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ABSTRACT  

The stable isotope (SI) approach is widely used in ecological research to tackle problems 

such as delineating food web structure or tracing the migratory origins of various organisms. 

This thesis first tested the widely accepted assumption that SI ratios are fixed in an inert 

tissue, and then used the SI approach to infer the food web structure, from a marine top 

predator point of view, of a profoundly impacted marine ecosystem off southern Namibia. 

In bird research, it is assumed that SI ratios are fixed in feathers once they have 

completed their growth during moult. This assumption is crucial in determining where birds 

moult, and has been used to infer changes in the environment over time, as well as changes in 

the trophic levels of individuals. Recent comparisons of feathers collected from several 

penguin species during their annual moult have shown systematic differences between newly 

moulted and old feather SI ratios. I thus tested whether a change in SI ratios occurs as 

feathers age by comparing the carbon and nitrogen SI ratios of black and white feathers 

collected from captive, individually known African (Spheniscus demersus) and northern 

rockhopper (Eudyptes moseleyi) penguins at three occasions over a year. I found a clear trend 

for the rockhopper penguin feathers with new and old black feathers differing in their δ
13

C 

and δ
15

N values; this trend was not as clear for the African penguins. I then tested factors 

related to feather wear as a possible mechanism for differences in SI ratios between new and 

old feathers; these factors were feather reflectance and microstructure. In both penguin 

species, old black feathers reflected more light, and had a larger proportion of their barbs 

without barbules near their tips compared to new feathers. Feather wear may result in 

melanin leakage, which may explain the observed trends in the SI ratios between new and old 

pigmented penguin feathers. Differences in SI values were observed between species which 

be a result of facility at which the penguins were housed, where one facility was exposed to 

more sunlight than the other, rather than the differences being a result of species.  Although 

the differences observed were subtle, the state of feather wear (i.e. timing of feather 

collection within the moult cycle) should be considered in order to make accurate ecological 

inferences based on their SI ratios. Further research is needed to fully understand the 

phenomenon and to test whether the same process affects pigmented feathers of flying birds.         

I then used SI ratios to update our knowledge of resource partitioning among a marine 

top predator community in southern Africa, and to infer the marine food web structure in a 

Marine Protected Area off the southern Namibian coast. The Namibian Islands Marine 

Protected Area supports the most important breeding population of bank cormorants 
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(Phalacrocorax neglectus; Endangered), and historically was important for two other 

Endangered seabirds: African penguins and Cape gannets (Morus capensis). Non-threatened 

marine top predators studied in the system were: greater crested terns (Thalasseus bergii) and 

Cape fur seals (Arctocephalus pusillus). In the last 50 years, shelf waters off southern 

Namibia have been overfished, resulting in an altered marine ecosystem; shoaling fish have 

been replaced by less nutrient-rich species such as hake (Merluccius spp.), jellyfish, and 

salps. Previous studies of the region‟s food webs were based on traditional dietary analyses 

such as stomach content and scat analysis which provide short-term diet information. Here, I 

measured carbon and nitrogen SI ratios in several tissues of the marine top predators, and 

those of their potential prey species, to infer the marine food web for this region, and to 

complement short-term data obtained from traditional dietary analyses. Among the predator 

guild, Cape gannets had the lowest δ
13

C and δ
15

N values, indicating that they fed the farthest 

offshore and at the lowest trophic level both during the breeding season (from whole blood) 

and moulting period (from feathers). As expected, bank cormorant δ
13

C values indicated that 

they fed more benthically than the other predators, and Cape fur seals fed at the highest 

trophic level. African penguin tissue SI ratios were intermediate between those of Cape 

gannets and Cape fur seals. Greater crested terns exhibited the highest δ
13

C values, 

suggesting that they fed closest to shore. Bayesian mixing models used with species-specific 

discrimination factors (when available) revealed some resource partitioning among the 

marine top predators in this region but many made use of similar resources; sardine 

(Sardinops sagax), squid (Loligo reynaudii), and rock lobster (Jasus lalandii). This work 

highlights the most likely prey items used by marine top predators outside of the breeding 

period, and provides new insights into the food web of this region. Prior to the start of 

industrial fishing, marine top predators in this region mainly ate sardine and anchovy. Despite 

the collapse of these species‟ populations in the 1970s, marine top predators currently still 

make use of these prey resources, which concurs with the results found from stomach content 

and scat analyses.  

In this thesis, I have shown experimentally that SI ratios vary slightly as feathers age 

in penguins. I have also used the SI technique in an ecological context to add to the 

knowledge on the diet of marine top predators of an overfished ecosystem. Overall I have 

shown how the SI approach can add to our understanding of trophic ecology, and also how 

the method is dependent on accurate SI inputs in order to make accurate dietary inferences.  
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Chapter 1: 

General introduction  

 

Globally, ecosystems have been under increasing anthropogenic pressure in the form of 

environmental change and exploitation for human use (e.g. Steffen et al., 2004). A 

comprehensive understanding of how they respond to this pressure is crucial to conserve the 

various relationships between organisms and environments that make up these ecosystems; 

this is especially important in ecosystems in which food resources are used by both animals 

and people. One way of understanding the functioning of ecosystems is to study the food web 

structures resulting from the trophic relationships between consumers and their food sources, 

also known as trophic ecology. Trophic ecology assesses consumers‟ diets and their position 

within food webs (Boecklen et al., 2011), which prey resources are used by consumers, and 

where those prey resources occur (Huckstadt et al., 2012). The study of trophic ecology thus 

allows determination of how organisms are connected and how these connections may be 

affected by changes in community structure (McClelland and Valiela, 1998; Ings et al., 2009) 

or in the environment (Woodward and Hildrew, 2002). This knowledge can then be used to 

inform conservation efforts and management decisions that may be needed for these 

communities (Cohen et al., 1993; Altig et al., 2007). Such understanding is especially 

important for environments and ecosystems that have been overexploited such as many 

marine ecosystems (Crawford and Shelton, 1978; Cury and Shannon, 2004). 

Monitoring changes in the marine environment is notoriously difficult and costly. 

