Factors Influencing the Demography of
Endangered Seabirds at Robben Island,
South Africa:
Implications and Approaches for Management and Conservation

Richard B. Sherley

A dissertation submitted to the University of Bristol in accordance with
the requirements for award of the degree of Doctor of Philosophy
in the Faculty of Science.

September 2010

Word Count: 63,000

ABSTRACT
The African penguin Spheniscus demersus and the bank cormorant Phalacrocorax neglectus are
endemic to the Benguela Upwelling System and are both currently Endangered. Here, parameters
relating to their breeding productivity on Robben Island, South Africa, are assessed and put into
the perspective of seabird conservation in the region. In addition, the development of a novel
monitoring tool, designed to assess variables like adult survival rates and colony attendance in
African penguins, is described.
The breeding success of African penguins oiled in 2000 was reduced relative to control
pairs, with the impact of oiling still evident nearly a decade after exposure. In contrast, birds
translocated at the time of the spill had similar success to controls, supporting the importance of
this action in future large oil spills. Breeding success was improved in nests located in buildings
and in artificial nests, vindicating the use of the latter as a conservation tool. In addition, nest
success was positively related to the annual fisheries catch of anchovy Engraulis encrasicolus
made in the vicinity of Robben Island, highlighting the importance of local food availability to
breeding African penguins.
Assessments of spatial and temporal variations in penguin chick growth at five colonies in
South Africa supported the notion that feeding conditions can vary unpredictably within and
between years and are not always similar at colonies in close proximity. Growth was poorer during
periods of population decline and appeared to be related to the abundance of sardine Sardinops
sagax in the previous November, suggesting a need for adults to attain adequate condition prior
to breeding.
Breeding success of bank cormorants was lower at Robben Island compared to Mercury
Island, Namibia, with failures related to air temperatures and wave heights, particularly when
major storm events coincided with peak breeding activity. In light of the threat of climate
change, this study emphasises the need for long-term monitoring programmes on this species.
Evaluation of a non-invasive, computer-vision system, designed to monitor African penguins,
found baseline capacity to be 13% of birds passing a fixed point, with high levels of enrolment
and recapture suggested from theoretical expansion. The system was deemed suitable for longterm monitoring and will greatly increase the quality and quantity of data available for population
and behavioural analyses.
Finally, ideas for future research projects and management focus are proposed to ensure the
sustainablility of Robben Island as an important seabird colony.
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THESIS OUTLINE
Robben Island is an important seabird breeding colony, hosting internationally valuable populations
of two Endangered species, both of which are endemic to the Benguela Upwelling System 2 of southern
Africa. The island supports South Africa’s largest breeding colony of bank cormorants Phalacrocorax
neglectus and the world’s 4th largest colony of African penguins Spheniscus demersus. By undertaking
standardised assessments of some demographic parameters for these two species, the thesis aims to
contribute to holistic, ecosystem-based management strategies, both for Robben Island and more widely
within the area of influence of the Benguela Upwelling System.
Chapter 1 (page 5) gives a short general introduction, beginning by outlining the importance of
grounding conservation decisions in sound scientific principles and of the holistic approach to management
in large, marine ecosystems. Background information is given about the upwelling system in which the
study was carried out, including a brief summary of seabird population trends within the system and the
human activities that have influenced them. Finally, the study species, especially their distribution and
population status, and Robben Island, the main study colony, are presented.
In Chapter 2 (page 19), the first standardised analysis of a nine-year dataset of African penguin nest
monitoring on Robben Island is undertaken, giving insights into how a number of factors have influenced
the breeding productivity of penguins at this colony. The contributions to conservation made through the
management actions of rehabilitating and relocating birds affected by the Treasure oil spill of 2000 and of
providing artificial nesting habitat are assessed. Finally, relating breeding success to measures of pelagic
fish abundance over the last nine years as well as since 1987, suggests an importance of fish availability
within the local area around the colony in recent times.
Measures of breeding productivity of African penguins have been employed in the southern Benguela
for comparative purposes for many years. However, these measures cannot provide information about
the quality of the chicks produced, and may therefore inadequately describe the underlying relationship
between food availability and population dynamics in seabirds. Chapter 3 (page 55) presents a dataset
of chick measurements, spanning a 20-year period, used to investigate the variations and patterns in
2

There is no clear concensus within the literature on the nomenclature that has been applied to the large
marine ecosystem occurring within the influence of the Benguela Current. The system has variously been
referred to as e.g. the Benguela Current Large Marine Ecosystem (BCLME) (Shillington et al., 2006), the
Benguela Current System (van der Lingen et al., 2006) the Benguela Upwelling System (Pichegru et al., 2009)
and simply the Benguela ecosystem (Underhill and Crawford, 2005). In this study the term Benguela Upwelling
System is favoured and used to refer to all aspects of the system, except when reference is made to the BCLME
programme. Occasionally, to avoid verbosity, or when referring to one of the two sub-systems, just the Benguela
is used.
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penguin chick growth in South Africa. Growth rates of chicks at five colonies are assessed and in three
cases, compared to data from previously published studies, giving a perspective on how growth has varied
over time in the southern Benguela. The chapter shows that chick quality can be highly variable both
within and between years and suggests that the capacity of African penguins to provision their chicks
may be influenced by their ability to attain adequate condition before initiating a breeding attempt.
A number of basic demographic parameter estimates that have been available for many years for
African penguins are lacking for bank cormorants throughout their range. Chapter 4 (page 111) presents
the first in-depth, comparative study on nest survival and breeding success for the species. The probability
of a nest surviving the breeding attempt was depressed on Robben Island, relative to the largest colony
for the species, Mercury Island, Namibia, particularly by major storm events. The study suggests that the
provision of additional, sheltered nesting habitat could allow Robben Island to support a larger breeding
colony. The crucial need, in the light of the threat posed by climate change, to establish a long-term
monitoring programme for bank cormorants is also highlighted. Such studies will be crucial for the future
management of the species.
In Chapter 5 (page 143), a non-invasive tool, based on computer-vision technology, designed to
monitor African penguins with decreased disturbance levels was trialled and evaluated. The system was
shown to be suitable for long-term population monitoring. Baseline capacity was estimated at 13% of
bird passing a fixed point, with high levels of enrolment and recapture over time frames of a few months
suggested from theoretical expansion. It is expected that the system will greatly increase the quality
and quantity of data available for demographic and behavioural analysis. In turn, this should benefit
management planning by increasing the sensitivity of survival analyses and ecosystem modelling studies
to detect and assess the impacts of fluctuations in adult survival in this threatened population.
Chapter 6 (page 175) contains a description of some unusual observations on interactions between
African penguins and mole snakes Pseudaspis cana on Robben Island. The issues raised in the chapter
are unique to Robben Island, but emphasise the need for a more integrated approach to management and
a more active role by the managing authority. The chapter considers the possibility that several species
may have been isolated for considerable periods on the island and that they may warrant further attention
and protection than they are given now.
Finally, Chapter 7 (page 183) provides some overarching conclusions from the work, linking the
results of the different parts of the study and placing them into the wider context of the environmental
monitoring and conservation efforts taking place within the Benguela Upwelling System. Some ideas for
future research projects and management focus are proposed and the contributions and main findings of
this thesis are outlined.
To avoid significant repetition, all the references for this work have been included as a composite list
at the end of the thesis. Contributions by collaborators and supervisors to the production of this work
are either acknowledged within each chapter or are included within the Acknowledgements section found
within the preliminary pages. A summary, correct at the point of submission, of the state of publications
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or submitted manuscripts resulting from the work in this thesis also follows.

Status of papers published or submitted based on this thesis
A manuscript based on Chapter 4 and entitled “Don’t bank on a sea view: is unsuitable habitat limiting
nest success of an endemic cormorant on Robben Island, South Africa?” by Richard B. Sherley, Katrin
Ludynia, Les G. Underhill, Rian Jones and Jessica Kemper, has been submitted to the Journal of Avian
Biology. Currently the paper is under review.
The majority of Chapter 5 was published in 2010 in the following paper: Richard B. Sherley, Tilo
Burghardt, Peter J. Barham, Neill Campbell and Innes C. Cuthill. 2010. Spotting the difference: towards
fully-automated population monitoring of African penguins Spheniscus demersus. Endangered Species
Research, 11:101–111. It can be found cited in the text as Sherley et al. (2010).
The behavioural observations in Chapter 6 and some of the introduction section is based on a shortnote published in Ostrich which was initiated by Les G. Underhill and co-authored with Richard B. Sherley,
Bruce M. Dyer and Robert J. M. Crawford. The paper is cited in the thesis as Underhill et al. (2009).

1.1. General introduction and study rationale
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Chapter 1
INTRODUCTION AND BACKGROUND INFORMATION
1.1
1.1.1

General introduction and study rationale
Study context: monitoring seabirds for conservation in marine ecosystems

Marine ecosystems have historically supported rich assemblages of life, but today many are degraded
or stressed from anthropogenic actions (Botsford et al., 1997; Jackson et al., 2001; Halpern et al.,
2008). It is estimated that c. 75% of the world’s fisheries are already fully- or over-exploited (Botsford
et al., 1997) and a multitude of other threats has resulted in losses of biodiversity and undermined the
functioning of many marine systems (Agardy, 2000; Halpern et al., 2008). Today, it is widely accepted
that ecosystem functioning and biodiversity are inextricably linked (e.g. Solan et al., 2006; Mooney
et al., 2009). Consequently, holistic, ecosystem-based approaches that integrate species conservation
and sustainable resource extraction are recognised as the “gold standard” for the management of marine
systems (Levin et al., 2009; McLeod and Leslie, 2009).
The cornerstone objective of ecosystem-based approaches to management is being able to develop
strategies that can be realistically implemented and objectively assessed for efficacy (e.g. Shannon et al.,
2006). However, many large marine ecosystems are highly complex and show marked inter-annual variability (e.g. Shillington et al., 2006) so that understanding the processes that drive them requires reliable,
multi-year datasets on how changes affect various aspects of the system. In the marine environment,
such long-term time-series can be expensive, time consuming and difficult to collect (e.g. Wolfe et al.,
1987). Seabirds, however, are conspicuous and relatively easy to monitor (Furness and Camphuysen,
1997; Piatt et al., 2007). They are also highly adapted to the environment in which they live and are,
therefore, particularly sensitive to ecosystem changes (e.g. Rindorf et al., 2000; Wanless et al., 2005).
As such, when the derived data are used correctly, they are considered to be good choices to monitor
as indicators of the state of the marine environment (e.g. Underhill and Crawford, 2005; Frederiksen
et al., 2007; Durant et al., 2009). Accordingly, the need to include information on seabird population
dynamics when developing management strategies for large marine ecosystems is increasingly recognised
(e.g. Rogers and Greenaway, 2005; Piatt et al., 2007; Parsons et al., 2008), including in the Benguela
Upwelling System (e.g. Shannon et al., 2006).
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Rationale of this study

At the outset of this study, the national governments of South Africa, Namibia and Angola were collaborating on the Benguela Current Large Marine Ecosystem (BCLME) Programme 1 , which focused
on “sustainable management and utilization of living marine resources, mining and environmental variability, ecosystem forecasting, management of pollution, ecosystem health and protection of biological
diversity...” (Duda and Sherman, 2002). A number of species of conservation concern (see below) are
potentially in direct conflict with the demersal, purse-seine and rock lobster fisheries in the Benguela
Upwelling System (e.g. Pichegru et al., 2009). Accordingly, the BCLME programme initiated movements
towards an Ecosystem Approach to Fisheries (EAF) (Cochrane et al., 2009), which includes recognition
of the need to account for the requirements of top predators, such as seabirds, in the management of the
important fisheries in southern Africa (Shannon et al., 2006; Crawford, 2007).
However, the potential impacts of fishing on the availability of their prey are not the only pressures
seabirds face (e.g. Crawford et al., 2008d; Wolfaardt et al., 2009) and a holistic approach to their conservation requires an understanding of how all of these pressures combine to influence the population
demography of the species unique to the BCLME area (Kemper, 2007). For seabird monitoring programmes to contribute meaningful to the development of management objectives the priority must be on
collecting reliable, long-term datasets and key areas of focus identified during the BCLME programme
(Kemper, 2007) include2 gaining information on:
• the variability in seabird abundance, distribution and other biological parameters, such as breeding
performance, to assess population trends and species conservation needs, as well as the usefulness
of these parameters as indicators of ecosystem health (e.g. Underhill and Crawford, 2005, 2007).
• foraging and breeding habitat degradation through e.g. fishery, mining, coastal development, guano
harvesting, and the success of mitigation strategies and habitat rehabilitation (e.g. Frost et al.,
1976b; Kemper, 2006).
• the incidence of oiling and the success of mitigation strategies and rehabilitation measures (e.g.
Frost et al., 1976b; Wolfaardt et al., 2009).
By focusing on the areas outlined above, this thesis aims to contribute to seabird conservation within a
holistic, ecosystem-based management approach for the Benguela Upwelling System. The studies outlined
here focus on two endemic seabirds, the African penguin Spheniscus demersus and the bank cormorant
Phalacrocorax neglectus, at a colony that holds important populations of both species, Robben Island,
1

The BCLME Programme was a broad-based, multi-sectoral initiative by Angola, Namibia and South Africa to
manage the living marine resources of the BCLME in an integrated and sustainable manner. It was funded by the
United Nations Development Programme’s Global Environment Facility (UNDP-GEF) and ran from 2002–2008.
More information on the programme, including all of the final reports, can be found at http://www.bclme.org/.
2
The points in this list are extracts from the full list of monitoring priorities and recommendations given in
(Kemper, 2007).
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South Africa. As a result of a long history of human activity on and around Robben Island, including a
period of employment as an Apartheid state prison, wildlife conservation has not contributed significantly
to the objects of the island’s managing authorities in the past. Since the late 20th century, management
and conservation of Robben Island’s natural resources has been undertaken by a number of governmental
and non-govermental organisations working in close co-operation. This thesis played a part in the ongoing programme by undertaking standardised assessments of some basic demographic parameters for
the island’s two most threatened species.
Breeding productivity is an important parameter influencing population dynamics and a valuable
time-series of African penguin breeding success data exists for Robben Island (Crawford et al., 1999b,
2006a). This thesis updated that time-series, analysing data collected during the period 2001–2009,
relating breeding success of African penguins at Robben Island to changes in the availability of their prey,
the impact of oiling and the impact of nesting habitat. A published dataset on the breeding productivity
of bank cormorants is conspicuous in its absence and this thesis undertook the first comparative analysis
on breeding productivity for the species and – hopefully – laid the foundations for a long-term monitoring
programme.
Breeding success is a useful measure of productivity, but it does not provide information about the
quality of the offsprings produced. The chick-rearing period is the most demanding part of the breeding
cycle for seabirds (Ricklefs, 1983), thus their ability to provision chicks may be a useful indicator of
ecosystem quality (Barrett and Rikardsen, 1992; Rindorf et al., 2000). A study was made of the spatial
and temporal variability of chick growth in African penguins in the southern Benguela, and an initial
assessment of the usefulness of growth as an indicator for responses of African penguins to changes
in prey availability was undertaken in this thesis. Finally, a new monitoring method, that should allow
for much more accurate data on adult survival and population fluctuations to be fed into ecosystem
modelling, was tested and assessed on the African penguins at Robben Island.
The following sections include some background information on the Benguela Upwelling System, the
human activities occurring within the system and the state of the seabird populations that inhabit it. The
intention is to give only the basic information needed to interpret the work of this study, hence references
containing further information are given at the end of each section. Following these sections, the main
study site is introduced and some in depth background information is provided on the two study species of
focus in this study, including their population dynamics and the state of the colonies on Robben Island.

1.2
1.2.1

Background information
The Benguela Upwelling System

The Benguela Upwelling System, along the west coast of South Africa and the southern part of Namibia
(approximately between 15◦ S and 34◦ S, see Bianchi et al., 1999), is one of the world’s major easternboundary upwelling systems (Hill et al., 1998). The Benguela Upwelling System is normally divided into
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northern and southern sub-systems that are separated by a cell of strong, permanent upwelling at Lüderitz
(26◦ S) (van der Lingen et al., 2006), which acts as an environmental barrier for marine organisms. The
northern Benguela extends from the Angola-Benguela front (usually 14–16◦ S Meeuwis and Lutjeharms,
1990) south to Lüderitz, while the southern Benguela extends from the Lüderitz upwelling cell to the
Agulhas Bank off South Africa’s south coast (see Figure 8–1 in van der Lingen et al., 2006, for a map).
The Benguela Upwelling System is characterised by high productivity and strong upwelling (van der
Lingen et al., 2006; Cochrane et al., 2009). However, it is also highly dynamic in nature (Shillington
et al., 2006), tending to display greater variability than other eastern-boundary upwelling systems (Reason
et al., 2006). Although upwelling may vary spatially and temporally with different wind patterns, it is
strongest during the summer on the South African coast (Shannon, 1985). Detailed reviews of the
physical characteristics and variability of the Benguela Upwelling System can be found in Shannon (1985)
and Shillington et al. (2006).

1.2.2

Fisheries and human activities in the Benguela Upwelling System

The high productivity of the Benguela Upwelling System supports large populations of marine living
resources, including many fish species that are of substantial economic importance to the region, as well
as a number of top predators of conservation concern. Prior to the development of industrialised fishing
the Benguela current hosted large amounts of shoaling fish, especially sardine Sardinops sagax (LluchBelda et al., 1989). Bottom trawling was initiated in the Benguela in the early 1900s and purse-seine
fishing began during the 1940s (Crawford, 1980). Catches of most of the important resources in the
northern Benguela, such as sardine, have shown large reductions over the last 50–60 years (Bianchi et al.,
1999; van der Lingen et al., 2006). Fishing pressure, coupled with environmental change and possibly
indirect trophic effects, has given rise to regime shifts in the fish stocks of the northern Benguela subsystem. Following the collapse of the sardine stock in the late 1960s, there has been a suspected rise in
the abundance of pelagic goby Sufflogobius bibarbatus, an increase in Cunene horse mackerel Trachurus
trachurus trecae as well as an increase in jellyfish biomass (van der Lingen et al., 2006).
In the southern Benguela sub-system, large reductions in the abundance of several species also occurred shortly after the initiation of industrial fishing. For example, west coast rock lobster Jasus lalandii
catches in the mid-2000s were less than a third of what they were in the early-1950s (van der Lingen
et al., 2006). Heavy exploitation during the first two decades of the purse-seine fishery led to rapidly
increasing annual catches of sardine followed by the collapse of that fishery off South Africa, with sardine
catches remaining low until the 1980s (van der Lingen et al., 2006; Coetzee et al., 2008b). However, the
development of a fishery-independent programme to estimate pelagic fish abundance (Hampton, 1987)
has allowed fishing mortality of sardine and anchovy Engraulis encrasicolus to be maintained at relatively
low levels in the southern Benguela since the mid-1980s (van der Lingen et al., 2006). As a result, in
the early 2000s sardine stocks reached levels similar to those estimated prior to the collapse of sardine
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in the 1960s (van der Lingen et al., 2006). However, a prolonged period of poor recruitment since 2004
has led to a rapid decline in sardine biomass and reduced catches since 2005 (Coetzee et al., 2008b).
Concurrently, exceptionally high anchovy recruitment in 2000 and the following few years has resulted in
relatively high anchovy biomass estimates throughout much of the last decade (Coetzee et al., 2008a,
J. C. Coetzee, unpubl. data.).
Small pelagic fish in the southern Benguela have also shown extensive variability in terms of their
spatial distributions. Sardine have shifted from principally spawning off the west coast to principally
spawning off the south coast of South Africa on at least two occasions (van der Lingen et al., 2006) and
since 1996, there has been an eastward shift in the distribution of anchovy spawners from the west- to
the central- and eastern-Agulhas bank (van der Lingen et al., 2002). The recent return to spawning of
sardine in the south coast from 2001 seems to have coincided with a general eastward shift in the sardine
population (Fairweather et al., 2006; Coetzee et al., 2008b), which has created a spatial mismatch between
fishing pressure and fish abundance off the west coast of South Africa. The eastward displacements may
have been linked to both environmental changes (e.g. in sea surface temperatures, SST) and fishing
pressure on the west coast (Roy et al., 2007; Coetzee et al., 2008b).
Other direct impacts of human activities on the Benguela Upwelling System in the past include
whaling, seal-culls, mining, introduction of alien species and direct disturbance or displacement of seals
and seabirds. A detailed overview of human activities and their impacts on marine life in the Benguela
Upwelling System can be found in Griffiths et al. (2004), while further information on the interactions
between resource variability and fishing activity can be found in van der Lingen et al. (2006).

1.2.3

Seabird populations in the Benguela Upwelling System

In 2010, 15 species of seabird bred within the Benguela Upwelling System, of which seven are endemic to
southern Africa (Kemper et al., 2007b). Of these seven species, three are classified as Near-Threatened
(NT) by the IUCN, one as Vulnerable (VU) and two as Endangered (EN) (BirdLife International, 2010a,b).
Information on seabirds breeding in South Africa and Namibia was largely anecdotal until surveys were
undertaken by Rand (1963a,b) in the 1950s. However, it seems likely that the populations of several
species may have already been influenced by humans by that time. For example, it has been estimated
that there were c. 1.45 million adult African penguins at one colony in South Africa in 1910, but only
c. 141,000 were counted at all localities by Rand (1963a,b) in 1956/57. Little information was collected
on seabird populations in the 1960s and early 1970s (Kemper and Crawford, 2007), but since 1977,
the numbers of active nests have been counted at many South African colonies in most years. Since
the 1950s, nests were also counted sporadically in Namibia until the early 1990s and thereafter more
frequently once several of the main colonies there became permanently manned (Kemper and Crawford,
2007). As a result of these time-series, evidence exists for declines in four species, while other species
have shown increases or remained relatively stable over long periods (Kemper et al., 2007b).
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Four of the six species of conservation concern in the Benguela Upwelling System exploit prey items
that put them in direct competition with commercial fisheries, at least in part of their range (du Toit
et al., 2003; Kemper et al., 2007b). The African penguin (EN) and Cape gannet Morus capensis (VU)
populations have undergone large declines since the 1950s, while the populations of the Cape cormorant
Phalacrocorax capensis (NT) and bank cormorant (EN) have declined since at least the first full census
of their populations in the 1970s (Kemper et al., 2007b). These declines have been linked to reductions
in marine living resources in the Benguela Upwelling System in the latter half of the 20 th century (e.g.
Crawford, 1999; Crawford et al., 2007a,b). For example, the number of breeding Cape cormorants, which
feed on sardine and anchovy, declined from c. 250,000 in 1978/79 to c. 100,000 in 2005/2006, while the
area occupied at breeding colonies by Cape gannets, which also feed on sardine and anchovy, contracted
10-fold from 1956/57 to 2005/06 (Crawford, 2005). Many other factors are influencing the population
trends of seabird species in both the northern and southern Benguela. Some of the threats, such as
changes in the abundance or distribution of prey species are general and affect several species (Crawford,
2007), while others are more specific (see e.g. Frost et al., 1976b; Kemper et al., 2007b, Chapter 4). The
impact of some threats, for example oiling, are relatively well understood (Wolfaardt et al., 2009, Chapter
2) while what role others, such as climate change, might play is less clear (Crawford et al., 2008d). To
cover them all is beyond the scope of this section, and good reviews can be found in Frost et al. (1976b),
du Toit et al. (2003) and Kemper et al. (2007b). More information on the basic biology of the seabirds
occurring in the Benguela Upwelling System can be found in Hockey et al. (2005) and Bianchi et al.
(1999).

1.2.4

Study site: Robben Island

Robben Island (33◦ 48’ S, 18◦ 22’ E, Figure 1.1) lies in Table Bay, approximately 11 km north of Cape
Town and 7 km from the nearest mainland at Bloubergstand (de Villiers, 1971; Brooke and Prins, 1986).
At 507 ha, it is the largest of the South African continental islands (Crawford et al., 1995b). Robben is
relatively flat and low-lying with the highest point, Minto Hill (Figure 1.1), rising to 30.2 m above sea
level (de Villiers, 1971). The interior of the island is primarily covered by a sandy soil and much of the
approximately 12 km of coastline consists of jagged and uneven slate to the high-water mark, apart from
a small sandy beach located close to the harbour at Murray’s Bay (Figure 1.1). The position of the island
in Table Bay means that the eastern side is generally more sheltered from wave action. Robben Island
experiences a temperate, Mediterranean-type climate similar to that of the adjacent mainland. Summers
are warm and dry, whilst winters are cool and wet. Rainfall is driven by cold fronts moving in from the
South Atlantic Ocean and mainly occurs from April to September. Mean monthly rainfall normally peaks
in June (South African Weather Service, unpubl. data, supplied to R. B. Sherley).
Robben Island’s proximity to Cape Town has resulted in a long history of human activity on and
around the island (de Villiers, 1971; Brooke and Prins, 1986). The introduction of alien species, such as
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the European rabbit Oryctolagus cuniculus in the 1650s (Cooper and Brooke, 1982), feral cats Felis catus
by 1881 (Crawford and Dyer, 2000) and several species of Australian flora during World War II (Brooke
and Prins, 1986) has made reconstructing the natural state of the environment difficult. Stands of exotic
trees and shrubs now dominate the island flora (e.g. Rooikrans Acacia cyclops) and a number of mammal,
bird and reptile species have also become established (Brooke and Prins, 1986).
From the end of World War II until the mid-1990s, the island was run as a military establishment and
then as a maximum security prison. Robben Island became a museum in 1996 and was declared a World
Heritage Site in 1999 on the basis of its historical and cultural significance (Robben Island Museum,
2006). The island is also an Important Bird Area (Barnes, 1998), providing breeding habitat for several
threatened species, including the African penguin and the bank cormorant. Despite having produced
an Integrated Conservation Management Plan (Robben Island Museum, 2006), little direct conservation
management is undertaken directly by the managing authority (Robben Island Museum).

Figure 1.1: Location of Robben Island: The location of Robben Island within Table Bay, the Western Cape and
South Africa. The main island locations mentioned in the text are also shown.
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Study species: the African penguin

Relationship to the rest of the genus Spheniscus

The genus Spheniscus comprises four extant

species, the African, Magellanic S. magellanicus, Humboldt S. humboldti and Galápagos S. mendiculus
penguins. They are medium or medium-small penguins (Reilly, 1994; Williams, 1995), with adult African
penguins usually weighing 2900–3500 g and standing about 55–65 cm tall (Crawford and Whittington,
2005). All four species have only black and white plumage and carry a characteristic black band across
the chest. The bare facial skin is pink or black and aids the birds with heat regulation (Williams, 1995).
All adult spheniscids have a clear pattern of spots on the belly, although the extent of the patterning
varies between species and within individuals (Reilly, 1994).
The spheniscids represent some of the most northerly distributed of penguin species and, with the
possible exception of the Magellanic penguin, they generally occur in warmer climates than other penguins.
Consequently, all four species favour breeding in burrows, within rock crevices or under shrubs (Boersma,
1976; Frost et al., 1976a; Stokes and Boersma, 1991; Paredes and Zavalaga, 2001). Their breeding
ranges are generally associated with cold surface waters and high primary productivity (e.g. upwelling
ecosystems and the Patagonian Shelf ecosystem) as well as historically large stocks of small pelagic fish
(Alheit and Niquen, 2004; Boersma, 1978; Crawford et al., 1987). The African penguin is the only “old
world” representative of the genus, the other species occurring in South America and the Galápagos
archipelago (Williams, 1995).
Distribution, foraging habits and breeding localities

The African penguin is endemic to the Benguela

Upwelling System, with breeding occurring between Hollamsbird Island (24 ◦ 38’ S, 14◦ 32’ E), off central
Namibia, and Bird Island in Nelson Mandela (formerly Algoa) Bay (33 ◦ 51’ S, 26◦ 17’ E), South Africa
(Crawford and Whittington, 2005, Figure 1.2). Breeding is mainly focused around three key sub-regions:
southern Namibia, the Western Cape and the Eastern Cape around Nelson Mandela Bay (Figure 1.2). In
2007, breeding occurred at 30 localities, 18 in South Africa and 12 in Namibia (Crawford et al., 2007b;
Kemper et al., 2007b, Figure 1.2).
Historically the distribution of penguin breeding colonies has been restricted by the availability of sites
protected from disturbance and land-based predators (e.g. Randall, 1995). As a consequence, the majority
of the current breeding sites are offshore islands or rocky outcrops. There are currently five mainland
breeding colonies, three in South Africa and two in Namibia. Two of the mainland sites in South Africa
were colonised in the 1980s: breeding was first recorded at Stony Point (34 ◦ 22’ S, 18◦ 55’ E; Figure 1.2)
in 1982 (Broni, 1982) while Boulders Beach (34◦ 11’ S, 18,◦ 27’ E; Figure 1.2) was first colonised in 1985
(Cooper, 1985c). The survival of these colonies is probably made possible by active human access and
predator control (Whittington et al., 1996). The third mainland colony in South Africa was discovered in
2003 on the coast of De Hoop Nature Reserve (Figure 1.2), near Cape Agulhas (Underhill et al., 2006).
At least 12 breeding colonies are known to have become extinct (Crawford et al., 1995a; Kemper, 2006)
and two former sites have been recolonised (Crawford et al., 1995c; Roux et al., 2003).
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Figure 1.2: The breeding range of the African penguin: The locations of the 30 African penguin colonies where
breeding occurred in 2007. No breeding was recorded in the colony at Lambert’s Bay between 2006 and 2008.
Three key sub-regions are recognised within the breeding range: Namibia (A), the Western Cape (B–C plus De
Hoop and formerly Lambert’s Bay) and the Eastern Cape around Nelson Mandela Bay (D). Figure Adapted from
Crawford et al. (2007b).

African penguins forage on small pelagic fish, primarily sardine and anchovy (Rand, 1960b; Randall,
1983; Wilson, 1985b), but in Namibia they also take pelagic goby (Ludynia, 2007). When breeding, birds
in Namibia and on the west coast of South Africa tend to forage within 30 km of their colony and spend
less than 24 h at sea at a time (Petersen et al., 2006; Ludynia, 2007). On the south coast of South Africa
birds may forage up to 40 km from their breeding locality (Heath and Randall, 1989). Dives in pursuit
of prey have been recorded to a maximum depth of 130 m (Wilson, 1985a) but most dives are shallower
than 50 m deep (Ludynia, 2007; Ryan et al., 2007).
Breeding and life-cycle characteristics

Adult African penguins are sedentary with no substantial

period of annual migration. Once they have bred, adults show strong fidelity to colonies and mates as
well as some nest-site fidelity (e.g. Randall, 1983; La Cock et al., 1987). Breeding usually first occurs
at between four and six years of age (Whittington et al., 2005). Egg laying can occur at any time of
year, although there are general peaks between February and May in South Africa (e.g. Randall, 1983;
Crawford et al., 1999b) and November to December in Namibia (Kemper, 2006). Typically two eggs are
laid at a laying interval of about three days (Williams and Cooper, 1984). Incubation lasts 38–41 days
(Rand, 1960a; Williams and Cooper, 1984) and is shared equally by both parents in alternate shifts of one
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to two days. At Robben Island between 1989 and 1995, 32% of pairs re-laid when clutches failed during
incubation, 23% when clutches failed during chick rearing and 21% re-laid when a chick was successfully
fledged. Overall, 27% of breeding pairs produced a second clutch in a season (Crawford et al., 1999b).
Chicks generally hatch asynchronously, usually about two days apart (Williams and Cooper, 1984;
Seddon and van Heezik, 1991a). Fledging periods can vary between about 60 and 110 days but are
generally around 75–90 days (Cooper, 1980; Williams and Cooper, 1984; Seddon and van Heezik, 1991a).
Both parents provision the chicks, usually in shifts until about 40 days post-hatch after which chicks may
be left unguarded as both parents forage (Cooper, 1977). Survival to fledging is variable and influenced by
a multitude of factors (see e.g. Seddon and van Heezik, 1991a). Often both chicks will fledge from twochick broods. Breeding success is also highly variable between colonies and years, having been recorded
as low as c. 0.15 chicks per pair (Adams et al., 1992) and as high as c. 1.10 chicks per pair per year
(Wolfaardt et al., 2008c). After fledging juveniles spend the first 12–20 months at sea before returning
to breeding colonies to moult (Randall, 1983). For birds banded in the Western Cape between 1987 and
1998, annual first year survival ranged from 0.10–0.53 and averaged c. 0.35 (Whittington, 2002). Adult
survival is usually higher (above 0.80 per year), although it may have decreased recently in the Western
Cape (Altwegg et al., 2009). At St Croix Island, in the Eastern Cape (Figure 1.2), annual adult survival
averaged 0.91 from 1976/77–1981/82 (Randall, 1983) and it was estimated at c. 0.82–0.89 at Robben
Island in 1993/94 (Crawford et al., 1999b). Adults are generally long-lived and may reach in excess of
20 years of age (Whittington et al., 2000).
Adult moult is typically post-nuptial and occurs at an inter-moult interval of almost exactly one year
(Kemper, 2006). Birds usually moult at landing beaches or near their breeding sites and only enter the
sea to preen and drink (Cooper 1978). The duration of the moult is c. 21 days (Randall and Randall,
1981), the fattening period prior to moult lasts c. 35 days, while the post-moult re-fattening period is
around 42 days (Randall, 1983, 1995). Adult African penguins birds lose 47% of their body mass and
generally suffer atrophy of the pectoral muscles during moult (Cooper, 1978).
Population trends and status

The African penguin population has decreased by at least 90% since

the turn of the 20th century (Crawford et al., 2001) to perhaps as few as 26,000 breeding pairs in 2009
(Altwegg et al., 2009). As a result, the species was classified as Vulnerable by the IUCN in 2000 (Barnes,
2000) and then as Endangered in 2010 (BirdLife International, 2010b). The loss and modification of
breeding habitat through the removal of guano for fertiliser (e.g. Frost et al., 1976a,b) and the commercial
harvesting of penguin eggs (Frost et al., 1976b; Shannon and Crawford, 1999), which substantially reduced
recruitment in the early part of the 20th century (Frost et al., 1976a), are thought to have been key to the
decline prior to the 1950s. Both practises have now ceased in South Africa (egg collection in 1967, guano
scraping in 1991, Crawford et al., 1995c). Although collection of guano is still sanctioned in Namibia,
no scraping has occurred at penguin colonies for several years (as of 2010, J. Kemper, pers. comm.) and
these activities are no longer considered a major threat to the species.
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Reduced prey availability in the northern Benguela (see e.g. van der Lingen et al., 2006) and an
altered distribution of purse-seine stocks in the southern Benguela (e.g. Fairweather et al., 2006; Roy
et al., 2007) potentially resulting from commercial fishing pressure (van der Lingen et al., 2006; Crawford,
2007; Coetzee et al., 2008b), climate change (Crawford et al., 2008d; Crawford and Altwegg, 2009) or
both, have been implicated in driving the ongoing decline (Crawford et al., 2008c,e). A number of
other factors are also thought to have contributed, including competition for food and breeding space
with (Crawford et al., 2001) as well as predation by (du Toit et al., 2004) a resurgent Cape fur seal
Arctocephalus pusillus population (previously depressed by human exploitation, Best et al., 1997; Griffiths
et al., 2004); predation by feral cats (e.g Seddon and van Heezik, 1991a; Crawford et al., 1995b) and kelp
gulls Larus dominicanus (e.g. Wilson, 1985a); and mortality through both chronic (Parsons and Underhill,
2005; Wolfaardt et al., 2009) and catastrophic oiling events (e.g. Crawford et al., 2000a; Wolfaardt et al.,
2001).
The colony and prior monitoring at Robben Island

The penguin colony at Robben Island was

extirpated at some point in the late 1790s (Rand, 1949; Westphal and Rowan, 1971) and only recolonised
in 1983 when c. 18 penguins were observed breeding (Shelton et al., 1984). Between 1986 and 1992,
active nest counts were conducted (by staff of Marine and Coastal Management, MCM) in nearly every
month and the colony grew rapidly, reaching c. 850 pairs in 1988 and c. 2000 in 1992 (Crawford et al.,
1995b). This growth was largely attributed to immigration from other colonies, particularly Dyer Island
(Crawford et al., 1995b), and occurred during a period of increased anchovy spawner biomass in the
southern Benguela (Crawford et al., 1999b). After 1992, counts were conducted at least once a year
(Crawford et al., 1995c). The colony continued to increase until 2004, reaching a peak of c. 8500
breeding pairs (Underhill et al., 2006). After 2004, the population began to decline sharply and in 2009
the annual census returned a count of c. 2400 breeding pairs (Altwegg et al., 2009).
The annual population counts have formed part of a time series of data on African penguins which
have been used to monitor population trends (e.g. Crawford et al., 1995c; Underhill et al., 2006) and
responses to altered food availability (Crawford et al., 2008e). Besides the annual counts, staff from
MCM monitored breeding success of African penguins from 1989 to 1999 (Crawford et al., 1999b, 2006a)
and have collected diet samples from breeding African penguins since 1989 (until 2010). Some of these
data have been used to assess the relationship between breeding success of African penguins on Robben
Island and pelagic fish abundance (Crawford et al., 1999b, 2006a).
From 2001–2009, the monitoring of breeding success has been undertaken collaboratively by staff
from MCM, Robben Island Museum, the Univeristy of Cape Town and the University of Bristol in the
form of an Earthwatch volunteer project. A subset of the data from this period has been used to assess the
impact of flipper-banding on penguins (Barham et al., 2008) and the efficacy of conservation measures
taken after the Treasure oil spill of 2000 (Barham et al., 2007). Prior to the initiation of the work
described in this thesis, chick growth had only been assessed in one season at Robben Island (2004) as
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part of a study on the energetics of African penguin chicks (Bouwhuis et al., 2007) and development of
the automated recognition system had been limited to simple field trials (Burghardt et al., 2007).

1.2.6

Study species: the bank cormorant

Relationship to the rest of the genus Phalacrocorax

Although the exact taxonomic relationship of

the Phalacrocoracidae family is currently unsettled, most authorities continue to recognise 39 (Nelson,
2005) or 40 (Orta, 1992) species in one genus, Phalacrocorax. All members of the genus are adapted for
rapid, underwater pursuit of prey by foot propulsion (Nelson, 2005). Extant members of the genus range
in size from the pigmy cormorant P. pygmaeus with a maximum weight of 900 g, up to the flightless
cormorant P. harrisi at 4000 g (Nelson, 2005). The bank cormorant is a medium-large, heavily built
cormorant at about 75–76 cm maximum length, 2107 g average adult male mass and with a wingspan
of c. 1.3 m (Cooper, 1985a; Crawford and Cooper, 2005). The adult plumage of the bank cormorant is
predominantly black with a greenish metallic sheen apart from the white rump and white filoplumes on
the side of the head (Cooper, 1985a; Nelson, 2005). Unusually amongst cormorants, the bare skin of the
gular patch and eye ring are black in the bank cormorant, as are the feet and legs (Cooper, 1985a).
Twenty-nine cormorant species occur in marine habitats, generally inshore or coastal waters (Nelson,
2005). The greatest breeding concentrations tend to occur in unusually food-rich coastal waters such
as those of the Benguela, Humboldt and Californian Upwelling Systems or the productive waters of the
Antarctic convergence and the sub-Arctic (Nelson, 2005). Some species, such as the great cormorant
P. carbo, have a circum-global distribution, while several more specialised species, such as the Cape P.
capensis and bank cormorants, are endemic to small islands or particular regions.
Species population sizes vary from a few hundred pairs (e.g. the flightless cormorant) up to tens of
millions (e.g. the guanay cormorant P. bougainvillii ) (Nelson, 2005). In comparison, the bank cormorant
is at the lower end of the scale, being scarce to locally common, with a world population in the single
figure thousands (Crawford and Cooper, 2005). Five members of the genus occur in southern Africa,
three of which (the Cape, bank and crowned cormorant P. coronatus) only occur in marine habitats.
Distribution, foraging habits and breeding localities

The bank cormorant is endemic to the Benguela

upwelling region of southern Africa with its range generally coinciding with that of sea bamboo (kelp)
Ecklonia maxima (Cooper, 1981). Bank cormorants generally forage within 10 km of their breeding colony
Cooper (1985b), usually amongst kelp beds or over sand or shingle bottoms (Cooper, 1985b). Most dives
descend to the sea floor (Wilson and Wilson, 1988; Ludynia et al., 2010), where they primarily target
west coast rock lobster, crabs, octopus, klipfish (Xenopoclininae) and, in Namibia, pelagic goby (Cooper,
1985b; Crawford et al., 1985).
The majority of bank cormorant breeding colonies tend to occur on offshore islands, but they also make
use of a variety of habitat including mainland cliffs (e.g. Bartlett et al., 2003), high boulders along rocky
shores and man-made structures (Williams, 1987; Crawford et al., 1994; Crawford and Cooper, 2005).
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Crawford and Cooper (2005) listed 53 breeding localities between Swakopmund, central Namibia (just
north of Walvis Bay, Figure 1.2) and Quion Rock in the Western Cape (just east of Geyser Island,
Figure 1.2). At least seven former colonies have gone extinct, including Bird Island, Lambert’s Bay
(Figure 1.2) where breeding ceased in 1999 (Crawford and Cooper, 2005; Crawford et al., 2008a). Colonies
are usually in the order of 20–100 nests, although the populations at Mercury and Ichaboe Islands
(Namibia) are larger at c. 1800 and 300 pairs respectively (Kemper et al., 2007b).
Breeding and life-cycle characteristics

Bank cormorants normally breed once annually, although some

pairs may raise two broods in a season (Crawford and Cooper, 2005). Adults are generally sedentary and
faithful to their breeding colony, while juveniles tend to disperse away from their natal site (Cooper, 1981;
Crawford and Cooper, 2005). The species builds a large, heavy (up to 6 kg) nest constructed almost
entirely of fresh seaweed, for which the male dives throughout the breeding attempt (Cooper, 1986).
Both sexes partake in nest construction, which takes c. 34 days (Cooper, 1986).
Egg laying may occur in any month of the year, but the main breeding season is May–October in
South Africa and November–May in Namibia (Crawford et al., 1999a). Usually between one and three
eggs are laid (mean clutch size = 2.02 eggs) about three days apart (Cooper, 1987), although four-egg
clutches have been recorded (Crawford and Cooper, 2005). The modal clutch size is two (c. 66% of nests
Cooper, 1987). Incubation starts with the first laid egg and takes c. 28–32 days. The eggs are incubated
on top of the webbed feet by both sexes equally (Cooper, 1987). Bank cormorants do not replace partial
egg losses during incubation (Cooper, 1987), but will lay a replacement clutch 16–90 (usually 20–30)
days after a failed clutch or brood (Crawford and Cooper, 2005).
Hatching occurs asynchronously, in the order in which the eggs were laid, usually two to three days
apart (Cooper, 1987). Chicks leave the nest for short periods after 50 days and are thought to fledge at
between 55–70 days post-hatching (Crawford and Cooper, 2005); however, they cannot fly well at this
stage and may remain in parental care for up to three months (Cooper, 1985a). In 284 nests monitored
by Cooper (from unpublished data, cited in Crawford and Cooper, 2005), 52.5% of eggs hatched and
61.4% of chicks that hatched went on to fledge.
Adults undergo a partial pre-breeding moult and a complete post-breeding moult (Crawford and
Cooper, 2005) which usually takes place between January and May in South Africa (Rand, 1960a).
Primary moult is protracted (Cooper, 1985a). The moult is described in detail by Cooper (1985a). Adult
annual survival is not known, but is assumed to be around 0.80 per year based on congeners of a similar
size (Crawford et al., 1991). Maximum longevity is at least 16 years, 1 month (Underhill et al., 1999b).
Population trends and status

The first major census of bank cormorants in both South Africa and

Namibia estimated a population of c. 9000 breeding pairs at 44 localities between 1975–1980 (Cooper,
1981). This figure was later revised to c. 8600 pairs (by excluding counts of recently occupied sites;
Crawford et al., 1999a), of which 7100 pairs were in Namibia and 1500 in South Africa. By the period
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covering 1995–1997, the population had decreased to c. 4900 pairs at all breeding localities (Crawford
et al., 1999a), with 80% of those losses occurring in Namibia. The species was classified as Vulnerable
in 2000 (Barnes, 2000) and Endangered in 2004 (BirdLife International, 2004); however, despite conservation efforts (listed in Crawford and Cooper, 2005), the population has continued to decline. By
2006–2007, there were c. 3600 pairs remaining (Crawford et al., 2008a), of which 50% were on Mercury
Island in Namibia (Kemper et al., 2007b).
Reduced food availability or altered prey distributions are thought to be the main reason for the
decline in bank cormorant numbers (Crawford et al., 1999a, 2008a). A decline of 68% in Namibia
between 1993 and 1998 (Kemper et al., 2007b) was presumed to result from a temporary collapse of the
stock of pelagic goby (Crawford et al., 1999a). The Namibian population has not recovered to pre-crash
levels and continues to decline (Kemper et al., 2007b). Declines at Dassen and Malgas Islands, formerly
the two largest colonies in South Africa, occurred in a period of reduced growth and productivity of west
coast rock lobster (Cruywagen, 1997) and declines at a number of colonies north of Cape Town have
been linked to a southward and eastward shift in rock lobster abundance (Crawford et al., 2008a). Other
factors have also played a role in the declines, including mortality following oil spills (Crawford et al.,
2000a), predation and displacement from breeding space by Cape fur seals (du Toit et al., 2004; Crawford
et al., 1999a) and human disturbance, including through harbour development (Crawford et al., 1994,
1999a).
The colony and prior monitoring at Robben Island

The first occupied nest counts of bank cormorants

at Robben Island give population estimates of 73 and 59 breeding pairs in 1979 and 1980 respectively
(Kriel et al., 1980). Since 1985, an annual census has been conducted by staff of MCM in most years
(Crawford et al., 2008a) and between December 1986 and May 1993 nests were counted once per
month (Crawford et al., 1999a). Apart from reductions through mortality following oil spills in 1994
and 2000 (Crawford et al., 2000a) the colony has grown since the late 1970s, with c. 130 pairs recorded
in the early 1990s and c. 120 pairs in 2000. The latest published count was 136 breeding pairs in 2006
(Crawford et al., 2008a).
The data from the annual counts have formed part of a time series dataset on bank cormorants, used
to monitor population trends (Crawford et al., 1999a, 2008a) and responses to altered food availability
(Crawford et al., 2008a). The monthly counts (from 1986–1993) were used to study the seasonal pattern
of breeding in the Western Cape (Crawford et al., 1999a). Besides these counts, little other monitoring
has been undertaken on the colony. A study on the diet of bank cormorants was conducted in the late
1990s and early 2000s (B. M. Dyer, pers. comm.), but the results remain unpublished. Birds have been
fitted with tarsus bands sporadically between 1996 and 2009 (B. M. Dyer, pers. comm.; R. B. Sherley,
unpubl. data). Prior to the initiation of this work, no study had successfully monitored breeding success
or nest survival of bank cormorants on Robben Island.
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Chapter 2
FACTORS INFLUENCING BREEDING SUCCESS OF AFRICAN PENGUINS
ON ROBBEN ISLAND, 2001–2009

2.1

Abstract

Recent declines in the number of African penguins Spheniscus demersus breeding in the Western Cape, South
Africa, as well as their breeding success, have been linked to the loss and modification of breeding habitat, changes
in the distribution and abundances of their main prey species and catastrophic oiling events, amongst other factors.
The reproductive output of African penguins monitored on Robben Island from 2001–2009 was variable, both
within and between years, but overall was similar to figures previously reported for the colony. Chick-fledging
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rates were negatively impacted in a subset of the population that was exposed to oil during the Treasure oil spill
of 2000, with de-oiled birds fledging 10% fewer chicks per egg that hatched overall than birds that were not
oiled. This impairment persisted to the end of the study period, suggesting that oiling is likely to impact upon
African penguins for the remainder of their reproductive lives. The breeding success of birds translocated away
from the oil spill area in 2000 was indistinguishable from birds in control nests, supporting the adoption of a
similar translocation strategy in the event of future large-scale spills. Within the cohort of birds that were not
oiled, those occupying artificial nests and nests in abandoned buildings had increased success during chick rearing,
fledging 12% and 17% more chicks per breeding attempt than birds nesting under vegetation during the study.
Artificial nests and nests in buildings seem to offer the advantages of shelter from the weather and protection from
predators, without the risks of collapse associated with natural burrows in a non-guano substrate. This vindicates
the continued use of artificial nests throughout the species’ range. Finally, nest success and chick-fledging rates
were positively influenced by the annual purse-seine industry catch of anchovy Engraulis encrasicolus within 30
miles of Robben Island. This suggests that catch data may act as a proxy for food availability to breeding birds.
Previously reported relationships between the overall abundance of small pelagic fish in the southern Benguela
and the breeding success of African penguins at Robben Island were not replicated here, probably as a result
of recent distributional shifts of these fish in South African waters. Taken together, these results highlight the
importance of local food availability to African penguins during the reproductive cycle.

2.2

Introduction

The African penguin Spheniscus demersus population has declined from c. 141,000 breeding pairs in the
1950s to c. 26,000 pairs in 2009 (Kemper et al., 2007b; Altwegg et al., 2009, see also section 1.4.2 for
more details). A number of factors have contributed to the decline including the loss and modification of
breeding habitat through the removal of guano for fertiliser (e.g. Frost et al., 1976a,b), alterations in the
availability and distribution of purse-seine stocks in the Benguela Upwelling System (e.g. van der Lingen
et al., 2006; Roy et al., 2007) and both chronic (Parsons and Underhill, 2005; Wolfaardt et al., 2009)
and catastrophic oiling events (e.g. Crawford et al., 2000a; Wolfaardt et al., 2001).
Oiling in particular has exerted a significant pressure on the populations at Dassen and Robben Islands,
South Africa, both of which were affected following the sinking of the Apollo Sea in 1994 (c. 10,000
penguins oiled, Underhill et al., 1999a) and the Treasure in 2000 (c. 19,000 penguins oiled, Crawford
et al., 2000a). The majority of the birds oiled in these spills were cleaned and returned to the wild (Barrett
et al., 1995; Barham et al., 2006) and the post-release survival of the de-oiled birds was indistinguishable
from unaffected birds following the Apollo Sea spill (e.g. Underhill et al., 1999a; Whittington, 2002).
However, oiling appeared to prevent breeding in some rehabilitated birds following both the Apollo Sea
and Treasure spills and imposed a reproductive cost on others that did attempt to breed (Wolfaardt et al.,
2008a,b).
Breeding success is an important parameter influencing the population dynamics of birds and it can
be depressed by petrochemical contamination in a number of ways. Ingested oil may interfere directly
with the pattern of oviposition in birds by altering hormonal control mechanisms (e.g. Cavanaugh et al.,
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1983; Cavanaugh and Holmes, 1987) leading to a prolongation or failure of the reproductive cycle (e.g.
Cavanaugh et al., 1983), or it may indirectly impair breeding by lowering residual fitness through causing
e.g. anaemia (Birrel, 1995), internal injuries (Crawford et al., 2000a) or immunosuppressant effects
(Morant et al., 1981). In seabirds, oil contamination is known to delay the commencement of egg laying
(Giese et al., 2000); cause reduced egg productivity and hatchability (e.g. Butler et al., 1988; Fowler
et al., 1995); increase nest abandonment rates (e.g. Butler et al., 1988; Eppley and Rebega, 1990);
depress chick growth rates (e.g. Miller et al., 1978; Wolfaardt et al., 2008c) and mass at fledging (Giese
et al., 2000); and impair fledging success (e.g. Giese et al., 2000; Barham et al., 2007). Following
the Apollo Sea oil spill, offspring mortality was higher between hatching and fledging in the nests of
de-oiled versus unaffected birds but was not significantly different during the incubation phase of the
breeding cycle (Wolfaardt et al., 2008c). The reduced survival to fledging of chicks from de-oiled birds
was confirmed for the five years following the Treasure oil spill by Barham et al. (2007), leading to
the hypothesis that oiling impairs the ability of African penguins to provision their young during the
periods of growth when energy demands are highest (Barham et al., 2007; Wolfaardt et al., 2008c). The
effects of oiling, if any, on the incubation period of penguins oiled in the Treasure oil spill have not been
studied.
Even in the absence of oiling effects, African penguins exhibit high spatial and temporal variability in
breeding success, thought to be driven primarily by food availability (e.g. Adams et al., 1992). On Robben
Island, breeding success has been linked to the availability of both anchovy Engraulis encrasicolus and
sardine Sardinops sagax in the past (Crawford et al., 1999b, 2006a), while the growth of the colony from
1989 to 1995 was related to the spawner biomass of anchovy in the southern Benguela (Crawford et al.,
1999b). However, other factors that influence productivity have been identified including the type and
quality of nest (Seddon and van Heezik 1991a; Kemper et al. 2007c,d, but see Hampton et al. 2009),
nest position and density within a colony (e.g. Seddon and van Heezik, 1991a; Kemper et al., 2007d)
stochastic weather events (e.g. flooding, Seddon and van Heezik, 1991a; Kemper et al., 2007d) and
disturbance or displacement at colonies by humans (Crawford et al., 1995c; Hockey and Hallinan, 1981).
African penguins breed in a range of different nest types and substrates. On Robben Island, the
majority of nests are shallow scrapes dug underneath alien vegetation (predominately rooikrans Acacia
cyclops and manatoka Myoporum tenuifolium); however, they also dig burrows in sandy soil, occasionally
dig scrapes in the open and nest in old disused buildings or under discarded artificial materials. The
initiation of an alien tree clearing programme by the managing authority on Robben Island (Robben
Island Museum, 2006) also prompted the installation of a number of purpose-made plywood nest boxes
and acrylic plastic artificial burrows. African penguins can abandon their nests in conditions of excessive
heat, when the birds leave to sea to cool down (Randall, 1995), and nests can fail because of flooding
following heavy rain (Wilson and Wilson, 1989; Seddon and van Heezik, 1991a). Consequently, artificial
nests have been trialed on Marcus Island, Saldanha Bay (Wilson and Wilson, 1989), and Halifax Island,
Namibia (Kemper et al., 2007d) in the past and have also been put out in large numbers on Dyer Island

2.3. Methods

21

and at Boulders Beach (locations in Figure 1.2) in the last few years (L. J. Waller, pers. comm.). These
artificial nests are expected to improve breeding success, at least relative to scrapes in the open and under
vegetation (Kemper et al., 2007c), and a number have now been occupied on Robben Island since 2001.
Improving breeding success, including by maintaining or improving breeding habitat, has been identified,
along with increasing adult survival, as one of the key conservation actions needed to address the decline
of African penguins (BirdLife International, 2010b). Artificial nests could assist with this aim, provided
that the cost and effort of their introduction to the colonies can be justified.
This study examines the productivity of African penguins on Robben Island over the nine years
following the Treasure oil spill of 2000. The focus is placed on (1) comparing both the incubation and
chick rearing period of the breeding cycle in pairs where at least one bird was a de-oiled survivor of
the 2000 spill and birds that were relocated during the spill with birds that have never been oiled (2)
comparing breeding success in the different nest types available on Robben Island and (3) assessing what
role, if any, changes in the availability of sardine and anchovy have had on breeding success on Robben
Island in the recent past.

