


The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Declaration

I hereby declare that all the work presented in this thesis (“A conservation genetic study of
threatened, endemic southern African seabirds™) is my own, except where otherwise stated in
the text. This thesis has not been submitted in whole or in part for a degree at any other

university.

Signed in Cape Town on the 17 February 2014

| Signed by candidate |

.......................................................

1 Jane Nupen



ABSTRACT

Molecular techniques have a broad, and growing, application in the field of wildlife
conservation, ranging from the systematic identification and classification of taxa, through
studying genetic connectivity between populations, to parentage and individual barcoding.
While they are applied to a wide range of spatial- and temporal-scales, molecular approaches
complement traditional methods used to classify, investigate and understand the natural
world. This study uses multiple lines of evidence, at various scales, to investigate how
seabird biology influences population-level responses to changing environments. The focal
area is the Agulhas-Benguela Ecosystem (ABE) along the south-western coast of Aftrica.
Globally, biodiversity loss due to environmental change in marine ecosystems is significantly
affecting the phenology, distribution, dispersal patterns, and demographic rates of organisms
across trophic-levels. Broad-scale changes are occurring that have consequences for both
commercial fisheries and threatened marine top-predators. Seabirds are valuable indicators of
the state of marine ecosystems, and changes in their distribution and dispersal patterns may
reflect those of species in lower trophic-levels. This is the case in the * ™, where some
endemic seabird species are better at responding to changes in their environment than others.
Twentieth century shifts in the distribution of key pelagic prey species in the ABE have had
serious consequences for endemic seabirds. The African Penguin Spheniscus demersus, Cape
Gannet Morus capensis and Cape Cormorant Phalacrocorax capensis rely on these pelagic
fish, and all three species are threatened and in decline. In this study population genetic and
phylogeographic methods are used to: (i) quantify levels of genetic diversity, and determine
regional-scale structure within all three focal species; (ii) explore fine-scale population
structure in African Penguin; and (iii) compare wild and captive populations of African
Penguins.

The conservation of genetic diversity i1s essential for the long-term persistence of species.
Population genetics can help us to understand the evolutionary processes that have shaped
patterns of genetic diversity in the focal species, and predict how they might respond to
further environmental changes. Comparative phylogeography, combined with capture-mark-
recapture (s ) "~ data and annual census counts, provide the most complete
picture of the micro-evolutionary forces at play in this unique ecosystem, and highlight
seabird life-history characteristics may facilitate adaptation and survival under novel
conditions. This is the first conservation genetic study of endemic seabirds in the ABE.

Although the three focal species differ in a number of aspects of their breeding and foraging












the last five years has humbled me and made me feel very lucky! There’s no way I can !
everyone, so [’ll just say a big thank you to my friends for the nights out, : nights in, the
weekends away and just for
being part of my life (and
keeping me sane!). Many of
you have been in the same
boat, and your support has
been invaluable. To my
fant: ic parents, thank you for , _
you for always loving me, no matter what. And to The Best Sister In The World, thank you
for your constant encouragement and boundless generosity, and the occasional (much
needed) reality check! To my Big Love, thank you for everything you do for me, especially
the small things.

here is the deepest secret nobody knows

(here s the root of the root and the kud of the bud
and the sky of the sky of 2 tree calted hfe; which grows
highier than scul can hepe or miind can bide)

anc this ‘s the wonder that s keeping the stars apart

L Cefry your heart(i cerryitin ny hoert)
€.€. cummings






~-LoJSS.UN
CONCLUSIONS
CHAPTER 6: Synthesis of findings and future research directions

Future research and the importance of adaptive genetic diversity

Conclusion

REFERENCES

APPENDICES (CHAPTERS 2 to S) enclosed

264
272
274
279
283
284






NZG:
PAZAAB:
PCoA:
PD:

PE:

RAD:
RM.

SANCCOB:

SMM:
SNP:
TOA:
TPM:
uHE:
WAZA:
WC:

National Zoological Gardens of South Africa.
African Association of Zoos and Aquaria.
principal coordinate analysis.

power of discrimination

probability of exclusion

restriction-site associated DNA

reduced median.

Southern African Foundation for the Conservation of Coastal Birds.
Stepwise Mutation Model.

single nucleotide polymorphism.

Two Oceans Aquarium

two-phase mutation model.

unbiased expected heterozygosity.

World Associations of Zoos and Aquariums.
Western Cape Province of South Africa.

xi






Chapter 1: introduction

change for marine ecosystems, and their constituent species, is complicated, but it is
nonetheless critical for the ¢ elopment of effective long-term marine conservation strategies

(Jiguet et al. 2007; Wolf et al. 2010).
Seabirds as indicators of ecosystem change

Evolutionary and ecological studies of seabirds have provided insight into the effects of
marine habitat degradation and environmental change, and the associated destabi’® ition of
complex marine food webs worldwide (Croxall et al. 2012). Seabirds are inf  ative in this
context due to their trophic status, and the relative ease with which we can monitor their

distribution, abundance and reproductive success.

Long-term datasets exist for numerous seabird species worldwide, allowing researchers to
expl  how species have responded to past changes in their environment and to develop
predictions as to how they might be affected by on-going human-induced environmental
change. Seabirds are collectively one of the most threatened groups of birds worldwide
(Butchart et al. 2004; Croxall et al. 2012) and have become a conservation priority in recent
years, partly due to the information they can provide regarding the state of coastal and
oceanic systems (QOatley et al. 1992; Crawford 2007b; Piatt & Sydeman 2007; Croxall et al.
2012). Marine ecosystems, especially upwelling ecosystems, are complex and difficult to
monitor directly, so indicators that integrate changes in biotic and abiotic factors are highly
valuable (Piatt & Sydeman 2007; Saraux et al. 2011). Changes in the distribution and
abundance of top predators in marine ecosystems often reflect changes in the biological or
oceanographic processes that characterise those ecosystems (Cr ford & Altwegg 2008;
Einoder 2009; Distiller et al. 2012). For example, seabird populat _ 1 sizes and reproductive
perfc  ince are determined largely by the availability of prey and are expected to reflect
environmentally-induced fluctuations in prey resources (Durant et al. 2009). Pelagic seabirds
are ‘samplers’ of pelagic prey that is mobile, patchily distributed and difficult to sun -
(Cherel & Weimerskirch 1995), and can be used as indicators of the spatial distribution and

changes in abundance of marine resources (Boersma 2008; Waller 2011).
The ¢ 1bird syndrome’ and a role for D! -basedn 10dsin mari conser ion

Using seabird-derived indices to approximate the status and distribution of commercially
important fish stocks necessitates a thorough understanding of the nature and reliability of the
links between seabird population biology and behaviour, and prey stock size (Hunt et al.

1996). Seabirds are entirely dependent on the marine environment for at least part of their
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Burger 2001). This means that optimal mate and breeding site choice are important to
maximise reproductive output, as are short distances between breeding and foraging _  unds
- to reduce the cost of rearing chicks (Schreiber & Burger 2001). Together, these highly
conserved life-history traits have been termed the ““Seabird Syndrome™ because they restrict

the population’s growth rate, and hence its ability to recover from declines (Gaston 2004).

Several potential benefits exist to applying conservation genetic methods in the study of
seabird biology; e.g. using molecular markers to study their evolution and ecology (Friesen
2007; Taylor & Friesen 2012). Seabirds are practical study organisms to investigate micro-
evolutionary and ecological processes because data (e.g. chick growth rate) and samples (e.g.
genetic samples or diet samples) can be collected with relative ease at colonies during the
breeding season; sufficient genetic sample sizes can be accrued to robustly test hypotheses
regarding physical versus non-physical barriers to gene-flow (e.g. isolation by distance versus
natal site fidelity; Friesen 2007). It is also possible to individually mark chicks with durable
metal or silicone bands or transponder chips to track their movements and breeding behaviour
over their entire lives, providing useful estimates of dispersal and mate fidelity for
comparison with genetic data (Young 2010). Unfortunately, the collection of such data
usually requires recapture or re-sighting of birds and this ‘recovery effort’ is usually not
equally distributed across the range of seabirds with a low percentage recovery of rings
deployed (Votier et al. 2010), resulting in data that is often biased and statistically
challenging to analyse in a way that yields robust conclusions. Other constraints restrict the
use of transmitter or logger technologies to track the long-term movements of individuals
(Hazen et al. 2012), such as the cost of devices, memory and battery life limitations, as well
as ethic " concerns about the impacts of devices on individual birds (especially if deployed

large enough numbers to detect rare dispersal events). Natural tracers (e.g. stable isotopes,
trace elements) have also been used to investigate seabird movements during the non-
breeding season i.e. where their primary foraging grounds are at a broad scale (Cherel &
Hobson 2007; Tierney et al. 2008; Gonzalez-Solis & Shaffer 2009; Lorrain et al. 2009; Wiley
et al. 2012). These methods, however, are seldom useful for investigating dispersal and
population connectivity among colonies of b “'ng seabirds | ety t vide
spatial data at a fine scale resolution relative to appropriate genetic markers (Avise et al.
2000; Lowe & Allendorf 2010; Taylor & Friesen 2012; Moseley et al. 2012). Evolutionary
genetic theory as applied to threatened species provides a powerful complementary approach

to these more traditional methods when studying seabird population responses to changes in
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et al. 2008). ...ey have also been used in combination with other types of data to infer the
colonization history of seabirds (Young 2010). The geographic distribution of genetic
diversity can provide insights into various aspects of seabird ecology that are important for
their conservation, such as barriers to dispersal (Steeves et al. 2003; Morris-Pocock et al.
2010a), metapopulation dynamics (Bouzat et al. 2009) and foraging ecology (Wiley et al.
2012). Data of this type can help conservationists identify priority populations and better
understand connectivity between them (Crooks & Sanjayan 2006; Carty et al. 2009;
Blomgvist et al. 2010). Dispersal, environmental tolerances and biotic interactions shape the
geographic range of a species (Bohonak 1999; Hui et al. 2012). The degree of genetic
structure within the range of a species can reflect these interactions and provide insights into
the processes that generate and maintain genetic diversity (Wright 1965; Slatkin 1993,
Grosberg & Cunningham 2001; G: iotti et al. 2009; Blamey et al. 2012). Multi-species
comparative studies are powerful in this regard, as they allow for the discovery of common
factors responsible for shaping patterns of genetic diversity (Taylor & Friesen 2012; Barbosa
et al. 2012).

Genetic diversity and adaptive potential

There are several possible ways that populations may respond to changes in their
environment. They can adapt in sifu to changes (through natural selection), move to where
conditions are more suitable (dispersal) or adjust their phenotype (depending on the reaction
norm of the species) to better cope with the changes. Populations characterised by high levels
of genetic variation are predicted to have greater fitness (Reed & Frankham 2003) at the
individual and population levels, and higher adaptive potential (sometimes called
‘evolvability’; Willi et al. 2006; Bouzat 2010; Frankham 2010). These populations are
considered better able to adapt to changes in their environments (Willi et al. 2006; Bouzat
2010) because of how populations evolve — by changes in the frequencies of alleles as a result
of mutation, genetic drift, gene-flow and selection (Hedgecock et al. 2007). A species’
capacity to adapt to changing conditions, either by dispersing to where conditions are more
favourable, or adjusting its phenotype to suit new conditions, determines whether populations
will pc st or go (He zel 110; Picheg =:tal. [ Ob; olver 112).
If a population lacks the appropriate (additive) genetic variation in some direction in
phenotype space (i.e. variation in a single trait or set of traits that improve fitness under novel
selective pressures), that population’s evolutionary potential is constrained (Gomulkiewicz &

Houle 2009). Quantitative genetic constraints occur when this additive variation is limited,
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h ory (Amos & Harwood 1998; Knowles 2009; Welch et al. 2012b). A common goal of
phylogeographic research is the identification of barriers to gene-flow within species (Avise
2000). Barriers to gene-flow reduce connectivity among seabird populations, and can be
phys  barriers (e.g. the geographic distance between colonies or regions) or oceanographic
features (e.g. currents, gyres or upwelling cells, which could influence where the birds
forage; Raymond et al. 2010; Weimerskirch et al. 2010; Morris-Pocock 2012). Non-physical
barriers to gene-flow may also influence the genetic structure of species and populations.
Such factors include strong philopatry and/or mate fidelity, local adaptation that prevents
immigrants from establishing, and habitat preference e.g. pelagic species may encounter and
disperse to non-natal colonies more often than inshore foragers (Burg & Croxall 2001;
Morris-Pocock 2012). It has also been suggested that gene-flow is elevated in seabirds that

inhabit spatially and temporally variable cold-water upwelling systems (Taylor et al. 2011a).

Barriers to gene-flow can differ markedly 10ong species, but comparative phylogeographic
studies of broadly sympatric species or those with common ecological traits allow for more
general conclusions about gene-flow (Avise 2000; Morris-Pocock et al. 2010a; Calderdn et
al. 2014). Similarly, studies comparing species that differ in particular ecological traits, or
represent a spectrum of such traits, but are otherwise similar, can be used to test if particular
traits influence gene-flow (Morris-Pocock 2012). Understanding population connectivity is
fundamental to population ecology and crucial when managing populations for conservation
(Paetkau et al. 2004). However, the nature of the link between genetic connectivity and
demographic connectivity is complex. Genetic methods can provide insights regarding
dispersal rates, but several authors have advised that such results be interpreted with caution
(Waples 1998; Whitlock and McCcauley 1999) and, whenever possible, in combination with
data on demographic rates, movement behaviour and/or estimates of reproductive success of
immigrants and residents (Hedgecock et al. 2007, Lowe & Allendorf 2010). Results from
studies estimating dispersal rates from genetic data are often ambiguous due to low resolution
of molecular markers (i.e. the retention of shared ancestral polymorphisms, and low precision
of model-based estimates; Bossart and Prowell 1998). Additionally, because even limited
gene-flow (one to ten migrants per generation) is sufficient to homogenise allele frequencies
between populations (Palumbi 2003), and inferences about gene-flow are made on
evolutionary time-scales, understanding the ecological and management ramifications of low
genetic structure is difficult, due to the much reduced time frame of interest (Bossart &

Prowell 1998; Waples 1998; Palumbi 2003). Also important here is that, for various reasons,
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populations) and was originally developed as part of a set of three hierarchical parameters
(Fsr, Fis, Fir) to investigate how genetic variation in natural populations is partitioned among
populations and individuals (Wright 1931, 1943; Bird et al. 2011). Under Wright’s Island

Model, gene-flow is expressed as the number of migrants (N.m) exchanged between

populations at equilibrium, and is related to Fst through the estimate Nem = Tﬁ, where N,
1

is the effective population size of the local population and m is the proportion of new
individuals (migrants) entering the population in each generation (Hedgecock et al. 2007;
Burton 2009). For maternally inherited, haploid mitochondrial DNA, population
differentiation is defined based only on the female population size and female migration rates
and, therefore, the degree of differentiation tends to be higher that that estimated from nuclear

markers (Whitlock and McCauley 1999). Also, there are essentially half as many allele

copies compared to the diploid genome, resul” ; in stronger genetic drift and increased
. L . . . 1-
expected differentiation among populations; here gene-flow is estimated as Neo mo = > :’",
ST

where N¢¢ is the effective population size of females and m@Q is their migration rate under the
Island Model (Whitlock and McCauley 1999).

All natural populations violate the assumptions of the Island Model (Whitlock and McCauley
1999), which include that (1) there is an infinite number of populations, (2) all populations
are composed of the same number of individuals (N), (3) migration rates between populations
are equal, (4) there is no selection or mutation, and (5) each population persists until it
reaches migration-drift equilibrium. The last assumption is important because of the likely
retention of a historical signal of gene-flow in contemporary non-equilibrium populations,
such that a large estimated number of migrants (N.m or N¢o.mo) — corresponding to low Fgr
estimates — can represent a low level of recent or current genetic exchange, or, alternatively, a
high level of historical gene-flow between large populations, followed by isolation and
subsequent drift (Burton 2009). This ambiguity means that conservation management
decisions based purely on low levels of differentiation (low Fst values) can be erroneous
(Burton 2009), as low pairwise population estimates of Fst can be interpreted as reflecting
contemporary gene-flow or recent common ancestry of currently isolated populations.
Inf____1g the absence of connectivity between two populations when Fsr or @st approaches 1
(and Nem ~ 0) is more straight-forward than judging the degree of connectivity when Fsr= 0
(Hedgecock et al. 2007). In the latter case, it may be tempting to conclude that gene-flow is

high, but there is no way of proving that the populations have reached equilibrium

10
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methods advanced in the 1980s and 1990s, and new, more variable genetic markers were
discov. |, thods to analyse these novel datasets also evolved (Mei ins & Hedrick
2011). Weir and Cockerham (1984) and Excoffier et al. (1992) developed the Analysis of
Molecular Variance (AMOVA) approach for haplotypic mitochondrial sequence data, and
Slatkin (1995) developed Rgsr, based on a stepwise mutation model, for microsatellite data
(Weir & Cockerham 1984; Slatkin 1995). AMOVA performs permutations to test for
significant deviations of Fst or @st from the null expectation i.e. random distribution of
alleles (Fst) or haplotypes (@st) among populations (Excoffier et al. 1992; Bird et al. 2011).
Rsr is not affected by the amount of within-population variation and provides unbiased
estimates of the number of migrants that are more accurate than those based on Fsr (Balloux
et al. 2000), provided the microsatellite markers follow a stepwise mutation model
(Meirmans & Hedrick 2011). Wright’s Fsr (Wright 1943) remains a useful tool for
comparative analyses of gene-flow (Neigel 2002), but is no longer used to estimate the
number of migrants. Fsr and its analogues are useful for studying intraspecific population
genetic structure, but they have been criticised as a way to investigate the processes that have

generated such structure (Meirmans & Hedrick 2011).

The relatively new field of statistical phylogeography combines coalescent theory (Kingman
1982), and Bayesian or maximum likelihood statistical inference (Kuhner et al. 1995;
Knowles 2004, 2009) to infer evolutionary process under posterior probability distributions.
Methods for estimating connectivity in this framework include direct methods, such as
assignment tests and clustering methods. Assignment tests calculate genotype likelihoods or
probabilities that an individual originated from a particular population based on the expected
frequency of that individual’s multi-locus genotype (Hedgecock et al. 2007), while
minimising deviations from HWE and LD. Unlike direct estimates, indirect estimates of
gene-flow reflect dispersal rates over evolutionary time-scales, and are unlikely to reflect
contemporary changes in movement patterns across specific landscapes, which biologists

require for short-term management decisions (Paetkau et al. 2004).

Direct estimation of population genetic connectivity is a relatively new application of
assignn ttests ' assumes the all putative source populations are sampled randomly, can
be genetically defined a priori and are in Hardy Weinberg equilibrium, and that the markers
are not linked (Manel et al. 2003; Hedgecock et al. 2007). Alternative assignment tests
include the partial Bayesian assignment test (Rannala & Mountain 1997; Wilson & Rannala
2003) and full Bayesian inference (Pritchard et al. 2000). The former estimates allele

12
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between the two systems (Moloney et al. 2005; Crawford et al. 2006c). The ABE is flanked
by two warm temperate boundary currents: the Angola Current in the north-west and the
Agulhas Current in the south-east. Like all upwelling systems, the ABE is a highly productive
ecosystem that enriches, concentrates and retains sufficient nutrients for the establishment of
large populations of pelagic fish (Hutchings et al. 2009). It is also a dynamic ecosystem
system, characterised by spatially and temporally variable oceanographic features and
phenomena (Moloney et al. 2005; van der Lingen et al. 2006b; Hutchings et al. 2009). The
ABE is subdivided into northern and southern sub-systems, separated by a persistent
upwelling cell around Liideritz in south-central Namibia (26°S, Figure 1.1; Van der Lingen et
al. 2006a).

Shifting distributions: environmental variability and fishing in the
Agulha 3enguela Ecosystem

Many top predators in the ABE feed on shoaling pelagic fish, primarily sardines (Sardinops
sagax) and anchovies (Engraulis encrasicolus), which have been exploited by commercial
fisheries in the region since the 1940s (Griffiths et al. 2004; Crawford 2007a; Crawford et al.
2007c; Coetzee et al. 2008). These pelagic fish species represent a critical mid-trophic-level
that regulates energy transfer from lower levels to apex predators in what has been termed a
“wasp-waist” ecosystem structure (Cury et al. 2000; Shannon et al. 2004). Sardines and
anchovies are two of only a few key species that control the lower and upper trophic-levels
(Cury et al. 2000), such that when their distribution and/or abundance is affected by climatic
fluctuations or other perturbations (e.g. intense or localised fishing pressure), the whole
trophic network is impacted (Cury et al. 2003). Worldwide stocks of sardine and anchovy
fluctuate based on a suite of complex biotic and abiotic conditions and interactions (Crawford
& Shelton 1978; Lluch-Belda et al. 1992; Hunt et al. 1996; Schwartzlose et al. 1999);
accordingly, population dynamics in their seabird predators are also highly sensitive to the
resulting fluctuations in food availability (Cury et al. 2000; Perry et al. 2010). Decadal- or
longer-scale changes in food availability characterise marine ecosystems where sardine and
anchovy are the principal prey species, independent of human exploitation (Shackleton 1987,
Lluch-Belda et al. 1989, 1992). During the last century, however, technological advances in
industrial fisheries worldwide, combined with increasing demand by the growing global
human population, have resulted in increased catches, which affect top-predator populations

through direct competition for prey (Frederiksen et al. 2004).

14






Chapter 1 Study System

In the AT the abundance, diet . " breed” ; success of endemic seabirds is strongly
affected by fluctuations in prey availability (Boyer & Hampton 2001; Kirkman 2007,
Crawford 2007b; Figures 1.2 and 1.3). Competition with purse-seine fisheries and mortality
as a result of entanglement in fishing gear (Ryan et al. 2002; Grantham et al. 2008; Petersen
et al. 2009) also have a negative effect on seabird populations e.g. prior to 2008 an estimated
2500 Cape Gannets Morus capensis were killed per year in the hake-trawl fishery alone
(Watkins et al. 2008).

Exploitation of fish stocks and a possible link to r« “onal seabird declines
and range shifts

The pelagic fish stocks in the northern Benguela off Namibia are thought to be separate from
those in the southern Benguela and western Agulhas systems off South Africa (Coetzee et al.
~708). In the South African system, there are at least two “functionally distinct units” of
sardines, one on the west coast and one on the Agulhas Bank, each with separate spawning
grounds (Coetzee et al. 2008). A recent molecular study of the Namibian and South African
sardine stocks showed that sardine mitochondrial and microsatellite markers exhibited high
genetic diversity, but that no clear spatial patterning was evident (Hampton 2013). Over the
past few decades, major changes in sardine and anchovy distribution and abundance have
been reported in both Namibia and South Africa (Shannon et al. 1992; van der Lingen et al.
2006a). In Namibia, the collapse of pelagic fish stocks in the 1970s has been attributed to
extensive overfishing (Crawford et al. 1983, 2007a; Lewis et al. 2006; Kirkman 2007,
Hutchings et al. 2009; Moseley et al. 2012), with serious consequences for seabirds breeding
in that region (Figure 1.2 and 1.3a). The Namibian African Penguin Spheniscus demersus was
the first seabird population that responded to the depletion of forage fish in the northern
Benguela, and the number of breeding pairs decreased by ~90%. The response of the Cape
Gannet population lagged behind that of the African Penguin, but the long-term regional
population decline was greater, decreasing by ~95% (Figure 1.2). The Namibian Cape
Cormorant Phalacrocorax capensis population responded last, and was the least affected of

the three species, decreasing by ~75% (Crawford 2007b).

More recently (1990s-2007), in the southern Benguela off the coast of South Africa, a south-
eastward shift of approximately 400km was recorded in sardine and anchovy distributions;
breeding Cape Gannets, African Penguins and Cape Cormorants (Figures 1.2 and 1.3b)
tracked this change to varying degrees (Fairweather et al. 2006; Crawford et al. 2007a;
Kirkman 2007). The reason for the shift in the core distribution of sardine and anchovy in

16






(a)

(b)
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Figure 1.2 __anges in the abundance of (a) Cape Gannets and (b) African Penguins in the northern
and southern parts of the Benguela Upwelling Ecosystem (updated from van der Lingen et al. (2006))
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Chapter 1: Study System

than any change in a single climatic factor i.e. the common signal amongst 5'*0 oxygen
isotopes (Lisiecki 2005; Miller et al. 2005), sea-level, bottom-water temperature, sea surface
temperature (Marlow et al. 2000; Etourneau et al. 2009; Filippelli & Flores 2009),
productivity (Jahn et al. 2003), upwelling intensities (Grant & Bowen 1998) and dust records
(DeMenocal 2004) is that their variation has increased dramatically (Potts 1996, 1998). This
variability could also explain the elimination of taxa with cold wa  affinities from the
Benguela Ecosystem, despite the continued presence, and likely intensification, of the cold
upwelling current since the Miocene. The alternating northward (expanding) and southward
(contracting) migration of the Subtropical Convergence over the last ~2 million years (de
Dineclt = et al. 2009; McKay et al. 2012) is another source of large-scale variability that
would have profound effects for temperate seabirds and those inhabiting sub-Antarctic
Islands (Chen et al. 2002).

