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ABSTRACT

The Cape Parrot (Poicephalus r. robustus) is the only endemic parrot found in South Africa.
This subspecies is restricted to the mistbelt forests of the Eastern Cape, Kwa-Zulu Natal and
Limpopo Provinces. Recent population census estimates suggest that there are fewer than a
1600 Cape Parrots left in the wild. Habitat loss and illegal harvesting for the pet trade are
among the major drivers of these low population numbers. The current conservation status of
P. robustus ssp. does not lend the Cape Parrot sufficient protection national and international
conservation agencies, as it is internationally seen as a subspecies of Poicephalus robustus 1.e.
P. robustus robustus. A better understanding of the Cape Parrot’s taxonomic position within
the genus is therefore urgently needed. The three data chapters presented in this thesis address

the main aims of this study.

The taxonomic status of the Cape Parrot (Poicephalus robustus robustus) has been the
focus of much debate over the years. A number of authors have suggested that the Cape Parrot
should be viewed as a distinct species separate from the other two P. robustus subspecies (P.
r. fuscicollis and P. r. suahelicus). These recommendations were based on previously published
morphological, ecological and behavioural assessments. In this chapter the validity of these
recommendations were investigated using multilocus DNA analyses. A total of 138 specimens
from five Poicephalus species (P. cryptoxanthus, P. gulielmi, P. meyeri, P. robustus and P.
rueppellii) were genotyped using 11 microsatellite loci. Additionally, two mitochondrial
(cytochrome oxidase I gene and 16S ribosomal RNA) markers and one nuclear intron (intron
7 of the B-fibrinogen gene) marker were amplified and sequenced. Bayesian clustering analysis
and pairwise Fst analysis of microsatellite data identified P. . robustus as genetically distinct
from the other P. robustus subspecies. Phylogenetic analysis on sequence data also supported
the microsatellite analyses, placing P. r. robustus in a distinct clade separate from the other P.
robustus subspecies. Molecular clock analysis places the most recent common ancestor of P.
r. robustus and P. r. fuscicollis | P. r. suahelicus at 2.13 to 2.67 million years ago. These results

all support previous recommendations to elevate the Cape Parrot to species level.

In the second data chapter, an assessment of the historical and contemporary genetic
structure of the Cape Parrot was performed. The effect of anthropogenic habitat fragmentation
on species, which live in naturally patchy habitats, has rarely been examined in South Africa.
The Cape Parrot is a habitat specialist, restricted to forest patches in the Eastern Cape,
KwaZulu-Natal and Limpopo Provinces of South Africa. Although current overexploitation of

forests in southern Africa is certainly an important driver of fragmentation, this is not solely



responsible for the relictual nature of South African forests. In the Pliocene, periods of climate
change driven aridity and increased fire frequency, contributed towards the ‘natural’
fragmentation of the forests in southern Africa. In this chapter, 85 modern samples, collected
from 1951 to 2014, and 29 historical samples, collected from 1870 to 1946, were used to
investigate the historical and contemporary genetic structure of Cape Parrots using 16
microsatellite loci. Bayesian clustering analysis identified three geographically correlated
genetic clusters: a southern group restricted to forest patches in the Eastern Cape, a central
group including birds from KwaZulu-Natal and a genetically distinct northern Limpopo cluster.
Results suggest that Cape Parrots have experienced at least two major population bottlenecks.
An ancient decline during the mid-Holocene (~1800-3000 years before present) linked to
climate change, and a more recent bottleneck, associated with logging of forests during the
early 1900’s. This chapter highlights the effects of climate change and human activities on this

endangered species.

The third data chapter, deals with the use of molecular data in forensic analysis of Cape
Parrots. The illicit harvesting of wild Cape Parrots for the pet trade is a significant threat faced
by this endemic South African species. Illegal trade in rare wildlife species is a major threat to
many parrot species around the world. Wildlife forensics plays an important role in the
preservation of endangered or threatened wildlife species. Identification of illegally harvested
or traded animals through DNA techniques is one of the many methods implemented during
forensic investigations. In this study, 16 microsatellite markers specifically designed for the
South African endemic Cape Parrot were assessed for their utility in forensic casework. In
addition, this chapter evaluates the genetic diversity of the captive Cape Parrot population and
compares this to the wild Cape Parrot population, using these 16 loci. The results showed that
the full 16 locus panel has sufficient discriminatory power to be used in parentage analyses of
suspected illegally traded Cape Parrots. It was further observed that a panel of 12 loci has
sufficient power to assign confiscated birds thought to be illegally removed from the wild to
their area of origin. It was recommended that the current reference data sets should be expanded
to increase the accuracy of the assignment analyses. The level of genetic diversity observed
within the captive data set was comparable to that observed in the wild populations. The captive
Cape Parrots did, however, have double the number of private alleles compared to that
observed in the most genetically diverse wild population. This was accredited to the presence
of rare alleles present in the founder population, which has not been lost due to genetic drift,

as many of the specimens tested in this study are F1 to F3 wild descendants.
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The results from this comprehensive genetic study on the South African endemic Cape
Parrot will have a number of implication for the conservation of this species. The taxonomic
assessment of the Cape Parrot clearly supported its elevation to full species. The
phylogeographic analysis of these parrots showed that the contemporary population is strongly
geographically structured, with a distinct, isolated northern population in the Limpopo
Province of South Africa. These results will aid local and international conservation authorities
with the planning and implementation of future conservation endeavours focusing on the Cape
Parrot. The assessment of a panel of microsatellite markers for their use in forensic analysis
will aid conservation and law enforcement authorities to better control legal and illegal trade
of this South African endemic. Recommendations were also made with regards to the

management of a captive population for possible future reintroduction purposes.
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CHAPTER 1: INTRODUCTION

1.1 Rationale for research

The Cape Parrot (Poicephalus r. robustus) is found exclusively in South Africa. It is a very
scarce avian species, restricted to the mistbelt forests of the Eastern Cape, KwaZulu-Natal and
Limpopo Provinces (Downs, 2005a, Perrin, 2012, Wirminghaus et al., 2000a). There is much
debate surrounding the taxonomic position of P. r. robustus. Previous authors have suggested
based on morphological, ecological and behavioural research that P. r. robustus represents a
distinct species (Clancey, 1997, Perrin, 2005, Wirminghaus et al., 2002a). Additional multi-

locus molecular data were needed to provide further clarity on this issue.

Currently, P. r. robustus is listed as critically endangered under South African
legislation (Minister of Environmental Affairs and Tourism, 2007). As a subspecies of
Poicephalus robustus (together with P. r. fuscicollis and P. r. suahelicus) it is, however, listed
by the International Union for Conservation of Nature (IUCN) as of ‘Least Concern’ and is not
listed under the Convention of International Trade in Endangered Species (CITES) as
endangered. Poicephalus robustus is listed as an Appendix II CITES species, allowing some
control of trade. No distinction is however made between the three P. robustus ssp. The
conservation of this South African endemic is therefore not considered during issuing of
permits for trade, making it challenging for local authorities to monitor trade in P. r. robustus.
Careful examination of the species status of P. r. robustus is therefore required to better clarify
their taxonomic status. Elevation to species level would provide additional legislative
protection to the taxon and it would be easier to enforce conservation legislation and to control
legal and illegal trade. The current distribution of P. r. robustus is highly fragmented and
examination of the genetic connectivity of this species’ different populations (Eastern Cape,
KwaZulu-Natal and Limpopo) will aid in the conservation management of these geographic
populations. Besides habitat fragmentation, illegal trade is another threat to this South African
endemic parrot. The identification of a microsatellite panel, with sufficient individual
identification power, is therefore of utmost importance to aid in the control of trade of these

endemic birds.
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1.2 Background to the main issues addressed in this thesis

1.2.1 Taxonomy of the genus Poicephalus

The order Psittaciformes which includes about 350 extant parrot species is divided into 82
genera (Forshaw, 2010, Wright et al., 2008). The genera are grouped into three superfamilies,
namely Strigopoidea (including all New Zealand genera), Cacatuoidea (including all
cockatoos) and Psittacoidea (all other parrots). The family Psittacidae includes the true parrots,
and is grouped under the superfamily Psittacoidea. The subfamily Psittacinae (Psittacidae)
consists of two extant genera, namely Psittacus and Poicephalus (Joseph et al., 2012). Both of
these genera are African but Poicephalus is the most species rich. The genus consists of nine
species and is generally divided into two clades (Forshaw, 1978, Fry et al., 1988). These are
the P. robustus clade, including the Cape Parrot (P. robustus) and the Red-fronted Parrot (P.
gulielmi), and the P. meyeri clade, consisting of the Yellow-faced Parrot (P. flavifrons), the
Senegal Parrot (P. senegalus), the Red-bellied Parrot (P. rufiventrisi), the Niam-niam Parrot
(P. crassus), the Brown-headed Parrot (P. cryptoxanthus), Meyer’s Parrot (P. meyeri) and
Ruppell’s Parrot (P. rueppellii; Massa et al., 2000). Many of these species are further
subdivided into subspecies. In particular, P. robustus. is currently divided into three recognised
subspecies, namely P. r. robustus (Cape Parrot), P. r. suahelicus (Grey-headed Parrot) and P.
r. fuscicollis (Brown-necked Parrot). The taxonomic status of these three subspecies has been
the topic of debate for over two decades (Clancey, 1997, Perrin, 2012, 2005, Wirminghaus et
al., 2002a). Within the P. robustus group, P. r. fuscicollis (Brown-necked Parrot) prefer Red
Mangrove forests, mature wooded savanna and palm woodland, while P. r. suahelicus (Grey-
headed Parrot), utilizes a variety of woodland habitat types (See Chapter 2 for more
information). The South African P. r. robustus is almost exclusively restricted to yellowwood
forests (Afrocarpus/Podocarpus) of South Africa (Perrin, 2012). Poicephalus r. robustus is
morphologically different from the other two subspecies, with the P. r. robustus generally
being smaller (Wirminghaus et al., 2002a). It has also been shown that these subspecies have
distinct behaviour and show differences in vocalisations (Symes and Perrin, 2004,
Wirminghaus et al., 2000b), feeding and breeding behaviour (Symes and Perrin, 2003,
Wirminghaus et al., 2002b). International conservation organizations, such as BirdLife
International have, however, highlighted the need for additional genetic data for full species
status to be recognized (see Chapter 2). The second chapter of this thesis will focus on the

taxonomy of the three P. robustus subspecies.
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1.2.2 Cape Parrot biology, range and distribution

Poicephalus species exhibit an allopatric geographical distribution. This highly fragmented
distribution coupled with findings of a recent phylogenetic study (Massa et al., 2000) suggest
that the current distribution pattern of the members of this clade can be linked to environmental
changes driven by the changing Quaternary glacial periods (Moreau, 1966). Glacial periods
produced drier environments which caused fragmentation of forests (Diamond and Hamilton,
1980, Hewitt, 2000). Both taxa belonging to the P. robustus clade, i.e. P. robustus and P.
gulielmi, are restricted to forest habitats and may be particularly sensitive to climate driven

vegetation changes (Massa et al., 2000).

Poicephalus r. robustus is a medium sized bird (body length of 283 + 19 mm; Perrin,
2012). They have dark olive-green heads and neck, with adult females possessing an orange-
red forehead, the rest of the plumage varying from olive- to dark-green with adults of both
sexes having red on the edge of the wings (Wirminghaus, 1997, Wirminghaus et al., 2002a).
The taxon has a highly fragmented distribution, located in the mistbelt forests of the Eastern
Cape, KwaZulu-Natal and a relic population of fewer than 100 birds in the Limpopo Province
(Downs, 2005a, Perrin, 2012, Wirminghaus et al., 2000a). Overall population size of P. r.
robustus have drastically contracted over the last century, particularly in the northern parts of
KZN and along the escarpment of Mpumalanga (Downs, 2005a, Downs et al., 2014, Symes et
al., 2004, Wirminghaus et al., 2000a; See Chapter 3 for more information). The distribution of
P. r. robustus is limited by the availability of fragmented yellowwood forests, as the birds feed
almost exclusively on the fruits of these trees at certain times of the year (Perrin, 2005,
Wirminghaus et al., 2002b) and prefer these trees for roostin and nesting (Downs and Symes,
2004, Wirminghaus et al., 2001). However, there have been observations of P. r. robustus
occasionally feeding on fruiting trees other than yellowwood trees, and on agricultural land,
such as pecan-nut orchards. This shift in feeding behaviour occurs seasonally when fruit
production of yellowwood species are particularly low (Symes and Downs, 2002,

Wirminghaus et al., 2002b).

1.2.3 Population decline and fragmentation

Current estimates suggest that there are fewer than 1600 P. r. robustus individuals remaining

in the wild (Downs et al., 2014). Wirminghaus et al. (1999) reported several factors which
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likely play a role in the decline of these endemic parrots. Decreasing food and nesting site
availability, fragmentation of natural forests, the removal of wild birds for the caged bird trade,
low breeding success, and the prevalence of psittacine beak and feather disease have all played

a role in population decline (Wirminghaus et al., 1999, Wirminghaus et al., 2000b).

Commercial harvesting of Afrocarpus/Podocarpus trees during the late 1800’s to early
1900’s and the current subsistence harvesting of pole-sized trees in more rural areas (Lawes et
al., 2007), are prominent factors leading to the decreased quality of South African yellowwood
forests. The shortage of forest fruits is the main driver for P. r. robustus to use other non-natural
food sources including pecan-nut orchards in agricultural areas (Downs, 2005a) and exotics
and commercial trees like black wattle (Acacia mearnsii), syringa (Melia azedarach) and gum
trees (Eucalyptus spp.; Wirminghaus et al., 2002b). P. r. robustus is not only reliant on
Afrocarpus/Podocarpus species for food, but also for hollows in dead trees for roosting and
nesting sites (Downs and Symes, 2004, Wirminghaus et al., 2001). Selective harvesting of these
dead trees decrease the number of possible nesting sites for the birds, adding to the low
breeding success of this species (Downs, 2005b, Wirminghaus et al., 2001). Although the use
of artificial nest boxes might help alleviate the problem of decreasing nesting site availability,

P. r. robustus very seldom makes use of them (Downs, 2005b).

The current fragmented state of southern African forests is not solely due to
anthropogenic factors, but is also strongly linked to prevailing climate changes (Eeley et al.,
1999). Climate driven changes in aridity and increased fire frequency, led to the ‘natural’
fragmentation of the southern African forests since the start of the Pliocene (Geldenhuys, 1989,
Scott et al., 1997). These ancient climate driven fragmentation events would clearly also have
influenced the Cape Parrot populations of that time (see Chapter 3 for more information). The
loss of the natural habitats causes high levels of population fragmentation, which can greatly
influence the levels of gene flow between individual populations (Segelbacher et al., 2003).
Lack of gene flow among disjunct populations can result in low genetic diversity and
inbreeding, resulting in inbreeding depression which can adversely affect population fitness
(Andersen et al., 2004, Hemmings et al., 2012). It was reported that P. r. robustus individuals
can fly distances of up to a 100 km in search of foraging locations (Skead, 1964), however, the
over exploitation of yellowwood forests in South Africa, means that this habitat is increasingly
fragmented which could limit gene flow: for example, the Limpopo and KwaZulu-Natal

populations are more than 600 km apart (Chapter 3, Figure 3-1). It is therefore necessary to
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assess the role played by long-term factors such as climate change and recent human-mediated
habitat destruction on the genetic status of this South African parrot to better understand

dispersion, dispersal and gene exchange among geographically fragmented populations.

A further threat to the South African P. r. robustus is Psittacine beak and feather
disease (PBFD) caused by the beak and feather disease virus (BFDV). In 1999, it was suggested
that some wild P. r. robustus populations might be infected with PBFD after several
confiscated illegally caught birds tested positive for the BFDV (Wirminghaus et al., 1999).
South African bird breeders lose between 10 - 20 % of their parrot stock each year to PBFD
(Heath et al., 2004). This disease can spread to wild bird populations when captive birds escape
their aviaries. Psittacine beak and feather disease is also prevalent among captive Cape Parrots,
with high losses observed in numerous breeding facilities (C.T. Downs pers. comm.). It is
unclear to what extent the wild parrot populations of southern Africa are affected by the disease,
but it does pose a significant threat. The illegal trade of wild-caught birds is a significant

mechanism through which this disease can spread to wild bird populations (Heath et al., 2004).

1.2.4 Cape Parrots and wildlife trade

Understanding the illegal bird trade is an important part of Cape Parrot conservation. The
financial worth of the annual number of traded wild plants and animals, both legally and
illegally, is in the billions of dollars (Broad et al., 2002, Interpol, 2014). Fifty-five percent of
the world’s threatened or near-threatened parrot species are affected by wildlife trading (Pain
et al., 2006). The value of exotic birds tends to increase as they become scarcer in natural
environments (Cooney and Jepson, 2006, White et al., 2012). There is also no notion of
sustainable harvesting or animal welfare with regards to illegal harvesting (Bush et al., 2014,
Cooney and Jepson, 2006). Illegal poaching of P. r. robustus nestlings and eggs, is an ongoing
problem in South Africa and is a major threat to the integrity of the wild populations (Martin
et al., 2014, Wirminghaus et al., 1999). Unsustainable harvesting of nestlings and eggs leads
to a decrease in nesting success. In other parts of the world an increase in national and/or local
protection of wild endemic parrots had a reduction in illegal harvesting and increased nesting
success (Pain et al, 2006). The impact of illegal trade on South African P. r. robustus
populations is further complicated by officials finding it difficult to morphologically
distinguish P. r. robustus from P. r. suahelicus individuals. It is difficult for untrained

personnel to identify the subtle morphological differences between the two taxa. Such
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difficulties are well known in other closely related parrot species (Abe et al., 2012) and can
lead to the misidentification of species. Another problem with illegal trade is that it limits the
ability of conservation specialists to identify species of concern, through the monitoring of
changes in trading intensities (Cooney and Jepson, 2006, Martin et al., 2014). It is therefore
important to have sufficient methods in place to verify the legality of a trade, one such method
being DNA-based parentage analyses. The parental identity of suspected illegally birds can be
confirmed through the implementation of genetic fingerprinting techniques. The use of
molecular techniques, in conjunction with an up to date studbook, is a well-established method
of managing captive populations and controlling trade in rare species (Ferrie et al., 2013, Presti

et al., 2015, White et al., 2012).

1.3 Thesis structure

Three main research questions were addressed in this thesis. In each case multilocus molecular
data were used to answer these questions. Each chapter is formatted as a manuscript for

publication in peer reviewed journals, so some overlap in content is unavoidable.

Chapter 2: Molecular Systematics of the Cape Parrot (Poicephalus robustus): Implications

for Taxonomy and Conservation

Chapter 2 followed the careful examination of the taxonomic status of P. r. robustus using
multilocus DNA data. Microsatellite and sequencing data (one nuclear and two mitochondrial
genes) were used to examine the taxonomy of P. r. robustus, P. r. fuscicollis and P. r.
suahelicus. Previously published behavioural, ecological and morphological data were used in
conjunction with the molecular data to clarify the higher-level taxonomic status of the Cape
Parrot. It was found that P. r. robustus forms a distinct lineage, separate from P. r. fuscicollis
and P. r. suahelicus. It was recommended that P. ». robustus should be elevated to full species
status, namely Poicephalus robustus senso stricto. This recognition will allow conservation
authorities to better protect this parrot species, and will allow greater control over legal trade

and better policing of illegal trade.

Chapter 3: Historical biogeography: The influence of ancient and contemporary habitat

changes on the endemic South African parrot Poicephalus robustus

The current fragmented state of the South African mistbelt forests are both due to historical

climate changes and more recent anthropogenic factors such as logging of Yellowwood trees.
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Chapter 3 focuses on comparing and contrasting the historical and contemporary genetic
structure of wild populations of Cape Parrots, and to identify the effects of ancient and more
recent habitat fragmentation events. Multilocus nuclear DNA data were amplified from
historical (1870 to 1946) and recently collected (1951 to 2014) material. The genetic data were
combined with geographical data in a phylogeographic study to assess what impact long-term
processes and recent anthropogenic driven habitat changes have had on the genetic
differentiation of the P. robustus populations in South Africa. Ancient and more recent (early
1900’s) bottleneck events were identified. These events played a major role in the current Cape
Parrot population structure. Three distinct genetic clusters (South, Central and North) were
identified, with the North cluster showing signs of isolation from the other clusters. It was
observed that the South cluster forms a source population for immigration into the Central
population, highlighting the importance of this southern genetic cluster. This information will
help conservation authorities to better plan and implement appropriate conservation efforts to

protect the Cape Parrot.

Chapter 4: Validation of microsatellite multiplexes for individual identification of Cape

Parrots (Poicephalus robustus): paternity testing and use against illegal trade

The illegal trade of wild Cape Parrots is a major problem for the conservation of this species.
It is therefore important to develop tools that can improve the monitoring of legal and illegal
trade in Cape Parrots. Chapter 4 addresses this issue by identifying a set of microsatellite
markers suited for individual identification of captive-bred Cape Parrots and for use in
identifying the area of origin of possible illegally harvested individuals. Additionally, the
genetic differentiation among the three wild Cape Parrot populations identified in Chapter 3
and the captive populations was assessed to evaluate the genetic health of the captive
populations. Two microsatellite panels were identified for use in parentage analysis and
assignment of confiscated individuals to their population of origin. These results will assist
conservation and law enforcement agencies to better police trade of this South African endemic

and will also aid in the management of the captive population.
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CHAPTER 2: MOLECULAR SYSTEMATICS OF THE CAPE PARROT
(POICEPHALUS ROBUSTUS): IMPLICATIONS FOR TAXONOMY AND
CONSERVATION

2.1 Abstract

The taxonomic position of the Cape Parrot (Poicephalus robustus robustus) has been the focus
of much debate. A number of authors suggest that the Cape Parrot should be viewed as a distinct
species separate from the other two P. robustus subspecies (P. r. fuscicollis and P. r.
suahelicus). These recommendations were based on morphological, ecological and behavioural
assessments. In this study we investigated the validity of these recommendations using
multilocus DNA analyses. We genotyped 138 specimens from five Poicephalus species (P.
cryptoxanthus, P. gulielmi, P. meyeri, P. robustus and P. rueppellii) using 11 microsatellite
loci. Additionally, two mitochondrial (cytochrome oxidase I gene and 16S ribosomal RNA)
and one nuclear intron (intron 7 of the P-fibrinogen gene) markers were amplified and
sequenced. Bayesian clustering analysis and pairwise Fsr analysis of microsatellite data
identified P. r. robustus as genetically distinct from the other P. robustus subspecies.
Phylogenetic and molecular clock analyses on sequence data also supported the microsatellite
analyses, placing P. r. robustus in a distinct clade separate from the other P. robustus
subspecies. Molecular clock analysis places the most recent common ancestor between P. r.
robustus and P. r. fuscicollis | P. r. suahelicus at 2.13 to 2.67 million years ago. Our results all
support previous recommendations to elevate the Cape Parrot to species level. This will
facilitate better planning and implementation of international and local conservation

management strategies for the Cape Parrot.

Key words: Cape Parrot, Poicephalus, microsatellite, mitochondrial, molecular clock, species,

subspecies
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2.2 Introduction

Accurate species delimitation plays an important role in effective conservation of biodiversity
and assisting conservation authorities with the planning and implementation of appropriate
conservation strategies. The utility of subspecies in conservation has been a subject of
controversy for a long time (Barrowclough, 1980, Gippoliti and Amori, 2007, Mayr, 1982,
Phillimore and Owens, 2006, Ryder, 1986, Zink, 2004). It has been shown that in some cases
subspecies do not form separate phylogenetic clusters and classifying taxa to subspecies rank
can be misleading (Zink, 2004). Consequently, subspecies are not always given the same
conservation consideration as species, especially with less well studied taxa, which can hinder
protection of genetically distinct lineages (Gippoliti and Amori, 2007, Hazevoet, 1996). This
is particularly relevant to birds where Phillimore and Owens (2006) estimated that roughly
36% of traditionally defined avian subspecies from North America and Eurasia form distinct
phylogenetic clusters. It is therefore important to critically identify such phylogenetically
distinct lineages and where appropriate elevate subspecies to species so that they can be given

adequate conservation consideration.

The genus Poicephalus (Psittaciformes) is the most species rich and widely distributed
parrot genus in Africa. Poicephalus consists of nine species which are divided into two clades
(Forshaw, 1978, Fry et al., 1988). These are the P. robustus clade, including the Cape Parrot
(P. robustus) and the Red-fronted Parrot (P. gulielmi), and the P. meyeri clade, consisting of
the Yellow-faced Parrot (P. flavifrons), the Senegal Parrot (P. senegalus), the Red-bellied
Parrot (P. rufiventrisi), the Niam-niam Parrot (P. crassus), the Brown-headed Parrot (P.
cryptoxanthus), Meyer’s Parrot (P. meyeri) and Ruppell’s Parrot (P. rueppellii) (Massa et al.,
2000). Several of the species (P. robustus, P. gulielmi, P. senegalus, P. flavifrons and P.
meyeri) are further divided into subspecies. This study will focus on P. robustus which is
currently divided into three recognised subspecies, namely the Cape Parrot (P. r. robustus), the

Grey-headed Parrot (P. r. suahelicus) and the Brown-necked Parrot (P. r. fuscicollis).

The recognition of the South African taxon P. r. robustus as a species separate from P.
r. fuscicollis and P. r. suahelicus has been a controversial subject over the last few decades
(Clancey, 1997, Perrin, 2012, 2005, Wirminghaus et al., 2002a). The P. robustus clade exhibits
an allopatric geographical distribution, with most species restricted to forest habitats (Massa et
al., 2000). Within the P. robustus group, the west African P. r. fuscicollis is found in Red
Mangrove forests, mature wooded savannah and palm woodlands (Clancey, 1997, Perrin,

2012). This species was once widely distributed from Angola through to West Africa but is
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now primarily found in Gambia (Wirminghaus et al., 2002a). The subspecies P. r. suahelicus
occurs in a wide variety of woodland habitats and is widely distributed in the south-eastern
region of the Democratic Republic of Congo, south-western Uganda, Rwanda, north-western
Tanzania, Malawi, Zambia, Mozambique, Zimbabwe and the northern Limpopo Province of
South Africa (Forshaw, 1989, Fry et al., 1988, Snow, 1978). The South African subspecies P.
r. robustus, however, is a habitat specialist and is almost exclusively restricted to the southern
mistbelt (Afrocarpus/Podocarpus) forests of southern Africa (Fig. 2-1; Perrin, 2012). The
distribution of the subspecies P. r. robustus and P. r. suahelicus are reported to overlap in the
Limpopo Province of South Africa, but there is strong evidence that the two taxa are
ecologically separated by habitat and altitude, with P. r. robustus found in mixed
Afrocarpus/Podocarpus mistbelt forests above 1000 m and P. r. suahelicus preferring mixed

woodland habitats below 800 m (Perrin, 2005).

Morphologically P. r. robustus differs significantly from the other two P. robustus
subspecies. In addition to differences in plumage colouration (Clancey, 1997, Forshaw, 1989,
Wirminghaus et al., 2002a), P. r. robustus is the smallest of the three subspecies and has a more
lightly structured bill than either P. r. fuscicollis or P. r. suahelicus (Fig. 2-1). Wirminghaus et
al. (2002a) showed that there are significant differences in skull dimensions between P. r.
robustus and P. r. suahelicus. The two taxa also have quite distinct behaviour and show
differences in vocalisations (Symes and Perrin, 2004a, Wirminghaus et al., 2000), feeding and
breeding behaviour (Symes and Perrin, 2003, Wirminghaus et al., 2002b). P. r. robustus is a
dietary specialist, feeding predominantly on Afrocarpus/Podocarpus fruits, they also prefer
these trees for nesting during the breeding season (August to February) (Wirminghaus et al.,
2001, Wirminghaus et al., 2002b). P. r. suahelicus, however, is a dietary generalist feeding on
a range of forest fruits and seeds, they prefer to nest in Adansonia trees, and breed from April

to August (Symes and Perrin, 2004b, 2003).

Given the morphological, ecological and behavioural differentiation of the three
Poicephalus subspecies, several authors have proposed full species status for the South African
P. r. robustus (Clancey, 1997, Perrin, 2005, Wirminghaus et al., 2002a). However,
international conservation organizations, such as BirdLife International, have highlighted the
need for genetic data for full species status to be recognized. In particular genetic data are
needed to clarify if overlapping populations of P. r. robustus and P. r. suahelicus are

reproductively isolated.

28



Poicephalus robustus fuscicollis

Poicephalus robustus robustus

Figure 2-1. Distribution map of the Poicephalus species (and P. robustus subspecies) included
in the study (maps redrawn from Perrin 2012, photos used with permission from Cyril
Laubscher).

The conservation of subspecies is a contentious issue, especially given the limited
resources currently available for biodiversity conservation. The International Union for
Conservation of Nature (IUCN) considers the taxonomic rank of species as the primary unit

for conservation (Wenner et al., 2012) and rarely assesses the status of subspecies (Gippoliti
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and Amori, 2007). This is problematic for P. r. robustus, given that the population has
undergone a dramatic decline in the last century with an estimated current population size of
less than 1600 birds in the wild (Downs et al., 2014). Up to five decades ago Cape Parrots were
recorded in many of the forests of KwaZulu-Natal, but these birds are now only rarely sighted
(Wirminghaus et al., 1999). This population decline has been attributed to various factors,
including habitat loss, illegal harvesting of wild birds and psittacine beak and feather disease

(Downs et al., 2014, Wirminghaus et al., 1999, Wirminghaus et al., 2000).

Based on previously published morphological, behavioural and ecological data
(Clancey, 1997, Perrin, 2005, Wirminghaus et al., 2002a), P. r. robustus is considered a distinct
conservation unit by the International Ornithologists’ Union and BirdLife South Africa and is
accordingly listed for protection under South African legislation (Minister of Environmental
Affairs and Tourism, 2007). It is also listed as Endangered in the Red Data Book of Birds of
South Africa, Lesotho and Swaziland (Taylor, 2014). The Cape Parrot is, however, only listed
as Least Concern in the [IUCN Red List of Threatened Species (BirdLife International, 2012)
as the Red List assessment does not recognize P. r. robustus as a species separate from the
more widespread P. r. suahelicus and P. r. fuscicollis (Perrin, 2012). In accordance with the
IUCN Red List and the position taken by BirdLife International, international trade of P. r.
robustus under CITES (Convention on International Trade in Endangered Species of Wild
Fauna and Flora) is regulated at the species level, whereby no distinction is made between the
three P. robustus subspecies, effectively ignoring the poor conservation status of this South
African endemic. Effective regulation and monitoring of the international trade in P. r.
robustus is therefore impossible. To ensure effective conservation of P. . robustus, both locally
and internationally, it is important to provide convincing scientific evidence that P. r. robustus
warrants species status. Our main aim was to assess the taxonomic status of P. r. robustus using
both multilocus microsatellites and mitochondrial data. We predicted that P. r. robustus would
be genetically distinct from P. r. fuscicollis and P. r. suahelicus, thus supporting elevation to
full species status that has already been accepted by some authorities on the basis of
morphological, ecological and behavioural data (Minister of Environmental Affairs and
Tourism, 2007, Taylor, 2014). The use of multilocus analyses is a well-established method of
separating closely related bird species (Calderdn et al., 2014, Eberhard and Bermingham, 2005,
Russello et al., 2010, Tavares et al., 2006) and investigating within species relationships

(Eberhard et al., 2004, Faria et al., 2008, Masello et al., 2011, Wenner et al., 2012).
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2.3 Materials and Methods

2.3.1 Ethics

We obtained ethical approval for this study from the University of KwaZulu-Natal Animal
Ethics sub-committee (Ref numbers: 074/13/Animal, 017/14/Animal). The sampling permits
for KwaZulu-Natal were obtained through Ezemvelo KZN Wildlife (Permit number: OP
1546/2014). All necessary import permits were obtained through Ezemvelo KZN Wildlife
(Permit numbers: OP 1230/2014 and OP 878/2014) or the National Department of
Environmental Affairs (Permit Number: 133120).

