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1. I am an adult female and am in the final stages of completing a doctorate at the 

University of Exeter.  My research concerned the use of powerful demographic 

models to determine the rates that govern population dynamics of African Penguins 

and to project the impact of potential conservation actions on population trajectories. 

2. The facts contained in this affidavit are within my personal knowledge and belief, 

unless otherwise stated or appears from context, and are to the best of my ability 

both true and correct. 

3. My qualifications are set out in my curriculum vitae, attached marked “JLG1”. In 

brief my qualifications and expertise are as follows: 

3.1. I hold a Bachelor of Science (Honours) in Animal Science (Behaviour and 

Welfare) from the University of Bristol, a Masters by Research on the topic of 

conservation biology from the University of Bristol and, as indicated, am close 

to completing my doctorate. 

3.2. I have co-authored four papers in peer-reviewed journals and have one lead 

author paper in review.  I have published a chapter on African penguin 

ecology and conservation in a book outlining a synthesis of the world's 

imperilled species and ecosystems.  I have served as a peer-reviewer for five 

journals concerned with marine ecology and conservation biology. 

3.3. I have undertaken multiple professional demographic modelling training 

courses, including those on the topic of multistate and multievent capture-

mark-recapture analysis and Bayesian integrated population monitoring. 
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3.4. I am the lead author of the article “Bayesian population viability analysis 

reveals impacts of fisheries management on an Endangered seabird”, which 

is currently in preparation to be submitted to the peer-reviewed journal 

Proceedings of the Royal Society B: Biological Sciences.  I have attached to 

this affidavit, an up-to-date draft of this article as “JLG2”.  For ease of 

reference I refer to my analysis as “the demographic projection analysis”. 

4. The demographic projection analysis presents the calculations and outcomes of a 

modelling process, used to derive estimates of important demographic rates for the 

African penguin populations at Robben Island and Stony Point and assesses the 

viability of these populations when projected into the future under five alternate 

fisheries management scenarios. The five interventions modelled are:  

4.1. no fisheries management;  

4.2. small-scale (20 km) fishing closures at breeding colonies;  

4.3. wider spatial fisheries closures in important foraging areas used by pre-

breeders and non-breeding adults (with a modelled impact on survival across 

all ages classes);  

4.4. wider spatial fisheries closures implemented in conjunction with small-scale 

closures at colonies; and  

4.5. wider spatial fisheries closures implemented in conjunction with small-scale 

closures at colonies (with a modelled impact on only adult survival). 
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5. The demographic projection analysis uses the results of population counts, capture-

mark-recapture data and breeding success data from five breeding colonies in the 

Western Cape of South Africa: Robben Island, Stony Point, Dassen Island, Simon’s 

Town and Dyer Island, from between 2013 and 2020.  

6. This data is analysed using a combined integrated population model-Bayesian 

population viability analysis (IPM-BPVA). IPM-BPVAs are considered a robust 

modelling framework for quantifying the impacts of potential management actions 

on forecasted population dynamics.  

7. The IPM-BPVA is used to derive the following demographic rates:  

7.1. the survival of juvenile, immature and adult African penguins;  

7.2. the dispersal of penguins breeding for the first time; and  

7.3. fecundity (the number of successful fledglings produced by each breeding 

female) for the period 2013 to 2020.  

8. The model also projects the population 13 years into the future (i.e. until 2033) and 

assesses population viability under the alternate fisheries management scenarios 

referenced above.  

9. Population viability is assessed based on the following metrics:  

9.1. population growth rate from 2020 to 2033; and 

9.2. probability that the population size would be smaller in 2033 than in 2020. 
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10. The model estimates demographic rates and population viability for Robben Island 

and Stony Point.  I also used data from Dassen Island, Simon’s Town and Dyer 

Island in the model so that movement between Robben Island, Stony Point and 

other colonies in the Western Cape can be estimated.  However, there is not 

sufficient data to estimate separate parameters or viability for these three additional 

sites. 

The findings in relation to slowing of the rate of decline 

11. The demographic projection analysis concludes, through a combination of observed 

and projected data, that implementing small-scale (20 km) fishing closures around 

Robben Island will significantly benefit African penguins.  

12. The results of modelling indicate that the impacts of fishing closures on the 

population growth rate at Robben Island are sufficiently large relative to the local 

reductions in penguin abundance, to reverse the current trend in decline if 

implemented on long-term basis. 

12.1. The demographic projection analysis demonstrates that the annual 

population growth rate (λt) of the population at Robben Island, when projected 

with 20 km closures implemented in the vicinity of the breeding colony, rises 

above 1, indicating positive population growth by 2025 (the fifth year of 

projections). Within the short-time scales of these projections, this was not 

sufficient to drive population recovery.  However, this suggests that, given 

more time, the observed effect of the 20 km closures would be sufficient on 

their own to reverse the trend of decline.  
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12.2. Further to this, the results presented in the demographic projection analysis 

demonstrate that, by 2033, the size of the population at Robben Island, when 

projected with 20 km closures implemented in the vicinity of the colony is 

1052 breeding pairs. Comparatively, the size of the population when 

projected with no fisheries management is 808 breeding pairs. This indicates 

that the projected population in 2033, with 20 km small-scale fishing closures, 

is approximately 30% larger than without fishing closures. 

12.3. In other words, if 20 km fishing closures are implemented until the end of 

2033 at Robben Island, I would expect the population to be growing, and 

considerably larger, than under a scenario with no closures. 

13. In respect of Stony Point, the demographic projection submission concludes that 

implementing small-scale (20 km) fishing closures around this colony allow the 

population to recover more quickly than under a scenario with no fisheries 

management at Stony Point. 

13.1. The results presented in the demographic projection submission demonstrate 

that, by 2033, the size of the population at Stony Point when projected with 

20 km closures implemented in the vicinity of the colony is 2199 breeding 

pairs. Comparatively, the size of the population when projected with no 

fisheries management is 1842 breeding pairs. This indicates that the 

projected population in 2033, with 20 km small-scale fishing closures, is 

approximately 20% larger than without fishing closures. 
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What this means in terms of other islands / any limitations (e.g. the relationship 

between the 20km and other closure options) 

14. The modelling process used to generate the projections presented in the 

demographic projection analysis are only based on improvements in demographic 

parameters measured as part of the ICE, namely chick condition (which in turn 

influences juvenile survival; the relationship between these two parameters is 

included in this model) and chick survival.  

15. In African Penguins, adult survival is correlated with forage fish abundance, and 

evidence from other seabirds suggest that fisheries can affect survival. Therefore, 

it is possible that small-scale closures may positively influence immature and adult 

survival, which was not accounted for in our models.  As such, the impacts of the 

small-scale fishing closures on the projected populations demonstrated in the 

demographic projection analysis are likely to be underestimated. 

16. I was unable to project the impact of the small-scale closures on the populations at 

Dassen Island, Simon’s Town or Dyer Island separately due to limited data available 

for these sites. However, given that the closures had significant positive effects at 

Robben Island and Stony Point, it is reasonable to assume that these closures 

would induce similar population effects at these colonies. 

17. Given my qualifications and experience, as set out above, I am duly qualified to 

express an expert opinion on the data provided in the demographic projection 

analysis. 
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18. I confirm the content of the demographic projection analysis and the expert opinion 

expressed therein. I further confirm that the methods and data relied upon are robust 

and credible. 

