative. The 

remaining factors then represent shape (i.e. variation that cannot be explained by size). 

This has been widely used to visualise trends in populations or the examination o f  

relationships among taxa. It is a useful preliminary technique because it does not 

assume a priori designation o f  the data into separate groups (Dytham, 1999). In the 

present study only principal components with eigenvalues greater than 1.0 w ere 

considered.

Discriminant functional analysis (DFA) differs from PCA analysis in that the 

individuals must be assigned to groups before the analysis is run. The idea o f  

discriminant analysis is to provide a set o f weightings that allow the groups to be 

distinguished. The weightings can then be used on individuals that are not assigned to a 

group to provide a probability o f  them to belonging to each one o f  the possible groups. 

The percentage o f  misclassifications gives an indication o f  the uniqueness or similarity 

o f  the groups.
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4.3 Results

4.3.1 Age and sex variation

I surveyed 153 (98 male and 55 female) skulls o f  Aepyceros melampus. This 

comprised a total o f  122 (75 male and 47 female) skulls from the British Natural 

History M useum and 31 (23 male and 8 female) skulls from Powell-Cotton Museum.

Sixty-four specimens were discarded because the skulls were badly damaged 

(72%) or belonged to juveniles (28%). The majority o f the damage detected on museum 

skulls was related to a broken snout. This type o f  damage prevented the measurement o f 

5 out o f  14 measures considered in the present study, among them one o f  the most 

important, total length.

To achieve the purposes o f the present study it was necessary to consider 4 male 

and 3 female skulls from which some measurements were not available, but could be 

estimated by standard regression based on related measurements (Table 4.2).

TABLE 4.2 -  Male and female specimens of Aepyceros melampus whose skull 
measurements were estimated by standard regression based on related measurements.

Specimen Taxon Missing
measurement

Measurement used for 
standard regression

M09 A. melampus ssp SIO S5
M24 A. melampus ssp S9 S8
M42 A. melampus rendilis SIO S5
M51 A. melampus suara SIO S5

F6 A. melampus johnstoni SIO S5
F17 A. melampus ssp S9 S8
F32 A. melampus petersi SIO S5

As a result a total o f  eighty-nine skulls (51 males and 38 females) could be used to 

test morphological and geographical variation among specimens o f  Aepyceros
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melampus and their possible relation with described subspecies. The specimens with 

m issing data extracted from standard regression represented 7.8% o f  the total sample 

set. The examined material is listed in Appendix A (males) and B (females). The skull 

and horn measurements can be found in Appendix C (males) and D (females). The 

repeated measurements to test for measurement error showed minimal variation, always 

less than 2% (Appendix E). Variable S13 presented 4,8% variation and it was removed 

from the analysis.

Specimens were sorted by sex, age categories and subspecies (Table 4.3). O f the

six described subspecies o f Aepyceros melampus, five o f  them are represented in our

sample set. The proportion o f  specimens identified at subspecies level is higher in males

(47%) than females (23.5%). In both sexes the proportion o f specimens belonging to

each age category was similar, adult being the most represented category followed by

old, very old and young-adult.

TABLE 4.3 -  Number of skulls of Aepyceros melampus used in the present study sorted by sex, 
age categories and subspecies. YAD= young-adult, ADU= adult, OLD= old and VOL= very old.

YAD
Male
ADU OLD VOL

Total
YAD

Female
ADU OLD VOL

Total

A. m. ssp 5 15 2 5 27 5 13 5 6 29
A .n t rendilis - 6 - - 6 - - 1 - 1
A.m. suara - 3 - - 3 - 1 - 2 3
A.m. johnstoni - 3 - - 3 - - 1 - 1
A.m. petersi - 3 2 - 5 - 2 1 - 3
A.m. melampus 2 4 1 7 I 1

Total 5 33 7 6 51 5 16 9 8 38

In order to visualise the sample distribution along the species’ geographic range, 

each individual or group was plotted on an African map based on co-ordinates extracted 

from their geographic origin (Figure 4.5). The number o f  males and females collected at 

each map position is described in Table 4.4.

A total o f  38 localities covering 11 countries are represented. Only in Kenya (map
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plot 01S37E) and South Africa (map plot 27S32E) both museums share specimens o f 

the same origin. Eleven localities were represented by male and females specimens, 17 

only by males and 10 only by females. Due to small sample size, two males (M3 2 and 

M40) were included in the analyses despite their museum labels only mentioning 

country o f origin.

Angola
ilawi

Zambia

1&

■Zimbabwe
Namibia

Bofawona

24

30

36

42IZ 1& 24 30 " 36

■  A. m. ■  A. m. suars ■  A. m. joh tiston i

I  A. m. m â/attipus #  not labelled with subspecies

FIGURE 4.5 -  Southern African map showing geographical distribution of A. melampus male and 
female skull samples. The specimens labelled at subspecies level are marked with different colours 
(see map legend). Each co-ordinate represents one or more individuals collected in the area. See 
Table 4.4 for corresponding number of individuals. ? = specimens of know country but with 
unknown sample locality.

79



TABLE 4.4 - Skulls of Aepyceros melampus belonging to British Natural History Museum (BNHM) and 
Powell-Cotton Museum (PCM). Latitute and longitude (map plot), number of individuals (N), subspecies 
attributed by the museums, specimen identification used in this study (Stat code) and country of origin.

Map plot Males Females Total
N Museunr Subspecies Stat code Country N Museum Subspecies Stat code Country

00N36E 3 PCM rendilis M37, M42, M43 Kenya 1 PCM rendilis F34 Kenya 4
0OS30E 2 BNHM unknown M08, M09 Uganda 1 BNHM unknown F21 Uganda 3
00S36E 1 BNHM unknown M13 Kenya - - - - - 1
01S37E 3 PCM rendilis 

BNHM rendilis
M36, M38 
M41

Kenya - - - - - 3

02S34E - - - - 2 BNHM unknown F20,F22 Tanzania 2
02S35E 1 BNHM unknown MI2 Tanzania - - - - - 1
02S36E 1 PCM suara M51 Tanzania 2 PCM suara F36,F37 Tanzania 3
03S35E 1 PCM suara M49 Tanzania - - - - - I
03S38E 1 BNHM unknown M15 Kenya - - - - - 1
04S34E - - - - 1 BNHM suara F25 Tanzania 1
05S36E - - - - 1 BNHM unknown F23 Tanzania 1
07S37E 1 BNHM suara MIO Tanzania - - - - - 1
08S29E 1 BNHM johnstoni M35 Zambia - - - - - 1
08S37E 1 PCM unknown M50 Tanzania 1 PCM unknown F38 Tanzania 2
11S3IE 2 BNHM unknown M03, M28 Zambia - - - - - 2
12S26E 2 BNHM unknown M24, M29 Zambia - - - - - 2
12S32E - - - - 3 BNHM unknown F09,F29,F32 Zambia 3
13S13E - - - - 1 BNHM petersi F31 Angola 1
13S34E - - - - 1 BNHM unknown F24 Malawi 1
15S13E - - - - 1 BNHM petersi F33 Angola 1
15S25E 3 BNHM unknown MI7,M22,M27 Zambia 1 BNHM unknown F17 Zambia 4
15S27E - - - - 1 BNHM johnstoni F06 Zambia 1
15S35E 2 BNHM Johnstoni M26, M31 Mjilawi - - - - - 2
16S25E
17S13E

1
1

BNHM unknown 
BNHM petersi

M06

M23

Zambia

Angola

2 BNHM unknown F16.F18 Zambia 3

1
17S16E
17S21E

1
1

BNHM petersi 
PCM melampus

M18
M39

Namibia
Namibia

1 BNHM petersi F19 Namibia 2
1

17S29E 8 BNHM unknown F02.F03, F04. 
F08,F10,F12 

F13.F14

Zimbabwe 8

18S14E 1 BNHM petersi M21 Namibia - - - - - 1
18S24E 2 BNHM unknown M14.M16 Botswana - - - - - 2
19S15E 2 BNHM petersi M l9, M20 Namibia - - - - - 2
19S18E - - - - I BNHM unknown F30 Namibia 1
19S23E 1 BNHM unknown M25 Botswana - - - - - 1
19S29E 1 BNHM unknown M07 Zimbabwe 5 BNHM unknown F01.F05.F07

F11.FI5
Zimbabwe 6

23S29E 5 BNHM unknown M01,M04,M05 
M30, M34

S. Africa 1 BNHM unknown F28 S. Africa 6

25S31E 1 BNHM unknown M33 S. Afiica - - - - - 1
26S32E 1 BNHM unknown M il Swaziland 2 BNHM unknown F26,F27 Swaziland 3
27S32E 6

1

1

PCM melampus

BNHM unknown 

PCM unknown 

BNHM unknown

M44, M45, M46 

M47, M48 

M02

M40

M32

S. Africa

S. Afiica 

Angola 

S. Africa

1 PCM melampus F35 S. Afiica 7

* museum label with no specific locality
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Descriptive statistics for male and female skull data are summarised in Table 4.5. 

The coefficient o f  variation (CV) for male skulls ranged from 2.57% (SI0-total length) 

to 9.37% (S7-cranial height), and for horns from 4.88% (H 6-extem al breadth between 

the lateral borders o f  the homcores) to 34.13% (H 4-breadth between the horns tips). 

Female data showed a lower range, with the characters S7 and S6 (palatal depth) 

representing the lowest (2.69%) and the highest (5.92%) values respectively.

TABLE 4.5 -  Descriptive statistics (number, mean, minimum (Min) and maximum (Max) values, 
standard deviation (Std. Dev.) and coefficient of variation (CV) for A. melampus male and female 
skulls. Measurements SI to H7 are in millimetres and described in Figures 2.3 and 2.4.

C haracter
N Mean Min.

Males
Max. Std.Dev. CV N Mean Min.

Females 
Max. Std.Dev. CV

SI 51 114.96 105.5 128 4.58 3.99 38 101.87 94 110 3.99 3.92
S2 51 83.15 74 90 3.61 4.35 38 68.58 63 78 3.81 5.55
S3 51 72.75 66 78.5 3.03 4.17 38 67.18 61 74 3.29 4.89
S4 51 44.70 40 49 2.20 4.93 38 38.91 34.5 44 2.23 5.73
S5 51 275.58 262 291 7.46 2.71 38 258.43 240 281 8.67 3.35
S6 51 83.94 76 92 3.87 4.61 38 72.21 62.5 81 4.27 5.92
87 51 104.68 81 128.5 9.80 9.37 38 85.62 81 89.5 2.30 2.69
S8 51 47.25 43 51 2.09 4.43 38 42.75 39 47 1.97 4.60
S9 51 71.59 65 78 2.50 3.49 38 62.99 56.5 68.5 2.71 4.30
SIO 51 266.31 254 280 6.85 2.57 38 248.87 230.5 267 8.53 3.43
S ll 51 75.19 69 81.5 2.63 3.50 38 73.83 63 83.5 4.23 5.73
S12 51 141.25 133 152 3.97 2.81 38 134.37 121.5 146.5 5.75 4.28
S13 51 27.25 23 32 1.83 6.71 38 25.28 22 29 1.49 5.88
S14 51 51.39 44 56 2.37 4.61 38 48.45 42.5 52.5 2.51 5.19
HI 51 581.57 420 745 84.13 14.47 - - - - - -

H2 51 425.78 330 570 62.92 14.78 - - - - - -

H3 51 147.75 125 170 12.01 8.13 - - - - - -

H4 51 281.08 60 470 95.92 34.13 - - - - - -

H5 51 26.47 16 35 3.99 15.07 - - - - - -

H6 51 87.68 78.5 95.5 4.28 4.88 - - - - - -

H7 51 397.45 260 565 74.70 18.79 - - - - - -

To illustrate the location and dispersion o f  the data, categorised box and whisker 

plots were generated for each skull character by age category and sex (Figure 4.6 and 

4.7). The horn characters were displayed only by age categories (Figure 4.8). It can be 

noted that, on the whole, male skull size was larger than female.
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Although there is evident dimorphism, characterised by the presence o f  horns in 

males, one-way analysis o f variance (ANOVA) was used to assess the importance o f 

sex in each o f  the fourteen skull characters. Prior to the application o f ANOVA, normal 

distribution and homogeneity o f  variances (homoscedasticity) were investigated. M ale 

and female skull data presented no departure from normality, but deviation from 

homoscedasticity between the two groups was found in characters S7, SI 1 and S12 (see 

Appendix F for statistical values). Results o f  one-way ANOVA and Kruskal-W allis are 

summarised in Table 4.6. Sexes were statistically different with respect to all characters, 

males being larger than females.

TABLE 4.6 -  Analysis of variance for skull measurements between sexes. df= degree of freedom; 
F= value of one-way ANOVA test; H= values of Kruskal-Wallis non- parametric one-way 
ANOVA and p= level of significance. See Figure 2.3 for measurement (81 to 814) description.

si d t 1,87 F= 198,03 p<0,001 S8 d f  1,87 F= 105,87 p<0,001

S2 d f  1,87 F=338,32 p<0,001 S9 d f  1,87 F=239,96 p<0,001

S3 d f  1.87 F=68,37 p<0,001 SIO d f  1,87 F= 114,34 p<0,001

S4 d f  1,87 F=148,83 p<0,001 S l l d f i H=4J5 p=0,04

85 d f  1,87 F=100,ll p<0,00] S12 d f , H=27,88 p<0,001

S6 d f  1,87 F=183,18 p<0,001 S13 d f  1,87 F=29,78 p<0,001

S7 d f i H=59,77 p<0,001 8 14 d f  1,87 F=3I,93 p<0,001

Although the sample set comprises adult individuals only, the effect o f  age 

variation within this set was investigated for all measurements, separated by sex. 

Ideally, the age effect should also be evaluated taking possible geographic variation into 

account. However, the sample sizes in individual geographical areas are insufficient for 

analysis. It may be noted that the distribution o f  individual ages is similar across the 

geographical areas, so serious bias is unlikely (see page 102, Table 4.12).

Male data presented departures from normality in horn characters H2 and H3.W hen
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comparing variance among age categories there was deviation from homoscedasticity in 

characters S I, S5 and H4 (see Appendix G for statistical values).

Results from one-way ANOVA and Kruskal-W allis tests are summarised in Table 

4.7. In males, age categories were statistically different with respect to characters S l l  

and S I3. The latter character, length o f  the premolar row, was a measurement very 

sensitive to the degree o f  tooth wear. This can be explained by the fact that along the 

process o f  tooth wear the spaces between the teeth decrease so young adults present the 

highest mean value for premolar row (x = 29.8mm) and very old adults the lowest 

(x = 25mm). The length o f  the premolar row also affected character S 11 (snout length) 

and as a result, the young adult category presented the lowest m ean value (x = 73.5mm) 

for this measurement and very old adults the highest (x = 77mm).

TABLE 4.7 — Analysis o f variance for skull and horn measurements among age categories within sexes. M= 
males; F= females; df= degree of freedom; F= value of one-way ANOVA test; H= values of Kruskal-Wallis 
non- param etric one-way ANOVA and p= level of significance. Differences are significant at p<0,05 (values 
underlined). See Figure 2.3 and 2.4 for measurement (SI to H7) descriptions.

SKULL HORNS
81 M df3 H=3.75 p=0.292 88 M df3,47 F=2.45 p=0.077 HI M df3 47 F=1.85 p=0.153

F dfl.34 F=3.32 d=0.035 F df3.34 F=2.18 p=0.113

82 M df),47 F=0.24 p=0.873 89 M df3 47 F=0,25 p=0.862 H2 M df3 H=3.43 p=0.333
F df3.34 F=2.57 p=0.071 F df3 34 F=4.43 D=0.011

83 M df3.47 F=L35 p=0.275 810 M df3 47 F=6.94 p=0.430 H3 M df3 H=2.54 p=0.471
F df3.34 F=4.39 D=0.0I1 F df3 H=10.38 D=0.010

84 M df3,47 F=0.83 p=0.482 811 M dlj 47 F=4.83 d=0.015 H4 M df3 H=7.63 p=0.052
F df3.34 F=L93 p=0.146 F df3J4 F=1.90 p=0.155

85 M df3 H=L26 p=0.747 812 M dfj47 F=1.00 p=0.400 H5 M df3 47 F=0.89 p=0.450
F df3 H=9.34 p=0.020 F df3.34 F=1.94 p=0.147

86 M df3,47 F=L62 p=0.200 813 M df3.47 F=8.88 1X0.001 H6 M df3,47 F=0.41 p=0.758
F df3 H=13.7 D<0.001 F df3.34 F=8.89 1X0.001

87 M df3,47 F=2.25 p=0.093 814 M df3 F=1.63 p=0.206 H7 M df3.47 F=2.21 p=0.104
F df3.34 F=4,47 D=O.OII F dfi,34 F=10,13 D<0.001

Female data showed no departure from normality, but deviation from  

homoscedasticity was detected in characters S5, S6 and SIO (see Appendix G for
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statistical values). Results from one-way ANOVA and Kruskal-W allis tests are 

summarised in Table 4.7. Age categories were significantly different w ith respect to 

characters S I, S3, S5, S6, S7, S9, SIO, S13 and S I4. This result indicates that there is an 

age effect in 9 out o f  14 skull measurements. Since the one-way ANOVA does not 

identify which pair(s) are significantly different, the post-hoc  LSD Test or planned 

comparisons was perform to identified the age categories contributing to such 

differences. Statistical values are summarised in Table 4.8.

TABLE 4.8 -  Results from ANOVA (LSD test) and Kruskal-Wallis test of analysis of variance 
for female skull measurements among age categories. See Figure 23  and 2.4 for measurement 
(SI to SI4) descriptions. Marked differences are significant at p < 0,05 (values underlined). 
YAD= young adult, ADU= adult, OLD= old and VOL= very old.

{1} {2} {3} {1} {2} {3}
LSD Test YAD {1} LSD Test YAD {1}
Variable; SI ADU {2} 0.006 Variable: S9 ADU {2} 0.004

OLD {3} 0.008 0.681 OLD {3} 0.002 0.309
VOL {4} 0.024 0.934 0.694 VOL {4} 0.007 0.678 0.645

{1} {2} {3} {1} {2} {3}
LSD Test YAD {1} Kruskal-Wallis YAD {1}
Variable: S3 ADU {2} 0.002 Variable: SIO ADU (2) 0,003

OLD {3} 0.054 0.226 OLD (3) 0.004 0.824
VOL {4} 0.005 0.802 0.245 VOL {4} 0.112 0.300 0.252

{1} {2} {3} {1} (2) {3}
Kruskal-Wallis YAD {1> LSD Test YAD (U
Variable: S5 ADU {2} 0.006 Variable: S13 ADU {2} 0.932

OLD {3} 0.004 0.824 OLD {3} 0.047 0.008
VOL {4} 0.056 0.393 0.566 VOL {4} 0.001 <0.000 0.103

{1} {2} {3} {1} {2} {3}
Kruskal-Wallis YAD m LSD Test YAD {1}
Variable: S6 ADU (2) 0.001 Variable; SI4 ADU {2} 0.057

OLD {3} 0.004 0.359 OLD {3} 0.612 0.006
VOL {4} 0.017 0.344 0.030 VOL {4} M 23 <0.000 0.048

{1} {2} {3}
LSD Test YAD {1}
Variable: S7 ADU {2} 0.012

OLD (3} 0.008 0.468
VOL {4} 0.688 0.026 0.017

On the majority o f  post-hoc  comparisons performed, the young-adult females were 

significantly different from all other females. This difference can be visualised on the 

categorised box and whisker plots from Figure 4.6 and 4.7. The adult, old and very old 

age categories did not differ significantly among themselves, with the exception o f  S6
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(old vs very old) and S7 (adult very old).

The work o f Roettcher & Hofmann (1970) showed that impala is fully grown and 

permanent dentition completely established at about 30 months o f age, but with 

different timing depending on sex: females between 24 -30 months and males somewhat 

later (3 0 -3 3  months).

At first sight, our results did not support the earlier maturation o f  females than 

males. In fact, when the 5 young-adult females were removed from the sample set and 

the data re-analysed, the age effect was reduced from 9 to 2 characters (S I3 and S I4). 

This shows that in our sample set, the skull o f  young-adult females is not fiilly-grown.

On the other hand, a significant difference was detected among female age 

categories regarding molar row (S I4), but not in males (Table 4.7). This suggested that 

the degree o f molar tooth wear is different between males and females. Considering this 

finding our results support an earlier establishment o f permanent dentition in females so 

that molar tooth wear occurs earlier in females. In other words females are younger than 

they appear to be on the basis o f  tooth wear assessment.

In male skull’s characters S7 and H4 showed the same trend regarding young 

adults, i.e., low mean values in relation to the other age categories (Figure 4.6 for S7 

and Figure 4.8 for H4). Although the results o f  ANOVA only indicated significant age 

effects in characters SI 1 and S I3, we tested whether the removal o f  young-adult males 

could change the results o f the analyses.

New  ANOVA was performed, but this time excluding five young-adult males. The 

results showed no significant differences compared to the prior analyses. Even with the 

removal o f  the five males the age effect continued to be restricted to skull characters 

S l l  andS13.
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4.3.2 Taxonomie and geographical variation

To explore morphological geographic variation among Aepyceros melampus and its 

possible relation with described subspecies, univariate and multivariate analyses were 

performed using raw data (size-in). W hen necessary results from size-out analysis are 

presented.

To perform these analyses the characters that were influenced by age were 

removed. This prevented any apparent relationships among sampled individuals from 

being driven by the age factor. Therefore all subsequent analyses were performed 

separately by sex, and male skull characters S l l  (snout length) and S13 (length o f  the 

premolar row) and female skull characters S13 and S14 (length o f  the molar row) were 

excluded from the analyses.

4.3.2.1 Male skull and horn characters

Previous allocation o f  specimens to subspecies was removed in the following 

analysis to provide an objective assessment o f  morphological and geographical variation 

that could then be compared to traditional subspecies. M ultivariate analysis were used 

to 1) find relationships among individuals; 2) help assign unknown specimens to 

categories; and 3) lead to hypotheses to be further tested.

Three principal component analyses (PCA) based on data from 51 males were 

performed. The first PGA included 12 skull characters, the second included 7 horn 

characters and the third PGA both skull and horn characters. The factor loadings from 

the three PGAs are summarised in Table 4.9.

There are three main aspects to analyse on PGA output results. First, the weighting 

applied to each o f  the characters, that will show which characters are being used to
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generate the differences between individuals and which are not (weighting near zero). 

Secondly, the set o f  eigenvalues that shows how important the principal axis is, and 

third the position o f  the individuals on the axes. This position is driven by the weight o f  

each character and one way to visualise this influence is to display geometrically in a 

two or three dimensional variate space the loading factors o f  each character.

TABLE 4.9 -  First, second and third component weights of male skull and horn characters, 
and proportion of variance explained by each component First PCA: 12 skull characters; 
second PCA: 7 horn characters and third PCA: 19 characters (12 skull and 7 horn).

First PCA 
Factor Factor 
PCI PC2

Second PCA 
Factor Factor 
PCI PC2

Third PCA 
Factor Factor 
PCI PC2

Factor
PC3

si 0.841 0.077 - - 0.854 0.180 0.094
S2 0.728 0.043 - - 0.697 0.274 0.059
S3 0.671 -0.459 - - 0.646 -0.035 -0.237
S4 0.802 -0.152 - - 0.800 0.043 -0.113
S5 0.855 0.154 - - 0.780 0.339 -0.185
S6 0.677 -0.435 - - 0.712 -0.142 -0.293
S7 0.283 -0.717 - - 0.338 -0.480 -0.639
S8 0.734 0.010 - - 0.663 0.266 -0.282
S9 0.753 0.060 - - 0.634 0.448 -0.193
SIO 0.826 0.232 - - 0.729 0.360 -0.147
S12 0.587 0.430 - - 0.468 0.507 -0.092
S14 0.489 0.415 - - 0.545 0.091 0.493
HI - - 0.949 -0.110 0.717 -0.575 0.270
H2 - - 0.909 0.094 0.719 -0.394 0.452
H3 - - 0.748 0.155 0.594 -0.307 0.427
H4 - - 0.693 -0.032 0.581 -0.348 0.022
H5 - - -0.221 0.927 0.039 0.717 0.371
H6 - - 0.688 0.560 0.847 0.141 0.185
H7 - - 0.861 -0.297 0.663 -0.656 -0.113
Proportion
o f variance 49.8% 
Cumulative

11.5%
61.3%

57.6% 18.7%
76.2%

43.5% 14.8%
58.3%

8.7%
67.0%

The first PCA, based on 12 skull characters, generated two principal components 

that explained 61,3% o f  the variation (Table 4.9). On Figure 4.9 are plotted PCI vs PC2 

loading factors. Analysing trends among the study characters, we could define PCI as 

representing skull size (S I, S2, S4, S5, S8, S9 and 810), and PC2 as representing skull 

height (87) and snout length (814 and 812).

In the present analyses only factors with eigenvalues greater than one w ere 

considered. Results showed that principal components analyses from skull characters

9 0



orJy generated two factors (Table 4.9). Considering that more inform ation on skull 

\ariation could be detected by a third factor, the minimum eigenvalue was decreased 

until fhe PCA generated a third factor. For skull PCA it was sufficient to decrease to a 

0.9 minimum eigenvalue. .A.s result, the third factor contributed 7% to the 61% o f  

\ariadon expUined by PCI and PC2, giving a total o f  68%. However, no evident 

explanatory power w as added by the inclusion o f this third factor. So, for further 

analyses only two factors were retained, with the more robust and widely-applied 

minimum eigenvalue o f  one.

FIG U R E 4.9 -  S carte rpk)t o f  P C I vs P C 2  loading factors f ro m  PCA o «  skull ch a rac te rs .

T he seccnd PCA_ based on seven horn characters, generated tw o princip^al 

components that explained 76.2%  of the variation (Table 4.9). On Figure 4.10 are 

plotted PCI vs PC2 loading factors. PCI had both positive and negative \a lues, 

ir.dicaning that this vecnor also accounted for shape. Analysing the characters’ positions 

ca the griph w e could define PC I as representing horn size (HI, H2. H3 and H 7 \ w hile 

FC2 reflected she measurements from the base o f the homcores (H5 and H6).

T he inverse fxxsition of character H5 in relation to the other horn characters (Figure 

-10 )  led us to.' analyse the results of the correlation matrix (.A.ppendi\ H). The iruner
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breadth between the base o f the homcores (H5) presented statistically significant 

inverse correlations with skull character S7 (cranial height) and horn character H7 

(maximum breath between horns). One explanation for this is that when horns grow and 

the maximum breath between horns (H7) increases this process makes pressure on the 

skull frontal bones where the horns are inserted. This pressure leads to a compression o f 

the two frontal bones at the suture zone, producing a dorsal ridge, increasing the height 

o f  the skull (H7) and decreasing the distance at the base o f  the homecores (H5).

FIGURE 4.10 -  Scatterplot of PCI w PC2 loading factors from PCA on horn characters.

The principal components analyses from horns also generated only two factors so, 

with the aim o f  extracting a third factor, the same procedure taken for the skull PCA 

was followed. It was necessary to decrease minimum eigenvalue to 0.75. The new PC3 

contributed 10% to the 76.2% o f variation explained by PCI and PC2, giving a total o f 

86.2%. As in skull PCA, no evident explanatory power was added by the inclusion o f 

this third factor. Further analyses were based only on PCI and PC2.

On the third PCA skull and horn characters were pooled in a total o f  19 variables. 

This PCA generated three principal components that explained 67% o f  the variation
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(Table 4.9). To visualise the position o f the characters, the loading factors o f  PCI vs 

PC2 (Figure 4.11 A) and PC2 vs PC3 (Figure 4.1 IB) were plotted.

PCI represented overall skull and horn size. The characters with marked weight 

reflect skull breadth (SI and S4), skull length (S5 and SIO), skull depth (S6), horn 

length (HI and H2) and breadth between the base o f the hom cores (H6). O f these eight 

characters, six are present on the PC Is o f  separate skull and horn results previously 

described (Figure 4.9 and 4.10). On PC2, the character with marked weight was horn 

measurement H5 that represents the inner breadth between the base o f  the homcores.
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skull and horn PCA.
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The results o f  PCA based on 19 characters (12 skull and 7 horn) were used to 

investigate morphological geographic variation in Aepyceros melampus and its possible 

relation with described subspecies. Because PCA does not make a  priori assumptions 

regarding group membership, a scatterplot o f  PCA scores can reveal clusters o f 

individuals, which can be interpreted as naturally affiliated groups.

The data were first analysed by exploring clusters generated by PCA, and then 

tested by grouping specimens based on geographical groups and described subspecies.

• Exploring PCA clusters

The data were explored by looking at the PCA scatterplots in an attempt to  find 

clusters that reflect morphological affinity. In Figure 4.12 PCI V5 PC2 scores based on 

skull and horn characters are plotted. N o clear concentrations o f  points forming isolated 

clusters could be detected.

FIGURE 4.12 -  Scatterplot of PCI vs PC2 scores from PCA on skull and horn characters.
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Considering that adjacent points (individuals) in different quadrants o f the PC 

space reflect morphological affinities, males were labelled by their country o f  origin to 

investigate if  morphological affinity corresponds to geographical proximity (Figure 

4.13A).

Figure 4.13B is an African map showing male sample localities. The boxes give 

males’ identification numbers, which will be preceded by letter “M ” when referred to  in 

the text.

Observation o f  Figure 4.13 A shows that, towards the positive end o f  the PC2 

range, all nine individuals from Zambia plotted together on the left side o f  the PC 1 axis, 

joined by two males from Malawi (M26 and M31). One male from Angola (M23) and 

four males from Namibia (M l8, 19, 20 and 21) clustered at the opposite side from the 

Zambian impalas. Male M40 from Angola and M39 from Namibia stayed apart from 

this aggregation. The majority o f the males from South Africa and Swaziland clustered 

at the centre o f the graph, however there was no clear separation among specimens fi'om 

East and South Africa.

As mentioned before, principal component analyses are an exploratory technique 

that leads to hypotheses to be further tested. From the interpretation o f  PCA loading 

factors it can be concluded that PCI represents overall skull and horn size and PC2 the 

shape component (see Figure 4.11). Considering that, our results showed that specimens 

fi*om Zambia and Malawi are smaller than Namibia and Angola, South Afiican impalas 

having an intermediate size.

This first analysis indicates that morphological variation in Aepyceros melampus 

does reflects geographical proximity. Our results also indicated that individuals from 

East and South Afiica share similar morphotypes.
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Due to  the absence o f clear separation o f  points forming isolated clusters, it was not 

possible to  establish any group delimitation based on criteria other than arbitrary ones. 

However, the geographical trend detected in this first analysis was further explored in 

the following sections.

• Testing variation among geographic groups

The composition o f  our male sample set did not allow the separation o f  geographic 

groups based on each sample locality, as many o f  them are represented by only one 

specimen (Figure 4 .13B).

An alternative approach was to  define impala groups according to their 

geographical proximity. A criterion o f  proximity was established by applying by one 

degree radius to  each sample locality. When these radius areas touched or overlapped, 

the males from these sample locations were pooled.

As a result, a total o f  37 males were pooled into four geographic groups (Figure 

4.14A). Group EAF comprises 11 males from Tanzania and Kenya; Group SAP 13 

males from South Afiica and Swaziland; Group ZAM  10 males from Namibia, 

Botswana and Zambia; and Group ANG 5 males fi"om Namibia and Angola. O f the 

remaining 14 individuals, 12 males were geographically too isolated to  take part in a 

group and 2 males (M40 and M32) were known only by their country o f  origin.

To visualise the position o f  these groups and individuals in a principal component 

graphic space, the PCA scores w ere plotted and the 51 males labelled accordingly 

(Figure 4.14B). The application o f  proximity criteria generated the separate labelling o f  

East and South Afncan males. In agreement with the results fi"om the prior analysis 

these tw o geographical regions share similar morphotypes.
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Data observation also shows a possible geographical dine within Group ZAM . 

evidenced by males M14, M 16 and M25 from Botswana and M39 from Namibia (see 

Figure 4.13A and 4.13B). Although theses males were included in Group ZAM by 

geographical proximity criteria (Figure 4.14A), the PCA plot (Figure 4.14B) shows that 

these specimens stay slightly apart from the cluster formed by other individuals from 

this group, corresponding also to  their peripheral geographical location.

Once groups’ members were defined, ANOVA was performed to test assumptions

regarding the differences among them. PCA scores and results showed significant

differences among geographic groups on PCI and PC2 (p<0.05) but not on PC3

(p=0,69). To identify which pair(s) o f  groups were involved, the po st hoc LSD test were

performed (Table 4.10).

There was no significant difference between Group EAF and SAF on both PCs

(Table 4.10). Considering PC I, Group ZAM was significantly different from all other

groups. On PC2 Group ANG is more close to  Group ZAM  and significantly different

from Group EAF and SAF.

TABLE 4.10 -  Analysis of variance among the four geographic groups defined by 
criteria of proximity using PCA scores. Differences are significant at p<0,05.

Orniin
Group EAF SAF ZAM

PCI EAF
SAF 0,489
ZAM p<0,0001 0,003
ANG 0,348 0,056 p<0,0001

PC2 EAF
SAF 0,469
ZAM 0,003 0,103
ANG p<0,0001 0,003 0,171

Next, a Discriminant function analysis (DFA) was carry out to  determine whether 

or not specimens would be correctly identified as belonging to  their designated group, 

and try to  assign unknowns. DFA was undertaken using PCA scores. Wilks’ 1, which
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denotes the statistical significance o f  the discriminatory power o f  the model, and ranges 

between 1.0 (no discriminatory power) to 0.0 (perfect discriminatory power), was low 

enough to imply high case predictability (Wilks’ X = 0,197).

Misclassification cases and groups assigned to unknown individuals are shown in 

Table 4.11. The correct self-classification rate was 54.5% for Group EAF. 84.7% for 

Group SAF. 90% for Group ZAM and 100% for Group ANG. The low value for Group 

EAF. followed by Group SAF. is due to the fact that seven out o f  the eight misclassified 

males belong to  these two groups. In all cases, DFA analyses suggested males fi^om 

Group EAF to be classified as Group SAF (n=5) or vice-versa (n=2). These results 

confirm that animals from these tw o groups share similar morphotypes.