2.3
2.3.1

Methods
Study site

Robben Island (33 ◦ 48’ S, 18 ◦ 22’ E) is a World Heritage Site and an Important Bird Area (Barnes, 1998;
Crawford and Dyer, 2000). In 2000, at the time of the Treasure oil spill, it hosted the third largest African
penguin colony with c. 6,000 breeding pairs (Underhill et al., 2006). In 2000 the number of birds in adult
plumage on Robben Island and Dassen Island, 50 km to the north, was estimated to amount to c. 40%
of the global African penguin population (Crawford et al., 2000a; Underhill et al., 2006). The number of
penguins breeding on Robben Island increased to c. 8500 pairs in 2004 (Underhill et al., 2006), but has
since declined. In 2009, c. 2400 breeding pairs were counted and the colony was the fifth largest for the
species (R. J. M. Crawford, pers. comm.). African penguins on Robben Island build nests on the east
side of the island, with the bulk of the colony located in the north-east quarter of the island (Figure 2.1).
Three areas were used for nest monitoring in all years: the area adjacent to the North Perimeter Road
(NPR), the area adjacent to Cornelia Road (CR) and the area behind the Kramat building (Figure 2.1).

2.3.2

Nest monitoring

In most years, African penguin nests were monitored between mid-March and mid-September (Table 2.1)
and nests were added to the sample throughout the breeding season. The majority of nests were first
visited during incubation (85%) but a number of nests were first monitored once chicks had hatched.
At the first visit, each nest was marked using plastic labels and, where possible, assigned to one of five
“Nest type” categories (Table 2.2, Figure 2.2).
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Figure 2.1: The location and approximate expanse of the three areas where African penguin nests were monitored
for breeding success on Robben Island between 2001 and 2009. NPR = North Perimeter Road, CR = Cornelia
Road.

Table 2.1: Numbers of African penguin nests monitored and study periods for breeding success studies on Robben
Island between 2001 and 2009. Nest numbers in each of the three study groups are shown along with the total
number of breeding attempts monitored per category in brackets. De-oiled nests were attended by at least one
bird oiled during the Treasure oil spill of 2000 and subsequently cleaned and released. Non-oiled nests were
attended by birds that were not known to have been involved in the Treasure oil spill and Swimmers nests were
attended by birds that were translocated away from the oil spill area in 2000 and not oiled. See section 2.3.3 for
further details.
Year
2001
2002
2003
2004
2005
2006
2007
2008
2009
Total

Study
period
02/03/2001 − 21/08/2001
12/03/2002 − 13/09/2002
28/03/2003 − 16/09/2003
23/03/2004 − 14/09/2004
05/04/2005 − 31/08/2005
02/03/2006 − 24/08/2006
18/03/2007 − 27/09/2007
04/03/2008 − 20/11/2008
12/02/2009 − 19/11/2009

De-oiled
nests
49 (59)
51 (72)
56 (57)
90 (94)
50 (52)
63 (66)
49 (54)
70 (73)
31 (35)
509 (562)

Non-oiled
nests
61 (71)
106 (127)
71 (74)
125 (134)
112 (119)
111 (120)
125 (142)
264 (297)
218 (252)
1193 (1336)

Swimmers
nests
9 (10)
9 (12)
9 (10)
12 (14)
5 (5)
5 (5)
6 (6)
10 (10)
7 (8)
72 (80)

Total
nests
119 (140)
166 (211)
136 (141)
227 (242)
167 (176)
179 (191)
180 (202)
344 (380)
256 (295)
1774 (1978)
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Table 2.2: Nest type categories and criteria used to classify African penguin nests on Robben Island between
2001 and 2009. The number of breeding attempts monitored in each nest type over all nine breeding seasons is
also shown.
Nest type
name
Open
Under vegetation
Building/man-made
Artificial nest
Natural burrow
Other

Code

Description

Op
V
B
A
N
Ot

Open scrape; not under any substrate; no shelter from sun, rain etc.
Scrape under vegetation (e.g. Rooikrans); some shelter
In disused buildings or under man-made material; ∼100% shelter
Custom-made artificial burrow or nest box; 100% shelter
Natural burrow in sandy soil; 100% shelter; roof can collapse
Any nest not one of the above or nest type was not recorded

No. breeding
attempts
126
1061
109
172
76
434

Figure 2.2: Examples of the five nest types monitored for breeding success and nest survival on Robben Island
from 2001-2009. Birds on Robben Island breed in surface nests in the open (A); in surface nests under vegetation,
principally rooikrans Acacia cyclops (B and C); in disused and abandoned buildings or other man-made structures
(D and E), in custom-made artificial nests, either (F) the wooden boxes (seen here from behind, the entrance is
at the opposite end), first placed on the island in 2001 or the fibre-glass artificial burrows (G) first used in 2007;
and in natural burrows (H) dug in sandy substrate. See Table 2.2 for categories and criteria of the nest types
used for analysis.

The nests were monitored at intervals, normally of four to seven days, but sometimes at longer
intervals of 14–28 days. On each visit, the nest contents and the presence of adults were recorded. To
minimise disturbance adults were not measured or weighed, so could not be sexed. If the adult bird at
the nest was banded, the band number was recorded. If birds were not banded, they were identified as
a nest owner using dye or photographs of unique plumage features (sensu Sherley et al., 2010). Chicks
were not weighed but, if present, their approximate size was noted by classifying them into five stages of
development, following Barham et al. (2007): P0 – newly hatched chicks, naked, eyes generally closed
(< six days old; Seddon and van Heezik 1993a); P1 – small downy chicks; P2 – medium to large downy
chicks; P3 – large downy chicks; and P4 – chicks with more than half of their body covered with final
fledging plumage (∼ 45 days or older; Seddon and van Heezik 1993a). A chick was considered to have
fledged successfully if it reached the P4 stage. It is likely that some chicks that were recorded as fledging,
especially those that were recorded to fledge at young ages (e.g. < 60 days), may have wandered from
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their nests and thereby evaded detection. In addition, many chicks eventually joined crèches and, although
neighbouring nests and crèches were checked for the presence of “missing” chicks, they could not always
be positively identified as they were not individually marked. Consequently, breeding success may have
been overestimated.

2.3.3

Nest survival and breeding success

Breeding attempts were assigned to one of three “Treasure” categories by reference to databases held
by the Southern African Foundation for the Conservation of Coastal Birds (SANCCOB) and the South
African Bird Ringing Unit (SAFRING). Assignment was based on the involvement or otherwise in the
Treasure oil spill of the adult birds recorded at the nest. If at least one partner had been de-oiled by
SANCCOB in 2000, any breeding attempts from that nest were assigned to the “De-oiled” study group.
If at least one partner from the nest had been collected before becoming oiled, transported to Port
Elizabeth and released shortly afterwards (see Crawford et al., 2000a; Barham et al., 2006) then breeding
attempts from those nests were assigned to the “Swimmers” study group. Birds that had been removed
from Robben or Dassen Islands as a chick in 2000 and hand-reared at SANCCOB (see Crawford et al.,
2000a; Barham et al., 2006) were not included as a study group because the number of nests occupied
by these birds that could be monitored over the nine years was too small and nests for this study group
were not available in all years of the study. If neither adult was known to have been involved in the
2000 oil spill, then the nest was assigned to the “Non-oiled” study group. Being de-oiled always took
preference because it is known that growth (Wolfaardt et al., 2008c) and pre-fledging mass (Giese et al.,
2000) are decreased and mortality is increased (Barham et al., 2007) in chicks of de-oiled penguins. So
if, for example, one partner at a nest had been de-oiled in 2000 and one partner had been relocated in
2000, the nest was assigned to the De-oiled study group.
It is possible that some of the birds at nests assigned to the Non-oiled study group could
have been chicks hand-reared in 2000 or relocated without being oiled (Swimmers), as only 79%
of the hand-reared chicks and 17% of the relocated birds were banded prior to release
in 2000 (Barham et al., 2006, 2008). In addition, it is possible that a small number of the birds assigned to the Non-oiled study group could have been oiled in small spills since 2000 and not banded
prior to release (see e.g. Parsons and Underhill 2005 and Table 3 in Wolfaardt et al. 2009), or oiled in a
spill prior to 2000, such as the Apollo Sea oil spill of 1994 where an estimated 15% of the birds de-oiled
were not banded before release (Wolfaardt et al., 2008c). In addition, it was not possible to distinguish
between any effects that may be induced by oiling and the effects that carrying a steel flipper band may
impose on some penguins in some years (e.g. Gauthier-Clerc et al. 2004; Boersma and Rebstock 2010,
but c.f. Barham et al. 2008) as all the de-oiled birds in this study were flipper banded.
Breeding success was considered separately for the incubation and chick-rearing periods. For all
breeding attempts that were monitored to a conclusion (i.e. where eggs were observed to hatch, chicks
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were observed until fledging etc.) and where an outcome could be determined, incubation success was
assessed using differences in apparent clutch size (clutch size at the first nest visit, not accounting for
mortality prior to the onset of monitoring), apparent proportion of one- and two-egg clutches and hatching
success (proportion of chicks hatching from eggs laid and per breeding attempt). The incidence of infertile
eggs was also compared, with eggs considered to be infertile if they survived the breeding attempt but did
not hatch (following Wolfaardt et al., 2008c). Study nests comprised nests that were active at the time
of monitoring, rather than nests that were followed prior to egg laying and then continuously through
the breeding season after the breeding attempt was complete. Therefore, it was not always possible to
determine whether the breeding attempts monitored represented initial, replacement or second clutches.
As such, the first clutch monitored at a nest site in any year was assumed to be a first clutch, with any
subsequent clutches or re-lays labelled accordingly. Fledging success was determined using the proportion
of chicks fledged from the number of chicks hatched, the proportion of chicks fledged per breeding
attempt and the apparent proportion of breeding attempts fledging one and two chicks. Differences were
tested using linear models, Chi-squared and generalised linear models (binomial distribution, logit link
function) where appropriate, with all models specified in R v2.10.1 (R Development Core Team, 2009).
As nests were not monitored from the onset of egg laying, breeding success measures, particularly the
number of chicks fledged per pair, may have been overestimated. However, they are produced here to
make this work comparable to published studies (e.g. Crawford et al., 2006a; Wolfaardt et al., 2008c). To
account for the bias which arises from not monitoring the breeding attempts from the onset of egg laying
and from terminating monitoring of nests at different stages, an extension (developed by L. G. Underhill,
see Kemper, 2006; Wolfaardt et al., 2008c; Hampton et al., 2009) of the Mayfield (1961; 1975) method
was used to determine nest success. Nest days were calculated using the standard Mayfield approach
(Mayfield, 1961) of taking the mid-point between nest visits. If nests were monitored prior to egg laying,
then the laying date was estimated to be the mid-point of the visit interval between the last visit where
the nest was empty and the first visit where eggs were present. If the nest contained eggs on the first
visit then the nest days were calculated from the date of the first visit. If the eggs hatched successfully,
the hatching date was estimated as the mid-point between the last date on which eggs were seen and
the first date at which chicks could be identified.
If the hatching date could not be reliably estimated because of an unusually long visit interval then
the estimate of nest days was constrained to be approximately similar to the maximum laying-hatching
interval of 41 days (e.g. Rand, 1960a). For example, if the gap between the last visit with eggs in the nest
and the first with chicks was > 14 days and the chicks were first recorded as P1, the Mayfield hatching
date was taken as the mid-point between the first two visits −5 days as the chicks were at least 10–15
days old when first recorded (Seddon and van Heezik, 1993a). If the gap was more > 14 and chick was
first seen as a P0, the Mayfield hatching date was taken as the mid-point between the first two visits +5
days for the fact that the chicks were < 10 days old when first recorded (Seddon and van Heezik, 1993a).
Nest days for the brood period were calculated from the estimated hatching date until the date of the
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mid-point between the last visit where chicks were seen and the first visit where the nest was empty.
If a nest failed between visits, then the nest days for that breeding attempt were calculated from the
laying or hatching date until the mid-point of the last visit with contents and the visit when the nest
was recorded as empty. If the nest was still occupied when monitoring was curtailed, nest days were
calculated from the laying or hatching date until the date of the last nest check. Time of each visit was
not recorded, so nest days were calculated to the nearest half-day.
Parametric survival models, specified using the survreg function in R v2.10.1 (R Development Core
Team, 2009) were used to determine the daily failure rates and the probability of the nest contents
surviving through the incubation and chick-rearing periods. Since daily mortality rates differ for different
nesting stages (Seddon and van Heezik, 1991a; Kemper et al., 2007c) the survival model was not applied
to the combined data for the whole breeding attempt (see also section 4.3.2). An exponential error
distribution was employed to estimate the survival distribution as this assumes that nests fail with a
continuous probability over time (Kemper, 2006; Zador et al., 2009). Data were considered right censored
(sensu Venables and Ripley, 1999, pp. 365) if the nest persisted through the end of the study period
and, thus, the time to death was unknown. The maximum likelihood estimate of risk of failure (F) per
sampling interval (approximately equivalent to the number of nest failures/total nest days) for nests with
eggs and chicks was defined as:
F = exp(−α−β)
(1)
where α and β were the estimated parameters from the regression (intercept and coefficients). Using the
exponential distribution (see above) nest survival (S) was defined as:
S(t) = exp(−exp(−α−βx)t)
(2)
where α and β were the estimated parameters from the regression (intercept and coefficients), x was the
value of any continuous explanatory variable (fixed as x = 1 for factorial variables) at time t, for a model
with one explanatory variable. For these analyses, the incubation period was assumed to be 40 days (e.g.
Rand, 1960a) and the fledging period 74 days, following Wolfaardt et al. (2008c).
The year, nest type, Treasure status and the estimated hatching date were included in the survival
models as explanatory variables. The hatching date was either taken as the hatching date estimated from
the standard Mayfield approach (see above), was taken to be the laying-date plus 40 days or was backcalculated from the estimated fledging date if the chicks fledged (according to the estimated fledging
period at each nest). The year was included in the model to account for the effect of inter-annual
variability on nest survival while the hatching date was included to serve as a proxy measurement for
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seasonal effects on nest survival. Hatching date was chosen above the laying date as it was available
from the standard Mayfield approach for more of the nests than was the laying date. Hatching date was
incorporated into the model as a sinusoidal curve (as described for example by Underhill et al., 1992).
The date were converted into an angle from 0◦ to 360◦ using 01 January of each year as day one (the
choice of date is arbitrary).

2.3.4

Relationship between prey availability and breeding success

Estimates of the sardine and anchovy biomass, the total catch of both species and the contribution of
anchovy to the diet in each year were used to investigate the relationship between breeding success and
the availability of their main prey species to African penguins on Robben Island.
A time-series of estimates of pelagic fish biomass from hydro-acoustic survey data has been collected
from South African waters since 1984 (Hampton, 1987). Access to these data, up to the most recent
survey (November 2009), was provided by J. C. Coetzee and J. van de Westhuizen of Marine and Coastal
Management (MCM), Department of Environmental Affairs and Toursim (DEAT). Estimates of biomass
(in tonnes) for both sardine and anchovy are generated annually in the austral summer (November,
estimates of the adult, or spawner, biomass) and austral winter (May, estimates of the biomass of young
fish recruited to the population, termed the recruitment biomass). The survey is conducted with the
entire South African coastline broken up into six units (termed strata; Figure 2.3 A) in the summer
survey and up to nine strata in the winter survey (Figure 2.3 B). Robben Island is located in stratum B
in the November survey and stratum D in the May survey. The totals from all of the strata are added to
give a total biomass estimate for both sardine and anchovy. The estimates of the two species together
gives the estimate of the combined biomass. A full description of the survey methods can be found in
Hampton (1987) and recent refinements to the estimates in the time-series are outlined in Coetzee et al.
(2008a) and de Moor et al. (2008).
Data on pelagic fish catches were derived from the database of catch records held at MCM. The
database contains information on the time, location, catch weight and species composition of every catch
made by the purse-seine vessels in the pelagic fleet. As the exact geographical co-ordinates are often not
known for catch positions, catches are assigned to a numbered gird in a grid system which divides the
fishing grounds into 10’ latitude x 10’ longitude (or 10 x 10 mile, see Hutchings et al., 2009) squares (see
e.g Figure 1 in Agenbag et al., 2003). Vessel skippers are required to report the grid block in which each
catch is made and the estimated tonnage of each species in the catch. The total mass (tonnes) and species
composition of the landed catch is then collected by fisheries inspectors at designated landing points.
Further details on how the catch data are recorded can be found in Agenbag et al. (2003) and Fairweather
et al. (2006). The estimated catches of sardine and anchovy within 30 miles of Robben Island in each
calendar year was used for this study.
A time-series of data on the contribution (by mass) of anchovy and sardine to the diet of African
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Figure 2.3: The coastline of South Africa showing (A) the nine strata (A to I) used to separate the coast between
the Orange River mouth (29 ◦ ’S) and Port Alfred (27 ◦ ’E) during the recruitment surveys conducted in May and
(B) the six strata (A to F) used to divide the coast between Hondeklip Bay (30 ◦ ’S) and Port St Johns (29 ◦ ’E)
during the survey of spawner biomass conducted in November. The continuous solid line bisecting black circles
indicates the transect route taken by the survey vessel during the particular survey. Figure courtesy of J. C.
Coetzee, MCM.

penguins from Robben Island between 1989 and 2009 was supplied by R. J. M. Crawford and L. Visagie
(MCM). Between 21 and 135 (mean = 98.5, SD = 27.4) diet samples were collected from birds at
Robben Island each year, using the water-offloading technique (Wilson, 1984). Species compositions
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were determined using the methods outlined in Kemper et al. (2007a).
Several variables derived from the above datasets were included as explanatory variables in the nest
survival models (Table 2.3). As the pelagic fish data were on an annual time scale, each breeding attempt
in each year was assigned the same value for each measure of fish biomass, catch or diet contribution.
Subsequently, fitting more than one explanatory variable derived from the biomass, catch and diet data
would be inappropriate (as the model would likely be over-parameterised) and each variable was included
in the model sequentially, at the expense of the year variable.
The relationship between food availability and the average annual productivity and chick-rearing
capabilities of African penguins on Robben Island was also assessed using regression analysis over the
study period. The nest survival probability, the number of chicks fledged per pair and the per chick
probability of a chick fledging if it was a singleton or if it had a sibling were used as dependent variables,
with the measures of food availability (Table 2.3) used as explanatory variables. The nine years of
data from this study were appended to data from 1989–1999 derived from Crawford et al. (1999b) and
Crawford et al. (2006a) to investigate the relationship between food availability and breeding success
(chicks fledged per pair per year) over 20 years. The year 2000 was omitted because breeding was
disrupted by the Treasure oil spill (Crawford et al., 2000a).

Table 2.3: Explanatory variables fitted in parametric survival models of nest success and tested with linear models
against breeding success for African penguins on Robben Island, 2001–2009. Variables appended with y −1 test
whether food availability has a predictive effect on breeding success: y 0 indicates that breeding or nest success
measures are fitted against e.g. biomass estimates from the same year and y −1 indicates that breeding or nest
success values are related to biomass estimates obtained in the previous year.
Explanatory
TotalBioAnch y0
TotalBioSard y0
TotalBioAnch y−1
TotalBioSard y−1
BioAnchB y0
BioSardB y0
BioAnchB y−1
BioSardB y−1
BioAnchC y−1
BioSardC y−1
CatchAnch30 y0
CatchSard30 y0
AnchPercDiet y0

Description
Total estimated biomass of spawner anchovy in the southern Benguela in the November
survey from the year corresponding to the measure of breeding success.
Total estimated biomass of spawner sardine in the southern Benguela in the November
survey from the year corresponding to the measure of breeding success.
Total estimated biomass of spawner anchovy in the southern Benguela in the November
survey from the year prior to the measure of breeding success.
Total estimated biomass of spawner sardine in the southern Benguela in the November
survey from the year prior to the measure of breeding success.
Total estimated biomass of spawner anchovy recorded in stratum B during the November survey
in the year corresponding to the measure of breeding success.
Total estimated biomass of spawner sardine recorded in stratum B during the November survey
in the year corresponding to the measure of breeding success.
Total estimated biomass of spawner anchovy recorded in stratum B during the November survey
in the year prior to the measure of breeding success.
Total estimated biomass of spawner sardine recorded in stratum B during the November survey
in the year prior to the measure of breeding success.
Total estimated biomass of spawner anchovy recorded in stratum C during the November survey
in the year prior to the measure of breeding success.
Total estimated biomass of spawner sardine recorded in stratum C during the November survey
in the year prior to the measure of breeding success.
Total annual catch of anchovy within 30 miles of Robben Island during the year
corresponding to the measure of breeding success.
Total annual catch of anchovy within 30 miles of Robben Island during the year
corresponding to the measure of breeding success.
Annual percentage contribution of anchovy to the diet of African penguins on Robben
Island in the year corresponding to the measure of breeding success.
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Results

In total, 1683 breeding attempts were monitored during incubation, of which 95% were monitored to an
outcome (failure or hatching; Table 2.4) while monitoring was curtailed at 86 before an outcome could
be determined. Nest days for the chick-rearing period were estimated for 1477 breeding attempts, of
which 96% were monitored to conclusion. Subsequently, nest survival estimates were based on 1683
breeding attempts for incubation and 1477 breeding attempts during chick rearing. Measures of breeding
success were based on the 1596 breeding attempts monitored from incubation to conclusion, of which
eggs hatched in 1129 attempts.
The annual probability of the nest contents surviving the incubation period ranged from a minimum
of 0.34 (95% confidence interval [CI]: 0.25–0.46) in 2001 to a high in 2003 of 0.79 (95% CI: 0.71–0.87)
and was then relatively invariant (ranging between 0.60 and 0.74 from 2004 to 2008) until 2009 when it
fell to 0.55 (Figure 2.4, Table 2.4). In contrast, the probability of a nest surviving the chick-rearing period
was lowest in 2003 (0.37, 95% CI: 0.30–0.47) and 2004 (0.37, 95% CI: 0.31–0.44) and climbed towards
the end of the study, peaking at 0.80 (95% CI: 0.73–0.87) in 2007. Apart from drops in 2004 and 2006,
nest success over the whole breeding attempt (the probability of at least one chick fledging) generally
increased steadily between the lowest value in 2001 (0.18, 95% CI: 0.11–0.31) and the maximum value
in 2007 (0.54, 95% CI: 0.44–0.66) before declining again in 2008 and 2009 (Figure 2.4 C).

Table 2.4: Summary of nest survival probabilities and breeding success parameters for African penguins on
Robben Island, 2001–2009.
Breeding parameter

2001

2002

2003

2004

2005

2006

2007

2008

2009

81
86

103
112

123
126

195
205

98
102

173
178

153
167

324
353

235
266

Nest survival: incubation
Nest survival: chick rearing

0.34
0.54

0.56
0.48

0.79
0.37

0.68
0.37

0.67
0.70

0.60
0.59

0.68
0.80

0.74
0.66

0.55
0.61

Nest survival: Overall

0.18

0.27

0.29

0.25

0.47

0.35

0.54

0.49

0.34

No. eggs laid
Mean clutch size
± SD (per attempt)

157
1.83
± 0.38

206
1.84
± 0.37

239
1.90
± 0.31

380
1.85
± 0.35

182
1.78
± 0.41

338
1.90
± 0.30

315
1.89
± 0.32

670
1.90
± 0.30

494
1.86
± 0.35

No. eggs hatched
% Hatching success
(per egg laid)

65
41.4%

82
39.8%

175
73.2%

264
69.5%

117
64.3%

202
59.8%

218
69.2%

482
71.9%

283
57.3%

Number of chicks fledged
% Fledging success
(per egg hatched)

27
41.5%

29
35.4%

41
23.4%

70
26.5%

56
47.9%

73
36.1%

128
58.7%

281
58.3%

152
53.7%

% Attempts fledging
at least 1 chick

18.6%

17.9%

22.2%

22.4%

34.3%

26.4%

45.5%

48.7%

37.6%

Mean chicks fledged per
breeding attempt ± SD

0.31
± 0.69

0.26
± 0.60

0.33
± 0.66

0.34
± 0.68

0.55
± 0.82

0.41
± 0.73

0.77
± 0.90

0.80
± 0.88

0.57
± 0.80

No. of pairs
No. of breeding attempts
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The survival model for the incubation period indicated that the year of the breeding attempt
(χ2 = 65.72, df = 8, p < 0.001) and the hatching date (trigonomic model: Sine(hatching date)
χ2 = 24.05, df = 1, p < 0.001; Cosine(hatching date) χ2 = 147.37, df = 1, p < 0.001) were significant
predictors of survival and AICc-based model selection preferred the simplified model to the general model
containing year, the nest type, Treasure status and hatching date as explanatory variables. Similarly, the
year of the breeding attempt (χ2 = 101.75, df = 8, p < 0.001) and hatching date (trigonomic model:
Sine(hatching date) χ2 = 19.14, df = 1, p < 0.001; Cosine(hatching date) χ2 = 11.76, df = 1, p <
0.001) were significant predictors of nest survival during chick rearing. Subsequently, both terms were
retained in the models for the analysis of the effect of oiling and nest types on nest survival. For both
incubation and chick-rearing, over the nine breeding seasons combined, nests were more likely to survive

Figure 2.4: The probability of a representative African penguin nest surviving (A) the average incubation period
of 40 days, (B) the average chick-rearing period of 74 days and (C) the whole breeding attempt on Robben Island
between 2001 and 2009. The probability for the whole breeding attempt (C) is derived by multiplying the survival
probabilities from the incubation and chick-rearing periods [S(40)*S(74)]. The vertical lines represent the 95%
confidence limits of the annual survival probabilities.

Figure 2.5: (A) The modelled probability (based on the trigonomic model; Underhill et al. 1992) of a representative African penguin nest on Robben Island surviving the average incubation period of 40 days (solid line)
and the average chick-rearing period of 74 days (dashed line) from 2001–2009; (B) the raw survival probabilities
per month for the incubation period and (C) the brood period. Each colour-line type combination represents one
breeding season – for example, the dashed and dotted (blue) line, with closed circles is 2009.
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if hatching occurred in June (see Figure 2.5 A); however, the month that represented the best time for
hatching varied from year to year (see Figure 2.5 B and C).

2.4.1

Influence of oiling on nest survival and breeding success

Over the nine years of the study, the modelled nest survival probability during incubation was slightly
higher in the nests of de-oiled birds than in the nests of both non-oiled birds (0.68 vs 0.62, Figure 2.6 A)
and swimmers (0.68 vs 0.58, Figure 2.6 A), although neither difference was significant (χ2 = 4.63, df = 2,
p = 0.099). There was no significant difference in the apparent percentage of one- and two-egg clutches
between the nests of de-oiled birds (87.6% two-egg clutches), non-oiled birds (86.9% two-egg clutches)
and swimmers (81.3% two-egg clutches; χ2 = 2.04, df = 2, p = 0.36) and the apparent clutch sizes (not
accounting for eggs lost prior to monitoring) were similar between the three groups (F (2,1592) = 1.02,
p = 0.36; Table 2.5). Over the nine breeding seasons, 15.1% of the 839 eggs laid in the de-oiled study
group nests were estimated to be infertile, not including eggs abandoned before the end of the study
period. Although this is slightly higher than the corresponding figures for nests of non-oiled birds (13.2%
of 2026 eggs) and swimmers (12.9% of 116 eggs), there were no significant differences between the three
study groups (χ2 = 1.89, df = 2, p = 0.39).
Over all years of the study, the mean number of hatchlings produced per breeding attempt was
6.4% higher in the nests of de-oiled birds than control birds (Table 2.5) and 10.4% higher than in the
swimmers study group (Table 2.5), but the differences were not significant (F (2,1592) = 1.65, p = 0.19).
The number of hatchlings per egg laid was 4% higher in de-oiled birds than non-oiled birds (Table 2.5)
over all 1596 breeding attempts monitored to conclusion. However, in breeding attempts where at least
one egg survived the incubation period (n = 1129), the mean (± SD) number of hatchlings produced per
egg laid varied by < 1% between the three groups (non-oiled 0.88 ± 0.21; de-oiled 0.87 ± 0.22; swimmers
0.87 ± 0.22; Figure 2.7 A) and the differences were not significant (F(2,1126) = 0.006, p = 0.99).
Nest survival probabilities during the chick-rearing period (with year and hatching date retained in the
model) did not differ significantly between the non-oiled birds and either the de-oiled birds (coefficient
estimate = −0.08, z = −0.87, p = 0.38; Figure 2.6 B) or the birds in the swimmers study group
(coefficient estimate = −0.07, z = −0.33, p = 0.74; Figure 2.6 B). However, over all nine years the pairs
in the de-oiled Treasure group fledged 10.0% fewer chicks per breeding attempt (t = −2.14, df = 1592,
p = 0.033, linear model with non-oiled as the baseline; Table 2.5) and fledged 10.9% fewer chicks per egg
that hatched (Figure 2.7 B and Table 2.5) than pairs in the non-oiled study group (z = −4.30, df = 1126,
p < 0.001; binomial regression with non-oiled as the baseline). If only the 1129 breeding attempts in
which at least one egg hatched are considered, then nests with at least one de-oiled bird fledged 19.4%
fewer chicks per breeding attempt than control pairs (t = −3.43, df = 1126, p < 0.001; Figure 2.7 C
and Table 2.6)
The swimmer nests and non-oiled pairs did not differ significantly in either the number of chicks

2.4. Results

33

Table 2.5: Summary of breeding success parameters for African penguins in the different Treasure study groups
on Robben Island, 2001–2009.
Breeding parameter
Number of pairs
Number of breeding attempts
No. eggs laid
Mean clutch size ± SD (per attempt)

Non-oiled
999
1084
2026
1.87 ± 0.34

De-oiled
425
447
839
1.88 ± 0.33

Swimmers
61
64
116
1.81 ± 0.39

All groups
1485
1595
2981
1.87 ± 0.34

No. eggs hatched
% Hatching success (per egg laid)

1261
62.2%

556
66.3%

71
61.2%

1888
63.3%

Number of chicks fledged
% Fledging success (per egg hatched)

614
48.7%

210
37.8%

33
46.5%

857
45.4%

387 (35.7%)
0.57 ± 0.82
0.61 ± 0.85

133 (29.8%)
0.47 ± 0.77
0.49 ± 0.80

20 (31.3%)
0.51 ± 0.82
0.54 ± 0.83

540 (33.9%)
0.54 ± 0.80
0.58 ± 0.84

Attempts fledging at least 1 chick (%)
Mean chicks fledged per attempt ± SD
Mean chicks fledged per pair ± SD

Figure 2.6: The probability of an African penguin nest in each of the three Treasure study groups surviving
(A) the average incubation period of 40 days, (B) the average chick-rearing period of 74 days and (C) the
whole breeding attempt on Robben Island, 2001–2009. The probability for the whole breeding attempt (C) is
derived by multiplying the survival probabilities from the incubation and chick-rearing periods [S(40)*S(74)]. The
values represent the probabilities from the nine breeding seasons combined. The vertical lines represent the 95%
confidence limits of the survival probabilities.

Figure 2.7: Three measures of breeding success in African penguins from Robben Island (2001–2009) that were
not involved in the Treasure oil spill (Non-oiled), or oiled and cleaned following the spill (De-oiled) or relocated
and not oiled in the spill (Swim). Panel A shows the mean proportion of eggs hatching (per egg laid) in breeding
attempts that survived incubation in the three study groups, B shows the mean number of chicks fledged per
egg that hatched and C shows the mean number of chicks fledged per breeding attempt (where eggs survived
incubation) in the three groups. The vertical lines show the SE of the mean.
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fledged per breeding attempt over all breeding attempts (t = −0.64, df = 1680, p = 0.52), in breeding
attempts that survived incubation (t = −0.38, df = 1126, p = 0.70) or in the proportion of chicks
fledging per egg hatched (z = −0.36, df = 1126, p = 0.72). Based on all breeding attempts where eggs
hatched, the de-oiled and non-oiled groups differed significantly in the proportion of breeding attempts
in which two chicks fledged (χ2 = 6.31, df = 2, p = 0.04; Table 2.6), while the swimmer and non-oiled
study groups were again similar (Table 2.6).
Taking each year in isolation, the de-oiled study group fledged a greater proportion of chicks per egg
that hatched in three of the nine years (2001, 2002 and 2006, Figure 2.8 A) but in each case the differences
were small (maximum of 2% in 2001) and they fledged markedly fewer (16% in both years) chicks per egg
hatched in both 2005 and 2009 (Figure 2.8 A). The pattern for the number of chicks fledged per breeding
attempt was not as clear with de-oiled birds fledging at least 10% more chicks per breeding attempt than
non-oiled birds in three out of the nine years, but also 10% fewer in three of the years (Figure 2.8 B).
The differences between the de-oiled and non-oiled birds did not seem to be more pronounced either in

Table 2.6: Numbers and percentages of breeding attempts successfully fledging two-chick broods, fledging one
chick and failing to fledge any chicks (complete failures) in the three different Treasure study groups of African
penguins on Robben Island, 2001–2009. In order to minimise the bias associated with not having followed nests
from egg laying, the results are restricted to breeding attempts where monitoring began during incubation and in
which eggs hatched.

Non-oiled

No. of
breeding
attempts
750

De-oiled

336

Swimmers

43

Study group

1 hatched,
0 fledged
134
(17.9%)
80
(23.8%)
9
(20.9%)

1 hatched,
1 fledged
105
(14.0%)
36
(10.7%)
6
(14%)

2 hatched,
0 fledged
229
(30.5%)
123
(36.6%)
14
(32.6%)

2 hatched,
1 fledged
55
(7.3%)
20
(6.0%)
1
(2.3%)

2 hatched,
2 fledged
227
(30.3%)
77
(22.9%)
13
(30.2%)

Mean no. chicks
fledged per breeding
attempt ± SD
0.82
(0.87)
0.63
(0.83)
0.77
(0.90)

Figure 2.8: Variation in the annual values of (A) the proportion of chicks fledging per egg laid and (B) the
number of chicks fledging per breeding attempt (from all breeding attempts monitored to conclusion) in the nests
of non-oiled (solid black line) and de-oiled (dashed black line) African penguins on Robben Island between 2001
and 2009. The solid red line shows the value for all nests (including swimmers) in each year.
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years of good or poor overall breeding success (red line in Figure 2.8 A and B) and none of the prey
availability models tested (using explanatory variables in Table 2.3) adequately explained the variation in
either the difference in chicks fledged per egg hatched or per breeding attempt (all p-values ≥ 0.05).

2.4.2

Nest survival and breeding success in different nest types

As the de-oiled birds differed significantly from the birds that had not been oiled it was deemed best
to exclude them from the sample used to assess breeding success in different nest types, in order to
avoid introducing additional biases into the analysis.

Subsequently, a nest days estimate for the

incubation period was available from 977 breeding attempts and a chick-rearing period estimate could be
obtained from 848 breeding attempts where the nest type had been recorded (excluding those classified
as other in Table 2.2). In total, 929 breeding attempts were followed from incubation until a conclusion
was reached, and breeding success parameters are based on those attempts. With the vegetation nest
type (by far the most common, see Table 2.2) set as the baseline for the model (and the year and the
trigonometric hatching date terms retained), only open nests had significantly poorer nest survival during
incubation (coefficient estimate = −0.72, z = −2.86, p = 0.004; Figure 2.9 A), while nest survival was
similar in all other nest types to the vegetation nests (all p-values > 0.05; Figure 2.9 A). The apparent
percentage of two-egg clutches ranged from 79.6% in open nests to 88.1% in nests in buildings, though
the differences were not significant (χ2 = 3.33, df = 4, p = 0.50), and the apparent mean clutch sizes
were similar between the five groups (F(4,924) = 0.83, p = 0.51; Table 2.7). Approximately 12% of
eggs were thought to be infertile in the nests under vegetation, compared to 8% in open nests, 14% in
buildings, 15% in natural burrows and 13% in the artificial nests. The differences between the five groups
were not significant (χ2 = 2.60, df = 4, p = 0.63).

Figure 2.9: The probability of an African penguin nest in each of the five nest type study groups surviving (A)
the average incubation period of 40 days, (B) the average chick-rearing period of 74 days and (C) the whole
breeding attempt on Robben Island, 2001–2009. The probability for the whole breeding attempt (C) is derived
by multiplying the survival probabilities from the incubation and chick-rearing periods [S(40)*S(74)]. The values
represent the probabilities from the nine breeding seasons (2001–2009) combined. The vertical lines represent
the 95% confidence limits of the survival probabilities. Nest type codes: Op – Open/Not in Shade; V – Under
vegetation; B – Building/Man-made other; A – Artificial nest box; N – Natural burrow (see Table 2.2 for more
details).
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Table 2.7: Summary of breeding success parameters for African penguins in the five different nest type groups
on Robben Island, 2001–2009. See Table 2.2 for explanations and Figure 2.2 for examples of the nest types.
Breeding parameter
Number of pairs
Number of breeding attempts
No. eggs laid
Mean clutch size ± SD (per attempt)

Open
51
54
97
1.80 ± 0.41

Vegetation
590
650
1218
1.87 ± 0.33

Building
64
67
126
1.88 ± 0.33

Artificial
106
120
221
1.84 ± 0.37

Burrow
37
38
71
1.87 ± 0.34

All types
848
921
1727
1.87 ± 0.34

No. eggs hatched
% Hatching success (per egg laid)

55
56.7%

779
63.9%

79
62.7%

139
62.9%

36
50.7%

1088
63.0%

Number of chicks fledged
% Fledging success (per egg hatched)

31
56.4%

386
49.6%

51
64.6%

82
59.0%

20
55.6%

570
52.4%

18 (33.3%)
0.57 ± 0.86
0.61 ± 0.87

238 (36.6%)
0.59 ± 0.84
0.65 ± 0.87

31 (46.3%)
0.76 ± 0.89
0.80 ± 0.98

56 (46.7%)
0.68 ± 0.81
0.77 ± 0.88

13 (34.2%)
0.53 ± 0.80
0.54 ± 0.87

356 (38.7%)
0.61 ± 0.84
0.67 ± 0.88

Attempts fledging at least 1 chick (%)
Mean chicks fledged per breeding attempt ± SD
Mean chicks fledged per pair ± SD

The mean (± SD) number of hatchlings produced per breeding attempt varied from 1.20 (± 0.86)
in nests under vegetation to 0.95 (± 0.87) in natural burrows, with artificial nests (1.16 ± 0.87), nests
in buildings (1.18 ± 0.89) and open nests (1.02 ± 0.92) all intermediate; however, the differences were
not significant (F(4,924) = 1.22, p = 0.30). Similarly, the proportion of eggs laid that survived the incubation period (given as % hatching success in Table 2.7) was 13.2% higher in nests under vegetation
than in natural burrows (z = −2.23, df = 924, p = 0.026), with open nest (7.2% lower than vegetation
nests), nests in buildings (1.2% lower) and artificial nests (1.0% lower) again intermediate between the
two (Table 2.7) and not significantly different from nests under vegetation (all p-values > 0.05). In
breeding attempts where at least one egg survived the incubation period (n = 645), none of the
other nest types differed significantly from nests under vegetation in terms of the mean number of
hatchlings per egg laid, with each of the open nests (z = 0.14, df = 640, p = 0.89), the artificial
nests (z = − 0.43, df = 640, p = 0.67) and nests in buildings (z = 0.18, df = 640, p = 0.86) varying
by < 2% and natural burrows by 4% (z = −0.86, df = 640, p = 0.39) from the vegetation nests
(Figure 2.10 A).
Nests in buildings and artificial nests fledged 17% and 12% more chicks per breeding attempt than
nests under vegetation (Table 2.7), but neither difference reached significance (vegetation vs buildings,
t = 1.56, df = 924, p = 0.12; vegetation vs artificial, t = 1.08, df = 924, p = 0.28). However, if only the
breeding attempts where at least one egg hatched are considered, nests in buildings fledged 24% more
chicks per breeding attempt than nests under vegetation (t = 2.01, df = 640, p = 0.045; Figure 2.10 C)
and fledged significantly more chicks per egg that hatched (z = 2.51, df = 640, p = 0.012; Table 2.7,
Figure 2.10 B), while artificial nests also fledged significantly more chicks per egg that hatched (z = 2.04,
df = 640, p = 0.041; Table 2.7, Figure 2.10 B) but did not differ in terms of chicks fledged per breeding
attempt where eggs hatched (t = 1.44, df = 640, p = 0.15; Figure 2.10 C). Nests under vegetation
were similar to open nests and artificial nests in terms of the number of chicks fledged per breeding
attempt, per egg hatched and per breeding attempt where eggs hatched (all p-values > 0.05; Table 2.7,
Figure 2.10 B and C). None of the nests differed in the number of breeding attempts fledging two chicks
versus one chick (χ2 = 6.36, df = 4, p = 0.17).
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Figure 2.10: Three measures of breeding success from breeding attempts undertaken by African penguins nesting
in five different nest types on Robben Island, 2001–2009. Panel A shows the mean proportion of eggs hatching
(per egg laid) in breeding attempts that survived incubation in the five study groups, B shows the mean number
of chicks fledged per egg that hatched and C shows the mean number of chicks fledged per breeding attempt
(where eggs survived incubation) in the five groups. The vertical lines show the SE of the mean. Nest type codes:
Op – Open/Not in Shade; V – Under vegetation; B – Building/Man-made other; A – Artificial nest box; N –
Natural burrow (see Table 2.2 for more details).

The nest survival model for the chick-rearing period (with the year and hatching date terms retained)
also indicated that nests under vegetation differed from both nests in buildings (coefficient estimate= 1.18,
z = 3.62, p < 0.001) and artificial nests (coefficient estimate = 0.94, z = 3.77, p < 0.001) in terms of
the probability of the nest contents (at least one chick) surviving from hatching to fledging (Figure 2.9 B).
Nest survival during the brood period in nests under vegetation was similar to survival in both natural
burrows (coefficient estimate = 0.20, z = 0.60, p = 0.55; Figure 2.9 B) and nests located in the open
(coefficient estimate = −0.27, z = −0.99, p = 0.32; Figure 2.9 B).
The parametric survival model was not applied to the data for the whole breeding attempt combined
(see sections 2.2.3 and 4.3.2 for explanation), so the differences in nest survival between nest types were
not tested across the whole breeding attempt. However, given that survival during the incubation period
was almost identical in nests under vegetation, artificial nests and nests in buildings (Figure 2.9 A) and
was greater in the latter two over the chick-rearing period (Figure 2.9 B), it is reasonable to conclude
that the differences in the probabilities of nests surviving in artificial nests and nests in buildings (relative
to nests under vegetation) over the whole breeding attempt (Figure 2.9 C) are meaningful.

2.4.3

Influence of prey availability on nest survival and breeding success

During the period of this study (2001–2009), and for the entire period over which diet data have been
collected annually at the island (1989–2009), anchovy dominated the diet of African penguins from
Robben Island. Even during periods where sardine constituted the bulk of the small pelagic biomass
in the southern Benguela, it never accounted for more than 12% of the diet by mass (Figure 2.11).
Subsequently, and because the two variables are highly correlated (t −26.09, df = 1031, p-value <
0.001), the percentage contribution of anchovy to the diet was included as an explanatory variable at
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Figure 2.11: Annual contribution (percent by mass) of sardine and anchovy to the diet of African penguins on
Robben Island in relation to the relative contribution of the two species to the annual total estimated biomass of
small pelagic fish in South African waters between 1989 and 2009. Annual biomass estimates supplied by J. C.
Coetzee (MCM), survey methodology in Hampton (1987) and Coetzee et al. (2008a). Diet samples (supplied by
L. Visagie, MCM) were collected using the water-offloading technique (Wilson, 1984; Kemper et al., 2007a) from
a mean (± SD) of 98.5 (± 27.4) birds per year. See section 2.3.4 for further details.

the expense of the percentage contribution of sardine to the diet. To investigate the influence of food
availability on nest survival, the de-oiled birds were removed from the sample and the year term was
sequentially replaced in the parametric survival model with each of the 13 explanatory variables chosen
as likely indicators of food availability (listed in Table 2.3). Nest survival during incubation was positively
related to the anchovy catch taken within 30 miles of Robben Island during the same year (CatchAnch30
y0 : coefficient estimate = 0.016, z = 5.72, p < 0.001), while nest survival during the brood period was
significantly related to both the anchovy catch taken within 30 miles of Robben Island during the same
year (coefficient estimate = 0.011, z = 4.24, p < 0.001) and the percentage representation of anchovy
in the diet during the same year (AnchPerDiet y0 : coefficient estimate = 0.024, z = 5.16, p < 0.001).
Over the nine years of the study, the annual values for nest survival (survival over the whole breeding attempt) were negatively related to the total sardine spawner biomass recorded in the same year
(t = −4.06, df = 7, p = 0.005; Table 2.8, model 2A) and positively related to the anchovy catch taken
within 30 miles of Robben Island during the same year (t = 4.15, df = 7, p = 0.004; Table 2.8, model
1A). The best fitting regression line for sardine biomass (y = −0.098 * ln(x) + 0.351; where y was the
dependent variable – here nest survival, ln was the natural logarithm and x the explanatory variable – here
sardine biomass) explained 65.9% (adjusted R2 ) of the variance in nest survival (Figure 2.12 A; Table 2.8),
while the best fitting regression line for anchovy catch (y = 0.289 * ln(x) − 0.145) explained 66.9% of
the variance in nest survival (Figure 2.12 B; Table 2.8). However, a direct negative relationship between
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Figure 2.12: The relationship between survival of African penguin nests on Robben Island and (A) total sardine
biomass in the southern Benguela during the same year and (B) the catch of anchovy within 30 miles of Robben
Island in the same year between 2001 and 2009. Panel C shows the relationship between the total sardine biomass
in the southern Benguela and the anchovy catch around Robben Island in the same year. The lines show the best
fitting regression line in each case.

sardine biomass and breeding success seems biologically implausible and the two explanatory variables are
significantly related (t = −1.38, df = 7, p = 0.038; adjusted R2 = 0.41), with high and intermediate
catches of anchovy tending to occur in years of low total sardine biomass (Figure 2.12 C).
The above situation was mirrored with the annual values for the number of chicks fledged per
pair, with high numbers of chicks fledging in years where estimates of total sardine biomass were low
(t = −5.46, df = 7, p < 0.001; Table 2.8, model 1B: y = −0.210 * ln(x) + 0.544) and catches of
anchovy within 30 miles of Robben Island were high (t = 3.77, df = 7, p = 0.007; Table 2.8, model 3B:
y = −0.0277 + x * 0.097). Of the models tested the models fitting anchovy catch were both biologically
plausible and were given good statistical support (Table 2.8).
If the negative relationship with sardine biomass is discounted, the annual values for the probability
of a chick fledging in two chick broods (regardless of the outcome of its sibling) were significantly related
to the percentage of anchovy in the diet samples collected from Robben Island between 2001 and 2009
(t = 4.34, df = 7, p = 0.003; Table 2.8, model 2C), with the model (y = 0.681 * ln(x) − 2.59)
explaining 68.9% of the variation. Although the contribution of anchovy to the diet was above 90% in
six of the nine years, the probability of a chick fledging was above 0.5 in four of those six years. In three
of the four years when the probability of a chick fledging was below 0.4, the diet consisted of less than
75% anchovy by mass (Figure 2.13 A). For single chicks, the probability of fledging was also generally
higher in years where anchovy contributed more to the diet (Figure 2.13 B); however, neither the linear
(AnchPercDiet y0 : t = 1.16, df =7, p = 0.29) nor the logarithmic (ln(AnchPercDiet y 0 ): t = 1.13, df
=7, p = 0.30) relationships were significant and the fledging probability was more variable in years when
the contribution of anchovy to the diet was over 90% than in two-chick broods (Figure 2.13).
Over all 23 years (1987–2009) for which fisheries catch data were available, the anchovy catch
within 30 miles of Robben Island during a calendar year was significantly related to the natural logarithm of the total anchovy biomass in the southern Benguela ecosystem measured in the previous
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Table 2.8: Explanatory variables related to the availability of small pelagic fish in the southern Benguela ecosystem, fitted using regression analysis, to explain the variation in African penguin breeding success on Robben
Island, 2001–2009. AICc (Hurvich and Tsai, 1989) is used for model selection because of the small number of
data points in the model (see e.g. Burnham and Anderson, 2002). The number of parameters (K), difference in
model AICc value from the best model (ΔAICc) and the relative support given to the model (AICc weights) are
shown in each case. Only the top five models (ranked by AICc weights) are shown for each dependent variable.
Model No.
1A
2A
3A
4A
5A
1B
2B
3B
4B
5B
1C
2C
3C
4C
5C

Model
Nest survival
ln(CatchAnch30 y of0 )
ln(TotalBioSard y0 )
CatchAnch30 y0
ln(TotalBioAnch y−1 )
BioAnchC y−1
Chicks fledged per pair
ln(TotalBioSard y0 )
TotalBioSard y0
CatchAnch30 y0
ln(CatchAnch30 y0 )
ln(TotalBioSard y−1 )
Fledging prob. – 2-chick broods
TotalBioSard y−1
ln(AnchPercDiet y0 )
BioSardC y−1
AnchPercDiet y0
ln(TotalBioSard y0 )

K

AICc

ΔAICc

AICc weight

Adjusted R2

p

2
2
2
2
2

−44.34
−44.07
−43.47
−42.86
−40.59

0.00
0.27
0.87
1.48
3.75

0.262
0.229
0.169
0.125
0.040

0.67
0.66
0.64
0.61
0.50

0.004
0.005
0.006
0.008
0.02

2
2
2
2
2

−35.67
−30.96
−30.71
−30.61
−29.67

0.00
4.71
4.96
5.05
6.00

0.700
0.067
0.059
0.056
0.035

0.78
0.63
0.62
0.58
0.54

< 0.001
0.006
0.007
0.011
0.014

2
2
2
2
2

−42.98
−42.65
−42.62
−42.40
−40.63

0.00
0.33
0.36
0.58
2.36

0.224
0.190
0.187
0.168
0.069

0.70
0.69
0.69
0.68
0.61

0.003
0.003
0.003
0.004
0.008

Figure 2.13: The relationship between the annual percentage contribution of anchovy to the diet of African
penguins on Robben Island and (A) the probability of a chick fledging, regardless of the outcome of the sibling,
in two-chick broods and (B) the probability of a chick fledging in one-chick broods between 2001–2009. The line
in A represents the fit of model 2C, Table 2.8.