Modern seabirds are known to forage along this oceanic front, which is associated with
increased levels of productivity (Jouventin et al. 2006; Bard & Rickaby 2009). Yet another
source of environmental variability involves fluctuations in prey availability at ecological and
evolutionary time-scales. Grant & Bowen (1998) investigated global genetic diversity and
structure among populations of sardines and anchovies and found low genetic diversity,
which they attributed to founder events and sequential bottlenecks resulting from long-term
climatic variation and extinction-recolonisation events. Interestingly, sardines and anchovies
from the ABE share haplotypes with fish in Australia and Europe, respectively — pointing to a
scenario of long-distance dispersal in which anchovies dispersed from the Pacific to the
Atlantic Ocean - almost certainly via the ABE - as recently as the Pleistocene, and
subsequently, very recently from Europe to the ABE (Grant & Bowen 1998). Similarly, the
estimated age of Sardinops is 15-24 million years, but genetic divergence among
contemporary global sar’" : populations reveals a shallow history that coalesces in less than
half a million years (Grant & Bowen 1998). In the context of long-term, high-amplitude
climatic variation at various scales (e.g. Figure 1.4), Potts (1996) introduced the term
“variability selection” that describes the effects of repeated, dramatic environmental shifts.
Variability selection 1i * adaptive change to large-scale environmental variability d
predicts that versatile, plastic behaviours will evolve in highly variable environments (Po

1998; Berger et al. 2002; DeMenocal 2004; Grove 2011). Seabirds exhibit a number of life-
history and ecological characteristics that buffer populations against changes in their

environment, and likely evolved in response to the inherent variability of the ABE.
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The overarching aim of this research is to address knowledge gaps in our understanding of
the conservation genetic status of threatened seabirds in the Agulhas-Benguela Ecosystem
(ABE). Using data from molecular markers, and supported by available ringing records and
census data, this thesis explores the population genetic structure and phylogeographic history
of three species of endemic, coastal-breeding southern African seabirds: the Cape Gannet
Morus capensis, African Penguin Spheniscus demersus and Cape Cormorant Phalacrocorax
capensis. By comparing and contrasting the observed patterns for each of these three largely
sympatric, threatened species this thesis explores the influence of their ecological and life-
history traits on regional genetic connectivity and the probabilities of their persistence into a
future of broad-scale environmental and ecological change. The first part of this study
(Chapters 2 and 3) explores the comparative phylogeography . 1 evolutionary history of the
three species endemic to southern Africa and assesses their relative vulnerabilities and
responses to the observed shift in their shared prey resource in the ABE. Valuable
infc  ation is also gleaned from comparative studies of closely related species that occupy
analogous niches in other upwelling ecosystems around the world. The second part of this
thesis (Chapters 4 and 5) focuses on the African Penguin and explores the value of fine-scale
molecular data (microsatellites) to its conservation.

This thesis is structured into four data chapters that provide both a broad- and fine-scale
investigation of seabird conservation genetics in the ABE. Chapter 1 provides a general
introduction to the study system and the threats facing seabirds worldwide. It contextualises
the research presented in this thesis within the broad arena of Conservation Genetics, and
describes some aspects of the methodologies employed. Chapter 2 describes the history of
the ABE and the evolution of the associated seabird fauna. It details what is known about the
deep or' 'ns of the study s; ies and their historical biogeography in the dynamic ecosystem
in which they evolved, and presents new phylogenetic relationships among cormorants and
shags, to provide a taxonomic framework for the comparison of Cape Cormorants to closely
related species. Chapter 3 details a comparative genetic study of the three focal species,
specifically investigating the utility of sequence-based markers to detect population structure.
The focal species are broadly sympatric and rely mainly on the s : prey base, but they
differ in a number of ecological traits i.e. foraging ranges, flexibility in prey and foraging
habitat preferences, clutch sizes and breeding phenology. These differences allow an
examination of the extent to which ecological traits affect genetic structure among seabird

populations in the ABE. Top-predators, such as seabirds, are likely to have adapted their
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increased wind-driven upwelling (Marlow et al. 2000; Berger et al. 2002; Jahn et al. 2003;
Lazarus et al. 2006; Etourneau et al. 2009).

The ABE supports a wide variety of seabird species from phylogenetically diverse lineages,
some of which visit the coast to forage in the productive ABE waters, and 16 of which breed
in the region (Crawford et al. 2006c). Most of these species are not each other’s closest
extant relatives, and often their putative sister taxa inhabit the coastlines of other continents
(Schreiber & Burger 2001; Hockey et al. 2005; Baker et al. 2006; Patterson et al. 2011).
Closely related seabird species inhabiting other eastern boundary upwelling systems (EBUS)
around the world are considered ecologically analogous to ABE endemics (Crawford et al.
2006¢). They depend on forage fish in the same way | are subject to similar anthropogenic
threats. Althot "1 seabirds were highly likely to have been present in the ABE prior to the
initiation of upwelling, information regarding species assemblages in the region, and their
relative abundance is difficult to ascertain from available fossil material. The contemporary
lineages that characterise the seabird community of the Benguela Ecosystem are likely to
have colonised the region after the initiation of upwelling, because the whole ABE relies on
the productivity resulting from that process (Olson 1983, 1985; Schreiber & Burger 2001).
Estimates of species divergence times support this proposal; e.g. the Cape Gannet Morus
capensis diverged from the Australasian Gannet M. serrator between 0.5 and 4 Mya
(Patterson et al. 2011), and African Penguins Spheniscus demersus diverged from Magellanic
Penguins S. magellanicus approximately 3.5 Mya (Baker et al. 2006; Ksepka & Thomas
2012). Distantly related sympatric seabirds in the ABE that rely on similar resources and face
similar natural threats have had to adapt to the same environmental changes and, although
they may differ in their ecological traits, comparisons between them may provide insight into
the adaptive importance of plasticity in terms of the species’ ability to respond to a changing

environment.

A number of ABE breeding endemics are similar to each other in that they rely on the same
prey resource — shoaling pelagic fish species, also known as forage fish (Crawford et al.
1992b, 2001). Conservation genetic studies of these related species will provide an additional
col , rative context within which to interpret the results presented in this tt s. Many
studies have compared the survival, breeding success and other characteristics of the eight
en¢ ic breeding species in the ABE, taking advantage of their shared life-history and
behavioural characteristics (e.g. natal site fidelity, longevity, small clutch size, mobility;
Crawford et al. 2006b, 2008d, 2009), and shared threats. Seabirds endemic to the ABE
generally have a poor conservation status, with nine out of 16 classified as Near Threatened,

Vulnerable, Endangered or Critically Endangered (Crawford et al. 2012; Table 2.1). This
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Chapter 2: Study Species
C , :(Olson 1985; Schrei & Burger 2001). The split between the Australasian and Cape

tet has rest ited (fr  genetic data) at 2-4.1 Mya (Pat ionetal. 2011), altl gh
there is some debate as to whether they should be considered sub-species or full species
(Robertson & Stephenson 2005). Several extinct gannet species had a more equatorial
distribution, similar to that of ex boobies, and Olson (1985, p.7) postulated that “Morus
probably did not disperse to the Southern Hemisphere until after the early Pliocene”, as no

gannet fossils are known from any site in the Western Cape.

The African Penguin is the only extant penguin species breeding in Africa, although at least
four contemporaneous fossil taxa have been described from the Western Cape (Olson 1983,
1985; Baker et al. 2006; Ksepka & Thomas 2012). The other extant “banded penguins”
(Genus Spheniscus) are the temperate adapted Magellanic Penguin (S. magellanicus, sister to
the African Penguin), Humboldt Penguin (S. humboldti) and Galipagos Penguins (S.
mendiculus) of the west and south coasts of South America and the Galdpagos Islands

vely (Baker et al. 2006). All four of the extant Spheniscus penguins are threatened,
with IUCN categories ranging from Near Threatened (Magellanic Penguin) to Endangered
(Galapagos Penguin). The African Penguin and Magellanic Penguin diverged 2.3-4.5 Mya
based on molecular data (Baker et al. 2006). The remaining 14 species of penguin — 12 of
which appear on the JUCN Red List (Waller 2011) — are confined to Antarctica, sub-

Antarctic Islands in the Southern Ocean, New Zealand and southern Australia.

Spheniscus likely has a South American origin. The oldest Spheniscus fossil is known from
late Miocene (11-13 Ma) deposits in Peru (Gohlich 2007), where other Spheniscus fossils
have also been discovered (S. urbinai, S. chilensis and S. megaramphus). The oldest known
penguin fossil from Africa is a single Miocene bone from the Western Cape (Olson 1983;
Thomas & Ksepka 2013), and Thomas & Ksepka (2013) describe a diverse group of Middle
to Late Miocene (10 to 12 Mya) penguins (“*Sphenisciformes 4” to “D”) from southern
Africa that approximate the size range of modern penguins. The relationship between these
fossil taxa and those described from southern African Pliocene deposits (5.3 to 2.6 Mya) are
however uncertain (Thomas & Ksepka 2013). Inguza predemersus (previously Spheniscus
predemersus), Nucleornis insolitus, ‘P.’ huxleyorum and D. hendeyi are represented in
Pliocene fossil deposits from the Western Cape, but appear to be only distantly related (not
ancestral) to the extant Spheniscus species (Ksepka et al. 2006; Ksepka & Thomas 2012) and
all were extinct prior to the Mid-Pleistocene. Ksepka and Thomas (2012) posit that these
Pliocene fossil taxa from southern Africa represent two separate Cenozoic colonization
events, and that the ancestor of S. demersus was the third and most recent arrival. A

Bayesian reconstruction of ancestral areas strongly suggests a South American origin for the
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Chapter 2: Study Species
these species essentially represent independent replicates to study the adaptive : o1 of

lators to changes in the environment.

Breeding Biology

Cape Gannets and African Penguins are monogamous and exhibit strong breeding site
fidelity once they have settled to breed (Crawford et al. 1994; Whittington 2002; Hockey et
al. 2005). Breeding adults, therefore, show less flexibility than juvenile birds when
responding to environmentally induced changes in prey availability. Cape Cormorants
exhibit more flexibility in choosing their mate and breeding locality (Crawford et al. 1994),
as is evidenced by their readiness to colonise artificial breeding habitats, and the large
r >70, Table 2.2) of localities at which they have been recorded breeding . . yoper et
al. 1982; Hockey et al. 2005). The relative plasticity of these life-history characteristics may
buffer Cape Cormorant populations from changes in their environment. Estimates of Cape
Cormorant adult survival are lower than for African Penguins (Randall 1983) or Cape
Gannets (La Cock et al. 1987; Crawford et al. 1992a, 2008b; Crawford & Dyer 1995) and the
lifespan of adults is shorter; time to accrue mating experience is therefore reduced for this
species, possibly impacting breeding success. However, the ability of Cape Cormorants to
move between breeding localities provides a different kind of advantage by allowing birds to
exploit regional fluctuations in prey availability.

Cape Gannets and Cape Cormorants are naturally surface nesters (Table 2.2), whereas
African Penguins preferentially nest in burrows (Kemper et al. 2007), and therefore require
appropriate substrate for burrowing. Following the removal of guano (into which penguins
naturally scrape their burrows) at most breeding localities, African Penguins nest in the open,
making them vulnerable to heat stress, disturbance and predation (Kemper et al. 2007).
Predation by Cape Fur Seals Arctocephalus pusillus pusillus affects African Penguins and
Cape Gannets significantly, especially in the southern Benguela, where it is implicated in
causing the local extinction of the Lambert’s Bay African Penguin colony in 2006 (Makhado
et al. 2006; Crawford et al. 2008c). Also in the Western Cape, predation by Great White
Pelicans affects Cape Gannets and Cape Cormorants (Table 2.2), often causing massive
breeding failures (Crawford et al. 2008c; de Ponte Machado 2009; Mwema et al. 2010).
Differences in breeding phenology may reduce interspecific foraging competition and enable
better resource sharing (Sabarros et al. 2012). Breeding phenology differs among the study
species, and sometimes among regions within each study species’ range (Crawford et al.
1995; Hockey et al. 2005). In South Africa and Namibia, the peak in breeding for Cape
Gannets and Cape Cormorants falls between September and March (du Toit 2002; Crawford
et al. 2008b). African Penguins breed all year round, but peak between October and
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breeding regions (Moseley et al. 2012) they are the most mobile of the three study species

(Table 2.2). ¢ je Corm nts are « _able of long-d nce movements, but tend to forage
inshore. Cape Gannets are plunge-divers that detect prey from the air and dive ~10m in
pursuit of prey, sometimes pursuing prey underwater (Ropert-Coudert et al. 2004). They
forage on fisheries discards when available (Grémillet et al. 2008b). Cape Cormorants are
pelagic- and benthic-feeding pursuit foragers (Wilson & Wilson 1988; Cook et al. 2012) that
dive for benthic prey in shallow (10-30m) water near the shore, but also feed on pelagic prey
(up to 100m), often in association with Cape Gannets (Hockey et al. 2005; Cook et al. 2012).
All three species preferentially feed on sardine and anchovy (Crawford 1999), but
proportions of prey species vary spatially and temporally across their ranges (Hockey et al.

2005), and all three species have the ability to switch to alternative prey.

Differences in foraging mode appear to have influenced how each of the focal species has
responded to reduced prey availability in the past. Before the collapse of the sardine stock
off Namibia, all three species fed primarily on this resource (all >90%), but afterwards they
had to rely on alternative prey species (Crawford 1999; Hockey et al. 2005). All three
species increased their consumption of pelagic goby Sufflogobius bibarbatus in Namibia
(Crawford et al. 1991), but African Penguins relied on cephalopods, where Cape Gannets
and Cape Cormorants switched to anchovy (Crawford et al. 1991). As anchovy became less
available in the Northern Benguela, alternative prey species were (1) too deep in the water
column for gannets, which increased their consumption of saury Scomberesox saurlis
scombroides, and (2) beyond the foraging range of breeding African Penguins (Crawford et
al. 1985), leading to massive population declines. The situation off South Africa was
different for all three species: Cape Gannet colonies grew or remained stable (Crawford
1999), reflecting their ability to switch effectively between sardine and anchovy (Crawford
et al. 2007b).
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The proportion of Cape Cormorants breeding in South Africa increased until the 1980s,
subsisting largely on anchovy (Crawford et al. 1991), but as the sardine recovered and
anchovy became scarce, this species exhibited poor breeding success (Crawford 1999). As
sardine recovered in the Western Cape, three new African Penguin colonies were established
there (Stony Point (1982), Robben Island (1983) and Boulders (1985)). Breeding Cape
Ci  orants perform poorly in a sardine-dominated ecosystem and likely disperse to areas
where anchovy is abundant (Crawford 1999). As sardines shifted eastwards, their
availability to breeding seabirds in the westernmost colonies of the Western Cape decreased,
but increased for seabirds in the Eastern Cape, especially Cape Gannets, which have large
foraging ranges (Crawford et al. 2008b). Numbers of Cape Gannets breeding in the Western
Cape and the Eastern Cape were significantly correlated with sardine distribution,
decreasing in the west and increasing in the east. By 2005, the core distribution of sardine
was out of reach for breeding gannets in the Western Cape (Lewis et al. 2006), but was
increasingly available to those in the Eastern Cape (Crawford et al. 2008b, 2009). Due to
their shorter foraging range, African Penguins breeding in the Eastern Cape did not benefit
from the eastward displacement of prey (Crawford et al. 2008b), and by 2005, sardines were
out of reach for penguins breeding in both the Western and Eastern Cape (Crawford et al.
2008b).

The reduction in food availability has resulted in Cape Gannets foraging further off-shore
and feeding on nutritionally suboptimal prey items (Mullers et al. 2009), such as hake
Merluccius spp. offal from demersal trawlers (Grémillet et al. 2008b; Moseley et al. 2012).
The lower energy content of this diet, combined with increased foraging effort, likely
reduced the breeding success of Cape Gannets in the Western Cape (Moseley et al. 2012). In
South Africa, the eastward shift of breeding gannets (Figure 3.3) tracked shifts in the
distribution of their prey (sardine and anchovy) over the past two decades (Fairweather et al.
2006; Crawford et al. 2007a; Kirkman 2007). The numbers of Cape Gannets breeding at the
westernmost colonies in South Africa decreased by ~35% between 1987 and 2007, while
increasing by over 100% at Bird Island in the Eastern Cape (Crawford et al. 2008b), however
there was no detectable decrease in survival in the Western Cape (Distiller et al. 2012). The
primary mechanism driving this shift in the breeding distribution of Cape Gannets is
uncertain i.e. the relative roles of adult or juvenile movement versus differential breeding
success at colonies in different regions, are unknown. Crawford et al. (1983) reasons that the
growth of the South African colonies must be attributed partly to the movement of juvenile
birds, as numbers have grown too fast to be accounted for by increases in local breeding

success and survivorship alone. Based on ringing data, census counts and the relative
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regions. If there is congruence in biogeographic patterns among these groups of distantly

related taxa, a simultaneous, historical cause could be inferred as the primary determinant

(Hoberg 1992).

. uere is increasing evidence that individual plasticity (the ability of an individual with a
given genotype to alter its phenotype in response to environmental changes) is an important
mechanism for populations to overcome changes in their environment (Nussey et al. 2005;
Ellegren & Sheldon 2008), including climate change (Parmesan 2006; Fretwell et al. 2014).
Genetic vanation represents the pool of possible genotypes — and phenotypes — in a
population and selection sifts out the fittest individuals or those best able to survive and
reproduce in the prevailing environmental conditions, necessitating a thorough understanding
of the factors that influence the generation and maintenance of - -netic diversity over the
long-term (Taylor et al. 2011b). Levels of genetic diversity have not previously be

quantified across the ranges of any of the focal species of this study. The similarities between
these three sympatric species present an excellent opportunity to investigate how gene-flow
and population genetic differentiation in seabird ¢ nunities are affected by changes in the

marine environment (Morris-Pocock 2012).

Movement patterns inferred from ringing data

The demographic and evolutionary trajectories of populations can be profoundly influenced
by dispersal and the degree of genetically effective dispersal is thought to be positively
correlated with dispersal capacity across taxa (Dearborn et al. 2003). Movement capabilities
may not reflect true dispersal patterns within seabirds, which are generally reluctant to
disperse, despite being highly mobile, due to the benefits of philopatry and coloniality (Milot
et al. 2008). Breeding site fidelity and mate fidelity improve lifetime reproductive output in
long-lived birds, which is especially important for seabirds given their generally poor
juvenile survival rates (Schreiber & Burger 2001). Little is known with confidence about the
relative propensity of the three study species to disperse to new colonies or regions to breed,
but for seabirds in the ABE more generally, ‘nomadism’ or dispersal to non-natal colonies
seems to be constrained by an attachment to existing breeding colonies (Crawford et al.
1994). However, historical disturbance by h 1 ¢ etition with Cape Fur Seals
Arctocephalus pusillus pusillus have resulted in changes in breeding localities of even those
species thought to be the least nomadic (Crawford et al. 1994; Roux et al. 2003). African
Penguins and Cape Gannets show strong fidelity to specific localities (Table 2.2), whereas
Cape Cormorants are thought to exhibit more flexibility in this regard (Crawford et al. 1994).
Schreiber & Burger (2001) report the site and mate fidelity respectively as 60% and 86% for
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to breed. That study found little evidence of inter-colony exchange - although seven

individuals from Western Cape colonies were observed on Bird Island, none bred (Klages
1994). Klages (1994) reported low levels of breeding disy || between Bird Island and
other gannet colonies. Interestingly, on the west coast, between 1978 and 1997, 59 Cape
Gannets that were ringed as chicks were reported breeding at colonies other than their natal
colony (Crawford 1999). Another 27 were repeatedly observed at non-natal islands over long
periods (>6yrs) and possibly also transferred colonies. Sixteen of these 86 known or
supposed breeding immigrants were ringed as chicks at Namibian colonies and moved to
Lamberts Bay or Malgas Island (Western Cape colonies), and 70 birds were exchanged
between Malgas Island and Lamberts Bay (Crawford 1999). Overall, the majority of birds
were faithful to the breeding colony where they initiated breeding (Crawford 1999). More
recently, Oschadleus & Brooks (2006) found that adult Cape Gannets usually remain within
540km of their breeding site, and that while adult birds moved a maximum of 3 300km from
their breeding colony, juveniles (under two years) migrated up to 6 800km (Oschadleus &
Brooks 2006). Most inter-colony movement occurred between the closest colonies (Malgas
and Lambert’s Bay), but some movement occurred between South African and Namibian
colonies. The most isolated colony was Bird Island, Algoa Bay (Oschadleus & Brooks 2006).
Between 1975 and 2006 only two gannets ringed in Namibia were retrapped in the Eastern
Cape, compared to 116 birds that moved between Namibia and the Western Cape and 98
between the Western Cape and Eastern Cape. Distiller et al. (2012) investigated movement
between the three South African colonies (no Namibian colonies included), and found their
results suggest that Cape Gannets are highly philopatric, and that connectivity is stronger
between geographically proximate colonies (Distiller et al. 2012).

African Penguin movement data

Adult and juvenile African Penguins are known to visit colonies other than those at which
they breed or at which they were born, but they do not migrate to breed at new colonies
regularly (Randall et al. 1987; Whittington 2002; Whittington et al. 2005a). Juveniles have
been known to travel considerable distances after fledging and adults sometimes forage a
large distance away from their breeding colony (Whittington et al. 2005a). Breeding adults
show stro1  fidelity to partners and coi tly 1to ’ eb 7 scoll s, e

though conditions at those colonies may have changed (Hockey et al. 2005; Crawford et al.
2007c). SAFRING and the South African Department of Environmental Affairs Oceans and
Coasts division curate flipper-banding databases, which provide information regarding the

movement and settlement of African Penguins. An early study by Randall et al (1987)
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2102km (ringed in the Eastern Cape and recovered in Namibia). It is evident that the Cape

X aibits more flexibility in its dispersal and breeding behaviour than the Cape
Gannet and African Penguin. Dispersal is a critical process in that it allows populations to
cope with environmental changes (Kokko & Loépez-Sepulcre 2006), and the flexibility in
Cape Cormorant breeding behaviour may be key to its long-term survival in a changing
ecosystem, as it allows individuals to respond to environmental cues and breed more
successfully (Crawford et al. 1994). Crawford et al. (1994), on the other hand, states that the
uncertainty that arises as a result of nomadic species changing their breeding localities at a
higher frequency than their non-nomadic counterparts, makes nomadic species more difficult

to protect.
EVOLUTIONARY GENETIC PATTERNS IN SEABIRDS

Population genetic structure in seabirds is commonly thought to be caused by two primary
factors: philopatry to breeding colonies (non-physical) and physical barriers to dispersal
(historical and contemporary) e.g. wide stretches of unsuitable o« 1 habitat or land, glaciers
and long-term oceanographic changes (e.g. Moum & Arnason 2001, Morris-Pocock et al.
2008). The importance of these barriers to gene-flow, as well as the role of specific life-
history characteristics, in shaping population genetic structure in seabird species, remains
uncertain. Most seabird species exhibit some degree of philopatry to natal and breeding
colonies, and many have naturally fragmented distributions because suitable nesting habitat,
often on islands, may be distributed o1  hundreds or even thousands of kilometres
(Schreiber & Burger 2001; Milot et al. 2008). The relative importance of evolutionary
histories, differences in foraging and breeding behaviours, and mobility in determining
population genetic structure among the three focal species is not currently known, however,
insight into potential explanations can be found among studies of other seabird species.
Various classes of molecular markers have been applied to seabird populations globally, and
have made it possible to detect otherwise cryptic genetic structure resulting from different
aspects of the species’ biology or environment (Goostrey et al. 1998a; Winney et al. 2001;
Steeves et al. 2005b; Friesen 2007; Morris-Pocock et al. 2011; Bicknell et al. 2012; Calderén
et al. 2014).

Mark-r.  pture data havet 1 ed for erous seabird | I dly © oo
consideration when interpreting population genetic or phylogeographic studies (Pearce &
Talbot 2006; Pearce et al. 2008; Taylor & Friesen 2012). One exception is a study of inter-
island movements and population differentiation in the Great Frigatebird Fregata minor (see

Appendix 2.1), which combined re-sighting data with amplified fragment length
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cont _ rary natal dispersal of juveniles within the eastern Atlantic, but that adult Cc  10n

Murres are philopatric (Morris-Pocock et al. 2008).

Some seabird species whose ranges encompass two or more oceanic basins show different
genetic patterns across their range e.g. Black-legged Kittiwakes Rissa tridactyla, Leach’s
Storm Petrels Oceanodroma leucorhoa and Common Murres exhibit different patterns in the
Atlantic and Pacific portions of their ranges (Walsh et al. 2005; Mc____-Pocock et al. 2008),
suggesting a possible role for physical barriers to gene-flow. Highly mobile species with little
or no genetic structure include (Appendix 2.1) Thick-billed Murres Uria lomvia (Birt-Friesen
et al. 1992), Short-tailed Shearwaters Puffinus tenuirostris (Austin et al. 1994), Sooty Temns
Sterna fuscata (although shallow structure exists between Atlantic and Indo-Pacific rookeries
due to sea-level fluctuations and rare pulses of gene-flow driven by stochastic events across
the meta-population, Avise et al. 2000), Fairy Prions Pachyptila turtur (Ovenden et al. 1991),
Ancient Murrelets Synthliboramphus antiquus (Pearce et al. 2002), Waved Albatrosses
Phoebastria irrorata (Appendix 2.1; the authors suggest that genetic homogenization is due
to post-fledging dispersal, Huyvaert & Parker 2006), Grey-headed Albatrosses Thalassarche
chrysostoma (Appendix 2.1; the authors posit that genetic panmixia despite breeding
philopatry is due to the pelagic foraging mode of this species and mixing between juveniles
at foraging grounds, Burg & Croxall 2001), Cory's Shearwaters Calonectris diomedea (Randi
et al. 1989; da Silva & Granadeiro 1999), Black Guillemots Cepphus grylle (Kidd & Friesen
1998a, 1998b), Pigeon Guillemots Cepphus columba (Kidd & Friesen 1998a, 1998b) and
Buller's Albatrosses Thalassarche bulleri (despite banding data indicating strong philopatry;
Van ™ :kkum et al. 2006). Crested Auklets Aethia cristatella and the abundant Least Auklets
A. pusilla both appear to be panmictic within the North Pacific (Walsh et al. 2005). No
genetic differentiation was detected among White-capped Albatrosses Thalassarche steadi,
however, in the closely related Shy Albatross 7. cauta, there was evidence of § etic
structure. Longer distances among populations of the latter species were proposed to explain

the different patterns (Abbott & Double 2003).