2.3.2 Sampling

We included a total of 138 Poicephalus specimens representing the four southern African
species (P. cryptoxanthus, P. meyeri, P. robustus and P. rueppellii) and one central African
species (P. gulielmi; Supplementary Table 2-1) in our analyses. These species were selected
based on their distribution ranges either overlapping or being in close proximity to P. robustus
ssp. We included representatives of all three P. robustus subspecies (P. r. fuscicollis, P. r.
robustus and P. r. suahelicus) and two of the P. gulielmi subspecies (P. g. gulielmi and P. g.
massaicus). We had multiple representatives of P. r. robustus (n = 32) drawn from all three of
the isolated South African populations (Eastern Cape = 10, KwaZulu-Natal = 13 and Limpopo
=9). We did this to ensure the inclusion of as much geographic representation across the P. r.

robustus distribution range as possible.

We used a variety of different tissue types. Whole blood collected from wild trapped
and captive bred birds was stored on Whatman FT A Elute or Classic Cards. Clean needles were
used for each individual to avoid cross-contamination of blood samples. Feathers were
collected from the field, and muscle tissue samples were taken from dead birds. Archival
museum toe pad samples were sourced from various local and international museums

(Supplementary Table 2-1).

2.3.3 DNA extraction

For the whole blood stored on Whatman FTA Elute cards, we followed the standard DNA
extraction protocol as suggested by the manufacturer. The DNA was eluted with 30 ul ultrapure
water and stored at -20 °C. We extracted DNA from the muscle tissue samples using the

NucleoSpin Tissue kit (Macherey-Nagel), following the manufacturers standard protocol.
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Modified extraction protocols were used for the toe pad and feather samples. In order to
minimize surface contamination, we performed three washing steps (with 95% ethanol, 70%
ethanol and ultrapure water) prior to extraction, followed by a final hydration step where
samples were soaked in 1 ml ultrapure water for 60 min. Thereafter we extracted DNA using
the NucleoSpin Tissue kit. The lysis step was extended until the samples were completely
lysed. The final elution step was also modified, such that after 40 ul of preheated elution buffer
was added to the spin column the samples were incubated at 70 °C for 10 min. After
centrifuging the samples at 11 000 x g the elution buffer was placed back into the same spin
column and an additional 40 pl warmed elution buffer added to each tube. We incubated the
samples at 70 °C for 5 min, after which we centrifuged them at 11 000 x g to obtain the final
DNA product.

2.3.4 Microsatellite amplification

We chose a panel of 11 microsatellite loci (Prob06, Probl5, Probl8, Prob23, Prob25, Prob26,
Prob28, Prob29, Prob30, Prob34 and Prob35), previously described by Pillay et al. (2010),
for amplification by polymerase chain reaction (PCR). In each case the forward primers were
synthesized with a fluorescent dye on the 5° end. We divided the microsatellite panel into four
multiplex sets (Multiplex 1: Prob06, Probl5 and Prob26; Multiplex 2: Prob29, Prob34 and
Prob35; Multiplex3: Probl8 and Prob25; Multplex4: Prob23 and Prob28), with the locus
Prob30 in a single reaction. The PCR reactions for the fresh samples (blood and muscle tissue
samples) consisted of: ~2-30 ng template DNA, 5 ul KAPA2G Fast Multiplex mix (KAPA
Biosystems), 0.2 uM of each primer and dH»O to give a final reaction volume of 10 ul. The
PCR reaction mixtures for the feather and archival toe pad samples consisted of: ~20-200 ng
template DNA, 5 ul KAPA2G Fast Multiplex mix, 0.2 uM of each primer, 0.3 pl of 1 mg/ml
BSA and dH;O to give a final reaction volume of 10 ul. We used identical PCR cycle
parameters for all multiplex reactions and included an initial denaturation step at 94 °C for 3
min followed by 30 cycles at 94 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s, with a final extension
step at 72 °C for 5 min. The PCR cycles were increased to 40 cycles for the museum and feather
samples to ensure sufficient amplification. PCR setup prior to addition of the DNA was done

in a DNA free area to avoid contamination of reagents.

We sent all amplified products to the Central Analytical Facility at Stellenbosch
University, South Africa for fragment analysis. The software program Gene Marker v2.4.0

(Soft Genetics) was used for subsequent genotype scoring. To ensure genotyping consistency,
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we reamplified the archival museum samples and analysed each locus three times. In addition

we reamplified 20% of the fresh samples to check for consistency in genotype scoring.

2.3.5 DNA sequencing

In addition to the microsatellite analysis, we amplified and sequenced two mitochondrial
(mtDNA) markers and one nuclear intron (nucDNA) marker: cytochrome oxidase I (COI using
the primers BirdF1/BirdR1; Hebert et al., 2004), 16S ribosomal RNA (16S rRNA using the
primers 16Sa/16SB; Palumbi et al., 1991) and a nuclear intron of the B-fibrinogen gene (B-fib
using the primers FIB-BI7U/FIB-BI7L; Prychitko and Moore, 1997). Where possible, these
three markers were amplified for five representative P. r. robustus samples (Eastern Cape,
KwaZulu-Natal and Limpopo) and two samples for each of the other species and subspecies
included in the microsatellite analysis (See Supplementary Table 2-1). PCR reactions for COI
and 16S rRNA consisted of: ~20-150 ng template DNA, 2.5 ul 10 x KAPA buffer, 1 U KAPA
Taq DNA polymerase, 200 uM dNTPs, 0.2 uM of each primer and 18.4 ul dH»O to give a final
reaction volume of 25 ul. We added an additional 0.5 mM MgCl, to the reaction mixture for
B-fib. A touchdown PCR protocol was used. The PCR cycle parameters for COI and 16S rRNA
included an initial denaturation step at 95 °C for 3 min followed by 10 cycles at 95 °C for 30
s, 60-50 °C for 30 s, 72 °C for 30 s, 25 cycles at 95 °C for 30 s, 50 °C for 30 s, 72 °C for 30 s
with a final extension step at 72 °C for 5 min. The touchdown temperature range and annealing

temperature for B-fib was 65 - 55 °C and 55 °C.

We sent all PCR products which showed positive amplification for sequencing. Cycle
sequencing was performed using the BigDye Chemistry, v3.1 and sequencing products were
analyzed on an Applied Biosystems 3730xl Genetic Analyzer (Applied Biosystematics, Perkin
Elmer). All heterozygous sites in the nuclear intron were coded using the International Union
of Biochemistry (IUB) codes. All raw sequence data were viewed and edited in BioEdit v7.1.11
(Hall, 1999). The edited sequences were aligned using ClustalW (Thompson et al., 1994) as
implemented in MEGA v6 (Tamura et al, 2013) and then checked manually to ensure
homology. We deposited all new sequences in GenBank (Supplementary Table 2-2). Psittacus
erithacus, the Grey Parrot, was included as an outgroup with sequences downloaded from

GenBank (Supplementary Table 2-2).
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2.3.6 Data analysis

2.3.6.1 Microsatellite analysis

We estimated null allele frequencies for each marker using the software program FreeNA
(Chapuis and Estoup, 2007) using the Expectation Maximization algorithm (EM) (Dempster et
al., 1977). We compared the null allele corrected and uncorrected global Fst values using the
excluding null alleles (ENA) method (Chapuis and Estoup, 2007). Summary statistics (average
number of alleles, observed and expected heterozygosity and the number of private alleles),
polymorphic information content (PIC), pairwise Fst and analysis of molecular variance
(AMOVA) were estimated using GenAlEx v6.5 (Peakall and Smouse, 2012) and Cervus v3.0.7
(Kalinowski et al., 2007). Two AMOVA analyses were conducted. One grouping individuals
into five species (P. cryptoxanthus, P. gulielmi, P. meyeri, P. robustus and P. rueppellii). The
three P. robustus subspecies and the two P. gulielmi subspecies were placed into P. robustus
and P. gulielmi respectively. A second AMOV A was conducted in which the subspecies (P. g.
gulielmi, P. g. massaicus, P. r. fuscicollis, P. r. robustus and P. r. suahelicus) were placed into
individual groups. We used the program XLSTAT 2014 (XLSTAT, 2014) to generate a 3D
principal coordinates analysis (PCoA) figure using pairwise Fst values. Arlequin v3.5
(Excoffier et al., 2005) was used to test for linkage disequilibrium and deviation from Hardy—
Weinberg equilibrium. We performed Bayesian clustering analysis in STRUCTURE v2.3.4
(Pritchard et al., 2010). Ten independent runs were performed. Each STRUCTURE run
consisted of 1,000,000 Markov chain Monte Carlo (MCMC) replicates with a burn-in of
100,000 with the proposed number of clusters (K) ranging from 2 to 10. The no admixture
model with correlated allele frequencies was selected for all runs. Sampling locality
information was incorporated using the LOCPRIOR model. We used the program
STRUCTURE harvester (Earl, 2009) to estimate the most probable number of genetic clusters
using the method implemented by Evanno et al. (2005). The STRUCTURE figure and the
membership probabilities (Q-values) for each individual and for each cluster were estimated

using ClumpAK (http://clumpak.tau.ac.il).

2.3.6.2 DNA sequence analysis

We initially analyzed the three gene regions (COI, 16S rRNA and B-fib) separately and then
combined them into a single data matrix. In addition, we analyzed the sequence data from each
gene according to origin of marker (mtDNA or nucDNA). Number of variable sites, number

of observed transitions, number of observed transversions and number of observed indels were
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estimated using MEGA and Arlequin. Phylogenies were constructed using both maximum
likelihood (ML) conducted in Garli v2 (Zwickl, 2006) and Bayesian inference (BI) using
MrBayes v3.2 (Ronquist et al., 2012). For these analyses the optimal model of nucleotide
substitution for each gene region was used. This was selected using the Akaike information
criterion (AIC) (Akaike, 1974) in jModelTest v.2.1 (Darriba et al., 2012). In the combined
analyses, data were partitioned by gene with model parameters unlinked across partitions. In
ML analyses branch support was assessed using 1000 bootstraps replicates with consensus
topologies generated using PHYLIP v3.695 (Felsenstein, 1989, Felsenstein, 2009). Each
Bayesian run consisted of three heated chains at default temperature of 0.2 and one cold chain
and was run for 10 million generations with the sampling frequency of 1000 and a burn-in of
0.25 (25,000 trees). To ensure that MCMC chains had reached convergence, Tracer v1.5
(Rambaut and Drummond, 2007) was used to verify that the appropriate estimated sample sizes
(ESS) for all parameters were above 200 (Drummond et al., 2006). A 50% majority rule
consensus tree was constructed in PHYLIP after burn-in was removed. We viewed trees in
FigTree v1.4.0 (Rambaut, 2012). We calculated pairwise genetic distances in RAXMLGUI
v.1.3.1 (Silvestro and Michalak, 2012) using the general time reversible nucleotide substitution

model with gamma distribution and invariant sites (GTRGAMMALI).

2.3.6.3 Molecular clock analysis

There are no fossil calibration points available within the genus Poicephalus. Molecular clock
analysis was performed using secondary calibration dates from two other studies (Schweizer
etal., 2011, White et al., 2011) to estimate divergence times of Poicephalus species. Schweizer
et al. (2011), using three nuclear genes, used three avian fossil records outside Psittaciformes
as calibration points to estimate diversification times. These authors estimated that the
separation of Strigopidae from the rest of the parrot taxa occurred ~58.6 million years ago
(Mya). White et al. (2011) used full mitochondrial genomes and six avian fossil records as
calibration points to study the evolutionary history of the Cacatuidae and estimated Strigopidae

and the other parrot taxa split ~47.4 Mya.

Given that the divergence dates estimated by Schweizer et al. (2011) and White et al.
(2011) are quite different, we used the calibration points from these two studies in separate
analyses. Five calibration points were used from Schweizer et al. (2011) and included the split
between Nestor and the rest of the parrot taxa (58.59 Mya; SD: 8.2), the split between the
Australasian Cacatuidae and Psittacidae (47.38 Mya; SD: 7), the split between Psittacus-
Poicephalus and Arini (35.16 Mya; SD: 5.6), the split between Amazona/Pionus and
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AralDeroptyus (25.26 Mya; SD: 5) and the split between Psittacus and Poicephalus (12.92
Mya; SD: 3.5). We used three calibration points from White et al. (2011) and included the split
between Nestor and the rest of the parrot taxa (47.4 Mya; SD: 7), the split between the
Australasian Cacatuidae and Psittacidae (40.7; SD: 7) and the split between Cacatuninae and

Calyptorhynchinae (27.9 Mya; SD: 6).

We downloaded sequences from 27 parrot species covering 21 genera, used by
Schweizer et al. (2011), from GenBank (Supplementary Table 2-2) and included them in the
molecular clock analyses. Divergence times were calculated using BEAST v1.8 (Drummond
et al., 2012). We conducted analyses on two datasets, one containing sequences from all three
gene regions (COI, 16S rRNA and B-fib) and then to limit the inclusion of missing data we also
analysed a dataset containing only the mtDNA genes. In all analyses we partitioned the data by
gene with the parameters of the substitution models unlinked. The GTR + I' + I substitution
model was used for COI and the GTR + I model was used for B-fib as the best-fit models
suggested by jModelTest (TPM2uf+ I' + [ and TPM1uf + I) are not currently implemented in
BEAST. The GTR +T + 1 model was, however, identified as the best fit model for 16S rRNA.
A lognormal relaxed-clock approach was implemented following Schweizer et al. (2011) with

a Yule speciation model set as tree prior.

For each dataset (three gene and mtDNA only), we conducted two independent
simulations for each set of calibration points. Each BEAST run consisted of 400 million
generations, with a sampling frequency of 10000 trees. The program Tracer was used to
confirm that MCMC chains had reached stationarity and ESS of all parameters were greater
than 200. We used TreeAnnotator v1.8.1 (in Beast v1.8.1) to estimate the maximum clade

probability tree which we viewed in TreeGraph v2 (Stover and Muller, 2010).

2.4 Results

2.4.1 Microsatellite analysis

In this study we genotyped 138 individuals using 11 microsatellite loci. Individuals in this data
set had minimal missing data, with only 3.03% missing data included. Mean null allele
frequencies ranged from 0.4 % -14.6 % across species (Na; Supplementary Table 2-3). In
particular the error rate in the data collected from four loci in the P. rueppellii dataset (Probl8,
Na = 23.3%; Prob26, Na = 22.9%; Prob29, Na = 30.2%; Prob34, Na = 26.0%) was high,
although below values reported in other studies (Dakin and Avise, 2004). No loci showed null
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allele frequencies higher than 30.2%. The detection of null alleles can be biased in natural
populations which deviate from Hardy-Weinberg Equilibrium (HWE), as is the case in this
study where all loci except Prob35 deviated from Hardy-Weinberg equilibrium in at least one
species/subspecies. The presence of null alleles can inflate Fsr values (Carlsson, 2008), but we
found that there was little difference between the global Fst values using the ENA corrected
(Fst =0.25) and the uncorrected (Fst = 0.26) data. The effects of any null alleles present in the
Poicephalus data set are likely minimal and we performed all future analysis using data from

all loci.

Estimates of the mean number of alleles, private alleles, observed and expected
heterozygosity are reported in Table 2-1. All loci were polymorphic in all species/subspecies
with the exception of Probl8 and Prob3( which were monomorphic in P. g. gulielmi and
Prob25 and Prob35 which were monomorphic in P. g. massaicus (Supplementary Table 2-3).
Ascertainment bias could influence genetic diversity analyses, as allele numbers might be
higher in the focal species from which the markers were developed (Brandstrom and Ellegren,
2008). Noticeably lower allele numbers were only observed in two species (P. rueppellii and
P. gulielmi). One locus in P. rueppellii (Prob6), two loci in P. g. massaicus (Prob30 and
Prob25), and four loci in P. g. gulielmi (Prob6, Probl5, Probl8 and Prob30) showed allele
numbers < 50% of that observed in P. robustus ssp. Low sample number is also a consideration

in the case of P. g. gulielmi (n = 4; Supplementary Table 2-3).

Nine of the eleven loci used were highly informative with PIC values > 0.7. The PIC
values for each locus range from 0.513 (Prob35) to 0.895 (Prob23) with a mean PIC value of
0.794. (Supplementary Table 2-3). The highest mean number of alleles was recorded for P. r.
suahelicus (Na=7.091). Private alleles (Pa) were identified for all species and subspecies. The
most distinct species P. rueppellii has nine private alleles. The number of private alleles
observed in the P. robustus subspecies ranged from one to six alleles, with P. r. suahelicus
possessing the highest number of private alleles (P4 = 6). The observed heterozygosity (Ho)
ranged from 0.368 to 0.632, and the expected heterozygosity (Hg) range from 0.457 to 0.705
over all species and subspecies. Of the three P. robustus subspecies, P. r. suahelicus showed
the highest level of genetic diversity (Hg- 0.701; Table 2-1) and is comparable to previous
observations (Hg = 0.76) (Taylor, 2011). P. r. fuscicollis has a relatively small and fragmented
distribution range, and comparatively has the lowest level of genetic diversity among the P.
robustus subspecies (He = 0.557). This lower genetic diversity estimate might be an artefact of

sample size or that the majority of these samples were from captive bred birds, given that
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Taylor (2011) observed a higher level of genetic diversity for P. r. fuscicollis (He = 0.77). The
observed heterozygosity of P. r. robustus (Ho = 0.622) was comparable to previous estimates

(Ho = 0.63) (Pillay et al., 2010).

Table 2-1. Sample details and genetic diversity for each Poicephalus species and subspecies
analysed. Number of individuals sampled, observed heterozygosity, expected heterozygosity,
mean number of alleles and number of private alleles are provided.

Polymorphic
Number of Average number  Observed Expected Number of information
Species: samples: of alleles: Heterozygosity: Heterozygosity: private alleles: content:
P. robustus robustus 32 5.455 0.622 0.619 1 0.567
P. r. suahelicus 23 7.091 0.632 0.701 6 0.673
P. r. fuscicollis 26 5 0.485 0.557 1 0.519
P. meyeri 12 5.727 0.515 0.705 6 0.664
P. rueppellii 16 4818 0.368 0.581 9 0.536
P. cryptoxanthus 14 5.909 0.504 0.612 3 0.582
P. gulielmi gulielmi 4 2.818 0.545 0.457 4 0.412
P. g. massaicus 11 4.364 0.471 0.498 4 0.472
Total: 138 5.148 0.518 0.591 - 0.794

2.4.2 Species delimitation

2.4.2.1 Microsatellite analysis

The Bayesian clustering analysis identified seven genetic clusters (K = 7, mean LnP(K) = -
4222.4; Fig. 2) as the most likely number of clusters following Evanno et al. [50]. These
clusters corresponds to the species P. cryptoxanthus, P. gulielmi (with P. g. gulielmi and P. g.
massaicus clustering together; Q = 1), P. meyeri and P. rueppelli. The three P. robustus
subspecies were assigned to separate clusters with only two P. r. fuscicollis individuals

assigned to the P. r. suahelicus cluster with high probability (Q = 0.99).
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Figure 2-2. The estimated population genetic structure of the Poicephalus species/subspecies
used in the current study (K = 7). Each individual is represented by a vertical line, and coloured
according to each individual’s estimated membership probability (Q-values). Average Q-
values for each cluster is depicted above the figure.

The STRUCTURE clustering was supported by pairwise Fst values which were highly
significant between all species and subspecies (0.13 < Fstr < 0.41; P-value < 0.05). The
pairwise Fst values between P. r. robustus and P. r. suahelicus (Fst = 0.14; P-value = 0.001),
and P. r. robustus and P. r. fuscicollis (Fstr = 0.22: P-value = 0.001) were comparable to the
pairwise values between the other Poicephalus species, for example between P. cryptoxanthus
and P. meyeri (Fst = 0.14; P-value = 0.001) and P. cryptoxanthus and P. rueppelli (Fst =0.21;
P-value = 0.001; Supplementary Table 2-4). These relationships can also be clearly seen in the
3D PCoA drawn from the pairwise Fsr values (Fig. 3). The global Fst value (subspecies
assigned to species) was significantly different from zero (Fst =0.21; P-value = 0.001) and the
analysis of molecular variance (AMOV A) indicated that 21% of the observed genetic variation
occurred between species with 58% occurring within individuals and 21% among individuals
that belong to the same species/subspecies. High Fsr values were also recovered when
individuals were assigned to subspecies (Fst = 0.25; P-value = 0.001). The AMOV A analysis
indicated that 25% of the variation occurs between species and subspecies, with 14% variation

among individuals. The majority of the genetic variation occurred within individuals (61%).
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Figure 2-3. A 3D principal coordinates analysis (PCoA), generated in XLSTAT 2014. The
pairwise Fst values estimated between species/subspecies of the Poicephalus species included
in the study were used to generate the figure. The first three axes explained 70.3% of the

estimated variation.

2.4.2.2 Phylogenetic analysis

The two mtDNA markers were successfully amplified for all 18 specimens; unfortunately -
fib was only successfully sequenced from 10 specimens (Supplementary Table 2-5). The data
matrices for each marker included (Supplementary Table 2-5): COI (592 bp; 66 variable sites),
16S rRNA (707 bp; 32 variable sites) and B-fib (707 bp; 4 variable sites). To reduce the effects
of missing data we conducted two analyses. First, the data from all three markers including

missing data were concatenated and analysed. Second, only data from the two mtDNA markers
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were analysed (no missing data included). There was no significant conflict among the
topologies produced when each marker was analysed independently and the data were
concatenated (concatenated: 1834 bp, 102 variable characters; mtDNA only: 1127 bp, 98
variable characters). The P. robustus clade formed a distinct monophyletic group separate from
the P. meyeri clade in both the concatenated (ML bootstrap, 87; Bayes’ posterior probability,
1.00) and mtDNA topologies (ML bootstrap, 94; Bayes’ posterior probability, 1.00),
supporting hypotheses proposed by Forshaw (1978) and Fry et al. (1988).

The phylogenetic analysis confirmed the monophyly of all species with the exception
of P. robustus (Fig. 2-4). Phylogenetic analysis of the mtDNA markers cluster together the
subspecies P r. fuscicollis and P. r. suahelicus (ML bootstrap, 54; Bayes’ posterior probability,
0.92). The phylogenetic position of P. r. robustus is not well resolved. In the concatenated
analysis P. r. robustus is placed sister to a clade containing the two P. gulielmi subspecies
although this association is only weakly supported (ML bootstrap, 58; Bayes’ posterior
probability, 0.62). In the mtDNA phylogeny the three P. robustus subspecies are clustered
together (ML bootstrap, 68; Bayes’ posterior probability, 0.89).

The COI sequence differentiation among the P. robustus subspecies was comparable to
that observed among other well-established parrot species. For example, the average pairwise
genetic distance for P. r. robustus vs. P. r. fuscicollis (D = 4.5%) and P. r. robustus vs. P. r.
suahelicus (D = 4.9%; Table 2-2) was greater than the genetic difference between three well-
established cockatoo species [69]: Calyptorhynchus funereus vs. C. latirostris (D = 3.0%) and
C. funereus vs. C. baudinii (D = 3.6%; Supplementary Table 2-6). Comparable genetic distance
values were observed by Rocha et al. [70] using COI sequences to investigate the taxonomic
relationship between two closely related Amazon parrot species, Amazona pretrei and A.

tucumana (D = 2.2%).
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Figure 2-4. Maximum likelihood phylogeny retrieved of the Poicephalus specimens from the
current study. The analyses were performed using (left) concatenated data (COI, 16S rRNA
and B-fib) and (right) mitochondrial DNA data. Values given above the branches represent
maximum likelithood bootstrap values and Bayesian posterior probabilities (in that order).
Dated nodes are indicated by letters next to each node in the right hand tree and correspond to
Table 2-3. Psittacus erithacus was used as an outgroup.

Table 2-2. The average pairwise genetic distances estimated in RAXML using the concatenated
dataset of all three gene regions (below diagonal) and using COI data only (above diagonal)
from the Poicephalus specimens used in the current study.

P. r. robustus P. r. suahelicus  P. r. fuscicollis P.g. gulielmi P.g. massaicus P. meyeri P. rueppellii P. cryptoxanthus
P. robustus robustus * 0.049 0.045 0.237 0.277 0.26 0.281 0.238
P. r. suahelicus 0.036 * 0.009 0.27 0.313 0.242 0.239 0.211
P. r. fuscicollis 0.045 0.009 * 0.261 0.289 0.262 0.258 0.217
P. gulielmi gulielmi 0.175 0.185 0.189 * 0.074 0.406 0.285 0.316
P. g. massaicus 0.164 0.164 0.186 0.044 * 0.485 0.376 0.432
P. meyeri 0.271 0.243 0.247 0.35 0.392 * 0.113 0.124
P. rueppellii 0.288 0.243 0.248 0.271 0.325 0.104 * 0.115
P. cryptoxanthus 0.241 0.208 0.205 0.263 0.325 0.11 0.105 *
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2.4.2.3 Molecular clock analysis

The molecular clock analyses conducted with the concatenated (COI, 16S rRNA and p-fib) and
mtDNA (COI and 16S rRNA) datasets produced similar maximum clade probability trees,
which suggests that the B-fib missing data did not negatively bias the molecular clock analysis.
The estimated divergence dates obtained from the Schweizer et al. (2011) and White et al.
(2011) calibration points were similar (all fall within the 95% highest posterior density (HPD)
range of each other; Table 2-3). The most recent common ancestor of the Poicephalus species
included in the present study dated to 10.27 to 10.63 Mya. The origin of the P. robustus clade
1s estimated at 6.16 to 6.72 Mya. The maximum clade probability tree suggests that the P. r.
fuscicollis and P. r. suahelicus lineage (0.57 to 0.69 Mya) is younger than the most recent
common ancestor of the three P. r. robustus populations (Eastern Cape, KwaZulu-Natal and
Limpopo; 1.16 to 1.44 Mya). It is clear that P. r. robustus represents a distinct evolutionary
lineage, having diverged from the other species during the late Pliocene to early Pleistocene
(2.13 to 2.67 Mya; Table 2-3). Similar divergence dates were estimated for two recognised
cockatoo species, Calyptorhynchus funereus and Calyptorhynchus latirostris (2.49 to 2.83
Mya; Supplementary Table 2-6).

Table 2-3. Divergence dates of the seven Poicephalus species, with Psittacus erithacus as
outgroup, analysed with a Bayesian lognormal relaxed-clock model. The mean estimated
values and the 95% highest posterior density (HPD) ranges are given for the two dataset
partitions. The node numbers correspond to Figure 2-4. See Supplementary Figure 2-1 for the
corresponding maximum clade probability trees.

Divergence times using Divergence times using Divergence times using
mtDNA and nuclear gene ~ mtDNA gene regions only ~ mtDNA and nuclear gene  Divergence times using
regions following Schweizer following Schweizer et al. regions following White et al. mtDNA gene regions only

etal (2011): (2011): (2011): following White et al. (2011):

Node number/ID: Mean: 95% HPD (Mya):  Mean: 95% HPD (Mya):  Mean: 95% HPD (Mya):  Mean: 95% HPD (Mya):

a / Poicephalus 104 7.32-13.87 10.34 7.11-14.03 10.27 6.55-15.04 10.63 6.58-15.73

b/ P. robustus complex 636 4.12-9.14 6.64 4.14-9.61 6.16 3.68-9.53 6.72 3.88-10.33

¢/ P. robustus ssp. 224 1.15-3.60 2.67 1.35-437 2.13 1.03-3.15 2,62 1.27-4.45

d/ P. gulielmi ssp. 1.9  0.90-3.26 2.01 0.91-3.50 1.81 0.80-3.21 1.97 0.86-3.53

e/ P. robustus population 1.23 0.52-2.16 1.44  0.60-2.63 1.16 0.48-2.11 1.4 0.55-2.61

f/ P. r. suahelicus-fuscicollis 0.6 0.16-1.25 0.69 0.17-1.46 0.57 0.14-1.20 0.66 0.16-1.44
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2.5 Discussion

The multilocus nuclear and mtDNA results obtained from the current study along with previous
morphological, ecological and behavioural data (Clancey, 1997, Perrin, 2012, 2005,
Wirminghaus et al., 2002a) provide strong support for the classification of P. r. robustus as a
distinct species separate from P. r. fuscicollis and P. r. suahelicus, namely P. robustus sensu
stricto. Our results showed no hybrids or signs of genetic introgression between P. r. robustus
and P. r. suahelicus, even in the Limpopo Province of South Africa where these subspecies

occur in close proximity.

Multilocus molecular data are often used to investigate taxonomic issues within
Psittaciformes. Wenner et al. (2012) performed a taxonomic analysis of the Amazona farinose
species complex using four mtDNA and two non-coding nuclear intron fragments. The authors
found support for distinct Central and South American Mealy Amazon clades. It was suggested
that these clades should be split into separate species to allow for the implementation of
appropriate conservation planning (Wenner et al., 2012). In another study, the phylogenetic
relationships within the Ampazona ochrocephala species complex were investigated by
Eberhard et al. (2004) using four mtDNA markers. The authors found no support for the
division of the complex into three species as proposed by others (Eberhard et al., 2004, Juniper
and Parr, 1998, Sibley and Monroe, 1990, American Ornithologists' Union, 1998). Molecular
data have also been used in the past to resolve taxonomic problems in other avian species. For
example, microsatellite and mtDNA data were used to assess taxonomic questions within the
widespread plover species, Charadrius alexandrinus (Rheindt et al., 2011). The authors
confirmed the recommendations by Kiipper et al. (2009) that C. nivosus should be considered
a separate species. Vilaca and Santos (2010) investigated the taxonomic status of the
Basileuterus culicivorus species complex using an mtDNA (cytochrome b), a nuclear intron
(B-fibrinogen intron 5) and six microsatellite markers. The two species from the species
complex were found to be genetically indistinguishable and it was recommended that these

taxa should be grouped into a single species, namely Basileuterus culicivorus.