November (t = 2.84, df = 21, p = 0.099; Figure 2.14 A), with the model (y = 1.515 * ln(x) + 3.418,
where x was the anchovy biomass) explaining 24.2% of the variability in the catch data. Over the first
10 years of the dataset, the relationship was near linear and far stronger than over the full 23 year period
(Figure 2.14 B), with the model (y = 3.06 * ln(x) + 3.214) explaining 55.3% of the variation in anchovy
catch during the first decade (t = 3.49, df = 8, p = 0.008). However, since 1997 the relationship between
the total anchovy biomass and the catch around Robben Island was positive but not significant (t = 1.43,
df = 11, p = 0.18; adjusted R2 = 0.08; Figure 2.14 C) and during the nine years of this study (2001–2009)
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Figure 2.14: The relationship between the catch of anchovy within 30 miles of Robben Island and the total
anchovy biomass in the southern Benguela, estimated during annual surveys in the previous November, during
(A) the full 23-year period (1987-2009) for which data were available (R 2 = 0.24), (B) the first 10 years (19871996) of the dataset (R2 = 0.55), (C) the period 1997-2009 (R2 = 0.08) and (D) the period (2001-2009) covered
by this study (R2 = 0.34). Annual Biomass estimates supplied by J. C. Coetzee (MCM), survey methodology in
Hampton (1987) and Coetzee et al. (2008a). The lines show regression models using the natural logarithm of the
anchovy biomass as the explanatory variable. Regression fits given in the caption are all adjusted R 2 values.

Figure 2.15: Trends in (A) the catch of anchovy within 30 miles of Robben Island, (B) the total anchovy biomass
in the southern Benguela and (C) the catch with 30 miles of Robben Island/the total biomass during this study
(2001–2009). The fitted lines only represent the trends in the data as all three relationships were not significant
(p-values > 0.05).

the trend was for a negative relationship, with catch generally high when the overall biomass was low
(t = −2.26, df = 7, p = 0.058; Figure 2.14 C). Plotting the catch of anchovy within 30 miles of Robben
Island and the total anchovy biomass against time for the period 2001–2009 confirms that the annual
catch values increased (although the trend was not significant) during the study period (Figure 2.15 A),
while total anchovy biomass decreased until 2008 (Figure 2.15 B), with the result that the catch taken
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around Robben Island (within 30 miles) represented an increased proportion of the total biomass by the
end of the study (Figure 2.15 C).
When the breeding success data from this study (2001–2009) were added to the data on the
number of chicks fledged per pair from 1989–1999, none of the models tested, using either a single
explanatory variable, a combination of those listed in Table 2.3 or the annual values for the sardine or
anchovy recruitment biomass (May survey, see Figure 2.3 A) could satisfactorily explain the inter-annual
variations in breeding success of African penguins on Robben Island over the entire 23-year period (all pvalues ≥ 0.05).

2.5
2.5.1

Discussion
Influence of oiling on breeding success

In general, there was very little variability between the Treasure study groups in incubation and hatching
success, with larger inter-annual effects than between group effects. Nest survival during the incubation
period varied by only 10% between the three study groups and both hatching success and apparent clutch
size were similar. The mean clutch size for all nests (1.87, Table 2.5) was intermediate in terms of figures
previously reported for African penguins at Dassen Island (1.94; Wolfaardt et al., 2008c), Boulders Beach
(1.79; Crawford et al., 2000b) and in Namibia (1.84; Kemper, 2006) but similar to values previously
reported for Robben Island (1.86 and 1.88; Crawford et al., 1999b; Barham et al., 2007, respectively). In
particular, the similarity of the apparent clutch size reported here to the clutch size measured in Crawford
et al. (1999b), where nests were monitored from prior to egg laying, suggests that few eggs were lost
before monitoring began in this study.
The lack of any differences between the de-oiled Treasure birds and the control group in hatching
success suggests that, for the most part, fertility was not negatively impacted by oil contamination.
Although the de-oiled birds appeared to lay slightly more infertile eggs, the difference was not significant
over the nine years of this study and this finding mirrored the results with birds oiled in the Apollo Sea oil
spill of 1994 (Wolfaardt et al., 2008c). Hatching success was also similar between the nests of de-oiled
and control birds following the Apollo Sea spill and chicks were of similar mass at hatching in the two
study groups (Wolfaardt et al., 2008c).
Previous studies have shown a negative effect of oil contamination on the hatching success of birds
eggs, either in cases where eggs were oiled directly (either by investigators or by transfer from contaminated adults, e.g. Parnell et al., 1984) or where birds were orally dosed with oil (e.g. Cavanaugh et al.,
1983; Fry et al., 1986). Contamination of eggs by oiled adults would not have been a concern in this
study as birds were cleaned prior to release, but oiled penguins can ingest oil if they attempt to clean
themselves by preening (Fowler et al., 1995; Crawford et al., 2000a). Ingested oil can cause altered yolk
structure or embryonic development (Grau et al., 1977) or disrupt gonad maturation and suppress the
endocrine system (e.g. Cavanaugh et al., 1983; Cavanaugh and Holmes, 1987), resulting in decreased
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hatchability or even total egg failure (Fry et al., 1986; Fowler et al., 1995).
In many studies the exact impacts of oiling were dose dependent (e.g. Butler et al., 1988) and, in the
case of oil absorbed during preening, the amount ingested may be influenced by how long the bird is left
before it can be treated (e.g. Fry et al., 1986). Upon admission to SANCCOB, oiled African penguins are
given an oral solution of activated charcoal which binds to any oil present in the digestive tract (Parsons
and Underhill, 2005). When dealing with small numbers, oiled birds are usually washed within three to
five days and spend on average 24 days at the rehab center (Parsons and Underhill, 2005). The African
penguins treated following the Apollo Sea oil spill were released (fully cleaned and treated) on average
38 days after oiling (Underhill et al., 1999a; Barham et al., 2007) and the little penguins Eudyptula
minor rehabilitated following the Iron Baron oil spill in Australia in 1995 were released after about 19
days post-oiling (Goldsworthy et al., 2000). The majority of birds in both cases did not exhibit reduced
hatching success or seem to suffer any deleterious effects on fertility (Giese et al., 2000; Wolfaardt et al.,
2008c). Following the Treasure oil spill, because of the sheer number of birds involved, the rehabilitation
process was longer. The average period in captivity was 48 days, or about 20% longer than in the Apollo
Sea spill, and the average wait to be washed was 22 days (Barham et al., 2007). Despite the longer
delay before birds could be cleaned, the de-oiled penguins in this study did not exhibit reduced hatching
success.
The above suggests that if they are treated and cleaned at an appropriate facility, the deleterious
effects of oiling on fertility can be avoided for the majority of birds. However, after the Apollo Sea spill,
approximately 27% of the de-oiled birds survived and were resighted at breeding colonies but were not
recorded breeding in the 12 years following the spill (Wolfaardt et al., 2008a). It is probable that fertility
was impaired in at least some of these birds and, although the exact cause of the impediment was not
determined, the effect was suspected to relate to the degree of oiling the birds incurred (Wolfaardt et al.,
2008a). Level of oiling was shown to influence survival in the little penguins rehabilitated after the Iron
Baron oil spill (Goldsworthy et al., 2000), with lightly oiled birds experiencing higher survival. However,
even light oiling (median 20% body coverage) was enough to interfere with the circulation of reproductive
hormones and suppress egg laying in Magellanic penguins Spheniscus magellanicus (Fowler et al., 1995).
Only around 30% of the de-oiled Treasure birds resighted at Dassen Island by 2005 had been recorded
breeding, compared to 68% of the relocated birds (Wolfaardt et al., 2008b). However, this still needs to
be investigated over a longer time frame, while the data necessary to assess the impact of the level of
oiling on the de-oiled Treasure birds were collected at the time of the clean-up, but have not been made
available for analysis (although see Wolfaardt et al., 2008b).
In this study, once chicks had hatched, nest survival during breeding attempts of de-oiled birds did
not differ significantly from breeding attempts where neither bird had been oiled. However, de-oiled birds
did fledge significantly fewer chicks per breeding attempt and per egg that hatched. This finding again
conforms closely to that of Wolfaardt et al. (2008c) with birds de-oiled after the Apollo Sea spill. In that
study, the inability of the nest survival model to detect a difference between the de-oiled and non-oiled
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birds resulted from a greater number of partial failures during chick rearing in the nests of de-oiled birds
(Wolfaardt et al., 2008c). In this study, partial failures (i.e. two chicks hatched, one chick fledged) did
not occur with greater frequency in the breeding attempts of de-oiled birds (Table 2.6). Subsequently,
the failure of the nest survival model to detect a difference between the de-oiled and control birds is
attributed to the inclusion of the year and hatching date terms in the model, leading to the magnitude
of the inter-annual effects masking the difference between the study groups. Over the whole nine years
of the study, however, de-oiled birds did have a greater incidence of complete failure during chick-rearing
(Table 2.6), with 60% of the breeding attempts monitored to conclusion resulting in no chicks fledging
compared to 48% and 53% in the non-oiled and swimmer study groups respectively.
The findings of this study, that African penguins de-oiled after the Treasure spill differed from control
birds only in success during chick rearing, and not during incubation, confirms the earlier findings of
Barham et al. (2007) using a subset of the data assessed here and Wolfaardt et al. (2008c), that the
negative effects of oiling seem to manifest themselves during the energetically-demanding chick-rearing
period. Both studies showed that mortality of chicks in the nests of de-oiled African penguins was more
likely to occur in the late stages of chick rearing (after 40 days) than in the nests of control birds
(Barham et al., 2007; Wolfaardt et al., 2008c). Chick death during the period 40–90 days after hatching
is associated primarily with starvation (Seddon and van Heezik, 1991a) and the energetic demands of a
growing chick peaks between c. 40–70 days in African penguins (Bouwhuis et al., 2007). Although the
ages at death were not assessed in this study, the coarse finding that de-oiled birds continue to lose more
chicks per egg that hatched and per breeding attempt up to nine years after being oiled supports the
asserted hypothesis.
Without carrying out physiological work on the de-oiled Treasure survivors it is difficult to determine
the ultimate mechanism leading to the observed reducing in chick-rearing capacity. The similar clutchsizes and hatching rates suggest that the petrochemicals did not impact upon fertility (see also Barham
et al., 2007; Wolfaardt et al., 2008c). However, oil ingestion could have resulted in internal injuries (e.g.
stomach ulceration Crawford et al., 2000a) leading to (for example) reduced energy assimilation efficiency
and a subsequent inability to maintain adequate body condition and simultaneously provision chicks (sensu
Ballard et al., 2010). Around 800 penguins rescued for cleaning and rehabilitation in the Treasure oil
spill were in such poor condition that they were ultimately euthanized (Crawford et al., 2000a) and many
survivors would also have had their condition affected by oiling. Alternatively, the oil could have interfered
with corticosterone production (Fowler et al., 1995) and, ultimately, the immune response of de-oiled
birds. The associated increased energetic cost of illness (or high parasite load) may mean that de-oiled
birds are simply unable to maintain the provisioning rates needed by large chicks. Whether the failure
relates to a diminished ability to provision their chicks adequately or an inability to maintain adequate
condition, leading to increased nest abandonment, is unclear (see Wolfaardt et al., 2008c, for a discussion
of these issues). This could be elucidated using a combination of growth analysis, as was done with the
Apollo Sea survivors, and studies of foraging behaviour. However, given the declining conservation status
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of the species (BirdLife International, 2010b), plus the diminishing numbers of Treasure survivors in the
population any invasive work on these birds may be undesirable without considerable benefits in return.
Wolfaardt et al. (2008c) considered that the differences in chick-rearing between de-oiled Apollo Sea
survivors and control birds were most pronounced in the two studies where the overall breeding success
was markedly below the average of all 18 studies. However, this did not appear to be the case in this
study, with large differences between the groups in years of both high and low average breeding success
(see Figure 2.8). Comparisons between effects of different oil spills can be complicated by unknown
factors, such as different toxicity of the oils involved, and this could be one reason why the effect found
in Wolfaardt et al. (2008c) was not replicated here. Other possibilities for this difference may lie in the
different time scales over which breeding success was assessed or in the different scales of variability
recorded within the two studies.
Wolfaardt et al. (2008c) conducted 18 studies of four to six months duration spanning six years
(1994–2000), while this study used one year as the shortest unit of time. Studies on chick growth (see
Chapter 3) and condition (L. J. Waller, unpubl. data) of African penguin chicks in recent years have
suggested that conditions are unlikely to be conducive to high productivity at all times of the breeding
season, but instead will vary throughout the year, possibly as a result of changes in local food availability
(see also Wilson, 1985b). In support of this notion, hatching date was a significant predictor of nest
success in this study, suggesting that birds laying and hatching at different times of the breeding season
are experiencing different conditions for breeding (see also Wilson, 1985b). Although the variability in
conditions conducive to good breeding success will not necessarily be uniform in all years (Chapter 3; L.
J. Waller, unpubl. data), most seasons should be expected to fit a general pattern of seasonality (e.g.
Randall, 1983; Wilson, 1985b). Little penguins de-oiled after the Iron Baron spill exhibited a delay in
the onset of egg laying during the first season following rehabilitation but not the second (Giese et al.,
2000). If a similar effect is manifest in the de-oiled Treasure birds (e.g. delayed or earlier onset of laying
under different circumstances), this could potentially cause temporal mismatches between the availability
of prey and the occurrence of chicks in the nest in some seasons or at some times of year. By considering
breeding success on shorter time scales, such as half or quarter years, the breeding success studies on the
Apollo Sea birds may have been better suited to picking up variability in the conditions around or within
the breeding colonies, especially if birds respond to food availability in a step-wise (threshold) manner
(Crawford et al., 2006a). In turn, if de-oiled birds are able to provision their chicks successfully when
feeding conditions are good, but are compromised in their abilities when feeding conditions deteriorate
(Wolfaardt et al., 2008c) then they may only suffer significantly reduced breeding success for short periods
in each year.
Almost a decade after the Treasure oil spill, de-oiled birds continue to breed successfully and,
although they produce fewer chicks per pair than birds that have never been oiled, they are capable
of breeding as well or better than birds that have never been oiled in some years. This lends further support to the continued capture, treatment and release of oiled African penguins on conservation
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grounds (Wolfaardt et al., 2008a,c, 2009). However, this study provides additional evidence that oil
contamination negatively impacts the long-term breeding success of African penguins and supports the
notion that these impacts manifest only during the chick-rearing period in birds that manage to breed
(Wolfaardt et al., 2008c). Indeed, the time period over which de-oiled birds have now been followed
and continue to show deleterious effects from oiling stresses the importance of stopping clean birds from
becoming oiled in the first instance (see Wolfaardt et al., 2009, for further discussion). Although African
penguins can survive in the wild for more than 25 years (Whittington et al., 2000) this is probably unusual
and only 4% of the birds de-oiled from the Apollo Sea spill could be confirmed to have survived into
their ninth year. If the de-oiled Treasure birds are assumed to have similar survival rates to the de-oiled
Apollo Sea breeders of 0.84 per year (Wolfaardt et al., 2008a,b) and this is fixed for every year since
2000, only a maximum of 20% of the de-oiled birds would still be expected to be alive by the end of this
study (2009). The diminishing representation of nests with Treasure de-oiled birds in the sample from
the beginning of this study (c. 40% in 2001; Table 2.2) to the final year (c. 12% in 2009; Table 2.2)
suggests that the majority of the birds de-oiled in 2000 were dead or at least no longer breeding nine years
after the spill. Consequently, oiled African penguins are probably negatively impacted by oiling for the
rest of their life. In contrast, despite being captured, kept in captivity for at least seven days, transported
to the Eastern Cape and released to swim back (Crawford et al., 2000a) the birds in the swimmers study
group did not differ significantly from birds in the control group in any aspect of their breeding success.
In addition, they appear to exhibit higher survival rates once they return to breeding than do de-oiled
birds (Wolfaardt et al., 2008b). Translocation of little penguins following the Iron Baron oil spill was
also successful in stopping a number of birds becoming oiled and had no impact on their later survival,
relative to never-oiled birds (Goldsworthy et al., 2000). The translocation following the Treasure oil spill
was successful in stopping c. 19,500 African penguins from becoming oiled and, given that the majority
of the relocated birds returned to the Western Cape (Barham et al., 2006; Wolfaardt et al., 2008b) and
that they continue to breed as well as control birds nine year later, translocation, or at least removing
clean birds from areas where oiling is a risk, should be considered as a conservation priority in the event
of future large-scale spills (see also Wolfaardt et al., 2008b).

2.5.2

Nest survival and breeding success in different nest types

Nesting in holes is basic to the biology of the Spheniscus penguins (e.g. Frost et al., 1976a; Boersma,
1976) and, prior to the depletion of the deposits in southern Africa, African penguins nested preferentially
in burrows dug into guano or other soft substrates throughout much of their range (Frost et al., 1976a;
Siegfried, 1977). Burrows confer a thermoregulatory advantage on breeding birds by protecting them
against diurnal temperature fluctuations (Frost et al., 1976a) and are known to reduce chick mortality in
some cases (Frost et al. 1976a; Cooper 1980 but c.f. Seddon and van Heezik 1991a). They are, however,
scarce at most penguin breeding colonies because of the large scale removal of guano and birds now
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generally nests in caves (Bartlett et al., 2003), rock crevices (Frost et al., 1976a), non-guano burrows
(La Cock, 1988) or on the surface (Berry et al., 1974).
By the time the penguin colony on Robben Island was recolonised, stands of alien vegetation had
come to dominate the island flora (Brooke and Prins, 1986). As a result, the majority of African penguin
nests on Robben Island are shallow surface scrapes, under alien shrubs and bushes (Crawford et al. 1995b;
see Table 2.2 and Table 2.7). Burrows are scarce on Robben Island, accounting for only 1.2% of nests
in 1992 (Crawford et al., 1995b) for example, and the sandy soils that dominate the island’s interior
(Adamson, 1934) make burrows prone to collapse (R. B. Sherley, pers. obs.). Robben Island has at
times supported a population in excess of 7,000 pairs (see Table 1 in Underhill et al., 2006), birds have
bred successfully since 1983 (e.g. Crawford et al., 1999b, 2006a) and the reproductive output has been
at parity with or surpassed that of other breeding colonies both in the past (see e.g. Table 6 in Kemper
et al., 2007d) and in this study (0.67 chicks per pair excluding de-oiled birds). This suggests that nests
under vegetation may be, at the very least, adequate breeding habitat and Crawford et al. (1995b) has
suggested that the availability of nesting space under shade may have been one of the factors leading to
Robben Island being recolonised in 1983. Hampton et al. (2009) found that breeding success in nests
under vegetation did not differ significantly from natural burrows at Boulders Beach in one breeding
season, but this had not been empirically tested for Robben Island prior to this study. In general, nests
under vegetation provided adequate breeding habitat, producing 0.65 chicks per pair over the nine years.
However, they were surpassed by both nests in buildings and artificial nests.
The higher incidence of complete failure during incubation in open nests was most likely the result of
birds abandoning nests because of exposure to environmental factors, such as heat stress (e.g. Randall,
1983; Crawford et al., 1995b; Kemper et al., 2007c), although predation could also have been a factor.
Kelp gulls take abandoned penguin eggs on Robben Island (du Toit et al., 2003) and at some colonies
gulls sometimes harass surface nesting penguins, forcing them to temporarily expose the nest contents
which are then eaten (Kemper et al., 2007d). Mole snakes Pseudaspis cana and feral cats also occur on
Robben Island, where they take abandoned penguin eggs (Crawford et al., 1995b; Dyer, 1996; Aitken,
1999), and it is possible that both could also harass incubating birds on exposed nests. A mole snake
has been recorded attempting to raid an active penguin nest (under vegetation) on one occasion (see
Chapter 6 and Underhill et al., 2009). Active harassment of incubating penguins by predators has not
been recorded on Robben Island, but it could occur and have gone unnoticed because of the scarcity of
surface nests.
For birds nesting in the open, human disturbance may also cause temporary abandonment, leading
to predation or failure of eggs. Birds nesting under some kind of cover are less likely to flee their nests
during disturbance by humans (Giese et al. submitted, cited in Kemper et al. 2007c; R. B. Sherley pers.
obs.) and passage disturbance through low-density colonies can lead to egg loss to kelp gulls (Hockey
and Hallinan, 1981). The penguin colony on Robben Island is theoretically off limits to tourists visiting
the island; however, occasionally curious members of the public are found wandering in the main penguin
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breeding areas. These infrequent occurrences, along with disturbances caused during monitoring work,
may lead to increased abandonment at open nests.
Although nest contents in natural burrows did not differ significantly from the nests under vegetation
in the survival model, burrows had the lowest hatching success of any nest type and the proportion of
eggs that hatched was significantly lower than in vegetation nests. This may indicate a higher incidence
of partial failure than the other nests types, as the survival model does not account for partial failures.
However, since collapses (Frost et al., 1976a; La Cock, 1988) and flooding in heavy rain (La Cock, 1988;
Seddon and van Heezik, 1991a) are likely to be the main causes of egg and chick mortality in natural
burrows (aside from starvation, e.g. Wilson, 1985b), it is difficult to see why partial failures during
incubation should have been more common than in vegetation nests, but not total failures. It is possible
that the inability to detect a difference with the survival model resulted from the small sample size of
natural burrows giving rise to a Type II error. This was a problem for Kemper et al. (2007c) and Klett
and Johnson (1982) have suggested that a minimum of 50 nests should be used for comparisons with the
Mayfield method. The wide confidence intervals associated with the survival probabilities for the natural
burrows indicate a lack of accuracy in estimating survival rates.
Over the nine years, birds breeding in artificial nests and buildings fledged 12% and 17% more
chicks per breeding attempt than birds nesting under vegetation. The elevated success in these nests
was attributable to a higher survival probability during the chick-rearing period. At Halifax Island,
Namibia, nest survival in buildings was inferior to all other nest types at both stages of chick-rearing
(Kemper et al., 2007c). This was attributed to near permanent damp conditions and resultant high
ectoparasite presence (Kemper et al., 2007c). On Robben Island, the majority of buildings are not
continuously damp (R. B. Sherley, pers. obs.) and this may explain the difference between the two
studies. Chick survival was superior in artificial nests to surface nests and nests in bushes during the
chick guard stage (first 42 days) at Halifax Island, but similar in the post-guard stage (Kemper et al.,
2007c). During the first half of the guard stage (c. 20 days), chicks have not yet reached thermal
independence (Erasmus and Smith, 1974) and are largely immobile (Seddon and van Heezik, 1993a).
They are therefore still susceptible to mortality from environmental variability such as flooding. In the
later stages, when left unguarded by their parents (Seddon and van Heezik, 1993a), chicks in surface
nests may wander in search of shelter (Wilson and Wilson, 1989) or flee in response to human disturbance
(Kemper et al., 2007c) more than those from artificial nests and buildings. This may make them more
susceptible to suffering aggressive interactions with other breeding adults or put them at greater risk
of predation (Cooper, 1977). Feral cats on Robben Island can take chicks at least up to the P3 stage
(Crawford et al. 1995a; R. B. Sherley, pers. obs.) and when chicks must be left unguarded so that both
adults may forage to meet the increasing energetic requirements of the chicks (Cooper, 1977), chicks in
open nests and nest under vegetation may be more susceptible to predation than those in buildings or
artificial nests.
Artificial nests and buildings on Robben Island may offer the benefits of burrows to breeding penguins,
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such as protection from heat stress and predation, without the disadvantages of collapse or flooding.
Their success is likely to be design dependent and site specific (L. J. Waller, unpub. data) and additional
studies should address the relative difference between the wooden boxes and the artificial burrows to
determine the most appropriate design for Robben Island and other colonies. Studies of chick growth
rates and condition should also be instigated to assess whether artificial nests also produce chicks of higher
quality that grow faster and fledge in better condition. However, it seems evident that the provision of
additional sheltered nests could improve breeding productivity, possibly helping to stem the decline of
African penguins on Robben Island.

2.5.3

Influence of prey availability on nest survival and breeding success

Prey availability is an important factor influencing population parameters (e.g. Mullers et al., 2009) and
population trends of several endemic seabird species in the Benguela Upwelling System (e.g. Crawford,
2007; Crawford et al., 2008c), including African penguins (e.g. Crawford et al., 2001, 2008e). Over the
period 1989–1995, breeding success on Robben Island was related to the total biomass of anchovy in South
African waters (Crawford et al., 1999b), anchovy dominated the diet of African penguins sampled on the
island (see Figure 2.11) and the spawner biomass of anchovy was generally higher than that of sardine
in the southern Benguela (see Figure 2.11 and e.g. Figure 2 in Crawford et al. 2006a). Over the period
covered by this study (2001–2009), similar conditions prevailed – anchovy again dominated the diet of
breeding birds sampled on Robben Island and the spawner biomass of anchovy was generally higher than
(or equal to) the biomass of sardine (see Figure 2.11 and e.g. Coetzee et al. 2008a). However, neither
nest survival or the breeding success parameters tested were significantly related to the total spawner
biomass of anchovy in the southern Benguela in this study. Instead, the catch of anchovy within 30 miles
of Robben Island and the contribution of anchovy to the diet of breeding birds seem to have been the
important factors determining breeding success and nest survival between 2001 and 2009.
The relationship with anchovy in the diet was mainly manifest in the measures associated with the
chick-rearing period, rather than over the whole breeding attempt. The relationship was primarily driven
by three of the nine years (2003, 2004 and 2006), where the contribution of anchovy to the diet fell below
75%, leading to poor survival during chick-rearing, particularly in 2003 and 2004, and low chick fledging
probabilities in two chick broods. In most years, the majority of African penguins are able to rear two
chicks to fledging (e.g. Wolfaardt et al., 2008c, see also Table 2.6) but in years of poor food availability,
birds may be unable to meet the energetic demands of two growing chicks (Cooper, 1977), leading to a
heightened risk of starvation. Alternatively, in years of poor food availability, breeding birds may be more
likely to leave chicks unguarded at a earlier age in order that both adults may forage (Cooper, 1977). This
may leave chicks more vulnerable to predation by e.g. feral cats and kelp gulls. The relationship between
anchovy in the diet and the probability of fledging in two chick broods suggests that fledging probability
may only deteriorate if anchovy availability falls below a certain threshold (e.g. Crawford et al., 2006a);
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however, additional years of data are needed to confirm this hypothesis.
Anchovy catch within 30 miles of the colony is likely to be a good indicator of the local availability
of anchovy to penguins breeding on Robben Island. Unlike the biomass estimates, which represent a
temporal snap-shot measure of abundance, catch data are derived from the sum of the year’s fishing
activity from January to December around the island, the bulk of which is undertaken from April to
October (Pichegru et al., 2009). African penguins feeding chicks tend to forage within c. 30 km of their
breeding colony (Petersen et al., 2006) but they have been recorded foraging up to 40 km (c. 24 miles)
from their breeding localities on the south coast (Heath and Randall, 1989). The anchovy fishery mainly
targets fish in the nearshore waters of the west coast (Fairweather et al., 2006) and the majority of the
anchovy catch consists of young-of-the-year recruits (Cochrane and Hutchings, 1995; Fairweather et al.,
2006). These young fish are also predated by African penguins on the west coast (Crawford et al., 2006a).
Anchovy spawn on the Agulhas Bank, to the southeast of Robben Island, during the austral spring and
summer (e.g. Shelton and Hutchings, 1990), the eggs are carried by currents to nursery grounds to the
north of Robben Island (e.g. Huggett et al., 2003) and the fish then migrate southwards along the west
coast of South Africa from March to September to join shoals on the Agulhas Bank (Crawford, 1980).
The number of African penguins breeding on Robben Island was related to the combined recruitment
biomass of sardine and anchovy from 1987–2005 (Crawford et al., 2008e) and birds on the west coast are
believed to initiate breeding so that chicks are in the nest during that part of the year when the anchovy
and sardine recruits are migrating past their west coast colonies (Crawford et al., 2006a).
For the period 1987-2009, catches of anchovy around Robben Island were significantly related to the
overall biomass of anchovy measured in November of the previous year. However, the effect was only
just significant for the entire period and was strongest from 1987–1996. Appropriately, between 1984 and
1995, the majority of the total anchovy spawner biomass observed during the annual pelagic surveys was
generally found to the west of Cape Agulhas (Roy et al., 2007). This coincided approximately with the
period over which Crawford et al. (1999b) found breeding success on Robben Island to be significantly
related to the total anchovy biomass. In 1996 an abrupt shift in the distribution was detected with the
majority of anchovy spawners switching from being located primarily over the western Agulhas Bank
(west of Cape Agulhas) to the central and eastern Agulhas Bank (east of Cape Agulhas) (Roy et al.,
2007). Between 1996 and at least 2005, on average two-thirds of the anchovy spawner biomass was
detected east of Cape Agulhas during annual surveys (see Figure 2 in Roy et al., 2007) and the shift
may have only begun reversing in 2009 (J. C. Coetzee, MCM, pers. comm.). Accordingly, from 1997 to
2009, anchovy catch within 30 miles of Robben Island was no longer significantly related to the total
anchovy biomass in the previous November. Modelling studies have suggested that eggs spawned to the
east of Cape Agulhas (on the eastern and central Agulhas bank) have a substantially reduced probability
of being successfully transported to the anchovy nursery grounds on the west coast compared with those
spawned to the west of Cape Agulhas and are more likely to be retained in the region where they were
spawned (Huggett et al., 2003; Mullon et al., 2003).
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The reduced transport probability and associated increase in transport time of eggs to the west coast
nursery grounds from the eastern and central Agulhas bank may have altered the timing and size at arrival
of larval anchovy on the west coast (Roy et al., 2007). If this is the case, it may be that, although anchovy
biomass was relatively high in the whole southern Benguela during the study period, it did not predict
breeding success on Robben Island because of a spatial displacement of the spawner stock. Hence overall
fish biomass measures from annual surveys may not always be adequate estimators of local fish availability
around seabird colonies, highlighting the need for spatial management of fish catches (Pichegru et al.,
2009). However, it should be noted that the majority of the recruitment biomass was still occurring on
the west coast up to at least 2006 (see Coetzee et al. 2006, cited in Roy et al., 2007) and the centre
of gravity of the anchovy catch had not shifted to the east, as has occurred with sardine (Fairweather
et al., 2006; Coetzee et al., 2008b).
When the data from this study were added to the data for 1989–1999 used in Crawford et al.
(1999b) and Crawford et al. (2006a), the earlier relationships with prey availability were no longer
significant. Given previous findings (Adams et al., 1992; Crawford et al., 1999b, 2006a; Wolfaardt
et al., 2008c), this is perhaps surprising. However, with the exception of Crawford et al. (2006a), these
studies dealt with short time periods and were conducted prior to the eastward shift of anchovy spawners
since 1996 (Roy et al., 2007) and the shift in the centre of gravity of sardine directed catches and sardine
spawners since c. 2001 (Fairweather et al., 2006; Coetzee et al., 2008b). Crawford et al. (2006a) reported
significant relationships between the number of chicks fledged per pair on Robben Island and a variety of
sardine and anchovy biomass measures between 1989 and 2004 (excluding 2000). In that study, despite
the dominance of anchovy in the diet from 1989–2004 (Figure 2.11), the strongest relationship was with
the combined spawner biomass of sardine and anchovy and this was attributed to a high spawner abundance of both sardine and anchovy between 1995 and 2004 (Figure 2.11). However, these relationships
were not upheld in this study, although the importance of anchovy availability was supported by the
relationships with nest survival and breeding success between 2001 and 2009. In addition, the values
for the number of chicks fledged per year for the years of this study that overlap with Crawford et al.
(2006a) were lower than previously reported. It is now apparent that breeding success from 2001–2004
was overestimated by Crawford et al. (2006a), possibly owing to a data processing error (P. J. Barham,
pers. comm.). This is the most likely reason for the disparate findings between the two studies, but
it should also be noted that the spawner biomass of sardine in the southern Benguela has decreased
markedly since 2004 (Coetzee et al., 2008b, Figure 2.11).
Sardine biomass is doubtless important for African penguins in the Western Cape. Growth of the
colonies on Robben Island, Stony Point and Boulders Beach between 1985 and 1999 seemed to correspond
with an increase in the biomass of sardine in South African waters (Crawford et al., 2001) and the
proportion of mature adults breeding in each year on Robben Island was related to the sardine biomass
between 1987 and 2005 (Crawford et al., 1999b, 2008e). However, since the sardine stock began to
decline and shift eastwards in the early 2000s (Coetzee et al., 2008b) the breeding populations of a
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number of seabirds, including penguins, have declined in the Western Cape (Crawford et al., 2008c,e).
Sardine spawner biomass strongly predicts the number of pairs breeding in the Western Cape and on
Robben Island over the period 1987–2009 (Crawford et al., 2008e) but sardine has not contributed more
than 12% to the diet of breeding African penguins on Robben Island since 1989, even in periods of
high sardine abundance. Therefore, while the availability of sardine is clearly important to the ongoing
conservation of the African penguin, the precise role that sardine plays in facilitating breeding may need
to be investigated further, perhaps with an emphasis on the importance sardine plays in birds building
condition prior to initiating breeding (Chapter 3).
In addition, although the catch data may act as a useful proxy for the coarse availability of prey
to African penguins breeding on Robben Island, it does not index the energetic investment required for
birds to forage successfully during the different seasons, as the spatial distribution and depth of the fish
stocks are largely ignored. Both of these variables, along with prey-availability, can influence the energy
expended by birds foraging at sea (e.g. Grémillet and Wilson, 1999), and should in turn influence how
penguins decide to allocate resources to their own body condition versus the provisioning of chicks (sensu
Ballard et al., 2010). Trying to make the link between measures of prey-availability, the effort required
for African penguins to exploit these prey resources and reproductive parameters, such as nest success
(e.g. Grémillet et al., 2004; Ballard et al., 2010), should be the focus of future research.
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Chapter 3
SPATIAL AND TEMPORAL VARIATION IN GROWTH OF AFRICAN
PENGUIN CHICKS AT FIVE COLONIES IN SOUTH AFRICA – IS FOOD
LIMITING?

3.1

Abstract

Prey availability during the breeding cycle has important impacts on seabird biology, including influencing the
growth rate of chicks in the nest. In the Benguela Upwelling System, links between population parameters
of African penguins Spheniscus demersus and the abundance of small pelagic fish have been identified, while
alterations in the growth rates of other species utilising the purse-seine stocks have been noted recently. A
dataset spanning a 20-year period was used to develop a time-series describing chick growth in the Western
Cape and to compare recent growth rates at five island colonies in South Africa. A method to incorporate data
from chicks of unknown age was employed and a Gompertz growth model was favoured to a logistic model for
comparative purposes. Significant predictors of growth were island and year combined (e.g. Robben Island 2004),
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the month of the mid-point of all growth measurements and chick-hatching order, with second hatching chicks
generally growing slower than first hatching chicks and singletons. Inter-annual and inter-island variability was
high, but in general growth rates decreased from 2008 to 2009 and were superior at the two Eastern Cape colonies
than at the three Western Cape colones in these years. Annual growth rates in the Western Cape were generally
poorer during periods of population decline than during periods of growth or stasis, which in turn seemed to
reflect changes in abundance of small pelagic fish. Growth rates from seven seasons on Dassen Island appeared to
be related to the availability of sardine Sardinops sagax in the previous November, suggesting a need for adults
to attain adequate condition prior to breeding. In general, April and May represented the best months for chick
growth in the Western Cape; however, the pattern of intra-annual variability was not uniform between years or
between colonies. In the one year for which an assessment was available, the monthly variation in growth rates
at Robben Island seemed to respond to the local availability of small pelagic fish within 20 km of the colony.
Analysis of the variability in the growth rates indicated that chicks should be measured at least 6 time, over a
period of 25 days to ensure robust estimates of growth and to move towards an optimal sampling strategy for
this species.

3.2

Introduction

Food abundance is relatively low in pelagic habitats, compared to terrestrial habitats (Shealer, 2001)
and is unpredictable because of variable oceanographic conditions on both a temporal and spatial scale
(e.g. Crawford, 1999; Weimerskirch, 2007). Thus, prey availability has an important influence on seabird
biology, affecting activity budgets, distribution, energetics, competitive abilities, breeding success and
survival (e.g. Furness and Monaghan, 1987). In particular, the foraging strategies of seabirds are greatly
constrained during breeding when birds are central place foragers (Orians and Pearson, 1979) and must
deliver food to the nest. As a result, the growth rate of chicks in the nest can be variable over time.
This developmental plasticity is usually regarded as a crucial adaptive response to uncertain food supplies
encountered within and between individual breeding seasons (e.g. Hudson, 1983; Gebhardt-Henrich and
Richner, 1998). Although adult birds could adjust their short-term foraging effort to find enough food
to allow for normal chick development during seasons of short supply, excessive parental effort during
one breeding attempt may result in increased mortality risk or reduce residual fitness in the future (e.g.
Goodman, 1974; Drent and Daan, 1980). Thus, there is potential for the growth of chicks to be retarded
during years in which food stress is particularly prolonged or acute (Barrett and Rikardsen, 1992; Olsson,
1997; Archer and Taylor, 2009).
Furthermore, the conditions that an animal experiences during early development may well have
long-lasting consequences on fitness. In long-lived species with deferred breeding, such as many seabirds,
chick growth may influence fitness components such as survival in prebreeders (e.g. Sagar and Horning,
1997), probability of recruitment to the breeding population and even adult survival and reproductive
success after recruitment (Cam et al., 2003). Therefore, the extent to which seabirds can cope with
changing oceanographic features and an induced limitation of food resources plays an important role in
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driving population level changes and shifts in distributions (e.g. Crawford et al., 2008d). For example, in
the southern Benguela Upwelling System, a combination of fishing pressure (e.g. Coetzee et al., 2008b)
and alterations in the marine environment (e.g. Roy et al., 2007) have caused an eastward shift in the
availability of sardine Sardinops sagax and anchovy Engraulis encrasicolus (Fairweather et al., 2006;
Crawford, 2007). This eastward displacement has caused a mismatch between the availability of prey
organisms and breeding seabirds in the Western Cape and together these factors have led to population
declines in several endemic seabird species in southern Africa, including the African penguin Spheniscus
demersus (e.g. Kemper et al., 2001; Underhill and Crawford, 2005; Crawford, 2007).
Crawford et al. (2006b, 2008e) have shown links between population parameters of African penguins
(e.g. breeding success) and estimates of the biomass of sardine and anchovy in the southern Benguela.
The growth of chicks in species that utilise the purse-seine stocks is also likely to be responding to the
alteration in the availability of sardine and anchovy (e.g. Mullers et al., 2009). Furthermore, van Heezik
and Davis (1990) have suggested that growth of penguin chicks can be constrained by food availability
and type. In Spheniscus penguins, the growth rates of hand-reared African penguin chicks are known
to vary with diet type (Heath and Randall, 1985) and can be significantly faster than those of their
counterparts in the wild (Cooper, 1977), while in Humboldt penguins S. humboldti, patterns of growth
seem to reflect local food availability (Hennicke and Culik, 2005).
Growth rates in African penguin chicks are variable both within seasons (Wilson, 1985b) and between
them (Randall, 1983; Adams et al., 1992), but little consideration has been given to whether growth also
varies in a uniform or non-uniform manner between colonies. Given the most recent population declines
(see e.g. section 1.4.2), understanding how the quality of African penguin chicks varies spatially and
temporally in the southern Benguela upwelling system is important. The goal of this chapter is to explore
the level of variation in growth between years and colonies, and where the datasets allow, to examine
the variability of growth within breeding seasons. Growth rates in 2008 and 2009 are related to growth
rates from 1989–1990, 1995-1998 and 2004, in an effort to determine if chick quality has decreased in
the southern Benguela in recent years. In addition, preliminary assessments of how growth rates relate
to pelagic fish abundance are made.

3.3
3.3.1

Methods
Data sources

The data used to calculate growth rates in this chapter came from a number of sources and were
collated from studies with various aims. To enable meaningful comparisons, all of the raw data have been
analysed using one method. The data from Dassen Island (33 ◦ 25’ S, 18 ◦ 06’ E) in 1989 were collected
(by Y. van Heezik and P. Seddon) as part of experimental investigations into the influence of hatching
order, brood size and hatching asynchrony on the growth and survival of penguin chicks (Seddon and
van Heezik, 1991b; van Heezik and Seddon, 1991). Only data obtained from unmanipulated broods
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were considered here. The chicks measured on Dyer Island (34 ◦ 41’ S, 19 ◦ 25’ E) in 1990 were part
of studies (again by Y. van Heezik and P. Seddon) focused on parent-offspring recognition and within
brood food distribution (Seddon and van Heezik, 1993b; van Heezik and Seddon, 1996). Again, only
data from chicks in unmanipulated broods are considered here. The chick measurements from Dassen
Island, made between 1994 and 1998, were collected (by A. C. Wolfaardt) in order to compare breeding
productivity in broods from adults birds that either were or were not oiled in the Apollo Sea oil spill of
1994 (Wolfaardt et al., 2008a,c). Only data from chicks in control broods, where neither adult had been
oiled in the spill, were used in this study. The data from Robben Island (33 ◦ 48’ S, 18 ◦ 22’ E) in 2004 were
collected (by S. Bouwhuis) as a contribution to a study on the prefledging energetics of African penguins
(Bouwhuis et al., 2007). A small minority of these chicks were injected with doubly-labelled water and
had blood samples taken at one and 48 hours post-injection (Bouwhuis et al., 2007; Visser et al., 2007).
The disturbance levels from these additional manipulations were not judged to be sufficiently different
from the normal disturbance involved in growth measurements to cause the exclusion of the dataset.
Penguin chick measurements were made at five colonies in 2008 and 2009 in line with a co-ordinated
chick monitoring programme. This programme was initiated as part of a large-scale feasibility study to
assess the efficacy of purse-seine fishing closures around seabird breeding colonies. Data from Dyer and
Dassen Islands were collected by staff of the management authority (CapeNature) and data from Bird
(33 ◦ 50’ S, 26 ◦ 17’ E) and St. Croix (33 ◦ 48’ S, 25 ◦ 46’ E) Islands were collected by researchers from the
University of Cape Town (L. Pichegru and her students) as well as members of the managing authority
at these colonies (South African National Parks Service). The datasets from Robben Island in 2008 and
2009 were collected by the author. All data used here have been willingly contributed to this study and
are used with express permission.

3.3.2

Growth measurements

Measurements were collected from chicks in the African penguin colonies at Robben, Dassen, Dyer, St.
Croix and Bird Islands (Figure 3.1). Nests with chicks present were identified and individually marked.
Chicks were also individually marked (using e.g. Porcimark, Kruuse R ) so that their identity could be
confirmed on subsequent visits. For all colonies, mass was measured for each chick at every nest visit (visit
intervals in Table 3.1), as was head length (from the back of the skull to the tip of the culmen) except on
Dassen Island in 1989 and from 1994–1998 and at Dyer Island in 1990 where only mass measurements
were made. The date of each measurement was also recorded, although the time was not (apart from in
2004). All chicks were measured between 08h00 and 16h00 to minimize the risk of mass measurements
being influence by feeding events.
During 1995–1998 on Dassen Island, chicks were weighed with Salter R spring balances, to an accuracy
of 5 g for chicks less than 1 kg (500 g spring balance), and 25 g for chicks heavier than 1 kg (1 kg or
5 kg balance; Wolfaardt et al. 2008c). In 2004, mass was measured to the nearest 1, 10 and 25 g
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(for chicks < 300, 300–1000 and for chicks > 1000 g respectively) using Pesola R spring balances. In
2008 and 2009, mass was measured to the nearest 10 g using an electronic balance (Robben, Dassen, Dyer)
or a Pesola R spring balance (Bird and St. Croix) and a bag or harness to hold the chick. Total head
length was measured to the nearest 1 mm using dial or vernier callipers for all colonies and years.
Measurements were retained for growth analysis where chicks of a known identity had been measured at
least twice during the brood period.
Given the recent declines in the numbers of African penguins breeding (e.g. Underhill et al., 2006;
Kemper et al., 2007b), there was concern about the possibility of causing disturbance by frequent
nest visits during incubation and early in the chick rearing period (sensu Hockey and Hallinan, 1981).
Consequently, in 2008 and 2009, chicks were not measured before they had a head length of
c. 70–75 mm (based on Lubbe, 2008). As a result, the hatching date, the precise age of the chicks
and the hatching order of chicks were not known exactly. Hatching order in two chick broods was
designated based on any size asymmetry at the first nest visit. Chicks were designated as a first hatching

Figure 3.1: Locations of the five colonies from which African penguin chick growth data were collected (in red).
Measurements were obtained from (A) three colonies in the Western Cape, Robben, Dassen and Dyer Island, and
(B) two colonies from Neslon Mandela Bay in the Eastern Cape, Bird and St. Croix Island. Figure Adapted from
Crawford et al. (2007b).

3.3. Methods

58

Table 3.1: Samples sizes, mean (SD) measurement interval and time range from the first to last measurement of
all African penguin chicks included in each island-year dataset. *20 km radius around colony closed to purse-seine
fishing during corresponding year.
Locality and
Year
Dassen 1989
Dassen 1995
Dassen 1996
Dassen 1997
Dassen 1998
Dassen 2008*
Dassen 2009*
Dyer 1990
Dyer 2008
Dyer 2009
Robben 2004
Robben 2008
Robben 2009
Bird 2008
Bird 2009
St. Croix 2008
St. Croix 2009*

No. chicks
measured
99
121
151
142
46
14
79
26
131
122
148
77
89
47
114
40
116

Mean (SD)
measurement interval (days)
4.99 (1.62)
4.21 (1.52)
5.40 (1.57)
5.13 (0.98)
5.12 (1.04)
15.75 (9.32)
10.94 (7.45)
14.71 (12.13)
8.23 (3.32)
8.80 (3.74)
4.49 (2.12)
9.96 (6.15)
8.59 (2.45)
6.41 (5.93)
7.97 (5.30)
5.54 (1.41)
9.48 (4.38)

Time range of
dataset
Jun 1989 – Oct 1989
Nov 1994 – Nov 1995
Oct 1995 – Jan 1997
Nov 1996 – Jan 1998
Jan 1998 – May 1998
Aug 2008 – Oct 2008
Feb 2009 – Oct 2009
Aug 1990 – Oct 1990
Mar 2008 – Oct 2008
Mar 2009 – Oct 2009
Apr 2004 – Oct 2004
Apr 2008 – Nov 2008
Mar 2009 – Oct 2009
May 2008 – Jun 2008
Mar 2009 – Jul 2009
May 2008 – Jun 2008
Mar 2009 – Jun 2009

chick (Alpha or A-chick), second hatching chick (Beta or B-chick) or as a singleton if only one chick
was present. As a result, the hatching order may have been incorrectly assigned in some cases. The
mean mass at fledging and median fledging period (n = 104) were also measured for Robben Island
in 2004 (Bouwhuis et al., 2007).

For comparison, mass measurements of 66 chicks were taken

shortly before fledging on Robben Island in 2009.

3.3.3

Diet and fish biomass data

The fish biomass estimates and data on African penguin diet used in this chapter were derived from the
same sources and obtained using the same methods as those in Chapter 2. See section 2.2.4 for further
details.
Hydro-acoustic data from six small-scale surveys conducted within a radius of 20 km around Robben
Island during 2009 were provided by MCM (J. C. Coetzee). The surveys were conducted from a 6 m rigidinflatable boat, using a standard 38 kHz scientific pole-mounted transducer and console-housed general
purpose transceiver (Merkle et al., 2009). Survey routes and time-periods varied (from two to four days)
according to weather conditions and the area within the 20 km radius was not always completely covered
on each survey (Merkle et al., 2009). The survey methods could not distinguish between fish species,
so the minimum biomass estimate assumes that all fish are sardine and the maximum estimate assumes
that all fish are anchovy, based on differences in the target strength between the two species (see e.g.
Barange et al., 1996; Coetzee et al., 2008a). Therefore, the true biomass available will lie somewhere
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between these estimates and the results can only provide an estimate of changes in relative abundance
over time (Merkle et al., 2009). The surveys attempted to estimate the proportion of the forage fish
that would be available to penguins by also calculating biomass estimates excluding all those in which
the mean depth of fish was greater than 50 m (Merkle et al., 2009). Although African penguins can dive
to depths exceeding this (e.g. 130 m, Wilson 1985a; 70 m, Ryan et al. 2007), the majority of dives are
less than 50 m deep (Wilson, 1985a; Ryan et al., 2007).

3.3.4

Growth coefficients

On Dassen Island between 1994 and 1998, some chicks were measured approximately every one to two
days (mainly during 1995) and some approximately every five days (Wolfaardt et al., 2008c). To simplify
the analysis, the former datasets were compacted to provide measurements at approximately five-day
intervals. The first measurement made was always included, after which data points were either retained
or discarded based on whether they were equal to, more or less than five days after the previous one. If
there was no measurement that fell five days after the previous measurement, then the next nearest data
point was used. This may have meant that the maximum mass or head length amongst the measurements
may have been excluded for some chicks.
Some African penguin chicks reach peak mass shortly before fledging and then lose weight prior to
leaving the nest (e.g. van Heezik and Seddon, 1991). This period of mass loss prior to fledging is not
adequately accounted for by parametric growth models (see Brown et al., 2007) because they fit the data
to non-decreasing, sigmoid-like growth curves (e.g. Ricklefs, 1967). Furthermore, mass loss does not
always occur with every chick (see Randall, 1983; Heath and Randall, 1985) and its prevalence may differ
between years and colonies. Therefore, mass measurements were only considered up to the peak measure
for chicks that exceeded 1750 g. Chicks in the later stages of brooding (i.e. lost > 25% of their down)
that never exceed 1750 g were unlikely to survive to fledging (R. B. Sherley pers. obs.). Subsequently,
mass losses post peak mass were retained for these chicks as this was considered to contain important
information about the average growth of that chick and of the colony at that point in time. Decreases
in mass prior to the maximum value being reached were always retained.
Morphometric measurements such as head length are generally non-decreasing (but see Wikelski and
Thom, 2000). Therefore, if the observed head measurements decreased from one visit to the next, this
was deemed to be the result of measurement error. To avoid producing impossible negative values for
head growth, isotonic regression (Barlow et al., 1972) was applied to each set of head measurements.
Isotonic regression is used to find a weighted least-square fit to a dataset, where data points are subject to
a set of isotonic (strictly increasing) constraints that give the variables a simple or partial order. So, where
an observed series of head measurements decreases then increases again, the n data points are adjusted
so that the measurement stays constant across all the measures, or increases by an average amount,
depending on their relative weights (the distances between them and from each to the maximum value).
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Traditional approaches for analysing growth data, such as Ricklefs graphical method (Ricklefs, 1967)
or the use of non-linear regression (e.g. Ricklefs et al., 1986), require measurements from hatching up
to fledging and require that the age of the chick being measured is known fairly precisely. With some
species, getting measurements right up to fledging can be difficult and both methods have their statistical
drawbacks (see e.g. Zach, 1988; Brown et al., 2007), particularly sensitivity to the choice of asymptotic (or
limiting) values (e.g. Ricklefs, 1967). Tjørve and Underhill (2009) reported a method (further developed
by Underhill, In Press; hereafter “the Underhill method”) which reduces the sensitivity to the choice
of asymptote and allows measurements of chicks of unknown age to be included. Consequently, the
Underhill method is adopted here.
Body mass gain in birds is most commonly described using either the logistic (Ricklefs, 1967) or
the Gompertz (Gompertz, 1825) growth curves and the Underhill method provides modified equations
for both models. Although fitting avian growth data to parametric models can be problematic in some
cases (e.g. Brown et al., 2007; Mullers et al., 2009), growth curves (the Gompertz curve in particular)
have been cited as providing a good fit to the observed growth in African penguin chicks (Randall, 1983;
Bouwhuis et al., 2007). Following the Underhill method, the Gompertz growth rate coefficient (kG ) for
a chick of unknown age can be described as
log(−log(M1 /A)) − log(−log(M2 /A))
kG = ————————————————————
(t2 − t1 )
(1)
and the corresponding logistic growth rate coefficient (kL ) as:
log((A/M1 ) − 1) − log((A/M2 ) − 1)
kL = ————————————————————
(t2 − t1 )
(2)
where the measurement (e.g. the mass) takes the value M1 on calendar date t1 , and M2 on date t2
and A is the asymptotic value (equations from Underhill, In Press, derived from Appendix A of Tjørve
and Underhill 2009). For mass, the asymptote was set at 3500 g (following Bouwhuis et al., 2007).
For the head model, the mean value (120.2 mm) from 235 head length measurements taken from adult
birds fitted with passive integrated transponders on Robben Island in 2007 and 2008 was used (N. J.
Parsons and S. Hampton unpubl. data). As time of visit was not record in the field, only whole days were
used for calculating growth coefficients. If more than two observations existed for the same chick then a
growth coefficient (k) for each of n(n − 1)/2 pairs of measurements was calculated and a value of the
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Figure 3.2: Histograms of the spread of the n(n − 1)/2) Gompertz growth coefficients generated by using all
measurement pairs for four individual African penguin chicks, with the mean (dashed line) and median (solid line)
shown as measures of central tendency. The values in the top left corner of each panel give the number of times
the chick was measured (n) and the number of growth coefficient estimates generated n(n − 1)/2), respectively.

central tendency of all possible pairs was used to describe the growth constant for that chick (Figure 3.2).
So, for example, measuring a chick 22 times produced ([22*21]/2 =) 231 growth coefficients. The central
tendency value for each chick was then taken as an estimate of the approximate growth during the period
over which the chick was measured (Figure 3.2).
Similarly, growth within a colony or a year (K ) was described by pooling the average k values of
all chicks measured at that colony or within that year (Bouwhuis et al., 2007). These values then
represented an estimate of the average growth of chicks in that colony during the period for which data
were contributed. Underhill (In Press) recommends using the median as the preferred value of central
tendency because of its property of being robust against outliers (see e.g. Figure 3.2 and Figure 3.3).
Once growth rates were calculated, the Gompertz growth curve was modelled as
M(t) = A exp(−b * exp (−KG * t))
(3)
where M(t) was the mass (g) on day t, KG was the overall median Gompertz growth coefficient for the
colony, A was the asymptotic (or limiting) mass (as above), t was the number of days from hatching and
b = −log(H/A), where H was the observed hatchling value. The corresponding logistic growth curve
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took the form
M(t) = A/(1 + b * exp(−KL * t))
(4)
where KL was the overall median logistic growth coefficient for the dataset, A was the asymptotic (or
limiting) mass (as above), t was the number of days from hatching and b = (A − H)/H, where H is
the observed hatchling mass (g). Hatching values were set at H = 72 g for mass (following Bouwhuis
et al., 2007) and H = 42.7 mm for the head length (based on L. G. Underhill unpubl. data). The
modelled curves (e.g. Figure 3.4) can then be used to make predictions for fledging ages and mass at
any given time in the growth period. The mean mass at fledging (2830 g) and median fledging period
(68 days) from Robben Island in 2004 were used as a baseline to compare model predicted values for
the various colony year datasets. Hereafter, “growth coefficient(s)” or “k value(s)” refer to Gompertz
growth coefficients based on the Underhill method, unless otherwise specified.

