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Biology is a science of three dimensions. The first is the study of each
species across all levels of biological organization, molecule to cell to
organism to population to ecosystem. The second dimension is the
diversity of all species in the biosphere. The third dimension is the
history of each species in turn, comprising both its genetic evolution
and the environmental change that drove the evolution. Biology, by
growing in all three dimensions, is progressing toward unification and
will continue to do so.

-Edward 0. Wilson
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ABSTRACT

The African black rhinoceros (Diceros bicornis) is critically endangered. Like
other megafauna, the species is managed in parks and is often translocated to
expand their range into reserves where they have been extirpated. Management
of genetic variation has been identified as an important consideration in long-
term management plans for many wild and captive endangered species
including black rhino. In this thesis [ examined the contemporary levels of
genetic variation within the black rhinoceros (D. b. minor) in KwaZulu-Natal
(KZN), South Africa, and specifically the relict source population at Hluhluwe-
iMfolozi Game Reserve (HiP), and how this information can be incorporated into
management decisions to improve the long-term viability and persistence of the
population. Previous studies have examined levels of genetic variation and
differentiation among the three black rhino subspecies (D. b. minor, D. b.
michaeli and D. b. bicornis) in an attempt to resolve their taxonomy and to
establish baseline genetic assessments for managing populations. However,
there has been a lack of genetic information based on the variable mitochondrial
DNA (mtDNA) control region of the KZN metapopulation and a direct
comparison of microsatellite variability between the D. b. minor populations of
KZN and Zimbabwe.

The specific objectives of this study were to: (1) determine the DNA
sequence of the mtDNA control region of three subspecies and estimate the
level of variation within the HiP source and KZN metapopulation and compare
the results with D. b. minor outside KZN and the other two subspecies; (2) use

ten microsatellite DNA markers to estimate the levels of heterozygosity and
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allelic diversity in the HiP source and KZN metapopulation and compare results
to previously published microsatellite data (specifically native Zimbabwe D. b.
minor; and (3) use VORTEX Population Viability Analysis (PVA) and HiP vital
rates to model the effects of increasing population size and supplementation,
and investigate what management scenarios would be most effective for
minimizing the loss of genetic variation caused by genetic drift with HiP.

MtDNA showed evidence of a bottleneck in the KZN D. b. minor
metapopulation. The KZN metapopulation were fixed for a single haplotype
(n=65), compared to six haplotypes (n=11) in native Zimbabwe D. b. minor. D. b.
michaeli (n = 21) samples had 13 haplotypes, while the D. b. bicornis (n = 4)
samples had one. Additionally, a haplotype network showed a discernable
pattern of separation amongst the three subspecies with the KZN population
positioned with the D. b. minor populations of Zimbabwe. While it was expected
that the KZN D. b. minor would cluster together with the Zimbabwe D. b. minor
because they are the same subspecies, the haplotype network provides further
supporting evidence of a bottleneck in the KZN metapopulation.

The microsatellite DNA results from the KZN metapopulation also
indicated a likely bottleneck pattern and possible inbreeding. The KZN
metapopulation was out of Hardy-Weinberg Equilibrium, monomorphic at one
locus, showed excess of homozygosity at five out of ten microsatellite DNA loci,
and had 28% less genetic variation at microsatellite DNA loci and lower allele
frequency than the native Zimbabwe D. b. minor. Modified M-ratio results
indicated that all three of the subspecies had been through a bottleneck. There

is no pre-decline genetic information available for the KZN metapopulation, so it



is unclear if the KZN region has historically always had low genetic variation or
if the low levels were caused by a recent population decline.

No translocations are made into HiP. Modelling results of a simulated D.
b. minor source population indicated that if no translocations into the reserve
are made, expected heterozygosity (Hg ) would decrease ~25% over ~100 black
rhino generations (BRGs). Increasing the size of the modelled population slowed
the rate of loss with the mean Hg decreasing by ~10% over ~ 100 BRGs. Models
of supplementations made with a pair of black rhino (one female and one male)
from the KZN metapopulation made every ten gestational years, maintained the
mean Hg (Hg = 0.45) of the population over ~100 BRGs, but increased ~30%
when supplemented with individuals from Zimbabwe. PVA results indicated
that increasing gene flow through supplementation is effective and does not
require a large number of individuals or need to be frequent.

If KZN has always had low levels of genetic variability, then based on the
model findings, serial translocations made with KZN metapopulation rhinos into
the HiP source population would be recommended to slow the rate of loss
caused by drift and to maintain current levels of genetic variation. If, however,
the low levels of variation were caused by a recent decline in population size,
then according to the model, supplementations with native Zimbabwe D. b.
minor would not only decrease the rate of loss of genetic variation, but would
increase levels of genetic variation.

This research highlights the importance of shifting focus from increasing
the number of individuals within a population to that of quality (e.g. levels of
genetic variation) as black rhino move into recovery. Techniques like serial

translocation and supplementation can help maintain current levels of genetic



diversity and prevent further loss of variation in the KZN source and
metapopulation, which will enable managers to improve long-term African
black rhinoceros conservation efforts. These techniques can also be integrated
into active management schemes for other large conservation-reliant species.

More specifically, those in small, remnant populations with limited reserve or

range sizes in order to increase long-term survival and population persistence.
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Chapter I: Introduction

Introduction

The evolutionary process is dependent on genetic variation in order for
populations to adapt to changes occurring in the environment (e.g. diseases,
predators, climate change) (Lacy 1987b). Large breeding populations are able to
maintain high levels of variation and evolutionary potential (Lacy 1987b;
Bijlsma et al. 2000), but small populations are prone to decreases in the level of
genetic variation and inbreeding depression. This increases the risk of
extinction and reduces their evolutionary potential (Lacy 1987b; Frankham et
al. 1999; Garner et al. 2005; Frankham 2005). It is unclear which, or how many,
traits will be affected by inbreeding depression, or how long before adverse
genetic effects manifest in small populations (Hogg et al. 2006). However, when
genetic diversity is lost in small populations, the rate at which a population
recovers is primarily contingent on mutation rate (Lynch 1996), which can take
a considerable number of generations (Allendorf and Leary 1986a).

Many African wild animal populations have gone through gradual or
sudden population declines for reasons that include overexploitation, habitat
loss and disease (e.g. rinderpest) (Western and Vigne 1985; Simonsen et al.
1998; Harley et al. 2005). Historic population sizes and declines, however, are
seldom well documented. Europeans recorded wildlife sightings while exploring
and hunting the continent, but documentation was general with basic
descriptions, usually kept in personal journals (Tingley and Beissinger 2009).
These records are valuable for estimating historic ranges, but their use is
limited when estimating historic population sizes and declines (Shoo et al. 2006;

Rookmaaker 2007; Tingley and Beissinger 2009). It was often only in extreme
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cases of species decline that detailed population information was recorded and

is available (Shaffer et al. 1998).

Genetic Variation in Post-Decline Populations

Many threatened or endangered species that have experienced population
declines are now conservation-reliant (see: Miller et al. 1988; Walters 1991;
Tyus and Saunders 2000; Jamieson et al. 2006; Johnson et al. 2010). The level of
genetic variation remaining after a severe population decline is determined by
past and current population sizes, and pre-decline levels of diversity (Frankham
et al. 2002). An ongoing loss of diversity is expected if population recovery is
slow (Nei et al. 1975).

To determine loss of genetic variation as a consequence of decline, an
assessment of pre-decline gene flow and variability is required, but seldom
possible (Briskie and Mackintosh 2004). Museum samples can be used to
apprise missing data (greater prairie chicken (Tympanuchus cupido) Bouzat et
al. 1998; whooping crane (Grus americana) Glen et al. 1999), but when post-
decline levels of genetic variation are low and no museum specimens are
available it may be difficult to determine whether the low variability was due to
the reduction in population size or a general response to demographic and
environmental differences (Bouzat et al. 1998).

If pre-decline levels of genetic variation are unknown, post-decline
population levels should still be sampled and monitored. The collected data will
establish baseline levels of variation, assisting in future reintroductions and

parentage analyses in founder populations (Schwartz et al. 2006).
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1.2 Study Species

The Rhinocerotidae (meaning “nose horns”) are the second largest living land
animals after elephants (Kingdon 1997). They are in the order Perissodactyla
(odd-toed ungulates), which includes the Tapiridae (Tapirs) and Equidae
(Horses) (Silberman and Fulton 1979; Lacombat 2005). First appearing
approximately 56 to 34 million years ago (MYA), Rhinocerotidae included some
26 different genera in Eurasia spreading to North America and later, in the
Miocene Epoch (approximately 23 to 5 MYA), from Asia into Africa (Lacombat
2005). The earliest genera of Rhinocerotidae went extinct during early
Oligocene (37 MYA), and Rhinocerotidae declines at the end of the Miocene are
attributed to climate change (Lacombat 2005). Today there are five extant
rhinoceros species: three Asian; Sumatran (Dicerorhinus sumatrensis; critically
endangered A2abd; C1+2a(i) ver 3.1 (van Strien et al. 2008a)), Javan
(Rhinoceros sondaicus; critically endangered C2a(i); D ver 3.1 (van Strien et al.
2008b)) and Indian (Rhinoceros unicornis; vulnerable Blab(iii) (Talukdar et al.
2008)) and two African; black (Diceros bicornis) and white (Ceratotherium

simum; near threatened ver 3.1 (Emslie 2012)) (Owen-Smith 1988).

The Black Rhinoceros (Diceros bicornis)

Unlike their Asian counterparts, the African black rhino lack incisors and canine
teeth (Kingdon 1997; Emslie and Brooks 1999). Their brachyodont teeth (low
crown) enable them to browse on coarse plant material like leaves, twigs,
branches and long grass (Kingdon 1997; Lacombat 2005). They have two horns
which have a dermal origin and are comprised of laminated keratinaceous

filaments (compressed hair and fingernail matter) that grow throughout the
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animal’s life (Silberman and Fulton 1979; Lacombat 2005). Black rhino have a
muscular finger-like prehensile lip used for browsing (Skinner and Smithers
1990). They range in height from 1.4 - 1.8 m (55 - 71 in.) at the shoulder and
vary in weight from 1000 - 1800 kg (2200 - 3970 lbs); their body length ranges
from 2.9 - 3.75 m (114 - 148 in.) (Kingdon 1997; Emslie and Brooks 1999).
Black rhino are not actually black, but generally grey; they may appear to
vary in colour as a result of mud or dust bathing (Kingdon 1997). Wallowing
may help reduce body temperature and protects rhino from ectoparasites (e.g.
ticks and biting flies). Distinguishing the sex of a rhinoceros in the field can be
difficult because males have undescended testes and, therefore, lack a scrotum
(Kingdon 1997). The genitalia of both sexes face backwards and they are
capable of projecting urine up to three to four meters (Schenkel and Schenkel-
Hulliger 1969). Black rhino tend to be asocial and while female home ranges
overlap, males tend to live in mutually exclusive home ranges (Owen-Smith
1988; Conway and Goodman 1989). Both sexes can live up to 30 - 35 years in
the wild, but that is extended to 45+ years in captivity (Owen-Smith 1988). One
black rhino generation is approximately 14 years (Brooks and Adcock 1997).
Gestation is approximately 15.33 months (Schenkel and Schenkel-
Hulliger 1969; Owen-Smith 1988; Bertschinger 1994) with infants weighing
between 27 - 45 kg (60 - 100 Ibs) at birth. Females give birth to a single
offspring that is able to stand and walk shortly after birth. They start to suckle
within 3 - 4 hours of birth and are able start eating solid food (grass and non-
woody plants) within 10 days (Schenkel and Schenkel-Hulliger 1969; Owen-
Smith 1988; Bertschinger 1994). The mean intercalving time was shown to be

between 30 and 44 months within HiP (Bertschinger 1994).
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Black Rhino Taxonomy

Before wildlife managers can design effective conservation plans they must first
resolve and understand the target species’ taxonomy. Identification inaccuracies
can lead to inadequate protection for some species resulting in extinction
and/or the possibility of unwanted hybridization (e.g. black wildebeest
(Connochaetes gnou) Grobler et al. 2011) of sister taxon when translocating
animals for supplementation or reintroductions (Allendorf and Luikart 2007).

Taxonomic resolution includes two processes: (1) listing and priority
setting involving legislation; and (2) recovery planning and in situ and ex situ
conservation actions (Mace 2004). Once a species has been listed, conservation
managers can turn their attention to figuring out why the species is in decline
and implementing strategies for arresting and mitigating the effects of the
decline (Mace 2004).

Zukowsky (1965) described 17 separate black rhino subspecies based on
photos, literature, museum skull specimens and zoo animals. Groves’ (1967)
study of a smaller number of skulls narrowed the number of subspecies down to
seven, based on size and morphology. However, subsequent but unpublished
data collected on southern Africa black rhino skulls claim to refute Groves’
findings (du Toit 1987). Groves and Grubb (2011) have increased the
subspecies number up to eight to include Diceros bicornis bicornis (Linnaeus,
1758; from the Cape north to Kuruman, South Africa to southern Namibia); D. b.
chobiensis, (Zukowsky 1965; the Okavango region of Botswana) D. b. minor
(Drummond, 1976; KZN, South African north to north-west Tanzania and the
south-west borders of Kenya); D. b. occidentalis (Zukowsky, 1922; northern

Namibia and southern Angola); D. b. michaeli (Zukowsky 1965; north-west
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Tanzania into eastern Kenya); D. b. brucii (Lesson, 1842; Somalia, western
Somalia and northern Sudan); D. b. ladoensis (Groves 1967; Kenya Rift Valley
north-west into southern Sudan); and D. b. longipes (Zukowsky 1949; south-

western Chad, northern Cameroon and north-east Nigeria).

Black Rhino “Ecotypes”

In the context of a poorly resolved black rhino taxonomy, a meeting of rhino
managers in 1986 proposed that for better metapopulation management,
formal recognition of vernacular “ecotypes” be accepted and applied
(Rookmaaker 1995, 2005, 2011). In 1990, taxonomic accuracy was set aside for
pragmatic reasons and ecotype designations were officially recognized
(Rookmaaker 2005; du Toit 2006a). Even though more than one subspecies
occupied each ecotype region before the decline in black rhino numbers, in
1990 there was only one subspecies remaining in each of the regions. The three
remaining recognized ecotypes and the corresponding subspecific names of
subspecies remaining within the ecotypes (Eastern (D .b. michaeli): Ethiopia,
Kenya, Rwanda, Somalia, Sudan, Tanzania, Uganda; South-western (D. b.
bicornis): Angola, Botswana, Namibia, South Africa; and South-central (D. b.
minor): Angola, Botswana, Congo Malawi, Mozambique, South Africa, Swaziland,
Tanzania, Zambia, Zimbabwe) are now used interchangeably.

The critically endangered A2abcd ver 3.1 (Emslie 2011) D. b. michaeli
(Eastern) is mostly found in Kenya, although small numbers have been
accounted for in Rwanda and Tanzania. There is an extralimital or ‘insurance’
population in South Africa that was founded with individuals from Kenya. This

subspecies is, however, probably nationally extinct in Ethiopia (Amin et al.
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2006; Emslie and Brooks 1999). The vulnerable D1 ver 3.1 (Emslie 2011) D. b.
bicornis (South-western) are found in Namibia and parts of South Africa, and are
presumed nationally extinct in Angola and Botswana (Emslie and Brooks 1999).
The critically endangered D. b. minor A2abcd ver 3.1 (Emslie 2011) (South-
central) are mainly found in South Africa with smaller numbers in Zimbabwe
(native), Tanzania (native), Swaziland (reintroduced), Malawi (reintroduced),
Zambia (reintroduced), and Botswana (reintroduced). They are believed to be
extinct in Angola and Mozambique (Amin et al. 2006). The last sighting of five
remaining members of a fourth subspecies D. b. longipes (Western ‘ecotype’)
was in 2001 in Northern Cameroon. This ecotype was declared ‘probably
extinct’ in 2006 and subsequently declared ‘extinct’ in 2011 (Emslie 2011).
While each of the ecotypes occupy different regions in Africa, there are no
impervious geographical boundaries between them (Emslie and Brooks 1999).
With the three remaining subspecies already red-listed, managers are
addressing the second taxonomic process of how best to manage each

subspecies.

Species Decline

Black rhino once numbered in the hundreds of thousands but they have suffered
an extraordinary decline in the last century, disappearing more quickly than any
other large mammal (Hitchins 1975; Western and Vigne 1985; Ashley et al.
1990; Swart et al. 1994; Harley et al. 2005). Human hunting is the primary
reason for their decline (Western and Vigne 1985; Emslie and Brooks 1999;

Harley et al. 2005). Black rhino were (and continue to be) killed for trophies,
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meat, hides (for shields and good luck charms) and for their horns (traditional
medicines and handles for daggers).

Prior to 2004, it was assumed that historic black rhino distribution
extended from the Cape of South Africa, north to Somalia and Ethiopia, west to

Senegal and Guinea (Figure 1.1). Rookmaaker (2004) revised the extent of

Figure 1.1: Previous ‘pre-1900’ distribution map of African black rhino.
(Map from Emslie and Brooks 1999)

historic distribution in West Africa (only to as far as Nigeria, possibly the
southwest of Niger) based on a study of bibliographical and iconographic
literature (Figure 1.2). Revising the extent of the black rhino historic range to

the west may help some aspects of taxonomic resolution.
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Figure 1.2: Revised ‘pre-1900° distribution map of black rhino in West
Africa. Area A is the likely extent of the black rhino to the west. Area B is
the maximum possible extent of the range. (Map from Rookmaaker, 2004)
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Figure 1.3: Black rhino game reserves in KZN. Ndumo Game Reserve, Tembe
Elephant Reserve, Pongola Game Reserve, Ithala Game Reserve, Mkuze Game
Reserve, Thanda Game Reserve, Phinda Resource Reserve, Zululand Rhino

Reserve, Ubizane Wildlife Reserve, eMakhosini Heritage Park, HiP, Eastern
Shores, Weenan Game Reserve
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From 1970 to 1995, black rhino numbers were reduced from
approximately 65,000 to an estimated 2,400 (Emslie et al. 2009). However, by
the end of 2010, in situ conservation methods increased the total number of
black rhino to 4,880 (Emslie 2011). The number of D. b. minor in South Africa
increased from a mere 110 reported in 1930 to 1,684 by the end of 2010
(Emslie 2011). While the number of D. b. minor in South Africa appears to be
increasing, a recent spike in poaching has decreased the number of D. b. minor
in Zimabwe to approximately 431 (Emslie 2011).

D. b. minor were extirpated from Kruger National Park (KNP), South
Africa in the 1930’s, but have been reintroduced through translocations from
South Africa and Zimbabwe. Ferreira et al. (2011) estimated that there were,
approximately 627 D. b. minor in KNP, which would make it the largest D. b.
minor population in Africa. Their results were based on block surveys consisting
of 155 individual black rhino visual encounters (Ferreira et al. 2011).
Information gained by estimating population sizes is valuable and is often
required to justify the implementation of mangement schemes (Tacha et al.
1982), but as management budgets allow, more precise methods of determining
population size should be utilized.

Hluhluwe-iMfolozi Game Park (HiP), in the KwaZulu-Natal Region of
South Africa used estmates for mangement purposes from 1998 to 2008 only to
discover that their estimates were inflated by nearly 50% (Clinning et al. 2009).
To improve accuracy of D. b. minor numbers, HiP currently employs a Priority
Species Monitor (specialized ranger), who spends up to three months in each of
it’s five sections visually locating as many black rhino as possible. Recent

monitoring put the number of D. b. minor within HiP at roughly 220 (Clinning et
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al. 2009) or 13% of the total D. b. minor in South Africa and approximately half
of the D. b. minor in KwaZulu-Natal (Emslie 2011). HiP is the focal site for this

project (Figure 1.3).

1.3 Hluhluwe-iMfolozi Game Park (HiP), Source Population

HiP is home to the largest relict population of the critically endangered D. b.
minor. The park covers ~96,000 hectares (ha) and consists of two reserves,
Hluhluwe and iMfolozi, which were previously managed separately but are now
managed as a single game park with a connecting corridor between the two
reserves. HiP is further broken down into five administration sections:
Makhamisa (Wilderness-southernmost), Mbhuzane (South-west), Masinda
(south-central), Nqumeni (north-central) and Manzibomvu (north). Field
rangers regularly patrol each section and a game-proof fence surrounds the
entire park. Located in the KwaZulu-Natal (KZN) region, it was one of the first
game parks established in South Africa. Before becoming a game park in 1897,
HiP was used as a hunting ground for King Shaka kaSenzangakhona, founder of
the Zulu Nation (Brooks 2000). The park is also home to many other extant
African wildlife species, including all of the “Big Five” (buffalo, elephant, lion,
leopard and rhino) and has been a major source population for D. b. minor since
the early 1960’s (Table 1.1).

Along with its historical significance, HiP is instrumental in the
conservation of important southern African species. Southern white rhino
(Ceratotherium simum simum), once found in large numbers across southern
Africa, had been hunted to near extinction (Emslie and Brooks 1999). By the end

of the 19th century ~200 individuals remained in South Africa; most were found
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in the iMfolozi section of HiP (Rookmaaker 2000). Protection was set up for
them and through ex situ breeding programmes their numbers grew. As of

December 2010, there were ~20,170 white rhino in the wild (Emslie 2011).

Table 1.1: Translocation history of D. b. minor from
HiP from 1962 - 2008. (Adapted from Hitchens 1984,
Hall-Martin & Knight 1994 and Brooks & Adcock 1997)

Game Park Year(s) Number
Eastern Shores 1984 7
Elandsdrift 1994 5
Great Fish River 1989-1991 10
Ithala Game Reserve 1977-1984 17
Kruger National Park 1971-1982 55
Lapalala Game Reserve 1990-1993 11
Marakele National Park 1993-2002 2
Maremani Nature Reserve 2003 5
Mauricedale Game Ranch 2007 1
Malilangwe Wildlife Reserve 1998 27
Ndumo Game Reserve 1962-2008 18
Phinda Game Reserve 2004-2008 9
Phongola Game Reserve 2006 5
Pilanesberg Game Reserve 1981-1983 18
Rhinolands 1995 6
Sable Game Reserve 1991 4
Shamwari Game Reserve 1993 4
Somkhanda Game Reserve 2007 8
Sutton Game Reserve 2006 3
Tembe National Elephant Park 1994 13
Weenen Game Reserve 1983-2007 3
Western Shores 2003 4
Zulu Nyala Game Reserve 2004 1
Zululand Game Reserve 2005 18

1.4 Genetics

Conservation Genetics
Anthropogenic activities are the primary reason for species decline and
extinction (e.g. habitat destruction and overexploitation) (Caughley 1994;

Allendorf and Luikart 2007). The current levels of extirpations and the
13
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widespread decline in the number of taxon (e.g. bear (Ursus arctos), bighorn
sheep (Ovis canadensis)), are prompting conservation mangers to incorporate
reintroductions into species recovery plans (e.g. giant tortoises (Geochelone
nigra hoodensis) and cactus (Opuntia megasperma var. megasperma) Gibbs et al.
2008; tuatara (Sphenadon guntheri) Nelson et al. 2002; Przewalski horse (Equus
ferus przewalskii) Van Dierendonck and Wallis de Vries 1996). If the remaining
number of individuals in a population of an endangered species is extremely
small, genetic considerations may be overlooked for pragmatic reasons (e.g.
necessity to increase the number of individuals). However, if populations are in
recovery, genetic diversity should not be neglected. If a population is small
enough to be conservation-reliant, it is likely to be prone to loss of genetic
diversity and inbreeding, which may affect evolutionary potential (Frankham et
al. 1999; Frankham 2005), meaning that a loss in the level of genetic variation
might limit a population’s suitability or adaptability to its environment (Soulé
1980; Allendorf and Leary 1986b). Management of black rhino has mainly
focused on protecting existing populations, creating new populations through
the means of reintroductions, translocations and supplementations, and
through captive breeding programmes (Emslie et al. 2007).

Black rhino genetic studies have examined levels of genetic variation and
differentiation among and between the subspecies (Ashley et al. 1990; Swart et
al. 1994; Harley et al. 2005), but the definition of “acceptable levels” of genetic
variation differ between studies. As researchers, we need to provide
quantitative evidence to wildlife managers in a way that helps them in the field
to secure the evolutionary potential of the black rhinoceros (e.g. identifying

individuals that are ideal translocation candidates). Despite work in the field of
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black rhino genetics over the past two decades, field mangers only have a
general idea of how their subspecific populations differ genetically from other

populations.

1.4.1 Black Rhinoceros Genetics

As the black rhino species recovery progresses, it is now necessary for
metapopulation management to shift in emphasis from size and growth to
population quality indicators, such as levels of genetic variation. Despite an
increase in the total number of black rhino, sample sizes for genetic studies tend
to have been small due to the difficulty in collecting genetic material. Small
sample sizes typically underestimate diversity measures like allelic richness
(also called allelic diversity) and heterozygosity. Nei (1978) demonstrated that
when estimating average heterozygosity (measure of genetic variation within a
population), a small number of individuals could be used if a large number of
loci (more than 50) were used in the study and the average heterozygosity is
low. Nei (1978) also established that a small number of individuals could be
sampled for determining genetic distance if the gentic distance was large and
the average heterozyogisty of the two species being compared was low.

The following are studies that have included black rhino. Most of the
studies vary in sample size, examine fewer than 50 loci, and the genetic distance
between the subspecies is not large. The combination of these limitations has
occassionally lead to contradictory results. While each of these studies has

contributed to the understanding of rhino genetics, there are still information

gaps.

15



Chapter I: Introduction

Allozymes

Allozymes are soluble protein-coding enzymes, usually taken from blood,
kidney or liver, mixed with a buffer and separated by their charge or molecular
weight on an eletrophoresis gel. Allozyme markers are used to evaluate genetic
variation, population structure and gene flow (Lowe et al. 2004). They are
inexpensive, easy to detect and generally selectively neutral (Lowe et al. 2004);
however they are limited in that they do not directly measure the amount of
DNA variation within a population (Conner and Hartl 2004).

Merenlender et al. (1989) observed a significant lack of genetic
variability across 25-30 loci in the four rhino taxa (C. s. simum, C. s. cottoni, D.
bicornis and R. unicornis) they examined and more specifically, low amounts of
genetic variation within D. b. michaeli black rhino samples (0.013 observed
heterozygosity) from Kenya and east Africa (Table 1.2), concluding that the low
levels of genetic variation was likely caused by recent historic demographic
bottlenecks. While the authors suggested that the results were probably not
important for short-term conservation goals, they recognized that their sample
sizes were small (<10 samples for each taxa), which may have biased results.