 

_________________________________ 

JENNIFER LEIGH GRIGG 

The deponent has acknowledged that she knows and understands the contents of this 

affidavit, which was signed and sworn to before me at ________________ on this the 

_______ day of _________2024, the regulations contained in Government Notice No. 

R1258 of 21 July 1972, as amended, and Government Notice No. R1648 of 19 August 

1977, as amended, having been complied with. 

 

_______________________________ 

COMMISSIONER OF OATHS 

Full Names: 

Capacity: 

Designation: 

Address: 



JENNIFER LEIGH GRIGG 

29 Bramble Drive, Chippenham, SN15 3PH · jenlgrigg@gmail.com · +44 (0)7429412963 

Relevant Experience 

Job title:  PhD Researcher 
Employer name:  University of Exeter 
Employment period: September 2018 – August 2024 
Nature of role: 

• PhD student, undertaking research using powerful demographic models to determine the
vital rates that govern population dynamics of African penguins and project the impact of
potential conservation actions on penguin population trajectories; alongside research to
determine the at-sea behaviour of immature African penguins.

• Responsibilities include: planning and conducting research including international fieldwork
and statistical analysis of demographic and spatial data; obtaining the necessary ethics
approval and permits; completing associated reporting for government and conservation
authorities; and communicating outputs through publications in academic journals, book
chapters and conference presentations.

Job title:  Volunteer Field Team Leader (South African Penguin Project) 
Employer name:  (South African Penguin Project), Earthwatch Institute 
Employment period: March 2015 – August 2019 
Nature of role: 

• Volunteer expedition assistant/leader for African penguin research project. Leading one
team per year for five consecutive breeding seasons at Robben Island, South Africa.

• Duties include: carrying out/overseeing African penguin nest surveys, molt counts and
chick condition measurements; overseeing of data entry; and leading and planning
volunteer activities.

Job title:  Volunteer Research Assistant (Storm Petrel Project) 
Employer name:   A ROCHA, Portugal 
Employment period: June 2014 
Nature of role: 

• Research assistant position where I worked as part of a small team to monitor Storm petrel
populations on Portugal’s Algarve coast.

• Duties included: assisting in ringing, weighing and taking morphometric measurements of
Storm petrels; assisting in setting up call playback systems and mist-nets; and recording
environmental variables i.e. sea surface temperature, wind speed.

Job title:  Seabird Rehabilitation/Seabird Chick-Rearing Intern  
Employer name:   Southern African Foundation for the Conservation of Coastal Birds 
Employment period: November 2011 – August 2012 
Nature of role: 

• Internship position, where responsibilities included: providing care for ill and oiled seabirds;
managing artificially incubated eggs; hand-rearing African penguin chicks; maintaining detailed
daily records for all bird’s growth, health, medication; and training and supervising volunteers. I
also gained experience in collecting and analysing seabird blood samples.
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Employment History 
 
Job title:    Freelance Academic Editor 
Employer name:    Cactus Communications 
Employment period:  September 2019 – December 2020 
Nature of role: 

• Free-lance position as an academic editor, working part-time alongside my PhD. 

• Responsibilities included: editing manuscripts in the field of natural sciences for structure, flow 
and language, in preparation for submission to academic journals. Role involved working to tight 
deadlines and managing multiple commissions simultaneously. 
 

Job title:    Policy Officer 
Employer name:    Department for Environment, Food and Rural Affairs 
Employment period:  May 2017 – September 2018 
Nature of role: 

• Policy co-ordinator role working on EU Exit and agri-food policy. 

• Responsibilities included: co-coordinating work from central teams to policy staff across multiple 
Directorates; compiling and synthesising updates and information from policy teams into regular 
progress reports and when required publications for use in cross-Whitehall forums; providing 
secretariat function for governance meetings; leading work with the Devolved Administrations to 
agree post-Exit UK frameworks for food policy. 

 
 

Education 
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Qualification:  MSc by Research, Biological Sciences 
 
Name of institution:  University of Plymouth 
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Analytical skills  
Proficient at data management, analysis and visualisation using the software, R. Statistical analysis 
skills include modelling of seabird demographic data with Integrated Population Models within a 
Bayesian framework, Population Viability Analysis, capture-mark-recapture analysis; and spatial 
analysis of seabird tracking data using R and GIS. Experienced in managing large datasets including 
demographic data and seabird movement data derived from biologging devices. 
 
Field skills 
Experienced in handling a wide variety of seabird species. Proficient at catching, processing and 
tagging seabirds (passive-integrated transponders), and attaching biologging devices. Experienced 
carrying out surveys of burrow-nesting species and collecting demographic data at the colony level. 
Understanding of health and safety legislation and undertaking risk assessments. Experience of remote 
fieldwork in the UK and internationally. 
 
 
 
 



Communication and collaboration skills 
Proficient in producing technical reports outlining research findings for government permit and funder 
requirements, academic manuscripts and book chapters; and drafting policy documents and briefings 
for government ministers. Experience in leading and facilitating technical discussions of complex 
research to government working groups and in communicating research findings at academic 
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conservation e.g. Environmental Impact Assessments, litigation proceedings against the South African 
Government in relation to delineation of fishing closure delineations. 
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Bayesian population viability analysis reveals impacts of fisheries 1 

management on an Endangered seabird 2 

3 

ABSTRACT 4 

Conservation decision making is often delayed because of insufficient evidence to support 5 

interventions. However, models that quantify the impacts of potential management actions on 6 

forecasted population dynamics can provide a mechanism for ecological decision-making. 7 

Here we combine integrated population modelling with a Bayesian population viability 8 

analysis to estimate demographic rates and assess population viability at two important 9 

colonies for the Endangered African penguin Spheniscus demersus, under five alternate 10 

fisheries management scenarios. Without fisheries management, between 2020 and 2033 the 11 

population at Robben Island was predicted to decline by 26%, representing an annual loss of 12 

~2%; and at Stony Point was simulated to increase by 7%, representing growth of ~0.5% per 13 

annum. With small-scale fishing closures at breeding colonies (the scenario that most closely 14 

represented current interventions), the annual population growth rate (λt) at Robben Island 15 

improved, eventually achieving positive growth. However, not sufficiently for the population 16 

to fully recover during the limited timeframe of our simulation. Overall, the population was 17 

predicted to decrease by 4% at Robben Island and increase by 28% at Stony Point. 18 

Interventions that improved adult survival, namely fisheries closures operating at a wider 19 

spatial scale, afforded the most benefits to penguins. When modelled in conjunction with 20 

closures at colonies, the projected population at Robben Island and Stony Point showed 21 

significant recovery, increasing by 52% and 72%, respectively. Our results provide further 22 

evidence that small-scale fishing closures at breeding colonies can benefit penguins. 23 

However, halting the population decline requires fisheries management interventions 24 

"JLG2"
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implemented at a wider spatial scale and that target important foraging habitats used by 25 

immature individuals and adults outside of the breeding season. 26 

 27 

  28 
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Introduction 29 

As human activities continue to alter ecosystems around the globe, increasingly more species 30 

are threatened with extinction (Prakash & Verma 2022). However, the conservation actions 31 

that are required to reverse population declines are often delayed as lack of biological 32 

evidence to support interventions leads to uncertainty regarding outcomes (Meek et al. 2015). 33 