2.5.1 Evolution of the Cape Parrot

The divergence of P. robustus senso stricto from P. r. fuscicollis and P. r. suahelicus coincides
with the start of the Quaternary Period (early Pleistocene) about 2.4 Mya. The Quaternary
period consisted of a series of ice ages which led to major global climatic changes resulting in

drastic vegetation and habitat changes. These climatic changes led to numerous cycles of
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grassland expansions and forest contractions and vice versa. The expansion of grasslands in
Africa and subsequent forest contraction happened at around 2.4 Mya (Bobe and
Behrensmeyer, 2003). It has been estimated that the Afromontane forests of southern Africa
have been expanding and contracting over the last 100 000 years in accordance with glacial
cycles (Lawes, 1990). South African Afromontane forest is the oldest of the two major forest
types found in southern Africa, and has been present prior to the last glacial maximum (~18000
BP) (Moreau, 1963). The discovery of parrot fossils in the Western Cape Province, South
Africa, dating to the early Pliocene indicates the presence of woodlands in this area and
signifies the substantial changes in habitat during the Plio-Pleistocene (Manegold, 2013). The
contraction of forests during the arid glacial periods would have driven ancestral forest
dwelling species, for example the P. robustus ancestor, into forest refugia (Hewitt, 2000).
These fragmented subpopulations would have started to differentiate under adaptive pressures
(such as dietary constraints), leading to speciation events (Massa et al., 2000, Perrin, 2005). It
is proposed that about 1-2 million years (Myr) is sufficient time for speciation to occur (Hewitt,
2000). Using cytochrome b sequence data, Kundu et al. (2012) estimated that speciation events
occurred within the Afro-Asian parakeet genus Psittacula about every 1-2 Myr, and our data
suggests that Poicephalus show similar short periods of cladogenesis. Comparable molecular
clock estimates were obtained for the two extant New Zealand Nestor species (Nestor
meridionalis and Nestor notabili; Rheindt et al., 2014). The authors suggest that the separation
between N. meridionalis and N. notabili occurred between 2.3 to 2.5 Mya, using a multilocus

dataset and calibration points from Schweizer et al. (2011) and White et al. (2011).

2.5.2 Taxonomic and conservation considerations

Multiple data sources, including morphological, ecological, behavioural and now molecular,
provide convincing scientific evidence that P. r. robustus is a distinct taxonomic unit separate
from P. r. fuscicollis and P. r. suahelicus. This lineage fulfills the criteria for at least four
methods of species delimitation including Biological (Mayr, 1942), Morphological (Mishler,
1985, Nelson and Plantick, 1981), Genotypic (Mallet, 1995) and Phylogenetic (Cracraft, 1983,
Eldredge and Cracraft, 1980) species concepts. Reproductive isolation is a key criteria for the
Biological Species Concept. Behavioural studies have reported that the two taxa whose
distributions overlap in South Africa, P. r. robustus and P. r. suahelicus, breed at different
times of the year, with P. r. robustus breeding from August to February (mainly utilizing

Afrocacarpus/Podocarpus trees), while P. r. suahelicus breeds from April to August

45



(preferring Adansonia trees for nesting) (Symes and Perrin, 2004b, Wirminghaus et al., 2001).
In addition, the genetic data presented in this study revealed no signs of introgression between
these two taxa, providing additional evidence for reproductive isolation. Morphologically, P.
r. robustus can be easily separated from the other subspecies, with distinctive colouration
(Clancey, 1997, Forshaw, 1989, Wirminghaus et al., 2002a), small body size and much smaller,
narrower bill (Wirminghaus et al., 2002a). These unique diagnostic morphological characters
support the reclassification of this taxon using the Morphological Species Concept. The
elevation of P. r. robustus to species is also supported by the genetic differentiation of this
taxon from other Poicephalus species using both microsatellite and sequence data. The
multilocus genotype data unambiguously assigned P. r. robustus individuals to a single genetic
cluster separate from other Poicephalus species and subspecies. This finding is further
strengthened by phylogenetic analysis of both mtDNA and nuclear sequences, with P. r.
robustus recovered as monophyletic on both the maximum likelihood and Bayesian trees. The
observed molecular divergence between P. r. robustus and other subspecies is congruent with
that separating other well-established parrot species. The P. r. robustus lineage can also be

diagnosed by fixed molecular characters (three synapomophic and eleven autapomorphic).

We propose that P. r. robustus should be elevated to species status, namely P. robustus
sensu stricto following Gmelin (1788). Given that our molecular data support a close
relationship between P. r. fuscicollis and P. r. suahelicus, we recommend that these two taxa
remain as subspecies under P. fuscicollis, namely P. f. fuscicollis stat. nova. (Kuhl, 1820) and
P. f. suahelicus stat. nova. (Reichenow, 1898) following previous authors (Clancey, 1997,
Perrin, 2005, Wirminghaus et al., 2002a). The reclassification of P. robustus will have
considerable implications for conservation management. Given that the South African Cape
Parrot (P. robustus sensu stricto) has a population size of fewer than 10 000 mature individuals,
with no subpopulation containing more than 1000 mature individuals (Downs et al., 2014,
IUCN, 2012), P. robustus sensu stricto meets criterion C2a(i) for a Vulnerable listing in the
IUCN Red List of Threatened Species. The Cape Parrot also meets all of the biological criteria
for a CITES Appendix I listing (Perrin, 2005). The recognition of P. robustus sensu stricto will

allow for the effective regulation and monitoring of any international trade under CITES.

2.6 Conclusion

Our study is the most comprehensive analysis of the taxonomic relationships within the P.

robustus clade using molecular data. The clear genetic differentiation of P. r. robustus from P.
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r. fuscicollis and P. r. suahelicus coupled with the differences in morphology, habitat and
dietary needs provides strong scientific evidence for the elevation of P. r. robustus to P.
robustus sensu stricto. Our results are sufficient to provide conservation authorities with strong
evidence that the South African endemic Cape Parrot should be viewed as a Vulnerable species
of conservation priority. This recognition will in turn assist the biodiversity conservation sector

to prioritize, plan and implement conservation strategies.
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Supplementary Figure 2-1. Maximum clade probability trees generated using the
concatenated data (16S rRNA, COI and B-fib) and mitochondrial DNA (16S rRNA and COI)
data. Separate analyses were conducted using Schweizer et al. 2011 and White et al. 2011
calibration points. Values at nodes indicate the posterior mean divergence dates in millions of
years before present. Shaded bars indicate the 95% highest posterior density (HPD) credibility

intervals.
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Supplementary Table 2-1. The Poicephalus specimens included in the present study. Collection numbers and locations are those assigned to
specimens by museums or the collections of researchers. GPS coordinates are taken from the general area of sample collection. The institutions
where samples can be accessed are listed. Specimens used for DNA sequencing are indicated by *.

Analysis

Species/Subspecies: code: Collection numbers:  Sampling location: GPS*: Sample storage: Sample type:
P. robustus robustus Prob01 FH50* lelze’ Eastern Cape Province, -32.796097, 26.850024  University of KwaZulu-Natal (UKZN) Whole blood

Prob02 LG02 King Williams Town, Eastern -32.880202, 27.398856  UKZN Whole blood
Cape Province, RSA

Prob03 KMB638 Eastern Cape Province, RSA Unknown iz;:itclgondon Museum (ELM), South Archival museum sample

Prob04 7201 Cambridge district, East London, 33 00834 97802054 ELM Archival museum sample
Eastern Cape Province, RSA

Prob05 13276 Lusikisiki, Wild Coast, Eastern 34 366718 29570018~ ELM Archival museum sample
Cape Province, RSA

Prob06 13277 Lusikisiki, Wild Coast, Eastern 3} 356718 29 570018~ ELM Archival museum sample
Cape Province, RSA

Prob07 16100 Ersazkf"“’ Eastern Cape Province, 35 770507, 27453272 ELM Archival museum sample

Prob08 16104 King William’s Town, Eastern -32.880202, 27.398856  ELM Archival museum sample
Cape Province, RSA

Prob09 16105 Pirie hatchery, Eastern Cape -32.791100, 27.247902  ELM Archival museum sample
Province, RSA

Prob10 16106 King William’s Town, Eastern -32.880202, 27.398856  ELM Archival museum sample
Cape Province, RSA

Probl1 KZNTO1* Creighton, KwaZulu-Natal, RSA  -30.027832,29.838148  UKZN Muscle tissue

Probl2 KZNTO02* Creighton, KwaZulu-Natal, RSA  -30.027832,29.838148  UKZN Muscle tissue

Probl3 KZNTO03 Creighton, KwaZulu-Natal, RSA  -30.027832,29.838148  UKZN Muscle tissue

Probl4 KZNTO04 Creighton, KwaZulu-Natal, RSA  -30.027832,29.838148  UKZN Muscle tissue

Probl5 KZNTO05 Creighton, KwaZulu-Natal, RSA  -30.027832,29.838148  UKZN Muscle tissue

Probl6 KZNTO06 Creighton, KwaZulu-Natal, RSA  -30.027832,29.838148  UKZN Muscle tissue

Probl7 CRO1 Creighton, KwaZulu-Natal, RSA  -30.027832,29.838148  UKZN Whole blood

Probl8 CRO2 Creighton, KwaZulu-Natal, RSA ~ -30.027832,29.838148  UKZN Whole blood

Prob19 CRO3 Creighton, KwaZulu-Natal, RSA  -30.027832, 29.838148 UKZN Whole blood

Prob20 CR0O4 Creighton, KwaZulu-Natal, RSA  -30.027832, 29.838148 UKZN Whole blood



Supplementary Table
2-1 (Continued)

Species/Subspecies: ﬁ::;::ySis Collection numbers:  Sampling location: GPS*: Sample storage: Sample type:
Prob21 CRO5 Creighton, KwaZulu-Natal, RSA -30.027832, 29.838148 UKZN Feather
P. robustus robustus Prob22 CRO06 Creighton, KwaZulu-Natal, RSA -30.027832, 29.838148 UKZN Feather
Prob23 CRO7 Creighton, KwaZulu-Natal, RSA -30.027832, 29.838148 UKZN Feather
Prob24 RMO1* Tzaneen, Limpopo, RSA -23.859859, 30.006596  UKZN Whole blood
Prob25 RMO2* Tzaneen, Limpopo, RSA -23.859859, 30.006596  UKZN Whole blood
Prob26 Pooll Tzaneen, Limpopo, RSA -23.859859, 30.006596 UKZN Feather
Prob27 Pool2 Tzaneen, Limpopo, RSA -23.859859, 30.006596 UKZN Feather
Prob28 TMIla 2078 Limpopo, RSA -23.822019, 30.131136 Elﬁﬁ?yg gﬁ%?‘sflﬂf‘;‘gi‘;?amml Archival museum sample
Prob29 T™ 16406 Limpopo, RSA -23.822019, 30.131136  DNM Archival museum sample
Prob30 T™ 16407 Limpopo, RSA -23.822019, 30.131136  DNM Archival museum sample
Prob31 T™ 25266 Limpopo, RSA -23.822019, 30.131136  DNM Archival museum sample
Prob32 TMS80817 Magoebaskloof, Limpopo, RSA -23.822019,30.131136 DNM Archival museum sample
P. r. suahelicus Prs01 Prs 1 Unknown Unknown UKZN Whole blood
Prs02 Prs2 Unknown Unknown UKZN Whole blood
Prs03 Prs 3 Unknown Unknown UKZN Whole blood
Prs04 Prs 4 Unknown Unknown UKZN Whole blood
Prs05 Prs 24 Unknown Unknown UKZN Whole blood
Prs06 P.f.suahl Unknown Unknown UKZN Whole blood
Prs07 P.f.suah2 Unknown Unknown UKZN Whole blood
Prs08 P.f.suah3 Unknown Unknown UKZN Whole blood
Prs09 P.f.suah4 Unknown Unknown UKZN Whole blood
Prs10 P.f.suah5 Unknown Unknown UKZN Whole blood
Prsl1 P.f.suah6 Unknown Unknown UKZN Whole blood
Prs12 20814 Captive bred CB Loro Parque Foundation (LPF), Spain ~ Whole blood
Prs13 20815 Captive bred CB LPF Whole blood



Supplementary Table
2-1 (Continued)

Species/Subspecies: ﬁ::;::ySis Collection numbers:  Sampling location: GPS*: Sample storage: Sample type:
P. r. suahelicus Prs14 8269* Zambia Unknown National Zpological Gardens (NZG), Whole blood
South Africa

Prs15 8270* Zambia Unknown NZG Whole blood
Prs16 8271 Zambia Unknown NZG Whole blood
Prs17 8272 Zambia Unknown NZG Whole blood
Prs18 8273 Zambia Unknown NZG Whole blood
Prs19 8274 Zambia Unknown NZG Whole blood
Prs20 8275 Zambia Unknown NZG Whole blood
Prs21 CSo01 Levubu, Limpopo, RSA -23.109336, 30.323897 NZG Feather
Prs22 CS03 Levubu, Limpopo, RSA -23.109336, 30.323897 NZG Feather
Prs23 CS04 Levubu, Limpopo, RSA -23.109336, 30.323897 NZG Feather

P. r. fuscicollis Prf01 249 & Unknown Unknown NZG Whole blood
Prf02 249 Q Unknown Unknown NZG Whole blood
Prf03 38343 Unknown Unknown NZG Whole blood
Prf04 383 @* Unknown Unknown NZG Whole blood
Prf05 386 4 Unknown Unknown NZG Whole blood
Prf06 386 Q Unknown Unknown NZG Whole blood
Prf07 3883 Unknown Unknown NZG Whole blood
Prf08 388 @ Unknown Unknown NZG Whole blood
Prf09 1423 & Unknown Unknown NZG Whole blood
Prfl10 1423 Q Unknown Unknown NZG Whole blood
Prfll 1440 Captive bred CB LPF Whole blood
Prfl2 1441 Captive bred CB LPF Whole blood
Prfl3 1514 Captive bred CB LPF Whole blood
Prfl4 8639 Captive bred CB LPF Whole blood
Prfl5 11065 Captive bred CB LPF Whole blood
Prfl6 11068 Captive bred CB LPF Whole blood



Supplementary Table
2-1 (Continued)

Species/Subspecies: ﬁ)‘:ﬂl:yﬁs Collection numbers:  Sampling location: GPS*: Sample storage: Sample type:

P. r. fuscicollis Prf17 17305 Captive bred CB LPF Whole blood
Prf18 24091 Captive bred CB LPF Whole blood
Prf19 25200 Captive bred CB LPF Whole blood
Prf20 25932 Captive bred CB LPF Whole blood
Prf21 25960 Captive bred CB LPF Whole blood
Prf22 BMNH 1929.2.18.110  Farafenni, N.B.Prov., Gambia 13.566788, -15.599320 Br.itish Museum ofNatura] History at Archival museum sample

Tring (BMNH), United Kingdom

Prf23 BMNH 1929.2.18.112  Kerewan, N.B.Prov., Gambia 13.490150, -16.085272  BMNH Archival museum sample
Pr24 BMNH 1929.2.18.114  Farafenni, N.B.Prov., Gambia 13.566788, -15.599320 BMNH Archival museum sample
Prf25 BMNH 1929.2.18.109  Kerewan, N.B.Prov., Gambia 13.490150, -16.085272  BMNH Archival museum sample
Prf26 BMNH 1910.5.6.147  Guinea-Bissau Unknown BMNH Archival museum sample

P. rueppellii Prup01 8250 Swakop River, Namibia -22.651557, 14.624207 %1121);%\12;2;11 icfiﬁrclzes Museum Archival museum sample
Prup02 8251 Swakop River, Namibia -22.651557,14.624207  DNSM Archival museum sample
Prup03 8252 Swakop River, Namibia -22.651557,14.624207 DNSM Archival museum sample
Prup04 8253 Swakop River, Namibia -22.651557,14.624207 DNSM Archival museum sample
Prup05 8254 Swakop River, Namibia -22.651557,14.624207 DNSM Archival museum sample
Prup06 8255 Swakop River, Namibia -22.651557,14.624207 DNSM Archival museum sample
Prup07 8256 Swakop River, Namibia -22.651557,14.624207 DNSM Archival museum sample
Prup08 8257 Okahandja, Namibia -21.983572,16.916715  DNSM Archival museum sample
Prup09 8258 Windhoek, Namibia -22.566294, 17.059741  DNSM Archival museum sample
Prup10 8259 Klipkop Farm, South of 20.667061, 16.742880  DNSM Archival museum sample

Otjiwarongo, Namibia



Supplementary Table
2-1 (Continued)

Species/Subspecies: ﬁ::;::ySis Collection numbers:  Sampling location: GPS*: Sample storage: Sample type:

P. rueppellii Prupll 8260 Iég?\i(/gfoﬁ;;nf\li(rﬁﬁ;f -20.667061, 16.742880  DNSM Archival museum sample
Prup12 8261 Okahandja, Namibia -21.983572,16.916715  DNSM Archival museum sample
Prup13 Pru01* Captive bred CB UKZN Whole blood
Prup14 Pru02* Captive bred CB UKZN Whole blood
Prup15 Pru03 Captive bred CB UKZN Whole blood
Prupl6 Pru04 Captive bred CB UKZN Whole blood

P. meyeri PmO1 PmO1* Captive bred CB UKZN Whole blood
Pm02 PmO02* Captive bred CB UKZN Whole blood
PmO03 PmO03 Captive bred CB UKZN Whole blood
Pm04 Pm04 Captive bred CB UKZN Whole blood
Pmo5 16406 ;f:;fg;;lwiamh’ Beit Bridge, 222167, 30 DNSM Archival museum sample
Pm06 29461 gi‘:gg:gviamh’ Sabi Valley, -20.491367, 32.242027  DNSM Archival museum sample
Pm07 32040 ggﬁ%‘i‘f" River, Andara, -18.061680, 21.443950  DNSM Archival museum sample
Pm08 32041 ggﬁﬁ%’i‘f" River, Andara, -18.061680, 21443950  DNSM Archival museum sample
Pm09 8272 Victoria Falls, Zimbabwe -17.907320, 25.821980  DNSM Archival museum sample
Pml10 25474 Northam, South Africa -24.950103, 27.267488  DNSM Archival museum sample
Pmll 29462 gﬁfgﬁamh’ Sabi Valley, -20.491367,32.242027  DNSM Archival museum sample
Pml2 29463 ?ﬁﬁ;‘{fﬁam‘l’ Sabi Valley, -20.491367, 32.242027  DNSM Archival museum sample

P. cryptoxanthus Peryp01 11920 N of Siteki, Swaziland -26.449321,31.949929  DNSM Archival museum sample
Pcryp02 20733 Chimonzo, Mozambique -24.9483, 33.2917 DNSM Archival museum sample
Peryp03 20734 Chimonzo, Mozambique -24.9483, 33.2917 DNSM Archival museum sample
Pcryp04 20735 Massinga, Mozambique -23.332600, 35.385160 DNSM Archival museum sample



Supplementary Table
2-1 (Continued)

Species/Subspecies: ﬁ:ﬂl’ym Collection numbers:  Sampling location: GPS*: Sample storage: Sample type:
P. cryptoxanthus Peryp05 23857 Inhaminga, Mozambique -18.416012, 35.024962  DNSM Archival museum sample
Peryp06 26840 Massinga, Mozambique -23.332600, 35.385160 DNSM Archival museum sample
Pcryp07 26841 Massinga, Mozambique -23.332600, 35.385160  DNSM Archival museum sample
Peryp08 8238 Xg‘:’c‘:g“’“’ Malamala, South -24.805498, 31.540776  DNSM Archival museum sample
Peryp09 8239 Xg‘:’c‘:g“’“’ Malamala, South -24.805498, 31.540776  DNSM Archival museum sample
Perypl0 8240 Xg‘:’c‘:g“’“’ Malamala, South -24.805498, 31.540776  DNSM Archival museum sample
Perypl 1 8241 T:gvivc‘:g“’“’ Malamala, South -24.805498,31.540776  DNSM Archival museum sample
Perypl2 8242 T:Iirvivc‘:g“’“’ Malamala, South -24.805498, 31.540776  DNSM Archival museum sample
Perypl3 8243 T;Ig\;v(:;lgton, Malamala, South -24.805498, 31.540776  DNSM Archival museum sample
Perypl4 8248 Chimonzo, Mozambique -24.9483, 33.2917 DNSM Archival museum sample
URB Perypl* Captive bred CB UKZN Whole blood
P.g.massaicus PgmO1 8263 Naro Moru, Mt. Kenya, Kenya -0.159133, 37.313424 DNSM Archival museum sample
Pgm02 8264 Naro Moru, Mt. Kenya, Kenya -0.159133, 37.313424 DNSM Archival museum sample
Pgm03 8265 Molo, Kenya -0.249101, 35.732303 DNSM Archival museum sample
Pgm04 38005 Captive bred CB DNSM Archival museum sample
Pgm05 38006 Captive bred CB DNSM Archival museum sample
Pgm06 PgmO1* Captive bred CB UKZN Whole blood
Pgm07 Pgm02* Captive bred CB UKZN Whole blood
Pgm08 Pgm03 Captive bred CB UKZN Whole blood
Pgm09 Pgm04 Captive bred CB UKZN Whole blood
Pgm10 Pgm05 Captive bred CB UKZN Whole blood



Supplementary Table
2-1 (Continued)

Species/Subspecies: ﬁ::;::ySis Collection numbers:  Sampling location: GPS%: Sample storage: Sample type:
P.g.massaicus Pgml1 Pgm06 Captive bred CB UKZN Whole blood
P.g.gulielmi Pgg01 Pgg01* Captive bred CB UKZN Whole blood
Pgg02 Pgg02* Captive bred CB UKZN Whole blood
Pgg03 Pgg03 Captive bred CB UKZN Whole blood
Pgg04 Pgg04 Captive bred CB UKZN Whole blood

*Samples used for sequencing of COI, 16S rRNA and pB-fibrinogen gene regions

$ GPS coordinates for museum samples were estimated using the provided locality information

CB = Captive bred



Supplementary Table 2-2. GenBank accession numbers for Poicephalus sequences generated
in the present study and accession numbers for the 27 additional parrot sequences used for
molecular clock analysis.

Species: Accession numbers:
16S rRNA p-fib Col
Poicephalus robustus robustus 1 KP856844 KP856857 KP856872
P. r. robustus?2 KP856845 - KP856873
P. r. robustus3 KP856846 KP856858 KP856874
P. r. robustus4 KP856847 KP856859 KP856875
P. r. robustus5 KP856848 KP856860 KP856876
P. r. suahelicus1 KP856849 KP856861 KP856877
P. r. suahelicus?2 KP856850 KP856862 KP856878
P. r. fuscicollis1 KP856842 KP856856 KP856870
P. r. fuscicollis2 KP856843 - KP856871
P. rueppelliil KP856851 - KP856879
P. rueppellii2 KP856852 - KP856880
P. meyeril KP856840 - KP856868
P. meyeri2 KP856841 - KP856869
P. cryptoxanthus KP856835 - KP856863
P. gulielmi gulielmil KP856836 - KP856864
P. gulielmi2 KP856837 KP856853 KP856865
P.g.massaicusl KP856838 KP856854 KP856866
P.g.massaicus2 KP856839 KP856855 KP856867
Agapornis roseicollis EU410486.1 GQ395348.1 EU410486.1
Alisterus scapularis EU197096.1 EU739363.1 JN801395.1
Amazona aestiva EU197111.1 AY301472.1 FJ027055.1
Ara ararauna - AY301514.1 FJ808626.1
Ara macao EF635432.1 - IN801493.1
Barnardius zonarius - - JN801399.1
Bolbopsittacus lunulatus - - KC354896.1
Cacatua galerita - - JN801403.1
Cacatua moluccensis JF414239.1 - JF414239.1
Calyptorhynchus funereus - AY695167.1 JF414279.1
Calyptorhynchus latirostris EU197114.1 - JF414274.1
Deroptyus accipitrinus - - JQ174682.1
Eclectus roratus EU197113.1 - JN801439.1
Loriculus philippensis - - KC354935.1
Lorius sp. EUl?7097.l ) JQ17.5284.1. '
(Lorius lory) (Lorius albidinucha)
Melopsittacus undulatus EF450826.1 - F450826.1
Neophema chrysogaster JX133087.1 - JX133087.1
Neophema splendida EU197100.1 - JQ175546.1
Nestor notabilis EU197116.1 - HQ616639.1
Pionus sp. EU.197112.1 A\_{301516.1 JQ1.75856.1
(Pionus menstruus) (Pionus menstruus) (Pionus fuscus)
Platycercus elegans - EU739470.1 JQ175887.1
Platycercus eximius EU197095.1 - JQ175889.1
Psittacula sp. EU¥97107.1 EU7_39474.1 _ KC4.39335.1 .
(Psittacula cyanocephala) (Psittacula alexandri) (Psittacula eupatria)
Psittaculirostris desmarestii EU197121.1 - -
Psittaculirostris edwardsii EU197117.1 - -
Psittacus erithacus EU197109.1 AY301518.1 KF381364.1
Trichoglossus haematodus - - JN801465.1
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Supplementary Table 2-3. The genetic diversity, polymorphic information content and null

allele frequencies of each locus over all Poicephalus specimens analysed.

All sampdes (n=138)
Mean Observed Expected Polymorphic
mumber  Heterozy Heterozy information  Null allele
ofalkles: gosity  gosity  content fraquency

Locus Ho: (He): (PIC): (MNa):

Prob6 5.625 057 0628 0.868 0.146
Probi3 7125 04%8 079 0858 0198
Probls 435 0341 05X 083% 020
Probi0 6625 0634 0645 0.847 0.074
Prohos 2875 0351 0397 0566 0145
Prot29 325  03%1 0453 0796 0264
Probid 4500 0566 0608 0783 0151
Probi3 2250 0309 0306 0513 01
Prob2s 6375 0634 0685 088 013
Prob26 E.875 0611 0723 0.301 0.15
Prot23 6875 078 0771 0885  0.063

P. 1. robustus (n=32)
Number Observed Expected Polymorphic
of alkks: Heterozy Heterozy information Null allsle
gosity  gosity  content fraquency

P.r. smahelicus (n=23)

Number Observed Expectsd Polymorphic

of aleks Heterozy Heterozy mformation MNullallel
gosity  gosity  content frequency

Locus (Ha): (He): (PIC): (Ma): (Hol: (He): (PICY (Na)
Prob6 8.000 0.633 067 0.631 0.038 7.000 0652 0765 0728 0.0%0
Probl3 8.000 0500 0738 0702 0.136 8.000 0.363 0.834 0813 0146
Probl3 4.000 0.767 0.681 0.618 0.000 8.000 0304 0827 0804 0288
Prob30 7.000 0813 0.7%0 0758 0.000 10,000 0626 0818 0784 0.042
Proh28 3.000 0.625 0505 0393 0.000 3.000 0348 0.204 0262 0.000
Proh2% 4.000 0375 0366 0336 0.000 4.000 0391 0474 0432 0.083
Prob34 4.000 0433 0481 0431 oot 6.000 073e 0737 0.656 0.000
Prob33 2.000 0.406 0441 0344 0.026 3.000 0.478 0.381 0334 0.000
Proh23 6.000 0844 0744 0702 0.000 7.000 0.957 0.827 0.803 0.000
Proh26 8.000 0.692 0.687 0.662 0.046 10,000 0913 0.857 0841 0.000
Proh23 6.000 0730 0.698 0.638 0.000 12,000 0913 0.902 0893 0.000
P. r. fuscicolis (n =26) P. meyeri (n=12)

Number Observed Expected Polymorphic
of alkks: Heterozy Heterozy information Null allsle
gosity  gosity  content frequency

Number Observed Expectsd Polymorphic
of aleks Heterozy Heterozy mformation MNullallel
gosity  gosity  content frequency

Locus Hox: (He): (PIC): (Ma): (Hol: (He): (PICY Ma)
Prob6 7.000 0720 0738 0708 0.000 3.000 0417 0.747 0707 0176
Probl3 7.000 0462 0752 0711 0.161 3.000 0250 0m9 0.684 0276
Probl8 6.000 0.500 076 0732 0162 3.000 0.333 0.694 0.641 0206
Prob30 3.000 0885 0643 0359 0.000 11.000 0917 0.835 0875 0.000
Prok28 3.000 0.500 0437 0357 0.000 3.000 0300 0601 03533 0.068
Prok29 3.000 0280 0306 0278 0.000 2.000 0000 03735 0305 0290
Prob34 3.000 0423 03 035 0.000 3.000 0.583 0.3 0575 0.000
Prob33 2.000 0154 0260 0226 0112 4.000 0.583 0.580 0523 0.000
Prot23 7.000 0462 0.700 0.663 0134 8.000 0.667 0.837 0817 0114
Prok26 3.000 0333 0402 038 0.000 7.000 0.667 0.844 084 o1z
Prok23 7.000 0615 0740 0711 0.06 8.000 0750 087 0816 0.053
P. meppellii (n =16) P. eryptoxantims (n =14)

Number Observed Expected Pobymorphic
of alkks: Heterozy Heterozy information Null allsle
gosity  gosity  content frequency

Momber Observed Expected Polymorphic
of aleks Heterozy Heterozy mformation MNullallel
gosity  gosity  content frequency

Locus (Ha): (He): (PIC): (Ma): (Hol: (He): (PICY (Na)

Prob6 2.000 0230 0219 01% 0.000 4.000 0462 0618 0561 0118
Probl3 9.000 0500 0797 0776 018 10,000 03711 0.853 0838 0156
Probl3 3.000 0333 0747 0708 0.233 3.000 0.308 0322 020 0.000
Prob30 8.000 0.688 0.807 0.78 0.053 8.000 0714 0816 079 0.064
Proh28 2.000 0313 0482 0366 0116 2,000 0000 0133 0124 0176
Proh2% 2.000 0.000 0.408 0325 0302 3.000 0.338 0624 0sn 0.001
Prob34 2.000 0.067 0420 0332 0.260 6.000 0714 0604 0651 0.045
Prob33 2.000 0.063 o1 0155 0138 2,000 0286 0245 0215 0.000
Proh23 7.000 0.625 0808 0782 0.0%5 11.000 0768 0873 0.86 0.065
Proh26 6.000 0333 0.691 0.66 0220 9.000 0400 0845 0827 0238
Proh23 8.000 0875 0.836 0815 0.000 3.000 0786 0709 0673 0.000

P. gulietmi gulielmi (n=4)
Number Observed Expected Pobymorphic
of alkks: Heterozy Heterozy information Null allsle
gosity  gosity  content fraquency

P g massius (n=11)

Number Observed Expected Polymorphic

of aleks Heterozy Heterozy mformation MNullallel
gosity  gosity  content frequency

Locus (Ha): (He): (PIC): (Ma): (Hol: (He): (PICY (Na)

Prob6 3.000 0500 0.406 037 0.000 9.000 1000 0.853 0838 0.000
Probl3 3.000 0500 0584 0511 0.047 7.000 066 077 0747 0078
Probl3 1.000 0.000 0.000 0 0.001 2,000 0182 0165 0152 0.000
Prob30 1.000 0.000 0.000 0 0.001 3.000 0364 0430 0385 0.000
Proh28 2.000 0230 0219 01% 0.000 3.000 0273 0.308 0483 0188
Proh2% 3.000 1.000 0.656 03582 0.000 3.000 0343 0417 0.36 0.000
Prob34 4.000 0730 0718 0.667 0.000 6.000 0.818 0.806 07m 0.007
Prob33 2.000 0500 0375 0305 0.000 1.000 0000 0.000 0 0.001
Proh23 4.000 0730 0.688 0.63 0.000 1.000 0000 0.000 0 0.001
Proh26 3.000 1.000 0730 072 0.000 3.000 0343 0707 0658 0110
Proh23 3.000 0730 0.625 0535 0.000 6.000 0.818 0.818 0792 0.000
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Supplementary Table 2-4. The pairwise Fst values for all Poicephalus specimens used in this study. The Fsr values are below the diagonal and
probability values (p-values) above diagonal. All p-values are significant (p-values < 0.003).