Marine top predators have thus been used as bioindicators of the „health‟ of marine 

environments (Furness and Camphuysen, 1997; Parsons et al., 2008). Numerous parameters 

can be used as indicators such as breeding success, foraging areas, and diet (e.g. Miller et al., 

2009; Eerkes-Medrano et al., 2017; Gulka et al., 2017; Carpenter-Kling et al., 2019); all of 

these parameters inform on prey use by predators, which is affected by changing environment 

and climate (Cury and Shannon, 2004; Hattab et al., 2016). Potential changes to marine 

communities also come from selective species removal through hunting or fishing, which can 

have knock-on effects to other trophic levels (Bascompte et al., 2005; Frederiksen et al., 

2006). In addition, an understanding of trophic ecology and food web structure can also assist 

in determining potential negative effects that may occur when pollutants enter the 

environment by being able to trace back the trophic links from affected organisms (Cohen et 

al., 1993). In line with assisting in conservation, an understanding of trophic ecology can 
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assist with broader conservation initiatives such as developing conservation areas for species 

and ecosystem protection. Trophic ecology combined with tracking data, also can be used to 

determine which areas organisms use (Pickett et al., 2018); this information can then be used 

to define physical boundaries of conservation areas such as marine protected areas (Salm and 

Clark, 1989).   

An understanding of community trophic ecology and structure helps to answer 

questions about how ecosystems function and may be affected by top-down or bottom-up 

effects (Petchey et al., 2008). This understanding becomes important as more ecosystems 

become overexploited and affected by increasing anthropogenic pressures; food webs become 

altered and trophic interactions change (de Ruiter et al., 2005). In order to best manage these 

ecosystems however, one needs accurate and up-to-date information. Without this up-to-date 

information the lack of data in many ecosystems prevents an accurate understanding of the 

make-up of food webs, and this in turn prevents adapted management of these ecosystems 

(Pimm et al., 1991).  

 Before any possible effects of anthropogenic impacts on trophic relationships can be 

assessed, and the information obtained used to help manage the affected ecosystems, the 

relationships between predators and prey need to be determined (Cohen et al., 1993). Several 

methods exist to determine the diets of marine predators, ranging from direct to indirect 

methods (Duffy and Jackson, 1986; Karnovsky et al., 2012). Direct methods to determine 

which food items consumers eat include feeding observations (e.g. Takahashi et al., 2008), 

analysis of stomach contents obtained from collected animals (e.g. Rand 1959b), stomach 

flushing (Wilson, 1984) or spontaneous regurgitation (e.g. Crawford et al., 1985), or scat 

(e.g. de Bruyn et al., 2003) and regurgitated pellet analyses (e.g. Walter, 1984). However, 

due to the inherent limitations in these methods such as observer bias, stress to the organism, 

or differential digestibility of prey resulting in the under-representation of soft bodied prey 

(Kelly, 2000), indirect methods for diet analysis have been developed (Karnovsky et al., 

2012). One of these methods is to use stable isotopes (SIs) as natural tracers. This approach 

has gained popularity over the last two decades, almost to the exclusion of traditional diet 

assessment. Since the mid-1990s, carbon and nitrogen SIs in particular have been widely 

used as natural tracers of food-webs and to infer foraging location and trophic levels of an 

array of consumers (Kelly, 2000; Rubenstein and Hobson, 2004; Michener and Lajtha, 2007; 

Newsome et al., 2010). These studies include determining the migratory routes of various 

long-distance migrants (Chamberlain et al., 1997; Cherel et al., 2008), investigating animal 

diets (Kohn, 1999; Inger et al., 2006), and changes in trophic ecology over a long period of 
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time (Hansson et al., 1997; Bond and Lavers, 2014), as well as the study of the allocation of 

resources to reproduction (O‟Brien et al., 2002). 

Stable isotopes are atoms of a chemical element (e.g., carbon, nitrogen, sulphur, 

oxygen, etc.) that have the same number of protons and electrons but differ in their number of 

neutrons (Hoefs, 2009). These differences in neutrons give the atoms different masses and 

allows researchers to distinguish between heavy and light isotopes (Petersen and Fry, 1987). 

The use of SIs in ecological studies relies on the fact that the isotopes circulate in the 

biosphere in predictable proportions, and are concentrated/diluted by physical and biological 

processes to produce characteristic isotope distributions geographically and trophically 

(Kohn, 1999). Ratios of SIs in consumer proteins reflect those of their prey species in a 

predictable manner (DeNiro and Epstein, 1977, 1978; Kling et al., 1992; Boecklen et al., 

2011). In marine environments, the most widely used SIs are those of carbon (
13

C/
12

C, δ
13

C) 

and nitrogen (
15

N/
14

N, δ
15

N). Most δ
13

C variations in the biosphere occur at the base of food 

webs in primary producers as a result of different photosynthetic pathways, with little change 

in δ
13

C along food chains (Fry, 2006). Therefore, δ
13

C provides information on producers at 

the base of food webs. Conversely, δ
15

N increases by an average of between +2 and +5‰ 

between a prey and its consumer due to isotopic fractionation during assimilation, protein 

synthesis and excretion, and is therefore a good indicator of trophic positions within food 

webs (Ponsard and Averbuch, 1999; Kelly, 2000; McCutchan et al., 2003; Caut et al., 2009; 

Vander Zanden et al., 2015). When comparing isotopic values of organisms only those values 

that come from ecosystems with similar isotopic baselines can be compared; this is to ensure 

that the differences observed are a result of differences present between organisms and not a 

result of differences between ecosystems. Isotopic fractionation defines the preferential 

mobilization of lighter isotopes relative to their heavier counterparts within an organism due 

to chemical and physical processes; the lighter isotopes are removed from the organism‟s 

body via exhalation or excretion (Hoefs, 2009). When an organism is eaten by a predator, the 

latter‟s tissues thus reflect more of the heavier isotopes from the organism ingested. In 

addition, tissues differ in their rates of protein turnover; some are renewed continuously at 

different rates (e.g. blood plasma turns over in a few days, red blood cells in a few weeks, and 

liver in a few months), while others are assumed to be metabolically inert once fully grown 

(e.g. whiskers, feathers, fur; Mizutani et al., 1990; Bearhop et al., 2002; Newsome et al., 

2010). The SI ratios of tissues thus integrate dietary information and provide an 

environmental record of where an animal has foraged over different time scales (Mizutani et 
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al., 1990; Hobson and Clark, 1992; Hobson et al., 1997; Clementz, 2012; Kernaléguen et al., 

2012).  

 

Outline and thesis structure  

The aim of this thesis is to provide a better understanding of the use of SIs in trophic ecology, 

and to use SI analysis to provide novel insights into a specific marine ecosystem. Chapter two 

tests a widely-held assumption that the SI signal of feathers is fixed once they are fully grown 

(Mizutani et al., 1990). Data comparing the SI ratios of old and new feathers collected from 

wild penguins during their annual moult showed a consistent difference in SI ratios (e.g. 