Swart et al. (1994) narrowed their focus to four southern African black
rhino populations (D. b. minor, Zambezi Valley, Zimbabwe (n=90); D. b. bicornis,
Etosha, Namibia (n=6); D. b. minor, HiP (n=25) and D. b. minor, Mkuze (n=34),
South Africa) (Table 1.2). All populations were in Hardy-Weinberg Equilibrium
(HWE), six out of 30 loci were polymorphic and one locus was sex linked (Gp-5).
When the 24 monomorphic loci were excluded from calculations, the proportion
of heterozygote individuals for the four populations was between 0.036 - 0.059

with expected heterozygosity between 0.003 - 0.02. The Zimbabwe samples had
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Table 1.2: Genetic studies that include black rhino; Type of study, Allozyme using plasma and red blood cells (RBC), Restriction Fragment Length
Polymorphism (RFLP) using mitochondrial DNA (mtDNA) and microsatellites (msats) for black rhino (BR) and white rhino (WR); Number of restriction
sites and number of loci used in the study, Sample Size, Species/Subspecies, Sample Country of Origin, Expected heterozygosity (H.), Observed
heterozygosity (H,), Number of mtDNA haplotypes

Author ‘Srﬁzym Number of sites / loci giir:ple gﬁii:eséies Sample Origin ~H. ~H, ::bg‘;‘geDSNA
Merenlender et al. Allozyme  25-31 9 D. b. michaeli  Kenya/East Africa 0.013 - -
1989 (plasma) 23 C. s. simum South Africa 0.013 - -
7 C. s. cottoni Sudan 0.019 - -
3 R. unicornis India 0.000 - -
Swartetal. 1994  Allozyme 30 6 D. b. bicornis Namibia 0.013 0053 -
(plasma (6 polymarphic) 105 D. b. minor Zimbabwe 0.020 0.059 -
& RBC) 34 D. b. minor South Africa (HiP) 0.003 0.038 -
25 D. b. minor South Africa (Mkuze) 0.012 0.036 -
Swart & Ferguson  Alloyzyme 30 21 D. b. bicornis Namibia - 0.053 -
1997 (plasma (6 polymorphic) 135 D. b. minor Zimbabwe - 0.062 -
& RBC) 25 D. b. minor South Africa (HiP) - 0.038 -
34 D. b. minor South Africa (Mkuze) - 0.037 -
Ashley et al. 1990 RFLP 18 1" D. b. michaeli  Kenya - - 1 (type B1)
(mtDNA) (4 polymorphic) 1 D. b. minor Zimbabwe - - 2 (type A& B2)
1 D. b. minor South Africa - - 1 (type A)
O'Ryan et al. 1993 RFLP 18 4 C. s. simum South Africa 2
(mtDNA) (monomorphic 22 D. b. minor South Africa (HiP & Mkuzi) 1
for D. b. minor) 2 D. b. minor Zimbabwe 1
O'Ryan et al. 1994 RFLP 16 5 D. b. bicornis Namibia - - 1 (type B4)
(mtDNA) (3 polymaorphic) 1 D. b. michaeli  South Africa - - 1 (type B2)
26 D. b. minor South Africa - - 1 (type A)
1 D. b. chobiensis Namibia - - 1 (type A)
Brown & Houlden ~ Sequencing 2 (forward and reverse) 2 D. b. michaeli  Captive Born - - 2
2000 (mtDNA) mt15996L (forward) 9 D. b. minor Zimbabwe & Captive Born - - 5
mt1652H (reverse)
Brown & Houlden  Msat 1 7 D. b. bicornis Unknown 0686 - -
1999 DB1, DB4, DB5, DB14, 2 D. b. michaeli  Captive Born 0682 - -
DB23, DB30, DB42,DB44, 5 D. b. minor Zimbabwe & Captive Born  0.594 - -
DB49, DB52,DB66
Cunningham et al. Msat 5 72 D. bicornis Unknown 0.580 - -
1999 BR3, BR4, BR6, BR17,
BR20
Garnier et al. 2001 Msat 10 35 D. b. minor Zimbabwe 0616 0726 -
BR4, BR6, BR17
(Cunningham et al. 1999)
DB1, DBS, DB23, DB44,
DB49, DB52, DB66
(Brown & Houlden 1999)
Harley et al. 2005 Msat 9 19 D. b. michaeli  Kenya 0.675 0.731 -
BR4, BR6, BR17 47 D. b. minor South Africa & Zimbabwe  0.459  0.436 -
(Cunningham et al. 1999) 1 D. b. chobiensis southern Angolia - - -
DB1, DB14, DB44, DB49, 1 D. b. longipes  Camaroon - - -
DB52, DB66 53 D. b. bicornis ~ Namibia 0505 0523 -
(Brown & Houlden 1999)
Nielsen et al. 2008 Msat 5 (WR) 12 (BR) 22 C. s. simum South Africa (HiP) 0420 0436 -
WR: AY138542, AY138543, 6 D. b. minor South Africa (HiP) 0.372 0.322 -
AY 138544, AY138545,
AY138541
BR: AF12972, AF129726,
AF129727, AF129729,
AF129730, AF129734,
AF129732, AY606078,
AY606079, AY606080,
AY606082, AY606083
(Nielsen et al. 2008)
Karsten etal. 2011 Msat 10 77 D. b. minor South Africa & Zimbabwe  0.44 0.38 -
BR4, BR6, BR17 4 D. b. bicornis ~ Namibia 0.43 046 -
(Cunningham et al. 1999) 4 D. b. michaeli ~ South Africa & Tanzania 0.54 0.54 -
DB1, DB14, DB49, DB66
(Brown & Houlden 1999)
AY606078, AY606080,
AY606083
(Nielsen et al. 2008)
Muya et al. 2011 Msat BR4, BR6, BR17 145 D. b. michaeli  Kenya 0.69 0.70 -
(Cunningham et al. 1999)
DB1, DBS, DB30, DB44,
DB52, DB&6
(Brown & Houlden 1999)
Van Coeverden de Msat DB1, DB44, DB52, DB66 144 D. b. bicornis Namibia 0.51 0.52 -

Groot et al. 2011

(Brown & Houlden 1999)
BR4, BR6, BR17
(Cunningham et al. 1999)
BIRh2B, BIrh37D

(Van Coeverden de Groot
etal. 2011)
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the highest gene diversity, while Mkuze had the lowest. The authors suggested
that the two KZN populations (HiP and Mkuze) were not genetically
depauperate and many southern African black rhino populations had similar
genetic variation to populations of “some outbreeding mammal species”,
although the authors do not site examples of said outbred species. Swart et al.
(1994) also propose that the level of genetic variation in the southern African
populations was representative of the heterozygosity present before drastic
population declines and that this would be advantageous to captive breeding
programmes.

Swart and Ferguson (1997) studied two subspecies of black rhino (one D.
b. bicornis and three D. b. minor populations) (Table 1.2). They concluded that
the four populations were conspecific isolated remnants of a large ancestral
population; none of the populations belonged to discrete subspecies but were
instead part of a west-to-east ‘genetic continuum’ where by the Etosha
(Namibia) and KZN (South Africa) populations are the extremes, but mere
subsets of the Zambezi (Zimbabwe) population. They concluded that short-term
genetic management for the species was unnecessary due to large genetic
variation and no evidence of inbreeding or excess in homozygosity. However,
they concluded that the levels of variation in the Zimbabwe D. b. minor
population indicate that it is the only population of black rhino to retain pre-
bottleneck levels of genetic variation. They recommended immediate genetic
management in order to maintain the level of variability in the Zambezi,

Zimbabwe population.

18



Chapter I: Introduction

Mitochondrial DNA (mtDNA)

MtDNA consists of a haploid circular molecule found in the cellular
mitochondria of most eukaryotes. It is typically maternally inherited in
mammals and lacks recombination due to the nature of its replication process.
MtDNA is more sensitive to changes in population demography because it has a
quarter the effective population size (Ne) compared with nuclear loci. MtDNA
has a relatively high mutation rate and shows higher levels of polymorphism
compared to many nuclear genes making it useful when looking for patterns of
genetic differentiation (Moritz et al. 1987). Studies of mtDNA can be used
effectively in long-term and short-term management of populations, more
specifically to (1) measure genetic variation in recently declining populations
(2) define Evolutionarily Significant Units (ESUs) and (3) to ascertain
evolutionary or phylogenetic conservation value of populations (Moritz 1994).
Studies on black rhino mtDNA include the use of restriction maps and direct
DNA sequencing of the control region and 125 rRNA which have indicated
differences between the black rhino subspecies and suggest there may be

population differentiation (Harley et al. 2005).

Restriction Enzymes Analysis of mtDNA

Restriction fragment length polymorphisms (RFLP) are used to evaluate genetic
variation, population structure and gene flow; however, restriction enzymes
identify differences in the sequence of DNA, not the expressed proteins (Lowe et
al. 2004). RFLP results are repeatable and a considerable amount of variation

can be identified if the right combination of restriction enzymes is developed.
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Unfortunately, this method can be expensive, time consuming and combining
results from different labs can be difficult (Lowe et al. 2004).

Ashley et al. (1990) examined mtDNA RFLPs of black rhinos from three
different geographic populations: Zimbabwe (D. b. minor, n=11), South Africa (D.
b. minor, n=1) and Kenya (D. b. michaeli, n=11) (Table 1.2). They found a small
amount of intraspecific variation, with only three mtDNA haplotypes; one
unique haploptype in Kenya (D. b. michaeli), one unique haplotype in Zimbabwe
(D. b. minor) and one shared with Zimbabwe and South Africa (D. b. minor). The
DNA sequences of all three haplotypes were similar which led the authors to
conclude that the subspecies had recently shared a common ancestor.

O'Ryan and Harley (1993) used mtDNA restriction maps using 18
restriction endonucleases and estimated that the time divergence from a
common ancestor for black rhino and white rhino was 3.4 x 10¢ years ago. Black
rhino samples were from HiP (n=16), Mkuze (n=6) and Zimbabwe (n=2) (Table
1.2). White rhino samples (n=4) were from HiP. There were no polymorphic
sites detected in the restriction map of the black rhino and only one
polymorphic site in the white rhino. The results contrasted with those of Ashley
et al. (1990) who also used a restriction-fragment size approach, but were
consistent with Merenlender et al. (1989) allozyme findings of small
intraspecific variation.

O'Ryan et al. (1994), again using a mtDNA restriction map, analyzed
differentiation among black rhino subspecies and populations. Their subspecies
samples included D. b. minor (n=26), D. b. bicornis (n=5), D. b. michaeli (n=1) and
D. b. chobiensis (n=1) (Table 1.2). In their findings, they recommended

discarding D. b. chobiensis as a subspecies and placing it in the south-central
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ecotype with D. b. minor. Their results showed little variation with only two site
differences between 33 individuals from three different geographic regions and

monomorphic mtDNA restriction maps within the same geographic region.

MtDNA Sequencing

DNA sequencing typically involves the amplification of a segment of DNA (e.g.
mitochondrial DNA control region) via polymerase chain reaction (PCR) and it is
a direct measure of genetic variation.

Tougard et al. (2001) sequenced the mtDNA 12S rRNA in order to
establish where Sumatran rhino fit within the other four extant Asian and
African species. They narrowed the divergence time of the species to
approximately 26 million years ago with the Sumatran rhino forming a sister
group of the genus Rhinoceros. Later, Fernando et al. (2006) used mtDNA 12S
rRNA and control region sequences to examine the genetic divergence and level
of variation within and between two extant Javan rhino populations based on
samples from all five extant rhino species. They established that the two
populations each formed a discrete ESU and recommended independent
management of each population.

Brown and Houlden (2000) sequenced the non-coding mtDNA control
region of captive D. b. michaeli (n=2) and wild captured Zimbabwe D. b. minor
(n=9) to examine evolutionary relationships. Five haplotypes were found in the
nine D. b. minor samples with a haplotype diversity of 0.86 (Table 1.2). Both D. b.
minor and D. b. michaeli were shown to be reciprocally monophyletic, meaning
that all members of a lineage share a more recent common ancestor, with a

divergence time between the two subspecies ranging from 0.92 to 1.3 MYA.
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DNA Microsatellites
DNA microsatellites are a type of co-dominant DNA marker used extensively in
contemporary population and evolutionary genetic studies. (Slatkin 1995b).
They are tandem repeats usually between one and five base pairs long (Jarne
and Lagoda 1996) that are typically non-coding and are not influenced by the
selection process (Slatkin 1995). Microsatellites are found throughout an
organism'’s genome and are surrounded by unique DNA sequences, which
enable primers to be designed and used to amplify each locus separately (Jarne
and Lagoda 1996). The mutation rate of microsatellites is important because the
rate of change and model of mutation help determine population structure
(Jarne and Lagoda 1996). Microsatellite mutations are approximately 10-5 to
10-2 higher than seen in allozymes. Mutations occur through slippage through
increases and decreases in the number of unit repeats (Jarne and Lagoda 1996).
Brown and Houlden (1999) and Cunningham et al. (1999) were the first
to specifically isolate microsatellite sequences from black rhinos followed by
Nielsen et al. (2008) and Van Coeverden de Groot et al. (2011) (Table 1.2).
Brown and Houlden (1999) designed 11 microsatellite marker primers to
assess genetic diversity within an Australian ex situ breeding and conservation
programme of D. b. michaeli (originally from Kenya (n=2) and D. b. minor
(originally from Zimbabwe (n=5)). The mean expected heterozygosity (Hg) over
11 loci for D. b. minor was 0.594 + 0.068 and 0.682 + 0.085 for D. b. michaeli.
Garnier et al. (2001) conducted a genetic analysis using ten
microsatellites and used DNA from faecal samples to increase the
understanding of the mating system, reproductive skew and effective

population size of a D. b. minor population (n=35) in Save Valley, Zimbabwe
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(Table 1.2). This was the first study to provide genetic evidence of both
polygyny and a male reproductive skew in black rhino. The Save Valley
population was founded with individuals from Zambezi, Zimbabwe, which
Swart and Ferguson (1997) suggested had the highest level of genetic variation
of all black rhino populations and probably reflect that of a pre-bottleneck
population. The published genotypes provide a genetic record that will enable
conservation managers of other Zambezi founder populations to compare the
levels of genetic variations within their own populations. These data will also be
helpful in the future to the Save Valley population as a decrease in the level of
variability will be easily identifiable.

Harley et al. (2005) used nine of the black rhino microsatellite markers
to establish baseline information regarding levels of genetic diversity and
population differentiation in black rhino subspecies (D. b. bicornis (n=53); D. b.
minor (n=47); D. b. michaeli (n=19) and the now extinct D. b. longipes (n=1) and
D. b. chobiensis (n=1)) (Table 1.2). They found that D. b. michaeli had the highest
level of genetic diversity with an expected heterozygosity (Hg) of 0.675 followed
by D. b. bicornis (Hg = 0.505) and D. b. minor (Hg = 0.459). The authors point out
that the D. b. minor results may indicate a level of population substructure due
to samples coming from a number of games reserves in South Africa and
Zimbabwe. The possible population substructure of D. b. minor was not
important to their study however, and was therefore, not investigated.

Nielsen et al. (2008) designed 21 microsatellites for both black and white
rhino, seven of which were polymorphic and were used to distinguish the two
species from each other (Table 1.2). The authors do not specify with which

subspecies of black rhino (n=6) they were working, but an assumption can be
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made that the subspecies is D. b. minor as the authors stated that the samples
were from HiP.

When comparing results among genetic studies with differing sample
sizes, expected heterozygosity is preferred, as it takes into account sample size
variation. Nielsen et al. (2008) reported their microsatellite observed
heterozygosity (Ho = 0.322), instead of Hg (0.372) for two out of three of the
comparisons with other black rhino studies and also compared their results
against different black rhino subspecies. Since the aim of their study was to
differentiate black rhino samples from white rhino samples, identifying
differences between black rhino subspecies was not considered important. That
being said, they concluded that the wild black rhino population in South Africa
retains a moderate degree of allele diversity. They reached this conclusion by
stating that their black rhino Ho = 0.322 (n=6) was lower than Brown and
Houlden’s (1999) Ho = 0.660, however the Ho the authors reported for Brown
and Houlden (1999) was the mean Ho of two black rhino subspecies (D. b. minor,
Ho=0.594 (n =5) and D. b. michaeli, Ho = 0.682 (n=2)). Brown and Houlden
(1999) used 11 microsatellites, six of which were used by Nielsen et al. (2011).
When comparing their microsatellite results to Garnier et al.’s (2001) D. b.
minor (n = 35), the authors used Garnier et al.’s (2001) Ho = 0.726 instead of Hg
= 0.62. For their last result comparison, Nielsen et al. (2008) compared their Hg
= 0.372 with that of Harley et al. (2005), except they only reported the results
for Harley et al.’s (2005) D. b. michaeli, Hg = 0.68 (n= 19), which had the highest
HE of each of the three subspecies in Harley et al’s (2005) study (D. b. minor, Hg
= 0.46 (n=46); D. b. bicornis, Hg = 0.51(n=53)) (Table 1.2). Finally, due to the

nature of their study, the He and Ho results Neilsen et al. (2008) reported for the
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black rhino in their study included the use of both black rhino and white rhino
loci instead of separating out the data between the two species. When specific
white rhino marker results are excluded, the black rhino Hg and Ho increase to
0.439 and 0.411 respectively, much higher that the reported mean Hg and Ho of
0.372 and 0.322, respectively.

Muya et al. (2011) focused on 12 of 16 extant D. b. michaeli populations
in Kenya using both mtDNA control region sequencing and nine microsatellite
loci (Table 1.2). They confirmed previous studies (Harley et al. 2005) of
moderate to high levels of genetic diversity in their D. b. michaeli
metapopulation, reporting a mean mtDNA haplotype diversity (h) of 0.73 £ 0.14
with mean microsatellite He and Ho of 0.70 = 0.087 and 0.69 * 0.034
respectively.

Van Coeverden de Groot et al. (2011) used nine polymorphic
microsatellite loci to examine genetic diversity and structure of D. b. bicornis
(n=144) individuals of Etosha National Park, Namibia (Table 1.2); a population
that experienced a significant population increase due to increased protection.
The results were to be utilized as a baseline with which conservation managers
can measure changes in the level of genetic variation in the future. Mean
expected heterozygosity for the samples was 0.51, similar to levels published
for D. b. bicornis by Harley et al. (2005).

Karsten et al. (2011) used 10 microsatellites to evaluate levels of genetic
diversity, differentiation and inbreeding among D. b. minor (n = 74) in seven
game reserves in KZN, South Africa and a single population of D. b. minor (n = 3)
in Zimbabwe that was founded (and is managed separately from native

Zimbabwe D. b. minor) with black rhino from KZN. They also compared the
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results to D. b. bicornis (n = 4) and D. b. michaeli (n = 4) (Table 1.2). They found
low levels of differentiation among KZN metapopulation and their microsatellite
variation over 10 loci in D. b. minor (Hg = 0.44) was lower than for the other two
subspecies (Hg = 0.54 for D. b. michaeli and Hg = 0.43 for D. b. bicornis). The
authors stated that the KZN D. b. minor values still fell within the range of other
large mammals across Africa (African buffalo (Syncerus caffer) He = 0.76 and Ho
= 0.73 (van Hooft et al. 2000) and Hg = 0.58 and Ho = 0.52 (Simonsen et al.
1998), African elephant (Loxodonta africana africana) Hg = 0.96 and Ho = 0.37
(Whitehouse and Harley 2001), Black wildebeest (Connochaetes gnou) Hg = 0.35
(Grobler et al. 2005), Blue wildebeest (C. taurinus) Hg = 0.65, (Grobler et al.
2005), Cape Mountain zebra (Equus zebra zebra) Hg = 0.38 and Ho = 0.24
(Moodley and Harley 2005), Hartmann’s mountain zebra (E. z. hartmannae) Hg
= 0.54 and Ho = 0.48 (Moodley and Harley 2005)). While it is true that the Hg =
0.44 for D. b. minor falls within the 0.38 - 0.96 of the other large mammals they
listed, caution should be exercised when comparing levels of genetic variation
across species since experiments that do not include the entire genome (e.g.
microsatellite) represent a small portion of total DNA (Selander and Johnson
1973). The authors concluded that the use of translocations within the KZN
metapopulation has helped D. b. minor retain acceptable amounts of genetic
diversity and further concluded there was no need to change how black rhino in
KZN were managed. They, however, missed an opportunity to compare regional
levels of microsatellite variation for D. b. minor of KNZ to native Zimbabwe D. b.
minor by not comparing their findings to the genotype data provided in Garnier

etal’s (2001) paper.
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The levels of genetic variation within and between populations of D. b.
minor from different regions (e.g. South Africa and Zimbabwe) should be
examined separately with comparable and repeatable methods (e.g. similar
microsatellite DNA markers) to ensure accuracy. With successful
reintroductions of South African black rhino continuing into areas where they
have been extirpated, expansion will eventually mean that regional populations
may meet and become part of the same management scheme. However, genetic
considerations (e.g. differentiation) need to be addressed to ensure that long-

term viability of regional populations is not compromised by outbreeding.

1.5 Management

Translocation and Reintroductions
A translocation is the well-planned movement of animals from one part of their
range to another (IUCN 1987). It is a powerful tool used by conservation
mangers to reintroduce animals to areas where they have been extirpated or
have undergone dramatic declines in their distribution ranges (e.g. big horn
sheep (Ovis canadensis), Singer et al. 2000; black bears (Ursus americanus)
Smith and Clark 1994); to genetically augment existing populations (white-
spotted charr (Salelinus leucomaenis) Yamamoto et al. 2006) and establish
extralimital populations to reduce the possibility of species loss from
catastrophe (e.g. Rarotonga Monarch (Pomarea dimidiata) (Griffith et al. 1989;
Robertson et al. 2006)).

Reduced levels of heterozygosity and allelic diversity in founder
populations is well documented (Nei et al. 1975; Leberg 1992; Keller and Waller

2002), but for pragmatic reasons reintroduced populations of threatened and
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endangered species are typically founded with a small number of individuals
(Griffith et al. 1989; Kerley et al. 2003). Unfortunately, those individuals are
usually sourced from populations that have themselves been through a
bottleneck. Since reintroduced populations often only retain a small portion of
the genetic variation from the source at functional and neutral loci, if the source
population has experienced a genetic bottleneck, the rate of loss of genetic
variation in the founder population may be accelerated (Bijlsma et al. 2000;
Keller and Waller 2002; Leberg 1993). Establishing founder populations with
individuals from different populations of the same subspecies (different genetic
stock) or with high levels of genetic variation may be more likely to be
successful (e.g. increased fitness)(Leberg 1993).

Reintroductions of megaherbivores like elephants and rhino require
different treatment than smaller animals for various reasons. Some of these
include: (1) the nature of plant abundance and disturbance due to their size, (2)
they do not persist outside of conservation areas, (3) they are charismatic
species and attract attention (e.g. tourism, conservation), and (4) management
techniques are well-developed (Kerley et al. 2003). The primary reason for
establishing founder populations of megaherbivores is because parks and
reserves can no longer support (e.g. nutritionally) an increase in the number of
individuals in established populations.

The first successful black rhino translocation from HiP was to Ndumo
Game Reserve in 1962 (Table 1.1), coordinated under the Natal Parks Game and
Fish Preservation Board (Hitchins 1984). Successful translocations from HiP
continue today under current management of Ezemvelo KwaZulu-Natal Wildlife.

Like HiP, Mkuze Game Reserve (MGR) is home to the only other relict
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population of D. b. minor (n= 45; D. Kelly, pers. comm.) in South Africa. However,
MGR is smaller than HiP (38,000 ha compared to ~96,000 ha) and
translocations out of MGR occur less frequently than from HiP.

Receiving sites for black rhino translocations include other KZN reserves
capable of supporting black rhino (e.g. Ndumo Game Park, Tembe Elephant
Reserve, Ithala Gave Reserve, Zululand Rhino Reserve, Pongola Game Reserve,
Phinda Resource Reserve, Weenan Game Reserve and Eastern Shores Game
Reserve; Figure 1.3). As per recommened guidelines, when black rhino
populations within smaller, established KZN reserves approach 75% of their
estimated carrying capacities, individuals are removed and used for
reintroductions elsewhere. In addition to parks within KZN, receiving
translocation sites also include parks outside KZN like Kruger National Park,
Pilanesberg Game Reserve and across borders (e.g. Zimbabwe, Mozambique and
Swaziland; Hitchins 1984, Emslie et al. 2009). As translocation success rates
improve, it becomes increasingly necessary to study the genetic diversity of
various black rhino populations in order to plan long-term management of the

species (Emslie and Brooks 1999).

The Need for a Paradigm Shift in Rhino Conservation Practice

As black rhino species recovery continues, the focus of conservation managers
on population growth (number of black rhino) will need to be replaced by that
of population quality (e.g. genetic variation and Ne). Marked decreases in levels
of genetic variation in small and recovering populations could decrease fitness
or limit the long-term capacity of a population to respond to changes in the

environment (Westemeier et al. 1998). The shift in focus is important because if
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genetic factors are disregarded, it could lead to inappropriate recovery
strategies (Frankham 2005). If rhino poaching can be reduced and current
population trends continue, in 20 years black rhino are likely to be regarded as
a conservation success, much as the southern white rhino conservation is today.
While it is possible to have high levels of genetic variation represented
by a few individuals forming a founder population, variation may be lost if the
population remains small (Lande and Barrowclough 1987). Currently, black
rhino from HiP are used to reintroduce the species back into its historic range.
However, no individuals immigrate (naturally or assisted through
translocations) back into HiP, meaning that the HiP population is unable to
benefit from the expansion in the metapopulation, which would slow or stop a
decline in levels of genetic variation. HiP has been through a population
reduction and may have lost a significant amount of allelic diversity, in which
case HiP could benefit from translocations either from the KZN metapopulation
or possible native Zimabawe populations back into the reserve to replenish
diversity. Comparing levels of genetic variation within HiP and the KZN
metapopulation against native Zimbabwe populations may help with developing
management schemes to prevent loss of genetic variability within the D. b.

minor subspecies.

Rhino Management Groups
In my thesis, I will refer to several different organizations that make
recommendations regarding black rhino management. Here I describe the

international agencies and how they are associated with each other. There is
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considerable crossover between the groups as individuals are often affiliated

with more than one organization that drafts black rhino managment guidelines.

The International Union for Conservation of Nature (IUCN)

The International Union for Conservation of Nature is a multinational
organization dedicated to the conservation of nature and natural resources. The
IUCN is divided into specialized groups like the Species Survival Commission
(SSC), a science-based network that provides feedback to the IUCN on
biodiversity, species concerns, and dispenses recommendations to specialized
conservation projects. The African Rhino Specialist Group (AfRSG) is a working
group within the SSC network. The group meets every two years to update rhino
statistics, set priorities for populations of rhino and generate ‘Action Plans’.
AfRSG members are also usually involved in regional projects (Emslie et al.

2007; Emslie and Brooks 1999; Emslie et al. 2009).

Regional Rhino Conservation Groups Affiliated with the IUCN

Southern African Development Community (SADC) is an organization of
southern Africa nations including Angola, Botswana, Malawi, Mozambique,
Namibia, South Africa, Swaziland, Tanzania, Zambia and Zimbabwe (Emslie et al.
2009) established to promote improved standards of living in member states
(SADC 2010). Food, Agriculture and Natural Resources (FANR 2010), a
department within the SADC oversees the SADC Wildlife Programme of Action
(WPA). The SADC WPA is responsible for managing several projects, one being
the SADC Regional Programme for Rhino Conservation that focuses on
conservation efforts of both black and white rhinos in southern Africa. The

SADC Rhino Management Group (RMG) concentrates on black rhino efforts and
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implementing conservation plans in South Africa, Namibia, Swaziland and
Zimbabwe. Members of the IUCN-AfRSG are an integral part of the SADC RMG

(Emslie and Brooks 1999; Emslie et al. 2007; Emslie et al. 2009).

World Wildlife Fund

The World Wildlife Fund (WWF) South African Black Rhino Range Expansion
Project (BRREP) began in 2003 and is currently directed by Dr. Jacques Flamand
and coordinated with Ezemvelo KwaZulu-Natal Wildlife. The project is ongoing
and focuses on successful reintroduction and translocation of black rhino from

HiP and MGR source populations to areas where they have been extirpated.

1.6 Recommended Guidelines for Black Rhino Management

The Status Survey and Conservation Action Plan for the African Rhino (SSCAP)
(Emslie and Brooks 1999) and the IUCN’s Guidelines for the in situ Re-
introduction and Translocation of African and Asian Rhinoceros (Emslie et al.
2009) are examples of management plans detailing necessary concerns for
conservation managers including genetic monitoring. The SSCAP incorporates
guidance for protection, ascertaining sex and age structure of populations,
estimating population sizes, recording mortalities and estimating carrying
capacities, each of which is necessary as part of a comprehensive plan. It also
stresses the importance of genetic diversity maintenance. Recommendations
also include founding new populations in areas that formerly supported the
subspecies with cohorts consisting of at least 20 individuals. In addition,
guidelines also suggest that when translocating rhino to established

populations, the newly translocated individuals have as little “genetic similarity”
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as possible with the receiving population. They also advise that if possible, one
rhino per generation should be introduced and accurate stud books be
maintained.

The IUCN re-introduction guidelines (Emslie et al. 2009) give detailed
criteria for African and Asian rhino translocations for both in situ and ex situ
conservation schemes. It spells out important details needed before (i.e.,
harvesting in existing populations, selecting rhino for translocation, nominating
new locations), during (i.e., logistics, veterinary care, holding) and after (i.e.,
monitoring, protection) translocations take place. Regarding genetic
management, the [UCN guidelines are similar to the SSCAP in that translocated
individuals should be unrelated if they are being introduced to an existing
population, founder populations need to be of the same subspecies that were in
that particular historical range, the number of individuals in a new population
should be at least 20, and newly founded populations should be carefully
monitored.

Local agencies like Ezemvelo KZN Wildlife (EKZNW) and South Africa
National Parks (SANParks) together with private and community conservancies
work hard to manage black rhino populations. The local private and
government management groups create management plans and follow
recommended guidelines to the very best of their ability considering the

financial and manpower constrants many game reserves face.

1.7 Thesis Structure

The specific objectives of this study were to:
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1) Determine the sequence of the mitochondria DNA (mtDNA) control
region of three black rhino subspecies, estimate the level of variation
within the HiP source and KZN metapopulation and compare the results

to native Zimbabwe D. b. minor and the other black rhino subspecies.

2) Use ten microsatellite DNA markers to estimate the levels of
heterozygosity and allelic diversity in HiP and KZN metapopulation and
compare the results to previously published microsatellite data of native
Zimbabwe D. b. minor as well as the other black rhino subspecies to
determine whether or not HiP still has an appropriate level of genetic

variation to use to establish founder populations of D. b. minor.

3) Perform a Population Viability Analysis (PVA) based on genetic data
from HiP and vital rates to model the effects of increasing population size
and supplementation to determine which management scenarios would

be most effective for minimizing the loss of genetic variation.

When attempting to ascertain historic gene flow, evaluate a species

demographic limits and gain understanding into a species population structure,

mtDNA is an excellent metric with which to start (Rubinoff and Holland 2005).