Significant differentiation between populations of Black-browed Albatrosses Thalassarche
melanophris was explained by spatial differences in foraging grounds leading to
d  graphic isolation (F ; and Cro: ™ 2001). Similar: oning was emplo " by Hailer
et al. (2011) to explain the unique genetic signature of the Galdpagos population of
Magnificent Frigatebirds Fregata magnificens compared to the homogeneity of the other
populations sampled - although the authors speculated that philopatry, selection and non-
breeding ranges may have also played a role in this case. Significant population structure has

been detected in a number of seabird species (Appendix 2.1), including: Marbled Murrelets
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also estimated that species in the genus Spheniscus segregated some 0.5 to 0.8 Mya (Akst et
al. 2002). A subsequent, more comprehensive study of genetic diversity and population
structure in the Galdpagos Penguin (Nims et al. 2008) found no evidence of differentiation
among populations (Table 2.3). This study used a different suite of microsatellite markers,
and reported higher levels of heterozygosity (Table 2.3). However, the Galdpagos Penguin

hibited low genetic diversity based on the average number of alleles per locus when
compared to other Spheniscus penguins (Nims et al. 2008). The Galdpagos Penguin has a
short foraging range during the breeding season (<25km, Steinfurth et al. 2008) and the
historical population size is likely to be smaller than any of the other Spheniscus penguins

due to the low carrying capacity of the Galapagos archipelago.

Gene-flow and population structure have been investigated in the vulnerable Humboldt
Penguin S. humboldti (Schlosser et al. 2003, 2008). Schlosser et al. (2008) found that long-
t me-flow has occur | between colonies across the range of this s :ies (some data
included in Chapter 3; Table 2.3), and did not detect evidence of bottlenecks or founder
events. A number of studies investigating adaptive major histocompatibility complex (MHC)
diversity in Spheniscus penguins have corroborated the patterns observed for neutral markers

(Kikkawa et al. 2005, 2009; Bollmer et al. 2007; Knafler et al. 2012).

Based on our knowledge of the biology and movement patterns of closely related penguin
species, and the results of the above population genetic studies, gene-flow among African
Penguin colonies can be expected to be h' ~ enough to overcome any divergence brought

about by physical or non-physical barriers.

Phylogenetic and phylogeographic studies of sulids

A multi-locus phylogeny of the Sulidae showed that gannets and boobies are each
monophyletic and diverged ~17 Mya (Patterson et al. 2011). The three extant gannet (Morus)
species are closely related and are estimated to have arisen ~2.5 Mya (Patterson et al. 2011).
Interestingly, although numbers of Cape Gannets Morus capensis decreased during the 20th
century, the numbers of its two congeners, the North Atlantic M. bassanus and Australasian
Gant M. serrator, both increased steadily (Montevecchi & Myers 1997) to 343 000 pairs
and 66 000 pairs re _ :ctively (Crawford et al. 2007a).
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breedii  behaviour ( ° zi1 data suggest that Brown Boobies have a na -site
fidelity) and mobility (Steeves et al. 2003). Further work on the Masked Booby S. dactylatra
(Steeves et al. 2005a, 2005b), expanded the geographic range of the study (Table 2.4), and
found strong genetic differentiation between Indo-Pacific and Atlantic Ocean populations,
and low levels of gene-flow among populations within ocean basins. Steeves et al. (2005a,
2005b) posited that the observed pattern is a product of isolation-by-distance across oceans,
limited gene-flow across the Isthmus of Panama (physical barrier) and limited natal dispersal,

local adaptation and genetic drift (non-physical barriers) within ocean basins.

The evolutionary history and phylogeography of Brown and Red-footed Boobies have also
been further investigated (Morris-Pocock et al. 2010a; Morris-Pocock 2012). A comparative
study between these two pantropical species revealed strong global population genetic
structu both species (Table2.4). Regional population divergence largely  lected
subspecies classification based on morphology (Morris-Pocock et al. 2010a). The authors
prop« :d that physical barriers, including the Isthmus of Panama and the Benguela Current,
affected the evolution of both booby species, and that differentiation between populations
inhabiting different ocean basins dates back to the Pleistocene (~0.3 to 1.8 Mya), with some

colonies showing signs of recent secondary contact (Morris-Pocock et al. 2010a).

Divergence within ocean basins is lower among Red-footed Booby populations than among
those of Brown Boobies, which the authors posit is due to long term gene-flow as a result of
the marked differences in marine habitat preferences of these two species: Red-footed
Boobies forage in pelagic waters (typically ~240km from their breeding colonies — identical
to that of breeding Cape Gannets, and similar to that of Masked Boobies), whereas Brown
Boobies forage very close to the shore (Schreiber & Burger 2001). This ‘ecological barrier’
decreases the probability that Brown Boobies will encounter and disperse to non-natal
colonies. Morris-Pocock et al (2011) conducted a  ge-wide study of Brown Boobies and

nd strong evic e for population differentiation (Table 2.4) that closely reflects the
recognised subspecies classification (Morris-Pocock et al. 2011). The authors propose that
the divergence observed among coll " s is due to ~ orical genetic isolation (~1 million
years without ger flow) and limited contemporary gene-flow between distant breeding

regions.
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Population genetic studies have also been conducted on the closely related Blue-footed Sula
nebouxii and Peruvian Boobies S. variegata (Morris-Pocock et al. 2010b; Taylor et al. 2010a,
2011a, 2011b), which are known to hybridize in northern Peru (Ayala 2006; Figueroa &
Stucchi 2008; Taylor et al. 2010b). Taylor et al. (2011b) found strong evidence for panmixia
and higher than expected genetic diversity among five colonies of Peruvian Boobies
distributed across their range on the Pacific coast of South America (Table 2.4), although the
authors detected a significant relationship between genetic differentiation and gec _ phic
distance. Taylor et al (2011b) explained the observed pattern as a result of this species’
specialization to the cold-water upwelling system of the Humboldt Current, which may
elevate dispersal and reduce colony fidelity. The authors also cite evidence of long distance
dispersal during times of severe environmental fluctuations (e.g. El Nino events), when
breeding and survival depends on the species ability to track environmental change via
dispersal to non-natal colonies (Taylor et al. 2011b). Also, suitable breeding sites for
Peruvian Boobies are readily available, and could facilitate gene-flow across their range
(Taylor et al. 2011b). Natural environmental fluctuations may be compounded by recent
ht  n-induced perturbations in that system, which may have resulted in higher gene-flow

among colonies over recent generations of boobies (Taylor et al. 2011b).

The Blue-footed Booby exhibits weak range-wide population genetic structure (Table 2.4;
Taylor et al. 2011a), purportedly due to high dispersal rates and low colony fidelity resulting
from the selective pressures imposed by an unpredictable, variable foraging environment
(Taylor et al. 2011a). Suitable breeding sites for Blue-footed Boobies are not distributed
regularly within the Humboldt System as they are for the Peruvian Booby, but the general
pattern of high gene-flow still exists. Morris-Pocock et al. (2010) showed that a large region
of the mitochondrial genome underwent duplication in Brown, Red-footed and Blue-footed
Boobies sometime before 3 Mya. The duplicated portion includes those genes used in the
population genetic analyses discussed above and exists in at least four sulid species,
including the Northern Gannet (Morris-Pocock et al. 2010b). However, Morris-Pocock et al.
(2010) showed that the two copies of the control region are largely evolving in concert and

should therefore not infringe on our confidence in these findings.

-..e Nazca ~ roby Sula granti was previously consi .a subsj of the Masked Booby,
but has been elevated to species status based on morphology and genetic distinctiveness from
S. d. dactylatra, S. d. personata and S. d. californica (Table 2.4; Friesen et al. 2002). A recent
population genetic study (Levin & Parker 2012) revealed weak, but significant differentiation
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from central Chile rc 1 to central Argen" 1, and on the Falkland Islands. The Antarctic
Shag P. (a.) bransfieldensis (from the Antarctic Peninsula and South Shetland Islands) was
excluded from Holland et al.’s (2010) analysis due to missing data. Samples for the Heard
Island Shag P. (a.) nivalis and the Imperial Shag P. (a.) atriceps (coastal southern Chile and
Argentina) could not be obtained for the present study, but samples from Kerguelen Island
representing P. (a.) verrucosus, and P. (a.) melanogenis from Crozet Island and Marion
Island were added to the current molecular phylogeny. As expected, the Imperial Shags
collected on Crozet (Crozet Shag), Kerguelen (Kerguelen Shag) and Marion Island (Crozet
Shag P. (a.) melanogenis) fall into a well-supported clade containing other Imperial Shag
subspecies (Macquarie Shag P. (a.) purpurascens, South Georgia Shag P. (a.) georgianus
and Falkland Blue-eyed Shag P. (a) albiventer). Interes~~-ly, birds frr  Marion Island and
Kerguelen, representing different subspecies, seem to be more closely related than birds from
Crozet. Overall, the level of divergence within the Imperial Shag complex is low and not
well-resolved based on ATPase-6 or 12S rRNA (data not presented, Kerguelen and Crozet
12S rRNA samples form an unresolved polytomy, which includes the Macquarie Shag P. (a.)
purpurascens). The taxonomic uncertainty in this complex is impeding conservation, as the
TUCN recognises the Imperial Shag complex as a single species (classified as Least Concern),
but acknowledges that “any change in taxonomy would result in the recognition of additional

threatened species” (BirdLife International 2012).
Mitochondrial DNA (Cytochrome Oxidase I (COI)) phylogeny

Although COI was largely invariable among the Cape Cormorants sampled, numerous
comparable sequences are available from the BOLD (Barcoding of Life Database) and
GenBank (see Appendix 2.5). A number of COI sequences were also generated during the
present study and are incorporated in the ML and Bayesian analyses of this expanded
Cormorant COI dataset (n=71, 925bp). Based on COI, the Cape Cormorant is sister to the
Bank Cormorant (Figure 2.8), and the Great Cormorant is sister to those two species. The
Bank Cormorant is also sister to the Cape Cormorant in the cyt b gene tree (Chapter 3, Figure
3.26). In estingly, this pattern of rela Iness is re sed in the nuclear Beta-fibrinogen
Intron 7 gene tree i.e. the Cape Cormorant is sister to the Great Cormorant (Appendix 2.5), as
in published studies that include the Bank Cormorant (Kennedy et al. 2005; Holland et al.
~110). The concatenated phylogeny (2736 bp: 12S 189bp, Beta-Fib 17 513bp, COI 693bp,
ATPase-6 567bp and cyt b 774bp) had large alignment gaps that caused a loss of resolution

and more data are required to increase nodal support (data not shown).
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primarily due to juvenile dispersal, reinforced by rare, recent long ~ itance, cross-sea

movements and a post-Pleistocene range expansion (Barlow et al. 2011).

Ba the available evidence regarding phylogeographic structure among populations of
freshwater and marine cormorants (and shags), and given that very little divergence has been
detected among even morphologically distinctive populations and recognised subspecies, it
seems likely that the Cape Cormorant will not exhibit population genetic structure across its
range. The drivers of population divergence among cormorants and shags appear to be
primarily environmental among the few studies that have been carried out in this group i.e.
historical or contemporary physical barriers seem to play a more significant role than non-
physical barriers, although some evidence exists that sedentary species exhibit stronger
genetic structure than dispersive species (Duffie et al. 2009; Barlow et al. 2011; Calderdn et
al. 2014).

CONCLUSIONS

Having reviewed a large proportion of the literature available on evolutionary genetic studies
of seabirds it is possible to make some generalizations and predictions about what patterns to
expect among populations of Cape Gannets, African Penguins and Cape Cormorants in the
Agulhas-Benguela Ecosystem (ABE). Many seabird species show morphological variation
across their ranges, but the focal species of this study, and all other seabird species endemic
to the ABE, are morphologically conserved throughout their ranges. This general pattern
likely reflects the evolutionary forces that have shaped seabird species that inhabit this
variable ecosystem: Pleistocene glaciation did not affect the southern African coast to the
extent that it impacted the southern coasts of South America and the South Pacific sub-
region, and therefore probably had little influence on the evolutionary history of seabirds
breeding in the ABE; the shifting position of the Subtropical Convergence during the Early
Pleistocene, however, may have altered the marine environment for temperate southern
African seabirds, but has not promoted divergence among their populations. The Subtropical
Convergence is thought to have migrated as far north as the southern coast of Africa at a

" r time to the emergence of at least two of the study species in the * "E.
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light on the observed patterns among Cape Cormorant populations. In terms of demography
reduced food availability may depress clutch sizes, breeding success and survival of the
sympatric focal species, by forcing them to forage further from their colonies and switch to
lower quality prey items. The interactions between the phenotypes of the focal species and
their shared environment could potentially lead to congruent population genetic signals,
depending on how flexible their respective adaptive strategies are for coping with changes in
the marine environment. Given the declining population sizes of these threatened endemic
seabirds, comparative studies are of interest to conservation biologists. Understanding
connectivity between seabird populations is important for many reasons, including
identifying source-sink populations, prioritizing distinct colonies for conservation,
ascertaining the impacts of natural or human-induced environmental change, and assessing a
species’ capacity to colonize or recolonize available breeding habitat (Crooks & Sanjayan 2006;
Carty et al. 2009; Blomqpvist et al. 2010). Also, the unavoidable elimination of genetic diversity
concomitant with population declines limits the responses of species, because their phenotype
space will be reduced and their potential to adjust their position in the adaptive landscape will
be compromised (Lande 1988; Lande & Shannon 1996; Fraser 2008; Chevin et al. 2010).
Projected climate change will require these unique seabirds to adapt faster than they have had

to in the past to be able to tolerate novel conditions.
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CHAL : iR 3: Comparative phylogeography and genetic structure of three

threatened seabird species in the Agulhas-Benguela Ecosystem

“ never saw a wild thing sorry for itself. A small bird will drop frozen dead
from a bough without ever having felt sorry for itself.”

(Self-pity, D. H. Lawrence)

Summary
This study constitutes the first range-wide investigation of genetic diversity and conservation
genetic status of any endemic, threatened seabird species in the Agulhas-Benguela Ecosystem
(ABE) in south  Africa. The primary objective was to investigate genetic diversity and
population structure between the breeding regions of three sympatric seabird species using
DNA sequence data. Although a number of ecological characteristics buffer seabirds from
local environmental change over the short-term, longer-term broad-scale change is a serious
threat to their survival. Recently, changing environmental conditions, in combination with
fishing pressure, in the ABE have caused collapses and shifts in the distributions of several
species, including the pelagic fish that many top predators depend on (sardine Sardinops
sagax and anchovy Engraulis spp.). The resulting spatial mismatch between some breeding
colonies of the focal species (African Penguin Spheniscus demersus, Cape Gannet Morus
capensis and Cape Cormorant Phalacrocorax capensis) and their pelagic prey has led to
reduced food availability for breeding seabirds, impacting their survival, breeding success
and breeding distributions. Spatial variation in foraging conditions across their shared range
likely affects dispersal rates and may disrupt gene-flow between regions, which has
conservation implications. Differences in their evolutionary histories, ecologies and life-
histories, these species have exhibited different demographic responses to environmental
changes in their shared habitat. These may reflect their responses to historical environmental
changes in the ABE that would leave detectable genetic signatures within each species.

To investigate genetic diversity and structure, breeding birds were sampled at colonies across
their ranges, and a number of mitochondrial and nuclear DNA regions were sequenced.
Results revealed all regions and species are dominated by a few high frequency haplotypes,
and that genetic divergence is low among breeding regions and breeding colonies. This
suggests high, long-term, range-wide genetic connectivity among populations. Gene-flow
among breeding populations of the focal species is currently, or has historically been,
sufficient to homogenise genetic diversity a s their ranges.

Studies based on ringing data e.g. a multistate capture-mark-recapture (MCMR) modelling,
corroborate these findings, and have shown that although breeding adults of all three species
are faithful to their brr ling sites and foraging grounds year after year, juvenile recruitment
to non-natal colonies occurs more frequently than previously thought. This suggests that the
population-level response to deteriorating environmental conditions may be mediated by
juvenile prospecting and dispersal to more favourable regions. The highly connected
population structure observed in these species suggests metapopulation dynamics, and has
implications for their conservation management and long-term persistence in a highly
variable environment.
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use of seabirds as indicators of environmental conditions, conservationists shc | 1

mind that, due to various aspects of their biology, seabirds will lag behind environmental
changes to varying degrees. The genetic consequences of the differential population
responses of three seabird species to changes in the ABE are the focus of this chapter, as the
observed genetic signal may reflect differences in their life-history characteristics, and
foraging and breeding biology (Crawford et al. 2008b; Sabarros et al. 2012). As is the case
for many seabird species globally, ringing (banding) data for all three study species suggest
that adults are philopatric, which might influence levels of population genetic connectivity
across the ranges of these species (Crawford et al. 1994; Whittington et al. 2005a; Oschadleus
& Brooks 2006). Conservation genetic tools provide insight into levels of connectivity among
populations and improve our understanding of the mechanisms driving the demographic
responses by seabirds (Hedgecock et al. 2007; Bicknell et al. 2012; Welch et al. 2012a;
Ramirez et al. 2013). The accelerating loss of global biodiversity has stimulated much
research aimed at identifying species characteristics associated with extinction vulnerability
(Lande & Shannon 1996; Spielman et al. 2004; Colwell et al. 2011). This is particularly
relevant to seabirds, which are one of the most threatened groups of birds worldwide (Brooke
et al. 2008; Croxall et al. 2012) and are a conservation priority in the ABE (David et al. 2003;
Crawford 2007b).

Comparative phylogeography

The significance of conserving genetic diversity, and the evolutionary processes that generate
and maintain it are increasingly recognised (Smith et al. 1993; Avise 2000; Reed &
Frankham 2003; Spielman et al. 2004; Blomqvist et al. 2010; Bouzat 2010; Cardinale et al.
2012) and are explicitly incorporated into several international conventions and policies
(Ehrlich & Wilson 1991; Moritz & Faith 1998; Laikre 2010; Hendry et al. 2010). The field of
conservation genetics is growing rapidly as genomic technology becomes more prevalent
(Romanov et al. 2009; Joop Ouborg et al. 2009; Allendorf et al. 2010; Ouborg et al. 2010;
Hendry et al. 2010; Avise 2010) and our understanding of the value of genetics in ecology
only increases with these types of studies (Brito & Edwards 2009). Population genetic
studies, when coupl * with ecological data, yield powerful i ‘ghts pe ~ ent to
conservation management e.g. surveys of DNA sequence data for resolving management
units e.g. evolutionarily significant units or ESUs (Moritz 1994a; Frankham 2003;
Boessenkool et al. 2009b), and estimating population connectivity (Joseph et al. 1995; Bowen
1999; Lowe & Allendorf 2010; Leidner & Haddad 2011). Limited or reduced population
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Zink & Barrowclough 2008; Hickerson et al. 2010; Bicknell et al. 2012). There are, however,
some drawbacks to using mtDNA in phylogeographic studies, and these have recently been
emphasised by various authors (Zink & Barrowclough 2008; Brito & Edwards 2009). These
include that the entire mitochondrial genome must be treated as a single marker, as all
mitochondrial genes are tightly linked and are inherited as a single unit; mtDNA is maternally
inherited and therefore reflects only the female lineage; nuclear copies of mitochondrial
genes (pseudogenes or NUMTS) can be accidently and preferentially amplified during PCR
(Bensasson et al. 2001; Funk & Omland 2003), leading to erroneous conclusions e.g.
NADH?2 in Spheniscus penguins (Simeone et al. 2009); similarly, amplification of mtDNA
genes can be complicated by gene duplication events within the mitochondrial genome itself
— this has been documented in a number of seabird species including a number of species of
sulidae, Thalassarche albatrosses, Pygoscelis penguins and Eudyptula penguins (Mindell et
al. 1998; Ritchie 2001; Slack et al. 2003, 2006; Abbott et al. 2005; Morris-Pocock et al.
2010b); mtDNA diversity may not reflect quantitative variation for adaptively important
traits (Bekessy et al. 2003); and finally, some deeper analytical and methodological problems
exist regarding gene tree heterogeneity in topology and branch lengths — studies have shown
that mitochondrial gene trees sometimes differ substantially depending on the locus sampled
(Brito & Edwards 2009). Gene trees contain distinct genetic signatures of a species’
demographic history, but also contain stochasticity brought about by genetic drift in historical
populations (Knowles 2009). Recent methodological advances, including the rise of the
coalescent (Kingman 1982), and statistical phylogeographic approaches that incorporate
coalescent and mutational variance (Knowles & Maddison 2002) have ameliorated some of
these analytical challenges (Knowles 2009). Multi-locus approaches are therefore preferred
over single mtDNA-gene phylogeographic studies and are based on the assumption that gene
trees estimated from multiple independent loci will show similar patterns due to shared
historical events (Brito & Edwards 2009). The multi-locus approach should ideally use
rigorous model-based methods (Pritchard et al. 2000), gene concatenation (with partitioning)
and the ‘total evidence’ approach (Kluge 1989) i.e. combining data from molecular and non-

molecular sources.

Seabirds are an evolutionarily interesting study group, as they are highly vagile i.e. they have
high inter-population dispersal potential and can, theoretically, maintain high levels of gene-
flow (Burg & Croxall 2001; Van Bekkum et al. 2006; Bicknell et al. 2012), but many species
have h™ "\ly restricted ranges and exhibit a high degree of natal or breeding philopatry
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1983). The numbers of these birds breeding in the ABE have declined over the last 50 years,
and populations in Namibia have plummeted due to overfishing and a human-induced,
possibly irreversible, ecosystem shift (Crawford et al. 2006b; Lynam et al. 2006). Overfishing
and other anthropogenic activities in the northern Benguela ecosystem off the Namibian coast
ultimately induced a critical ecosystem “regime” shift, where the recovery of the pelagic fish
stocks, and by extension the avian top-predators, has been curtailed, as the pelagic trophic-
level has become dominated by zooplanktivorous fish, pelagic goby Sufflogobius bibarbatus
and jellyfish (van der Lingen et al. 2006a; Lynam et al. 2006). The northern Benguela is also
affected by low oxygen events and large-scale warm water events (e.g. Benguela Nifios) that
do not occur in the southern Benguela. It has been suggested that energy flows within the
northern Benguela ecosystem have been permanently altered (van der Lingen et al. 2006a),
affecting the carrying capacity for top-predators (Crawford et al. 2007c) and causing

irreversible decreases in the abundance of the seabirds there (Cury & Shannon 2004).

Overall population trends

After the collapse of the pelagic fish stock in Namibia, African Penguin, Cape Gannet and
Cape Cormorant numbers decreased significantly there (Figure 3.1), but numbers of Cape
Cormorants and Cape Gannets in South Africa increased (Crawford et al. 2007a). The total
population size of Cape Gannets averaged 250 000 breeding pairs between 1956 and 1969,
but this number fell to 150 000 pairs between 1978 and 2006 (Crawford et al. 2007a). There
has been a long-term shift to the south and east in the core breeding distribution of Cape
Gannets, with the largest colony now present in the Eastern Cape of South Africa (Figure
3.1). In Namibia, the Cape Gannet population crash observed since the 1970s has been
attributed to the collapse of pelagic fish stocks there due to overfishing (Crawford et al. 1983,
2007a; Lewis et al. 2006; ™ “tman 2007; Hutchings et al. 2009; Moseley et al. 2012). The
global population of Cape Cormorants was estimated at about 110 000 pairs in 1956 (Rand
1963a, 1963b), and increased to a peak of about 247 000 pairs during 1977-1981, before
decreasing to 72 000 pairs in 1996, when 37% of the population bred in South Africa (Barnes
2000; Crawford et al. 2007b). The demographic response of Cape Cormorants in Namibia
appears to be « ay ~ compared to African Peng ° " Cape ~ ts. Numbers dec |
in the 1990s, due to disease outbreaks and food shortages in the Western Cape (Crawford et
al. 2007b), but appears to have stabilised at approximately 100 000 pairs in 2006, with 44%
breeding in South Africa. Following a long-term decline, the African Penguin population in

South Africa showed some signs of recovery during the late 1990s and early 2000s, but did
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2005), possibly due to the shorter foraging range of penguins and limited suitable breeding
habitat. The range of Cape Cormorants extends further north, which may have prolonged
their access to the diminishing sardine resource relative to Cape Gannets and African
Penguins in the region (Crawford 2007). Also, Cape Cormorants extended their breeding
range further north in the 1990s in response to the food shortage in northern Namibia
(Crawford et al. 2007b).

Western Cape, South Africa

The South African sardine stock collapsed in the 1960s as a result of overfishing, but began
to recover significantly in the 1970s and early 1980s, after which sardine and anchovy were
more abundant off the south western coast of South Africa than in Namibian waters. During
this period, three new African Penguin colonies were established: the Stony Point (1982),
Robben Island (1983) and Boulders Beach (1985) colonies, which subsequently grew due to
the increased availability of epipelagic fish in the Western Cape region (Crawford 1998;
Cury et al. 2000; Crawford et al. 2011).

In the late 1980s, the eastward displacement of sardine and anchovy around the South
African coast (Fairweather et al. 2006; Roy et al. 2007) resulted in a spatial mismatch
between seabirds in the Western Cape and their prey, causing substantial decreases in the
numbers of breeding seabirds there (Crawford et al. 2008c), especially towards the west. The
number of breeding pairs of African Penguins in the Western Cape decreased from about 23
000 in 1987 to 13 000 in 1993 (Crawford et al. 2008b). These conditions have persisted,
resulting in the overall numbers of breeding African Penguins falling from an estimated 56
000 pairs in 2001 to 21 000 pairs in 2009, representing a loss of > 60% over eight years
(Crawford et al. 2011). The survival rates of adult penguins decreased over the same period
and African Penguins attempted breeding further east at De Hoop Nature reserve, between
2003 — 2006 reaching a maximum of 18 pairs before abandoning that colony after 2006
(Crawford et al. 2007c).