Barquete, 2012; Whitehead, 2017). Such differences could have been due to year effects, as 

the feather cohorts were grown in different years. However, this would not explain the 

consistent pattern seen across different years and species. I therefore hypothesize that the SI 

ratios in feathers are not fixed, and that changes in colour and feather wear influence SI 

ratios. To test this, I compare the carbon and nitrogen SI ratios of feathers of different ages 

collected from the same cohorts of feathers from penguins, which usually replace all their 

feathers at once. Melanin pigmentation has been shown to affect the SI ratios of feathers 

(Michalik et al., 2010) resulting in consistent differences between black and white feathers. 

Melanins are widespread black and brown pigments that make black feathers more resistant 

to wear compared to white feathers (Bonser, 1995). Changes between new and old feather SI 

ratios may be due to feather wear causing melanin granules to leak, which in turn causes a 

change in the SI ratios of the feathers. I hypothesise that old pigmented feathers might have 

carbon and nitrogen SI ratios that differ from new feathers. To test this hypothesis colour was 

measured, and feather wear was estimated from changes in feather barb length and the 

proportion of each barb that still had barbules attached.  

In chapter three, I use the SI approach to infer dietary resource partitioning among the 

marine top predator community in a previously overfished ecosystem that has recently been 

proclaimed a protected area, the Namibian Islands Marine Protected Area (NIMPA). Prior to 

the impact of industrial fishing, little dietary resource partitioning existed with most top 

predators relying on sardines (Sardinops sagax) (Matthews, 1961). These sardine stocks were 

able to support large breeding populations of many marine top predator species (Crawford, 

2007). More recently, however, environmental change and overfishing have led to the 

replacement of small pelagic fish by pelagic goby (Sufflogobius bibarbatus) and gelatinous 

zooplankton (Roux et al., 2013). I hypothesise that due to reduced availability of sardine and 
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anchovy within the NIMPA ecosystem, marine top predators will make use of the new 

dominant prey species, and will thus have large contributions to their isotopes by these 

species. I also hypothesise that these contributions will vary seasonally, and within species 

these predators may show seasonal dietary resource partitioning due to the different needs of 

each marine top predator species during each season, with the breeding season needs being 

different to those during the feather/fur moult period. Many upwelling ecosystems have 

wasp-waist tropic structures where many top predators rely on a few species of abundant 

forage fish (Cury et al., 2000). If these forage fish are overexploited then predators would 

have to diversify their diet to obtain all the nutrients they need  which may promote prey use 

segregation among top predators, and thus less dietary overlap among them.  

Updated information on resource partitioning within the marine top predator 

community is particularly important to develop adapted management of fish stocks. Many of 

the marine top predators have shown a marked population decrease since the collapse of the 

sardine stock and are now threatened with extinction on the Namibian coast (Simmons et al., 

2015). To test resource partitioning, I analyse the carbon and nitrogen SI ratios of various 

tissues of four seabird species and a fur seal species to collect information on their trophic 

ecology at different time scales. I then compare the marine top predator diet estimated with SI 

Bayesian mixing models with the diet of these predators obtained from traditional diet 

analyses before and after the collapse of the fish stocks.   

Finally, in the synthesis (chapter 4), I summarise the main findings from chapters two 

and three, and explore how these findings add to our understanding of trophic ecology based 

on SI analyses.  
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Chapter 2:  

Assessing the effect of feather wear on carbon and nitrogen stable isotope ratios 

ABSTRACT 

Stable isotope (SI) ratios of feathers have been used in a wide range of applications including 

the study of migration and trophic ecology of birds. Feathers are considered metabolically 

inert once fully grown, implying that there is no subsequent variation in their elemental 

composition. However, carbon and nitrogen SI data from moulting wild penguins suggested 

that this assumption may not hold in all cases, because old penguin feathers were consistently 

depleted in 
13

C compared to newly developed feathers from the same bird. To test whether a 

change in SI ratios exists as feathers age, black (back) and white (breast) feathers were 

collected from captive African (Spheniscus demersus) and northern rockhopper (Eudyptes 

moseleyi) penguins at three occasions over a year; newly grown (referred to as new feathers), 

at 6 months of age, and while moulting a year later (sample from month 12 referred to as old 

feathers). The δ
13

C and δ
15

N values were determined, colour measured, and the number of 

barbules at the distal end of feathers compared to assess wear. In both species, the δ
13

C values 

of black feathers became enriched as the feathers aged, while the white feathers became 

depleted with age. The δ
15

N values of old black and white feathers became enriched as the 

feathers aged in rockhopper penguins, the trend was not as clear for African penguins. The 

differences observed between penguin species may also be a result of facility rather than 

species differences. Rockhopper penguins, which were housed at the Two Oceans Aquarium, 

had access to a swimming area that is shaded and lacks direct sunlight whereas the African 

penguins, most of which were housed at SANCCOB, had access to a swimming area that is 

outside and has direct sunlight. This difference in facility may result in more feather wear and 

thus clearer trends observed between new and old feathers of rockhopper penguins. In both 

species, old black and white feathers reflected more light and had a larger proportion of their 

barbs without barbules near the tips of the feather compared to new feathers. If SI ratios 

differ slightly within feathers (due to e.g. local differences in the distribution of pigments), 

feather wear might explain why SI ratios may vary even after feathers are fully grown The 

effect is subtle, and possibly restricted to pigmented feathers, but inferences about the 

movement or trophic ecology of birds based on their feather SI ratios should consider the 

state of wear of feathers sampled.  
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1. Introduction 

Feathers have been used for a wide variety of applications in ecological studies, including 

obtaining genetic information about a species (Hogan et al., 2008); inferring migratory 

origins, diet and dietary shifts over time of individuals or species in conjunction with stable 

isotope (SI) analysis (Thompson and Furness, 1995; Chamberlain et al., 1997; Kohn, 1999; 

Bowen et al., 2005); determining the overall condition of a bird at time of feather growth 

from the levels of a stress hormone present in the feather (DesRochers et al., 2009; Jenni-

Eiermann et al., 2015); and identifying changes in heavy metal concentrations in the 

environment over time by relating heavy metal concentrations in feathers to those in the 

environment (Metcheva et al., 2006; Kim and Koo, 2007). One of the advantages of using 

feathers for ecological studies is that they store information about the bird‟s environment at 

the time of their formation, which may differ from that experienced at the time of their 

capture (Mizutani et al., 1990; Hobson and Clark, 1992; Jenni-Eiermann et al., 2015). 