TABLE 4.11 -  Misclassifîed specimens (asterisked) and classification of originally unassigned specimens (no 
asterisk) from the Discriminant analyses of A. melampus males. Original group of misclassified specimens 
are in observed classification column. The column under the header 1 contains the first classification choice, 
that is, the group for which the respective case had the highest posterior probability, and so on. Correctly 
classified specimens not shown.

MjiIm OhM^rved 1 
Classif.

2 3 4

M3 — ZAM SAF EAF ANG
♦M4 SAF EAF SAF ANG ZAM
M7 — ZAM SAF ANG EAF
M8 — EAF SAF ANG ZAM
M9 — EAF SAF ANG ZAM
MIO — ANG EAF SAF ZAM
*M12 EAF SAF ZAM EAF ANG
♦M14 ZAM SAF ZAM ANG EAF
*M15 EAF SAF ZAM EAF ANG
M26 — ZAM SAF EAF ANG
M28 — ZAM SAF EAF ANG
M31 — ZAM SAF EAF ANG
M32 — SAF EAF ZAM ANG
M35 — ZAM SAF ANG EAF
•M36 EAF SAF EAF ZAM ANG
M40 — SAF EAF ZAM ANG
•M41 EAF SAF EAF ZAM ANG
*M44 SAF EAF SAF ZAM ANG
M50 — EAF SAF ZAM ANG
♦M51 EAF SAF EAF ZAM ANG

From the 12 impalas with no group (Table 4.11), 3 males (MS and M9 from 

Uganda and M50 from Tanzania) w ere assigned to  Group EAF. Male M 32 from S.
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Africa and M40 from Angola were assigned to Group SAF. Six males (M3, M28, and 

M3 5 from Zambia; M7 from Zimbabwe; and M26 and M31 from Malawi) were 

assigned to Group ZAM . Male MIO from Tanzania was assigned to Group ANG. From 

these males only M 40 and MIC were not assigned to groups near to their locality o f  

origin (Figure 4.14A). The male M40 was captured in Angola and has no information 

about locality origin. Results from discriminant analyses did not classify this male as 

belong to Group ANG, but instead to Group SAF. This means that source o f  this 

specimen can only be guessed by our analyses. Maybe it came from south-east Angola 

and belonged to the south-west end o f  the Group ZAM d ine .

The view taken in this study is that both size and shape may play an important role 

in distinguishing Aepyceros melampus geographical variation and described subspecies. 

To investigate this we analysed the position o f the geographic groups and individuals in 

a principal component graphic space. To do so, the PCA scores from both size-in and 

size-out analysis were plotted (Figure 4.15) and the 51 males were labelled according to 

the geographic groups resulting from the proximity criteria.

The PCI scatter from size-in data (Figure 4.15A) indicates general skull and horn 

size. Group positions showed that smaller individuals comprise the ZAM group, 

followed by the SAF group and finally the groups ANG and EAF with bigger 

individuals. The PC2 (Figure 4.15A and B) can be interpreted as a shape axis and shows 

that group ANG and ZAM share shape similarities and differ from EAF and SAF 

groups. PC3 gathers few extra shape differences (Figure 4.15B).

The PCI scatter from size-out data (Figure 4.15C) shows the same patterns 

presented by PC2 from size-in data (Figure 415.B), i.e., groups ANG and ZAM sharing 

shape similarities. As size-in PC2 still has some size information, the observation o f  the
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A - Skull and horn characters: size-in data
B - Skull and horn characters: size-in data

C - Skull and horn characters: size-out data D- Skull and horn charac te r : size-out data

^  FIGURE 4.15 -  (A) PCI vs PC2 and (B) PC2 vs PC3 scatterplots corresponding to male skull and horns characters using size-in data. (C) PCI vs PC2 and (D) PC2 vs PC3 
scatterplots corresponding to male skull and horns characters using size-out data.



size-out PCA scatterplot confirms more accurately the shape similarities between ANG 

and ZAM groups and revealed that SAF is somewhat more similar to those groups than 

to the EAF group, which shows a quite distinct position in relation to all others.

As mentioned before, the investigation o f  geographic variation should take into 

account any possible confounding effect o f  ontogenetic age variation across samples. 

The establishment o f  groups based on the proximity criteria provided new geographical 

units (see Figure 4.14A) which allows us to compare their age distribution. This shows 

no significant differences across the samples (X^ test, p ^ .7 ) .  However sample sizes are 

smal (Table 4.12).

TABLE 4.12- Number of skulls of Aepyceros melampus used in the present study sorted age 
categories and groups based on geographic proximity criteria. YAD= young-adult, ADU= adult, 
OLD= old and VOL= very old.

VAD
Male
ADU OLD VOL

Total

Zambia (ZAM) 2 4 2 2 10

South Africa (SAF) 1 7 2 3 13

East Africa (EAF) 1 10 0 0 11

Angola (ANG) 0 3 2 0 5

Total 4 24 6 5 39

To overcome this problem we compared geographical groups in a analysis restricted 

to a single most well represented age category among geographic groups - the prime 

adults (ADU), by generating categorised box and whisker plots to illustrate the location 

and dispersal o f  the data (Figures 4.16 to 4.18). Results indicated that, in univariate 

analysis at least, size differences among the geographic groups are not a reflection o f 

age category effect but do have geographical origin. The patterns o f  size variation 

correspond to those identified in the whole PCA analysis (all age categories included).
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ANOVA was performed to investigate skull and horn characters contributing to the 

detected differences among the groups. In Table 4.13 we can see the results o f ANOVA 

using size-in and size out data. Marked characters are significant at p<0.05, and a 

simple metric has been devised to show the percentage o f characters which contribute to 

the differences among geographic groups.

TABLE 4.13 -  Analysis of variance among geographic groups defined by criteria of proximity using 
size-in and size-out data. Percentage of characters contributing to the differences among the groups is 
given. Marked differences among groups are significant at p<0,05 and represented by a cross in size-in 
analysis and by red circles in size-out analysis. The simultaneous presence of red circle and a cross, 
indicates those characters contributed to significant differences among groups in both type of analysis.

SAF X ZAM SAF X EAF SAF X ANG ZAM X EAF ZAM X ANG EAF X ANG

SI + o + 0 0
82 + + + +
S3 + + +
S4 o 0 + +
S5 + o + + + 0
S6 + + + O
S7 + + 0 O
S 8 + + +
S9 + + + +
SIO + o + 0 + +
S12 © o + +
S14 o
HI + © 0 + 0
H2 + + +
H3 + + O O
H4 © + +
H5 © 0 + ©
H6 + + + +
H7 © 0 © + 0
Size-in 77,8% 16,7% 50,0% 94,4% 88,9% 61,1%
Size-out 31,5% 21,0% 15,7% 36,8% 10,5% 42,1%

Size-out analysis had more characters (S2, S3, S8 and S9) that did not contribute to 

differences among the groups than size-in analysis (only S I4). ANOVA of size-in data 

indicated that there were no marked differences among South African (SAF) and East 

African (EAF) impalas, the exception being skull character S7, horn character HI and 

H7. ANOVA of size-out data indicated that there were no marked differences among 

Zambia (ZAM) and Angola (ANG) impalas, the exception being skull character SI and 

horn character H3,
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• Testing variation among subspecies

In our study 24 out o f 51 males were identified, at subspecies level, by the 

museums. The species A. melampus has six described subspecies: A. melampus rendilis, 

A. m. suara, A. m  johnstoni, A. m. petersi. A.m. melampus and A. melampus katangae. 

Five o f  them are represented in our sample set. (Table 4.14).

TABLE 4.14 -  Subspecies of Aepyceros melampus and correspondent number of males from 
British Natural History Museum and Powell-Cotton Museum used in the present study.

Subspecies Males
(n)

Males’ identification numbers

A  m. rendais 6 M36, M37, M38, M41, M42 and,M43
A  m. suara 3 M10,M49andM51
A  m. johnstoni 3 M26, M31 and M35
A .m. petersi 5 M18, M19, M20, M21 and M23
A .m. melampus 7 M2, M3 9, M44, M45, M46, M47 and M48

Total 24

An African map showing the geographical position o f  these males can be seen in 

Figure 4.19. Into the boxes are summarised the geographical range and characteristics 

by which authors defined the Aepyceros melampus subspecies.

W e can observe that impalas from Namibia and Angola are classified as A. m. 

peter si. Males from Zambia and Malawi are classified as 4̂. m. johnstoni. The Kenya 

and Tanzania impalas are classified respectively as A. m. rendilis and A.m. suara. Six 

impalas from S. Africa and one from Namibia are classified as A.m. melampus.

The distinction among impala subspecies is mainly based on size o f skull and 

horns, A. m. johnstoni being the smallest. Differences between A. m. rendilis and A. m. 

suara  are not clear fi'om the literature (Lydekker,1914; Lydekker & Dollman, 1926; 

Allen, 1939; Ansell,1971; Best & Raw, 1975) and, although there are references to horn
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A. melampus suara

is larger than melampus with longer and 

more massive horns. The tips of the horns 

are usually more widely spread. ITie general 

colour above is b lis te r, being bright 

cinnamon-rufous. The crown of the head is 

blackish, and frequently a slight indication 

of a black face-blaze is developed.

Range Tanzania, exact limits to south and 

south-west not clear. Rwanda and probably 

south-western Uganda, southern part of the 

Kenya range.

TT

A. melampus petersi

known as the Angolan impala or 

black-faced impala, is distinguished 

from the typical race by the presence 

of a black blaze down the middle of 

the face below the eye and another 

tfirough the line of each eye. Horns 

are smaller than typical race.

Range: South-western Angola and 

north-western Namibia.

T a n z a n i a

A ngola

ombia

Imbabwe T
N qit lb 10

\ B o tsw a n a

Sw aziland

S o u th  A fr ica

A. melampus rendilis

has been regarded as identical with 

suara. There is also frequently a 

more or less well developed blackish 

face blaze, although this is much less 

marked than in the Angolan race. 

Range: Northern part of the Kenya 

range and presumably eastern 

Karamoja, Uganda.

A. melampus johnstoni

known as the Malawi impala, is 

very closely allied to the typical 

race. It is distinguished by its 

shorter horns and more slender 

skull.

Range: Northern Mozambique, 

Malawi, eastern Zambia, and 

possibly south-western Tanzania, 

exact limits not known.

A. melampus melampus

known as the South African impala or 

common impala, the horns are of medium 

size and more slender than in the East 

African races. The general colour of the 

UM)er surface of the body is brigjit reddish 

brown, and there is no dark blaze (mi the 

face such as is found in the Angolan race. 

Range: South-eastern Angola, and possibly 

south-western Zambia, thence the species 

ranges from the Zambesi river southwards, 

but the exact limits and inter-grading with 

johnstoni are not clear.

FIGURE 4.19 - Southern African map showing geographical distribution of Æ melampus male skull 
samples. The specimens identified at subspecies level are marked with different colours. The geographic 
range and morphological characteristics by which subspecies were defined are summarised in 
each box.
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size ïn A. m. petersi, this subspecies is mainly distinguished by the presence o f  a black 

stripe along the middle o f  the face.

Scatterplots corresponding to the three PCAs performed with skull and horn data 

were used to explore relationships among males identified at subspecies level (Figure 

4.20).

The first scatterplot represents the PCA based on horn characters (Figure 4.20A). 

Factor loading analyses (Table 4.9 and Figure 4.10) showed that PC I represents horn 

size (H I, H2, H3 and H7) and distance between the tips (H4) that increases fi’om the left 

to  the right o f  the axis; and that PC2 reflects the measurements from the base o f  the 

hom cores (H5 and H6). These results indicate that A. m. rendilis has bigger and/or more 

widely spread horns, in contrast to A. m. johnstoni. The subspecies petersi and 

melampus are shown to have an intermediary position regarding these characters.

The second scatterplot represents the PCA based on skull characters (Figure 

4.20B). Factor loading analyse (Table 4.9 and Figure 4.9) indicated that PCI represents 

skull length (S5 and SIO) and breadth (S I, S2, S4, S8 and S9) increasing from the left to 

the right o f  the axis, while PC2 reflected snout (SI 2) and molar row (S I 4) that ncrease 

from the bottom to the top o f  the axis. So, the positions o f  the males identified at 

subspecies level indicate that A. m. petersi has the biggest skull, and A. m. johnstoni the 

smallest. East and South African impalas have an intermediary position regarding these 

characters and as showed in PC2 they present shorter snout compared with petersi.

The third and fourth scatterplots represent the PCAs based on skull and horn 

characters (Figure 4.20C and D). Factor loading analysis (Table 4.9 and Figure 4.11) 

indicated that PC I represents skull breadth (SI and S4), length (S5 and SIO) and depth 

(S6), horn length (H I and H2), and inner breadth between the base o f  the homcores (H6)
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FIGURE 4.20 -  Scatterplots corresponding to male PCI vs PC2 scores from horns PCA (A); PCI vs PC2 scores from skull PCA (B); PCI vs PC2 (C) and PC2 vs PC3 (D) 
scores from skull and horns PCA. Males are identified by subspecies designation from museum label.



PC2 represents maximum inner breadth between horns (H5) and oral palatal ength 

(S I2). So, the position o f  the males identified at subspecies level indicates that general 

skull and horn size increases gradually from the smaller form represented hy A. m. 

johnstoni, to  the medium A. m. melampus and finally the bigger A. m. rendilis, A. m. 

suara  and A, m. petersi. Although in PCI the general skull and horn size o f  johnstoni 

and petersi are inversely related, in the shape axis PC2, they share the same area on the 

graph and in opposition to melampus, rendilis and suara. The PC3 axis gave no 

additional information, confirming ANOVA results in which this axis does not present 

significant differences among the geographic groups. These results are further discussed 

in section 4.4 below.
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43,2,2 Female skull characters

Due to the age effect, characters S I3, S14 and five young-adults were removed

from the data, so principal component analysis was performed using 12 skull characters

on 33 females. The aim o f this analysis was to explore morphological geographic

variation in females o f  Aepyceros melampus, their possible relation with described

subspecies and similarity with patterns found in male data. The PCA factor loadings are

summarised in Table 4.15.

TABLE 4.15 -  First, second and third component weights of female skull 
characters and proportion of variance explained by each component.

Factor
PCI

PCA
Factor
PC2

Factor
PC3

si 0.741 -0.253 -0.039
S2 0.642 -0.091 -0.439
S3 0.620 -0.506 -0.365
S4 0.749 -0.132 -0.395
S5 0.888 0.385 0.078
S6 0.708 -0.398 0.418
S7 0.529 -0.392 0.645
S8 0.587 -0.466 -0.074
S9 0.706 -0.189 0.077
SIO 0.853 0.433 0.087
S ll 0.732 0.538 -0.008
S12 0.665 0.675 0.072
Proportion 
of variance 50.2% 16.6% 9.2%
Cumulative 66.8% 76.0%

The PCA generated three principal components that explained 76% o f the 

variation. To visualise the position o f  the characters the loading factors o f PCI vs PC2 

(Figure 4.21 A) and PC2 vs PC3 (Figure 4 .2 IB) were plotted.

Analysing trends among the data points, we could define PCI (size vector) as 

representing overall skull size (S I, S4, S5, S6, 89, SIO and S l l )  and PC2 (shape vector) 

as representing snout length (S l l  and S I2). So, the skull will grow in length (S5 and 

S 10), breadth (S 1, S4, and S9) and depth (S6) from the left to the right o f  PC 1 axis 

(Figure 4.21 A) and in snout (S l l  and S I2) length on PC2 axis (Figure 4 .2 IB).
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FIGURE 4.21 -  PCI vs PC2 (A) and PC2 vs PC3 (B) loading factors from PCA on 
female skull characters

The data were explored by looking at the scatterplot o f  PCA scores in an attempt to 

find clusters that represent morphological affinity. In Figure 4.22 PCI vs PC2 based on 

skull PCA scores were plotted. No clear concentrations o f points forming isolated 

clusters could be detected.

At this point the same procedure was followed as for males, i.e. females were 

labelled by their country o f  origin to investigate if  morphological affinity reflects 

geographical proximity. In Figure 4.23A an African map shows female sample
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localities. In the boxes are females’ identification numbers, which will be preceded by 

the letter “F” when referred to in the text.

eg 0,5

FIGURE 4.22 -  Scatterplot of PCI vs PC2 scores from PCA on female skull characters.

In contrast to male data, no clear geographic patterns was detected. A strong reason 

could be small and unbalance o f sample sizes o f  females. Also, due to small sample 

sizes it was not possible to apply the proximity criteria. The majority o f  groups so 

formed did not achieve the minimum number o f  individuals to generate statistically 

significant results.

The geographical patterns identified in male data (see Figure 4.13) were based on 

both skull and horn characters. However, when male patterns based only on the skull 

were investigated, we still had some indications o f geographical variation. It may be 

that the cranial morphological modification as a consequence o f the presence o f horns is 

the explanation for that.
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FIGURE 4.23 - (A) African map showing the localities where one or more X. melampus females 
were collected. Boxes shows females' identification numbers used in this study. (B) Scatterplot of 
PCI vs PC2 where each female is labelled according to its country of origin and identification 
number.
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4.3.2.3 Coat patterns

In this study 63 museum skins o f  Aepyceros melampus (Appendix I) were analysed 

to score coat patterns and to investigate if  there was correspondence between the 

patterns found and described subspecies.

Males (n=40), females (n=20) and specimens o f  unknown sex (n=3) were analysed 

together since no sexual dimorphism related to coat pattern has been reported for 

impalas. O f the study skins, 34 specimens (53.9%) had museum label identification at 

subspecies level. O f the six described subspecies o f  impala, four were represented in our 

sample set (Table 4.16).

TABLE 4.16 -  Subspecies of Aepyceros m elam pus  and corresponding number of skins of 
males and females from the British Natural History Museum and Powell-Cotton Museum 
analysed in the present study.

Subspecies Number Skin identification numbers

A. nu rendilis 0
A. m. suara 7 F 19, F37, M49, M53, M59, M62, and M63
A. nu johnston i 7 M8, FIO, U26, F33, F45 and M50
A  .nu petersi 14 M l8, M20, F21, M22, M23, F24, F27, F29, M30, 

F31,M32, F47, F48 and M60
A .nu melam pus 6 F 15, M34, U35, M44, M54 and F55

Total 34
M=male; F=feraale; U=sex unknown

In order to visualise the distribution o f  the skin sample along the species’ 

geographic range, each individual or group was plotted on African map based on co

ordinates extracted from their geographic origin (Figure 4.24).

A total o f 28 localities covering 9 countries are represented. For Tanzania 

(M l2,51,56,57,58,61) and Nam ibia (F I5 and M44,52,54,55) both museums share the 

same specimen origins. Eleven localities were represented by males and females, 11 

only by males, seven only by females and two by specimens o f  unknown sex. Two
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males from Angola and one specimens of unknown sex from South Africa were also 

included in the analyses despite their museum label only mentioning country o f origin.

# #

32-60

18-20-27-47
8-45

22-29-31-48

25-36

34

12-51-56-57-58-61

1-2-7-11-13

Æ m. tm M s ■  Æ m. st/ars ■  A. a?, p ftn stm  ^
A. m. e  not labelled with subspecies

FIGURE 4.24 -  Southern African map showing geographical distribution of A. melampus male and 
female skin samples. The specimens labelled at subspecies level are marked with different colours 
(see map legend). Boxes show specimen identification numbers. Each individual or group was 
plotted based on co-ordinates extracted from their geographic origin ? = Specimens with unknown 
sample locality.
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After detailed observations o f each museum skin, three characters were considered 

for analysis -  coat colour, eye and face patterns.

The colour was defined by matching the left rump area o f the antelope skin with 

the Munsell Colour Charts. As mentioned before, this system defines and codes colour 

by three different physical proprieties named Hue, Value and Chroma.

The Hue indicated that im palas’ skin colour was related to red, 5 YR (“y” o f  yellow 

and “r” o f red) being the chart used. The Value, which indicates colour lightness, varied 

between code values 4, 5, 6 and 7. The Chroma that defines saturation varied between 

code values 2, 3, 4, 6 and 8. These three features were combined in order to form the 

colour designation.

The skin analysis showed that three colours define all the sampled material: reddish 

grey (Hue 5YR, Value 5 and Chroma 2); reddish brown (Hue 5YR, Value 4 or 5 and 

Chroma 3 or 4); and reddish yellow (Hue 5YR, value 6 or 7 and Chroma 6 or 8). The 

result for each specimen was displayed on an African map (Figure 4.25) following the 

same geographical position previously presented in Figure 4.24. These colours were 

coded as “G” for reddish grey, “B” for reddish brown and “Y” for reddish yellow.

The presence or absence o f a black stripe, down the middle o f  the face below the 

eyes, and another through the line o f  each eye, were the second and third skin characters 

analysed. Three states o f  each pattern were coded. Absence o f black stripe in the middle 

o f the face or eyes was coded as “0” . The presence o f a light black stripe in the middle 

o f the face or eyes was coded as “ 1”, and a darker stripe as “2”. Results for each 

specimen were displayed on an African map (Figure 4.26 and 4.27) following the same 

geographical position previously presented in Figure 4.24.
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FIGURE 4.25 - Southern African map showing geographical distribution of A. melampus skin 
samples. The specimens labelled at subspecies level are marked with different colours (see map 
legend). Boxes show specimens’ coat colour based on Munsell Colour Charts and coded as 
follow: G= reddish grey, B= reddish brown and Y=reddish yellow.
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FIG U R E 4 .26 - Southern African map showing geographical distribution of A  melampus skin samples. 
The specimens labelled at subspecies level are marked with different colours (see map legend). Boxes show 
specimens’ eyes patterns coded as follow: B=no black line, 1= light black line, 2=dark black line.

121



.

1 / 0

2 I 2 I 2 I 2

2/2/212

2

l/l/l/O/

1 / 1

l / O / O / l / O / O

O/O/l/I/l

Æ m. rsmMs I  Æ m. st/ara ■  /?. m. phnstoni ^
/?. m. tæfatnpt/s #  not labelled with subspecies

FIGURE 4.27 - Southern African map showing geographical distribution of A. melampus skin 
samples. The specimens labelled at subspecies level are marked with different colours (see map 
legend). Boxes show specimens face patterns coded as follow: 0=no black blaze, 1 Night black 
blaze, and 2=dark black blaze.
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Generally, the impala’s coat is described as short, glossy and having a reddish saddle 

over a light tan torso and white underside. However, and despite the ways that authors 

describe the colour, subspecies publications always describe South and East African 

impalas differently.

From the colour designation generated by our analyses, 40% specimens were 

reddish brown, 38% reddish yellow and only 22% reddish grey. A clear correspondence 

between coat colour and geographical region or described subspecies was not detected 

in this study, however reddish grey individuals did not occur in South Africa, Kenya or 

Tanzania.

The face and eye patterns described in our analysis generated four phenotypes; 

Tvpe 1 - no black stripe in the middle o f  the face and no black line down eye (20,7%); 

Tvpe 2 - light black stripe in the middle o f  the face and light line down eye (19,1%); 

Tvpe 3 - light black stripe in the middle o f  the face and no line down eye (38%); and 

Tvpe 4 -  dark black stripe in the middle o f  the face and dark line down eye (22,2%).

There was predominance o f light black stripe (57.2%) in the middle o f  the face 

over the absence o f  the black stripe (20.6%), and the majority o f  the specimens do not 

have a black line down eye (58.7%). It was observed that a black line down the eye is 

only present if  there is also black stripe in the middle o f  the face (Type 2).

The face and eye patterns are shown to be strongly diagnostic for specimens 

identified as A, m. petersi. None o f the other individuals presents a black stripe in the 

middle o f  the face so dark and well delimited as the ones from western Angola and 

western Namibia (Type 4).
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4.4. Discussion

Geographical variation in morphology is almost universal and often complex, 

showing a wide range o f  patterns such as clinal, categorial, mosaic and so on (Thorpe, 

1987).

In this study skull, horn and skin characters were used to explore morphological 

geographical variation among Aepyceros melampus and its relation to  described 

subspecies.

Despite the lack o f  well-defined isolated clusters, analysis o f  skull and horn 

characters did detect geographical trends in the position o f  impala males in PCA  

scatterplots. These trends were explored first by grouping individuals based on their 

geographical proximity and later by described subspecies. Final results showed that 

there was a strong consistency between findings from both these analyses.

The first aggregation detected by the multivariate analyses involved males from 

Zambia and Malawi, which clustered in the left upper quadrant o f  the PCA scatterplot 

(Figure 4.13A). Results from discriminant analyses showed that males from Namibia, 

Botswana and Zam bia were correctly classified as belonging to the same geographic 

group denominated as Group ZAM. Males from Malawi were also allocated to this 

group (Table 4.11). ANOVA showed that Group ZAM is significantly different from 

the other geographic groups and that a high percentage (94,4% to 77,8%) o f  skull and 

horn characters are involved in this difference (Table 4.13), indicating a clear 

morphological distinctiveness based on size.

The subspecies A. m. johnstoni is known as the Malawi impala. It is recorded from 

northern M ozambique to Malawi, eastern Zambia and possible south-w estern Tanzania.
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This subspecies is described as the smallest among impala subspecies, having short 

horns and a slender skull.

Our results did support the morphological definition o f  johnstoni. PCA scatterplots 

showed that males from Zambia and Malawi (Figure 4.13 A) and specimens identified as 

johnstoni by the museum label (Figure 4.20) are the smallest from our sample set. Our 

results also suggested a geographical range expansion o f  johnstoni into south-western 

Zambia. This expansion partially corresponds to the Group ZAM (Figure 4.14) but we 

do not include males from Namibia (M39) and Botswana (M l4, 16 and 25), because we 

believe that these animals belong to a hybrid zone situated between johnstoni and 

melampus range (see Figure 4.13 A).

ANOVA results showed that Group ZAM  is significantly different from the other 

geographic groups, but the percentage o f  skull and horn characters involved in this 

difference was lower in comparison with South Africa (Group SAF) than with East 

Africa or Angola (Table 4.13). This finding confirms opinions in the literature that 

johnstoni is allied to the typical race melampus.

The second most clear aggregation was composed o f males from Namibia and 

Angola, that clustered in the upper right quadrant side o f  the PCA scatterplot, in 

opposition to the Zambia/Malawi cluster and indicating a size difference between them 

(Figure 4.13A). Results from discriminant analyses supported, as correctly classified, 

100% o f  the males imputed to the Namibia plus Angola geographic group (Group 

ANG). ANOVA indicated that this group is significantly different from East African 

and Group ZAM males, but not from South African impalas.

The subspecies A. m. petersi is known as the Angolan impala or black-faced 

impala. Its geographical range is recorded as restricted to south-western Angola and 

north-western Namibia. This subspecies is distinguished by the presence o f  a black
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blaze down the middle o f the face below the eyes and another through the line o f each 

eye. The only diagnostic character mentioned in the literature, other than pelage 

patterns, is the horn size which is regarded as smaller than in the typical race, A. m. 

melampus (Best & Row, 1975).

Our results did support m A . m .  petersi morphotype. The face and eye skin patterns 

observed in our study showed that the presence o f  a strong black stripe in the middle o f  

the face and another through the line o f  each eye could only be found in specimens from 

western Angola and Namibia. Regarding skull and horn analysis, the present study 

found new morphological characters that support this subspecies. A. m. petersi was 

shown to be the biggest o f  all groups sampled. This characteristic has never been 

mentioned in the literature regarding impala subspecies (Lydekker, 1914; Lydekker & 

Dollman, 1926; Allen, 1939; Ansell, 1971; Best & Raw, 1975), as the petersi description 

is restricted to skin patterns. According to our data the horns are medium-sized and 

share the same size range as South African impala, not smaller as described.

The Kunene River forms Namibia's northern border with Angola and is Namibia's 

largest river. According to Swart (1967), it is geologically known that the Kunene River 

originated by a process in which erosion destroyed the even surface by the cutting o f  

ravines. This process started at the coast and continued further inland. As a consequence 

the upper part o f the Ethosha Pan drainage area (Namibia) was cut off, and presumably 

caused the parting o f  A. m. petersi and A.m. melampus.

Two subspecies are described for East Africa, A. m. rendilis and A. m. suara. The 

latter is known as the impala o f  Tanzania and Kenya. A.m. rendilis has been described 

as distinct from suara, but the characters by which this form was initially distinguished 

have subsequen tly  not been considered  o f  system atic  value, and the  lite ra tu re
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Lydekker & Dollman (1926); Best & Raw, 1975) regards rendilis as identical w ith 

suara.

Our results did not support morphological differences among males from Uganda, 

Kenya and Tanzania. Due to their geographical proximity, these males were pooled 

together to form the East African geographic group (Group EAF - Figure 4.14); 

however, discriminant analyses showed a lower percentage o f correct classification o f  

these males as belonging to  the group. A close analysis o f  the results revealed that the 

lower percentage was not related to differences within the group (suggesting subspecies 

division), but instead to similarities with the South African group (Table 4.11). To 

illustrate that there are no morphological differences among males from Uganda, Kenya 

and Tanzania, as two males from Uganda (MS and 9 -  Figure 4.14), two from Tanzania 

(M49 and 50 -  Figure 4.14) and five from Kenya (M13, 37, 42, 43 and 48 -  Figure 

4.14), were all classified as belonging to Group EAF.

In consequence, our results did not support the separation o f  the two described 

subspecies and we suggest that rendilis should be considered a junior synonym o f  

suara. The latter was the subspecies first described and its morphological characteristics 

are in accordance with our findings, i.e. bigger horns and tips more widely spread.

The East African geographic group was significantly different from Group ZAM  

but not from Group ANG or Group SAF (South Africa). However, the highest similarity 

is to South Africa since only three out o f  19 skull and horn characters studied are 

significantly different between them. Interesting is the fact that o f  these three characters, 

two o f  them are related to horn length and distance between the tips (H I and H7 

respectively) while the third, skull cranial height (S7) is positively correlated with H I 

and H7 (Appendix H). Longer and more massive horns, and the tips o f  the horns m ore 

widely spread, are the characters traditionally used as diagnostic o f  the East Africa
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impala (A. m. suara) when compared with the South Africa impala, A. m. melampus. In 

our study these characters are respectively H I and H7, thus our results did support these 

diagnostic features to separate suara  and melampus.

The morphological characters and methodology used in present study have been 

shown valuable in exploring geographical variation among A. melampus populations. 

The analysis o f  our sample set did support the characters traditionally used to  describe 

four out o f  the five subspecies investigated.
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Chapter five

Phylogeographic matching of captive antelopes 
based on mitochondrial DNA sequences:

Impala case study

129



5.1. Introduction

An understanding o f the organismal units involved in conservation studies is often 

critical to the proper implementation o f  captive breeding and réintroduction 

programmes (Yoder et al, 2000). Taxonomic uncertainty in many species jeopardises 

the effectiveness o f  captive population management and its contribution to conservation 

programmes. Captive breeding and réintroduction programmes are a high-profile and 

expensive approach to species conservation, so the decision in initiating such measures 

must be based on sound information (Snyder et al. 1996).

In the past zoos rarely knew the exact location o f capture o f  animals they imported. 

Data concerning geographic origin o f  individuals destined to be used in captive 

breeding programme is extremely important and should be recorded meticulously, 

especially where ESUs may be involved.

The evolutionary significant unit (ESU) was proposed to define an operational unit 

o f conservation management (Ryder, 1986). It has a definition based largely on 

phylogenetic criteria and has created much discussion in the literature (e.g. Dizon et al 

1992; Moritz, 1994; Vogler & Desalle 1994; Mayden & Wood 1995; Waples, 1995). 

This discussion has focused attention on the “unit o f  conservation”, practical ways o f  

identifing such units, and how systematic and evolutionary biology can aid in the 

identification o f  units o f  conservation.

The utility o f  molecular genetic data in the study o f  phylogeny and systematics is 

uncontroversial, but the use o f  these data to identify taxonomic units, worthy o f  

conservation remains contentious (Barrowclough & Flesness, 1997).
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In a captive population, molecular genetic techniques can be used to explore the 

relationships among individuals; to  test relatedness assumptions based on studbooks; to 

assess genetic variability; and to investigate the most probable geographical origin o f 

the captive stock by comparison with data from wild animals.

M olecular genetic methods may provide an objective means to reveal and assist the 

determination o f taxonomic units (Avise, 1994). The study o f  genetic variation provides 

an insight to current processes, but also to the historical evolutionary processes that 

have created present biodiversity (M ace et al. 1996). Genetic data can also provide 

information for management planning by making it possible to evaluate the effect o f 

genetic changes on the survival and persistence o f  the populations (O ’Brien 1994, Mace 

eta l. 1996).

5.2. Mitochondrial DNA

Animal mitochondrial DNA (mtDNA) is a circular molecule about 15000 to 20000 

base pairs long. The mtDNA o f vertebrates contains genes for 22 tRNAs, 2 rRNAs and 

13 mRNAs coding for proteins involved in electron transport and oxidative 

phosphorylation. The only major noncoding segment o f the mtDNA is the control 

region, typically -1000  base pairs long and involved in the regulation and initiation o f  

mtDNA replication and transcription. M itochondrial DNA  is transmitted without 

recombination predominantly through maternal lineages (Taberlet, 1996).

The use o f  mtDNA has becom e increasingly popular in phylogenetic and 

population genetic studies, first with the developments in methodology for mtDNA 

isolation and use o f  restriction enzymes to detect nucleotide differences (Lansman et al.

131



1981), and further with the development o f PCR methodology and applicability o f 

‘universal’ primers (Kocher et al. 1989) for amplification o f  mtDNA.

Much o f  the interest is related to the fast rate o f  substitution in mtDNA. It exhibits 

an evolutionary rate 5-10 times higher than single-copy nuclear genes (Brown et a l  

1979). M ost differences between mtDNA sequences are point mutations, with a strong 

bias for transitions over transversions (Brown et al. 1982).

W hen mtDNA data are analysed using phylogenetic methods, the structure o f 

genotype trees often reflects geographical distance between populations or the presence 

o f geographical barriers (Wayne et al, 1992). This fusion o f phylogeny with the 

geographical distribution o f populations may record the patterns o f colonisation and 

gene flow among populations (Avise et al, 1987).