Cape Gannets recovered along with the sardine stock in the Western Cape during the 1970s

' late 1980s, p " ;at " st 25 000 ] 7 5 in 1990. Numbers of Cape Gannets then
declined to about 10 000 pairs in 2008, following the eastward shift in sardine distribution.
The number of breeding Cape Gannets fell approximately 38% between 2001 and 2005, a
pattern reflected in a reduction of sardine in their diet from 40% (average during 1987-2003)
to approximately 6% in 2006 (Crawford & Altwegg 2008). At the westernmost colony,
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about 19 000 pairs in 1956 to over 50 000 pairs by 1986 and 98 000 pairs in 2006, but
decreased to 80 000 in 2008 (Crawford et al. 2009). The Cape Gannet population trend in the
Eastern Cape is markedly different from the rest of its breeding rang  with the population
more than doubling in size at Bird Island as prey became more available between 1980 and
2007 (Crawford et al. 2007a). Intraspecific competition is likely to be higher for gannets
breeding in the Eastern Cape because of the size of the colony there (Moseley et al. 2012).

The number of African Penguins breeding in the Eastern Cape increased during the 1980s,
but subsequently decreased dramatically, showing the worst decline between 2001 and 2003,
when the population halved (Crawford et al. 2011). It has been suggested that although prey
became increasingly available to gannets as it moved eastwards, it remained out of reach of
penguins breeding in both the Western and Eastern Cape. Cape Cormorants breeding in the
Western Cape have been affected by occasional, severe avian cholera Pasteurella multocida
outbreaks since the 1940s (Crawford et al. 1992a; Waller & Underhill 2007). This disease
affects other species of seabirds in the region, but has caused significant mortality only in
Cape Cormorants, killing thousands of birds, mostly at the largest colony on Dyer Island
(Waller & Underhill 2007). It has been suggested that the high mortality associated with
avian cholera outbreaks has masked the consequences for this species of the eastward
displacement of sardine and anchovy (Crawford et al. 2008b), but there is evidence that the
proportion of Cape Cormorants breeding at the more southerly colonies in the Western Cape
has increased as a result of the sardine displacement despite the loss of about 29 000
individuals to cholera between 2002 and 2006 (Waller & Underhill 2007). Only a small
minority of the Cape Cormorant population breed in the Eastern Cape, but the numbers
appear to be increasing (Figure 3.2) (Waller & Underhill 2007).

Aims

This chapter explores mitochondrial (mtDNA) and nuclear sequence variation to quantify
population genetic structure across the breeding ranges of Cape Gannets, African Penguins
and Cape Cormorants. It quantifies (i) nucleotide and haplotype variation at mtDNA and
nuclear markers and (ii) population structure within and among the sampled regions.
Evolutionary history is considered, together with ringing data and the life-history and
ecological traits of these target species, to test hypotheses about the possible role of
environmental change on dispersal and gene-flow in seabirds endemic to the Agulhas-

Benguela Ecosystem (ABE).
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Natal and breeding philopatry (respectively, individuals breeding close to their bir * ‘lace or
their previous breeding territory), are also life-history traits that might be expected to
generate population structure (Greenwood & Harvey 1982; Alcaide et al. 2009). Restricted
gene-flow typically leads to genetic differentiation among populations via drift, so sufficient
dispersal and effective gene-flow throughout a spatially structured population will result in a
similar genetic signal to that observed in a single, large panmictic population. Panmixia
among seabird populations in the ABE may be explained by * * ‘orical processes i.e. natural
stressors in a variable environment, and perhaps to a smaller extent by persistent human-
induced stressors (e.g. habitat destruction, fishing pressure) over the it 150 years, that

promote dispersal among colonies (Taylor et al. 2011a; Jeyasingham et al. 2013).
MATERIALS AND METHODS

All necessary research and ethics permits were approved for the collection of samples
(University of Cape Town Science Faculty Animal Ethics clearance number: 2009/~ \;
Oceans and Coasts branch of the South African Department of Environmental Affairs mit
number: RES2010/66; CapeNature (Western Cape Nature Conservation Board) permit
number: AAA-004-00520-0035; SANParks permits were approved, but no permit number is
supplied). Permits were obtained from the Namibian Ministry of Environment, Natural
Resources and Transport (Wildlife Enforcement and Permits Division), Wildlife Trade and
Conservation Section (also no permit number supplied on the permit) to visit Ichaboe Island
and Mercury Island to collect blood samples, but were only permitted to sample Namibian
Cape Gannet and African Penguin chicks. We were not permitted to visit Possession Island,

but samples were obtained from previous studies there.
“ample collection and storz

All samples are archived at the Percy FitzPatrick Institute at the University of Cape Town.

Collection localities are shown in Figure = ~

Cape Gannets

A total of 146 blood samples were taken from breeding adult Cape Gannets, and sc  : chicks,
from across their range (although not all samples were used in the present study): South
African colonies (n=79): Malgas Island (n=25; 33.05 S, 17.93 E; October 2008), Bird Island,
Lambert’s Bay (n=25; 32.09 S, 18.30 E; February 2009), Bird Island, Algoa Bay (n=29;
33.84 S, 26.29 E; January 2009); Namibian colonies (n=67): Ichaboe Island (i !6 blood
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the Cape Cormorants sampled were fitted with rings. Appendix 3.1 summarises the numbers

of C _ :Cormorants sampled at ch locality.

Samp storage, DNA extraction, PCR and s.uencing

Blood mples were stored in Longmire’s solution (100mM ...S pH8, 100mM EDTA,
10mM NaCl, 0.5% SDS) and feather samples were stored in 99.9% ethanol. Whole genomic
DNA was extracted using DNeasy Blood & Tissue Kits (Qiagen, Valencia, CA), following
the protocol on pg. 25 of the handbook as directed by the manufacturer. The manufacturer’s
genomic DNA extraction protocol was modified for feather samples in that the Proteinase K

incubation step was  ended to 24 hours.

Two nuclear ¢ s (Beta-fibrinogen intron 7 and GAPDH) and five mitochondrial genes
(NADH dehydrogenase subunit 3, cytochrome oxidase I, ATPase 6, cytochrome b and
NADH dehydrogenase subunit 2) were amplified using standard PCR techniques. The
1 ners for each target region are presented in Appendix 3.3. PCR conditions are summarised
in Appendix 3.4. PCR reactions were carried out on Applied Biosystems 2720 and Veriti®
96-Well Thermal Cyclers in 25pul reactions. Cycle sequencing of PCR products was
performed with BigDye Technology and capillary sequencing instruments (Applied
Biosystems 3130 and 3730 Genetic Analysers). All gene regions were direct sequenced using
f rard and reverse primers. PCR profiles had an initial 3 minute d ituring step (TI  '4°C)
and a final extension step of 5 minutes (TE=72°C). All PCRs were cycled 35 times. Reagents
supplied with Supertherm and Kapa 1 . kits (www.kapabiosystems.com) were used for all
PCR reactions. The optimal annealing temperature (TA) for each primer pair and the
corresponding annealing time for each profile, is given in Appendix 3.4, along with the

concentrations of reagents.

Alignment and vetting of sequence data

Forward sequences and the reverse-complement of reverse sequences were aligned using the
ClustalW Multiple Alignment (Thompson et al. 1994) accessory application in Bioedit
v7.0.9.0 (Hall 1999). Published sequences for closely related species from GenBank were
included in alignments to confirm that the correct target region had been amplified and to
assess the overall quality of the alignment. Alignments were analysed for each gene region
separately and combined. Sequences were obtained for two or more of the seven gene regions
for 69 Cape Gannets, 62 Cape Cormorants and 105 African Penguins. Sequences were

obtained for three or more of the seven gene regions for 28 Cape Gannets, 21 African
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Information Criterion (BIC) scores. Corrected Akaike Information Criterion (A._.) values,
Maxim  Likelihood value (-InL) and the number of par____:ters (k) were also calculated
(Appendix 3.2) (Posada 2008; Tamura et al. 2011). Whenever applicable, estimates of
gamma shape parameter and/or the estimated fraction of invariant sites (Tamura et al. 2011)

are given for each gene region (Appendix 3.2).

ML analyses were conducted in PhyML (Guindon & Gascuel 2003) and Mega 5.1 (Tamura et
al. 2011). The best fit nucleotide substitution models for each dataset, determined by the
v us model selection programmes outlined above, were used in the Bayesian and ML
phylogenetic analyses. ML methods use these data-informed models of evolutionary change
as their optimality criterion i.e. they search for tree(s) that maximise the probability of
observing the data, given a model that describes the expected behaviour of the substitution
rate e.g. whether it is constant throughout the tree; whether it is the same between all

nucleotide pairs (Avise 2004).

The reliability or significance of the inferred ML tree i.e. branch support values, is evaluated
using bootstrap-resampling (1000 replicates). A bootstrap support value at a given node that
exceeds 95% is generally considered to indicate that the topology at that branch is "correct"
(Tamura et al. 2011). Bayesian phylogenetic inference is a variant of likelihood methods
(Rannala & Yang 1996; Avise 2004) and also requires an evolutionary model of nucleotide
substitution. As in ML, the parameters of the evolutionary model are estimated by
maximizing the likelihood i.e. the probability of observing the data (a constrained
multidimensional maximization is carried out to find the combined set of parameter values
that maximise the likelihood function). However, Bayesian analysis differs from ML in a
number of important ways: It specifies the prior distribution of tree topologies and the branch
lengths of terminal taxa i.e. it treats tree topologies and branch lengths as random variables
rather tl as parameters (as in ML), and uses a Metropolis-coupled (a convergence
acceleration technique) Monte Carlo Markov Chain (MCMC) to model nucleotide
substitution (Rannala & Yang 1996); the use of priors (assumed distributions of the model
paran ers) means that independent inforr ion can be incorporated into analyses
t imont & Rannala 2004); when s . the likelihood * " cape ‘poss et s,

MCMC « s can leap valleys and avoid becoming trapped in local op' a instead of the
globally highest peak, as is possible in ML (Avise 2004). Where ML identifies a single tree
(the one with the highest likelihood), Bayesian MCMC generates a probability based on the

likelihoods of a best set of trees given the data and the evolutionary model specified i.e. the
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consistently ambiguous on chromatograms | .uble 3.1). It is likely that the two alleles were
amplified simultaneously and, although these data could be used in population genetic
analyses, there is too little variation at this marker to be informative. The B-fib sequences for
Bank and Cape Cormorants were combined with M. bassanus (AY695213, EU739445,
EF552786, EF881997), M. serrator JX683938, S. dactylatra AY 695212, Anhinga anhinga
(AY695210, EU739364, ~7<552751, DQ881941) and Phalacrocorax (P. carbo: DQ881980,
P. auritus: AY695211, P. melanoleucos: JX683939) sequences from GenBank, and the Cape
G ! data, to produce a nDNA phylogeny (n=70, 514bp). Among the 12S (187bp)
sequences, the five Bank Cormorant sequences generated during the present study (data
presented in Chapter 2) were identical to the published sequence .. J445900), except for
samples from Ichaboe Island, which shared a unique haplotype endemic to that region. Cape
Commorant cyt b aligns to site 13962 of the published P. chalconatus mt genon (GenBank
accession number: GU071054). The Reed Cormorant differs from the Crowned Cormorant at
5 nucleotide positions in ATPase-6 target region (668) and three of these differences are

shared with another Microcarbo species P. melanoleucos.

Molecular markers in Cape Gannets
Cape Gannet: NADH3 (400bp)

In the Cape Gannet NADH3 dataset (n=94, 400bp), five haplotypes existed among samples
from all six breeding colonies (overall haplotype diversity 4#=0.143+0.049; nucleotide
diversity, n=0.0004+0.0001; average number of nucleotide differences, k=0.147, Table 3.1).
Haplotype diversity is a measure of the uniqueness of a haplotype within a population; a
value of one indicates that all haploty;  within a colony are 1" jue. Haplotype diversity was
markedly higher at Namibian colonies, and in Namibia overall compared to colonies in the
Western Cape and N-~ ™ia (Appendix 3.5 (a) and (b)) based on NADH3.  rwise @sr
estimates between breeding regions were very low and no significant population
differentiation was detected between breeding regions or among the six colonies sampled

(probabilities obtained by a permutation test with 1000 replicates, Table 3.2).
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Cape Gannet: ATPase-6 (669bp)

The ATPase-6 target region was amplified for 28 Cape Gannet samples (n=14 from Namibia,
n=11 from the Western Cape and n=3 from the Eastern Cape). Four haplotypes were detected
in this dataset (overall haplotype diversity h=0.577+0.055 and nucleotide diversity n=0.0012,
Appendix 3.6 (a), Table 3.1). When populations are defined as breeding colonies, Possession
Island in Namibia exhibits the lowest haplotype diversity, and Ichaboe Island the highest (0.5
and 1 respectively), although sample sizes for colony-level analyses are small (all n<9;
Appendix 3.6 (b)). Pairwise @sr estimates between breeding regions were very low and no
significant population differentiation was detected between breeding regions or among the six
colonies sampled (probabilities obtained by a permutation test with 1000 replicates,

Appendix 3.7).
Maximum Parsimony (MP), Maximum likelihood and Bayesian phylogenetic analyses

The MJ and RM MP analyses of the ATPase-6 data (both the full 669bp alignment and that
truncated to 624bp) showed identical results (Appendix 3.8 and Figure 3.5(b)). The MJ
network based on the full alignment showed a very similar pattern, but introduced a “missing
haplotype™ into the network. All MP analyses showed two dominant haplotypes (separated by
an A-G transition at 550bp — Adenine is probably the ancestral state, as it is exhibited by both
of the other gannet species). Endemic haplotypes were detected at Ichaboe and Malgas
Islands (Figure 3.5 (b)).

The model of nucleotide substitution that best describes the ATPase-6 sequence alignments
that include and exclude outgroup taxa was identified as the HKY model (Appendix 3.2). The
ML tree based on the ATPase-6 alignment (669bp, Figure 3.6) mirrored the pattern exhibited
in the haplotype networks in that there is one dominant clade representing the two dominant
haplotypes (a second sub-clade is nested within the first). This clade and sub-clade both
contain representatives from all six breeding colonies of Cape Gannets. There are only two

other haplotypes among individuals.
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Four gannet sequences were available on GenBank for comparison with the full ATPase-6
alignment (669bp): M. serrator AY009345 (Kennedy et al. 2000) and GU071056 (Gibb,
unpublished); M. bassanus AY567851 (Treutlein & Wink, unpublished) and EF101685
(Hughes et al. 2007). These formed two well-supported clades in the Maximum likelihood
(ML) tree (Figure 3.6). Other sulid species were also added to the analysis (Appendix 3.9):
Sula nebouxii (Blue-footed Booby) EF101686 (Hughes et al. 2007), Sula sula (Red-footed
Booby) AY009346 (Kennedy et al. 2000), Sula dactylatra (Masked Booby) AY941806
(Kennedy et al. 2005) and Sula leucogaster (Brown Booby) EF101687 (Hughes et al. 2007).
The full sequences were not available for all species, so a truncated alignment of 624bp was
used for this analysis. Cape Gannets form an unresolved polyt y that is sister to a ¢ le
containing the other two gannet species (Figure 3.7). The overall pattern observed in the
Bayesian phylog ic tree is very similar to that of the ML analyses above. Cape Gannets
from all three breeding regions fall into two well-supported clades, with one sample from

Malgas Island distinct from the rest (Appendix 3.9).
Cape Gannet: Cytochrome Oxidase I (COI)

In the Cape Gannet COI dataset (n=26, 668bp), there are nine polymorphic sites, six of which
are parsimony informative. Ten haplotypes were identified (overall haplotype diversity,
i ).83%£0.06; nucleotide diversity, nn=0.0027+0.0005; average number of nucleotide
differenc  k=1.8, Appendix 3.10 (a)). At a regional scale, the Eastern _.pe had the highest
haplotype diversity, and the Western Cape exhibited the lowest (/  and 0.79 respectively).
Although sample sizes for colony-level comparisons are low, Mercury Island in Namibia
exhibited the lowest haplotype diversity (Appendix 3.10 (b)). Pairwise comparisons of
genetic structure (@st) ranged from 0.11 (between the Western Cape and Namibia) to 0.36
(between the Western Cape and Eastern Cape, Appendix 3.11). Ggr, the average n___ser of
nucleotide differences between populations (k) and genetic distance (Dxy) are also reported
(Appendix 3.11). The elevated - ites of population divergence (notably ¢sr) ba | on
COI sequences may be an artefact of the small sample size, or it may be that this gene region
has higher resolution (is more variable) for ¢ | : G ets compared to the ATPase-6

NADH3 markers.
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Maximum Parsimony (MP), Maximum likelihood and Bayesian phylogenetic analyses

Multiple COI sequen . from other gannet species were available on ( 1Bank and the
Barcoding Life (BoL) databases: Australasian Gannet M. serrator GU071056 (Gibb et al,,
unpublished), EU525448 — EUS525452 (Tavares & Baker 2008) and Northern Gannet M.
bassanus AY567893 (Treutlein & Wink, unpublished), EU525442 - EU525444Mb (Tavares
& Baker 2008), GU571485 and GU571484 (Johnsen et al. 2010) and DQ433810 - DQ4338

(Kerr et al. 2007). For the MP analyses of Cape Gannet COI (n=26, 668bp), the MJ and RM
networks were identical (Appendix 3.12). Ten haplotypes were identified, with one dominant
haplotype representing individuals from all three breeding regions. Endemic haplotypes
existed at lower frequencies in all three regions: four in Namibia, two in the Western Cape
and two in the Eastern Cape. One of the Western Cape haplotypes was found int  : samples
collected in 1991 from Malgas Island (Tavares & Baker 2008), which may be contributing to
the elevated est” tes of population dive nce (com ‘ed to ATPase-6 and NADH3). One
haplotype was shared between Namibia and the Western Cape. For the family-level network
(n=41, 668bp, Figure 3.8), six Australasian Gannet and nine Northern Gannet COI sequences
were included for comparison. One extra Australasian Gannet and three Northern Gannet
individuals could be included by truncating the alignment to 600bp (n=45, EF101674
excluded due to multiple alignment gaps), however this caused a loss of resolution in the
network and the fundamental relationships between haplotypes remained the same. RM
analysis could not be conducted on the family-level analysis due to the presence of multi-

state characters at numerous nucleotide positions in the alignment.

The model selected for the COI alignments was HKY (Appendix 3.2) in Mega (Tamura et al.
2011) and, although jModeltest (Posada 2008) selected the .. .A2uf model usi A, HKY
was used for the Maximum likelihood analyses. The 50% bootstrap consensus ML tree based
on the COI alignment excluding (n=26, 668bp, Appendix 3.13) and including outgroups
(n=41, 668bp, Figure 3.9) strongly reflected the MP analyses above. The published Cape
Gannet sequences collected in 1991 from the Western Cape (Tavares & Baker 2008) form
their own clade, as do two groups of Cape Gannets collected for the present study: One
comprised of individuals from the Eastern Cape and }™ ibia, and one of Namibia and the

Western Cape.

M. serrator and M. bassanus each form well-supported clades of their own, reflecting their
phylogenetic relationship with M. capensis (Figure 3.9). The large polytomy represents

indivic s from all three breeding r«  >ns with a single shared haploty

106












Chapter 3: Results

~-pe __nnet: NAL ... (555bp)
Genetic diversity Indices and estimates of genetic divergence

The NADH?2 target region was successfully amplified for 20 Cape Gannets (n=7 from the
Eastern Cape, n=10 from Namibia and n=3 from the Western Cape). A total of four
haplotypes were detected in the NADH2 dataset (haplotype diversity A= 0.284+0.128 and
nucleotide diversity 7=0.0005+0.0003, Appendix 3.14, Table 3.1). No significant population
differentiation was detected between the three breeding regions (all ¢st~0, Appendix 3.15).

Sample sizes were too small to conduct analogous analyses at the level of breeding colonies.
Maximum Parsimony, Maximum likelihood and Bayesian phylogenetic analyses

The MJ and RM Network analyses of the NADH2 alignment (555bp) showed identical
results. One Australasian _.nnet M. serrator (GU071056, Gibb 2009) individual was
included in the analysis (F* ire 3.12 (a)). Although the sample size is small, there is again a
large pool of shared haplotypes, reflecting a dominant line: : that is present in all regions.
There are three haplotypes endemic to Namibia, but they only differ from the dominant

haplotype at one nucleotide position each.

The model selected for the NADH2 alignment, including one M. serrator individual, was the
HKY model. The 50% bootstrap majority-rule ML consensus tree contains only one clade
(65%) containing Cape Gannet individuals from all regions. The Bayesian analysis showed a
very similar pattern, with one well-supported clade (posterior probability=0.85, Appendix
3.16) containing all samples except one Cape Gannet (LNG103, Ichaboe Island).

Cape Gannet: Cytochrome b

The cyt b target region was amplified in 15 Cape Gannet samples (n=10 from Namibia, n=3
from the Western Cape and n=2 from the Eastern Cape). Among these sequences, two
haplotypes were recovered (Table 3.1). The haplotype diversity was 0.25 and nucleotide
diversity 0.0003 (Table 3.1).

Phylogenetic analyses

The MJ] ° RM Maximum Parsimony (MP) analyses of cyt b (834bp, Figure 3.12 (b))
showed identical results. One Australasian Gannet individual was included in the analysis.
Although the sample size is small, two unique haplotypes are present. The dominant
haplotype is shared amo1 Cape Gannets from all three breeding regions, whereas the rarer

haplotype is shared between the Western Cape and Namibia.
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Cape _ _nnet: Beta-,._rinogen Intron 7 (BFIB)

BFIB (559bp) was successfully amplified in 31 individuals from all three breeding regions
(Namibia: 7, Western Cape : ) and Eastern Cape © 7). Two haplotypes were recovered
from this data: one dominant haplotype shared among individuals from all three breeding
regions and the second only present in one individual from the Western Cape. The rare
haplotype differed from the dominant haplotype by only one transversion (G-C at 11 |

and may represent a second allele.
Maximum likelihood and Bayesian phylogenetic analyses

Although no BFIB sequences were available from other studies of Cape Gannets or their
putative sister species, Australasian Gannets M. serrator, there were sequences for other
sulids: Northern Gannets EU739445 (Hackett et al. 2008), AY695213 (Fain & Houde 2004),
EF552786 (Pasko et al. 2011) and DQ881997 (Ericson et al. 2006); and Sula dactylatra
AY 695212 (Fain & Houde 2004). The model selected for this region was the Tamura-Nei
model (Appendix 3.2). The ML tree with the highest log likelihood (-890.7823) is presented
(Appendix 3.20), with bootstrap values (the percentage of 1000 trees in which the associated
taxa clustered together is shown next to the branches) and Bayesian posterior probabilities.
The model of nucleotide substitution selected for the alignment that included the darter
Anhinga anhinga and Masked Booby Sula dactylatra sequences was the Hasegawa-Kishino-
Yano (HKY) model. The tree with the highest log likelihood (-994.7732) is presented
(Appendix 3.20).

Cape Gannet: Overall (concatenated, partitioned)

Two or more of the seven gene regions described above were successfully amplified in sixty-
eight Cape Gannet samples (n=36 from Namibia, 21 from the Western Cape and 11 from the
Eastern Cape), and 3 or more gene regions in 28 samples (n=17 from Namibia, n=6 from the
Eastern Cape and n=5 from the Western Cape). The Maximum likelihood phylogenetic tree
based on this data show the same general signal of little divergence among sequences, and the
majority of lineages present in two or three regions (Figure 3.13). For the Bayesian analyses,
the concatena |  uence datasets were partitioned by gene region and missi = data
substituted with question marks (Appendix 3.21). Each gene region was assigned the
appropriate model of nucleotide evolution, all parameters were unlinked and rates were
allowed to vary across partitions before conducting Bayesian MCMC analysis (2 million

generations, 6 chains, potential scale reduction factor (PSRF) ~1 indicating convergence of
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runs for all parameters). The Bayesian phylogenetic tree based on the combined, partitioned

{ C net sequence data has low resolution, with birds from all three breeding regi
falling into two largely unresolved polytomies.

ied on the ed

Figure 3.13 The unrooted, Maximum likelihood phylogenetic tree
(concatenated) Cape Gannet sequence dataset that includes individuals for which three or more of the
7 gene regions were successfully sequenced ('8, 4104bp). Samples from Namit 1 col s are
in black, those from the Eastern Cape in red, and Western Cape in blue.
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Molecular markers in African Penguins

African Penguin: NADH3 (358bp)

NADH3 was successfully amplified in 124 African Penguin samples (n=50 from Namibia,
n=41 from the Western Cape and n=33 from the Eastern Cape). A total of six haplotypes
were recovered, which differed by a maximum of two nucleotide substitutions (overall

.182+0.046 and nucleotide diversity 7=0.0005, Appendix 3.22, . .ble

haplotype diversity,
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3.1). . uirwise comparisons of ; 1etic structure (¢s7) were very low (~0) and ranged from -
0.007 (between the Eas Cape and Namibia) to -0.014 (between the Western Cape and
Namibia). Gsr, the average number of pairwise nucleotide differences between populations
(kxy) and genetic distance (Dyy) are also reported (Appendix 3.23). No significant differences
were ft d between any of the colonies sampled, although Mercury Island in } nibia
appears to be genetically distinctive among all breeding colonies in the three breeding
regions. The Eastern Cape and Namibia appear to be the most genetically different among the

three breeding regions based on this target region.
Maximum Parsimony, Maximr - likelihood and Bayesian phylogenetic analyses

For the MP Network analyses of African Penguin NADH3 (n=124, 358bp), the MJ and RM
networks were identical (Appendix 3.24). Six haplotypes were present among the sampled
individuals, with two dominant haplotypes representing individuals from all three breeding
regions. Endemic haplotypes existed at lower frequencies in all three regions: one in
Namibia, two in the West Cape and one in the Eastern Cape. These differed from the
dominant haplotype by ony one nucleotide substitution each. Thirty-seven of the samp |

individuals had flipper bands.

. .& model selected for the N¢... H3 alignments (358bp with and without outgroup taxa) was
HKY (Appendix 3.2) in Mega (Tamura et al. 2011) and, although jModeltest (Posada 2008)
selected the Jukes-Cantor and J80 models using AICc, HKY was used for the Maximum
likelihood analyses. The 50% bootstrap consensus ML NADH3 tree rooted with S. humboldti
(n=125, Appendix 3.25), and including Pygoscelis adeliae sequences (n=140, Figure 3.14)
strongly reflected the pattern observed in the MP analysis above.