Feather carbon and nitrogen SI ratios have been used to infer information on bird 

movements and habitat use (Chamberlain et al., 1997; Hobson, 1999), diet and foraging areas 

prior to and during moulting (Cherel et al., 2000), and causes of population declines due to 

e.g. long-term changes in trophic position (Hilton et al., 2006). Compared to living tissues, 

which provide an index of trophic ecology over the preceding few days or weeks (e.g. blood 

plasma, red blood cells; Hobson and Clark, 1993); metabolically inert tissues such as feathers 

provide dietary and geographic information relating to the bird at the time of their growth 

(Mizutani et al., 1990). This information allows research to be conducted on groups of birds 

that are difficult to capture and may only be accessible at certain times of the year (Michener 

and Lajtha, 2007). Flying seabirds are an example of one such group; they usually moult at 

sea and are easier to capture when breeding. Their at-sea moult location and trophic ecology 

can thus be inferred from their feather carbon and nitrogen SIs (e.g. Bowen et al., 2005). 

Penguins are unusual among seabirds in that they moult ashore and spend the preceding 

weeks at sea feeding in preparation for the moult. As a result, their pre-moult trophic ecology 

can be inferred from their feather SI ratios (Cherel et al., 2005a). 

Unlike most bird species, penguins typically moult all their feathers by shedding them 

over a few weeks once a year (Voitkevich, 1996), usually after breeding (Adams and Brown, 

1990; Reilly, 1994). Due to the nature of their „catastrophic‟ moult, two generations of 

feathers can be sampled concurrently on moulting penguins: one year old feathers being 

replaced (hereafter old feathers) and freshly grown feathers (hereafter new feathers). New 
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and old feathers collected concurrently thus give two years of comparable data for the same 

individual (Cherel et al.,  2000; Jaeger and Cherel, 2011; Barquete, 2012; Whitehead, 2017), 

based on the widely accepted assumption that SI ratios are fixed in feathers once their growth 

is complete (e.g. Mizutani et al., 1990). This has made the use of new and old feathers of 

penguins appealing for ecological studies as a method to determine inter-annual differences 

in the environment (Jaeger and Cherel, 2011; Barquete, 2012; Whitehead, 2017). 

Comparisons of old and new feathers collected from various penguin species at the time of 

their annual moult show differences in their SI ratios (Jaeger and Cherel, 2011; Barquete, 

2012; Whitehead, 2017) (Figures 2.1, 2.2, and 2.3). Such differences could reflect inter-

annual differences in the penguins‟ diet or pre-moult foraging locations, but there is some 

evidence of consistent differences between old and new feathers, and the pattern was stronger 

in black feathers than in white feathers (Figure 2.3). An alternative hypothesis is that the SI 

ratios of feathers may not be fixed and can change in a predictable way as feathers age.   

 

 

Figure 2.1. Carbon (A) and nitrogen (B) stable isotope ratios of new (clear; t0) and old (grey; 

t12) feathers collected from six penguin species between 2006 and 2007 (Jaeger and Cherel, 

2011). Numbers in parenthesis indicate sample size, error bars indicate ± 1 standard 

deviation.  
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Figure 2.2. Average carbon and nitrogen stable isotope ratios of new (clear; t0) and old (grey; 

t12) black and white feathers collected from southern rockhopper (Eudyptes chrysocome; left 

panels) and macaroni (Eudyptes chrysolophus; right panels) penguins on Marion island in 

2012, 2013, and 2015 (Whitehead 2017). Numbers in parenthesis indicate sample size, error 

bars indicate ± 1 standard deviation.   

 

 

 

Figure 2.3. Carbon (A) and nitrogen (B) stable isotope ratios of new (clear; t0) and old (grey; 

t12) feathers collected from African penguins (Spheniscus demersus) at six southern African 

localities between 2008 and 2009 (Barquete, 2012). Numbers in parenthesis indicate sample 

size, error bars indicate ± 1 standard deviation. 
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If feathers exhibit changes in SI ratios over time, there may be important consequences for 

conclusions inferred from feather SI data. It is thus important to test experimentally whether 

such differences occur by serially sampling the same generation of feathers from the same 

individuals.  

This chapter tests whether SI ratios in feathers are constant over time, and if not, explores 

the various factors that could explain the change. I hypothesize that if the SI ratios in feathers 

are not fixed, changes in colour and feather wear influence SI ratios, because melanin is 

known to affect the SI ratios of feathers (Michalik et al., 2010). Melanin is made up of the 

amino acid tyrosine, which is naturally depleted in 
13

C, giving black feathers lower δ
13

C 

values than white feathers (Michalik et al., 2010). Within feathers, melanin is enclosed in 

granular structures known as melanosomes (Hill and McGraw, 2006), which make black 

feathers stronger and more wear-resistant than white feathers (Bonser, 1995). Feather wear 

damages feather microstructure, presumably causing loss of melanosomes and potentially 

resulting in a change in melanin content and thus SI ratios. To test this, I serially sampled 

known individual captive penguins in order to follow their feather SI ratios over time. If 

differences are observed in SI ratios between new and old feathers, the change should be 

gradual as feathers experience more wear. As a result, I hypothesise that a change in SI 

values will be observed in intermediate-age feathers; (i.e. those sampled between new and old 

feathers). I combined these SI data with measurements of colour and of microscopic 

characteristics (length of feather barbs, proportion of each barb with barbules attached near 

the tip) as proxies for feather wear. 

 

2. Materials and Methods 

This project was granted ethics clearance from the UCT Science Faculty Animal Ethics 

Committee before sample collection began (ethics number: 2015/v17/PR). 

 

2.1.  Feather collection 

Penguins housed at two facilities were used in this study; the Two Oceans Aquarium, Cape 

Town, and the South African Foundation for the Conservation of Coastal Birds (SANCCOB), 

a seabird rescue and rehabilitation centre located in Table View, Cape Town. Eight African 

penguins (Spheniscus demersus, one from the Two Oceans Aquarium, and seven from 

SANCCOB) and eight northern rockhopper penguins (Eudyptes moseleyi, all from the Two 

Oceans Aquarium) were sampled. All individuals were long term residents, were of known 
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sex, and were habituated to handling. Aquarium birds are kept indoors and are thus not 

exposed to much sunlight, whereas SANCCOB birds are in outdoor pens only partially 

protected by shade-cloth.  