MtDNA is haploid, generally maternally inherited in mammals, lacks

recombination and has a high mutation rate. Chapter Two examines sequences

of the highly variable mtDNA control region of the D. b. minor source (HiP) and

metapopulation of KZN and compares them against previously published native
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Zimbabwe D. b. minor samples, as well as, samples of D. b. bicornis from Namibia
and D. b. michaeli from Kenya. Identifying the level of mtDNA variation within
HiP is the first step in determining whether or not HiP remains an appropriate
source for D. b. minor for South African founder populations. This chapter is
published (Appendix A) as:

Anderson-Lederer, R.M.,, Linklater, W.L., and P.A. Ritchie (2012) Limited

mitochondrial DNA variation within South Africa’s black rhino (Diceros

bicornis minor) population and implications for management. African

Journal of Ecology 50(4): 404-413
[ have changed the format to conform to a suggested thesis format.

Chapter Three continues the investigation of genetic structure by
examining ten microsatellite DNA loci to estimate the levels of heterozygosity
and allelic diversity in HiP and the KZN metapopulation comparing them against
a small number of samples of D. b. bicornis from Namibia and D. b. michaeli from
Kenya as well as previously published D. b. minor microsatellite data including
native Zimbabwe populations. This chapter is in preparation for submission to
Journal of Zoology as:

Anderson-Lederer, R.M.,, Linklater, W.L., and P.A. Ritchie (In prep) Low

levels of microsatellite DNA variation and possible management

considerations for black rhino (Diceros bicornis minor) in KwaZulu-

Natal, South Africa

MtDNA and microsatellite DNA results help describe past and current
genetic variation as well as assisting conservationists with understanding
mechanisms that are responsible for variation in allele frequencies (Conner and
Hartl 2004), but they are only part of a larger management picture. Chapter

Four builds on the previous chapters by incorporating microsatellite DNA and

HiP vital rate information into a VORTEX population viability analysis (PVA). A
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PVA was used to model the effects of increasing population size versus
supplementation to determine which management scenarios would be most
effective for maintaining or minimizing the loss of genetic variation in a source
population.

Chapter Five is a synopsis of work completed. My findings contribute to
the knowledge base already accumulated for the KZN D. b. minor
metapopulation and will assist wildlife managers improve conservation plans as
D. b. minor enter recovery. Results from the data chapters are reviewed and
recommendations for management of black rhino are made. Shortcomings of

this project are also pointed out and suggestions for future work are addressed.
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Chapter I1: Mitochondrial DNA

2.1 Abstract

The taxonomy of African black rhinoceros (Diceros bicornis) remains
unresolved. Maintaining levels of genetic diversity, and species rescue by
reintroduction and restocking requires its resolution. I compared the sequences
of the mitochondrial DNA (mtDNA) control region for a total of 101 D. bicornis
from three subspecies: D. b. minor, D. b. michaeli and D. b. bicornis. A single
unique haplotype was found within the 65 D. b. minor samples from KwaZulu-
Natal (KZN) Province, South Africa, 55 of which came from Hluhluwe-iMfolozi
Game Park (HiP) and Mkuze Game Reserve (MGR) source populations. However,
six different haplotypes were represented in 11 D. b. minor samples from
Zimbabwe. Similarly, published autosomal microsatellite data indicate low
levels of diversity within the KZN D. b. minor populations. The low levels of
mtDNA diversity within the KZN metapopulation point to the possible need for
genetic supplementation. However, there is a need to determine whether the
low levels of genetic variation within KZN D. b. minor is a result of the recent

bottleneck or if KZN historically always had low diversity.

2.2 Introduction

Species conservation depends on identifying genetically distinct groups or
management units and implementing strategies to retain genetic variation.
Genetically distinct populations can contain unique genetic variation and/or
they can be locally adapted to their habitat. Mixing them with other populations
may break up genetically complex traits and, in some cases, lead to outbreeding
depression (Templeton 1986; O'Ryan et al. 1994). Alternatively, genetic

differences between populations can also result from strong genetic drift caused
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by population fragmentation and declining population sizes (Frankham et al.
2002; Allendorf and Luikart 2007). When the genetic structure and historic
pattern of gene flow of a species has been described, reintroduction methods
can be used to secure locally adapted populations or restocking used for genetic
supplementation.

Variation in mitochondrial DNA (mtDNA) is a particularly useful metric
for determining population structure and history (Moritz 1994). The control
region of mtDNA is highly variable and it can often be used to resolve
phylogenetic relationships between closely related taxa or for describing the
genetic structure within species (Moritz et al. 1987). MtDNA is maternally
inherited and so does not recombine (Hayashi et al. 1985), which means it
reflects a quarter the effective population size (Ne) compared with nuclear loci
and hence it is more sensitive to changes in population demography.

The black rhinoceros (Diceros bicornis: Perissodactyla) once ranged
across the African continent and numbered in the hundreds of thousands
(Western and Vigne 1985). By 1969, their numbers had declined to ~65,000
(Muya and Oguge 2000) and, during the last century, the species disappeared
faster than any other large mammal (Hitchins 1975; Western and Vigne 1985).
The major causes for their decline have been anthropogenic, primarily illegal
hunting (Western and Vigne 1985; Emslie and Brooks 1999; Amin et al. 2006).
Nevertheless, conservation efforts have seen in situ black rhino numbers
increase from a low of 2,475 individuals in 1993 to approximately 4,880 in 2010
(Emslie 2011).

Three extant black rhino subspecies are recognised across Africa,

including approximately 742 D. b. michaeli (Eastern black rhino), 1,922 D. b.
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bicornis (South-western black rhinoceros) and 2,216 D. b. minor (South-central
black rhinoceros) (Emslie 2011). Appraisal of the black rhino subspecies was
initially based on skull measurements (Zukowsky 1965; Groves 1967; du Toit
1987), however, uncertainty regarding taxonomy remained (du Toit 1987).
Although there are apparently no impervious geographic boundaries or
reproductive barriers between the subspecies, they occupy different areas with
distinct habitats and climates (Harley et al. 2005; Emslie and Brooks 1999).
With no historical records of migration and the extent of gene flow between the
subspecies unknown, some authors have speculated that each subspecies may
have genetic or behavioural adaptations to their local environments (Emslie and
Brooks 1999; Harley et al. 2005). Their suggestion regarding genetic differences
was confirmed through recent mtDNA and autosomal DNA analyses
(Merenlender et al. 1989; Ashley et al. 1990; O'Ryan and Harley 1993; O'Ryan et
al. 1994; Swart and Ferguson 1997; Brown and Houlden 1999, 2000; Nielsen et
al. 2008; Karsten et al. 2011; Muya et al. 2011). Thus, current black rhino
management policy is for each subspecies to be managed separately in order to
maintain possible local adaptive traits and minimize the risk of outbreeding
depression (Templeton 1986; O'Ryan et al. 1994; Brown and Houlden 2000;
Harley et al. 2005).

The largest remnant population of the critically endangered (IUCN 2008)
D. b. minor subspecies is in Hluhluwe-iMfolozi Game Park (HiP) (n=~220
Clinning et al. 2009) in KwaZulu-Natal (KZN) Province, South Africa (Figure
2.1). KZN black rhino have been separated from other populations to the north
(e.g. Zimbabwe) since at least the latter half of the 19th century (Swart et al.

1994). HiP and the smaller remnant in Mkuze Game Reserve (MGR) (n=~45 D.
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Figure 2.1: Map of Southern Africa showing black rhinoceros sample sites. Inset

showing KwaZulu-Natal Game Reserves (Ndumo Game Reserve, Ithala Game

Reserve, Mkuze Game Reserve, Hluhluwe-iMfolozi Game Park (HiP) and
Weenan Game Reserve)
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Kelly pers. comm.) have been sources for metapopulation expansion and genetic
management by reintroduction and re-stocking. Translocations from HiP to
other KZN reserves first began in 1962, expanded to other South African
provinces and later to other African nations (e.g., Zimbabwe, Zambia, Hitchins
1984; Emslie et al. 2009). The potential now exists for KZN D. b. minor to be
mixed with D. b. minor in or from other smaller African populations, especially
those in Zimbabwe, if they are not too genetically divergent. Although the KZN
population will likely be strategic to the subspecies recovery throughout the
African continent (Emslie and Brooks 1999), no study has yet compared the
mtDNA sequences of the KZN D. b. minor metapopulation with populations
outside South Africa.

The aim of this study was to use mtDNA control region sequences (406
bp) to determine the level of variation within the D. b. minor source population
at HiP (n=50) and compare it with the KZN metapopulation (n=15) and D. b.
minor populations outside South Africa (n=11) and the other black rhino
subspecies (D. b. michaeli n=21, D. b. bicornis n= 4). 1 considered the
implications of the findings for the long-term management of D. b. minor and

made recommendations for possible future research.

2.3 Materials and Methods

Sampling

Samples of blood and pinna ear tissue were collected from individuals of D .b.
minor in the KZN province in South Africa (n=65), D .b. michaeli in Addo
Elephant National Park, South Africa (n=1) and D. b. bicornis in Namibia’s

Northern Region (n=4) (Figure 2.1). The samples were acquired
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opportunistically during routine translocation and ear notching (for
identification) events from 2002 to 2009. Blood samples were stored in

cryovials containing 1mL of DMSO/EDTA/Tris/salt solution (Seutin et al. 1991).

DNA Sequencing and Analysis

DNA extraction.

Seventy microlitres of the preserved blood solution or a 3mm x 3mm piece of
pinna ear tissue was digested in an SDS/proteinase-K solution. After dissolution,
a standard phenol-chloroform DNA extraction and ethanol precipitation was

conducted following the procedure of Sambrook et al. (1989).

PCR and DNA sequencing
A fragment of the mitochondrial DNA control region (406bp) was amplified
using the primers mt15996L (5’-TCCACCATCAGCACCCAA-AGC-3’) (Campbell et
al. 1995; Brown and Houlden 2000) and mt16502H (5’- TTTG-
ATGGCCCTGAAGTAAGAACCA- 3’) (Brown and Houlden 2000; Moro et al. 1998).
PCR amplifications using 1-2 pL of DNA template were carried out in 25pL
volumes with 67 mM Tris pH 8.8, 16mM (NH 4)2S04, 1.5 mM MgClz, 0.4 ng/ml
BSA, 0.4 uL of each of the forward and reverse primer, 200 uM of each dNTP,
and 0.5 to 1 units of BIOTAQ DNA polymerase (Bioline). Thermal cycling was
carried out using an Eppendorf Mastercycler for; 94°C 2 min, (94°C 3 min, 50-
54°C 30 sec, 72°C 2 min), repeated for 30-40 cycles, followed by a final step of
72°C 3 min.

PCR products were electorphoresed in agarose gel and a molecular
weight standard was used to determine the size of amplified products. Products

of the correct size were purified using column purification (Roche) or ExoSAP-
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IT (GE Healthcare Lifesciences) and their DNA sequence determined using an
ABI 3730 Genetic Analyzer (Massey University Genome Service).

For comparison, 11 D. b. minor sequences stored in GenBank (Accession
numbers AF187825 - AF187827 & AF187829 - AF187831, (Brown and Houlden
2000); AY742832 & AY742833 (Fernando et al. 2006)) originally sampled from
Zimbabwe and zoos in Australia and the United States were added to the data
set, in addition to 20 D. b. michaeli samples (Accession numbers AF187834 &
AF187835, (Brown and Houlden 2000); AY742830 & AY742831, (Fernando et
al. 2006); F]J227484 - F]227498, (Muya et al. 2011)) originally sampled from

Kenya and zoos in Australia and the United States.

Data Analysis.

The 101 mitochondrial DNA sequences were edited by eye and then aligned
using Clustal W (Larkin et al. 2007). Homogeneity of base compositions was
tested using PAUP 4.0b (Swofford 2002). DnaSP v 5.10.1 (Rozas et al. 2003) was
used to calculate haplotype diversity (h), nucleotide diversity (1) and standard
deviation (SD) within the subspecies. The level of sequence divergence within
and between populations was estimated using a pairwise distance analysis in
MEGA 5.1 (Tamura et al. 2011), and standard errors were calculated using a
bootstrap procedure. A statistical parsimony haplotype network was calculated

with NETWORK 4.610 (Bandelt et al. 1999).

2.4 Results
The sequence of the mtDNA control region was determined for a total of 70
individual black rhinos as follows: D. b. minor samples: 50 from HiP, eight from

Ithala, five from MGR, one from Ndumo Game Reserve, one from the
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Johannesburg Zoo (Accession number JN593089) and 11 sequences from
Genbank (Accession numbers AF187826 - AF187831, AY742832 - AY742833 &
AF187832 - AF187833); D. b. michaeli samples: one from Addo Elephant Park
(Accession number JN5930090) and 20 from Genbank (Accession number
F]227483 - F]227498, AY742830 - AY742831 & AF187834 - AF187835) and
four samples for D. b. bicornis from Namibia’s northern region (Accession
numbers JN593091-]N593094) (Table 2.1).

The 101 aligned sequences were 363bp long with 31 polymorphic sites;
there was an average pairwise difference of 4% + 1% between D .b. michaeli and
D. b. minor 4.5% + 1.1% between D .b. michaeli and D .b. bicornis and 2.3% +
0.8% between D. b. minor and D. b. bicornis. No insertions or deletions were
observed.

Considering each subspecies separately, the greatest level of diversity
was recorded in D. b. michaeli (n=21), which contained 13 haplotypes and
showed comparatively high nucleotide diversity (t=0.011 + 0.00106) and
haplotype diversity (h = 0.958 + 0.026) (Table 2.2). The lowest level of diversity
within subspecies was seen in the Namibian D. b. bicornis samples (n=4) where
only one unique haplotype was found, however this was based on a small
sample size and might not represent the total amount of genetic variation
within the population. The pooled KZN samples and Genbank sequences of all D.
b. minor individuals (n=79) contained seven haplotypes and haplotype diversity
(h) was 0.267 £ 0.067 and a nucleotide diversity () of 0.002 + 0.00063. The
eight D. b. minor Zimbabwe sequences from Brown and Houlden (2000) and two
from Fernando et al. (2006) had shared haplotypes (Table 2.3), however there

were no shared haplotypes with the KZN samples.
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Table 2.1: Rhinoceros subspecies and sources analyzed for mtDNA variation

Subspecies Sample Size Sample/Sequence Source Reference
D.b.minor 50 Hluhluwe-iMfolozi Game Park, This study
KNZ Region, Accession number
JN593089
8 Itala Game Park, This study
KNZ Region
5 Mkuze Game Park, This study
KNZ Region
1 Ndumo Game Park, This study
KNZ Region
1 Johannesburg Zoo This study
6 Chete National Park, Zimbabwe, Brown & Houlden 2000
Accession number
AF187825 - AF187827 &
AF187829 - AF187831
2 Zambezi Valley, Zimbabwe, Fernando et al. 2006
Accession numbers AY742832-
AY742833
1 Captive born, San Diego Zoo Brown & Houlden 2000
Accession number AF187832
1 Captive born, Milwaulkee Zoo, Brown & Houlden 2000
Accession number AF187833
1 Captive born, Western Plains Zoo Brown & Houlden 2000
Accession number AF187828
D.b.michaeli 16 Kenya, Muya 2008
Accession numbers
F1227483-F1227498
2 Solio Game Reserve, Kenya, Fernando et al. 2006
Accession numbers
AY742830-AY742831
1 Cincinnati Zoo, Brown & Houlden 2000
Accession number AF187834
1 Taronga Zoo, Brown & Houlden 2000
Accession number AF187835
1 Addo Elephant Park, South Africa This study
Accession number JN593090
D.b.bicornis 4 Etoshia, Namibia This study
Accession numbers
JN593091-IN593094
C.c.simum 4 HiP & London Zoo Brown & Houlden 2000

Accession numbers
AF187836-AF187839
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Table 2.2: Mitochondrial DNA D-loop sequence variability within subspecies.
Sample size (n), Number of haplotypes (H), haplotype diversity (h),
Nucleotide diversity (n), Standard deviation (SD)

Genetic Variability

n H h (SD) n (SD)

Subspecies:

D.b.minor (aggregate) 76 7 0.267 0.067 0.0023 0.001
KZN meta- population 65 1 - - - -
Zimbabwe samples 11 6 0.855 0.085 0.0074 0.00124

D.b.michaeli 21 13 0.952 0.024 0.0112 0.00106

D.b.bicornis 4 1 - - - -
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Table 2.3: Summary statistics for the mitochondrial DNA control region sequence variability
in each subspecies and haplotype identifiers used in Figure 2.2. Sample size (n),
Haplotypes, labeled A - U (H), haplotype diversity (h), Nucleotide diversity (n), Standard
deviation (SD), Number of segregating sites (S)

Subspecies & Population: Genetic Variability
H h (SD) n (SD) S
D. b. minor Pooled D. b. minor samples A-G 0.267 0.067 0.002 0.00063 6
Hluhluwe-iMfolozi Game A - - - - -
Park (KZN)

Accession number JN593089

Itala Game Park (KZN) A - - - - _
Mkuze Game Park (KZN) A - - - - _
Ndumo Game Park (KZN) A - - - - -
Johannesburg Zoo A - - - - -
Chete National Park, B, C&D 0.733 0.155 0.004 0.00056 4

Zimbabwe,

Accession number

AF187825 - AF187827 &

AF1878329 - AF187831

Zambezi Valley, Zimbabwe, E&G 1 0.5 0.008 0.00413 3
Accession numbers

AY742832 - AY742833

Captive born, San Diego Zoo E - - - - -
Accession number AF187832

Captive born, Western Plains B - - - - -
Zoo

Accession number AF187828

Captive born, Milwaulkee Zoo, F - - - - -

Accession number AF187833
D. b. michaeli Pooled D. b. michaeli samples H-T 0.958 0.026 0.011 0.00106 15

Kenya, I-S 0.952 0.031 0.011 0.00119 15
Accession numbers

F1227483-F1227498

Solio Game Reserve, Kenya 1-T 1 0.5 0.011 0.00413 3
Accession numbers

AY742830-AY742831

Cincinnati Zoo, H - - - - _
Accession number AF187834
Taronga Zoo, I - - - _ _
Accession number AF187835
Addo Elephant Park, T - - - - -

South Africa
Accession number JN593090

D.b.bicornis Pooled D. b. bicornis samples U 0 - - - -
Etosha, Namibia U - - - - -
Accession numbers
JN593091-IN593094
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The haplotype network (Figure 2.2) shows a clear pattern of the
separation among the three currently recognised subspecies with the KZN
population falling out with the D. b. minor populations of Zimbabwe. Our finding
of no more than three base pair substitutions between adjacent haplotypes
within the D. b. michaeli subspecies is consistent with Muya et al. (2011). There
is significant separation between the D. b. minor and D. b. bicornis with eight
base pair substitutions as well as between D. b. minor and D. b. michaeli with

nine base pair substitutions.

D.b.michaeli

Figure 2.2: Statistical parsimony haplotype network calculated with Network
Software for D. bicornis. KZN refers to the pooled D. b. minor samples within KZN
(Ndumo Game Reserve, Ithala Game Reserve, Mkuze Game Reserve, Hluhluwe-iMfolozi
Game Park (HiP)
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2.5 Discussion
[ showed that the KZN population of D. b. minor is fixed for a single mtDNA
haplotype, like most Sumatran rhino (Dicerorhinus sumatrensis) populations
(Morales et al. 1997). However, unlike the Sumatran rhino populations that
have occupied separate land masses for more than 10,000 years (Morales et al.
1997), it has been widely assumed that the KZN D. b. minor population has been
separate from other D. b. minor populations only recently (i.e., caused by
anthropogenic settlement and habitat modification during the 19t century,
Swart et al. 1994). The single mtDNA haplotype in KZN D. b. minor raises the
question of whether the KZN remnant population lost genetic variation recently
due to the population bottleneck, or has it been a genetically separate lineage
for longer than previously thought?

MtDNA has a smaller effective population size (Ne) compared to nuclear
loci and is one of the first genetic markers to show the genetic signature of a
demographic decline. The likelihood of two or more mtDNA haplotypes
persisting within an isolated population is reduced to p<0.1 over 4N¢f
generations and the population is expected to become monophyletic after 4N
generations (Avise et al. 1984; Mucci et al. 1999). If this holds true for the KZN
D. b. minor then recent population decline and fragmentation would have
increased the rate of drift and might be responsible for lack of haplotype
diversity within the KZN black rhinoceros. Examples of monomorphic
haplotypes occurring from severe bottlenecks are well documented in several
species. For instance, the Whooping Crane (Grus americana) once found
throughout North America had six haplotypes in 10 pre-bottleneck museum

samples, but only one haplotype persisted in the remnant post-bottleneck
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population of 14 (Glenn et al. 1999). Such rapid declines in genetic variation
have also occurred amongst southern Africa’s other large mammals. For
example, three small remaining remnant populations of Cape mountain zebra
(Equus zebra zebra) each contain a single, unique haplotype but larger Namibian
populations of closely related Hartmann’s mountain zebra (E. z. hartmannae)
have as many as 11 different haplotypes (Moodley and Harley 2005; Watson
and Chadwick 2007). Another case in point is the loss of genetic diversity at
mitochondrial and Y-chromosome loci observed in small, managed populations
of Cape buffalo in Kenya and Uganda which was attributed to restricted gene
flow into protected areas (Van Hooft et al. 2002).

Low genetic variation is not always a consequence of recent
anthropogenic fragmentation. An alternative hypothesis is that low levels of
mtDNA and autosomal variation are a result of long-term demographic
separation, historically small population sizes and local adaptation. For
example, despite having lower mtDNA and autosomal DNA variation, there was
no evidence of a genetic bottleneck in the Yellowstone National Park, U.S.A.
grizzly bear (Ursus arctos) population compared to surrounding grizzly bear
populations (Miller and Waits 2003). Although Yellowstone’s large population is
embedded within the species’ range, Miller and Waits (2003) attribute the
lower genetic variation to restricted gene flow into the area from the north. The
common impala (Aepceros melampus melampus) of KZN also exhibited
population differentiation from populations in the Limpopo Province just 490
km north. Schwab et al. (2012) attributed the genetic divergence to a narrow
zone of unsuitable habitat below the eastern escarpment of the Drankensberg

Mountains that impeded dispersal between the two provinces.
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Genetic replenishment by restocking and outbreeding is recommended
in cases where anthropogenically induced fragmentation has caused a loss in
genetic diversity and an increase in genetic divergence. For example, “genetic
rescue” has been recommended for the Cape zebra (Moodley and Harley 2005;
Watson and Chadwick 2007). However, where differences amongst genetically
depauperate populations might be of natural origin, population management
may need to take into account local adaptation and the possibility of
outbreeding depression. Resolving the question regarding KZN D. b. minor
mtDNA and autosomal DNA genetic structure being a recent or old event is
important for guiding management plans (Rookmaaker 2005).

Microsatellite DNA markers were previously used to assess the levels of
genetic variation amongst D. b. minor populations. Harley et al. (2005) found
appreciable amounts of variation within the D. b. minor subspecies using nine
microsatellite loci (Table 2.4). They recommended that as long as
heterozygosity and allele numbers stayed at ‘current’ levels, no management
policy change was necessary.

Based on a survey of 10 microsatellite DNA loci (Table 2.4), Karsten et al.
(2011) found low levels of genetic variation within the KZN D. b. minor, but
concluded that it was not cause for concern. They reached their conclusion
based on (1) the similarity of allelic diversity and heterozygosity between the
KZN D. b. minor population and the other subspecies and (2) a higher level of
diversity within the black rhinoceros metapopulation compared to those found
in other large African mammals. In their study, Hg estimates for the D. b. bicornis
and D. b. michaeli subspecies (each based on only four samples) were

substantially lower than those reported by Harley et al. (2005) (Table 2.4).
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Thus, estimates for D. b. bicornis and D. b. michaeli in Karsten et al. (2011) are
probably underestimates. Moreover, comparisons with other large African
mammals should be made cautiously. Lions in the Serengeti Plains and
Ngorongoro Crater have an Hg of 0.54 and 0.46, on par with black rhinos in
Harley et al. (2005), yet unlike the Serengeti Plains lions the Ngorongoro Crater
lions have a marked decrease in their reproductive rate attributed to inbreeding
depression levels of genetic diversity and differentiation within and among the
KZN metapopulation reported by this mtDNA study and published autosomal
microsatellite data.

The likelihood of outbreeding depression in supplemented populations
of the same species is low if they have the same karyotype, have been isolated
for less than 500 years, and occupy similar environments (Frankham et al.
2011). Houck et al. (1995) identified variation in chromosome morphology
(number of submetacentric elements) between D. b. minor and D. b. michaeli zoo
samples and recommended further studies to investigate possible differences in
geographically separated populations of each subspecies in the wild.
Furthermore, twenty-seven KZN D. b. minor were translocated to Malilangwe,
Zimbabwe in 1997 where they were managed separately and not outbred with
any Zimbabwe populations. The translocated population thrived with a growth
rate of 8.3% per annum (R. du Toit pers. comm.) cf. 3.4% over a 10-year period
(1999 - 2008) in HiP (Clinning et al. 2009). The success of the translocated KZN
D. b. minor in Zimbabwe alleviated concerns about the adaptability of KZN rhino
to Zimbabwe. The only remaining concern is whether or not the populations

have been genetically isolated for longer than previously considered.
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Table 2.4: Microsatellite results from Harley et al. 2005 and Karsten

Observed heterozygosity (Hg)

et al. 2011. Expected heterozygosity (Hg),

Sample

Study Microsatellites Used Subspecies Geographic region Size He Ho

Harley et a/. 2005 BR4, BR6, BR17 D. b. minor  South Africa and Zimbabwe 46 0.46 0.436
(Cunningham et al. 1999) D. b. bicornis Namibia 53 0.51 0.523
DB1, DB14, DB44, DB49, DB52, D. b. michaeli South Africa 19 0.68 0.731
DB66 (Brown & Houlden 1999)

Karsten et al. 2011 BR4, BR6, BR17 D. b. minor  South Africa 77 0.44 0.38
(Cunningham et a/.1999) D. b. bicornis Namibia 4 0.43 0.46
DB1, DB14, DB49, DB66 D. b. michaeli South Africa and Tanzania 4 0.54 0.54

(Brown & Houlden 1999)
AY606078, AY606080,
AY606083

(Nielsen et al. 2008)
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I recommend five research tasks to assist in resolving the genetic structure
of southern Africa’s black rhino as a guide to future management. (1) Determine
historic levels of genetic variation using museum or collection samples. (2)
Investigate whether there is evidence of inbreeding depression within the HiP and
KZN metapopulation. (3) Conduct a karyotype analysis on D. b. minor in KZN and
Zimbabwe to determine whether chromosomal differences exist. (4) Increase the
mtDNA sample size of the Zimbabwe D. b. minor population. Considering the high
level of variation in the small sample size of the Zimbabwe sequences, a larger
sample size of D. b. minor from that region might show that the KZN haplotype (A)
is also there. (5) Lastly, genetic supplementation experiments should be
implemented cautiously and systematically. A mixed population should be founded
with at least 20 animals as suggested by du Toit (2006a), perhaps using the
Malilangwe, Zimbabwe translocation event as a template or more recent guidelines
(Linklater et al. 2012; Linklater et al. 2011). The translocated KZN D. b. minor
rhinos in Malilangwe have not yet been outbred with the Zimbabwe rhinos (R. du
Toit pers. comm.) but might be with the F1 and F2 offspring carefully monitored for
signs of reduction in reproductive fitness (outbreeding depression). If the research
tasks we have recommended are completed and there is evidence of historic gene
flow between KZN and Zimbabwe D. b. minor and no signs of outbreeding
depression in the experimentally mixed population, then KZN D. b. minor is a

candidate for genetic supplementation using progeny from Zimbabwe populations.
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CHAPTER THREE

Low levels of microsatellite DNA variation and possible
management considerations for black rhino (Diceros bicornis
minor) in KwaZulu-Natal, South Africa
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3.1 Abstract

When preparing management plans based on genetic information, it is helpful to
validate results with discrete tests to confirm outcomes. Mitochondrial DNA
(mtDNA) combined with microsatellite DNA markers can assist managers in
making conservation decisions based on understanding the genetic structure of a
species. Previous studies indicated that the expected heterozygosity in the black
rhino (Diceros bicornis minor) metapopulation of KwaZulu-Natal (KZN) including
the source population of Hluhluwe-iMfolozi (HiP), South Africa is within the range
of other large animals across Africa and no changes in management policy were
necessary. However, recent mtDNA findings of one unique haplotype (n=65) in the
KZN metapopulation compared to six haplotypes (n=11) in native Zimbabwe D. b.
minor suggest otherwise. [ used 10 microsatellites and found that the KZN
metapopulation was out of Hardy-Weinberg Equilibrium and showed excess
homozygosity at five loci. I confirmed mtDNA findings that the South African
metapopulation has lower genetic variation than the native Zimbabwe D. b. minor
population indicating that current conservation plans might need to be modified to
prevent further genetic decay. A loss of genetic diversity might be arrested by
either (1) increasing population numbers to accommodate needed growth by
expanding habitat and reserve sizes, or (2) carrying out a serial translocation
scheme between the metapopulation of smaller populations including the source
population Hluhluwe-iMfolozi and native D. b. minor from Zimbabwe to generate an
artificially larger single population. Implementing these recommended changes

could help reduce further genetic loss and maintain the levels of genetic variability
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in the HiP source and KZN metapopulation.