P. robustus  P. r. P.r P. P. gulielmi P g
robustus suahelicus fuscicollis P. rueppellii  P. meyeri cryptoxanthus — massaicus gulielmi
P. robustus
robustus * 0.001 0.001 0.001 0.001 0.001 0.001 0.001
P. r. suahelicus 0.14 * 0.001 0.001 0.001 0.001 0.001 0.001
P. r. fuscicollis 0.22 0.16 * 0.001 0.001 0.001 0.001 0.001
P. rueppellii 0.28 0.23 0.31 * 0.001 0.001 0.001 0.001
P. meyeri 0.18 0.13 0.24 0.13 * 0.001 0.001 0.001
P. cryptoxanthus  0.19 0.15 0.25 0.21 0.14 * 0.001 0.001
P. gulielmi
massaicus 0.37 0.33 0.4 0.41 0.32 0.36 * 0.001

P. g. gulielmi 0.36 0.29 0.39 0.38 0.29 0.33 0.25 *




Supplementary Table 2-5. Summary statistics of the COI, 16S rRNA and B-fib sequences generated for the Poicephalus specimens analysed in
the current study.

Number of
Number of Base pair variable Number of Number of Number of
Marker name: sequences: length: sites: transitions: transversions: Indels: T%: C%: A%: G%:
COIl 18 592 66 54 14 1 246 352 241 162
16S rRNA 18 535 32 24 8 2 19.1 28.1 326 202
p-fibrinogen 10 707 4 3 1 0 33.1 223 268 17.8

Supplementary Table 2-6. The COI pairwise genetic distances calculated in RaxML for four Calyptorhynchus sp. sequences. (Downloaded from
GenBank: JF414241.1, IN801424.1, JF414242.1, JF414279.1, JF414274.1).

C. lathami C. banksii C. baudinii C. funereus C. latirostris
C. lathami *
C. banksii 0.151 *
C. baudinii 0.632 0.499 *
C. funereus 0.686 0.627 0.036 *

C. latirostris 0.594 0.497 0.009 0.03 *




CHAPTER 3: HISTORICAL BIOGEOGRAPHY: THE INFLUENCE OF
ANCIENT AND CONTEMPORARY HABITAT CHANGES ON THE
ENDEMIC SOUTH AFRICAN PARROT POICEPHALUS ROBUSTUS

3.1 Abstract

The effect of anthropogenic habitat fragmentation on species, which live in naturally patchy
habitats, is rarely examined. The extent of habitat fragmentation can have an effect on the
genetic structure of a species. The Cape Parrot (Poicephalus robustus) is the only endemic
parrot species in South Africa. Recent census estimates suggest that there are less than a 1600
Cape Parrots left in the wild. The Cape Parrot is a habitat specialist, restricted to forest patches
in the Eastern Cape, KwaZulu-Natal and Limpopo Provinces of South Africa. Although current
overexploitation of forests in southern Africa is certainly an important driver of fragmentation,
this is not solely responsible for the relictual nature of South African forests. In the Pliocene,
periods of climate change driven aridity and increased fire frequency, contributed towards
‘natural’ fragmentation of the forests in southern Africa. In this study, 29 historical samples,
collected from 1870 to 1946, and 85 modern samples, collected from 1951 to 2014, were used
to investigate the historical and contemporary genetic structure of Cape Parrots using 16
microsatellite loci. Bayesian clustering analysis identified three geographically correlated
genetic clusters. A southern group restricted to forest patches in the Eastern Cape, a central
group including birds from KwaZulu-Natal and a genetically distinct northern Limpopo cluster.
Results suggest that Cape Parrots have experienced at least two population bottlenecks. An
ancient decline during the mid-Holocene (~1800-3000 years before present) linked to climate
change, and a more recent bottleneck, associated with logging of forests during the early
1900°s. This study highlights the effects of climate change and human activities on an
endangered species associated with the naturally fragmented forests of eastern South Africa.
These results will aid conservation authorities with the planning and implementation of future

conservation endeavours.

Keywords: Cape Parrot, Poicephalus robustus, habitat fragmentation, contemporary, historic,

population decline
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3.2 Introduction

Examining spatial patterns of genetic diversity is an important component of conservation
planning and implementation (Arif and Khan, 2009, DeSalle and Amato, 2004, McNeely et al.,
1990). Interpreting the processes underlying the spatial patterns observed in genetic data are
difficult, as the genetic diversity present in a population is a product of both long-term historical
processes such as global climate change, as well as more recent anthropogenic factors such as
habitat loss, pollution, introduced species and diseases, poaching and over exploitation of
natural resources (Bickham et al., 2000, Bouzat, 2010, Bouzat et al., 1998, Daszak et al., 2000,
Dussex et al., 2015). Both long-term and more recent human-associated factors can fragment
habitat and reduced population size which can lead to populations with lowered genetic
variation, evolutionary potential and population fitness (Bruggeman et al., 2010, Couvet, 2002,
dos Anjos et al.,, 2011, Shaffer, 1981, Spielman et al., 2004). The roles played by these
processes in shaping extant populations is an important consideration in conservation as
interventions that target single threats often have limited success (Brook et al., 2008). But
linking reduction in genetic variation to a specific cause is often difficult. Many studies use
genetic data collected from contemporary populations to infer historical phylogeographic
patterns (Callens et al., 2011, Kotlik et al., 2014, Taberlet et al., 1998). The use of genotypes
from historical samples, however, allows for a more direct measure of the change in
demographic and/or phylogeographic patterns in populations over time. Differences in the
genetic diversity over time provides valuable information on whether modern genetic patterns
are more heavily influenced by long-term processes such as climate change, or if the decline
in genetic diversity is more recent, caused primarily by population fragmentation and
population decline driven by human-associated factors (Campos et al., 2010, Dussex et al.,
2015, Gottelli et al., 2013, Lorenzen et al., 2011, Welch et al., 2012). Some studies have shown
no change in phylogeographic patterns across temporal scales (Teacher et al., 2011, Thomas et
al., 1990), while others show significant shifts in the distribution of genetic diversity over
relatively short time-scales (Goldstein and Desalle, 2003, Leonard et al., 2000, Mende and
Hundsdoerfer, 2013, Pergams et al., 2003).

The South African endemic Cape Parrot (Poicephalus robustus; Coetzer et al., 2015)
provides a suitable model system for studying the relative impact of ancient climate change
versus the more recent impact of anthropogenic factors on genetic variation. The species is
listed as endangered in the Red Data Book of Birds of South Africa, Lesotho and Swaziland

(Taylor, 2014) and is protected under South African legislation (Minister of Environmental
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Affairs and Tourism, 2007). A recent study based on morphological, ecological, behavioural
and molecular data, called for the reclassification of the Cape Parrot and following criterion
C2a(i) called for a CITES Appendix I listing and Vulnerable listing in the [IUCN Red List of
Threatened Species (Coetzer et al., 2015).

Cape Parrots are habitat specialists feeding and nesting predominantly in yellowwood
(Afrocarpus spp. and Podocarpus spp.) forests (Downs and Symes, 2004, Perrin, 2009,
Wirminghaus et al., 2001a, Wirminghaus et al., 2002, Wirminghaus et al., 2001b). The current
distribution of the Cape Parrot is fragmented, and the species is restricted to forest patches in
the Eastern Cape (EC), KwaZulu-Natal (KZN) (Figure 3-1), with a relic population in the
Limpopo Province (Wirminghaus, 1997). Historical records show that populations of these
parrots have drastically contracted over the last century, especially in the northern parts of KZN
and along the escarpment of Mpumalanga (Downs, 2005a, Downs et al., 2014, Symes et al.,
2004, Wirminghaus et al., 2000). Large flocks of Cape Parrots were frequently observed during
the early 1950’s (Wirminghaus et al., 1999), these numbers declined sharply after 1950, which
in part could be linked to eradication of “pest’ parrots during the early 1900°s (Symes, 2010).
In recent times large flocks are rarely seen except when parrots congregate at agricultural pecan
orchards during periods of food shortages (Downs et al., 2014). Although the illegal harvesting
of individuals for the pet trade and Psittacine beak and feather disease (Wirminghaus et al.,
2000, Wirminghaus et al., 1999) are considered to play a role in the decline of Cape Parrots,
one of the greatest threats to this species is habitat destruction. Habitat loss is one of the main
extinction drivers in wild parrots globally (Collar, 2000, Pain et al., 2006). For example, the
now extinct in the wild Spix’s macaw (Cyanopsitta spixii) (Juniper and Yamashita, 1991, Pain
et al., 2006), the Mauritian endemic Echo parakeet (Psittacula eques) and the Puerto Rican
Parrot (Amazona vittata) have all suffered drastic population declines directly linked to
anthropogenic habitat destruction (BirdLife International, 2013a, b, Greenwood, 1996, Jones,
1987, Snyder et al., 1987, Swinnerton, 1998).

As the smallest biome in southern Africa, forests have a long history of human
habitation and utilization. The principal threat in recent times has been exploitation for timber,
with deforestation in South Africa reaching a peak during the colonial era (1850-1910) (Lawes
et al., 2007), with less rigorous removal of Podocarpus ssp. during the mid-1920’s to 1930’s
(King, 1941) and some forest areas being logged up until 1940 (McCracken, 1986, Rycroft,
1942). The availability of food and nesting sites for Cape Parrots is directly affected by forest

fragmentation, as patch size has an influence on Afrocarpus/Podocarpus fruit availability, with
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the larger patches having more trees with longer fruiting (Hart et al., 2013). Cape Parrots are
secondary cavity nesters (Downs, 2005b, Wirminghaus et al., 2001a) and prefer to nest in pre-
existing cavities in tall, dead Afrocarpus/Podocarpus trees (Downs and Symes, 2004,
Wirminghaus et al., 2001a). A limiting factor to secondary nester species is the availability of
pre-existing cavities in mature trees (Newton, 1994). Potential nest sites are often destroyed
during logging operations which target the old, large trees (Brightsmith, 2005, Downs, 2005a,
Wirminghaus et al.,, 2001a, Wirminghaus et al., 1999). The impact of earlier commercial
harvesting of Afrocarpus/Podocarpus trees, as well as current subsistence harvesting of pole-
sized trees (Lawes et al., 2007) threatens the South African mistbelt forests. Currently, the
forest biome is highly fragmented with few large blocks of intact habitat existing outside of
conservation areas. Forest fragments are found in small isolated patches interspersed by large

areas of non-forest patches (Eeley et al., 1999)

Human-mediated processes are not always the main driver of species extinction. For
example, population decline in the New Zealand Kea (Nestor notabilis) pre-dates the arrival of
humans on these islands (Dussex et al., 2015). Using molecular data it was estimated that the
Kea suffered a population contraction during the Holocene, in response ancient climatic and
habitat changes (Dussex et al., 2015). Although overexploitation of forests in southern Africa
is certainly an important driver of fragmentation, this is not solely responsible for the relictual
nature of South African forests. The distribution of this biome is also strongly linked to
prevailing climate (Eeley et al., 1999). Beginning in the Pliocene, periods of climate change
driven aridity and increased fire frequency, contributed towards ‘natural’ fragmentation of the
forest biome in southern Africa (Geldenhuys, 1989, Scott et al., 1997). The Quaternary global
interglacial-glacial cycles prompted the contraction and expansion of the forest biome in Africa
(Miller and Gosling, 2014). Analysis of pollen taken in cores from Lake Eteza on the South
African east coast have shown an increase in Podocarpus containing forests between ca. 6500
— 3700 calibrated years before present (cal yrs BP). In contrast, ca. 3600 cal yrs BP to 3500 cal
yrs BP pollen data indicate a rapid decrease in Podocarpus, with cores dominated by Poaceae
and Ateraceae pollen, indicative of a drier grassy environment at ca. 3500 — 2000 cal yrs BP
(Neumann et al., 2010). Climate changes during the Pliocene and Pleistocene have been
suggested as the major (although not exclusive) determinate of the faunal biogeographical
pattern within other biomes in South Africa (for example, Cape Floristic Region: Makokha et

al., 2007, Swart et al., 2009, Tolley et al., 2006, Tolley et al., 2008, Tolley et al., 2009).
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In this study I compared the historical and contemporary genetic structure of the South
African endemic Cape Parrot populations. I tested for evidence of partitioning of haplotypes
on a temporal scale using historical (1870 — 1946) and contemporary (1951 — 2014) samples.
Cape Parrots are long-lived birds reaching an age of ~25 years in captivity (C.T. Downs pers.
comm.), the effects of habitat loss might therefore only be observed in the gene pool years
later. Commercial logging of indigenous timber reached a peak in the 1910’s — 1940°s (Lawes
et al., 2007, Lawes et al., 2004). The date of 1950 was chosen for the separation of historical
and contemporary samples, following the observed population decline around that time
(Downs et al., 2014, Wirminghaus et al., 1999). Multilocus microsatellite data are used to
estimate changes in population structure over time. These results will provide insight into past
and more recent, natural and anthropogenic, events that might have affected Cape Parrot
population dynamics. This study also aimed to provide a better understanding of the
subpopulation structure and connectivity between the contemporary populations. Given the
current distribution of suitable habitat the populations from the three provincial regions (EC,
KZN and Limpopo) could be considered as three management units (MUs; Moritz, 1994).
Estimating connectivity of disjunct populations, however, will provide conservation authorities
with the necessary information needed to make and implement the appropriate conservation

measures to protect the Cape Parrot.

3.3 Materials and Methods

3.3.1 Ethics

Ethical approval for this study was obtained from the University of KwaZulu-Natal Animal
Ethics sub-committee (Ref numbers: 074/13/Animal, 017/14/Animal). The KwaZulu-Natal
sampling permit was obtained through Ezemvelo KZN Wildlife (Permit number: OP
1546/2014). Import permits were obtained through Ezemvelo KZN Wildlife (Permit numbers:
OP 1230/2014 and OP 878/2014).

3.3.2 Specimen sampling and DNA extraction

3.3.2.1 Historical samples

Historical Cape Parrot samples were sourced from four natural history collections
(Supplementary Table 3-1) covering the museums most relevant to the study area. Only

specimens with collection date and some locality information (at least a provincial allocation)
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were selected for inclusion in the study. To minimize damage to specimens, toe pad samples
were taken. In total 29 archival Cape Parrot samples collected between 1870 and 1946 from
six localities were selected for inclusion in the historical data set (Supplementary Table 3-1).
Samples collected from Ermelo (Mpumalanga) and Bela Bela (Limpopo), fall outside the
current Cape Parrot distribution (Figure 3-1). These records suggest that these specimens
represent migrants or that during the late 1800’s and early 1900’s, when these specimens were
collected, forests and hence Cape Parrots were more widely distributed. Eight samples had only
provincial allocations (EC = 4; KZN = 4). These samples were grouped as EC unknown (n =
4) and KZN unknown (n = 4). Although these are indicated on the map, the exact sampling

locality is unknown.

Standard precautions (Péddbo et al. 2006, Hofreiter et al. 2001, Rompler et al. 2006)
were followed when working with archival DNA to ensure no contamination occurred. Three
wash steps (with 95% ethanol, 70% ethanol and ultrapure water) were performed prior to DNA
extraction to minimize surface contamination. Wash steps were followed by a hydration step
where samples were soaked in 1 ml ultrapure water for 60 min. The NucleoSpin® Tissue kit
was used for DNA extraction following a modified protocol. The lysis step was extended
overnight to ensure complete lysis of the samples. The final elution step was also modified.
Initially 40 pul of preheated elution buffer was added to the spin column and samples were
incubated for 10 min at 70 °C. After centrifuging of the samples at 11000 x g, the buffer was
placed back into the same spin column. An additional 40 pul preheated elution buffer was added
to each spin column and centrifuged at 11000 x g to obtain the final DNA product. All DNA

samples were stored at -20 °C.

3.3.2.2 Contemporary samples

Whole blood, muscle tissue, archival toe pads and feathers were acquired from a number of
sources (Supplementary Table 3-1). These specimens were sampled between 1951 and 2014
from wild caught Cape Parrots from across their distribution range (n = 75; Figure 3-1). Sixty
samples were collected from four localities in the Eastern Cape Province of South Africa
(Alice, n = 41; King William’s Town, n = 11; East London, n = 3; Lusikisiki, n = 3; EC
unknown, n = 2), 19 samples from Creighton (KZN), one unknown KZN sample and five
samples from the relic population in the Tzaneen area (Limpopo). Although the sample size of
the Limpopo population is small, this sample does represent a significant portion of the census

population (n = 80-100; Downs et al., 2014).
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The whole blood samples collected from wild parrots trapped by mist-netting were
stored on Whatman™ FTA™ Elute cards. Small moulted feathers were collected from under
feeding trees and muscle tissue biopsies were taken from Cape Parrot carcasses sent to the
University of KwaZulu-Natal for analysis. These muscle biopsies were stored in absolute
ethanol. DNA extraction from the whole blood stored on the Whatman™ FTA™ Elute cards
was performed following the manufacturer’s protocols. The NucleoSpin® Tissue kit
(Macherey-Nagel) was used for DNA extraction from the muscle tissue samples, following the
manufacturer’s suggested protocol. The modified protocol (described above for the archival
DNA extraction) was followed for both toe pad and feather samples. In feather samples the
whole tip of the quill was used for DNA extraction, making sure to include the small blood clot

found in the calamus.

@ Tzaneen

.Belag.Be,w,r’J

N
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l -~ Limpopo

- :"Mpuma\ar_}ga
KwaZulu-Natal

O KZN Unknown

‘Eastern Cape
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OEC Unknown
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L Lusikisiki
@ Frankford”
Alice’ @ @King William's Town
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Figure 3-1. Sampling sites for Cape Parrot (Poicephalus robustus) in South Africa. Grey
shading indicates the extent of current forest cover in the region (Mucina and Rutherford,
2006). The black circles indicate sampling sites with detailed locality information, with the
white circles representing samples from the Eastern Cape (EC Unknown) and KwaZulu-Natal
(KZN Unknown) that do not have precise locality information.
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3.3.3 Microsatellite amplification

A panel of 16 microsatellite markers designed specifically for use in P. robustus were used -
Prob01, Prob06, Prob09, Probl5, Probl7, Probl8, Prob23, Prob25, Prob26, Prob28,
Prob29, Prob30, Prob31, Prob34, Prob35 and Prob36 (Pillay et al., 2010). In each primer pair
the 5’ end of forward primer was labelled with fluorescent dye. The microsatellite panel was
divided into six multiplex sets (Multiplex 1: Prob06, Prob15 and Prob26; Multiplex 2: Prob30
and Prob36; Multiplex 3: Probl8, Prob25 and Prob31; Multiplex 4: Prob01, Prob09 and
Probl17; Multiplex 5: Prob23 and Prob28; Multiplex 6: Prob29, Prob34 and Prob35). The
PCR reactions for the contemporary samples (blood and muscle tissue samples) consisted of:
~2-30 ng template DNA, 5 ul KAPA2G Fast Multiplex mix (KAPA Biosystems), 0.2 uM of
each primer and dH>O to give a final reaction volume of 10 ul. Each 10 ul PCR reaction for
feather and archival toe pad samples consisted of: ~20-200 ng template DNA, 5 ul KAPA2G
Fast Multiplex mix, 0.2 uM of each primer, 0.3 pl of 1 mg/ml BSA and dH>O to final volume
of 10 ul. The same PCR cycle parameters were used for all multiplex reactions and consisted
of an initial denaturation step for 3 min at 94 °C followed by 30 cycles at 94 °C for 30 s, 60 °C
for 30 s, 72 °C for 30 s, and a final extension step for 5 min at 72 °C. The PCR cycles for the
feather and archival samples were extended to 40 cycles to increase amplification success. All
steps of the PCR setup, except the DNA addition step, was performed at a DNA free area to

avoid contamination.

All amplified products were sent to the Central Analytical Facility at Stellenbosch
University, South Africa for fragment analysis. The software program Gene Marker® v2.4.0
(Soft Genetics) was used for subsequent genotype scoring. To check for genotyping
consistency, I reamplified 20% of the fresh samples (whole blood, muscle tissue and feathers).
All archival samples were re-extracted and reamplified at least three times to ensure that

genotypes were consistently scored and to check for contamination.

3.3.4 Analysis of genetic variation

To better elucidate temporal changes in populations of Cape Parrots, historical (1870-1946)
and contemporary (1951-2014) samples were analysed separately. Analyses were also
conducted on the combined data set (1870-2014). Null allele frequencies were estimated for
each of the three data sets using the maximum likelihood (ML) method as implemented in ML-
NullFreq (Kalinowski and Taper, 2006). Null allele frequencies for each marker were also

estimated using the software program FreeNA (Chapuis and Estoup, 2007) using the
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Expectation Maximization algorithm (EM; Dempster et al., 1977). The null allele corrected
and uncorrected global Fst values were compared using the excluding null alleles (ENA)

method (Chapuis and Estoup, 2007).

The software program GenAlEx v6.5 (Peakall and Smouse, 2012) was used to assess
genetic diversity by calculating the number of alleles (Na), observed heterozygosity (Ho),
unbiased expected heterozygosity (uHg) and fixation index (F). Allelic richness (Ar) and
inbreeding coefticient (Fis) was calculated in FSTAT (Goudet, 2001). Allelic richness was
estimated using the rarefaction method as implemented in FSTAT, to account for differences
in sample sizes within the data. To assess the genetic differences between the contemporary
and historical data, genetic diversity values were compared per locus using the Wilcoxon

signed-ranked test applying a Bonferroni correction for multiple comparisons (Rice, 1986).

Polymorphic information content (PIC) estimates for each locus were calculated using
Cervus v3.0.7 (Kalinowski et al., 2007). PIC values ranging from 0-0.29 are considered as
uninformative, 0.3-0.59 are moderately informative and above 0.6 are highly informative
(Mateescu et al., 2005). Tests for deviation from Hardy-Weinberg equilibrium (HWD) and
estimates of genotypic disequilibrium (GD) between pairs of loci within sampling regions were
performed using GENEPOP v4.2 (Rousset, 2008) using the default settings for Markov chain

parameters.

3.3.5 Population structure analysis

To test for correlation between geographic distance and genetic distance, a Mantel test (Mantel,
1967) was performed for the historical, contemporary and combined data sets using GenAlEx.
Bayesian clustering analysis was performed on contemporary and historical data
independently. Analyses were also conducted on the combined data set, with the rationale that
if the contemporary structure corresponded to the historical one, the historical and
contemporary samples from the same geographical region should cluster together. On the other
hand, if the contemporary and historical structures differ, samples from the same region should
not cluster well or have more admixed membership. Bayesian clustering analysis was
performed using the program STRUCTURE v2.3 (Pritchard et al., 2010). To estimate the
number of genetic clusters (K), simulations were conducted with K ranging from 1 to 10 for
the contemporary and historical data sets and K ranging from 1 to 12 for the combined data set.
Twenty independent runs were performed for each K value, using 500,000 Markov chain

Monte Carlo (MCMC) replicates per run and a burn-in of 50,000 iterations. In each run the
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correlated allele frequencies and the admixture ancestry model were selected. The LOCPRIOR
was used, incorporating population locality information. STRUCTURE harvester (Earl, 2009)
was used to estimate the optimal number of genetic clusters using the method implemented by
Evanno et al. (2005). ClumpAK (available from http://clumpak.tau.ac.il) was used to estimate
the probability of membership (Q-values) for each individual and summarized for each genetic

cluster.

To estimate the level of genetic differentiation among localities, pairwise Fsr values
and analysis of molecular variance (AMOV A) were conducted using GenAlEx. The pairwise
Fsr and AMOVA analyses were performed for two grouping schemes. First, samples were
grouped according to sampling locality. For the histrorical data, individuals were assigned to
eight groups (Alice, King Williams’s Town, Frankfort, EC unknown, KZN unknown, Bela
Bela, Ermelo and Tzaneen). Seven groups (Alice, King Williams’s Town, East London,
Lusikisiki, EC unknown, Creighton and Tzaneen) were analysed for the contemporary data set,
with the one unknown contemporary KwaZulu-Natal sample included in the Creighton sample
set for this analysis. The samples from the combined data set were grouped into 11 groups
(Alice, King Williams’s Town, Frankfort, East London, Lusikisiki, EC unknown, Creighton,
KZN unknown, Bela Bela, Ermelo and Tzaneen). Geographically close populations were then
combined into three regional groupings for the historical, contemporary and combined analyses
(historical: South (Alice, King Williams’s Town, Frankfort, EC unknown), Central (KZN
unknown) and North (Bela Bela, Ermelo and Tzaneen); contemporary: South (Alice, King
Williams’s Town, East London, Lusikisiki, EC unknown), Central (Creighton) and North
(Tzaneen); combined: South (Alice, King Williams’s Town, Frankfort, East London,
Lusikisiki, EC unknown), Central (Creighton, KZN unknown) and North (Bela Bela, Ermelo

and Tzaneen).

To examine microsatellite variation temporally, a genotype network was constructed
using TempNet (Prost and Andersong, 2011). Collection dates were used to assign individual
genotypes to either historical (1870-1946) or contemporary (1951-2014) layers. By
construction of a temporal statistical parsimony genotype network, ‘ghost’ genotypes and
alleles lost through bottlenecks can be identified. The TempNet software is written to analyse
sequence data, so the microsatellite data for each individual was converted by assigning a
unique four nucleotide sequence to each allele. This produced 32, four nucleotide segments per

individual which was combined to produce a 128 bp segment per individual.
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3.3.6 Demographic history

The sample planning optimization tool for conservation and population genetics (SPOTG;
Hoban et al., 2013) was used to assess if the historical and contemporary data sets used had
enough statistical power to identify bottleneck events (Hoban et al., 2013). Three bottleneck
simulations and one temporal simulation were performed, using sample sizes of 29, 85 and 114
(Supplementary Table 3-2). The first bottleneck simulation was performed with recovery of
the simulated population after the bottleneck ended. Pre-bottleneck Ne was set at 1000 or 2000,
with Ne at the end of the bottleneck set at 100, 200 or 300. The start of the population decline
was set at 1000 years before present (YBP) and recovered Ne size of the population after a 100
years since the bottleneck event was set at 400 individuals. The second and third bottleneck
simulations were performed with the pre-bottleneck Ne set at 1000 or 2000 in each simulation,
with Ne at the lowest point during the population decline set at 100, 200, 300 or 400. Only the
start time for each of the second and third bottleneck simulations differed, with the one
simulation set at 100 YBP and the following simulation set at 1000 YBP. The temporal
simulation accounts for the inclusion of archival samples in the analyses. The temporal
(historical individuals) samples were set at 29, with the age of these samples set at 100 years.
The Ne of the ancient population was set at 1000, 2000 or 20,000, with the current Ne set at
300 or 400 individuals. The time since the population decline began was set at 100, 1000 or
2000 YBP. A generation time for Cape Parrots was set at 5 years, with the loci mutation rate
set at 0.0005 and 90% stepwise mutations for all simulations. A 1000 replicates were performed

per simulation (Supplementary Table 3-2).

Three methods were used to detect the genetic signature of population bottlenecks - the
heterozygosity excess method, mode-shift method and M-ratio test. The heterozygosity excess
method as implemented in the program Bottleneck v 1.2.02 (Piry et al., 1999) was used to
assess the possible occurrence of a bottleneck event within the historical, contemporary and
combined data sets, using the Wilcoxon sigh-rank test method of Luikart and Cornuet (1998).
This method is effective in detecting recent declines in Ne and assumes that populations that
recently suffered a decline in Ne will have a higher level of heterozygosity as opposed to a
population at mutation-drift equilibrium (Cornuet and Luikart, 1996). Given the limited sample
size of the historical samples (1870-1946) analysis was performed placing all individuals in a
single group. Two analyses were performed for the contemporary data (1951-2014). One
analysis grouping individuals according to geographical origin of the individuals (South,

Central and North; see results), and a second analysis with all individuals grouped together.
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Two mutation models were chosen, the TPM model for microsatellites (Di Rienzo et al., 1994)
with 90% and 95% stepwise mutations following Garza and Williamson (2001) and Dussex et
al. (2015) with a variance of 12 as suggested by Piry et al. (1999), to encompass the observed
range of multistep mutations in natural populations (Di Rienzo et al., 1994); and the stepwise
mutation model (SMM). The mode-shift test was used as implemented in Bottleneck v1.2.02
to assist in discriminating between recent bottlenecked and stable populations (Luikart et al.,
1998). The mode-shift distortion caused by a population decline can only be detected within a
few dozen generation (Tucker et al., 2012), therefore only very recent bottleneck events will
be detected by this method. The M-ratio test is more appropriate for detecting bottlenecks that
occurred at a more distant time (<100 generations) than the heterozygote excess method (Peery
et al., 2012, Williamson-Natesan, 2005). The M-ratio analysis was performed using M-P-Val
and Critical M (Garza and Williamson, 2001). Pre-bottleneck N. values were set at 100, 1000
and 2000 individuals, with a constant mutation rate of 5 x 10*. Two TPM mutation models
were followed. The first parameter set is more widely used with single step mutations of py =
0.88 and the number of steps for multi-step mutations at Ag = 2.8 and a second parameter set,

described to be more conservative, with p; = 0.9 and Ag = 3.5 (Garza and Williamson, 2001).

A coalescent-based Bayesian method was used to estimate the change in effective
population size through time, using the program MSVAR 1.3 (Beaumont, 1999, Storz and
Beaumont, 2002). Eight simulations were run for each heterochronous data set (historical,
contemporary and combined). The coalescent-based method used in MSVAR is known to be
affected by strong population structure (Radespiel and Bruford, 2014). For this reason analyses
were also performed on the three regional groupings (South, Central and North) independently.
A generation time of five years was chosen (Wirminghaus et al., 2001a). Five simulations for
each contemporary regional data set (South, Central and North) was performed. Each
simulation consisted of 2 x 10% iterations with output values recorded every 10000 step per
simulation. Prior distribution settings used are provided in Supplementary Table 3-3. The first
50% of the output from each chain was removed as burn-in. Convergence of MCMC chains
was assessed using Tracer v1.5 (Rambaut and Drummond, 2007). The simulations for each
data set were then combined, giving 80000 sampling points for the heterochronous data sets
and 50000 for each contemporary subpopulation. The mean and 95% highest posterior densities

(HPD) were estimated in Tracer.
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3.3.7 Contemporary vs historical gene flow

The program 2MOD v0.2 (Ciofi et al., 1999) was used to estimate the relative effect of
migration-drift versus genetic-drift alone on the population structure of the historical and
contemporary data. The program compares a migration-drift equilibrium model (gene flow
model) versus a non-equilibrium model with drift and no gene flow among subpopulations
(drift model; Ciofi et al., 1999). Each simulation consisted of 500000 MCMC iterations with
the first 10% discarded as burn-in. Convergence of the MCMC run were assessed using Tracer,
when the effective sample size (ESS) values of all parameters exceeded 200. The probability
that two genes share a common ancestor within a particular population (F) and the number of
migrants per population (M = (1-F)/2F) was used to assess the strength of interaction between
gene flow and genetic-drift. Small F values indicate that the population is strongly influence

by gene flow, with large F values indicating a larger influence of genetic drift.