Therefore, the primary application o f  mtDNA analysis to species conservation 

concerns the identification and assessment o f genetic similarity o f phylogeographical 

units within species, the detection o f  hybridisation between phylogenetic units, and the 

quantification o f  loss o f variability in captive and small isolated wild population 

(Wayne et al, 1994).

5.2.1. Control region

The control region is the m ost variable part o f  mtDNA in many vertebrates. The 

control region contains variable blocks that evolve about 4-5 times faster than the entire 

mtDNA molecule (Brown et al. 1979).

In vertebrates, the control region can be divided into three domains: I (left domain 

or 5 ’ end) and III (right domain or 3 ’ end) which are both rich in L-strand adenines, and 

II (central conserved region) which is low in adenines (Taberlet, 1996). M ost o f the
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variability, both in nucleotide substitutions and deletions/insertions, is concentrated in 

domains I and III whereas domain II is more conserved (Figure 5.1).
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FIGURE 5.1 — Schematic diagram of the mammalian mtDNA control region, showing the 
conserved central region and the more variable left and right domains. From Taberlet, 1996.

Despite their functional importance, the left and right domains evolve rapidly, both 

by length mutations and by base substitutions, but due to long insertions and/or 

deletions the distribution o f  mutations in the control region can change among species 

(Taberlet, 1996). In the present study approximately 400 base pairs o f  the 5’end o f  the 

mtDNA control region were amplified, corresponding to  the left domain (Figure 5.1).

5.3. Mitochondrial DNA studies on African antelopes

The fact that, the family Bovidae includes more species and has proved more 

difficult to classify than any other extant family o f  large mammals to  date (Vrba &
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Schaller, 2000) provides an interesting challenge for the application o f molecular 

genetic techniques.

Recently, several studies on bovid phylogeny have been published, and the 

majority o f  these studies used mitochondrial DNA sequences as their marker o f choice 

(e.g. Georgiadis et al, 1990; Allard et al, 1992; Gatasy et al, 1992; Essop et al, 1997; 

Gatesy, et a l 1997; Hassanin & Douzery, 1999a; M atthe & Davis, 2001).

The molecular data have been used to test phylogenetic hypotheses based on 

morphological data (Gentry, 1978), morphology and ecology (Kingdon, 1982), 

immunology (Lowenstein, 1986), behavioural, gland, skull and postcrania data (Vrba & 

Schaller, 2000), behaviour, diet and body size (Brashares et al, 2000).

There have been also specific question such as the phylogenetic placement o f soala 

{Pseudoryx nghetinhensis (Hassanin & Douzery, 1999b, Gatesy & Arctander, 2000)); 

linh duong {Fseudonovibos spiralis (Hassanin et al, 2001)), Hunter's antelope 

{Beatragus hunteri, (Pitra et al, 1998)) and for tribes such as Bovini (Pitra et al, 1997), 

Alcelaphini, Antilopini, Neotragini and Tragelaphini (M atthee & Robinson, 1999) and 

Cephalophini (Van Vuuren & Robinson, 2001).

Several species o f  antelope have been studied with regard to their patterns o f  intra

specific variation and most o f them have used control region sequences.

Arctander et al (1996) studied six Kenyan Grant's gazelle {Gazella granti) 

populations, and found that mitochondrial DNA control region sequences w ere highly 

divergent among locations. Neighbouring populations, not separated by geographical or 

vegetational barriers, exhibited huge nucleotide sequence divergences (14 per cent). A 

similar level o f  divergence separates Grant's gazelles from the Soemmering's gazelle (G.

134



soemmeringii). This pattern o f  extensive differentiation is hypothesised to  have resulted 

from recently established contacts between formerly allopatric populations.

Results from a phylogeographic study o f the hartebeest (Alcelaphus buselaphus), 

the topi (Damaliscus lunatus), and the wildebeest {Connochaetes taurinus) by 

Arctander et al (1999) suggest that these antelopes, previously with wide pan-African 

distributions, became extinct during the Pleistocene except in a few réfugia. The 

hartebeest, and probably also the topi, survived in réfugia north o f  the equator, in the 

east and the west, respectively, as well as one in the south. The southern refugium 

seems to have been the only place where the wildebeest has survived.

Using sequences o f  the control region, Birungi & Arctander (2000) detected large 

divergences among mitochondrial DNA genotypes within populations o f the African 

antelope, Kobus kob (kob). Two lineages were recognised, one predominant in the 

western and southern ranges o f  the populations studied, the other commonly found in a 

more northern distribution (Murchison populations) in Uganda. M urchison and the 

geographically intermediate Toro populations (Uganda) represented the area o f  overlap. 

The existence o f  the two lineages in the area o f  overlap is hypothesised to have resulted 

from a range expansion and secondary contact o f  the two lineages o f  kob that evolved in 

allopatry.

Pitra et a l (2002) found that sable antelope {Hippotragus niger) shows a tripartite 

pattern o f  genetic subdivision representing W est Tanzania, Kenya/East Tanzania, and 

Southern African locations. Nested clade analysis (Pitra et a l 2002) revealed that past 

allopatric fragmentation, caused probably by habitat discontinuities associated with the 

East African Riff Valley system, together with intermediate episodic long-distance
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colonisation and restricted, recurrent gene flow, have played a predominant role in 

shaping the extent o f  maternal generic diversity and population structure.

The subject o f  the present chapter, the impala, has had two papers which have 

generated important data on phylogeography and taxonomy.

Arctander et a l (1996a) investigated the population genetics o f  impalas from six 

localities in Kenya, using sequences o f  mitochondrial control region. The results 

showed a high level o f  haplotype variability that was mirrored by high nucleotide 

diversity. The results contrasted with an expected subdivided and geographically 

structured genetic variation based on impala characteristics such as its territoriality, 

dependence on w ater and short dispersal distance.

Using the same mtDNA markers, Nersting & Arctander (2001) expanded the study 

o f  Arctander et a l (1996a) by including data from 14 new localities, which cover the 

entire distribution area o f  impala, except South Africa. Although less clear than another 

species (greater kudu - Tragelaphus strepsiceros) studied at the same time (Nersting & 

Arctander (2002), the results suggested a colonisation process from Southern Africa 

toward Eastern regions. The study also revealed a marked divergence o f lineages from 

South-western Africa relative to other regions. In the impala, this genetically isolated 

region is consistent with morphology because it is currently recognised as the 

subspecies A. m. petersi, the black-faced impala.

Nersting & Arctander (2001) stated that beyond their phylogeographical value their 

results should raise conservation concerns about South-western populations o f  black

faced impala, as this subspecies is categorised as vulnerable and results show 

indications o f  hybridisation with common impala /f . m. melampus.
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5.4. Impala in European Zoos

In 1995, Pierre de Wit from Emmen Zoo, The Netherlands, compiled an unofficial 

studbook o f  impalas (Aepyceros melampus) kept in European Zoos. Although the 

studbook was not made on a sub-species level, the author was able to gather information 

regarding the taxonomic status o f  some imported impalas (pers. comm.).

According to de Wit, going back to the roots o f the European captive impala 

population, and apart in Lisbon Zoo, just a few zoos have kept genetically unique stock. 

They are Dvur Kralove in Czech Republic, Hanover and Stuttgart Zoos in Germany and 

Emmen Zoo in the Netherlands. All remaining zoos have stock which derive from one 

o f these.

Today, there are 13 European zoos keeping 153 impalas (Table 5.1) that are 

managed as Aepyceros melampus and 2 zoos keeping 20 impalas managed as Aepyceros 

melampus petersi (ISIS, 2001).

TABLE 5.1 -  Numbers of males and females o\ Aepyceros melampus (common impala) and A. 
melampus petersi (black-faced impala) kept by European Zoos. Data from ISIS (2001).

Taxon Zoo Country Males Females

f Copenhagen Denmark 3 6
Dvur Karlove Czech Republic 7 16
Emmen The Netherlands 3 27
Hanover Germany 8 24
Safari Beekse Bergen The Netherlands 0 2

Aepyceros . 
melampus

Koln Germany 4 14
La Palmyr France 7 9
Paris Zoo France 2 5
Planckendael Belgium 0 4
Ramt-Gan* Israel 1 2
Rhenen The Netherlands 2 0

k Wadi Al Safa Wildlife Centre * United Arab Emirates 2
39

5
114

A. melampus ̂ Barcelona Spain 1 3
petersi _ Lisbon Portugal 6

7
10
13

• Zoos members o f the European Association of Zoos and Aquaria and which stock are managed as belong to European 
captive population.
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Until 1999, when 3 animals were exported to Barcelona, Lisbon Zoo was the only 

zoo in Europe to keep black-faced impala (A. m. petersi). Acording to de Wit (personal 

comm.) all the other European Zoos seem to have hybrids between A. m. melampus, A. 

m. petersi and A. m. rendilis. As opposed to petersi, which can be distinguished by 

external morphological characters (see Chapter 3), A. m. rendilis are, from the zoo point 

o f  view and following traditional classification, assigned to all impalas from Kenya and 

Uganda. The impalas from South Africa are usually identified as A. m. melampus

5.5. Aims of the study

One o f  the main tasks in conservation biology is the recognition and identification 

o f  possible conservation units at different levels o f  the taxonomic hierarchy. Often, 

taxonomic assignments have been based on a typological view o f  a species, which can 

potentially fail to conserve the diversity and maintain the geographical variation and 

evolutionary potential within a species.

The aim o f the present study was to determine the extent to which mitochondrial 

DNA control region sequences could be used to support captive management, and in 

particular, to reveal the most probable geographic origin o f  captive stock o f  African 

antelopes. To do so, DNA samples from museum specimens and European captive 

populations o f  impala {Aepyceros melampus) were sequenced.

The data were used to i) test the validity o f  the impala taxonomic units o f  

management o f  impala in European zoos; ii) assess the genetic diversity o f  the impala in 

captivity; iii) trace maternal gene flow among zoos; iv) test the validity o f  pedigree 

records; and iv) evaluate the utility o f  mitochondrial DNA control region sequences to 

define units o f  management in captive populations in Europe.
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5.6 Material and methods 

5.6.1 Samples 

5.6.1.1 Captive populations

Based on pedigree data, a total o f  19 unrelated individuals from captive populations 

o f  Aepyceros melampus were used in the present study. Samples were available from 5 

European Zoos, as following: five from Dvur Kralove Zoo, Czech Republic (026zD, 

027zD, 028zD, 030zD and 210zD); seven from Lisbon Zoo, Portugal (033zL, 039zL, 

040zL, 157zL, 158zL, 159zL and 200zL); five from Em men Zoo, the Netherlands 

(003zE, 004zE, 005zE, 006zE and 007zE); one from Hanover, Germany (014zH); and 

one from Beekse Bergen Zoo, the Netherlands (OOlzB)

5.6.1.2 Museum specimens

Samples o f dry tissue from skulls or dry skin were collected from 12 specimens o f  

Aepyceros melampus, at the Powell-Cotton Museum. Details o f each specimen are 

given in Table 5.2.

TABLE 5.2 -Aepyceros melampus museum samples used for DNA sequencing in the present study.

Taxon Study code Sex Field date Country Locality Co-ordinates Museum ID

A.m. ssp. 164mT male 1938 Tanzania Rupias 8°36S 37°18E TAN 11

A.m. ssp. 166mT male 1938 Tanzania Rupias 8°36S 37°18E TAN 20

A.m. ssp. 167mT female 1938 Tanzania Mahungoi 8°40S 37"18E TAN 29

A.m. suara 169mT female 1939 Tanzania Engaruka 2°55S 36"00E TAN 96

A.m. suara 170mT male 1939 Tanzania Engaruka 2°55S 36“00E TAN 97

A.m. rendilis 173mU male 1902 Kenya Athi River rOOS 37°20E UGANDA 9

A.m. rendilis 176mU male 1902 Kenya Likipia 0°20N 36“20E UGANDA 104

A.m. melampus 17mZ male 1935 South Africa Zululand - M'Kusi 27“40S 32°12E ZULULAND 39

A.m. melampus 181mN male 1937 Namibia Okavango 17“55S 21<20E SWA 54

A.m. melampus 182mN male 1937 Namibia Okavango 17°55S 21°20E SWA 55

A.m. petersi 184 mA male 1937 Angola no data no data ANG 1

A.m. petersi 185mA male 1937 Angola no data no data ANG2
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5.6.2 DNA extraction

5.6,2.1 Whole blood and tissue

Total DNA extraction was carried out by proteinase K overnight digestion at 37°C 

using 0.5-1 g o f  tissue or lOOpl o f  whole blood and was purified by phenol-chloroform 

extraction and ethanol precipitation according to standard protocols (Appendix J). DNA 

was stored in TE buffer at -20°C.

It has been reported that heparin can inhibit PCR (Beutler, 1990). To overcome this 

problem, total genomic DNA from blood samples preserved in heparin were extracted 

using the commercial kit GFX™ Genomic Blood DNA Purification (Amersham 

Pharmacia) following manufacturer’s instructions. Briefly, the DNA extraction was 

performed by adding the GFX-Extraction Solution to lOOpl o f  whole blood and the 

mixture was incubated for 5 minutes at room temperature. Extraction mixture was 

transferred to a GFX-Column and a series o f  centrifugations and column washing with 

GFX-W ashing Solution was performed to bind the DNA. GFX-Elution Buffer was used 

to recover the DNA that was stored at -20°C.

5.6.2.2 Museum material

Small pieces o f  dry skin or dry tissue from skulls were chopped finely and digested 

using proteinase K (Appendix J) at room temperature and rotated until all pieces were 

fully digested. Total DNA was then extracted using the commercial kit GENECLEAN® 

for Ancient DNA (BIO 101) following manufacturer’s instructions. Briefly, the DNA 

extraction was performed by adding the Ancient DNA GLASSM ILK® to the mixture 

and incubating for 10-30 minutes at room temperature. Extraction mixture was
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transferred to a SPIN™Filter and a series o f  centrifugations and washing steps using 

Salton W ash and Ancient DNA Alcohol W ash was performed to bind the DNA. DNA- 

ffee Elution Buffer was used to recover the DNA that was stored at-20°C.

All reagents, tubes, pipettes and tips used with museum skins were exposed to 

ultraviolet light for 25 min prior to their use, to degrade any contaminating DNA.

5.6.3 DNA Amplification

The mitochondrial DNA control region was amplified with the primers MT4 

(Amason et a l  1993) and BT16168H (Simonsen et a l  1998), which amplifies 

approximately 400 base pairs o f the 5 ’end corresponding to the left domain o f the 

control region (Figure 5.1).

PCR reactions were carried out in a final volume o f  25pi containing 2 to 5pi o f  

genomic DNA; Ix  Promega buffer B (lOmM  Tris-HCl (pH 9.0), 50mM KCl, 0,1% 

Triton®X-100); 2.5mM  o f MgCE; 0.2mM  o f dNTPs; 0.3 pM  o f each primers; 1.25 U 

o f Taq polymerase (Promega) and 0.2 pg o f  BSA. Bovine serum albumin (BSA) was 

used as it is recommended for a wide variety inhibitors including heparin (Kreader, 

1996).

PCR reactions o f  museum DNA extractions were carried out using the same 

method, but all reagents and tubes were exposed to ultraviolet light for 25 m in prior to 

assembly, to degrade any contaminating DNA. To monitor contamination, blank PCR 

reactions containing no template DNA were also used.

The PCR amplification conditions were: 2 min o f denaturing at 95°C, 25 to 35 

cycles, each consisting o f  40s dénaturation at 95®C, 30s annealing at 45°C and 30s 

extension at 70°C and one last cycle with 10 min extension at 70°C. PCR products were
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then purified and concentrated using GENECLEAN® Turbo Kit (BIO 101) following 

m anufacturer’s instructions.

5.6.4 Sequencing

The clean PCR product was sequenced in both directions with ABI Prism Big Dye 

Terminator Cycle Sequencing Kit (Applied Biosystems).

The sequencing reaction consists o f  1.5pl template, 1.5pi unlabelled primer, 0.5 pi 

ABI Big Dye Ready Reaction mix (Applied Biosystems), 2.5pl BetterBuffer (W eb 

Scientific Ltd.) and 1.5pi H2O. The amplification conditions were: 25 cycles o f  10 sec. 

at 96°C, 5 sec at 50°C and 4 min at 60°C. After isopropanol precipitation and 

resuspension in formamide, products were electrophoresed on an Applied Biosystems 

model 3100 DNA sequencer (Foster City , California).

5.6.5 Sequences from GenBank

Impala control region sequences published by Arctander et al (1996) and Nersting 

& Arctander (2001) were extracted from the EM BL/GenBank Nucleotide Sequence 

Database (http://www.ncbi.nlm.nih.20v) and used in the present study. The accession 

numbers are: AF301741-743, 745-751; 753; 758; 760-761; 763-765; 768; 785-794; 796- 

799; 809-810; 812-813; 815-817; 819-829; 831; 833; 835; 837; 840; 843; 845-848; 850- 

852; 855; 857; 861; 863-872; 875-880; 882-885; 887-894; ET1386; ET2082 and 

ET2079.
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5.6.6 Data analysis

The sequences were aligned using multiple sequencing alignment software BioEdit 

(Hall, 1989). This method makes pairwise alignments and then adds new sequences 

together by inserting gap penalty as needed.

M ODELTEST 3.0 software (Posada & Crandall, 1998) was used to select an 

appropriated model o f  sequence evolution. The model gives parameters describing the 

variation in substitution rate among sites (the shape parameter o f the gamma 

distribution), the proportion o f  invariant sites, and the relative rate o f  transition and 

transversion. The selected model was then used to construct a neighbour-joining 

phylogenetic tree and parsimony trees using PA UP 4.0 software (Swofford, 2000). The 

statistical support for the tree branches was obtained from bootstrapping using 1000 

resampling.

Various statistical tests have been developed in order to provide estimates o f the 

reliability o f  phylogenetic trees. The bootstrap technique uses resampling with 

replacement and was developed for phylogenetic studies by Felsenstein (1985). This 

technique has been widely used on DNA and amino acid sequence data. M ost o f the 

time the values are interpreted as the probability that a certain group belongs to the true 

phylogeny (Silva & Russo, 2000) and the values presented here represent the number o f  

times a particular branch was recovered over 1000 resampling events.

Neighbour-joining is one o f the minimum evolution methods used for phylogenetic 

reconstruction. This method Cavalli-Sforza & Edwards, 1967; Saitou & Imanishi, 

1989), where the tree w ith the smallest sum o f branch lengths is found. The minimum 

evolution algorithm as originally described is computationally intensive, since it 

searches for the minimum branch length tree among all possible trees and this number
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increases with the number o f  OTUs, and rapidly reaches a number impossible to 

compute (Silva & Russo, 2000).

For this reason, Saitou & Nei, (1987) proposed a heuristic algorithm for this 

minimum evolution tree and called it “neighbour-joining”, where the minimum 

evolution principle is implicit on each step o f  the algorithm, producing a single 

bifurcating tree. The neighbour-joining algorithm starts with a star-tree topology and 

sequentially chooses the pair o f  OTUs (or neighbours) that minimise the total length o f 

the tree. This process is continued until the tree is completely resolved (Silva & Russo, 

2000). It has been shown to perform well in tests, i.e., it recovers the correct tree most 

o f  the time, when unbiased distances are used (Rzhetsky & Nei, 1993).

Cladistic analysis uses parsimony to infer phytogenies. Parsimony methods operate 

by selecting trees that minimise the total tree length, i.e. the number o f evolutionary 

steps (transformations from one characters state data to another) required to explain a 

given set o f  data. Regarding nucleotide sequences data, these steps are base 

substitutions. The four nucleotides are treated as unordered multi state characters.

Heuristic search mechanism was the method used to search the most parsimonious 

trees. Bootstrap methods were used to ascribe statistical confidence to the tree branches. 

In a bootstrapping a large number o f  pseudoreplicate data sets o f the same size o f  the 

original are created by randomly sampling characters with replacement. The m ost 

parsimonious cladograms for these pseudoreplicates are calculated and a majority rule 

consensus tree is used to assess the degree o f  consensus/agreement among them 

(Kitching et al, 1998). A majority consensus tree is a consensus tree formed from all o f  

those components that occur in at least 50% o f  all o f  the trees (Kitching et al, 1998). 

The greater the number o f  repetitions the more time-consuming the method is.
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5.7 Results

5.7.1 Haplotype and nucleotide diversity

The present analysis o f impala mtDNA variation was based on 395 base pairs o f the 

control region. Three different groups o f  sequences were used. The first and second 

group comprises sequences from captive animals and museum specimens generated by 

the present study. The third set is composed o f sequences published by Arctander et al 

(1996) and Nersting & Arctander (2001). An African map showing the geographical 

origin o f  the impala museum samples and published sequences is shown in Figure 5.2. 

Number o f  haplotypes per locality is also given.

Sixteen different haplotypes (out o f 19 samples) were identified in the captive 

population and 12 (out o f  12 samples) in museum specimens. Three different haplotypes 

in the captive population were found twice:

1 ) Individual OOlzB from Beekse Bergen Zoo shared the same haplotype as 004zE 

from Emmen Zoo. This result confirms existing data on imports made by Beekse 

Bergen from Emmen Zoo, however no detailed pedigree o f imported individuals is 

available.

2) Individual 028zD from Dvur Kralove had an identical haplotype to individual 

Q27zD from the same zoo. Impala 028zD had no confirmed mother in pedigree records 

and it was sequenced in an attempt to test its mtDNA identity.

3) Impala 158zL from Lisbon Zoo shared the same haplotype as 033zL, also from 

Lisbon. According to Silveira (1997), impala 158zL is known to be an offspring o f one 

o f  the females imported from N am ibia in 1988, but no detailed pedigree is available.

145



\ K
MM

MA

Kl

BK

MB

IC

A. m. rendilis 

176
SA

N A / N B

Uganda
(erya

A. m. rendilis 

173

AM

RI

KA
1 8 4 / 1 8 5  

A. m. petersi

II l  ■^  m Tanzania \ ik

Kl

181

A. m. melampus

Angola

a

Nam ib k

Zomb io
SK

TS

A. m. suara 
169/170

164/166/ 167

A. m. ssp

Zimbabwe

MF

(H

Botswana

Swaziland"

•82 South Africa

A. m. melampus

SU

179

A. m. melampus

FIG U RE 5.2 -  Southern  A frican m ap show ing geographical origin of A. m elam pus  samples 

utilised in the p resen t study. Black spots rep resen t im pala museum specim ens from  the Powell- 

C otton M useum  and red squares localities sam pled by A rc tander et al (1996) and  N ersting & 

A rc tan d er (2001). Boxes show museum  sam ple identification num bers used in this study, the 

taxonom ic identification given by the museum label, and  abbreviation  o f localities sam pled by 

A rc tan d er et al (1996) and N ersting & A rc tan d er (2001). Names and num bers o f  haplotypes a re  

as follows: S hangani (SH, n=10), Chobe (CH , n=6), M ana Pools (M P, n=5), Selous (SE, n=3), 

M akau (M K , n=6), Tsavo East N ational P ark  (TS, n=8), Amboseli N ational P a rk  (AM , n=7), 

N airobi N ational P ark  (NA/NB, n=4), Sam buru  N ational P a rk  (SA, n=4), N akuru  N ational P ark  

(NK, n=7), M asai M ara  N ational Reserve (M M , n=9), B urko (BK, n=5). Lake M buru  (M B, n=5), 

M asai (M A, n=3), Ugalla (UG, n=6), Kizigo (K I, n=2), R ukw a (RU, n=2), Luangw e (LU, n=2), 

K afue (KA, n=3), E tosha P ark  (ET, n=3).

? = specim ens o f known coun try  bu t w ith unknow n sam ple locality.
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These two sequences from Lisbon, 158zL and 033zL, shared the same haplotype o f  

one black-faced impala from Etosha Park (ET2082) sequenced by Nersting & Arctander 

(2001). This result confirms that these two individuals are mitochondrial descendants o f  

the founder stock imported by Lisbon Zoo from Namibia, in 1988. However, analyses 

made by Nersting & Arctander (2001) showed that haplotype ET2082 clustered within 

the common subspecies (A. m. melampus) and individuals from Central Africa. 

According to these authors this ambiguity could be an indication o f  current 

hybridisation o f  the two subspecies and ET2082 could reveal a black-faced morphotype 

as result o f  backcrossing. Hence the founder stock o f Lisbon Zoo could be petersi x 

melampus hybrids.

One sequence from the museum specimens, impala 164mT, collected in Tanzania 

by Powell Cotton in 1938 shared the same haplotype with im pala SE4s3934 from 

Selous, in Tanzania (Arctander et al, 1996). These two impala were collected in 

neighbouring localities (see map. Figure 5.2) with an interval o f  approximately 70 

years.

The haplotypes OOlzB, 028zD, 158zL and 033zL were removed and a total o f  15 

haplotypes from captive population, 12 from museum and 100 haplotypes published by 

Arctander et al (1996) and Nersting & Arctander (2001) was used for further analysis.

Captive and museum sequences presented, 72 (18.3%) variable positions, o f which 

47 (11.8%) were informative for parsimony analysis (Table 5.3). There were many 

more transitions (n=15) than transversion (n= l), with a mean transition/transversion 

ratio observed to be 11.5. Deletions/insertions were identified at tw o positions. All 127 

haplotypes together showed 119 (30.1%) variable positions o f w hich 78 (19.7%) were 

informative for parsimony analysis (Appendix K). There were more transitions (n=13)
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TABLA 5.3 - Segregating sites in the 28 haplotypes found in 395 base pairs o f control region sequences of 16 im pala from the E uropean  captive population and 12 im pala 
specimens from  Powell C otton M useum . Dots indicate identity with an im pala sequence from Uganda (U G ls3376) chosen random ly and published by N ersting & 
A rc tander (2001). Shaded colum ns show the sites th a t a re  inform ative for parsim ony. Yellow column shows the tw o deletion/insertion positions detected in those 
sequences. Black squares show segregating sites potencially diagnostic of subspeceis A. m. petersi

Segregating Site
1 0 2 0 3 0 4 0 5 0 6 0 7 0

Sequences

1 1 1  1 1 1 1 1 1 1 1 1 1  
1 2 2 5 7 8 8 1 2 2  3 4 4 4 5 5 5 5 5 5
6 1 5 2 2 1 3 5 1 9  0 2 3 7 1 3 5 6 8 9

1 1 1 1 1 1 1 1 1 1 2  2 
6 6 7 7 8 8 8 8 9 9 0 0  
5 9 2 4 1 3 7 9 0 3 0 2

2 2 2 2 2 2 2 2 2 2  
0 1 1 1 3  3 3 3 3 3 
3 0 2 3 0 2 3 4 8 9

2 2 2 2 2 2 2 3 3 3
4 4 4 5 6 9 9 0 0 1
0 3 4 2 6 4 8 2 4 4

3 3 3 3 3 3 3 3 3 3 
1 1 1 2 2 2 2 2 2 2 
5 8 9 1 4 5 6 7 8 9

3 3 3 3 3 3 3 3 3 3  3 3 3
3 3 3 4 4 5 5 5 5 6  7 8 9
0 1 6 6 9 1 3 4 5 8  6 2 2

C A T T T A T A A T  
G ......................G . .

UGls3376 
003impDLzE
004impDLzE ................................
005impDLzE G .......................G
006impDLzE ......................... G
007impDLzE ................................
014impDLzH . . .  G . . .  .
026impDLzD ......................... G

C C T G C A T G T T  
. . C . . . C . . .
. .  c . .  c c c .

c . 
c . 
c c 
c c 
c .

A A T C C A G T C A -  
. G . . .  G . . .  G .
....................G ....................

G ..................
G ..................
G ..................

. G ..................
G ..................

T C C A T G T T G T  
. . . C A . . A .

G G 
G G

027impDLzD ...............................G . .  . . C . . . C . . .  . G . . .  G
030impDLzD ...............................G . .  . . C . . . C . . .  . G .  . . G
210impDLzD ..........................................................................................................................
033impDLzL . . .
039impDLzL . . .
040impDLzL . . .
157impDLzL . . C
159impDLzL . . .
200impDLzL . . .
181impDLmN . G .

G . . C . T . C A . . C T G A - T
G . G N  . . T C . T . C ....................... C T A - T
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than transversion (n= l), with a mean transition/transversion ratio observed to be 15.2. 

Deletions/insertions were identified at eight positions. The nucleotide diversity (tc , Nei, 

1987) in the total sample was 4,1%.

5.7.2 Genetic distance

The most common way to evaluate the degree o f sequence dissimilarity is to 

calculate pairwise genetic distances. In its simplest form, the distance is the estimate o f  

the number o f  nucleotide substitutions per nucleotide site between two sequences. 

Usually the distance is ‘corrected’ in some way due to factors such as different 

substitution rates o f  transitions versus transversion and multiple substitutions at one site.

The most appropriate evolutionary model calculated through MODELTEST 

software was the Hasegawa, Kishino & Yano (1985) with proportion o f  invariable site 

(I) equal to 0.5128 and gamma distribution shape parameter equal to 0.4981.

A matrix o f pairwise genetic distances can be found on Appendix L. Among the 

captive populations, the sequence divergence between haplotypes varied fi’om 0,26% to 

16,3%. The lowest value corresponds to common impalas from the same zoo 

(026impZD x 027impZD) and the highest value to a black-faced impala from Lisbon 

Zoo and a common impala from Emmen Zoo (157impZL x OOSimpZE).

Among museum specimens, the sequence divergence between haplotypes varied 

from 0,26% to 18,4%. The lowest value corresponds to black-faced impalas fi'om 

Angola (184impMA x 185impMA) and the highest value to a black-faced impala from  

Angola and a common impala from Namibia (185impMA x 181 impMN).

Considering all samples together, the sequence divergence between haplotypes 

varied from 0,052% to 19,2%. The lowest value corresponds to common impalas from
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Tsavo East National Park and Amboseli National Park in Kenya(TSl 1 x AM 12) and the 

highest value to a black-faced impala from Etosha Park and a common impala from 

Zimbabwe (ET10s086 x CH10s917).

5.7.3 Phylogeographic matching

5.7.3.1 Neighbour-joining

The neighbor-joining method identifies the closest pairs o f taxonomic units by the 

distances between them. A pair o f  these neighbors is defined to be two units connected 

through a single node in an unrooted bifurcating tree, where two branches jo in  at each 

interior node. This method continues by successive clustering o f  the lineages, setting 

branch lengths as the lineages join. The tree does not assume a constant substitution rate 

i.e., an evolutionary clock (Saitou & Nei 1987).

An unrooted neighbour-joining tree o f  the 127 control region haplotypes is shown 

in Figure 5.3. No outgroup was used because, as stated by Nersting & Arctander (2001), 

impala phylogenetic relationships are still poorly understood, despite recent studies 

(Gatesy & Arctander, 2000).

A pronounced isolation o f black-faced impala haplotypes can be observed by the 

formation o f  a cluster with bootstrap support o f  99. The remaining haplotypes stayed 

together forming a major cluster, hereafter called the “common impala cluster” .

The “black-faced impala cluster” (Figure 5.3) is composed o f three haplotypes 

from Lisbon Zoo, 039zL and 157zL (imported from Nam ibia in 1988), 040zL (imported 

from Pretoria Zoo, South Africa, in 1996), two museum haplotypes from Angola 

(184mA and 185mA) and two from Etosha Park.
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'SH■SE'

•NIC T S ’

(81)
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Figure 5.3 -  Unrooted neighbour-joining haplotype tree of the Aepyceros melampus haplotypes 
used in the present study. Museum haplotypes are in red. Captive populations are in blue 
(Emmen Zoo); purple (Dvur Kralove); green (Lisbon Zoo) and light-blue (Hanover Zoo). 
Haplotypes from Arctander et al (1996) and Nersting & Arctander (2001) are designated by 
locality and black-faced impalas are shaded. See Figure 5.2 for locality abbreviations. Numbers in 
brackets are bootstrap values.
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W ithin the common impala cluster there is a cluster (“South  A frica cluster” 

Figure 5.3) supported by a bootstrap value o f 81, comprising two haplotypes from 

Emmen (005zE and 006zE), three from Dvur Kralove Zoos (026zD, 027zD and 

030zD), one from Lisbon Zoo (159zL) and one museum haplotype from South Africa 

(179mZ) suggesting a South African origin for these animals.

The impalas from Emmen Zoo were imported directly from Africa, but there is no 

record o f their subspecies status. In addition to these animals, Emmen imported impalas 

from a small private zoo in Faenza (Italy), but again no record o f their subspecies 

composition is available. Also in 1974 Dvur Kralove Zoo imported some pure-bred A. 

m. melampus which were kept as an isolated subspecies until 1978. After that they were 

mixed with specimens from Hanover Zoo, which were already hybrids between A. m. 

rendilis and A. m. petersi.

The clustering with a museum haplotype from Zululand suggests that impalas from 

Emmen could be from South Africa and so have melampus mtDNA. The presence o f 

Dvur Kralove haplotypes in this cluster confirms historical data o f  melampus being 

imported by this zoo.

The black-faced impala 159impzL from Lisbon Zoo was imported from Pretoria 

Zoo in 1996. This zoo also imports animals from Namibia. Our results indicate that 

hybrids between petersi and melampus have been imported by Pretoria Zoo. The 

indication o f  a hybrid group in Pretoria is supported by the fact that impala 040zL from 

Lisbon Zoo and imported from this zoo in 1996, clustered within the black-faced 

cluster.

We also consider that hybridisation could have resulted due to melampus being 

kept by Pretoria Zoo. We base this assumption on the fact that black-faced impala
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159zL clustered with “South African cluster” but not with “Namibia cluster” (Figure 

5.3). The “Namibia cluster” could also be called melampus x petersi hybrid cluster 

because the 4 impalas that belong to this group are morphologically identified as A. m. 

petersi but their haplotype are A. m. melampus. This cluster is support by a bootstrap o f 

96 and composed o f  one museum haplotype from Nam ibia (182mN) and one haplotype 

from Etosha Park (ET2082) that is shared by two black-faced impala from Lisbon Zoo 

(033zL and 158zL).