Decision makers may face opposing pressures leading to debates regarding whether to adopt 34 

a precautionary approach using the available data, or to defer action until there is sufficient 35 

evidence to indicate that management will be successful. Decisions can be especially difficult 36 

where conservation interventions have socio-economic repercussions, for instance by 37 

restricting human activities within areas important for industries or communities (Grip & 38 

Blomqvist 2020). 39 

In marine ecosystems, one of the largest threats to biodiversity is the poor management of 40 

commercial fisheries (Agardy 2000). Marine Protected Areas (MPAs) are well-known tools 41 

for protecting important marine habitats and their biodiversity. However, their establishment, 42 

particularly where they incorporate no-take zones, often have economic and social costs 43 

associated with fishing restrictions (Eriksson et al. 2019). There is increasing evidence that 44 

well-managed MPAs are beneficial, even for mobile apex predators (Koldewey et al. 2010; 45 

Albano et al. 2021), whose populations can have significant cascading effects on ecosystem 46 

structure and function (Baum & Worm 2009; Kiszka et al. 2015). Yet, relative to the rate of 47 

marine biodiversity loss and requirement for spatial protection, the area and level of 48 

protection afforded by current MPAs is insufficient (Jones et al. 2020). Gathering robust data 49 

in the marine environment to demonstrate causality between human activity and adverse 50 

effects on biodiversity is time-consuming and costly (Rush & Solandt 2017). Furthermore, 51 

for many threatened species that would benefit from area-based protection, quantifying the 52 
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effect of management interventions on population growth is often extremely difficult due to a 53 

lack of experimental data (Saunders et al. 2018). 54 

Traditional population viability analysis predicts population growth and extinction risk under 55 

alternate management or climate scenarios, but due to the requirement for long-term datasets, 56 

its applications can be limited (Doak et al. 2005). Integrated population models (IPMs) 57 

provide data-informed estimates of population size, trajectory, and demographic rates; and 58 

quantify how ecological processes affect these rates and subsequently regulate populations 59 

(Besbeas et al. 2002; Schaub & Abadi 2011). They also allow for all data to be analysed in a 60 

single model with one joint likelihood. Compared to traditional approaches which combine 61 

multiple, separate analyses with different likelihoods (e.g. Oppel et al. 2023) this allows for 62 

the better estimation of parameter estimates with reduced uncertainty (Schaub & Abadi 2011; 63 

Frost et al. 2023). IPMs are also useful tools for guiding population management decisions, 64 

as they can be used to identify the demographic rates which have the largest influence on the 65 

projected population size and trajectory. Increasingly, IPMs have been combined with 66 

population viability analysis within a Bayesian framework (IPM-BPVA) to project 67 

populations for the purpose of conservation management (Oppel et al. 2014; Saunders et al. 68 

2018; Rosenblatt et al. 2021; Davis et al. 2023). For species that require urgent conservation 69 

interventions, IPM-BPVAs are a powerful tool for quantifying the impacts of potential 70 

management actions on forecasted population dynamics and provide a mechanism for 71 

ecological-decision making, so that interventions which will confer the most benefit can be 72 

prioritised (Arnold et al. 2018; Crawford et al. 2018a). 73 

The African penguin (Spheniscus demersus) is an Endangered seabird endemic to the 74 

Benguela upwelling ecosystem (BirdLife International 2020). It breeds at 26 localities in 75 

Namibia and South Africa, the latter of which holds ~85% of the breeding pairs (Sherley et 76 

al. 2024). The South African population has decreased by ~77% since 1993, from ~40,000 77 
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breeding pairs to ~8,750 in 2023 (Sherley et al. 2024). The rate of decline has been 78 

particularly pronounced off the West Coast, where the population has decreased by ~75% 79 

within the last 30 years, compared to the neighbouring South-West Coast where the 80 

population has fallen by ~31% (Sherley et al. 2024). Numerous threats including predation, 81 

oiling, disease and lack of breeding habitat have contributed to this trend (Grigg & Sherley 82 

2022). However, the primary driver of the decline is insufficient prey availability, due to 83 

changes in the abundance and distribution of sardine (Sardinops sagax) and anchovy 84 

(Engraulis capensis), combined with competition with purse-seine fisheries (Crawford et al. 85 

2011, 2018b, 2019), which has resulted in high adult mortality, (Robinson et al. 2015) and 86 

low juvenile survival (Sherley et al. 2014a, 2017). Thus, conservation interventions that 87 

increase prey availability are critical to prevent further population decline (Sydeman et al. 88 

2021, 2022). 89 

Since 2013, African penguin research and conservation has been guided by the African 90 

penguin Biodiversity Management plan (APBMP), which aims to ensure no extant colonies 91 

become extinct; for populations in all three regions of South Africa to be stable or increasing, 92 

and to increase the overall South African population size by 5% (Government Gazette of 93 

South Africa 2013, 2022). One of the objectives for achieving these aims is to ensure the 94 

availability of forage fish in key foraging areas used throughout the African penguin lifecycle 95 

(Government Gazette of South Africa 2022). 96 

Between 2008 and 2021, experimental small-scale (20 km radius) fishing closures were 97 

alternated around two pairs of neighbouring islands (Robben Island and Dassen Island in the 98 

Western Cape; Bird Island and St Croix in the Eastern Cape), to determine if protecting 99 

foraging areas in proximity to breeding colonies confers advantages to penguins (Punt et al. 100 

2023). These closures have had positive impacts on chick survival and chick condition, and 101 

decreased foraging effort (Pichegru et al. 2010, 2012; Sherley et al. 2018, 2022). Recently, 102 
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following an evidence review by an international scientific panel (Punt et al. 2023), the South 103 

African Government agreed to implement permanent no-take zones at the six largest breeding 104 

colonies (the four used in the experiment plus Stony Point and Dyer Island, Figure 1) from 105 

2023 to 2033 (see https://www.dffe.gov.za/node/2001). However, the evidence base for the 106 

closed areas will be reviewed in 2030, the scope for competition with fisheries is apparent 107 

across the penguins’ foraging range, and previous work has suggested that the small-scale 108 

closures alone are unlikely to be sufficient to reverse the species’ decline (Sherley et al. 2017, 109 

2018, 2022). Interventions are also required that protect important foraging areas used by 110 

juveniles, immatures and adults throughout the rest of the annual cycle. For example, 111 

adaptive no-take zones that come into effect seasonally, or when prey drops below certain 112 

critical thresholds. 113 

To assess the effectiveness of alternate fisheries management strategies against achieving the 114 

aims of the APBMP, we developed a combined IPM-BPVA within a Bayesian framework. 115 

Using population counts, capture-mark-recapture and breeding success data from five 116 

breeding colonies in the Western Cape of South Africa, representing ~60% of the global 117 

population, we aim to: 1) estimate African penguin demographic rates; and 2) project the 118 

population 13 years into the future and assess population viability under alternate fisheries 119 

management scenarios. We compare five possible interventions: 1) no fisheries management; 120 