The Bayesian analysis based on the African Penguin NADH3 sequence data showed a very
similar pattern to ML and MP analyses, with the majority of samples forming an unresolved
polytomy and two moderately well-supported clades reflecting haplotypes that are shared
among two or all breeding regions (Appendix 3.26).

African Penguin: ATPase-6 (672bp)

The ATPase-6 target region was successfully amplified in 130 African Penguin samples
(n=50 from Namibia, n=49 from the Western Cape and n=31 from the Eastern Cape;
Appendix 3.27, Table 3.1). A total of 12 haplotypes were detected (I .24+0.05 and
7=0.0004; Appendix 3.27, Table 3.1). Pairwise comparisons of genetic structure (@sr)

between breeding regions were low and ranged from 0.003 (between the Western Cape and
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Molecular markers in Cape Cormorants

Cape Cormorant: NADH3 (393bp)
Genetic diversity indices and estimates of genetic differentiation

The Cape Cormorant NADH3 alignment (n=71) contained three haplotypes (overall
haplotype diversity h=0.52+0.02 and nucleotide diversity n=0.001; Appendix 3.31, Table
3.1). Divergence between the combined Namibian colonies (Ichaboe Island and Bird Rock,
Walvis Bay) and the combined South African colonies was low (@s1=-0.025; Table 3.4) and
none of the measures of population differentiation were significant. No significant population
differentiation was found when the data was analysed at the colony-level ie. when

individuals were assigned to source populations based on their collection locality (Table 3.4).
Maximum Parsimony, Maximum likelihood and Bayesian phylogenetic analyses

The NADH3 haplotype network for Cape Cormorants (n=71, 393bp) shows that the two
dom’ haplotypes identified abo a [ ent in similar proportions amo ! nibian and
the Western Cape samples (Appendix 3.33). The network is rooted on the Stewart Island
Shag P. chalconotus (Genl k accession number GU071054). ~ e individual from D

Island represents a unique mitochondrial lineage.

The topologies of the ML and Bayesian phylogenetic trees based on the Cape Cormorant
NADH3 dataset support the MP analysis and show two distinct clades that correspond to the
two dominant haploty] recovered among sampled individuals (Figure 3.19). Only one
comparable Phalacrocorax NADH3 sequence (P. chalconotus, the Bronze Shag or Stewart
Island Shag, mtDNA genome, Accession number: GU071054), and one partial sequence
(Double-crested Cormorant P. auritus, 340bp NADH3; Accession number: AF373589) are
currently available from GenBank and are included as outgroup taxa. Also, NADH3
sequences for two other cormorant species endemic to the region were generated during the
present study: Bank Cormorants (n=14 from Nz ™ian colonies) and Crowned Cormorants
(n=2), and are included as outgroups in the ML and Bayesian analyses of an expanded
Cormorant NADH3 dataset. All three endemic cormorant species form well-supported
monophyletic clades, and the I * Corn nt is sister to the _.ape Cormorants (Figure 3.20).
The Cape Cormorant clade is largely unresolved, but one well-supported sub-clade exists and
represents the smaller of the two dominant haplotypes. There appears to be stror  structure
among the Bank Cormorants sampled, with one well supported intraspecific clade comprised

of individuals from Namibia nested.  ng samples from the WC and Namibia.
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Maximum Parsimony, Maximum lik " jod and Bayes’ phylogenetic analyses

The haplotype network based on the ATPase-6 target region for Cape Cormorants showed
that the two haplotypes detected among sampled individuals occurred in similar proportions
in Namibia and South Africa i.e. there was no spatial pattern observed in the distribution of
haplotypes. No unique haplotypes were detected among all individuals sampled (Figure 3
(a)). The N and Bayesian phylogenetic trees (Appendix 3.36) based on tt Cape Cormorant
ATPase-6 sequence data mirror the simple pattern observed in the MP analyses and the split
between the two clades is well supported (ML bootstrap 65%, Bayesian posterior
probability=0.95).

Cape Cormorant: Cytochrome b (864bp)

The cyt b target region was successfully amplified for 41 Cape Cormorant samples. Four
haplotypes were identified (haplotype diversity | ).6~ ).04, nucleotide diversity 7=0.0009;
Appendix 3.37, Table 3.1). No significant differentiation was detected between Namibia and
South Africa overall based this target region (¢st=0.007, Dx,=0.001, Gs1=0.01, K,,=0.72) or

when data was analysed at the colony-level.
Maximum Parsimony, Maximum likelihood and Bayesian phylogenetic analyses

The cyt b haplotype network for Cape Cormorants (Figure 3.21 (b)) showed a similar pattern
to those based on NADH3 and ATPase-6 in that there are two dominant haplotypes
comprised of Cape Cormorants from the Western Cape and N  bia. Two additional
haplotypes were recovered among the cyt b sequences, one represented by an individual bird

from J :n Island (WC) and t| otl by four birds from Namibia and the Eas Cape
(Figure 3.21 (b)).

The Bay: an phylogenetic tree based on the Cape Cormorant cyt b sequence data (Appendix
3.38) lects the haplotype network above. The two dominant haplotypes form well-
supported clades, and contain individuals from Namibia and South Africa. Outgroup
sequences were extracted from GenBank for the Maximum likelihood analyses of cyt b, and

some were generated during the course of this study.
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subject to the same selective pressures and threats over time, but may employ different
strategies to cope with them. Species within the Agulhas-Benguela Ecosystem (ABE) have
experienced long-term environmental variability over evolutionary scales, and more recent
anthropogenic disturbance and exploitation over ecological time-scales. Notable changes in
the abundance and distribution of African Penguins, Cape Gannets and Cape Cormorants
have been recorded, and these may have population genetic consequences in terms of genetic
diversity and population connectivity. Genetic sequence data provide a window into the
history of these species, allowing us to better understand the microevolutionary forces that

have shaped the distribution of genetic diversity among their populations.

Genetic Diversity

Relative to similar studies on closely related species, this study found low levels of genetic
diversity overall and detected very few cases where levels of diversity differed amor

b1 ling populations of any of the study species. Within the general framework of marine
ecosystem ¢ ervatic the role of n 'ne conservation - “netics is to merge evolutionary
and ecological principles and techniques from population genetics with those from marine
ecology, and apply them to marine biodiversity conservation (Ouborg 2010). Population
genetic models, and numerous empirical studies, have shown that genetic drift and long-term
reduced population size leave detectable genetic signatures in the form of depleted allelic and
genotypic diversity within populations, and that the degree to which this occurs is a function
of N, (effective population size, defined as "the number of breeding individuals in an
idealised population that would show the same amount of dispersion of allele frequencies
under random genetic drift or the same amount of inbreeding as the population under
consideration"; Wright, 1938, p430; (Wright 1931, 1938)). Although seabirds are generally
long-lived, and only a small proportion of genetic variation may be lost per generation —
mostly rare alleles or haplotypes — the massively reduced population sizes observed in
populations of the focal species may have lead to a significant loss of genetic diversity and
the associated potential to adapt to environmental changes (Willi et al. 2006; Gomulkiewicz

& Houle 2009).

The focal species here face regional, seasonal, inter-annual and long-term cl s in the
availability of their shared prey resources and must cope with these changes in order to
s ive and breed (Shackleton 1987; Lluch-Belda et al. 1989; Crawford 1999). To ensure
their long-term persistence, individuals must either adapt to novel local conditions or move to

areas where conditions are more favourable. A number of life-history characteristics of
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Pacific and Atlantic Ocean populations, and low levels of gene-flow among populations
within oc n basins (Steeves et al. 2005b). Althov "1 Cape G: zts technically inhabit both
the Atlantic and Indian Oceans, the distances between regions are more comparable to
“within ocean basin” investigations i.e. the isolation-by-distance effects between oceans are
at a much larger spatial scale for masked boobies (>2000km). Also, there are no physical
barriers of the scale of the Isthmus of Panama separating breeding regions for Cape Gannets.
Divergence within ocean basins is lower among Red-footed Booby populations than among
those of Brown Boobies, which may be due to long term gene-flow as a result of the marked
differences in marine habitat preferences of these two species: Red-footed Boobies forage in
pelagic waters (typically ~240km — interestingly, identical to the estimate for Cape Gannets
and similar to that of Masked Boobies), whereas Brown Boobies forage very close to the
shore, with similar foraging ranges to Cape Cormorants and African Penguins. This
‘ecological barrier’ decreases the probability that Brown Boobies will encounter and disperse
to non-na ° colonies. The ability of Cape Gannets to switch prey may also play a role in
buf ng their populations, to some extent, against environmental changes: it has been
demonstrated that Cape gannets depend on fishery waste when their natural prey is scarce,
but revert to feeding on natural resources wl iever available, showing h 1y flexit

foraging behaviour (Tew Kai et al. 2013). The combined effects of non-physical barriers,
such as philopatry, fidelity to for "1g ounds, and genetic drift in decl: pulat’ s
have not been sufficient to produce a mitochondrial genetic signal among Cape Gannet

population, in the face of on-going gene-flow.

Little population structure was found among populations of Peruvian and Blue-footed
Boobies, which inhabit the Humboldt Upwelling System on the Pacific Coast of South
America, the most similar EBUS to the Benguela System (Taylor et al. 2011a). That pattern
was explained as a result of these species’ specialization to a cold-water upwelling system,
which may elevate dispersal rates and reduce natal-site fidelity (Taylor et al. 2011b). Given
that the Cape Gannet is also endemic to a cold-water upwelling system, there are strong
parallels to these ecologically analogous South American Booby species. Long distance
dispersal © = times of se : ' turl e (e.g. the historical exploitation by humans, the
present shift in the distribution of prey resources, Benguela Nino events), when breeding and
survival depends on the gannets’ ability to track environmental change via dispersal to non-
natal colonies, may have also played a role in producing the observed pattern of high genetic

connectivity among regions and colonies (Taylor et al. 201 1b).
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be capab of shifting their distribution in response to environmental variability in the ABE
i.e. to a similar d.___e to their Humboldt counterparts (Crawford & Jahncke 1999; Crawford
et al. 2006c¢; Vargas et al. 2007), but that such changes still lead to a reduction in the breeding

population.

Among Cape Cormorants, the NADH3 dataset indicated a lack of regional genetic
differentiation between Western Cape and Namibian colonies (¢s1=-0.025). Estimates of
colony-level genetic differentiation based on NADH3 were also low (overall ¢ST <0) and no
significant differences were detected. The only positive @st values based on NADH3
involved comparisons with Cape Cormorants from Jutten Island (4 of 5 comparisons > 0),

although this pattern did not hold true for ATPase-6 and cyt b gene regions.

Based on molecular data (Figures 2.6 and 2.7), the closest extant ive of *: (

Cormorant is either the Bank, Japanese or Great Cormorant (Kennedy et al. 2009). Based on
morphological data, the sister ies is either the Gi  y Shag or the Socotra Shag (S 1-
Cau ' 1988; Holland et al. 2010). Information »out genetic cture is not available for
most of these putatively close relatives, although the preliminary data presented in this study
indicate strong regional phylogeographic structure in the Bank Cormorant (see Chapter 2,
Figures 2.6 and 2.7). Interestingly, among the Bank Cormorants sampled for the present
study, no ; from Namibia shared ATPase-6 haplotypes with those from the Western Cape
(n=10 from Namibia, n=7 from the Western Cape; 588bp). Although the sample sizes are
small, the Bank Cormorant appears to be highly differentiated at a regional-level (overall
¢s1=0.92, P<0.001; Gs1=0.66, P=0.0002). This cormorant breeds from November to April in
Namibia and all year round in the Western Cape (although breeding peaks between May and
October), and it does not rely heavily on sardine and anchovy stocks, as do the focal species
of the present study (Hockey et al. 2005). Bank Cormorants forage closer inshore than Cape
Cormorants (Ludynia et al. 2010, 2012) and although data on breeding dispersal are rare, they
appear to be hi " ' philopatric (Crawford et al. 1999, 2008a; Hockey et al. 2005). Bank
Cormorants are endemic to the ABE and face many of the same threats as Cape Cormorants.
Although shifting pelagic fish stocks (towards the east) are not expected to affect the
breeding distribution of Bank Cormorants to the same degree as the Cape Cormorants, a
similar shift in the distribution of one of their preferred prey species, the West Coast Rock
Lobster Jasus lalandii, is thought to be driving regionally divergent demo_ phic - ds in
the species (Crawford et al. 2008a). Mercury and Ichaboe Islands in Namibia support >70%
of the global population (there are fewer than 500 pairs breeding in the West¢ C ) and
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2009) and the divergence at neutral, unlinked loci will occur more rapidly in small
populations (Broqt et al. 2010). Effective conser ion management may depend criti  ly
on unde inding the metapopulation dynamics of a species e.g. identifying source and sink
populations, or establishing the degree of genetic connectivity between p.,_ _lations, which
may pr  >te or reduce local adaptation or population differentiation (Avise 2004; Crooks &
Sanjayan 2006; Lowe & Allendorf 2010). Nonetheless, dispersal ability has proven to be a
poor predictor of the numt  of effective d | :rsal events and, conseq 1itly, population
genetic divergence in vertebrates (Bohonak 1999; Milot et al. 2008; Wiley et al. 2012; Welch
et al. 2012a).

That seabirds are often reluctant to disperse despite high levels of vagility, has lead to the
term “seabird paradox™ (Milot et al. 2008). This phenomenon is partly explained by the
benefits of philopatry, non-physical and physical barriers to effective dispersal (Friesen et al.
2007), and the fact that ecological studies of seabird movement may not detect rare dispersal
events, or those of juveniles (Milot et al. 2008). Seabirds are generally considered to be
highly mobile and many are able to fly great distances without encountering significant
barriers to dispersal (Dearborn et al. 2003; Levin & Parker 2012). Penguins are an ex: , ion
to this general pat n, astl have evol' . flightlessness (Elliott et al. 2013), but a number
of studies have found that despite their apparently reduced mobility and * " ;h levels of
observed natal- and breeding-site fidelity, minimal population genetic and phylogeographic
structure characterises contemporary populations of most species (Roeder et al. 2001; Akst et
al. 2002; Schlosser et al. 2008; Nims et al. 2008; Bouzat et al. 2009; Boessenkool et al.
2009b; Korczak-Abshire et al. 2012). These studies include the three South American
Spheniscus penguins, which represent all congeners of the African Penguin: The Galapagos
Penguin Spheniscus mendiculus (Akst et al. 2002; Nims et al. 2008), the Magellanic Penguin
S. magellanicus (Akst et al. 2002; Bouzat et al. 2009) and the Humboldt Penguin S.
humboldti (Schlosser et al. 2008).

Microsatellites

The jority of recent population genetic studies of seabirds, and penguins in particular, have
employed microsatellite markers. Microsatellite markers evolve rapidly and can provide
better resolution than sequence data when studying patterns of gene-flow among populations
(Slatkin 1995; Goldstein et al. 1999; Balloux & Lugon-Moulin 2002; Lukoschek et al. 2008).
Another advantage to employing microsatellite markers (as opposed to sequence data) is the

opportunity to survey multiple independent (unlinked) loci among individuals and combine
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founded populations are expected to have lower genetic diversity (heterozygosity and allelic
diversity) than older populations, assw "~ g that the number of founders is small and from a
single source; i.e. if founders are from multiple genetically dissimilar sources, it is possible
for recently founded populations to have high diversity; e.g. Campbell Island Albatrosses
Thalassarche melanophris (Burg & Croxall 2001). The complex interactions between
breeding dispersal (genetic connectivity through gene-flow), demographic history and genetic
drift will affect the degree to which African Penguin populations exhibit these predicted (a

and b) patterns of genetic diversity.

Based on banding data, demographic connectivity between breeding colonies, and breeding
regions, is likely to be uneven across the range of this species (Whittington et al. 2005b), but

rels of effective dispersal between breeding colonies are not acc  ely known. I ed on
available evidence — from mitochondrial marl , ringing data and the emerging trend in the
literature showir -~ limited population structure in seabirds despite strong philopatry and great
distances between colonies - it is expected that genetic connectivity among breeding regions
and breeding colonies of African Penguins will be high. A third prediction (c) is that if
physical or non-physical barriers to dispersal restrict connectivity among populations; then
populations will show a phylogeographic pattern - likely one that is consistent with isolation-
by-distance; i.e. the degree of population differentiation will be correlated with geographic
distance. It should be noted here that strong gene-flow among populations can mask the

effects of genetic drift, and therefore, the genetic signal of bottleneck events.

M/ RIALS AND METHODS

African Penguin sample collection

Blood or feathers were sampled from breeding adult African Penguins or young chicks at 12
colonies located throughout their range in the ABE (Chapter 2, Figure 2.2). Blood samples
were stored in lysis buffer (100mM Tris, 10mM NaCl, 100 *1EDTA and 0.5% SDS), and
feathers were stored in 99% ethanol. A total of 220 samples (189 of which are analysed in
this study) were collected between January 2009 and March 2011. The colonies sampled are
—ouped ge: iphically into three broad breeding r~-~*ons: Namibia (Ichaboe Island, Mercury
Island, Halifax Island and Possession Island), the Western Cape, South Africa (Stony Point,
Jutten Island, Boulders Beach, Robben Island, Dyer Island and Dassen Island) and the
Eastern Cape, South Africa (Bird Island and St. Croix Island). Details of individuals sampled

at each colony are given in the Appendix 3.1 (b). The colonies sampled support the vast
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all 189 samples and, therefore, 3.5% of the notype data was coded as “missing dz2 . This
corresponded to 80 “missing” genotypes that were coded as zeros and not included in the
MICROCHECKER analyses. MICROCHECKER randomises the observed alleles for each
locus within each population to generate random genotype data with which the observed data
can be compared. The confidence interval was set to 95% and 1000 iterations were performed
to produce graphs of the observed and expected frequencies of allele-specific homozygotes in
each population and the frequencies of size differences in alleles i.e. the Juency of
genotypes categorised by the size differences (in base pairs) between two alleles of the

homozygotes.

Genetic diversity within breeding regions and within breeding colonies

The data analysed included 52 samp  from four N ibianco” ~ 58s from two
Eastern Cape colonies and 79 samples from six colonies in the Western Cape (Table 4.3). To
investigate genetic diversity within populations, standard estimates including observed and
expected heterozygosities (Ho and Hg), Nei’s unbiased gene diversity (h), the presence of
private alleles and numbers of alleles (Na), were calculated for all three breeding regions and
all colonies for each of the 12 loci using GENALEX v6.5 (Peakall & Smouse 2006, 2012)
and GENEPOP v4.1.4 (Rousset 2008). The number of effective alleles (Ne), and ¢« cted,
nearly unbiased estimators of the number of effective alleles (cNe), expected heterozygosity
within populations (defined as breeding regions or breeding colonies, cHg) and for the total
population (cHr), were also calculated in GENALEX, giving equal weights to all populations
independent of real population sizes or sample sizes (Nei & Chesser 1983). Allele frequency
histograms for each locus in each breeding region and each breeding colony are given in
Appendices 4.14 and 4.15 respectively. GENALEX v6.5 (Peakall & Smouse 2006, 2012)
was used to test if loci were in Hardy-Weinberg Equilibrium (HV. ., in each breeding region
and colony. Similar analyses were conducted in GENEPOP v4.1.4 (Rousset 2008) and
FL.iiia v29.3.2 (Goudet 1995), which were additionally used to test for linkage
diseqq rium (I 7), and for evidence of significant heterozygote deficiency and
heterozygote excess across all population-locus pairs. LD tests ©= GE! "™OP Version 4.1.4
(option 2, sub-option 1) and FSTAT v.2.9.3.2 (Goudet 1995) were carried out between each
pair of loci in each population, with populations d ~ ed as breedii regions (a total of 198
comparisons) and breeding colonies (a total of 792 comparisons). For all HW analyses in
GENEPOP, the exact P-values were obtained using Markov Chain Monte Carlo (MCMC)

simulation of 10 000 dememorization steps, 100 batches, and 10 000 iterations per batch.
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Poyp "itic  ° ucture: Connectivity among breeding regions and breeding
colonies

Spai y explicit analyses

The term ‘spatially explicit’ here refers to analyses in which populations are p  defined
according to their collection localities. F-statistics, and related measures, are used to study
non-random patterns of ~~noty} frequencies among predefined populations that result fi |
factors such as non-random mating, multi-level population subdivision, drift, migration and
natural selection (Holsinger & Weir 2009). Regional-level genetic differentiation i.e. among
the three broad breeding regions (Western Cape, South Africa; Eastern Cape, South Africa;
Namibia), and colony-level genetic differentiation i.e. among all pairs of sampled colonies
located throughout the range of African Penguins were investigated separately using a variety
of population differentiation estimates. Because multiple comparisons were involved,
correction against type I error was made with the Benjamini-Y ekutieli (B-Y) method (Narum
2006). Multiple measures of population differentiation based on microsatellite markers exist
in the population genetic literature (Nei 1973; Slatkin 1995; Rousset 1997; Neigel 2002;
Balloux & Lugon-Moulin 2002; Jost 2008; Meirmans & Hedrick 2011), each with some
advantages and disadvantages (Balloux & Lugon-Moulin 2002; Jost 2009; Whitlock 2011).
There is on-going debate about which of these are most appropriate for empirical surveys in
natural populations, and studies advocate reporting one, some, or all of the available indices
(Jost 2008, 2009; Ryman & Leimar 2009; Gerlach et al. 2010; Bird et al. 2011; Meirmans &
Hedrick 2011; Whitlock 2011). A subset of indices representing fixation indices, standardised
fixation indices and pure  imates of differentiation were calculated at regional- and colony-
levels for African Penguins (Bird et al. 2011; Meirmans & Hedrick )11). Wr’ "it’s Fsr
(Cockerham 1973; Weir & Cockerham 1984), and the related measure, Rgr (Slatkin 1995),
were calculated for the dataset overall, between breeding regions and between pairs of
colonies. Fst measures changes in levels of heterozygosity relative to a single panmictic
population, whereas Rsr measures changes in the variance of allele size relative to what
would be expected in a single panmictic population (Figure 4.1). These metrics can be
call "ited " ectly fr "“rosatellite data or via AMOVA (and nested AMOVA), which
allows for statistical testing i.e. probabilities associated with them can be estimated through
permutation methods during AMOVA (Nei 1987, Slatkin 1995; Meirmans 2006).

Microsatellite loci contain information about the relative frequencies of particular alleles, and
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20 rd et al. 2011; Meirmans & Hedrick 2011). In fact, these diffe (| 1 n L
“cannot exceed the level of within-subpopulation homozygosity, no matter what evolutionary
factor is influencing the amount and pattern of variation” (Hedrick 2005). The realization 1
fixation indices with these mathematical properties systematically underestimate genetic
differentiation, especially for highly polymorphic markers such as microsatellites (Hedrick
1999), to the development of a number of standardization procedures (Bird et al. 2011)
for F-statistics (Meirmans 2006) and G-statistics (Nei & Chesser 1983; Hedrick 2005;
Meirmans & Hedrick 2011), and a new method (Dgst) of estimating population
differentiation (Jost 2008). Jost's D is sometimes called a differentiation index, because it
measures the degree of deviation from complete divergence, where fixation indices (Fsr and
its analogues) measure deviations from panmixia (Figure 4.1). The two classes of indices can
behave in different ways because they reflect different aspects of genetic diversity: D reflects
the proportion of allelic diversity that lies among populations, while Fgr is an indicator of the
variance of allele frequency among populations. Also, D might be referred to as a distance
measure because it is more related to the genetic distance between populations than to the
variance in allele frequencies (Whitlock 2011). Standardised measures are more useful for
comparisons of genetic differentiation between studies of organisms with different effective
population sizes, or between analyses of markers with different mutation rates, because their
magnitudes represent the proportion of the maximum possible differentiation based on the
level of subpopulation homozygosity observed (Hedrick 2005; Meirmans 2006; Heller &
Siegismund 2009).

Another problem that arises when estimating population differentiation based on allele
frequencies is that genetic estimates are usually based on a relatively small number of
samples (compared to the total population size) taken from only a few populations, which
represent a much larger metapopulation. For example, in the present study of African
Penguins, samples from breeding colonies constitute 0.2 to 1.4% of the total estimated colony
size. Extrapolating the allele frequencies observed in the samples collected to estimate
expected heterozygosity across the total population (Ht), and within sub-populations (Hs),
will indisputably lead to bias. The recognition of this problem led to the development of
corrected, nearly unbiased estimators (cHs and cHr ) of these values (Nei & Chesser 1983;
Nei 1987), which should be used in all calculations of standardised fixation indices and pure

indices of genetic differentiation. GENALEX was used to calculate Fsrmax, Gstmax, CHS and
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require the pre-specification of populations. Individual genotype assignment tests were
carried out in GENALEX v6.5 (Peakall & Smouse 2012), where the log-likelihood of each
individual being assigned to its collection locality (either breeding region or breeding colony)
is calculated based on that individual’s multi-locus genotype (Moritz et al. 2000; Bouzat et al.
2009; Peakall & Smouse 2012). The assignment test in CG._.JALEX is frequency-based
(Paetkau et al. 2004) and assumes random mating within populations. The default “Leave one
out” option was employed, which uses population allele frequency estimates based on all
samples in a population except the one to be assigned to calculate the log likelihood of that

sample being assigned to each population (Peakall & Smouse 2012).
Spatially Independent Analyses
Clustering methods

The term ‘spatially independent’ here refers to analyses that do not take sampling locality
into account i.e. no populations are predefined in the analyses, and are often used to explore
population structure where there aren’t any clear barriers to gene-flow. Clustering algorithms
generally attempt to group individuals into clusters in a way that minimises deviations from
HWE and gametic equilibrium within groups (Guillot et al. 2005). The first, and most widely
employed, clustering method was implemented in STRUCTURE (Pritchard et al. 2000;
Jakobsson & Rosenberg 2007) and has been extended and modified in other software to
broaden its utility for example, to allow the user to incorporate geographical sampling
information in the priors (e.g., TESS (Chen et al. 2007); GENELAND (Guillot et al. 2005);
BAPS (Corander et al. 2008)). The many advantages of clustering methods has led to their
broad application in molecular ecology, however, a number of distinct disadvantages have
been identified along the way. Initially, the computational requirements for the estimation of
K (the number of genetic clusters) represented a significant barrier to the widespread
implementation of clustering methods; however, advances in computing technology have
largely overcome this problem. The interpretation of the biological significance of K is
sometimes controversial (Evanno et al. 2005). One of the most notable drawbacks of
clustering methods, especially in the context of this study, is that if population genetic
structure is weak, or if genetic differentiation between populations is clinal (e.g. follows a
pattern of isolation by distance (IBD)), clustering methods can produce misleading results
(Rosenberg 2003; Morris-Pocock et al. 2012).
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to combine the results of each of the 20 replicates generated during each of the three
analyses, into a final result for each. The “Full Search” option in CLUMPP was employed,
with all other settings left as the default. The program DISTRUCT Version 1.1 (Rosenberg
2003) was used to visualise results from the CLUMPP analysis.