M useum haplotypes 169mT and 170mT from north Tanzania clustered with 

haplotypes from neighbouring localities in south Kenya and studied by Arctander

(1996). The haplotypes 166mT and 167mT from south Tanzania clustered with 

haplotypes from neighbouring localities studied by Nersting & Arctander (2001). These 

results from museum samples support the authenticity o f sequences and the potential o f 

this material as a source o f  historical information.

Comparing museum and captive population sequences, six segregating positions 

were detected in two museum haplotypes from Angola (184mA and 185mA) that are 

classified as A. m. petersi (Table 5.3). These segregating positions are also found in 

three haplotypes from Lisbon Zoo (033zL, 040zL and 157zL) and two haplotypes from 

Etosha Park (ET1386 and ET2079) referred to as A. m. petersi by Nersting & Arctander 

(2001). Although the sample size is small we believe that these segregating sites can be 

preliminarily considered as diagnostic o f the subspecies petersi.

5.7.3.2 Parsimony

Parsimony methods are based on presence or absence o f  characters observed for 

each species, rather than the distances between the sequences. Branch lengths are
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generally not obtained. For each topology, the sequences at each node are inferred to be 

those that require the least number o f changes to give each o f  the two immediately 

descendant sequences. The total number o f changes required to  traverse the whole tree 

is then found, and the tree with the minimum total is the most parsimonious (Hillis et al, 

1996).

Parsimony analysis was performed on the d-loop data set for 16 individuals that 

represent clusters identified for the common impala in the neighbour-joining tree (see 

page 151), with a sequence from the black-faced impala used as an outgroup.

The dataset produced 4 equally parsimonious trees. The strict consensus tree 

(Figure 5.4) was unfortunately unable to resolve additional phylogenetic relationships 

among common impala clusters/clades. The bootstrap 50% majority rule consensus tree 

(Figure 5.5) has similar topology to the parsimony tree.

Results from parsimony analysis did not improve the resolution o f some clusters 

detected by neighbour-joining tree. Clusters with bootstrap values greater than 50% 

(Figure 5.5) did not reflect the geographic pattern o f distribution and correspondent 

described subspecies. As consequence only black-faced impala subspecies was shown 

to be a separate genetic unit on the basis o f d-loop sequence neighbour-joining analysis.

154



O U T G R O U P

'SH7S1515'

'SAl

173IMPMU'

176IMPMU'

I6 6 IM P M T ’

'MP2S1618'

'MMIO '

•MB2S4648'

'M K4S2209'

'KI2S3163

185IMPMA'

I81IM PM N

82IM PM N

169IM PM T’

179IMPMZ'

Figure 5.4 -  Maximum parsimony consensus tree based on d-loop sequence of Aepyceros 
melampus. Museum haplotypes are in red. Hapiotypes from Arctander et al (1996) and Nersting 
& Arctander (2001) are in black. The haplotype of a black-faced impala from Angola was used as 
outgroup. See Figure 5.2 for locality abbreviations.
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5.8 Discussion

According to Vrba (1995) impala were historically distributed across sub-Saharan 

Africa apart from the humid Congo Basin. Currently the impala occupies most o f its 

former range (Chapter 3, Figure 3.1).

O f the six described subspecies, four were supported by our morphological study 

(Chapter 4), however only two subspecies are recognised (e.g. Kingdon, 1997), the A. 

m. melampus and A.m. peters! The latter has a very restricted distribution (see chapter 

3).

The black-faced impala samples o f  Nersting & Arctander (2001) are from Etosha 

National Park and originate from 180 individuals that were translocated to the Park in 

the 1970 from Kaokoland immediately west o f  Etosha. According to  Green & Rothstein

(1997), the population in Etosha has gradually increased (current number approximately 

1000 (East 1998a)) and in 1993, 16 individuals from Western Etosha were translocated 

back to Kaokoland.

The Kunene River forms Namibia's northern border with Angola and is Namibia's 

largest river. According to Swart (1967), it is geologically known that the Kunene River 

originated by a process in which erosion destroyed the even land surface by the cutting 

o f ravines. This process started at the coast and continued further inland. As a 

consequence the upper part o f  the Etosha Pan drainage area (Namibia) was cut off, and 

may have caused the allopatry o f  A. m. peters! dXià.A.m. melampus.

O f the two imports o f  black-faced impala made by Lisbon Zoo, individuals 

originated from Namibia by direct import in 1988 and through Pretoria in 1996. Etosha 

Park was the source o f  these animals. Our results showed that Lisbon Zoo has a mixed 

group o f  mitochondrial descendants o f  peters! or melampus. As pointed out by Green &
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Rothstein (1997), hybridisation occurs due to translocation o f common impala by 

private commercial game farms in Namibia.

Museum sample 182mN has the external morphological characters that led to its 

designation, by the Powell-Cotton Museum, as black-faced impala. However it clusters 

with the “hybrid haplotype” from Etosha Park (ET2082) detected by Nersting & 

Arctander (2001). This result indicates that hybridisation between peter si and melampus 

could have been occurring from at least 70 years ago, the date when the museum sample 

was collected.

The lack o f  more samples from South Africa does not allow us to test the validity 

o f  the South African cluster composed o f  impalas from Emmen and Dvur Karlove Zoos 

and museum samples from Zululand. However, we believe that a bootstrap value o f 81 

gives some support for this group and suggests the most probable origin o f  these captive 

animals.

The haplotype tree o f the 127 impalas did not show well-supported clades 

containing geographically separated haplotypes except for petersi. We believe that the 

small sample size for some geographic areas such as Zambia, and South Africa, allied to 

the high level o f  haplotype diversity mirrored by high nucleotide diversity, could have 

contributed to this lack o f pattern.

Black-faced impala is categorised as vulnerable. Nersting & Arctander (2001), 

Green & Rothstein (1997) and data from the present study, confirm hybridisation with 

common impalas.

Re-introduction or reinforcement o f  natural populations o f  endangered species is 

one o f the main goals o f  captive breeding programmes. Our results on the status o f 

captive populations o f  A. m. petersi, potentially gives cause for great concern and urgent

158



measures should be taken. Screening o f the captive population should be extended for 

the entire stock designated as petersi to uncover the real origin o f  these animals.
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Chapter six

The use of bovine primers for analysing microsatellite 

variation in five species of African antelopes.
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6.1 Introduction

M icrosatellites are tandemly repeated sequences whose unit o f repetition is 

between one and five base pairs (Jam e & Lagoda, 1996). The most polymorphic 

markers display alleles with 10-30 repeat units and allelic variation seems to be almost 

exclusively due to varying number o f tandem repeats (Ellegren, et al 1997).

It is estimated that there is one microsatellite locus every 6 kilobases in the 

vertebrate genome (Beckman & Weber, 1992). The large number o f  microsatellite loci, 

together with their high variability, makes them potentially important tools for a wide 

variety o f studies requiring M endelian markers (Bruford & Wayne, 1993).

There has been considerable interest in understanding microsatellite evolution, 

particularly the patterns underlying mutational events. Among them, slipped-strand 

mispairing during DNA replication is thought to be the most important causal factor 

generating length mutations at microsatellite loci (Orti et al , 1997). Novel methods 

have therefore been developed to investigate the mutational dynamics o f microsatellites 

and their application to population genetic problems. The stepwise mutation model 

(SMM), in which microsatellite allele length is treated as an incremental quantitative 

character, has been an important component o f these new analytical methods (Goldstein 

et al, 1995).

Since 1989, when the isolation o f  microsatellites and the characterisation o f allelic 

variation at these loci, using the polymerase chain reaction, was reported (Litt & Luty, 

1989; Tautz, 1989, W eber & May, 1989), m icrosatellites have been used extensively in 

population studies

In 1993, Queller and colleagues reported that many evolutionary studies, particularly
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kinship studies, were limited by the availability o f segregating genetic markers and 

microsatellites could be an important tool for such studies.

Today, the use o f microsatellites to define or estimate relationships among individuals 

has been extensively reported in wild populations (e.g. black rhinoceros. Gamier, et al 

2001; gibbon. Oka & Takenaka, 2001; chimpanzee. Vigilant et al, 2001) and their 

application to captive populations started with primates (Takenaka et al, 1993) and has 

now been applied to several taxa (e.g. W hooping cranes, Jones et al, 2002; vervets, 

Newman et al, 2001; marmosets, Nievergelt, et al, 2000). The majority o f these studies 

have used cross-species amplification (see below).

6.1.1 Cross-species amplification

M icrosatellites have a very convenient property: homologous loci are sometimes 

able to be amplified in related species using the same primers (e.g. Engel et al, 1996; 

Primmer et al, 1996). For example, earlier studies that tested cattle microsatellite 

primers across species estimated that around 60% amplify a product in both sheep 

(Moore et al 1991; Crawford et al. 1995; de Gortari et al 1997) and goat (Pepin et al

1995).

By using cross-species microsatellite primers less time and effort may be expended 

in the development o f  markers because the need to construct genomic libraries is 

obviated. Such applicability makes these genetic markers potentially suitable for studies 

o f population structure and mating systems in natural populations. So, microsatellite 

markers generated as part o f genome mapping projects in domestic ruminants represent 

a convenient source o f polymorphic markers for their counterpart wild species.
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Successful amplification o f  bovine, ovine and caprine microsatellites has been 

reported in studies o f  generic variability o f African buffalo (Syncerus caffer, O ’Ryan et 

al, 1998; Hooff, et a l 1999) and muskoxen (Ovibos moschatus. Holm et al, 1999); 

parentage testing in American bison {Bison bison', Schnabel, 2000 ) and goats {Capra 

hircus, Luikart et al, 1999); and comparative mapping o f  red and sika deer {Cervus 

elaphus and Cervus nippon. Slate et al, 1998), Soay sheep {Ovis aris'. Slate et al, 

1998) and chamois {Rupricaprapyrenaica, Perez et al, 2000).

According to Jame & Lagoda (1996), findings from the few studies comparing 

homologous loci in different species have provoked debate regarding their 

interpretation. M ore polymorphism and larger overall alleles have often/sometimes been 

found in the focal species, i.e., those in which the primers have been characterised 

(Garza et al, 1995; Rubensztein et a l 1995; FitzSimmmons et al, 1995 and Ellegren et 

al, 1995), though not systematically (Deka et al, 1995).

Jam e & Lagoda (1996) point out that this may be explained partly by sample size, 

which is generally larger in the focal species, and also by unchecked variation in 

flanking regions. Another explanation is ascertainment bias, i.e. that since 

microsatellites are generally chosen to be highly polymorphic, they are usually the 

largest repeats and so are expected to exhibit larger repeats in the focal species than in 

related species because o f  this initial choice (Ellegren et a l 1995; Amos & Rubinsztein,

1996). A third explanation is that the observed result may be a by-product o f larger 

population size in the focal species. However Jame & Lagoda (1996) emphasise that 

this explains higher polymorphism only.
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6.1.2 Microsatellites applied to antelope species

The use o f  microsatellites in studies o f  antelope populations is still restricted to few 

species. Engel et a l (1996) tested the conservation o f  12 bovine, 7 caprine and 1 ovine 

microsatellite across 16 species o f artiodactyls o f  which 3 were antelopes {Addax 

nasomasculatus, Gazella spekei, and Neotragus moschatus). The genetic structure o f 

G rant’s gazelle {Gazella granti) was investigated by Arctander et a l (1996b) using 

mitochondrial DNA sequences and 2 bovine microsatellites. Brotherton et a l (1997) 

used 2 bovine and 8 ovine microsatellites to  study the mating behaviour o f  K irk’s dik- 

dik {Madoqua kirkii). Marshall et a l (1999) investigated genetic variability and 

parentage inference on populations o f  Arabian oryx {Oryx leucoryx). Finally, Flagstad 

et a l (1999) tested the amplification o f  15 ovine- and 28 bovine-based primers in 

hartebeest {Alcelaphus buselaphus) and later used a set o f 1 bovine and 7 ovine 

microsatellites for a population study o f this species (Flagstad et al, 2000). A synthesis 

o f  the diversity uncovered by these studies is given in Table 6.1.

TABLE 6.1 -  Sample size, number of loci tested, number (n) and percentage (%) of successful 
amplifications, monomorphic and polymorphic loci and mean number of alleles per locus for 7 species of 
African antelopes.

Species Sample
size

No. loci 
tested

Successful
amplification

n(% )

Loci
monomorphic

n(% )

Loci
polymorphic

n(% )

Mean number of 
o f alleles 
per locus

Addax nasomasculatus (1) 7 20 13(65%) 10(77%) 3(23%) 1.31
Neotragus moschatus (1) 24 20 12(60%) 6(30%) 6(30%) 2.56
Gazella spekei (1) 6 20 9(45%) 4(20%) 5(25%) 1.83
Gazella granti (2) 44 2 2 (100%) 0 2 (100%) 7.50
Alcelaphus buselaphus (3) 22 43 26 (61%) 6 (23%) 20 (77%) 3.46
Madoqua kirkii (4) 87 31 22 (71%) 15(68%) 7 (32%) 2.27
Oryx leucoryx (5) 2-312* 66 38(58%) 19(50%) 19(50%) • 2.10

* sample size varies according to locus.
(1) Engel et a/. 1996; (2) Arctander et al, 1996b; (3) Flagstad et al ,1999; (4) Brotherton, et al, 1997 and (5) Marshall et al
1999.
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Microsatellites have proven useful as markers in studies o f gene mapping due to 

their high level o f polymorphism and broad genomic distribution. These proprieties are 

equally useful for studies o f population structure and such studies have been greatly 

expanded due to the findings that microsatellites and their flanking sequences are 

conserved among groups o f  mammalian taxa.

6.2 Aims of the study

The aim o f the present study was to determine the extent to which heterologous 

primers could be use to amplify bovine microsatellites in different species o f  African 

antelope. To do so, the variation o f 10 Bos taurus- derived microsatellites was surveyed 

in five species o f African antelope. This survey was undertaken in samples from captive 

populations and museum specimens o f Aepyceros melampus (impala), Hippotragus 

niger (sable antelope); Hippotragus equinus (roan antelope); Kobus ellipsiprymnus 

(waterbuck) and Kobus leche (lechwe).

The data generated were used to i) test how polymorphic Bos taurus- derived 

microsatellites are in these antelope species; ii) determine the allele size range o f each 

species; iii) assess the amount o f  genetic variability in the captive populations 

compared to wild specimens; and iv) test the effectiveness o f  these markers for 

parentage assignment.
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6.3 Material and methods

6.3.1 Samples

63.1 A Captive populations

A total o f  55 individuals from captive populations o f  five species o f  African 

antelope were used in the present study. The number o f individuals per species was the 

following: impala n= 10, waterbuck n= 15, lechwe n= 7, roan antelope n= 8 and sable 

antelope n= 15.

Samples were available from 20 European Zoos. They were: Dvur Kralove Zoo 

and Usti Zoo in the Czech Republic; Basel Zoo in Switzerland; Berlin Tierpark, Berlin 

Zoo and M unster Zoo in Germany; Copenhagen Zoo and Givskud Zoo in Denmark; 

Lisbon Zoo in Portugal; Amsterdam Zoo, Beekse Bergen Zoo and Emmen Zoo in The 

Netherlands; Paignton Zoo and W hipsnade Wild Animal Park in England; Edinburgh 

Zoo in Scotland; and Parco N atura V iva in Italy.

6.3.1.2 Museum/wild specimens

Samples o f  dry tissue from skulls or dry skin were collected from specimens o f 

lechwe, roan antelope, sable antelope and impala, at the Powell-Cotton Museum. 

Unfortunately no material o f  waterbuck was available. The number o f individuals per 

species was the following: impala n= 10, roan antelope n= 9, sable antelope n= 7 and 

lechwe n= 1. Samples were available from a total o f  8 countries: Cameroon, Chad, 

Zambia, Namibia, Angola, Guinea, Tanzania and Uganda.

Tissue samples from three specimens o f  lechwe from Zam bia were kindly provided 

by Dr. Peter Arctander o f  Copenhagen University.
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6.3.2 Microsatellite loci

Ten dinucleotide bovine microsatellite loci isolated from Bos taurus were used 

(Table 6.2). These loci are part o f  the panel o f nuclear markers recommended by the 

International Society o f  Animal Genetics (ISAG), to the laboratories world-wide 

performing cattle parentage testing (http://www.isag.org.uk/).

6.3.3 DNA extraction

6.3.3.1 Whole blood and tissue

DNA from whole blood and tissue were extracted following the same procedures 

previously described in Chapter 5, Section 5.6.2.1.

6.3.3.2 Museum material

DNA from museum specimens was extracted following the same procedures 

previously described in Chapter 5, Section 5.6.2.2.

6.3.4 DNA amplification

One primer for each pair was labelled with IR800 ( ‘A ’ prim er -  Table 6.2) and 

samples were amplified using PCR. Conditions were optimised by testing different 

levels o f MgCl] concentration and a range o f  annealing temperatures using identical 

control genomic DNA and a Bos taurus DNA samples. The optimum concentration o f  

M gCli and annealing temperature for each prim er pair is presented in Table 6.2. Bovine
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TABLE 6.2 -  Characteristics of 10 bovine microsatellite loci typed for African antelope specimens from European captive populations and museum collections.

Cattle
chromosome

Locus
ID

Number 
of alleles

Cattle allele 

Min. size

range 

Max. size

Primer sequence (5’ -  3’) Reference Structure of 
the repeat

Ho

cattle'

1 BM1824 7 178 192 Primer A: GAGCAAGGTGTTTTTCCAATC 
Primer B: CATTCTCCAACTGCTTCCTTG

Bishop et al. 1994 (TG)„ 0.65 - 0.70

2 BM2113 11 123 143 Primer A: GCTGCCTTCTACCAAATACCC 
Primer B: CTTCCTGAGAGAAGCAACACC

Sunden et al.l993 (CA/GT)m 0.78 -  0.86

5 ETHIO 7 212 224 Primer A: GTTCAGGACTGGCCCTGCTAACA 
Primer B: CCTCCAGCCCACTTTCTCTTCTC

Solinas-Toldo et al. 1993 (AC). 0 .73-0 .78

9 ETH225 10 141 159 Primer A: GATCACCTTGCCACTATTTCCT 
Primer B: ACATGACAGCCAGCTGCTACT

Steffen et al.l993 (TG).(CA). 0 .57-0 .74

10 ILSTS005 3 181 185 Primer A: GGAAGCAATGAAATCTATAGCC 
Primer B: TGTTCTGTGAGTTTGTAAGC

Kemp et al. 1995 (XX)„* 0.45-0 .62

11 ILSTS028 12 128 160 Primer A: TCCAGATTTTGTACCAGACC 
Primer B: GTCATGTCATACCTTTGAGC

Kemp et al. 1995 (CA)„ 0 .56-0 .66

14 ILSTSOll 6 261 271 Primer A: GCTTGCTACATGGAAAGTGC 
Primer B: CTAAAATGCAGAGCCCTACC

Kemp et al. 1995 (CA)n 0.60 -  0.75

18 INRA063 6 178 188 Primer A: ATTTGCACAAGCTAAATCTAACC 
Primer B: AAACCACAGAAATGCTTGGAAG

Vaiman et al. 1994 (CA)„ 0.65-0 .81

21 TGLA122 18 137 181 Primer A: CCCTCCTCCAGGTAAATCAGC 
Primer B: AATCACATGGCAAATAAGTACATAC

Barendse et a l , 1993 (CA). 0 .75-0 .82

23 BM1818 8 258 272 Primer A: AGCTGGGAATATAACCAAAGG 
Primer B: AGTGCTTTCAAGGTCCATGC

Bishop et al. 1994 (TG). 0 .57-0 .73

* XX = multiple different dinucleotides. 
1 -  Peelman e/o/, 1998

GS
CO



serum albumin (BSA) was used as it is recommended for a wide variety o f  inhibitors 

including heparin (Kreader, 1996).

PCR amplification o f museum DNA extractions was carried out using the same 

method, but all reagents and tubes were exposed to ultraviolet light for 25 min prior 

toassembly, to degrade any contaminating DNA. To monitor contamination, blank PCR 

reactions containing no template DNA were also used.

The PCR reactions were carried out in lOpl volumes containing ~ l-20  ng 

genomic DNA; Ix  Promega buffer B (lOmM  Tris-HCl (pH 9.0); 50mM KCl; 0,1% 

Triton®X-100); 0.2mM  o f  dNTPs; 0.2 pg o f  BSA; 0.5 U o f Taq polymerase (Promega); 

and 0.8 pM  o f each prim er (‘A ’ labelled and ‘B ’ unlabelled). Annealing temperature 

and M gCb concentration are given in Table 6.3.

TABLE 6.3 -  PCR conditions for bovine microsatellites.

Locus
ID

MgCI2
(mM)

Prim er (|iM) 
P A /PB

Annealing T (°C) 
T1/T2

BM1818 1.5 1.0 / 1.0 58 / 57
BM1824 1.5 0.8 / 0.8 58 / 57
BM2113 1.5 0.8 / 0.8 58 / 57
ETHIO 1.5 0.8 / 0.8 63 / 61
ETH225 2.5 1.0 / 1.0 61 / 60

ILSTS005 2.5 1.0 / 1.0 58 / 55
ILSTSOll 1.5 0.8 / 0.8 58 / 57
ILSTS028 1.5 0.8 / 0.8 58 / 57
INRA063 2.5 1.0 / 1.0 58 / 55
TGLA122 2.0 1.0 / 1.0 56 / 54

Pa -  labelled primer ? b- unlabelled primer

Loci were amplified using a two step annealing process consisting o f one cycle at 

94°C for 5 minutes, five cycles o f  94°C for 30s, Ti°C for 30s, 72°C for 30s; 35 cycles o f  

94°C for 30s, T2°C for 30s, o f  94°C for 30s, o f 94°C for 30s, and one cycle at 72°C for 

10 minutes. The annealing temperature was optimised for each locus (Table 6.3)
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6.3.5 Genotyping

All samples were electrophoresed on a LICOR 4200 DNA sequencer using a 6% 

polyacrylamide gel with a size standard (50-350 bp ladder) running in the first, middle 

and last lanes. Resulting images were scored and sized using Genelm aglR software 

(LICOR). Designation o f  alleles was made in accordance with the base pair size 

described for cattle. No null alleles have been reported for these loci.

6.3.6 Cloning and sequencing

To access the molecular nature o f  the repeat arrays, microsatellite PCR products 

were cloned and sequenced. Samples were amplified individually and cloned using a 

TA Cloning kit (Invitrogen) as per the manufacturer's protocol. Briefly, approximately 

Ing DNA previously purified with QIAquick PCR purification kit (Qiagen), was ligated 

to the pCR2.1 vector. TOP 10 competent cells were transformed by a heat shock at 42°C 

for 30sec. Transformed cells were grown for 30min in SOC media at 37°C with constant 

agitation and plated on LB agar supplemented with 50pg/ml kanamycin and 50pg/ml X- 

Gal. Cells were grown overnight at 37°C.

Five positive clones (white colonies) from each ligation reaction were grown 

overnight in 6ml LB broth containing 50pg/ml mg/ml kanamycin at 37° C with constant 

agitation. Plasmid DNA was extracted using QIAprep Spin Miniprep kit (Qiagen). 

Plasmid DNA was amplified by PCR and electrophoresed in a 1.5% agarose gel.

Clones that sized identically to the original alleles were sequenced using the 

CycleReader^^ Auto DNA Sequencing Kit (MBI Fermentas), with IRD 800 labelled
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PCR primers used as sequencing primers. Sequences were determined with a Li-Cor 

4200S Sequencer and analysed with Li-Cor Image Analysis software.

Consensus sequence for each individual was obtained by aligning the forward 

and reverse sequences obtained.

6.3.7 Data analysis

The allele frequency module from the computer program CERVUS 2.0 (Marshall et 

al, 1998) was used to estimate the heterozygosity (H), polymorphic information content 

(PIC), mean number o f alleles and probability o f  exclusion (PE) at each microsatellite 

marker for each species.

Two exclusion probabilities were calculated which correspond to different 

scenarios. Exclusion probability one (PE I) assumes genotypes are known for the 

offspring and a putative parent, but genotypes are not available for known parent (one 

parent missing). Exclusion probability two (PE2) assumes genotypes are known for the 

offspring, one confirmed parent and one putative parent (both parents genotyped).

Departures from Hardy-W einberg Equilibrium (HW E) were tested for each locus, 

w ithin and across species, by means o f  the M arkov chain method using GENEPOP 3.2A 

(Raymond & Rousset 1995).
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6.4 Results

6.4.1 Amplification rate

A total o f  55 individuals belonging to 5 species o f  African antelope were 

genotyped at 10 bovine microsatellite loci. All markers tested were successfully 

amplified; however, the percentage o f  polymorphic markers, as well as the degree o f 

polymorphism displayed by a particular microsatellite in a given species, was variable.

Any mono morphism or low variation detected in captive populations could be 

either because these microsatellites are not variable in a given antelope species, or 

because alleles have become fixed by genetic drift or founder effect. To address these 

biases w e also genotyped museum specimens o f  lechwe, roan antelope, sable antelope 

and impala. A total o f  30 museum specimens could be genotyped, but not for all loci.

As mentioned before, no museum sample o f waterbuck was available to the present 

study; however, captive waterbuck animals were genotyped and the results are 

considered preliminary data on allele ranges o f this species.

Results from both sets o f samples are summarised in Table 6.4 and 6.5. The 

proportion o f  polymorphic loci was high, both in zoo and museum samples, varying 

from 60% to 80%. The number o f  zoos sampled per species varied from 3 zoos for 

impala and roan antelope to 9 for waterbuck. At least two countries from each species’ 

geographic range were represented by museum samples.

The mean number o f  alleles, across the 10 loci, was higher in the museum than in 

the zoo samples, with the exception o f  lechwe. This may be explained by the small 

sample size o f  lechwe specimens for comparison (2 to 4 depending on the locus) when 

compared with the 7 individuals from zoos (five institutions). Although MA values in
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lechwe museum samples were low, the polymorphic information content (PIC) was the 

same as that found for zoo samples (Table 6.4). The overall pattern for the average 

observed heterozygosity values was similar to the mean number o f  alleles. The lechwe 

specimens from museums displayed the lowest observed heterozygosity (H=0.266) and 

roan antelope museum samples displayed the highest (H=0.556). Although the mean 

number o f  alleles and PIC were higher in museum samples than in zoo samples, this 

difference was not statistically significant either among species or between zoo and 

museum samples (Appendix M).

TABLE 6.4 -  Statistical values from 10 bovine microsatellites amplified in zoos (Z) and museum 
(M) specimens belonging to five species of African antelopes. Sample size (N), number of zoos 
sampled, geographic origin of museum specimens, proportion of monomorphic (M) and 
polymorphic (P) loci amplified, mean number of alleles per locus (MA), mean observed 
heterozygosity (H) and mean polymorphic information content (PIC), probability of exclusion (PE).

Species N Number of zoos/ 
Country origin

Loci M 
%

Loci P 
%

MA Mean
H(SE)

Mean 
PIC (SE)

PE, PE2

Kobus leche Z 7 5 40% 60% 2.9 0.343 0.363 0.848 0.967

(lechwe) M 2-4 Zambia
Namibia

30% 70% 2.4 0.266 0.363 0.790 0.940

Kobus ellipsiprymnus 
(waterbuck)

Z 15 9 30% 70% 3.4 0.320 0.415 0.909 0.984

Hippotragus equinus Z 8 3 20% 80% 3.4 0.425 0.485 0.903 0.987
(roan antelope) M 4-9 Angola- Cameron 

Chad-Guinea 
Namibia

20% 80% 4.7 0.556 0.535 0.975 0.997

Hippotragus niger Z 15 6 40% 60% 2.7 0.300 0.318 0.765 0.930

(sable antelope) M 3-7 Angola-
Tanzania

30% 70% 3.3 0.311 0.417 0.897 0.981

Aepyceros melampus Z 10 3 40% 60% 3.1 0.340 0.414 0.917 0.987

(impala) M 6-10 Angola-Namibia
Tanzania-Uganda

30% 70% 3.7 0.302 0.422 0.893 0.984

PE I - Estimated exclusion probability for an offspring and one alleged parent
PE2 - Estimated exclusion probability for an offspring with one confirmed and one alleged parent

The estimated null allele frequencies for each locus had values close to zero or 

negative (data not shown). The combined estimated exclusion probability for the case o f
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an offspring and one alleged parent (PEi) varied from 0.790 in lechwe from museums to 

0.975 in roan antelope from museum samples. As expected by the PEi value, the 

exclusion probability from an offspring with one confirmed and one alleged parent 

(PE2) was higher. Values ranged from 0.930 in zoo samples o f  sable antelope to 0.997 

in museum samples o f  roan antelope. These values indicate that this set o f  loci 

potentially has sufficient exclusionary power for paternity assignment in all study 

species, when at least one parent is known.

6.4.2 Allelic diversity

In Table 6.5 can be found, per locus and species, the number o f  alleles and size 

range from zoo and museum specimens. Data from Bos taurus are based on Cattle 

Genome Mapping Project Database (http://www.marc.usda.gov/).

Eight loci were monomorphic in at least one species and among them, INRA063 

was monomorphic in 4 out o f  the 5 study species and although it was polymorphic in 

sable antelope, only two alleles were scored (Table 6.5).

Locus ILSTS028 and TOLA 122 were polymorphic in all species, and among the set o f 

10 loci investigated they shared the highest number o f alleles reported for cattle. In locus 

ETHIO and ILSTS005, the number o f alleles scored in antelope species was higher than 

in cattle data (Table 6.5).

By am plifying museum specimens it was possible to confirm the monomorphism 

o f bovine microsatellites detected in the antelope study species. In all cases the 

monomorphism was confirmed with the same allele size scored in zoo specimens.

Captive specimens o f  lechwe were monomorphic in four loci (Table 6.5). Results 

from museum samples confirmed the monomorphism in three o f  them. At the fourth
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TABLE 6.5 -  Comparison of polymorphism among cattle and five species of African antelopes. Number of alleles (NA) and allele size range per locus amplified in five species of Afiican antelopes.
Data for cattle are based on Cattle Genome Mapping Project Database. Allele size range are in base pairs. Z -  zoo population and M= museum specimens. NAC= number of alleles shared with cattle range.

-j
LA

Locus

---------- r

NA(NAC)

leche
lechwe

Range

K. ellipsiprymnus 
waterbuck 

NA(NAC) Range

----------7T
roan

NA(NAC)

equinus
antelope

Range

H. niger 
sable antelope 

NA (NAC) Range

A.

NA(NAC)

melampus
impala

Range

Bos

N

taurus
cattle

Range

BM1818 Z 3 224-228 2 206-216 4 256-264 3 248-252 1 246
M 3 228-238 6 258-278 3 250-254 1 246

Total 5(0) 2(0) 7(5) 4(0) 1(0) 8 258-272

BM1824 Z 3 166-174 1 168 3 170-174 1 172 5 174-182
M 2 168-172 1 172 1 172 4 172-178

Total 4(0) 1(0) 3(0) 1(0) 6(3) 7 178-192

BM2I13 Z 1 141 6 157-169 4 133-155 2 133-135 1 127
M 2 137-139 8 133-155 4 125-137 1 127

Total 3(3) 6(0) 8(4) 4(4) 1(1) 11 123-143

ETHIO Z 5 206-214 4 200-206 5 202-212 1 202 6 216-228
M 3 208-214 6 196-208 1 202 6 218-228

Total 5(0) 4(0) 9(0) 1(0) 7(5) 7 212-224

ETH225 Z 1 129 4 129-137 1 135 4 135-145 4 131-143
M 1 129 5 133-149 6 131-149 4 131-143

Total 1(0) 4(0) 5(0) 8(5) 6(1) 10 141-159

ILSTS005 Z 5 167-175 1 171 5 155-169 1 175 3 157-161
M 3 167-173 1 169 2 171-175 3 157-161

Total 5(0) 1(0) 5(0) 2(0) 3(0) 3 181-185

ILSTSOll Z 1 255 2 257-259 3 253-257 1 257 1 255
M 1 255 3 255-259 1 257 4 251-259

Total 1(0) 2(0) 4(0) 1(0) 4(0) 6 261-271

ILSTS028 Z 4 152-164 5 138-152 4 148-162 7 136-150 4 140-148
M 3 154-162 6 148-164 6 140-156 6 136-148

Total 6(4) 5(5) 8(6) 9(9) 6(6) 12 128-160

INRA63 Z 1 160 1 160 1 156 2 150-152 1 150
M 1 160 1 156 1 150 1 150

Total 1(0) 1(0) 1(0) 2(0) 1(0) 6 178-188

TGLA122 Z 5 135-149 8 125-145 4 169-177 5 171-179 6 151-173
M 4 145-151 6 167-179 6 163-181 6 153-163

Total 6(5) 8(3) 7(7) 10(10) 8(8) 18 137-181



locus, BM2113, two novel alleles were scored. Captive waterbuck populations were 

shown to be monomorphic in three loci but no museum material was available to 

confirm results.

Two loci were monomorphic in captive populations o f  roan antelope (Table 6.5). 

Only one o f  them, ETH225, was polymorphic when amplified in museum specimens 

and four new alleles were scored. The results from sable antelope museum specimens 

supported this monomorphism in three out o f  four loci found monomorphic in captive 

populations o f this species. At the fourth locus, ILSTS005, one novel allele was present 

(Table 6.5).

Three out o f four loci that were monomorphic in zoo samples o f  impala were also 

monomorphic in museum specimens (Table 6.5). A t the fourth locus, ILSTSO ll, three 

novel alleles could be scored.

6.4.3 Species allele size range

Diagrams illustrating the allele size range o f cattle and the five antelope species, by 

locus, were made to help the visualisation o f  the similarities and differences among the 

ranges (Figure 6.1 to 6.3). Published data on others non-domestic ungulates were also 

noted. The expression “allele size range” refers to the interval between the lowest and 

the highest allele size scored in each locus/species. For this reason the alleles not scored 

within this interval are graphically marked as an empty box.

Based on the results achieved, the 10 amplified loci could be divided between the 

ones that were diagnostic for species and/or genera and those that were not.