3.2 Introduction

Understanding the genetic structure of wild populations provides conservation
managers with valuable insight into the design of management plans for
reintroduction and supplementation. Levels of genetic variability are known to
vary among populations, making it a perfect tool for determining the underlying
structure of a natural population. While not always feasible, the level of genetic
variability should be quantified using a range of DNA markers, and decisions
should be based on corroborated results (Moritz 1994; Waits et al. 1998; Manceau
et al. 1999). For example, recommended guidelines for the management of the
Scandinavian brown bear (Ursus arctos) (Taberlet and Bouvet 1994; Waits et al.
2000) and western North American caribou (Rangifer tarandus) (Weckworth et al.
2012) are the consensus of mtDNA and microsatellite data.

Microsatellite and mtDNA are complimentary metrics for examining the
genetic structure and the level of diversity of a populations (Toews and Brelsford
2012). MtDNA is maternally inherited and has one quarter of the effective size (Ne¢)
of a nuclear diploid locus, which makes it more sensitive to changes in population
size. Microsatellite DNA markers, on the other hand, enable a better coverage of the
genome and give a more precise estimate of the level of genetic variation in a
population. Typically highly polymorphic, microsatellites are used extensively in
genetic studies (Bruford and Wayne 1993; Jarne and Lagoda 1996; Forstmeier et al.

2012).
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African black rhino (Diceros bicornis) once ranged across the African
continent in large numbers (Ashley et al. 1990; Lacombat 2005), but are now
endangered (Emslie 2011). The genetic structure of the species has been
extensively studied (ALLOYZMES: Merenlender et al. (1989); Ashley et al. (1990);
Swart et al. (1994), MTDNA SEQUENCING: Brown and Houlden (2000); Muya et al.
(2011); Anderson-Lederer et al. (2012) MICROSATELLITES: Brown and Houlden
(1999); Cunningham et al. (1999); Garnier et al. (2001); Harley et al. (2005);
Karsten et al. (2011); Muya et al. (2011)), yet confusion remains regarding
subspecific nomenclature and the grouping of subspecies into ‘ecotypes’
(Zukowsky 1965; Groves 1967; du Toit 1986, 1987; Rookmaaker 1995, 2005).

Hluhluwe-iMfolozi Game Park (HiP) (Fig. 3.1) in the KwaZulu-Natal (KZN)
province of South Africa has the largest remnant population of critically
endangered (IUCN 2008) D. b. minor (n~220; Clinning et al. 2009). Successful
translocations of D. b. minor from HiP to other KZN reserves began in 1962, later
expanding to other South African provinces and African nations (e.g., Zimbabwe,
Zambia, Swaziland) (Hitchins 1984; Emslie et al. 2009). While translocations have
resulted in expansion and growth of the KZN D. b. minor metapopulation, the HiP
source remains small, with no translocations back into the population, making it
vulnerable to loss of genetic variation. Harley et al. (2005) and Karsten et al. (2011)
demonstrated that D. b. minor subspecies had lower microsatellite variability than
the other two subspecies (D. b. michaeli and D. b. bicornis). More specifically,
Anderson-Lederer et al. (2012) established that the KZN metapopulation of D. b.

minor are fixed for a single unique haplotype whereas six haplotypes (n=11) were
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identified in native Zimbabwe D. b. minor. The mtDNA results could be used to

imply that genetic variability may be decreasing within HiP.

DRC Tanzania

Angola
Zambia i

Etosna imbabwe! Q°
Namibia

Botswana
Swaziland

Lesotho )

Africa

Addo Elepha ark

Weenan
G.R.

Lesotho

KwaZulu Natal

Figure 3.1: Map of southern Africa with sample sites indicated by circles. Inset of KwaZulu-
Natal with sample sites Hluhluwe-iMfolozi Game Park (HiP), Mkuze Game Reserve, Ndumo
Game Reserve, [thala Game Reserve and Weenan Game Reserve.
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Table 3.1: Characteristics of 10 microsatellite markers used to type 127 black rhinoceros and the number of alleles found in 118 KZN
D. b. minor

Lo]cDus Repeat Size Primer pair sequence 5'-3' Author Tag (Sblie) ér;:\sa(l&nﬂg) :I(I:.-IZL

BR4 (CA)19 (F) CCC CTA AAT TCT AGG AAC AC (Cunningham et al. 1999) M-13 VIC 124-146 49 5
(R) CCA AAG ACC ACC AGT AAT TC

BR6 (CA)15 (F) TCA TTT CTT TGT TCC CCA TAG CAC K M-13 VIC 126-158 51 4
(R) AGC AAT ATC CAC GAT ATG TGA AGG

BR17 (AT)6(GT)18  (F) ACT AGC CCT CCT TTC ATC AG " Fluoro VIC 123-135 60 3
(R) GCA TAT TGT AAG TGC CCC AG

DB1 (CA)14 (F) AGA TAA TAA TAG GAC CCT GCT CCC  (Brown & Houlden 1999) Fluoro FAM 121-127 60 2
(R) GAG GGT TTA TTG TGA ATG AGG C

DB5 (CA)13 (F) GAC CCC CAT GTT CAC TGC K Fluoro FAM 185-204 60 4
(R) AGG TCC ATC CAT TTT GTC CC

DB30 (CA)21 (F) GCG ACT ATG ACA TAC AAC TAT CTA C " Fluoro VIC 201-205 64 4
(R) GGT CA AGG ATT ATT CTG ACT AGC

DB44 (CA)4G(CA)16 (F) GGT GGA ATG TCA AGT AGC GG " M-13 VIC 170-184 64 1
(R) CTT GTT GCC CCA TCC CTG

DB49 (CA)14 (F) GTC AGG CAT TGG CAG CAA G " Fluoro FAM 152-162 64 4
(R) CAG GGT AAG TGG GGG TGC

DB52 (CA)21 (F) CAT GTG AAA TGG ACC GTC AGG " Fluoro FAM 210-220 64 3
(R) ATT TCT GGG AAG GGG CAG G

DB66 (CA)7TA(CA)16 (F) CCA GGT GAA GGG TCT TAT TAT TAG C " Fluoro FAM 187-205 58 3

(R) GGA TTG GCA TGG ATG TTA CC

In light of recent mtDNA findings, re-examination of the levels of variation
using microsatellite markers in the KZN D. b. minor metapopulation and more
specifically the HiP source population is required. The aim of this study was to use
ten microsatellite DNA markers (Table 3.1) to investigate levels of heterozygosity
and allelic diversity in HiP D. b. minor. I then compared these results to the KZN
metapopulation and previously published microsatellite and sequenced mtDNA
control region data. I used the results to make recommendations for translocation,
reintroduction and supplementation for KZN’s D. b. minor source and

metapopulation.

3.3 Methods

Sampling
Samples of blood and/or ear tissue were collected from a total of 127 individuals of

D .b. minor in the KZN province in South Africa, D .b. michaeli in Addo Elephant
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National Park and D. b. bicornis in Namibia’s Northern Region (Table 3.2). The
samples were acquired opportunistically during routine translocation and ear
notching (for identification) events from 2002 to 2009. Blood and tissue samples
were stored in cryovials containing 1mL of DMSO/EDTA/Tris/salt solution (Seutin

et al. 1991) or RNAlater ® Solution (Life Technologies).

Table 3.2: Subspecies of Diceros bicornis and
corresponding populations and sample size (N).
All D. b. minor samples are from the KwaZulu-
Natal metapopulation

Subspecies Population N
D. b. minor Eastern Shores 2
Hluhluwe-iMfolozi Park 97
Ithala Game Reserve 10
Johannesburg Zoo 1
Mkuze Game Reserve 6
Ndumo Game Reserve 1
Tembe Elephant Park 1
KZN Populations Combined 118
D. b. Addo Elephant Park, South 3
michaeli Africa
Waterberg National Park, 6

D. b. bicornis Namibia

Genetic Analyses

[ extracted genomic DNA using DNeasy kits (Qiagen Inc.) following the
manufacturer’s recommended protocol. Ten polymorphic microsatellite loci (Table
3.1) reported by Cunningham et al. (1999) and Brown and Houlden (1999) were

chosen based on their reliability and were amplified by polymerase chain reaction
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(PCR). One primer from each pair was labeled using the M-13 tag methodology
(Schuelke 2000) or directly labeled with a fluorescent dye (6-FAM or VIC,
Invitrogen). The resultant PCR products were analysed on a 3730 automated
sequencer using the GS-500 LIZ size standard and the GENESCAN software (Applied
Biosystems). Samples that did not amplify for all loci were removed from the data
set. Alleles were visualized and analysed using GENEMAPPER software ver. 3.7
(Applied Biosystems), then results were then confirmed with GENEMARKER software
(Softgenetics). MICROCHECKER ver. 2.2.0.3 (Van Oosterhout, 2004) assessed possible
reasons for deviation of HWE, which include null alleles (one or more alleles that
fail to amplify during PCR), large allele dropout (small alleles amplify better than
large alleles) and scoring errors due to stutter (slight changes that that occur in the
allele sizes during PCR).

Hardy-Weinberg Equilibrium (HWE) (non-random association of alleles
within diploid individuals), linkage disequilibrium (non-random association of
alleles at different loci) and heterozygote excess and deficiency were estimated
using GENEPOP ver. 1.2 (Raymond and Rousset 1995; Rousset 2008). The Markov
Chain parameters for the locus-by-locus pair-wise tests for gametic disequilibrium
utilized 1000 dememorizations, 100 batches, and 5000 iterations per batch.
Statistical significance (P-value) was corrected for multiple testing using the False
Discovery Rate (FDR) procedure (Benjamini and Hochberg 1995). ARLEQUIN ver. 3.5
(Excoffier et al. 2005) was used to assess the level of population differentiation
between the three subspecies based on Wright's (1965) pairwise Fsr, which is

derived from the variances of allele frequency and Slatkin’s (1995) Rst, which
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calculates the fraction of total variance of allele size that exists between
populations (Balloux and Lugon-Moulin 2002). The level of significance was
assessed at 1000 permutations. [ also examined Dest (Jost 2008), which is an
estimate for actual differentiation, with SMOGD ver. 1.2.5 (Crawford 2010) using
1000 bootstrap replicates. Allelic richness (Ar, a measure of the number of alleles
corrected for different sample sizes) was calculated for each subspecies and each
loci with HP-Rare ver. 1.0 (Kalinowski 2005). Inbreeding coefficient Fis was

analysed using FSTAT (Goudet 1995).

Genetic Structure

STRUCTURE ver. 2.3.3 (Pritchard et al. 2000), a Bayesian model-based clustering
software implementing the Markov Chain Monte Carlo (MCMC) method was used
to identify distinct genetic patterns in the subspecies populations and designate
individuals to one or more genetic clusters (K). One potential criticism of STRUCTURE
is that the output of this programme can be difficult to interpret when levels of
population structure are low. Therefore data was analysed using the LOCPRIOR
setting within STRUCTURE, which uses the sampling locations of individuals to assist
the clustering process, thereby generating more accurate estimates of K (Hubisz et
al. 2009). Ten STRUCTURE runs for each value of K were carried out (one to five for
the D. bicornis subspecies and one to eight for the KZN D. b. minor metapopulation)
for 1000000 iterations and a burn-in time of 100000 iterations for both data sets.
Since the three subspecies sampled may have mixed ancestry, admixture ancestry
model was chosen (Pritchard et al. 2007). Allele frequencies were correlated

among populations and assumed different values of Fst for the different
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subpopulations. STRUCTURE HARVESTER ver. A.1 (Earl and vonHoldt 2012) which
applies the Evanno method (Evanno et al. 2005) was used to visualize STRUCTURE

output.

Testing for a Genetic Bottleneck

[ examined signatures of a reduction in population size using BOTTLENECK ver. 1.2.2
(Cornuet and Luikart 1996; Luikart et al. 1998; Piry et al. 1999). This analysis is
designed to detect a recent bottleneck occurring within the past 2Ne - 4Ne
generations, assuming the populations were in mutation-drift equilibrium. Piry et
al. (1999) recommends the Wilcoxon two-tailed sign-rank test within BOTTLENECK,
which accounts for both heterozygosity excess and deficiency for data with less
than 20 polymorphic loci and where effective population sizes may have remained
constant for long periods of time. The three mutation models within the Wilcoxon
test are the infinite allele model (IAM), the stepwise mutation model (SMM) and the
two-phase model (TPM); microsatellite mutation was set at 95% single-step
mutation rate and 5% multiple step mutation along with the variance among
multiple steps of 12 (Piry et al. 1999). BOTTLENECK also tested for a mode-shift of the
allele frequency distribution, because when a population has recently been through
a bottleneck, rare alleles are typically lost causing a distortion in allele frequencies
at selectively neutral loci (Luikart et al. 1998). Since Harley et al. (2005) found a
significant departure from HWE and a slight overall homozygous excess in their
mixed Zimbabwe/South Africa samples of D. b. minor (n=46), I also checked for a
bottleneck using the Garza-Williamson index or M-ratio (Garza and Williamson
2001) implemented in ARLEQUIN ver. 3.5 (Excoffier et al. 2005). The M-ratio (M =
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k/r where k = number of alleles and r = overall range in fragment sizes) can identify
a bottleneck even when data is out of equilibrium and a modified M-ratio is used if

any of the loci are monomorphic.

3.4 Results

All ten microsatellite loci were amplified successfully. There was evidence of null
alleles at loci DB5 and DB1 in the KZN D. b. minor samples (n=118). The two loci
were removed for KZN metapopulation comparisons, but neither loci was excluded
from the data set for comparison between the three subspecies, since null alleles
were not present in either D. b. micheali or D. b. bicornis. Results for D. b. bicornis
samples (n=6) were monomorphic at two loci and there was no evidence for
scoring error due to stuttering, large allele dropout or null alleles. The D. b. michaeli
samples (n=3) had too few alleles at each locus to perform the same tests. No
significant linkage disequilibrium was observed for any pairs of loci after FDR
correction.

The KZN D. b. minor population (n=118) was not in HWE. Five of the ten loci
showed deviation from HWE (DB30, DB1, BR17, DB5 and DB52) (Table 3.3) and
locus DB44 was monomorphic. Three loci showed deviation from HWE after an
FDR correction (DB30, DB5 and DB52). The D. b. michaeli samples (n=3) were in
HWE, but were monomorphic at two loci (DB1 & DB44) (Table 3.3). The D. b.
bicornis samples (n=6) were in HWE but monomorphic at one locus (BR4) (Table

3.3).
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Table 3.3: H. and H, per locus, per subspecies with associated P-values
for D. b. bicornis (n = 6), D. b. michaeli (n = 3), KZN D. b. minor (n =
118) and native Zimbabwe D. b. minor (n = 35). Zimbabwe data are from
Garnier et al. (2001). Bold data highlight regional variations between D. b.
minor subspecies. (M: monomorphic, no value)

Locus D. b. bicornis D. b. michaeli KZN. Zlmbapwe
D. b. minor D. b. minor

He H, P-value H. H, P-value H, H, P-value H, H,

DB30 0.62 1.00 1.00 0.33 0.33 - 0.63 0.60 0.002 not tested
DB1 0.59 0.67 0.76 M - - 0.33 0.25 0.009 0.46 0.69

BR17 0.41 0.50 1.00 0.60 0.33 0.20 0.20 0.17 0.029 0.61 0.69
DB66 0.74 0.83 0.19 0.93 1.00 1.00 0.64 0.66 0.598 0.72 0.91
DB5 0.67 1.00 1.00 0.73 0.33 0.21 0.64 0.52 0.001 0.58 0.69
BR6 0.32 0.33 1.00 0.87 0.67 0.33 0.55 0.56 0.768 0.80 0.81
BR44 0.68 0.33 0.05 M - - M - - 0.47 0.47
BR4 M - - 0.87 1.00 1.00 0.66 0.58 0.109 0.60 0.69
DB49 0.64 0.20 0.50 0.73 1.00 1.00 0.55 0.58 0.288 0.70 0.81
DB52 0.53 0.50 0.76 0.80 0.67 0.46 0.49 0.50 0.003 0.77 0.91
mean 0.52 0.59 0.47 0.62

The Fst results indicated differentiation between the three subspecies over
the 10 microsatellite loci examined with values ranging from 0.091 - 0.20 (Table
3.4). Fst results for the three largest sample sets within the KZN metapopulation
(HiP, Mkuze & Ithala) indicated very little differentiation with the KZN samples
with values between 0.001 - 0.03 (Table 3.4). Rst results for the three subspecies
were lower than those reported for Fsr and ranged from 0.02 - 0.10 (Table 3.4)
suggesting lower genetic differentiation between the subspecies. Allelic
differentiation as expressed by Dest was minimal between the three subspecies

ranging between 0.05 and 0.10 (Jost 2009)(Table 3.4).
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Table 3.4: A) Pairwise Fgt values B) Pairwise Rgt values C) Pairwise D s values for D.
bicomis

A) Fst D. b. michaeli D. b. minor
D. b. minor 0.09094 (p = 0.01802 £ 0.0121)
D. b. bicornis 0.20116 (p = 0.00301 £ 0.0091) 0.19101 (p = 0.000 = 0.000)
FST Mkuze HiP
HiP 0.002044 (p = 0.11712 + 0.0237)
Ithala 0.001111 (p = 0.30631 + 0.0388) 0.02846 (p = 0.02703 = 0.0194)
B) Rst D. b. michaeli D. b. minor
D. b. minor 0.10011 (p = 0.09009 + 0.0271)
D. b. bicornis 0.09305 (p = 0.01802 + 0.0121) 0.02104 (p = 0.10811 + 0.0353)
C) Dot D. b. michaeli D. b. minor
D. b. minor 0.04675
D. b. bicomis 0.06652 0.09656

Hg averaged over all 10 loci for the three subspecies were between 0.47 +
0.22 and 0.59 * 0.35, while Ho were between 0.49 + 0.17 and 0.67 £ 0.31 (Table
3.5). He and Ho for KZN source populations were as follows: HiP = 0.45 + 0.24 and
0.48 £ 0.23; Mkuze; 0.46 + 0.22 and 0.49 * 0.25 respectively. When loci DB1 and
DB5 were removed from the KZN souce populations for anaylsis (HiP and Mkuze)
Hg was only slightly changed: HiP = 0.45 + 0.25; Mkuzi = 0.43 * 0.23. Hgand Ho for
the D. b. minor Zimbabwe data published by Garnier et al. (2001) was 0.62 + 0.13
and 0.72 = 0.13 respectively (Table 3.5). Ar for the three subspecies was between
2.18 and 2.90 (Table 3.5) while Fis was between -0.032 + 0.46 and 0.054 + 0.12

(Table 3.5).
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Table 3.5: Microsatellite results from this study, Harley et al. 2005, Karsten et al. 2011, Garnier et al. 2001, Muya et al. 2011 and Van Coeverden de Groot et
al. 2011. N, number of individuals analysed; Hg, expected heterozygosity (for polymorphic loci); Ho, observed heterozygosity (for polymorphic loci); SD,
standard deviation; Ar, allelic richness (averaged over loci); Fis, inbreeding coefficient.

Study Microsatellites Used Country Subspecies N He SD Ho SD Fis SD

This study BR4, BR6, BR17 South Africa D. b. minor 118 0.47 +0.22 0.49 +£0.17 2.18 0.054 =+£0.12
(Cunningham et al. 1999) Namibia D. b. bicornis 6 052 +0.22 0.60 *0.30 2.34 -0.032 *0.46
DB1, DB5, DB30, DB44, DB49, South Africa D. b. michaeli 3 059 0,35 0.67 #£0.31 2,90 0.111 =£0.39
DB52, DB66 (Brown & Houlden 1999)

Harley et al. 2005 BR4, BR6, BR17 South Africa & Zimbabwe D. b. minor 47 0.46 - 0.44 - - -
(Cunningham et al. 1999) Namibia D. b. bicornis 53 0.51 - 0.52 - - -
DB1, DB14, DB44, DB49, South Africa D. b. michaeli 19 0.68 - 0.73 - - -
DB52, DB66 (Brown & Houlden 1999)

Karsten et a/. 2011 BR4, BR6, BR17 South Africa & Zimbabwe D. b. minor 77 0.44 - 0.38 - 0.14 -
(Cunningham et al. 1999) Namibia D. b. bicornis 4 0.43 - 0.46 - 0.09 -
DB1, DB14, DB49, DB66 South Africa & Tanzania D. b. michaeli 4 0.54 - 0.54 - 0.16 -
(Brown & Houlden 1999)
AY606078, AY606080, AY606083
(Nielsen et al. 2008)

Garnier et al. 2001 BR4, BR6, BR17 Zimbabwe D. b. minor 35 0.616 - 0.726 - - -
(Cunningham et al. 1999)
DB1, DB5, DB23, DB44, DB49,
DB52, DB66 (Brown & Houlden 1999)

Muya et al. 2011 BR4, BR6, BR17 Kenya D. b. michaeli 145 0.69 £0.03 0.70 #+0.09 0.046 +£0.09
(Cunningham et al. 1999)
DB1, DB5, DB30, DB44,
DB52, DB66 (Brown & Houlden 1999)

Van Coeverden de DB1, DB44, DB52, DB66 Namibia D. b. bicornis 144 0.51 - 0.52 - - -

Groot et al. 2011  (Brown & Houlden 1999)
BR4, BR6, BR17
(Cunningham et al. 1999)
BIRh2B, BIrh37D
(Van Coeverden de Groot et al. 2011)
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Genetic Structure

The STRUCTURE analysis indicated, the maximum mean log likelihood value of
-2094.54 for the three D. bicornis subspecies was most likely K = 2 (-2195.10 for
K=1and-2106.98 for K = 3). Utilizing the Evanno method (Evanno et al. 2005),
the highest value of AK also indicated that the number of clusters was likely K =
2 (Fig. 3.2A). The maximum mean log likelihood value of -1776.88 indicated that
the number of clusters for three largest populations in KZN (HiP, Mkuze and
Ithala) was K= 1 (-1808.80 for K = 2), utilizing the Evanno method (Evanno et
al. 2005), the highest value of AK inferred that the number of clusters was K = 2
(Fig. 3.2B). However, AK is based on the second order rate of change with
respect to the likelihood associated with K and is not a suitable method for
detecting if the true K of a population is K= 1 (Evanno et al. 2005).

Bottleneck

Wilcoxon two-tailed sign-rank test for bottleneck gave conflicting results. D. b.
minor showed a classic L-shaped allele frequency distribution, and both the
SMM and TPM were both in mutation-drift equilibrium (no bottleneck
detected), however the IAM was out of equilibrium (indicating bottleneck). The
D. b. michaeli and D. b. bicornis populations could not be assessed, as there were
too few samples for the Wilcoxon and mode-shift tests. Modified M-ration
(Excoffier et al. 2005) results indicated that all three populations have been
through significant bottlenecks: D. b. minor 0.26494, D. b. michaeli 0.22761 and
D. b. bicornis 0.25238 (results <0.7 indicate bottleneck; Excoffier et al. 2005).
Not all of the loci in this study were polymorphic, so the results of the modified

M-ratio were reported.

74



Chapter I11: Microsatellite DNA

Deltak = mean(|L"(K}|) / sd(L(K))
60
5{] [
an
h4
&30
@
o
20}
10}
0_
2 3 4 5 6 7 8 )
K
Deltak = mean(|L"(K}|) / sd(L(K))
7k
6_
5_
» 4
&
@
a

5]
1)
F-9
L
o
=]
[2=]
w

Figure 3.2: STRUCTURE population genetic structure output for D. bicornis.
Determination of the number of clusters using AK for values of K from 1 to 10. A) Three
D. bicornis subspecies, K = 2. B) KZN sample set, K = 2.
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3.5 Discussion

The KZN D. b. minor population had an excess of homozygotes at five out of ten
microsatellite loci and deviated from HWE expectations. This was consistent
(excess homozygotes) with those reported by Harley et al. (2005) whose D. b.
minor samples were a combination of both South Africa and Zimbabwe
individuals. Examination of eight out of 10 of the same microsatllite loci (Table
3.3) as Harley et al. (2005) and ~81% of their samples collected from KZN are
probable contributing factors to the similar outcomes.

The Rst values for this data set should be viewed with skepticism since
Rst does not perform well with a small sample size (<10) or a small number of
loci (=20), as is the case with this study (Gaggiotti et al. 1999). In addition a
histogram of allele sizes for the largest population (HiP; not shown) revealed
multiple peaks, indicating deviation from the assumption of stepwise mutation,
further indicating that Rst is probably not a suitable measure for this data set.
Although based on the 1AM, Fst outperforms Rsrin cases such as this where
sample sizes are small (Gaggiotti et al. 1999). Fst and Des: results suggest
differentiation at the subspecies level, but very low differentiation at the KZN
metapopulation level.

Identifying the cause of homozygote excess and departure from HWE
may be difficult. The most commonly reported reasons a population can have
excess homozygotes at microsatellite loci include scoring errors, the presence of
null (non-amplifying) alleles (Pemberton et al. 1995), sampling more than one
population (i.e., the Wahlund effect) and inbreeding (Castric et al. 2002). The
possibility of scoring errors was elimination by MiCROCHECKER (Van Oosterhout,

2004). Samples that did not amplify for all loci were removed from the analysis.
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All remaining individuals in the data set amplified for all loci, indicating that
there were no homozygotes for a null allele. This implies that the null alleles
were only present at a low frequency and should not have significantly
contributed to deviation from HWE.

Departure from HWE may also be present in a population with a low
number of effective breeders (reproductive skew) (Luikart and Cornuet 1999).
Garnier et al. (2001) found a high reproductive skew (~53%) in Zimbabwe D. b.
minor that might be related to spatial distribution and linked to variations in
fertility levels in each sex. A reproductive skew would affect the level of genetic
vatiation in a small population more than it would in a larger population,
especially if only a small number of males (as was the case in Zimbabwe black
rhino) are contributing to reproductive output (Garnier et al. 2001).

STRUCTURE results suggest no significant population subdivision between
the three subspecies and less within the KZN metapopulation. However,
Rodriguez-Ramilo and Wang (2012) advised using caution interpreting output
from STRUCTURE. Closely related individuals should be removed from datasets
before conducting analyses, otherwise Hardy-Weinberg and linkage
disequilibrium may skew results of genetic structure of the population.
Unfortunately, there was no way of controlling the samples for this parameter
since no pedigrees or studbooks are kept on the wild populations. [ do however,
have more confidence in the KZN STRUCTURE results than for the subspecies
since the subspecies sample size for D. b. michaeli was only n = 3.

The indeterminate D. b. minor BOTTLENECK results might be attributed to
testing less than 20 loci. Increasing the number of loci may provide discernable

results, but since BOTTLENECK was designed to detect a recent bottleneck within

77



Chapter I11: Microsatellite DNA

the past 2Ne - 4N. generations, the IAM results are likely indicative of a

bottleneck occurring more than 4N, generations ago.

Loss of Genetic Variability within HiP

Reductions in microsatellite variation and bottleneck signature were not
unexpected given that black rhino across Africa suffered rapid geographic and
population size declines over the last century. However, the genetic variation of
the KZN D. b. minor was significantly lower than that of the native Zimbabwe D.
b. minor (KZN: Hg 0.47 +0.22; Zimbabwe: Hg 0.62 £0.13) (Table 3.3 & 3.5), which
could be a consequence of low population numbers persisting for many
generations (Harley et al. 2005). Although the use of translocations of D. b.
minor between game reserves in KZN has aided in the retention of current
levels of genetic variation (Karsten et al. 2011), there are no translocations of D.
b. minor into the HiP source population. Lower microsatellite variability coupled
with a fixed mtDNA haplotype (Anderson-Lederer et al. 2012), especially in HiP
may signal a need for management to intervene to prevent further genetic decay
within this valuable source population. If the level of genetic variability
continues to decline without intervention (e.g. genetic rescue), it could lead to a
reduction in adaptability (evolutionary potential) and increase the risk of
inbreeding depression in HiP (Lacy 1987b; Burger and Lynch 1995). This has
occurred in other species such as the black-footed rock-wallaby island
populations (BFRW) (Petrogale lateralis) (Eldridge et al. 1999) and harbour
seals (Phoca vitulina) (Coltman et al. 1998).

Swart and Ferguson (1997) speculated that native Zimbabwe black rhino

populations were the only D. b. minor to retain pre-bottleneck levels of genetic
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variation. It is unclear why the small native Zimbawe populations have retained
genetic variation through a severe bottleneck while KZN black rhino have not.
To prevent a further loss of genetic variation and increasing risk of inbreeding
depression within KZN but specifically HiP, the following steps could be taken:
(1) rapidly increasing population numbers by increasing reserve sizes or (2)
serial translocations amongst the KZN metapopulation reserves, including back
into the HiP source population, perhaps including replenishment using native

Zimbabwe D. b. minor.

Population Increases through Land Acquisitions and Serial Translocations

The recommendation by Emslie (2001) for rapid growth as a buffer against
black rhino poaching would also apply to precluding the effects of low genetic
variability. Avoidance of a loss of allelic variation through rapid expansion has
been documented in other animals. Despite only 13 European rabbits
(Oryctolagus cuniculus) being imported to Australia in 1859, there was no
significant genetic difference between the contemporary introduced rabbit
population and the population of European rabbits in France (Zenger et al.
2003). Researchers suspect that the initial population did not experience a
decrease in levels of genetic variation because at no time were there enough
generations at small sizes to lose significant diversity.