Six white feathers from three locations on the breast, and six black feathers from three 

locations on the back, were clipped from each penguin at each sampling event. First sampling 

of new feathers (tnew) was carried out between December 2015 and January 2016 for African 

penguins, and between March and June of 2016 for rockhopper penguins, after individuals 

had finished moulting. Each penguin was sampled six months after moulting (tmid), and again 

when moult began approximately six months later (old feathers; told). For three rockhopper 

penguins tmid feathers were not collected because they were on eggs at the time of feather 

collection, thus any comparisons making use of all three time periods used only those 

penguins with the respective feathers. For comparisons of new and old feathers all penguins 

were included.   

The feathers were cut near the sheath rather than plucked, in order to prevent potential 

regrowth (Watson, 1963; Ben-Hamo et al., 2017); this was important because the aim was to 

sample feathers from the same moult cohort as they age. Clipped feathers were placed in 

plastic bags, labelled with the species, individual name and date, and stored at -20°C until 

analysis.  

 

2.2. Stable isotope analysis 

Three white and three black feathers were analysed individually per penguin for each sample 

period (tnew, tmid, told) in order to assess SI variability among feathers (expected to be very low 

in penguins; Carravieri et al., 2014). Feathers were washed for 2 minutes in a solution of 

chloroform:methanol (2:1), in an ultrasonic bath, then rinsed in two successive baths of 

methanol, one bath of deionised water, and then dried at 50°C for 24 hrs. The relative 

isotopic abundance of 
13

C/
12

C and 
15

N/
14

N was determined for homogenised feather samples 

using continuous-flow isotope ratio mass spectrometry. Finely cut samples of each feather 

weighing between 0.4 and 0.6 mg, were placed into tin cups, rolled into a ball, and analysed 

at the Stable Isotope Unit, Department of Archaeology, at the University of Cape Town. The 

instruments used were a Flash 2000 organic elemental analyser with the gasses passed to a 

Delta V Plus isotope ratio mass spectrometer with a Conflo IV device (Thermo Scientific, 

Bremen, Germany) linked to a Thermo Flash EA 1112 elemental analyser. Three internal in-

house standards (Merck gel [δ
13

C = -20.05 ‰, δ
15

N = 7.50 ‰], seal bone [δ
13

C = -11.97 ‰, 
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δ
15

N = 15.84 ‰], valine [δ
13

C = -26.80 ‰, δ
15

N = 12.14 ‰], calibrated against reference 

materials from the International Atomic Energy Agency [IAEA, Vienna]) were run after 

every 10-12 penguin samples to control for any drift in the instruments. Replicate 

measurements of these internal standards indicated measurement errors of < 0.19 ‰ for 

carbon and < 0.12 ‰ for nitrogen SI measurements. Results were expressed in δ values, 

relative to Vienna Pee Dee Belemnite for carbon and atmospheric air for nitrogen:  

 

where X is 
13

C or 
15

N, R sample is the ratio of
13

C/
12

C or 
15

N/
14

N, and R standard is the 

international standard for carbon (Vienna Pee Dee Belemnite) and nitrogen (air).  

 

2.3. Colour analysis 

To test for colour changes in feathers as they wear, reflectance measurements were compared 

between new (tnew) and old (told) penguin feathers. Reflectance is the proportion of incident 

light reflected by an object; it is its inherent colour and is independent of the receiver and 

light conditions (Endler, 1990; Andersson and Prager, 2006). A high reflectance value 

indicates that a large proportion of the incident light is being reflected by an object. 

Measurements were taken from three black feathers and three white feathers from each 

penguin collected at tnew and told against a constant background of black felt material. 

Reflectance was measured using an Ocean Optics Jaz spectrophotometer (Ocean Optics), 

coupled with an optic fibre and a miniature pulsed xenon light source for UV-VIS 

(ultraviolet-visible 220-750 nm) PX2 (Ocean Optics) as the light source. Standards used for 

measurements were a WS-1 diffuse white standard and black felt cloth as a black standard. 

Measurements were taken at three points along the dorsal length of the rachis of each feather; 

tip, middle, and base, and at three points on the barbs adjacent to the rachis points on the right 

side (Figure 2.4). At each of these six points, three reflectance measurements were recorded. 

The reflectance measurements were taken at a 90° angle, using a reflection probe holder to 

hold the probe, with the illumination source angled at 45° to the feather surface. Each feather 

was placed above the illumination aperture on the probe holder then flattened and covered 

with the black felt cloth (Ornelas et al., 2016). 

The reflectance values were analysed in R using the PAVO package (R version 3.4.0; 

Maia et al., 2013). Electrical noise was removed using local regression smoothing with the 

loess.smooth function, executed using the opt= “smooth” argument of the prospec function in 
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PAVO (Maia et al., 2013). The spectral data averaged from the six points measured on each 

feather was then plotted to observe the reflectance curves for each feather type (new vs old 

feathers, for black and white feathers) from each species.  

 

2.4. Feather microstructure 

Differences in feather microstructure (barbs and barbules) between old and new feathers were 

assessed by comparing images photographed under a dissecting microscope (Nikon 

Stereoscopic Zoom Microscope SMZ1500, 10 X) with ImageJ (Reuden et al., 2017). The 

number of barbs was counted along the right side of a 5 mm transect line along the rachis of 

each feather. For new feathers the transect line started 5 mm from the feather tip and ended at 

the feather tip. The width of the rachis 5 mm from the tip of the new feather was measured 

and this width was then used as the start point for the transect line for the corresponding old 

feather, the transect line on the old feather ended at the feather tip. Due to the variation 

between feathers, the width values used were different for each individual penguin. The 

length of each barb was measured, together with the length of each section of barb that had 

no barbules (Figure 2.4). From this, the proportion of each barb without barbules (Figure 2.4) 

was determined and the average proportion of feather barbs without barbules was calculated 

for new and old feathers.    

 

 

Figure 2.4. Schematic diagram of points at the base, middle, and tip on each penguin feather 

where three replicate measures of reflectance were recorded; indicated by white circles. Barb 

length was measured along the measurement line; the broken portion indicates the portion of 

the barb without any barbules.  
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2.5.  Feather ultrastructure  

Cross sections were prepared for the feather barbs so that the melanosomes could be 

visualised (D‟Alba et al., 2014). Cross sections were prepared by placing feathers in 

Eppendorf tubes and setting them in an epoxy resin, left drying in an oven at 60°C for 24 hrs. 