GENELAND v3.3.0 (Guillot et al. 2005, 2011) was used to analyse data under both
correlated and uncorrelated allele frequency models using spatial parameters for K=1- 12. For
each simulation, parameters were set to 10 independent runs with 500 000 MCMC iterations,
thinning of 50, no filtering of null alleles, and the delta coordinate (representing the potential

r for spatial coordinates) set at 0. All other parameters wi  set to default values. The 10
runs were post-processed with a burn-in of 100 iterations in order to obtain posterior
probabilities of population membership for each individual and each pixel of the spatial
domain (200 pixels along the X and Y axes). The consistency of the results across the 10 runs

was checked visually.
Ordinations in Reduced Space

The relationships and genetic differentiation among populations were also investigated using
Principal Coordinates Analyses (PCoA) and Factorial Correspondence Analyses (FCA) to the
colony- and regional-level dataset (based on multi-locus genetic distances between
individuals and relatedness estimates among individuals). Multivariate analyses (ordinations
in reduced space) are useful for extracting information from genetic markers (Jombart et al.
2009), and do not require rigid assumptions about an underlying genetic model (e.g. the
HWE or the absence of linkage disequilibrium). The main application of these methods is to
summarise a strongly multivariate dataset into a small set of uncorrelated synthetic variables
(Jombart et al. 2009) i.e. to provide a simplified, but meaningful, view of the genetic
variability that exists in multi-dimensional space and is impossible to perceive without
simplification. PCoA is often used to investigate population genetic structuring among
genotypes or populations (Jombart et al. 2009) and can be employed to summarise the
Euclidean genetic distance between genotypes or populations, but does not provide a

resentation of the alleles (Jombart et al. 2009). PCoA is implemented in GENALEX v6.5
(Peakall & Smouse 2012), and can be carried out on any Euclidean distance. In GENALEX,
it allows for the investigation of the major patterns present in a multivariate molecular data
set i.e. one comprised of many samples and multiple loci, by simplifying numerous multi-
dimensional axes of variation into a few synthetic axes that reveal the majority of the

separation among distinct groups. In GENALEX it is possible to choose between (a)
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marine environment, the extra distance they must travel was taken into account. The data was
also tested for a fit to Wright’s Isolation by Distance (IBD) model (Wright 1943) using IBD
web service Version 3.23 (Jensen et al. 2005) with 30 000 bootstrap replicates, using

Slatkin's (Slatkin 1993) similarity index (M = ‘—“4—_1) and M,,,,=1000 (analysis repeated for
Muax=400).

Phylogenetic relationships between populations and individuals

A phylogenetic tree of individuals was produced in POPULATIONS v1.2.31 (Langella 2001)
for comparison with previous work based on mitochondrial sequence data (see previous
chapter). Phylogenetic trees based on the allele frequencies present in all colonies were also
generated in POPTREE2 (Takezaki et al. 2010) and POPULATIONS. Different models for
genetic distances were used to produce phylogenetic trees, which were visualised in
TREEVIEW v1.6.6 (Page 2001). Fsr values and Nei et al.’s (1983) genetic distance (DA)
values were calculated across all 12 loci and used to produce unrooted phylogenies, as
suggested by (Takezaki & Nei 1996, 2008). Delta p® (Goldstein et al. 1995b) and Cavalli-
Sforza and Edward’s chord distance (Dcg, Cavalli-Sforza & Edwards 1967) were also used to
investigate the evolutionary relationships among colonies. Delta u? is appropriate for use with
microsatellites, in that it assumes the SMM and takes into account the size differences among
alleles (allele lengths). In contrast, Dcg and D4 do not assume any mutation model, but are
rather based on the sum of the products of allele frequencies shared between samples
(Goldstein & Pollock 1997; Takezaki & Nei 2008). POPTREE2 analyses were based on
10 000 bootstrap replicates, and the distance options ‘‘Da,”” ‘‘Dst,”’ and ‘‘Dmyu,”’
correspond to DA, DST (sample size bias corrected, Nei 1978) and Delta p* (Goldstein et al.
1995b). A visual representation of the various microsatellite analyses employed is shown in

Figure 4.2.

Detecting Genetic Bottlenecks

Two statistical approaches were employed to test for the expected signatures of genetic
bottlenecks in African Penguin populations: the first is implemented in the program
BOTTLENECK v1.2.02 (Comuet & Luikart 1996) and the second is the M-RATIO test of
Garza and Williamson (2001). The former analysis is based on the theoretical prediction that
a population bottleneck results in a faster reduction in allelic diversity than heterozygosity,
and this in turn generates an excess of heterozygotes in the post-bottleneck population

(Luikart et al. 1998; Williamson-Natesan 2005), compared to what would be expected in a
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1-step mutations is 3.5bp and 90 % of mutations are single step, as suggested by Garza &
Williamson (2001).

Relatedness within breeding colonies

Inbreeding is associated with multiple deleterious consequences for populations, including
the loss of genetic diversity, and populations comprised of more closely related individuals
face a bigger risk of inbreeding (Amos & Harwood 1998; Frankham 2003; Oliehoek et al.
2006). Close relatedness among individuals within a population could also be a consequence
of demographic history, isolation and natal-site fidelity in seabirds. Relatedness within
breeding colonies was investigated using GENALEX 6.5 (Peakall & Smouse 2012). Genetic
relatedness was estimated among all individual African Penguins i.e. individual pairwise
relatedness using Queller and Goodnight’s (1989) estimator (based on 10 000 permutations,
10 000 bootstrap replicates). A PCoA based on the individual relatedness matrix was then

used to explore general patterns of relatedness within breeding regions and breeding colonies.
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ResULTS

All 12 loci were polymorphic in the African Penguins sampled in this study, except locus
PNNOS, which was monomorphic at five colonies and locus B3-2, which was monomorphic

among Possession Island individuals (Appendix 4.4).

Null alleles and HWE exact tests: Heterozygote deficit and excess per locus

No evidence of scoring error due to stuttering, large allele dropout or of null alleles were
detected by MICROCHECKER in any loci among individuals from the Eastern Cape,
however, locus B3-2 showed evidence of heterozygote deficit (P<0.01, only among samples
from the Western Cape, where three private alleles are found for this locus) and three loci in
Namibia (PNNO09, G2-2 and Sh1Ca9, all P<0.05) showed evidence of null alleles (estimation
of exact P-values by the Markov chain method). Locus G2-2 in the Western Cape was the
only locus to show significant (P=0.04) evidence of heterozygote excess. These results were
reflected in the global HW exact test for heterozygote deficiency, which was significant
overall (all loci in all breeding regions, ] ).009). At a regional-level, heterozygote deficiency
was significant only in Namibia (P=0.009). When populations were defined as breeding
colonies, the HW exact test for heterozygote deficiency was again significant overall (all loci
in all colonies, P=0.024). This pattern was driven primarily by significant heterozygote
deficiency in three colonies: Halifax Island (Namibia, P=0.03), Mercury Island (Namibia,
P=0.005) and Dassen Island (Western Cape, P=0.002).

Linkage disequilibrium

When testing for linkage disequilibrium (LD) among all 12 loci in all three regions,
significant correlations (P<0.05) were found between 14 pairs of loci (Appendix 4.5; of a
total of 198 possible combinations: 66 per region). At the colony-level, 21 out of 792 locus
pairs (66 per colony, 12 colonies) were significantly correlated (P<0.05). There was no locus
pair that showed significant linkage in more than one region. At the colony-level, two pairs of
loci showed significant linkage in two (out of 12) colonies (SHICA9 and SH2CA21 in Bird
and St Croix Islands in the Eastern Cape; PNNO1 and PNN12 at Dassen Island in the Western
Cape and Bird Island in the Eastern Cape). If these loci were linked, the pattern would be
consistent across populations, which it is not, and all loci are assumed therefore in LE

(Appendix 4.5).
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Table 4.2 Private alleles exhibited by African Penguins when populations are defined as breeding
colonies. The region in which each colony is found is given in brackets (Namibia — NAM, Western
Cape — WC, Eastern Cape — EC). The length of each private allele, the locus at which it is found, and
its colony-level frequency are also shown.

Allele Frequency

Colony (Region) Locus length _in colony
St Croix Island {EC) PNNO3 380 0.016
St Croix Island (EC) PNNO6 310 0.016
St Croix Island (FCY PNNO6 316 0.016
Dassen Island (WC} B3-2 297 0.020
Dassen Island {(WC) B3-2 309 0.020
Dassen island (WC) PNNO9 400 0.020
Halifax Island (NAM) G2-2 386 0.038
Ichaboe Island (NAM) G3-6 279 0.031
Halifax Island (NAM) G2-2 386 0.038
Ichaboe Island INAM) G3-6 279 0.031
Deviations from HWE

Tests for deviations from HWE were performed for each individual locus in each population
(first defined as breeding region, then as breeding colony), and across loci for each
population. Regional tests for deviations from HWE revealed that all loci conformed to HW
expectations in the Eastern Cape, except locus G3-6. Two loci (PNNO3 and PNNQ9) in
Namibia were significantly (P<0.05) different from HWE expected values (GENEPOP
analyses detected that an additional two loci also deviated from HWE: Sh1Ca9 and PNN12).
Three loci deviated significantly (p<0.05) from HWE among the Western Cape samples
(PNNO3, B3-2 and G3-6). Overall, at the regional scale five out of 36 tests (12 loci in three
populations) showed significant deviations from Hardy-Weinberg expectations (P<0.05),
with the Western Cape showing the strongest deviations. The Western Cape and Namibia do
not conform to HWE expectations (P=0.02 and P=0.02 respectively), which causes the
overall dataset (all samples from all three regions) to deviate significantly from expectation
(P=0.01). In Namibia, and the Western Cape to a lesser extent, this seems to be due to
heterozygote deficit (P=0.001 ° P=0.06 respectively). Three loci (PNN09, Sh1Ca9 in

Namibia and B3-2 in the Western Cape) show evidence of heterozygote deficit.

Colony-level tests for deviations from HWE were carried out and revealed that eight out of
144 tests (12 loci in 12 colonies) showed significant deviations from HW expectations

(additionally, loci were monomorphic in a colony in six of 144 tests). No loci deviated from
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Mean observed heterozygosity across all loci was lowest in Namibia (Ho=0.56) and almost
identical in the two breeding regions in South Africa (Ho=0.614 and Hp=0.613 in the Eastern
Cape and Western Cape respectively). The colony-level results show that most colonies in the
Western Cape and all colonies in the Eastern Cape exhibited higher than expected
heterozygosities, but only two of the four Namibian colonies showed this pattern. Hp ranged
between ~0.5 at Mercury Island (Namibia) and ~0.65 at Robben Island (Western Cape),
whereas Hg ranged between 0.43 at Possession Island (Namibia) and 0.64 at Dassen Island in
the Western Cape (Figure 4.4, Table 4.4).

Fixation indices, or F-statistics (Wright 1943; Meirmans & Hedrick 2011) are used to
investigate genetic structure by considering how genetic variation (expected and observed
heterozygosity) is partitioned across the hierarchical components that make up populations.
Fs describes the observed proportion of variation (heterozygosity) within individuals relative
to what is expected in the sub-population under HWE. Fis (the inbreeding coefficient)
measures the deviation of genotype frequencies from what would be expected under
panmixia i.e. the divergence between observed heterozygosity to expected heterozygosity
(Lowe & Allendorf 2010; Meirmans & Hedrick 2011). Fis values range from —1 to +1, where
a negative value indicates heterozygote excess relative to HW expectation (panmixia) and a
positive value describes heterozygote deficiency (Durrant et al. 2009). Fis values were
calculated for each breeding colony and region to investigate deviations from HWE that

might be a result of inbreeding.

Some clear trends were evident, but overall, Fis values were low i.e expected and observed
heterozygosities were similar overall. At the colony-level, all Namibian colonies exhibited
positive Fis values, and both colonies in the Eastern Cape exhibited negative values (Table
4.4). Among colonies from the Western Cape, Fs values were mixed, with Dassen Island and
Stony Point exhibiting positive values, and all other colonies exhibiting negative values.
Mercury and Halifax Islands in Namibia showed the strongest signal of inbreeding. A similar
metric, Ris based on allele size rather than allele identity, showed a different pattern to Fig
(Appendix 4.11).
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African Penguin population trends at each colony (Figure 4.5) based on census data collected
annually by the South African Department of Environmental Affairs show that penguin
colonies exhibit very different patterns in their recent (since the 1970s) demographic history.
Three of the colonies included in the present study were founded (or re-colonised after >100
years) in the 1980s, whereas others have been consistently decreasing for decades (c.f. e.g.
Boulders Beach and Dyer Island in Figure 4.5). The demographic history of populations can
have a profound effect on heterozygosity because inbreeding is likely to occur in small
populations, and the effects of genetic drift will be stronger when effective population size is
small. Those colonies that exhibit positive Fig values i.e. all Namibian colonies, Stony Point
and Dassen Island, appear to have different demographic histories (Table 4.4, Figure 4.5,
Appendix 4.12). Neither the historical population size (Appendix 4.13), nor the proportion of
each population (colony) sampled (Appendix 4.14) are correlated with colony-level Fig
estimates (data not shown). Fis and Fir were significant and positive overall (Figure 4.6).
Across the whole dataset (n=189), with populations defined as breeding regions, fixation
indices were generally low (Fis=0.026, Fi1=0.033 and Fs1=0.007). The positive, significant
Fis and Fir values indicate a small, possibly negligible degree of inbreeding, and Fsr is close
to zero, indicating panmixia at the regional-level. Mean F|s values for each region were -
0.024 in the Eastern Cape, 0.032 in the Western Cape and 0.056 in Namibia (Table 4.4),
indicating that Namibia shows the strongest signal of local inbreeding (heterozygote
deficiency) and the Eastern Cape exhibits the weakest. Analogous estimates based on allele
lengths in the overall dataset at a regional scale showed similar results (R;s=0.029, R;1=0.028
and Rgt =-0.0004). The raw allele frequency data are presented as histograms with

populations defined as breeding regions (Appendix 4.14) and colonies (Appendix 4.15).
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Population Structure: Genetic connectivity among breeding regions and
colonies

F-statistics, including Fsr, are based on allele frequency data, which is most strongly
influenced by genetic drift and dispersal, whereas Rgr is based on differences in allele length,
which come about due to mutation, and subsequent genetic drift. Fsr is considered more
sensitive to very recent, or contemporary, demographic changes because allele frequencies
can vary rapidly in response to such factors. The micro-evolutionary forces that influence
allele length (mutation, which generates changes, and drift elirninates novel alleles) should
represent slightly older patterns, as these processes take longer to affect allele length in
populations. Conventionally, for bi-allelic markers, Fsr values <0.05 are interpreted as
indicating negligible population divergence, and Fgst values >0.25 represent strong
differentiation among populations (Nei & Chesser 1983; Meirmans & Hedrick 2011;
Whitlock 2011). Fsr can be calculated for different loci or averaged over many loci and can

be reported for pre-defined populations, or averaged across all populations in a given dataset.

When populations were defined as breeding colonies as opposed to regions, the overall
fixation indices changed (F;s =-0.03, F;1=0.02 and Fsr=0.05), with a notable increase in the
Fsr value. This could indicate the Wahlund effect. Deviations from HWE due to an excess of
homozygotes (heterozygote deficit), may be the result of a number of factors, including non-
random mating, selection, null alleles, inbreeding and population structure (Avise 2004;
Allendorf & Luikart 2007). Overlooked population structure in a dataset can lead to reduced
heterozygosity relative to HW expectation; i.e. the Wahlund effect, which may result from
the pooling of discrete subpopulations, with different allele frequencies, that do not in
actuality interbreed as a single panmictic population. Finer scale colony substructure was

impossible to investigate, as nest localities were not accurately recorded at breeding colonies.
Regional population connectivity
Spatially explicit analyses

In weakly structured populations, a number of studies have found Fsr to be a more accurate
estimate of population differentiation than Rgr, especially when the number of loci is limited
and sample sizes are small (Barlow et al. 2011). In some cases, however, Rgr is superior to
Fsr for example, when the loci analysed predominantly follow the SMM (Balloux & Lugon-
Moulin 2002). Based on pairwise population Fsr values and Nei’s unbiased genetic distance

(Table 4.5), there is very little evidence for population genetic structure at the regional scale
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Regional F’gr is smaller than 0.01 in all pairwise comparisons and is significant (P<0.05)
between Namibia and both the Western and Eastern Cape populations (Table 4.8). AMOVA
results further show that 0% of variation is among regions, and 8% among individuals.
AMOVA-based Rgy estimates revealed a different pattern, with 2% of the variation explained

among populations, and 97% among individuals (Figure 4.6).

Table 4.5 Pairwise population Fsy values (below the diagonal; p-values in brackets) and Nei’s
unbiased genetic distance (above the diagonal), with populations defined as breeding regions.

] Reainn EC NAM wr
tastern Lape (EC) - 0.001 0.004
Namibia (NAM) 0.005 (0.36) - 0.006

Western Cape (WC) 0.005 (0.08) 0.006 (0.08) -

Table 4.6 Pairwise population Fgr estimated from an AMOVA (below the diagonal) with populations
defined as breeding regions. Probability values (above the diagonal) based on permutations (1000
permutations; 10 000 pairwise population permutations).

EC NAM WC
Eastern Cape (EC) - 0.069 0.134
Namibia (NAM)  0.004 - 0.006

Western Cape (WC)  0.002 0.007* -

Table 4.7 Regional pairwise Rgr.values estimated during AMOVA. Rgy values are below the diagonal
and probabilities above the diagonal (based on 9 999 permutations and 9 999 pairwise population
permutations (three breeding regions, 189 individuals).

(a) EC NAM WC
Eastern Cape (EC) - " 0.006 0.377
Namibia (NAM) 0.029* - 0.002
Western Cape (WC) -0.010 0.044* -
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Gsr (based on the dataset) is 0.3 (Appendix 4.21), and also lower than the regional-scale
esi ite. Hedrick’s standardi: | G-statistics, and Dgsr, indicated slightly higher le s of
overall population genetic structure, but were also not significant (Appendix 4.20). However,
the AMOVA-based Fst increased (approximately doubled) when data were analysed at a
finer, colony-level scale (Fst=0.01, P<0.001) compared to regional-scale analyses . .gure

4.6). This pattern was more pronounced based on Rgt (0.102, P<0.001; Figure 4.6).

Based on hierarchical F-statistics, Dassen Island, Stony Point, Mercury Island and Halifax
Island show genetic signal concordant with inbreeding i.e. positive Fis, with Dassen Island
showing the strongest signal (Table 4.4, Figure 4.5). Among the pairwise population Fgr.
values estimated during AMOVA, 14 of the possible 66 (21%) colony pairwise comparisons
were significant (P<0.05, Table 4.10). A°  Benjamini-Yekutieli (B-Y) correction (critical
value for 66 comparisons = 0.0105) only six of these remained significant. Of the 15 Fsr
values that were larger than 0.02, seven involved Mercury Island and colonies from all three
breeding regions, and eight involved Robben Island and colonies from all three breeding
regions. These results indicate that these two colonies are relatively distinct from the rest. The
b "est Fsr values (~0.05) in descenc”” ; order were between Dyer Island (WC) and Mercury
Island (NAM), between Jutten Island and Robben Island (both WC), and between Jutten
Island (WC) and Mercury Island (NAM). This pattern was similar among the pairwise
population Fsr values calculated by permutation, although only four colony-level pairwise
comparisons remained significant (P<0.05, Table 4.11; only one after B-Y correction). For
some of the colony-level analyses (Gst, G’stn. G’stH. G”'sT, DEst), Possession Island was
omitted due to the low sample size there, and two loci were omitted due to missing data
(Tables 4.13 and 4.14, A} dix 4.23 and 4.24 ). Based on this luced d _et, there was no
relationship between locus variability and any of the tested fixation or differentiation indices
(Figure 4.8). Also, the highest pairwise Fst values (~0.05) all involved Robben Island (Table
4.11). Colony-level AMOVA-based Fsr estimated that 1% of the variation is distributed

among colonies, marginally higher than the regional-scale analysis (Figure 4.6).
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Figure 4.9 STRUCTUREHARVESTER (Earl & VonHoldt 2011) results showing (a) likelihood values (L(K), mean + sta ard deviation) r all clusters (1
to 4) for all 20 runs ¢ llion replicates and (b) the DELTA(K) = |L"(K) | /SD[L(K)] values for all clusters (1 to 14) over all runs.
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Mantel tests and isolation by distance

No significant relationship between geographic and genetic distance was detected in any
analysis. The Mantel tests conducted in Alleles in Space (AIS) and GENALEX showed very
similar results (Figure 4.14), with similar estimates of the correlation of genetic and
geographical distances (AIS: r=0.065, P<0.001; GENALEX: R,,=0.054, P=0.012). The three
broad groups of individuals in Figure 4.14 reflect the two big geographical gaps between
breeding regions i.e. the first group (<250km) is all pairwise comparisons of birds from
colonies within the same breeding region; the middle group contains pairwise comparisons of
birds from either Namibia and the Western Cape, or the East  Cape and Western Cape; the
last group (>1500km) contains pairwise comparisons between birds from the Eastern Cape
and Namibia. The plot shows that the genetic distance betw  individuals breeding close
together spans the same range as birds breeding nearly 2000km apart i.e. genetic distance and
. graphic distance are not correlated amor samples. This pattern was lar; y corroborated
by isolation by d ance (IBD) analyses (e.g. Figure 4.15, Z =-477738.5, .07, based
on Slatkin’s similarity index (Slatkin 1993). The three broad breeding regions are again
discernible in Figure 4.15. Reduced Major Axis (RMA) regression was implemented to
investigate the intercept and slope of the relationship between genetic similarity (M) and
geographic distance (km). A weak positive trend is present, however this is likely influenced
by a small number of outliers, for example, Halifax and Dyer Islands are the least genetically
similar breeding colonies (M=-842), but are only a moderate distance apart; Ichaboe Island
and Bird Island are the most genetically similar colonies (M=531), but are one of the furthest
apart geographically. Among colonies in the same breeding region i.e. colonies that are close
together geographically, genetic similarity among colony pairs ranges from N 152 (between
Jutten Island and Dassen Island in the Western Cape) to M= -487 (between Bird Island and St
Croix Island in the Eastern Cape). Overall, colonies that are geographically proximate are as
genetically similar to each other as colonies that are distant. Pairwise colony Fsrand Slatkin’s
similarity index (M) calculated during the isolation by distance analysis (Jensen et al. 2005)

are plotted in Appendix 4.26.
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DISCUSSION

Even before reclassification as Endang |, the A :an Penguin has been the focus of
numerous conservation research programmes. These studies have employed diverse methods
in an attempt to understand the drivers and consequences of the long-term and recently steep
population decline observed in this species (Crawford et al. 1995; Crawford 1998, 2004;
Petersen et al. 2006; Pichegru et al. 2010a; Pichegru 2012; Sabarros et al. 2013). The
conservation genetic approach used here is a powerful complementary method to contribute
to a better understanding of patterns of connectivity, and the genetic consequences of
population decline. The African Penguin population continues to decline overall, and this has
ramifications for their prospects of survival into a future with uncertain climatic changes
(Crawford et al. 2001; Merino et al. 2010; Rouault et al. 2010), where they will have to be
flexible and adaptable in order to persist. Population genetic techniques have | 1 employed
in studies of ' rous seabirds globally, including other penguin species, and provide a
useful comparative framework in which to contextualise the plight of African Penguins

among other species struggling to survive.

One of the primary goals of conservation genetics is to identify populations at risk based on
the genetic variability or uniqueness of genetic variants among individuals that constitute
those populations. Information from these studies can also provide insight into the
connectivity between populations and inform decisions about management units and how to

prioritise them.

Genetic diversity and genetic drift in declining populations

Genetic drift is the primary determinant of levels of genetic diversity in small populations,
especially if those that are isolated i.e. small populations that are not genetically connected to
other populations and gene-flow does not act to counter the effects of genetic drift (Wright
1943; Avise 2004; Spielman et al. 2004; Allendorf & Luikart 2007). Strong genetic drift
acting on a population affect its evolutionary potential, through the fixation alleles and
deleterious mutations (Wright 1943; Kimura 1968; Frankham et al. 2011). Population
bottlenecks can also reduce genetic diversity if they result in a ge:  ic bottleneck i.e. some
gene variants are completely lost during a population decline (Kimura 1968), which may lead
to inbreeding (Spielman et al. 2004; Frankham et al. 2011). It is tt :fore impo 1t to

understand how these micro-evolutionary forces are affecting the declining populations of the
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frequencies, and stemmed the rapid loss of alleles associated with genetic bottlenecks and

founder events.

The results reported here are interesting because they highlight a gap in our understanding
about the dispersal ecology of African Penguins. This apparent paradox of high population
connectivity in a philopatric species is likely explained by juvenile recruitment to non tal
colonies that would result in gene-flow among colonies and regions and buffer this species
from the effects of genetic drift and local adaptation; this leads to the observed
homogenization of genetic diversity such that any breeding region contains 100%, and any
colony >89%, of the contemporary range-wide genetic diversity. This would also buffer
populations against the impacts of localised changes in prey availability, and could be a part
of their life-history that has evolved in response to the inherent variability in the ABE. Some
other life-history traits of African Penguins may also buffer populations against reductions in
genetic diversity resulting from depressed breeding success in response to sub-optimal local
conditions e.g. longevity (long generation-times) and delayed age at first breeding, but the
recent, steep population declines suggest that their flexibility is not sufficient to buffer
populations against the rate of change in their environment i.e. the cumulative effects of

natural variability, competition with fisheries, anthropogenic disturbance and pollution.