2) small-scale fishing closures at breeding colonies; 3) wider spatial fisheries closures in 121 

important foraging areas used by pre-breeders and non-breeding adults (with a modelled 122 

impact on survival across all ages classes); 4) wider spatial fisheries closures implemented in 123 

conjunction with small-scale closures at colonies; and 5) wider spatial fisheries closures 124 

implemented in conjunction with small-scale closures at colonies (with a modelled impact on 125 

only adult survival). 126 

 127 
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Methods 128 

Study sites 129 

We used data collected between 2013 and 2020, from five African penguin colonies in the 130 

Western Cape of South Africa: Dassen Island (33°25’S, 18°05’E) and Robben Island 131 

(33°49'S, 18°22'E) on the West Coast, north of Cape Town (Figure 1); and Simon’s Town 132 

(34°11'S, 18°27’E), Stony Point (25°43’S, 014°49’E), and Dyer Island (34°41’S, 19°24'E) on 133 

the South-West Coast, south and east of Cape Town (Figure 1). Following a steep decline 134 

from a peak population of ~8,500 breeding pairs in 2004, the Robben Island population 135 

remained relatively stable during the study period, fluctuating between ~1,000 and ~1,400 136 

breeding pairs (Sherley et al. 2020, 2024). In contrast, the Stony Point population, which was 137 

increasing until 2015, reaching ~2,500 breeding pairs, subsequently declined to ~1,700 pairs 138 

in 2020 (Sherley et al. 2020, 2024). Comparatively, Dassen and Dyer Island, declined (2013: 139 

~ 2,600 breeding pairs, 2020: ~1,900 pairs) and remained relatively stable (2013: ~1,300 140 

pairs, 2020: ~1,050 pairs), respectively. Simon’s Town was the only consistently increasing 141 

population (2013: ~600 pairs, 2019: ~900 pairs) during the study period (Sherley et al. 2020, 142 

2024). 143 

Demographic data collection 144 

Population count data were derived from annual censuses of breeding pairs carried out 145 

between May and August at all sites (Sherley et al. 2020, 2024), thus represent the number of 146 

breeding females. African penguin nests were monitored for breeding success between 147 

January and December at Dassen Island (due to the extended breeding season) and March and 148 

September at all other sites. Active nests with eggs were identified and subsequently visited 149 

weekly or bi-weekly and the contents recorded until chicks died or were presumed to have 150 

fledged (Sherley et al. 2012). Chicks were assumed to have fledged if they were seen at ≥ 45 151 
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days old and could not be found on a subsequent visit. Annual estimates of chick survival and 152 

egg survival were calculated using an extension of the Mayfield method and parametric 153 

survival models (Sherley et al. 2012, 2013, 2018; Ludynia et al. 2014). These two datasets 154 

were used alongside published estimates of clutch size and the number of clutches per year to 155 

estimate fecundity (the number of successful fledglings produced by each breeding female; 156 

see Appendix S1.B3). To correspond with the constraints of the capture-mark-recapture data 157 

(see below), population count and breeding success data for Dassen Island, Dyer Island and 158 

Simon’s Town were averaged to create a new site ‘Elsewhere in the Western Cape’ (hereafter 159 

referred to as ‘Elsewhere’). 160 

Since 2013, at all sites named above (plus Bird Island and St Croix in the Eastern Cape), 161 

breeding adults and fledglings have been marked with subcutaneous passive integrated 162 

transponders (PITs) (e.g. Leith et al. 2022). Fledglings removed from these sites as eggs or 163 

chicks and hand-reared in captivity are also marked with PITs prior to release (Sherley et al. 164 

2014b; Stander & Klusener 2020). Resighting data was collected using hand-held readers 165 

(RS420 EID Reader, Allflex®, UK) during the routine monitoring of breeding success, and at 166 

all colonies except Dassen Island, using automatic ground readers (IS1001 Reader, 167 

Biomark®, USA) installed on penguin “highways” to/from sea (Sherley et al. 2010; Leith et 168 

al. 2022). However, an outbreak of Avian Influenza meant that during 2018, penguins were 169 

not marked in colonies and procedures for using hand-held readers were modified (Molini et 170 

al. 2020). Annual multi-state capture histories were created by combining resightings of 171 

individuals between March and October into a single annual encounter, based on location, 172 

age and breeding status. Encounters from Dassen Island, Simon’s Town and Dyer Island 173 

were pooled to form a new location ‘Elsewhere’ (see below and Appendix S2), to account for 174 

movement to/from Robben Island and Stony Point. Three age classes were considered: 175 

juveniles (0-1 years old), immatures (1-2 years old) and adults (>2 years old). All birds 176 
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marked as adults entered the dataset as breeders. Individuals marked as chicks were defined 177 

as breeders if (upon reaching maturity) they were observed guarding a nest site, incubating 178 

eggs, attending chicks; or if they were at least three years old and recorded on the ground 179 

reader on more than six different occasions over a minimum of 12 days and a maximum of 180 

120 days (Williams & Cooper 1984; Seddon & van Heezik 1991; Whittington et al. 2005). In 181 

total, capture histories from 5,890 penguins were used (1,658 birds marked as adults; 4,232 182 

marked as chicks). 183 

 184 

Integrated population model 185 

We analysed the three datasets using an IPM (Kéry & Schaub 2011; Schaub & Abadi 2011) 186 

fitted in a Bayesian framework, to estimate probabilities of survival and dispersal; fecundity 187 

abundance and population growth rates. 188 

 189 

Population model 190 

We first developed a stage-structured demographic model that linked population sizes and 191 

demographic rates using a projection matrix model framework (Caswell 2000). The model 192 

was based on a pre-breeding census and was female-based (as population count data was 193 

based on the number of breeding pairs and did not include pre-breeders), with transitions 194 

between states based on an annual time step aligning with the African penguin breeding 195 

season in the Western Cape. Based on previous knowledge of African penguin life history, 196 

we assumed that individuals did not begin breeding until they reached 3 years old 197 

(Whittington et al. 2005) and could not change location once they had begun to breed 198 

(Sherley et al. 2014a). We constrained the model so that non-breeding individuals could not 199 

change location (until they recruited for their first breeding attempt; to allow for the 200 
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estimation of natal dispersal); so that individual birds only had one breeding attempt per year, 201 

the sex ratio of fledglings was equal and there were no effects within each stage class (i.e., no 202 

individual effects). The model had a total of 12 states, based on a combination of age, 203 

location and breeding status. For each location (Robben Island, Stony Point and ‘Elsewhere’) 204 

states were defined for: 1 year-old non-breeders; 2 year-old non-breeders, >2 year-old non-205 

breeders (i.e. adults that had not yet recruited) and >2 year-old breeders (i.e. adults that had 206 

recruited). The number of individuals in each of the 12 states at time t was a function of the 207 

number of individuals in the relevant states at t-1, combined with age- and location-specific 208 

probabilities of survival, and location-specific probabilities of dispersal and fecundity (these 209 

parameters were only applied to adults i.e., individuals >2 years old). ‘Elsewhere’ states 210 

(comprised of data from Dassen Island, Simon’s Town and Dyer Island) were incorporated so 211 

that movement between Robben Island, Stony Point and other colonies in the Western Cape 212 

could be estimated, as there were not sufficient data to estimate separate parameters for each 213 

of these sites. However, as each of these sites have different population trajectories and 214 

underlying demographic rates (Ludynia et al. 2014; Sherley et al. 2014a, 2020) we did not 215 

expect the model to produce meaningful ‘Elsewhere’ parameter estimates that reflected the 216 

true state of the population (see Appendix S2 for more details). As such, parameter estimates 217 

for ‘Elsewhere’ are not presented here. We included demographic stochasticity by using 218 