The loci BM1824, ILSTS028, ETH225 and ILSTSO ll (Figure 6.1) were 

considered not diagnostic because the allele size ranges o f  the 5 study species
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Locus BM1824

166| 168| 170| 172( 174| 176| 178| 180| 1 8 2 |1 8 4 |1 8 6 |1 8 8 |1 9 0 | 192|bp

Cattle

Locus ILSTS028

I 1 2 8 ]1 3 0 |1 3 2 | 134| 136| 138| 140| 142( 144| 146| 148( 150| 1 52 j154 | 156| 158| 160| 162| 164|bp

Cattle
Chamois -  1 allele (170bp) -  Perez et al 2000.
A merican bison -  8 alleles (176 to 196bp) -  Mommens et al 1998.

A frican buffaio -  10 alleles (142 to 200bp) -  Hooft et al 1999

Locus ETH225

1 2 9 |1 3 1 |1 3 3 |1 3 5 |1 3 7 | 1 3 9 |1 4 1 |1 4 3 | 1 4 5 |1 4 7 | 1 4 S |1 5 1 | 153| 15S| 15?( 159|bp

Cattle

Locus ILSTS011

2511 2531 2551 257| 2591 261| 263| 2651 267| 2691 271 |bp

Cattle
H artebeest -  2 alleles (136 to 138bp) Flagstad et al 1999. 
American bison -  3 alleles (156 to 168bp) -  Mommens et al 1998. 
Chamois -  4  allele (138 to 152bp) -  Perez et al 2000.

FIGURA 6.1 -Diagrams representing the alleles-size range of the bovine derived microsatellite BM1824,ILSTS028, ETH225 and I L S T ^ l l  amplified in five species of an 
Size range refers to the observed size, in base pairs. Of the PCR product | | impala | (sable antelope | | roan antelope | |waterbuck \ | lechwe
Empty boxes - allele not present. Dashed boxes represent museum samples. Non-dashed boxes represent zoo samples. Data of cattle range is based on Cattle Genome 
mapping Projject Database (http://www.marc.usda.gov). Data of non-domestic ungulates are given as notes.

http://www.marc.usda.gov


overlapped. The results showed that, among those loci, the majority o f the species 

shared at least one o f the alleles scored.

At BM 1824 (Figure 6.1), the allele sizes o f antelope species were smaller (166- 

182bp) than those from cattle (178-192bp). Impala was the only species sharing cattle 

alleles although the mean allele size was smaller (178bp compared to 186bp in cattle). 

Alleles from museum specimens were located within the range o f  the zoo samples, but 

the impala allele size range was expanded by one allele.

At ILSTS028 (Figure 6.1), the allele sizes o f  antelope species were quite similar 

(136-164bp) to those described for cattle (128-160bp). All five species were 

polymorphic and shared cattle alleles (5 to 9). In the museum specimens one allele was 

scored in roan antelope, two in sable antelope and one in impala that expanded the zoo 

allele size ranges o f  these species.

At ET H 225 (Figure 6.1), the allele sizes o f the antelope species (129-149bp) were 

smaller than those from cattle (141-159bp) and impala, roan and sable antelope shared 

some cattle alleles ( 1 , 2  and 5 respectively). In museum specimens four alleles in roan 

antelope and three in sable antelope expanded the zoo allele size range o f these species.

At IL ST SO ll (Figure 6.1) the allele sizes o f the antelopes were also smaller (251- 

259bp) than those o f cattle (261-271 bp), and no cattle alleles were shared with antelope 

species. In the museum specimens one allele was scored in roan antelope and three in 

impala that expanded the zoo allele size range.

The loci BM1818, ILSTS005, BM 2113, ETHIO, INRA063, and TGLA122 were 

considered diagnostic, because the allele size range o f  species and/or genera were 

private i.e., none o f  their alleles were shared by the other taxa analysed in this study 

(Figure 6.2 and 6.3).
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Locus BM1818

|2 0 6 |2 0 8 |2 1 0 |2 1 2 |2 1 4 |2 1 6 |....... | 224| 226| 228| 230| 232| 234| 236| 2 3 8 |........ | 246| 248| 250| 252| 254| 256| 258| 2601 262| 264| 2661 268| 270| 272|bp

Cattle
American bison -  5 alleles (250 to 274bp) -  Mommens et al 1998. 
A rabian oryx -  2 alleles (270-272) -  Marshall et al 1999.

Locus ILSTS005

I155 | 157| 159| 161| 163| 1 65 j167 | 169| 171| 173| 175| 177| 179| 1 8 1 |1 8 3 | 185|bp

Cattle

Locus BM2113

I 1 2 3 |1 2 5 |1 2 7 |1 2 9 | 1 3 l| 133| 135| 137| 139| 141| 143| 145| 147| 149| 151( 153| 155| 157| 159| 1 6 l | 163| 165| 167| 169|bp

Cattle
African buffalo -  7 alleles (173 to 195bp) -  Hooft et al 1999. Cham ois -  no amplification -  Perez et al 2000.

A frican buffalo -  4 alleles (114 to 133bp) -  Hooft et al 1999. 
American bison -  9 alleles (125 to 151bp) -  Mommens et al 1998

tel«| FIGURA 6.2 -Diagrams representing the alleles-size range of the bovine derived microsateilite BM1818,ILSTS005 and BM2113 amplified in five species of antelopes. 
Size range refers to the observed size, in base pairs. Of the PCR product. | | impala | jsable antelope | jroan antelope | [waterbuck | [lechwe
Empty boxes - allele not present. Dashed boxes represent museum samples. Non-dashed boxes represent zoo samples. Data of cattle range is based on Cattle Genome 
mapping Projject Database (http://www.marc.usda.gov). Data of non-domestic ungulates are given as notes.

- j
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At BM 1818 (Figure 6.2), the allele sizes were very distinct among antelope 

species. Only roan antelope shared cattle alleles and the remaining species presented 

smaller allele sizes. In museum specimens two alleles in lechwe, one allele in roan 

antelope and one in sable antelope expanded the zoo allele size ranges for these species.

This locus was also diagnostic between species o f the genus Kobus (waterbuck and 

lechwe). The allele ranges o f  both species were separated by a gap o f  7 base pairs. The 

two species o f  the genus Hippotragus (roan and sable antelope) also had distinct allele 

ranges separated by one base pair. Marshall et al (1999) scored two alleles for Oryx 

leucoryx (Arabian oryx) that are also different from the sable and roan antelope range. 

The genus Oryx, together with Hippotragus, belongs in the sub-family Hippotraginae. 

The gap between the allele ranges o f  the genera Hippotragus and Kobus was 7 base 

pairs. Impala was monomorphic and its allele had an intermediate position between 

Kobus and Hippotragus.

At ILSTS005 (Figure 6.2), the allele sizes o f  the antelopes were also smaller (155- 

175bp) than cattle (181-185bp) and no cattle alleles were all shared with any antelope 

species. Alleles from museum specimens were located within the range o f zoo samples.

The locus was diagnostic for the two species o f  Hippotragus, and the allele ranges 

o f  the two species were separated by a gap o f  5 base pairs, with sable antelope being 

monomorphic.

A t BM 2113 (Figure 6.2) four antelopes had allele sizes (125-155bp) falling within 

the cattle range (123-143bp), the exception being the waterbuck that had larger alleles 

(157-169bp). In the museum specimens, two alleles in lechwe and one in sable antelope 

expanded the zoo allele size ranges for these species. This locus was diagnostic between 

waterbuck and lechwe. The allele ranges of the two species were separated by a g ^  of 15 base pairs.
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Locus ETH10

|l9 6 |l9 8 |2 0 0 |2 0 2 |2 0 4 |2 0 6 |2 0 8 |2 1 0 |2 1 2 |2 1 4 |2 1 6 |2 1 8 |2 2 0 |2 2 2 |2 2 4 |2 2 6 |2 2 8 |b p

Cattle
A merican bison -  3 alleles (210 to 217bp) -  Mommens et al 1998. 
Cham ois -  2 allele (214 to 220bp) -  Perez et al 2000.

Locus INRA063

....i

I1 5 0 |15211 5 4 |1 5 6 |1 5 8 |1 6 0 |1 6 2 |1 6 4 |1 6 6 |1 6 8 |1 7 0 |1 7 2 |1 7 4 |1 7 6 |1 7 8 |1 8 0 |1 8 2 |1 8 4 |1 8 6 |1 8 8 |b p

Cattle
African buffalo -  no amplification -  Hooft et al 1999 
American bison -  no amplification -  Mommens et al 1998.

Locus TGLA122

I l 2 5 | l 2 7 | l 2 9 | l 3 l | l 3 3 | l 3 5 | l 3 7 |1 3 9 l l 4 l | l 4 3 |1 4 5 | l 4 7 | l 4 9 | l 5 l | l 5 3 | l 5 5 | l 5 7 | l 5 9 | l 6 l | l 6 3 j l 6 5 | l 6 7 | l 6 9 | l 7 l | l 7 3 | l 7 5 | l 7 7 | l 7 9 | l 8 l |b p

Cattle

American bison -  5 alleles (137 to 149bp) -  Mommens et al 1998

FIGURA 6.3 -Diagrams representing the alleles-size range of the bovine derived microsatellite ETHIO, INRA063 and T G LA 122 amplified in five species of antelopes. 
Size range refers to the observed size, in base pairs. Of the PCR product. | impala  ̂ ' jsable antelope j jroan antelope | jwaterbuck j | lechwe 
Empty boxes - allele not present. Dashed boxes represent museum samples. Non-dashed boxes represent zoo samples. Data of cattle range is based on Cattle Genome 
mapping Projject Database (http://www.marc.usda.gov). Data of non-domestic ungulates are given as notes.

http://www.marc.usda.gov


At ETHIO (Figure 6.3), with the exception o f impala, the allele sizes o f the 

antelope species were smaller (196- 214bp) than those o f cattle (212-224bp). Five out o f 

7 alleles from impala were also found in the cattle. In museum specimens three alleles 

in roan antelope expanded the zoo allele range.

This locus was diagnostic for impala since none o f  their alleles was shared by 

species o f  the genera Kobus or Hippotragus.

At INRA063, all antelopes had allele sizes smaller (150-160bp) and very distinct 

from the cattle range (178-188bp). Four out o f 5 antelope species were monomorphic 

(Figure 6.3). Alleles from museum specimens were located within the range o f zoo 

samples and confirmed the monomorphism found in captive populations in all species 

except roan antelope. This locus was diagnostic between the genera Hippotragus and 

Kobus, whose ranges were separated by a gap o f  3 base pairs. The locus was also 

diagnostic within Hippotragus, having a gap o f  3 base pairs between sable and roan.

At TGLA122 (Figure 6.3), the allele ranges o f impala, roan and sable antelopes 

(125-181 bp) occurred within the cattle range (137-181 bp). In museum specimens two 

alleles in roan, four in sable and one in lechwe expanded the zoo allele range for these 

species. This locus was diagnostic between Hippotragus and Kobus. The allele ranges 

o f  the two genera were separated by a gap o f  11 base pairs.

6.4.4 Sequences of alleles

It was possible to sequence a limited number o f antelope alleles for INRA063, 

BM 1818 and BM2113, for illustrative proposes to compare allele sequence structure 

w ith B. taurus. All individuals sequenced were monomorphic.
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A total o f  ten allele sequences already submitted to Genbank were aligned with 

sequences generated in the present study. For locus INRA063 one sequence from Bos 

taurus (accession number X 7 1507.1) was available. For locus BM 1818 one sequence 

from Cervus elaphus (accession number AF236386), one from Capra hircus (accession 

number X80218.1) and one from Bos taurus (accession number 018191) were also 

available. For locus BM2113 four sequences from Bison bison (accession numbers 

A F213201 to A F213201), one from Cervus elaphus (accession number AF232755) and 

one from Bos taurus (accession number M97162) were used.

The alignments o f  these nucleotide sequences are showed in Figure 6.4, together 

with the species and allele size for each antelope where it was possible to obtain 

sequence. The results confirm the homology o f  the repeated motifs in the three loci 

investigated. There was variation in the number o f  observed repeats between species 

due to differences in allele size. Nucleotide substitutions within the repeats occurred in 

waterbuck (INRA063) and impala (BM2113).
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Locus INRA063

B.tauru» 1
C. hircuB 1
C. elaphus 1
Waterbuck (ISO) 1

ATTTQCACAAQCTAAATCTAACC &AGT TCCCC-AC AAAQ TAAC GGCATAAATaTACAQOQAAQT@AAJ CACACACACACACACACACACACACATATATACA iAATAATCCTATCCCTGAGTTCTTCCTAACTTTTTATAGTACTTTCCAAACTTl CTTCCAAGCATTTCTOTOOTTT

J ,j,

177
167
160
163

Locus BM1818

B . t a u r u s  
W a te r b u c k  ( 2 0 6 )

130 
■ I

AGCTGGGAATATAACCAAAGpAAACTAAAACATGCACTGAAAAAGATACCTGCACCCCTATGTTCATA(5CAG(lATTATTTATACTAGCCAAGCAAGCCATGGAAACCGCACCTAAGTTATCTCCATTClA.T 130  
...........................C T . . . . C .........................................................G ................................................ C ............. A .............................................................................................................................. - G.  129

B.  t a u r u s  
W a te r b u c k  ( 2 0 6 )

131  CAAGGGATGAATGGAGAAA'
130  ....................- ............................................................

2 5 3
2 4 5

TGTGTGTGTGTGTGTGTGTGTGTGTGK ATGATGGAATATTATTTAGTCATAAAATGAGGAAATCCTTCCATTTGTGATAACyiTGCATGGACCTTGAAAGCACT

Locus BM2113

B. taurus
C.elaphus
B.bison (129)
B.bison (153)
B.bison (143)
B.bison (133) 
Roan (141)
Sable (133) 
Waterbuck (161) 
Lechwe (141) 
Inçala (127)

G(n>GCCTTCTACCAAXTACCC ZCTGCTCCGGCCCCCACCTCAACC ClACACACACACAGkCACACACUtCACACACACACACACA. 
.....................A ....................................3T . . T ..........................  . . . I I. . A C .....................T ............. T ........................................................

UtGTGAGCTCATAGTCTTGAGTTAAAAAAGTGACJ GGTGTTGCTTCTCrrCAGGAAG

CACACACACACACA- 
CACA-- - - - - - - - - -

CACAO CACACACACACACACACA ,

A .T

158
125
128
153
143
133
139
133
157
139
128

FIGURE 6.4 -  Alignment of nucleotide sequences from three bo\ine microsatellitesINRA063, BM1818 and BM2113 amplified in African antelope species. Dots indicate 
sequence identity with Bos taurus. Dashes have been placed to maximise homology in alignment. Primers are indicated in black boxes and repeat motifs in red. When known, 
allele size is indicated in brackets. Sequences from Capra hircus, Cervus elaphus and Bos taurus were extracted from GeneBank (see text for accession numbers).
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6.5 Discussion

In the present study the variation in 10 bovine microsatellite loci was surveyed to 

determine the extent o f which heterologous primers can be use to amplify these loci in 

African antelopes.

Results showed that this panel o f microsatellite loci was well conserved and 

polymorphic in the five study species o f African antelopes, w ith 70%-80% being 

polymorphic. The identity o f  the cattle loci repeated motifs was confirmed in some 

antelopes by sequencing and alignment o f PCR products.

The high level o f cross-species amplification obtained herein the present study may 

be because PCR conditions were varied and optimised and a variety o f conditions was 

explored, including the magnesium chloride concentration as well as annealing 

temperature. Successful amplification can also be attributed to the general robustness o f 

the markers examined, as they are part o f  an international panel used in parentage 

testing in cattle breeds.

Significant heterozygosity deficiency (p<0.05) was detected for about half o f the 

loci. W hen summing across all loci, the heterozygote deficiency was significantin 

waterbuck, sable (p<0.001) and in impala, lechwe and roan (p<0.01).

These observations could be due to non-random mating (inbreeding), genetic 

divergence within each sample (the W ahlund effect),allelic ‘dropout’, the occurrence o f  

null alleles or sex-linkage. Considering the nature o f the study samples, inbreeding or 

genetic structure (or divergence) within the samples seem the most likely explanation: 

allelic dropout (the random non-amplification o f an allele) was never observed when 

genotypes were repeated, and each genotype was confirmed w ith an independent
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replicate amplification. The samples were collected from captive populations with 

historical patterns o f admixture in some cases and museum samples are represented by 

individuals o f  different dates and geographical localities (and hence populations).

The consistent pattern o f  lower than expected heterozygosity across loci therefore 

supports population subdivision as the main explanation for the observed heterozygosity 

deficiency. Flagstad et al (1999) found similar results when their study samples o f  

hartebeest belonged to populations composed by several breeding groups.

Length variation is usually the criterion employed to characterise allelic diversity at 

loci displaying variable numbers o f  tandem repeats. However, recent reports o f DNA 

sequence variation have noted size homoplasy within (Estoup et al, 1995) and between 

species (Garza et al, 1995). Different from homology, in which allele sizes are identical 

by descent, homoplasy examines alleles that have achieved the same length via 

convergent evolutionary events, parallelism, or reversions (Orti et al, 1997).

In the present study allele size homoplasy was detected among species but not 

within. Through the sequencing o f  antelope alleles from locus BM2113 and its 

com parison with o f B. bison sequences, homoplasy between roan antelope and lechwe 

(allele 141) and B. bison and sable antelope (allele 133) were seen.

In a number o f  different studies, microsatellite markers have been observed to be 

smaller and less polymorphic in related species, than in the species from which they 

were originally cloned which is usually attributed to ascertainment bias (Ellegen et,al 

1995; Pépin et al 1995; Rubinsztein et al 1995; Primmer et al 1996; de Gortari et al,

1997).

In agreement with this, the average allele sizes in African antelope species were 

significantly smaller than in cattle. O f the 50 allele size ranges generated by the present
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study, 34 (68%) were smaller than the cattle range, 14 (28%) had similar ranges and just 

2 (4%) had a larger range than described for cattle.

According to Ellegren et al. (1995), ascertainment bias occurs when cloning 

procedures target microsatellite markers with a particularly large number o f  repeats 

(which is positively related to polymorphism), whereas such selection is absent when 

these markers are used in related species. This observation appears be supported here. 

Hooft et al (1999) found that average allele size was related to polymorphism by 

observing that the least polymorphic markers in African buffalo had the largest 

difference in allele size with cattle.

Our data also indicate that INRA063 was monomorphic in 4 out o f the 5 study 

species and although polymorphic in sable antelope, only two alleles were scored. This 

locus has a gap o f  17 to 27 base pairs between the antelope species range and cattle. 

Locus ILSTS005 and ILSTSO ll closely followed INRA063. Both loci also showed 

smaller allele size range and low polymorphism, but a less pronounced gap (2 to 19 base 

pairs) separating the antelope and cattle allele ranges. The relationship between allele 

size and polymorphism has also been shown in cattle and humans (e.g. Vaiman et al, 

1994; Weber, 1990).

M arkova et al (2000) investigated the evolution o f  microsatellite alleles in four 

species o f  mice. These authors detected three molecular mechanisms that contributed to 

generate allelic variation. They are 1) addition/deletion o f  repeats; 2) substitutions and 

indels in the flanking region, and 3) mutations interrupting the repeat. In our study the 

primary aims o f sequencing o f alleles was to assess the m olecular nature o f  the repeats 

arrays and in doing so to confirm the homology with cattle microsatellite. This 

homology was confirmed for three loci, but other characteristics o f the sequences were
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observed. Close investigation showed that the occurrence o f  mutation within the repeats 

m otif itself seems to be related with a smaller allele size (Figure 6.4) although this could 

not be statistically assessed due to small sample size. It was also observed that Locus 

INRA063 presented the highest number o f  mutations in flanking region. This is reported 

that mutation on the flaking region can affect primer effectiveness and although 

amplified in the five study species, no amplification was detected in American bison 

(Mommens et al 1998).

In six out o f  ten loci studied, the allele size range o f antelope species was 

diagnostic at the species and/or genus level. These findings are especially important for 

the investigation o f  material o f unknown provenance, hybridisation and studies on 

mixed groups.

Marshall et al (1999) were able to identify a poached oryx using six microsatellites 

and compared this with the known genotype o f studied populations. Nowadays, the 

ability o f  identify species using genetic markers is o f great help for important and 

current problem s such as commercial exploitation o f  endangered and threatened species, 

such as the illegal bushmeat trade in Africa rhttD://www.bushmeat.orgA).

Studies on the application o f microsatellites to investigating hybridisation have 

been reported for beetles {Carabus soleri - Rasplus, 2001), wolves and dogs (Andersone 

et al, 2002) and steelhead {Oncorhynchus mykiss, Beacham et al, 1999). Rabbit 

microsatellite primers were applied to studies o f hybridisation between an introduced 

and a native hare species by Andersson et a l (1999). Using microsatellite, the obtained 

allelic variation was used to construct a genetic distance tree based on the amount o f  

shared alleles between all pairs o f  individuals. The method uncovered sufficient allelic
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divergence to allow the arrangem ent o f all individuals in two groups, one for each 

species.

In captivity, the most common situations when it is possible to collect biological 

material from antelope are, soon after birth (when the young are tagged), when they are 

ill or when they die. Even during these situations the sampling will be depending on the 

urgency o f  the intervention (antelopes get easily stressed and injury can occur during 

handling) and zoos awareness o f  the need to collect biological material from their stock. 

Non-invasive techniques such as faecal sampling can be a useful strategy to increase 

sample size o f  molecular based studies and several studies have been published in this 

field (e.g. Kohn et al 1995; W asser et al, 1997; Palomares et al, 2002). In the case o f  

such studies being carried in m ixed species groups where inter-specific hybridisation is 

suspected, the knowledge o f the allele size ranges diagnostic at the species and/or genus 

level can greatly improve screening o f  the target material. The knowledge o f  the marker 

polymorphism in each species can also contribute to their use in assignment tests. In the 

following chapter a group o f captive impala {Aepyceros melampus) was used as a model 

to test the power o f  these markers in parentage assignment
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Chapter seven

The use of microsatellites for parentage assignment in 
antelope captive populations: Impala case study.
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7.1 Introduction

Captive breeding as a conservation strategy is the foundation o f modem zoo 

management (e.g. Balmford et al, 1996; Ryder & Fleischer, 1996) and a major step in its 

development was taken by establishing regional co-operative management programmes. 

In 1981, North American zoos established Species Survival Plans (SSPs) for 

maintenance o f populations o f  endangered species in their collections and Europe 

followed in 1985 with their European Endangered Species Programmes (EEPs).

Studbooks are a key part o f  captive breeding. They include data such as sex, 

parentage, dates o f  birth, death and lists o f  the various locations in which animals have 

been held. This information allows one to evaluate management in the past and to 

correct, when necessary and feasible, present management, helping the development o f 

future recommendations (Silveira, 1997).

The first official studbook was established in 1924 for the European bison {Bison 

bonasus). In 1957, the studbook for Pere David's deer {Elaphurus davidianus) was 

published in London, and two years later the studbook for Przewalski' horse {Equus 

przewalskii) and Okapi {Okapia johnstoni) were published (Tudge, 1991). N ow  

studbooks are invaluable tools in the routine management o f many species whose wild 

populations range from extinct to common.

Initially individual zoos used studbooks as sources o f data and it was their 

responsibility to use unrelated individuals for breeding. However, as the importance o f  

population genetics and demographics for the maintenance o f  zoo populations became 

clearer (e.g Flesness, 1977; Foose, 1977) it was necessary to define new management 

guidelines for studbook keepers. These guidelines (Olney,1980) were published by the
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International Union o f Directors o f Zoological Gardens and involved a more active 

approach o f  studbook keepers in conducting demographic and genetic analyses o f their 

populations (Princée, 1991).

7.1.1 Genetic management of captive populations

During the compilation o f  pedigree data o f wild species in captivity, the majority o f 

the studbook keepers have difficulty in tracing back to the wild founders since records 

are rarely complete. In most studbooks o f zoo populations, founder individuals will be 

the ones for which no previous pedigree knowledge is available. These individuals will 

be assumed to be unrelated. This operational definition o f relatedness is used in m ost 

studbook compilation and defines relatedness as the measure o f  common ancestry 

relative to the starting founder population (Lacy, 1995).

Genetic management using studbook data is based on manipulating individual 

breeding combinations in order to avoid inbreeding and to minimise genetic loss 

(Ballou & Lacy 1995). Avoidance o f  inbreeding is often considered synonymous with 

the genetic management o f zoo populations. This is not surprising as inbreeding 

depression can occur as early as the second generation, due to sibling or parent- 

offspring mating after the population was founded (Princée, 1991).

In her review o f  molecular contributions to conservation, Haig (1998) summarised 

w hy the use o f  molecular techniques is important for small/captive populations. Haig 

emphasised that, while characterisation o f  general population structure is an important 

step in evaluating population viability, often the relationships among some individuals
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in the population are not known. In m any cases, this may not be a problem, but in small 

and/or captive populations where each individual contribution to past and future genetic 

diversity is critical, knowledge o f relatedness is essential.

Nowadays, captive management can benefit greatly from the use o f  genetic 

markers to determine the relationships among individuals for populations with 

incomplete or inaccurate pedigrees, and the marker o f  choice for m ost o f  the published 

work has been microsatellites.

7.1.2 Antelopes in captivity

Over recent years, a m ajor decline o f many populations o f antelopes has been 

observed, and factors contributing to these declines are loss o f  habitat due to 

deforestation, agriculture and drainage o f wetlands, as well as hunting and disease 

(Schaller, 2000).

According to East (1998a), projections based on current trends o f wildlife 

destruction suggest that a high proportion o f the antelope species o f  sub-Saharan Africa 

will be threatened or extinct w ithin the next 20-30 years.

There are 20 genera and 38 species o f antelopes represented in European zoo 

collections. A  total o f  12 (60%) o f  these genera are fully represented, o f which 9 (75%) 

are monotypic.

In recent years there has been an increase in the use o f captive breeding for 

recovering endangered species. Captive breeding techniques have been improving
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continuously, as have techniques for reintroducing captive-bred animals into the wild 

{Snyder et al, 1996).

The detection o f Bovine spongiform encephalopathy (BSE), in a number o f 

antelope species in British zoos (Cunningham, 1991; Kirkwood et al, 1992; 

Cunningham et al, 1992), brought a new restriction to circulation o f  antelopes among 

zoos as many countries do not permit importation o f  zoo antelope specimens from BSE- 

affected countries. Importation from safe sources, appropriate quarantine, application o f  

diagnostic tests and vaccination are some o f  the management procedures, related to 

health issues, for importation o f  antelopes.

Despite the major aims behind the maintenance o f  species in captivity (i.e. public 

display, breeding for conservation programs), it became clear that to overcome 

restriction on exchange/importation o f animals, the quality o f the captive management 

should improve at the zoo level. Incomplete or inaccurate pedigree records jeopardise 

the effectiveness o f  captive management and its contribution to conservation 

programmes. Today, the accuracy o f these records can be improved by the use o f  

m olecular genetic techniques that are now commonly used in many laboratories world

wide.
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7.2 Aims of the study

A group o f  24 individuals from a captive population o f Aepyceros melampus 

(impala) kept by Emmen Zoo, Holland (Figure 7.1) was genotyped using 10 Bos taurus- 

derived microsatellites.

The aim o f  this study was to use this impala group as a model to demonstrate the 

utility o f  microsatellites to define or estimate relationships among individuals within the 

captive group and consequently support management decisions. This group o f  impala is 

a good model because it represents a rare opportunity to have blood samples for all 

members o f  an antelope captive group; it reflects the usual composition o f hoofstock in 

captivity; and the pedigree o f  the group is known.

Using microsatellite data I tested i) how polymorphic are Bos /awrw5-derived 

microsatellites in captive Aepyceros melampus; ii) what proportion o f the genetic 

variability in this captive group is harboured compared to wild specimens; iii) how 

powerful are these microsatellite loci to infer parentage and iv) the genetic support for 

pedigree records o f  the group.
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FIGURE 7.1 - Aepyceros melampus (impala) at Emmen Zoo, Holland. This photo was taken in July 1995, when the impala group was 
composed of 5 males and 28 females. Photo by Pierre de W it



7.3 Impalas at Emmen Zoo

In 1974, Emmen Zoo started an impala group with 1 male and 10 females that were 

imported from Africa. The group’s records started only in 1978, when it retained the 

original composition. Figure 7.2 represents the main events which occurred in the 

Emmen impala group through the years. The history o f  this group illustrates well the 

general management issues with the majority o f  hoofstock in zoos.

In 1982, eight years after group acquisition, the founder male died (“A” male - 

Figure 7.2), o f the founder females only 4 remained, and o f  the 16 offspring only 1 male 

and 3 females were kept by the zoo since most surviving offspring were transferred to 

other institutions.

With no breeding male, Emmen Zoo imported an adult male (~3 years old) from 

Stuttgart Zoo (“B” male - Figure 7.2) and a young male (~1 years) from Beekse Bergen 

Zoo (“C” male - Figure 7.2). After one year, a management decision was made. The 

young male from Beekse Bergen was transferred to  Hanover in exchange for a younger 

male (~6 months, “D ” male - Figure 7.2).

M any antelope species are territorial or have ‘hom e’ areas holding female herds. 

Impala territories are marked with urine and faeces and defended against the intrusion 

o f rival males (Estes, 1991). By the age o f  2 years, impala males achieve sexual 

maturity and there was concern that the maintenance o f  the Beekse Bergen male might 

lead to  the loss o f  one o f  the animals.

However, one year later, Emmen Zoo imported 1 male (“E ” male -  Figure 7.2) and 

5 females from Faenza Zoo, increasing the number o f  males from 2 to 3, and what 

followed in the next years was the successive death o f  the breeding males. In 1986 the 

Stuttgart male (“B” male) died at the age o f  7 and in 1987 the Hannover male (“D” male)
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Offspring (F) 9F 
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Offspring (B/D) IF 
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male Stuttgart
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from Hanover
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from B.Bergen

1983 1984
Founder group 4F Founder group 4F

New import 2M New import 2M IF
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Offspring(B)/C IM IF Offspring (B/C) 4M IF
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Founder group IF 
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Offspring(B/CI IF 

Offspring (B/D) IF 
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FIGURE 7.2 -Diagram showing the main events occurring in Emmen Zoo’s impala group from the founder group in 1974 to the year 1999 when blood samples were taken for medical tests 
and the present study, white/blue arrows = imports green arrows = exports red arrows = breeding male death
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died at the age o f  5. In September o f 1988 Emmen Zoo imported a ~3 years old male from 

Stuttgart (“F” male -  Figure 7.2) and in November the Faenza male (“E” male) died at the 

age o f 4.

The group finally achieved stability with one breeding male (“F” male) and during the 

following five years a total o f 3 males and 21 females were bom. In 1993 the breeding 

male died, and a ~2 year old male from Hanover (“G” male -  Figure 7.2) was imported.

In 1999, with the aim o f performing medical tests, blood samples were taken from all 

individuals in the group. Aliquots from these samples were used in the present study. By 

this time the group was composed o f 1 male and 23 females (Table 7.1).

TABLE 7.1 -Composition of the impala group from Emmen Zoo in 1999 when blood samples 
where taken for medical tests and DNA analyses.

ID Year 
of birth

Age in years 

at 1.1.1999

Sex Origin (ID) Sire (ID) Dam (ID)

2EM 1986 12 F Emmen (268057) unknown unknown

3 EM 1985 13 F Emmen (268039) Hanover (?) Emmen (268012)

4EM 1988 10 F Emmen (268075) Faenza 1 unknown

5 EM 1988 10 F Emmen (268076) Faenza 1 Emmen (268030)
6EM 1989 9 F Emmen (268096) Stuttgart (4227) Emmen (268010)
7EM 1990 8 F Emmen (268102) Stuttgart (4227) Faenza

8EM 1991 7 F Emmen (268111) Stuttgart (4227) unknown

9EM 1991 7 F Emmen (268120) Stuttgart (4227) Emmen (268090)

I OEM 1992 6 F Emmen (268151) Stuttgart (4227) EM3

HEM 1993 5 F Emmen (268156) Stuttgart (4227) Emmen (268074)

12EM 1993 5 F Emmen (268157) Stuttgart (4227) Emmen (268093)

13EM 1993 5 F Emmen (268166) Stuttgart (4227) Emmen (268070)

MEM 1992 4 M Hanover (X V I129) Hanover (XV999) Hanover- unknown

15EM 1994 4 F Emmen (268175) Stuttgart (4227) Emmen (268101)

16EM 1995 3 F Emmen (268198) 14EM 2EM

17EM 1995 3 F Emmen (268206) 14EM 7EM

18EM 1995 3 F Emmen (268209) 14EM 5EM

19EM 1996 2 F Emmen (268221) 14EM lOEM

20EM 1996 2 F Emmen (268224) 14EM 5EM

21EM 1997 1 F Emmen (268231 ) 14EM 6EM

22EM 1997 1 F Emmen (268239) 14EM unknown

23EM 1997 1 F Emmen (268234) 14EM 8EM

24EM 1998 0 F Emmen (268244) 14EM 6EM

25EM 1998 0 F Emmen (268241) 14EM 2EM
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7.4 Material and methods

7.4.1 Samples and study microsatellite loci

A total o f  24 impala (1 male and 23 females) blood samples preserved in heparin 

were used in the present study. These animals represent all the individuals kept by 

Emmen Zoo as a group. Although incomplete, in terms o f  parentage identification, 

pedigree records since the impala group was founded in 1974, were available.

To evaluate if  the occurrence o f  monomorphic loci could be either because the 

cattle microsatellite is not variable in this species or alleles have been lost by genetic 

drift or founder effect, 10 specimens o f  impala from the Powell-Cotton M useum were 

genotyped. The material was from Angola, Namibia, Tanzania, Uganda and Zululand. 

Two individuals from each country were genotyped.

Ten bovine dinucleotide microsatellite loci isolated from Bos taurus were used here 

(Table 6.2). These loci are part o f the panel o f nuclear markers recommended by the 

International Society o f  Animal Genetics (ISAG) to laboratories for world-wide 

performing o f  cattle parentage tests (http://www.isag.org.uk/) .