3.3.5

Statistical analysis

Chicks measured over short periods are likely to have been measured on only a few occasions, which
can result in a low number of estimates of growth (k values). This increases the influence of recording
a confounded change in the element being measured, caused by e.g. measurement error or the chick
having been recently fed. For this reason, and because the a priori target for the minimum requirement
to include a chick in the 2008 and 2009 datasets had been two measurements, each five days apart
following recommendations by S.Bouwhuis (in litt.), plots of the median k value for each chick against
the total period (no. days) over which the measurements where collected (sampling period length) for

Figure 3.3: Examples of the spread of the median k values from all African penguin chicks measured at a colony
in one breeding season and the mean (dashed line) and median (solid line) as measures of central tendency.
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Figure 3.4: The red line represents a modelled Gompertz growth curve for African penguin chicks on Robben
Island in 2004, based on a median Gompertz growth value of 0.0461 (see below) and equation (3) above. The
green line represents a modelled logistic growth curve for Robben Island in 2004, based on a median logistic
growth value of 0.0808 and equation (4) above. The dashed line parallel to the x-axis (y-intercept = 2830)
indicates the observed mean fledging mass (2830 g) on Robben Island in 2004 and the dashed line parallel to
the y-axis (x-intercept = 68) indicates the observed median time to fledge (68 days) on Robben Island in 2004.
Theoretically, a model curve that perfectly described the growth on Robben Island in 2004 would bisect the point
where these two lines meet.

that chick were used to examine the data for abnormally high variability in median growth coefficients
prior to regression analysis.
The statistical analyses used to relate growth to a number of categorical and continuous explanatory
variables were carried out using the R package (v2.10.1, R Development Core Team, 2009). The objective
of these analyses was to try to determine if particular breeding colonies or seasons showed characteristic
growth rates and to explore the extent to which growth varied within years at the breeding colonies.
Explanatory variables used in the models were year, island, month, hatching order and sampling period
(total period over which the chick was measured). The relationship between growth and the variability
in growth, between mass growth and measures of pelagic fish abundance as well as the reliability of
growth measurements with different sampling period lengths and numbers of measurement visits were
also examined. The various analyses performed are described below.

Comparing the fit of the Gompertz and logistic curves
In order to compare the fit of the Gompertz and logistic models to observed measurements of mass,
growth curves were fitted to plots of mass against age for four datasets (Dassen 1989, 1995, 1996 and
Robben 2004) for which the age of the chick was known at the time of measurement. The curves were
fitted using the median KG and KL values determined for each island-year dataset individually, with the
asymptote fixed at 3500 g in each case. Residuals were calculated for each point for both models. Plots
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of the spread of the residuals and a comparison of the residual sum-of-squares were then used to compare
the two models. Head measurements where the age of the chick was known precisely were only available
for Robben Island in 2004. Both growth curves were fitted to plots of head length against age for this
dataset.

Inter-island and season variability
Differences in the average growth rates between colonies and years were tested using multivariate regression, specified using the lm function in R. The Gompertz growth coefficient of each chick was fitted as
the response variable for mass. For head length, a square-root transformation was used on the Gompertz
growth coefficients of each chick, as this produced residuals that more closely approximated a normal
distribution (Figure 3.26, Appendix 1). Linear models were used to compare the values of the constants
between islands, years and island-year (e.g. Dassen 2008 vs Dassen 2009) factors. The sampling period
duration, the time over which the chick was measured, was also included in the basic model. Model
selection started from the most general model and model simplification following standard procedures
(e.g. Crawley, 2007). Akaike’s Information Criterion (AIC; Akaike 1974) was used to select the best
fitting model in each case.

Chick hatching order
In order to assess whether chick growth differed between first-hatching (Alpha) chicks, second-hatching
(Beta) chicks and singletons, hatching order was included as an explanatory variable in the main linear
model for both head length and mass. In addition, mean growth rates and standard errors were calculated
for each island to examine how the growth rates varied between the three chick classes in the various
island-year datasets.

Monthly variations in growth
To determine if certain months or portions of the year (or breeding season) were favourable for chick
growth, calendar month was included as an explanatory variable in the linear model of mass and head
length. Because a growth rate is defined by an increase in some parameter over time, assigning a growth
coefficient to a particular period of time, be it a day or a week or so forth, requires some degree of
decision making. It was decided to first test for the effect of month on growth by assigning each chick’s
average growth rate (median kG ) to one calendar month. The first and last date on which the bird was
measured were used to find the date of the mid-point of the period over which each chick was monitored.
The chick’s median growth value was then assigned to the calendar month in which that date fell.
Given the fact that the vast majority of chicks actually grow over a number of months, pinning a
bird’s average growth to the middle month of the growth period could be problematic. Partitioning
the year in a different, more simplistic way could potentially provide a model with a better fit to the
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data than using a 12 (or 8 for head length) level month factor. Four models with alternative periodic
terms to account for the effect of time of year (seasonality) on growth were fitted for the head length
data (trigonometric, summer-winter, quarters and half-year) and three for the mass data (trigonometric,
summer-winter, quarters).
The trigonometric model (e.g. following Underhill et al., 1992), fits two explanatory variables in place
of the month term to test whether there is a smooth pattern of seasonality in growth. The two explanatory
variables, sMonth and cMonth, are calculated by expressing the month as an angle between 0 ◦ and 360◦
(i.e. January = 15◦ , February = 45◦ ) and taking the sine and cosine of this angle. The methodology
is detailed in Underhill et al. (1992). The summer-winter model partitioned the year in to two periods
based on the austral seasons, such that the values for October to March were amalgamated to form the
“Summer” level and the data from April to September formed the “Winter” level. The half-year model
(applied only to head length) split the breeding season in half according to the calendar year (March to
June, July to October) and the quarters models contains four periodic terms, each designed to span three
months, thus partitioning the year into 4 quarters. For the mass model January to March = Q1, April
to June = Q2, July to September = Q3 and October to December = Q4. For head length, Q2 and Q3
were the same but Q1 only contained March data and Q4 only contained October data.
In order to determine if colonies displayed characteristic patterns of seasonality in growth or whether
patterns differed between years and colonies, monthly medians and interquartile range (IQR) values for
growth coefficients were also generated for each month of every year where data were available from
a colony. Each growth coefficient (k value) generated from consecutive measurements of a chick was
assigned to a month based on where the mid-point between the measurement dates fell (i.e. [t2 − t1 ]/2).
So, if a chick was measured on (1) 22 April 2008, (2) 28 April 2008 and (3) 04 May 2008 the growth
coefficient generated from measurements 1 and 2 would be assigned to April and the growth coefficient
generated from 2 and 3 would be assigned to May. As a result, a monthly median could represent
some growth that occurred partially in the preceding and ensuing months, although where figures display
monthly medians, the value has always been pinned to the mid-point of each month for simplicity in data
representation. The (k) values were then pooled across years to produce one monthly median and IQR
for each month where data had been collected at a colony. For example, for Dassen Island it was possible
to produce 12 monthly medians and IQR values to describe the “average” seasonal pattern at the island.
Finally, the data from the 13 island-year datasets from Western Cape colonies were combined to provide
an “average” seasonal pattern for the Western Cape, which could be compared to the overall pattern
produced from the linear model output. A Kruskal-Wallis rank sum test was used to assess the median
values produced for the Western Cape for differences amongst the months of the breeding season.

Relationship between average growth and variability in growth
At times when growth is good on average, if good growth is driven by good conditions, it is expected that
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the corresponding variability in growth between chicks should be small. In order to test this prediction,
the variability (IQR) in growth coefficients was related to the average value of the growth coefficients.
The monthly median values for each month (calculated as outlined in the previous subsection) for the five
islands was tested using a simple linear regression against the corresponding IQR values. In addition, the
relationship between the overall annual median and IQR for the 17 island-year datasets was assessed with
linear regression. In both cases, the IQRs were taken as the response variable and the median growth
coefficients as the explanatory variable.

Effects of sampling period length and measurement count on growth
To investigate whether different measurement regimes influenced growth and to aid the selection of an
optimal sampling strategy to balance minimising the impact of invasive handling on the birds with getting
good quality data, all chicks were grouped by the number of times they were measured (measurement
count) and the total time spent in the study (sampling period duration, in days). The median growth
coefficient for each chick was assigned to a 5-day bin (e.g. 1–5 days, 6–10 days etc.) for the sampling
period duration and a 1-measurement bin (from 2 to 22 times) for the measurement count. The mean,
SD, median and IQR were produced for each bin. The influences of the sampling period duration and
the measurement count on the average values and values of dispersion of mass growth were tested using
regression analysis. Finally, following recommendations in Crawley (2007), tree models were used to
identify thresholds of the sampling period duration and measurement count that maximally distinguished
between high and low values of the response variables.

Relationship between growth and estimates of pelagic fish abundance
The six values for estimated biomass of small pelagic fish within 20 km of Robben Island during the 2009
African penguin breeding season were plotted against the monthly median Gompertz growth values for
mass obtained from Robben Island between March and October 2009. It was not practical to test the
relationship between the two statistically because of the small number of surveys undertaken and their
intermittent nature through the season.
Estimates of small pelagic fish abundance made in the seven years where growth data were available
from Dassen Island were extracted from the time-series provided and assessed for a relationship with
growth. A number of simple linear regression models were fitted with the annual median growth values
from Dassen as the response variable and the following measures of small pelagic fish abundance as
explanatory variables: (1) sardine spawner biomass, (2) anchovy spawner biomass, (3) sardine biomass
from the previous year (to the year in which the growth data were collected), (4) anchovy biomass
in the previous year, (5) sardine as a percentage of the total biomass, (6) sardine as a percentage
of the total biomass in the previous year, (7) anchovy recruitment biomass, (8) sardine recruitment
biomass, (9) anchovy recruitment in the previous year, (10) sardine recruitment in the previous year.
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Explanatory variables 1−4 and 7−10 were extracted directly from the time-series of data provided by
MCM. Explanatory variables 5 and 6 were calculated by the author as the percentage that was accounted
for by sardine from the total biomass obtained by summing the sardine biomass and the anchovy biomass
(termed the combined spawner biomass) in each year. The relationship between sardine biomass in the
previous year and growth rates on Dassen Island for the seven years was also tested using a thresholded
Analysis of variance (ANOVA) to assess the data for a threshold effect. The threshold was defined using
using a tree model following recommendations in Crawley (2007).
Data on African penguin diet were made available for Dassen Island from 1990 to 2009 (by MCM),
but no samples were obtained in 1989 so linear models were not fitted to assess the relationship between
chick growth and the percentage occurrence of sardine or anchovy in the diet of birds from Dassen Island.

3.4

Results

In total, 10,713 measurements of 1562 chicks contributed to the overall dataset at a mean ± SD measurement interval of 6.0 ± 3.5 days. All chicks were measured between two and 22 times, with a mean
± SD of 7.9 ± 5.2 measurement visits. Plotting the median k values against the number of days over
which each chick was measured suggested abnormally high variability (relative to the rest of the dataset)
in median growth coefficients and, with mass, high incidence of negative growth rates in chicks measured
for fewer than 10 days (Figure 3.5). Consequently, median k values of chicks measured for fewer than 10
days were excluded from the island-year medians and subsequent analysis. The remaining (1406) values
were pooled to give median growth values for mass for each of the 17 datasets from the island and year
combinations, e.g. Robben Island 2004 (Table 3.2). Median coefficients were produced to describe the
head growth at all five colonies in 2008 and 2009, as well as Robben Island in 2004 (Table 3.6).

3.4.1

Comparing the fit of the Gompertz and logistic curves

The Gompertz curve gave a substantially better fit to the data than the logistic curve in all four cases,
producing the lower residual sum-of-squares value for all four datasets (Table 3.3 and Figure 3.27, Appendix 1). For example, with the Robben Island 2004 data, the residual sum-of-squares for the Gompertz
curve was 28.0% of the corresponding value for the logistic curve. Overall, however, the fit of both the
Gompertz and logistic curves was generally poor for mass in all four datasets (Figure 3.27). Plots of the
residuals indicated that, particularly in the low age classes, the residuals were not normally distributed,
with far more positive than negative values for both curves (e.g. Figure 3.6 shows the plots for Robben
Island 2004). For much of the time, the majority of the data lies above the model curves, indicating that
the point of inflection (the age at which the rate of growth stops increasing and starts to slow) occurred
earlier in the data than the point of inflection specified by either model (Figure 3.27).
As with mass, the Gompertz curve produced the better fit to the head length data than the logistic
curve (top left panel of Figure 3.7). The residual sum-of-squares produced for the Gompertz model was
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Figure 3.5: Gompertz growth coefficients plotted against sampling period (the number of days over which a
chick was measured) for mass (top) and head (bottom) growth with African penguin chicks that were measured
over fewer than 10 days included (left) and excluded (right).

Table 3.2: Samples sizes, median growth coefficients (LQ – UQ) for mass and Gompertz growth model predictions
for average mass at 68 days (the median fledging age on Robben Island in 2004; Bouwhuis et al. 2007) and time
(in days) to reach or surpass 2830 g (the mean fledging mass on Robben Island in 2004; Bouwhuis et al. 2007)
for African penguin chicks from each of the 17 year-island datasets. *Indicates that a 20 km radius around the
respective colony was closed to purse-seine fishing during the corresponding year.
Locality and
Year
Dassen 1989
Dassen 1995
Dassen 1996
Dassen 1997
Dassen 1998
Dassen 2008*
Dassen 2009*
Dyer 1990
Dyer 2008
Dyer 2009
Robben 2004
Robben 2008
Robben 2009
Bird 2008
Bird 2009
St. Croix 2008
St. Croix 2009*

No. k
values available
86
111
145
136
46
14
70
26
125
118
142
50
88
39
101
32
77

Median
(LQ – UQ) KG
0.0317 (0.0245 – 0.0405)
0.0374 (0.0304 – 0.0424)
0.0400 (0.0334 – 0.0468)
0.0446 (0.0377 – 0.0522)
0.0395 (0.0306 – 0.0494)
0.0268 (0.0236 – 0.0354)
0.0315 (0.0244 – 0.0439)
0.0371 (0.0305 – 0.0432)
0.0239 (0.0148 – 0.0379)
0.0267 (0.0173 – 0.0342)
0.0461 (0.0394 – 0.0516)
0.0369 (0.0287 – 0.0457)
0.0312 (0.0225 – 0.0411)
0.0449 (0.0350 – 0.0591)
0.0369 (0.0301 – 0.0460)
0.0541 (0.0458 – 0.0610)
0.0370 (0.0317 – 0.0432)

Mass at
68 days (g)
2233
2581
2707
2900
2684
1868
2221
2560
1626
1859
2955
2554
2194
2914
2554
3173
2559

Fledging
age (days)
92
78
73
66
74
109
93
79
122
109
64
79
94
65
79
54
79
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Table 3.3: Residual sum-of-squares (RSS) based on the fit of mass data to Gompertz and logistic growth curves
for four datasets (Robben Island 2004, Dassen Island 1989, 1995 and 1996) where African penguin chick age
was known precisely and residual sum-of-squares based on the fit of head measurements to Gompertz and logistic
growth curves for Robben Island in 2004.
Dataset
Robben 2004
Dassen 1989
Dassen 1995
Dassen 1996

Mass
Gompertz RSS
1.97*108
2.91*108
1.97*108
3.41*108

Logistic RSS
7.03*108
5.39*108
7.55*108
1.31*109

Dataset
Robben 2004

Head
Gompertz RSS
3.39*104

Logistic RSS
2.63*105

again lower than that produced by the logistic model and the plots of the residuals (Figure 3.7) show a
fairly even distribution of positive and negative residuals for the Gompertz curve. The small skew towards
positive residuals in the middle age classes with the Gompertz model (top right and bottom right panels,
Figure 3.7) suggests that the model fit could be improved. Given the better fit of the Gompertz curve for
both mass and head length, the subsequent analyses were performed on the Gompertz coefficients only.

3.4.2

Inter-annual and inter-island variability in growth

Overall, the variation in the annual median growth rates for mass between the 17 island-year datasets
ranged from 0.0239 on Dyer Island in 2008 to 0.0541 on St. Croix Island in 2008 (Table 3.2). When the
datasets were pooled by colony, the variation was generally reduced (Table 3.4). Although the median
values range from 0.0270 on Dyer Island to 0.0417 on St. Croix Island, only the median value for Dyer
Island was below the overall median for the 1406 chicks (0.0374) and, with the exception of Dyer Island,
the mass values predicted were all within 10% of the observed fledging mass on Robben Island in 2004
(2830 g) and the mean ± SD fledging mass on Robben Island in 2009 of 2675 ± 358 g (Table 3.4).
A linear model analysis on the data pooled by colony produced a highly significant effect of island on
growth (F(4,1401) = 37.94, p < 0.001), and pair-wise t-tests (using the sequential Bonferroni correction,
Holm, 1979) indicated that growth on Dyer Island was significantly different from all four of the other
colonies (all p-values p < 0.001) and that Dassen Island differed from St. Croix Island (p = 0.007).
Model selection, based on AIC values, favoured the model with the 17 combined island-year terms
over the model with year and island as separate terms (Table 3.5). The best supported model included
island-year, month, chick hatching order and the total number of days the chick was measured over
(sampling period) as significant predictors of growth (Table 3.5). However, subsequent exploratory
analysis suggested that the effect of the sampling period was driven by an auto-correlation with time in a
small number of the datasets. For many of the datasets, chicks were followed from the first measurement
to fledging (or death). So, if a number of chicks was first measured on the same day, those taking long to
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Figure 3.6: Top: Plots of the spread of the residuals (ranked by age) based on the distance of each African
penguin chick growth data point (head measurement) to the Gompertz and logistic curves (respectively) at a
given age. A head length taken at n days which is greater than the model prediction at n days yields a positive
residual and a shorter head length yields a negative residual. Bottom: Frequency of positive and negative residuals
occurring in each age class, where each chick is assigned to a 5-days age class (bin 1 = 0–5 days inclusive, bin
2 = 6–10 days inclusive etc.). The length of each line below zero represents the count of negative residuals and
the length above zero gives the count the positive residuals in each age class.

Table 3.4: Samples sizes, median growth coefficients (IQR) for mass and Gompertz growth model predictions
(based on the median values) for average mass at 68 days (the median fledging age on Robben Island in 2004;
Bouwhuis et al. 2007) for the 1406 African penguin chicks retained for analysis, pooled by colony.
Colony
Bird Island
Dassen Island
Dyer Island
Robben Island
St. Croix Island

No. kG
values
140
608
269
280
109

Median
(IQR) kG
0.0387 (0.0177)
0.0382 (0.0154)
0.0270 (0.0202)
0.0409 (0.0171)
0.0417 (0.0163)

Mean
(SD) kG
0.0415 (0.0193)
0.0380 (0.0121)
0.0275 (0.0160)
0.03995 (0.0142)
0.0431 (0.0215)

Mass at
68 days (g)
2648
2619
1886
2750
2787

Fledging
age (days)
76
77
108
72
70
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Figure 3.7: Top Left: Head length plotted against known age for all African penguin chicks in the Robben Island
2004 dataset. Gompertz (red curve) and logistic (green curve) grow curves are plotted through the data, based
on the median growth coefficient (K value) generated from the dataset and the relevant equation in section 3.2.4.
Top Right and Bottom Left: Plots of the spread of the residuals (ranked by age) based on the distance of each
data point (head measurement) to the Gompertz and logistic curves (respectively) at a given age. A head length
taken at n days which is greater than the model prediction at n days yields a positive residual and a shorter head
length yields a negative residual. Bottom Right: Frequency of positive and negative residuals occurring in each
age class, where each chick is assigned to a 5-days age class (bin 1 = 0–5 days inclusive, bin 2 = 6–10 days
inclusive etc.). The length of each line below zero represents the count of negative residuals and the length above
zero gives the count the positive residuals in each age class.

fledge would both exhibit slow growth and be studied for a longer sampling period than their fast-growing
counterparts. For example, the effect was most pronounced in the data collected from Dassen Island in
1998 (Figure 3.8), where all of the study nests were set up around the same date and followed until
the chicks died or fledged. The upshot is a powerful and significant, though biologically uninteresting,
linear relationship between growth and sampling period (linear regression: t = −10.19; df = 1,44; p <
0.001; adjusted R2 = 0.70) for the Dassen Island 1998 dataset. Restricting the analysis to a simple linear

model, with sampling period as the only explanatory variable, indicated that removing the Dassen Island
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Figure 3.8: The relationship between the Gompertz growth coefficient calculated for each African penguin chick
and the period of time (in days) over which the chick was measured (sampling period) on Dassen Island in 1998.
Each data point represents one chick. The line shows the linear regression fit (intercept = 0.0599, slope −0.0004,
R2 = 0.703).

1998 dataset greatly reduced the linear relationship between growth and sampling period duration (with
D1998, p < 0.001; without D1998, p = 0.013). For this reason, the sampling period was then excluded
from the analysis of mass.
With the sampling period excluded, the best supported model (Table 3.5, full model output in
Appendix 1) indicated that island-year was a significant predictor of growth (F (16,1384) = 20.10; p <
0.001). With Dyer Island 2009 (the lowest value) set as the baseline for the model, only the model
predictions for Dyer Island 2008 (p = 0.295) and Dassen Island 2008 (p = 0.343) were not significantly
different. All other island-year datasets showed faster growth. Figure 3.9 shows the relative contributions
to the model of the 17 island-year terms. With the possible exception of Dyer Island in recent years (2008
and 2009) no island seems to be characterised by particularly high or low growth: there was a positive
partial contribution to the model in at least one year at each of the five islands, and growth was above
average in 2008 at Bird, Robben and St. Croix Islands.
In the Eastern Cape, St. Croix and Bird Islands both showed a significant decrease in growth rates
from 2008 to 2009 (Figure 3.9), with mass coefficients in 2009 at 68.4% and 82.2% of the 2008 levels
respectively (Table 3.2). Based on those declines, modelled growth curves suggested lower mass at 68
days at both St. Croix and Bird (differences of 614 and 360 g respectively) and longer periods to reach
2830 g in 2009 than in 2008 (Table 3.2).
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Table 3.5: AIC values for models fitted to explain variation between African penguin chicks in mass growth
coefficients. The model with the best AIC support (after the removal of the sampling period length) is shown in
bold – Sampling period was omitted from the final model choice for mass (see section 4.3 for further details).
Number of parameters (K), difference in model AIC value from the best model (ΔAIC) and the relative support
given to each model (AIC weights) are shown for each model. The trigonometric model (model 5) is based on
(Underhill et al., 1992; Harrison et al., 1997) and fits periodic terms to test whether there is a smooth pattern of
seasonality in breeding success, the summer-winter model (model 7) splits the year based on the austral summer
and winter months (summer = October to March, winter = April to September) and the quarters models (model
6) contains four terms, each spanning three months (January to March etc.). See section 4.2.3 for further
methodological details.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Model
Sampling Period+Hatching Order+Year+Island+Month
Sampling Period+Hatching Order+YearIsland+Month
Hatching Order+Year+Island+Month
Hatching Order+YearIsland+Month
Hatching Order+Trigonometric Model+YearIsland
Hatching Order+Quarters+YearIsland
Hatching Order+Summer-Winter+YearIsland
Hatching Order+YearIsland
Hatching Order+Quarters
YearIsland+Quarters
YearIsland
Quarters
Hatching Order
Intercept only

K
28
32
27
31
22
23
21
20
7
21
18
5
4
2

AIC value
−8040.81
−8069.41
−8002.25
−8036.28
−8044.30
−8046.20
−8020.92
−8017.73
−7784.43
−8010.61
−7981.16
−7752.57
−7711.85
−7676.40

ΔAIC
NA
NA
43.95
9.92
1.92
0.00
25.28
28.47
261.77
35.59
65.04
293.63
334.35
369.80

AIC weight
NA
NA
0.000
0.005
0.275
0.719
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Two of the three Western Cape colonies also showed a decrease between 2008 and 2009, while
conclusions about the third (Dassen Island) are limited by a small sample size in 2008 (Table 3.2).
The decrease in the model coefficients from Dyer Island between 2008 and 2009 was not statistically
significant (p = 0.352) and was also not supported by the trend in the median values for the two years
(Table 3.2). Median growth coefficients from Dyer Island were only 64.4% and 70.4% of the 1990 level in
2008 and 2009 (respectively) and restricting the analysis to just these three years of data suggested that
the differences from 1990 to both 2008 (t = −3.438; df = 1,258; p < 0.001) and 2009 (t = −3.915; df
= 1,258; p < 0.001) were significant. However, the p-values from these restricted analyses are nominal
rather than definitive.
Growth was fastest on Robben Island in 2004, with the median values for mass in 2008 and 2009
only 80.0% and 67.7% of the 2004 median respectively. Growth also decreased in 2009 to 84.5% of
the 2008 average. Restricting the regression analysis to the three years of data from Robben Island
suggested that growth was significantly slower in 2009 than in 2008 (t = −4.570; df = 1,267; p < 0.001)
and in 2009 than in 2004 (t = −6.080; df = 1,267; p < 0.001). Mean (SD) fledging mass on Robben
Island in 2009 was also lower at 2675 (358) g, compared to 2830 g (SD not reported) in 2004 (Bouwhuis
et al. 2007). The difference between 2004 and 2008 was not significant (p = 0.701). Again, these
p-values are not definitive.
Growth coefficients were available for Dassen Island for seven years, but the 1998 and 2008 estimates
of growth were generated from small sample sizes and over truncated sampling periods (Table 3.1 and
3.2), hence the large standard error associated with the model coefficients. Model estimates for growth
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Figure 3.9: Top: Mean Gompertz growth coefficient values for the 17 island-year datasets, as tested by the
regression model. The vertical lines show the standard error of the mean in each case. Bottom: Contributions to
the regression of the coefficients for each of the 17 island-year terms in the mass model. Values (on the Y-axis)
are relative to the constant coefficient from the model (0.0371), so a negative value indicates a model prediction
of less than 0.0371 and a positive value indicates a model prediction greater than 0.0371. Standard errors of
each coefficient estimate are shown by the dashed-lines. Colony codes: B = Bird Island; D = Dassen Island; R
= Robben Island; S = St. Croix Island; Y = Dyer Island. A suffix to each island code indicates the year of data
capture.

coefficients were above average from 1996 to 1998, with 1997 showing the best growth (Figure 3.9).
Growth was lowest at the two ends of the time period covered: the median growth values for 1989
and 2009 were almost identical, as were the model predictions for time to fledge and mass at 68 days
(Table 3.2). Restricting the regression analysis to just the Dassen Island data, with 2009 (the lowest
reliable estimate of growth) set as the baseline for the regression gave the nominal indication that mass
growth was faster during 1996 (t = 3.495; df = 1,588; p < 0.001), 1997 (t = 5.794; df = 1,588; p
< 0.001) and 1998 (t = 3.298; df = 1,588; p = 0.001) than in 2009. Mass growth during 1989 (p =
0.752), 1995 (p = 0.124) and 2008 (p = 0.238) was not significantly different from 2009.
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Table 3.6: Samples sizes, median growth coefficients (LQ – UQ) for head length and Gompertz growth model
predictions for head length of African penguin chicks at 68 days (the median fledging age on Robben Island in
2004; Bouwhuis et al. 2007) each of the 11 year-island datasets where head measurements were taken.
Locality and
Year
Dassen 2008
Dassen 2009
Dyer 2008
Dyer 2009
Robben 2004
Robben 2008
Robben 2009
Bird 2008
Bird 2009
St. Croix 2008
St. Croix 2009

No. k
values retained
14
70
125
118
142
50
88
39
101
32
77

Median
(LQ – UQ) KG
0.0313 (0.0288 – 0.0351)
0.0330 (0.0248 – 0.0394)
0.0362 (0.0252 – 0.0500)
0.0319 (0.0246 – 0.0413)
0.0391 (0.0359 – 0.0429)
0.0341 (0.0292 – 0.0555)
0.0324 (0.0261 – 0.0391)
0.0473 (0.0421 – 0.0686)
0.0406 (0.0338 – 0.0486)
0.0398 (0.0320 – 0.0458)
0.0355 (0.0280 – 0.0388)

Head Length at
68 days (g)
106.24
107.71
110.02
106.82
111.82
108.52
107.55
115.21
112.57
112.29
109.59

Measurements of head length were only available from 2004, 2008 and 2009. The median growth
coefficients decreased from 2008 to 2009 at all of the colonies, except Dassen Island (where the 2008
dataset was problematic) and initial observations suggest that the variability between the predicted values
at 68 days is much lower for head length (range of 106.24 to 115.21, Table 3.6), than for mass (range
of 1626 to 3173 g, Table 3.2) with the range for head length (9.0 mm) representing only 7.5% of the
asymptotic value (120.2 g) verses 44.2% (1547/3500*100) for mass.
AIC-based model selection favoured the linear model with year and island treated as separate factors
(model 2 vs model 3, Table 3.7). The best supported model (model 6) indicated that both island (F (4,841)
= 6.13; p < 0.001) and year (F(2,841) = 16.90; p < 0.001) were significant predictors of head growth (full
model output in Appendix 1). A plot of the relative contributions to the regression of the coefficients
for island indicated that overall, head growth was almost identical on St. Croix, Dassen and Robben
Islands, slightly lower on Dyer Island and highest on Bird Island (Figure 3.10 A). With Robben Island
(closest to the constant coefficient of the model) set as the baseline for the regression, only Bird Island
was significantly different (t = 3.486; df = 1,841; p < 0.001) and growth of head length was similar on
the other four islands over the periods covered.
Head growth was similar in 2004 and 2008, but decreased in 2009 (Figure 3.10 B). Setting 2009 as
the baseline year indicated that head growth was significantly slower in 2009 than both 2008 (t = 5.399;
df = 1,841; p < 0.001) and 2004 (t = 2.970; df = 1,841; p = 0.003). Although these differences are
statistically significant, pooling the data to produce mean and median growth coefficients per year shows
that the maximum difference in the Gompertz model predictions at 68 days is 3.9 mm (between 2008
and 2009) using the mean values and 3.2 mm (between 2004 and 2009) using the median values. At 80
days, the maximum difference is reduced to only 2.9 mm (between 2008 and 2009 using mean values),
which is only 2.5% of the mean adult head size (asymptotic value of 120.2 mm based on N. J. Parsons
and S. Hampton unpubl. data).
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Figure 3.10: (A) Contributions to the regression of the coefficients for each of the 5 island terms in the head
length model. (B) Contributions to the regression of the coefficients for each of the 3 year terms in the head
length model. Values (on the Y-axis) are relative to the constant coefficient of the model (0.1914), so a negative
value indicates a model prediction of less than 0.1914 and a positive value indicates a model prediction greater
than 0.1914. Standard errors of each coefficient estimate are shown by the dashed-lines.

Table 3.7: AIC values for models fitted to explain variation between African penguin chicks in head growth
coefficients. The model with the best AIC support is shown in bold. Number of parameters (K), difference
in model AIC value from the best model (ΔAIC) and the relative support given to each model (AIC weights)
are shown for each model. The trigonometric model (model 4) is based on (Underhill et al., 1992; Harrison
et al., 1997) and fits periodic terms to test whether there is a smooth pattern of seasonality in breeding success,
the summer-winter model (model 7) splits the year based on the austral summer and winter months (summer =
October to March, winter = April to September), the half-year model (model 6) splits the season in half according
to the calendar year (March to June, July to October in this case) and the quarters models (model 5) contains
four terms, each designed to span three months (January to March etc.) See section 4.2.3 for further details.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Model
Sampling Period+Hatching Order+Year+Island+Month
Hatching Order+Year+Island+Month
Hatching Order+YearIsland+Month
Hatching Order+Trigonometric Model+Year+Island
Hatching Order+Quarters+Year+Island
Hatching Order+Half-year+Year+Island
Hatching Order+Summer-Winter+Year+Island
Hatching Order+Year+Island
Hatching Order+Half-year+Year
Hatching Order+Half-year+Island
Half-year+Year+Island
Hatching Order+Half-year
Hatching Order+Year
Hatching Order+Island
Year+Island
Year+Half-year
Half-year
Island
Year
Hatching Order
Intercept only

K
18
17
21
12
17
11
11
10
7
9
9
5
6
8
8
5
3
6
4
4
2

AIC Value
−3092.76
−3094.21
−3087.80
−3102.53
−3093.88
−3103.17
−3090.74
−3091.11
−3086.84
−3074.84
−3094.32
−3058.09
−3056.87
−3066.24
−3082.16
−3076.44
−3048.57
−3057.32
−3044.17
−3037.07
−3025.89

ΔAIC
10.41
8.96
15.37
0.64
9.29
0.00
12.43
12.06
16.33
28.33
8.85
45.08
46.30
36.93
21.01
26.73
54.60
45.85
59.00
66.10
77.28

AIC weight
0.003
0.006
0.000
0.410
0.005
0.565
0.001
0.001
0.000
0.000
0.006
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Effect of chick hatching order

The relationship between growth and hatching order was not uniform across the datasets, but instead
seemed to differ both within colonies (between years) and within years at different colonies. In the
majority of cases, for both head length and mass growth, first hatching (Alpha) chicks and chicks from
one-chick broods (Singletons) grew faster than second hatching (Beta) chicks and in no cases were beta
chicks the fastest growing category for either head or mass (Figure 3.11). In three of the datasets for
mass and two for head length, singletons appeared to grow more slowly than both alpha and beta chicks.
Growth of first-hatching chicks was only slower than their beta counterparts in one dataset (Bird 2008)
for head length and was always faster than second-hatching chicks for mass (Figure 3.11).
The most common scenario for mass growth was that singletons grew fastest and beta chicks showed
the slowest growth, with alpha chicks intermediate between the two (11 of the 17 island-year datasets). However, the magnitude of the differences between the three categories varied considerably, from
Bird Island in 2008 where the beta chicks growth coefficient was 54.0% of the fastest category (alpha
chicks), to Dassen Island in 1997, where the lowest mean growth coefficient (beta chicks) was 92.7% of

Figure 3.11: Mean Gompertz growth coefficients of first (Alpha) and second (Beta) hatching African penguin
chicks in two chick broods and chicks from one chick broods (Singletons) in each island-year dataset. Error bars
show the standard error of each mean. Colony codes: B = Bird Island; D = Dassen Island; R = Robben Island;
S = St. Croix Island; Y = Dyer Island. A suffix to each island code indicates the year of data capture.
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the fastest (singletons). The situation was less clear for head length: in five of the 11 datasets, firsthatching chicks grew faster than both singletons and second-hatching chicks, while in the other six
datasets singletons showed the fastest growth. Except in a few cases (e.g. Bird Island 2008, Dyer Island
2008), where data were available for both measures, the trends in the differences between the three categories were similar for head and mass growth in each island-year dataset. In addition, colonies tended to
show a similar pattern in the differences across the years. For example, in six of the seven mass datasets
from Dassen Island and one of the two head length datasets, alpha chicks were intermediate in growth
between beta chicks and singletons, while in all five datasets from Dyer Island (three for mass, two for
head length) alpha chicks showed the largest mean growth coefficient (Figure 3.11).
The effect of chick hatching order was significant for both mass (F (2,1384) = 25.66, p < 0.001) and
head length (F(2,841) = 8.31, p < 0.001), with singletons showing the fastest mean growth values, betahatching chicks showing the slowest growth rates and alpha chick intermediate but similar to singletons
in both cases (Figure 3.12 A and B). With singleton chicks set as the baseline for both liner models,
growth of second-hatching (beta) chicks was significantly slower than growth of singletons for both mass
(t = −4.80; df = 1,1384; p < 0.001; Figure 3.12 C) and head length (t = −2.26; df = 1,841; p =
0.024; Figure 3.12 D). Alpha chicks did not differ significantly from singletons for either mass (t = −0.41;
df = 1,1384; p = 0.682) or head length (t = 0.70; df = 1,841; p = 0.485). The difference between
beta and alpha chicks was also significant for head length as the modelled coefficient for singletons was
intermediate between those of alpha and beta chicks (Figure 3.12 D).

3.4.4

Monthly variations in growth

With all chick measurements pooled, data were available from January to December for mass growth
and from March to October for head length (Figure 3.13). With Hatching Order, Year-Island and Month
included in the linear model (model 4, Table 3.5) month was a significant predictor of growth for mass
(F(11,1376) = 10.83, p < 0.001) and based on model 3 (Table 3.7) month was also a significant predictor
of growth for head length (F(7,835) = 4.60, p < 0.001).
The patterns in the monthly variation were similar for the two measures: growth peaked in April in
both cases, was above average for April, May and June and decreased towards the end of the calendar
year for both mass (Figure 3.14 A) and head length (Figure 3.14 C). Head growth was below average in
March while for mass, growth was above average (and intermediate between May and June) in February
and March. Variability (standard errors) was lowest between April and June and increased towards the
two ends of the calendar year for both measures (Figure 3.13 and Figure 3.14 A and C). Figure 3.14
(A) gives the impression that there were four distinct phases in the year with characteristically different
growth. Between January and March, both average growth and variability were high. During April to
September, variability was relatively low while on average growth was good during the first half of this
period and poorer during the second. Finally, in the last three months of the year average growth was
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Figure 3.12: Top: Mean Gompertz growth coefficients for African penguin chicks in each of the three hatching
order categories for (A) mass growth and (B) head length growth. The vertical lines show the standard error of
the mean. Bottom: Contributions to the regression of the coefficients for each of the 3 levels of chick hatching
order in the mass growth (C) and head growth (D) models. Values (on the Y-axis) are relative to the constant
coefficient of the model (e.g. 0.1914 for head length), so a negative value indicates a model prediction of less than
the constant coefficient and a positive value indicates a model prediction greater than the constant coefficient.
Standard errors of each coefficient estimate are shown by the dashed-lines. X-axis codes: S = Singleton (one
chick brood); A = Alpha chick (first hatching chick in two chick broods); B = Beta Chick (second hatching chick
in two chick broods).

relatively low and variability was high. However, the sample sizes were generally smaller for the months
covering the austral summer (October to March).
Three model simplifications were fitted with alternative approaches to partitioning the effect of time
through the year (see section 3.2.5 in methods) for mass growth. Model 6, which partitioned the year
into four quarters was the best supported model based on AIC values (Table 3.5) and appeared to give
a good trade-off between describing the fit of the data and simplifying the model. The plot of the
contributions to the model (Figure 3.14 B) gives support to the idea of four distinct periods in the year.
With the second quarter (Q2) of the year set as the baseline for the linear model, growth in the first
quarter (January to March) was not significantly different from the second quarter (t = −0.64; df =
1,1384; p = 0.521), while growth was significantly slower in both the third (t = −4.88; df = 1,1384; p
= < 0.001) and fourth quarter (t = −4.52; df = 1,1384; p = < 0.001).
Finding a simpler way to model the effect of time through the year was more difficult for head length,
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Figure 3.13: Monthly mean Gompertz growth coefficient values for mass growth (left) and head length growth
(right) of African penguin chicks from all 17 year-island datasets combined. The vertical lines show the standard
error of the mean.

as data were only available from eight months of the year (Figure 3.14 C). A similar simplification to the
best supported model for mass that partitioned the year into four quarters (with just March and October
making up the first and fourth quarter respectively) was supported by AIC model selection (Table 3.7).
However, the best supported model had the eight months split into two “half-year” terms (Figure 3.14
D), with the second half-year (July to October) exhibiting significantly slower growth than the first (t =
−3.74; df = 1,841; p = < 0.001).
Differences between the months were less pronounced for head length. With April set as the baseline
for the model, growth in March (p = 0.238), May (p = 0.629), June (p = 0.552) and October (p =
0.052) was not significantly different from the constant coefficient, while the difference between April
and July was only marginally significant (t = −2.007; df = 1,835; p = 0.045). Head length growth was
significantly slower than the April baseline in both August (t = −2.462; df = 1,835; p = 0.014) and
September (t = −3.002; df = 1,835; p = 0.002). The full model output is given in Appendix 1.
Although month was a significant predictor of the average growth rates with all of the data pooled
(see above), the variations in the average of all the growth coefficients obtained within each calendar
month were not uniform, either within a season or at specific colones between years. For example,
Figure 3.15 shows the median (and upper and lower quartile) mass growth coefficients throughout the
2009 breeding season at the three Western Cape colonies. Despite being in close proximity (50 km) to
one another the patterns of growth on Robben and Dassen Islands were different for 2009. On Dassen
Island, growth peaked in March and then effectively declined towards October, while at Robben Island
growth was average between March and May, dropped below average in June and July and peaked in
August (Figure 3.15). Dyer Island showed less variation than the other two colonies over the season and
growth was highest here in October – a below average month at the other two colonies (Figure 3.15).
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Figure 3.14: Contributions to the liner model of the coefficients for the various approaches to partition the year
or breeding season. Values (on the Y-axis) are relative to the constant coefficient of each model, so a negative
value indicates a model prediction of less than the constant coefficient and a positive value indicates a model
prediction greater than the constant coefficient. Standard errors of each coefficient estimate are shown by the
dashed-lines: (A) Contributions to the liner model of the coefficients for each of the 12 levels of month in the
basic mass growth model. X-axis labels run from January to December. The constant coefficient of the model is
0.0371. (B) Contributions to the liner model of the coefficients for each of the 4 quarters in mass growth model
6 (Table 3.5). X-axis labels: Q1 = January to March, Q2 = April to June, Q3 = July to September and Q4 =
October to December. (C) Contributions to the regression of the coefficients for each of the 8 levels of month
in the head growth model. X-axis labels run from March to October. The constant coefficient of the model
is 0.1914. (D) Contributions to the liner model of the coefficients for the 2 half-years in head length model 6
(Table 3.7). X-axis labels: H1 = March to June and H2 = July to October.

Only August and March lay on the same side (above or below) of the annual median line at all three
colonies and the none of the patterns conformed closely to the seasonality pattern in Figure 3 (A) produced
from allocating each chick’s median (kG ) value to the middle month of its growth period.
The pattern of variability at each colony changed between seasons. No two years produced approximately the same variation. For example, in 2004 growth on Robben Island was lowest in August and highest
in April, while in 2009 growth peaked in August and was lowest in July at the same colony. Similarly on
Dyer Island, growth was lowest in October in 2008 and highest in October during 2009. In the four most
comprehensive of the seven datasets from Dassen Island, growth was twice highest in April, once in June
and once in March. Growth on Dassen Island was highest in March in 2009 but lowest in that month
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Figure 3.15: Median (plus upper and lower quartile) Gompertz growth coefficients for mass of African penguin
chicks at Dassen (top), Dyer (middle) and Robben (bottom) Islands for each month where measurements were
made during 2009. The dashed grey line shows the median value from all 1406 chicks included in the dataset.
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in both 1997 and 1998. No single colony consistently showed a pattern similar to the overall pattern in
Figures 3.13 A and 3.14 A. Plots of the monthly variations for each of the 13 seasons from Western Cape
colonies are shown in Figure 3.28, Appendix 1.
When the data from all years were pooled by colony to examine multi-year trends in growth, Dassen
Island showed relatively little variation through the year, with monthly median growth rates ranging from
0.0297 to 0.0477 (range = 0.0180) (Figure 3.16). Apart from a decrease in September, the other 10
monthly medians were all within 77% of the peak value and nine of the 11 (81.8%) were within 85%.
Growth was highest and least variable (lowest inter-quartile range) in April, May and June, but also high
in October. Variability in growth rates increased at both ends of the breeding season (Figure 3.16, top
left), but generally no particular period stood out as best for chick growth.
Robben and Dyer Islands, by contrast, produced more evidence of seasonality than Dassen Island
(Figure 3.16). With the data from 2004, 2008 and 2009 pooled, growth rates at Robben ranged from
0.0136 in November to 0.0526 in May (range = 0.0390), however, the November median was generated
from seven measurement intervals, collected in the same year. If it is excluded (as being unreliable) then
the range of monthly medians at Robben was reduced to 0.0203 (0.0323 – 0.0526). Seasonality was quite
pronounced, with only 2 of the other 8 (25%) monthly medians within 85% of the peak value. The three
year pattern from Robben Island (Figure 3.16, top right) indicates variability between the growth rates of
chicks is low near to the begging of the season on Robben Island. In March, when growth rates are at their
lowest, this means that the majority of chicks are growing slowly. Median growth rates peak in April and
May, indicating that growth is generally good on Robben Island in these months. The interquartile range
was highest between June and August and monthly medians fell during this period, before rising slightly
for a second peak in September. The interquartile range values also fell for September and October. This
suggests that conditions were more conducive to growth than in the middle months of the year, although
it is possible that this pattern may change if data were available for more years (Figure 3.16, top right).
Growth on Dyer Island in the three available years (1990, 2008 and 2009) also showed evidence of
seasonality, with the highest range (0.0261) in monthly medians of the three islands if the November
median at Robben is excluded (Figure 3.16, bottom left). Median growth rates at Dyer Island were highest
in March (0.0413) and April (0.0460), with the other six monthly medians at less than 65% of the peak
value. These six monthly medians were also all below the minimum monthly median values recorded at
both Robben (0.0323) and Dassen Islands (0.0297). The lowest monthly median was in August (0.0199
– 43.2% of the April value), and as on Robben Island, September and October showed slightly improved
growth on the middle months of the year. The interquartile range values at Dyer Island covered the
smallest range of the three islands (0.0116, Robben 0.0130, Dassen 0.0165) and, apart from being high
in April (the month with the highest median value) the interquartile range at Dyer Island was generally
low where growth was high and vice-versa. The values for March from Dyer Island are generated from
only 13 measurement intervals (k values) so, as with the Robben Island November values, it is possible
that this pattern would change if data from additional years could be included.
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Figure 3.16: Monthly median and interquartile range of Gompertz growth coefficients for mass of African penguin
chicks on Dassen Island (A), Robben Island (B) and Dyer Island (C). Values are produced by pooling all estimates
of growth in each month from all years where data were collected at an island (island-year datasets). For example,
the January median for Dassen Island represents the average from all growth estimates (k values) made during
January for chicks in any of the seven island-year datasets from Dassen Island. (D; Western Cape) Shows the
values for all data from Dassen, Dyer and Robben islands combined. Values are only given between March and
October as data were only available from all colonies for these months. The dotted lines represent (from the
bottom up) the lower quartile, median and upper quartile values from all 1406 chicks included in the dataset. See
section 3.2.5 for further methodological details.

Figure 3.16 (D) shows the pattern produced by a combination of the data from all of the three Western
Cape colonies. Data from January, February, November and December are excluded as measurements
were only made at Dassen in these months. With the data combined, the monthly medians ranged from
0.0312 in September to 0.0483 in April (range = 0.0171), which predictably is less variable than any of
the three islands are alone. The overall pattern points to April and May as being the best months for
growth, as the median values are highest and interquartile range values are at their lowest. At 0.0399,
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0.0383 and 0.0380 respectively, the average growth in June, July and August is still good and still above
the overall median growth value (0.0374) of the 1406 chicks included in the regression analysis. Indeed,
these Gompertz growth coefficients produced estimates for mass at 68 days of 2705, 2626 and 2610 g
respectively, which are all over 90 % of the median fledging weight of chicks on Robben Island in 2004.
However, growth seems to be more variable during this period as the interquartile range values are higher
(Figure 3.16, bottom right). Overall, the pattern produced for the Western Cape by assessing the variation
in all growth estimates within each calendar month produces a similar pattern to that produced by mass
model 6, Table 3.5, which partitioned the year into four quarters and assigned each chicks growth rate
to the month falling in the middle of its growth period (Figure 3.14 B). A Kruskal-Wallis rank sum test
on the combined data from all of the three Western Cape colonies indicated that there were significant
differences amongst the monthly medians (Kruskal-Wallis χ2 = 202.61; df = 7; p-value < 0.001).

3.4.5

Relationship between average growth and variability in growth

Plotting the combined monthly medians for the five colonies against the corresponding interquartile range
(IQR) values does not appear to support the hypothesis that there should be a negative relationship
between average growth and variability in growth (Figure 3.17 A). The monthly median growth rate was
not a significant predictor of the IQR value with the data from all five islands combined (linear regression:
F(1,35) = 0.019; p = 0.892; R2 = 0.0005). However, if the data points are separated out so that they
represent their respective islands (e.g. Figure 3.17 B) some patterns become apparent. For example, the
four points from St. Croix (in black) and the data from Dassen Island (shown in red) seems to display
the predicted relationship, as do the majority of the monthly medians for Robben Island.
The two values that do not seem to conform to the expected relationship at Robben are both from
the ends of the season, specifically November and March. Indeed the November values for Robben Island
are probably unreliable (because of the small sample size – see previous subsection), and although the
March value for Robben Island is drawn from a decent sample, chicks were only measured in March
during one year (2009) on Robben Island. The relationship with all eight points from Robben Island is
not significant (linear regression: F(1,7) = 0.433; p = 0.532; R2 = 0.058) and the regression line (red
line, Figure 3.18 A) has a positive slope because the November point has particularly high leverage in
this model (hat value 2.58 times the next highest hat value). With the November point removed, the
relationship is in the direction predicted, with the regression line (blue line, Figure 3.18 A) showing a
negative slope (−0.34439); however, the relationship did not reach significance (linear regression: F (1,6)
= 0.765; p = 0.415; R2 = 0.113). The relationship for the points for the seven months between April
and October is strongly significant (linear regression: F(1,5) = 42.79; p = 0.0013; R2 = 0.895) and in
the direction predicted (black line, Figure 3.18 A).
It is possible that if data from additional years were added, and so there was less noise in the data,
that growth on Robben Island would show the expected relationship for all months where data were

3.4. Results

86

Figure 3.17: (A) Relationship between monthly median growth values and monthly interquartile range values
from each month where data were available from African penguin chicks at the five colonies. (B) The data points
are made up of 12 points from Dassen Island (red), nine points from Robben Island (green), eight points from
Dyer Island (blue) and four points from Bird (orange) and St. Croix (black) Islands. The lines show the linear
regression fit (intercept = 0.0321, slope 0.0166, R 2 = 0.0005)

available. The best dataset comes from Dassen Island, where data were available from seven years. Data
from all 12 months of the year were available for three years and were available from 11 months of the
year for one additional year. With the values for all 12 months of the year included, the relationship
between monthly growth and variability in growth was significant for Dassen Island (linear regression:
F(1,10) = 19.03; p = 0.0014; R2 = 0.656) and was in the direction predicted, with high average growth
associated with low variability and vice-versa (Figure 3.18 B).
The annual IQR and median values for each of the 17 island-year datasets represent one average
value from all the measurements taken at a colony in one year, so are amalgamations of the monthly
values and effectively should increase the signal-to-noise ratio. Figure 3.19 shows that the relationship
is in the direction expected (high average growth associated with low variability), although two points
(shown in red in Figure 3.19) appear to sit outside the main body of the data. With all 17 points in a
linear regression, the relationship is not significant (F(1,15) = 0.55; p = 0.468; R2 = 0.036) but is in the
direction expected (red line in Figure 3.19).
The two points (shown in red, Figure 3.19) that appear as outliers are from Dassen Island in 2008
and Bird Island in 2008. The median and IQR values for Dassen 2008 are drawn from the smallest sample
of any of the island-year datasets (14 chicks, Table 3.2) and all measurements were taken at the end of
the season. The sample size for the Bird Island 2008 dataset was also one of the smaller samples (39
chicks retained for growth analysis, Table 3.2) but there were others where fewer chicks were measured
that fit the general pattern. The Bird Island IQR is larger than what you would expect for the level
of growth and this may relate to the short total measurement intervals and number of measurements.
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Figure 3.18: (A) Relationship between monthly median growth values and monthly interquartile range values
from each month where data were available from African penguin chicks on Robben Island. The red line show
the linear regression model fitted to all nine data points (intercept = 0.025, slope 0.155, R 2 = 0.058). The blue
line show the linear regression model fitted to the data excluding the November data point (red circle), which was
generated from only seven growth estimates (intercept = 0.047, slope −0.344, R2 = 0.113). The black line show
the linear regression model fitted to the data from the seven months between April and October, excluding the
red (November) and blue (March) data points (intercept = 0.079, slope −1.034, R2 = 0.895). (B) Relationship
between monthly median growth values and monthly interquartile range values from each month where data
were available from Dassen Island. The black line show the significant linear regression model fitted to the data
(intercept = 0.059, slope −0.528, R2 = 0.656).