Poisson and binomial distributions to specify the relationships between the state-specific 219 

abundance at year t+1 and t. Environmental stochasticity was incorporated by allowing 220 

demographic rates (for adult survival at Robben Island and Stony Point and fecundity at all 221 

sites) to vary randomly by year. A detailed description of the model, including the life cycle 222 

graph and list of states and state transitions are provided in Appendix S1. 223 

 224 

Estimation of model parameters 225 
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Parameter estimates (the annual state-specific population sizes and demographic rates) were 226 

obtained from analysis of the joint likelihood of the IPM (Besbeas et al. 2002). This was 227 

composed from the likelihood of: 1) a state-space demographic model for the population 228 

count data; 2) a multi-state capture-mark-recapture model for the individual capture histories; 229 

and 3) Poisson regression models for the fecundity data.  230 

The state-space model for the count data incorporated a population state-process model 231 

consistent with that of the population model described above, and a Poisson observation 232 

model to account for error in detection during monitoring (de Valpine 2003). 233 

In the multi-state-capture-mark recapture model, transition probabilities were modelled in 234 

two steps: (1) survival and (2) dispersal. Survival was assumed to vary by location and age 235 

(juvenile: 0-1 years old, immature: 1-2 years old and adult: >2 years old), based on a priori 236 

knowledge of survival in African penguins (Sherley et al. 2014a). Annual survival estimates 237 

were obtained for adults at Robben Island and Stony Point. Due to data sparsity, all other 238 

survival estimates were kept constant over time. The encounter structure for all sites 239 

depended on location, age and time. For dispersal, transitions from non-breeding to breeding 240 

states (representing natal dispersal/natal site fidelity) could vary by location. Model selection 241 

was used to confirm the model structure was supported by the data and was conducted 242 

outside of the Bayesian framework; see Grigg et al (in press) for full details. 243 

Breeding success data (egg and chick survival, clutch size, clutches per year) were used to 244 

determine annual site-specific estimates of fecundity (the number of successful fledglings 245 

produced by each breeding female) with a Poisson regression model. Several derived 246 

parameters were calculated within the IPM, including estimates of fecundity used for the 247 

Poisson models (see Appendix S1.D). The annual population growth rate λt for each location 248 

was calculated by dividing the number of breeding pairs in year t+1 by the number of pairs in 249 
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year t and the growth rate for the entire study period ( ) was calculated separately as the 250 

geometric mean of all the log-transformed annual λt estimates (Oppel et al. 2014; Saunders et 251 

al. 2018). A full description of these models, including the likelihood functions can be found 252 

in Appendix S1. 253 

 254 

Bayesian population viability analysis 255 

African penguin conservation efforts are guided by the APBMP, which aims to ensure no 256 

extant colonies become extinct and to increase the South African population size by 5%. To 257 

assess the effectiveness of proposed conservation interventions against these aims, we 258 

extended the IPM to perform a population viability analysis (IPM-BPVA). We projected the 259 

population for 13 years into the future from the end of our study period (2020–2033) under 260 

five alternative management scenarios (see below and Table 1 for details of implementation). 261 

This aligns with the timeframe over which the recently agreed small-scale no-take fishing 262 

closures will continue (subject to the 2030 review). 263 

We projected the penguin population under scenario 1) no fishing closures at any colony; and 264 

scenario 2) permanent small-scale closures at all our study sites. In the fecundity estimates 265 

used for projections at Robben Island and ‘Elsewhere’ under scenario one and two, we used 266 

priors for chick survival with a colony-specific mean and standard deviation, derived from 267 

data collected during ‘open’ and ‘closed’ years, respectively (Sherley et al. 2018, 2022). As 268 

there were no previous experimental closures at Stony Point, so no data to derive informative 269 

priors from, we assumed the closure effects for that site to be the same as those observed at 270 

Robben Island, and for scenario two manually modified the chick survival estimate used to 271 

derive fecundity by increasing it by 11%, following the reported closure effect size at Robben 272 

Island (Sherley et al. 2018, 2022). Fishing closures also improved chick body condition at 273 
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Robben Island (but not at Dassen Island; (Sherley et al. 2018, 2022). Although chick 274 

condition was not a parameter in our model, for scenario two at Robben Island and Stony 275 

Point, we used the observed relationships between fledging mass and chick condition in 276 

African penguins (Sherley et al. 2017), and between fledging mass and first year survival in 277 

Macaroni penguins (Eudyptes chrysolophus; Horswill et al. 2014), to model the link between 278 

increases in chick condition and juvenile survival, following (Sherley et al. 2018, 2022).  279 

Wider fishing exclusion zones that target important foraging areas used by juvenile, 280 

immature and non-breeding penguins have also been proposed as potential conservation 281 

measures (Carpenter-Kling et al. 2022). Thus, we also projected the penguin population 282 

under: scenario 3) introduction of wider fishing closures, with no small-scale closures at 283 

breeding sites; and scenario 4) introduction of wider fishing closures in combination with 284 

permanent small-scale closures at all breeding sites. Determining the impact of designating 285 

no-take zones in penguin foraging hotspots on demographic rates is challenging. Robinson (et 286 

al. 2015) used a population dynamics model to project the Robben Island population under 287 

scenarios with and without fishing. The projected population was 3.1% higher under the 288 

scenario without fishing, based on the modelled relationship between sardine biomass and 289 

adult (≥1 year old) penguin survival. Juvenile and immature penguins target similar foraging 290 

areas as non-breeding adults (Sherley et al. 2017; Carpenter-Kling et al. 2022), thus we 291 

modelled the impact of wider fishing closures by increasing juvenile, immature and adult 292 

survival by 3.1%. To account for uncertainty in the magnitude of change in survival 293 

associated with the wider closures, we modelled the increase with a prior drawn from a 294 

normal distribution with a standard deviation of 0.05, following Schaub & Kéry (2021). To 295 

account for a scenario whereby when introduced in conjunction with small-scale closures at 296 

breeding sites, wider fishing closures only effect adult survival, we also projected the penguin 297 

population under: scenario 5) introduction of wider fishing closures (that only impact adult 298 
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survival) in combination with permanent small-scale closures at all breeding sites. The 299 

impact of small-scale closures under scenarios three to five were modelled as described for 300 

scenario one and two. 301 

For all scenarios, estimates of demographic rates between 2020 and 2033 were kept constant. 302 

To assess the effectiveness of the alternate management interventions against the aims of the 303 

APBMP, we calculated the following metrics for each location across all five scenarios: 1) 304 

population growth rate from 2020 to 2033; and 2) probability that the population size would 305 

be smaller in 2033 than in 2020. 306 

 307 

Model implementation 308 

The IPM and BPVA were fitted in a Bayesian framework, thus prior probabilities were 309 

specified for each parameter. All priors were vague, except for those for the initial population 310 

sizes, which were specified based on the location- and age-specific proportions of the total 311 

population sizes. All prior specifications can be found in Appendix S1, Table S2. Markov 312 