Each resin block was then removed from their respective tubes and ground down from the 

feather base until cross sections of the feather barbs were exposed. They were then polished 

and visualised in a scanning electron microscope (Tescan Mira 3).  

 

2.6. Statistical analyses 

The influence of colour on SI ratios was first modelled using linear mixed effects models 

(lme) followed by Tukey post hoc tests to test for the influence of colour on the feather SI 

ratios, the random effect was individual bird identity, and fixed effects were sex, feather age 

(new, intermediate, and old), and feather colour (black and white).   

Statistically significant differences in the carbon and nitrogen SI ratios of the black and white 

feathers were then tested between new (tnew) and old (told) feathers with paired t-tests (paired 

by individual birds) once normality and homoscedasticity had been verified (Shapiro-Wilk 

test for normality and Fligner or Bartlett tests for equal variances). SI ratios of feathers 

collected at tmid were included in repeated measures ANOVAs followed by post-hoc pairwise 

t-tests to identify when changes in SI ratios may have happened. Reflectance curves were 

compared using average reflectance values calculated within the PAVO package, and the 

proportion of barb length with barbules still attached were compared using averages. All 

statistical analyses for both SI and colour data were performed in R v3.4.0 (R Core team, 

2017). The significance level (α) was set at 0.05. 

 

3. Results 

3.1. Comparison between black and white feathers 

Colour was found to influence the SI ratios with black and white feathers differing in their 

δ
13

C and δ
15

N values in African (lme Tukey HSD for both; δ
13

C, z = 14.79, p < 0.001; δ
15

N, z 

= 4.62, p < 0.001) and rockhopper (lme Tukey HSD for both; δ
13

C, z = 8.79, p < 0.001; δ
15

N, 

z = 6.49, p < 0.001) penguins. On average, black feathers from African penguins exhibited 

lower δ
13

C and δ
15

N than white feathers (-0.60 ‰, and -0.20 ‰, respectively; Supplementary 

Table S2.1). The same trend was observed in feathers of rockhopper penguins where black 
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feathers had lower δ
13

C and δ
15

N compared to white feathers by -0.40 ‰, and -0.20 ‰, 

respectively (Supplementary Table S2.2). 

 

3.2. Comparison between new and old feathers 

There were significant differences in δ
13

C and δ
15

N values between new (tnew) and old (told) 

feathers. In both species, the 
13

C values of black feathers increased as the feathers aged, 

whereas the 
13

C values of old white feathers decreased with age. For the 
15

N isotopes, the 

values increased as feathers aged in both black and white feathers, but this was only observed 

in rockhopper penguins. On average, old black feathers exhibited higher δ
13

C values than 

new feathers in both African (+ 0.22 ‰; paired t-test, t = 3.21, p = 0.004) and rockhopper 

penguins (+ 0.17 ‰; paired t-test, t = 3.16, p = 0.004) (Figure 2.5). By comparison, lower 

δ
13

C values were measured in old white feathers compared to new feathers in both African (-

 0.13 ‰; paired t-test, t = -3.46, p = 0.002) and rockhopper penguins (- 0.16 ‰; paired t-test, 

t = -2.78, p = 0.010) (Figure 2.5). Old black and white rockhopper penguin feathers exhibited 

higher δ
15

N compared to new feathers (black: + 0.16 ‰ paired t-test, t = 3.67, p = 0.001; 

white: + 0.09 ‰ paired t-test, t = 2.45, p = 0.022); however δ
15

N values did not differ 

significantly with feather age in either black or white African penguin feathers (+ 0.08 ‰ and 

+ 0.05 ‰, respectively; paired t-test, t = 1.27, p = 0.220, and t = 1.19, p = 0.250) (Figure 2.5). 
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Figure 2.5. Average difference in δ
13

C and δ
15

N values between old and new, black (filled 

in), and white (clear) feathers of African (circle), and rockhopper (triangle) penguins. Error 

bars indicate ± 1 standard deviation.  

 

When the intermediate feathers collected (tmid) were included, no clear trend was 

observed (Figures 2.6 and 2.7). Many of the tmid feathers, with the exception of a few 

individuals, did not have δ
13

C and δ
15

N values that were intermediate between new and old 

feathers, irrespective of feather colour (Supplementary Table S2.3). For African penguins the 

δ
15

N values in white feathers differed with time of collection (repeated measures ANOVA, 

F = 6.32, p = 0.010), specifically  tnew > tmid ( post-hoc pairwise t-test, p = 0.001) and  tmid > 

told (post-hoc pairwise t-test, p = 0.030). However, no statistically significant differences were 

found in white feathers δ
13

C values (repeated measures ANOVA, F = 3.58, p = 0.060). No 

differences were observed for African penguin black feathers between all three time periods 

(repeated measures ANOVA, F = 1.92, p = 0.190 for δ
 13

C, and F = 0.824, p = 0.460 for δ
 

15
N).  

 Significant differences were observed in the black feathers of rockhopper penguins 

between the three periods. δ
13

C values were significantly different among the three periods 

(tnew < tmid < told, repeated measures ANOVA, F = 10.14, p = 0.006). Significant differences 

were also highlighted for δ
15

N values among the three periods (repeated measures ANOVA, 

F = 12.13, p = 0.003), particularly  tnew < told (post-hoc pairwise t-test, p = 0.004) and  tmid < 

told (post-hoc pairwise t-test, p < 0.001). When all time periods were compared for white 
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feathers, no differences were observed in either δ
13

C (repeated measures ANOVA, F = 1.94, 

p = 0.210) or δ
15

N values (repeated measures ANOVA, F = 1.73, p = 0.240).  

 

 

Figure 2.6. Average δ
15

N and δ
13

C values of new (tnew, black), intermediate (tmid, grey) and 

old (told, white) feathers of African penguins. (A) Black feathers, (B) white feathers; each 

marker shape indicates an individual penguin, and dotted lines connect feathers from the 

same individual. Error bars indicate ± 1 standard deviation.  
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Figure 2.7. Average δ
15

N and δ
13

C values of new (tnew, black), intermediate (tmid, grey) and 

old (told, white) feathers of rockhopper penguins. (A) Black feathers, (B) white feathers; each 

marker shape indicates an individual penguin, and dotted lines connect feathers from the 

same individual. Error bars indicate ± 1 standard deviation.  
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3.3.  Colour analysis 

Old black feathers were browner and more unkempt than new feathers in both African 

(Figure 2.8) and rockhopper (Figure 2.9) penguins. There was no obvious colour change 

between new and old white feathers, but old feathers appeared more worn on the tips of their 

barbs in both species (Figures 2.8 and 2.9).  