Three other Spheniscus species have similar life-history traits to the African Penguin, and are
also threatened and declining in their respective ranges (Araya 1983; Luna-jorquera et al.
2000; Vargas et al. 2005; Bouzat et al. 2009; Boersma & Rebstock 2014). A second
hypothesis regarding levels of genetic diversity among African Penguins relative to its
congeners is also of conservation genetic interest. Based on current and historical population
size, life-history traits and environmental influences, African Penguin genetic diversity is
predic | to be intermediate between Magellanic and Galapagos Penguins, and similar to
Humboldt Penguins. Allelic diversity conformed to this pattern, but interestingly,
heterozygosity among African Penguins sampled was almost identical to that found among
Magellanic Penguins — although Bor it et al.’s (2009) study was based on only four
microsatellite loci (Table 4.18). When comparing genetic diversity calculated from
microsatellites between studies, it is impo1” ° to consider the ascertainment bias that can
result from investigators selecting the most polymorphic loci during primer development
(Levin & Parker 2012), although some of the primers used in this study are also included in

the population genetic studies of other Spheniscus penguins.
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and 4.15) reveal that common or dominant alleles are present at simi” frequencies in most
colonies and across regions. This basic finding suggests a general pattern of strong genetic
connectivity between breedii r« ~ns and breeding colonies. The excl 1ge of alleles
between populations homogenises allele frequencies, and generally minimises the relative
effects of both selection and genetic drift. Gene-flow also maintains and introduces
polymorphism into populations, increasing local effective population size, and reducing the
rate of fixation of alleles due to random changes in allele frequencies. This opposes the
effects of random genetic drift and generates new allele combinations on which selection can

potentially act (Balloux & Lugon-Moulin 2002).

Reliable estimates of population differentiation are crucial to understand the connectivity
among populations and represent important tools to inform conservation strategies. Various
estimates of population differentiation were employed to investigate patterns of structure
among populations. While Fsr can provide the basis for a measure of genetic distance when
divergence is caused by drift, other genetic distance measures have been developed
specifically for microsatellites (Goldstein et al. 1995a; Goldstein & Pollock 1997; Balloux &
Lugon-Moulin 2002). Genetic differentiation (as measured by fixation indices, standardised
fixation indices and a differentiation index) was weak across the range of African Penguins,
with the exception of only a few colonies. Neither spatially explicit, nor spatially independent
analysis supported the hypothesis that significant population structure exists in this species
i.e. that restric ¢ :-flow ____)ng populations has resul | in population divergence. The
degree of gene-flow among populations is therefore assumed to have been sufficient to
counteract genetic drift acting within populations. ...ere was also no support that popt  ion
structure followed a pattern of isolation-by-distance, although some measures of population
differentiation were significant for colonies at the edges of the species’ breeding range (e.g.
Mercury Island and St Croix Island). It is difficult to identify the primary process producing
genetically distinctive colonies due to incongruence among the ilts. It does, however,
appear that colony-level processes are producing this pattern, although linking this to
particular processes is difficult because it likely represents a complex suite of interactions,
including demographic history, genetic drift, and gene-flow at particular colonies. There was
also no consistent relationship between locus variability and the magnitude of estimates of
population subdivision, which indicates that the mutation rates (reflected as locus

polymorphism) do not affect their power to discriminate among samples.
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reduced gene-flow resulting from its peripheral location. The spatially explicit analyses of
colony-level population genetic structure do not appear to show a strong geographic
component, nor does it correlate consistently with particular signatures of demographic
history. There is some significant structure present among the African Penguin colonies
sampled, but it is likely the result of a combination of micro-evolutionary forces, such that
one single dominant force does not shape the genetic diversity across the range of this

species.

The results of spatially independent analyses corroborate those discussed above, with no
strong spatial pattern emerging at either the regional- or colony-level, and clustering
algorithms consistently identifying one population (K=1) as the most likely scenario. Patterns
of relatedness within colonies, however, do exhibit spatial patterning, with closely related
(“inbred™) colonies clustering together; often these are colonies in close geographic proximity
(Figure 4.19). Some colonies show lower than expected relatedness, possibly due to large
historical population sizes and/or migration among colonies. It is also possible that the
observed genetic admixture reflects a recent influx of migrant individuals originating from
other colonies that are moving in response to deteriorating local environmental conditions. In
th scenario, * : distinct groups identified in the principal coordinates analysis ba [ on

individual genotypic distance (Figure 4.12) could represent historical structure.

Overall, the population metic pattern observed among African Penguin colonies suggests
that they can be viewed as a single genetic metapopulation i.e. spatially structured, interacting
breeding sub-populations inhabiting areas of differential productivity, but that are strongly
interconnected through migration over the long-term (Matthiopoulos et al. 2005; Bouzat et al.
2009). The genetic structure observed has been shaped by the complex interactions of gene-
flow, colony demographic history, genetic drift and the ecological characteristics of the
species. No single factor can be easily identified as the dominant driver or predictor of

genetic diversity within populations, or of the genetic distinctiveness of populations.

Population bottlenecks

If a population has experienced a recent reduction in its Ne, it may exhibit a correlative
reduction of allele numbers and heterozygosities at polymorphic loci (Luikart et al. 1998).
Allelic diversity should be lost { er than heterozygosity, such that observed heterozygosity
is greater than what is expected under mutation-drift equilibrium (Wright 1931; Cornuet &
Luikart 1996; Peery et al. 2012). This heterozygote excess due to the rapid reduction in allelic
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deleterious effects of localised environmental change, although further indirect and direct
measures of dispersal are required to better understand this process. The most urgent threats
facing African Penguins at present are food availability and predation, but as colonies
decline, it is likely that ¢ tic threats will come into play, and are already detectable at some
colonies. From a conservation genetic and conservation management perspective, the most
important goal is to maintain as high a N, as possible to minimise genetic drift and
inbreeding, and avoid the ‘extinction vortex’. Genetic monitoring is strongly recommended,
especially at smaller African Penguin colonies. To this end, it may be better to conserve a few
large colonies across the species ra1  rather than small colonies. Further research into
adaptive genetic diversity is also recommended, as there may be important

¢ ""ren ; between regions and/or colonies at coding loci.
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INTRODUC . i{ON

Captive breeding has recently been suggested as a possible additional strategy to the multiple
conservation interventions carried out to date in an attempt to reverse the population decline
of the Endangered African Penguin Spheniscus demersus across its range in Namibia and
South Africa (DEA 2013). The goal of conservation programmes is to ensure the survival of
_ «cies or populations by reducing the threats thought to compromise their long-term
] istence. In )st cases, conservation inter  ions target threats to wild populations in
situ, but pristine natural habitat available to many species is becoming increasingly limited
due to direct or indirect human impacts; e.g. overexploitation, pollution and introduced
predators or disease (Frankham 2008; Marsden et al. 2013). By providing a source of
individuals to supplement or re-establish natural populations of many Endangered species, ex
situ conservation breeding programmes may contribute to ensuring their long-term survival in
the wild (Marsden et al. 2013). Over the last few decades, there has been an increasing trend
in the number of management plans that employ elements of captive breeding or rearing in
attempts to restore or bolster wild populations (Redford et al. 2011). The degree of
intervention falls along a continuum from “lightly” to “intensively” managed and the
classification of “wild” and “captive” populations is not necessarily binary (Redford et al.
2011). The risk of extinction increases with time for declining species, so implementing
conservation actions sooner is better when trying to prevent population declines (D'Elia
2010). As their natural habitats are transformed or destroyed, it is inevitable that an
increasing number of species will shift along this continuum and become more reliant on
human intervention and require intensive demographic, health, and genetic management
(Redford et al. 2011). Preparing healthy captive populations for reintroduction is a

autionary action that 1y ull itely save s es, but is also f ight with
difficulties (Snyder et al. 1996; Fraser 2008). At least 25 animal species have so far been
pre ved in captive institutions after becoming extinct in the wild (Frankham 2008). In 2013,
the IU .7 Red List of Threatened Species (v.2013.1) classified 61 species as Extinct in the
Wild (EW), and over ten thousand as either Endangered (EN, >6000) or Critically
Endangered (>4000).

African Penguin conservation management interventions

The conservation status of the African Penguin has deteriorated in recent years and multiple
conservation interventions have been instituted to ameliorate the effects of various threats

that might be causal factors in the species decline (Crawford et al. 2011). Breeding colonies

222






Chapter 5: Introduction

African P 1ins on the south-eastern coast of South Africa, where food availability is

thought to be higher than at most of their current!  :ding localities.

Despite all of these management strategies, numbers of African Penguins continue to fall at
the majority of their breeding colonies. The conservation community has, therefore, begun to
prepare formal guidelines for the establishment of a conservation breeding programme as part
of the South African National African Penguin Biodiversity Management Plan (APBMP),
with the aim of further supplementing wild populations. SANCCOB and the Two Oceans
Aquarium (Cape Town, South Africa) have been releasing captive-bred African Penguins
into the wild for a number of years, but the dispersal and reproductive success of these
individuals, together with the genetic consequences of doing so, are unknown. Spheniscus
penguins generally breed well in captivity and can likely provide a significant source of
individuals to “bolster” natural populations, provided that individuals survive and reproduce
in the wild. An expansion of current African Penguin conservation breeding activities may
have a significant impact on wild populations, but captive populations must be appropriately
managed to avoid possible adverse ecological and genetic changes that could jeopardise the
ability of released birds to improve the conservation status of wild African Penguins (Gilpin
& Soule 1986; Frankham 2008).

The genetic composition of captive African Penguin populations relative to wild populations
is currently unknown, but if there are no significant differences between wild and captive
birds at neutral markers, it is unlikely that the adaptive potential of captive populations has
been affected (Frankham 2008; Williams & Hoffmar )09; " " ) 2011; Witzenl &
Hochkirch 2011; Marsden et al. 2013). In such a case, and provided captive populations are
carefully managed, the captive breeding and release of African Penguins might prove to be a
useful component of a multi-faceted conservation strategy to ensure the continued survival of

this species in the wild.

Conservation breeding

Captive breeding is being increasingly employed as a conservation management tool for
Endangered species (Seddon et al. 2007; Fraser 2008; Witzenberger & Hochkirch 2011), and
is more accurately referred to as ‘conservation breeding’ or ‘supportive breeding’ when its
purpose is reintroduction (Wang & Ryman 2001; Allendorf & Luikart 2007). Unfortunately,
bringing rare or endangered wild animals into captivity often has a negative effect on their
survival and breeding success (fitness) when they are later reintroduced (Williams &

Hoffman 2009). An estimated 11-13% of captive-sourced reintroduced populations
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As discussed in Chapter 4, genetic variation enhances the probability of population
persistence, and its adaptability, in a changing environment because the mean phenotype
tracks the moving optimum increasingly closely (Lande & Shannon 1996). For species that
cannot shift their geographic distribution to where conditions are optimal (such as African
Penguins), the maintenance of additive genetic variation and the associated adaptive potential

may well be critical to their survival (Lande & Shannon 1996).

Captive populations of Endangered species are often necessarily small and are often
established by only a few founders, which can result in the loss of genetic diversity, and also
inbreeding depression and the accumulation of deleterious mutations (Woodworth et al. 2002;
Frankham 2008). Genetic diversity is lost rapidly in small, isolated populations, either
passively through genetic drift or actively as a result of selection (Amos & Harwood 1998;
Amos & Balmford 2001; Blomqvist et al. 2010; Jamieson 2011). In addition to these
changes, adaptation to captivity can also occur, which may reduce an animal’s ability to
persist once released into the wild (Swinnerton et al. 2004; Araki et al. 2007; Frankham 2008;
Hedrick & Fredrickson 2008). Genetic adaptation to captivity is caused by selection in the
captive environment that favours genetic variants that are different to those favoured u :r
natural conditions (Frankham 2008; Williams & Hoffman 2009). This raises an issue which
has been shown for multiple species: characteristics selected for under captive conditions are
often disadvantageous in the natural environment, and adaptation to captivity reduces
reproductive fitness in the wild, thereby contributing (among other factors) to the low success
rate of reintroduced animals (Frankham 2008). The exact mechanisms involved in lowering
the fitness of re-introduced individuals are not well understood, but hypotheses include the
environmental effects of captive rearing, inbreeding among close relatives, relaxed natural
selection, and unintentional domestication selection i.e. genetic adaptation to captivity
(Frankham 2008; Williams & Hoffman 2009; Witzenberger & Hochkirch 2011; Christie et al.
2012). These negative genetic factors may amplify the effects of demographic declines in the
wild and increase the extinction risk of populations (Gilpin & Soule 1986; Brook et al. 2002;
Ballou et al. 2010; Blomqvist et al. 2010). A number of studies have investigated ways to

luce i effects of negative genetic factors tt  igh careful captive mag nt (Williams
& Hoffman 2009; Jamieson 2011). Current global awareness of the importance of conserving
biological diversity has meant that genetic monitoring is becoming more common for many
species, and especially threatened species in zoos and aquariums (Witzenberger & Hochkirch
2011; Jansson et al. 2013). Without financial impediments, molecular methods could be used

to accurately quantify genetic diversity among captive populations (including the founders in
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Considerations pertaining to captive population size and diversity by and large do not impact
the ‘bolstering’ work (i.e. the collection, rehabilitation, and release of eggs and chicks from
wild colonies), but do need to be taken into account if birds born and raised in captivity over
multiple generations are to be released into the wild. The purpose of supplementing wild
African Penguin populations is not primarily to prevent the imminent extinction of declining
colonies, but rather to maintain the genetic diversity and fitness at breeding colonies until the
threats to them are better understood, and action has been taken to ameliorate them such that
colonies can again be stable and self-sustaining (Fraser 2008). It follows that there must be a
reasonable amount of certainty that released individuals will establish, survive and reproduce
in the wild, and not have a negative impact on the wild population in any way. Chapter 4 of
thistl is quantified genetic diversity and population structure among wild .* “ "can Penguins,
and found that their life-history traits seem to have buffered the species against the loss of
genetic diversity to a large extent, despite recent population declines. Although there is
variation across their range, the overall population sizes at colonies, and the strong genetic
connectivity among most of them, appear to have also ameliorated the negative effects of
inbreeding (Brook et al. 2002). Unfortunately, numbers in the wild are still declining, and the
genetic risks associated with small population sizes are likely to impact African Penguins in
the future (Spielman et al. 2004).

Pedigree- versus molecular genetic analyses

In this chapter, neutral genetic markers are used to investigate the degree of similarity
between captive and wild populations, so as to minimise the chances that captive-bred birds
are genetically affecting fitness in wild populations upon reintroduction. Ideally, such an
analysis would be based on a large suite of neutral and adaptive genes (those directly
involved in survival and reproduction), but in many cases the genes involved are unknown
and molecular analyses that meas  diversity at the individual level across the entire genome
are not feasible. Managing populations based on the diversity of a few neutral markers will
not pres ¢ diversity across the entire genome; this is because high diversity will only be
maintained at the monitored loci and may be lost at others ,._allou et al. 2010). However,
managing genome-wide genetic diversity has been attempted using pedigree data i.e. when
pedigrees are known, kinships can be calculated for all individuals, as can inbreeding
coefficients, which provide genome-wide estimated or average levels of diversity in
individuals relative to the source population. Genetic management using these methods has

been shown to be effective at maintaining genetic diversity (Fernandez et al. 2005; Oliehoek
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four South African captive populations, and compared to wild colonies and regions.
Relatedness and inbreeding coefficients were estimated, and compared to analogous
estimates from the South African studbook data. And lastly, population structure was
investigated among captive African Penguin populations for comparison with wild
populations, and div gence between wild and captive populations was estimated. The
relevance of these results to the establishment of a conservation breeding program for African

Penguins is discussed.

MATERIALS AND METHODS

Sample collection

A total of 119 African Penguins from four captive institutions were genotyped at 12
microsatellite loci for comparison with the wild birds (n=189) analysed in Chapter 4. All
sample collection and genotyping methods are as previously described (Schlosser et al. 2003;
Labuschagne et al. 2013). Appendix 5.1 gives the details of the captive individuals included
in this study. A dataset comprised of only captive African Penguin samples was used for part
of the analyses (I  19), and a second combined dataset consisting of both wild and captive
African Penguins (n=308) was used to determine what proportion of ‘wild” genetic diversity
is currently ‘secured’ in captivity, and how genetically distinctive captive populations are
from wild populations. Pedigree data was extracted from the fourth Edition of the African
Penguin Studbook (Tracy Shaw, National Zoological Gardens, Pers. Comm. 2013). The
studbook uses the Single Population Analysis and Record Keeping System (SPARKS, v.1.6)
and PM2000 (Lacy et al. 2002). The first data entry for the regional African Penguin
Studbook is 1980 and the data presented in this chapter is current through to 1 March 2012.

Microsatellite analysis

The § Htype data for 12 loci from all 119 wild African Penguin samples were analysed in
MICROCHECKER Version 2.2.3 (Van Oosterhout et al. 2004) to check for mistyped allele
sizes and deviations from the specified repeat motif for each locus, and to check for null
alleles and heterozygote deficiency among loci in each population. The genotype data for
captive African Penguins was analysed separately from, and also in combination with, wild
African Penguin data (n=308). All microsatellite-based analyses were conducted using the
same software and parameter settings as described in Chapter 4. Because multiple
comparisons were involved, correction against type I error was made with the Benjamini-
Yekutieli (B-Y) method (Narum 2006). The B-Y corrected critical a-value for 120

comparisons was 0.009).
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Genetic diversity within captive African Penguin populations

The lowest Hp was found among individuals housed at the NZG (Ho=0.52), despite the mean
sample size per locus being one of the highest. TOA and uShaka exhibited intermediate
observed heterozygosity (among captive populations), and SANCCOB had the highest. All
captive populations exhibited lower than expected heterozygosity. SANCCOB also exhibited
the highest mean allelic richness (AR=4.75), followed by TOA and uShaka, with NZG birds
exhibiting the lowest (AR=4.33, 4.24 and 3.9 respectively). All captive populations exhibited
unique alleles (private alleles, Table 5.1); i.e. not found any other captive institutions.
Twenty-three individuals from uShaka exhibited at least one of the five private alleles, and
the same was found for six individuals from SANCCOB, two from TOA and three from
NZG. Appendix 5.2 lists the individuals from each captive institution that exhibited private
alleles (i.e. those alleles not found in the wild population).

Table 5.1 The frequencies of private alleles found in each captive population (SANCCOB = Southemn

African Foundation for the Conservation of Coastal Birds, TOA = Two Oceans Aquarium, NZG =
National Zoological Gardens and uShaka = uShaka Marine World).

e o Al erornapive

“SanLLUB SHICA9 126 0.063 o
SH1CAS 140 0.063
G3-6 263 0.031
DAIANNZ 286 N nNA1

1UA - SH1LAY 144_ U.U83

o PNNO8 145 0.083

NZG G3-6 279 0.041

uShaka SH1CAS 116 0.019
B3-2 301 0.123
G3-6 261 0.048
PNNOS 376 0.047
DNIN1Y 244 nnig

Comparison of genetic diversity in wild and captive African Penguin
populations

Ho and Hg among all wild African Penguins (n=189; 0.60+0.07 and 0.61+0.07 respectively)
and all captive African Penguins (n=119; 0.57+0.06 and 0.62+0.06 respectively) were
similar, but the fixation index among captive birds (Fis=0.08+0.04) was more than double
that of wild birds (Fis=0.03+£0.01). Also, the patterns of genetic diversity composition and

distribution appear to be different at regional- and colony-scales. Among wild colonies of
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Chapter 5: Results

The differences between mean regional relatedness values were small, but significant. Based
on Lynch & Ritland’s (1999) mean relatedness (Figure 5.5), all breeding ‘regions’ (including
captive birds) were significantly more highly related than expected (P<0.02), with the
exception of the Western Cape population (ns). Analogous analyses with populations defined
as breeding colonies and captive institutions, showed divergent patterns of relatedness among
colonies in different regions, and among colonies within regions (Figure 5.6a and b). Based
on Lynch & Ritland’s (1999) relatedness (Figure 5.4), all captive populations are
significantly more closely related to each other than expected (P<0.004), as were Bird Island
(P=0.037) and Jutten Island (P=0.009). According to Queller and Goodnight’s (1989)
estimator, Dassen Island exhibits significantly lower than expected relatedness (P=0.001,
Figure 5.6b), but Jutten, NZG and uShaka remain significantly highly related (P=0.049,
P=0.0001 and P=0.007 respectively).
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Population structure among and within captive and wild populations
Wild versus captive overall

When the dataset was broadly divided into ‘wild’ and ‘captive’ populations (n=189 and
n=119 respectively), Gstmax Was 0.24, and the estimated overall Gsr was 0.004 (P<0.0001).
FsTmax Was 0.37, and overall Fsr was 0.01 (P<0.0001; F's7=0.03), indicating significant, but
low differentiation between the two populations based on differences in allele frequencies.
Only 1% of variance in allele frequencies was explained among populations. Other
frequency-based estimates of population divergence showed similar patterns (e.g.
G"$1=0.02+0.007 and Dgsr=0.01+0.005, both P<0.0001). AMOVA-based Rgsr-estimates
based on this dataset (n=308, two populations) showed that 9% of the variation in allele sizes
was explained among populations (Figure 5.7). Overall Rgr was estimated as 0.09
(P=0.0001). An assignment test correctly assigned 70% of individuals to ‘wild’ and ‘captive’
populations. The stronger signal of genetic difference between wild and captive penguins at
this scale appears to be the composition of alleles rather than their frequencies in each
population. This might be expected because alleles are lost faster than heterozygosity during
a population bottleneck — represented in this case by bringing a relatively small number of

individuals into captivity.
Population structure at level of breeding region and all captive birds

When wild populations were defined as breeding regions and all captive populations grouped
as one population, an among group comparison of Ho (EC=0.63, WC=0.59, Namibia=0.61,
Captive=0.54) and allelic richness found overall significant differences among regions in Ag,
but not Hy (Agr P=0.012; Hy P=0.17). The Fsr-based AMOVA of these four populations
generated an Fgrma, of 0.38 and an overall Fst of 0.009 (P=0.0001, F'st=0.02). This low, but
significant population structure was also reflected among other estimates of population
subdivision: G”st7=0.014 and Dgs71=0.008 (both P=0.0001). The Fsr- and Rgr-based AMOVA
results showed different patterns with regard to the partitioning of variance (Figure 5.7). Fsr
showed only 1% difference among populations, where Rsr showed 9% (Figure 5.7). All
pairwise Fst (Table 5.11) and corrected pairwise Fst (Table 5.12) comparisons involving the
captive population were highly significant, and the highest differentiation was observed
between the Namibian population and the captive population. The Rgr-based AMOVA
generated an overall Rgr of 0.08 (P=0.0001). Pairwise Rsr values (Table 5.13) showed a very
similar pattern to Fs-based estimates, with highly significant differences found between the

captive population and each of the three wild breeding populations. Namibia was also
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overall. These values, however, do not reflect the striking patterns observed in the pairwise
1 . ulation values (Table 5.14 and 5.15). Pairwise Fgr and Dggr values for all captive
institutions except SANCCOB showed significant differentiation (P<0.05) from five or more
wild breeding colonies. The uShaka population is consistently significantly differentiated
from all other populations. The NZG population is significantly differentiated from some
breeding colonies in all three wild breeding regions (Tables 5.14 and 5.15). The TOA
population is significantly differentiated from all three of the other captive institutions, and
some colonies in the Eastern Cape and Western Cape of South Africa. After B-Y correction,

the number of significant differences among coloniesis reduced, but the general pattern still
holds.

The Fsr-based AMOVA of the full dataset (16 populations, n=308, 12 loci) generated an
Fstmax Of 0.38 and an overall Fst of 0.02 (P<0.0001, F'__ ).06). Overall Fis was 0.07
(P<0.0001), and 2% of the variance was explained among populations (Figure 5.7). An
analogous Rgr-based AMOVA produced a highly significant value of 0.11 (P<0.0001) and
showed a much higher proportion of the variation in allele size was distributed among
populations (13%) compared to the variation in allele frequency (Fsr-based AMOVA above,
Figure 5.7).

Nested Fst and Rst AMOVAs

The nested Fsp-based AMOVA of the full dataset (16 populations, 4 ‘regions’, n=308, 12
loci) generated an overall significant Fsr-value of 0.022 (P<0.0001, Figure 5.7). Regional
population structure was low (Frrmax=0.37, F'r7=0.006) compared to colony- and institution-
level structure within those regions (Fspmax=0.384, F'sg=0.053). All hierarchical F-statistics
were significant (P<0.05), although 0% of variation was explained among regions, 2% was
explained among colonies (colonies and captive institutions) and 7% among individuals
(Figure 5.7). All AMOVAs reported above were also conducted with all *within-individual’
analyses suppressed and Figure 5.7 summarises the results of these AMOVAs for each
dataset, and clearly shows the different patterns detected using Fsr. and Rgr.based analyses,
and how the inclusion of captive birds at all scales increases population structure among

African Penguins.