For example, 34 of the 39 (87.2%) birds used for growth analysis at Bird in 2008 were only measured for
a total of 10 days. This compares to, for example, 22.5% (St. Croix 2008) and 35.1% (Robben 2008)
at other colonies where many birds were measured over relatively short periods. With these two points
excluded, the annual median growth values explained 34% of the variation in the IQR values and the
linear regression was significant (F(1,13) = 6.76; p = 0.022; R2 =0.342; black line, Figure 3.19).

3.4.6

Effects of sampling period duration and measurement count on growth

Plots of the average growth rates in each bin for sampling period duration and the measurement count
are shown in Figure 3.21. In both cases the mean and median gave similar results, but the SD was
less variable than the IQR. The relationship between the average values for the duration of the sampling
period and growth was relatively flat up until the 75-day bin, after which the both the mean and median
growth rates decreased (Figure 3.21 A). The relationship was not significant with any of the models (linear
logistic, exponential) tested (all p-values > 0.05). The average values for the measurement count were
far more variable than for the sampling period, and there is a suggestion of a peak in the average growth
rates between c. 13 and 15 measurements, with chicks measured many more than 15 times showing
relatively decreased growth on average (Figure 3.21 B). Again, none of the models tested was significant
(all p-values > 0.05).
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Figure 3.19: Relationship between annual median growth values and annual interquartile range values from each
of the 17 island-year datasets. The red lines shows the linear model fitted to all 17 datapoints (intercept = 0.020,
slope −0.096, R2 = 0.036). The black line shows the linear model fitted to the data with the two outliers (red
circles) of Bird Island 2008 and Dassen Island 2008 excluded (intercept = 0.026, slope −0.263, R2 = 0.342). See
text for further details.

Figure 3.20: The relationship between the average values and the variability in African penguin chick growth
(Gompertz coefficient) and (A) the period of time for which chicks were in the study (sampling period duration)
in five-day bins and (B) the number of times a chick was measured (measurement count).
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Figure 3.21: The declines in the variability (here the standard deviation is shown) of African penguin chick
growth (Gompertz coefficient) as (A) the period of time for which the chick was in the study (sampling period
duration) and (B) the number of times a chick was measured (measurement count) were best described by logistic
models (solid lines).

The two measures of the variability in the data (the SD and IQR) both decreased as the sampling
period duration and the number of measurements made increased (Figure 3.21). For the sampling period
duration the relationship between growth and both the SD (t = -15.51, df = 18, p < 0.001, adjusted-R2
= 0.93; (Figure 3.20 A) and the IQR (t = -9.65, df = 18, p < 0.001, adjusted-R2 = 0.83) of the chicks in
the 5-day bins was best explained by the logarithmic model. The same was also true for the measurement
count, with both the SD (t = -7.35, df = 19, p < 0.001, adjusted-R2 = 0.73; Figure 3.20 B) and the
IQR (t = -9.70, df = 19, p < 0.001, adjusted-R2 = 0.82) showing significant logarithmic declines.
Tree models predicted a threshold in the relationship between growth and the measurement count at
6.5 measurements for the SD and at 9.5 measurements for the IQR. For the sampling period duration,
the tree model predicted a threshold at 23.5 days for both the SD and the IQR. In other words, 23.5
days was the point at which the predicted mean value (based on a minimised residual sum-of-squares)
of the SD and IQR values prior to the threshold was maximally different from the mean value after the
threshold. The thresholds are shown for the sampling period duration in Figure 3.22 as an example.

3.4.7

Relationship between growth and estimates of pelagic fish abundance

Six hydro-acoustic surveys carried out around Robben Island in 2009 suggested that the biomass of
small pelagic fish within a 20 km radius of the island probably peaked around late July or early August
(Table 3.8, data supplied by J. Coetzee, Marine and Coastal Management). Maximum total biomass
estimates were below 2000 tonnes during April (surveys 1 and 2) and around 5000 tonnes during early
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Figure 3.22: Tree models predicted the sampling period duration of 23.5 days as the point that maximally
distinguished between high and low (A) standard deviation and (B) inter-quartile range values of African penguin
chick growth in the five-day bins.

Table 3.8: Survey dates and minimum and maximum biomass (tonnes) estimates from the six hydro-acoustic
surveys conducted with a 20 km radius of Robben Island between April and August 2009. Data supplied J.
Coetzee (MCM) and reproduced with permission from Merkle et al. (2009).
Survery
No.
1
2
3
4
5
6

Survey Dates
5 April – 8 April
19 April – 24 April
4 May – 8 May
29 June – 1 July
27 July – 29 July
7 August – 8 August

Min. Biomass
Estimate
620.61
337.73
1772.21
4828.26
9721.31
5754.41

Max. Biomass
Estimate
1844.89
1004.00
5268.24
14353.05
28898.69
17106.19

May (survey 3), with most of this biomass occurring at ≤ 50 m deep (Figure 3.23). From survey 3, in
the first week of May, no surveys were conducted until the end of June (survey 4, Table 3.8). The total
biomass measured in survey 4, at just over 14,000 tonnes, was nearly 3 times greater than the estimates
for the first three surveys (Table 3.8), although the estimated biomass in the depth range mainly used by
foraging penguins (shallower than 50 m deep) was similar to (and slightly lower than) the estimate for
survey 3. Total biomass and the estimated biomass at ≤ 50 m depth peaked in the late-July survey, at
around 29,000 tonnes and 16,000 tonnes respectively. Total biomass then fell sharply to around 17,000
tonnes during the early-August survey 10 days later, while the estimated biomass at ≤ 50 m depth only
decreased slightly to around 13,500 tonnes (Table 3.8; Figure 3.23).
A large proportion of the total biomass was deeper than 50 m in the late-June and late-July surveys
and Merkle et al. (2009) suggests that these are probably round herring Etrumeus whiteheadi schools.
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Figure 3.23: Trends in the monthly median Gompertz growth coefficients for African penguins on Robben Island
from March to October 2009 (blue line), shown in relation to estimates of biomass of small pelagic fish within a
20 km radius of Robben Island from six hydro-acoustic surveys carried out in Table Bay during 2009. Biomass
at a depth ≤ 50 m is shown in relation to the total biomass estimate. Each acoustic survey was carried out over
a varying number of days (see Table 3.8) and the label assigned to each survey represents the middle day of the
survey period. Biomass estimates supplied by J. Coetzee (MCM), survey methodology in Merkle et al. (2009).
The November median values is omitted from the figure because of a small sample size.

Breeding African penguins on Robben Island generally feed on anchovy (often contributing over 90% of
the diet) and to a lesser extent sardine (see e.g. Figure 2.11 in section 2.3.3 and Petersen et al. 2006).
Round herring is generally not exploited by birds on Robben Island, constituting 0.02% by mass of the
diet in 2009 and a maximum of 7% in any one year between 1989 and 2009 (MCM, unpubl. data).
Given the small number of surveys that were conducted, and their intermittent nature, it was not
practical to test the relationship between the variation in monthly growth rates and survey estimates of
biomass around Robben Island in 2009. However, the plot of the monthly median values against the
survey results (Figure 3.23) is suggestive of a relationship between growth and the abundance of pelagic
fish within 20 km radius of the island, particularly the biomass found above 50 m.
As the three colonies in the Western Cape can experience fundamentally different conditions for
growth within years (see section 3.3.4), it was not deemed prudent to pool data from various colonies
or to mix annual growth estimates from different colonies to assess the relationship between growth
and pelagic fish abundance. Thus, the only colony for which there are a sufficient number of annual
datasets to make such as assessment was Dassen Island. A number of the measures of the abundance or
availability of sardine and anchovy show a significant relationship with chick growth at Dassen during the
seven years when fit as explanatory variables with the annual median growth rates in simple linear models
(Table 3.9). The five variables that show a significant relationship to the growth coefficients cannot be
assessed together using multiple regression because, given the small sample size, even a model with two
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Table 3.9: Explanatory variables based on the availability of small pelagic fish in the southern Benguela ecosystem,
fitted using linear regression to explain the variation in seven years of African penguin growth data from Dassen
Island. AICc (Hurvich and Tsai, 1989) is used for model selection because of the small number of data points
in the model (see e.g. Burnham and Anderson, 2002). The best supported model is shown in bold. R 2 values
shown are adjusted-R2 values.
Model
1
2
3
4
5
6
7
8
9
10

Explanatory variable
Sardine biomass y0
Anchovy biomass y0
Sardine biomass y−1
Anchovy biomass y−1
Sardine as % of total biomass y0
Sardine as % of total biomass y−1
Anchovy recruitment y0
Sardine recruitment y0
Anchovy recruitment y−1
Sardine recruitment y−1

t-value
2.26
−1.87
1.77
−2.83
2.88
7.16
−1.89
2.99
−3.49
1.42

significance
NS
NS
NS
0.037
0.035
< 0.001
NS
0.030
0.018
NS

R2 -value
0.41
0.29
0.26
0.54
0.55
0.89
0.30
0.57
0.65
0.14

AICc Value
−43.48
−42.24
−41.95
−45.23
−45.39
−55.49
−42.30
−45.72
−47.16
−40.91

Table 3.10: Pearson’s correlation test outputs for correlations between sardine as % of total biomass in y −1 and
the four other explanatory variables that showed a significant relationship with growth of African penguin chicks
on Dassen Island for the seven years in which data were available.
Explanatory variable
Sardine as % of total biomass y0
Sardine Recruitment y0
Anchovy Biomass y−1
Anchovy Recruitment y−1

Correlation Coefficient
0.791
0.783
−0.837
−0.782

p-value
0.034
0.037
0.019
0.038

explanatory variables would be overparameterised. However, by far the strongest linear relationship is
with the percentage representation of sardine in the total biomass during the previous year (t = 7.16, df
= 5, p < 0.001; Figure 3.24) and this model is favoured by AIC-based model selection. This suggestion
from this model is that (for the seven years from Dassen Island) growth is good when sardine is relatively
more abundant (compared to anchovy) in the southern Benguela. This is the only relationship that is
significant below the 0.01 level and all of the other significant explanatory variables are strongly correlated
with the percentage contribution of sardine to the total biomass in the previous year (Sardine as % of
total biomass y−1 , Table 3.10).
Survey estimates of anchovy biomass and of anchovy recruitment in a single year are highly correlated
for the seven years used here (Pearson’s Correlation coefficient = 0.966; t = 8.42; df = 5; p-value <
0.001) and both show a negative relationship with chick growth in the seven years from Dassen Island.
However, both anchovy biomass and recruitment in the previous year show significant negative correlations
with the percentage representation of sardine to the total biomass in previous year. This suggests, as
would be expected, that sardine represents a higher proportion of the total biomass in years when anchovy
recruitment (surveyed in May) is low and when total anchovy biomass (measured the following November)
is low.
The fact that sardine abundance, when it is represented as a percentage of the total combined sardine
and anchovy biomass, is significantly related to growth for the seven years from Dassen Island, but that
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Figure 3.24: Relationship between the % representation of sardine to the combined spawner biomass of sardine
and anchovy in the southern Benguela and the annual Gompertz growth coefficients of African penguin chicks in
the following year on Dassen Island. The relationship is significant, with sardine as % of the total biomass in the
previous year explaining 89% of the variability in growth (see Table 3.9).

the direct estimates of sardine biomass themselves are not a linear predictor of growth (see Table 3.9),
suggests that the relationship between growth and sardine may be important at relatively high sardine
abundance only. Applying a tree model to the data (Gompertz growth coefficients and sardine biomass
in the previous November) suggested that there may be a threshold effect, with low growth predicted
following years with sardine biomass below 0.5 million tonnes and high growth predicted when sardine
biomass was above 0.5 million tonnes in the previous year (Figure 3.25). An ANOVA analysis with a step
function to test the difference in the mean values above and below the threshold value indicated that,
on average, growth was significantly better on Dassen Island in the four years preceded by high sardine
abundance (above 0.5 million tons) than in the three years preceded by low abundance (F (1,5) = 21.5, p
= 0.006; Figure 3.25). However, this result must be treated with caution because of the small sample
size and the uncertainty about how well the Dassen Island 2008 annual median represents growth at that
colony in that year.
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Figure 3.25: The relationship between the sardine biomass in the southern Benguela and the annual Gompertz
growth coefficients of African penguin chicks in the following year on Dassen Island. The linear relationship (A)
is not significant, but a tree model applied to the data suggested that growth may respond to sardine biomass
(measured in the previous November) in a step-wise manner (B), with growth poorer on average in years following
low sardine abundance than in years following high sardine abundance; however, this result must be treated with
caution. See section 3.4.7 for further details.

3.5
3.5.1

Discussion
Suitability of and alternatives to the fitted growth curves

The standard approach to comparative analysis of growth in birds is to fit one of a few parametric growth
curves, such as the Gompertz curve, that are presumed to capture the basic shape of the growth trajectory
(see Starck and Ricklefs, 1998). In this study, although the fit of the Gompertz curve was superior to that
of the logistic curve for all four datasets tested, neither could be said to provide a good fit to the data.
Although the growth data appeared to take on a sigmoid form, the apparent inflection point, the place
at which the growth rate is maximal, occurred earlier in the data than the inflection point specified by
either the Gompertz (36.8% of the estimated asymptotic mass) or logistic models (50% of the asymptote
Ricklefs, 1967).
The Gompertz and logistic equations are the models most commonly used to describe growth in birds
(Starck and Ricklefs, 1998; Visser, 2001), including penguins (e.g. Volkman and Trivelpiece, 1980; van
Heezik, 1990), and both have been cited as giving the best fit to the actual growth patterns of African
penguins (Adams et al., 1992; Randall, 1983; Bouwhuis et al., 2007). However, the best fit does not
always mean a good fit (e.g. Tjørve and Underhill, 2009). As Ricklefs (1967) points out “the selection
of these equations does not imply that they have any biological significance, or that they are realistic
models of the growth process, but merely that they are well-suited for comparative descriptive purposes”.
In any case, for most methods used to model growth, the critical point in establishing a growth curve is
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selection of the asymptotic value (Ricklefs, 1967), and this is a subjective judgement (Randall, 1983).
Data fed into a parametric growth curve equation will assume a fairly specific sigmoidal shape, even
if the underlying growth is not sigmoidal in form (Brown et al., 2007). In addition, most growth curves
have prescribed inflection points, and assume a positive trajectory until asymptotic size, regardless of
the properties of the data (Brown et al., 2007). Consequently, these curves can be too prescriptive to
adequately describe growth in some species (e.g. Beintema and Visser, 1989; Tjørve and Underhill, 2009)
as they cannot account for a variety of attributes that have been described in the growth trajectories of
birds including, reaching an asymptotic mass before fledging that is much less or much greater than adult
mass (e.g. Beintema and Visser, 1989), mass recession prior to fledging (e.g. Ricklefs 1968, but see Huin
and Prince 2000) and long periods of linear decrease in the growth rate (e.g. Mullers et al., 2009).
The data used in this study did appear to follow a sigmoid pattern, so it is possible that an alternative
curve would adequately describe growth in this species – at least growth up to peak mass. The growth
of African penguin chicks studied by Wolfaardt et al. (2008c) was close to linear from 10 to 40 days after
hatching. This represents a point of inflection somewhat earlier than would be specified by the Gompertz
curve. The von Bertalanffy curve inflects at approximately 30% of the estimated asymptotic mass
(Ricklefs, 1967), while the Richards (1959) family of curves contain an additional parameter, giving them
flexibility in their point of inflection. However, the derivation of the von Bertalanffy and Richards equations
were not available for the Underhill method at the outset of this study and additional investigation into
the fit of these curves is warranted.
Another possibility, would be to consider using non-parametric approaches to analyse growth (Brown
et al., 2007; Wolfaardt et al., 2008c; Mullers et al., 2009). These methods produce growth curves that
are driven by the data and are, therefore, able to cope with unusual growth trajectories (Mullers et al.,
2009). The major disadvantage of nonparametric approaches is that they require substantial quantities
of data and measurements from hatching to fledging because the general shape of the growth curve is
not predetermined (Mullers et al., 2009). Given the conservation status of the African penguin, there
is a need to balance an understanding of chick quality with minimising the impact of monitoring on the
population. Consequently, nonparametric methods may not be an appropriate alternative for this species
and recent work to develop a condition index for African penguin chicks may be more promising (Lubbe
2008).
In any case, a large appeal of using growth curves (and indeed it was the aim of this study) is
the ability to compare estimated parameters among e.g. species, years, or populations (e.g. Starck and
Ricklefs, 1998). For this purpose parametric models are more appropriate (Brown et al. 2007 but cf.
the method of Wolfaardt et al. 2008c; Mullers et al. 2009). While it fails to provide a good empirical
description of the growth of African penguins, comparative analysis is not precluded with the Gompertz
model developed here as a standard method was used throughout. However, caution may be warranted
with respect to the apparent magnitude of some of the differences detected between the datasets used
in this study as the impact of the variability of the fit of the Gompertz model (to the underlying data)
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under various circumstances is not clear at this stage and further investigation is needed in this area.

3.5.2

Patterns and variability in annual growth rates

Overall, the variation between the 17 island-year datasets was high, with the model predictions for the
time to fledge (days to reach 2830 g) showing a 2.26 fold difference between the best (St. Croix in 2008)
and worst case (Dyer Island in 2008). In general, the temporal variation in growth rates within colonies
was higher than the spatial variation between the five sites sampled. For example, fledging age predictions
varied by 43 and 30 days over three seasons on Dyer Island and Robben Island respectively. In contrast, at
four of the five colonies, overall fledging age predictions varied by 7 days, with only Dyer Island differing
strongly from the other four sites in the overall average growth rate for the colony (Table 3.4). Caution
must be used in interpreting these analyses as the datasets for each colony are drawn from different
sample sizes and different years. In particular, the data from the Eastern Cape in 2008 may have been
biased by short temporal windows for data collection and a high proportion of chicks measured over
fewer than 25 days, while the average value for Dassen Island in 2008 was probably low as a result of
all the samples coming from late in the season. However, the results suggest that growth is not simply
determined by colony alone. All five colonies had at least one season where growth was above average,
supporting the notion of treating each island-year dataset as distinct.
The variation in growth at each colony between years is probably indicative of an inter-annual variability in conditions that is characteristic of many pelagic environments, including the Benguela Upwelling
System (Shillington et al., 2006). Small pelagic fish biomass in the southern Benguela sub-system has
been characterised by large inter-annual variability, particularly since the mid-1990s (van der Lingen et al.,
2006). Concurrently, seabird parameters, such as breeding success, chick growth and numbers breeding,
also tend to show high inter-annual variability in species utilising the purse-seine stocks (e.g. Adams et al.,
1992; Crawford et al., 1999a; Mullers et al., 2009, Chapter 2, this study). Despite this variability, several
patterns were apparent in the inter-annual growth data.
At four of the five colonies, the model predictions for mass growth decreased from 2008 to 2009.
Conclusions about the remaining colony, Dassen Island, are precluded by the small sample size and limited
temporal sampling period in 2008. Breeding success and nest survival also decreased on Robben Island
from 2008 to 2009 (Chapter 2) and a study comparing chick condition also found that, overall, 2009
was a poorer year than 2008 in South Africa (L. J. Waller, unpubl. data). The decline in mass growth
rates between 2008 and 2009 was also supported by the data for head length growth which decreased
significantly overall from 2008 to 2009. Head length was more constrained in its variability by the use
of the isotonic regression and the Gompertz curve subsequently fit the data well. Predictions from the
model are, therefore, more likely to be robust and meaningful differences are less likely to be lost to noise
caused by measurement error and decreases in mass.
Taken together, the above results suggest that 2009 was a poorer year for breeding African penguins

3.5. Discussion

97

than 2008, at least in their ability to provision chicks. This finding is in direct contrast with that of
Pichegru et al. (2010), which found that foraging efforts of birds from St. Croix Island were reduced from
2008 to 2009 (while on Bird Island they remained stable), suggesting an increase in local food availability
at that colony. Why the two datasets should produce conflicting results is unclear. The limited time
period over which data were collected from St. Croix and Bird Islands in 2008, could have exaggerated the
magnitude of the effect between the two years if sampling had coincidentally occurred during a favourable
period in 2008 (this also applies to the findings of Pichegru et al. 2010). However, the direction of the
difference in the growth data is supported by a chick condition dataset which covered a longer time period
during the 2008 breeding season (L. J. Waller, unpubl. data).
The relationship between a seabird’s foraging behaviour at sea and the amount of food that is delivered
to the chicks can be complicated. If young in the nest are inadequately provisioned their pre- or postdeparture survival may be at risk, but parents must also adequately feed themselves to avoid negatively
impacting their own survival or residual reproductive success (e.g. Golet et al., 2004). Consequently,
parameters thought to reflect food availability, such as breeding success, chick growth and foraging trip
duration may not be consistently correlated in seabirds (Adams et al., 1992). Volant seabirds may be able
to maintain feeding rates of chicks by varying their foraging effort to buffer the effects of temporal and
spatial prey variability (Burger and Piatt, 1990), but in food poor years they may be unable to compensate
fully (Nur, 1987) and favour their own survival at the expense of chicks (Goodman, 1974; Ballard et al.,
2010). Furthermore, responses to environmental variability may not be manifest in all individuals to
the same extent, but rather reflect differences in some quality between breeders. For example, in many
seabird species, parents in good condition at the outset of a foraging trip deliver more food to the nest
than those in poor condition (e.g. Tveraa et al., 1998; Ballard et al., 2010) and condition prior to the
onset of breeding, mediated through pre-breeding food availability, can influence both chick quality and
breeding success in penguins (Yorio and Boersma, 1994; Crawford et al., 2008b; Ballard et al., 2010).
Needing to obtain adequate pre-breeding condition could explain the relationship between sardine biomass
measured in the previous November and chick growth found on Dassen Island in this study. In addition,
differential abilities of individuals to cope with depressed food availability would dampen the strength
of any relationship between measures of fish abundance and average growth rates and could explain the
finding that variability in growth tended to increase as average growth decreased.
To what extent penguins, which are constrained by having to swim to find food, are able to compensate
for reduced prey availability by increasing foraging effort is presently unclear (see Ballard et al., 2010).
However, if African penguins are able to compensate with increased foraging effort, parameters such
as chick growth and breeding success may be decoupled from all but the largest fluctuations in food
availability and subsequently only respond to environmental changes in a broad manner. The relationship
between sardine biomass (in the previous November) and growth of African penguin chicks on Dassen
Island over seven years in this study supports this notion. Chick growth was generally higher at high
sardine biomass and low at lower levels of sardine biomass. In addition, the fastest growth coefficient
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values from Dassen Island in this study were from chicks sampled from 1995–1998, a period of recovery
in the biomass and pelagic catches of sardine in the southern Benguela (see Figure 2 and 8 in Coetzee
et al., 2008b). The central mass of the pelagic catches of both sardine and anchovy were located in
the vicinity of Dassen Island for most years in the late 1990s (Fairweather et al., 2006) and the strong
eastward displacement of sardine spawners and sardine catches had yet to occur (Fairweather et al.,
2006; Coetzee et al., 2008b). Furthermore, the spawner biomass of sardine estimated to be available to
penguins in the Western Cape began to increase markedly from the mid-1990s and peaked in 2003 (see
Figure 2 in Crawford et al., 2008e).
The late 1990s also marked the beginning of a period of recovery in the breeding population of
African penguins on Dassen Island, with c. 9800 pairs breeding on the island in 1995 and c. 15,000 in
1999 (Underhill et al., 2006). The increase continued into the early 2000s and was mirrored on Robben
Island and, more broadly, in the overall population in the Western Cape (Underhill et al., 2006; Crawford
et al., 2008e). Numbers on Robben Island rose from c. 2500 pairs in the mid-1990s to a peak in 2004
of c. 8500 pairs (Underhill et al., 2006), before declining again to c. 2200 breeding pairs in 2009 (R. J.
M. Crawford, unpubl. data). The early- to mid-2000s were characterised by high sardine and anchovy
spawner and recruitment biomass, including (in 2003) the highest level of sardine recruitment so far
recorded in the acoustic time series (van der Lingen et al., 2006; Coetzee et al., 2008b). Appropriately,
the trends in the breeding population of African penguins, as well as the number of adults moulting on
Robben Island between 1989 and 2005, have been linked to the young-of-the-year (recruitment) biomass
of anchovy and sardine as well as the biomass of spawner sardine available to penguins in the Western Cape
in the previous year (Crawford et al., 2008e). Sardine spawner and recruitment biomass has subsequently
declined to levels equivalent to the early 1990s, while anchovy stocks have remained high (Coetzee et al.,
2008b; Crawford et al., 2008e, J. C. Coetzee, unpubl. data).
Although the data are limited to a handful of years for the Western Cape, the available growth
coefficients seem to broadly reflect both the trend in the number of pairs breeding and the availability of
sardine in the southern Benguela. The highest value for growth from three breeding seasons on Robben
Island (and from all 13 in the Western Cape) was recorded in 2004, at the end of the period of steady
growth in the population since the island was recolonised in 1983 (Crawford et al., 1995b; Underhill
et al., 2006) and shortly after the large increases in spawner and recruitment biomass. The values for
growth at Dassen and Robben Islands that have occurred either side of the increases in sardine stocks and
the African penguin population recovery in the Western Cape are generally lower than those occurring
within it. Growth on Dassen Island in 2009 was lower than growth from 1996–1998 but not significantly
different from 1989, 1995 and 2008, while growth at Robben was poorer in 2009 than it was in 2004. The
difference between 2004 and 2008 on Robben Island did not reach statistical significance. Although the
difference did not reach significance, the model prediction was for an average reduction in the predicted
fledging mass of c. 400 from 2004 to 2008, which represents nearly 15% of the 2004 mean fledging mass
measured on Robben Island.
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On Dyer Island, the historic baseline used for the comparison of recent chick growth was based
on data collected in 1989, during a decade (1987–1997) in which the annual declines in the breeding
population on Dyer Island were 10–20% (Underhill et al., 2006). This decrease was attributed to a
fluctuating decrease in the South African stock of anchovy from 1986–1997, and the emigration of firsttime breeders to colonies to the west as the South African sardine stock recovered (Crawford et al., 2001).
The population on Dyer Island did not recover along with the growth of other colonies in the Western
Cape in the mid-2000s, although the rate of decline did slow. This has been attributed to the eastward
shift of sardine stocks after 2001 (Underhill et al., 2006). However, any advantages of the eastward shift
of sardine where not manifest in growth rates in 2008 and 2009, which were significantly lower than the
1990 value and were the lowest recorded in the study. Because of its position on South Africa’s south
coast, Dyer Island may be less reliant on anchovy recruitment, which mainly occurs on the west coast
(e.g. Roy et al., 2007) and more reliant on sardine. Although the sardine stock has shifted eastwards
since 2001, it has also declined to levels similar to those of the 1990s (Coetzee et al., 2008b). Other
factors, such as poor nesting habitat (L. J. Waller, pers. comm.), oiling (Underhill et al., 2006) and seal
predation (Makhado, 2009) are also limiting the population on Dyer Island and may be contributing to a
reduced ability of birds to provision chicks in that population (sensu Wolfaardt et al., 2008c, Chapter 2).

3.5.3

Variability in monthly growth rates

The monthly variation in growth was quite pronounced in some cases, with different patterns of variation
at colonies between seasons and between colonies within seasons. For example, on Robben Island, the
best month for growth in 2004 was April while in 2009 it was August. In other words, at least for the
breeding seasons covered by this study, there did not seem to be a particular period during the year that
specifically favoured chick rearing on the west coast.
In strongly seasonal environments, such as the high latitudes, breeding tends to be synchronized to
a short temporal window (e.g. Knudtson and Byrd, 1982; Lindholm et al., 1994). This may be tied to
sharp and predictable peaks in food abundance or quality (e.g. Lindholm et al. 1994; Verboven et al.
2001, but see Verhulst and Nilsson 2008 for alternative explanations) with delays in its onset leading to
reduced success (e.g. Lepage et al., 1999; Verhulst and Nilsson, 2008). For example, Magellanic penguins
S. magellanicus, which breed in a strongly seasonal environment, show highly synchronised egg laying,
do not raise a second clutch and only rarely lay replacement clutches (Boersma et al., 1990; Yorio et al.,
2001).
In contrast, where seasons are less well defined or where food supplies may be less predictable, breeding synchrony is usually less pronounced or is driven by other mechanisms (e.g. social facilitation, Burger,
1979; Kemper, 2006). Humboldt penguins S. humboldti breeding in the productive but unpredictable
Humboldt Upwelling System, nest throughout the year, with distinct egg-laying peaks in April and August/September (e.g. Paredes et al., 2002). Similarly, African penguins have a prolonged breeding season,
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covering many months of the year (Randall and Randall, 1981; Wilson, 1985b; Kemper, 2006) and a lack
of synchrony between colonies and even between adjacent nests or sub-colonies has been observed at
a number of African penguin breeding localities (Duffy and La Cock, 1985; Kemper, 2006). The long
breeding season is likely to be an adaptation to cope with variation in the onset of the best conditions
for breeding, and perhaps chick-rearing in particular. This idea is supported by the monthly variation in
growth rates for the Western Cape (e.g. Figure 3.16 and Figure 3.15), in which even geographicallyproximate colonies (e.g. Robben and Dassen Islands) showed different patterns of variability within the
same year.
African penguins do, however, show breeding peaks specific to breeding localities or regions (e.g.
Randall and Randall, 1981; Crawford et al., 1995c; Kemper et al., 2007d) and the timing of breeding
seems to be broadly related to availability of food resources (Randall and Randall, 1981; Wilson, 1985b;
Kemper, 2006). On Dassen Island, for example, there is little seasonality or synchronization over the
whole island, with birds in all stages of the breeding cycle all year round (Wolfaardt et al., 2008c). In
contrast, on Robben Island, just c. 50 km to the south, the breeding season appears to be more clearly
defined (Crawford et al., 1995b, 1999b). Most clutches are laid (c. 60%) in February and March (Crawford
et al., 1999b) and most breeding attempts are completed within the temporal window ascribed to the
southward migration of young-of-the-year sardine and anchovy from the west coast nursery grounds to the
Agulhas Bank (Crawford, 1980). This patterns seems to be mirrored in the combined monthly growth
rates (Figure 3.16 B) and conforms closely to the pattern found in previous studies of seasonality in
African penguins on South Africa’s west coast (e.g. Wilson, 1985b; Crawford et al., 1999b).
In this sense, the majority of birds seem to be aiming to time egg laying to ensure a ready supply of
suitable food when the energetic demands of the growing chick is at its peak (Durant et al., 2005, the
temporal match-mismatch hypothesis), two to three months later (Bouwhuis et al., 2007). Appropriately,
in nine breeding seasons on Robben Island, the probability of a nest surviving the chick-rearing period
was greatest in breeding attempts where hatching occurred in May and was decreased at either end of
the breeding season. However, the patterns of nest survival (Chapter 2) and chick growth were not
always similar between years, with the best month differing from season to season (Figure 2.5, Chapter
2), indicating the importance of multi-year studies.
The results of the small-scale surveys conducted around Robben Island in 2009 suggested a peak in
the local availability of small pelagic fish (recruitment sardine and anchovy) in late July and early August
(Figure 3.23). Accordingly, chick growth at the island peaked in August and nest survival during chick
rearing was most likely in nests where chicks had a hatching date in July in the same year (Chapter 2).
This suggests that, in many of the nests that hatched eggs in July, chicks were at the most energetically
expensive period of growth (c. 35–55 days after hatching Bouwhuis et al., 2007) in August and thus
benefited from the arrival of the recruitment biomass around the island. Only a limited number of
surveys was conducted and the data are only available for one year (2009), so the result must be treated
with caution. However, it suggests that the timing of the arrival of food resources around a colony may
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play a role, probably in association with overall food abundance, in imposing constraints on breeding
productivity in African penguins, at least on South Africa’s west coast. Similar results are known for
other seabird species (Durant et al., 2005; Shultz et al., 2009).
The capacity (or lack there of) to anticipate and respond to likely alterations in the timing of withinseason food availability, for example by altering the onset of egg laying, may well vary between species
(Shultz et al., 2009). If African penguins are unable to anticipate temporal alterations in prey availability,
and if the perturbations currently occurring in the southern Benguela (e.g. Roy et al., 2007) are capable
of altering the timing of the southward migration of the small pelagic fish, then in years where the
timing of the onset of peak feeding conditions around a colony deviates dramatically from the period
of the long-term average, the growth rates and subsequent survival of the majority of chicks at the
colony is likely to be impaired (sensu Hipfner, 2008). Any importance of a temporal component in prey
availability cannot be accounted for in the annual acoustic surveys and neither can small-scale spatial prey
abundance. This mismatch between the temporal and spatial scales over which the biomass estimates
and seabird parameters integrate food abundance may make matching variability in chick growth rates
to within season food availability in the Benguela system difficult (Adams et al., 1992). Subsequently,
continuing to conduct small-scale acoustic surveys around seabird breeding colonies to garner data on
local, short-term food availability will play a vital role in enabling our understanding of the mechanisms
through which environmental variability affects seabirds in the Benguela Upwelling System. In addition,
understanding how variables like depth and distance to prey resources influence the foraging efficiency
of African penguins (e.g. catch per unit effort, Grémillet, 1997) and how African penguins make the
decisions involved in provisioning chicks versus maintaining their own body condition (e.g. Gauthier-Clerc
et al., 2002; Ballard et al., 2010) must be the priority focus of future research.

3.5.4

Considerations for further analysis and future monitoring

The variability observed in monthly growth rates within colonies and seasons highlights the need for multiyear, self-controlled studies of chick quality at each colony, particularly when assessing the efficacy of
management actions. In addition, our capacity to detect meaningful differences in chick growth, or body
condition (Lubbe, 2008), would be aided by the development of an optimal sampling strategy (Candy
and van den Hoff, 2010). This aim will require further analysis on the data currently available, such as
exploring how well a growth curve generated from a few measurements of a chick of unknown age (e.g.
the Underhill method) represents the true growth trajectories in African penguins. However, the decrease
in variability of the growth coefficients as chicks were measured over a longer period suggest that a useful
guideline to ensure homogeneity in the quality of data would be to take at least 6 measurements from
an individual chick over at least a period of 25 days. Analysis to determine the best interval (e.g. every
5 days) over which to measure chicks must also still be undertaken.
It is also clear from this study that it is not feasible to choose a particular month in which to
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take measurements of chick quality from a colony and expect that this will necessarily be indicative of
conditions during the rest of the breeding season. Rather, analysis of long-term seasonality data for each
colony should be used to determine a suitable sampling window. For example, Randall (1983) in a study
of seven years of data on mass at fledging for African penguins on St. Croix Island, found that chicks
fledged from April to October at the island. However, fledging mass was markedly higher in April and May
than at other times of the year. Subsequently, if this pattern proves to be strongly consistent between
years, sampling for comparative analysis should either cover only this period, or incorporate samples from
the entire season (April to October). This point is applicable to any comparative method and not just
growth analysis.
The finding in this study, and others (Randall, 1983; Wolfaardt et al., 2008c), that second hatching
(beta) chicks tend to grow slower than both first-hatching (alpha) and single chicks suggests that balancing the relative proportions of one- and two-chick nests in samples may also be important for detecting
changes in growth between years. The inclusion of a high proportion of singletons in any one dataset
will tend to biased the annual average growth rate up. However, excluding single-chick nests, or beta
hatching chicks, may weaken the ability of a study to assess changes in food availability. Although beta
chicks consistently grow more slowly (Randall, 1983; Wolfaardt et al., 2008c, this study), suggesting
that they received less food, African penguins are able to fledge two chicks in the majority of cases (e.g.
Wolfaardt et al., 2008c, Chapter 2). van Heezik and Davis (1990) found that growth of yellow-eyed
penguin chicks was slower in two-chick nests than in one-chick nests in a food poor year, but not in a
year of good prey availability. There was also evidence that the ability of African penguins to rear two
chicks decreased when anchovy was less readily available on Robben Island from 2001–2009 (Chapter
2). Therefore, although it was not consistently apparent in this study (Figure 3.11), the possibility that
the relative difference between Beta chicks and Alpha chicks or singletons responds to decreased food
availability should be investigated further.
In conclusion, growth was highly variable, both over time within any given breeding season and
between years. The patterns that have emerged suggest that in general, growth was poorer in 2008 or
2009 than it has been in the past, growth appeared to be better in the Eastern Cape than in the Western
Cape in 2008 and 2009, and in general, 2009 was a worse year for chick growth than 2008. However, the
conclusions that can be drawn are complicated by a number of factors. In particular, whether inter-annual
growth rates can be reliably related to changes in small pelagic fish availability over the long-term still
needs further investigation and the procurement of data from additional breeding seasons is warranted.
The comparative time-series produced by this study for Dassen and Robben Islands marks a useful start
point, especially as it covers a period of high variability in the abundance of the African penguin’s main
prey species. Chick growth analysis has promise as a tool to aid our understanding of how African
penguins respond to changes in their environment. However, further refinement to the growth models is
needed and an optimal sampling strategy for data collection (sensu Candy and van den Hoff, 2010) must
be employed to limit any potentially negative impacts on the species.
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Appendix 1

Appendix 1.1:

Figure 3.26: Normal Q-Q plots (left top and bottom) and histograms (right top and bottom) of the residuals
produced from the best fitting model for head length (see Table 3.5) with the Gompertz growth coefficient for each
African penguin chick fitted as the explanatory variable (top left and right) versus the square-root transformed
Gompertz growth coefficient as the explanatory variable (bottom left and right).
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Appendix 1.2:

Figure 3.27: Mass plotted against age for each African penguin chick in four of the datasets where the age of the
chick was known exactly. Gompertz (red curve) and logistic (green curve) grow curves are plotted through the
data, based on the median growth coefficient (K value) generated from each island-year dataset and the relevant
equation in section 3.2.3.
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Appendix 1.3: Model output for mass growth using the liner model (lm) function in R (R
Development Core Team, 2009).
summary.lm(modelQ)
Call: lm(formula = g.kMass

ChickHatchingOrder + Quarters + YearIslandCode)

Residuals:
Min
−0.0508204

1Q
−0.0078401

Median
−0.0003414

3Q
0.0072420

Max
0.0961035

(Intercept)
ChickHatchingOrderA
ChickHatchingOrderB
QuarterQ1
QuarterQ3
QuarterQ4
YearIslandCodeB2008
YearIslandCodeB2009
YearIslandCodeD1989
YearIslandCodeD1995
YearIslandCodeD1996
YearIslandCodeD1997
YearIslandCodeD1998
YearIslandCodeD2008
YearIslandCodeD2009
YearIslandCodeR2004
YearIslandCodeR2008
YearIslandCodeR2009
YearIslandCodeS2008
YearIslandCodeS2009
YearIslandCodeY1990
YearIslandCodeY2008

Estimate
0.0306737
−0.0004256
−0.0050557
−0.0010488
−0.0048739
−0.0064361
0.0220454
0.0091124
0.0089037
0.0099961
0.0148972
0.0195171
0.0128755
0.0037090
0.0062386
0.0183929
0.0128609
0.0054950
0.0286136
0.0079267
0.0115386
0.0018478

Std. Error
0.0015400
0.0010394
0.0010529
0.0016319
0.0009982
0.0014245
0.0026021
0.0020471
0.0020064
0.0018368
0.0017651
0.0017941
0.0028886
0.0039110
0.0021001
0.0017379
0.0023165
0.0019492
0.0027820
0.0020801
0.0030050
0.0017634

t value
19.918
−0.409
−4.802
−0.643
−4.883
−4.518
8.472
4.451
4.438
5.442
8.440
10.879
4.457
0.948
2.971
10.584
5.552
2.819
10.285
3.811
3.840
1.048

Pr(>t)
< 2e−16 ***
0.682249
1.74e−06 ***
0.520562
1.17e−06 ***
6.77e−06 ***
< 2e−16 ***
9.22e−06 ***
9.82e−06 ***
6.22e−08 ***
< 2e−16 ***
< 2e−16 ***
8.97e−06 ***
0.343114
0.003023 **
< 2e−16 ***
3.38e−08 ***
0.004884 **
< 2e−16 ***
0.000145 ***
0.000129 ***
0.294865

Signif. codes: 0

*** 0.001

** 0.01

* 0.05

. 0.1

Coefficients:

Residual standard error: 0.01372 on 1384 degrees of freedom
Multiple R-squared: 0.2539, Adjusted R-squared: 0.2426
F-statistic: 22.43 on 21 and 1384 DF, p-value: < 2.2e−16

summary.aov(modelQ)

ChickHatchingOrder
Quarters
YearIslandCode
Residuals

Df
2
3
16
1384

Sum Sq
0.009663
0.018460
0.060550
0.260579

Mean Sq
0.0048317
0.0061533
0.0037844
0.0001883

F value
25.662
32.681
20.100

Pr(>F)
1.139e−11 ***
< 2.2e−16 ***
< 2.2e−16 ***

Signif. codes:

0

*** 0.001

** 0.01

* 0.05

. 0.1
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Appendix 1.4: Model output for head length growth using the liner model (lm) function in R (R
Development Core Team, 2009).
summary.lm(modelHH)
Call: lm(formula = SQRTHeads ChickHatchingOrder + Halfyear + Year + Island)

Residuals:
Min
−0.224696

1Q
−0.018990

Median
−0.001517

3Q
0.016247

Max
0.207442

(Intercept)
ChickHatchingOrderA
ChickHatchingOrderB
Half-year
Year2004
Year2008
IslandBIRD
IslandDASSEN
IslandDYER
IslandST CROIX

Estimate
0.1880275
0.0024930
−0.0081456
−0.0123159
0.0143210
0.0170318
0.0171433
−0.0063923
−0.0012716
−0.0006021

Std. Error
0.0045276
0.0035677
0.0036045
0.0032909
0.0048214
0.0031549
0.0049180
0.0054513
0.0042380
0.0052085

t value
41.530
0.699
−2.260
−3.742
2.970
5.399
3.486
−1.173
−0.300
−0.116

Pr(>t)
< 2e−16 ***
0.484883
0.024088 *
0.000195 ***
0.003059 **
8.75e−08 ***
0.000516 ***
0.241280
0.764222
0.907992

Signif. codes: 0

*** 0.001

** 0.01

* 0.05

. 0.1

Coefficients:

Residual standard error: 0.03881 on 841 degrees of freedom
Multiple R-squared: 0.1059, Adjusted R-squared: 0.09635
F-statistic: 11.07 on 9 and 841 DF, p-value: < 2.2e−16

summary.aov(modelHH)

ChickHatchingOrder
Half-year
Year
Island
Residuals

Df
2
1
2
4
841

Sum Sq
0.02505
0.03713
0.05091
0.03694
1.26642

Mean Sq
0.012525
0.037132
0.025454
0.009236
0.001506

F value
8.3175
24.6583
16.9032
6.1333

Pr(>F)
0.0002649 ***
8.290e−07 ***
6.349e−08 ***
7.246e−05 ***

Signif. codes:

0

*** 0.001

** 0.01

* 0.05

. 0.1
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Appendix 1.5

Figure 3.28: Monthly variations in growth (Gompertz growth coefficient) during each breeding season from all
African penguin chicks in each of the 13 island-year datasets from the Western Cape colonies. Panel A shows the
seven years from Dassen Island, panel B shows the 3 years from Dyer Island and panel C shows the three years of
data from Robben Island.
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Chapter 4
DON’T BANK ON A SEA VIEW: IS UNSUITABLE HABITAT LIMITING
BREEDING SUCCESS OF AN ENDEMIC CORMORANT ON
ROBBEN ISLAND?

4.1

Abstract

The bank cormorant Phalacrocorax neglectus is endemic to the Benguela Upwelling System of southern Africa.
Most breeding colonies occur on offshore rocks or islands close to the high-water mark, but man-made structures
are also used. Despite adaptations for breeding close to the water, nests can be lost to storms. Data from two
colonies where food is not considered limiting are used to present the first comparative study on nest survival in
bank cormorants. Using a combination of the Mayfield method and survival analysis, nest success was modelled
with a continuous probability of failure over time. Nest were compared on man-made structures at Robben Island,
South Africa, with nests on a man-made and artificially sheltered jetty and nests from exposed colonies on man-
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made and natural structures at Mercury Island, Namibia. Overall, nest survival was relatively invariable between
years at each island but was lower at the exposed colonies compared to the sheltered colony at Mercury Island.
The probability of a nest surviving the breeding attempt was lower at Robben Island than at Mercury Island in
all three seasons. Nest failures at Robben Island were related to wave heights and air temperature, with trends
to suggest reduced chick survival in years where major storm events occurred during peak breeding. A heat wave
appeared to cause major chick mortality at Mercury Island in 2005. Winter breeding in South Africa may increase
the risk of losses during storms but also reduces the risk of heat exposure. Understanding the impact of stochastic
events on bank cormorants may be important for the continued survival of the species, both at Robben Island
and in general, particularly in light of the risks posed by future climate change.

4.2

Introduction

The bank cormorant Phalacrocorax neglectus is listed as Endangered by the IUCN (BirdLife International, 2010a) following a decline in the overall breeding population from c. 9000 breeding pairs between
1975–1980 (Cooper, 1981; Crawford et al., 1999a) to c. 3600 pairs by 2007 (Crawford et al., 2008a).
The majority of these losses have occurred in Namibia where the population decreased from c. 7100
pairs between 1978–1980 to around 2500 pairs by 2007 (Crawford et al., 1999a; Kemper et al., 2007b),
including a decline of 1800 pairs at Ichaboe Island, previously the largest colony for the species. This was
presumed to have coincided with reduced abundance of pelagic goby Sufflogobius bibarbatus (Crawford
et al., 1999a), the main prey species in Namibia (Crawford et al., 1985; Ludynia et al., 2010). Numbers at
Ichaboe Island have not recovered to pre-1993 levels and Mercury Island is currently the largest breeding
colony with about 1800 pairs in the last published count in 2006 (Kemper et al., 2007b).
In South Africa, the population has shown a slight overall decline from c. 1500 pairs in 1978–1980
to c. 1100 pairs by 2007, mainly at formerly large colonies to the north of Cape Town (Crawford et al.,
1999a, 2008a). This has been linked to reduced growth rates of west coast rock lobster Jasus lalandii
(Cruywagen, 1997) as well as a more recent shift in their distribution (Crawford et al., 2008a). Rock
lobster is the main prey item in the diet of bank cormorants in South Africa’s Western Cape (Rand,
1960a; Avery, 1983; Cooper, 1985b) and populations there may be dependent on the availability of this
resource. A number of small colonies to the east of Cape Town have shown increases consistent with
a distributional shift of rock lobster (Crawford et al., 2008a) and Robben Island, South Africa’s largest
bank cormorant colony since at least 2000, was declared a rock lobster sanctuary in the 1960s (Pollock,
1987). The number of pairs breeding on Robben Island generally increased (from c. 60 to c. 130 pairs)
from 1978 to 2006, a period in which numbers at most South African colonies to the north of Cape Town
were declining (Crawford et al., 2008a).
Besides being constrained by local food availability, seabird breeding colonies along the southern
African coastline tend to be restricted to sites free from disturbance and protected from land-based
predators (Berruti, 1995; Randall, 1995; Bartlett et al., 2003). Consequently, most bank cormorant
colonies occur on offshore islands, mainland cliffs (e.g. Bartlett et al., 2003) or high boulders and stacks
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along rocky shores. However, they also make use of man-made structures such as guano platforms,
piers and harbour walls (Williams, 1987; Crawford et al., 1994; Crawford and Cooper, 2005). Human
disturbance, including through harbour development, has caused the desertion of at least four bank
cormorant breeding colonies and reduced numbers at six others (Crawford et al., 1994, 1999a). on
Robben Island, nests are restricted to the harbour wall and the end of an old jetty, probably as a result
of the level of human activity on and around the island (see e.g. Crawford and Dyer, 2000, pp. 1–4) but
possibly also because of a historically large population of feral cats Felis catus that have impacted on
ground-nesting birds in the past (Aitken, 1999; Braby and Underhill, 2007).
Bank cormorant nests are relatively large, heavy structures that tend to be built close to the water’s
edge (Cooper, 1986). They use wet seaweed (mainly Rhodophyta, Chlorophyta and Phaeophyta) which
becomes “plastered” to the rock surface. The adult birds also defecate onto the side of the nest (rather
than voiding the excreta away) which causes the outside to become covered in a hard crust of guano
(Cooper, 1986). These characteristics seem to allow the bank cormorant to breed on substrates such
as bare offshore rocks where dry nesting material would slip off (Williams, 1978) and they have been
suggested as a prerequisite for breeding close to the sea (Cooper, 1986). Despite these adaptations, whole
nests and their contents can be lost to storms (Rand, 1960a; Cooper, 1986). For example, Crawford and
Cooper (2005) noted that 5% of 292 nests were washed away by sea storms, but give no further details.
To the knowledge of the author, no published studies have considered the breeding productivity of
bank cormorants and no consideration has previously been given to the suitability of man-made structures
as breeding habitat for this species. Cooper (1987) studied the egg-rearing period of the breeding attempt
at Dassen Island during 1971–1972, reporting clutch size, incubation periods, and properties of the eggs
but failed to report the rate of survival of eggs to hatching. In the species account in Crawford and Cooper
(2005), hatching and fledging percentages and an estimate of productivity (fledglings per attempt) are
given, but methodological details are lacking.
This chapter presents a comparative study of nest survival in bank cormorants using data from Robben
Island, South Africa (collected by R. B. Sherley), and Mercury Island, Namibia, contributed by R. Jones,
J. Kemper (Ministry of Fisheries and Marine Resources; MFMR) and K. Ludynia (Animal Demography
Unit [ADU], University of Cape Town). Nest survival in two sub-colonies on man-made structures on
Robben Island, South Africa (from 2007 to 2009) was compared with survival of nests on a man-made
and artificially sheltered jetty (in 2005, 2008 and 2010) and a number of exposed sub-colonies on manmade and natural structures (2005 and 2010 only) on Mercury Island, Namibia. In addition, nest failures
are related to sea-state and weather data for Robben Island and weather data for Mercury Island. By
examining data from two colonies where food is not thought to be limiting, how environmental variability
may relate to breeding failures in bank cormorants is considered and suggestions are given for simple
interventions which may allow Robben Island to support a larger breeding colony of this endangered
species.

4.3. Methods

111

Figure 4.1: (A) The location of Mercury Island along the Namibian coastline; (B) The extent of the island used
by breeding bank cormorants and other seabirds. All study colonies were located close to the main jetty, indicated
on the map; (C) The location of Robben Island within Table Bay, the Western Cape and South Africa and (D)
the three locations used by bank cormorants for breeding at Robben: the old jetty (OJ) near to the south-east
corner of the island, and the long (LA) and short-arm (SA) of the Murray’s Bay Harbour, near to the north-east
corner of the island.