 

Figure 2.8. Photographs of new (A, C) and old (B, D) feathers collected from African 

penguins. Scale bar is 1 mm.  

 

 

Figure 2.9. Photographs of new (A, C) and old (B, D) feathers collected from rockhopper 

penguins. Scale bar is 1 mm. 

 



 

29 
 

Reflectance curves showed that old black and, to a lesser extent, white feathers had 

higher reflectance curves than new feathers above c. 420 nm in African penguins (Figures 

2.10A and 2.11A), indicating that old feathers reflected a higher proportion of light than new 

feathers. The differences in reflectance curves between new and old black feathers of 

rockhopper penguins was less marked than in African penguins, and there was no difference 

in white feathers in this species (Figures 2.10B and 2.11B).   

 

Figure 2.10. Reflectance curves for old (red) and new (blue) black feathers, collected from 

(A) African penguins, and (B) rockhopper penguins. Lines indicate average of all 

measurements, and shaded areas indicate the 95% confidence intervals.    

 

 

 

Figure 2.11. Reflectance curves for old (red) and new (blue) white feathers collected from 

(A) African penguins, and (B) rockhopper penguins. Conventions as Fig. 2.10. 
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3.4. Feather microstructure  

Old feathers had a tendency to be more worn than new feathers, with a larger proportion of 

their length without barbules compared to new feathers in both penguin species (Figure 2.12). 

Statistically however, only old black feathers of rockhopper penguins were significantly 

different to new feathers in the proportion of their length without barbules attached (paired t-

test, t = 2.456, p = 0.049).  

 

 

Figure 2.12. Average proportion of individual feather barbs along a 5 mm section of black 

and white, new (tnew, clear) and old (told, grey) feathers, which had barbules attached, in (A) 

African, and (B) rockhopper penguins, error bars indicate ± 1 standard deviations.  

 

3.5.  Feather ultrastructure  

Comparisons of scanning electron microscope images of black and white feather barb cross 

sections revealed granular structures surrounding the vacuole. However, the presence of these 

structures in white feathers suggests that they are not melanosomes. As the melanosomes 

were not visible in these cross sections, I was unable to count them, and thus could not 

compare them between new and old feathers (Figure 2.13).  
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Figure 2.13. Scanning electron microscope images of a cross section of a feather barb from 

an African penguin. (A) black and (B) white feather. Arrows indicate granular structures 

surrounding the central vacuole which could be melanosomes (D‟Alba et al., 2014).  

 

4. Discussion 

Previous studies that compared the SI ratios of new and old feathers from the same penguins 

found that the old feathers generally exhibited higher δ
13

C and δ
15

N values compared to new 

feathers (Jaeger and Cherel, 2011; Barquete, 2012; Whitehead, 2017). However, the sampling 

design did not distinguish between the impact of a changing environment and a change in the 

feathers themselves to explain the differences observed as two generations of feathers 

representing two different years had been sampled. For example, an increase in primary 

production at the base of the food web filtered to the higher trophic levels would result in 

lower δ
13

C and δ
15

N in feathers (Jaeger and Cherel, 2011). In this chapter, I sampled the same 

cohort of feathers over time from individually-known penguins to eliminate the explanation 

linked to a changing environment between two feather cohorts.  

The comparisons between carbon and nitrogen SI ratios of new vs old black and white 

penguin feathers gave contrasting results depending on the feather colour and the penguin 

species. New and old black feathers from rockhopper penguins differed significantly in their 

δ
13

C and δ
15

N values, but the trend was not as clear for African penguins. Surprisingly, 

differences were also observed in white feathers of rockhopper penguins, with higher δ
15

N 

being observed in old feathers compared to new feathers. When including the mid-aged 

feathers (tmid), their SI ratios were not intermediate between those of new and old feathers, 

rejecting the hypothesis that SI ratios of feathers change gradually as they age, and casting 



 

32 
 

doubt on the idea that the change was due to physiology only, and instead may have been a 

result of external factors, e.g. abrasion and UV light. My results therefore suggest that δ
13

C 

and δ
15

N values are not always fixed in the feather once it has completed its growth as 

previously assumed (Mizutani et al., 1990). The differences were sometimes subtle; they 

were still greater than the precision of the mass spectrometer, which suggests that they should 

be considered in ecological studies.  

Previous studies have highlighted that differences in SIs can occur within the same 

feather (Bearhop et al., 2002; Cherel et al., 2005a). Such differences can occur as a result of 

the source of amino acids used to synthesise feather keratin. For example, king penguin 

(Aptenodytes patagonicus) feathers are synthesised from both stored nutrients and nutrients 

derived from current diet. Older regions of feathers, at the tip, use amino acids from at-sea 

diet and are enriched in 
13

C compared to the newest (basal) regions of feathers that are 

synthesised from stored amino acids as the moult-fast progresses (Cherel et al., 2005a). Diet 

switching during moult can also result in differences in SI ratios within a single feather. For 

example, in great skuas (Stercorarius skua), newer sections of feathers had SI ratios that 

matched the most recent diet (Bearhop et al., 2002). However, neither of these studies 

showed that feather SI ratios can change after the feather has completed its growth. When 

assessing possible explanations for changes in SI ratios between new and old feathers, colour 

was the most logical factor to look at (Michalik et al., 2010). As feathers aged, old black 

feathers from both African and rockhopper penguins appeared browner and had a higher 

reflectance than new black feathers. The browner colour of worn feathers suggests a change 

in melanin content as feathers age. Although I was unable to measure melanin content 

directly, previous studies have found that total melanin content in feathers was a strong 

predictor of three colour scores measured; hue, saturation, and brightness, which are used for 

the calculation of reflectance, with increasing melanin content resulting in increased colour 

scores (McGraw et al., 2005). The lower scores observed in old penguin feathers would 

therefore suggest lower melanin content. This pigment is synthesised from the amino acid 

tyrosine, which is naturally depleted in 
13

C and 
15

N (McCullagh et al., 2005). Melanised 

feathers exhibit lower δ
13

C and δ
15

N values compared to white feathers (Michalik et al., 

2010). One-year-old feathers with lower melanin content would thus exhibit higher δ
13

C and 

δ
15

N values as observed in rockhopper penguin black feathers. 