Chain Monte Carlo (MCMC) methods were used to simulate from the posterior distribution 313 

for each parameter, using the software JAGS (Plummer 2003), run from R (R Core Team 314 

2018) with the package jagsUI (Kellner 2016). Three independent chains were each run for 315 

80,000 iterations, with a burn-in of 40,000 and a thinning rate of 4, meaning that inference 316 

was based on 30,000 samples from the posterior distribution. Convergence was assessed 317 

using the Gelman and Rubin R-hat statistic (Brooks & Gelman 1998) and through visual 318 

inspection of chains and was deemed satisfactory (�̂� <1.05 for all parameter estimates). There 319 

are no standard methods to measure goodness of fit for IPMs, so the fit of each component 320 

model was assessed separately (Besbeas et al. 2002; Schaub & Kéry 2021). Posterior 321 

predictive checks were applied to the state-space model of the population count data and 322 
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Poisson regression model of the fecundity data. Following Besbeas and Morgan (2014), for 323 

each model we calculated discrepancy measures (mean absolute percentage error) between 324 

the expected values and observed data and expected values and simulated datasets and used 325 

these to obtain Bayesian p-values. All Bayesian p-values for the Robben Island and Stony 326 

Point sub-models were between 0.24 and 0.5 thus indicated an appropriate fit (Schaub & 327 

Ullrich 2021). Full details regarding the posterior predictive checks and corresponding plots 328 

of the Bayesian p-values are provided in Appendix S3. Fit of the capture-mark-recapture 329 

model was assessed separately in U-CARE (Choquet et al. 2009) outside of the Bayesian 330 

framework (Grigg et al. in press). Parameter estimates are expressed using the means and 331 

95% credible intervals of the posterior distributions. The full IPM-BPVA code can be found 332 

in Appendix S4. 333 

 334 

Results 335 

Demographic parameters 336 

The African penguin population at Robben Island (based on the modelled number of breeding 337 

pairs), was estimated to have decreased by 19% from 1,359 breeding pairs (95% CI: 1319–338 

1399) in 2013 to 1,097 (1,034–1,097) in 2020. The Stony Point population was estimated at 339 

2,040 pairs (2,001–2,080) in 2013 and 1,753 (1,675–1,835) in 2020, representing a total 340 

decline of 14%. For both sites the estimates tracked the observed counts closely (Figure 2).  341 

Apparent mean juvenile survival was 0.36 (0.25–0.59) at Robben Island and 0.44 (0.39–0.50) 342 

at Stony Point. Meanwhile, mean immature survival was estimated at 0.74 (0.43–0.95) and 343 

0.67 (0.58–0.76), respectively (Figure 3a). Both juvenile and immature survival estimates 344 

were relatively imprecise at Robben Island (Figure 3a). Across years, estimates of adult 345 
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survival varied between 0.59 (0.53–0.65) and 0.84 (0.78–0.91) at Robben Island, and 0.67 346 

(0.64–0.72) and 0.98 (0.94–0.99) at Stony Point (Figure 3b).  347 

Fecundity ranged between 0.81 (0.71–0.91) to 1.19 (1.07–1.32) at Robben Island and 348 

between 0.85 (0.76–0.94) and 1.23 (1.08–1.38) at Stony Point (Figure 3c). 349 

Of the fledglings from Robben Island that went on to breed, ~82% did so at their natal site, 350 

while ~4% moved to breed at Stony Point and ~13% bred at one of the three colonies 351 

grouped under ‘Elsewhere’ (Figure 3d). At Stony Point, ~62% of those recruiting returned 352 

there to breed, with dispersal to Robben Island and ‘Elsewhere’ colonies occurring ~11% and 353 

~27%, respectively (Figure 3e). 354 

The mean encounter probability for adults was 0.65 (0.50–0.78) at Robben Island and 0.93 355 

(0.84–0.99) at Stony Point. Mean encounter probability of immatures was 0.23 (0.01–0.70) at 356 

Robben Island and 0.35 (0.11–0.68) at Stony Point (Appendix S6, Figure S5). 357 

 358 

BPVA and impact of management strategies on population growth rate 359 

Scenario 1 (no fisheries management) - Based on no fisheries management, the population 360 

was projected to decline at Robben Island and increased at Stony Point (% change 2020–361 

2033: Robben Island: −26%; Stony Point: +7%; Table 2, Figure 4a,f). Probabilities that the 362 

site-specific populations in 2033 were smaller than that in 2020 were the highest of all 363 

management scenarios (Robben Island: 0.76; Stony Point: 0.62; Table 2, Figure 4a,f). 364 

Estimates of annual population growth (λt) remained < 1 for Robben Island (λt < 1 at Robben 365 

Island since 2017/2018) and at Stony Point, λt >1 after 2024/2025 (Figure 5).  366 

Scenario 2 (small-scale island closures) - Under this scenario the population at Robben 367 

Island was projected to have declined by 4% during 2020–2033 (Table 2, Figure 4b) despite 368 
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the fact that λt >1 after 2024/2025 (Figure 5). At Stony Point, the population was projected to 369 

be 28% higher in 2033 than in 2020 (Table 2, Figure 4g), with λt rising to >1 between 2022 370 

and 2023 (Figure 5).  371 

Scenarios 3 - 5 (wider scale closures) - Management scenarios incorporating wider fishing 372 

closures produced the largest population sizes when projected 13 years into the future; the 373 

simulated African penguin populations at both sites increased and achieved λt >1 under 374 

scenarios three to five (Table 2, Figure 4c,d,e,g,i,j). However, the largest simulated 375 

populations were obtained under scenario four, representing wider fishing closures combined 376 

with small-scale closures at breeding sites (% change 2020–2033: Robben Island: +43%; 377 

Stony Point: +64%; Table 2, Figure 4gd,i). 378 

 379 

Discussion 380 

Increasingly, IPMs are being combined with population viability analysis for threatened 381 

species to understand population dynamics and quantify the impacts of conservation 382 

interventions on forecasted population dynamics (Oppel et al. 2014; Saunders et al. 2018; 383 

Rosenblatt et al. 2021; Davis et al. 2023). We developed a coupled IPM-BPVA for Robben 384 

Island, Stony Point and three other key African penguin colonies in the Western Cape of 385 

South Africa, to estimate demographic parameters and evaluate the impact of various 386 

fisheries management scenarios on the projected population. Without any form of 387 

interventions, our results indicate that the number of African penguins in the Western Cape 388 

will continue to decline unsustainably. Although the population at Stony Point is predicted to 389 

increase by 7% between 2020 (the end of our dataset) and 2033, this growth is offset by 390 

declines at Robben Island which was projected to lose 26% of its breeding pairs. Recent 391 

analysis suggests the global African penguin population has declined by ~80% over the last 392 
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30 years and meets the criteria for an IUCN Red List status of Critically Endangered (Sherley 393 

et al. 2024). If the objectives of the APBMP are to be achieved, immediate and significant 394 

conservation actions are required.  395 

Despite experimental results showing that the 20 km radius fishing closures would have a 396 

small positive impact on population growth rates (0.71–1.51%) (Punt et al. 2023), the 397 

decision whether to suspend fishing around breeding colonies on a permanent basis has been 398 

the source of much controversy (Sydeman et al. 2021, 2022, Butterworth & Ross-Gillespie 399 