7.4.2 DNA extraction

7.4.2.1 Captive populations

DNA from whole blood and tissue were extracted following the same procedures 

previously described in Chapter 5, Section 5.6.2.1.
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7.4.2.2 Museum specimens

DNA from museum specimens was extracted following the same procedures 

piièvibù&lÿ in 5, Sêc$ion 5.6:2.2

7.4.3 DNA amplification and typing

DNA amplification and typing followed the same procedures previously described 

in Chapter 6, Section 6.3.4 and 6.3.5 respectively.

7.4.4 Data analysis

7.4.4.1 A llele frequencies

The allele frequency module from the computer program CERVUS 2.0  (Marshall et 

al, 1998) was used to generate allele frequencies and to  calculate various summary 

statistics to assess the suitability o f  the loci for parentage analysis.

The statistical values generated and used in this study were: mean number o f  

alleles per locus; observed and expected heterozygosity for each locus; mean observed 

and expected heterozygosity; polymorphic information content (PIC) at each locus; 

mean PIC; Hardy-W einberg chi-square statistics; estimation o f  null allele frequency at 

each locus; average exclusion probability for each locus given only the genotype o f  the 

offspring (P E I) and given the genotype o f  the offspring and o f  the known parent (PE2). 

The combined /total exclusionary power o f  the set o f  loci for the “both parent” 

information scenario (PEC l and PEC2) is also given.
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7.4.4.2 Simulation o f  parentage inference

We used the simulation module o f  the program CERVUS 2.0 (Marshall et al, 1998) 

to explore the power o f  parentage inference using the 10 loci.

The simulation module u&es allele frequencies to generate a pair o f  parental 

genotypes, plus a series o f random genotypes representing unrelated candidate parents 

o f  one sex. Then an offspring is produced by M endelian sampling o f  the true parents’ 

alleles, and all the genetic data are manipulated according to  a series o f  parameters, so 

that the simulated genetic data are as realistic as possible.

In the present study the simulations performed varied in the number o f  candidate 

parents, the average number o f  loci typed per individual and the proportion o f candidate 

parents sampled. Given these parameters, the generated results indicated the proportion 

o f  parentage tests that could be resolved considering 80% and 95% as levels o f 

confidence.

7.4.4.3 Parentage analysis

The parentage analysis module o f  CERVUS 2.0  (Marshall et al, 1998) was used to 

assess the genetic support for pedigree records kept by Emmen Zoo.

CERVUS  calculates the log-likelihood o f  each candidate parent being the true 

parent relative to an arbitrary individual and then calculates the differences between the 

two most likely parents (ALOD). A negative LOD score implies that the candidate 

parent is less likely to be the true parent than an arbitrary randomly-chosen individual.

A LOD score o f  zero implies that the candidate parent is equally likely to be the 

true parent as an arbitrary randomly-chosen individual. A positive LOD score implies
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that the candidate parent is more likely to be the true parent than an arbitrary randomly- 

chosen individual. A 2:1 ratio o f  likelihoods between the 1st and 2nd most-likely parent 

corresponds to an 80% probability o f  confidence and 3:1 corresponds to 95%.

First, parentage was assigned through standard exclusion analysis by comparing the 

genotypes o f the offspring with those o f  the assigned pedigree mother, knowing the 

genotype o f  the pedigree father. Second, parentage was assessed by calculating the most 

likely mother among a group o f candidates females knowing the genotype o f  the 

pedigree father. Both analyses were performed assuming no novel mutations in the 

offspring.

74.4.4 Relatedness

Coefficients o f relatedness (R-values) between individuals were calculated via the 

KINSHIP 1.2 computer program developed by Queller & Goodnight (1999). This is a 

program for testing hypotheses o f  pedigree relationship using data from codominant 

single-locus genetic markers such as microsatellites.

The coefficients o f relatedness (R-values) are estimates o f  genetic relatedness in a 

randomly mating population. Parent-offspring, full siblings and dizygotic twins are 

theoretically related by 0.5, grand-parent, grand-offspring and half-sibling by 0.25, and 

unrelated individuals by 0.0. Negative R-values occur when two individuals are less 

related than two randomly-chosen individuals from the population.

We also used KINSHIP  to test hypotheses about pedigree relationships between 

pairs o f  individuals. To do so, the program uses two variables, rp and rm, which define 

probabilities that individuals in the pair share an allele by direct descent through 

paternal (rp) or maternal (rm) inheritance. In our study we tested the primary hypothesis
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of a pair o f  individuals being parent-offspring against the null hypothesis o f no 

relatedness.

Significance calculations to associate a p  value for acceptance o f  the primary 

hypothesis to each pair’s likelihood ratio was performed through the Likelihood 

calculation module o f KINSHIP. The program performs these calculations by a 

simulation routine generating pairs o f  individuals using the hypothesis settings and the 

allele frequencies o f  the data set, and determining the ratio needed to reject the null 

hypothesis according to three levels o f confidence (0.05, 0.01 and 0.001).

We calculated the mean coefficients o f  relatedness (mean R) for subsets o f  father- 

offspring, mother-offspring, full-siblings, half-siblings and all individuals. We 

estimated standard deviation for mean R  values by jackknifing over all loci following 

Sokal & R ohlf (1995). The jackknife technique is a parametric procedure by which we 

split the observed data into groups and compute values o f the desired statistic, each time 

ignoring a different individual o f  observation. The average o f these estimates is used to 

reduce the bias in the statistic, and the variability among these values is used to estimate 

its standard error.
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7.5 Results

7.5.1 Genetic variability

All 24 impala from Emmen Zoo were genotyped at 10 microsatellite loci 

(Appendix N). Six loci were polymorphic and four loci (BM1818, BM2113, ILSTSO ll 

and INRA063) were monomorphic (Table 7.2).

Not all museum specimens could be genotyped for all loci but we were able to 

detect 3 different alleles for locus ILSTSOll (251, 253 and 259), indicating that this 

locus is not monomorphic for the species and alleles have been lost by genetic drift or 

founder effect.

TABLE 7.2 -  Results from cattle microsatellites genotyped in 24 captive impala and 10 museum 
specimens. Alleles not present in museum samples are asterisked. Alleles not present in captive 
impala are in bold.

LOCUS Alleles in captive group 
n=24

Alleles in museum specimens 
n are in brackets

No. alleles 
in cattle

BM1818 246 246 ( 6 ) 8

BM2113 127 127 (1 0 ) 11

ILSTSOll 255 251- 253-255-259 ( 7 ) 6

INRA063 150 150 ( 7 ) 6

ETHIO 218-220-222-228 218- 220- 222- 224- 226- 228 (1 0 ) 7

BM1824 172-174-176-180*-182* 172- 174- 176 ( 8 ) 7

ETH225 131- 133*-135 131- 137-139-143 ( 6 ) 10

ILSTS005 159- 161 157-159-161 (1 0 ) 3

1LSTS028 142-144-146-148 136-140-142- 144- 146- 148 ( 9 ) 12

TGLA122 153- 157- 161- 163 153-155-157-159-161-163 ( 8 ) 18

There was a mean o f 2.6 alleles/locus among the 10 loci that were amplified in zoo 

population and 3.5 in museum specimens The impala group from Emmen Zoo displays 

74% o f the genetic variability detected in museum samples.

Summary statistics for the polymorphic loci are given in Table 7.3. Allelic 

diversity ranged from 2 (ILSTS005) to 5 (BM1824), with an average o f 3.67 

alleles/locus. Observed heterozygosity (Ho) ranged from 0.333 (ILSTS005) to 0.917
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(BM1824), with a mean averaged over all loci o f 0.715. The estimated null allele 

frequencies for each locus had values close to zero or negative. The combined estimated 

exclusion probability for the case o f an offspring and an alleged parent (PEi) was 0.831. 

As expected, from the PEi value, the exclusion probability o f  an offspring with a 

confirmed and an alleged parent (PE2) was higher (PE2= 0.959), indicating that this set 

o f loci have sufficient exclusionary power for paternity assignment when at least one 

parent is known.

TABLE 7.3 -  Summary statistics of 6 polymorphic microsatellite loci in 24 captive impala.

Locus No. of 
alleles

No.
Heterozygous

No.
Homozygous

Ho H e PIC PE, PE: Na
freq.

ETHIO 4 19 5 0.792 0.729 0.663 0.290 0.462 -0.0511
BM1824 5 22 2 0.917 0.801 0.751 0.394 0.573 -0.0778
ETH225 3 19 5 0.792 0.675 0.586 0.218 0.365 -0.0912
ILSTS005 2 9 16 0.333 0.479 0.359 0.110 0.179 +0.1688
ILSTS028 4 17 7 0.708 0.694 0.627 0.258 0.427 -0.0160
TGLA122 4 18 6 0.750 0.676 0.607 0.241 0.406 -0.0587

PEc PEc
Mean 3.83 0.715 0.677 0.600 0.831 0.959

Ho -Observed heterozygosity 
He - Expected heterozygosity
PE, - Estimated exclusion probability for an offspring and one alleged parent
PE: - Estimated exclusion probability for an offspring with one confirmed and one alleged parent
PEc - combined PE, or PE: over all loci
Na ffeq. -  Null allele frequency per locus

7.5.2 Parentage simulation

Simulation o f  likelihood-based parentage inference was carried out using allele 

frequencies at the 6 microsatellite loci across all 24 impala individuals. Results 

suggested that identifying the true parent among two sampled candidates, with one 

known parent, is possible in 99% o f  the cases (Table 7.4). However, the proportion o f 

success decreased when we needed to identify the true parent among 10 sampled
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candidates (81%) and decreased dramatically when not all 10 candidates are sampled 

(39%).

Simulations considering that the average proportion o f loci typed per individual is 

85% were also performed. Results indicated that a high percentage o f  success is only 

achieved when no more than two candidates are being tested and one parent is known 

(98%).

TABLE 7.4 -  Proportion of simulated parentage tests resolved with 80% and 95% 
confidence, based on allele frequencies at six microsatellites typed in impala. For each set 
of conditions the parentage of 10 000 simulated offspring was assessed. Simulations 
assumed a typing error rate of 1%.

Number 
o f loci

Candidate
parents

Average loci 
typed per 
individual

Candidate
sampled

One parent known 

80% conf. 95% conf.

Neither narent known 

80% conf. 95% conf.

6 2 100% 100% 99% 99% 98% 98%
6 10 100% 100% 100% 81% 72% 26%
6 10 100% 75% 81% 39% 43% 5%
6 2 85% 100% 98% 98% 96% 78%
6 10 85% 100% 80% 39% 30% 6%
6 10 85% 75% 48% 13% 14% 2%

Although we conclude that these six microsatellites are sufficient for parentage 

tests in cases o f a captive population where at least one o f the parents is known, care 

should be taken in large-scale parentage inference. If  neither parent is known, not all 

loci are typed, or not all individuals are sampled, parentage inference rapidly becomes 

problematic.

7.5.3 Parentage assessment/exclusion

According to pedigree records the 10 youngest impalas in the group are the 

offspring o f  male 14EM and 7 females (see Table 7.1). We analysed multilocus 

genotypes o f  those 10 offspring to assess parentage on the basis o f  shared alleles and 

likelihood ratios (LOD scores).
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In the first approach CERVUS was used to check the existing parentage 

relationships based on pedigree data. In this case we compared the genotypes o f 9 

offspring with those from the pedigree mother and father. The offspring 22EM was not 

included in this analysis because this individual has no identified pedigree mother.

Genetic data confirmed the pedigree records in all 9 offspring analysed. There were 

no mismatches between the offspring/father, offspring/mother and 

offspring/father/mother combinations.

For the second approach CERVUS was use to calculate the log-likelihood o f each 

candidate parent being the true parent relative to an arbitrary individual, and then to 

calculate the difference between the most likely parents (ALOD). Given the father’s 

genotype, the aim o f this analysis was to test if  among female candidates, the most 

likely mother, based on genetic data, was also the pedigree mother. We considered 

candidates to be all females more than 2 years old at the year o f  offspring birth (Table 

7.1).

Eight out o f nine offspring tested had their mother from pedigree data confirmed 

genetically as the most likely mother (Table 7.5). This result confirms the percentages 

o f  parentage resolved (81%) given by the simulations performed with 10 candidates, 

knowing one parent and a 95% confidence level (Table 7.4).

Although 8 out o f 9 offspring had their pedigree m other confirmed genetically, 

maternity was not assigned unequivocally. Female candidates were excluded by at least 

one locus in only in 4 cases (50%), (Table 7.5). For ALOD values, the low values 

showed that in the majority o f  the confirmed cases (90%) the exclusion between the two 

most likely mothers was made below the 80% level o f confidence. The exclusion 

probability was high, ranging between 0.920 to 0.990, mainly due to mismatches with
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the father’s genotype that resolved 40% o f the cases. Cumulative exclusion probabilities 

knowing one parent and no parent were 0.959 and 0.831, respectively (Table 7.3).

These results confirm findings o f simulations performed with 10 candidates and 

neither parent known, where percentage o f  parentage resolved was 75% (at 80% 

confidence) and 26% (at 95% level o f  confidence).

T A B L E  7.5 -  R esu lts o f  p a re n ta g e  analysis o f  10 o ffsp ring  b o rn  in E m m en  Zoo, using th e  
C E R V U S  p ro g ra m m e . A nalyses w ere  p e rfo rm ed  by testing  can d id a te  fem ales know ing  th e  
geno type o f  th e  fa th e r.

Father-offspring pairs

Pedigree
mother

ID

Genetic data
No. o f mismatches 

involving the 
2nd best mother

Confidence

Father Offspring Bom Pexcl 1st most-1

ID LOD 
score

2nd most-1

ID LOD 
score

ALOD NmM Nmp

MEM 16EM 1995 2EM 0.958 2EM 1.934 6EM 0.903 1.031 0 1 *
MEM 17EM 1995 7EM 0.939 7EM 2.346 5EM 1.140 1.206 1 0 ♦
MEM 18EM 1995 5 EM 0.980 5 EM 2.289 4EM 1.665 0.624 1 1 +
MEM 19EM 1996 lOEM 0.979 lOEM 4.061 13EM 3.458 0.603 1 0 +
MEM 20EM 1996 5EM 0.954 2EM 1.954 5EM 1.295 0.659 0 0 +
MEM 21EM 1997 6EM 0.947 6EM 1.978 16EM -0.047 1.978 0 1 *
MEM 22EM 1997 unknown 0.933 17EM 2.414 3EM 0.970 1.444 1 1 *
MEM 23EM 1997 8EM 0.935 8EM 1.682 6EM 1.553 0.129 0 1 +
MEM 24EM 1998 6EM 0.920 6EM 2.007 16EM -0.075 2.007 0 1 ♦
MEM 25EM 1998 2EM 0.990 2 EM 3.675 15EM 1.574 2.101 1 1 *

Pexcl : probability o f  exclusion; NmM=number o f  mismatches related candidate genotype; Nmp : num ber o f  mismatches related 
father genotype; LOD score : the log o f  the product o f  the likelihood ratios at each locus: the most likely candidate parent is the 
candidate with highest (Most positive) LOD score (1st most-1). The LOD score is also given for the second most-likely candidate 
parent. ALOD > 2.0 (80% confidence) ; ALOD >3.0 (95% confidence)

The offspring 22EM has no pedigree mother; however, among 14 female 

candidates the most likely mother was female 17EM. The second most likely mother, 

3 EM, had allele mismatches in one locus and according to pedigree records this female 

gave birth two months after the birth o f  22EM.

Among the 10 offspring tested, one o f  them (20EM) had its pedigree mother as the 

second most likely mother (Table 7.5). A fter analysis o f  pedigree records we concluded 

that there is a strong probability that the two most likely mothers are full-siblings. This 

hypothesis is supported by the relatedness values among the females 2EM and 5EM
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(R=0.397 p>0.001 - primary hypothesis R=0.5). Because there are no allele mismatches 

to exclude one o f the females, and knowing that LOD scores are based on allele 

frequencies, the non-pedigree female 2EM is the most likely mother. However, the 

accuracy o f  the Emmen Zoo pedigree records, shown to be 90% o f  the cases tested, 

together with small ALOD value between the two most likely mothers (ALOD=0.659) 

are strong reasons to consider 5EM as an equally likely mother o f  offspring 20EM.

7.5.4 Relatedness within the group

We calculated coefficients o f  relatedness (R-values) for all possible pairs in the 

impala group. The matrix o f pairwise relatedness values can be found in Appendix O.

Calculations to associate a p  value for acceptance o f  the primary hypothesis to each 

pair’s likelihood ratio were performed (Appendix P).

TABLE 7.6 -  Relatedness values (R) between father/mother; offspring/ father; offspring/ mother; full- 
sibling assigned by pedigree and genetic data.

Pedigree 
father ID

Pedigree 
mother ID

Father/
mother

R

Offspring
ID

Offspring/
father

R

Offspring/
mother

R
Full-sibling

R
Genetic
mother

Father/genetic
mother

R

Offspring/ 
genetic mother 

R

I4EM 2EM -0.176 16EM
25EM

0.504*
0.310

0.307
0.578**

0.279

14EM 5EM -0.394 18EM
20EM

0.290
0.488

0.151
0.087

0.546
2EM -0.176 0.337

I4EM 6EM 0.194 2IEM
24EM

0.617***
0.691***

0.498 0.534***

I4EM 7EM -0.498 17EM 0.254 0.250

14EM 8EM 0.160 23EM 0.585** 0.417

14EM lOEM -0.503 19EM 0.197 0.496*

14EM 22EM 0.373* 17EM 0.254 0.250
♦p<0.05 **p<0.01 ***p<0.001

We tested the probability o f two individuals being offspring/parent (primary 

hypothesis) against no relatedness (null hypothesis). Table 7.6 shows the values o f
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relatedness between offspring/parents assigned by pedigree and genetic data. The 

statistical significance o f each value is marked accordingly.

The coefficient o f  relatedness (R-value) is an estimate o f genetic relatedness in a 

randomly mating population. Parent-offspring and full-siblings are theoretically related 

by 0.5, half-siblings by 0.25 and unrelated individuals by 0.0. Negative R-values occur 

when two individuals are less related than two randomly chosen individuals from the 

population.

We estimated the mean R  value and standard deviation for individuals belonging to 

different classes o f  relationship within the im pala pedigree, by jackknifing over all loci 

following Sokal & R ohlf (1981). Results are showed in Figure 7.3.

0.75

0,50

N -10 N -3
N=100.25

Bi
N=42§s

0,0 0 . . .
N=1S3 N=276

-0,25 N=7

-0,50
Father-oflspring Full-sibling All individualsFather-mother

Mother-offepring Half-sibling Candidate mothers

I ±Std. Dev. 

□  ±Std. Err 

□  Mean

FIGURE 7.3 -  Mean (± SE) coefficient of relatedness values for different classes of individuals of the 
Emmen impala group, based on genotype of 6 bovine microsatellite. S tandard errors were estimated by 
jackknifing over all loci following Sokal & Rohlf (1981). N= the number of pairs of each class.

The mean coefficients o f  relatedness among father-offspring, mother-offspring and 

half-sibling pairs were lower than the theoretical expected value o f  R=0.5 (Figure 7.3).
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However these low values are expected when the individuals used to generate the allele 

frequencies have a high background relatedness, as in the case o f  the impala group. 

Similar pattern o f  low relatedness values for the same pair o f individuals was reported 

by Altmann et al, (1996) in a study on the genetic structure o f  wild baboons {Papio 

cynocephalus).

The lowest mean value o f the coefficient o f relatedness was found among father- 

mother pairs, R=-0.137(± 0.021), a negative value that theoretically is expected when 

two individuals are less related than two randomly chosen individuals from the 

population. The fact that the father (breeding male) was imported from a different zoo 

confirms the lower relatedness level with the females from Emmen Zoo. Full-sibling 

and half-sibling pairs presented mean values between those expected for that type o f  

relatedness, R=0.520(± 0.067) and R=0.165(± 0.0008), respectively.
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7.6 Discussion

Genome mapping projects in domestic ruminants have been generating 

microsatellite markers that represent a convenient source o f polymorphic markers for 

their counterpart wild species. A captive group o f impalas was used as a model to 

dem onstrate the utility o f  microsatellites to quantify genetic variability and to define or 

estimate relationships between individuals within the group and consequently support 

management decisions.

We tested a set o f 10 bovine microsatellites, and as a result o f  the cross-species 

amplification, 6 loci gave a polymorphic product with an average o f  2.6 alleles/locus. 

Our data w ere in accordance with values reported for captive populations o f  Oryx 

leucoryx (2.1 alleles/locus - Marshall et al, 1999); Addax nasomasculatus (1.31 

alleles/locus - Engel et al, 1996); Neotragus moschatus (2.56 alleles/locus - Engel et al, 

1996) and Gazella spekeii (1.83 alleles/locus - Engel et al, 1996). However, the low 

values o f  Addax  and Gazella  could also be due to the small sample size (n=7 and 6 

respectively).

W hen we calculated the average polymorphism from our wild impala sample 

(museum specimens), we got a higher value o f 3.5 alleles/locus. This value is also in 

accordance with Flagstad et a l (1999), who worked with wild samples o f Alcelaphus 

buselaphtis and reported 3.46 alleles/locus. Although the results o f  M adoqua kirkii 

(2.27 alleles/locus - Brotherton et al, 1997) are based on two wild populations, this 

species has records o f  low polymorphism, since it was monomorphic for all allozyme 

loci examined by Baccus et a l (1983). On the other hand, the high average 

polymorphism found for Gazella granti (7.50 alleles/locus Arctander et a l 1996b) can be
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explained by the fact that this study screened 6 wild populations, the highest number o f  

populations sampled among the mentioned studies.

The monomorphism at locus ILSTSO ll, detected in our impala group, exemplified 

a possible scenario when cross-species markers are used to screen captive populations. 

W ithout data from wild individuals the monomorphism o f loci can be interpreted as 

either monomorphism at the species level (as a result o f a non-specific marker), or 

monomorphism o f the captive population due to genetic drift or founder effect. The 

screening o f  museum specimens showed that this locus is polymorphic in impalas, so 

the captive group has most likely drifted to fixation for this marker. The use o f  museum 

specimens proved to be an important source o f  information for genetic characterisation 

at the species level, especially when it is not possible to have fresh samples from wild 

animals. Among the mentioned published work with antelopes, our study is the only one 

to test monomorphic loci in wild animals to certify their variability in the target species.

In small and/or captive populations where each individual contribution to past and 

future genetic diversity is critical, knowledge o f  relatedness is essential (Haig, 1998). 

Microsatellites, a class o f  single-locus highly polymorphic markers fulfil the necessary 

requirements to examine parentage, whether the goal is exclusion or assignment.

Our simulation o f  parentage inference, based on the 6 polymorphic loci, indicates 

that this set o f markers is able to resolve parentage between two candidate parents, at 

95% confidence, whether knowing one parent (99% certainty) or not (98%). This 

percentage assignment remains significant i f  we increase the number o f candidate 

parents to 10, but only when one parent is known (81%), since this values decreases 

dramatically when neither parent is known (26%). The values found in our study were 

higher than those reported by Marshall et a l (1999) for Arabian oryx using the same
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num ber o f loci. Their simulations for two candidate parents knowing one parent resulted 

in 93% certainty and 56% when neither parent is known. When the number o f  candidate 

parents was increased to 10, the difference between our results and Arabian oryx data 

was m ore distinct, being 14% and 2% respectively. Even when M arshall and colleagues 

increased, by simulation, the number o f loci from 6 to 24, the percentage o f  certainty 

knowing one parent was lower (71%) than for our impala group.

These results are not surprising since Arabian oryx, extinct in wild in 1972, were 

recovered by a captive breeding programme based on 4 males and 6 females (Homan, 

1988). As happened with the impala group, hoofstock in captivity that are not in a 

critical situation such as the Arabian oryx, have periodically received introductions o f 

new  animals into the group, mainly a breeding male. Each time that a breeding male 

from a different population is introduced it changes the distribution o f  genetic variation 

and decreases the average relatedness within the group. The male introduces a new class 

o f  half-siblings rather then full siblings, i.e., a new class o f relationships between 

progeny not sharing a father appears.

In our study we were able to illustrate this process. We estimated the mean R-value 

o f  individuals belonging to different classes o f relationship within the impala group. 

The statistics o f KINSHIP  take advantage o f the knowledge o f  population allele 

frequencies to weight matches by the matching allele’s frequency in the population. Our 

results showed that mean R-value between offspring/father was higher that between 

offspring/mother, although both values were below the expected 0.5 due probably to a 

lack o f  unrelated individuals when calculating allele frequencies. The new breeding 

male generally brings new alleles that increase the probability o f  offspring/father 

identification by the sharing o f these rare alleles and translates into high relatedness
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values. On the contrary, many o f  the commoner alleles, are shared by the 

offspring/mother. These findings can also be illustrated by the fact that in 40% o f the 

genetically confirmed maternities that have been assigned by pedigree records, the 

exclusion o f a candidate mother was made on mismatch with the father’s genotype, i.e., 

after no mismatch between the offspring/candidate mother.

The accuracy with which one can assign pairs o f  individuals to different relatedness 

categories will depend on the allele frequency distribution at the loci used (Blouin, 

1996). Using CERVUS  or KINSHIP, simulation analysis can be carried out in order to 

assess the number or polymorphism o f markers required to resolve parentage or 

relatedness in a particular situation. As suggested by M arshall et al (1999), simulation 

results may indicate that analysis o f  parentage or relatedness is not practical using the 

available markers.

Unlike the mentioned studies with microsatellites and antelope species, our study 

was able to test the accuracy o f  the simulation results using the CERVUS  program. Our 

results strongly support the use o f this analysis to assess the number o f  markers or 

average polymorphism required to resolve parentage or relatedness in captive 

population studies.
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Chapter eight

Conclusions and final remarks
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The future o f  many species will depend on genetic and demographic management 

o f  populations in small areas, whether in their natural habitats or in zoos or wildlife 

conservation parks.

Re-introduction or reinforcement o f  natural populations o f endangered species is 

one o f  the main goals o f  captive breeding programmes. However it is necessary to know 

the origin and relationships o f  the animals within and among the institutions involved in 

these programmes and additional systematic research is needed to  ensure that captive 

management programmes can preserve gene pools as they exist in nature.

The present study used African antelopes as a model to  test the utility o f 

morphological and molecular techniques to support captive management. According to 

M oritz & Hillis (1996), studies that incorporate both morphological and molecular data 

will provide much better descriptions and interpretations o f biological diversity than 

those that focus on just one approach.

Named subspecies carry at least the connotation o f  phenotypic uniformity in a 

specific geographic region, i.e. they are (or should be) predictive (Barrowclough, 1983). 

Decisions with important conservation implications increasingly require more 

understanding o f  the systematics o f populations, subspecies and species than is 

currently available.

8.1. Morphological and geographical variation

The present study tested the validity o f  previously described subspecies o f  impala 

{Aepyceros melampus) based on morphological characters. Our data supported the 

traditionally described subspecies A. m. petersi from Angola/Namibia; A. m. melampus 

from South Africa, A. m. suara  from East Africa and A.m. johnstoni from Zam bia and
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Malawi. W e consider y4./w. rendilis a synonym o f  suara.

The geographical variation was based on skull and horn size and shape. We found 

that East and Southern Africa impalas share a similar morphotype, and w e could also 

estimate the origin and subspecies o f  some individuals o f  unknown provenance. Coat 

patterns showed no clear relation with geographic location, with the exception o f m. 

petersi.

To define units o f management in captive populations, zoo managers rely on data 

generated by diverse areas o f expertise such as taxonomy, ecology, genetics and animal 

behaviour. Our morphological study contributed to understanding the natural 

geographical variation o f  impala and the validity o f its described subspecies. This 

knowledge will greatly help the design o f  captive breeding programmes and collection 

plans, as decisions regarding units o f  management need to be underpinned by an 

understanding o f  variation in the wild.

The quantitative methods for analysing skin patterns developed by the present 

study are applicable to the identification o f  A. m. petersi in captivity, and similar 

methods could be applied to other species.

On the other hand, the utility o f  craniometric characters to provenance specimens 

in captive populations may be o f limited use. First, the characters discriminating 

subspecies are virtually impossible to evaluate in living animals. Second, size o f  skull 

and horns can be affected by conditions in captivity, such as food and space. Third, 

morphological characters may less reliably detect hybridisation between subspecies, 

than sequences o f mtDNA. Nevertheless, multivariate analysis did detect four impala 

individuals that, in both their morphology and geographic origin, suggest a hybrid zone 

between the ranges o f  A. m. johnstoni and A. m. melampus. The sampling location o f
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these impalas is close to  the locations were A. m. petersi x A. m. melampus hybrids have 

been reported using mtDNA.

8.2. Phylogeographic matching

Mitochondrial D N A  sequences are shown to be a powerful marker to assess the 

subspecies diversity w ithin collections. However, this work was only possible by using 

two additional sources o f  information: sequences from museum samples and wild 

animals. The first w as generated by the present study and the second was available 

through GenBank.

Our results revealed that the founder stock at Lisbon Zoo, and also the stock at 

Pretoria Zoo, could have comprised A, m. petersi x A. m. melampus hybrids. Our results 

on the status o f captive populations o f  A. m. petersi potentially gives cause for great 

concern, and urgent measures should be taken. Screening o f the captive population 

should be extended for the entire stock designated as petersi to uncover the real origin 

o f  these animals.

In recent years, technological advances have enabled the extraction o f  DNA from 

sources previously considered impossible, such as museum skins, bone, hair, feathers 

and dried tissue. These non-invasive techniques have revolutionised the opportunities to 

expand studies to rare and obscure animal groups, and into historical times.

W e sequenced 12 museum samples that generated important information on 

possible hybridisation between A. m. petersi and A. m. melampus, indicating that this is 

not only occurring nowadays, but can be traced back 70 years ago. Also, a shared 

haplotype a between museum sample and a wild animal collected in neighbouring 

localities, but apart in time by 70 years, illustrates how important historical information
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on population structure can be gathered from such studies.

A future research direction would be to sample for DNA extraction the same 

impala specimens used for the morphological study. This would allow us to compare 

the two data sets and to test the hypotheses suggested by each o f them. Unfortunately, it 

was not possible to access the measured skin and skull material for DNA sampling in 

the present study. However some comparisons could be made between the findings o f 

our morphological analysis and the mtDNA results o f Nersting & Arctander (2001).

According to these authors, results from mtDNA sequence analysis indicated that 

common impala populations in South Africa generally show higher nucleotide diversity 

than populations in East Africa, indicating that southern populations could be older than 

eastern ones, and hence the impalas could have spread to East Africa from Southern 

Africa. This finding is supported by our results from morphological analysis. Specimens 

from South Africa shared similar morphotypes with East Africa and only 3 out o f  19 

studied characters discriminate these tw o populations. These are characters o f  horn size 

and shape which areused to  describe A. m. suara, also known as East African impala or 

large-homed impala.

The haplotype tree o f  the 127 impalas did not show well-supported clades 

containing geographically separated haplotypes except for petersi. W e believe that the 

small sample size for some geographic areas such as Zam bia and South Africa, allied to 

the high level o f  haplotype diversity mirrored by high nucleotide diversity, could have 

contributed to this lack o f  pattern. Based on mtDNA data only two units o f  management 

are well defined, A. m. petersi and A. m. melampus. We believe that the geographical 

patterns achieved by morphological analyses should be considered as a valid expansion 

o f  the number o f  unit o f  management for Aepyceros melampus. Taking this approach.
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the probability o f preserving the adaptive diversity within the species will be secured. 

As suggested by Crandall et al (2000), the necessity o f combining genetic and 

phenotypic data provides a mandate for collaboration and consensus between molecular 

and ecologically-oriented biologists.

8.3. Revised synopsis of species Aepyceros melampus

In the present study the morphological distinctiveness among the impala subspecies 

was visualised and assessed through multivariate analysis. The four subspecies have 

different centres o f dispersion on the PGA plots (even if their differences do not all 

reach M ayr’s arbitrary 90% figure). This, plus their distinct geographical location, leads 

me to regard them as subspecies. However, such differences are difficult to incorporate 

in their diagnoses, so the following descriptions are based on a univariate perspective. 

Table 8.1 gives the range and means size value for each subspecies on key skull and 

horn characters that contribute to size and shape differences among them.

TABLE 8.1 -  Male range, mean size and standard error (SE) values of skull and horn characters 
of the four valid subspecies of Aepyceros melampus. Lowest and highest mean values are marked 
with red and blue respectively. n= sample size

C haracters
A.m.

johnstoni

Subspecies
A.m.

melampus
(n=14)

A.m.
suara
(n=I4)

A.m.
petersi
(n=5)

Skull
SI - Greatest breadth across the orbits Mean(SE)

Range
11 1.7 (0.7) 
105.5-115

114.9(0.9)
109-123

116.2(1.0)
112-123.5

123.1 (3.5) 
118-128

810 - Condylobasal length Mean(SE)
Range

261 (1,4) 
254-274

269(1.3)
261-275

265.8(1.8)
254-273

2 7 4 .6 (1 .3 )
273-276.5

Horns
H 1 - Length along the anterior midline Mean(SE)

Range
4 9 0 .3 (1 .1 8 )

420-610
588.2(18.7)

500-745
661.8(15.7)

550-740
584 (24,8)
565-620

H2 - Greatest reach Mean(SE)
Range

374 (8.8)  
335^55

429.6(17.9)
330-565

466.8(16.2)
365-570

444 (25,6) 
420-485

H4 - Breadth between the horn tips Mean(SE)
Range

199 .7 (15 .8 )
60-295

315.4 (21.7) 
195-470

310(25.6)
160-455

340(22.9)
290^15

H7 - Maximum breadth between horns Mean(SE)
Range

3 1 5 (8 .9 )
260-380

409.6(11.7)
310-470

472.5(15.1)
380-565

393 (33.8) 
340-425
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•  Aepyceros m elam pus m elam pus  Lichtenstein, 1812 

Described by: Lichtenstein, 1812 (Reise 2: 544). The subspecies includes the 

synonyms pa//a/? Gervais, 1841 and Thomas, 1892.

Description: known as the South African impala, the horns are o f medium size. Share 

similar skull size range to suara  and johnstoni. There is no dark blaze on the face such 

as is found in the Angolan subspecies (A. m. petersi).

R ange: South Africa and north-eastern Namibia, and possibly north-western Botswana 

where the exact limits and intergrading with johnstoni are not clear.