While HiP could increase in size by connecting adjacent reserves in
northern KZN, the area of land in question may not be sufficiently large enough
for increasing population numbers to levels necessary to arrest the loss of
genetic variation. Mkuze Game Reserve (MGR) is connected via a corridor to

Greater St. Lucia Wetland Park that extends along the east coast from Kosi Bay
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south to Mapelane encompassing Eastern Shores (one of this study’s sample
sites, Figure 3.4). Connecting MGR (including Greater St. Lucia Wetland Park
from Sodwana National Park south to Mapelane) with close neighbours Phinda,
Thanda, and founder populations established by the Black Rhino Range
Expansion Project (Pongola, Munyawan and Zululand Game Reserves) would
create an area that is very roughly 2,806 km2. Adding HiP (~40km away from
Zululand Game Reserves) into the conglomeration of reserves by establishing a
corridor through existing subtropical fruit and sugarcane fields would

increase the area to ~3,745 kmZ. Using the average black rhino/km? of

0.22 for northern KwaZulu-Natal reserves (Adcock, K. pers. comm.) the
approximate carrying capacity (CC) for an area that size would be about 824,
almost doubling the 430 CC for HiP. Procuring enough land for black rhino
management to increase HiP to a size that would allow for rapid growth is
unrealistic (Goodman 2001). A compromise to increasing land area of HiP may
be found in serial translocations between HiP and other reserves to replicate
immigration and emigration for each reserve. Translocations from HiP have
been used as a successful black rhino management tool for KZN black rhinos
since 1962 (Hitchins 1984; Hall-Martin and Knight 1994; Emslie et al. 2009).
Rhinos moved back to HiP would allow the source population to benefit
genetically from the growth in other reserves effectively reinstating a single
large genetic population. There are still costs associated with translocation and
not all of them are financial, but may also include short-term social disruption,

reduction in breeding performance and death during capture and post
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Mozambique

Ndumo G.R O O Tenibe E.R.

Swaziland
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Thanda G.R © Mkpuze G.R.

Zululand R.R.OCQ Bhinda R.R.
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Figure 3.3: Black rhino game reserves in KZN. Ndumo Game Reserve, Tembe Elephant
Reserve, Pongola Game Reserve, [thala Game Reserve, Mkuze Game Reserve, Thanda
Game Reserve, Phinda Resource Reserve, Zululand Rhino Reserve, Ubizane Wildlife
Reserve, eMakhosini Heritage Park, HiP, Eastern Shores, Weenan Game Reserve

translocation (Hitchins 1984; Hall-Martin and Knight 1994; Adcock et al. 1998;
Linklater et al. 2011). However, benefits to KZN D. b. minor through of use of

this type of adaptive management may outweigh associated costs of all types

(Van Houtan et al. 2009).

Genetic Replenishment

Managers may also consider genetic replenishment by introducing native D. b.

minor from Zimbabwe to KZN. The native D. b. minor population in Zimbabwe
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has higher mtDNA variation (six haplotypes; n=11) than the KZN
metapopulation (one mtDNA haplotype; n=65) (Anderson-Lederer et al. 2012)
and has a higher microsatellite Hg and Ho than KZN (Table 3.4). Although there
may be concerns with how well the native Zimbabwe rhinos would thrive in
KZN, the reverse scenario was successfully tested. In 1997, twenty-seven native
KZN D. b. minor were translocated to Malilangwe, Zimbabwe where they were
managed separately and not outbred with native Zimbabwe populations. The
translocated KZN rhinos thrived with a growth rate of 8.3% per annum (du Toit
2001). The success of the translocated KZN D. b. minor to Zimbabwe may
translate to native Zimbabwe D. b. minor being successfully translocated to KZN.
However, before any native Zimbabwe D. b. minor are introduced to the KZN
source populations, genetic supplementation experiments with a mixed
population of KZN and native Zimbabwe D. b. minor should be cautiously and
systematically established. F1 and F2 offspring of the mixed population could
then be carefully monitored for signs of reduction in reproductive fitness
(outbreeding depression), even though the likelihood of outbreeding
depression in supplemented populations of the same species is low if they have
the same karyotype, have been isolated for less than 500 years, and occupy
similar environments (Frankham et al. 2011). An example of this type of mixed
population is in Kruger National Park where 15 native Zimbabwe and 82 native
KZN D. b. minor were introduced to the southern section of the nearly 2 million
ha park from 1971 to 1988 (Hall-Martin and Castley 2001). The population
would be ideal to study if stud books were kept and genetic samples collected

during ear notching for identification events.
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Possible Inbreeding Depression

Experiments with mixed KZN and native Zimbabwe D. b. minor populations may
also offer insight and solutions to possible inbreeding depression being
expressed within the HiP population. Inbreeding depression and the way it
impacts wild populations varies across taxa, populations and environments
(Keller and Waller 2002). Garner et al. (2005) found that in populations that
experienced one or more demographic threats (e.g. population declines,
bottlenecks, reduction of population range) the level of genetic variation (>20%
reduction in heterozygosity) was affected. Indeed, as the impact of genetic drift
increases in small fragmented populations, genetic loss will reduce the range of
possible adaptive responses in stressful environments (Bijlsma and Loeschcke
2012). Unfortunately, most stress resistance alleles have lower frequencies in
populations and as genetic erosion takes place, those “rare” alleles have a higher
probability of being lost (Bijlsma and Loeschcke 2012). While no outward signs
of inbreeding depression have been identified, the average growth rate of the
HiP population was only 3.4% per annum (1999 - 2008) (Clinning et al. 2009).
This is quite low when compared to the 6.75% per annum in KZP (Ferreira et al.
2011) and 8.3% per annum (du Toit 2001) for the 27 translocated KZN D. b.
minor to Zimbabwe mentioned earlier. The low growth rate and homozygote
excess could be a result of genetic erosion or simply that Zimbabwe has a
greater annual rain fall than South Africa which may increase the natural
resources available to the black rhinos creating an environment more

favourable to higher birth rates (Berkeley and Linklater 2010).
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3.6 Conclusion

It is important to detect losses in the level of genetic variation in KZN, especially
HiP where no translocations into the population take place. As poaching
continues to threaten rhino populations across Asia and Africa, problems
associated with managing small isolated populations grow with it. KZN black
rhino managers have an opportunity to take necessary steps to curtail or stop
inbreeding depression before it becomes detrimental to the metapopulation.
With the KZN metapopulation exhibiting a single mtDNA haplotype and lower
expected and observed heterozygosities than the native Zimbabwe D. b. minor
(Table 3.3 & 3.5) suggesting inbreeding, a more detailed management plan
including data from this study may be required to prevent further loss of
genetic variation, especially within HiP. The natural migration process that
black rhino were afforded before the 1600’s may no longer be possible, but
increasing reserve size, translocations of native D. b. minor from Zimbabwe to
KZN or serial translocations from amongst the KZN metapopulation back into
HiP may aid in maintaining current levels or increasing the overall genetic
diversity of the source population that will translate to more diversity in the

KZN metapopulation.
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Chapter IV: PVA

4.1 Abstract

Once the loss of genetic diversity is identified in an endangered population, it is
important for conservation managers to develop a plan to arrest further loss.
Population viability analyses (PVA) are stochastic computer simulations used to
predict the probability of future population persistence or extinction.
Researchers use PVAs to visualize quantitative data to create informed
management plans for endangered species. Hluhluwe-iMfolozi Game Park (HiP)
in KwaZulu-Natal (KZN) is home to the largest remnant population of black
rhino (Diceros bicornis minor) in South Africa and is a primary source for
metapopulation expansion in South Africa. Unfortunately, HiP has significantly
lower levels of mitochondrial and microsatellite DNA genetic variability than
native D. b. minor populations in Zimbabwe. In this study, Vortex PVA was used
to model population increases and supplementations into HiP with individuals
from the KZN metapopulation and Zimbabwe. If current management remains
unchanged, the PVA predicted a loss in the mean expected heterozygosity of
~25% over ~100 black rhino generations (BRGs). Doubling the size of the
modelled population decreased the rate of loss of the mean Hg by ~10% over
~100 BRGs. When supplementations of one female and one male black rhino
from the KZN metapopulation were made every ten gestational years, the mean
Hg of the population was maintained (~ 0.45) over ~100 BRGs, but increased
~30% when supplemented with one female and one male from Zimbabwe. PVA
results indicate that artificial game park expansion through supplementation is
effective and does not require a large number of individuals or frequent

translocation. Based on these results, HiP managers should consider
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incorporating a supplementation regime into current management plans to

prevent further loss of genetic diversity within this valuable source population.

4.2 Introduction

The task of restoring populations of vulnerable and endangered species while
maintaining genetic diversity is challenging because remnant populations are
inevitably small. When a species which had an historically large and widespread
population is fragmented into smaller isolated populations, genetic drift can
quickly eliminate genetic variability (Lacy 1987b). In response to the problem
of small populations the idea of a minimum viable population (MVP) size was
introduced. Unfortunately, population sizes required to prevent variability loss
tend to be significantly larger than the targets set by conservation managers
and organizations (Traill et al. 2010). Nevertheless, increasing population sizes
to match the MVP is not always possible due to habitat size limits. Adding
conspecific individuals (supplementations) to the population (IUCN 1987),
however, can be carried out via serial translocations. Supplementations via
serial translocations among small populations would create an artificial
metapopulation that would make the effective population size (N¢) large enough
to match the MVP size. The Ne could in turn prevent the loss of genetic diversity
in small, fragmented populations (Waite et al. 2005).

Similar to MVPs, population viability analyses (PVA) use a stochastic
computer simulation to forecast the likelihood of future population persistence
or extinction using species specific life-history data (vital rates: e.g. age,
reproductive rates, mortality, breeding system) (Boyce 1992). Conservation

managers typically use the outcomes of PVAs to visualize quantitative data (e.g.
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demographic, ecological, and genetic) to establish policy priorities and develop
realistic targets (e.g. fiscal, technical, personnel use) (Possingham et al. 1993;
Lindenmayer et al. 1993).

The species life-history data used to create models can be difficult to
obtain from small populations of some species, which means PVA models have
an inherent uncertainty in their results (Shaffer 1990; Lindenmayer et al. 1993).
That being said, retrospective PVAs performed on birds (e.g. black-capped
chickadee (Parus atricapillus), mammals (e.g. Cape hunting dog (Cynomys
ludovicianus), fish (brook trout (Salvelinus fontinalis) and reptiles (sage-brush
lizard (Sceloporus graciosus)) were proven to be a reliable and effective tool for
managing endangered species (Brook et al. 2000). Several PVA models for wild
and captive black rhino populations have also been reported.

Analyses of founder members for captive populations, demographic
stability, and loss of genetic variability in reserves in Kenya and Tanzania as
well as the viability of captive black rhinos have been investigated using VORTEX
PVA (Lacy 1987a; Foose 1987; Moehlman et al. 1996). In addition, conservation
strategies including carrying capacity, population structure and density-
dependence (Swart et al. 1990; Adcock 2001; Cromsigt et al. 2002; Dunn et al.
2007) have been investigated using a range of MVP and PVA modelling
techniques. With a black rhino generation time of c. 14 years (Brooks and
Adcock 1997) it is too early to corroborate most of the simulated results with
real populations that have been modelled. Nonetheless, population estimates of
black rhino in the Ngorongoro Crater, Tanzania in 2006 (Mills et al. 2006) were
comparable with predicted PVA estimates from simulations made in 1996

(Moehlman et al. 1996) confirming the predicted outcome of the black rhino
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population. In addition, the retrospective study by Cromsigt et al. (2002)
examining structure and density-dependence models demonstrated that out of
five deterministic models tested, Fowler’s translocation model (Fowler 1981)
best fitted the Hluhluwe-iMfolozi (HiP) and Mkuze Game Reserve (MGR)
population and translocation censuses (HiP 1990 - 1998; MGR 1989 - 1998),
again showing that computer models based on black rhino data can produce
realistic population outcomes.

The HiP D. b. minor population is important in the black rhino recovery
programme because it is the largest endemic and remnant population of D. b.
minor in South Africa. Recent findings of significantly lower microsatellite DNA
variation in KwaZulu-Natal (KZN) D. b. minor than native Zimbabwe D. b. minor
(KZN: Hg = 0.47, Ho = 0.49; Zimbabwe: Hg = 0.65, Ho = 0.72; Chapter 3) and low
mtDNA variation (KZN: one haplotype, n=65; Zimbabwe: six haplotypes, n=11
Anderson-Lederer et al. 2012) strongly suggest a loss of genetic diversity within
HiP and the KZN metapopulation requiring alterations to current management
strategies to preserve genetic diversity.

There are several possible management responses that could be taken to
reduce the loss of genetic variation. One such strategy is to expand the size of
the game reserve. This has been proposed for HiP by connecting it via corridors
with other neighbouring game parks including Zululand Game Reserve, Mkuze
Game Reserve, Phinda Resource Reserve and Greater St. Lucia Wetland Park.
This strategy however, has limits including the cost of purchasing land,
increased management expenses (e.g. additional monitoring, fencing) and the
logistics of creating corridors. In addition, the land must fulfill strict black rhino

nutritional requirements for optimal breeding at pre-set carrying capacities
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(CC) enforced by state agencies (Hall-Martin and Castley 2001; Emslie et al.
2009). It is unclear, though how much area would be required to slow the rate
of loss in the level of genetic variation for the population.

Another strategy is serial translocation that exchanges individuals
between small populations allowing each population to benefit from
immigration. Limitations for this strategy involve costs associated with
translocations. Expenses include, but are not limited to the capture and holding
of animals (e.g. trucks, helicopters, fuel, transportation crates, darting
medications), as well as legal and biological considerations (e.g. age and sex of
animals being moved) (Emslie et al. 2009). If the translocation takes place
across international borders, the process can be even more complicated by
government involvement (Emslie et al. 2009). It is uncertain however, how
many individuals would need to be moved between populations to slow the rate
of loss in the level of genetic variation for the population.

PVA modelling can be used to determine which management scenario
might be most effective. When choosing a PVA programme for modelling
possible management scenarios, Lindenmayer et al. (1995) suggests selection
criteria be based on (1) the primary objectives of the study and (2) the
strengths, limitations and assumptions of the programme and how these
correspond to the traits, life-history parameters, quality and quantity of
available data for the species being modelled. The criteria selection is important
because not all PVAs calculate outcomes in the same way and what may be
appropriate for one type of population may not be appropriate for others (e.g.
closed population versus metapopulation, long-lived species versus short-

lived). VORTEX has been rigorously examined in peer-reviewed studies and
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population forecasts have been shown to be accurate when sufficient and
accurate species specific life-history data are available (Brook et al. 1997; Brook
et al. 1999; Brook et al. 2000; Coulson et al. 2001).

The objective of this study was to use a PVA to examine a set of
management strategies and determine the most effective management plan for
preventing the loss of genetic variation within the HiP population. Included in
the analyses are scenarios that increase the population size and
supplementations made with individuals representing the KZN metapopulation
and individuals representing the native Zimbabwe D. b. minor population. The
results of the models are used to make management recommendations for the

HiP population.

4.3 Methods

Available life-history data of the HiP population of D. b. minor were
incorporated into the PVA model. When specific data for HiP black rhino were
unavailable, information from other populations of black rhino were used from
published literature and unpublished reports. Life-history data and model

parameters were set as follows (Table 4.1):

4.3.1 Species Description

Number of iterations
The model used a random number generator so that none of the repeated
simulations would be the same (Miller and Lacy 2005); therefore, 100 iterations

is usually adequate to uncover tendencies (Lacy 1993); however, between 500
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Vortex Parameters Value Source
Species Description

Iterations 1000 This study
No. of years 1000 'gestational’ (1342 actual) This study
Duration of each "year" 490 days (adjusted to accommodate This study

length of black rhino pregnancy)

Extinction def: one sex remains This study
No. of Populations 1 This study
Inbreeding depression Yes & No This study
Reproductive System

Polygynous Polygynous Garnier et al. 2001

Age of First offspring for females
Age of First offspring for males
Maximum Age of Reproduction

Maximum no. of broods per year
Maximum no. of progeny per brood
Sex ratio at birth in % males
Density Dependent Reproduction
Reproductive Rates

% Adult females breeding
environmental variation in % breeding
Mortality Rates Female in %
fromage 0 - 1

fromage 1-4

from age 4-6

Mortality from age 6 and above
Mortality rate Male %

Mortality from age 0 - 1

fromage 1-4

from age 4-6

Mortality from age 6 and above
Mate Monopolization

% males breeding in pool

% males successfully siring offspring
Mean # of mates/successful sire
Initial population size

Stable Age Distribution

Carrying Capacity

Carrying capacity (K)

SD in K due to environmental variation
Harvest

Population Harvested?

First year of harvest?

Last year of harvest?

Interval between harvests

Optional Criterion for harvest
Supplementation

first year of supplementation

last year of supplementation

interval between supplementations
Genetic Mangement

Number of microsatellite loci examined

6" (gestational years)
7' (gestational years)
27" (gestational years)

1
1
53

= (32-((32-28)*((N/K)~8)))*(N/0+N)"

32%
3

15%" (adjusted from 11%)*

4%" (adjusted from 3%)*
8%" (adjusted from 5.7%)*
5%" (adjusted from 3.5%)*

15%" (adjusted from 11%)*
4% (adjusted from 3%)*
8%" (adjusted from 5.7%)*
10% ' (adjusted from 7.3%)*

100
37.1 (Calculated by Vortex)
1.2 (Calculated by Vortex)

300

430 & 860°
43, 86

Yes

1

1000

1

=(W+X)=(K/2)

1F, 1M; 2F, 2M

1

Varied

1, 2, 5, & 10 years (gestational)

10 from KZN pop. & 10 from Zim. pop

Owen-Smith 1988

Lent & Fike 2003
Shenkle & Shenkle 1969
Owen-Smith 1988
Owen-Smith 1988
Owen-Smith 1988
Berkley & Linklater 2010
This study

Clinning 2009
Clinning 2009

Adcock and Emslie 2003
Adcock and Emslie 2003
Owen-Smith 1988
Owen-Smith 1988

Adcock and Emslie 2003
Adcock and Emslie 2003
Owen-Smith 1988
Owen-Smith 1988

Fanayo et al. 2005

Emslie 2009
Emslie 2009

Emslie 2009
Emslie 2009
Emslie 2009
Emslie 2009

This study
This study
This study
This study

This study, Garnier et al. 2001

T Variation in age and mortality greatly affect PVA outcomes, younger ages and and older mortality rates increase
reproductive output over an animal's life; «Based on density dependent variables, see text for details; * Percentages
are adjusted to reflect a longer year of 490 days; #Carrying capacities based on HiP CC, see text for details
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and 1000 iterations are encouraged to provide more rigorous results (Miller
and Lacy 2005). One thousand iterations were chosen for the models run in this

study.

Duration of a year

The length of a year was adjusted from 365 days (default) to 490 days in order
to satisfy ‘maximum number of broods per year’ in the “Reproductive System”
section of the parameter settings (Lacy, R. pers. comm.). Entries made for
‘maximum number of broods per year’ must be a whole number. The gestation
period for a black rhino is 460 days (15.33 months) (Linklater 2007). In order
to enter an integer (i.e. 1) instead of a fraction (i.e. 0.8), a ‘year’ was adjusted to
reflect 490 days to accommodate one brood per year, plus an additional 30
days, the minimum time required to become pregnant again. This was done to
avoid over-estimating the number of births in the simulations. The adjusted

year (460 + 30 days) is referred to as the ‘gestational year’.

Number of years

Simulations were run for 1000 gestational years to see how genetic variation
changed over a lengthy time period. One thousand gestational years translates
to 1342 calendar years. According to the Conservation Plan for the Black
Rhinoceros in South Africa (Brooks and Adcock 1997) one black rhino
generation (BRG) is c. 14 years. One thousand gestational years enabled

visualization of approximately 96 BRGs.

Inbreeding depression
Previous black rhino microsatellite DNA studies concluded that the level of
genetic variation in D. b. minor was not low enough to be of concern (Harley et
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al. 2005; Karsten et al. 2011). However, since KZN D. b. minor has only one
mtDNA haplotype (Anderson-Lederer et al. 2012) and homozygote excess was
observed in the 10 microsatellite DNA loci examined (Chapter Three), scenarios
with and without inbreeding were run to compare how inbreeding depression
influences the outcome for the simulated population. In scenarios with
inbreeding depression, a default value of lethal equivalents (3.14) was selected;
the default is based on Ralls et al. (1988) survey of 40 mammal populations
(Miller and Lacy 2005). When modelling inbreeding depression, the model
reduced the survival of offspring only in the first year, which caused the results

of inbreeding depression to be conservative (Miller and Lacy 2005).

Catastrophes

No catastrophes (e.g. drought and disease) were modelled in these scenarios.
Environmental variation is reflected in other parameters, and this project is
focused on establishing baseline genetic results for increasing population sizes

and supplementation, not addressing how catastrophes affect the population.

4.3.2 Reproductive System

Age of first offspring for females

Female black rhino first give birth between ages 6.5 and 8.5 (Owen-Smith
1988). Using the average of 7.5, age was adjusted to 6 years based on a
gestational year (7.5 years x 365.25 days / 490 days = 5.59 years, ~=6). This
number appears high because black rhino females become sexually mature as
early as 3.5 - 4 years old (Schenkel and Schenkel-Hulliger 1969), but the model
population is assumed to be near carrying capacity (CC). Large mammal
density-dependence is expected to be weak except near CC, where it is reflected
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in low reproductive rates especially in younger females which exhibit delayed
first reproduction (Fowler 1981). An increase in the age of first offspring will
mean a reduced reproductive output over the life of the female, but the mean

age was chosen to reflect conservative outcomes for the simulated population.

Age of first offspring for males

Males successfully reproduce at approximately 9 years old (Owen-Smith 1988;
Bertschinger 1994; Lent and Fike 2003). Age was adjusted from 9 years to 7
years based on a gestational year (9 years x 365.25 days / 490 days = 6.70

years, ~= 7).

Maximum age of reproduction, number of progeny per year

Black rhino females have one offspring per pregnancy. The maximum age of
reproduction is approximately 37 years old (Schenkel and Schenkel-Hulliger
1969; Owen-Smith 1988). Age was adjusted to 28 based on a gestational year

(37 years x 365.25 days / 490 days = 27.58, ~= 28).

Sex ratio at birth — in % male

The sex ratio of black rhino across combined age groups averages to
approximately 1:1 (Hillman-Smith and Groves 1994); however, the proportion
of males detected soon after birth is slightly higher (53%) (Emslie et al. 2009;

Berkeley and Linklater 2010).

Density-dependent reproduction
Large-bodied species show a life-history strategy that includes slow growth
rates with fitness components (e.g. infant mortality, reproductive rates) that are

affected as populations near CC (Eberhardt 1977; Fowler 1981; Gaillard et al.
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2000). Density-dependence first affects the youngest members of a population
with infant and juvenile mortality highest when populations approach CC
(Gaillard et al. 2000). Fecundity of young females is next to be affected, followed
by adult females and then adult (male and female) survival (Gaillard et al.
2000). The influence of density-dependence has been observed in several large
ungulate species, including wildebeest (Mduma et al. 1999), caribou (Messier et
al. 1988; Tews et al. 2007), wild reindeer (Skogland 1985), roe deer (Kjellander
et al. 2004) and northern fur seals (Fowler 1990).

The function used for modelling was Density-Dependent Reproduction =
(32-((32-28)*(N/K)"8)))*(N/0+N), where N = population size, K = carrying
capacity and P = population identifier, based on the following:

- % Breeding at Low Density, P (0): 32 (Clinning et al. 2009)

- % Breeding at Carrying Capacity (Maximum Age), P (K): 28 (Miller and
Lacy 2005)

- Allee Parameter A: 0 Vortex manual: (Miller and Lacy 2005)

- Steepness Parameter B: 8 Vortex manual: (Miller and Lacy 2005)

4.3.3 Reproductive Rates

% Adult Females Breeding
The percent of adult females breeding is set automatically based on the density-

dependence variables entered in the model.

4.3.4 Mortality Rates
Mortality rates were based on Owen-Smith’s (1988) observations from HiP. Any
age groups that were not documented by Owen-Smith were supplemented with

mortality rates for black rhino from South Africa and Namibia from Adcock and
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Emslie (2003). All mortality rates were adjusted to accommodate the

gestational year (Table 4.1).

4.3.5 Initial Population Size

Between 1930 - 2009, black rhino numbers at HiP ranged between ~130 to
~400 individuals (Emslie 2011; Fanayo et al. 2005), although Clinning et al.
(2009) determined that past census numbers were over-estimated, in some
years by as much as 48%. Since it is impossible to know the exact number of
individuals in a wild population, 300 was entered as the initial population size

and the default ‘stable age distribution’ was chosen.

4.3.6 Carrying Capacity

Management cannot increase a reserve’s CC unless the size of the reserve is
increased through land acquisition. However, an understanding of how a
population’s size is affected by its CC is important in order to decrease effects of
density-dependence when drafting black rhino management plans (Adcock
2001). Owen-Smith (2001) defines CC as the number of individuals a population
can sustain (relying on resources in the area) that remains constant due to
births cancelling out deaths. Brooks and Adcock (1997) estimate that the CC for
HiP black rhino is 430 individuals. Their estimates are based on frost ratings,
vegetation and approximate annual rainfall each year. Carrying capacity for the
simulated population was therefore set at 430 for baseline scenarios. If the
simulated population were to increase in size (e.g. HiP merging with
neighbouring game reserves), it may be able to double its CC (~860); therefore,
an 860 CC was also used to visualize how increasing the size of the simulated

population would affect the population from a genetic perspective.
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4.3.7 Harvest (Capturing individuals to relocate to other reserves)

Harvest criteria

Harvests occurred every gestational year (490 days).

Optional criteria for harvest

Parameters were set to only harvest if the total population size was 50% or
more of the CC (Emslie et al. 2009). The function used for this was Optional
Criteria =(W+X) 2 (K/2), where X is females in the population, W is males in the
population and K is the carrying capacity (Lacy, R. pers. comm.). If during any
year of a harvest the total population was less than 50% of the carrying

capacity, no harvest took place (Miller and Lacy 2005).

Number of female and male of each age to be harvested

As suggested by translocation studies, the model harvested only adult females
and males (Linklater et al. 2011; Linklater et al. 2012) because young
translocated black rhino experience higher mortality rates than their adult
counterparts and young females have lower fecundity rates after translocations.
The SADC recommends harvest rates of 5% - 8% for black rhino (Emslie 2001).
The percentage of black rhino removed from the modelled population was set at
4% of the total population per gestational year (which translates to 5.4% for a
calendar year). This percentage was chosen because it was conservative and
also because it is the harvesting goal of HiP (Clinning et al. 2009). If harvesting
took place during a particular year (population size was more than 50% of the
carrying capacity), the 4% was split between females and males (e.g. 2% of the
total population was removed from the adult females (> 6 years old) and 2% of
the total population was removed from the adult males (= 7 years old). The
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functions used for this were Females Harvested = X*% and Males Harvested =
W*%, where X was females, W was males, and % was half of the percent

harvested that year.

4.3.8 Supplementation

Frequency of supplementations
Supplementations occurred every year (E1Y), two years (E2Y), 5 years (E5Y)

and ten years (E10Y).

Number of females and males supplemented
Supplementations were made with one female and one male (1F, 1M) and two

females and two males (2F, 2M) at each of the time periods simulated.

4.3.9 Genetic Management

Data from 10 microsatellite DNA loci for the KZN metapopulation
(Chapter 3) with an Hg of 0.47 were imported to the PVA to reflect the current
level of genetic diversity for the modelled population (Table 4.2).
Supplementations were made with two different types of supplemental
individuals, those representing the KZN metapopulation (Hg of 0.47; Table 4.2)
and those representing the native Zimbabwe D. b. minor population (Hg of 0.62;

Table 4.3).
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Table 4.2: Allele frequencies for the 10 microsatellite DNA loci examined in Chapter 3 for HiP D. b.