Gene flow among Cape Parrot subpopulations in the historical and contemporary data
sets were estimated using the program BayesAss v1.3 (Wilson and Rannala, 2003). Analyses
were performed to test for gene flow among the three regional groupings (South, Central and
North) for the historical and contemporary data sets. A second gene flow analysis was
performed among four groupings for the contemporary data set, using the three regional
groupings as suggested by STRUCTURE and placing Lusikisiki and EC unknown in a separate
group as these specimens showed signs of admixture from the South and Central clusters
(Group 1: Alice, King William’s Town and East London; Group 2: Lusikisiki and EC
unknown; Group 3: Creighton and KZN unknown; Group 4: Tzaneen). Three independent runs
were conducted each consisting of 1 x 107 iterations, with a burn-in of 4 x 10° and a sampling
frequency of 2000. The delta values for each parameter were adjusted to achieve a 40% — 60%
acceptance rate as recommended in the BayesAss manual. The final delta values used were:
delta allele frequency = 0.4, delta migration rate = 0.1 and delta inbreeding coefficient = 0.5.
Migration rates below 0.10 indicate that the two populations are demographically independent

(Hastings, 1993).

3.4 Results

3.4.1 Genetic diversity

For this study a total of 114 individuals (historical = 29; contemporary = 85) were genotyped

using 16 microsatellite loci. Given that DNA quality of archival samples is expected to be lower
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than fresh samples (Wandeler et al., 2007), it is unsurprising that the historical data set
contained the highest amount of missing data, with 15.517% missing data across all loci. In
contrast, a minimal amount of missing data were included in the contemporary data set, with
only 0.74% missing data across all loci. The mean null allele frequency over all loci and
samples was 4.4% (Na; Supplementary Table 3-4). As expected, the historical data set had the
highest level of null alleles (Na = 11.6%), with a null allele frequency of only 2.6% observed
for the contemporary data set. These observed null allele values are, however, well below
values reported in other studies (Dakin and Avise, 2004) and there was no significant difference
between ENA corrected and uncorrected Fst values (p-value > 0.003) and all loci were used
for the subsequent analyses. Hardy-Weinberg equilibrium estimates showed that within the
historical data seven loci (Prob01, Probl5, Probl7, Prob23, Prob26. Prob34 and Prob36, p-
value < 0.05) deviating from equilibrium. Only two loci (Probl5 and Probl7; p-value < 0.05)
deviated significantly from Hardy-Weinberg equilibrium within the contemporary data. No

signs of linkage disequilibrium was detected in either the historical and contemporary data sets.

Private alleles were detected in the historical (n = 9) and contemporary data sets (n =
39; Table 3-1). The detection of private alleles within the historical data set could be an
indication of ‘ghost alleles’ suggesting the possible loss of alleles from the contemporary Cape
Parrot populations. All genetic diversity estimates, except PIC and uHg, showed significant
differences between the historical and contemporary data sets (p-value > 0.003). The PIC
values of loci across all samples ranged from 0.172 (Prob36) to 0.936 (Probl7) with a mean
PIC of 0.598 (SE = 0.053; Supplementary Table 3-4). For the combined data set 10 of the 16
loci were highly informative with PIC values ranging from 0.625 to 0.936, five loci were
moderately informative with PIC values ranging from 0.302 — 0.569 and one locus (Prob36)
was uninformative with a PIC of 0.172 (Supplementary Table 3-4). The average number of
alleles, allelic richness and observed heterozygosity were highest for the contemporary data set
(Table 3-1). The inbreeding coefficient indicated significantly lower levels of heterozygotes
within the historical samples (Fis = 0.314), with low levels of inbreeding observed within the
contemporary samples (Fis = 0.039). The level of genetic diversity was not significantly
different between historical and contemporary samples, and only slightly higher for the

contemporary samples (Table 3-1).

The genetic diversity for each regional grouping using contemporary data were also
assessed. The average number of alleles and allelic richness was the highest for the South group

and Central group (Table 3-1). The Central group had the highest observed heterozygosity (Ho
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=0.647, SE = 0.058). Low levels of inbreeding was observed in the South group (Fis= 0.042),
with slightly negative values for the Central and North groups (Table 3-1). The South and
Central groups contain the highest level of genetic diversity (Table 3-1). The heterozygosity
estimates observed for the contemporary Cape Parrot population are within range of genetic

diversity estimates observed in three other old world parrot species.
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Table 3-1. Sampling details and genetic diversity for each Poicephalus robustus population analysed in the current study. Standard error values
for the mean number of alleles, observed heterozygosity, unbiased expected heterozygosity and allelic richness are provided in parentheses.

Region/Time Number of Average number Observed Unbiased Expected Allelic Inbreeding Private

period: samples: of alleles (Na) Heterozygosity Heterozygosity richness coefficient alleles (Pa):
(Ho): (uHg): (Ar): (Fis):

Historical 29 3.688 (0292) 0.445 (0.041) 0.604 (0.035) 4.302(0.314) 0.314 9

(1870-1946)

South 15 4.188 (0.579) 0.382 (0.058) 0.604 (0.051) 2.792 (0.222) 0.384 15
Central 4 2.688 (0.373) 0.443 (0.093) 0.563 (0.084) NC** 0.258 2

North 10 4.188 (0.476) 0.509 (0.057) 0.645 (0.044) 2.985 (0.224) 0.224 14
Contemporary 85 4917 (0.561) 0.617 (0.033) 0.613 (0.030) 7.239 (0.039) 0.039 39

(1951-2014)

South 60 6.563 (1.252) 0.605 (0.055) 0.632 (0.053) 3.791 (0.400) 0.042 23
Central 20 5.313 (0.898) 0.647 (0.058) 0.635 (0.050) 3.708 (0.386) -0.02 6
North 5 2.875 (0.340) 0.600 (0.063) 0.572 (0.052) 2.875 (0.340) -0.055 5
All specimens: 114 5.854 (0.599) 0.581 (0.030) 0.633 (0.028) 7.680 (0.095) 0.095

South 75 6.563 (1.252) 0.574 (0.053) 0.632 (0.053) 4792 (0.651) 0.093 22
Central 24 5.313 (0.898) 0.625 (0.059) 0.632 (0.053) 4.718 (0.667) 0.011 6
North 15 2.875 (0.340) 0.544 (0.044) 0.634 (0.043) 4725 (0.638) 0.146 8

* Negative values were converted to zero
** Value could not be calculated due to missing data



3.4.2 Historical vs contemporary population structure

Mantel test estimates showed no correlation between pairwise geographic and pairwise genetic
distances for any of the data sets. Using the historical data the Bayesian clustering analysis
recovered two clusters as the most probable number of genetic clusters (K = 2, mean LnP(K)
= -985.140; Supplementary Figure 3-1), following the methods of Evanno et al. (2005). These
two genetic clusters were geographically correlated (Figure 3-2). The results of this analysis
group together samples from the Eastern Cape distribution of Cape Parrots (Alice, Q = 0.869;
Frankfort, Q = 83; King William’s Town, Q = 0.551; Figure 3-2). The remaining samples (EC
Unknown, Q = 0.97; KZN unknown, Q = 0.856; Ermelo, Q = 0.603; Bela Bela, Q = 0.957;
Tzaneen, Q = 0.94) belong to the second genetic cluster. There is some evidence of admixture
as one of the Ermelo samples (LH 10) clustered strongly with the southern Eastern Cape cluster
(Q = 0.833). In this analysis of historical samples there is no evidence of genetic isolation of
the northern Limpopo population. In contrast, Bayesian analysis of the contemporary data
recovered three genetic clusters (K = 3, mean LnP(K) = -3683.365; Supplementary Figure 3-
1). The Eastern Cape and KZN Cape Parrot populations cluster separately in this analysis,
although individuals collected from Lusikisiki (Q = 0.51 for the Southern cluster) and EC
Unknown (Q = 0.81 for the Central cluster) do show admixture. Lusikisiki is located on the EC
and KZN boundary and this population could represent the transitional zone separating the
South lineage from the Central lineage. A striking result to emerge from the analysis of the

contemporary data is the genetic distinctiveness of Limpopo population (Q = 0.99).

In general historical samples clustered together with contemporary samples from the
same geographic region in the combined analysis (Figure 3-2). For example the historical KZN
unknown samples clustered with the Creighton and contemporary KZN unknown samples and
the historical Alice and King William’s Town samples clustered with their contemporary
counterparts, with the Frankford samples strongly clustered with the South lineage (Q = 0.94).
Two of the historical Tzaneen samples (LH03 and LH04) also clustered with their
contemporary counterparts. In contrast, the two remaining historical Tzaneen samples (LH0!
and LH02) showed signs of admixture between the South and Central lineages. The four
historical and two contemporary EC unknown samples and the four Bela Bela and one of the
Ermelo samples clustered with the Creighton and KZN unknown samples. The remaining

Ermelo sample showed signs of admixture between the South and Central lineages.
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The STRUCTURE analyses were supported by pairwise Fsr values. The historical data
set showed significant genetic partitioning between the South and Central groupings (Fst =
0.067; P-value = 0.001). There was no support for the differentiation between isolated northern
populations of Bela Bela, Ermelo and Tzaneen from the central Cape Parrot population (Fst =
0.025; P-value = 0.148) or between the southern and central populations (Fst = 0.014; P-value
= (0.225). The contemporary and combined data sets, however, showed significant genetic
differentiation between the three regional groupings (South, Central and North; Table 3-2). The
global Fst values significantly differed from zero for all three data sets (historical, Fst = 0.049;
p-value = 0.001; contemporary, Fst = 0.034, p-value = 0.001; combined, Fst =0.026, p-value
= 0.001). The analysis of molecular variance (AMOVA) conducted using the historical data
indicate that 5% of'the variation is observed between sampling regions, 39% among individuals
and 56% within individuals. A similar trend was seen with the contemporary data, with 3% of
the genetic variation observed among sampling regions, 4% between individuals and 93%
within individuals. Similar results were recovered when the samples were grouped according

to sampling locality (Supplementary Table 3-5).

The temporal statistical parsimony network (Figure 3-3) showed that no genotypes
were shared between historical and contemporary samples. This analysis showed how
historical samples are ancestral to many contemporary lineages. Five historical genotypes form
the central position within contemporary clades that exhibit a starburst pattern. This pattern is
usually seen in taxa that have undergone a recent range expansion or population expansion
from a small number of founders. Two historical EC specimens, in particular, have given rise
to multiple contemporary individuals which are found in contemporary populations in EC and
KZN. Specimen ECH10 (Frankfort, EC) is linked to 20 contemporary Cape Parrots (EC, n =
5; KZN, n=15) and ECH22 (unknown EC) to 16 contemporary individuals (EC, n=13; KZN,
n = 3;). This could be an indication that the historical Cape Parrot lineages might have been

more widespread than their contemporary counterparts.

Table 3-2. The pairwise Fsr estimates for the combined data set and the historical and
contemporary data sets. Comparisons were made between the three sampling regions; South,
Central and North. The pairwise Fst values are below the diagonal, with p-values above the
diagonal. The significance threshold was adjusted for multiple tests: p-value = 0.003.

Historical data set: Contemporary data set: Combined data set:
Southern  Central  Northern Southern  Central  Northemn Southern  Central  Northern
Southern * 0.225 0.001 Southern * 0.007 0.001 Southern * 0.004 0.001
Central 0.014 * 0.148 Central 0.014 * 0.001 Central 0.013 * 0.003
Northern 0.067 0.025 * Northern 0.091 0.078 * Northern 0.043 0.031 *
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Figure 3-2. The estimated population genetic structure of Poicephalus robustus in South Africa using historical, contemporary and combined data
sets (left). Each vertical line in the barplot represents an individual and is coloured according to every individual’s estimated membership
coefficient (Q) values. Asterisks indicates historical samples. The mean Q-values of each cluster is provided. Maps showing the Mean Bayesian
assignment probabilities per locality for historical, contemporary and combined data sets (right). Each colour indicates the mean proportion of
individual’s genotypes assigned to a particular lineage in each locality.
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Figure 3-3. A temporal statistical parsimony network displaying the relationships between historical and contemporary genotypes. The
network is based on individual 16 loci genotypes. Genotypes are represented by circles (historical) or rectangles (contemporary) colour codes
to represent sampling region (blue = South; Green = Central; Red = North), with empty circles and rectangles representing genotypes absent
from the given time period. Stippled lines indicate ancestral genotypes.



3.4.3 Demographic history

The SPOTG analyses indicated that the temporal model had the strongest power, with a 100%
statistical power for scenarios with a high ancient Ne (Ne = 20 000) and current Ne values of
300 or 400 individuals using sample sizes of 114 and 85. Additionally two of the bottleneck
scenarios also showed high statistical power. A bottleneck event at 1000 years (yrs), with an
ancient Ne of 2000 and current Ne of 100, showed the strongest power at 82.2%. The bottleneck
simulation with recovery showed strong power using an ancient Ne of 2000, with the lowest
Ne during the bottleneck at 100 and a current ‘recovered’ Ne at 400, with 79.1% statistical

power for a sample size of 114 and 80.2% for a sample size of 85 (Supplementary Data 3-1).

Bottleneck analysis using the heterozygote excess method, implementing TPM models
with 90% and 95% stepwise mutations, only showed signs of a recent (early 1900°’s) bottleneck
for the South and North regional groupings of contemporary Cape Parrot populations (Table
3-3). The more conservative SSM model (Luikart and Cornuet, 1998), however, showed no
signs of a bottleneck event. Only the North group showed significant deviation from the normal
L-shaped distribution of allele frequencies expected from a population in mutation-drift
equilibrium, providing strong evidence of a recent population decline in this population. The
M-ratio analyses showed no signs of bottlenecks in any of the data sets, with M-ratio values

ranging from 0.645 to 0.826.

A severe decline in effective population size (Ne) was observed for all data sets
following change in effective population size analyses in MSVAR. The ratio of the
contemporary and historical population sizes (r = Nc¢/Nu) where used to assess the direction of
demographic change, with r < 1 indicating a population decline and r > 1 a population
expansion. All r values were smaller than 0.0021 (Table 3-4). This indicates that the
contemporary effective populations size (N¢) is less than 1% of the historical effective
population size (Nx). The historical effective population sizes for the three main data sets were
large (historical Ny = 236047.823, contemporary Ny = 269153.48 and combined Ny =
278612.117), with much smaller contemporary effective population sizes (historical N¢ =
104.713, contemporary Nc¢ = 305.492 and combined Nc = 495.45), indicating a severe
bottleneck. None of the 95% HPD intervals overlapped between Nc and Np. There is clear
support for a population decline occurring long before European settlement of South Africa in
the 17™ century, with the average time since the decline estimated at 2649.289 YBP (historical:
2437.811 YBP; contemporary: 2355.049 YBP; combined: 3155.005 YBP). Estimates for the
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three contemporary regional clusters also supported a drastic population decline (rsouth = 0.0008
— 0.0014; reentrat = 0.0003 — 0.0004; rnorh = 0.00023 — 0.00024) with the time since decline
ranging from 1807.174 —3026.913 YBP (Table 3-4). The N¢ value for the contemporary data
(Nc = 305.492) was three times larger than a century ago, as the Nc recovered from the
historical data is three times lower (Nc = 104.713). This suggests that although the Cape Parrot
population experienced a drastic population decline circa 2600 YBP, contemporary

populations have increased during the last century.
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Table 3-3. Bottleneck results (p-values) obtained from a signed rank Wilcoxon test for heterozygous excess (one tail) using two mutation models,
the Mode-shift test and the M-ratio method for bottleneck detection. The two-phase mutation (TPM) and single-step mutation (SSM) models were
used for the heterozygous excess tests. The Bonferroni correction was applied to all p-values (p-value = 0.003).

Historical South (n Central North (n Contemporary All samples

Test Parameter (n=29) =60) (n=20) =5) (n=285) (n=114)
He excess TPM (90% SMM) 0.391 0.003 0.004 0.0001 0.334 0.57

TPM (95% SMM) 0.53 0.003 0.005 0.0001 0.353 0.812

SMM 0.666 0.59 0.334 0.008 0.666 0.884
Mode
shift NO NO NO YES NO NO
M-Ratio  p,=0.88 Ag=12.8

0=0.2; Ne=100 Mc 0.532 0.532 0.531 0.528 0.534 0.533

0 = 4; Ne = 2000 Mc 0.542 0.586 0.517 0.415 0.605 0.618

0=10; Ne=5000 Mc 0.543 0.517 0.507 0.281 0.632 0.652

M-Ratio 0.78 0.826 0.82 0.645 0.817 0.772

ps=0.9 Ag=3.5

0=0.2; Ne= 100 Mc 0.456 0.457 0.457 0.455 0.458 0.456

0 =4; Ne =2000 Mc 0.453 0.493 0.429 0.34 0.511 0.527

0=10; Ne=5000 Mc 0.455 0.606 0.42 0.349 0.544 0.563

M-Ratio 0.78 0.826 0.82 0.645 0.817 0.772




Table 3-4. Estimates of effective population size changes over time as calculated in MSVAR
using the exponential model. The 95% highest posterior density for each estimate is provided
in parentheses.

Mean ancestral effective = Mean current effective Time (in years) since

population size (Ng): population size (N¢): decline: r = Nc/Nu
Historical 236047.823 104.713 2437.811 0.0004
n=29) (67142.885 - 824138.115)  (25.351 - 436.516) (645.654 - 8933.055) (0.0004 - 0.0005)
Contemporary 269153.48 305.492 2355.049 0.0011
(n=85) (83176.377 - 847227.414)  (69.984 -1462.177) (568.853 - 8810.489) (0.0008 - 0.0017)
South 272270.131 275.423 3026.913 0.001
(n=60) (86696.188 - 843334.758)  (69.823 - 1150.800) (874.984 - 9931.160) (0.0008 - 0.0014)
Central 198609.492 69.502 1807.174 0.0003
(n=20) (56234.133 - 685488.226)  (17.458 - 286.418) (454.988 - 7311.391) (0.0003 - 0.0004)
North 169433.78 40.272 1815.516 0.0002
(n=5) (44771.330 -656145.266)  (10.447 - 154.882) (473.151 - 7379.042) (0.0002 - 0.0002)
Combined 278612.117 495.45 3155.005 0.0018
(n=114) (85506.671 - 897428.795)  (127.938 - 1896.706 (824.138 - 12941.958) (0.0015 - 0.0021)

3.4.4 Gene flow

The 2MOD estimates indicated that the migration-drift model best fits both the historical and
contemporary data (historical P = 0.558, contemporary P = 0.502; Supplementary Table 3-6).
There were regional differences in the contribution of migration and genetic drift among the
contemporary Cape Parrot populations. Migration had a larger effect on the contemporary
South (F=0.011, M =44.183) and Central (/= 0.028, M = 17.44) regions; with drift playing
a bigger role in the North (F = 0.214, M = 1.836). In contrast, migration played an important
role for all three regions in the historical data set (South £ = 0.037, M = 13.069; Central F' =
0.045, M =10.673; North F =0.035, M = 13.721), indicating that when the historical samples
were collected (1870 -1946) there was still high levels of gene flow between the now isolated

Limpopo population and the rest of the distribution.

Migration rates estimated by BayesAss were largely unidirectional. Migration analysis
of the historical data indicates that there was gene flow between populations in South and
Central geographical regions (m = 0.12, % confidence interval (CI) = 0.012 - 0.282) and
between the Central to North regions (m = 0.119, 95% CI = 0.002 - 0.258). This was
unsurprising given the STRUCTURE results, but what is interesting is that BayesAss analysis

suggests that gene flow occurred in strictly South to North direction with very limited
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bidirectionality. A similar pattern of gene flow was observed in the contemporary data.
Analysis indicated elevated migration rates between individuals when the data were grouped
by region (South-Central, m = 0.278, 95% CI = 0.182 - 0.327; Central-North, m = 0.199, 95%
CI=0.001 - 0.286) or by sampling locality (Alice/King William’s Town-Lusikisiki, m = 0.222,
95% CI=10.097 - 0.311; Alice/King William’s Town-Creighton, m = 0.267, 95% CI =0.176 -
0.325; Creighton-Tzaneen, m = 0.181, 95% CI = 0.001 - 0.307) (Figure 3-4). This analysis
suggests that the South population may act as source for northern Cape Parrot populations as
the highest migration rates were observed from South to Central regions (m = 0.278, 95% CI
=0.182 - 0.327). In contrast to STRUCTURE results which indicated that the contemporary
Limpopo population is isolated from the rest of Cape Parrot distribution, the migration analysis
indicates some gene flow between the contemporary and Central and North regions (m = 0.199,
95% CI = 0.001 - 0.286). This value may be due to the retention of ancestral alleles in
individuals belonging to the North population, as these populations are separated by large areas

of unsuitable habitat for Cape Parrot and it is unlikely that contemporary migration occurs.
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Figure 3-4. Migration rates (m), estimated using BayesAss from the contemporary data.
Samples were grouped according to (a) the three sampling regions and b) individual sampling

locality sites. Higher migration rates are indicated by thicker lines. The 95% confidence
interval is provided in parentheses.
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3.5 Discussion

Many studies have used DNA from contemporary populations to infer past demographic
changes in populations of South African species (Eick et al., 2005, Herron et al., 2005, Tolley
et al., 2006). This indirect approach, although useful, may not accurately reconstruct changes
in population structure over time. For example, low levels of genetic variation in contemporary
populations could be the result of recent anthropogenic-driven changes, or could represent an
ancestral state (Wandeler et al., 2007). Advances in molecular biology now allows historical
and even ancient genotypes to be added to phylogeographic studies (Bouzat et al., 1998, Dussex
et al., 2015, Edwards et al., 2012, Groombridge et al., 2000, Welch et al., 2012) allowing for
temporal changes in allele frequencies and effective population size to be directly measured.
This is the first study in South Africa to use archival genotypes to directly measure changes in
the phylogeographic pattern of a range-restricted species over time. Using microsatellite data,
this study recovered high levels of spatial genetic structuring within this southern African
endemic parrot species. The results showed clear differences between the historical and
contemporary genetic structure of Cape Parrot populations. Analysis of microsatellite data
provides evidence in support of at least three independently evolving lineages within the
species. The South group is distributed within the Eastern Cape Province mistbelt forests, the
Central group is found within the KwaZulu-Natal mistbelt forests and the relictual Northern
group is found in the Limpopo Province mistbelt forests in the vicinity of Tzaneen and the

Magoebaskloof area.

3.5.1 Historical vs contemporary population structure

Bayesian structure analysis of historical and contemporary data recovered strikingly different
patterns of phylogeographic structure (Figure 3-2). In particular, the historical and
contemporary data do not agree on the genetic affinity of the Tzaneen lineage. This lineage
represents the most northern distribution boundary of this species. In the historical data there
is no evidence to suggest the genetic distinctiveness of the Tzaneen lineage with individuals
genotyped from this region clustering together with populations in Mpumalanga, and KZN. In
contrast, genotypes from Tzaneen collected after 1950 form a separate well-supported cluster
(Q = 0.99) with analyses providing evidence that this population is genetically isolated from
all other South African parrots. The temporal sampling used in this study suggests that the

genetic isolation of the Tzaneen lineage has occurred rapidly (within the last century), which
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highlights anthropogenic influence as the main driver of genetic differentiation of this
population. The distribution of historical records provide additional evidence of severe habitat
loss during the last century with six historical specimens included in the study collected in areas
of South Africa (Bela Bela, Limpopo and Ermelo, Mpumalanga) were neither Cape Parrots or

Podocarpus/Afrocarpus species are currently found (Figure 3-1; Supplementary Table 3-1).

The role gene flow and genetic drift have played on the demographic history of these
parrots have also changed over time. It is clear from the historical data that migration played a
larger role than drift alone in all three regional groups of Cape Parrots, probably because forest
fragmentation was likely less extensive a century ago. This higher level of connectivity
observed in the historical data set is further supported by the STRUCTURE results (Figure 3-
2). The contemporary data set on the other hand showed larger effects from genetic drift within
the northern region. Current vegetation records clearly indicate a large area, unsuitable to Cape
Parrots, between the northern and southern mistbelt forests (Mucina and Rutherford, 2006),
isolating the northern Cape Parrot population from the other populations. Modern-day gene
flow between populations from these regions is unlikely. The moderate levels of gene flow that
was detected between the northern and central regions can be attributed to the retention of
ancestral alleles within the northern Cape Parrot population. It should be noted that higher
migration rates were observed from the southern populations into the central region. There is
clearly a higher level of connectivity between the southern and central populations, leading to
higher migration rates between these regions. Conservation of these mistbelt forests is therefore

crucial to allow natural gene flow to occur between the southern and central populations.

3.5.2 Recent population decline

There is no doubt that the extensive logging of indigenous forests during the colonial period
(1850 to 1940; McCracken, 1986, Rycroft, 1942) has had a detrimental effect on populations
of Cape Parrots. The genetic signatures of population decline are often subtle and difficult to
detect in very recent bottleneck events (Cornuet and Luikart, 1996, Luikart et al., 1998). In the
current study a number of private alleles were identified within the historical data set,
suggesting the possible recent loss of allelic diversity (‘ghost alleles’) in the contemporary
Cape Parrot population. The occurrence of a recent bottleneck was supported by the detection
of'a bottleneck event in the southern and northern groups using the heterozygote excess method
in BayesAss, although none was detected with the M-ratio analysis (Table 3-3). The detection

of'a more recent population bottleneck can be hampered if the genetic diversity at the time of
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the bottleneck is already low due to the occurrence of a more ancient population decline
(Cornuet and Luikart, 1996) as is the case here (see below) as M-ratio estimate change slowly
immediately after a bottleneck, whereas heterozygosity excess tests are more sensitive (Peery

et al., 2012, Williamson-Natesan, 2005).

3.5.3 Ancient population decline

Although human-mediated habitat loss has certainly had a profound effect on indigenous Cape
Parrot populations, the role of long-term ancient climatic change cannot be discounted. The
molecular data provides strong support for a drastic population decline dated at ~1815 yrs BP
(North population), ~1807 yrs BP (Central population) and up to ~3026 yrs BP (South
population). These dates predate European settlement of South Africa which occurred during
the early 17" century. Southern African climate changes are known to have underwent
significant regional fluctuations during the Holocene (Chase et al., 2009, Lee-Thorp et al.,
2001, Metwally et al., 2014, Scott and Vogel, 2000). The rapid decrease in Podocarpus
containing forests in eastern South Africa noted by Neumann et al. (2010) from ca. 3600 cal
yrs BP to ca. 3500 cal yrs BP, falls within the 95% HPD of the time since population decline
detected for the Central Cape Parrot lineage in the current study (Central; Time since decline
= 1807.174 yrs BP, 95% HPD: 454.988 - 7311.391). A rapid climate change (RCC) event was
also noted to cause extensive arid conditions in Eastern Africa from ca. 3500 yrs BP to ca. 2500
yrs BP (Mayewski et al., 2004). It was suggested that this RCC event could be linked to the
dry period experienced along the South African eastern coast as noted by Neumann et al.
(2010). Mazus (2000) reported a similar decrease in Podocarpus containing forests ca. 3100
yrs BP in KwaZulu-Natal. This decline in Podocarpus densities was a regional phenomenon
across KwaZulu-Natal from ca. 3100 yrs BP, which is strongly linked to the dry period during
the late Holocene (Neumann et al., 2010). This decline in Podocarpus densities occurring
within the same time period as the decline estimated for the Central Cape Parrot lineage. This

decrease in suitable habitat, could be seen as the cause to the Cape Parrot decline.

A shift from C3 to C4 plants were observed in the Pondoland, Eastern Cape area during
the middle Holocene (Fisher et al., 2013). This points to drier conditions in this region during
the middle Holocene (~3000 BP), since C4 plants are generally more drought resistant than C3
plants (Tilman and Downing, 1994). It can therefore be assumed that a reduction of

Podocarpus forests (C3 plants) might also have occurred in this region during the estimated
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Cape Parrot population decline observed for the South lineage (Time since decline = 3026.913

yrs BP, 95% HPD: 874.984 — 9931.160).

Cool, dry conditions were recorded at Wonderkrater, Limpopo and Tswaing Crater,
Gauteng (Metwally et al., 2014, Scott, 1999, Scott et al., 2003) at around 2000 cal yrs BP. It
was also noted that Podocarpus forests in the Zoutpansberg region, Limpopo declined at ca.
1500 yr BP (Scott, 1987), coinciding with the arrival of early Iron Age people in Limpopo at
around 1700 yr BP (Evers, 1975, Klapwijk, 1974, Maggs, 1984). These early settlers might
have cleared forest for settlements and pastures (Bruton et al., 1980, Neumann et al., 2008).
Drier conditions and early anthropogenic factors could have led to declines in Podocarpus
containing forests, and thus adversely influencing local Cape Parrot populations. This time
period overlaps with the 95% HPD for the time since the Cape Parrot population decline
estimate for the northern region (Time since decline = 1815.516 yrs BP, 95% HPD: 473.151 -
7379.042).

These decreases in Podocarpus forests would have deprived ancient Cape Parrot
populations from food and nesting sources. This, in turn, would have placed these birds under
tremendous pressure to survive, which might have led to the population decline observed in
Cape Parrots during the mid-Holocene. Both the ancient climate driven habitat fragmentation
and the more recent anthropogenic habitat contraction have most definitely influenced the
current population structure observed for the Cape Parrot in South Africa. In addition to the
decrease in Podocarpus sp., Neumann et al. (2010) also observed declines in other forest plant
genera namely Isoglossa, Minusops, Manilkara and Acacia ca. 3600 cal yrs BP to ca. 700 cal

yrs BP.

3.5.4 Population recovery

There were no significant differences in uHE between the historical and contemporary data
sets, but a significant difference was observed in allelic richness levels. Allelic richness tend
to be affected by population fluctuations at a faster rate than levels of heterozygosity
(Kalinowski, 2004, Maruyama and Fuerst, 1985). The lower allelic richness and higher
inbreeding values observed for the historical data set, suggest that the population had started to
recover from the ancient climate-change driven population contractions. One mechanism
responsible for an increase in allelic richness following a bottleneck is gene flow (Greenbaum
et al., 2014, Lacy, 1987) as new migrants can introduce new alleles to the recipient population.

Recovery of the Cape Parrot populations can also be observed in the increase in Ne over the
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last century. The classic starburst pattern observed in the statistical parsimony genotype
network is also indicative of a population which has recently undergone a rapid
range/population expansion. The end of extensive commercial logging practices in South
Africa during the early 1900’°s might have allowed the Cape Parrots to adjust to their altered
habitat, allowing the population to recover. An increase in genetic variation, over a relatively
short time (<30 years), has been recorded in a great reed warbler (Acrocephalus arundinaceus)
population founded by only a few individuals in 1978 (Hansson et al., 2000). It has been
suggested that the way bird species will react to large-scale population declines is largely
associated with resource specialization and brain size (Shultz et al., 2005). Parrots are known
to be highly intelligent animals, demonstrating ape-like intelligence (Emery, 2006). The Cape
Parrot’s ability to utilize food sources other than Podocarpus/Afrocarpus kernels
(Wirminghaus et al., 2002) and their high level of intelligence can certainly assist these birds

to recover from a population decline following habitat loss.