All captive populations were highly significantly differentiated from each other based on
pairwise values of Fgr estimated during the nested AMOVA (P<0.007; Table 5.16), even
after B-Y correction. Only 11 of the possible 66 pairwise comparisons of wild colonies were

significant (16%; seven involving Mercury Island), whereas 32 of the possible 48 pairwise
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Following range-wide declines, less than 5% (~24 thousand pairs) of the pre-1850s African
Penguin population size is estimated to remain in the wild (Crawford et al. 2011). The
conservation status of the African Penguin is likely to worsen in the future, largely because
the drivers of this species’ range-wide population decline are not fully understood (Crawford
et al. 2008c, 2011). Any conservation intervention with the potential to improve the long-
term prospects of survival of African Penguins in the wild deserves consideration. An
intervention that has recently been suggested involves expanding the ‘chick bolstering’
programme (hand-rearing wild-collected chicks and eggs) to include captive breeding of
African Penguins in zoos and aquaria followed by their reintroduction into natural habitats. A
conservative estimate of global holdings of African Penguins is over 2500 individuals: 95
ISIS (International Species Information System) member institutions across South Africa,
Europe, North America and Asia held 2272 individuals in 2012 (www.isis.org). The North
American Regional studbook extends as far back as 1913, with over 3000 entries, and the
current North American population is estimated at over 800 birds housed across 53
institutions. The global captive population, therefore, has considerable potential to contribute
to a re-introduction programme for African Penguins, and may harbour some historical
genetic diversity that has been lost in the wild. The genetic diversity represented by the global
population, and the genetic health of the animals, has however not been assessed. Using
studbook and molecular genetic data, this study assessed the captive population in South
African zoos and aquaria. Aside from the logistical and economic constraints associated with
launching a nation-wide, or possibly global, conservation breeding program for African

Penguins, there are genetic aspects that first require investigation.

One of the most important determinants of the evolutionary consequences of conservation
breeding is the number of generations spent in captivity i.e. the number of generations
exposed to an altered selective regime (Wang & Ryman 2001; Robert 2009). Even a few
generations of domestication appear to have negative fitness effect in the wild and,
consequently, the long-term use of captive-bred populations to supplement wild populations
should ! :art | out with caution (Araki al. 2007). For long-lived species, such as Afri 1
Penguins, it should be possible to keep the number of generations in captivity to a minimum
by carefully managing husbandry, thereby minimizing genetic adaptation to captivity. In the
case of supplement breeding for bolstering populations, birds should be kept at rehabilitation

centres for as short a time as is possible before being released back into the wild. Supplement
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Hochkirch 2011). Many of the African Penguins currently in captivity in South Africa are
wild-caught, and the oldest known captive lineages only extend back five to six generations,

which mez that the loss of genetic diversity may have been kept to a minim  to date.

With respect to genetic diversity, all captive populations exhibited lower than expected
heterozygosity and were more closely related than expected. The captive population also
exhibits fewer private alleles overall compared to the wild population, which may indicate
possible adaptation to captivity, or, more likely, the loss of rare alleles through genetic drift

acting in ¢ | ive and declining wild populations. Captive birds also showed depressed allelic

richness compared to wild populations. ‘Wild’ alleles fairly well  Oresented in captivity,
although they will only persist if captive populations are carefully managed. Inbreeding will
inevitably lead to the fixation of some alleles, and the loss of others, and over even a few
generations, the captive population could diverge from the wild population as it loses

diversity.

In terms of population structure, allele frequencies among captive populations of African
Penguins were moderately (Fsr=0.05, Gsr=0.032), but highly significantly differentiated.
uShaka and Two Oceans Aquarium are most differentiated from each other (Fsr=0.15,
Dgs1=0.1), possibly because the uShaka population comprises a few large, closely related
families (Figure 5.1). In fact, the three highest pairwise population differentiation estimates
are between uShaka and each of the other three captive populations (Tables 5.7 to 5.9). The
majority (82%) of captive individuals were correctly assigned to their institution. The use of
differences in the variance of the repeat number of the alleles in each population is less
sensitive to structure among captive populations than among wild populations. The broad
comparison between captive and wild populations showed weak, but significant
differentiation of allele frequencies (Fs1=0.01), but an almost ten-fold stronger, significant
differentiation in terms of genetic composition (Rs 1.092). However, only 70% of

individuals were correctly identified as “wild” or “captive”.

At a ‘regional’ scale, the captive population shows elevated levels of population
differentiation compared to wild regional populations i.e. it is more different from wild
regional populations than they are fr  each other based on Rgy and Fgr estimates (Tables
5.11 to 5.13). Overall Rgr is again higher than Fsr (0.08 compared to 0.009 respectively, both
significant). This emphasises that the repeat number of allele statistic (Rsr) detects more
structure than traditional frequency-based Fsr among wild populations, suggesting

differences in allelic composition, but this pattern is reversed among captive populations.
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Range-wide adaptive genetic diversity should, therefore, also be investigated and considered

in captive-breeding programmes.

The IUCN Species Survival Commission Guidelines for Reintroduction state that: ..e
potential negative effects of removing individuals from wild or captive populations should be
assessed; where captive or propagated populations are sources, the holding institutions should
ensure that their collection plans, institutionally and regionally, are designed to support such
removals for conservation translocations™ and that “Captive or propagated individuals should
be from populations with appropriate demographic, genetic, welfare and health management,
and behaviour” (IUCN Species Survival Commission 2012, section 5.1.4). Although it is not
accurately known what environmental changes will impact African Penguins in the future, it
is certain that environmental change is occurring globally, and that maximizing genetic
variation among African Penguins will improve their capacity to adapt to future changes. We
also know that high connectivity among wild breeding regions and breeding colonies appears
to buffer the loss of genetic diversity among declining seabird populations (Taylor et al.

2011a; Ramirez et al. 2013), including African Penguins (Chapter 4).

To maintain captive populations that are genetically similar to wild populations, two primary
drivers of genetic change in captivity must be avoided: genetic drift and artificial, unintended
selection for traits that confer high fitness in the captive environment (Lacy 2009); i.e.
genetic drift, inbreeding and potential adaptation to captivity. There is some evidence that
these factors are already influencing the captive populations investigated in this study e.g.
deviations from HWE and elevated inbreeding coefficients, which may be associated with
inbreeding depression and negative effects on fitness. Several possible explanations exist for
the significant heterozygote deficiency detected among captive birds (especially evident
among those from uShaka Marine World): the Wahlund effect (erroneous lumping of
subdivided populations), strong genetic drift, inbreeding, hitchhiking or synteny, null alleles
and selection for homozygotes (Rooney et al. 1999; Spong et al. 2000). These results could
also reflect that the captive samples comprised many more related individuals than the wild
samples. If genetic drift were playing a dominant role, we expect to find lower levels of
genetic dive  ty than observed in the wild. We cannot, however discount the possibility that
genetic drift is also occurring in wild populations, and depressing genetic diversity there. LD
tests would have detected the effects of hitchhiking or synteny, and the possibility of such a
high proportion of loci being affected is remote (similarly, null alleles). Based on the

studbook data, and also the fact that the data were analysed at multiple ‘population’-levels,
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of inbreeding is low ..mberton 2008). Unbiased expected heterozygosity based on
molecular genetic data is much lower than 1-MK, at ~0.6. The estimated number of founders
based on studbook data (African Regional Studbook, 4™ Edition, March 2012) is 56
individuals, with the current population representing 27 ‘founder genome equivalents’ i.e.
although the population descends from 56 presumably-wild founders, much of the genetic
variability of those wild animals has been lost over time, with the current “gene diversity”
estimated as being that which would be represented in 27 wild-caught animals, and the
studbook contains >210 individuals (approximately 45 of these are founders) housed in 12
institutions. Based on molecular genetic data, the current captive populations contain on

average 66% of the alleles detected among wild birds.

The ratio of effective population size to total population size (N¢/N = 0.28) estimated from
studbook pedigree analysis ™ icy 2009; Ivy & Lacy 2010) of African Penguins is similar to
that of the Arabian Oryx (0.3), which is considered to be an exemplary example of a
successful captive breeding programme. Among captive populations of African Penguins
included the African Regional Studbook, there is certainly individual variation in breeding
attempts and breeding outputs. About 67% of the 210 birds recorded in the studbook (March
2012) hatched in captivity. The oldest male is 34 years old, similar to the oldest female,
although birds rarely breed successfully when they are >29 years old. According to the
studbook data, much of the breeding has been due to a few prolific animals i.e. the five most
reproductively active males have sired 120 chicks, and the five most successful females 109
chicks (maximum of 31 for males and females) since 1980. According to hatch seasonality in
the studbook, most captive African Penguins breed at the same time as their wild
counterparts, indicating that adaptation to captivity may play only a minimal role in shaping

genetic diversity in captive populations.

Overall, the molecular genetic- and pedigree-based assessments of the captive African
Penguin population in South Africa are positive, and a large proportion of wild and founder
genetic diversity appears to be conserved among captive birds. However, some captive
populations are more representative of wild populations than others, and some wild
populations are not well represented (e.g. Mercury Island in Namibia). The best captive born
candidates for reintroduction are those individuals that will benefit the genetic diversity of the
wild population, but are genetically well represented in the captive population (Leus & Lacy

2009). Investigating genetic diversity loss in captive populations is important because it is a
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Conservation and welfare organisations, together with aquaria have released captive-bred
African Penguins into the wild for a number of years. However, such welfare-motivated
reintroductions, while well-intentioned, can potentially cause suffering to individual birds,
and result in mortality if they are not based soundly on scientific principles. In the event that
such releases are successful in terms of the individual’s welfare, they may fail in terms of
their conservation value, which may be zero, or even negative. The greatest opportunity for
rehabilitation programs to contribute to conservation lies in the potential for research, i.e to
develop techniques and refine concepts that will improve the chances of success of future
reintroduction programs. Before any conservation breeding program is initiated, careful
planning must be undertaken guided by the IUCN technical guidelines for the management of
ex situ populations for conservation , together with the guidelines for the
management of captive penguins (Diebold et al., 1999). Interestingly, captive breeding has
also been suggested for the other Endangered Spheniscus species, the Galapagos Penguin
(Vargas et al. 2007). This recommendation was made based on the results of a modelling
study, which indicated a 10% probability of extinction within 50 years for that species after
population size dropped below 500 individuals. Similar population viability assessments have
been carried out for African Penguins (Whittington et al. 2000; Kemper 2006), and are

currently in the process of being updated.
CONCLUSIONS

Despite years of protection African Penguin populations have failed to recover. This suggests
that the root cause(s) of their decline in the wild is yet to be significantly addressed. The
species may take many hundreds of years to naturally return to anything resembling their
historical numbers, if ever. Indeed, the carrying capacity of the Agulhas-Benguela Ecosystem
for African penguins has declined drastically over the last century (Crawford et al. 2007c).
Increased competition and predation, and reduced prey resources, among other threats, are
limiting the ability of African Penguins to efficiently track shifts in their prey resources.
Actively supplementing populations may help to maintain wild populations at sustainable
numbers, and may also contribute to the establishment of new, potentially stable populations
(Schultz et al. 2011). Further research into the fate of captive-bred and hand-reared birds in
the wild is required, as is a thorough investigation of the consequences of captivity in terms

of adaptive genetic diversity.

In conclusion, having assessed the genetic status of the captive African Penguin population

relative to wild populations using neutral markers, it is reccommended that captive populations
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be managed more carefully to improve genetic rep ientation of ‘wild’ di*+  ty among
captive birds. ¢ ietic monitoring should be routine, and the incorporation of individuals
from  global captive Afric Penguin _ _ulat is  ongly advised. ( »stive breeding is
an intensive and expe ve approach that should be seen as a short-term solution i.e. to be
i . 2n ~until the primary causes of African Penguin population declines in the wild are

better understood, and effective strategies to reverse them have been identi :d.
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CHAPTER 6: Synthesis of findings and future research directions

'+ rie animals of the world exist for their own reasons. They were not made for humans any
more than black people were made for white, or women created for men.”
(Alice Walker, in Spiegel 1996, p.14)

Conservation genetics has great potential to contribute to the conservation of threatened,
endemic seabirds in the Agulhas-Benguela Ecosystem (ABE) at a number of ecological and
evolutionary scales. This thesis demonstrates that molecular techniques can be highly
informative (i) for broad taxonomic questions, (ii) when trying to understand genetic
connectivity among wild populations and (iii) when planning for the possible future

reintroduction of captive-bred or captive—reared individuals.

The DNA sequence-based comparative genetic results all reveal a general pattern of genetic
homogeneity, suggesting extensive regional connectivity, among the three study species,
which are similar in many aspects of their foraging and breeding biology, but markedly
different in, among others, their dispersal ecology and mobility. The lack of population or
phylogeographic structure within these species, despite known natal-site and mate-fidelity,
and large distances between breeding regions, suggests that these species behave as
metapopulations, and that sub-populations of the species are strongly connected through
long-term gene-flow. This tight connectivity is most likely mediated via juvenile dispersal,
which may have buffered these species against genetic diversity loss and population
differentiation, and is potentially a life-history characteristic that has evolved in response to
high levels of variability inherent in the ABE. The closest extant relatives of the African
Penguin Spheniscus demersus have also been extensively studied in a conservation genetic
framework, and show similar results, although some evidence exists for a pattern of isolation-
by-distance population structure among Magellanic Penguins S. magellanicus. Similarly, for
Cape Gannets Morus capensis, their close relatives and ecological analogues in other
ecosystems, the boobies, generally only show population structure where large physical
barriers (historical or contemporary) exist; e.g. continents, the Isthmus of Panama, or vast
stretches of open ocean between populations. Non-physical-barriers e.g. strong philopatry
and restricted dispersal may also play a role in generating spatial patterns of genetic
differentiation in boobies and other seabirds (Greenwood & Harvey 1982; Klages 1994;
Steeves et al. 2005b; Alcaide et al. 2009; Morris-Pocock et al. 2010a; Hailer et al. 2011;
Taylor et al. 2011a). Based on comparative studies of inshore and pelagic booby species,
however, foraging mode appears to play a role in shaping the geographic distribution of

genetic diversity. The preliminary results for inshore-foraging Bank Cormorants
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concern about the conservation status of seabirds because their life-history strategies make
them vulnerable to population decline brought about by anthropogenic threats. Seabirds are
important indicators of the state of marine ecosystems, and are relatively easy to monitor
compared to other marine organisms (Durant et al. 2009). Studying the ecology, demography
and population genetics of seabirds is important to build a better understanding of a very
threatened group of birds, and a better understanding of the marine ecosystem upon which

they depend.

Population genetic structure in seabirds, or the lack thereof, has been shown to result from a
number of different historical and contemporary evolutionary forces. The fact that some
seabird species show varying patterns of differentiation across their ranges (see Chapter 2)
seems to contradict the idea that non-physical barriers to gene-flow, e.g. philopatry, are the
primary drivers. All three of the endemic, cold-water adapted species examined in this thesis
show little evidence of genetic structure. The strong regional connectivity suggested by the
mitochondrial markers indicates that there has been effective regional dispersal over the long-
term; ringing- and tracking-data suggest that this has likely been primarily mediated via
juvenile dispersal to non-natal colonies. Similar patterns have been reported among
populations of closely related seabird species, suggesting a role for phylogeny i.e.
evolutionary constraints and shared, inherited life-history characteristics. Overall, an
emerging pattern in the literature is that species that have evolved in highly variable and
unpredictable ecosystems, such as large upwelling ecosystems, show less phylogeographic
structure, retain more genetic diversity (and possibly adaptive potential) and are less prone to
local adaptation than species that have evolved in more stable, predictable environments
(Akst et al. 2002; Bouzat et al. 2009; Duffie et al. 2009; Taylor et al. 201 1a; Ramirez et al.
2013). Under a scenario of increased environmental variability in the form of fluctuating prey
availability, selection may favour species with flexible foraging behaviour (foraging effort,
diet switching) and breeding behaviour (clutch size, laying dates; i.e phenology and
synchronicity), and populations may change quickly due to large fluctuations in N, under

these conditions.

Despite drastic population ¢ ’ines no strong genetic signatures of bottlenecks were detected
among African Penguin populations, although lower genetic diversity was observed
compared to closely related species. Allendorf (1986) and Spencer et al. (2000) suggest that
because population bottlenecks may have little effect on heterozygosity, the number of alleles

that remain after a bottleneck may be more important for the survival of populations. It is
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predation of chicks, better anti-predator defence, more efficient foraging (Schippers et al.

2011)) and repeatedly returning to breeding sites as adults.
Conservation management implications

Current biodiversity is the product of past evolutionary processes, just as future biodiversity
will depend on contemporary evolution (Hendry et al. 2010). A commitment to long-term
conservation success requires conservationists to maintain not only those characteristics of
seabird species that have evolved in the ABE, and have enabled them to persist until now, but
also the adaptive potential for a future in which they are likely to face further environmental
change. Conservation strategies need to ensure that the natural distribution, abundance,
genetic diversity and ecological niche of these seabird species are preserved. This is a
challenge. We should encourage and allow species to exhibit variation, dispersal, evolution,
and adaptation in a changing world (Redford et al. 2011a). For a long time, conservation
planning emphasised pattern over process; i.e focussed more on ensuring representation of
species, rather than conserving genetic diversity and the processes that have generated it
(Moritz & Faith 1998; Allendorf & Luikart 2007; Frankham 2010). There are different
schools of thought regarding the way in which genetic diversity should be incorporated into
conservation planning: one argues for adaptive variation, the other for neutral diversity.
These two components reflect different microevolutionary processes (selection / adaptation
versus genetic drift), and suggest alternative strategies for conservation. Currently, there is no
strong evidence at neutral markers that regional- or colony-level Evolutionary Significant
Units (ESUs) exist among contemporary populations of the study species. However, adaptive
diversity may reveal a different pattern (see future research section below). Low-diversity
mitochondrial lineages, typically disregarded as important from a conservation standpoint,
can correspond to recently selected, well-adapted haplotypes that should be managed and
preserved (Galtier et al. 2006; Bazin et al. 2006; Nabholz et al. 2009). In this study, there is
little evidence for neutral divergence within the three focal species based. Logistically,
however, they will have to be managed as at least two MUs, because Namibian and South
African management authorities have different conservation priorities and mandates.
Connectivity between breeding regions for all three species appears to be high, and
conservation efforts should, therefore, focus on maintaining population viability and adaptive
genetic diversity by preserving metapopulation structure. Source-sink dynamics may play an
important role in allowing these seabird populations to cope with environmental variability

over the medium- and long-term and, therefore, it may be crucial to conserve metapopulation
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Studies focussing on adaptive genetic diversity, specifically those linked to measures of
fitness, will also improve our understanding of the micro-evolutionary forces that are driving
the ol ed pc_ lation § ic patterns. Studies of the Major Histocompatibility Complex
(MHC) in seabirds have had some success in this regard. Genes of the MHC are among the
most variable in the vertebrate genome (Radwan et al. 2010; Burri et al. 2010; Ujvari &
Belov 2011). MHC genes play a pivotal role in immune-competence, as they code for cell-
surface glycoproteins that present specific antigens to the immune system’s T-cells, thereby
triggering an appropriate immune response. A large body of data supports a model of MHC
evolution under positive selection, with polymorphisms at these loci maintained by balancing
selection. This selection regime is thought to be mediated via pathogens, mate-choice, or a
combination of these. Both coding and non-coding regions of the genome are subject to the
effects of neutral evolutionary processes (e.g. gene-flow and genetic drift), however, MHC
genes are predominantly subject to selection, reflecting adaptive changes in populations. In
the conservation management of declining species it is important to characterise this adaptive
genetic variation, as it represents a species’ ability to respond to potentially changing
environments. Patterns of MHC variation are not necessarily reflected in those of neutral
markers. Reduced MHC variability following long-term population decline, especially in
combination with strong selective pressure, can have clear repercussions for the overall
fitness of the population, as it may significantly limit population-wide responses to novel

pathogens.

Further work that investigates selection and mating systems in African Penguins is
recommended, as these factors could also influence the observed deviations from HWE.
Specifically, heterozygosity-fitness correlations would improve our understanding of the
importance of genetic diversity for the fitness of individual birds and would require further
input from flipper-banding data and reproductive monitoring at colonies across the range of
this species. Improved estimates of gene-flow and dispersal from single nucleotide
polymorphism (SNP) data and flipper-banding (or transponder data) may also make it
possible to detect the degree and direction of gene-flow among specific colonies.
Assessments of neutral genetic markers may not always reflect the patterns of diversity at
adaptive loci, and discrepancies are sometimes found between diversity metrics derived from
neutral and adaptive markers (e.g. Marsden et al. 2013). Based on this, and that the ‘genetic
robustness’ of a population is difficult to estimate using only a few neutral markers, it is

highly recommended that further research be carried out into levels of adaptive genetic

280






Chapter 6: Future Research

Karron 1994; Simeone et al. 2009). Hybridization has serious implications for conservation
breeding programmes. Molecular data could be used to augment breeding programs to
characterise genotypes at some loci known to be important for fitness, and manage the
program to maximise retention of valuable alleles. There are two different approaches that are
worth considering. First, we could select for animals carrying alleles believed to be especially
important, such as variants at the major histocompatibility complex loci (Hedrick 2002;
Hughes 1991). Second, we could measure variation at random loci, and then preferentially
breed those animals that appear to carry the rarest alleles. In theory, this approach could
produce a population with even more gene diversity than was present in the wild population,
by creating more equal allele frequencies than existed in the source population. Although
these ideas deserve more evaluation, I would caution, as have others (Vrijenhoek and Leberg
1991), that there are some potential drawbacks. First, we know only very few of the many
loci that might be critical to individual fitness and population viability. If we select on the
basis of those few loci about which we do know something, we are very likely to cause rapid
depletion of genetic variability at other loci that may be just as important (Hedrick 2001;
Lacy 2000c). This is especially so because the alleles that are advantageous will depend on
what environment the animals are in. Thus, many alleles that encode adaptations important in
natural environments may be neutral or even deleterious in a specific captive environment. A
strategy of preferentially breeding animals that have the rarest alleles, without trying to
prejudge which alleles will be most advantageous, has perhaps more merit than attempts to
select the animal with superior alleles. However, even this strategy has risks. Initially rare
alleles may have been rare for a good reason. Selecting for them may increase frequencies of
mutations that were deleterious in the natural populations. I think we are on safer grounds if
we use strategies that attempt to minimise the rate at which the populations under our care
diverge genetically from what they were before we took control of their breeding. Stopping
evolution from causing negative effects in captivity may be a better approach than trying to

improve upon the results of prior evolution in wild populations.

Fitness is certainly not equal across African Penguin breeding colonies, with reproductive
success higher on the south and east coast compared to Namibia and the west coast of the
Western Cape. Investigating the distribution of adaptive genetic diversity in these populations
— which may show a different pattern to neutral diversity — will provide important
information about prevailing selective regimes across the range of African Penguins. NGS,

among other rapidly advancing technologies, may help us to identify important regions of the
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Appendices for Chapters 2 — 5 are provided on the enclosed CD.
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Appendix 2.5 Maximum likelihood (ML) phylogenetic tree based on the nuclear
Beta-fibrinogen 'ne from sequences available on GenBank for Anhingas, Sulids
and Phalacrocoracids (n=70, 514bp). M. bassanus (n=4, AY695213, EU739445,

EF552786, DQ881997), A. anhinga (n=4, AY695210, EF552751, EU739364,
DQ881941)

'S
75 , -
t M. =31 -
" Cape Ganne capensis (n=31) <
89 Australasian Gannet M. serrator (n=1, JX683938)
87 Northern Gannet M. bassanus
Masked Booby Sula dactylatra (AY69521 )
99 P. melanoleucos (JX683939)
99 P. auritus (AY69521
Bank Cormorant P. neglet 1s (n=2) &
P. carbo (DQ881980)
Cape Cormorant P. capensis (n=24)
99 \
—=atilil] Anhinga anhinga -

mre—

0.01

11








































































Appendix 3.8 Cape Gannet haplot. | :net  k based on the ATPase 6 target region (669bp).
Numbers in brackets are accession numbers for sequences extracted from Genbank or ring
numbers (SAFRING) for ringed individuals sampled for the present study. The size of the
circles represents the number of individuals that possess a particular haplotype and the black
line between haplotypes represents one nucleotide change, with tick marks along the line
indicating additional changes. Red circles represent “missing haplotypes”.

M. bassanus AY567851

M. bassanus EF101685

M. semmator AY009345
M. semator GUO7 1056

:1: LNG93 Ichaboe
LNG61 Malgas (9A43389) @—

© Morus bassanus (Genbank)
@ Morus semator (Genbank)

n=32, H=7, 669bp (some missing data for outgroups)

Eastern Cape@  Namibia  Western Cape @
n=3 n=14 n=11













Appendix 3.12 The relationships between the ten haplotypes identified in the Cytochrome
Oxidase I (COI) sequence dataset (n=26, 668bp), and their frequencies in each Cape Gannet
breeding region (Eastern Cape, Namibia and Western Cape). The size of the circles

re 1ts the number of individuals that possess a particular haplotype and the b :k line
between haplotypes represents one nucleotide change.

LNG13Bid,PE @

LNG47 Bird, PE ‘

LNG110 Ichaboe LNG73 Ichaboe, NAM
LNG111 ichaboe . LNG101 Ichaboe, NAM
LNG 119 Mercury, NAM
LNG136 Mercury, NAM
LNG67 Mercury, NAM
LNG171 Possession, NAM
LNG .__ Mercury ¢ LNG57 Malgas, WC
LNG30 "~ "jas, WC
LNG61 maigas, WC
LNG172 Bird Island, EC

Genbank:*

EU25445
EU25446 —— )——  LNG1021chabos

Eu25447

v

: LNG163 Ichaboe
v LNG8S5 Lamberts Bay

LNG133 Ichaboe

LNG140 Ichaboe

LNG 116 Mercury

LNG60 Malgas LNG168 Possession
n=26, H=10, 668bp
Eastern Cape @ Namibia Western Cape @
n=3 1 15 n=8

*Morus capensis Tavares & Baker (2008), collected at Malgas Island in 1991
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Appendix 4.14 ¢ served and expected heterozygosity, and Fis (all on the LI i1 :al axis) based on 12 African Penguin breeding colonies; and the

[ of the estimate populati  size sampled (RHS vertical axis, maximum 39
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A endix 4.22 Plot of pairwise population comparisons of various ¢ Hny-level fixation indices  indardized fixat  indices and a pure differentiation

in ¢(J t’s D). Matrices of the data ar the associated probabilities that are not discussed in the text are given in the Appendix (Appendice 4.23 to 4.xxx).
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Appendix 4.xxx Negative relationship between Fis and Relatedness. Significant
relatedness values marked with an asterisk.
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