Number of neutral loci imported to
Vortex: 10
Number of alleles for each loci: 4 2 3 3 4 4 15 43
Frequency distributions for loci 1: 0.4 0.154 0.43 0.02
loci 2: 0.79 0.208
loci 3: 0.07 0.034 0.89
loci4: 0.39 0.419 0.19
loci 5: 0.45 0.390 0.08 0.08
loci 6: 0 0.603 0.28 0.11
loci 7: 1
loci8: 0.43 0.346 0.19 0.03 0.01
loci9: 0.01 0.042 0.41 0.53
loci 10: 0.01 0.389 0.6

Table 4.3: Allele frequencies for the 10 microsatellite DNA loci examined by Garnier et a/. (2001) for
native Zimbabwe D. b. minor
Number of neutral loci imported to
Vortex: 10
Number of alleles for each loci: 4 7 4 2 4 2 3 455
Frequency distributions for loci 1: 0.242 0.0561 0.015 0.182
loci 2: 0.273 0.106 0.212 0.273 0.03 0.061 0.045
loci 3: 0.394 0.015 0.485 0.106
loci 4: 0.348 0.652
loci 5: 0.197 0.030 0.606 0.167
loci 6: 0.682 0.318
loci 7: 0.076 0.682 0.242
loci 8: 0.424 0.061 0.258 0.258
loci 9: 0.258 0.318 0.106 0.227 0.091
loci 10: 0.167 0.121 0.409 0.176 0.030

4.4 Results

4.4.1 Levels of Genetic Variation with No Supplementation

When current levels of genetic variation observed at 10 microsatellite DNA loci
in the KZN metapopulation (Hg of 0.47) were assigned to the modelled
population (CC 430) with no inbreeding depression and no supplementation,
the population decreased in size from 300 where it then stabilised to
approximately 259 individuals (Figure 4.1). In the model population with no
supplementation and a CC of 430, mean expected heterozygosity (Hg ) averaged

over 10 microsatellite loci decreased by 3%, 11% and 23% over 19, 48 and 96
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BRGs respectively (200, 500 and 1000 gestational years) (Table 4.4). When the
model population’s CC was doubled to 860, to simulate the outcome of
increasing the size of the reserve (e.g. merging with other reserves), genetic
variation decreased over time, but at a slower rate than the 430 CC (Table 4.5).
The mean Hg averaged over 10 microsatellite loci was maintained for
approximately 24 BRGs (250 gestational years), but then began to decline.
There was a decrease in the mean Hg of 4% and 11% over 48 and 96 BRGs

respectively (500 and 1000 gestational years respectively) (Table 4.5).

300
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v T Depression
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o 200
-+
5 .
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o
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S 100+
Q With Inbreeding
= T b .
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501
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| I | 1
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Figure 4.1: The mean population sizes for a modelled population with a CC of
430, with and without inbreeding depression, and a 4% harvesting rate per
gestational year (translates to 5.4% in a calendar year).
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Table 4.4: Expected and observed heterozygosities (Hg and Ho ) with standard error for HiP D. b.
minor; with and without inbreeding depression at 430 carrying capacity for years 50, 100, 150,
200, 250, 500, 700 & 1000 (5, 10, 14, 19, 24, 48, 67, and 96 black rhino generations
respectively); with mean population sizes and standard error. The 4% harvest is for a gestational
year, which translates to 5.4% in a calendar year.

430 carrying capacity, 4% Harvest

No Inbreeding Depression,

Inbreeding Depression,

Year ~ Pop Size  No Genetic Supplementation ~ Pop Size  No Genetic Supplementation
He Ho He Ho

50 267 + 1.25 0.459 + 0.000 0.462 + 0.000 263 * 1.21 0.459 + 0.000 0.462 + 0.000
100 260 x1.19 0.451 £ 0.001 0.453 + 0.001 247 £ 1.09 0.453 £ 0.001 0.455 + 0.001
150 257 £ 1.16 0.446 + 0.001 0.448 + 0.001 238 + 1.01 0.447 = 0.001 0.450 + 0.001
200 258 + 1.21 0.438 £ 0.001 0.441 £ 0.001 230 + 0.91 0.440 + 0.001 0.444 + 0.001
250 256 + 1.20 0.432 + 0.001 0.435 + 0.001 226 + 0.90 0.432 + 0.001 0.436 + 0.001
500 259 + 1.23 0.402 £ 0.001 0.404 + 0.001 211 + 0.77 0.397 = 0.001 0.400 + 0.001
700 256 +1.18 0.379 £ 0.001 0.381 £ 0.001 199 + 0.82 0.370 + 0.001 0.373 £ 0.001
1000 257 + 1.18 0.347 + 0.002 0.349 + 0.002 165 + 1.39 0.339 £ 0.002 0.333 £ 0.002

Table 4.5: Expected and observed heterozygosities (Hg and Ho ) with standard error for HiP D. b.
minor; with and without inbreeding depression at 860 carrying capacity for years 50, 100, 150,
200, 250, 500, 700 & 1000 (5, 10, 14, 19, 24, 48, 67, and 96 black rhino generations
respectively); with mean population sizes and standard error. The 4% harvest is for a gestational
year, which translates to 5.4% in a calendar year.

860 carrying capacity, 4% Harvest

No Inbreeding Depression,

Inbreeding Depression,

Year ~ Pop Size  No Genetic Supplementation ~ Pop Size  No Genetic Supplementation
He Ho He Ho

50 473 + 1.46 0.461 £ 0.000 0.462 £ 0.000 470 £+ 1.48 0.461 = 0.000 0.463 = 0.000
100 503 + 1.85 0.458 + 0.000 0.459 + 0.000 491 + 1.85 0.458 £ 0.000 0.459 + 0.000
150 514 £ 2.09 0.454 £ 0.000 0.456 £ 0.000 488 £ 1.85 0.454 = 0.000 0.455 = 0.000
200 517 + 2.14 0.451 £+ 0.001 0.452 £ 0.001 478 + 1.65 0.450 £ 0.001 0.452 £ 0.001
250 519 £ 2.09 0.448 £ 0.001 0.449 £ 0.001 470 £1.59 0.447 £ 0.001 0.449 £ 0.001
500 516 + 2.04 0.432 £ 0.001 0.433 £ 0.001 452 + 1.33 0.430 £ 0.001 0.432 £ 0.001
700 516 +£ 2.04 0.419 £ 0.001 0.421 +£ 0.001 442 £+ 1.25 0.416 = 0.001 0.418 = 0.001
1000 517 + 2.11 0.402 £0.001 0.403 £ 0.001 425 £+ 1.28 0.395 = 0.001 0.397 £ 0.001

4.4.2 Level of Variation with Supplementations

Supplementations of one pair (1F, 1M) of KZN D. b. minor made to the simulated

population (CC 430) approximately every BRG (10 gestational years, 13.4

calendar years) showed a negligible increase in mean population size (Figure

4.2). Supplementations made with one pair (1F, 1M) of KZN rhino every one and
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two gestational years maintained the mean Hg (~0.45) through 96 BRGs (1000
gestational years) (Table 4.6; Figures 4.3 A-B). When supplementations of the
pair were reduced to every five and ten gestations years, 96% and 92% of Hg
averaged over 10 microsatellite loci was maintained respectively (Table 4.6;
Figures 4.3 C-D). Supplementations made with one pair (1F, 1M) of Zimbabwe
rhino every one, two, five and 10 gestational years increased the mean Hg by
34%, 27%, 31%, and 29% every 96 BRGs (1000 gestational years) (Table 4.6;
Figures 4.3 A-D).

The difference in variation between the non-supplemented model
population with a 430 CC and the model supplemented with one pair of KZN D.
b. minor every one, two, five and 10 years is 32%, 30%, 25% and 19%
respectively after 96 BRGs (1000 gestational years) (Tables 4.4 & 4.6). When
the number of individuals supplemented to the model population from the KZN
metapopulation was increased to two pairs (2F, 2M), every one, two, five and
ten gestational years, there was only a slight improvement in the increase in
genetic variation over the single pair scenarios (Table 4.6, Figure 4.4A).
However, similar to the single pair, supplementations made with individuals
from the native Zimbabwe population, increasing the pair number to two
greatly improved the level of diversity within the model population (Table 4.6,

Figure 4.4B).
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Figure 4.2: The mean population sizes for a modelled population with a CC of
430, without inbreeding depression, with a 4% harvesting rate (translates to
5.4% in a calendar year) with and without supplementations. Supplementations
were made with one female and one male (1F, 1M) every ten years (E10Y; 13.4
years for a calendar year). Supplemented individuals were either assigned the
KZN genotype or the native D. b. minor Zimbabwe genotype respectively.
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Table 4.6: Mean population sizes and expected heterozygosity (He) with standard error for a population of D. b. minor; with various
supplementations; without inbreeding depression at 430 carrying capacity for years 50, 100, 150, 200, 250, 500, 700 & 1000 (5, 10, 14, 19, 24, 48,
67, and 96 black rhino generations respectively). The 4% harvest is for a gestational year, which translates to 5.4% in a calendar year.
Supplementations (Supp.) were made with one male and one female (1F, 1M), two females and two males (2F, 2M) at intervals of every one year
(EL1Y), two years (E2Y), five years (E5Y) and 10 years (E10Y) with individuals with the KwaZulu-Natal genotype (KZN GT) and Zimbabwe genotype
(Zim. GT).

Supp. w/ 1F, 1M, E1Y - KZN GT  Supp. w/ 1F, 1M, E1Y - Zim. GT  Supp. w/ 2F, 2M, E1Y - KZN GT  Supp. w/ 2F, 2M, E1Y - Zim. GT

Year Mean» Pop. Mean Hg Year Mean» Pop. Mean Hg Year Mean» Fop. Mean Hg Year Mean» Pop. Mean Hg
Size Size Size Size
50 328 + 1.10 0.461 + 0.000 50 326 % 1.12 0.605 + 0.000 50 356 £ 0.83 0.462 + 0.000 50 358 + 0.85 0.644 + 0.000

100 329 £ 1.04 0.460
150 329 £ 1.05 0.459
200 331 £ 1.05 0.459
250 332+ 1.06 0.459

0.000 100 328 + 1.06 0.643 + 0.000 100 358 i 0.81 0.462 + 0.000 100 358 + 0.83 0.641 + 0.000
0.000 150 330 % 1.07 0.644 + 0.000 150 357 + 0.83 0.461 + 0.000 150 357 £ 0.82 0.619 + 0.000
. 200 329 % 1.08 0.633 + 0.000 200 356 £ 0.85 0.461 + 0.000 200 357 £ 0.85 0.602 + 0.000
0.000 250 329 £ 1.07 0.620 + 0.000 250 355 £ 0.86 0.461 + 0.000 250 359 + 0.82 0.593 + 0.000
500 330 £ 1.10 0.458 + 0.000 500 330 % 1.05 0.586 + 0.000 500 356 £ 0.81 0.462 + 0.000 500 357 £ 0.80 0.582 + 0.000
700 329 + 1.09 0.458 + 0.000 700 329 % 1.05 0.580 + 0.000 700 356 = 0.84 0.461 + 0.000 700 358 + 0.82 0.582 + 0.000
1000 330 + 1.08 0.458 £ 0.000 1000 330 % 1.09 0.579 £ 0.000 1000 358 + 0.85 0.462 + 0.000 1000 356 + 0.84 0.583 + 0.000

Supp. w/ 1F, 1M, E2Y - KZN GT_ Supp. w/ 1F, 1M, E2Y - Zim. GT_ _Supp. w/ 2F, 2M, E2Y - KZN GT_ Supp. w/ 2F, 2M, E2Y - Zim. GT

H H H HHH
o
[=}
=]
o

Year Mean. Fop. Mean He Year Mean. Fop. Mean Hg Year Mean_ Pop. Mean Hg Year Mean. Fop. Mean He
Size Size Size Size
50 300 + 1.31 0.460 + 0.000 50 302 % 1.28 0.555 + 0.001 50 326 £ 1.12 0.461 + 0.000 50 327 + 1.09 0.605 + 0.000

100 299 £+ 1.27 0.457 + 0.000 100 300 % 1.26 0.604 + 0.001 100 327 £ 1.05 0.459 + 0.000 100 328 + 1.07 0.642 + 0.000
150 297 £ 1.25 0.454 + 0.000 150 299 + 1.27 0.628 + 0.000 150 327 £ 1.06 0.458 + 0.000 150 328 + 1.07 0.644 + 0.000
200 300 % 1.32 0.454 + 0.000 200 298 + 1.28 0.637 + 0.000 200 332 £1.08 0.458 + 0.000 200 330 £ 1.09 0.632 + 0.000
250 299 + 1.22 0.453 + 0.000 250 298 % 1.25 0.637 + 0.000 250 330 % 1.04 0.459 + 0.000 250 328 £ 1.05 0.620 + 0.000
500 298 + 1.21 0.452 + 0.001 500 299 * 1.28 0.605 + 0.000 500 328 + 1.08 0.458 + 0.000 500 329 + 1.06 0.586 + 0.000
700 298 + 1.28 0.452 + 0.001 700 298 + 1.28 0.585 + 0.001 700 329 £ 1.05 0.459 + 0.000 700 329 + 1.13 0.579 + 0.000
1000 299 + 1.28 0.452 + 0.001 1000 297 + 1.28 0.575 + 0.001 1000 327 + 1.09 0.458 + 0.000 1000 328 + 1.04 0.579 + 0.000

Supp. w/ 1F, 1M, E5Y - KZN GT_ Supp. w/ 1F, 1M, ESY - Zim. GT__Supp. w/ 2F, 2M, E5Y - KZN GT_ _Supp. w/ 2F, 2M, E5Y - Zim. GT

Year Meanl Pop. Mean Hg Year Meanl Pop. Mean He Year Mean' Pop. Mean Hg Year Meanl Pop. Mean Hg
Size Size Size Size
50 281 + 1.30 0.460 * 0.000 50 281 * 1.28 0.506 + 0.001 50 294 + 1.31 0.460 = 0.000 50 295 + 1.29 0.541 + 0.001

100 276 £+ 1.27 0.455 + 0.000 100 272 £+ 1.31 0.540 + 0.001 100 291 +1.31 0.457 £ 0.000 100 291 + 1.30 0.588 + 0.001
150 275 £ 1.31 0.451 + 0.001 150 273 £ 1.25 0.565 + 0.001 150 291 +1.29 0.454 £ 0.000 150 291 + 1.27 0.615 + 0.001
200 274 + 1.30 0.449 + 0.001 200 273 + 1.27 0.584 + 0.001 200 291 + 1.28 0.452 + 0.001 200 291 + 1.32 0.628 + 0.001
250 275 + 1.27 0.446 + 0.001 250 275 + 1.29 0.598 + 0.001 250 287 £ 1.27 0.451 + 0.001 250 289 + 1.30 0.633 + 0.001
500 273 + 1.31 0.438 + 0.001 500 273 * 1.29 0.617 + 0.001 500 289 + 1.31 0.449 + 0.001 500 290 + 1.31 0.612 + 0.001
700 274 + 1.29 0.435 + 0.001 700 271 * 1.28 0.608 + 0.001 700 291 + 1.27 0.448 + 0.001 700 289 + 1.33 0.591 + 0.001
1000 272 +1.27 0.434 £ 0.001 1000 275 + 1.27 0.588 + 0.001 1000 291 + 1.29 0.448 + 0.001 1000 291 + 1.26 0.575 + 0.001

Supp. w/ 1F, 1M, E10Y - KZN GT Supp. w/ 1F, 1M, E10Y - Zim. G1 Supp. w/ 2F, 2M, E10Y - KZN GT Supp. w‘ 2F, 2M, E10Y - Zim. G

Year Meanl Pop. Mean He Year Meanl Pop. Mean He MeanA Pop. Mean Hg Year Meanl Pop. Mean He
Size Size Size Size

50 275 + 1.33 0.458 * 0.000 50 274 + 1.26 0.483 + 0.000 50 283 £ 1.30 0.459 £ 0.000 50 281 + 1.28 0.506 + 0.001
100 268 + 1.23 0.453 + 0.000 100 268 *+ 1.24 0.500 + 0.000 100 274 £ 1.25 0.454 = 0.000 100 274 + 1.24 0.538 + 0.001
150 265 + 1.24 0.448 + 0.001 150 265 *+ 1.23 0.517 + 0.001 150 271 £1.23 0.450 + 0.001 150 274 + 1.33 0.563 + 0.001
200 266 + 1.24 0.443 + 0.001 200 265 + 1.28 0.530 + 0.001 200 273 £1.30 0.447 £ 0.001 200 272 £ 1.25 0.582 + 0.001
250 265 *+ 1.27 0.439 250 264 + 1.21 0.542 + 0.001 250 270 £ 1.22 0.444 £ 0.001 250 275 £ 1.29 0.595 + 0.001
500 266 + 1.21 0.425 + 0.001 500 263 + 1.22 0.577 £ 0.001 500 271 £1.22 0.437 £ 0.001 500 272 £ 1.27 0.614 + 0.001
700 266 + 1.26 0.417 + 0.417 700 262 + 1.25 0.583 + 0.001 700 273 £1.31 0.435 £ 0.001 700 273 £ 1.29 0.606 + 0.001

1000 260 *+ 1.22 0.412 + 0.001 1000 265 + 1.25 0.580 * 0.001 1000 275 £ 1.27 0.434 £ 0.001 1000 274 £ 1.27 0.587 £+ 0.001
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Figure 4.3: Mean expected heterozygosity for a modelled population with a carrying capacity of 430, without inbreeding
depression, with a 4% harvesting rate per gestational year (translates to 5.4% in a calendar year) with and without
supplementations. Supplementations were made with one female and one male (1F, 1M). Supplemented individuals were either
from the KZN metapopulation or the native D. b. minor Zimbabwe population. A) Supplementations made every gestational year
(1EY). B) Supplementations made every two gestational years (E2Y). C) Supplementations made every five gestational years
(E5Y). D) Supplementations made every 10 gestational years (E10Y)
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Chapter 1V:
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Figure 4.4 Mean expected heterozygosity for a modelled population with a CC of
430, without inbreeding depression, with a 4% harvesting rate per gestational
year (translates to 5.4% in a calendar year) with and without supplementations.

Supplemented individuals were either from the KZN metapopulation or the

native D. b. minor Zimbabwe metapopulation. A. Supplementations made with
one female and one male (1F, 1M) every one (E1Y), two (E2Y), five (E5Y) and
ten (E10Y) gestational years. B. Supplementations were made with two females
and two males (2F, 2M) every one (E1Y), two (E2Y), five (E5Y) and ten (E10Y)

gestational years.
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4.5 Discussion

The PVA analysis showed that the population size could be increased to the
level needed to prevent the loss of genetic variation by expanding the size of the
reserve or through supplementations. Doubling the model population size
helped maintained the mean Hg, even after approximately 96 BRGs (Hg: 0.470 to
0.402 averaged over 10 microsatellite loci; 1000 gestational years /1342
calendar years), which was better than the significant loss seen when the
population remained at 430 CC over the same time period (Hg = 0.470 to 0.347
averaged over 10 microsatellite loci; 1000 gestational years /1342 calendar
years). Nevertheless, models also indicate that when supplementations were
made with individuals from the KZN metapopulation the mean Hg improved
more effectively than increasing the population size, even when
supplementations only took place every ten gestational years (13.4 calendar
years). However, the greatest effect on slowing the loss and increasing the mean
Hg was when supplementations were made with native D. b. minor Zimbabwe
individuals.

Currently, no translocations are made back into HiP. The only way to
increase the size of the population is to expand the reserve beyond its current
boundaries, which can be expensive and not always feasible. The SADC RMG
supports sourcing same-subspecies individuals for founding populations from
different original genetic sources including more than one source population
and/or country (Emslie et al. 2009), which has been done successfully in
Zambia with 25 D. b. minor sourced from several populations in South Africa
(e.g. Kruger National Park, Eastern Cape, HiP, Markarele)(Chomba and

Matandiko 2011). Guidelines do not, offer recommendations specifically for
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supplementing source populations. [ recommend that this gap in guidelines for
managing source populations be addressed, especially when populations are
unable to expand and have no natural or assisted immigration. Increasing the
number of black rhino in HiP could slow the loss of genetic variation. No
decrease in genetic variation has been found in small populations that
experienced rapid population expansion in habitats with virtually unlimited CCs
(e.g. 13 European rabbits (Oryctolagus cuniculus) imported to Australia in 1859;
Zenger et al. 2003). Increasing the number of black rhino in the population can
be done either by (1) physically increasing the size of the reserve allowing the
CC to increase, there by increasing the effective size (Ne) (2) using other
reserves to mimic expansion by performing serial translocations between HiP
and the metapopulation or other sources of D. b. minor. In this way, D. b. minor
are both emigrating from and immigrating to HiP and the population can take
advantage of an artificial increase, thereby limiting further deterioration of
genetic variation.

Increasing black rhino numbers by increasing the physical size of HiP
will probably help to decrease the rate of loss of genetic diversity, but it will not
increase variation as effectively as genetic supplementation. Furthermore, the
limits associated with increasing the size of the reserve (e.g. land acquisition,
facilitating corridors) make this option less appealing to conservation
managers. Supplementations on the other hand are relatively inexpensive by
comparison and translocations in KZN occur on an annual basis, so this method
could be easily incorporated into existing management plans.

Emslie (1994) states that there is no proof that a long-term decrease in

heterozygosity of black rhinos will automatically diminish future performance.
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While it is true that no obvious signs of inbreeding depression within HiP have
been reported, the single mtDNA haplotype and 30% lower microsatellite DNA
variation than native Zimbabwe D. b. minor and lower growth rates compared
to other D. b. minor populations suggests that a precautionary approach to
managing HiP may be necessary. Preserving current levels of genetic variation
within HiP is important and by avoiding further genetic decay HiP can continue
to improve as a source for restocking other populations demographically and
genetically. An example of this was observed in an isolated population of
Scandinavian grey wolves (Canis lupus: Vila et al. 2003). A single male
immigrant led to an increase in the mean Hg from 0.49 to 0.62 of the small
population (n=16) over a five-year period (Vila et al. 2003). The HiP population
is much larger than the wolf example, but a similar change can be seen in the
model population using supplemented individuals from the native D. b. minor
Zimbabwe population.

It is clear from the PVA results that supplementation was more effective
at arresting the rate of loss of genetic variation than maintaining the CC at
current levels or increasing the size of the reserve. However, deciding whether
to use black rhino from the KZN metapopulation or native Zimbabwe D. b. minor
for supplementations is not straightforward. Unfortunately, it is unknown if the
low levels of mtDNA and microsatellite DNA variation in HiP were
anthropogenically induced or a result from a long-term demographic separation
that caused historically small population sizes and local adaptation (Chapters
Two and Three). If the population has always had low levels of variation, then
supplementations with individuals from the KZN metapopulation would be

recommended to avoid possible outbreeding depression that could compromise
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the population’s evolutionary potential. However, if it can be proven that the
low variation is a consequence of overexploitation by humans and the
population was continuous through Zimbabwe, then supplementations with
native Zimbabwe D. b. minor would be recommended to restore genetic
variation possibly to near pre-decline levels. The only way to answer this
question is by examining samples of KZN black rhino from before the decline.
PVAs model the best-case scenario but wild populations do not necessarily

respond in the same way as a simulated population.

4.6 Conclusion

Detecting losses in the level of genetic diversity in an endangered source
population like HiP calls attention to the importance of developing conservation
strategies that prevent such losses in other endangered species. While,
managing genetic risks by facilitating gene flow with minimal intervention is
preferable, at this time expanding park borders is not a viable option for HiP.
The HiP source population only has one mtDNA haplotype (n=65) (Anderson-
Lederer et al. 2012) an Hg of 0.47, has a homozygote excess at five out of 10
microsatellite DNA loci and is out of HWE (Chapter Three). In addition, it is
subjected to poaching pressure. While modelled results are only as reliable as
the species life-history data used to create scenarios, management has the
opportunity to shift from a focus from not only increasing numbers of black
rhino, but ensuring the future of the species by incorporating results from PVAs
into management schemes. This could improve the genetic health of HiP black
rhino in a practical and evidence-based way. PVA results suggest that pseudo-

metapopulation expansion through supplementations are effective and are not
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required to be large or frequent (one female and one male every BRG). The
supplementations can be accomplished inexpensively via the metapopulation
using serial translocations. Most endangered large mammals no longer have the
freedom to migrate, but with assistance via translocations and genetic
supplementation, counteracting low levels of genetic variation that many small,

fragmented populations exhibit is possible.
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Managing genetic diversity in the D. b. minor metapopulation of KZN:
Thesis summary and applications

Photo by Rosalynn Anderson-Lederer



Chapter V: Discussion

5.1 Introduction

Many threatened species are now conservation-reliant after suffering severe
declines in population size (see: Miller et al. 1988; Walters 1991; Tyus and
Saunders 2000; Jamieson et al. 2006; Johnson et al. 2010). The continued
survival of these species requires in situ and ex situ intervention by
conservation teams. Unfortunately, for pragmatic reasons population genetic
considerations are often not a priority when trying to increase the inevitably
low number of individuals remaining in small and fragmented populations.
However, when populations are in the process of recovery, wildlife managers
need to shift their focus from protecting and increasing numbers to addressing
population quality indicators such as the loss of genetic variation.

Aloss of genetic variation in small and recovering populations could
result in decreased fitness (inbreeding depression) or limit the long-term
capacity of a population to respond to changes in the environment (Westemeier
et al. 1998). Without shifting focus to the genetic variation in the small
populations, the genetic risks may be overlooked and populations might
continue to be vulnerable to extinction even though their size is increasing
(Frankham 2005).

This thesis research contributes to a broader understanding of the
genetic structure of the metapopulation of D. b. minor in KwaZulu-Natal (KZN),
South Africa. It also demonstrates how management can incorporate a simple
supplemental regime in a source population, like Hluhluwe-iMfolozi Game Park
(HiP), to maintain and/or increase levels of genetic variation within the

endangered, but recovering metapopulation.
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5.2 Summary of findings

5.2.1 Chapter Two:

Anderson-Lederer, R.M,, Linklater, W.L., and P.A. Ritchie (2012) Limited
mitochondrial DNA variation within South Africa’s black rhino (Diceros
bicornis minor) population and implications for management. African
Journal of Ecology 50(4): 404-413. (Appendix A)
Mitochondrial DNA (mtDNA) control region sequences (406 bp) were examined
to determine the level of variation within the KZN D. b. minor source population
at HiP (n=50) and KZN metapopulation (n=15) compared to D. b. minor
populations outside South Africa (n=11; native Zimbabwe populations) and the
two other black rhino subspecies (D. b. michaeli n=21, D. b. bicornis n= 4). The
KZN source (HiP) and metapopulation had a single haplotype. However, six
different haplotypes were represented in the 11 native D. b. minor individuals
from Zimbabwe. The D. b. michaeli samples (n=21) had 13 haplotypes and the D.
b. bicornis samples (n=4) had one haplotype. The single mtDNA haplotype in the
KZN source and metapopulation coupled with previously published low levels
of D. b. minor mixed population (KZN and native Zimbabwe) microsatellite DNA
suggest a recent population decline and fragmentation. Small population
numbers combined with fragmentation could have increased the rate of drift
and may be responsible for the lack of haplotype diversity within the KZN HiP
source and metapopulation. Further investigation of the native Zimbabwe D. b.
minor mtDNA should be considered because the KZN haplotype may be present,

but not yet detected. If the KZN haplotype is found in the Zimbabwe

populations, management may also want to explore the possibility of
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outbreeding the native Zimbabwe D. b. minor populations with the translocated

KZN D. b. minor population in Malilangwe, Zimbabwe.

5.2.2 Chapter Three:

Low levels of microsatellite DNA variation and possible management

considerations for black rhino (Diceros bicornis minor) in KwaZulu-Natal,

South Africa (In prep)

Ten microsatellite DNA loci were examined in the three D. bicornis subspecies:
D. b. minor from the KZN source and metapopulation (n=118), D. b. michaeli
(n=3) and D. b. bicornis (n=6). Results were compared with previously
published findings for microsatellite DNA loci from a native Zimbabwe D. b.
minor populations. The KZN source and metapopulation was out of Hardy-
Weinberg Equilibrium and showed excess homozygosity at five loci. Direct
comparison of 10 microsatellite DNA loci results confirmed that the South
African metapopulation has lower genetic variation than the native Zimbabwe
D. b. minor populations (Hg: 0.47 and 0.65 respectively, and lower number of
alleles per locus), further indicating that current conservation plans may need
to be modified to prevent additional genetic decay within KZN.

Additional loss of genetic variation and the possible risk of inbreeding
depression could be prevented by rapidly increasing population numbers by
increasing reserve sizes. Since procuring enough land to increase populations to
sizes that would enable rapid growth is expensive and not always feasible,
managers may consider serial translocations between HiP and other KZN
reserves to replicate immigration and emigration. Moving rhino back into HiP

would enable the source to take advantage of growth in other reserves and
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would essentially reinstate a single large genetic population. However, since
native Zimbabwe D. b. minor have higher levels of genetic variation
(mitochondrial and microsatellite DNA loci) than the KZN D. b. minor, managers
could also consider genetic replenishment using native Zimbabwe individuals

as supplements.

5.2.3 Chapter Four:

Population Viability Analysis of Black Rhino (Diceros bicornis minor) in
Hluhluwe-iMfolozi Game Park, KwaZulu-Natal, South Africa

The KZN D. b. minor source and metapopulation have low mitochondrial DNA
(Chapter Two) and microsatellite DNA (Chapter Three) variation. It was
proposed in Chapters Two and Three that increasing the size of the HiP source
to accommodate rapid growth may slow the rate of genetic drift and help to
maintain current levels of genetic variation. It was also suggested that
supplementation with individuals from the KZN metapopulation or native D. b.
minor Zimbabwe populations may be equally effective at preserving current
levels of genetic variability. To test whether one or both of the
recommendations are viable options, a population viability analysis (PVA) was
conducted.

The PVA modelled population increases and supplementations into HiP
with individuals from the KZN metapopulation and Zimbabwe. With no change
in management strategies, the PVA predicted a progressive loss in the mean
expected heterozygosity of 23% over 96 black rhino generations (BRGs).