•  Aepyceros m elam pus petersi Bocage, 1878 

Described bv: Bocage, 1878 (Proc. Zool. Soc. London: 741).

Description: known as the Angolan impala or black faced impala. Is distinguished from 

the other subspecies by the presence o f a dark black blaze along the middle o f the face 

from the eye downwards. Has the biggest skull among the subspecies and medium-sized 

horns close to melampus range, but the highest value o f  breath between the horn tips. 

Sequences from the D-loop region o f the mitochondrial D N A  show six segregation sites 

(Table 5.3) that were exclusive to  petersi haplotypes and although the samples sizes are 

small this is preliminarily considered as diagnostic o f the subspecies.

R ange: South-western Angola and north-western Namibia.

•  Aepyceros m elam pus jo h n s to n i  Tbomas, 1892 

Described bv: Thomas, 1892 (Proc. Zool. Soc. London: 553). The subspecies includes 

the synonym holubi Lorenz, 1894.
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D escrip tion: known as the Malawi impala. Can be distinguished by its small horns and 

more slender skull compared to the other subspecies. The distance between the tips is 

very short. The specimens presented a light black blaze on lower part o f the face.

R ange: Malawi and Zambia.

•  Aepyceros m elam pus suara  M atschie, 1892 

D escribed bv : Matschie, 1892 (Sitzb. Ges. Naturf. Freunde. Berlin ;135). The 

subspecies includes the synonym rendilis Lonnberg, 1912

D escrip tion : known as the impala o f  Tanzania and Kenya. It has skull size within the 

same range o f  melampus but differs from the former and the other subspecies by its 

longer horns.

R ange: Tanzania, south-western Uganda and southern part o f  Kenya.

8.4. Microsatellite diversity

Small captive populations may show reduced levels o f  genetic variability, and the 

costs o f  inbreeding have been demonstrated by differences in juvenile mortality in 

offspring o f  related and unrelated captive ungulates (Ralls et al. 1979). In a captive 

population, molecular genetic techniques can be used to explore the relationships 

among individuals in a breeding group; to test if  relatedness assumptions based on 

studbook records are in fact correct; and to assess genetic variability.

The use o f  Bos taurus- derived heterologous primers proved a powerful tool for 

studies o f  genetic structure in species o f  African antelopes. The sequencing o f 

microsatellite loci in a range o f  antelope species provided useful insights into their
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variability and the molecular nature o f the variation in repeat arrays and flanking 

regions.

The screening o f  museum specimens showed that one locus monomorphic for 

captive populations was in fact polymorphic, so the captive group has most likely 

drifted to fixation for this marker. The use o f museum specimens proved to be an 

important source o f  information for genetic characterisation at the species level, 

especially when it is not possible to  have fresh samples from wild animals. Among 

published work with captive antelopes (Chapter 6, section 6.1.3), our study is the only 

one to test monomorphic loci in wild-caught specimens to certify their variability in the 

target species.

In six out o f  ten loci studied, the allele size range o f antelope species was 

diagnostic at the species and/or genus level. These findings are especially important for 

the investigation o f material o f  unknown provenance, hybridisation, and studies on 

mixed groups. The ability o f  identify species using genetic markers is o f great help for 

important current problems such as commercial exploitation o f  endangered and 

threatened species, including the illegal bushmeat trade in Africa. Although mtDNA 

sequences can be used in such studies, they are o f limited use when hybridisation 

occurs.

8.5. Paternity assignment

In small and/or captive populations where each individual contribution to past and 

future genetic diversity is critical, knowledge o f  relatedness is essential (Haig, 1998). 

M icrosatellites, a class o f  single-locus highly polymorphic markers, fulfil the necessary 

requirements to examine parentage, whether the goal is exclusion or assignment.
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Our simulation o f parentage inference, based on the 6 polymorphic loci, indicates 

that this set o f  markers is able to resolve parentage between two candidate parents, at 

95%  confidence, whether one parent is known (99% certainty) or not (98%). This 

percentage assignment remains significant if  we increase the number o f  candidate 

parents to 10, but only when one parent is known (81%), this being the most common 

scenario in antelope groups.

Unlike the cited studies with microsatellites in antelope species, our study was able 

to test the accuracy o f  the simulation results using the CERVUS  program. Our results 

strongly support the use o f this analysis to assess the number o f  markers or average 

polymorphism required to resolve parentage or relatedness in captive population 

studies.

* * * * * *

Researchers in museums and zoological parks are starting to  recognise their 

responsibility to collect and give access to biological materials from endangered and 

threatened species, with the realisation that the difficulty o f  obtaining this information 

in the future will only increase.

As result o f  the present work, many European zoo managers are saving biological 

material from their collections. Their interest in the continuation o f  the present study is 

reflected in the continuing availability o f  antelope samples from those institutions.

There are 20 genera and 38 species o f  antelopes represented in European zoo 

collections. A total o f  12 (60%) o f these genera are fully represented, o f which 9 (75%) 

are monotypic. Results from the present study will be passed to the zoo community as a 

source o f  scientific support for management decisions, and the methodology here 

developed will be extended to other captive antelope populations.
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Appendix A -  Skulls of male of Aepyceros melampus specimens held at British Natural History Museum (BNHM) and Powell-Cotton Museum (PCM) and used in the present study.

Stat code Museum Museum ID C upboard Drawer Subspecies Age Field date Coordinates Country Locality Collector

MOl BNHM 34.11.1.18 126 1 adult South Africa Sand River - E. Transvaal R. Campbell
M02 BNHM 36.3.30.11 126 1 melampus old South Africa Zululand - M'Kusi Powell-Cotton

M03 BNHM 27.8.16.17 126 1 old Zambia Mwaleshi River, Luangwa Valley G. Blaine

M04 BNHM 98.7.2.15 126 1 adult South Africa Sand River - Expedition to Lake Rudolf H. Andrew

M05 BNHM 34.11.1.20 126 1 vol South Africa Sand River - E. Transvaal R. Campbell

M06 BNHM 67.1339 126 1 young adult 16“07’S 26°01’E Zambia J. Hanks

M07 BNHM 66.459 126 young adult 20-10-1966 Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W. Crowcroft

M08 BNHM 5.4.3.32 127 1 adult Uganda S.W. Ankole (Tribe) Delmâ Radeliffe

M09 BNHM 5.4.3.33 127 1 vol Uganda S.W.Ankole (Tribe) Delmâ Radeliffe

MIO BNHM 23.3.4.39 127 2 suara adult Tanzania Rudewa Kilosa - T.T.- Tanganyika Game D. G. Goss

M il BNHM 76.205 127 2 adult 00-12-1973 South Africa Swaziland -Tshaneni T. Jones

M12 BNHM 36.3.17.2 127 2 young adult 30-11-1931 Tanzania Kenya border - Tanganyika A. Hopwood

M13 BNHM 1.8.9.80 127 4 adult Kenya Naivaska H. Johnston

M14 BNHM 31.2.1.26 127 4 old Botswana Mababe Flats - Magogelo River - Kalahari A. Vemay

M15 BNHM 62.211 127 4 adult Kenya 10 mts. S. of Maktau Station Kenya G. Corbet

M16 BNHM 31.2.1.24 127 5 young adult Botswana Mababe Flats - Magogelo River - Kalahari A. Vemay

M17 BNHM 68.698 basement adult 02-06-1967 15“47'S25°58’E Zambia

M18 BNHM 25.12.4.217 127 6 petersi adult Namibia Cunene Falls - N.W. Ovamboland C. Shortridge

M19 BNHM 28.9.11.423 127 6 petersi old Namibia Cunene River -Otjimbundu, N. Kaokoveld C. Shortridge

M20 BNHM 28.9.11.422 127 6 petersi adult Namibia Cunene River -Otjimbundu, N. Kaokoveld C. Shortridge

M21 BNHM 28.9.11.424 127 6 petersi adult Namibia Cunene Junction - Hondoto - N. Kaokoveld C. Shortridge

M22 BNHM 67.1338 127 6 adult 15°5rS25"56'E Zambia J. Hanks

M23 BNHM 5.1.11.1 127 6 petersi old Angola Cunene River A. Cunningham

M24 BNHM 35.3.16.11 128 1 vol Zambia Solwezi Dist. - N. W. Rhodesia C. Dollman

M25 BNHM 31.2.1.27 128 2 adult Botswana Kwaai, Mochaba River - Kalahari A. Vemay

M26 BNHM 92.8.1.65 128 2 johnstoni adult Malawi Zomba - Nyassaland A. White

M27 BNHM 68.699 ■ basement adult 15°50'S 25=5 8'E Zambia

M28 BNHM 27.8.16.23 128 3 adult Zambia Mwaleshi River, Luangwa Valley G. Blaine
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Appendix A -  Skulls of male of Aepyceros melampus specimens held at British Natural History Museum (BNHM) and Powell-Cotton Museum (PCM) and used in the present study, (continued)

Stat code Museum Museum ID C upboard Drawer Subspecies Age Field date Coordinates Country Locality Collector

M29 BNHM 35.3.16.12 128 3 vol Zambia Solwezi Dist. - N. W. Rhodesia C. Dollman
M30 BNHM 98.7.2.14 128 4 young adult South Africa Sand River - Expedition to Lake Rudolf H. Andrew

M31 BNHM 34.7.9.24 128 4 johnstoni adult Malawi Shire Highlands B.C.A. A. White

M32 BNHM 1992.168 128 5 adult South Afnca South Africa Darryl Mason

M33 BNHM 30.12.3.10 128 5 vol South Africa Sabie River - Transvaal R. Campbell

M34 BNHM 34.11.1.17 128 5 adult South Africa Sand River - E. Transvaal R. Campbell

M35 BNHM 93.7.25.3 128 6 johnstoni adult Zambia Mweru

M36 PCM Uganda 5 rendilis adult 06-03-1902 1°30'S37°E Kenya Athi River - B. E.Afica Powell-Cotton

M37 PCM Uganda 104 rendilis adult 09-05-1902 0“20TM 36“20E Kenya Likipia - B.E.Africa Powell-Cotton

M38 PCM Uganda 20 rendilis adult 11-03-1902 r s  37°20’E Kenya Bythika - B. E. Africa Powell-Cotton

M39 PCM SWA 54 melampus old 14-08-1937 17°55’S21“20'E Namibia Okavango - S.W. Africa Powell-Cotton

M40 PCM ANG 1 adult Angola Angola Powell-Cotton

M41 PCM Uganda 9 rendilis adult 07-03-1902 1“S 37°20’E Kenya Athi River - Nr. Sabuk - B E. Africa Powell-Cotton

M42 PCM Uganda 148 rendilis adult 31-05-1902 0“40'N 36“20’E Kenya Baringo - B.E.Africa Powell-Cotton

M43 PCM Uganda 103 rendilis adult 0“20'N 36“20'E Kenya Likipia - B.E.Africa Powell-Cotton

M44 PCM Zululand 15 melampus adult 00-07-1935 27°40'S 32°12'E South Africa Zululand - M'Kusi Powell-Cotton

M45 PCM Zululand 40 melampus vol 26-07-1935 27°40'S 32°12'E South Africa Zululand - M'Kusi Powell-Cotton

M46 PCM Zululand 45 melampus adult 26-07-1935 27®40’S 32°12’E South Africa Zululand - M'Kusi Powell-Cotton

M47 PCM Zululand 19 melampus old 26-07-1935 27"40'S 32“12'E South Africa Zululand - M'Kusi Powell-Cotton

M48 PCM Zululand 39 melampus old 26-07-1935 27’40’S 32°12'E South Africa Zululand - M'Kusi Powell-Cotton

M49 PCM Tanzania 106 suara adult 03-04-1939 3"25'S 35=50'E Tanzania Mtowambu - N. Tanganyika Powell-Cotton

M50 PCM Tanzania 20 adult 30-12-1938 8°36'S37°18'E Tanzania Rupias - S. Tanganyika Powell-Cotton

M51 PCM Tanzania 97 suara adult 26-03-1939 2“55’S 36“ E Tanzania Engaruka - N. Tanganyika Powell-Cotton
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Appendix B -  Skulls of Aepyceros melampus specimens held at British Natural History Museum (BNHM) and Powell-Cotton Museum (PCM) and used in the present study.

Stat code Museum Museum ID C upboard Drawer Subspecies Age Field date Coordinates Country Locality Collector

FOl BNHM 66.460 126 2 old Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W. Crowcroft
F02 BNHM 66.442 126 2 adult 00-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia W. Crowcroft

F03 BNHM 66.449 126 2 vol 00-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia

F04 BNHM 66.448 126 2 young adult 00-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia W. Crowcroft

F05 BNHM 66.454 126 2 adult Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W. Crowcroft

F06 BNHM 32.9.1.231 126 2 johnstoni old Zambia Kaperi Mpochi left bank River Kafue, Mumbwa District C. Pitman

F07 BNHM 66.453 126 2 old Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W. Crowcroft

F08 BNHM 66.443 126 2 adult 00-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia

F09 BNHM 66.834 126 2 adult 03-08-1962 Zambia 1/2 m S. of Chibembe Pontoon - E. Bank Loangwa 
River - Lundazi Dist

J. Ingles

FIO BNHM 66.447 126 2 old 00-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia W. Crowcroft

F ll BNHM 71.2132 126 2 adult Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W. Crowcroft

F12 BNHM 66.444 126 2 adult 00-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia W. Crowcroft

F13 BNHM 66.445 126 1 old 00-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia W. Crowcroft

F14 BNHM 66.446 126 1 young adult 00-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia W. Crowcroft

F15 BNHM 66.455 126 1 adult Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W. Crowcroft

F16 BNHM 67.1342 127 6 vol 30-07-1966 16“22'S25°59'E Zambia J. Hanks

F17 BNHM 67.1336 127 6 adult 26-06-1964 15°45'S 25°57'E Zambia Chibila - Kafue Nat. Park J. Hanks

F18 BNHM 68.695 127 6 adult 21-06-1966 16“i r S  26“00'E Zambia J.Hanks

F19 BNHM 25.12.4.218 127 4 peters i old Namibia Cunene Falls - N.W. Ovamboland C. Shortridge

F20 BNHM 75.1173 127 3 adult 30-09-1965 2°7'S 34=10'E Tanzania Grumeti Game Camp. Grumeti River - lake Province J. Ingles

F21 BNHM 5.4.3.34 127 3 adult Uganda S.W. Ankole (Tribe) Delmâ Radcliffe

F22 BNHM 75.1172 127 3 adult 2‘7'S 34=10'E Tanzania Grumeti Game Camp. Grumeti River - lake Province J. Ingles

F23 BNHM 51.487 127 3 vol 23-08-1948 Tanzania Mbuyuni 10 miles E. of Kibaya - S. Masaland

F24 BNHM 39.2534 127 3 young adult Malawi Myera - Nyasaland P. Rendall

F25 BNHM 24.1.1.192 127 1 suara adult Tanzania Jumbe Mbulu - N. Singida, T.T. A. Loveridge

F26 BNHM 76.147 . 128 6 young adult 10-05-1974 South Africa Swaziland -Tshaneni T. Jones

F27 BNHM 76.148 128 6 young adult South Africa Swaziland -Tshaneni T. Jones

F28 BNHM 34.11.1.21 128 5 vol South Africa Sand River - E. Transvaal R. Campbell
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Appendix B -  Skulls of female melampus specimens held at British Natural History Museum (BNHM) and Powell-Cotton Museum (PCM) and used in the present study, (continued)

Stat code Museum Museum ID C upboard Drawer Subspecies Age Field date Coordinates Country Locality Collector

F29 BNHM 66.832 128 3 vol 14-07-1962 12“46'S 32“5’E Zambia 1/2 m S. of Chibembe Pontoon - E. Bank Loangwa 
River - Lundazi Dist

B. Newman

F30 BNHM 35.9.1.341 128 2 old Namibia Grootfontein -Sambia - Mbunja C. Shortridge

F31 BNHM 98.3.20.3 128 1 peters! adult Angola Coporolo River - Angola S. Penrice

F32 BNHM 66.835 128 1 vol 12“46'S 32°5'E Zambia 1/2 m S. of Chibembe Pontoon - E. Bank Loangwa 
River - Lundazi Dist

1. Keymer

F33 BNHM 40.114 128 1 peters! adult Angola Chibia - Mossamedes Prov. G. Blaine

F34 PCM UGANDA 134 - - rend!l!s old 0°40'N 36“20'E Kenya Baringo -B.E.Africa Powell-Cotton

F35 PCM ZULULAND 35 ■ - melampus old 27°40 S 32'12'E South Africa Zululand - M'Kusi Powell-Cotton

F36 PCM TAN 90 - - suara vol 22-03-1939 2°55'S 36“ E Tanzania Engaruka - N. Tanganyika Powell-Cotton

F37 PCM TAN 96 - - suara vol 25-03-1939 2“55'S 36“ E Tanzania Engaruka - N. Tanganyika Powell-Cotton

F38 PCM TAN 29 - - adult 10-01-1939 8“40'S 37“ 18'E Tanzania Mahungoi - S. Tanganyika Powell-Cotton
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Appendix C -  Skull measurement data (mm) from male Aepyceros melampus specimens held at British Naturai History Museum (BNHM) and Poweii-Cotton Museum (PCM).
(continued)

Code Museum Museum ID Subspecies Age VARl VAR2 VAR3 VAR4 VARS VAR6 VAR7 VAR8 VAR9 VARIO V A R ll VAR12 VAR13 VAR14 VAR15 VAR16 VAR17 VAR18 VAR19 VAR20 V A R ll

MOl BNHM 34.11.1.18 adult 123 86 76 47,5 281 88 100,5 46 73,5 274 75 146 27 54 640 485 150 350 25 92,5 400
M02 BNHM 36.3.30.11 melampus old 113 83 76 44 279,5 86 104 48 72,5 273 76 142,5 23 52 580 445 155 295 29 87 390
M03 BNHM 27.8.16.17 old 108.5 74 66 41 264 76 99 45 69,5 258 75 140 25,5 47,5 465 340 130 200 27 79 300
M04 BNHM 98.7.2.15 adult 116,5 83 72,5 47 277,5 85 92,5 47,5 71,5 268 73,5 136 27 54 745 565 170 470 24,5 89,5 450
M05 BNHM 34.11.1.20 vol 116 81 75 48 280,5 86 101 50,5 73 275 76 138,5 27 51 505 385 145 195 28 87,5 310
M06 BNHM 67.1339 young adult 108 79 69,5 42 276 77 92,5 44,5 70,5 262 75 145 30 53 465 355 130 135 30 79 260
M07 BNHM 66.459 young adult 112 85 69 43 272,5 83,5 93 47,5 75,5 264 75 141 28,5 52 545 395 165 150 34 88 340
M08 BNHM 5.4.3.32 adult 120 86 75 45,5 279,5 89 102 47,5 72,5 267 73 139,5 26,5 52,5 685 525 165 375 28,5 94,5 450
M09 BNHM 5.4.3.33 vol 113 88 78 46 279,5 92 111 47 70,5 269 78 143,5 26 51,5 700 525 155 160 21 90,5 450
MIO BNHM 23.3.4.39 suara adult 118 90 75 46 286 87,5 103 51 75 280 75,5 146 29,5 53 670 505 165 395 30 93 430
M il BNHM 76.205 adult 115 82 72 44 275,5 80 96 47 69 269 75 137,5 27 51,5 590 435 150 340 26 85,5 440
M12 BNHM 36.3.17.2 young adult 112,5 86 70 42 269 81 92 44 70,5 258,5 72,5 138,5 29,5 51,5 635 485 165 275 23,5 89 380
M13 BNHM 1.8.9.80 adult 123,5 90 78,5 47,5 277,5 86 109 51 78 268 74,5 144 29 56 710 520 170 310 23 93 480
M14 BNHM 31.2.1.26 old 115 86,5 74 46 272 85 96 49 73 267 77 144 25,5 51,5 580 415 145 185 28 89,5 350
M15 BNHM 62.211 adult 112 80 69 45 270,5 86 95 45 71 263,5 74 142,5 27 49 550 415 150 310 26,5 88 385
M16 BNHM 31.2.1.24 young adult 113,5 79 69 44,5 270,5 82,5 96 44,5 70 264 73 142 29 52,5 565 425 140 225 23 86 380

M17 BNHM 68.696 adult 114 85 75 43 267 82 95 46 70 256 73 137 26 44 480 375 130 210 27 83 305
M18 BNHM 25.12.4.217 peters! adult 118 87,5 73 44,5 284 88 99 48 72 274 78,5 146,5 25,5 55,5 565 420 150 415 34 93 425
M19 BNHM 28.9.11.423 peters! old 128 88 77 49 291 86,5 102,5 47,5 77 276,5 78,5 145 27 55,5 570 425 145 315 34,5 95,5 420

M20 BNHM 28.9.11.422 peters! adult 123 88 75 47,5 285 82,5 104 50,5 75 274,5 76 144 27 53 565 445 150 370 35 89 390

M21 BNHM 28.9.11.424 peters! adult 123 89 73,5 45,5 289 82 106 50,5 75,5 275 80 148 28 51,5 600 445 135 230 27,5 95,5 340
M22 BNHM 67.1338 adult 112,5 82,5 69 41,5 267,5 79 103 47,5 71 258 72 142 28,5 52 480 365 160 205 31 86,5 320
M23 BNHM 5.1.11.1 peters! old 123,5 87 70 49 285 81 110 49 73 273 79 152 28 52 620 485 150 310 30 94,5 390
M24 BNHM 35.3.16.11 vol 114 82 75,5 44 273 81,5 99 46 70 274 75 143,5 27 51 460 365 135 285 26,5 82 300

M25 BNHM 31.2.1.27 adult 110,5 77 67 44 270 77 101 46 65 265 74 140 28 50 610 455 140 235 25 82,5 360
M26 BNHM 92.8.1.65 Johnston! adult 105,5 77,5 71,5 40 265 79 95 44 68 256 73 136 27 48 475 335 140 60 26 78,5 270
M27 BNHM 35.3.16.13 adult 114 87 71 42 262 80 81 49 69 262 76 144 26 53 495 375 135 210 25 83 310

M28 BNHM 27.8.16.23 adult 111,5 81,5 70 43 271 79 101 43 70 261 71 133 29 52 540 385 145 105 27 86,5 300
M29 BNHM 35.3.16.12 vol 108 76 70 43 271,5 81 98 47 70,5 260 77,5 140 25 52 420 335 130 230 28,5 82,5 280
M30 BNHM 98.7.2.14 young adult 114 82 75 46 274 80 99 45 69 268 72 139 32 55 690 505 170 210 28 90,5 430
M31 BNHM 34.7.9.24 Johnston! adult 111 81 71 42 265 80 106 45 69 254 69 136 29 50 520 370 135 220 30 85 340

M32 BNHM 1992.168 adult 117,5 82 75 45 275 85 101 46,5 70 266,5 77 142,5 27,5 49 585 470 150 370 27 85,5 370
M33 BNHM 30.12.3.10 vol 117 83 73,5 47,5 287 90 99 50 76 274 81,5 143 25 47 500 370 160 255 25 91 350
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Appendix C -  Skull measurement data (mm) from male Aepyceros melampus specimens held at British Natural History Museum (BNHM) and Powell-Cotton Museum (PCM).

Code Museum Museum ID Subspecies Age VARl VAR2 VAR3 VAR4 VARS VAR6 VAR7 VARS VAR9 VARIO V A R ll VAR12 VAR13 VAR14 VAR15 VARI6 VAR17 VAR18 VAR19 VAR20 VAR21

M34 BNHM 34.11.1.17 adult 115 82,5 73 46 281 85 96 45 72,5 271,5 74 137 29 54,5 640 495 145 370 26,5 88 410
M35 BNHM 93.7.25.3 johnstoni adult 110 79 67 40 273 81 100 46,5 72 263 77 145 25 50 445 350 135 195 29 85 300
M36 PCM Uganda 5 rendilis adult 113 84 71 43,5 267 80,5 118 47 72 258,5 72 135 30 50 60S 415 140 395 25,5 86 465
M37 PCM Uganda 104 rendilis adult 121 80 76,5 46 283 92 121 51 72 272,5 76 145 28 53 725 570 160 455 22 89 560
M38 PCM Uganda 20 rendilis adult 115 86,5 77 48 285 87 128,5 48.5 72,5 273 76 146 28,5 52 620 410 150 320 23 89,5 465
M39 PCM SWA 55 melampus old 112 82 75,5 44 264,5 88 108,5 46 70 255 73 138,5 26 51 490 365 135 295 32 92 350
M40 PCM Angola 1 adult 115 82 70 44,5 285,5 86 104,5 48,5 69 263 76,5 145 26 51,5 535 435 125 400 29 91.5 460
M41 PCM Uganda 9 rendilis adult 112 84 77,5 43 276 91 116 45,5 72 269 77 146 29 51 600 365 150 170 24,5 86 445
M42 PCM Uganda 148 rendilis adult 118 80 72,5 44 263 85 114 46,5 67 254 73,5 138,5 25,5 52 725 500 170 315 19 89 525
M43 PCM Uganda 103 rendilis adult 118 83 71 45 283 86 119 50 71 272 75 141 27 54 740 505 160 455 27,5 92 565
M44 PCM Zululand 15 melampus adult 111,5 77,5 72 45 271 85 124 46 71,5 261 72,5 137 24,5 50,5 565 395 140 410 16 81 470
M45 PCM Zululand 40 melampus vol 113,5 84,5 72,5 44 271 84 115 49 72 264 77 138,5 23 46 535 375 140 300 25 86 410
M46 PCM Zululand 45 melampus adult 113 83 72 45 272 81 120 47,5 74 263 70 135 27,5 52 530 330 140 195 20 85 425
M47 PCM Zululand 19 melampus old 109 82,5 70 43,5 282 84 118 47 70 275 81 143,5 28 50 580 370 140 345 18 84 460
M48 PCM Zululand 39 melampus old 114 86 76 48 273,5 82 111 46,5 70 264 75 136 25 49 550 390 150 310 24 85 420
M49 PCM Tanzania 106 suara adult 117,5 83 73,5 46,5 282 88 115 50 74 270 78 141 27,5 51 670 440 150 230 25 92 485
M50 PCM Tanzania 20 adult 115 84 74 45 269 85 115 44,5 71 255 73 139 28 49 695 465 145 370 25 87 525
M51 PCM Tanzania 97 suara adult 116 82,5 73 43 280 86,5 113 49 73 271 77 139 30 51,5 605 395 150 200 25 88 435
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A ppendix  D -  Skull m easu rem en ts  (m m ) from  fem ales o f Aepyceros melampus specim ens held a t B ritish  N a tu ra l H isto ry  M useum  (N H M ) and  P ow ell-C otton M useum  (PC M ).

Code Museum Museum ID Subsp, Age VARl VAR2 VAR3 VAR4 VARS VAR6 VAR7 VAR8 VAR9 VARIO V A R ll VAR12 VAR13 VARl 4
FOl BNHM 66.460 old 97 64 63,5 37,5 261 74 84 40 62 252 75,5 139 26 49
F02 BNHM 66.442 adult 104 71 68 41 262,5 78 89,5 45 65 252 73 131,5 26 51
F03 BNHM 66.449 vol 103,5 69,5 66 36 251 72,5 86 44,5 63,5 240 73,5 128 23 45
F04 BNHM 66.448 young adult 98,5 69 64,5 36 246 65 83,5 41 61 237,5 70 127,5 26,5 47
F05 BNHM 66.454 adult 100 66 65,5 36 252 68 84,5 41 62 243,5 68,5 127,5 26 49
F06 BNHM 32.9.1.231 johnstoni old 100 67 68,5 38 262 77 89,5 43 62,5 251 79 140 23,5 47
F07 BNHM 66.453 old 101,5 65 62,5 37 260 72,5 86 43 66 254 77 136 23 49
F08 BNHM 66.443 adult 103 68 64,5 34,5 257,5 72,5 87 42 59,5 248 74 134 25 47
F09 BNHM 66.834 adult 102 67 70,5 39.5 256 72 86,5 46 62,5 246 71 132,5 25 50.5
FIO BNHM 66.447 old 107,5 69,5 72,5 42 260 76,5 89 45 66 249,5 72 134 26,5 51.5
F ll BNHM 71.2132 adult 101 66,5 64 38 249 68 84 41 60,5 240 70 131 26,5 47.5
F12 BNHM 66.444 adult 105,5 66 70 38 265 79,5 88 43 62,5 255 74 136 26 51
F13 BNHM 66.445 old 106 69,5 64.5 38 258,5 75,5 89,5 41 63,5 248 70 135 25 48,5
F14 BNHM 66.446 young adult 100 67 63 38 253,5 67,5 84 41 60,5 243 72 135,5 25 50
F15 BNHM 66.455 adult 97 63 61,5 38 255.5 68 87 41 62 244 75 138 23,5 49.5
F16 BNHM 67.1342 vol 101,5 68,5 68,5 40 261 74 83,5 45 61 249 76 136,5 22 45
F17 BNHM 67.1336 adult 102 71 68 40,5 263 74 86 43 62,5 252 72,5 137,5 28 49
F18 BNHM 68.695 adult 99 68,5 63,5 37.5 270 69 83,5 41 62 259,5 77 146 29 49
F19 BNHM 25.12.4.218 peters i old 107,5 72 68,5 39,5 266 74 87 41,5 66 256 72,5 139,5 23,5 42.5
F20 BNHM 75.1173 adult 98 65,5 69 39 250.5 73 86 41 63 246,5 71 128,5 26 50
F21 BNHM 5.4.3.34 adult 104 74 72 40 257 76 85 45 66 246 71 131 25 51
F22 BNHM 75.1172 adult 97 65 67 38 241 69 85 41,5 60,5 230,5 63 121,5 25,5 50
F23 BNHM 51.487 vol 103 66,5 69,5 40 262 73,5 85 42 63 252,5 76 140 24 48.5
F24 BNHM 39.2534 young adult 94 64 61 34,5 240 62,5 82,5 39 56,5 231 66,5 127 25,5 48
F25 BNHM 24.1.192 suara adult no 73 72 41 264 78 89 46,5 65 252 76 131 26 50.5
F26 BNHM 76.147 young adult 97,5 64,5 63 38 248,5 66 84,5 42 58,5 238,5 70 128 27 49
F27 BNHM 76.148 young adult 95,5 64 64 39 251 68 83 41,5 61 243 71 127 25,5 46
F28 BNHM 34.11.1.21 vol 105,5 69 68,5 41 269,5 67 82,5 45 67 260 82 141 2%5 44.5
F29 BNHM 66.832 vol 98 63 69 37,5 250 71 83,5 43 65 238,5 72,5 128 23,5 45,5
F30 BNHM 35.9.1.341 old 102,5 68 65,5 36,5 260,5 72,5 83 44 64 252 74,5 130 24 44,5
F31 BNHM 98.3.20.3 peters i adult 108,5 73 67 42.5 265 71,5 85 43 62,5 254 79 139 26 47,5
F32 BNHM 66.835 vol 102,5 66 69 39 252 71 83,5 41,5 62,5 241 72 132 24,5 43
F33 BNHM 40.114' peters i adult 109,5 78 74 43.5 281 81 89 45 68 267 83,5 146,5 25 52,5
F34 PCM Uganda 134 rendilis old 101 77 68 39 259 75,5 87 44,5 63 259,5 76,5 139 25,5 49
F35 PCM Zululand 35 melampus old 105 71 70 39.5 268,5 72 85 42,5 61,5 259 80 137 25 51
F36 PCM Tanzania 90 suara vol 100 69,5 67 41.5 269 76 87 47 68.5 260 75,5 136 27 51
F37 PCM Tanzania 96 suara vol 105,5 71 72 44 270,5 76 89 42,5 68 262,5 81 144,5 27,5 52
F38 PCM Tanzania 29 adult 97,5 76 68 40 252 67 81 40 59,5 243,5 72 134 25,5 49,5

K)LA00



Appendix E -  Skull measurement data (mm) from male Aepyceros melampus specimens to test measurement error (ME%).