4.3
4.3.1

Methods
Study sites

The study was carried out on Mercury Island, Namibia (25 ◦ 43’S, 14 ◦ 50’E; Figure 4.1 A and B), during
the 2004/05, 2007/08 and 2009/10 breeding seasons and Robben Island (33 ◦ 48’S, 18 ◦ 22’E; Figure 4.1
C and D), South Africa, during the 2007, 2008 and 2009 breeding seasons.
Nests were monitored at two of the three breeding locations on Robben Island, the old jetty (OJ
in Figure 4.1 D; Figure 4.2 A and B) and the long arm of the Murray’s Bay Harbour wall (LA in
Figure 4.1 D and Figure 4.2 C). To limit the risk of potential research-related impacts on the colony,
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Figure 4.2: (A) The old jetty on Robben Island; (B) The bank cormorants build nests on the main structure of
the jetty, at the end furthest from shore; (C) The harbour on Robben Island, showing the long arm (LH) and the
short arm (SH) of the harbour wall (Image c Google 2009); (D) Some bank cormorant nests on the long arm
of the harbour wall. The birds build nests on the flat blocks and the tops of the dollose (interlocking concrete
blocks used to build breakwaters in southern Africa) both close to the water and up high on the harbour wall (see
also Figure 4.3 A).

nests were not monitored at the short arm of the harbour (SA in Figure 4.1 D and Figure 4.2 C) as
this hosts the bulk of the population on Robben Island (around 60–70 nests). Access to the old jetty
and the harbour wall are prohibited to Robben Island residents and tourist for safety reasons. As such,
extraneous human disturbance to the study nests should have been minimal between nest monitoring
visits. Staff of Transnet, the National Ports Authority (NPA), make occasional trips onto the harbour
long-arm for maintenance purposes but these are usually outside of the peak bank cormorant breeding
season (T. M. Leshoro, pers. comm.).
On Mercury Island, nests were monitored on the main jetty (hereafter ‘MJ’) in all three years, as
well as at a number of other sites which held smaller colonies in 2005 and 2010. In 2005, nests were
studied at two additional man-made sites, toilet rock (TR) and the old main jetty (OMJ) and at three
additional natural sites, the eastern buttress (EB), gannet rock (GR) and bird rock (BR). In 2010, the
two additional sites were the OMJ and TR. All five additional sites occur close to the MJ (Figure 4.1
B). Access to Mercury Island is by MFMR permit only and the island is permanently manned by one or
two MFMR staff members. The MJ, despite the name, is not actually used for accessing the island, but
serves solely as a bank cormorant breeding platform. Thus, as on Robben Island, human disturbance to
the study nests was minimal between monitoring visits.
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Nest monitoring

Counts of breeding pairs of bank cormorants peak during the austral summer in Namibia and during the
austral winter in the Western Cape (Crawford et al., 1999a). Thus, nest monitoring took place between
30 November 2004 and 22 May 2005, between 20 December 2007 and 02 May 2008 and between 29
October 2009 and 08 April 2010 on Mercury Island1 . On Robben Island, nest checks were made between
21 March and 09 August in 2007, between 26 April and 08 August in 2008 and between 11 March and
18 September in 2009. Nest checks were made by the author (R. B. Sherley) on Robben Island, except
on one occasion in 2009 where the check was carried out by K. Ludynia. Nest checks on Mercury Island
were made by either by R. Jones, J. Kemper, K. Ludynia, J. James (MFMR) or P. Bartlett (MFMR).
Monitoring was aimed to begin prior to the main period of egg laying when most birds were still nest
building; however, eggs were present in some nests at the first check. Only nests found prior to or during
incubation were included in the study.

Nest identification and marking
During the first visit of 2007 on Robben Island, all bank cormorant nests present on the long arm of the
harbour wall (hereafter ‘LA’) and the old jetty (hereafter ‘OJ’) were identified by walking out onto each
structure. Those nests that were suitable for visual monitoring were photographed from fixed locations
and assigned an individual identification numbers (e.g. Figure 4.3 A and B). On the LA, where possible,
a point on wall adjacent to the nest or a series of nests, was marked using epoxy putty. The markers were
non-permanent and could be removed by prizing the epoxy from the rock; however, the majority lasted
the duration of the study. On the OJ, the bank cormorants nested on the horizontal support struts at
the far end (see Figure 4.2 B and Figure 4.3 B). Nests occurring further back than nest 113 in Figure 4.3
B were not monitored as it was deemed to be too difficult to determine the nest contents.
At the start of the 2008 and 2009 seasons on Robben Island, all previous nest locations were checked
by referring to the final nest maps from the previous year. Nests occupying the same location as the
previous season were reallocated the same number, although it was not possible to ascertain whether the
birds using these sites were the same between seasons as only a handful of the birds in the study were
individually marked.
Nests at all of the sub-colonies on Mercury Island were either photographed from a fixed position and
assigned an individual identification number (e.g. Figure 4.3 C and D) or maps of the sub-colonies were
sketched from a fixed position and the nests were numbered. A new nest map was created at the start
of each breeding season. In all years, nests were added to the study throughout the monitoring period at
both Robben and Mercury Islands.
1

Breeding seasons on Mercury Island are hereafter referred to by the year at the completion of breeding only,
e.g. “Mercury Island in 2005” would refer to the 2004–2005 breeding season.
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Nest checks
Robben Island:

Nests were monitored at intervals, normally once every 7–10 days, but occasionally at

longer intervals of up to 2 or 3 weeks if weather prevented travel to the island or made it dangerous to
access the LA or OJ. On each visit to a nest, the number of eggs or the number and approximate size of
any chicks was recorded (if possible; see below). Chicks were not weighed, but classified into five stages
of development: Newly hatched chicks – no down, less than 6 days old (Crawford and Cooper, 2005);
Small downy chicks – still sheltering under the adult, less than half the adult size; Medium downy chicks
– over half adult size to about 3/4 adult sized; Large downy chicks – over 3/4 adult sized, body still
covered in down; Woolly necks – full size of the adult, flight feathers on the body, down on the neck and
head.
A chick was considered to have fledged if it was seen on the nest with all the down lost on the head
and neck (termed a fledgling) or if it was seen at the nest as a woolly neck on at least two occasions and
then not recorded at the nest again. Crawford and Cooper (2005) state that chicks leave the nest for
short periods after 50 days, thus, nest success may have been overestimated as the chicks in this study

Figure 4.3: Nest “maps” were used to identify individual bank cormorant nests on each monitoring visit on
Robben Island (A and B) and Mercury Island (C and D). On the long arm of the harbour wall (A) nests occurring
alone were assigned a number from 01 upwards and nests occurring in clusters were assigned an alpha-numeric
code (e.g. 05a). At this sub-colony, nests or nest clusters were also marked by placing epoxy putty on the harbour
wall adjacent to them. On the old jetty (B) nests were assigned a number from 100 upwards. On Mercury
Island, each nest was assigned an individual identification number. Maps for two of the sub-colonies are shown
as examples, toilet rock (C) and the old jetty (D).
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were not colour ringed. If a nest that had contained chicks or eggs was empty or no longer present at the
next check, the breeding attempt was recorded as failed unless the chick(s) had satisfied the condition
above to be classed as fledging. On one occasion, a nest occupied by a large downy chick and well
apart from other bank cormorant nests was washed away from the LA. A woolly neck was subsequently
observed on the same dollose for the next two visits then not seen again; this chick was classified as
fledging.
After a breeding attempt finished (failed or succeeded), nests or nest sites were still checked at each
visit until the end of the monitoring period in case the nest owners initiated another breeding attempt
or the chicks had just been absent from the nest at the last check. Any additional clutches of eggs laid
in a nest following a completed breeding attempt (either successfully or unsuccessfully) were assumed to
belong to the same nest owners as the first clutch, and were subsequently recorded as a second breeding
attempt. Any breeding attempts where eggs were laid into a previously empty or newly built nest were
classified as a first clutch. Consequently, it is possible that some clutches were incorrectly assigned as
pairs could have moved nest site following a complete loss of their entire nest and its contents to, for
example, a storm event.
Several measures were taken in an effort to minimise disturbance to the birds as far as possible and to
reduce the risk of nest abandonment. Nests were checked purely visually with no direct interaction with
either the adult birds or the nest contents (chicks or eggs). When approached slowly, bank cormorants
often stand up off of eggs (if incubating) or small chicks (if brooding), with their wings spread. This
normally gave sufficient opportunity to view the contents with binoculars. Once chicks were older than
about 15–20 days old they could usually be seen next to or under the adult and their size could be
approximated.
In addition, if a number of nests was found to contain eggs on one visit, a longer interval was left
before the next visit (e.g. 14 days instead of 7), as compared to when the birds were known to be on
chicks. Nests were always approached slowly and the behaviour of the adult present at the nest assessed
through binoculars from a distance before the nest was approached more closely. If a nest was known
or suspected to contained eggs and the incubating bird was deemed to be at risk of leaving the eggs,
the nest check was curtailed and entered as “not checked” or, if the bird had been previously recorded
as incubating, “incubating unknown contents”. Despite these efforts, some birds did leave their nests
when incubating eggs. In these instances a 2 m wooden pole was used to cover the unattended nest with
seaweed, either taken from the nest rim or collected for the purpose. Covering the nest contents reduces
the risk of the eggs being predated by kelp gulls Larus dominicanus (Cooper, 1987). Bank cormorants
displaced while incubating normally returned within a few minutes of the observer withdrawing to a
sufficient distance (Cooper, 1986, 1987, R. B. Sherley, pers. obs.) and many individuals did not leave at
all when approached closely (see above and Cooper, 1986).
On one nest monitoring visit of each month (during the monitoring period) in 2007 and 2009, an
active nest count was conducted at all three sub-colonies (OJ, LA, short arm of the harbour: SA). Nests
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on the LA and OJ were counted by walking out onto each structure as part of the normal monitoring
visit. The nests on the SA were counted from the LA using binoculars. A nest site was defined as active
if there were adults or chicks on a nest, or if fresh nesting material was present (Cooper, 1981). For most
counts, the number of nests that contained eggs (or were incubating) and the number that contained
chicks were recorded for the LA and the OJ. The primary interest in the counts was to assess when
breeding activity peaked, so pairs of adults defending a potential nest site were not counted (as they were
in Crawford et al., 1999a). Therefore, these counts may have underestimated the breeding population on
Robben Island.
Mercury Island:

Nest checks were normally carried out approximately every 7 days, but occasionally

a weekly check was missed as a result of bad weather or staff being absent from the island. Monitoring
was carried out from a vantage point adjacent to each sub-colony and nest checks were made without
handling the birds.
On each visit to a nest, the number of eggs or the number and approximate size (based on the
classification system as above) of any chicks was recorded. When birds were incubating or brooding small
chicks, contents was ascertained when the parent on the nest stood up, either to change position or when
the off-duty partner took over the incubation or brooding duty. In rare occasions, a spray bottle was
used to spray water onto the adult, causing the bird to get up briefly to shake off the water so the nests
contents could be identified. Larger chicks could be easily identified in the nest.
Once the chicks reached the age of large downy chicks or woolly necks, they often left the nest and
formed small groups, especially on the MJ. In these instances, the group members were assigned to nearby
nests according to the age and number of chicks present in those nests on the previous visit. Chicks
often returned to their nest sites and could then be confidently assigned on the subsequent visit. Woolly
necks and fledglings were often fed by their parents outside the colony on neighbouring rocks so chicks
were determined to have fledged using the same criteria as on Robben Island (see above). Clutches were
defined as first or second clutches and breeding attempts classified as failing using the same criteria as
outlined above for Robben Island.

4.3.3

Weather and sea-state data

Daily weather conditions on Robben Island were captured by the South African Weather Service from
station 0020618X (located at 33 ◦ 47’S, 18 ◦ 22’E). The following measurements were taken from 2 m
above the ground and supplied by the South African Weather Service (SAWS) for the period covering
01 January 2007 to 31 December 2009: average wind direction (◦ from north), average wind speed
(ms−1 ), speed of the maximum wind gust (ms−1 ), direction of the maximum wind gust (◦ from north),
maximum and minimum temperature (◦ C), average temperature (◦ C) and rainfall (mm). During the
study period on Robben Island, recorded maximum and minimum temperatures ranged from 12.0 to
32.5 and 5.0 to 17.9 ◦ C respectively (mean = 18.6/11.7 ◦ C, SD = 3.3/2.5), rainfall ranged from 0 to
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68.8 mm (mean = 1.8, SD = 5.5) and maximum wind speeds ranged from 3.8 to 26.3 m/s (mean =
10.2, SD = 3.8).
For Robben Island, conditions at sea were recorded by the Coastal Engineering and Port Infrastructure
research group of the Council for Scientific and Industrial Research (CSIR), Stellenbosch on behalf of
Transnet (the NPA). Sea-state was captured in three hourly intervals (from midnight) by WaveNet
(http://wavenet.csir.co.za) station CP01 (located at Cape Point, 34 ◦ 20’S, 18 ◦ 28’E, in 70 m depth of
water) for the period covering 01 January 2007 to 31 December 2009. The parameters retrieved from
the dataset were significant wave height (Hs , mean height of highest 1/3 of all waves in meters); extreme
wave height (H1 , sum of highest peak and deepest trough in meters) and peak wave period (T p , the wave
period, in seconds, with the highest energy). During the study period significant wave height ranged from
1.3 to 9.3 m (mean = 3.2, SD = 1.3), extreme wave height ranged from 2.1 to 14.7 m (mean = 5.6, SD
= 2.2) and wave period varied from 8.2 to 16.0 s (mean = 12.2, SD = 1.6).
Weather data for Mercury Island were recorded daily by the staff on the island, but they were only
available for the period 01 January 2004 to 06 May 2007. Air temperature ( ◦ C) was measured three times
a day (at 08h00, 12h00 and 18h00), water temperature (◦ C) was measured once a day at 08h00 from the
water adjacent to the main jetty, while cloud cover (in octaves), wind speed (Beaufort wind force scale)
and swell height (m) were estimated by visual observation three times a day (at 08h00, 12h00 and 18h00).

4.3.4

Data analysis

Nest success was determined using the extension of the Mayfield (1961; 1975) method presented in
Chapter 2 (section 2.2.3). Nest days for the incubation and chick-rearing periods were derived using the
same criteria to estimate laying, hatching, fledging and failure dates as outlined in section 2.2.3 (Chapter
2). The time of each nest visit was not recorded, so nest days were calculated to the nearest half-day. If
the laying date was known but hatching date could not be reliably estimated because, for example, the
nest contents could not be reliably identified for 2 or 3 subsequent visits and chicks were first encountered
as small or medium downy chicks (see above), then the estimate of nest days was constrained so as not
to be greatly longer than the mean laying-hatching interval of 30 days (Cooper, 1987). For all nests
where chicks successfully fledged, the nest days estimate was taken as an estimate of time to fledge
(hatching-fledging interval) for all chicks in that nest.
As in Chapter 2, failure rates per unit time (here days) and nest survival probabilities were generated
and compared using parametric survival models, specified with the survreg function in R v2.10.1 (R
Development Core Team, 2009). Survival analysis treats the time to death (in this case, days to nest
failure) as the response variable. An exponential error distribution was employed to estimate the survival
distribution as this assumes that nests fail with a continuous probability over time (see Kemper, 2006;
Zador et al., 2009). Data were considered right censored (sensu Venables and Ripley, 1999, pp. 365)
if the nest persisted through the end of the study period and, thus, the time to death was unknown.
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The maximum likelihood estimate of risk of failure (F) per sampling interval (approximately equivalent
to the number of nest failures/total nest days) for nests with eggs and chicks was defined as:
F = exp(−α−β)
(1)
where α and β were the estimated parameters from the regression (intercept and coefficients) and nest
survival (S) was defined as:
S(t) = exp(−exp(−α−βx)t)
(2)
where α and β were the estimated parameters from the regression (intercept and coefficients), x was the
value of the explanatory variable (fixed as x = 1 for factorial variables) at time t. For hatching success
(proportion of nests hatching at least one chick) an incubation period of 30 days (Cooper, 1987) was used
for t. Conversions to fledging success (proportion of nests with chicks fledging at least one chick) are
given for periods of t = 55, 60 and 70 days as the nestling period has not been well studied. The species
account in Crawford and Cooper (2005) gives a range of 55–70 days based on an unpublished study of
16 nests. Comparisons between islands and years are made based on 55 days for the brood period and
85 days for the whole breeding attempt (30 days for incubation plus 55 days for chick rearing).
The island and year at the completion of the breeding season (e.g. Robben Island 2007), the clutch
status (1st or 2nd) and the estimated laying date were included in the survival models as explanatory
variables. The laying date was either taken as the laying date estimated from the standard Mayfield
approach (see above), or was back-calculated from the estimated hatching date by 30 days (the mean
laying-hatching interval Cooper, 1987). In nine cases, the nests contained eggs at the first visit and the
eggs did not hatch. Here, the estimated laying date (ELD) was
(FV−LI)+(F−LI)
ELD = ——————————– −(LHI/2)
2
(3)
where FV was the first visit date, F was the failure date, LI was the average laying interval between
eggs (here taken to be 3 days following Cooper, 1987) and LHI was the average laying-hatching interval
or incubation period (30 days for bank cormorants, Cooper, 1987). This approach produces estimates
equivalent to the approach used in the analysis of British Trust for Ornithology nest record scheme data
(e.g. Crick et al., 2003). Laying date was incorporated into the model as a sinusoidal curve, as described
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Table 4.1: Explanatory variables derived from the weather and sea-state data collected at the respective colonies
and related to bank cormorant nest failures occurring within the visit intervals on Robben Island (those identified
by R), Mercury Island in 2005 (M) or both Mercury and Robben Islands (M & R).
R
R
R
R
R
R
R
R
R
M&R
M&R
M
M
M
M
M

Variable name
Rain
MeanMaxGust
SigWave
ExtremeWave
MaxWavePeriod
MinWavePeriod
MaxAveWind
MeanMaxTemp
MeanMinTemp
MaxTemp
MinTemp
MaxWind
MinWind
MaxSwell
MaxCloud
MinCloud

Data derived from and how calculated
Daily rainfall: sum of all rain falling in each visit interval
Wind gust speed: mean of the daily maximum wind gusts between visits
Significant wave height Hs : maximum Hs occurring between visits
Extreme wave height H1 : maximum H1 occurring between visits
Longest wave period Tp : maximum Tp occurring between visits
Shortest wave period Tp : minimum Tp occurring between visits
Average wind speed: max. of the daily average wind speeds between visits
Maximum temperature: mean of all daily max. temps. between visits
Maximum temperature: mean of all daily max. temps. between visits
Maximum temperature: single highest temperature recorded between visits
Minimum temperature: single lowest temperature recorded between visits
Wind Speed: highest estimated daily wind speed between visits
Wind Speed: lowest estimated daily wind speed between visits
Swell height: maximum estimated swell height between visits
Cloud cover: maximum estimated cloud cover between visits
Cloud cover: minimum estimated cloud cover between visits

by e.g. Underhill et al. (1992). The date was converted into an angle from 0 ◦ to 360◦ using 01 January
of each year as day 1 (the choice of date is arbitrary). Differential survival in the various sub-colonies
was considered separately, as nests were not monitored at all sub-colonies in all years. AICc, Akaike’s
Information Criterion (Akaike, 1974) with a correction for small sample sizes (Hurvich and Tsai, 1989),
was used to compare model fits.
Nest failure events on Robben Island (in all three seasons) and on Mercury Island in 2005 were
related to sea and weather data using multiple regression with a binomial error distribution and a logit
link function, specified using the glm function in R v2.10.1 (R Development Core Team, 2009). The
response variable was the number of nests that failed during each visit interval, as a proportion of the
number of nests that were active at the previous visit. Measures of the weather and sea state occurring
in each visit interval were fitted as explanatory variables (Table 4.1).
In all three years, monthly values for the proportion of all active nests that were either incubating or
brooding were also generated, either from just the nest check data (2008) or a combination of nest check
data and active nest count data (2007 and 2009) collected on Robben Island. Where more than one
proportion could be generated for a month (most cases), a mean of the proportion incubating and brooding
chicks at each visit or count was used for the monthly value. These data were used to determine the peak
of breeding activity on Robben Island and to assess the impact of sea state data by visual comparison.

4.4

Results

Over the full study period, 337 breeding attempts (from 285 nests) were monitored at an overall average
(mean ± SD) visit interval of 7.5 ± 3.0 days (Table 4.2). At least one egg hatched in 210 breeding attempts, giving the total number of breeding attempts monitored over the chick-rearing period (Table 4.2).
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Table 4.2: Sample sizes (number of breeding attempts monitored) and monitoring visit data for all bank cormorant
breeding attempts monitored on Robben and Mercury Islands, as well as by breeding season at each colony. SD
= standard deviation, UQ = upper quartile, LQ = lower quartile.
Colony and
year

No. monitored
during incubation

No. monitored
during brooding

No. visits

Mercury
2005
2008
2010

224
95
46
83

161
68
30
63

52
14
19
19

7.0
6.9
7.4
7.0

Robben
2007
2008
2009

113
35
34
44

49
15
17
17

52
12
15
25

9.1 (4.7)
13.7 (5.9)
7.4 (4.6)
8.0 (2.4)

8.0 (6.0–11.0)
14.0 (8.5–17.5)
6.0 (4.3–8.5)
8.0 (6.0–10.0)

Total

337

210

104

7.5 (3.0)

6.0 (7.0–8.0)

4.4.1

Mean (±SD)
visit interval (days)
(1.9)
(2.1)
(1.7)
(0.0)

Median (LQ–UQ)
visit interval (days)
7.0
7.0
7.0
7.0

(6.0–7.0)
(6.0–7.0)
(7.0–7.8)
(7.0–7.0)

Age at fledging and breeding success

Of the 210 breeding attempts in which at least one egg hatched, 98 could be monitored until the chick(s)
had fledged, 84 on Mercury Island and 14 on Robben Island. The mean (± SD) hatching-fledging interval
from all 98 nests was 56.9 ± 9.4 days (95% confidence interval [CI]: 55.1–58.8 days). The minimum and
maximum fledging estimates were 41.0 and 98.0 days respectively, although the values at 5 th and 95th

percentiles were 42.9 and 70.5 days respectively, suggesting that the maximum value of 98 days may be
an anomaly.
On Mercury Island, the 84 nests produced a mean (± SD) hatching-fledging interval of 57.2 ± 9.6
days (95% CI: 55.2–59.2), while the mean estimated fledging age on Robben Island was 55.3 ± 8.3 days
(95% CI: 50.9–59.6). The means did not differ significantly (two-sample t-test: t = 0.79; df = 19.22;
p = 0.44).
A total of 156 chicks fledged from the 98 breeding attempts, at a mean (± SD) brood size of
1.59 ± 0.57 chicks. One chick fledged in 44 (44.9%) of the breeding attempts, two chicks fledged from
50 breeding attempts (51.0%) and 3 chicks fledged in four breeding attempts (4.1%), three at Mercury
and one from Robben Island. If all 337 breeding attempts are considered, then 156 chicks equates to
0.46 fledglings per breeding attempt; however, 95 of the 337 breeding attempts were not monitored to
completion. Subsequently, a more accurate estimate would be given as 156/(337−95) = 0.64 fledglings
per breeding attempt. Over the three seasons on Mercury Island, 133 chicks fledged from 165 breeding
attempts (monitored to completion) at a rate of 0.80 fledglings per breeding attempt. The 165 breeding
attempts monitored to completion came from 160 nests, and so the 133 chicks gives an estimate of 0.83
chicks per pair, varying from 0.70 in 2005 (52 chicks from 74 nests) to 0.97 in 2008 (32 chicks from 33
nests). on Robben Island, the three seasons produced 0.30 fledglings per breeding attempt (23 chicks
from 77 breeding attempts monitored to completion) with the majority (17) of these fledging in 2008.
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The number of fledglings produced per pair over the three years on Robben Island was 0.35 (23 chicks
from 65 nests) with a range of 0.14 chicks per pair in 2007, 0.70 in 2008 and 0.15 in 2009.

4.4.2

Nest survival

Overall, with the data from both islands and all years combined, the daily nest failure rates (± SD) were
0.011 (± 0.001) failures per day (109 failures in 9522.5 nest days) during incubation and 0.004 (± 0.001)
failures per day during the nestling period (36 nest failures during 9189.0 nest days). These failure rates
translate into survival probabilities of 0.709 (95% CI: 0.665–0.757) and 0.806 (95% CI: 0.751–0.864) for
incubation and brooding respectively, assuming an average incubation period of 30 days and an average
hatching-fledging interval of 55 days. The survival probability for the whole nest attempt is derived by
multiplying the respective probabilities for the incubation and nestling periods. Therefore, the overall
probability that a nest would survive both incubation and brooding (and thus, by definition, fledge at
least one chick) during the study period was 0.572 (95% CI: 0.499–0.654), again assuming an average
brooding period of 55 days. However, the failure rates and derived survival probabilities were variable
both between the two islands (Figure 4.4), and between the three breeding seasons at both Robben and
Mercury Islands (Figure 4.5).
With the data from the various breeding seasons combined, the overall probabilities of a nest surviving
both the incubation and chick-rearing periods were greater on Mercury Island than on Robben Island
(Figure 4.4). However, the difference was more pronounced during incubation (18.0% − 0.769 at Mercury,
0.589 at Robben) than during the brood period (11.2% − 0.830 at Mercury, 0.718 at Robben), and
survival was better during brooding than during incubation at both sites. Based on a 55-day chickrearing period, nests had a 21.6% higher survival rate at Mercury than on Robben Island over the whole
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Figure 4.4: Bank cormorant nest survival (probability) over time at Robben (blue) and Mercury (green) Islands
during (A) a 30-day incubation period and (B) a 55-day chick rearing (or brooding) period. The upper and lower
95% confidence limits are shown as dotted lines in each case.
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Figure 4.5: Bank cormorant nest survival (probability) over time during (A) a 30-day incubation period and (B)
a 55-day chick rearing (or brooding) period in three breeding seasons on Robben Island and three breeding seasons
on Mercury Island.

breeding attempt (Figure 4.6), although the confidence limits overlap, suggesting that island alone may
not be sufficient to explain the variability in nest survival.
With each of the six breeding seasons (3 from Mercury Island, 3 from Robben Island) considered
as separate datasets, modelled probabilities of a nest surviving the incubation period ranged from 0.536
(95% CI: 0.413–0.695) on Robben Island during 2009 to 0.839 (95% CI: 0.772–0.912) at Mercury Island
in 2010, a difference of 30.3% (Figure 4.5 A, Table 4.4). Survival was more likely in all three years on
Mercury Island than in any one year on Robben Island (Figure 4.5 A), although the modelled probability
in the best year on Robben Island (2007) was similar to both 2005 and 2008 on Mercury Island (Figure 4.5
A) and the confidence limits overlap (Table 4.4).
AICc-based model selection favoured the survival model with the six island-year terms (each breeding
season at each island considered separately) and the effect of clutch status (model 2, Table 4.3) over
the simplified model with island considered as the only explanatory variable (model 4, Table 4.3) for
nest survival during incubation. However, the AICc weights awarded to the two top models were similar
(Table 4.3). Model 4 (Table 4.3) fit island (Mercury vs Robben) as the only explanatory variable to
explain nest survival during incubation and was given good support (ΔAICc = 0.24, Table 4.3). If the
data are considered by island alone, the 18% difference (see above) between the modelled probability
at Mercury (0.769, 95% CI: 0.719–0.823) and the probability on Robben Island (0.589, 95% CI: 0.509–
0.681) is significant (coefficient estimate = −0.70, z = −3.66, p < 0.001, Figure 4.4 A). However, the
plot of predicted survival rates for each of the six island-year datasets separately (Figure 4.5 A) suggests
that this model (model 4) may be overly simplistic, as it appears that survival during a good year on
Robben Island (2007) can be similar to survival in a poor year at Mercury Island (e.g. 2005), at least for
the years considered here.
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Figure 4.6: Bank cormorant nest survival (probability) over time at Robben (blue) and Mercury (green) Islands
during the whole breeding attempt, based on a 30-day incubation period and a 55-day chick rearing (or brooding)
period. The probability is derived by multiplying the probability of a nest surviving the incubation period (Figure 4.4
A) by the probability of a nest surviving the brood period (Figure 4.4 B) at each island. The upper and lower
95% confidence limits are shown as dotted lines.

Table 4.3: AICc-based model selection for survival models used to explain bank cormorant nest survival during
the incubation and brood periods at Robben and Mercury Islands. Model 1 includes two terms, Sine(LD) and
Cosine(LD), which fit the estimated laying date (converted to an angle from 0 ◦ to 360◦ ) as a sinusoidal curve to
include the effect of seasonality as a continuous explanatory variable (Underhill et al., 1992). Model selection is
made on the basis of AICc weights. K is the number of parameters in each model. The AICc values are derived
from a sample size of 337 for incubation and 210 during the brood period.
Model No.
2
4
3
1
5
3
2
4
1
5

Model
Incubation
Island&year+Clutch status
Island
Island&year
Island&year+Clutch status+Sine(LD)+Cosine(LD)
Intercept only
Brood period
Island&year
Island&year+Clutch status
Island
Island&year+Clutch status+Sine(LD)+Cosine(LD)
Intercept only

K

AICc

ΔAICc

AICc weight

7
2
6
9
1

1183.35
1183.59
1184.64
1186.78
1194.49

0.00
0.24
1.30
3.44
11.14

0.386
0.342
0.202
0.069
0.001

6
7
2
9
1

468.90
471.04
472.78
472.92
473.06

0.00
2.14
3.87
4.01
4.16

0.572
0.196
0.082
0.077
0.072

If model 2 (Table 4.3) is adopted, and with the Robben Island 2009 data as the baseline for the
model, the probability that a nest would survive incubation was significantly better on Mercury Island in
2005 (coefficient estimate = 0.79, z = 2.62, p = 0.008), 2008 (coefficient estimate = 0.79, z = 2.34, p
= 0.019) and 2010 (coefficient estimate = 1.38, z = 4.20, p < 0.001). Survival during incubation did not
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Table 4.4: Model derived daily failure rates and nest survival probabilities for bank cormorant nests in each
breeding season at Robben and Mercury Islands. Survival probabilities during incubation are based on a 30-day
incubation period, while survival probabilities for the chick-rearing period are given for a 55-day, a 60-day and
a 70-day period. Survival probabilities for the whole breeding attempt are derived by multiplying the survival
probabilities for the incubation and brood periods.
Incubation
(30 days)

2005

Mercury Island
2008

2010

2007

Robben Island
2008

2009

No. nest failures
Total nest days

26
2302

15
1429

17
2901.5

12
934

17
899

22
1057

Daily failure rate
St. Dev.

0.0113
0.0022

0.0105
0.0027

0.0059
0.0014

0.0129
0.0037

0.0189
0.0046

0.0208
0.0044

Survival probability
Upper confidence limit
Lower confidence limit

0.713
0.812
0.625

0.730
0.856
0.622

0.839
0.912
0.772

0.680
0.846
0.547

0.567
0.743
0.433

0.536
0.695
0.413

Brood period
(55, 60 or 70 days)

2005

Mercury Island
2008

2010

2007

Robben Island
2008

2009

No. nest failures
Total nest days

15
2735.5

1
1473

9
3156.5

3
605.5

2
730

6
488.5

Daily failure rate
St. Dev.

0.0055
0.0014

0.0007
0.0007

0.0029
0.0010

0.0050
0.0029

0.0027
0.0019

0.0123
0.0050

Survival probability (55)
Upper confidence limit
Lower confidence limit

0.740
0.862
0.635

0.963
1.000
0.895

0.855
0.947
0.772

0.762
1.000
0.560

0.860
1.000
0.698

0.509
0.874
0.297

Survival probability (60)
Upper confidence limit
Lower confidence limit

0.720
0.850
0.609

0.960
1.000
0.886

0.843
0.942
0.754

0.743
1.000
0.530

0.848
1.000
0.676

0.479
0.863
0.266

Survival probability (70)
Upper confidence limit
Lower confidence limit

0.681
0.827
0.561

0.954
1.000
0.869

0.819
0.933
0.719

0.707
1.000
0.478

0.826
1.000
0.633

0.423
0.842
0.213

Incubation * Brooding
(85, 90 or 100 days)

2005

Mercury Island
2008

2010

2007

Robben Island
2008

2009

Survival probability (85)
Upper confidence limit
Lower confidence limit

0.527
0.699
0.397

0.703
0.887
0.557

0.717
0.864
0.595

0.518
0.877
0.306

0.488
0.787
0.302

0.273
0.607
0.122

Survival probability (90)
Upper confidence limit
Lower confidence limit

0.513
0.690
0.381

0.701
0.890
0.552

0.707
0.859
0.582

0.505
0.880
0.291

0.481
0.791
0.293

0.256
0.600
0.110

Survival probability (100)
Upper confidence limit
Lower confidence limit

0.485
0.672
0.351

0.696
0.896
0.541

0.687
0.851
0.555

0.481
0.885
0.261

0.468
0.800
0.274

0.227
0.586
0.088

differ significantly between the 2009 breeding season and the 2007 (coefficient estimate = 0.60, z = 1.64,
p = 0.101) or 2008 (coefficient estimate = 0.15, z = 0.46, p = 0.644) breeding seasons on Robben Island.
Survival of nests containing 1st and 2nd clutches also did not differ significantly (coefficient estimate =
0.51, z = 1.754, p = 0.079). The modelled survival probabilities and 95% confidence intervals for the
six datasets are given in Table 4.4.
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The modelled probability of a nest surviving the chick-rearing period ranged from 0.509 (95% CI:
0.30–0.87) on Robben Island in 2009 to 0.963 (95% CI: 0.90–1.00) at Mercury in 2008, a difference of
45.4%. However, nests on Robben Island in 2009 seem to have suffered from particularly poor survival
during the brood period, as the next lowest survival probability is some 23.1% better (Mercury 2008, see
Table 4.4). With the data pooled by island, the large overlap in the confidence intervals for the survival
probabilities during the brood period (Figure 4.4 B) suggest that, during the study period, Mercury and
Robben did not differ in their overall nest survival once eggs had hatched. Accordingly, AICc-based
model selection again favoured the model that considered each of the six datasets independently (model
3, Table 4.3) over the simpler island only model (model 4, Table 4.3). With Robben Island 2009 set as
the baseline for the model, the probability of a nest surviving the brood period was significantly better on
Mercury Island in 2008 (45.5% higher than Robben Island in 2009; coefficient estimate = 2.90, z = 2.68, p
= 0.007) and in 2010 (34.6% higher than Robben Island in 2009; coefficient estimate = 1.46, z = 2.77, p
= 0.006). Although the difference between brood survival on Robben Island in 2008 and 2009 (86.0–50.9)
was similar to the difference between Robben Island in 2009 and Mercury Island in 2010, it failed to reach
significance (p = 0.06), probably as a result of the larger confidence interval at Robben Island in 2008.
The survival model used here assumes that nests fail with a constant probability over time. However,
the bank cormorant nests in this study generally differed in their survival rates between the incubation and
brooding periods (Figure 4.5) and good or poor survival during incubation did not necessarily constrain
survival during the brood period (Figure 4.7 A). Consequently, the parametric survival model underestimates nest survival in a non-uniform manner when applied to the whole breeding attempt (i.e. using the
nest days and failures for the incubation and brood period together) as compared to the values generated
by multiplying the survival probabilities for the incubation and nestling periods (cf. Figure 4.7 A with
Figure 4.7 B).
As a result of the above, it would be an untenable approach to fit the parametric survival model to
the data for the whole breeding attempt combined. However, given that nest survival was significantly
better at Mercury Island in 2008 and 2010 during both incubation and the brood period than it was
at Robben Island in 2009, it is reasonable to conclude that these differences extend to the probability
of surviving the whole breeding attempt as well. Although nest survival during incubation did differ
between Mercury Island in 2005 and Robben Island in 2009, survival rates during the brood period were
not significantly different and there is substantial overlap in the 95% confidence intervals of the overall
survival estimates for the two islands (Table 4.4). Subsequently, the evidence suggests that nest survival
did not differ over the whole breeding attempt on Robben Island between the three breeding seasons
studied, or between any of the three breeding seasons at Robben Island and Mercury Island in 2005 (see
Table 4.4 and Figure 4.7 A).
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Figure 4.7: Bank cormorant nest survival (probability) over time in six breeding seasons at Robben and Mercury
Islands during an 85-day breeding attempt (30-day incubation period, 55-day chick-rearing period), as derived by
(A) multiplying the probability of a nest surviving the incubation period (Figure 4.4 A) by the probability of a
nest surviving the brood period (Figure 4.4 B) at each island and (B) fitting the parametric survival model to the
data for incubation and the brood period combined. The 95% confidence intervals for each dataset are shown in
Table 4.4.

4.4.3

Nest failures on Robben Island

The data from Robben Island consisted of breeding attempts monitored at both the LA and the OJ in 2007
(LA = 21, OJ = 14) and 2008 (LA = 13, OJ = 21), while in 2009 breeding attempts were only monitored
at the LA as storm events appeared to cause total abandonment of the OJ (R. B. Sherley, pers. obs.).
To see if the two sub-colonies suffered differential survival, and thus if the absence of nests from the
OJ in 2009 might in part explain the greater failure rate, the parametric survival model was fitted to
the incubation and brooding data for Robben Island in 2007 and 2008 only, with sub-colony as the only
explanatory variable. Nest survival over the two years was almost identical at the OJ and LA during
incubation (coefficient estimate = −0.04, z = −0.10, p = 0.921; Figure 4.8 A) and only slightly better
at the LA during the nestling period (coefficient estimate = 0.17, z = 0.18, p = 0.854; Figure 4.8 B).
The survival probabilities for the whole breeding attempt differed by less than 1% (OJ = 0.499, 95% CI:
0.36−0.73; LA = 0.508, 95% CI: 0.35−0.72), so the absence of nests from the OJ was not sufficient to
explain the difference in survival of nest contents on Robben Island in 2009.
Given the similar survival rates at the two sub-colonies, the data from all three years were retained
for the GLM analysis relating nest failures to sea-state and weather data. The best supported model
(model 7, Table 4.5) indicated that the nest failures occurring between the monitoring visits on Robben
Island were positively related to both the extreme wave height (coefficient estimate = 0.22, z = 4.00,
p < 0.001) occurring at sea and the mean of the daily maximum temperatures (coefficient estimate =
0.18, z = 2.55, p = 0.011) during the visit intervals. The model containing the interaction term was not
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Figure 4.8: Bank cormorant nest survival (probability) over time for nest from two sub-colonies on Robben Island,
the old jetty (OJ, green) and the long arm of the harbour wall (LA, blue) during (A) a 30-day incubation period
and (B) a 55-day chick rearing (or brooding) period. The upper and lower 95% confidence limits are shown as
dotted lines in each case.

Table 4.5: AICc-based model selection for Generalised Liner Models used to explain bank cormorant nest failures
occurring during monitoring visit intervals at Robben Island between 2007 and 2009. Explanatory variable codes:
R = rain; EW = extreme wave height; MaxWP = maximum wave period; MinWP = minimum wave period; MAW
= maximum of the daily average wind speed; MMaxT = mean of the daily maximum temperatures; MMinT =
mean of the daily minimum temperatures. K is the number of parameters in each model and AICc values are
derived based on a sample size of 43 (visit intervals). + fits main effects only and * fits interactions and main
effects.
Model No.
6
5
9
4
7
3
2
1
8
10

Model
EW+MMaxT
R+EW+MMaxT
EW*MMaxT
R+EW+MAW+MMaxT
EW
R+EW+MinWP+MAW+MMaxT
R+EW+MaxWP+MinWP+MAW+MMaxT
R+EW+MaxWP+MinWP+MAW+MMaxT+MMinT
MMaxT
Intercept only

K
3
4
4
5
2
6
7
8
2
1

AICc
134.65
135.44
136.89
137.15
138.53
139.34
142.13
145.13
149.14
149.71

ΔAICc
0.00
0.79
2.24
2.50
3.88
4.69
7.48
10.48
14.49
15.06

AICc weight
0.391
0.264
0.127
0.112
0.056
0.038
0.009
0.002
0.000
0.000

well supported (model 10, Table 4.5) and the interaction was not significant (p > 0.05).
Counts of all the active nests on Robben Island (including the SA) made in each month between March
and September in 2007 and 2009 peaked in July of both years (Figure 4.9, top panel). However, active nest
counts include nests that are empty or are still being built and plotting the proportion of all active nests
that had contents (eggs or chicks) in each month shows that breeding activity peaked in June in both 2007
and 2008 but only in September in 2009 (Figure 4.9, bottom panel). Taken together, these figures indicate
that May–July probably represents the period of peak breeding activity on Robben Island in most years.
Plotting the single largest value for extreme wave height recorded in each month of the year for
Robben Island (Figure 4.10, left panels) suggests that the major storm events of the year occurred
during the May-July period of high activity in 2007 (large storm events in June and July) and in
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Figure 4.9: Top: Counts of active nests of bank cormorants in each month from March to September conducted
on Robben Island in 2007 (solid line) and 2009 (dashed and dotted line). Bottom: breeding activity of bank
cormorants by month during the study period, shown as the proportion of nests counted as active (being built,
empty but with adult(s) present, with nest contents) that contained eggs or chicks, on Robben Island in 2007
(solid line), 2008 (dashed line) and 2009 (dashed and dotted line).

2009 (large storm events in May and June), but not during 2008 (large storm events in August and
September). Breaking the wave activity down further, to daily values recorded during the monitoring
period (Figure 4.10, right panels), shows that the most extreme event of the year in 2007 occurred late
in July, towards the end of the nest monitoring. Similarly, in 2008, the major storm events (which occur
in August and September) actually fall outside the nest monitoring period (Figure 4.10, middle right),
but in both years there are relatively large storm events (with waves c. 11–12 m) in May or June.
Figure 4.11 shows the number of nests with contents at the start of each monitoring visit (for all
three years) and the number of nests failing in the following visit interval, along with the mean maximum
temperature and the maximum extreme wave height recorded in the visit interval. Large storm events
that coincide with high levels of breeding activity, such as the c. 12 m storm in mid-May in 2008
(between 74 and 90 days, central panel, Figure 4.11) or the c. 15 m storm in late June of 2009 (after
102 days, right panel Figure 4.11), are associated with fairly widespread failure events (up to 70% of
nests active at the previous visit). Periods where the average air temperature (daily maximum) remains
above 20 ◦ C for a few monitoring visits, such as in March and April 2007 and 2009, also correspond to a
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few failures (Figure 4.11, left and right panels).
The average proportion of all active nests in the study that were either incubating eggs or brooding
chicks each month, peaked in May (0.52) and June (0.47) respectively in 2007 and in April (0.56) and
July (0.48) respectively in 2008, when the largest extreme wave events occurred later in the season
(July–September, relative to 2009; Figure 4.10). In 2009, when the largest extreme wave events occurred
during what is probably the peak of breeding activity (May–June), the average proportion of active nests
incubating only peaked in August at 0.46, while the brooding proportion only climbed much over 0.1 in
September when it reached 0.34 (Figure 4.10, bottom row, centre panel), just before monitoring was
terminated. The plots of the proportion of nests incubating and brooding in 2007 and 2008 (Figure 4.10,
top and middle rows, center panels) also suggest that May and June may be the important months in
terms of eggs hatching and nests moving from incubating to brooding. This is also supported by the
average date of hatching in study nests classified as containing 1st clutches, which was 22nd May in
2007, 25 May in 2008 and 01 May in 2009.

4.4.4

Nest failures on Mercury Island

As on Robben Island, the samples from the three breeding seasons on Mercury Island did not consist of
nests from all of the various sub-colonies (see section 4.2.1 and Figure 4.1) in all years. If the five other

Figure 4.10: Left panel: maximum values for extreme wave height (H1 ) recorded at Cape Point, South Africa,
in each month of the year for 2007 (top row), 2008 (middle row) and 2009 (bottom row); Middle panel: breeding
activity of bank cormorants by month during the study period, shown as the proportion of nests deemed to be
active (being built, empty but with adult(s) present, with nest contents) that contained either eggs (circles and
solid line) or chicks (crosses and dashed line), on Robben Island in 2007 (top), 2008 (middle) and 2009 (bottom);
Right panel: Daily maximum values for extreme wave height (H 1 ) recorded at Cape Point, South Africa, during
the period of nest monitoring in 2007 (top), 2008 (middle) and 2009 (bottom).
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Figure 4.11: Number of study nests with nest contents at each monitoring visit (blue bars), along with the
number of those nests that failed (red bars) in the following visit interval. The mean of the n daily maximum
temperatures (dashed line) and the single highest extreme wave height (solid line) recorded in each visit interval
are also shown. Each tick mark corresponds to a monitoring visit and the gaps between tick marks correspond to
the visit intervals. The x-axis gives the date of the monitoring visit in days after 01 March each year.

Table 4.6: Sample sizes (number of breeding attempts monitored) and survival rates for all bank cormorant
breeding attempts monitored at each of the sub-colonies on Mercury Island in 2005 and 2010. In 2008, only nests
of the main jetty (MJ) were monitored. Survival rates are based on 30 days for the incubation period and 55 days
for the chick-rearing period. Sub-colony codes: MJ = main jetty, BR = bird rock, EB = eastern butress, GR =
gannet rock, OMJ = old main jetty, TR = toilet rock. CL = Confidence limit.
Year
Sub-colony
Incubation
No. monitored
No. failures
Survival probability (30 days)
Upper 95% CL
Lower 95% CL
Brooding
No. monitored
No. failures
Survival probability (55 days)
Upper 95% CL
Lower 95% CL

MJ

BR

2005
EB

GR

OMJ

TR

MJ

2010
OMJ

TR

21
2
0.897
1.000
0.772

6
2
0.800
1.000
0.517

35
13
0.626
0.808
0.486

14
4
0.701
0.993
0.496

7
1
0.860
1.000
0.640

12
5
0.539
0.926
0.313

69
13
0.855
0.931
0.785

6
1
0.826
1.000
0.569

8
3
0.706
1.000
0.476

18
2
0.842
1.000
0.800

5
1
0.607
1.000
0.522

22
4
0.776
0.997
0.760

10
1
0.897
1.000
0.839

6
0
1.000
NA
NA

7
6
0.235
0.854
0.241

53
8
0.847
0.973
0.858

5
1
0.794
1.000
0.689

5
0
1.000
NA
NA

sub-colonies at Mercury suffered differential survival to the MJ (which comprised the bulk of the sample
in all years, see Table 4.6), then the presence of these additional nests in 2005 and 2010 might in part
explain the differences in the daily failure rates and survival probabilities from 2008.
Survival did not differ significantly between the MJ and four of the other sub-colonies sampled in 2005
(all p-values > 0.05) during either incubation or brooding (BR, GR, EB, OMJ; Figure 4.12 A; Table 4.6),
although the modelled probability of a nest surviving incubation was highest at the MJ and only the
OMJ had a higher nest survival probability overall (Figure 4.12 A). The remaining sub-colony (TR) had
significantly lower modelled probabilities of a nest surviving both the incubation (coefficient estimate =
−1.74, z = −2.08, p = 0.037) and chick-rearing periods (coefficient estimate = −2.14, z = −2.62, p
= 0.009; Figure 4.12 A) than the MJ. In 2010, the modelled nest survival probabilities were higher for
both incubation and brooding at the MJ than at the two additional sub-colonies (OMJ and TR) where
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Figure 4.12: Bank cormorant nest survival (probability) over time during a modelled 85-day breeding attempt
(30-day incubation period, 55-day chick-rearing period) at (A) each of the six sub-colonies studied on Mercury
Island in 2005; (B) the MJ in 2008, the only sub-colony studied that year; (C) each of the three sub-colonies
studied on Mercury Island in 2010; and (D) the MJ only in 2005, 2008 and 2010. Sub-colony codes: MJ = main
jetty (blue), BR = bird rock (light green), EB = eastern butress (orange), GR = gannet rock (red), OMJ = old
main jetty (black), TR = toilet rock (dark green). Sample sizes and 95% confidence intervals for each sub-colony
are given in Table 4.6.

nests were monitored in that year, but these differences (maximum of 14.9% between MJ and TR during
incubation, Figure 4.12 C) were not significant (all p-values > 0.05). If only the nests on the MJ are
considered, the modelled probabilities of a nest surviving the whole breeding attempt was actually highest
in 2005 (0.756, 95% CI: 0.633–0.903), intermediate in 2010 (0.724, 95% CI: 0.593–0.885) and lowest
in 2008 (0.703, 95% CI: 0.557–0.887) and only differed by a maximum of 5.3% over the three years
(Figure 4.12 D).
The timings of the 26 nest failures which occurred during incubation on Mercury Island in 2005 were
not significantly related to any of the weather or sea-state variables measured during the monitoring period
(p-values from all models > 0.05), with AICc weights favouring a model with a non-significant negative
relationship with maximum wind speed (coefficient estimate = −0.24, z = −1.68, p = 0.092; Table 4.7).
In contrast, the proportion of nests in the chick-rearing period that failed during the monitoring visit
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Table 4.7: AICc-based model selection for generalised liner models used to explain bank cormorant nest failures
occurring during monitoring visit intervals at Mercury Island in 2005. Explanatory variable codes: MaxT =
Maximum temperature occurring in the visit interval; MaxS = Maximum swell height occurring in the visit
interval; MaxW = Maximum wind speed occurring in the visit interval; Min = Minimum wind speed occurring
in the visit interval; MaxC = Maximum daily cloud cover occurring in the visit interval; MinC = Minimum daily
cloud cover occurring in the visit interval. K is the number of parameters in each model and AICc values are
derived based on a sample size of 24. + fits main effects only and * fits interactions and main effects.
Model
No.
7
5
8
6
4
3
1
2
8
5
7
4
6
3
1
2
5
8
4
6
7
3
1
2

Model
Failures during incubation
MaxW
MaxW+MinW
MinW
MaxW*MinW
MaxS+MaxW+MinW
MaxS+MaxW+MinW+MaxC
MaxT+MaxS+MaxW+MaxW+MinC+MaxC
MaxT+MaxS+MaxW+MaxW+MaxC
Failures during chick rearing
MaxT
MaxT+MaxS
MaxS
MaxT+MaxS+MaxW
MaxT*MaxS
MaxT+MaxS+MaxW+MaxW
MaxT+MaxS+MaxW+MaxW+MinC+MaxC
MaxT+MaxS+MaxW+MaxW+MaxC
All failures
MaxT+MaxW
MaxT
MaxT+MaxS+MaxW
MaxT*MaxW
MaxW
MaxT+MaxS+MaxW+MaxW
MaxT+MaxS+MaxW+MaxW+MinC+MaxC
MaxT+MaxS+MaxW+MaxW+MaxC

K

AICc

ΔAICc

AICc
weight

6
7
6
8
8
9
10
10

63.66
65.48
65.95
69.30
69.73
74.52
80.46
80.46

0.00
1.82
2.29
5.63
6.06
10.86
16.80
16.80

0.545
0.220
0.174
0.033
0.026
0.002
0.000
0.000

9
10
9
11
11
12
13
13

41.01
45.16
49.39
51.19
51.29
59.27
69.08
69.08

0.00
4.15
8.38
10.18
10.28
18.25
28.07
28.07

0.867
0.109
0.013
0.005
0.005
0.000
0.000
0.000

5
4
6
6
4
7
8
8

75.39
77.94
78.61
78.99
79.50
82.06
86.57
86.57

0.00
2.55
3.22
3.60
4.12
6.67
11.19
11.19

0.551
0.154
0.101
0.091
0.070
0.020
0.002
0.002

intervals (as a proportion of all nests with chicks at the start of the interval) in 2005 was significantly
related to the maximum temperature occurring in the visit interval (coefficient estimate = 0.67, z =
3.36, p < 0.001; Table 4.7), while the total failure proportion (of all active nests at the start of the visit
interval) showed a significant positive relationship with the maximum temperature occurring in the visit
interval (coefficient estimate = 0.342, z = 2.79, p = 0.005) and a significant negative relationship with
the maximum wind speed (coefficient estimate = −0.285, z = −2.37, p = 0.018; Table 4.7). Plotting the
brooding failures, as a percentage of all nests on chicks at the start of each visit interval, confirms that the
worst failure events occurred during two visit intervals in February (02–07 February and 15–17 February
2005) which contained the two highest daily maximum temperatures recorded in the study period of
2004–2005 (Figure 4.13 A). These two intervals contained 66.7% of the brooding failures (10 of 15)
that occurred in 2005, while two additional failures occurred in the interval separating them (08–14
February 2005). Plotting all the daily maximum temperatures occurring in February between 2004 and
2007 (Figure 4.13 B), suggests that the two maximum temperatures recorded between 02–07 February
(days 64–70, Figure 4.13 A) and 15–17 February (days 77–83, Figure 4.13 A) 2005 were relatively unusual
for that month. In addition, the three hottest days in February 2005 (see Figure 4.13 B) where three of
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Figure 4.13: (A) The percentage of bank cormorants nests in the chick-rearing phase that failed (crosses) during
each visit interval in 2005 in relation to the maximum air temperature ( ◦ C) recorded during the visit interval.
Each visit interval of the 2005 study period is shown. The x-axis shows days after the 1st monitoring visit of
2004, made on 30 November. The dashed, horizontal line shows the average of the daily maximum temperatures
during the study period in 2005. (B) Maximum air temperatures ( ◦ C) recorded on Mercury Island on each day
of February in 2004 (dark red), 2005 (green), 2006 (blue) and 2007 (purple). The x-axis run from (left to right)
01 February to 29 February (2004 was a leap year).

only four days during the study period in 2005 where the maximum temperature exceeded 25.0 ◦ C and
they were all associated with low wind estimates during the day (02 February, 2–4; 13 February 0–1; 15
February 0–1; all Beaufort scale).