2022). Our results support that implementing fishing closures around breeding colonies will 400 

benefit African penguins. At Robben Island, under scenario 2 the annual population growth 401 

rate (λt) had risen above 1 by 2025 (the fifth year of projections), indicating positive 402 

population growth. This was not sufficient to drive population recovery during the limited 403 

timeframe of our simulation, and the Robben Island population was still smaller than that in 404 

2020 at the end of our projections. However, this suggests that, given more time, the 405 

observed effect of the 20 km closures would be sufficient on their own to reverse the trend of 406 

decline. 407 

 408 

While the above underlines the importance of the South African Government’s decision to 409 

implement closures at six colonies until 2033, two factors make it difficult to predict how 410 

well our models will reflect the real-world outcomes of that decision. First, the spatial extent 411 

of the closures implemented at most of these sites are considerably smaller than the original 412 

20 km areas and do not generally adequately protect the penguins’ important foraging areas 413 

(McInnes et al. in press). Thus, their demographic impacts may be smaller than suggested 414 

under scenario 1. And second, our model only considers the impact on demographic variables 415 

previously shown to be affected by fishing closures, namely breeding success and juvenile 416 
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survival (Sherley et al. 2018, 2022). Given that adult survival is correlated with forage fish 417 

abundance (Crawford et al. 2011), and evidence from other seabirds suggest that fisheries can 418 

affect survival (Frederiksen et al. 2004), it is possible that small-scale closures may positively 419 

influence immature and adult survival, which was not accounted for in our models.  420 

Furthermore, whilst small-scale closures should have a positive impact on the population, 421 

they only protect adult penguins during the breeding season when they are central place 422 

foraging to provision their chicks. Fishing restrictions at breeding colonies alone will not be 423 

sufficient to drive the recovery of the penguin population and must be introduced with other 424 

measures that address the wider availability of forage fish. In our model, scenarios that 425 

improved adult and immature survival, incorporating fisheries management interventions 426 

over a wider spatial scale resulted in the highest projected population sizes in 2033 and 427 

positive population growth rates at all sites. When introduced in conjunction with small-scale 428 

fishing closures, wider fisheries management produced populations that were 52% and 72% 429 

higher than those in 2020 at Robben Island and Stony Point, respectively. Low juvenile and 430 

adult survival, linked to poor sardine biomass, appears to be a key component driving the 431 

African penguin population decline, especially at Robben Island (Sherley et al. 2014a, 2017; 432 

Robinson et al. 2015). Therefore, the fact that scenarios targeting these rates provided the 433 

best conservation outcomes is not surprising as many past estimates of adult survival (e.g. 434 

(Sherley et al. 2014a; Leith et al. 2022) have been below the threshold needed to achieve 435 

population equilibrium (Crawford et al. 2006). And while these projections of growth may 436 

appear to be high, the increases are well within the range of feasible growth. Between 1990 437 

and 2002 the African penguin population at Robben Island increased by ~500% (1278 to 438 

7099 breeding pairs) and at Stony Point by ~2500% between 2004 and 2015 (98 to 2053 439 

breeding pairs). These results indicate that if management interventions can be implemented 440 
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that address the current poor survival, the African penguin breeding population has potential 441 

to recover relatively quickly.  442 

When designating MPAs, policymakers need to consider both conservation and social-443 

economic objectives (Grip & Blomqvist 2020). Thus, any benefits to African penguins 444 

resulting from fishing restrictions need to be balanced against costs to the fishing industry. 445 

However, given the perilous status of the African penguin population, it is imperative that 446 

progress is made towards understanding these trade-offs in more detail, so that further 447 

management interventions can be implemented (McInnes et al. in press). Tracking studies 448 

have identified important foraging areas utilised by juvenile and immature penguins, as well 449 

as adults during their pre-and post-moult period outside of the breeding season (Sherley et al. 450 

2017; Carpenter-Kling et al. 2022). Wider fisheries closure could be introduced in these areas 451 

in the form of adaptive no-take zones enforced seasonally, or when forage fish abundance 452 

falls below certain critical thresholds.  453 

Under a scenario with no management interventions the projected population size at Robben 454 

Island in 2033 was ~800, and with only small-scale fishing closures was just over 1000. 455 

During a period of prolonged low prey abundance in Southern Namibia, 33% of African 456 

penguin colonies of less than 1000 breeding pairs in 1956 had become extinct within 50 years 457 

(Crawford et al. 2001). Furthermore, while the largest driver of current decline is abundance 458 

of forage fish, threats such as disease (e.g. avian influenza) and oil spill events have had 459 

catastrophic population impacts over the past decades and could easily decimate small 460 

colonies (Crawford et al. 2000; Wolfaardt et al. 2001, 2008; Molini et al. 2020). Here we 461 

only modelled scenarios of fishing interventions. However, a number of other management 462 

actions, for example the provision of artificial burrows to improve breeding success (Kemper 463 

et al. 2007; Sherley et al. 2012; Pichegru 2013) and the rehabilitation of oiled and injured 464 
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penguins and the hand-rearing and release of African penguin chicks (Barham et al. 2008; 465 

Klusener et al. 2018) could be incorporated into future models. 466 

Effective conservation is often hampered by delayed decision making, especially where there 467 

are little data available to support the success of management interventions and/or where 468 

interventions have implications for important socio-economic activities. Our results highlight 469 

the need for wide-scale fisheries interventions that target important foraging grounds outside 470 

of the breeding season, which will be essential for improving the survival of juvenile, 471 

immature and importantly adult penguins. We also demonstrated that actions that target 472 

fecundity, such as closing fisheries in foraging areas used by breeding penguins can have 473 

important population benefits. However, as the small-scale closures recently introduced at 474 

major breeding colonies are considerably smaller than those our projections were based on, 475 

these interventions may not provide the same level of realised benefit. Given the ongoing 476 

population decline and costs associated with obtaining further experimental data for testing 477 

the effects of wider fishing closures, we advocate the use of predictive population models, 478 

such as those presented here, to aid in ecological decision making for the African penguin 479 

and for other species of endangered seabird.  480 
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TABLES 739 

 740 

Table 1. Potential management interventions for the African penguin as modelled in the 741 

IPM-BPVA. Populations at each location were projected 13 years into the future (from the 742 

end of the current dataset), under five alternate management scenarios: 1) no fishing closures; 743 

2) small-scale fishing closures at all colonies; 3) wider fishing closures (targeting important 744 

foraging areas used by juveniles, immatures and non-breeding penguins) with no small-scale 745 

closures at breeding sites; 4) wider fishing closures in combination with small-scale closures 746 

at breeding sites; and 5) wider seasonal fishing closures only affecting adult survival, in 747 

combination with small-scale closures at breeding sites. For scenarios one and two, effects on 748 

penguin demographic rates were modelled using priors derived from data collected during 749 

years when colonies were either ‘open’ or ‘closed’ to fishing, or altered directly using effect 750 

sizes based on the published impact of closures in Sherley et al. (2018, 2022). The effect of 751 

wider fishing closures on penguin survival was based on published values in Robinson et al. 752 

(2015). 753 

Management 

intervention 
Description of modelling approach in IPM-BPVA for population projections 

Scenario 1: No 

fishing closures 

Robben Island: Fishing closures at Robben Island effect chick survival and chick 

condition (which in turn influences juvenile survival). Mean chick survival from ‘open’ 

years used to derive estimates of fecundity from ‘open’ years used in state space 

population model. 