VARl M E%  VAR2 M E%  VAR3 M E%  VAR4 M E%  VARS M E%  VAR6 M E%  VAR7 M E%  VAR8 ME% VAR9 M E%  VARIO M E%  V A R ll M E%  VAR12 M E%  VAR13 M E%  VAR14 ME%

118 87.5 73 44.5 284 88 99 48 72 274 78.5 146.5 25.5 55.5
116 86 73 45 283 87,5 101 48,5 72 273 77,5 145 24 55,5
117 86,5 72,5 45 284 87 98,5 48,5 72,5 274 79 147 24,5 54
117 87 72 44,5 285 87,5 99 48 72 274 78 146 25 54
118 86 73 44,5 284 87 100 48,5 72,5 274 77,5 146,5 24,5 55
117 87 72 45 284 87 100 48 71,5 274 78 146 25 55

117.2 1,6 86,7 1,7 72,6 1,7 44,8 1,5 284,0 0,6 87,3 1,2 99,6 2,3 48,3 1.4 72,1 1,3 273,8 0,4 78,1 1,9 146,2 1,2 24,8 5,3 54.8 3,6

110,5 77 67 44 270 77 101 46 65 265 74 140 28 50
110 77 67 44 271 77,5 101 45,5 65,5 266 74 142 29 49.5
111 76,5 67 43,5 269 77,5 102 46 65,5 265.5 74 141 28,5 50
111 77 66 44 270 77 101 45,5 66 265 75 140,5 29,5 50
110 76 67 43,5 271 77 102 46 65,5 265 74,5 140 29 49
110 77 67 43,5 270 76,5 102 46 66 265 75 140,5 28 49

110,4 1,1 76,8 1,4 66,8 1,5 43,8 1,6 270,2 0,7 77,1 U 101,3 1,5 45,8 1,4 65,7 1,0 265,3 0,4 74,4 1,7 140,7 1,3 28,7 5,3 49,6 3,2

105,5 77,5 71,5 40 265 79 95 44 68 256 73 136 27 48
105 76 71,5 40 264 78 96,5 44,5 68 256 73,5 135,5 26,5 47,5
104 76 71 39,5 264 78,5 96 44 67,5 256 72,5 135 25,5 47,5
105 76,5 70,5 40 265 79 95,5 44,5 68 256 72 136 27 47
104 76 71 40 265 78 96,5 45 67,5 256,5 73 135,5 27 48
104 76,5 71,5 39,5 264 78,5 95 44,5 68 256 72,5 136 26,5 48

104,6 1,6 76,4 1,9 71,2 1,4 39,8 1,6 264,4 0,5 78,5 1,4 95,8 1,8 44,4 2,1 67,8 1,0 256,1 0,2 72,8 1,8 135,7 0,8 26,6 5,5 47,7 2,1

108 76 70 43 272 81 98 47 70,5 260 77,5 141,5 25 52
106 75,5 69,5 43 271 80,5 98,5 46,5 70,5 260 78 142 25,5 52
107 76 69,5 42,5 271 80 99 47 71 260,5 77 141 24,5 51,5
108 75 70 43 270 81 98,5 47,5 71 260 77 141,5 25,5 52
107 76 69 43 271 80,5 98 47 261 78 142 25 52
107 75,5 70 42,5 271 80 100 47,5 260 78 142 25,5 51,5

107,2 1.8 75,7 1,3 69,7 1,5 42,8 1,5 270,8 0,5 80,5 1,4 98,7 1,9 47,1 2,0 70,8 1,0 260,3 0,4 77,6 1,6 141,7 0,7 25,2 4,1 51,8 2,0

117 83 73,5 47,5 287 90 99 50 76 274 81,5 143 25 46
117 82,5 73,5 47 288 89,5 101 50,5 75,5 274 82 142 24 46
116 82 73,5 47 288 90 100 51 75,5 273 81 142,5 24,5 46,5
116 83 73 47 288 90 101 50,5 76 273,5 82 144 25,5 46,5
117 82,5 73 46,5 288 89,5 99 50,5 75 274 82,5 143 25,5 46
117 83 72,5 47 287 89 99,5 51 76 273,5 82 144 25 46

116,7 1,1 82,7 1,2 73,2 1,4 47,0 1,7 287,5 0,4 89,7 1,1 99,8 1,7 50,6 1,9 75,7 1,3 273,7 0,4 81,8 1,6 143,1 1,4 24,9 5,9 46,2 2,2

115 82,5 73 46 281 85 96 45 72,5 271,5 74 137 29 54,5
116 82 72,5 45,5 282 84,5 96,5 45,5 71,5 272 74 137 27,5 54
114 82 73 46 282 85 97 45 72 272 74,5 136,5 28,5 54
115 82 73 45,5 281 84 96,5 45,5 72 271 75 136 29 54,5
116 82,5 72,5 46 282 85 97 45,5 71,5 271 74,5 137 28,5 54
115 81,5 72 45,5 282 84,5 97,5 45 72 271,5 75 136,5 28,5 54

115,2 1,6 82,1 1,1 72,7 1,4 45,8 1,5 281,6 0,4 84,6 1,2 96,8 1,4 45,3 1,5 71,9 1.3 271,6 0,4 74,5 1,5 136,6 0,9 28,5 4,8 54,2 1,7

Mean 13 13 13 1,6 0 3 13 13 1,7 13 0,4 1,7 1,0 5,1 1,9
M E%
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Appendix F - Statistical values for male and female data. Normal distribution and homogeneity o f variance 

between sexes. See Figure 23  and 2.4 for measurement description.
N=number, p= significance level, SS= sum of squares, df= degree of freedom, MS= mean square

Shapiro-Wilk' W Test 

Male data

Shapiro-Wilk' W Test 

Female data

Character N W P Character N W P
SI 51 0,96 0,13 SI 38 0,98 0,64

S2 51 0,98 0,56 S2 38 0,94 0,08

S3 51 0,97 0,32 S3 38 0,97 0,42

S4 51 0,97 0,38 S4 38 0,97 0,64

S5 51 0,96 0,19 S5 38 0,98 0,90

S6 51 0,97 0,34 S6 38 0,98 0,80

S7 51 0,96 0,24 S7 38 0,94 0,06

S8 51 0,96 0,09 S8 38 0,94 0,07

S9 51 0,98 0,61 S9 38 0,97 0,50

SIO 51 0,95 0,05 SIO 38 0,98 0,82

S il 51 0,98 0,85 S lI 38 0,98 0.78
S12 51 0,97 0,51 S12 38 0,97 0,60

SI3 51 0,98 0,69 S13 38 0,98 0.66
S14 51 0.96 0,12 S14 38 0,94 0,06

Departure from normality at p< ,05 Departure from normality at p< ,05

Levene Test o f Homogeneity of Variances 
Sex effect

SS
Effect

df

Effect

MS
Effect

SS
Error

df
Error

MS
Error F P

SI 1,17 1 1,17 628,15 87 7.22 0,16 0,69

S2 0,77 1 0,77 438,92 87 5,05 0,15 0,70
S3 0,89 1 0,89 252,27 87 2,90 0,31 0,58
S4 0,00 1 0,00 149,93 87 1,72 0,00 0,96
S5 6,60 1 6,60 1710,47 87 19,66 0,34 0,56

S6 0,90 1 0,90 448,06 87 5,15 0,18 0,68

S7 804,43 1 804,43 1579,97 87 18,16 44,30 0,00

S8 0,14 1 0,14 111,19 87 1,28 0,11 0,75

S9 0,52 1 0,52 226,73 87 2,61 0,20 0,66

SIO 24,35 1 24,35 1490,33 87 17,13 1.42 0,24

S lI 32,75 1 32,75 378,44 87 4,35 7,53 0,01

S12 39,44 1 39,44 609,87 87 7,01 5,63 0,02

S13 1,83 1 1,83 91,52 87 1,05 1,74 0,19
S14 1,89 1 1,89 209,68 87 2,41 0,78 0,38

Effects are significant at p < ,05
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Appendix G - Statistical values for male and female data. Normal distribution and homogeneity of variance among age 

categories. See Figure 2 J  and 2.4 for measurement description.
N=number, p= significance level, SS= sum of squares, df= degree of freedom, MS= mean square

Shapiro-Wilk' W Test 
Male data

Levene Test of Homogeneity o f Variances 
Male data - Age categories effect

SS df MS SS df MS

N W P Effect Effect Effect Error Error Error F P
Si 51 0,96 0,13 SI - 67,48 3 22,49 330,86 47 7,04 3,20 0,03

S2 51 0,98 0,56 S2 2,12 3 0,71 234,36 47 4,99 0,14 0,93
S3 51 0,97 0,32 S3 9,95 3 3,32 129,02 47 2,75 1,21 0,32
S4 51 0,97 0,38 S4 3,67 3 1,22 70,22 47 1,49 0,82 0,49
S5 51 0,96 0,19 S5 131,10 3 43,70 619,95 47 13,19 3.31 0,03
S6 51 0,97 0,34 S6 9,66 3 3,22 183,19 47 3,90 0,83 0,49
S7 51 0,96 0.24 S7 204,93 3 68,31 1245,45 47 26,50 2,58 0,06
S8 51 0,96 0,09 S8 4,31 3 1,44 56,72 47 1,21 1,19 0,32
S9 51 0,98 0,61 S9 0,53 3 0,18 123,97 47 2,64 0,07 0,98
SIO 51 0,95 0,05 SIO 68,20 3 22,73 569,48 47 12,12 1,88 0,15

SI] 51 0,98 0,85 Sll 3,45 3 1,15 90,55 47 1,93 0,60 0,62

S12 51 0,97 0.51 S12 23,63 3 7,88 184,74 47 3,93 2,00 0,13
S13 51 0,98 0,69 S13 0,36 3 0,12 34,54 47 0,73 0,17 0,92
S14 51 0,96 0,12 S14 4,19 3 1,40 103,20 47 2,20 0.64 0,60
HI 51 0,96 0,20 HI 3070,53 3 1023,51 106898,47 47 2274,44 0,45 0,72
H2 51 0,94 0,02 H2 960,30 3 320,10 58541,41 47 1245,56 0,26 0,86
H3 51 0,94 0,02 H3 222,82 3 74,27 2097,70 47 44,63 1,66 0,19
H4 51 0,97 0,40 H4 21614,74 3 7204,91 103257,60 47 2196,97 3,28 0,03
H5 51 0,97 0,49 H5 9,81 3 3,27 336,37 47 7,16 0,46 0,71
H6 51 0,97 0,37 H6 12,56 3 4,19 275,27 47 5,86 0,72 0,55
H7 51 0,97 0,29 H7 3420,90 3 1140,30 79195,60 47 1685,0! 0,68 0,57

Departure fi'om normality at p< ,05 Effects are significant at p < ,05

Shapiro-Wilk' W Test Levene Test of Homogeneity of Variances
Female data Female data - Age categories effect

SS df MS SS df MS

N W P Effect Effect Effect Error Error Error F P
SI 38 0,98 0,64 SI 17,36 3 5,79 130,46 34 3,84 1,51 0,23
S2 38 0,94 0,08 S2 21,92 3 7,31 120,14 34 3,53 2,07 0,12

S3 38 0,97 0,42 S3 24.06 3 8,02 98,78 34 2,91 2,76 0,06
S4 38 0,97 0,64 S4 1,41 3 0,47 55,50 34 1,63 0,29 0,83

S5 38 0,98 0,90 S5 198,86 3 66,29 619,69 34 18,23 3,64 0,02
S6 38 0,98 0,80 S6 33,33 3 11,11 110,83 34 3,26 3,41 0,03

S7 38 0,94 0,06 S7 9,40 3 3,13 42,70 34 1,26 2,49 0,08
S8 38 0,94 0,07 S8 4,16 3 1,39 30,92 34 0,91 1,53 0,23
S9 38 0,97 0,50 S9 3,41 3 1,14 61,79 34 1,82 0,63 0,60

SIO 38 0,98 0,82 SIO 172,31 3 57,44 591,28 34 17,39 3,30 0,03
S lI 38 0,98 0,78 S l l 23,13 3 7,71 214,51 34 6,31 1,22 0,32

S12 38 0,97 0,60 S12 37,73 3 12,58 339,29 34 9,98 1,26 0,30

S13 38 0,98 0,66 S13 1,09 3 0,36 17,54 34 0,52 0,70 0,56
SI4 38 0,94 0,06 S14 7,98 3 2,66 40,73 34 1,20 2,22 0,10

Departure from normality at p< ,05 Effects are significant at p < ,05
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Appendix H - Correlation matrix of male skull and horn characters. Correlations are significant at p < 0.05. 
Black boxes shows significant inverse correlation.

31 32 33 34 35 36 37 38 39 310 311 312 313 314

bl
S2 0,653
S3 0,528 0,579

S4 0,743 0,515 0,593
S5 0,642 0,474 0,399 0,660

36 0,453 0,391 0,664 0,503 0,523

87 0,148 0,063 0,300 0,272 0,224 0,372

38 0,592 0,485 0,341 0,492 0,591 0,431 0,265

39 0,607 0,595 0,411 0,519 0,612 0,432 0,147 0,589

310 0,579 0,466 0,431 0,625 0,874 0,462 0,108 0,597 0,553

311 0,313 0,269 0,170 0,308 0,640 0,390 0,051 0,529 0,365 0,630

312 0,448 0,391 0,164 0,286 0,573 0,309 0,005 0,444 0,365 0,569 0,676

313 0,050 0,107 -0,030 -0,003 0,064 -0,177 0,001 -0,172 0,047 0,065 -0,302 -0,007

314 0,460 0,328 0,223 0,344 0,407 0,190 -0,051 0,217 0,305 0,426 -0,013 0,297 0,360

HI 0,515 0,381 0,391 0,487 0,337 0,480 0,363 0,252 0,149 0,305 -0,023 0,065 0,295 0,442

H2 0,594 0,374 0,361 0,514 0,383 0,431 0,091 0,271 0,132 0,344 0,005 0,174 0,215 0,488

H3 0,404 0,373 0,337 0,372 0,229 0,400 0,074 0,261 0,290 0,284 -0,047 0,028 0,229 0,415

H4 0,487 0,223 0,223 0,452 0,378 0,401 0,313 0,327 0,130 0,314 0,083 0,124 -0,126 0,267

H5 0,196 0,208 -0,061 -0,015 0,194 -0,130 -0,443 0,111 0,239 0,125 0,086 0,255 0,042 0,202

H6 0,790 0,682 • 0,436 0,647 0,643 0,598 0,161 0,515 0,565 0,506 0,303 0,417 0,105 0,495

H7 0,435 0,268 0,369 0,443 0,338 0,572 0,668 0,319 0,143 0,241 0,039 0,035 0,086 0,300

H2 H3 H4 H5 H6 H7

0,899
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Appendix 1 -  Male and female skins of Aepyceros melampus specimens held at Natural History Museum (BNHM) and Powell-Cotton Museum (PCM) and used in the present study.

Stat code Museum Museum ID Cupboard Drawer Subspecies Sex Field date Coordinates Country Locality Collector
SKOl BNHM 34.11.1.20 131 1 male South Africa Sand River - E. Transvaal R. Campbell
SK02 BNHM 34.11.1.21 131 1 female South Africa Sand River - E. Transvaal R. Campbell
SK03 BNHM 31.2.1.28 131 1 male 25-02-1930 Botswana Kwaai, Mochaba River, Kalahari A.Vemay
SK04 BNHM 31.2.1.25 131 1 male 09-07-1930 Botswana Mababe Flats - Magogelo River - Kalahari A.Vemay
SK05 BNHM 32.6.6.30 131 1 unknown male 01-01-1931 Tanzania Long'onya, Olduvai. T.T. A. Hopwood
SK06 BNHM 36.3.17.2 131 1 male 01-01-1932 Tanzania Kenya border between Narok- Kenya and Loliondo-Tanzania A. Hop wood
SK07 BNHM 34.11.1.17 131 1 male South Africa Sand River - E. Transvaal R. Campbell
SK08 BNHM 32.9.1.232 131 1 johnstoni male 28-08-1931 Zambia Shampula, left bank River Kafue-Mumbwa District C.R.S.Pitman
SK09 BNHM 31.2.1.24 131 2 male 26-02-1930 Botswana Mababe Flats - Magogelo River - Kalahari A.Vemay
SKIO BNHM 32.9.1.231 131 3 johnstoni female 20-08-1931 Zambia Kaperi Mpochi left bank River Kafue, Mumbwa District C. Pitman
SK ll BNHM 34.11.1.19 131 2 male South Africa Sand River - E. Transvaal R. Campbell
SK12 BNHM 40.93 131 2 male 29-12-1938 8°3'S37°18'E Tanzania Rupias - S. Tainganyika

SK13 BNHM 34.11.1.18 131 2 male South Africa Sand River - E. Transvaal R. Campbell
SK14 BNHM 6.5.2.4 131 2 sex unk 01-01-1901 Zambia East bank of Luangwa River H. Cookson

SK15 BNHM 35.9.1.339 131 2 melampus female 25-09-1929 Namibia Okavango Singimba - W. Caprivi C. Shortridge

SK16 BNHM 35.9.1.341 131 2 female 10-10-1929 Namibia Grootfontein -Sambia - Mbunja C. Shortridge

SK17 BNHM 31.2.1.27 131 2 male 14-05-1930 Botswana Kwaai, Mochaba River, Kalahari A.Vemay

SKI 8 BNHM 28.9.11.423 131 4 petersi male 06-08-1927 Namibia Cunene River -Otjimbundu, N. Kaokoveld C. Shortridge

SK19 BNHM 24.1.1.192 131 2 suara female 13-10-1921 Tanzania Jumbe Mbulu N. Singida, T.T. A. Loveridge
SK20 BNHM 28.9.11.422 131 4 petersi male 01-01-1901 Namibia Cunene River -Otjimbundu, N. Kaokoveld C. Shortridge
SK21 BNHM 98.3.20.3 131 4 petersi female 01-01-1901 Angola Coporolo River - Angola 0 . Penrice
SK22 BNHM 28.9.11.424 131 4 petersi male 21-08-1927 Namibia Cunene Junction - Hondoto - N. Kaokoveld C. Shortridge

SK23 BNHM 40.113 131 4 petersi male 08-02-1939 Angola Lola, Bentiaba River, N. Massamedes G. Blaine
SK24 BNHM 40.114 131 4 petersi female 22-01-1939 Angola Chibia - Mossamedes Prov. G. Blaine

SK25 BNHM 25.12.15.2 131 2 female 01-10-1925 Angola Lower Cubango River G. Blaine

SK26 BNHM 32.9.1.234 131 2 johnstoni sex unk 05-12-1931 Zambia East side of Bangweulu Lake C.Pitman

SK27 BNHM 28.9.11.509 131 4 petersi female 14-08-1927 Namibia Cunene River -Otjimbundu, N. Kaokoveld C. Shortridge

SK28 BNHM 1991.585 131 4 male 01-08-1982 Botswana Tuli Safari area H. Cock

SK29 BNHM 28.9.11.508 131 4 petersi female 22-08-1927 Namibia Cunene Junction - Hondoto - N. Kaokoveld C. Shortridge

SK30 BNHM 5.1.11.1 131 4 petersi male 01-01-1901 Angola Cunene River A. Cunningham

SK31 BNHM 28.9.11.507 131 4 petersi female 22-08-1927 Namibia Cunene Junction - Hondoto - N. Kaokoveld C. Shortridge
SK33 BNHM 97.10.1.294 131 3 johnstoni female 01-01-1901 Malawi Zomba, Casson H. Jonhston

SK34 BNHM 30.12.3.10 131 2 melampus male South Africa Sabie River, Transvaal R. Campbell

(con tinued )
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Appendix 1 -  Male and female skins of Aepyceros melampus specimens held at Natural History Museum (BNHM) and Powell-Cotton Museum (PCM) and used in the present study, (continued)

Stat code Museum Museum ID Cupboard Drawer Subspecies Sex Field date Coordenates Country Locality Collector
SK35 BNHM 37.4.28.76 131 2 melampus sex unk 01-01-1901 South Africa J. Smuts 1837
SK36 BNHM 25.12.15.1 131 2 male 10-10-1925 Angola Lower Cubango River G. Blaine
SK37 BNHM 40.95 131 3 suara female 04-04-1939 3=25'S 35“50'E Tanzania Mtowambu, N. Tanganyika
SK38 BNHM 66.653 131 3 female 01-01-1960 Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W.Crowcroft
SK39 BNHM 66.443 131 3 female 01-06-1960 Zimbabwe East bank of Bumi River - Lake Kariba - Rhodesia W.Crowcroft
SK40 BNHM 66.652 131 3 male 01-01-1960 Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W.Crowcroft
SK41 BNHM 66.460 131 3 female 01-01-1901 Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W.Crowcroft

SK42 BNHM 66.651 131 3 male 01-01-1960 Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W.Crowcroft

SK43 BNHM 66.654 131 3 male 01-01-1901 Zimbabwe Doddiebum Ranch - Matabeleland - Rhodesia W.Crowcroft

SK44 BNHM 35.9.1.338 131 2 melampus male 25-09-1929 Namibia Okavango - Cubango - W. Capri vi C. Shortridge

SK45 BNHM 32.9.1.233 131 3 johnstoni female 25-08-1931 Zambia Shampula, left bank River Kafue-Mumbwa District C.R.S.Pitman

SK46 BNHM 27.8.16.17 131 2 male Zambia Mwaleshi River, Luangwa Valley G. Blaine

SK47 BNHM 28.9.11.510 131 3 petersi female 29-08-1927 Namibia Cunene River Tshimhaka, N. Kaokoveld C. Shortridge

SK48 BNHM 28.9.11.506 131 3 petersi female 18-08-1927 Namibia Cunene Junction - Hondoto - N. Kaokoveld C. Shortridge

SK49 BNHM 40.94 131 1 suara male 26-03-1939 2°55'S 36°E Tanzania Engaruka, N.Tanganyika R. Campbell

SK50 BNHM 8.4.3.93 131 1 johnstoni male 19-08-1987 Mozambique Tete Portuguese Zambesia C. Grants

SK51 BNHM 40.92 131 1 male 29-12-1938 8°36'S37°18'E Tanzania Rupias - S. Tangangyika
SK52 BNHM 35.9.1.340 131 1 male 17-09-1929 Namibia Okavango Singimba - W. Caprivi C. Shortridge

SK53 PCM TAN 106 0 0 suara male Tanzania Mtowambu - N. Tanganyika
SK54 PCM SWA 55 0 0 melampus male 17“55'S21“20'E Namibia Okavango - S.W. Africa Powell-Cotton

SK55 PCM SWA 62 0 0 melampus female 17°55'S21°20'E Namibia Okavango - S.W. Africa Powell-Cotton

SK56 PCM TAN 18 0 0 johnstoni male Tanzania Rupias - S. Tanganyika

SK57 PCM TAN 11 0 0 male 8°36’S37“ 18’E Tanzania Rupias - S. Tainganyika

SK58 PCM TAN 29 0 0 male Tanzania Mahungoi - S. Tanganyika

SK59 PCM TAN 97 0 0 suara male Tanzania Engaruka - N. Tanganyika

SK60 PCM ANG 1 0 0 petersi male Angola Angola Powell-Cotton

SK61 PCM TAN 20 0 0 male Tanzania Rupias - S. Tanganyika

SK62 PCM TAN 96 0 0 suara male Tanzania Engaruka - N. Tanganyika

SK63 PCM TAN 90 0 0 suara male Tanzania Engaruka - N. Tanganyika

SK64 PCM ANG 2 0 0 petersi male Angola Angola Powell-Cotton
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Appendix J -  Protocol for DNA extraction using phenol/chloroform.

Digestion

1. Digestion buffer
a. 500|il of 1 X TNE ph 7.5
b. 60|il of IM Tris HCl ph 8.0
c. 16plof25% SDS
d. 4pl of Proteinase K

2. Add lOOpl of blood and vortex the mixture.

3. Leave in 37°C agitating incubator overnight or leave in 55“C agitating incubator for 2 hours. 

Extraction

4. Add an equal volume of PHENOL (SOOpl)
a. agitate for 5 min
b. vortex
c. centrifuge at 12000 rpm for 5 min.

5. Pipette top layer (500pl) to a new tube. Discharge the rest.

6. Add an equal volume of PHENOL/CHLOROFORM (500pl)
d. agitate for 5 min
e. vortex
f. centrifuge at 12000 rpm for 5 min.

7. Pipette top layer (500|il) to a new tube. Discharge the rest.

8. Add an equal volume of CHLOROFORM (SOOpl)
g. agitate for 5 min
h. vortex
i. centrifuge at 12000 rpm for 5 min.

9. Pipette top layer (500pl) to a new tube. Discharge the rest.

10. Add twice the volume (lOOOpl) of cold 100% ETHANOL from the freezer,
j. invert tubes to mix
k. place tubes into the freezer for 1 hour.

11. Centrifuge at 12000 rpm for 20 min.

12. Decant off supernatant
1. pipette off as much of the remaining liquid as possible 
m. avoid touching the pellet

13. Add 20pl of 70% ETHANOL
n. centrifuge at 12000 rpm for 5 min.

19. Remove the alcohol and do not touch the pellet

20. Leave to dry overnight covered with tissue paper or leave in speed vacuum dryer for 30 min.

21. Re-suspend with 100pi of TE buffer, 
o. vortex
p. spin

22. Leave in the hot block for 5 min. Store at -20°C.
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Segregating in 127 haplotype* found in 39S bane pairs of control region sequences of 19 im pala from the Koropean captive population. 12 im pala specimei 
!>ols indicate Identity with an Impala sequence from Uganda (UG ls3376) chosen randomly and published by Nersting A  A rclander (2001).
Shaded columns show the sites tha t a re  informative for parsimony. Black squares show segregating sites potenclally diagnostic of subspeceis A. m. petersi

a Powell Cotton Museum and 101 Impala haplotypes from Nersting A  A rctander (2001).
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Appendix M - Analysis of variance based on the mean polymorphic information content, mean 
number of alleles per locus and mean observed heterozygosity among species and among zoo and 
museum samples. Differences are significant at p<0,05. Zoo group: L=lechwe; W= waterbuck; R= 
Roan antelope; S= Sable antelope and I=impala. Museum group: LM=lechwe; WM= waterbuck; 
RM= Roan antelope; SM= sable antelope and IM=impala.

Unequal N HSD test; variable polymorpliic information content

{7} {8}{1} {2} {3} {4} {51 {61
I {1}
L {2} 1,0000
R {3} 0,9999 0,9937
S {4} 0,9755 0,9985 0,8063
w {5} 1,0000 1,0000 0,9999 0,9739
IM {6} 1,0000 1,0000 1,0000 0,9659 1,0000
LM {7} 1,0000 1,0000 0,9937 0,9985 1,0000 1,0000
RM {8} 0,9938 0,9452 1,0000 0,5783 0,9943 0,9962
SM {9} 1,0000 1,0000 0,9999 0,9713 1,0000 1,0000

Unequal N HSD test; variable mean number of alleles

{1} {2} {3} {41 {51 {61
I {1}
L {2} 1,0000
R {3} 1,0000 0,9998
S {4} 0,9998 1,0000 0,9974
W {5} 1,0000 0,9998 1,0000 0,9974
IM {6} 1,0000 0,9974 1,0000 0,9857
LM {7} 0,9934 0,9998 0,9724 1,0000 0,9724 0,9217
RM {8} 0,9217 0,7725 0,9724 0,6336 0,9724 0,9934
SM {9} 1,0000 1,0000 0,9998 1,0000 0,9998 0,9974

Unequal N HSD test; variable mean obser\ ed heterozygosity

{1} {2} {31 {41 {5} {61
I {1}
L {2}
R {3} 0,9996 0,9997
S {4} 1,0000 0,9999 0,9801
W {5} 1,0000 1,0000 0,9982 1,0000
IM {6} 1,0000 1,0000 0,9947 1,0000
LM {7} 0,9999 0,9998 0,9723 1,0000 1,0000 1,0000
RM (8} 0,8480 0,8568 0,9914 0,5737 0,7750 0,7001
SM {9} 1,0000 1,0000 0,9968 1,0000 1,0000 1,0000

0,9454
1,0000 0,9950

{7} {8}

0,4132
0,9998 0,7725

{7} {8}

0,5345
1,0000 0,7379
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Appendix N - Genotyping results (no. of base pairs) for 24 impalas from Emmen Zoo, The Neherlands, using 10 Bos -derived microsatellites.

ID Sex ETHIOA ETHIOB BM1824A BMI824B ETH225A ETH225B ILST05A ILST05B ILST28A ILST28B TGL122A TGL122B

2EM F 218 222 174 176 131 133 159 161 142 142 153 161
3EM F 220 222 174 174 133 135 159 159 142 148 161 161
4EM F 220 220 174 182 133 135 161 161 146 146 157 161
5EM F 218 220 174 176 131 133 159 161 142 146 157 161
6EM F 218 222 180 182 131 135 161 161 142 146 153 157
7EM F 218 228 174 180 133 135 159 159 146 146 153 161
8EM F 220 228 174 180 131 135 161 161 142 144 153 161
9EM F 218 218 180 180 133 135 159 161 142 146 157 161

lOEM F 220 222 174 180 131 135 159 159 144 146 161 161
HEM F 220 220 176 180 133 133 159 159 142 144 153 157
12EM F 218 220 174 180 131 133 159 161 144 146 153 157
13EM F 218 220 176 180 131 131 159 159 142 144 157 161
14EM M 218 228 172 182 131 135 161 161 142 148 161 163
15EM F 220 222 174 176 131 133 159 161 144 146 153 153
16EM F 218 222 174 182 131 135 161 161 142 148 153 161
17EM F 218 218 172 174 131 135 159 161 142 146 161 161
18EM F 220 228 172 174 133 135 161 161 142 142 157 161
19EM F 218 220 180 182 131 135 159 161 144 148 161 161
20EM F 218 228 176 182 133 135 161 161 142 142 161 161
21EM F 218 228 172 182 135 135 161 161 146 148 153 163
22EM F 218 218 174 182 135 135 159 161 142 142 161 163
23EM F 218 228 172 180 131 131 161 161 142 148 153 161
24EM F 218 228 172 182 131 135 161 161 142 146 153 163
25EM F 222 228 172 176 131 133 161 161 142 142 153 161

ID - individual identification
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Appendix O - M atrix of pairwise relatedness values for 24 impalas from Emmen Zoo, The Netherlands.

File; Zoo alleles pairwise relatedness 

Population contains: 24 individuals and 6 loci.

There are 5 alleles at the most polyallelic locus.
Allele frequencies calculated from individuals.

There are 1 groups with 24 individuals in the largest group.

Results:
23EM 24EM 25EM2EM 3EM 4EM 5EM 6EM 7EM 8EM 9EM lOEM HEM 12EM 13EM 14EM 15EM 16EM 17EM 18EM 19EM 20EM 21EM 22EM

2EM «

3 EM 0.059 *

4EM -0.399 0.068 *

5EM 0.397 0.081 0.306 *

6EM -0.011 -0.669 0.147 -0.2 $

7EM -0.103 0.308 0.055 0.064 -0.222 *

8EM -0.056 -0.076 0.12 -0.263 0.151 -0.265 «

9EM -0.03 -0.166 0.003 0.16 0.29 0.409 -0.201 ♦
lOEM -0.107 0.708 0.053 0.06 -0.371 0.44 0.025 0.036 *

HEM 0.104 0.231 0.01 0.258 -0.347 0.139 -0.143 0.096 0.137 *

12EM -0.138 0 0.21 0.33 0.087 0.274 0.043 0.217 0.12 0.416 *

13EM 0.188 0.106 -0.385 0.389 -0.215 -0.021 -Oi l 0.168 0.443 0.436 0.279 *

14EM -0.176 -0.404 -0.1 -0.394 0.194 -0.498 0.16 -0.147 -0.503 -0.697 -0.678 -0.346 *

15EM 0.249 0.144 0.095 0.127 -0.041 0.14 0.08 -0.476 0.137 0.392 0.52 0.017 -0.663 *

16EM 0.307 -0.076 -0.011 -0.263 0.498 -0.415 0.296 -0.201 -0.269 -0.634 -0.363 -0.406 0.504 -0.081 *

17EM 0.228 0.127 -0.045 0.285 -0.069 0.25 -0.112 0.337 0.248 -0.502 -0.189 0.125 0.254 -0.41 0.217 *

I8EM 0.114 -0.063 0.34 0.151 -0.017 -0.356 0.409 -0.032 -0.36 -0.016 -0.294 -0.348 0.29 -0.346 0.102 0.052 *

19EM -0.364 0.316 0.022 -0.195 -0.154 -0.076 0.154 0.146 0.473 -0.108 -0.1 0.343 0.197 -0.352 0.154 0.249 -0.32 *

20EM 0.337 -0.195 0.07 0.087 0.081 -0.244 0.19 0.179 -0.368 -0.246 -0.624 -0.238 0.488 -0.487 0.329 0.265 0.534 0.083 *

21EM -0.517 -0.41 0.176- -0.571 0.349 -0.01 0.046 -0.07 -0.493 -0.558 -0.316 -0.728 0.617 -0.229 0.327 0.006 0.046 -0.057 0.122 *

22EM 0.221 0.033 -0.123 -0.041 0.105 0.015 -0.063 0.316 -0.103 -0.322 -0.424 -0.095 0.373 -0.58 0.347 0.527 0.192 0.107 0.472 0.252 *

23 EM 0.126 -0.502 -0.347 -0.189 0.293 -0.341 0.417 -0.02 -0.344 -0.436 -0.108 0.046 0.585 -0.189 0.417 0.202 0.105 0.148 0.181 0.179 -0.161

24EM -0.162 -0.769 0.036 -0.375 0.529 -0.2 0.17 -0.135 -0.635 -0.563 -0.267 -0.476 0.691 -0.173 0.341 0.108 0.151 -0.299 0.23 0.749 0.25

25EM 0.578 -0.372 -0.213 0.008 0.159 -0.451 0.279 -0.272 -0.455 -0.1 -0.419 -0.189 0.31 0.099 0.279 -0.06 0.504 -0.433 0.545 -0.053 -0.146

0.448 ♦

0.51 0.317
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Appendix P - M atrix of the resulting calculations of a p value for acceptance of the primary hypothesis to each pair's likelihood ratio in Appendix O.

File; Zoo alleles likelihood calculations 
Population contains: 24 individuals and 6 loci.
There are 5 alleles at the most polyallelic locus.
Allele frequencies calculated from individuals.

Settings for primary hypothesis:

N)
'-J

Rm: 0.5
Rp: 0.5

Results:
2EM 3EM

2EM -

3EM N.S. -
4EM N.S. N.S.
5EM * N.S.
6EM N.S. N.S.
7EM N.S. N.S.
8EM N.S. N.S.
9EM N.S. N.S.
lOEM N.S. **

l lEM N.S. N.S.
12EM N.S. N.S.
13EM N.S. N.S.
14EM N.S. N.S.
15EM * N.S.
16EM N.S. N.S.
17EM N.S. N.S.
18EM N.S. N.S.
19EM N.S. *

20EM N.S. N.S.
21EM N.S. N.S.
22EM N.S. N.S.
23EM N.S. N.S.
24EM N.S. N.S.
25EM ** N.S.

Settings for null hypothesis: 
Rm: 0
Rp: 0

Results of significance simulations
1000 simulated pairs used to calculate values

**
***

P<:
0.05
0.01
0.001

Ratio
3.49E+00
1.54E+01
1.06E+02

Type II error
0.339
0.62
0.899

4EM 5EM 6EM 7EM 8EM 9EM lOEM HEM 12EM 13EM 14EM 15EM 16EM 17EM 18EM 19EM 20EM 21EM 22EM

N.S.
N.S. N.S. -
N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. N.S. N.S. -

N.S. N.S. N.S. N.S. N.S. N.S. N.S. -
N.S. * N.S. N.S. N.S. N.S. N.S. * -
N.S. * N.S. N.S. N.S. N.S. N.S. ** N.S. -

N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. N.S. N.S. * * * N.S. N.S. -
N.S. N.S. * N.S. N.S. N.S. N.S. N.S. N.S. N.S. ♦ N.S. -
N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. -
* N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. N.S. N.S. * N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. * N.S. N.S. N.S. N.S. N.S. N.S. N.S. -
N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
N.S. N.S. * N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. * N.S. N.S.

N.S.
N.S.