4.5

Discussion

The overall values for breeding productivity and nest success (the probability that at least one chick would
survive the breeding attempt) obtained in this study are in keeping with the only other estimates available
for the bank cormorant (Crawford and Cooper, 2005). Those data, based on an unpublished study by
Cooper, suggest an overall hatching success of 52.5%, fledging success of 61.4% and an overall success of
32.2% based on individual chicks and eggs (Crawford and Cooper, 2005). While the exact values for nest
success understandably differ, the 8.9% difference between the hatching success and fledging success as
well as the overall productivity of 0.63 fledglings per breeding attempt reported in Crawford and Cooper
(2005) match well to the difference in overall survival probabilities between incubation (0.709) and the
brood period (0.806) of 9.7% for the data from the two islands combined and the overall estimate of
0.64 fledglings per breeding attempt from this study. However, the productivity of the bank cormorants
in this study differed markedly between the two sites (e.g. 0.30 fledglings per breeding attempt at
Robben and 0.80 at Mercury) as, to a lesser extent, did the probability of nests surviving the breeding
attempt (both between sites and seasons, e.g. differences between incubation and brooding survival at
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Mercury of 16% in 2010 and 23% in 2008).
Variability in breeding success between years is commonly reported in seabirds (see e.g. Furness
and Monaghan, 1987; Hamer et al., 2001), including cormorants (e.g. Aebischer and Wanless, 1992).
This variability is usually driven by interannual changes in oceanographic conditions, such as sea surface
temperature (e.g. Cullen et al., 2009), altered food quality or availability (e.g. Rindorf et al., 2000; Wanless
et al., 2005) or large-scale climate events, such as the El Niño-Southern Oscillation (e.g. Guerra et al.,
1988). Changes in the type or amount of food delivered to seabird chicks can impact upon growth (e.g.
van Heezik and Davis, 1990; Mullers et al., 2009), mass at fledging (Cullen et al., 2009), fledging periods
(Barrett and Rikardsen, 1992) and survival to fledging (e.g. Hennicke and Culik, 2005) and changes in
diet composition have been implicated in declines in breeding success of cormorants (e.g. Aebischer and
Wanless, 1992; Crawford et al., 2003). Within the Benguela ecosystem, alterations in food availability
are believed to pose a significant risk to a number of seabird species (e.g. Crawford, 2007; Kemper et al.,
2007b; Crawford et al., 2008c), including bank cormorants (Crawford et al., 2008a).
It is possible that interannual variations in food availability around the two islands, within the limited
foraging range available to bank cormorants (Cooper, 1985b; Ludynia et al., 2010), could have influenced
nest survival. In particular, 2009 may have been a food poor year on Robben Island; dead medium-sized
chicks were observed in three nests in 2009 and were not seen in other years and the probability of chicks
surviving to fledging was > 20% higher in the other two seasons (although see below regarding storm
events). However, very little is published on the diet of bank cormorants in South Africa (Rand, 1960a;
Avery, 1983; Crawford and Cooper, 2005) and a long-term dataset to investigate the extent of interannual
variations is urgently required. Without diet samples (which could not be obtained during 2007–2009)
or information on foraging behaviour for the three years, the possibility that altered feeding conditions
contributed in part to the reduced nesting success on Robben Island could neither be confirmed nor ruled
out.
Variability in breeding productivity is often quite pronounced in species inhabiting eastern boundary
current systems, such as the Benguela Upwelling System. For example, in more than half of the years
studied most nests of Brandt’s cormorant P. penicillatus, which is endemic to the California current,
failed to rear one chick and breeding success ranged from 0 to 2.6 chicks fledged per pair between 1983
and 1993 (Nur and Sydeman, 1999). In contrast, if the failures occurring at the EB and TR sub-colonies
during chick rearing in 2005, which seem to have been caused by heat exposure (see below), are excluded,
the variation between nest success was relatively low on Mercury Island (max. 5.3% difference at the MJ
in the three years). Pelagic goby seems to be an abundant and reliable food source around Mercury Island
(Ludynia et al., 2010), where it also dominates the diet of breeding African penguins (Crawford et al.,
1985; Ludynia, 2007). It may also be predictable in its distribution, at least on Mercury Island (Ludynia
et al., 2010), but pelagic goby is of relatively low energetic content (Cruickshank et al., 1980). Reliance
on low-energy food, even if that food is abundant or easy to obtain (termed the junk-food hypothesis,
e.g. Osterblom et al., 2008), can affect chick growth (e.g. Mullers et al., 2009) and therefore breeding
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success (Rindorf et al., 2000; Wanless et al., 2005). Poor energy content in the diet may in part explain
why bank cormorants in this study only raised 0.63 chicks per breeding attempt and produced a maximum
of 0.97 chicks per pair on Mercury Island (in 2008). These are relatively low outputs compared to their
congeners of a similar size under normal circumstances, such as Brandt’s cormorant (average of about
1.5, maximum of 2.6 fledglings per pair, e.g. Nur and Sydeman, 1999; Jones et al., 2008), species in
the blue-eyed shag complex P. atriceps (e.g. range of 1.0–1.9 chicks per pair in 3 seasons at Macquarie
Island, Brothers, 1985) or the European shag P. aristotelis (average of 1.2–1.9 chicks per pair, e.g. Snow,
1960; Aebischer and Wanless, 1992) for example. In turn, the reliability of pelagic goby as a food source
may explain the low variability observed between seasons on Mercury Island.
Besides responding to variability in long-term changes in oceanographic conditions, breeding success can also be influenced by small-scale atmospheric perturbations (see Schreiber, 2001, for a review).
Seabirds are generally well adapted to tolerate the local weather conditions where they choose to breed,
and under normal circumstances often appear relatively unaffected by weather patterns (Schreiber, 2001).
However, unusual or extreme weather events can affect breeding success of seabirds in a number of ways,
either directly, for example by causing mortality from flooding (e.g. Seddon and van Heezik, 1991a) or
increasing energy loss to thermoregulation leading to poor growth (Konawzewski and Taylor, 1989), or
else indirectly by reducing food availability or increasing the costs associated with finding food (e.g.
Finney et al., 1999). Direct effects of weather events on breeding success have been previously documented in cormorants. For example, a gale destroyed 49% of 761 European shag nests on the Isle of
May in 1982 (Aebischer and Wanless, 1992), causing a 31% reduction in the number of chicks fledged
per pair on the side of the island affected by the gale (Aebischer, 1999), while increased rainfall may
have contributed to reduced breeding success of the Neotropic cormorant P. brasilianus in Chile during
an El Niño year in 1997 (Kalmbach et al., 2001).
Direct effects of weather on chick and egg mortality seem to be the most likely cause for the years of
lower nest survival in this study. On Robben Island nest failures where shown to be related to the height
of storm waves, and at some of the smaller sub-colonies on Mercury Island in 2005, a few days of high air
temperatures, coupled with little to no wind, seem to have been responsible for heightened chick mortality
(see Figure 4.13). Bank cormorants, because of their habit of nesting close to the water (Cooper, 1986),
may be particularly susceptible to the impact of storm waves (although nest loss to waves has also been
recorded in the blue-eyed shag complex, Brothers 1985) and this could potentially be exacerbated by the
nesting areas used on Robben Island. Nests on the OJ are c. 4–5 m above the water and many nests
built on the harbour wall are < 2 m from the water at high tide (R. B. Sherley, pers. obs.). During large
storms, particularly those with westerly or north-westerly winds, large waves frequently submerge the OJ
and occasionally wash right over the harbour wall on Robben Island (R. B. Sherley, pers. obs.). Birds
on both structures would be at risk of losing nest contents in these extreme events, particularly during
incubation or the early stages of chick-rearing. Eggs could easily be washed from nests and small chicks
would also be at risk of being washed away, drowning, or succumbing to hypothermia if the nest was
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drenched (e.g. Konawzewski and Taylor, 1989; Seddon and van Heezik, 1991a). Small chicks may also
suffer more readily from indirect effects of bad weather, if, for example, foraging becomes more difficult
for their parents (e.g. Finney et al., 1999). Medium to large chicks may be better able to withstand storm
events and, once old enough, may even be able to climb back to their nest if washed out. This behaviour
has been observed at the OJ on one occasion (R. B. Sherley, pers. obs.).
From this perspective, the timing or frequency of extreme storm events may be just as important as
their severity with respect to their impact on breeding success (Aebischer and Wanless, 1992; Frederiksen
et al., 2008). This idea seems to be supported by the data from Robben Island. The plots of the maximum
extreme wave heights recorded in each month over the three years (left panel, Figure 4.10) clearly show
that wave heights increase during the austral winter months, and in all three years, the most extreme
storm events occurred during the period (May–September) of peak breeding activity for bank cormorants
in the Western Cape (Crawford et al., 1999a, this study). The plots suggest parity between the years in
terms of the severity of the storm events: all three years have four months containing maximum waves
measured at over 10 m and extreme values of c. 15 m. However, there were differences in the timing of
storms between the three years, and in particular, the extreme (or largest) storm events.
The probability of a nest surviving the breeding attempt was similar in 2007 and 2008 when the largest
storms of the year came late in the bank cormorant breeding season. In 2007, the maximum wave values
were recorded at the end of July, by which time most nests contained large chicks and the storm did not
cause any failures. Similarly in 2008, the extreme events were in late August and September and actually
outside of the monitoring period. However, the slightly smaller storm (c. 11 m extreme wave height) that
occurred in May caused seven nest failures on the OJ, and probably caused the slight reduction in nest
survival during incubation, relative to 2007 (and Mercury Island). This also may explain the lag between
the peak in the proportion of nests incubating and the proportion brooding in 2008, as some pairs would
have had to lay replacement clutches.
In contrast, in 2009, the two largest storm events of the year occurred in the middle of the period of
peak breeding activity on Robben Island, with one on 17 May (c. 14 m maximum extreme wave height)
and the other occurring around 24 June (c. 15 m). The storm in May coincided with a relatively low
number (three) of study nests having contents and no nest failures were recorded in the corresponding
visit interval. By comparison, the storm in June was the most severe recorded during a study interval in
all three years (wave heights were over 10 m for three days in a row) and it coincided with high levels of
activity in the study nests. Fourteen study nests had contents, of which 12 were incubating. The storm
caused 10 nests (71%) to fail, one of which had small chicks and nine had eggs prior to the storm event.
Although the storm in May 2009 did not cause any direct failures, it did remove five nests that
were in the process of being built on the OJ, probably contributing to the overall abandonment of
breeding at that site for the year. Bank cormorants spend a mean of 34 days (range 24–44 days) nest
building prior to the laying of the first egg and obtain most of the material used in construction by diving
(Cooper, 1986). A complete bank cormorant nest may represent around 240 diving bouts and 18 h of
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investment (Cooper, 1986) and diving is likely to be a relatively energetically expensive way of obtaining
nesting material. Diving can cost around 5–10 times the basal metabolic rate in energy expenditure in
cormorants (see Table 1 in Enstipp et al., 2005), possibly more in cold water (Enstipp et al., 2007) as
cormorants have a partially wettable plumage (reducing insulation substantially) and, unlike other divers,
very little sub-cutaneous fat (Grémillet et al., 2005). Consequently, Grémillet et al. (2001) suggested
that cormorants might try to minimise the time they spend in the water to balance their energy budget.
Having to replace a completely (or even partially) built, but empty nest may still represent a serious
energetic cost to a breeding pair. Whether this is the case remains to be investigated, but, if so, losing
empty nests could potentially reduce the likelihood of any subsequent breeding attempts ending positively.
All four marine cormorants in the Benguela Upwelling System use man-made structures at some
locations within their distribution (see e.g. Bartlett et al., 2003; du Toit et al., 2003) and in many
circumstances, man-made structures probably provide adequate nesting habitat for the bank cormorant,
or even allow breeding to occur where it otherwise would not. Indeed, the nests on the MJ and OMJ
on Mercury Island showed some of the highest survival probabilities in this study (Figure 4.12), with
variability between seasons being particularly low on the MJ. In addition, in 2005, when both nests
built on man-made and natural substrates were monitored, nests on the MJ and OMJ had the highest
probability of survival, probably as these man-made structures provided shelter from the sun in what
appeared to be an unusually warm season (see Figure 4.13 B). However, the high failure rates recorded in
nests from the OJ and LA suggest that at least some of the population on Robben Island may be restricted
to utilising suboptimal nesting sites. This could either be because suitable nesting habitat is scarce or
because the presence of human activity and terrestrial predators (e.g. feral cats, Aitken, 1999; Braby and
Underhill, 2007) precludes ground-nesting (as occurs at e.g. Mercury Island) on Robben Island (or both).
The Stony Point colony, in the Western Cape, was occupied by bank (and other) cormorants within a
few months of its permanent protection from disturbance (Cooper, 1988), while the arrival of terrestrial
predators following the connection of Bird Island, Lambert’s Bay, to the mainland via a causeway may
have contributed to the demise of the colony there (du Toit et al., 2003).
The SA, the only other site used for breeding on Robben Island, can hold up to 90 nests at the
height of the season and nests only seem to be built from the most southerly point on the inside of the
harbour, around in a clockwise direction to the outside of the short arm at about 90 ◦ from north (R.
B. Sherley, pers. obs.). This area seems to approximately correspond to the extent of shelter from wave
action provided by the LA (see Figure 4.2 C). Basic observations and counts of nests on the SA between
May and August suggest that most sites suitable for nest building are occupied at the height of breeding
activity (R. B. Sherley, pers. obs.) and the protection offered by the LA probably means that losses to
storms are lower there. This needs to be confirmed empirically, but if it is the case, it may explain why
that site supports the main sub-colony on the island.
Understanding whether extreme, stochastic events, such as storms or heat waves, can impose limits
on the bank cormorant population on Robben Island (in the sense of Frederiksen et al., 2008) may prove
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to be crucial for the continuing survival of the colony, and perhaps others as well. Under most scenarios
predicted to result from future climate change, environmental variability is expected to increase, extreme
events are anticipated to occur with greater frequency or intensity (e.g. Mason et al., 1999, and references
therein) and southern Africa is expected to warm (New et al., 2006). Frederiksen et al. (2008) have shown
that extreme weather events can drive down survival and hinder population growth in European shags,
and bank cormorants, thanks in part to their nesting habits (Cooper, 1986), may also be vulnerable to
similar processes.
Gaining such an understanding will require the continuation of the monitoring programme described
in this study, as well as the development of methods to monitor nests on the SA without causing undue
disturbance. A system, trialled on the SA during the 2010 breeding season, using remote cameras and
partially-automated monitoring software (of the kind used by Sherley et al., 2010) may make this possible
in the near future. In addition, studies on the foraging ecology of bank cormorants on Robben Island
were initiated in 2010 (T. Cook, unpubl. data) and their continuation into subsequent breeding seasons
may begin to elucidate whether or not food availability limits the colony on Robben Island. If, except
perhaps under extreme circumstances (e.g. during rock lobster mass walk-outs, Cockcroft, 2001), bank
cormorants here are not limited (at the current population level) by a food-imposed carrying capacity,
then a paucity of suitable nesting sites may be imposing a density-dependent control on growth of the
population on Robben Island. In this case, the simple addition of an alternative man-made structure, for
example a platform within the harbour area, could allow Robben Island to support a larger population of
this endangered, endemic seabird.
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Chapter 5
DEVELOPMENT OF AN AUTOMATED BIOMETRIC MONITORING
SYSTEM FOR USE ON AFRICAN PENGUINS IN THE FIELD ON ROBBEN
ISLAND

5.1

Abstract

Placing external monitoring devices onto seabirds can have deleterious effects on welfare and performance, and
even the most benign marking and identification methods may return sparse population data at a huge cost in
time and effort. Consequently, there is growing interest in methods that minimise disturbance but still allow for
robust population monitoring. A computer-vision system that uses the natural markings in the chest plumage of
individual adult African penguins Spheniscus demersus to automatically create a unique biometric identifier was
evaluated in this chapter. The multi-year stability, and hence suitability, of this spot pattern for unambiguous
identification was assessed on a small number of individuals. The changes that could be detected in the apparent
plumage patterns were small-scale, reversible and insufficient to precluded automated, visual matching. Field
trials of this non-invasive system at Robben Island, South Africa, yielded a monitoring capacity of over 13% of the
birds that passed the camera (n = 1453). A significant increase in this lower bound was recorded under favourable
conditions. The predicted population coverage using the system is expected to be high and a full deployment of the
system would identify substantially more penguins than is currently possible with flipper banding at Robben Island.
The study illustrates the potential for fully-automated, non-invasive, population monitoring of wild animals.
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Introduction

Gathering accurate data on population dynamics is vital to the conservation management of threatened
species (Shaffer, 1990; Nichols and Williams, 2006) and the need to identify individual animals is central
to the process (see e.g. McMahon et al., 2007). Traditionally approaches have relied on the use of
synthetic marking devices such as tarsus bands or passive integrated transponders (PIT). For example,
tarsus bands have made a significant contribution to bird biology for over 110 years (Spencer, 1985).
However, gathering long-term datasets using these techniques is labour intensive and time consuming
(Gauthier-Clerc and Le Maho, 2001). As a result, good demographic data are often scarce (Heppell et al.,
2000).
A growing number of authors have also begun to recognise that the methods involved in animal
research and wildlife management may not be wholly benign for the individuals or populations concerned
(e.g. Cuthill, 1991; Bateson, 2005; Wilson and McMahon, 2006; Cuthill, 2007). Crucially, a body of
evidence has emerged to suggest that placing external devices onto animals may influence their behaviour
(e.g. Burley et al., 1982; Burley, 1988; Cuthill et al., 1997) and components of fitness in natural situations
(e.g. Wilson et al., 1986; Williams et al., 1993; Walker and Boveng, 1995; Sherrill-Mix and James, 2008).
This may in turn influence the validity of findings from such studies (see Burley et al., 1982; GauthierClerc and Le Maho, 2001): unless the sampling errors associated with the use of external markers can be
quantified and controlled for, they have the potential to confound analysis (see e.g. Yoccoz et al., 2001).
The debate around the costs versus benefits of marking has been particularly vigorous when addressing
the use of metal flipper bands on penguins (see Petersen et al., 2005a). Flipper banding has made a
significant contribution to our understanding of penguin biology and has aided management since the
1950s (e.g. Sladen, 1968; Sidhu et al., 2007; Wolfaardt et al., 2008a). However, despite advances in
banding technology (see Stonehouse, 1999), flipper bands have been implicated in causing higher costs
of swimming (Culik and Wilson, 1991; Culik et al., 1993); increased foraging-trip duration (Dugger et al.
2006 but c.f. Boersma and Rebstock 2009); lower annual return rates to breeding colonies (e.g. Clarke
and Kerry, 1998); substantially lower survival in the first year after banding (e.g. Froget et al., 1998) and
severe flipper damage from partially opened bands (e.g. Ainley et al., 1983; Clarke and Kerry, 1998). To
date the evidence for a negative impact of banding has been largely restricted to studies on species which
forage in the cold Antarctic and sub-Antarctic waters, (e.g. Froget et al. 1998 but c.f. Hindell et al.
1996), although an adverse impact of flipper banding is known from the temperate-water foraging little
penguin Eudyptula minor (Fallow et al., 2009). Impacts on reproductive and fledgling success have also
been shown in some species (e.g. Gauthier-Clerc et al., 2004), but not in others (Hindell et al., 1996;
Barham et al., 2008; Hampton et al., 2009). All of this suggests that the impact of flipper banding can
vary depending on local environmental conditions, band type or design (Barham et al., 2008; Boersma
and Rebstock, 2010), between species and even between sexes within a species (Boersma and Rebstock,
2010). Although the problem is complex, the majority of well-designed, long-term studies addressing the

5.2. Introduction

141

issue (e.g. Froget et al., 1998; Gauthier-Clerc et al., 2004; Boersma and Rebstock, 2010) have found
some impact of wearing flipper bands over long periods (although note, not all bands are equal; Boersma
and Rebstock, 2010). Consequently, flipper bands may not be appropriate in all circumstances and today
caution is generally employed in their use (Jackson and Wilson, 2002; Petersen et al., 2005b).
One interesting alternative to synthetic markers is to use biological features, such as unique pattern
configurations within visual markings, for biometric ‘fingerprinting’ of individuals. Many species develop
lifelong stable camouflage patterns which, in a number of cases, are believed to originate from reactiondiffusion systems (Turing, 1952; Murray, 1988). Since the formation of such systems is quasi-chaotic in
nature, the resulting markings often differ widely between individuals but fit into a general theme for the
species – such as zebra stripes or cheetah spots (Murray, 1988, 2002). For biometric identification to be
successful, Burghardt (2008), expanding on Jain (2005), suggested that the entity or feature of interest
must have three essential physiological properties. First, there must be unique information available
to exploit, so each incidence of the feature of interest should occur only once in the population being
monitored. Second, the feature should be constant (should not change) over the time-frame of interest
and third, the feature should ideally be universal – carried by every member of the population or at least
the vast majority. A multitude of animal coat and skin pigmentation patterns carry the physical properties
required for biometric identification (some examples are given in Figure 5.1; see also Burghardt 2008)
and indeed visual recognition of animals has been practised for over 30 years.
Traditional visual identification methods usually involve the creation of a catalogue of sketches or
photographs taken by a hand-held camera (e.g. Scott, 1978). The catalogue is then searched for a match
by eye each time a new sighting is made (e.g. Castro and Rosa, 2005). The effort for identifying large
numbers of animals by these means is enormous and can take months or years of work. Automating this
process can provide a great benefit in terms of saved time and effort (Kelly, 2001). To date, only a few
systems exist to aid the visual fingerprinting of animals in wild populations (e.g. Arzoumanian et al., 2005;
Speed et al., 2007; van Tienhoven et al., 2007; Gamble et al., 2008). These computer-aided approaches
rely on a database of still images that must be collected manually. In instances where the species under
study occurs in low abundance or is only sighted infrequently (e.g. Arzoumanian et al., 2005) attaining
suitable images will limit the capacity of the identification system. In contrast, for colonial breeders
like penguins, a fully-automated identification system could potentially populate a database of known
individuals quickly and effectively. This could ultimately obviate the need for synthetic markers altogether,
i.e. provide a means for autonomous, non-intrusive population monitoring.
The African penguin Spheniscus demersus is highly suitable for visual-identification techniques. They
are readily visible in the environment and have high contrast plumage patterns. They develop a patten
of black spots on the white chest plumage (e.g. Figure 5.2 A) which, being generated by a reactiondiffusion relationship, is theoretically unique to each individual (Burghardt, 2008). Accounting for the
rare, irregularly patterned individuals and albinos (e.g. Figure 5.2 B and C), it is thought that only
around 1% of the population do not carry the spot pattern and at least 95% have three or more spots
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Figure 5.1: Examples of two species from five of the major classes within Animalia of animal pelage, plumage or
skin pigmentation patterns generated by reaction-diffusion processes, as described by Turing (1952) and Murray
(1988). Left to right from top left: Mammalia - clouded leopard Neofelis nebulosa, Grevy’s zebra Equus grevyi ;
Aves - nene Branta sandvicensis, saddle-billed stork Ephippiorhynchus senegalensis; Reptilia - black pond turtle
Geoclemys hamiltonii, banded day-gecko Phelsuma standingi ; Amphibia - desert rain frog Breviceps macrops,
frosted flatwoods salamander Ambystoma cingulatum; Chondrichthyes - ocellated electric ray Diplobatis ommata,
ornate wobbegong Orectolobus ornatus; Insecta - seven-spot ladybird Coccinella septempunctata, argent and
sable moth Rheumaptera hastata. All images from ARKive (www.arkive.org) and c respective photographers.

(Burghardt, 2008). Finally, the spot pattern is believed to remain stable for life (Reilly 1994 p. 119),
although this has not been empirically tested. African penguins are also an ideal candidate for the
application of non-invasive, automated monitoring. The species is is known to be disturbed by human
activity at breeding colonies (Hockey and Hallinan, 1981), they move relatively slowly and they often use
a limited number of predictable routes between the breeding colony and the sea, making the positioning
of cameras straightforward and giving the potential to monitor significant quantities of individuals with
relatively few systems. Furthermore, good empirical data on the continuing population declines will be
vital to the conservation of the species, particularly in light of the system wide changes currently occurring
in the Benguela Upwelling System (Crawford et al., 2007b, 2008d).
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Burghardt and colleagues (Burghardt and Campbell, 2007; Burghardt et al., 2007; Burghardt, 2008)
have developed and tested a prototype system capable of detecting, tracking and identifying individual
African penguins based on the pattern of black spots that develops on the chest plumage. The system,
termed the African Penguin Recognition System (APRS), uses real-time video captured by a remote
Ethernet camera and fed to a computer for processing. An assessment of the reliability of automatic
individual identifications produced by the APRS under field conditions was presented in Sherley et al.
(2010). A basic outline of the developments undertaken to make the system suitable for long-term
deployment in a hostile environment, along with a preliminary assessment of viability of the method as an
in situ population monitoring tool to replace more traditional approaches is presented here (based partly
on Sherley et al., 2010). The results of a preliminary study to validate the multi-year stability of the spot
pattern within individuals is also reported.

5.3
5.3.1

Methods
Establishing pattern stability

The images used to assess the long-term stability of the spot pattern in adults were collected from
the African penguins held at Bristol Zoological Gardens (BZG), Bristol, U.K., between April 2006 and
October 2009. Digital stills of the chest pattern of 44 individual penguins were either captured using
a standard consumer digital camera (FujiFilm R S5000) from the public viewing gallery at BZG. The
process to photograph birds from the viewing gallery was completely non-invasive and differed little from
the usual activities of other zoo visitors.

Figure 5.2: (A) Examples of two individual African penguins displaying the normal plumage characteristics,
including the patten of black spots on the white chest that is thought to be unique to each individual. (B) An
example of one individual where the plumage has developed an unusual pattern and (C) an albino individual,
where no black pigmentation develops in the feathers. Burghardt (2008) estimated that only around 1% of the
population do not develop the normal plumage pattern.
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Figure 5.3: An example of the image pairs used to record the spot pattern of individual adult African penguins
in the Bristol Zoo Gardens collection. An image (A) of a bird from front on, in near-normal pose, with the chest
free from mud or guano and that showed the full chest pattern was captured, followed by (B) an image that
clearly showed the individual flipper band number.

The aim was to obtain a photograph of each individual in near-normal pose, in which the chest was
relatively free from mud or guano and that showed the full chest pattern (e.g. Figure 5.3 A). Each
adult penguin in BZG’s collection is fitted with a flipper band, so the identity of each individual could be
recorded by taking an image of the flipper band with the following frame (Figure 5.3 B). In total, suitable
images of nine adults were obtained across at least one moult cycle (approx. 365 days). Two images of
one individual from Robben Island across one moult cycle were also obtained. Here the bird’s individual
identity was corroborated by reading the flipper band through binoculars on both occasions.
To assess the inter-moult stability of the spot pattern in adults, one image was selected for each
individual and assigned to be the master image against which comparisons would take place. This image
was usually the earliest one collected of that individual, but may have been a later image in the presence
of excessive dirt or guano on the chest. All spots that could be identified in the master image were
allocated an identification number (Figure 5.4 A). The presence or absence of each numbered spot
was then determined in all subsequent images and each image pair was assessed by eye for changes in
number, spot appearance or spot location from the master image. The relative distances between spots
and distances from spots to fixed body parts features (e.g. where the flippers join the torso) were used
to ensure that the same spots were being compared between images. Images were not used if spots could
not be clearly discerned because of poor image quality resulting from e.g. high dynamic range, poor
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Figure 5.4: To assess the inter-moult stability of the spot pattern in the Bristol Zoo Gardens adult African
penguins, one image was selected for each individual and assigned to be the master image (A). All spots that
could be identified were allocated an identification number in the master image and in all comparison images (B).
Whether any changes in spot number, clarity, relative size had occurred or whether there were any major shifts
in spot position could then be determined for each bird.

contrast or because the image was not in sharp focus.
In addition to assessing the spot patterns by eye, both the I3S Interactive Individual Identification
System (Classic, Version 2) and the APRS (Burghardt, 2008) were used to assess the impacts that any
changes in spot appearance, shape or position might have in terms of causing failures to match. I3S
is a free to download computer-aided identification tool originally designed for individual recognition of
ragged-tooth sharks Carcharias taurus (van Tienhoven et al., 2007). I3S is generally used to perform
individual matching tasks in species with low potential for pattern-deformation relative to the African
penguin (see Figure 5.5 for an example of how simply the spot pattern can be altered in the African
penguin), such as ragged-tooth and whale sharks Rhincodon typus (van Tienhoven et al., 2007; Speed
et al., 2007). As such, I3S is expected to be more sensitive to any small changes in the spot patterns
between images than the APRS (which is designed to cope with matching penguin spot patterns under
more challenging conditions), and subsequently to fail to match images more readily than the APRS if
the changes are of sufficient magnitude.

Matching using I3S
For I3S to construct a fingerprint, three control points in the image must first be chosen. The selection of
stable reference points is difficult with African penguins as much of the body is moveable or deformable.
Specific points, such as the tip of the beak, can be in vastly different positions between photographs.

5.3. Methods

146

Figure 5.5: Two images of the same African penguin (confirmed by reading the flipper band fitted to the left
flipper) from the Bristol Zoo Gardens collection, taken c. 1 h apart. Note how the portion of the spot pattern
indicated by the red oval is altered based simply on the bird’s pose: facing forward in the left image and facing
to the left in the right image.

Subsequently, two different key-point arrangements were tried for matching. In arrangement one, a point
on the black chest band approximately inline with the central vertical axis of the bird was assigned as
control point one, while the points of insertion of the flippers to the torso on each side were stipulated
as control points two and three (Figure 5.6 A). In the second arrangement, a unique feature on the right
foot of each bird was selected as control point one and the points of insertion of the flippers to the torso
on each side were again stipulated as control points two and three (Figure 5.6 B).
Once control points have been assigned, a digital point must be manually assigned to the centre of
each spot on the chest (Figure 5.6). Once this is complete the finger-print can be assigned and stored in
the database. To create an I3S finger-print, and to enable subsequent matching, at least 12 spots must
be labelled for an individual. Four of the birds had spot patterns which consisted of fewer than 12 spots,
and so were not used for matching. One master finger-print was created and stored in the I3S database
for each of the six eligible birds. A second image, taken at least one year later (one complete moult cycle)
was then labelled with control points and spots in the same way. The second image of each bird would
be used as the comparison image and was labelled without reference to the first image. During matching,
the master images of the other five birds in the database acted as distractors (very similar non-target
objects; Duncan and Humphreys 1989). On both the master and comparison image, spots that lay very
close to the black band and could potentially merge with the band (given an altered state of the bird’s
plumage) were not labelled for finger printing.
Once labelling was completed, matching was attempted for each of the six comparison images where
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Figure 5.6: An African penguin showing labelling of control points for I3S matching in (A) configuration one,
where the central point of the chest band (Control Point 1) and the base of each flipper (Control Points 2 and 3)
are used and (B) configuration two, where a unique feature on the right foot of each bird is selected as Control
Point 1. Labelling of each spot is also shown.

at least 12 spots could be labelled. On each search of the database, I3S attempted to match pairs of
spots from the comparison finger print with those in the set of masters. The software then produces a
list of possible matches ranked according to a spot score. The score is the sum of the distances between
spot pairs divided by the square of the number of spot pairs. The spot score can range from 0 (a perfect
match) to a value > 1, with the lowest spot score indicating the most likely match. For full details on
the search function and algorithm used by I3S see van Tienhoven et al. (2007) and Speed et al. (2007).
Although I3S is designed to contain the correct match within the top 10 ranked possibilities, following
Speed et al. (2007) and because of the small number of possible distractors, a match was only considered
successful if the master image was returned as the highest ranked image in the list of the six potential
matches. For each master image, the bird’s identity number (BZG Taxon Report Number) was recorded
along with the number of spots labelled in the image. For each attempted match of a comparison image
to the I3S database, the bird’s identity number and the number of spots labelled in the comparison image
were recorded, along with the returned rank of the correct match (master image), the spot score of the
correct match, the number of spot pairs between the correct master image and the comparison image,
and the identity of the best matched individual. Following Speed et al. (2007), the output from I3S was
used to calculate the information criterion (IC) evidence ratio (ER) (Burnham and Anderson, 2002) for
each matched image. The ER value provides a likelihood ratio of match performance for each matched
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image relative to the best ranked image, to provide a measure of matching certainty. ER values were
generated using the R package (version 2.10.1; R Development Core Team 2009) and a script provided
(online) by Speed et al. (2007).

Matching using the APRS
Twenty-two images were used for APRS matching, 10 master images and twelve comparison images. The
subject in the remaining comparison image (penguin 5726, image captured on 30 September 2009) was
not sufficiently orthogonal to the camera lens to meet the criteria for APRS matching. The rotation was
such as to preclude automatic detection of the chest outline (the black chest band was not sufficiently
visible), resulting in APRS rejecting the image.
For each of the 22 images, the detection bounding box, the area of the image to be cropped so as to
contain only the penguin chest for matching (see e.g. Figure 5.7), was assigned manually. Each cropped
image, still linked to the original ID and still assigned as a master or comparison image, was then passed
to the APRS system. At this point automated algorithms were employed to detect the chest outline and
the location of all visible spots on the chest (see Burghardt and Campbell, 2007; Burghardt, 2008, for
automated detection methods). With the current incarnation of the APRS, if an image is uploaded into
the system manually, points in the image that are suspected to be spots (by the spot detection algorithm)
but fall below a certain preset threshold are labelled visually as spot suspicions and the image is returned
for the user to confirm whether the spot suspicions are spots or not. A small number of spots on birds
in the 22 images had to be manually confirmed.
Once the spot patterns had been detected, each image was assigned an encounter ID (a number
unique to each image in the database) and each master image was assigned a bird ID (an ID that links
all images of one bird together in the database) and all 22 images were entered into a database created
for the matching process. The APRSV1.0/FlexMatch fully-automated matching algorithm (Burghardt,
2008) was then applied to all possible image pairings (Figure 5.7). In other words, during matching, one
comparison image was presented for matching against all other 21 images from the 10 birds, rather than
just the other master images.
Once a match was made, APRS assigned a raw algorithm threshold to each possible image pairing,
with a value below 200 indicating a match (to a master image) accepted without human confirmation,
and a threshold of above 329 indicating a rejection. This value is effectively a level of confidence in the
match and any image pairing assigned a value between 200 and 329 is therefore presented to the user to
compare visually against the top five possible matches. For more information on the matching process,
see Burghardt (2008).
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Figure 5.7: Examples of APRS matching on images used to assess spot pattern stability in adult African penguins.
Each photograph of any bird is assigned an encounter ID and here each individual bird has at least two encounters.
The earliest encounter is assigned to be the master image (to which other encounters will be matched) and any
others are comparison images. The small certificate icon indicates that the images have been matched without
the need for user confirmation (fully-automated matching).

5.3.2

Field site

The field work was carried out in the African penguin colony on Robben Island (33 ◦ 48’S, 18 ◦ 22’E),
Western Cape Province, South Africa (location shown in Figure 1.1, Chapter 1). Robben Island was the
second largest colony of African penguins in 2007, with c. 6000 breeding pairs, and the fourth largest
colony in 2008 and 2009 with around c. 2300 pairs (R. J. M. Crawford unpubl. data).
African penguins on Robben Island move to and from sea along pathways, termed ’penguin highways’.
Six major paths have been identified (Shaw, 2005), which correspond to six main landing beaches on the
east coast of the island (Figure 5.8). These six pathway catchments serve the majority of the colony.
Two of the busiest highways, termed the N1 and N2 (Figure 5.8), were selected for image acquisition
and live surveys (see below). Two additional highways, the N4 (north of the N1) and the Beach Road
highway (south of the harbour) where also used for live surveys.

5.3.3

Image acquisition

The APRS comprises a static Ethernet camera, a fast Ethernet infrastructure and a contemporary consumer laptop running AnimalID - a prototype, custom designed, animal recognition and identification
software package (see Burghardt, 2008, for technical details). The system was housed in a water- and
dust-proof casing at all times whilst in the colony.
The birds on Robben Island display a degree of neophobia if novel objects are placed on their highways
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Figure 5.8: The six main African penguin highway systems on Robben Island, South Africa. The four highways
used for image acquisition and live surveys (the N1, N2, N4 and Beach Road) are indicated. Figure adapted from
Shaw (2005).

(R. B. Sherley, pers. obs.). To reduce the influence of this behaviour, the box used to house the camera
was positioned on the highway for a number of sessions prior to the commencement of data collection
until the behaviour of the penguins resembled that seen in the absence of the system. Image acquisition
then took place on both the N1 and N2 during 2007. The system was placed at a predetermined location
on the selected highway just prior to the start of each session and the camera was aligned by hand to face
the appropriate direction. Images were captured both in the mornings, as the birds travelled from the
colony to the sea to forage, and in the afternoon, as the birds returned to their nest sites. At the end of
each session, the system was recovered or repositioned as appropriate. Image acquisition was restricted
by penguin behaviour and availability of daylight (night-vision cameras were not used in 2007), thus the
timings of sessions varied throughout the austral winter. Where possible, morning sessions were between
07h00 and 11h00 from April to May and from 08h00 to 11h00 from June to August. Afternoon sessions
were from 15h30 until 19h00 during April and May and from 15h30 until 18h00 during the rest of the
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Figure 5.9: (A) Representative frames of passing African penguins as captured by the field camera system on
Robben Island; (B) Sample identifications of chest patterns in the population database. Images courtesy of T.
Burghardt and from Sherley et al. (2010).

year.
The Ethernet camera produced an MJPEG image stream at 6–8 frames per second and passed each
frame (1280 x 856 pixels resolution; Figure 5.9 A) to the laptop for processing. As each image was
acquired, artificial intelligence algorithms within AnimalID would attempt to detect individual penguins
in near frontal poses (where penguins align themselves so that their chests are approximately – within
20 to 30◦ – orthogonal to the camera axis). Sets of such frontal detections of penguins were stored
together with the original image stream for subsequent further analysis (e.g. ground truthing, individual
identification). The time, date, location (highway) and direction of travel was also saved for each detection
stored by AnimalID.

5.3.4

Establishing the proportion banded on Robben Island

The proportion of banded birds in the Robben Island population was calculated using a combination of
live surveys conducted by human observers in the field on Robben Island and retrospective surveys of
image data stored by the APRS.

Live surveys
The live surveys were conducted by the author (R. B. Sherley) or a volunteer (from the Earthwatch
Project on Robben Island) briefed in the survey method. No other tasks were conducted concurrently.
All live surveys were conducted in the evening, when the birds were moving from the sea to the
colony. For all live surveys, the observer would sit at 90◦ to the main direction of travel of the birds,
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such that the left flipper of the majority of birds faced towards them – it is policy in southern Africa
to always band penguins on the left flipper. During most of these surveys, the observer was probably
visible to the birds. However, the birds using the major highways are habituated to researchers to some
degree. Generally, if a human observer is seated, remains still and does not make excessive noise, they
are perceived by the birds as non-threatening. In this case, after a period of adjustment, birds continue
to travel along the highways in the presence of observers (R. B. Sherley, pers. obs.).
During each survey the observer would add to a total count and a “banded” count as applicable, once
a bird had passed a predesignated point further along the highway. As birds sometimes turn around when
moving along the highways, for example if they are startled by noise or if they enter into an aggressive
interaction with a conspecific, this point was chosen so as to ensure a low likelihood that a bird would go
back past the observer. If an individual could be confirmed as having returned, it was subtracted from
the counts as appropriate. Otherwise, birds moving against the main flow of “traffic” were ignored.
Live surveys were either conducted for a fixed time period (2 hours – 16h00 to 18h00) or until 100
birds had passed the observer. Live surveys were carried out at four locations (Table 5.1) on an ad hoc
basis between 11th August 2007 and 11th March 2009.

Video surveys
Video surveys were conducted manually using image data from 12 camera sessions (Table 5.1) selected
at random from all the images stored by APRS between 4th April and 22th August 2007. Images were
resized and converted to an MJPEG stream using Matlab R code written specifically for the task (by Dr
S. Hannuna, Dept. Computer Sciences, University of Bristol). Sessions could either be morning sessions,
as the birds moved towards sea, or afternoon sessions as the birds returned to the colony. For each
session a manual count of the total number of birds passing the camera was added to each time a bird
passed the camera. A count of the number of banded birds passing the camera was also kept. If the
left flipper of a bird could not be seen in any of the images as it passed the camera, it was not included
in the survey. For the video surveys, counts were started from the first frame and continued until the
final frame stored for that session. Video surveys were conducted using images from either the N1 or N2
highways (Table 5.1).

5.3.5

Establishing recapture rates with flipper bands on Robben Island

Resightings of birds wearing either stainless-steel or silicone-rubber flipper bands were made on Robben
Island from March to September 2001 to 2008. Individual ring numbers were read, either at distance
using a field scope or binoculars, or by eye at close proximity to the birds during routine monitoring
activities.
In order to limit the error induced by incorrect readings and impossible band numbers (and thus limit
the impact of transients on the analysis - see below), the data were cleaned using a script written by
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Table 5.1: The numbers of surveys conducted to ascertain the proportion of African penguins fitted with a
stainless-steel or silicone-rubber flipper band on Robben Island by year, location and survey type.
No. counts conducted
By sampling type
Video sampling
Live sampling
By location
N2
N1
N4
Beach Road
By year
2007
2008
2009
Total

12
20
17
8
4
3
14
12
6
32

R. B. Sherley for the R package (R Development Core Team, 2009). The script checked to ensure that
each entry was a genuine possibility for a band number and removed any erroneous characters, such
as question marks or commas, that had been inadvertently entered. The resightings were reduced to a
maximum of one entry per bird per year (as is usually employed in survival analysis). Any sightings where
the age of the bird had been recorded as juvenile or sub-adult were removed at this stage, as African
penguins are known to suffer differential survival prior to obtaining adult status.
Once the dataset had been cleaned, the number of unique individual flipper band numbers in the
dataset was then calculated, as was the number of sightings of each bird. The number of individuals in
each sighting frequency class (e.g. seen once, seen twice etc.) and the overall likelihood of a bird being
seen on more than one occasion could then be determined.
The dataset was then used to estimate adult survival and recapture rates using standard capturemark-recapture (CMR) methods (Lebreton et al., 1992), implemented in Program MARK (White and
Burnham, 1999). These methods separate the local survival rate from the probability of capturing an
individual that is alive and in the study area at a given time (recapture rate); however, it is not possible
to distinguish between survival and permanent emigration. A basic assumption of CMR models is that all
individuals within a particular group have equal survival and recapture rates. Temporary and permanent
(transience) emigration from the study area can lead to violations of this assumption, and in particular
transience was not adequately accounted for in this analysis. In addition, in this study, breeding birds
would have had a higher likelihood of being resighted because most band readings were obtained during
checks of occupied nests. Therefore, the assumption of homogenous recapture rates was likely violated
in this analysis.
A further assumption in CMR studies is that no marks were lost or misread. Although ring loss and
misreadings were probably minimal, they would have occurred as not all of the flipper band readings
were made by professional seabird biologists. The majority of flipper bands used in this study were
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stainless-steel, so band losses would have occurred, but at a low level. In addition, some silicon-rubber
band (Barham, 1999) numbers were included in the dataset: losses of these bands do occur (R. B. Sherley
pers. obs.) and the longevity of these bands presently on birds on Robben Island is still being assessed
(Barham et al., 2008).
Following a protocol used by e.g. Altwegg et al. (2008) to account for the probable violation of the
homogeneity assumption in the dataset, a goodness-of-fit test was conducted for the most general model in
the analysis using the median-c-hat procedure implemented in program MARK (Cooch and White, 2006).
As suggested by Cooch and White (2006), model selection could then be based on an adjusted c-hat
value. Three models were applied: (1) the general model of time-dependent survival (differential survival
between each year) and a constant probability of recapture [φ(t)P()]; (2) time-dependent survival and
time-dependent recapture probability [φ(t)P(t)] and (3) “time since first capture”-dependent survival with
survival dependent on the year of first sighting and time-dependent recapture probability [φ(a−t/t)P(t)].
Following recommendations in Cooch and White (2006), model selection was based on QAICc values.
There values are Akaike’s Information Criterion (Akaike, 1974), with a quasi-likelihood adjustment for
overdispersion (Anderson et al., 1994) and a correction for small sample sizes (Hurvich and Tsai, 1989).

5.3.6

Analysis of field-monitoring capacity

A sample of the footage captured by the APRS during the 2007 field season was analysed to determine
the success and failure rates of detection. That is, whether or not an individual was detected as a species
member in the first place while passing through the field of view and moving in the direction of the
camera: termed making a “ camera pass”. Data from 14 sessions were selected at random, totalling
approximately 400,000 raw images. Sessions were categorised by direction of travel (“to sea” or “to
colony”), location (“highway N2” or “highway N1”) and weather conditions (“sunny” or “cloudy”). For
each session the number of individual penguins that passed the camera was counted. In addition, the
6947 detections captured by the APRS during the sessions were examined to determine the percentage
of individuals that were detected amongst all camera passes. The results were summed over all sessions
to yield an average likelihood that any given camera pass would result in at least one detection of the
passing bird.
Detections were then assigned to individuals to ascertain what proportion of the individual birds
passing had produced at least one detection suitable for individual recognition processing. To ensure the
correct assignment of identity to all passing birds (establish ground-truth individuality), the detections
were assessed by eye. A detection was deemed acceptable if both sides of the chest band were clearly
visible and all spots in the pattern were visible, i.e. the bird’s chest was within approximately 20-30 ◦
of laying orthogonally to the sensor and was not occluded. Consideration was also given to the lighting
conditions in the detection, particularly to areas of high dynamic range. It is possible that the method
produced an underestimate of the number of detections that would result in individual identification data
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as the AnimalID software is able to correct for some lighting variance (see Figure 3 in Sherley et al., 2010)
and therefore may have processed some of the detections that were deemed unsuitable by eye. Again,
the results were summed over all detections to yield an average likelihood that any given camera pass
would result in at least one detection suitable for individual recognition.
To determine whether the APRS performed differently in various situations, with the aim of guiding
improvements in the monitoring capacity, a binary logistic regression was used to compare the proportion
of acceptable detections produced in the three different categories: direction of travel, location and
weather conditions.

5.4
5.4.1

Results
Establishing pattern stability

Five of the ten individuals from the BZG collection showed no discernible change in spot pattern between
the master and comparison images. The most common cause of differences between the master and
comparison images for the five remaining birds were spots appearing to darken between images in three
of the birds (Figure 5.10) and double spots (two very close spots) merging to appear as one large spot or
visa-versa (in three birds; Figure 5.11 A and B). In one case a spot appeared to fade but remained visible
between the master and comparison image (Figure 5.11 C), and in one other case, a spot very close to
the black band had merged with the band in the comparison image (e.g. Figure 5.10). In no cases did
new spots appear or spots completely disappear, apart from where splits or mergers took place.

Matching using I3S
Four of the birds could not be matched using I3S as their spot pattern was composed of an insufficient
number of spots. The I3S software was able to match four out of the remaining six comparison images
correctly (first ranked match) to their masters using configuration one for the control points (Figure 5.6
A) and five out of the six birds correctly with configuration two (Figure 5.6 B, Table 5.2). Of these five,
three were matched with high confidence (evidence ratios > 3.5; Table 5.2). The best ranked match
achieved for the remaining bird (ID 5726) was 2nd, with 8 spot pairs matched (Table 5.2). Four out of
these six birds should have moulted at least twice (interval between images > 730 days, Table 5.2) and
one would have moulted at least once (interval > 365 days). The remaining bird (9539) was photographed
349 days apart (Table 5.2) and did not appear to be within a few days of having moulted in the first
image, nor in pre-moult (the stage prior to moult) in the second image. Therefore, it is highly likely that
this bird moulted once between the master and comparison image.
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Figure 5.10: Changes in the spot pattern of an individual African penguin, photographed on two different dates.
One spot (indicated by the red arrow in both A and B) appears to darken between images, one spot (indicated
by a green arrow in A and green question mark in B) appears to have been absorbed by the black chest stripe,
while five spots (indicated by blue arrows) remain stable between photographs.

Figure 5.11: Changes in the spot pattern of an individual African penguin, photographed on two different dates.
Two close spots in the left-hand image appear as one large spot in the comparison image (A), one spot appears
to split to become two very close spots (B) and one spot seems to fade between images (C).
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Table 5.2: Results of IS3 matching on six African penguins from the collection at Bristol Zoo Gardens (U.K.),
using control points configuration two (Figure 5.6 B). The first image (top row) listed for each individual was
assigned to be the master image for that bird, with each subsequent row listing the images used for comparison.
The date that each photograph was taken, along with number of spots labelled in I3S is given for each image.
For each comparison image, I3S ranks the likelihood of a match to each master image in the database based on
the spot score (matching metric) and number of spot pairs matched between images. A match was considered
correct if it was given the rank 1. Information Criterion (IC) weights and Evidence Ratios (ER) are based on
Speed et al. (2007). An IC weight and ER close to zero indicates low confidence in the match and an IC ER >
3.5 indicates high confidence in the match, relative to the match between the master and seconded ranked image
(based on Speed et al., 2007).
ID No.
5726
5726
5726
6585
6585
7919
7919
8662
8662
8688
8688
8688
9539
9539

Date of
Photo
16.12.07
30.09.09
01.10.09
22.11.06
30.09.09
16.01.07
01.10.09
16.01.07
01.10.09
16.01.07
17.10.08
30.09.08
17.10.08
01.10.09

No. Spots
Labelled
22
22
22
33
33
13
13
17
17
12
12
12
16
16

Rank
2
3
1
1
1
1
3
1

Match
Score
4.145
9.428
1.322
5.982
1.064
5.086
11.178
0.992

No. Spot
Pairs
8
6
24
7
14
8
1
15

IC
Weight
0.930
0.998
0.669
0.881
0.433
0.159
0.914
0.876

IC
ER
4.019
14.034
1.025
0.279
8.674

Matching using the APRS
The APRS correctly matched all 12 comparison images to their respective masters, assigning the highest
image-pair rank to the correct comparison-master image pair (Table 5.3). All ten birds should have
moulted at least once between the master and comparison images (see above).
For seven of the ten birds, the matching confidence metric (between the master and comparison
images) was sufficiently low (below 200) for the APRS to assign the match without the need for user
confirmation (fully-automated matching). For three birds (see Figure 5.12, Table 5.3), the match between
the master and comparison image produced a raw algorithm threshold value between 200 and 329, so
the top five ranked images were passed to the user for visual confirmation of the match. In all three
cases, the corresponding master image was correctly selected as the most likely match (ranked top) by
the APRS. In the first two cases (8662 and 6585), deformation of the spot pattern, resulting from the
bird occupying differing poses between images, seems to have caused the low confidence in the match.
In the third case (5726), the master image is taken from a slightly elevated position relative to the bird.
This is highly problematic for APRS matching as the perspective that it creates has the effect of changing
the relative distances between spots. Such images are often rejected by APRS prior to matching (see
Chapters 3 and 4 of Burghardt, 2008).
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Banded proportion and recapture rates

Using the overall totals from all the years, locations and both methods, the surveys suggest that around
13% of birds on Robben Island were fitted with a flipper band between 2007 and 2009 (Table 5.4). The
proportion banded did not differ significantly (binary logistic regression) between the video (0.126) and
live (0.136) sampling methods (coefficient estimate = −0.08, z = −0.765, p = 0.444), but did differ
between the four locations (Table 5.4). The largest difference in the proportion of banded birds using
the four highways was 0.14 between the Beach Road crossing and the N1 (Table 5.4). When compared
against the proportion banded on the N2, the results were significantly lower on Beach Road (coefficient
estimate = −0.73, z = −2.578 p = 0.009) at 51% of the N2 value and a significantly greater (coefficient
estimate = 0.55, z = 4.15 p < 0.001) number of birds were banded on the N1 (158% of the proportion
banded on the N2). The N4 and N2 proportions did not differ significantly (p = 0.185) and if the data
from the these two locations are pooled in the absence of the Beach Road and N1 surveys, the banded
proportion drops to 0.126 (300/2390; Table 5.4).