Opportunities to increase the HiP population size by connecting the reserve
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through corridors to neighbouring reserves was modelled by increasing the
carrying capacity (CC) of the population. Doubling the CC helped to decrease the
rate of loss of the mean Hg by 11% over 96 BRGs. When supplementations of
one female and one male black rhino from the KZN metapopulation were made
every ten gestational years, the mean Hg of the population was maintained (Hg
~0.45) over 96 BRGs, but increased 29% when supplemented with native D. b.
minor from Zimbabwe.

The PVA results show that serial translocation between populations is a
powerful tool that can be used to decrease the rate of loss of genetic variability.
In addition, it does not require a large number of individuals or to be frequent

and corresponds with current management practices.

5.3 Conservation Implications

Data obtained in this study will allow field managers to forecast the likely
changes in the levels of genetic variation within the relict HiP source population.
Genetic variation in a population arises through mutation or gene flow and is
typically lost either passively through genetic drift or actively through natural
selection (Amos and Harwood 1998). The rate of loss of genetic variation in a
population depends on its effective population size (Ne) and the amount of time
(number of generations) that the population has been isolated (Frankham 1997;
Palstra and Ruzzante 2008). The loss of genetic variation caused by genetic drift
increases in a population that has gone through a bottleneck and strong drift
will continue to erode genetic variation if a population’s size is unable to
increase (Nei et al. 1975; Allendorf and Leary 1986b). Bottlenecks occur across

many taxa, but origin, severity and population recovery times vary (i.e. they can
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develop rapidly over a short period of time in small populations or take several
generations in large populations) (England et al. 2003).

Heterozygosity and allelic diversity (also called allelic richness) in
populations are correlated when there is a mutation-drift balance, but after a
short-term bottleneck correlation is disrupted because heterozygosity is only
slightly affected (Allendorf 1986). Rare alleles on the other hand are typically
lost when population sizes decrease, which means allelic diversity is expected
to decrease faster than heterozygosity (Allendorf 1986; England et al. 2003).

The low levels of heterozygosity and allelic diversity, and the similar Fsr
and Rst results in HiP compared to native Zimbabwe D. b. minor are indicative of
a recent (although not necessarily within 2N to 4N generations) decrease in
HiP’s population size. Recent bottlenecks have also been linked to reduced or
low levels of genetic variation in other rhino taxa (Merenlender et al. 1989;
Dinerstein and Mccracken 1990; Harley et al. 2005; Fernando et al. 2006),
which is not unexpected given the high level of poaching that has occurred
during the last century.

Regardless of whether the decreased level of genetic variation in the
relict D. b. minor HiP population is due to the 20th century bottleneck or historic
demographic separation, it is necessary to take corrective action to prevent any
further loss. The HiP population is small, fenced and has had no immigration
since the latter half of the 19t century (Swart et al. 1994), yet it is used as a
source for D. b. minor subspecies expansion. HiP is also subjected to an annual
harvest that targets removal of ~5% of the total population each year. The
removals are meant to keep the population below its CC, but this practice

ultimately stagnates the size of the population, which could be having
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detrimental effects on the level of genetic variation.

This study has demonstrated that despite D. b. minor numbers
increasing, HiP is genetically a relatively small population (n=~220 Clinning et
al. 2009) and genetic drift has most likely caused genetic variability to be lost
faster than would be expected in what might appear to be a larger
metapopulation. Managers of any small, endangered source population should
evaluate conservation plans once a species is classified as in recovery, to
evaluate the levels of genetic variation and adjust priorities from quantity
(number of individuals) to quality (evolutionary potential).

Using serial translocations and supplementations to maintain the levels
of genetic variation in the relict HiP source population has important
implications. Mangers of other small, remnant populations of conservation
reliant species may be able to avoid the expense of acquiring land to ‘expand’
their population, by using serial translocations and supplementation to increase
gene flow. Supplementation proved to be an effective tool for a remnant
population of greater prairie chickens (Tympanuchus cupido pinnatus) that
experienced 35 years of population declines and a reduction in genetic diversity
(Westemeier et al. 1998). Despite three decades of intensive management that
focused on and successfully increased the number of individuals in the
population, the mean population fitness decreased to alarming levels and it was
only turned around when the remnant population was supplemented with
individuals from a larger population with higher levels of genetic variation
(Westemeier et al. 1998).

With regards to genetic supplementation of new and established

populations, management of African rhinos (black and white), the SADC RMG
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recommend that cohorts used for supplementations consist of individuals with
“as little genetic similarity with the receiving population as possible” (Emslie
and Brooks 1999). They also recommend that when establishing new
populations, animals should not be from the same genetic source (Emslie and
Brooks 1999) sensu North Luangwa National Park, Zambia (Chomba and
Matandiko 2011) and Kruger National Park, South Africa (Hall-Martin and
Knight 1994). These recommendations are important because if individuals
with similar genotypes are used to establish or augment populations it could
have a negative impact on fitness and long-term evolutionary potential of the
receiving population (Eldridge et al. 1999; Moritz 2002).

Rhino guidelines encourage the mixing of populations of the same
subspecies (du Toit 2006b; Emslie and Brooks 1999), however, there are
instances of black rhino management taking measures to prevent the same
subspecies from different regions from intermixing (i.e. the 27 KZN D. b. minor
translocated to Malilangwe, Zimbabwe in 1997 that are not outbred with native
Zimbabwe black rhino). There is a risk of over splitting the subspecies if D. b.
minor populations (KZN and native Zimbabwe) are treated as separate
subspecies. Managing D. b. minor as one large metapopulation (e.g. similar to
the translocations into Krueger National Park from South Africa and Zimbabwe)
across borders may aid with the overall management goals of retaining genetic
diversity, but may not be feasible due to manpower (e.g. needed for anti-

poaching) and budget constraints (e.g. small GDP economies).
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5.4 Future research directions

5.4.1 Historic Samples

Determining whether the current levels of genetic diversity in an endangered
species population are significantly different from historic levels is difficult
because it requires ‘before and after’ samples of the population (Leberg 2002).
If both historic and current samples could be obtained, it would confirm
whether or not a decline in the level of genetic variation has occurred (Roy et al.
1994). Without temporal genetic data, assessments of the amount of genetic
diversity lost in populations can only be inferred by comparing them to
examples of closely related species, or populations of the same species in
different geographic locations (Leberg 2002).

Sampling historic levels of genetic variation may also provide some
insight into the past population structure and the amount of fragmentation that
has occurred. Frankham et al. (2002) described five fragmented population
structures (Figure 5.1) that have various impacts on levels of variation within
populations ranging from negligible to severe, depending on the structure of
and migration patterns between the fragments. Identifying the historic pattern
of fragmentation could help managers plan metapopulations and allow
duplication of past gene flow patterns through the creation of corridors or
through translocations.

Information derived from historic samples could also reveal that very
little loss in the level of genetic variation has occurred and that the populations
were always small and isolated. These findings would assist when

implementing management practices that might lead to outbreeding depression
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Figure 5.1: The five structures of fragmented populations. (From Frankham et al. 2002)
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(Leberg 2002). In the case of rhino, historic samples might be obtained through
zoo collections from the progeny of individuals originally captured in
populations that have since been extirpated. They might also be collected from

museum samples if documentation regarding the sample’s origin is verified.

5.4.2 Harvest for Population Growth
As large wild populations of threatened and endangered species begin to
recover, it will become necessary for managers to address limited reserve sizes
and the need for harvesting populations when they reach maximum carrying
capacities.

Translocations are used for increasing the viability of a species.
Specifically, the technique is used to (1) move individuals between wild
populations to bolster genetic heterogeneity of small populations, (2) move wild

individuals to captivity (also called capture or collection) and (3) to move
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individuals or cohorts from captivity to the wild (also called reintroduction or
release) (Griffith et al. 1989; Tenhumberg et al. 2004).

Apart from megaherbivores, translocations are not typically used to
remove (or ‘harvest’) individuals from endangered populations that have
reached their carrying capacity in order to stimulate continued population
growth (see Appendix B for PVA results pertaining to HiP harvest rates) (Emslie
et al. 2007; Emslie et al. 2009; Emslie 2001). Because the use of harvesting to
facilitate breeding may become more popular as large species conservation
programmes move into a recovery phase, shifting priorities to that of
preserving levels of genetic variation will be important and warrants a more

thorough examination (Lubow 1996).

5.4.3 Translocation Cohort Sizes and Composition

As translocation techniques are improved, reintroductions are becoming more
important in the management of threatened species. There is little species
specific information available, however, about the recommended number and
composition (e.g. number of males and females, ages, parent-offspring) of
individuals necessary in a cohort to minimize losses in levels of genetic diversity
(Tracy etal. 2011).

Most researchers do not define what an ‘acceptable’ or ‘adequate’
number equates to in numeric terms, which makes planning the composition of
cohorts for successful translocations and maintenance of levels of genetic
diversity difficult for conservation managers. While Griffith et al. (1989) only
refer to ‘large’ versus ‘small’ cohort sizes, they found that translocations had

higher success rates among individuals and cohorts that were native game
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species (86%), herbivores (77%), and wild-caught individuals (75%). Knapp
and Dryer (1998) recommend using individuals that are a ‘genetic match’ or
that already have local adaptations to the environment to improve the success
rates. They found that individuals used for reintroductions that had adaptations
to local conditions had higher fitness and lower mortality than individuals that
were translocated to areas they were not adapted to (see Appendix C for PVA
results pertaining to HiP cohort sizes).

As field managers are increasingly using translocations and
reintroductions as tools for managing wild populations, improving the success
of reintroductions while maintaining levels of genetic variation is an area that

requires further investigation.

5.4.4 Functionally important genetic variation and Conservation Genomics
To successfully conserve an endangered species, it is important to: (1) identify
different species within taxa, (2) identify evolutionarily significant units (ESUs)
within species, and (3) identify management units (MUs) within ESUs (Moritz
1994; Hedrick et al. 2001). Examining the relative levels of genetic variation at
neutral markers like mitochondrial or microsatellite DNA loci, can reveal
historic population characteristics that support ESU and MU designation (Bos et
al. 2008), however maintaining adaptive variation is important to the
conservation objective that supports ESU and MU designations (Hedrick et al.
2001).

While demographic factors (e.g. genetic drift and inbreeding) play a
crucial role in the degree of variation in neutral genes, some functional (coding)

genes are under selection (Sommer 2003). Major histocompatibility complex
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(MHC) genes are functional genes that are primarily responsible for recognizing
foreign proteins, presenting them to immune cells and initiating an immune
response (Piertney and Oliver 2006). MHC genes have been connected with
individual fitness, population viability and evolutionary potential in changing
environments, which makes them ideal for studying adaptive genetic diversity
(Strand 2011). However, due to the complexity of working with MHC genes
(organization of MHC loci found in model species differs from non-model
species), many large-scale studies of wild populations have been hindered
(Strand 2011).

MHC primers for this study (Dbminor-MHC Alphal-2 Forward:
CCTCCTCCTGCTCTCGG and Dbminor-MHC Alpha 1-2 Reverse:
CCACAGCCGCCCACTTCTGG) were developed using Geneious v4.8 (Drumond et
al. 2010). Remaining DNA orginally extracted for Chapters Two and Three was
used with the new primer pair. The forward primer was tagged with an M-13
tag (Schuelke 2000). Polymerase Chain Reaction (PCR) amplifications using 1-2
uL of DNA template were carried out in 25uL volumes with 67 mM Tris pH 8.8,
16mM (NH 4)2S04, 1.5 mM MgClz, 0.4 pg/ml BSA, 0.4 pL of each of the forward
and reverse primer, 200 uM of each dNTP, and 0.5 to 1 units of BIOTAQ DNA
polymerase (Bioline). Thermal cycling was carried out using an Eppendorf
Mastercycler for; 94°C 2 min, (94°C 3 min, 50-54°C 30 sec, 72°C 2 min),
repeated for 30-40 cycles, followed by a final step of 72°C 3 min. PCR products
were electorphoresed in agarose gel and a molecular weight standard was used
to determine the size of amplified products. The resultant PCR products were
analysed on a 3730 automated sequencer using the GS-500 LIZ size standard

and the GENESCAN software (Applied Biosystems) I experienced significant
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difficulties amplifying MHC genes to a level of quality that would allow clear
sequencing for this project.

Even though neutral and functional genes provide complimentary
information about the recent evolutionary history of populations, only a small
number of studies have actually used a combination of the markers to examine
the relative levels of genetic variation in populations (Bos et al. 2008).
Conservation genomics is a new field that utilises recent advances in DNA
sequence techniques to discover genomic regions that are adaptively important
for populations in particular habitats (Allendorf et al. 2010).

Most conservation genetic studies use neutral markers that are unable to
answer questions about the impact of a small effective population size (Ne) on
functionally important genetic variation or whether microsatellite DNA
variation provides a good representation of the genome wide levels of variation
(Ouborg et al. 2010). Genomics will enable the field of conservation genetics to
understand both the mechanistic (e.g. genetic and cellular operations and how
they affect organismal development, ecology and evolution) and inventorial
(functional, e.g. improve ability to take genealogical stock of biological
resources at all levels in the phylogenetic hierarchy) aspects of at risk species
(Avise 2010). The diagram in Figure 5.3 shows how conservation genomics can
address a range of conservation genetic issues that previous techniques have
been unable to address.

Conservation genetic analyses are typically based on neutral loci that
only provide details of a very small part of an organism’s genome, however with
advances in conservation genomics (e.g. SNPs), researchers will be able to

analyze genome-wide data that will translate into practical information that can
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significantly improve the way endangered species are managed. However, this
new technical approach is expensive and requires detailed computational

analyses, which will limit its uptake in the short term.
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Figure 5.3: A diagram of interacting factors in the conservation of natural population.
Traditional conservation genetics (neutral markers), provides direct estimates of some
interacting factors (blue). Conservation genomics can address a wider range of factors
(red). It also promises more precise estimates of neutral processes (blue) and
understanding of the specific genetic basis of all of the factors. (From Allendorf et al.
2010)

5.6 Summary

In this study, | have added to the understanding of the genetic structure
of the KZN remnant source (HiP) and metapopulation, highlighted genetic
differences between KZN and native Zimbabwe D. b. minor as well as made
recommendations for maintaining the current levels of genetic heterozygosity
within HiP. This is timely as the black rhino species is recovering. If poaching
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pressure can be abated, black rhino numbers may be able to match those of the
southern white rhino that have been the most successful of the rhino taxa to
recover from a severe bottleneck. I anticipate that this research will help to
improve management of black rhino populations and contribute to conservation
biology on a broader scale across species.

As rapid changes in the field continue, conservation genetics will bring to
light historic and current stochastic and demographic changes occurring in wild
populations. Techniques are advancing turning genetics and genomics into
incredibly powerful tools for assisting in the management of populations across
all levels (individual, population, and species). By wildlife managers taking
research findings and incorporating them into management plans, the field of
conservation genetics and genomics can help slowly reverse the process of

destruction that human induced changes have caused.
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and implications for management

Rosalynn M. Anderson-Lederer'*, Wayne L. Linklater'? and Peter A. Ritchie®

L Centre for Biodiversity and Restoration Ecology, School of Biological Sciences, Victoria University of Wellington, PO Box 600, Wellington,
6041, New Zealand and *Centre for African Conservation Ecology, Department of Zoology, Nelson Mandela Metropolitan University, PO

Box 77000, Port Elizabeth Eastern Cape 6031, South Africa

Abstract

The taxonomy of African black rhinoceros (Diceros
bicornis) remains unresolved. Maintaining levels of genetic
diversity and species rescue by reintroduction and restock-
ing requires its resolution. We compared the sequences of
the mitochondrial DNA (mtDNA) control region for a total
of 101 D. bicornis from three subspecies: D. b. minor,
D. b. michaeli and D. b. bicornis. A single unique haplotype
was found within the 65 D. b. minor samples from Kwa-
Zulu-Natal (KZN) Province, South Africa, 55 of which
came from Hluhluwe-iMfolozi Game Park (HiP) and Mkuzi
Game Reserve (MGR) source populations. However, six dif-
ferent haplotypes were represented in eleven D. b. minor
samples from Zimbabwe. Similarly, published autosomal
microsatellite data indicate low levels of diversity within
the KZN D. b. minor populations. The low levels of mtDNA
diversity within the KZN metapopulation point to the
possible need for genetic supplementation. However, there
is a need to determine whether the low levels of genetic
variation within KZN D. b. minor are a result of the recent
bottleneck or whether KZN historically always had low
diversity.

Key words: conservation genetics, control region,
Diceros bicornis, D-loop, genetic rescue

Résumé

La taxonomie du rhinocéros noir d'Afrique (Diceros bicor-
nis) n'est pas encore résolue. Pour préserver le taux de div-
ersité génétique et pouvoir sauvegarder I'espéce par des
réintroductions et des repeuplements, il faut résoudre cette
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question. Nous avons comparé les séquences de la région
de controle de I'ADN mitochondrial (ADNmt) d'un total de
101 D. bicomis appartenant aux trois
D. b, minor, D. b. michaeli et D. b. bicomis. Nous avons
trouvé un seul et unique haplotype pour les 65 échantil-

s0US-espéces

lons venant de D. b. minor de la province du KwaZulu-
Natal (KZN) en Afrique du Sud, dont 55 venaient de
populations sources du Parc de Hluhluwe-iMfolozi (HiP) et
de la Réserve de Faune de Mkuzi (MGR). Par contre, il y
avait six haplotypes différents dans 11 échantillons de
D. b. minor venant du Zimbabwe. Les données publiées sur
les microsatellites autosomaux indiquent, elles aussi, un
faible taux de diversité au sein des populations de
D. b. minor du KZN. Le faible taux de diversité de I ADNmt
dans la métapopulation du KZN indique un éventuel beso-
in de supplémentation génétique. Cependant, il faut
d'abord déterminer si le faible taux de variation génétique
chez les D. b. minor du KZN est un résultat des réductions
récentes ou si le KZN a toujours eu une faible diversité.

Introduction

Species conservation depends on identifying genetically
distinct groups or management units and implementing
strategies to retain genetic variation. Genetically distinct
populations can contain unique genetic variation, and/or
they can be locally adapted to their habitat. Mixing them
with other populations may break up genetically com-
plex ftraits and, in some cases, lead to outbreeding
depression (Templeton, 1986; O'Ryan, Flamand &
Harley, 1994). Alternatively, genetic differences between
populations can also result from strong genetic drift
cansed by population fragmentation and declining

©@ 2012 Blackwell Publishing Ltd, Afr. J. Ecol. 50, 404413
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population sizes (Frankham, Ballou & Briscoe, 2002;
Allendorf & Luikart, 2007). When the genetic structure
and historic pattern of gene flow of a species has been
described, reintroduction methods can be used to secure
locally adapted populations or restocking used for genetic
supplementation.

Variation in mitochondrial DNA (mtDNA) is a partic-
ularly useful metric for determining population structure
and history (Moritz, 1994). The control region of
mtDNA is highly variable, and it can often be used to
resolve  phylogenetic  relationships  between  closely
related taxa or for describing the genetic structure
within species (Moritz, Dowling & Brown, 1987; Kidd &
Friesen, 1998). MtDNA is maternally inherited and so
does not recombine (Hayashi, Tagashira & Yoshida,
1985), which means it reflects a quarter the eflective
population sie (N, compared with nuclear loci and
hence it is more sensitive to changes in population
demography.

The black rhinoceros (Diceros bicornis: Perisodactyla)
once ranged across the African continent and numbered
in the hundreds of thousands (Western & Vigne, 1985).
By 1969, their numbers had declined to ~65,000 (Muya
& Oguge, 2000), and during the last century, the species
disappeared faster than any other large mammal
(Hitchins, 1975; Western & Vigne, 1985). The major
causes for their decline have been anthropogenic, primar-
ily illegal hunting (Western & Vigne, 1985; Emslie &
Brooks, 1999; Amin el al, 2006). Nevertheless, conser-
vation efforts have seen in sifu black rhino numbers
increase from a low of 2475 individuals in 1993 to
approximately 4880 in 2010 (Emslie, 2011).

Three extant black rhino subspecies are recognized
across Africa, including approximately 742 D. b michaeli
(Fastern black rhino), 1922 D. b, bicornis (South—western
black rhinoceros) and 2216 D. b, minor (South—central
black rhinoceros) (Emslie, 2011). Appraisal of the black
rhino subspecies was initially based on skull measure-
ments (Zukowsky, 1964; Groves, 1964; du Toit, 1987);
however, uncertainty regarding taxonomy remained (du
Toit, 1987). Although there are apparently no impervi-
ous geographic boundaries or reproductive barriers
between the subspecies, they occupy different areas with
distinct habitats and climates (Harley et al, 2005; Emslie
& Brooks, 1999). With no historical records of migration
and the extent of gene flow between the subspecies
unknown, some authors have speculated that each sub-
species may have genetic or behavioural adaptations to
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their local environments (Emslie & Brooks, 1999; Harley
et al, 2005). Their suggestion regarding genetic differ-
ences was confirmed through recent mtDNA and autoso-
mal DNA analyses (Merenlender ef al, 1989; Ashley,
Melnick & Western, 1990; O'Ryan & Harley, 1993;
(YRyan, Flamand & Harley, 1994; Swart & Ferguson,
1997; Brown & Houlden, 1999, 2000; Nielsen et al,
2008; Karsten et al, 2011:; Muya et al, 2011). Thus,
current black rhino management policy is for each sub-
species to be managed separately in order to maintain
possible local adaptive traits and minimize the risk of out-
breeding depression (Templeton, 1986; O'Ryan, Flamand
& Harley, 1994; Brown & Houlden, 2000); Harley ef al.
2005).

The largest remnant population of the critically endan-
gered (IUCN, 2008) D. b minor subspecies is in Hluh-
luwe-iMfolozi Game Park (HiP) (n = ~220) Clinning et al,
2009) in KwaZulu-Natal (KZN) Province, South Africa
(Fig. 1). KZN black rhinos have been separated from
other populations to the north (e.g. Zimbabwe) since at
least the latter half of the 19th century (Swart et al.,
1994). HiP and the smaller remnant in Mkuze Game
Reserve (MGR) (n = ~45 D. Kelly, personal communica-
tion) have been sources for metapopulation expansion
and genetic management by reintroduction and restock-
ing. Translocations from HiP to other KZN reserves first
began in 1962, expanded to other South African prov-
inces and later to other African nations (e.g. Zimbabwe,
Zambia) (Hitchins, 1984; Emslie, Amin & Kock, 2009).
The potential now exists for KZN D. b. minor to be mixed
with D. b. minor in or from other smaller African popula-
tions, especially those in Zimbabwe, if they are not too
genetically divergent. Although the KZN population will
likely be strategic to the subspecies recovery throughout
the African continent (Emslie & Brooks, 1999), no study
has yet compared the mtDNA sequences of the KZN
D. b. minor metapopulation with populations outside
South Africa.

The aim of our study was to use mtDNA control
region sequences (406 bp) to determine the level of vari-
ation within the D. b. minor source population at HiP
(n = 50) and compare it with the KZN metapopulation
(n=15) and D. b minor populations outside South
Africa (n = 11) and the other black rhino subspecies
(D, b michaeli n = 21, D. b. hicornis n = 4). We consid-
ered the implications of our findings for the long-term
management of D. b minor and make recommendations
for possible future research.
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Fig 1 Map of southern Africa showing black rhinoceros sample
sites. Imset showing KwaZulo-Natal stody Game Reserves
(Ndumo G.R., Ithala G.R., Mkuze G.R., Hluhluwe-iMfolod Game
Park (HiP) and Weenan G.R.).

Materials and methods

Sampling

Samples of blood and pinna ear tissue were collected
from individuals of DM b minor in the KZN province in
South Africa (n = 65), D. b. michaeli in Addo Elephant
MNational Park, South Africa in = 1), and I). b. bicornis in
Namibia's northern region (n = 4) (Fig. 1). The samples
were acquired opportunistically during routine transloca-
tion and ear notching (for identification) events from
2002 to 2009. Blood samples were stored in cryovials
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containing 1 ml of DMSO/EDTA/Tris/salt solution (Seutin,
White & Boag, 1991).

DNA sequencing and analysis

DNA extraction. Seventy micro-litres of the preserved
blood solution or a 3 x 3 mm piece of pinna ear tissue
was digested in an SDS/proteinase-K solution. After disso-
lution, a standard phenol-chloroform DNA extraction
and ethanol precipitation was conducted following the
procedure of Sambrook, Fritsch & Maniatis (1989).

PCR and DNA sequencing. A fragment of the mitochon-
drial DNA control region (406 bp) was amplified using
the primers mtl15996L (5-TCCACCATCAGCACCCAA
AGC-3") (Campbell et al, 1995; Brown & Houlden, 2000)
and mtl6502H (5-TTTG-ATGGCCCTGAAGTAAGAAC
CA-3") (Moro et al., 1998; Brown & Houlden, 2000). PCR
amplifications using 1-2 ul of DNA template were carried
out in 25 pl volumes with 67 mm Tris pH 8.8, 16 mum
(NH4)2804, 1.5 mm MgCl, 0.4 pg ml™' BSA, 0.4 ul
of each of the forward and reverse primer, 200 pu of
each dNTP and (0.5-1 units of BIOTAQ DNA polymerase
(Bioline USA Inc., Taunton, MA, USA). Thermal cycling
was carried out using an Eppendorl Mastercycler at 94°C
for 2 min, (94°C for 3 min, 50-54°C for 30 s, 72°C for
2 min), repeated for 30—40) cycles, followed by a final step
of 72°C for 3 min.

PCR. products were electorphoresed in agarose gel, and
a molecular weight standard was used to determine the
size of amplified products. Products of the correct size
were purified using column purification (Roche Corporate
Communications, Basel, Switzerland) or ExoSAP-IT (GE
Healthcare, Waukesha, WI USA), and their DNA
sequence was determined using an ABI 3730 Genetic
Analyzer (Massey Genome Service, Palmerston North,
New Zealand).

For comparison, eleven D). b. minor sequences stored in
GenBank (accession numbers AF187825 - AF1587827 &
AF187829 - AF187831, Brown & Houlden, 2000
AYT742832 & AY742833, Fernando et al, 2006) origi-
nally sampled from Zimbabwe and zoos in Australia and
the United States were added to the data set. in addition
to 20 D b michaeli samples (accession numbers
AF187834 & AF187835, Brown & Houlden, 2000
AY742830 & AY742831, Fernando et al, 2006;
FJ227484 - FJ227498, Muya et al, 2011) originally
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sampled from Kenya and zoos in Australia and the
United States.

Data analysis. The 101 mitochondrial DNA sequences
were edited by eye and then aligned using Clustal W
{Larkin et al, 2007). Homogeneity of base compositions
was tested using PAUP 4.10b (Swolford, 2002). DnaSP v
5.10.1 (Rozas et al, 2003) was used to calculate haplo-
type diversity (h), nucleotide diversity (p) and standard
deviation (SD) within the subspecies. The level of
sequence divergence within and between populations
was estimated using a pairwise distance analysis in
MEGA 5.1 (Tamura et al, 2011), and standard errors
were calculated using a bootstrap procedure. A statistical
parsimony haplotype network was calculated using NET-
WORK 4.610 (Bandelt, Forster & Rohl, 1999).

Results

The sequence of the miDNA control region was deter-
mined for a total of 70 individual black rhinos as follows:
D. b. minor samples: 50 from HiP, eight from Itala, five
from MGR, one ffom Ndumo Game Reserve, one from

the Johannesburg Zoo (accession number JN593089)
and eleven sequences from GenBank (accession numbers
AF187826 - AF187831, AY742832 - AY74283i3 &
AF187832 - AF187833) D. b michaeli samples: one
from Addo Elephant Park (Accession number
JN5930090) and 20 from GenBank (accession numbers
Fj227483 - FJ227498, AY742H30 - AY742831 &
AF187834 - AF187835) and four samples for D. b. bicor-
nis from Namibia's northern region (accession numbers
JN593091-JN5930094) (Table 1).

The 101 aligned sequences were 363 bp long with 31
polymorphic sites, and there was an average pairwise dif-
ference of 4% (£1%) between D. b, michaeli and
D. b. minor, 4.5% (£1.1%) between I b. michaeli and
. b. hicornis and 2.3% (£0.8%) between D. b. minor
and I b bicornis. No insertions or deletions were observed.