The ability of avian species to recover from catastrophic population declines has been
well recorded. The Echo parakeet, for instance, was able to recover from only 20 birds
following an intense management program (Duffy, 1993, Lovegrove et al., 1995, Raisin et al.,
2012). Raisin et al. (2012) highlighted the effectiveness of intense conservation management
on the genetic structure of a recovering population and reducing the risk of inbreeding effects.
The Mauritius kestrel is another well-known success story. These birds recovered from only
four wild birds, including one breeding pair (Jones, 1987, Jones et al., 1995), to an estimated
200 birds in 1997 (Safford and Jones, 1997). This species underwent a reduction in fitness, but
an improvement has been observed since the bottleneck (Groombridge et al., 2000, Jones et

al., 1995).

3.5.5 Conservation implications

The mid-Holocene population contraction led to a severe decrease in the effective population
size of the Cape Parrot, which in turn led to decreased levels of allelic diversity. This reduced
population suffered an additional decrease in population size through anthropogenic habitat
destruction. The genetic data does suggest a tentative signs of a more recent bottleneck, but it
was observed that the Cape Parrot populations are either in the process of recovering or have
already recovered from the population decline. It is, however, important to monitor the Cape
Parrot populations in spite of the observed signs of population recovery. The more recent

population contraction event led to the isolation of the northern Cape Parrot population from
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the remaining populations. The northern Cape Parrot population is clearly a distinct isolated
population, and it is therefore important to monitor the genetic health of this population to

prevent possible inbreeding.

The two populations at the southern end of the distribution (Alice and King William’s
Town, Eastern Cape) clearly play an important role as source populations for migrats to the
intermediate Lusikisiki (Eastern Cape) and the central Creighton (KwaZulu-Natal)
populations. The highest levels of genetic diversity were also observed within the southern
populations, highlighting the significance of these populations for future conservation
management planning. These populations can be used as source populations for future
translocations. Birds from the central Cape Parrot populations can for instance be used to
supplement the northern Cape Parrot gene pool, if needed, to create an artificial migration

event.

Further habitat contraction would be highly detrimental to contemporary Cape Parrot
populations. It is therefore crucial to monitor climatic trends in South Africa and to preserve
contemporary mistbelt forest patches for these, and other, taxa. The Cape Parrot populations

should be regularly monitored to ensure the survival of these birds.
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3.8 Supplementary information

Supplementary data 3-1. Results from the Sample planning tool (SPOTG) simulations for
three bottleneck and one temporal simulations performed in Chapter 3. The bargraph below
each set of results represents the power of each bottleneck scenario.

Bottleneck at 1000yr

Constant population size for the
null hypothesis, e.g., a

Size of population ~ Current hypothetical population similar Number of Number of Power = probability of success of the
at lowest point of  population  to the one of interest, but markers sampled study, distinguishing a bottlenecked
Scenario  Starting populations size bottleneck size assuming no bottleneck genotyped at  individuals population
1 1000 100 100 1000 16 29 30.90%
2 1000 100 100 1000 16 85 41.30%
3 1000 100 100 1000 16 114 47.20%
4 1000 200 200 1000 16 29 19.00%
5 1000 200 200 1000 16 85 27.20%
6 1000 200 200 1000 16 114 33.70%
7 1000 300 300 1000 16 29 13.80%
8 1000 300 300 1000 16 85 15.40%
9 1000 300 300 1000 16 114 21.60%
10 1000 400 400 1000 16 29 11.30%
11 1000 400 400 1000 16 85 13.50%
12 1000 400 400 1000 16 114 16.20%
13 2000 100 100 2000 16 29 65.80%
14 2000 100 100 2000 16 85 78.80%
15 2000 100 100 2000 16 114 82.20%
16 2000 200 200 2000 16 29 49.20%
17 2000 200 200 2000 16 85 59.80%
18 2000 200 200 2000 16 114 64.80%
19 2000 300 300 2000 16 29 33.20%
20 2000 300 300 2000 16 85 50.50%
21 2000 300 300 2000 16 114 47.60%
22 2000 400 400 2000 16 29 25.30%
23 2000 400 400 2000 16 85 36.90%
24 2000 400 400 2000 16 114 39.30%
Bottelneck at 100yr
Constant population size for the
null hypothesis, e.g., a
Size of population ~ Current hypothetical population similar Number of ~ Number of Power = probability of success of the
at lowest point of  population  to the one of interest, but markers sampled study, distinguishing a bottlenecked
Scenario ~ Starting populations size bottleneck size assuming no bottleneck genotyped at  individuals population
1 1000 100 100 1000 16 29 6.30%
2 1000 100 100 1000 16 85 16.40%
3 1000 100 100 1000 16 114 19.30%
4 1000 200 200 1000 16 29 4.40%
5 1000 200 200 1000 16 85 9.80%
6 1000 200 200 1000 16 114 13.50%
7 1000 300 300 1000 16 29 6.30%
8 1000 300 300 1000 16 85 9.30%
9 1000 300 300 1000 16 114 10.50%
10 1000 400 400 1000 16 29 3.50%
11 1000 400 400 1000 16 85 8.60%
12 1000 400 400 1000 16 114 7.80%
13 2000 100 100 2000 16 29 14.00%
14 2000 100 100 2000 16 85 21.80%
15 2000 100 100 2000 16 114 29.40%
16 2000 200 200 2000 16 29 9.00%
17 2000 200 200 2000 16 85 15.00%
18 2000 200 200 2000 16 114 19.80%
19 2000 300 300 2000 16 29 6.70%
20 2000 300 300 2000 16 85 9.50%
21 2000 300 300 2000 16 114 15.00%
22 2000 400 400 2000 16 29 8.10%
23 2000 400 400 2000 16 85 7.80%
24 2000 400 400 2000 16 114 9.60%
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Bottleneck at 1000yr with recovery

Constant population size for the

null hypothesis, e.g., a

Size of population  Current hypothetical population similar Number of ~ Number of Power = probability of success of the
at lowest point of  population  to the one of interest, but markers sampled study, distinguishing a bottlenecked
Scenario  Starting populations size bottleneck size assuming no bottleneck genotyped at  individuals population
1 1000 100 400 1000 16 29 30.60%
2 1000 100 400 1000 16 85 43.10%
3 1000 100 400 1000 16 114 36.60%
4 1000 200 400 1000 16 29 21.60%
5 1000 200 400 1000 16 85 29.90%
6 1000 200 400 1000 16 114 23.00%
7 1000 300 400 1000 16 29 13.20%
8 1000 300 400 1000 16 85 25.20%
9 1000 300 400 1000 16 114 20.30%
10 2000 100 400 2000 16 29 67.20%
11 2000 100 400 2000 16 85 80.20%
12 2000 100 400 2000 16 114 79.10%
13 2000 200 400 2000 16 29 54.80%
14 2000 200 400 2000 16 85 66.90%
15 2000 200 400 2000 16 114 66.60%
16 2000 300 400 2000 16 29 41.00%
17 2000 300 400 2000 16 85 55.90%
18 2000 300 400 2000 16 114 56.40%
17
15
13
11
9 M Bottleneck at 1000yr with
7 recovery
5
3
1
0,00% 20,00% 40,00% 60,00% 80,00% 100,00%
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Temporal simulation:

Time of
Contemporary beginning of Historic sample
Scenario  Ancient sample size (Nh)  sample size (Nc¢)  decline Time of historical sampleing ~ Sample size  size Number of markers Power

1 1000 300 100 100 29 29 16 1040.00%

2 1000 300 100 100 85 29 16 2330.00%

3 1000 300 100 100 114 29 16 2720.00%

4 1000 300 1000 100 29 29 16 610.00%

5 1000 300 1000 100 85 29 16 3820.00%

6 1000 300 1000 100 114 29 16 3330.00%

7 1000 300 2000 100 29 29 16 540.00%

8 1000 300 2000 100 85 29 16 2570.00%

9 1000 300 2000 100 114 29 16 3910.00%
10 1000 400 100 100 29 29 16 710.00%
11 1000 400 100 100 85 29 16 1240.00%
12 1000 400 100 100 114 29 16 2240.00%
13 1000 400 1000 100 29 29 16 700.00%
14 1000 400 1000 100 85 29 16 2650.00%
15 1000 400 1000 100 114 29 16 2140.00%
16 1000 400 2000 100 29 29 16 540.00%
17 1000 400 2000 100 85 29 16 1640.00%
18 1000 400 2000 100 114 29 16 2420.00%
19 2000 300 100 100 29 29 16 1760.00%
20 2000 300 100 100 85 29 16 3790.00%
21 2000 300 100 100 114 29 16 3560.00%
22 2000 300 1000 100 29 29 16 1570.00%
23 2000 300 1000 100 85 29 16 6160.00%
24 2000 300 1000 100 114 29 16 7640.00%
25 2000 300 2000 100 29 29 16 850.00%
26 2000 300 2000 100 85 29 16 5420.00%
27 2000 300 2000 100 114 29 16 7170.00%
28 2000 400 100 100 29 29 16 1430.00%
29 2000 400 100 100 85 29 16 2600.00%
30 2000 400 100 100 114 29 16 2620.00%
31 2000 400 1000 100 29 29 16 1070.00%
32 2000 400 1000 100 85 29 16 4420.00%
33 2000 400 1000 100 114 29 16 5950.00%
34 2000 400 2000 100 29 29 16 860.00%
35 2000 400 2000 100 85 29 16 3670.00%
36 2000 400 2000 100 114 29 16 5600.00%
37 20000 300 100 100 29 29 16 4700.00%
38 20000 300 100 100 85 29 16 6790.00%
39 20000 300 100 100 114 29 16 7190.00%
40 20000 300 1000 100 29 29 16 8070.00%
41 20000 300 1000 100 85 29 16 10000.00%
42 20000 300 1000 100 114 29 16 10000.00%
43 20000 300 2000 100 29 29 16 3180.00%
44 20000 300 2000 100 85 29 16 10000.00%
45 20000 300 2000 100 114 29 16  10000.00%
46 20000 400 100 100 29 29 16 3800.00%
47 20000 400 100 100 85 29 16 5190.00%
48 20000 400 100 100 114 29 16 5620.00%
49 20000 400 1000 100 29 29 16 6440.00%
50 20000 400 1000 100 85 29 16 10000.00%
51 20000 400 1000 100 114 29 16 10000.00%
52 20000 400 2000 100 29 29 16 2590.00%
53 20000 400 2000 100 85 29 16 10000.00%
54 20000 400 2000 100 114 29 16 10000.00%
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Temporal simulation:
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Deltak = mean(|L"(K)|) / sd(L(K))

Stdev

[¥]

Delta K

Deltak = mean(|L"(K)|) / sd(L(K))

w

~N

o

K Reps Mean LnP(K) LnP(K) Ln'(K) |[Ln"'(K)| DeltaK
1 20 -1009.695000 2.009838 — — —

2 20 -985.140000 11.287926 24.555000 90.130000 7.984638
3 20 -1050.715000 37.188033 -65.575000 30.845000 0.829434
4 20 -1085.445000 70.138378 -34.730000 37.845000 0.539576
5 20 -1158.020000 114.637748 -72.575000 110.320000 0.962336
6 20 -1120.275000 88.841846 37.745000 22.905000 0.257818
7 20 -1105.435000 172.678717 14.840000 47.865000 0.277191
8 20 -1042.730000 103.800579 62.705000 38.920000 0.374950
9 20 -1018.945000 17.923594 23.785000 15.995000 0.892399
10 20 -1011.155000 3.054501 7.790000 — —

K Reps Mean LnP(K) Stdev Ln'(K)  |Ln"(K)| DeltaK

LnP(K)

1 20 -3737.065000 2.138439 — — —

2 20 -3710.815000 7.294863 26.250000 1.200000 0.164499
3 20 -3683.365000 11.701789 27.450000 29.090000 2.485945
4 20 -3685.005000 48.596225 -1.640000 64.355000 1.324280
5 20 -3751.000000 54.560985 -65.995000 9.050000 0.165869
6 20 -3807.945000 102.354603 -56.945000 49.200000 0.480682
7 20 -3815.690000 132.538848 -7.745000 1.720000 0.012977
8 20 -3825.155000 135.331291 -9.465000 47.890000 0.353872
9 20 -3786.730000 58.337395 38.425000 13.155000 0.225499
10 20 -3761.460000 34.839140 25.270000 — —

Supplementary Figure 3-1. The delta K and Evanno table output for a) the historical and b) the contemporary STRUCTURE analyses.




Supplementary Table 3-1. Sample information for all samples used in Chapter 3.

Date
Sample code: Museum ID: Location: GPS coordinates: sampled: Sourced:
FHO1 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FHO02 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FHO3 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FHO04 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FHOS5 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FHO06 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FHO7 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FHO8 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FHO09 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH10 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH11 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH12 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH13 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH14 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH15 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH16 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH17 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH18 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH19 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH20 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH21 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH22 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH23 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH24 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH25 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH26 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH27 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH28 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH29 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH30 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH31 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH32 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH33 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH34 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH35 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH36 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH37 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH38 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH39 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH40 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town
FH41 NA Alice, Eastern Cape -32.796097, 26.850024 2013 This study (University of KwaZulu-Natal)
ECHO1 16102 Pirie Mission, Alice area -32.791100, 27.247902 1928 East London Museum
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ECHO02
KWTO01
KWTO02
KWTO03
KWT04
KWTO05
KWTO06
KWTO07
KWTO08
KWT09
KWT10
KWTI11
ECHO03
ECHO04
ECHO5
ECHO06
ECHO7
ECHO8
ECHO09
ECHI10
ECHI11
ECHI12
ECH13
ECH14
ECH15
ECHI16
ECH17
ECH18
ECHI19
ECH20
ECH21
ECH22
ECH23
KZNO1
KZNO02
KZNO03
KZN04
KZNO5
KZNO06
KZNO07
KZNO08
KZNO09
KZN10
KZN11

16105
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
16103
16104
16106
16107
16108
BMNH 1877.8.1.30
17599
16100
16101
6162
6163
7201
13276
13277
P.r.r 8266
P.rr 8267
T™M 7994
TM 40931
TM 40942
KMB635
KMB638
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Pirie hatchery, Alice area

King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
Frankfort, Eastern Cape

Frankfort, Eastern Cape

Frankfort, Eastern Cape

Needs Camp, Amathole, East London area, Eastern Cape
Needs Camp, Amathole, East London area, Eastern Cape
Cambridge district, East London, Eastern Cape

Lusikisiki, Eastern Cape
Lusikisiki, Eastern Cape
Eastern Cape

Eastern Cape

Eastern Cape

Eastern Cape

Eastern Cape

Eastern Cape

Eastern Cape

Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal

-32.791100, 27.247902
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.720507,27.453272
-32.720507,27.453272
-32.720507,27.453272
-32.995257,27.647519
-32.995257,27.647519
-33.008834, 27.802254
-31.366218, 29.570018
-31.366218,29.570018
Unknown

Unknown

Unknown

Unknown

-31.366218,29.570018
Unknown

Unknown

-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148

1944
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2013
1929
1934
1946
1935
1935
1877
1944
1943
1943
1958
1958
1959
1968
1968
1960
1954
1910
1931
1951
1929
1929
2005
2005
2005
2005
2005
2005
2013
2014
2014
2014
2014

East London Museum

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

This study (University of KwaZulu-Natal)
East London Museum

East London Museum

East London Museum

East London Museum

East London Museum

British Natural History Museum at Tring
East London Museum

East London Museum

East London Museum

East London Museum

East London Museum

East London Museum

East London Museum

East London Museum

Durban Natural Sciences Museum
Durban Natural Sciences Museum
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
East London Museum

East London Museum

University of KwaZulu-Natal

University of KwaZulu-Natal

University of KwaZulu-Natal

University of KwaZulu-Natal

University of KwaZulu-Natal

University of KwaZulu-Natal

This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
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KZN12
KZN13
KZN14
KZN15
KZN16
KZN17
KZN18
KZN19
KHO1
KHO02
KHO03
KHO04
KHO05
Lim01
Lim02
Lim03
Lim04
Lim05
LHO1
LH02
LHO03
LHO04
LHO05
LHO06
LHO07
LHO08
LH09
LHI10

NA

NA

NA

NA

NA

NA

NA

NA

TMlla 886

TM 2296

T™ 2297

TM 40930

BMNH 1890.10.10.40
NA

NA

NA

NA

TMB0817

TMlla 2078

TM 16406

TM 16407

TM 25266

BMNH 1878.12.31.503
BMNH 1878.12.31.378
BMNH 1878.12.31.666
BMNH 1890.10.10.47
BMNH 1905.12.29.532
BMNH 1905.12.29.531

Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
KwaZulu-Natal
KwaZulu-Natal
KwaZulu-Natal
KwaZulu-Natal

Burg Mount, KwaZulu-NatalNatal
Tzaneen, Limpopo
Tzaneen, Limpopo
Tzaneen, Limpopo
Tzaneen, Limpopo
Tzaneen, Limpopo
Tzaneen, Limpopo
Tzaneen, Limpopo
Tzaneen, Limpopo
Tzaneen, Limpopo

Elands Poort, Limpopo
Elands Poort, Limpopo
Elands Poort, Limpopo
Elands Poort, Limpopo
Zuurbron, Mpumalanga
Zuurbron, Mpumalanga

-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
Unknown

Unknown

Unknown

Unknown

Unknown

-23.859859, 30.006596
-23.859859, 30.006596
-23.859859, 30.006596
-23.859859, 30.006596
-23.822019, 30.131136
-23.822019, 30.131136
-23.822019, 30.131136
-23.822019, 30.131136
-23.822019, 30.131136
-24.68333, 28.38333
-24.68333, 28.38333
-24.68333, 28.38333
-24.68333, 28.38333
-27.282423, 30.449024
-27.282423, 30.449024

2014
2014
2014
2014
2014
2014
2014
2014
1897
1908
1908
1957
1878
1999
1999
1999
1999
2014
1887
1930
1930
1942
1870
1878
1870
1872
1904
1904

This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
British Natural History Museum at Tring
Craig Symes (Wits University, RSA)

Craig Symes (Wits University, RSA)

Craig Symes (Wits University, RSA)

Craig Symes (Wits University, RSA)
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
Ditsong National Museum of Natural History
British Natural History Museum at Tring
British Natural History Museum at Tring
British Natural History Museum at Tring
British Natural History Museum at Tring
British Natural History Museum at Tring
British Natural History Museum at Tring




Supplementary Table 3-2. SPOTG parameters used in Chapter 3.

Bottleneck simulation 1:

Bottleneck simulation 2:

Number of loci: 16 Number of loci: 16
Number on samples: 29,85,114 Number on samples: 29,85,114
Pre-bottleneck: 1000, 2000 Pre-bottleneck: 1000, 2000
During bottleneck: 100, 200, 300,400 During bottleneck: 100, 200, 300, 400
Bottleneck began: 100 Bottleneck began: 1000
Generation time: 5 Generation time: 5
mutation rate: 0.0005 mutation rate: 0.0005
Percent stepwise: 0.9 Percent stepwise: 0.9
Iterations: 1000 Iterations: 1000
Bottleneck simulation with
recovery: Temporal simulation:
Number of loci: 16 Number of Individuals Samples: 29,85,114
Number on samples: 29,85,114 Number of Genetic Markers: 16

Number of Temporal/Past Individuals
Pre-bottleneck: 1000, 2000 Samples: 29
During bottleneck: 100, 200, 300 Population Size Ancient: 1000,2000,20000
Post-bottleneck: 400 Population Size Current: 300,400
Bottleneck began: 1000 Timing of past samples (historic): 100
Bottleneck ended: 100 Decline began: 100,1000,2000
Generation tiime: 5 Generation time: 5
mutation rate: 0.0005 Mutation rate: 0.0005
Percent stepwise: 0.9 Number of runs: 1000
Iterations: 1000
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Supplementary Table 3-3. Prior settings used for the MSVAR analyses (init_v_file) in Chapter 3.

number of 'turns' of the
12345678 random number generator
(changed for each run)

2 ploidy number
> generation time
1E+03 starting values for current

IE+03  1E+03  1E+03  1B+03  [E+03  IE+03  IE+03  1E+03  1E+03  IE+03  1E+03  IE+03  1E+03  1E+03  1E+03  size for all loci

starting values for ancestral
1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03  size for all loci

starting values for mutation

1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 1E-04 rate for all loci
starting values for time
1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 1E+03 5‘1;“]"* decline/expansion for
all loci
indicators (0,1) whether to
0 0 0 0 update values of these
parameters.
Starting values for prior
3 2 mean and variance for
current size
3 20 ancestral size
-3.5 1 .....mutation rate
3 T time
hyperprior ~ mean  and
3 2 0 0.5 variance for means and
variances for
3 2 0 0.5 ancestral size
-3.5 0.25 0 0.5 .....mutation rate
3 2 0 05 .....t_1me _ since
decline/expansion
1 O=linear growth;
1=exponential
20000 number of lines of output
10000 number of iterations

between lines of output




Supplementary Table 3-4. Per locus genetic diversity estimates over all samples, contemporary samples only and historical samples only.

Locus:  All specimens: Contemporary (1950-2014): Historical ( 1870-1950):
' ' ) Deviation from . ) ' Deviation from ' ' ' Deviation from

Pollmorphlc Null allele Allehc Hardy-Weinberg Pollmorphlc Null allele Allellc Har'dy— Pollmorphlc Null allele Allellc Har'dy—

information content frequency as  richness equlibrium information content frequency as  richness Welr}be;rg information content frequency as  richness Welr'lbe'rg

(PIC): % (Na): (Ar): (HWD): (PIC): % (Na): (Ar): equlibrium (PIC): % (Na): (Ar): equlibrium

(HWD): (HWD):

Prob01  0.569 8.4 3 0.03 0.568 6.7 3 0.627 0.564 13.5 2.991 0.017
Prob06  0.63 33 9.87 0.012 0.66 08 8.988 0.258 0.454 12 3.51 0.251
Prob09  0.667 1.8 7.788 0.17 0.659 0.1 7.988 0.153 0.653 7.5 4304 0.217
Probl5  0.807 20.8 9.997 HS 0.798 209 9 HS 0.798 18.9 6.623 0.0004
Probl7  0.936 4 28.558 HS 0.94 0.8 27.964 0.048 0.861 19.4 8.943 HS
Probl8  0.625 33 4.966 0.486 0.619 0 4.976 0.869 0.583 16.3 3.562 0.292
Prob23  0.691 2.3 7.608 0.054 0.694 0.8 6.988 0.281 0.669 7.1 4.502 0.006
Prob25 0.712 1.5 5.96 0.97 0.736 0.3 6 0.933 0.589 2.4 3.465 0.842
Prob26  0.802 5.8 12 0.079 0.79 1.7 9 0.657 0.744 36.7 6 0.004
Prob28  0.378 0 2.827 0.452 0.375 0 2.976 0.241 0.371 6.3 2 0.799
Prob29  0.302 1.7 5.643 0.199 0.325 2.6 5.953 0.34 0.212 0 2.375 NC
Prob30  0.765 2.4 7.843 0.039 0.739 1.4 7 0.181 0.819 4.8 6.542 0.347
Prob31  0.705 0 6 0.028 0.692 0 6 0.212 0.732 2 5.482 0.147
Prob34  0.484 4.8 5.847 0.122 0.469 0 5.988 0.764 0.526 14.3 4.053 0.004
Prob35  0.32 0.4 2 0.966 0.31 0 2 0.562 0.344 4.6 2 0.691
Prob36  0.172 10.4 2.978 0.001 0.143 5.7 2 0.182 0.264 19.8 2.486 0.008
Mean:  0.5978 4.4 7.6803125 - 0.5948 2.6 7.238813 - 0.5739 11.6 4302375 -

SE: 0.053 1.3 1.562 0.054 1.3 1.503 0.050 2.3 0.490




Supplementary Table 3-5. The analysis of molecular variance (AMOVA) results from the full, contemporary and historical datasets

were grouped according to region of origin and then according to sampling locality.

Full dataset with regional grouping of samples:

Full dataset with sampling locality grouping of samples:

Source
Among Pops
Among Indiv
Within Indiv
Total

Est. Var.
0.139
0.833
4.430
5.401

%
3%
15%
82%
100%

Source
Among Pops
Among Indiv
Within Indiv
Total

Est. Var.

0.233
0.721
4.430
5.384

%
4%
13%
82%
100%

Contemporary dataset with regional grouping of samples:

Contemporary dataset with sampling locality grouping of samples:

Source
Among Pops
Among Indiv
Within Indiv
Total

Est. Var.
0.177
0.198
4.882
5.257

%
3%
4%
93%
100%

Source
Among Pops
Among Indiv
Within Indiv
Total

Est. Var.

0.155
0.170
4.882
5.208

%
3%
3%
94%
100%

Historical dataset with regional grouping of samples:

Historical dataset with sampling locality grouping of samples:

Source
Among Pops
Among Indiv
Within Indiv
Total

Est. Var.
0.268
2.159
3.103
5.530

%
5%
39%
56%
100%

Source
Among Pops
Among Indiv
Within Indiv
Total

Est. Var.

0.295
2.074
3.103
5.472

%
5%
38%
57%
100%

. Samples



Supplementary Table 3-6. Results from the migration-drift vs drift only model analysis
performed in 2MOD for both the contemporary and historical datasets. F - the probability that
two genes share a common ancestor within a population; M - the number of migrants per
generation as calculated from F.

Model posterior probability (P) Contemporary:

Gene flow Drift Population F M

0.502 0.498 Southern 0.011 (0.005 - 0.021) 44.955
Central 0.028 (0.012 - 0.038) 17.360
Northern 0.214 (0.132 - 0.263) 1.836
Historic:
Population F

0.558 0.442 Southern 0.037 (0.004 - 0.072) 13.014
Central 0.045 (0.00002 - 0.108) 10.611
Northern 0.035 (0.002 - 0.07) 13.786
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Supplementary Table 3-7. Migration rate estimates (m), obtained from BayesAss using the contemporary and historical data sets. The 95%
confidence interval is provided in parentheses.

To:
Historic South Central North
South 0.896 (0.806 - 0.995) 0.12 (0.012 - 0.282) 0.097 (0.006 - 0.255)
From:  Central 0.065 (0.0004 - 0.153) 0.793 (0.669 - 0.955)  0.119 (0.002 - 0.258)
North 0.039 (0.0008 - 0.152) 0.087 (0.004 - 0.267)  0.784 (0.687 - 0.95)
To:
Contemporary South Central North
South 0.993 (0.973 - 0.999) 0.278 (0.182-0.327)  0.061 (0.001 - 0.286)
From:  Central 0.004 (0.00003 - 0.018)  0.706 (0.668 - 0.802)  0.199 (0.001 - 0.286)
North 0.003 (0.00002 - 0.015)  0.016 (0.0004 - 0.059) 0.74 (0.668 - 0.982)
To:
Contemporary Alice & KWT Lusikisiki Creighton Tzaneen
Alice & KWT  0.991 (0.973 - 0.999) 0.222 (0.097-0.311)  0.267 (0.176 - 0.325) 0.042 (0.0002 - 0.17)
From: Lusikisiki 0.002 (0.000005 - 0.013)  0.714 (0.097 - 0.311)  0.011 (0.00008 - 0.046)  0.029 (0.0002 - 0.109)
Creighton 0.004 (0.000004 - 0.014)  0.033 (0.0004 - 0.122) 0.711 (0.667 - 0.8) 0.181 (0.001 - 0.307)

Tzaneen 0.003 (0.000004 - 0.015) 0.031 (0.0003 - 0.116) 0.012 (0.00006 - 0.055) 0.748 (0.668 - 0.981)




CHAPTER 4: IDENTIFICATION OF MICROSATELLITE MULTIPLEXES
FOR INDIVIDUAL IDENTIFICATION OF CAPE PARROTS (POICEPHALUS
ROBUSTUS): PATERNITY TESTING AND MONITORING TRADE

4.1 Abstract

Illegal trade in rare wildlife species is a major threat to many parrot species around the world.
Wildlife forensics plays an important role in the preservation of endangered or threatened
wildlife species. Identification of illegally harvested or traded animals through DNA
techniques is one of the many methods used during forensic investigations. In this study, 16
microsatellite markers specifically designed for the South African endemic Cape Parrot
(Poicephalus robustus) are assessed for their utility in forensic casework. Using these 16 loci
the genetic diversity of a subset of the captive Cape Parrot population was also assessed and
compared to three wild Cape Parrot populations. It was determined that the full 16 locus panel
has sufficient discriminatory power to be used in parentage analyses and can be used to
determine if a bird has been bred in captivity and so can be legally traded or if has been illegally
removed from the wild. In cases where birds have been removed from the wild, this study
suggests that a reduced 12 locus microsatellite panel has sufficient power to assign confiscated
birds to population of origin. The level of genetic diversity observed within the captive Cape
Parrot population was similar to that observed in the wild populations, which suggests that the
captive population is not suffering from decreased levels of genetic diversity. The captive Cape
Parrots did however have double the amount of private alleles compared to that observed in
the most genetically diverse wild population. This is accredited to the presence of rare alleles
present in the founder population, which has not been lost due to genetic drift, as many of the
individuals tested in this study are F1 to F3 wild descendants. The results from this study
provide a suit of markers that can be used to aid conservation and law enforcement authorities

to better control legal and illegal trade of this South African endemic.

Keywords: Cape Parrot, Poicephalus robustus, microsatellite, wildlife forensics, parentage,

captive breeding
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4.2 Introduction

The illegal wildlife trade includes the buying and selling of any wildlife product that has been
captured alive, poached, and use as food, medicine, pets and trophies (TRAFFIC, 2008). The
illegal trade in wildlife has a negative impact on wildlife and conservation programs worldwide
(Alacs et al., 2010). The exact value of the illegal wildlife trade is unknown, but current
estimates suggest that illegal transactions involving wildlife, and their products, is a
multibillion US dollar enterprise (Broad et al., 2002, Interpol, 2014). This is particularly true
for rare bird species, which are highly sought after (Cooney and Jepson, 2006, White et al.,
2012). Major importers and exporters of exotic birds include regions of central and southern
America, the Middle East, Southeast Asia and China (BirdLife International, 2012, Bush et al.,
2014, Li and Jiang, 2014, Low, 2014, Regueira and Bernard, 2012). The third most
internationally-traded bird in the world is the Grey Parrot (Psittacus erithacus) from equatorial
Africa (BirdLife International, 2013), with these birds favoured as pets in Europe, the United
States of America and China (BirdLife International, 2015a). Parrots (order Psittaciformes) are
extremely popular as pets and have the highest reported trade figures among all traded avian
orders (Bush et al., 2014). Of particular concern are the rare and enigmatic species, as half of
the world’s threatened or near-threatened parrot species are impacted by illegal trade (Pain et
al., 2006). Although species from South America and Australasia make up a large proportion
of the illegal trade (BirdLife International, 2008, Low, 2014, Weston and Memon, 2009),
African species are increasingly becoming targets for exploitation. For example, in China a
quarter of all imported parrots originated from South Africa (Li and Jiang, 2014). To date
CITES has classified South Africa as a major importer and exporter of legally and illegally
obtained birds (Warchol, 2004) and is regarded as the hub of wildlife trade in the region
(Wynberg, 2002). It has been suggested that the South African endemic Cape Parrot is finding
itself under tremendous pressure, not only due to habitat fragmentation, but also due to the
illegal harvesting of wild birds and eggs for the pet trade (Martin et al., 2014, Wirminghaus et
al., 1999).