Stony Point: no change in chick survival estimates used, as no island closures at Stony 

Point previously. 

‘Elsewhere’: Fishing closures at Dassen Island impact chick survival but not chick 

condition. Chick survival from ‘open’ years at Dassen Island used to derive estimates of 

fecundity. 

Scenario 2: 

Small-scale 

fishing closures at 

all sites 

Robben Island: Fishing closures at Robben Island effect chick survival and chick 

condition (which in turn influences juvenile survival). Mean chick survival from 

‘closed’ years used to derive estimates of fecundity. In the state space population model, 

mean juvenile survival is modified by the relationship between increased chick 

condition and juvenile survival. 
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Stony Point: Fishing closures assumed to have same impact as at Robben Island. Chick 

survival modified by increasing by 10% (following published effect size of closures, as 

no direct data to use). In the state space population model, mean juvenile survival is 

modified by the relationship between increased chick condition and juvenile survival. 

‘Elsewhere’: Fishing closures at Dassen Island impact chick survival but not chick 

condition. Chick survival from ‘closed’ years at Dassen Island used to derive estimates 

of fecundity. 

Scenario 3: Wider 

seasonal fishing 

closures – no 

small-scale 

closures at 

breeding sites 

Juvenile, immature and adult survival increased by 3.1%. Uncertainty in effect size 

accounted for by specifying a prior for the increase in survival, drawn from a normal 

distribution. 

Effect of small-scale closures at breeding sites modelled as per scenario 1. 

Scenario 4: Wider 

seasonal fishing 

closures 

(affecting survival 

of all age classes) 

– in combination 

with small-scale 

closures at 

breeding sites 

Juvenile, immature and adult survival increased by 3.1%. Uncertainty in effect size 

accounted for by specifying a prior for the increase in survival, drawn from a normal 

distribution. 

Effect of small-scale closures at breeding sites modelled as per scenario 2. 

Scenario 5: Wider 

seasonal fishing 

closures 

(affecting only 

adult survival) – 

in combination 

with small-scale 

closures at 

breeding sites 

Adult survival increased by 3.1%. Uncertainty in effect size accounted for by specifying 

a prior for the increase in survival, drawn from a normal distribution. 

Effect of small-scale closures at breeding sites modelled as per scenario 2. 

 754 
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 756 

Table 2. Comparison of projected population size, % change in population size (2020-2033) 757 

and probability of having a smaller population size in 2035 compared to 2020 at Robben 758 

Island and Stony Point under the four management scenarios modelled in the IPM-BPVA: 1) 759 

no fishing closures; 2) small-scale fishing closures at all sites; 3) wider seasonal fishing 760 

closures and no small-scale closures at breeding sites; 4) wider seasonal fishing closures, in 761 

combination with small-scale closures at breeding sites; and 5) wider seasonal fishing 762 

closures only affecting adult survival, in combination with small-scale closures at breeding 763 

sites. Population sizes for 2020 are interpolated. 764 

  Management scenario 

Location Estimate Scenario 

1 

Scenario 

2 

Scenario 

3 

Scenario 

4 

Scenario 

5 

Robben Island 

(2020: 1099 

breeding pairs) 

Projected population 

size 2033 

808 1052 1329 1669 1574 

% change 2020-2033 -26% -4% +21% +52% +43% 

Probability population 

2020 > 2033 

0.76 0.56 0.54 0.54 0.54 

Stony Point 

(2020: 1772 

breeding pairs) 

Projected population 

size 2033 

1842 2199 2541 2965 2825 

% change 2020-2033 +7% +28% +48% +72% +64% 

Probability population 

2020 > 2033 

0.62 0.48 0.45 0.45 0.45 
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FIGURES 767 

 768 

Figure 1. A) Distribution of extant African penguin colonies (represented by gold circles) 769 

throughout the species' breeding range. B) Location of the five focal breeding colonies in the 770 

Western Cape where African penguins have been marked with passive integrated 771 

transponders; circle size indicates mean population size over the study period. C) Population 772 

trajectories for each of the focal colonies (Sherley et al. 2020). In the IPM and IPM-BPVA, 773 

Dassen Island, Simon’s Town and Dyer Island are grouped under ‘Elsewhere’. 774 

 775 

 776 

 777 
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 778 

Figure 2. Observed (black, solid lines) and estimated (pink, dashed lines) population counts 779 

of African penguin breeding pairs, between 2013 and 2020 at A) Robben Island and B) Stony 780 

Point. Grey shaded areas represent the 95% credible intervals for the estimated counts. 781 

 782 
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 783 

Figure 3. Estimates of age-specific survival (A, B), fecundity (C) and natal dispersal (D, E) 784 

of African penguins from: Robben Island (yellow) and Stony Point (pink) between 2013 and 785 

2020, derived from the IPM. Estimates of dispersal are conditional on survival and are 786 

computed as a complement to the other estimates, thus, the sum of the probabilities presented 787 

≠ 1. Error bars represent 95% credible intervals. 788 

 789 

 790 
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 791 

Figure 4. Observed (black circles, solid lines), estimated (coloured circles, dashed lines; 792 

years 2013-2020) and predicted (coloured circles, dashed lines, years 2021–2035) population 793 

counts of African penguin breeding pairs at Robben Island and Stony Point. Closed black 794 

circles represent population count data used in the IPM-BPVA, open black circles represent 795 

population counts for years outside of the data timeseries used in the model (from Sherley et 796 

al. 2024). Estimates for Robben Island are shown in yellow, while those for Stony Point are 797 

shown in pink. Populations are projected under five alternate management scenarios: 1) no 798 

fishing closures (A, F); 2) small-scale fishing closures at all sites (B, G); 3) wider seasonal 799 

fishing closures, no small-scale closures at breeding sites (C, H); 4) wider seasonal fishing 800 

closures in combination with small-scale closures at all sites (D, I); and 5) wider seasonal 801 

fishing closures only affecting adult survival, in combination with small-scale closures at 802 

breeding sites (E, J). Grey shaded areas represent the 95% credible intervals for the modelled 803 

counts. 804 

 805 
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 806 

Figure 5. Comparison of annual population growth rates (λt) for the estimated African 807 

penguin populations from 2013 to 2020, and the simulated populations projected 13 years 808 

into the future to 2033 at: A) Robben Island and B) Stony Point. Populations were projected 809 

under five alternate management scenarios: 1) no fishing closures (yellow line); 2) small-810 

scale fishing closures at all sites (pink line); 3) wider seasonal fishing closures, no small-scale 811 

closures at breeding sites (blue line); 4) wider seasonal fishing closures in combination with 812 

small-scale closures at all sites (orange line); and 5) wider seasonal fishing closures only 813 

affecting adult survival, in combination with small-scale closures at breeding sites (purple 814 

line). The single black horizontal line represents a population growth rate of 1 – where λt is < 815 

1 this indicates population decline, and > 1 represents population growth. The shaded grey 816 

area represents λ for years where the penguin populations are estimated from observed data, 817 

between 2013 and 2020. 818 
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