Considering each subspecies separately, the greatest
level of diversity was recorded in D. b. michaeli (n = 21),
which contained thirteen haplotypes and showed com-
paratively  high nucleotide  diversity (p= 0.011 =
0.00106) and haplotype diversity (h = 0.958 = (.026)
(Table 2). The lowest level of diversity within a subspe-
cies was seen in the Namibian D b bicornis samples

Table 1 Rhinoceros subspecies and sources analysed for mtDN A variation

Sample
Subspecies slze Sample/sequence source References
Diceros hicormis 30 Hluhluwe-iMiolozi Game Park, KNZ Region, Accession number This study
minor JN393089
8 Itala Game Park, KNZ Region This study
5 Miuze Game Park, KNZ Region This study
1 Ndumo Game Park, KNZ Region This study
1 Johannesburg Zoo This study
[ Chete National Park, Zimbabwe, Accession numbers Brown & Houlden, 20000;
AF187E25-AF187827 & AF187H29-AF 187831
2 Zambezi Valley, Zimbabwe, Accession numbers Femando et al., 2006;
AYT42832-AY742833
1 Captive bom, San Diego Zoo Accession number AF187832 Brown & Houlden, 2000;
1 Captive bom, Milwaukee Zoo, Accession number AF187833 Brown & Houlden, 2000;
1 Captive bom, Western Plains Zoo Accession number AF187828 Brown & Houlden, 2000);
b michaeli 16 Kenya, Accession numbers FJ227483-F]227498 Muyva 2011
2 Solio Game Reserve, Kenva, Accession numbers Femando et al., 2006;
AYT42830-AY742831
1 Cincinnati Zoo, Accession number AF187834 Brown & Houlden, 2000;
1 Taronga Zoo, Accession number AF187833 Brown & Houlden, 2000);
1 Addo Elephant Park, South Africa Accession number [N393090 This study
I b. bicornis 4 Etosha, Namibia, Accession numbers [N593091-JN593094 This study
Ceratotherium 4 HiP & London Zoo, Accession numbers AF187836-AF187839 Brown & Houlden, 2000
smum
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Table 2 MiDNA D:loop sequence wvari-

Genetic variability

ability within subspecies

n H h (51 n (5D)
Subspecies
Diceros bicornis minor (aggregate) FiL] 70267 0.067  0.0023 0.001
KZN metapopulation h3 1 - - - -
Zimbabwe samples 11 0855 0083 00074 0001
D. b. michaeli 21 13 (.952 0.024 0,0112 0.001
D. b. bicomis 4 1 - - - -

Sample size (n), Number of haplotypes (H), haplotype diversity (h), Nucleotide diversity

(m), Standard deviation (SD).

{n = 4) where only one unique haplotype was found; how-
ever, this was based on a small sample size and might not
represent the total amount of genetic variation within the
population. The pooled KZN samples and GenBank
sequences of all D. b. minor individuals (n = 79) contained
seven haplotypes, and haplotype diversity (h) was (1.267 +
0.067 and a nucleotide diversity (x) of 0.002 £ (LOMN63.
The eight D. b. minor Zimbabwe sequences from Brown &
Houlden (2000) and two from Fernando et al. (2006) had
shared haplotypes (Table 3); however, there were no
shared haplotypes with the KZN samples.

The haplotype network (Fig. 2) shows a clear pattern
of the separation amongst the three currently recognized
subspecies with the KZN population falling out with the
D. b. minor populations of Zimbabwe. Our finding of no
more than three base pair substitutions between adjacent
haplotypes within the D. b. michaeli subspecies is consis-
tent with the finding by Muya et al. (2011). There is a
significant separation between D. b minor and D. b.
bicornis with eight base pair substitutions as well as
between D. b, minor and D. b michaeli with nine base
pair substitutions.

Discussion

We showed that the KZN population of D. b minor is
fixed for a single miDNA haplotype, like most Sumatran
rhino (Dicerorhinus  sumatrensis) populations (Morales
et al., 1997). However, unlike the Sumatran rhino popu-
lations that have occupied separate land masses for more
than 10,000 years (Morales et al, 1997), it has been
widely assumed that the KZN D. b. minor population has
been separate from other D. b. minor populations only
recently (i.e. caused by anthropogenic settlement and
habitat modification during the 19th century, Swart
el al., 1994). The single mtDNA haplotype in KZN

D. b, minor raises the question of whether the KZN rem-
nant population lost genetic variation recently because of
the population bottleneck or has been a genetically sepa-
rate lineage for longer than previously thought.

MtDNA has a smaller effective population size (N.)
compared to nuclear loci and is one of the first genetic
markers to show the genetic signature of a demographic
decline. The likelihood of two or more mtDNA haplotypes
persisting within an isolated population is reduced to
P< 0.1 over 4N, generations, and the population is
expected to become monophyletic after 4N, generations
(Avise, Neigel & Arnold, 1984; Mucci et al, 1999). If
this holds true for the KZN D, b. minor, then recent popu-
lation decline and fragmentation would have increased
the rate of drift and might be responsible for the lack of
haplotype diversity within the KZN black rhinoceros.
Examples of monomorphic haplotypes occurring from
severe bottlenecks are well documented in several spe-
cies. For instance. the Whooping Crane (Grus americana)
once found throughout North America had six haplo-
types in ten prebottleneck museum samples, but only
one haplotype persisted in the remnant postbottleneck
population of 14 (Glenn, Stephan & Braun, 1999). Such
rapid declines in genetic variation have also occurred
amongst southern Africa’s other large mammals. For
example, three small remaining remnant populations of
Cape mountain zebra (Equus zebra zebra) each contain a
single, unigue haplotype but larger Namibian popula-
tions of closely related Hartmann's mountain zebra
(E. z. hartmannae) have as many as eleven different hapl-
otypes (Moodley & Harley, 2006; Watson & Chadwick,
2007). Another case in point is the loss of genetic diver-
sity at mitochondrial and Y-chromosome loci observed in
small, managed populations of Cape buffalo in Kenya
and Uganda, which was attributed to restricted gene flow
into protected areas (Van Hooft, Groen & Prins, 2002).
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Table 3 Summary statistics for the mtDNA control region sequence variablity in each subspecies and haplotype identifiers used in

Fig. 2

Genetic variability

Subspecies & population n H h (510 7 (8D s
Digeros hicomis minor 70 AG 0267 0067 QU2 000063 f
Pooled D. b. minor samples
Hluhluwe-iMfolod Game Park (KZN) Accession number 50 A - - - - -
JN593059
Itala Game Park (KZN) 8 A - - - - -
Mkuze Game Park (KZN) 3 A - - - - -
Ndumo Game Park (KZN) 1 A - - - - -
Johannesburg Zoo 1 A - - - - -
Chete National Park, Zimbabwe, Accession numbers f B, C&D 0.733 (L1535 0004 000056 4
AF187HE25-AF1RTHE2T & AFIRTEI29-AF1 87831
Zambezi Valley, Zimbabwe, Accession numbers 2 E&G 1 L s 000413 3
AY742832-AY742833
Captive born, San Diego Zoo, Accession number AF187832 1 E - - - - -
Captive born, Westem Plains Zoo, Accession number 1 B - - - - -
AF187R2E
Captive born, Milwaunkee Zoo, Accession number AF187833 1 F - - - - -
D. b. michaeli 21 H-T .938 0.026 0,011 = 000106 15
Pooled D. b. michaeli samples
Kenya, Accession numbers FJ227483-F]2 27498 16 18 .952  0.031 0011 000119 15
Solio Game Reserve, Kenya, Accession numbers, 2 JT 1 0.5 0011 000413 3
AYT42830-AY742831
Cincinnati Zoo, Accession number AF1875834 1 H = = - = =
Taronga Zoo, Accession number AF187835 1 1 = = = = =
Addo Elephant Park, South Africa, Accession number 1T - - - - -
JNS93090
D. b. bicornis 4 U ] - - - -
Pooled D, b. bicornis samples
Etosha, Namibia, Accession numbers [N393091-JN393094 4 U = = = = =

Sample size (n), Haplotypes, labelled A-U (H), haplotype diversity (ft), Nucleotide diversity (m), Standard deviation (SD),

regating sites (S).

Low genetic variation is not always a consequence of
recent anthropogenic fragmentation. An  alternative
hypothesis is that low levels of mtDNA and autosomal
variation are a result of long-term demographic separa-
tion, historically small population sizes and local adapta-
tion. For example, despite having lower mtDNA and
autosomal DNA variation, there was no evidence of a
genetic bottleneck in the Yellowstone National Park, U.5.
AL grizzly bear (Ursus arctos) population compared to sur-
rounding grizzly bear populations (Miller & Waits, 2003).
Although Yellowstone's large population i embedded
within the species’ range, Miller & Waits (2003) attribute
the lower genetic variation to restricted gene flow into
the area from the north. The common impala (Aepceros
melampus melumpus) of KZN also exhibited population

@ 2001 2 Blackwell Publishing Lid, Afr. [ Ecol. 50, 404-413

Number of seg-

differentiation from populations in the Limpopo Province
just 490 km north. Schwab et al (2012) atiributed the
genetic divergence to a narrow zone of unsuitable habitat
below the eastern escarpment of the Drakensberg Moun-
tains that impeded dispersal between the two provinces.
Genetic replenishment by restocking and outbreeding
i= recommended in cases where anthropogenically
induced fragmentation has caused a loss in genetic diver-
sity and an increase in genetic divergence. For example,
‘genetic rescue’ has been recommended for the Cape
zebra (Moodley & Harley, 2006; Watson & Chadwick,
2007). However, where differences amongst genetically
depauperate populations might be of natural origin, pop-
ulation management may need to take into account local
adaptation and the possibility of outbreeding depression.
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Fig 2 Statistical parsimony haplotype network calcolated with
Network Software for Diceros hicomis. KZN refers to the pooled
D. b minor samples within KwaZolu-Natal (KZN) (Ndumo Game
Reserve, Ithala Game Reserve, Mkuze Game Reserve, Hluhluwe-
iMfolozi Game Park (HiF) and Weenan Game Reserve as well as
the sample from the Johanesburg Zoo). ZIM refers to the
D. b minor samples from Zimbabwe. Circles with numbers refer
to the number of sample with corresponding haplotype from
Table 3. The small dots denoie the mutational siep, and the
cross bars are the number of base pair differences.

Resolving the question regarding KZN D. b. minor
mtDNA and autosomal DNA genetic structure being a
recent or old event is important for guiding management
plans (Rookmaaker, 2005).

Microsatellite DNA markers were previously used to
assess the levels of genetic variation amongst . b. minor
populations. Harley ef al (2005) found appreciable
amounts of variation within the D. b. minor subspecies
using nine microsatellite loci (Table 4). They recom-
mended that as long as heterozygosity and allele num-
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bers stayed at ‘current’ levels, no management policy
change was necessary.

Based on a survey of ten microsatellites (Table 4),
Karsten et al (2011) found low levels of genetic varia-
tion within the KZN D b, minor, but concluded that it
was not cause for concern. They reached their conclu-
sion based on (i) the similarity of allelic diversity and het-
erozygosity between the KZN I b. minor population and
the other subspecies; and (i) a higher level of diversity
within the black rhinoceros metapopulation compared to
those found in other large African mammals. In their
study, Hg estimates for the D). b. bicorniz and . b. micha-
¢li subspecies (each based on only four samples) were
substantially lower than those reported by Harley et al.
(20015) (Table 4). Thus, estimates for 1L b bicomnis and
D. b michaeli in the study by Karsten ef al. (2011) are
probably underestimates. Moreover, comparisons with
other large African mammals should be made cautiously.
Lions in the Serengeti Plains and Ngorongoro Crater
have an Hg of (.54 and ().46, on par with black rhinos
in the study by Harley et al. (2005), yet unlike the
Serengeti Plains lions the Ngorongoro Crater lions have
a marked decrease in their reproductive rate attributed to
inbreeding depression caused by an anthropogenic bottle-
neck (Brown & Houlden, 1999; Driscoll et al 2002).

HiP . b. minor may be exhibiting signs of inbreeding
depression owing to low reproductive rates that are not
meeting the (.25 fecundity rate desired by black rhino
managers (Clinning ef al, 2009). If historic gene flow is
verified and inbreeding is detected, there may be a need
for genetic supplementation. Supplementation would also
be supported based on genetic distances between the sub-
species, low levels of genetic diversity and differentiation
within and amongst the KZN metapopulation reported by
this mtDNA study and published autosomal microsatellite
data.

The likelihood of outbreeding depression in supple-
mented populations of the same species is low if they
have the same karyotype, have been isolated for less
than 500 years and occupy similar environments
(Frankham ef al., 2011). Houck et al (1995) identified
the wvariation in chromosome morphology (number of
submetacentric  elements) between D. b minor and
D. b michaeli zo0 samples and recommended further
studies to investigate possible differences in geographi-
cally separated populations of each subspecies in the
wild. Furthermore, twenty-seven KZN I b. minor were
translocated to Malilangwe, Zimbabwe in 1997 where

© 2012 Blackwell Publishing Lid, Afr. J. Eeol. 50, 404-413
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Table 4 Microsatellite results from Harley et al., 2005 and Karsten et al., 2011. Expected heterozygosity (Hg), Observed

heterozygosity (H,)

Sample
Study Microsatellites used Subspecies Geographic region slze H. H,
Harley BR4, BEh, BR17 Diceros bicornis minor South Africa and 46 .46 0.436
et al., 2005 (Cunningham et al. 1999) . b. bicomis Zimbabwe 53 0.51 0.523
DE1, DB14, DB44, DB49, DB32, DB6A6 . b michaeli Namibia 19 .68 0731
(Brown & Houlden, 1999) South Africa
Karsten BR4, BR6, BR17 D. b minor South Africa 77 0.44 038
et al, 2011; (Cunningham et al. 1999) D. b. bicomis Namibia 4 043 046
DEBL, DB14, DB49, DBAH D. b michaeli South Africa and 4 0.54 0.54
(Brown & Houlden, 1999) Tanzania

AYB0607E, AY606080, AY6060E3
(Nielsen et al, 2008)

they were managed separately and not outbred with any
Zimbabwe populations. The translocated population
thrived with a growth rate of %.3% per annum (R. du
Toit, personal communication) cf. 3.4% over a 10-year
period (1999-2008) in HiP (Clinning et al., 2009). The
success of the translocated KZN D. b, minor in Zimbabwe
alleviated concerns about the adaptability of KZN rhino
to Zimbabwe. The only remaining concern is whether
the populations have been genetically isolated for longer
than previously considered.

We recommend five research tasks to assist in resolving
the genetic structure of southern Africa’s black rhino as a
guide to future management: (i) determine historic levels
of genetic variation using museum or collection samples;
(ii) investigate whether there is evidence of inbreeding
depression within the HiP and KZN metapopulation; (iii)
conduct a karyotype analysis on D. b. minor in KZN and
Zimbabwe to determine whether chromosomal differences
exist; (iv) increase the mtDNA sample size of the Zimba-
bwe D. b. minor population. Considering the high level of
variation in the small sample size of the Zimbabwe
sequences, a larger sample size of D. b. minor from that
region might show that the KZN haplotype (A) is also
there: and (v) lastly, genetic supplementation experiments
should be implemented cautiously and systematically.
A mixed population should be founded with at least 20
animals as suggested by du Toit (2006), perhaps using
the Malilangwe, Zimbabwe translocation event as a
template or more recent guidelines (Linklater et al., 2011,
2012). The translocated KZN . b. minor rhinos in Mali-
langwe have not vet been outbred with the Zimbabwe
rhinos (R. du Toit, personal communication) but might
be with the F1 and F2 offspring carefully monitored for

@ 2012 Blackwell Publishing Lid, Afr. . Ecol. 50, 404-413

signs of reduction in reproductive fitness (outbreeding
depression). If the research tasks we have recommended
are completed and there is evidence of historic gene flow
between KZN and Zimbabwe D. b. minor and no signs of
outbreeding depression in the experimentally mixed
population, then KZN D. b minor is a candidate for
genetic supplementation using progeny from Zimbabwe
populations.
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In order for harvests to be effective and to ensure that over-harvest does not
occur, an accurate census in necessary. HiP black rhino managers recently re-
evaluated the number of D. b. minor in the reserve. They discovered that black
rhino population estimates reported for 1998 to 2008 were over estimated
(Clinning et al. 2009). Inaccurate counts during those years led to harvesting of
up to 10% of the total population, which may be responsible for the low growth
rate of the population (Clinning et al. 2009). Excessive harvesting can affect
endangered populations that tend to already be small and more than likely have
a smaller effective population size (Ne) (Allendorf et al. 2008). Harvesting at
levels above 10% will decrease population sizes and counteract efforts to
stimulate growth (Owen-Smith 1987). HiP management has done its best to
adhere to the 5% - 8% harvesting rate suggested by the SADC RMG. However,
PVA modelling results suggest that managers should consider altering
harvesting rates to 3% per gestational year (4.0% for actual year) so the
population can reach its growth rate potential (e.g. higher stable population
numbers and increased genetic heterozygosity; Table A.1). While the SADC RMG
establishes recommended harvesting criteria for black rhino management, it
must be appreciated that those guidelines are not necessarily suitable for every
population. If lower harvesting rates for HiP was implemented (<5%),

management might see an increase a slight increase in reproductive rates.

Consideration should be taken when interpreting SADC RMG guidelines
and calculating harvest regimes that not all populations are the same (e.g.

different levels of heterozygosity, reproductive skew, etc.). If managers have
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ample and accurate life-history data on the population in question, a computer

simulation should be carried out.
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Table A.1: Expected heterozygosity (He ) with standard error for a modelled D. b. minor population; with and without inbreeding at 430 carrying capacity for years 50, 100, 150, 200, 250, 500, 700 &
1000; with mean population sizes and standard error. The 2% harvest is for a gestational year, which translates to 2.6% in a calendar year; 3% (4.0% in a calendary year); 4% (5.4% in a calendar year)
and 5% (6.7%. in a calendar year); 6% (8% in calendary year); 7% (9.3% in a calendar year); 8% (10.7 % in a calendar year); 9% (12% in a calendary year); 10% (13.4% in a calendar year).

430 carrying capacity, 2% Harvest

430 carrying capacity, 3% Harvest

430 carrying capacity, 4% Harvest

Mean Pop. He! No Mean Pop. He! He: No Mean Pop. He! Mean Pop. He! No Mean Pop. He:
Year Size Inbreeding Size Inbreeding Year ~ Pop Size Inbreeding Size Inbreeding Year Size Inbreeding Size Inbreeding
50 334 + 1.11 0.460 + 0.000 331 £+ 1.11 0.460 + 0.00 50 309 + 1.28 0.460 + 0.000 308 + 1.25 0.459 + 0.000 50 267 + 1.25 0.459 + 0.000 263 £ 1.21 0.459 + 0.00(
100 336 %+ 1.10 0.455 + 0.000 329 + 1.14 0.456 = 0.00 100 308 * 1.27 0.454 = 0.000 297 + 1.36 0.453 * 0.000 100 260 + 1.19 0.451 + 0.001 247 + 1.09 0.453 + 0.001
150 338 £ 1.11 0.450 = 0.001 322 £ 1.18 0.450 + 0.001 150 311 % 1.30 0.449 = 0.001 286 = 1.38 0.448 = 0.001 150 257 + 1.16 0.446 + 0.001 238 £ 1.01 0.447 + 0.001
200 339 + 1.06 0.446 + 0.001 317 £+ 1.21 0.446 + 0.001 200 309 + 1.29 0.444 + 0.001 276 £ 1.39 0.442 + 0.001 200 258 +1.21 0.438 + 0.001 230 + 0.91 0.440 + 0.001
250 339 + 1.04 0.441 + 0.001 315 =+ 1.25 0.440 + 0.001 250 308 + 1.30 0.438 + 0.001 267 + 1.39 0.435 + 0.001 250 256 + 1.20 0.432 + 0.001 226 * 0.90 0.432 + 0.001
500 337 £ 1.07 0.418 £ 0.001 289 £ 1.30 0.415 £ 0.001 500 310 % 1.27 0.413 + 0.001 238 £ 1.21 0.406 + 0.001 500 259 % 1.23 0.402 £ 0.001 211 £ 0.77 0.397 £ 0.001
700 339 £+ 1.05 0.401 + 0.001 273 £+ 1.32 0.396 + 0.001 700 308 + 1.29 0.394 + 0.001 212 + 1.07 0.381 + 0.001 700 256 +1.18 0.379 + 0.001 199 + 0.82 0.370 + 0.001
1000 337 + 1.10 0.377 = 0.001 236 + 1.45 0.363 + 0.001 ### 308 £ 1.30 0.366 + 0.001 180 * 1.34 0.341 + 0.002 1000 257 + 1.18 0.347 + 0.002 165 + 1.39 0.339 + 0.00z
430 carrying capacity, 5% Harvest 430 carrying capacity, 6% Harvest 430 carrying capacity, 7% Harvest
He: No Mean Pop. He: He: No Mean Pop. He: Mean Pop. He: No Mean Pop. He:
Year ~ Pop Size Inbreeding Size Inbreeding Year ~ Pop Size Inbreeding Size Inbreeding Year Size Inbreeding Size Inbreeding
50 236 + 0.83 0.458 + 0.000 236 + 0.87 0.458 + 0.000 50 220 + 0.60 0.457 + 0.000 218 + 0.57 0.457 + 0.000 50 213 + 0.49 0.458 + 0.000 210 £ 0.47 0.458 + 0.00C
100 232 % 0.79 0.452 + 0.001 223 £ 0.71 0.451 + 0.001 100 217 * 0.53 0.450 = 0.001 211+ 0.5 0.450 = 0.001 100 211 * 0.49 0.450 + 0.001 206 £ 0.48 0.449 + 0.001
150 232 + 0.76 0.444 = 0.001 218 + 0.64 0.444 + 0.001 150 217 + 0.56 0.443 = 0.001 208 = 0.54 0.442 = 0.001 150 212 + 0.48 0.443 + 0.001 203 £ 0.50 0.442 + 0.001
200 231 £ 0.77 0.437 £ 0.001 214 + 0.63 0.437 + 0.001 200 218 + 0.54 0.436 + 0.001 206 £+ 0.56 0.434 + 0.001 200 210 + 0.50 0.435 + 0.001 200 + 0.55 0.433 + 0.001
250 231 % 0.75 0.428 + 0.001 211 + 0.67 0.429 + 0.001 250 217 + 0.55 0.428 + 0.001 204 £ 0.55 0.427 + 0.001 250 210+ 0.46 0.428 + 0.001 197 + 0.59 0.425 + 0.001
500 231 % 0.78 0.394 £ 0.001 200 £ 0.72 0.393 £ 0.001 500 217 + 0.54 0.394 + 0.001 193 £ 0.69 0.390 + 0.001 500 211 + 0.49 0.390 + 0.001 187 + 0.74 0.388 £ 0.001
700 230 £ 0.75 0.370 £ 0.001 185 + 0.95 0.363 + 0.001 700 219 + 0.56 0.369 + 0.001 179 £+ 0.94 0.362 + 0.002 700 211 + 0.48 0.364 + 0.001 176 + 0.91 0.360 + 0.001
1000 230 * 0.75 0.337 = 0.002 151 + 1.42 0.318 + 0.001 ### 217 £ 0.55 0.334 + 0.002 140 + 1.54 0.317 + 0.002 1000 211 + 0.48 0.327 + 0.002 134 + 1.57 0.314 + 0.00:
430 carrying capacity, 8% Harvest 430 carrying capacity, 9% Harvest 430 carrying capacity, 10% Harvest
Mean Pop. Hg: No Mean Pop. He: He: No Mean Pop. Heg: Mean Pop. Hg: No Mean Pop. He:
Year Size Inbreeding Size Inbreeding Year ~ Pop Size Inbreeding Size Inbreeding Year Size Inbreeding Size Inbreeding
50 207 + 0.42 0.457 + 0.000 205 + 0.42 0.457 + 0.000 50 203 + 0.42 0.456 0.000 200 + 0.42 0.456 = 0.000 50 199 + 0.39 0.457 + 0.000 198 + 0.42 0.456 * 0.00C
100 206 + 0.46 0.449 = 0.001 201 £ 0.46 0.449 + 0.001 100 203 % 0.41 0.447 = 0.001 198 = 0.45 0.448 = 0.001 100 199 + 0.42 0.449 + 0.001 194 £ 0.44 0.448 = 0.001
150 207 + 0.44 0.441 + 0.001 198 + 0.49 0.440 + 0.001 150 203 + 0.40 0.439 = 0.001 195 + 0.47 0.440 = 0.001 150 199 + 0.41 0.440 + 0.001 192 + 0.49 0.440 + 0.001
200 206 + 0.44 0.432 + 0.001 196 * 0.54 0.432 + 0.001 200 201 + 0.42 0.431 + 0.001 192 + 0.50 0.432 + 0.001 200 199 + 0.40 0.433 + 0.001 190 * 0.51 0.432 + 0.001
250 206 £ 0.43 0.425 £ 0.001 194 £ 0.57 0.425 £ 0.001 250 202 £ 0.41 0.422 + 0.001 191 £ 0.59 0.424 + 0.001 250 199 £ 0.39 0.424 + 0.001 190 £ 0.51 0.423 £ 0.001
500 206 + 0.43 0.389 + 0.001 185 + 0.65 0.387 + 0.001 500 202 + 0.44 0.385 + 0.001 181 + 0.74 0.385 + 0.001 500 199 + 0.39 0.387 + 0.001 180 + 0.71 0.383 + 0.001
700 205 + 0.44 0.362 + 0.001 172 + 0.91 0.358 + 0.001 700 202 + 0.42 0.357 + 0.002 168 + 0.98 0.355 + 0.001 700 199 + 0.41 0.360 + 0.001 165 * 0.99 0.353 + 0.001
1000 206 * 0.42 0.326 = 0.002 130 £ 1.60 0.308 + 0.002 ### 202 £ 0.43 0.320 £ 0.002 125 £ 1.57 0.307 £ 0.002 1000 199 + 0.41 0.322 + 0.002 118 £ 1.63 0.302 + 0.00z
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It has already been established that cohorts consisting of individuals from HiP that
are destined for reintroduction or established population supplementation within
KZN have been successful as South African numbers of D. b. minor have steadily
increased since translocations and reintroductions began in 1962. Whether or not
the success can be attributed to local adaptations however could be debated as the
cohort of 27 KZN D. b. minor translocated to Mililangwe, Zimbabwe in 1997 had a
higher reproductive rate than local KZN D. b. minor and no reported increases in

mortality.

When running PVA computer simulations for Chapter Four, I also ran
models to test the SADC RMG recommendation that cohorts used for
reintroductions consist of at least 20 individuals. The results were interesting in
that the cohorts with as few as 16 individuals was large enough to maintain a
population from a ‘numbers’ standpoint (Table A2). Populations founded with 16
individuals from HiP had an 83% probability of success. The success rate increased

to 88% when 20 individuals were modelled.
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Table A2: Probability of success or extinction for founder populations with sizes
from 5- 30 individuals. The HiP results take into account the mean expected
heterozygosity for each population using microsatellite DNA loc from Chapter
Three with a carrying capacity of the founding reserve 50.

HiP Founders

Number of Pops.

Individuals that Pops. Mean to First

in Starting Went  That Probability of Probability of Extinction

Population Extinct Survived Extinction Success (in years)
5 383 117 0.766 £ 0.0189 0.2340 £ 0.0189 37 + 3.21
6 331 169 0.6620 = 0.0212 0.3380 = 0.0212 54 £+ 4.70
7 297 203 0.5940 = 0.220 0.4060 = 0.2200 63 £ 5.22
8 258 242  0.516 £ 0.0223 0.4840 + 0.2230 57 £ 4.63
9 210 290 0.4200 £ 0.0221 0.5800 = 0.0221 88 + 7.44
10 213 287 0.4260 £ 0.221 0.5740 £ 0.2210 79 + 6.31
11 169 331 0.3380 £ 0.0212 0.6620 = 0.0212 90 £ 7.65
12 148 352 0.2960 + 0.0204 0.7040 + 0.0204 130 + 10.49
13 153 347 0.3060 £+ 0.0206 0.6940 = 0.0206 119 £ 9.73
14 129 371 0.2580 £ 0.0196 0.7420 £ 0.0196 131 £ 11.75
15 108 392 0.2160 £ 0.0184 0.7840 £ 0.0184 174 + 14.07
16 86 414  0.1720 £ 0.0169 0.8280 + 0.0169 171 £ 16.13
17 85 415 0.1700 + 0.0168 0.8300 + 0.0168 174 £ 16.30
18 88 412 0.1760 £ 0.0170 0.8240 £+ 0.0170 194 + 15.63
19 78 422 0.1560 + 0.0162 0.8440 + 0.0162 218 +£ 17.88
20 62 438 0.1240 £ 0.0147 0.8760 = 0.0147 173 £ 15.89
21 79 421 0.1580 = 0.0163 0.8420 + 0.0163 209 + 16.31
22 61 439 0.1220 £ 0.0146 0.8780 = 0.0146 212 + 16.19
23 62 438 0.1240 + 0.0147 0.8760 £+ 0.0147 235 £ 19.39
24 64 436 0.1280 + 0.0149 0.8720 £+ 0.0149 246 £ 17.20
25 62 438 0.1240 £ 0.0147 0.8760 = 0.0147 235 £ 16.80
26 55 445 0.1100 = 0.0140 0.8900 £+ 0.0140 278 £ 19.40
27 57 443  0.1140 + 0.0142 0.8860 + 0.0142 252 + 17.61
28 45 455 0.0900 + 0.0128 0.9100 + 0.0128 245 + 19.17
29 63 437 0.1260 + 0.0148 0.8740 + 0.0148 253 £ 17.32
30 53 447  0.1060 = 0.0138 0.8940 + 0.0138 294 + 18.86
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