The need to detect and punish perpetrators of illegal trade in wildlife is gaining
momentum. The overexploitation of threatened bird species can lead to their extinction
(BirdLife International, 2015b) as is the case for the great auk (Pinguinus impennis;
Courchamp et al., 2006). Animal welfare is also a major issue with illegal harvesting (Bush et
al., 2014, Cooney and Jepson, 2006), with large numbers of birds dying in transit before
reaching their final destination (Canti—Guzman et al., 2007, Weston and Memon, 2009).
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Captive breeding of exotic birds is a plausible alternative to sourcing wild animals, and
it has been shown to be a viable practice (Pires, 2012). There are many difficulties linked to
captive breeding programs, and it is not always easy to breed wild animals (Nogueira and
Nogueira-Filho, 2011). Breeding of wildlife in captivity is also not always an alternative to
wild harvesting, as there will always be a demand for new breeding stock from the wild (Bush
et al, 2014, Nogueira and Nogueira-Filho, 2011). Captive breeding can lead to the
accumulation of detrimental alleles, inbreeding and loss of genetic diversity (Williams and
Hoftman, 2009), as a result of small founder populations (Witzenberger and Hochkirch, 2011).
The addition of wild individuals to the captive populations will decrease the negative effects
of genetic adaptation to captivity (Frankham, 2008). Many captive breeding programs,
involving rare species, aim to use their captive bred animals for reintroduction purposes
(Frankham et al., 2002, Robert, 2009). If reintroduction is the main purpose of a captive
breeding program, then care should be taken not to include individuals into the captive
population from only a few wild genetic lineages (Witzenberger and Hochkirch, 2011). The
creation of self-sustaining captive populations, which resembles the wild genetic lineages as
closely as possible, should be one of the main aims of captive breeding programs (Frankham,
2008, Robert, 2009). Regular assessment of the genetic health of captive populations is
therefore important to ensure healthy populations exist for possible reintroductions. The
legitimacy of some ‘captive-bred’ animals is also in question, as some breeding facilities
produce more ‘captive-bred’ animals than is plausible (Lyons and Natusch, 2011, White et al.,
2012). It is therefore imperative to monitor the legal trade of alleged captive bred birds to

identify possible illegal activities.
Molecular forensic methods are widely used to identify suspected illegally obtained

wildlife or wildlife products (Coghlan et al., 2012, Comstock et al., 2003, Dawnay et al., 2009,
Gongalves et al., 2015, Gupta et al., 2005, Lorenzini, 2005, Lorenzini et al., 2011, Mondol et
al., 2014, Presti et al., 2015, White et al., 2012). A highly useful molecular forensic tool is
genetic fingerprinting using microsatellite markers. Microsatellite markers are hypervariable
nuclear markers suited for individual identification of specimens and assigning specimens to
specific populations (Alacs et al., 2010). When a sufficient reference database is available,
these markers have been successfully used to identify legally, and illegally, traded birds (for
example Presti et al., 2015, White et al., 2012). It is necessary to consider the genetic sub-
structuring within a species before releasing confiscated animals back into the wild, as the
subpopulations could have acquired habitat specific fitness (for example, pathogen resistance

Boyce et al., 2011). It is important, from a conservation viewpoint, to preserve genetically
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distinct or evolutionary significant populations (Johnson, 2000). When a species is showing
signs of genetic sub-structuring in the wild, it is important to reintroduce confiscated animals
only to genetically similar populations to avoid the unnatural admixture of different genetic
lineages. The use of microsatellite data to assign confiscated wildlife to their area of origin is
a well-known technique used in wildlife forensic and conservation sciences (Manel et al., 2002,
Mondol et al., 2014, Presti et al., 2015, White et al., 2012). For example, Presti et al. (2015)
was able to assign 24 confiscated Hyacinth Macaw chicks to their populations of origin based
on Bayesian clustering analysis using 10 microsatellite loci and White et al. (2012) were able
to identify the kinship and area of origin of a White-tailed Black Cockatoo (Calyptorhynchus

baudinii / Calyptorhynchus latirostris) using 20 microsatellite loci and kinship analyses.

A number of factors need to be considered when selecting a microsatellite panel for
forensic studies. The quality of the data obtained from a set of markers should be assessed by
considering the occurrence of genotyping errors such as null alleles and missing data which
can lead to biased estimations of genetic diversity and false parentage assignments (Dakin and
Avise, 2004). Additionally, the level of informativeness of each marker should also be
assessed, focusing on the level of variation and the discriminatory power of each locus

(Rosenberg et al., 2003).

The occurrence of genotyping errors, such as allelic dropout and null alleles, are major
limitations of microsatellite markers which should be consider when performing forensic
analyses (Alacs et al., 2010, Dakin and Avise, 2004). According to Dakin and Avise (2004),
there are three general causes for null alleles; 1) poor primer annealing due to changes in
nucleotide sequence, 2) shorter alleles being amplified more efficiently; and 3) polymerase
chain reaction (PCR) failure due to low DNA quality or quantity. The occurrence of null alleles
can be especially detrimental to studies focused on individual identification or parentage
analyses, as erroneous genotypes will lead to misidentification of individuals biasing estimates
of relatedness. Markers prone to such errors should therefore be identified and discarded from
studies focusing on individual identification and parentage analyses. When null alleles occur
in low frequencies, and it is unavoidable to use them, it is advisable to use parentage analysis

methods that can compensate for these errors (Dakin and Avise, 2004).

A number of well-established methods are available to assess the informativeness of
genetic markers, one of which is the polymorphic information content (PIC) estimate first used
by Botstein et al. (1980). PIC estimates the frequency at which a marker is observed as being
polymorphic (Buchanan and Thue, 1998), with markers with values higher than 0.6 considered
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highly informative (Mateescu et al., 2005). The probability of identity (Pip) calculated per locus
is a method used to assess the discriminating ability of microsatellite markers used for
individual identification (Taberlet and Luikart, 1999, Waits et al., 2001), and provides the
probability that two random individuals will share the same genotype at a locus. Loci with low
Pip values should be considered for use in forensic studies, to increase the probability of
accurately identifying individuals. Individual locus Pip values in the range of 0.01 — 0.0001 are
commonly used in wildlife forensics (Waits et al., 2001). The probability of exclusion (Pg) is
another estimator used to assess the power of a marker, and gives the proportion of male or
female individuals that could be excluded as the parent of an offspring, given the genotypic
information observed (Fung et al., 2002). The Pip and Pg estimates are well-established
methods for assessing the ability of molecular markers to distinguish between individuals

(Fung et al., 2002, Taberlet and Luikart, 1999,).

The South African endemic Cape Parrot (Poicephalus robustus) is a locally protected
parrot species found in the South African mistbelt forests (Taylor, 2014, Wirminghaus, 1997).
It has been estimated that there are fewer than 1600 individuals left in the wild (Downs et al.,
2014). One of the factors linked to this low population number is illegal harvesting of nestlings
and eggs for the pet bird trade (Wirminghaus et al., 1999). Recent genetic work has shown that
the Cape Parrot should be elevated to species status (Coetzer et al., 2015), separate from the
more widely distributed Grey-headed Parrot (Poicephalus fuscicollis suahelicus). This change
in taxonomic status should provide the Cape Parrot with much needed conservation protection
from international organisations like the IUCN and Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES). Cape Parrots have been successfully
bred in captivity for a number of years, although it is a difficult enterprise with low breeding
success among wild-caught birds (Wirminghaus et al., 1999). Captive breeding facilities
provide the wildlife pet trade with legally obtained animals, and may also serve as source
populations if future reintroductions to natural habitats are needed (Pires, 2012, Storfer, 1999,
Williams and Hoffman, 2009). The occurrence and accumulation of deleterious mutations, as
well as the effects of genetic adaptation to captivity (Williams and Hoffman, 2009) are major
issues observed in captive populations. Genetic sub-structuring has been recently observed
within the contemporary Cape Parrot population, with three genetic clusters which are
geographically correlated along the current Cape Parrot distribution range (Chapter 3). It is
therefore important to maintain captive populations which are genetically similar to these three

genetic lineages if future reintroductions are needed. Proper studbook keeping and managing
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of the captive populations are therefore essential for maintaining healthy captive bred wildlife
populations (Ferrie et al., 2013). The regional Cape Parrot studbook currently holds records of
341 Cape Parrots, 216 of which are living (Wilkinson, 2015). The studbook is, however,
currently lacking many records due to many breeders showing reluctance in sharing

information with regards to their Cape Parrot stocks (S. Wilkinson pers. comm.).

In this study, three main aims are addressed. First, an optimum combination of 16
microsatellite markers previously designed specifically for Cape Parrots (Pillay et al., 2010)
was identified for their utility in forensic analyses. These 16 loci were previously used in a
higher-level taxonomic analysis of Poicephalus parrots (Coetzer et al., 2015) and in a
phylogeographic assessment of the Cape Parrot (Chapter 3). Second, the utility of these 16 loci
for use in assigning confiscated wild-caught birds to their area of origin was tested through a
Bayesian assignment method. The approach outlined in this study will assist law enforcement
and conservation authorities with the return of illegally harvested Cape Parrots to the wild.
Third, the genetic differentiation between the wild Cape Parrot population and the captive
population was assessed using 16 microsatellite loci. The proper management of captive
populations of protected species is important, especially if these captive populations are to
supplement the wild populations (Robert, 2009). It is known that the genetic composition of
populations in captivity can change markedly from the wild populations (Hindar et al., 1991,
Lynch and O'Hely, 2001), which can have serious implications when reintroductions are
considered. It is therefore vital to assess the genetic composition of the captive Cape Parrot
population. These results will aid in the management of the captive population and to ensure
that the captive population can be self-sustaining with minimal or no supplementation from the

wild.

4.3 Materials and methods

4.3.1 Ethics

Ethical clearance for this study was received from the University of KwaZulu-Natal Animal
Ethics sub-committee (Ref numbers: 074/13/Animal, 017/14/Animal, 042/15/Animal). All

sampling procedures followed the criteria laid out by this committee.
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4.3.2 Sampling and DNA extraction

Samples were collected from 76 captive Cape Parrots (Supplementary Table 4-1). This includes
samples taken from one international and five South African breeding facilities. The captive
specimens included in this study comprises 22.3% of the Cape Parrot studbook (Wilkinson,
2015). The majority of these samples were sourced from one breeding facility, which holds
one of the largest captive Cape Parrot breeding populations in the world. Five of the specimens
included in this study were wild caught birds that were recently introduced into the captive
breeding program. These five birds originated from the KwaZulu-Natal (KZN) province. To
test the utility of the molecular markers, captive birds with known pedigree were included.
Both parents of 31 offspring were sampled, with only the sire sampled for seven of the captive

bred birds.

Whole blood was collected from 45 captive Cape Parrots using Whatman™ FTA™
Elute cards and was stored at room temperature in a dark cool storage area. Seventeen samples
were whole blood stored in absolute ethanol at -20 °C. Samples were also collected from
deceased birds provided by two breeding facilities (n = 14). Biopsies of 5 mm x 5 mm were

collected from each carcass and stored in absolute ethanol at -20 °C.

DNA extraction from the Whatman™ FTA™ Elute cards were performed following
the manufacturer’s protocols. The DNA extraction from the tissue and whole blood stored in
absolute ethanol was performed with the NucleoSpin® Tissue kit (Macherey-Nagel), following

the manufacturer’s protocols. All DNA extracts were stored at -20 °C.

To assess any genetic differences between captive-bred and wild Cape Parrots, 85
genotypes from wild Cape Parrot populations were taken from the three regional populations
described in Chapter 3. This study assessed the phylogeographic relationships between wild
Cape Parrot populations. Strong genetic sub-structuring was observed, with three distinct
genetic clusters linked to three geographical regions within the Cape Parrot distribution range
(Chapter 3). The wild genotypes consisted of 52 genotypes from the South genetic cluster (EC
region), 19 from the Central cluster (KZN region) and five genotypes from the North cluster

(Limpopo region). Details on these specimens are provided in Supplementary Table 4-2.

4.3.3 Microsatellite amplification

The 16 microsatellite loci (Prob01, Prob06, Prob09, Probl5, Probl7, Probl8, Prob23,
Prob25, Prob26, Prob28, Prob29, Prob30, Prob31, Prob34, Prob35 and Prob36) selected for
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this study was specifically developed for use in Cape Parrots (Pillay et al., 2010). The markers
were divided into six multiplex sets (Multiplex 1: Prob06, Probl5 and Prob26; Multiplex 2:
Prob30 and Prob36; Multiplex 3: Probl8, Prob25 and Prob31; Multiplex 4: Prob01, Prob09
and Prob17; Multiplex 5: Prob23 and Prob28; Multiplex 6: Prob29, Prob34 and Prob35). The
forward primer in each microsatellite pair was fluorescently labelled on the 5° end. The
KAPA2G Fast Multiplex mix (KAPA Biosystems) was used for all amplifications, with each
PCR reaction mixture consisting of: ~2-30 ng template DNA, 5 ul KAPA2G Fast Multiplex
mix (KAPA Biosystems), 0.2 uM of each primer and dH>O to give a final reaction volume of
10 ul. The PCR cycling conditions consisted of an initial denaturation step for 3 min at 94 °C
followed by 30 cycles at 94 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s, and a final extension
step for 5 min at 72 °C. The whole PCR setup, excluding the DNA addition step, were

performed in a DNA free area.

The amplified PCR products were sent to the Central Analytical Facility at Stellenbosch
University, South Africa for fragment analysis. The software package GeneMarker® v2.4.0
(Soft Genetics) was used for all genotype scoring. I reamplified 20% of the dataset to check

for genotype consistency.

4.3.4 Data analysis

4.3.4.1 Evaluating the best set of microsatellite loci

The Expectation Maximization algorithm (EM) for detection of null allele frequencies was
used as implemented in the software program FreeNA (Chapuis and Estoup, 2007). To assess
the informativeness of each locus, the polymorphic information content (PIC) and the allelic
richness (Ar) of each locus was calculated using Cervus (Kalinowski et al., 2007) and FSTAT
(Goudet, 2001) respectively. The rarefaction method was followed for the Ar estimation, to
account for differences in sample size. The probability of identity (Pip) and probability of
exclusion (one parent known, Pg2) were estimated in GenAlEx (Peakall and Smouse, 2012) to
evaluate the discriminatory power of each locus. The combined Pip and Pg> values was also
calculated. Deviations from Hardy-Weinberg equilibrium (HWD) was estimated using

Genepop v4.2 (Rousset, 2008).

Each locus was ranked according to their null allele, PIC, Ar, Pip and Pg> (one parent
known) estimates (Table 4-1). A score of one (good) to 16 (bad) was given to each locus for

each of these five estimates, with a minimum of 5 (highly informative) to a maximum of 80
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(highly uninformative). Eight microsatellite panels were then assembled by selecting the
highest ranking loci for each panel, containing 9 to 16 loci each (Supplementary Table 4-3).

Each of these eight panels were tested in the subsequent parentage and assignment analyses.

4.3.4.2 Parentage testing of captive population

The eight selected microsatellite panels were evaluated by testing the accuracy of each panel
during parentage assignments, using captive specimens with both known and unknown
pedigrees. For this analysis, the full-pedigree maximum likelihood method implemented in
Colony v2.0.4.6 (Jones and Wang, 2010) was used. This program compensates for genotyping
errors and null alleles (Wang, 2004) and has been used previously to identify parentage in
captive (Ferrie et al., 2013, Loughnan et al., 2015) and wild vertebrate populations (Bergner et
al., 2014, Masello et al., 2002, Riehl, 2012). The offspring data set consisted of 38 individuals.
For seven of these only the paternal parent was known. A monogamous mating system with no
inbreeding was selected, using the full-likelihood method. A medium run length with no sibship
prior was selected. The marker type and null allele frequencies for each locus was uploaded
with an error rate of 0.02 as suggested by Wang (2004). I uploaded the genotypes of 38
offspring, 30 paternal candidates and 21 maternal candidates, with the probability of the sire

or dame included in the data set at 0.75 and no paternal or maternal exclusion information.

4.3.4.3 Ability of microsatellite panel to detect origin of illegally traded birds

A partial Bayesian exclusion approach (Rannala and Mountain, 1997) as implemented in
GeneClass2 (Piry et al., 2004) was used to further assess the eight microsatellite panels. This
method estimates the likelihood that a test sample belongs to one of the reference populations
provided for analysis and calculates a sample exclusion probability for each of the reference
populations (Ogden and Linacre, 2015). All wild born individuals were excluded from the
captive data set. To simulate an assignment study, six captive bred and six wild caught
individuals were selected at random for the “samples to be assigned” data set. The captive
population from the current study and the three wild populations from Chapter 3 were used as
reference populations. The 12 individuals selected for the “samples to be assigned” data set
were excluded from these data sets. The Bayesian method from Rannala and Mountain (1997)
was followed, with probability computation done by using Monte-Carlo resampling and the
simulation algorithm from Paetkau et al. (2004). The number of simulated individuals were set
at 100000, with the Type I error set at 0.01 and the assignment threshold at 0.05. These

parameters were used for each of the eight microsatellite panels tested.
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4.3.4.4 Captive vs wild Cape Parrots

The genetic diversity of the captive bred sample group was compared to the three wild Cape
Parrot populations identified in the recent phylogeographic study (Chapter 3). Values
compared included the average number of alleles (Na), number of private alleles (Pa), observed
heterozygosity (Ho) and unbiased expected heterozygosity (uHg) (estimated in GenAlEXx),
inbreeding coefficient (Fis) using Genepop v4.2 (Rousset, 2008) and allelic richness (Ar) using
rarefaction in FSTAT (Goudet, 2001). A Wilcoxon signed-ranked test was performed to assess
the level of genetic differences between the captive population and the three wild populations
using the per locus estimates for each of the Na, Ho, uHg, Fis and Ar estimates. Pairwise Fsr
values and analysis of molecular variance (AMOVA) was estimated to assess if the captive
population constitutes a separate genetic unit using GenAlEx. A Bonferroni correction was
implemented to all p-values to correct for problems with multiple testing (Rice, 1986). In this

analysis, the five wild born individuals were removed from the captive data set.

4.4 Results

4.4.1 Marker analysis

For this study, 76 captive Cape Parrots were successfully genotyped across 16 microsatellite
loci. The data set contained less than 1% missing data, with a mean null allele frequency over
all loci and samples of 3.9%. The per locus null allele frequencies ranged from 0 to 18.61%
(Table 4-1). Only two loci showed null allele frequencies above 10% (Probl5, Na = 18.61%;
Prob36, Na = 12.46%). The mean number of alleles per locus varied greatly among loci,
ranging from 1.75 (Prob36) to 17 (Probl7) alleles. A large difference in allelic richness (Ar)
values were observed across the loci, with values ranging from 2 (Prob36) to 22 (Probl7).
Seven loci showed high levels of heterozygosity (Table 4-1), with negative Fis values. Only
two loci showed signs of heterozygote deficiency (Prob09, Fis = 0.439; Prob36, Fis = 0.471).
Fourteen of the 16 loci were moderately to highly informative, with polymorphic information
content (PIC) values ranging from 0.415 (Prob29) to 0.888 (Prb17). Only two loci (Prob35
and Prob36) were identified as uninformative (PIC < 0.3; Table 4-1). The probability of
identity (Pip) values ranged from 0.019 (Prob17) to 0.591 (Prob36). A combined Pip over all
16 loci was calculated as 1.831E-13 following the product rule. The probability of exclusion
(with one parent known; Pg2) ranged from 0.658 (Probl7) to 0.032 (Prob36), with the

combined Pg> at 0.995. It was observed that the PID and P> values improved as the number of
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loci analysed increase (Figure 4-1). Five of the 16 loci significantly deviated from Hardy-
Weinberg equilibrium (Prob09, Probl5, Prob28, Prob30, Prob36), following Bonferroni
correction (p-value < 0.003; Rice, 1986).
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Table 4-1. Primer details and genetic diversity estimates per locus as calculated from the captive data set used in Chapter 4. The standard error
for the average number of alleles is provided in parentheses.

Average Allelic Probability Probal?lllty of Polymorphic Null Allele Inbreeding Har'dy—
. Y . . . exclusion . ; . Weinberg Locus
Locus Primer sequence (5° — 3°): number of richness of identity information content Frequency as  coefficient o )
alleles (N ) (Ar): (Pi): (one parent (PIC): % (Na): (Fio): deviation rank:
A ’ b7 known; Pgy) ' ' 18- (p-value)

Probl7 F: TGAACATGACTTATTTGTCTAGTCATACCTAATCC 17 (3.559) 22! 0.018! 0.658! 0.888! 2.193 0.017 0.045 1
R: TTCCAAGGAGTAATATACAGATAATTGCTTCTACA

Prob31 F: GCTGCAGTACAGGCAGTCTTTG 5.25(1.109) 6.997° 0.082 0.4042 0.7463 0.00! -0.058 0.096 2
R: CCCATGGCAGAAATTACAGTGA

Prob26 F: GATCCCCAAAACAGATGAGTCT 7.25 (1.436) 9.877° 0.088* 0.370 0.7234 0.00! -0.109 0.188 3
R: GTTTCTTGATTCAGATTGGAGGCTGATG

Prob30 F: ACACTGAACCATGTCACACAAG 6(0.707) 5.9978 0.0813 0.397° 0.7512 3.704 0.044 0.0001 4
R: GATCAGAAGGCTGCTTTGC

Prob23 F: CACCAGTCATGACAGATAAT 5(1.08) 5.9977 0.106° 0.341° 0.707° 1.012 -0.091 0.034 5
R: AGTATAAATTCAGCCTAGTTATGT

Prob25 F: GATCCAGTGTGAAGCTAAAACAAGG 4.75 (0.629) 5.946° 0.113¢ 0.3306 0.6917 0.00! -0.028 0.695 6
R: GTTTCTTAAGGTAGATGTGGAGTGTAG

Prob18 F: GATCATTGAGAACTATTTGGAAG 4.25(0.479) 510 0.1127 0.3277 0.694° 0.00! 0.035 0.198 7
R: GTTTCTTATCAGTTGAACGCGAGAA

Prob06 F: TCCAACCCACCTGAATTATCCAT 6(1.414) 7.9574 0.197° 0.213° 0.566° 0.00! -0.022 0.606 8
R: GTTTCTTAGCTCCAATTCCGGGCTCT

Prob09 F: GAACGTTTGTAGGGATAGTCCAC 7.25 (1.493) 10.8332 0.19910 0.19810 0.56'0 6.04¢ 0.146 0.003 9
R: GTTTCTTACCGTGTCCACCCCTTATTCG

Probl5 F: GTGTCCCAGCCAGACCCAAT 5.5(1.323) 6° 0.1358 0.3038 0.656° 18.61° 0.439 0 10
R: TCAGGTGTCCTGTCTCTGCTTCC

Prob01 F: TGCTCCCCATTCTACAGGTC 3(0.408) 3.99914 0.207" 0.186" 0.5591 5.77% 0.129 0.016 11
R: TGTTTCCATAATTTGGCTTGC

Prob29 F: CAACACTGTGTATGCCCATGC 3.75 (0.629) 413 0.33813 0.10813 0.415" 0! -0.1 0.134 12
R: GTTTCTTGTTTGGACCCAGCAATCACC

Prob34 F: GGTGCTGGAAGGTGGCTTCT 4(0.408) 4.9991 0.36314 0.095'4 0.39214 0! -0.055 0.004 13
R: GCTTTGGCTGGTGGTCCATT

Prob28 F: GATCAAGGTATCATTAATAAGC 3(0.707) 4.957'12 0.28"2 0.167'2 0.475'2 8.117 0.14 0.001 14
R: GAGCTCTCATTGTATGTCAA

Prob35 F: ATTGCTGTATTGTGGGTAGG 2.5(0.5) 3.9951 0.55715 0.03415 0.246' 0.00! 0.055 0.067 15
R: GATCAGCTCTTCACAGGAAT

Prob36 F: GATCAAAAGCTATCTGACTGGACA 1.75 (0.25) 216 0.5916 0.0321¢ 0.2211¢ 12.46° 0.471 0.001 16
R: GTTTCTTCCATATTCTCATTTGCTTTC

6.910
Mean: 6.813 (1.089) (1.149) - ) 0.581 (0.047) 3.62(1.37) 0.047 -
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Figure 4-1. The probability of identity (Pip) and probability of exclusion (one parent known,
Pk2) estimates for the eight microsatellite panels tested in the current study. It can be observed
that the full 16 locus panel has the most optimum Pip and Pg> values compared to the other
seven panels tested in this study.

4.4.2 Parentage analyses

All eight microsatellite panels showed very low combined probability of identity values, with
moderate to high informativeness levels (PIC range: 0.581 to 0.703; Supplementary Table 4-
4). The probability of identity values for the eight panels ranged from 1.8E-13 for the 16 locus
panel to 5.7E-10 for the 9 locus panel (Supplementary Table 4-3). These values suggests 1 in
5.5E+12 (16 loci) to 1.8E+9 (9 loci) randomly chosen individuals will share the same genotype.
The assessment from this parameter alone suggests that any of these panels could be suitable
for forensic use, as the total number of wild Cape Parrots does not exceed 1600 individuals.
The ability of these eight panels to successfully identify known parents, however, differed. The
seven larger panels were generally equally successful in identifying parent pairs and individual
parents, with only slight differences in the mean probability values and a slightly higher sire
identification success rate for the 10 locus panel (Figure 4-2; Supplementary Table 4-4). The 9
locus panel was less successful in correctly identifying parent pairs, with only 71% of parent
pairs correctly identified with high probability (probability > 0.75). The 9 locus panel also
showed a lower success rate at identifying the correct sires and dames, with 73.7% of sires and
96.8% of dames correctly identified with high probability (probability > 0.75). All known dams

were correctly identified using the seven larger panels. Although the seven larger panels had
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similar assignment success rates (parent pair assignment success = 83.9%), the full 16 locus
panel had overall higher mean probability rates making this panel most suited for use in future

parentage analyses.
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Figure 4-2. The parent pair and individual parentage assignment success of the eight microsatellite panels tested for use in Poicephalus robustus.
The bars corresponds to the percentage known parents correctly assigned to each offspring, with high probability; the lines are representative of
the probability values for each assignment type.
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4.4.3 Tracing the origin of birds illegally removed from the wild

The eight microsatellite panels performed well with the Bayesian assignment analysis
implemented in GeneClass2, with 83.33% to 66.67% of the test individuals assigned to the
correct population of origin. The highest assignment success was achieved with the six larger
microsatellite panels (16 loci to 11 loci), with 83.33% of the specimens correctly assigned
(Figure 4-3; Supplementary Table 4-5). The 12 locus panel had the best average assignment
probability value of the eight tested panels (Average assignment probability = 0.565, SE =
0.087), with five out of the 10 individuals correctly assigned had assignment probabilities
above 0.6. The remaining five individuals assigned to the correct populations with assignment
probabilities lower than 0.6 (assignment probability = 0.170 — 0.591; Supplementary Table 4-
5). The two individuals (FH12 and FH32) that were wrongly assigned, were sampled from the
Eastern Cape but assigned to the captive (FH12) and KZN (FH32) populations. The assignment
probabilities of these individuals did, however, differ only slightly between the actual

population of origin and the assigned population (Supplementary Table 4-5).
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Figure 4-3. The assignment success rates for the eight microsatellite panels tested for their
ability to correctly assign specimens to their area of origin in the current study. The black line
represents the average assignment probability calculated from the correctly assigned
specimens’ probability values. The exact probability values for the assignments conducted with
each of the eight panels are available in Supplementary Table 4-5.
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4.4.4 Genetic diversity: captive versus wild populations

The genetic diversity estimates for the captive data set, using 16 microsatellite loci, was similar
to that observed for the wild Cape Parrot populations (Table 4-2). Significant differences were
observed between the Captive/Central and Captive/North per locus Na estimates (p-value <
0.0045). The average number of alleles observed for the captive data set was higher than that
observed in the wild population (captive, Na = 6.813, southern, Na = 6.563; central, Na =
5.313; northern, Na = 2.875; Table 4-2). The significant differences observed for the Na
estimates could, however, be influenced by differences in sample size (Captive born samples,
n=71; South, n=60; Central, n=20; North, n=5). The allelic richness (Ar) estimates provide
a more accurate estimation, with the only significant difference observed among the
Captive/North per locus Ar estimates (p-value < 0.0045). The captive data set did, however,
have the highest number of private alleles (Pa = 21), which was almost double that of the
highest value observed among the wild populations (South, Pa = 13). No significant differences
were observed between the Captive vs wild per locus observed heterozygosity (Ho), unbiased

expected heterozygosity (uHg) and inbreeding coefficient (Fis) comparisons.

The Ho for the captive data set was only slightly lower than that observed for the three
wild populations (captive, Ho = 0.591; southern, Ho = 0.605; central, Ho= 0.647; northern, Ho
= (0.6), with an uHg comparable to that observed for the South and Central wild populations
(captive, uHg = 0.625; southern, uHg = 0.632; central, uHg = 0.635). A low positive Fis value
was observed for the captive data set indicated only slight inbreeding (Fis = 0.054), with low
heterozygote deficiency, which could be expected from captive bred populations (Slade et al.,
2014, Snyder et al., 1996). Low genetic differentiation was found only between the captive
data set and the South population (Fst = 0.017; p-value = 0.001). No significant genetic
differentiation was observed between the captive and North populations (Fst = 0.104; p-value
= 0.004) or the captive and Central populations (Fst = 0.01; p-value = 0.024), following a
Bonferroni correction (p-value = 0.003). The global Fsr value calculated for the captive and
three wild populations did not significantly differ from zero (Fst = 0.008; p-value = 0.008).
The analysis of molecular variance (AMOVA) indicated that 92% of the observed genetic
variance occurred within individuals, with 5% of the genetic variance between individuals and
only 3% among the populations. Similar AMOVA results was observed in a study focusing

purely on the genetic variation among the wild Cape Parrot populations (Chapter 3).
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Table 4-2. The genetic diversity estimates for each of the wild Cape Parrot populations and the
captive data set, using 16 microsatellite loci. Standard error for average number of alleles,
observed heterozygosity and unbiased expected heterozygosity is provided in parentheses.