Table 5.3: Results of APRS matching on nine African penguins from the collection at Bristol Zoo Gardens (U.K.)
and one bird from Robben Island. The first image (top row) listed for each individual was assigned to be the
master image for that bird, with each subsequent row listing the images used for comparison. The date that
each photograph was taken is given for each image. For each comparison image, the image rank and algorithm
threshold assigned by the APRSV1.0/FlexMatch matching algorithm (Burghardt, 2008) is shown and whether the
match was accepted in a fully-automated fashion is specified. The APRS uses a raw algorithm threshold of below
200 for automated acceptance without human intervention, and a threshold of above 329 for a reject, anything
> 200 and < 329 is presented to a human to check against the top 5 matches.
ID No.
5726
5726
5726
6542
6542
6585
6585
7919
7919
8301
8301
8301
8662
8662
8688
8688
8688
8689
8689
9170
9170
9539
9539

Date of
Photo
16.12.07
30.09.09
01.10.09
24.03.08
20.04.09
22.11.06
30.09.09
16.01.07
01.10.09
21.12.06
05.01.08
01.10.09
16.01.07
01.10.09
16.01.07
17.10.08
30.09.08
17.10.08
01.10.09
06.12.07
30.09.09
17.10.08
01.10.09

Rank
1
1
1
1
1
1
1
1
1
1
1
1

Match
Score
232
1
243
55
1
1
268
120
55
1
1
84

Automated
acceptance?
No
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
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Figure 5.12: Three master-comparison matches requiring user confirmation from APRS matching. Deformation
of the spot pattern (8662 and 6585) and the angle of the chest (5726) relative to the camera seem to have caused
APRS to match the image pairs with low confidence.

With 2007 as the reference year for the regression, the difference between banding proportions in
2009 and 2007 was marginally significant (coefficient estimate = 0.29, z = 1.97 p = 0.049). However,
the banding proportion did not differ between 2007 and 2008 (p = 0.070) nor between 2008 and 2009
(p = 0.099), with 2008 as the reference year for the regression. Again, with the 2009 data removed,
the banding proportion falls from 0.136 (overall proportion) to 0.127 (332/2619; Table 5.4). This gives
a range of the proportion of birds banded of 0.063 to 0.195, depending on colony location and an
approximate range for the colony as a whole of between 0.127 and 0.136.
In total, after the banding records had been cleaned, 20,173 flipper band resightings were retained
from the Earthwatch database from 2001 to 2008. Once these had been reduced to one sighting per
bird per year, 13,493 annual sightings remained, representing 9230 individual penguins seen at least once
over the eight years (Figure 5.13). Of these, the majority (6289) were only seen once during the study
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Table 5.4: The results of surveys to ascertain the proportion of African penguins fitted with a metal flipper band
on Robben Island between 2007 and 2009. Surveys from the four different locations, three different years and
two survey types were analysed separately and then the counts were combined to produce the total estimated
proportion.
By sampling type
Video sampling
Live sampling
By location
N2
N1
N4
Beach Road
By year
2007
2008
2009
Total

No. birds counted

No. banded

Prop. banded

1183
1911

149
259

0.126
0.136

2176
482
214
222

267
94
33
14

0.123
0.195
0.154
0.063

1383
1236
475
3094

172
160
76
408

0.124
0.129
0.160
0.132

period (i.e. resighted from the original banding event, not resighted within eight years) and only 2941
were actually seen more than once (Figure 5.13; cumulative resighting at sighting frequency 2). This
suggests an approximate annual recapture rate of 21.8% ([2941/13,493]*100) during the study period.
The goodness-of-fit test run in program MARK showed that the capture-recapture dataset did not
violate the assumptions (CJS assumptions; Cooch and White 2006) of the general model (Model 3,
Table 5.5: estimated c-hat = 1.295; se = 0.027; 95%, Confidence Interval [CI] of c-hat = 1.065–1.525).
For the capture-recapture data, QAICc-based model selection favoured model 1 (Table 5.5). Model
1 contained an additional time since first capture term, such that survival is dependent on when the
first sighting of an individual occurred, and had by far the lowest deviance of the three models tested
(Table 5.5). Model 1 produced estimates of annual recapture rates ranging from 11.7 (95% CI 9.2–14.7)
to 48.0 (95% CI 41.9–54.2)% (Figure 5.14; Median 26.5% [n=6]) and survival estimates ranging from
53–80% (Figure 5.14). With temporal variation in recapture probabilities, the survival estimates for
the last year of the study cannot be reliably estimated. Therefore survival is only presented up to the
2006-2007 interval.
The above results need to be treated with caution. The analysis described above is only a very
basic capture-mark-recapture (CMR) analysis, the general model is slightly over-dispersed (c-hat > 1)
and some of the basic (CJS) assumptions of the general model are bound to be violated. For example,
little consideration is given to the occurrence transients (an individual that is seen once at the marking
event, then never seen again because it has emigrated from the population; Cooch and White 2006) in
the dataset.
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Figure 5.13: Annual sighting frequency of African penguins banded with metal flipper bands on Robben Island
between 2001 and 2008. Bars represent the number of birds sighted in each sighting class and open circles
represent the cumulative frequency (adding from sighted eight times to sighted once). The maximum number of
possible annual sightings is eight as banding data were reduced to one entry per bird per year.

Table 5.5: Summary of MARK model selection for analysis of survival and recapture rates of adult African
Penguins on Robben Island between 2001 and 2008. The different model components were time (t), time of
first sighting (a), survival probability (φ) and recapture probability (P). Model selection was based on the quasilikelihood adjusted Akaikes Information Criterion (QAICc). Δ QAICc gives the difference in QAICc to the best
model and K is the number of parameters. Model selection based on c-hat = 1.28.
Model No.
1
2
3

5.4.3

Model
φ(a−t/t)P(t)
φ(t)P(t)
φ(t)P()

QAICc
20701.67
20782.47
20923.16

ΔQAICc
0.00
80.79
221.49

QAICc Weight
1.00
0.00
0.00

K
19.00
13.00
8.00

QDeviance
266.97
359.79
510.50

Field monitoring capacity

Screening demonstrated that each time an individual penguin passed the sensor, the probability of a
corresponding species detection was 0.441 with some variation seen depending on the location (Table 5.6).
Of the 1453 birds that passed the camera during the selected sessions, 193 individuals produced detections
deemed acceptable for further processing (individual identification). This represents an average probability
of enrolling (or recapturing) an individual into a population database of 0.133 on any given camera
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Figure 5.14: Survival estimates for and recapture rates of African penguins on Robben Island from 2002 to 2007,
obtained from Model 1, Table 5.5. The x-axis indicates the starting year of the relevant interval such that the
first survival estimate corresponds to the year 2002-2003. The vertical lines are the 95% confidence intervals of
the survival and recapture estimates.

Table 5.6: The results of manual screening to ascertain the likelihood that any given individual African penguin
would be recognised as a species member (detected) on any given enrolment attempt (movement past the camera).
Images from two different locations were analysed separately and then the counts of individual birds passing the
camera and of individuals detected were combined to produce the total estimated proportion for Robben Island.
Camera Location
N1
N2
Total

No. passing camera
482
971
1452

No. detected
232
409
641

Prop. detected
0.481
0.421
0.441

pass (Table 5.7), assuming that all individuals are approximately similar in their behaviour when passing
the camera.
Enrolment proportion was significantly greater (binary logistic regression, minimally adequate model)
on days when the weather was cloudy than on days when the weather was categorised as sunny or variable
(coefficient estimate = −0.40, z = −2.17, p = 0.030). For example, the modelled enrolment probability
for birds travelling towards sea on the N2 in sunny weather (0.086) was 69.4% of the corresponding
probability when conditions were cloudy (0.124). Differences were similar for the other levels of the
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Table 5.7: The results of manual screening to ascertain the likelihood that any given individual African penguin
would produce a detection that would be accepted for further processing (pattern extraction and individual
recognition) on any given movement past the camera. Images from two different locations on Robben Island were
analysed separately and then the counts were combined to produce the total estimated enrolment proportion.
No. accepted
108
85
193

Prop. enrolled
0.224
0.087
0.133

5

No. passing camera
482
971
1452

1

2

3

4

Towards Colony
Towards Sea

0

Modelled probability of enrolment

Camera Location
N1
N2
Total

Cloudy

Cloudy

Sunny

Sunny

Weather Condition
Figure 5.15: Modelled probability (derived from a binary logistic regression) that a camera pass by an African
penguin would result in an individual enrolment in the African Penguin Recognition System (APRS) during
acquisition on the N1 highway on Robben Island, under two different weather conditions and both while birds
walked towards the sea and towards the colony.

explanatory variable (Figure 5.15). Direction of travel also had a significant influence on enrolment
(coefficient estimate = 1.77, z = 6.46, p < 0.001) with higher modelled probabilities when birds were
travelling to sea as opposed to when they were travelling towards the colony (Figure 5.15). The interaction
between highway and direction of travel was also highly significant (coefficient estimate = −1.63, z =
−4.53, p < 0.001; Figure 5.15) probably as a result of greatly increased enrolment on the N1 when the
birds were travelling to sea in both sunny and cloudy weather (Figure 5.15). All other interactions and
main effects failed to reach significance.
With the average likelihood of being enrolled on any given approach to the camera known, it was
possible to predict the population coverage that the APRS should be able to achieve. Any individual’s
probability of occurring in the database can be considered as a factor of the average failure to enrol
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Table 5.8: Predicted population coverage of the African Penguin Recognition System at the measured failure to
enrol (FTE) rate of 0.87 and a theoretical FTE rate of 0.75. The coverage is dependent on the number of passes
an individual makes and the FTE rate at each presentation to the camera. Population coverage is shown as a
proportion of African penguins using one highway on Robben Island.
No. passes
5
10
20
40

Coverage at FTE rate = 0.87
0.5
0.75
0.94
0.996

Coverage at FTE rate = 0.75
0.76
0.94
0.997
0.999

(FTE) on any occasion (1 − the average enrolment rate) and the number of times the bird passed the
camera (Table 5.8). Therefore the probability of at least one enrolment (or resighting if the individual
can be matched in the database) over any number of passes was:
Pn[enrolment] = 1 − (P[not enrolled per pass]n ).
where n was the number of camera passes and P[not enrolled per pass] was the FTE rate. Even at
the current FTE rate (0.87), the APRS could be expected to enrol any given individual with a high
probability once they had made a limited number of camera passes (Table 5.8). Small improvements
in the enrollment rate (e.g. to 0.25) are expected to yield substantial improvements in the predicted
population coverage (Table 5.8).

5.5

Discussion

Despite not being designed specifically for the purpose, and even with some of the spot patterns changing
slightly between the master and comparison images, I3S was still able to match birds of known identity
between moult events. Although a larger sample size is needed to fully establish the degree of stability of
the spot pattern, the results presented here are encouraging. No discernable difference was detected in
half of the birds after at least one moult of the plumage. The changes that were observed were mainly
caused by fusion of existing features, such as two very close spots merging or a spot at the periphery of
the chest being absorbed by the black chest band. These issues have already been previously noted and
accounted for in the APRS’s matching algorithms (Burghardt, 2008). For example, during matching,
a progressively lower weighting is given to spots as you move away from the mid-point of the chest
towards the black band, while not all spots are necessary for the APRS to confidently match two images
(Burghardt, 2008).
Furthermore, the spots do not generally consist of just one black feather, but are often three or four
black feathers surrounded by white feathers (R. B. Sherley pers. obs.) and most of the changes noted
could (and probably do) occur from short-term displacement of the plumage. Feathers are not fully-fixed
entities and can move across one another as a result of e.g. preening, swimming, movement from the
wind, and it is most likely this factor that caused spots to appear to fade, shrink, merge and split in this
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study. At any rate, the changes were sufficiently small to allow confident automated matching by the
APRS in the majority of cases.
A better understanding of these changes could be gained by gathering more frequent images of
individuals and quantifying the likelihood of such occurrences, as well as their temporal persistence (or
otherwise). A study to do this is currently underway using captive birds in collaboration with the Bayworld
Aquarium (Port Elizabeth, Eastern Cape, South Africa). Understanding the frequency and severity of
such changes may allow for further adaptations to the matching algorithms within APRS. For example,
mainly as a result of issues relating to dirt, lighting and penguin behaviour (see below) work is currently
ongoing to develop the capacity for robust partial spot-pattern matching. Being able to quantify the
probability (if any) of a mismatch caused by these (seemingly) temporary alterations in plumage would
allow the associated error to be factored into subsequent CMR analysis, as is presently done with transient
birds (e.g. Pradel et al., 1997; Altwegg et al., 2008).
The results from field trials provided clear evidence for the suitability of the algorithms within the
APRS to produce an individual ’fingerprinting’ of African penguins using computer-vision techniques.
Sherley et al. (2010) reported a matching sensitivity for the APRS of 92–96.7% from unconstrained test
sets collected under field conditions. In this respect the APRS compares well with other computer-aided
animal biometric recognition systems in the literature. Such systems usually require some level of user
control, either at the input level (the user must label the features to be matched by hand) or at the
output level (the user is asked to select the correct match from a ranked list of images suggested by the
algorithm). Where a manual choice must be made from a ranked list of between three and 10 potential
matches, the correct individual is contained within the image sub-set in 84% (Ranguelova et al., 2004)
to 100% of cases (e.g. Kelly, 2001). However, when such systems are asked to find the one correct
match (with no user choice), as AnimalID is asked to do, the matching accuracy drops to a low of 60.8%
(Ranguelova et al., 2004) and a high of 92–93% (Arzoumanian et al., 2005; van Tienhoven et al., 2007).
One of the major problems for an automated recognition system is obtaining high quality images that
are of constant lighting and free of artefacts or shadows. This is, by definition, difficult in the field and
image quality is likely to be a major constraint for all visual biometric systems. For example, the inclusion
of poor quality images increased false-negative matches from 6.5% to 33% in work to identify cheetahs
Acinonyx jubatus (Kelly, 2001), while Whitehead (1990) found that the probability of correctly matching
two images of sperm whale Physeter macrocephalus flukes increased from 59% to 80% when low quality
images were excluded.
The problem is made all the more acute when using automated image capture. The APRS is greatly
influenced by heterogeneity in light intensity over short periods of time and at present artificial intelligence
algorithms cannot respond to environmental changes as quickly or appropriately as a human photographer.
During cloudy conditions the lighting was even, of low intensity and far less variable over short time spans.
Shadows were also much less prominent on the birds and, consequently, probability of enrolment was much
higher. While some post hoc corrections can be performed on an image to normalise the effects of high
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dynamic range in lighting (see e.g. Figure 3 in Sherley et al., 2010), dirt patches and strong shadows
will still cause the penguin detection algorithm within AnimalID to fail or will obscure spots, leading to a
failure to match (Burghardt, 2008). The detailed experimentation needed to physically model the specific
causes of matching failure and to develop the tools needed to overcome them is outside the scope of
this chapter. However, this research constitutes one focal area for future work in this field. Note that
advances in camera technology may also reduce the issue of shadow-caused pattern corruption, especially
with the development of high-dynamic-range cameras for the field and object-sensitive aperture control
systems. Despite these efforts, it is expected that coping with the high image variability seen during
environmental acquisition will remain one of the biggest challenges for automatic animal identification to
overcome in the short term.
The behaviour of the animals being observed can also constrain the capacity of a monitoring system. If
animals are cryptic, difficult to observe or infrequently encountered, then visual monitoring and automated
image capture may be inappropriate. With the current incarnation of the APRS, individuals must appear
in front of a camera, in near frontal pose and under appropriate lighting conditions. This immediately
limits the population coverage to individuals using the two monitored highways and to those moving during
daylight. Observations in the field show that only about 40% of the birds that pass along a highway
during a 24-hour period do so during daylight (Shaw, 2005). It is not currently known whether specific
individuals always restrict their movements through the colony to daylight hours or whether individuals
may alter their time of arrival and departure. Whatever the case, 24-hour monitoring would improve
the system, either allowing for the inclusion of additional individuals in the database, or by reducing the
timeframe within which individuals are resighted. Developments to modify the APRS to use infrared
illumination (IRI) during darkness have been undertaken and recognition under IRI was trialled during
the 2009 field-season. It is expected that IRI will simultaneously increase the number of birds that can
be enrolled and reduce some of the problems associated with lighting, through the introduction of a
controllable illumination source.
One way in which behaviour can affect the APRS is manifest in the high level of potential recognition
seen in the “N1 - towards sea” category. This seems to result from the penguins being forced to pass
through a small PIT gateway just before they reach the camera. This gateway is designed to channel
the birds so that they pass close to a transponder reader and it seems to have the benefit of making the
birds approach the camera more directly, resulting in an increased likelihood of detection and enrolment.
Without the influence of the PIT gateway, the probability of enrolment (or resighting) falls to about 0.10
on each camera pass for the other highway-direction scenarios. This suggests that it is worth considering,
even where efforts are being made to monitor in a non-invasive manner, that small or benign modifications
of natural behaviour may yield great benefits in terms of increased capacity when visual monitoring is
employed.
Overall, the assessment of the capacity of our system in the field suggests that, even at an early
stage of development, the APRS is capable of functioning as a useful tool for monitoring African penguin
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populations. It has been shown that, on average, 13% of penguins can be enrolled or resighted each time
they pass the camera under present operating conditions. This figure probably represents an expected
lower bound for the population coverage of the system (although see discussions above about the PIT
gateway) as it does not take into consideration continued monitoring over time. If the fact that birds
are likely to pass the camera on more than one occasion is considered, then the likelihood of enrolling
an individual over a given time frame increases. The theoretical development of the population coverage
suggests that a high percentage of birds using a monitored highway would have been captured by the
APRS at least once, after they have made between 30 and 40 camera passes. If we assume (1) that all
birds behave similarly as they pass the camera, (2) that they go to sea at least every other day during
the breeding season and (3) that the system can be adapted so that birds using the highways during the
hours of darkness can be included (see above), then a resighting frequency of about one observation every
one or two calendar months could be expected for any individual in the population. This is probably a
best case scenario and several factors can potentially limit the total population coverage. For example,
in reality, with spatially fixed cameras, individuals are likely to be highly heterogeneous in their detection
probability. This would limit the individual resighting frequency that the system could achieve and would
need to be considered in subsequent data analysis (Borchers and Efford, 2008; Royle et al., 2009).
Even with the limitations outlined above, the total population coverage that could be achieved by the
APRS is likely to be significantly higher than the coverage possible with flipper banding. Field surveys
suggest that, depending on the location, anywhere from 6.3 to 19.5% (overall total of 13.2%) of birds
were fitted with flipper bands on Robben Island between 2007 and 2009 (Table 5.4). This figure represents
the maximum possible population coverage with this monitoring method, i.e. without consideration given
to the rate of error in reading or transcribing the band numbers or possible band loss (which may be
up to 0.5% per year Clarke and Kerry, 1998; Gauthier-Clerc et al., 2004). It also does not give any
consideration to the time and effort involved in trying to gather flipper band resightings.
For example, the analysis of the 20,173 flipper band resightings collected on Robben Island from
2001 to 2008 suggests that, on average only around 21–26% (range of estimates 11.7 to 48.0 %) of
flipper banded birds were resighted over the eight year period. In addition, although the CMR analysis
carried out here was a simplistic one, the survival and recapture rates generated are on a par with other
recent analyses (Altwegg et al., 2009). Therefore, the median recapture estimate suggested by the CMR
analysis can be assumed to be a robust estimate of the average resighting rate during that period. An
average annual resighting rate of 26.5% and an overall proportion of banded birds at around 13.2%
(overall proportion from all surveys; Table 5.4) suggests a coverage of only 3.5% of all the birds in the
colony with flipper banding.
Unless further large-scale banding events take place, the coverage of flipper bands cannot be greatly
increased. Given the recent recommendations (Petersen et al., 2005b) it is unlikely that large scale
banding exercises with metal bands will take place and silicone flipper bands (Barham, 1999; Barham
et al., 2008) are only currently being used on a small scale. However, it is worth noting that the increased
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proportion of banded birds seen in 2009 and the high proportion on the N1 relative to other highways most
likely result from recent targeted banding efforts following the initiation of experimental fisheries closures
(see Chapter 3) and improved and upgraded PIT gateways respectively. At any rate, the theoretical
expansion of the capacity of the APRS suggests that, automated animal biometrics should easily exceed
even the highest level of coverage recorded for flipper bands. The addition of one or two other monitoring
points on other main highways, as well as the use of digital stills images captured by researchers should
allow for coverage of a high percentage of the colony’s population.
Using natural markings should also greatly reduce or eliminate the errors associated with band loss in
CMR studies based on banding, while the use of computer matching should reduce the errors associated
with human observers, such as the misreading of band numbers. Errors in matching will occur with
the APRS, particularly as the central database develops, but it should be possible to quantify these in
a way that is not always possible with band reading errors. A robust modelling approach will therefore
be vital for future analysis of data produced by the APRS. Continuous assessment of the performance
parameters reported in this paper should lead to improvements in subsequent survival and population
movement analyses by allowing known error rates to be fed into advanced CMR models, as has been
done for DNA-based CMR studies (e.g. Lukas and Burnham, 2005). These improved models should prove
to be more sensitive to rapid or short-term fluctuations in survival, while the high quantity and quality of
the data produced by the APRS should reduced the time-scale over which CMR analyses can be reliably
undertaken.
In addition, biometric monitoring has the advantage of being non-invasive, which may mean a benefit
from reduced human presence in the colony (e.g. Ellenberg et al., 2006), the removal of any risk associated
with synthetic markers and the potential bias to results associated with repeated capture of animals (see
Gauthier-Clerc and Le Maho, 2001). Obtaining high quality data with minimum costs to the species under
study should be the ideal in animal science (Bateson, 1986; Cuthill, 2007) and for species in decline, such
as the African penguin, being able to reduce the impact of monitoring may make a valuable conservation
contribution in itself.
Automated biometric monitoring may well have the capacity to revolutionise terrestrial population
and behavioural ecology. Visual identification techniques are widely applicable and several authors are
already recognising the potential to gain data on the abundance of difficult to monitor species (Jackson
et al., 2006), population dynamics (e.g. Holmberg et al., 2009) and causes of mortality (Speed et al.,
2008) as well as individual behaviour (Marnewick et al., 2006). Data can be captured with something
as simple as a digital camera and, as the technology improves, so the boundaries of the technique will
expand. Indeed, some of the computer recognition systems currently in existence have already been
adapted to studies beyond their original target species (Speed et al., 2007; van Tienhoven et al., 2007;
Burghardt, 2008) and spots are not essential to the process. The algorithms underpinning APRS, for
example, have already been trialled successfully on plains zebra Equus quagga (Burghardt, 2008).

5.5. Discussion

169

However, the method is unlikely to be a panacea. The APRS system, and animal biometrics as a
whole, are still in the early days of their development and for the foreseeable future they will probably
remain largely restricted to monitoring in terrestrial environments. The necessary process to confirm the
multi-year stability of natural pattern on a large sample size and validate it against an unambiguous
individual identifier (e.g. Bansemer and Bennett, 2008) is still ongoing for the APRS. Furthermore, any
new monitoring technology should be measured against an existing, accepted technique to ensure the
reliability of the identifications in a real-world scenario - as has been done with PITs in the past (e.g.
Clarke and Kerry, 1998). Its use in conjunction with other innovative assessment and monitoring methods
in the ecology tool kit, such as biotelemetry and forensic techniques should lead to improvements in the
data available to decision makers, allowing them to track changes in populations much more closely, more
accurately and over shorter time frames. These advances may make the difference in our challenge to
reverse the global decline of many animal species by allowing decisive actions to be taken more quickly
in the future.
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Chapter 6
A NOTE ON INTERACTIONS BETWEEN SNAKES AND SEABIRDS ON
ROBBEN ISLAND – IMPLICATIONS FOR RESEARCH AND
MANAGEMENT

6.1

Abstract

Robben Island represents important breeding habitat for seabirds, including several species which are endemic
to southern Africa. A breeding population of snakes also occurs here and encounters between seabirds and
snakes have been recorded. This chapter reports opportunistic observations of interactions between snakes and
seabirds at Robben Island, specifically an attempt by a predatory snake to remove small chicks from an occupied
penguin nest. This novel behaviour, coupled with additional observations reported here, as well as others from the
literature, suggests the possibility that several species present on Robben Island today may result from remnant
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populations. The implications of these observations for future research are considered and the need for a holistic,
ecosystem-based management strategy on Robben Island is proposed.

6.2

Introduction

Snakes are known to prey upon birds in both temperate and tropical localities (Oró, 1994; Wiles et al.,
2003), including South Africa (e.g. Dyer, 1996; Calf, 2004), and encounters between seabirds and
snakes are known from the literature both for mainland sites (Oró, 1997) and islands (e.g. Dyer, 1996;
Bonnet et al., 1999). The 22 islands that occur along the South African coastline represent important breeding habitat for seabird species, including seven that are endemic to southern Africa at the
species level (Crawford et al., 1994). Breeding populations of snakes also exist on three of these islands
(Branch, 1991; Dyer, 1996): Schaapen Island (33◦ 05’ S, 18◦ 01’ E), Meeuw Island (33◦ 05’ S, 18◦ 01’ E)
and Robben Island (33◦ 48’ S, 18◦ 22’ E), all of which are in the Western Cape (Figure 6.1).
Robben Island is the largest of the offshore islands (507 ha) along the southern African coastline
(Crawford and Dyer, 2000) and of the three listed above, probably the most significant for breeding
seabirds. In 2010 Robben Island was host to a globally important (4th largest) breeding colony of the
Endangered African penguin Spheniscus demersus, as well as significant colonies of swift (lesser crested)

Figure 6.1: The Western Cape province, South Africa, showing the relative locations of Robben, Schaapen and
Meeuw Islands
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terns Sterna bergii, Hartlaub’s gulls Larus hartlaubii, African black oystercatchers Haematopus moquini
as well as Cape Phalacrocorax capensis and bank cormorants P.neglectus (Crawford et al., 1994; Crawford
and Dyer, 2000). Mole snakes Pseudaspis cana and olive house snakes Lamprophis inornatus have been
confirmed to breed on Robben Island (Crawford and Dyer, 2000) and a pregnant female common slug
eater Duberria lutrix was reported in August 2007 (Underhill et al., 2009).
Mole snakes are large, diurnal constrictors found throughout southern Africa. Adults grow to a
maximum length of over 2 m and a girth of about 158 mm (Crawford and Dyer, 2000; Alexander and
Marais, 2007). In mainland South Africa, the diet is likely to consist mostly of rodents (mice, rats
and molese and small amphibians or reptiles when young (Dyer, 1996; Alexander and Marais, 2007).
On Robben Island, the main prey item seems to be bird’s eggs, which are swallowed whole (Dyer, 1996;
Alexander and Marais, 2007). Most of these are probably obtained from abandoned nests (Dyer, 1996),
but these snakes have also fed on bird chicks in the past (Dyer, 1996; Calf, 2004).
This chapter reports ad hoc observations involving exchanges between snakes and seabirds on Robben
Island and is in part based on the account published in Underhill et al. (2009). The behaviour observed was
previously unrecorded in this species and it raises questions of potential significance for future management
strategies and research on Robben Island which could not be included in the published account.

6.3

Behavioural observations

On 18 April 2007, a mole snake was observed for a period of about 2 h. This particular mole snake was
known to use the hollow under a concrete slab as a shelter. The slab is within the main body of the
African penguin colony and close to the primary route used by penguins travelling to and from sea. At
about 09:30, it was observed emerging from the entrance to the hollow to bask in the sun. The snake
was c. 2 m in length and spent c. 45 min lying mostly motionless. It then, over a period of 15 min,
covered a distance of 58 m through open space. The snake moved straight towards a small copse of
rooikrans Acacia cyclops bushes under which was a cluster of penguin nests. It headed directly, and with
little hesitation, to the closest nest. Both adults were in attendance at this nest, which was determined
the next day to have contained two small chicks. The nest was an open nest, i.e. not a burrow, situated
under the peripheral branches of the rooikrans bush. The lower branches of the bush were dead and
reached to the ground, so that the snake could not easily make a surface approach to the nest from all
angles.
On observing the snake, the penguin that was not incubating moved c. 1 m away from the nest,
towards the centre of the bush. For a brief period (c. 2 min) the snake remained motionless, within 2
m of the nest, before advancing on the nest entrance. When the snake reached the lip of the nest, the
incubating penguin lunged at it and the snake immediately retreated. The snake then moved around the
nest, as if to approach it from the rear, but the other penguin blocked this access. The snake retraced
its path, and made an attack from the original direction. This time, the snake did not retreat when the
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incubating penguin lunged. Instead, as the penguin moved forwards, the snake attempted to thrust its
head towards and underneath the body of the penguin (presumably towards the nest contents) such that
the penguins bill appeared to strike the snake on the body, well behind the head. For a period of about
5 s following this, the snake and both penguins were intertwined, directly over the nest. The snake then
exited from the side of the nest. This series of interactions between the mole snake and the penguins
took place between 10:45 and 11:00, and most of it was captured on video (B. Shaw, Black Vanilla
Productions and Events).
The snake then moved around part of the copse, out into the open and into bright sunlight, where
it allowed a 5 m approach. During this time the snake remained motionless and was photographed: no
signs of injury were detected on its skin. The snake then made its way farther into the interior of the
island across the area of open ground. Ultimately, at 11:25, it slithered into a penguin burrow that was
known to be empty (it had been checked the previous day), and had not re-emerged by 11:40.
At 07:20 the following day, 19 April 2007, the nest at which the interaction took place was revisited
to ascertain the nest contents, and was found to contain one adult and two newly hatched chicks. The
bird brooding at that time was banded (M7932); it had been oiled during the Treasure oil spill in June
2000 and had been released after being de-oiled by the Southern African Foundation for the Conservation
of Coastal Birds (SANCCOB) in July 2000 (Crawford et al., 2000a), so was therefore at least seven years
old at the time of this incident.
At 10:35 on 8 March 2008, a large adult mole snake (c. 1.5 m in length) was encountered near to the
southwestern shore of Robben Island. When first observed the snake was sheltering under a Tetragonia
tetragonioides bush with its head and part of the body buried in loose sand. A closer inspection revealed
an old wound in the right-hand side of the body (Figure 6.2 a), approximately half-way along its length
(Figure 6.2 b). The wound, estimated to be about 6–7 cm long, appeared to run vertically from the
dorsal to the ventral surface. The exact cause of the wound is unknown but, in the absence of large
predators, it is likely to have been inflicted by an African penguin. African penguins have previously been
observed to wound and kill adult mole snakes on Robben Island (T. M. Leshoro pers. comm.). However,
the possibility that this wound was caused by another mole snake cannot be completely ruled out. Male
mole snakes fight during the breeding season and serious wounds can be obtained in these battles. These
wounds are normally concentrated on the neck or tail (Alexander and Marais, 2007).

6.4

Implications for future management strategies and research

Adult mole snakes on Robben Island seem to have developed a preference for avian prey over the more
common rodent prey items that dominate the diet on the mainland. On Robben Island, only one record
of a mammal prey item exists (black rat Rattus rattus frugiverous; B. M. Dyer pers. comm.), despite
the presence of breeding populations of a number of small mammal species (e.g. Cape golden mole
Chrysocloris asiatica and European rabbit Oryctolagus cuniculus). Eggs are thought to be the preferred
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Figure 6.2: (a) An old wound observed on an adult mole snake Pseudaspis cana on Robben Island on 8 March
2008. (b) The wound (indicated by an arrow) occurred about half-way along the length of the snake. The head
of the snake is to the right, just out of frame.

diet of mole snakes on Robben Island (Crawford et al., 1995b; Dyer, 1996) and mole snakes examined
by Dyer (1996) had consumed the eggs of Hartlaubs gull, helmeted guinea-fowl Numida meleagris and
African penguin. Recent observations of mole snake predation on birds on Robben Island have included
an attempt to swallow a kelp gull Larus dominicanus, chick that weighed c. 200 g in December 2003
(Underhill et al., 2009), an attempt to swallow a 3/4 grown (c. 300 g) swift tern Sterna bergii chick in
May 2008 and the consumption of African black oystercatcher eggs in February 2004 (Calf, 2004). Two
earlier records of chick predation occur from Robben Island, one of a Cape weaver Ploceus capensis chick
and one of a crowned cormorant Phalacrocorax coronatus chick (Dyer, 1996). All five chicks previously
consumed were thought to have fallen to the ground or wandered from their nests and prior to Underhill
et al. (2009), no previous records of mole snakes raiding occupied seabird nests in southern Africa or
consuming African penguin chicks existed.
Mole snakes are relatively conspicuous and often observed in the field on Robben Island (R. B. Sherley,
pers. obs.), so the fact that this behaviour has not been observed before suggests that it may be rare.
Adult African penguins are capable of killing, or seriously wounding, adult mole snakes (see above).
Other birds could potentially damage a snake’s eyes, causing blindness, which could impair their abilities
to catch motile prey (Aubret et al., 2005). Large numbers of (venomous) tiger snakes on Carnac Island,
Western Australia, are blinded by silver gulls Larus novaehollandiae (the ecological equivalent of the
Hartlaub’s gull) during nest defence (Bonnet et al., 1999).
Given the above, attempting to prey upon chicks that are being guarded by their parents may normally
be maladaptive and unnecessary given that large numbers of eggs abandoned by seabirds are often
available to mole snakes on Robben Island (Dyer, 1996). However, it is possible that the behaviour was
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borne out of desperation in the case described above (although endotherms can fast for long periods), or
perhaps the behaviour is recently acquired or limited to a few large individuals. In 1997 and 1998 only
a few Hartlaub’s gulls and swift terns bred on Robben Island (Crawford and Dyer, 2000) because of the
presence of a sizable population of feral cats Felis catus (Aitken, 1999; de Villiers et al., In Press), and
neither species bred successfully for a number of years prior to 2007 (T. M. Leshoro, pers. comm.) for
the same reason. A number of adult mole snakes were found dead in 1997, apparently from starvation
(Crawford and Dyer, 2000). The reduction in breeding by gulls and terns would have reduced the number
of abandoned eggs available to mole snakes and perhaps this could have encouraged large individuals
to seek alternative food sources. Penguins only recolonised Robben Island in 1983 after c. 200 years of
absence (Crawford et al., 1995b), but penguin eggs were found to occur in the mole snake diet as early
as 1989 (Dyer, 1996). This suggests that mole snakes can quickly learn to exploit new food resources.
The frequency with which interactions between seabirds and mole snakes on Robben Island occur
has not been documented (but see Dyer, 1996, for observational data over five years) and the size of the
mole snake population on Robben Island is not known, although Crawford and Dyer (2000) estimated
that there were at least 54 adults on the island between 1987 and 1998. Dyer (1996) considered mole
snakes to be uncommon on Robben Island in the mid-1990s, but they may have been abundant up until
the late 1950s (see Branch 1991 and references in Dyer 1996). Food scarcity, because of the decline
or extirpation of the seabird colonies (see above) may have affected the population between the 1950s
and 1990s, but human persecution (Crawford and Dyer, 2000) and the removal of the juvenile prey base
(e.g. lizards and frogs, through predation by cats) may also have imposed limits (Aitken, 1999). Direct
predation of neonates by cats has also been suspected but never confirmed (B. M. Dyer, pers. comm.)
Given the large numbers of seabird eggs potentially available to adult mole snakes, Dyer (1996)
considered that food was probably not limiting for the mole snake population in the mid 1990s. Silver
gull chicks constitute over 80% of the diet of tiger snakes on Carnac Island, and the large number of
gulls breeding there supports a high density of (up to 22 per hectare) of adult snakes (Bonnet et al.,
2002). Tiger snakes are a smaller species (total length up to c. 110 cm; Bonnet et al., 2002) than the
mole snake, but the densities at which they have been recorded almost certainly well exceed the current
density at which mole snakes occur on Robben Island. A capture-mark-recapture study, of the kind
conducted by Bonnet et al. (2002) on tiger snakes, could be used to estimate the population size on
Robben Island. Populations on islands lend themselves to such studies, as they are generally closed (no
immigration or emigration). The results may also be of wider interest as little attention has been given
to population ecology studies on snakes outside of North America and Europe (but see Bonnet et al.,
2002, and references therein).
Mole snake predation probably does not impose a major constraint on the breeding success of seabirds
on Robben Island, as most of the diet is probably eggs eaten once they are abandoned. However, in light
of recent observations of chick predation and the recent cat eradication schemes (de Villiers et al., In
Press), ongoing monitoring of the mole snake population, within a multi-species framework (see below),
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and the interactions between snakes and seabirds is suggested.
Considerations should also be given to the origins of the mole snake population on Robben Island. The
possibility that the population has been isolated on the island since the link to the mainland was broken
by rising sea levels c. 10–12 000 years ago (after the last Ice Age) has been noted recently (Crawford and
Dyer, 2000; Underhill et al., 2009) but not confirmed. Mole snakes are thought to have been present
on Robben Island from as early as 1610 (Branch, 1991) and they show morphological and behavioural
differences (besides dietary preferences) compared to those found on the adjacent mainland. According
to Crawford and Dyer (2000) adult mole snakes on Robben Island are generally shorter and thicker than
their mainland counterparts, and young snakes obtain the adult colouration (uniform black) at a shorter
length (30 cm) than those on the adjacent mainland. In contrast to the adult snakes encountered on the
mainland, mole snakes (both adults and juveniles) on Robben Island show little aggression towards, or
fear of human presence and generally do not to hiss or strike (Crawford and Dyer, 2000). This most likely
stems from the fact that large mole snakes on Robben Island have no predators (Crawford and Dyer,
2000). A similar behavioural difference is known between tiger snakes Notechis scutatus from mainland
Australia and a population from an island free from human, native and feral predation (Bonnet et al.,
2005).
Although this is a relatively short period of isolation, it is considered to have been sufficient time to
cause genetic divergence in isolated tiger snake populations in Australia (e.g. Aubret and Shine, 2007, and
reference therein). Indeed, it is quite possible that a number of species that still inhabit Robben Island
in 2010 have been present since before humans first set foot there in 1488 (de Villiers, 1971) and are
remnants of populations isolated during the last interglacial. This hypothesis could be tested by genetic
analyses and, if confirmed, would have implications for management priorities on Robben Island.
For example, the Cape golden mole, is common throughout the island (Crawford and Dyer, 2000)
and occurs in sandy soils on the adjacent mainland. The species would likely have survived in the habitat
present on the island before the introduction of alien trees occurred (Adamson, 1934; Brooke and Prins,
1986; Crawford and Dyer, 2000) and it is an unlikely species to be deliberately introduced to an offshore
island. Similarly, Rose’s (sand) rain frog Breviceps rosei inhabits sandy soils in a coastal belt up to 45 km
inland of the Western Cape coast (Minter, 2004) and is common on Robben Island (Crawford and Dyer,
2000). Despite the fact that standing water was almost certainly absent before the Dutch established
quarries in the 17th century (as a result of the poor water holding quality of the soil; Rossouw et al.
2000), this would not prevent rain frogs from breeding and surviving on Robben Island. Members of
the Breviceps genus spend dry periods (sometimes up to six months) underground and in some species,
including B.rosei, produce a protective cocoon against desiccation (Channing, 2001). Mating then occurs
during, or shortly after rainfall, with the entire development and metamorphosis occurring underground
(Minter, 2004).
It seems unlikely that this species would have been deliberately introduced to Robben Island but, given
its cryptic nature and habit of undergoing aestivation below ground, accidental introduction with soil could
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Table 6.1: Sex, mass and lengths of five Breviceps rosei measured on 13th August 2008 on Robben Island.
Sex
F
F
F
F
M

Mass (g)
6.8
7.0
10.8
20.7
20.9

Length (mm)
35
36
41
52
54

have occurred. Interestingly, the size range reported for this species is 30–40 mm (Carruthers, 2001) but
three of five individuals measured by the author (R. B. Sherley) in August 2008 exceeded this range
(Table 6.1). Acoustic analysis of call characteristics and genetic analysis could easily determine if any
divergence has occurred from the mainland population.
Whether or not the population has been isolated since the end of the last ice age, further study and
better protection should be afforded to the population on the island. Although B.rosei is not yet a Red
List species, it is endemic to a small area of the Western Cape and the 2004 Red Data Book (Harrison,
2004) recognises habitat loss caused by coastal development and the spread of invasive alien vegetation as
an ongoing threat to the species. Given a degree of habitat restoration on Robben Island, the population
could be easily protected and monitored to compare frog densities in alien and indigenous vegetation.
Robben Island’s managing authority has recently (and at various times in the past) initiated a number
of programmes to control numbers of alien species present on the island (e.g. Aitken, 1999; de Villiers
et al., In Press). In almost all cases, these programmes have been isolated, single-species approaches,
borne out of a state of crisis management and in some cases they have had undesirable (but not unforseen)
consequences. For example, the programmes to reduce the impact of feral cats in the 1990s and 2000s
resulted in a dramatic increase in rabbit abundance and a subsequent degradation of the vegetation
on the island (de Villiers et al., In Press). Due to the complexity of multi-species interactions such as
these, it is essential to conduct thorough risk assessments before embarking on alien species eradication
programmes. These should include establishing the current situation with regards to the island’s native
species, so that any negative consequences (e.g. Bergstrom et al., 2009) can be avoided or mitigated.
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Chapter 7
CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH
7.1

Thesis summary

Throughout the world, seabirds and other top predators in marine ecosystems face a multitude of threats
to their survival (e.g. Halpern et al., 2008), with many populations believed to be markedly depleted
compared to pre-industrial levels (Myers and Worm, 2003; Lotze and Worm, 2009). If we are to effectively
balance their conservation with the needs of human development, there is a clear requirement for research
that considers seabirds in the context of the environment they inhabit (Piatt et al., 2007). This not
only requires an understanding of how they respond to natural variations in their ecosystems, but also
how the pressures of anthropogenic actions, which are altering marine ecosystems worldwide (Halpern
et al., 2008), interact with natural variability to influence their demography (Boersma, 2008). Longterm datasets that measure sensitive indicators of seabirds’ responses to these pressures are vital to this
process (e.g. Underhill and Crawford, 2007). Focusing on colonies of two of southern Africa’s endemic
seabirds at Robben Island, this thesis has updated one long-term time series of data on how seabirds
respond to pressures and laid the foundations for at least three others. It is hoped that the findings from
this work will feed directly into management action, encourage the development of the studies described
here into long-term monitoring programmes and provide impetus for additional work in the same vein.
Accordingly, the following section denotes the key findings of this thesis and makes some suggestions for
future research.

7.1.1

Key findings and future research directions

Breeding productivity is an important parameter influencing population trends, and over the last decade, it
has been impaired in a subset of the African penguin population on Robben Island following the Treasure
oil spill in 2000 (Chapter 2). No impacts of oiling were apparent during the incubation period in this
study, suggesting that rehabilitation efforts were successful in mitigating the worst effects of oiling on
fertility for the majority of birds. However, it is likely that some de-oiled birds, possibly as many as 70%,
never bred following the spill (Wolfaardt et al., 2008b), imposing a further cost to the population. There
is the potential to carry out multi-state, capture-mark-recapture analysis (e.g. Wolfaardt et al., 2008a),
using the large database of resighting data available for Robben Island from 2000 onwards, to establish
what proportion of the de-oiled birds have not been restored to the breeding population. In addition,
assessing how the restoration probability relates to the time spent oiled, or the level of oiling, could inform
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rehabilitation protocol in future oil spills (Wolfaardt et al., 2008b).
In this study, the productivity of de-oiled birds was impaired through reduced chick survival, confirming
the findings of Barham et al. (2007) and Wolfaardt et al. (2008c). The impairment persisted throughout
the study period, suggesting that African penguins may suffer the impact of oiling for the rest of their
reproductive life. However, translocated birds were not impaired relative to controls. This adds further
support to making the action of protecting Africans penguins from becoming oiled the priority in the
event of future oil spills (Barham et al., 2007; Wolfaardt et al., 2008b).
The decreased fledging rate observed in the nests of de-oiled African penguins may stem from a
reduced ability to adequately provision chicks in these birds (Barham et al., 2007; Wolfaardt et al.,
2008c). One extension of this hypothesis is that de-oiled birds might be capable of provisioning chicks
successfully in years of normal or high food availability, but unable to cope during periods of reduced
food availability (Wolfaardt et al., 2008c) – although, note, the same effect could also result from a fixed
impairment in de-oiled birds and a decreased capacity of a never-oiled partner to compensate when food
is scarce (sensu Wright and Cuthill, 1989). The difference between birds at the de-oiled and control nests
did vary from year to year in this study, but it was not apparent that the effect was more marked in years
of overall lower reproductive success (c.f. Wolfaardt et al., 2008c). However, this study was not able to
address that question directly and chick ages at mortality were not assessed (as in Barham et al., 2007;
Wolfaardt et al., 2008c). Studying foraging behaviour and chick growth at nests with one de-oiled bird
and de-oiled pairs would provide the data necessary to answer these questions, and to determine whether
the quality of offspring produced by Treasure de-oiled birds is reduced (Wolfaardt et al., 2008c). Whether
or not the benefit of gaining this understanding would outweigh the detriment of further invasive work
on the Treasure survivors is unclear.
Over the period 2001–2009, breeding productivity at Robben Island was also influenced by nesting
habitat (Chapter 2). Artificial nests and buildings produced superior survival rates to nests under vegetation, which comprised the majority of nest sites on the island. This finding supports that of Kemper
et al. (2007c) and vindicates the time and money currently being spent to place artificial burrows at
several colonies in the Western Cape. However, the optimal design of these nests is likely to vary from
one colony to another (Kemper et al., 2007c) and further data are needed to determine if, for example,
a difference can be detected between the wooden nest boxes and the acrylic plastic burrows at Robben
Island. Occupancy of the artificial nests also seems to differ between localities on the island (R. B. Sherley,
pers. obs.) and gaining a better understanding of how the spatial and social components of nest selection (e.g. Seddon and van Heezik, 1991a; Kemper et al., 2007d) might influence the appeal of artificial
nests to Africans penguins should help to devise strategies for the optimal provision of enhanced nesting
habitat.
Both the breeding success (Chapter 2) and chick growth (Chapter 3) of African penguins reported in
this thesis showed inter- and intra-annual variability, with the results suggesting relationships with food
availability. Annual chick growth rates appeared to be related to the abundance of sardine, while breeding
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productivity over the period 2001–2009 was related to the directed catch of the anchovy fishery within
30 miles of Robben Island. Both the anchovy fishery and African penguins target the same age class
of anchovy on the West Coast (Fairweather et al., 2006; Crawford et al., 2006a), and over most of the
last decade, breeding success was higher when local catches were high, suggesting that the availability of
anchovy to the industry is a good proxy of its availability to African penguins at Robben Island.
However, fisheries have the potential to impact the ability of seabirds to forage by depleting the local
or overall availability of their prey (e.g. Tasker et al., 2000), particularly in the case of birds with small
foraging ranges (Pichegru et al., 2009) and species which do not make use of fisheries discards (Ryan and
Moloney, 1988). Further research aimed at understanding how fishing within their foraging ranges affects
seabirds should be an urgent priority (e.g. Pichegru et al., 2009), for example, by considering at what
level of local exploitation fishing starts to negatively impact the survival of seabirds and their capacity to
rear chicks successfully. Imposing spatial limitations on fisheries, such as marine protected areas (MPAs)
or areas of limited catch, may be one alternative approach to altering the annual total allowable catch
(TAC) of the purse-seine fishery (Pichegru et al., 2009). However, the efficacy of MPAs to protect pelagic
fish stocks still needs to be confirmed (Gaines et al., 2010; Kaplan et al., 2010) and MPAs need to be
established within an Ecosystem Approaches to Fisheries (EAF) framework (Halpern et al., 2010).
Spatial and temporal mismatches been prey abundance and the needs of their predators have been
suggested as important mechanisms influencing trophic interactions in marine ecosystems and they can
negatively impact breeding productivity in seabirds (e.g. Durant et al., 2005; Shultz et al., 2009). The
monthly patterns of chick growth (Chapter 3) and nest survival (Chapter 2) were variable between
breeding seasons and colonies and one possible explanation for the observed variability is a spatiotemporal
mismatch. In 2009, the one year for which data were available, both growth and nest survival probabilities
seemed to peak with the arrival of small pelagic fish in the vicinity of Robben Island. This only occurred
relatively late in the breeding season and thus may have resulted in the below average growth and average
breeding success observed in that year. Further data are needed to confirm the importance (if any) of
temporal variations in food availability to the breeding productivity of African penguins and further years
of small-scale surveys around important breeding colonies are crucial to meeting this aim, as well as to
gathering fisheries independent information on local prey abundance (Merkle et al., 2009).
The apparent link between annual chick growth rates and sardine abundance in the previous November
(Chapter 3) could arise from a need for birds to obtain condition prior to breeding (e.g. Crawford et al.,
2008b). However, a continuation of the dataset, plus efforts to link chick growth and condition to adult
condition and foraging effort (e.g. Ballard et al., 2010) would be necessary to draw any firm conclusions.
Chick growth may prove to be a particularly useful parameter to indicate how African penguin respond
to changes in their environment in the Benguela Upwelling System (e.g. Mullers et al., 2009), but it will
first be necessary to also understand how it responds to influences besides food availability, how it relates
to measures of breeding success and how all of these variables interact. Indeed, it a major shortcoming of
this study that the factors influencing breeding success and chick growth in African penguins have been
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considered independently; however, this approach was necessary with the limited data available and only
the continuation of the long-term data collection programmes will make it possible to move beyond this
state.
Compared to the African penguin, there is a paucity of data available on how bank cormorants are
responding to the ongoing changes occurring in the Benguela Upwelling System (but see Crawford et al.,
2008a). Chapter 4 undertook the first comparative study on nest survival and breeding success for the
species. Overall, breeding success was low compared to other similarly sized cormorants, but relatively
invariable from year to year. This may result from a reliance on low energy prey, at least in Namibia.
Construction of energy budgets and chick growth studies could quantify the energetic requirements of
the breeding attempt in bank cormorants and determine how the growth of chicks relates to the energy
content of different prey species. Diet analysis and studies of foraging behaviour (e.g. Ludynia et al., 2010)
are also needed to increase our knowledge of how the species responds to variations in food availability
and to identify important foraging areas. This would allow for better protection of key foraging areas and
prey species from activities that might negatively affect bank cormorants (e.g. disturbance or fishing). A
comprehensive annual census at all known breeding localities would also help to update population trends
and identify breeding sites in need of additional protection.
In the study reported in this thesis, nest survival was reduced at Robben Island in one year where major
storm events occurred during peak breeding, while at Mercury Island, a heat wave caused major chick
mortality in 2005. Under some scenarios for future climate change in southern Africa, stochastic weather
events are set to increase and this could pose a significant threat to the species. Consequently, there is
a need to build long-term, comparable datasets at a few colonies to monitor changes in productivity in
relation to climate change, both induced alterations in food availability (Crawford et al., 2008a) and the
possible impacts of increased dramatic weather events. The species is difficult to monitor in some cases
and can be prone to disturbance (Crawford and Cooper, 2005). Developments of non-invasive methods
to monitor nests during the breeding attempt (e.g. Bolton et al., 2007; Dickinson et al., 2010) could
assist with the aim of building long-term datasets with minimal risk to the species. Trials to modify the
software and hardware components used in Sherley et al. (2010) and Chapter 5 are currently underway.
Fully-automated, visual monitoring of individual African penguins in their natural environment is
now theoretically sound and practically feasible (Chapter 5). The development of the African Penguin
Recognition System (APRS) has provided a method for monitoring colony attendance of African penguins 24-hours a day, without the need for researcher presence in the colony. Detailed bench-marking
experiments have confirmed that the system can operate at rates of coverage and confidence 1 superior
to manual flipper banding identification efforts. However, a complete deployment of the system still
needs to be achieved and further work is required to perform a full analysis of the system’s capacity, to
transfer the technology to other colonies and species and to make data available for conservation-decision
1

Matching results are presented in Sherley et al. (2010)
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making. Specifically, the immediate aims of the project are to populate a complete version of the identification database and establish the empirical enrolment and recapture rates as well as the representation
of transients in the database. The next steps will be to confirm the accuracy and reliability of the APRS
under field conditions. This will require comparing the identifications against established monitoring
techniques and establishing the error-rates inherent to the system to guide the development of suitable
capture-mark-recapture models for data analysis. Once these goals are achieved, the project should be
well placed to feed survival and population data into management decision-making tools, such as EAF
models (e.g. Roux and Shannon, 2004).

7.2

Concluding remarks

Data from seabird monitoring programmes cannot be interpreted in isolation and one of the key aims
of this thesis was to contribute to holistic, ecosystem-based management strategies for the Benguela
Upwelling System. Increasingly, modelling plays an important in role in ecosystem-based management
by assessing the quality of the parameters chosen to indicate ecosystem functioning and predicting the
outcome of management actions (Nichols and Williams, 2006; Link et al., 2010). The data on the impacts
of oiling and the data relating to local food availability and the breeding productivity of African penguins
presented in this thesis are already being employed in the development of EAF-based models. The aim
of these studies is to assess how African penguins respond to different levels of fishing pressure within
the local vicinity of their breeding colonies and more globally within the Benguela Upwelling System.
However, the key component of the model is that it will attempt to account for the influence of all of the
major pressures facing the species (e.g. the impact oiling, predation etc.) and their interactions with the
potential pressure provided by industrial fishing. Trying to understand how all the factors studied in this
thesis interact with one another, and with survival (both adult and juvenile) to drive populations changes
must be a key area of focus for future research. For this objective to be met, monitoring and ecosystem
modelling need to be integrated, with high quality data guiding modelling studies and predictions from
these studies being fed back into modified monitoring strategies (Nichols and Williams, 2006; Shannon
et al., 2006).
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