Locality: Average number Allelic Observed Unbiased Inbreeding Private
of alleles (N): richness heterozygosity expected coefficient alleles (Pa):
(Ar): (Ho): heterozygosity (Fis):
(uHg):

South 6.563 (1.252) 3.791 (0.400) 0.605 (0.055) 0.632 (0.053) 0.042 13

Central ~ 5.313 (0.898) 3.708 (0.386) 0.647 (0.058) 0.635 (0.05) -0.02 5

North 2.875(0.34) 2.875 (0.340) 0.6 (0.063) 0.572 (0.052) -0.055 2

Captive  6.813 (1.089) 3.673 (0.314) 0.591 (0.065) 0.625 (0.047) 0.054 21

4.5 Discussion

Microsatellite markers are widely used in parentage analyses, assignment tests and genetic
diversity analyses and have been used successfully in parrots (Presti and Wasko, 2014). To
investigate the usefulness of a range of species specific microsatellite markers for forensic
applications in the Cape Parrot, 16 microsatellite loci were analysed and tested across 76
captive Cape Parrots. The optimum combination and number of loci were identified for use in
parentage analysis and population assignment analysis, by assessing the informativeness of
each locus. Only slight genetic differences were detected between the captive Cape Parrot data

set and the wild populations.

4.5.1 Microsatellite loci for parentage analysis

The level of variation and informativeness observed in the current study is comparable to that
observed in other studies. The PIC values observed in the current study falls within the same
range as the values observed by Klauke et al. (2013) during a study investigating the breeding
system of the endangered E1 Oro parakeet from southwest Ecuador. The combined Pip observed
by Russello et al. (2007a) for 14 loci used in the South American Monk parakeet was lower

than that observed for Cape Parrots in the current study.

The locus informativeness analyses performed on the 16 microsatellite loci, allowed for
the ranking of the 16 loci according to their level of informativeness. The full locus set of 16
markers showed to be the best combination of markers for parentage analysis, of the eight

panels tested. This panel had the highest average assignment probabilities for parent pair, sire
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and dame assignment tests (Figure 4-2). The 16 locus panel had a combined Pip of 1.8E-13 and
a combined Pgz 0£0.995. This microsatellite panel has a probability of identity value suggesting
that 1 in 5.5E+12 individuals will share the same genotype, indicating that this panel is highly
suited for individual-level identification. All the known dames were positively identified with
this panel, but only 31 of the 38 offspring’s known sires were identified with high probability.
It was observed that the 10 locus panel did have a better assignment rate for the known sires,
with 32 ofthe 38 sires identified, but the average assignment probability value was much lower
than that observed for the 16 locus panel (Figure 4-2). The failure to assign a parent, or
assignment of a parent with low probability, can be linked to the occurrence of amplification
errors during PCR causing allelic dropout, null alleles or stuttering (Dewoody et al., 2006,
Ferrie et al., 2013). It is possible to compensate for such errors in the parentage analysis
program Colony by importing the expected error rates of each locus, including null allele
frequencies, prior to analysis. When this was done in the current study, failed or incorrect
assignments were still observed and it is advisable to not only rely on genetic data, but also
make use of a complete studbook of legally registered captive bred birds, as suggested by Ferrie
et al. (2013). It is therefore important to compile a complete studbook of all captive bred Cape
Parrots, complemented by a complete DNA data base using the full 16 locus microsatellite

panel described in this study.

4.5.2 Population of origin analysis

The use of assignment methods to identify the population or area of origin of confiscated
wildlife is a well-known tool in wildlife forensics (Alacs et al., 2010, Ogden and Linacre,
2015). The partial Bayesian assignment analysis implemented in GeneClass2 is a well-known
method for assignment of specimens to their population of origin. This method has been used
on a wide range of wildlife species, including fish (Grobler et al., 2005, Primmer et al., 2000,
Renshaw et al., 2006), birds (Chan et al., 2002, Leader et al., 2008, Pruett et al., 2010), reptiles
(Davy et al., 2014, Gracia et al., 2011, Russello et al., 2007b), marsupials (Eldridge et al., 2001,
Piggott et al., 2006), placental mammals (Bilgmann et al., 2011, Fischer et al., 2015, Joshi et
al., 2013, Kotze et al., 2008) and monotremes (Furlan et al., 2012). An example of the forensic
application of this method can be taken from a study by Primmer et al. (2000). These authors
used the methods implemented in GeneClass to investigate a case of fishing competition fraud
and successfully excluded the fishing competition location as the origin of the fish in question

and supporting the claim of competition fraud (Primmer et al., 2000).
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The assignment analysis performed with six of the eight microsatellite panels (16 loci
to 11 loci) all had a success rate of 83.33%. The average assignment probabilities of the correct
assignments did however differ, with the 12 locus panel outperforming the rest (Figure 4-3).
The two Eastern Cape individuals were not assigned to their population of origin, with sample
FH12 assigned to the Captive population and FH32 assigned to KZN (Supplementary Table 4-
5). The probabilities that these two samples should be assigned to the Captive and KZN
populations were only marginally higher than the probabilities observed for assignment to the
Eastern Cape population. This could be due to the occurrence of ancestral admixture, as it is
shown that the southern (Eastern Cape) populations form a source to the central (KZN)
populations (Chapter 3), and the captive bred populations in turn is largely sourced from the
KZN populations (C.T. Downs pers. comm.). These individuals could therefore have ancestral

links to individuals in the central (KZN) and the captive populations (via the KZN populations).

4.5.3 Captive vs Wild Cape Parrots

The majority of the genetic differentiation estimates showed little to no genetic difference
between the captive data set and the three wild Cape Parrot populations. A clear difference
was, however, observed for the private allele estimate. The captive data set contained almost
double the amount of private alleles observed in the southern wild population, which the recent
phylogeographic study suggests is the most genetically diverse wild population (Chapter 3). In
theory, the higher number of private alleles in the captive population could be due to rare
alleles, which are generally not often seen in the wild, being present in the founders of the
captive populations. Gautschi et al. (2003) observed a similar trend in a captive bearded vulture
(Gypaetus barbatus) population, with a higher level of genetic diversity in the captive
population when compared to that observed in the wild population. This was linked to founder
individuals, who are still present in the breeding population, carrying rare alleles and thereby
passing these alleles down to their offspring (Gautschi et al., 2003). It is therefore possible that
the captive Cape Parrots have not been in captivity for an appropriate amount of time to lose
the observed rare alleles, and that these alleles are still being passed down to the new
generations. New wild birds are also regularly introduced to the captive stock, through the
addition of injured or confiscated wild birds (Wilkinson, 2015). These introductions could then
also supplement the genetic diversity of the captive population, especially if the birds originate

from different regions of the Cape Parrot’s natural distribution range. Many of the birds in the
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captive data set used in the current study are F1 to F3 descendants from wild birds, and could

therefore still carry these rare alleles.

The captive and wild birds are also subjected to different environmental forces, which
can lead to genetic adaptation to captivity (Frankham, 2008). The difference in selective
pressures like lack of predators, food availability and pathogenic exposure could promote the
selection of certain traits in captive animals, which would normally be detrimental in the wild
(Lynch and O'Hely, 2001). It is possible for selection of certain rare, fitness linked, loci to
influence the genetic diversity of neutral loci like microsatellites, although it was observed to
mostly decrease the genetic diversity of neutral loci (Montgomery et al., 2010). It could,
therefore, also be argued that the large number of private alleles observed in the captive sample
set could in some way be linked to the selection of rare alleles, due to human mediated mate
selection of breeding pairs. Further fitness analyses using fitness linked loci, like the major
histocompatibility complex (MHC) genes or toll like receptor (TLR) genes, should be
performed to better understand the effects captive breeding has on the genetic health of the

Cape Parrot population.

4.6 Conclusions

The assessment of the 16 microsatellite loci tested in the current study identified the full 16
locus panel as the best set of markers for use in parentage analysis. Such analyses should be
performed on traded birds suspected of being illegally harvested from the wild. It is therefore
important to have a data base of all legally owned Cape Parrots and a complete studbook for
future use. Using this set of loci, birds suspected of being illegally harvested from the wild can
be traced to region of origin through implementation of the partial Bayesian approach in
GeneClass2 for individual assignment analysis. The 12 locus microsatellite panel is most
appropriate for this analysis. It is, however, recommended to increase the reference data sets,
for both the wild and captive populations, thereby increasing the accuracy of the individual
assignment analysis using the assignment methods implemented in GeneClass2. This
recommendation is based on the low level of differentiation observed between the wild and
captive populations. The use of additional highly polymorphic loci could improve these results
(Cornuet et al., 1999). The high number of private alleles observed in the captive population
highlights its distinctiveness. Reintroductions to the wild from the current captive population

is not recommended until further analyses of fitness related loci are performed, as accumulation
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of certain rare alleles could have detrimental effects on the wild populations. It is further
recommended that, for reintroduction purposes, captive populations from the three Cape Parrot
populations should be kept separate to prevent unnatural admixture of the different genetic

lineages.

The results from this study will help conservation and law enforcement authorities to
better police and identify cases of illegal trafficking in South Africa’s only endemic parrot. The
information obtained here also highlights the genetic distinctiveness of the captive population,
and the effect these birds will have on wild populations should be considered before any future

re-introductions plans are made.
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4.9 Supplementary Information

Supplementary Table 4-1. Sample information for all samples used in Chapter 4; a)
identification and origins of all captive specimens used in the current study and b) number of
specimens from each of the breeding facilities (BF).

a)

Received specimen ID: ID from current Captive bred (CB) or Breeding

study: Wild born (WB) facility (BF):
L+T 138 Cap01 CB BF1
L+T 156 Cap02 CB BF1
L+T 157 Cap03 CB BF1
L+T 402 Cap04 CB BF1
08 WAH 17 ZA-0 Cap05 CB BF2
WAH 35 Cap06 CB BF2
WAH 36 Cap07 CB BF2
WAH 20 Cap08 CB BF2
20 WAH 10 Cap09 CB BF2
43671B7C54 Capl0 CB BF6
None Capll CB BF3
None Capl2 CB BF3
None Capl3 CB BF3
3155 Capl4 CB BF4
3907 Capl5 CB BF4
4029 Capl6 CB BF4
4020 Capl7 CB BF4
4835 Capl8 CB BF4
3157 Capl9 CB BF4
10 WAH 25 Cap20 CB BF2
22343 Cap21 CB BF5
22345 Cap22 CB BF5
22346 Cap23 CB BF5
24382 Cap24 CB BF5
435A0F1075 Cap25 CB BF6
433F1C6B2D Cap26 CB BF6
43592F1837 Cap27 CB BF6
442F10027B Cap28 CB BF6
43681A3B71 Cap29 CB BF6
06 WAH 47 F1 CB BF2
GT 984 F2 CB BF2
04 WAH 48 F3 CB BF2
L+T 112 ZA-0 F5 CB BF2
08 WAH 19 ZA-0 Fo6 CB BF2
46047A4221 F7 CB BF2
48681A2352 F8 CB BF2
000102FFF7 F9 CB BF2
500C596124 F10 WB BF2
0001D23107 F11 CB BF2
4359237E38 F15 WB BF2
03 WAH 7 M1 CB BF2
CPWG M2 WB BF2
97173 M3 CB BF2
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Supplementary Table 4-1.a (Cont.)

WAH 45 M5 CB BF2
00-0124-A357 M6 CB BF2
00-01D2-F647 M7 CB BF2
02 WAH 01 M8 CB BF2
4356 475 761 MI10 WB BF1
0001245B22 Ml11 CB BF2
00-01D1-F720 MI12 CB BF2
43670C6372 MI15 WB BF2
13 WAH 10 Oli CB BF2
13 WAH 11 Olii CB BF2
13 WAH 39 Oliii CB BF2
13 WAH 41 Oliv CB BF2
L+T 172 02i CB BF2
L+T 174 02ii CB BF2
13 WAH 4 03i CB BF2
13 WAH 5 0O3ii CB BF2
Chick of 03 WAH 07 04i CB BF2
14 WAH 5 05i CB BF2
14 WAH 6 O5ii CB BF2
14 WAH 7 O5iii CB BF2
14 WAH 10 06i CB BF2
14 WAH 11 06ii CB BF2
14 WAH 18 O6iii CB BF2
11 WAH 38 O7i CB BF2
13 WAH 44 O7ii CB BF2
13 WAH 45 O7iii CB BF2
15 WAH 1 0O8i CB BF2
02 WAH 11 09i CB BF2
02 WAH 20 O9ii CB BF2
WAH 15 O9iii CB BF2
WAH 32 010i CB BF2
WAH 39 O11i CB BF2
WAH 40 O11ii CB BF2
b)
Breeding facility (BF): Is\gérgkrfé nosf ‘S’/;t?ontribution to data
BF1 5 6.579
BF2 52 68.421
BF3 3 3.947
BF4 6 7.895
BF5 4 5.263
BF6 6 7.895
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Supplementary Table 4-2. Wild caught Cape Parrot genotypes sourced from Chapter 3 for the captive vs wild Cape Parrot analyses in Chapter
4. Each sample’s membership to one of the three genetic clusters identified in Chapter 3 is provided.

Sample code: Museum ID: Location: GPS coordinates: Date sampled: Sourced: Genetic cluster:
FHO1 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FHO02 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FHO3 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FHO04 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FHOS5 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FHO06 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FHO7 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FHO8 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FHO09 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH10 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH11 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH12 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH13 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH14 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH15 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH16 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH17 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH18 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH19 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH20 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH21 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH22 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH23 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH24 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH25 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH26 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH27 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH28 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH29 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH30 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH31 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH32 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH33 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH34 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH35 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH36 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH37 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH38 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH39 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH40 NA Alice, Eastern Cape -32.796097, 26.850024 2010 University of Cape Town South
FH41 NA Alice, Eastern Cape -32.796097, 26.850024 2013 This study (University of KwaZulu-Natal) South
KWTO1 NA King William's Town, Eastern Cape -32.880202, 27.398856 2011 University of Cape Town South



Supplementary Table 4-2 (Cont.)

KWTO02
KWTO03
KWTO04
KWTO05
KWTO06
KWTO07
KWTO08
KWT09
KWTI10
KWTI11
ECHI12
ECH13
ECH14
ECH15
ECHI16
ECH17
ECH18
ECH21
KZNO1
KZNO02
KZNO03
KZN04
KZNO5
KZNO06
KZNO7
KZNO08
KZN09
KZN10
KZN11
KZN12
KZN13
KZN14
KZN15
KZN16
KZN17
KZN18
KZN19
KHO04
Lim01
Lim02
Lim03
Lim04
Lim05

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

6162
6163
7201
13276
13277
P.r.r 8266
P.r.r 8267
TM 40942
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

TM 40930
NA

NA

NA

NA
TM80817

King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
King William's Town, Eastern Cape
Needs Camp, Amathole, East London area, Eastern Cape
Needs Camp, Amathole, East London area, Eastern Cape
Cambridge district, East London, Eastern Cape
Lusikisiki, Eastern Cape

Lusikisiki, Eastern Cape

Eastern Cape

Eastern Cape

Eastern Cape

Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
Creighton, KwaZulu-Natal
KwaZulu-Natal

Tzaneen, Limpopo

Tzaneen, Limpopo

Tzaneen, Limpopo

Tzaneen, Limpopo

Tzaneen, Limpopo

-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.880202, 27.398856
-32.995257,27.647519
-32.995257,27.647519
-33.008834, 27.802254
-31.366218, 29.570018
-31.366218, 29.570018
Unknown

Unknown

-31.366218, 29.570018
-30.027832, 29.838148
-30.027832, 29.838148
-30.027832, 29.838148
-30.027832, 29.838148
-30.027832, 29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832, 29.838148
-30.027832, 29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832,29.838148
-30.027832, 29.838148
-30.027832, 29.838148
Unknown

-23.859859, 30.006596
-23.859859, 30.006596
-23.859859, 30.006596
-23.859859, 30.006596
-23.822019, 30.131136

2011
2011
2011
2011
2011
2011
2011
2011
2011
2013
1958
1958
1959
1968
1968
1960
1954
1951
2005
2005
2005
2005
2005
2005
2013
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
1957
1999
1999
1999
1999
2014

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

University of Cape Town

This study (University of KwaZulu-Natal)
East London Museum

East London Museum

East London Museum

East London Museum

East London Museum

Durban Natural Sciences Museum

Durban Natural Sciences Museum
Ditsong National Museum of Natural History
University of KwaZulu-Natal

University of KwaZulu-Natal

University of KwaZulu-Natal

University of KwaZulu-Natal

University of KwaZulu-Natal

University of KwaZulu-Natal

This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
This study (University of KwaZulu-Natal)
Ditsong National Museum of Natural History
Craig Symes (Wits University, RSA)
Craig Symes (Wits University, RSA)
Craig Symes (Wits University, RSA)
Craig Symes (Wits University, RSA)
Ditsong National Museum of Natural History

South
South
South
South
South
South
South
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Supplementary Table 4-3. The eight microsatellite panels tested in Chapter 4, with the polymorphic information content (PIC) and combined
probability of identity (Pipcom) for each panel.

16 15 14 13 12 11 10
locus locus locus locus locus locus locus 9 locus
Locus rank: panel:  panel:  panel: panel: panel: panel: panel: panel:

Probl7 Probl7 Probl7 Probl7 Probl7 Probl7 Probl7 Probl7
Prob31 Prob31 Prob31 Prob31 Prob31 Prob31 Prob31 Prob31
Prob26 Prob26 Prob26 Prob26 Prob26 Prob26 Prob26 Prob26
Prob30 Prob30 Prob30 Prob30 Prob30 Prob30 Prob30 Prob30
Prob23 Prob23 Prob23 Prob23 Prob23 Prob23 Prob23 Prob23
Prob25 Prob25 Prob25 Prob25 Prob25 Prob25 Prob25 Prob25
Probl8 Probl18 Probl8 Probl8 Probl8 Probl8 Probl8 Probl8
Prob06 Prob06 Prob06 Prob06 Prob06 Prob06 Prob06 Prob06

0O ON DN W N

9 Prob09 Prob09 Prob09 Prob09 Prob09 Prob09 Prob09 Prob09
10 Probl5 Probl5 Probl5 Probl5 Probl5 Probl5 Probl5
11 ProbOl1 ProbOl ProbOl1 ProbOl ProbOl Prob0l
12 Prob29 Prob29 Prob29 Prob29 Prob29
13 Prob34 Prob34 Prob34 Prob34
14 Prob28 Prob28 Prob28
15 Prob35 Prob35
16 Prob36
Polymorphic
information content
(PIC): 0.581 0.605 0.63 0.642 0.663 0.686 0.698 0.703
Combined
probability of 1.8E- 3.1E- 5.4E- 2.0E- 5.4E- 1.6E- 7.3E- 5.7E-

identity (Pipcom): 13 13 13 12 12 11 11 10




Supplementary Table 4-4. The parentage assignment success rates for all parentage assignments performed in Chapter 4. Standard error values

are provided in parentheses.

16 loci 15 loci 14 loci 13 loci 12 loci 11 loci 10 loci 9 loci
% parent pairs correctly
assigned (probability > 83.87 83.87 83.87 83.87 83.87 83.87 83.87 70.97
0.75):
Mean probability: 0.997 (0.001) 0.987 (0.005) 0.993 (0.002) 0.993 (0.002) 0.985 (0.006) 0.995 (0.002) 0.953 (0.021) 0.977 (0.011)
z/;’ﬁs;g‘)’? correctly assigned g 5g 81.58 81.58 81.58 81.58 81.58 84.21 73.68
Mean probability: 0.997 (0.001) 0.988 (0.004) 0.994 (0.002) 0.995 (0.002) 0.985 (0.005) 0.994 (0.001) 0.946 (0.018) 0.965 (0.010)
% dams correctly assigned |, 100 100 100 100 100 100 96.77
>0,75)
Mean probability: 0.997 (0.001) 0.997 (0.001) 0.996 (0.001) 0.996 (0.001) 0.997 (0.001) 0.997 (0.001) 0.981 (0.008) 0.984 (0.007)




Supplementary Table 4-5. The population of origin results for each of the eight microsatellite
panels tested in Chapter 4; a) The percentage (%) of correct assignments, with the average
assignment probabilities of the correct assignments. Standard error (SE) is given in
parentheses; b) The GeneClass2 assignment results for each of the eight panels tested, with

correct assignments marked by green and incorrect assignments marked by red.

a)
16 loci 15 loci 14loci 13 loci 12 loci

% correct assignments: 83.33 83.33 83.33 83.33 83.33

Average assignment  0.523 0.520 0.518 0.546 0.565

probability: (0.085) (0.089)  (0.088) (0.074) (0.087)

b)

e
Incorrect
assignment:

e e Comive G K Limpopo

Cap02 Cap01 0.587 0.278 0.079 0.000

03i Cap02 0.377 0.140 0.150 0.000

06i Cap03 0.793 0.274 0.261 0.001

O8i Cap04 0.879 0.609 0.116 0.002

Ollii Cap05 0.668 0.231 0.399 0.002

Capl4 Cap06 0.057 0.021 0.022 0.000

FH12 ECO1 0.507 0.439 0.127 0.000

FH32 EC02 0.148 0.397 0.446 0.000

KWTO08 ECO03 0.059 0.306 0.030 0.000

KZN02  KZNO1 0.539 0.449 0.674 0.000

KZNO8  KZNO02 0.098 0.204 0.213 0.014

KZN13  KZNO03 0.328 0.089 0.677 0.002

15 loci:

e i CoPive G St Limpopo

Cap02 Cap01 0.556 0.249 0.070 0.000

031 Cap02 0.349 0.117 0.134 0.000

061 Cap03 0.840 0.347 0.333 0.001

08i Cap04 0.855 0.578 0.103 0.002

Ollii Cap05 0.636 0.203 0.378 0.002

Capl4 Cap06 0.063 0.011 0.029 0.000

FH12 ECO01 0.563 0.545 0.166 0.000

FH32 EC02 0.139 0.364 0.426 0.000

KWTO08 ECO03 0.057 0.276 0.025 0.000

KZN02  KZNO1 0.507 0.416 0.656 0.000

KZN0O8  KZNO02 0.093 0.178 0.195 0.014

KZN13  KZNO03 0.368 0.096 0.776 0.005
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Supplementary Table 4-5.b

(Cont.)

14 loci:

e ample . Comive ™ Ko Limpopo
Cap02 Cap01 0.522 0.231 0.063 0.000
03i Cap02 0.325 0.110 0.123 0.000
06i Cap03 0.895 0.370 0.333 0.001
O8i Cap04 0.833 0.547 0.094 0.002
O11ii Cap05 0.601 0.189 0.355 0.002
Capl4 Cap06 0.101 0.045 0.085 0.000
FHI12 ECO01 0.633 0.572 0.167 0.000
FH32 EC02 0.164 0.390 0.427 0.000
KWTO08 ECO03 0.057 0.296 0.026 0.000
KZN02  KZNO1 0.475 0.390 0.630 0.000
KZN0O8  KZNO02 0.106 0.193 0.196 0.012
KZN13  KZNO3 0.427 0.105 0.777 0.004
13 loci:

Cap02 Cap01 0.519 0.270 0.070 0.000
03i Cap02 0.271 0.102 0.111 0.000
06i Cap03 0.904 0.426 0.358 0.001
O8i Cap04 0.790 0.521 0.084 0.001
O11ii Cap05 0.541 0.177 0.329 0.001
Capl4 Cap06 0.583 0.360 0.448 0.000
FH12 ECO01 0.573 0.546 0.153 0.000
FH32 EC02 0.152 0.387 0.438 0.000
KWTO08 ECO03 0.055 0.294 0.027 0.000
KZN02  KZNO1 0.413 0.367 0.601 0.000
KZNO8  KZNO02 0.099 0.191 0.203 0.008
KZN13  KZNO03 0.367 0.098 0.752 0.002
12 loci:

Cap02 Cap01 0.761 0.344 0.150 0.000
03i Cap02 0.217 0.072 0.091 0.000
06i Cap03 0.917 0.407 0.348 0.000
0O8i Cap04 0.804 0.505 0.080 0.001
O11ii Cap05 0.462 0.137 0.284 0.001
Capl4 Cap06 0.789 0.493 0.581 0.000
FH12 ECO01 0.494 0.480 0.126 0.000
FH32 EC02 0.117 0.324 0.384 0.000
KWTO08 ECO03 0.034 0.240 0.021 0.000
KZN02  KZNO1 0.407 0.345 0.591 0.000
KZNO08  KZNO02 0.070 0.150 0.170 0.005
KZN13  KZNO03 0.301 0.068 0.700 0.001
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Supplementary Table 4-5.b

(Cont.)

11 loci:

e ampte Copive ™ N Limpopo
Cap02 Cap01 0.707 0.286 0.110 0.000
03i Cap02 0.181 0.058 0.063 0.000
06i Cap03 0.938 0.435 0.359 0.000
O8i Cap04 0.756 0.441 0.054 0.000
O11ii Cap05 0.405 0.112 0.223 0.000
Capl4 Cap06 0.818 0.530 0.608 0.000
FHI12 ECO01 0.436 0.415 0.090 0.000
FH32 EC02 0.113 0.342 0.397 0.000
KWTO08 ECO03 0.027 0.249 0.018 0.000
KZN02  KZNO1 0.351 0.288 0.520 0.000
KZN0O8  KZNO02 0.051 0.122 0.126 0.004
KZN13  KZNO03 0.253 0.055 0.634 0.001
10

Loci:

D ample Copive (o™ Kt Limpopo
Cap02 Cap01 0.659 0.250 0.092 0.000
03i Cap02 0.158 0.051 0.051 0.000
06i Cap03 0.926 0.608 0.509 0.001
O8i Cap04 0.709 0.396 0.044 0.000
O11ii Cap05 0.365 0.097 0.197 0.000
Capl4 Cap06 0.794 0.710 0.779 0.000
FH12 ECO1 0.398 0.397 0.078 0.000
FH32 EC02 0.096 0.303 0.365 0.000
KWT08 ECO03 0.019 0.233 0.015 0.000
KZN02  KZNO1 0.321 0.270 0.503 0.000
KZNO8  KZNO02 0.041 0.113 0.111 0.003
KZN13  KZNO03 0.229 0.052 0.618 0.000
9 loci:

e ample . Comive o™ Kt Limpopo
Cap02 Cap01 0.677 0.660 0.254 0.000
03i Cap02 0.115 0.049 0.038 0.000
06i Cap03 0.902 0.609 0.462 0.001
0O8i Cap04 0.736 0.359 0.046 0.000
O11ii Cap05 0.674 0.120 0.411 0.000
Capl4 Cap06 0.794 0.644 0.805 0.000
FH12 ECO01 0.381 0.333 0.073 0.000
FH32 EC02 0.071 0.251 0.371 0.000
KWTO08 ECO03 0.211 0.263 0.146 0.000
KZN02  KZNO1 0.238 0.208 0.430 0.000
KZN0O8  KZNO02 0.022 0.110 0.088 0.001
KZN13  KZNO03 0.180 0.050 0.576 0.000
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
RESEARCH

This study is, to date, the most comprehensive genetic assessment of the South African endemic
Cape Parrot (Poicephalus robustus). This species has been the topic of much debate over the
last two decades, specifically with regards to its taxonomic and conservation status. The
taxonomic assessment of the Cape Parrot (Chapter 2) is the most inclusive study done on the
taxonomic relationships within the Poicephalus robustus clade using molecular data. The
previously published differences in morphology, habitat and dietary needs between P. r.
robustus, P. r. fuscicollis and P. r. suahelicus, coupled with the clear genetic differentiation
observed in the current study provides strong evidence for the elevation of P. . robustus to full
species status i.e. P. robustus sensu stricto. It was further suggested in this study that P. r.
fuscicollis and P. r. suahelicus should remain as subspecies under P. fuscicollis, namely P. f.

fuscicollis stat. nova and P. f. suahelicus stat. nova.

It was established, in Chapter 3, that the genetic history of the Cape Parrot has been
affected by two significant bottleneck events. One of these major population declines occurred
during the mid-Holocene. During this same time period, a significant decline in yellowwood
forests was observed. Signs of a more recent bottleneck event were also detected. This was
linked to a second decline in yellowwood forests during the early 1900’s due to colonial
logging practices. It was, however, observed that the effective population size of the current
Cape Parrot population is three times higher than estimates of a 100 years BP, indicating an
increase in Cape Parrot population size. The more recent bottleneck event led to the isolation
of the northern population from the remaining populations. It was shown that this northern
population is clearly genetically distinct from the rest of the Cape Parrot population, and it is
therefore important to monitor the genetic health of this population to ensure its continued
survival. Breeding success surveys should be conducted on a regular basis to establish the
breeding success of the birds in this population, simultaneously collecting DNA samples from
nest sites for genetic analysis. The two most western Cape Parrot populations (Alice and King
William’s Town, Eastern Cape) were shown to play an important role as source populations
for migrants moving into the more central populations. The southern populations also showed
the highest levels of genetic diversity, highlighting the importance of these populations for the
preservation of genetic integrity of the global Cape Parrot population. These southern

populations can possibly be used as source populations for translocations, if the need arises.
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The assessment of 16 microsatellite loci for use in forensic case work for Cape Parrots
identified two marker panels for use in parentage (16 loci) and individual assignment (12 loci)
of suspected illegally traded birds. The effectiveness of these tests will be enhanced by the
availability of a complete genotype data base of all legally owned captive Cape Parrots, as well
as a complete studbook of all captive Cape Parrot individuals. Adequate reference data bases
of the three wild Cape Parrot lineages is also needed for the accurate assignment of confiscated
birds to their region of origin. Low levels of genetic differences were observed between the
captive and wild populations. The captive population did, however, have a high number of
private alleles, which might be as a result of a founder individuals possessing rare alleles, not
often seen in the wild. It is recommended that the current captive population should not be used
for reintroduction purposes, until further analyses of fitness related loci are performed. Due to
the level of genetic sub-structuring observed in the wild Cape Parrot population, it is further
recommended that captive populations for use in reintroductions should resemble the wild

populations as closely as possible to prevent the unnatural mixing of distinct lineages.

The findings from this thesis will provide local, and international, conservation and law
enforcement agencies with additional information to help in better protecting this South
African endemic species. The results obtained from Chapter 2 will provide conservation
authorities with enough evidence to view the South African endemic Cape Parrot as a
Vulnerable species of conservation priority. Recognition of the Cape Parrot as a separate
species, and the phylogeographic assessment of this species, will assist the biodiversity
conservation sector to prioritize, plan and implement appropriate conservation strategies
focused on the Cape Parrot. The microsatellite panels identified in Chapter 4 will further assist
the relevant conservation and law enforcement authorities to better assess the legality of trade
in this species. The genetic assessment of the captive population will aid parrot breeders, and
conservation authorities, to better manage captive populations kept for possible future

reintroductions into the wild.
The way forward

The phylogeographic analyses performed on the wild Cape Parrot population and the genetic
comparison between the captive and three wild Cape Parrot lineages were all done using neutral
microsatellite loci. Neutral markers do, however, not provide any information with regards to
evolutionary adaptive variability within or among populations. The use of fitness linked loci

such as the major histocompatibility complex (MHC) and Toll-like receptor (TLR) gene
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families is recommended to better understand the level of adaptive differences within and
among captive and wild Cape Parrot populations. These two gene families both play important
roles in vertebrate immune responses. Certain genes in these gene families are known for their
involvement in viral and others in bacterial immunity. Variation in these genes will provide
more insights into how different Cape Parrot populations have adapted to pathogens found in
the different distribution ranges. Assessment of fitness linked genes will also provide
information on how the captive birds have adapted to captivity, for instance their ability to

respond to various types of pathogens.
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