If melanin content changed as feathers age, then it would likely be as a result of 

feather wear due to the loss of melanin-containing barbules (Bonser, 1996). Barbule density 

of feathers has a larger effect on feather colour variation than melanosome density; feather 



 

33 
 

brightness was found to increase with increasing barbule density (D‟Alba et al., 2014). For 

example, the colour change in yellow breast feathers observed in Lawrence‟s goldfinch 

(Carduelis lawrencei) from winter to summer is a result of feather abrasion and not a pre-

breeding moult as previously thought; as the barbs become denuded of barbules the colour of 

the feather changes (Willoughby et al., 2002). Feather microstructure observed in the feathers 

of both penguin species indicated that old feathers had a larger proportion of their barbules 

missing from their barbs near the tips of the feathers compared to new feathers. As feathers 

age they get damaged and become worn from physical abrasion (typically from airborne 

particles, but also collision with objects, repeated bending and over-extension), exposure to 

sunlight (UV radiation), and attacks by bacteria, fungi, and feather lice (Burtt, 1986). 

Unfortunately, melanosomes could not be counted during the ultra-structure analysis of a 

feather attempted in this chapter. Further attempts should be made to directly compare 

melanosomes between new and old feathers. 

While differences in δ
13

C and δ
15

N values between new and old penguin feathers 

were shown in this chapter, they may not accurately reflect the isotopic differences in wild 

birds. Indeed, captive penguins are not exposed to the same level of sun exposure as wild 

individuals, which would result in less wear as feathers age in captive individuals and thus a 

less clear trend in SI ratios from new to old feathers. This difference in sun exposure may 

also explain the differences between species studied. The rockhoppers were housed indoors 

for most of the time at the Two Ocean Aquarium out of direct sunlight and showed less 

colour fading than African penguins, which are also housed out of direct sunlight but in an 

outdoor area at SANCCOB. On the other hand, the plumage of captive penguins can show 

excessive mechanical wear due to physical abrasion with cage walls. To estimate to which 

extent wear differs between captive and wild penguin, estimation of wear would need to be 

conducted on new and moulting feathers collected on wild penguins. Ideally, the same 

penguins should be followed. This could possibly be done with African penguins on the 

South African coast but this is unrealistic in densely populated colonies such as on the sub-

Antarctic islands. 

In this chapter, I explored the impact of mechanical damage of the feather on the 

resulting general feather colour (i.e. the physical loss of barbules and thus melanosomes). I 

did not explore the possibility of chemical break down of the melanin structure (Ginn and 

Melville, 1983), which could potentially influence the SI ratios of the feathers. Combining 

the results I obtained with biochemical analyses such as melanin content and/or amino acid 

composition would be the next logical step to deepen our understanding on the influence of 
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feather wear on SI ratios. Amino acid compositions of feather barbs and rachis differ in 

Pygoscelis penguins (Murphy et al., 1990); finer biochemical analyses comparing barb and 

barbule compositions could thus also bring light into the changes observed in the black but 

also white feathers. Melanin content cannot be the sole factor influencing the SI ratios in 

feathers, as changes were also detected between new and old white feathers. Furthermore, the 

difference in colour between new and old feathers was higher in African penguins, but the 

difference in SI ratios was the most notable in rockhopper penguin feathers; this may suggest 

that another phenomenon may intervene in addition to the change in colour. 

My results suggest that feather SI ratios are not always fixed in penguins and that 

feather wear may explain, at least in part, the changes between new and old feathers. It 

should be noted though that in the absence of more detailed information on melanin content 

of feathers, the mechanisms linking feather wear and stable isotopes remain unexplored. 

Further work should expand this research to flying birds as well. Finally, feather degradation 

caused by physical damage makes the plumage colouration of museum specimens duller in 

comparison to live individuals (Doucet and Hill, 2009). Researchers need to bear such 

changes in mind when making ecological inferences about historic changes in bird‟s 

environment or diet based on museum feather SI data (e.g. Hilton et al., 2006).  
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Chapter 3:  

Food web structure of the Namibian Islands Marine Protected Area:  

an update from stable isotopes 

 

ABSTRACT 

The Namibian Islands Marine Protected Area (NIMPA) supports important breeding 

populations of several marine top predators, including endangered seabirds such as bank 

cormorants (Phalacrocorax neglectus), African penguins (Spheniscus demersus), and Cape 

gannets (Morus capensis). The ecosystem in this region has been substantially altered in the 

last 50 years due to overfishing, with the large biomass of shoaling fish (predominantly 

sardines Sardinops sagax) replaced by jellyfish, salps and other less nutrient-rich species, 

resulting in marked population decreases in most top predators. The new food web structure 

within the NIMPA is not clearly understood. To date, studies on the trophic ecology of 

marine top predators in this region have been species-specific and based on traditional diet 

analyses of stomach contents and faeces. To complement these short-term diet data, I  used 

stable isotopes (SIs) to infer the trophic ecology of top predators over longer time periods. 

Carbon and nitrogen SI ratios were measured from blood and feathers/fur of five top predator 

species (African penguin, Cape gannet, bank cormorant, greater crested tern Thalasseus 

bergii, and Cape fur seal Arctocephalus pusillus), together with muscle tissue from potential 

prey species. As expected, the predators had higher δ
15

N values than prey species due to the 

preferential mobilisation of the light isotope of 
14

N up the food chain. Cape gannets fed the 

farthest offshore and at the lowest trophic level, based on low carbon and nitrogen SI ratios in 

whole blood (breeding season) and feathers (moulting period). Bank cormorants fed more 

benthically than other predators, while Cape fur seals fed at the highest trophic level. African 

penguin SI ratios in both whole blood and feather samples were intermediate between those 

of Cape gannets and Cape fur seals. Greater crested terns had the highest feather δ
13

C values, 

indicating that they fed closer to shore than the other predators. Using species-specific 

discrimination factors when available, Bayesian mixing models indicated some resource 

partitioning among marine top predators, although many of them used similar resources. This 

study provides new insights into the trophic functioning of the NIMPA ecosystem.  
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1. Introduction 

Over the last 50 years, the combined effects of climate change and over-exploitation of 

shoaling fish stocks have impacted marine ecosystems on an unprecedented scale (Rothschild 

et al., 1994; Boyer and Hampton, 2001; Daskalov et al., 2007; Heymans et al., 2009). This 

has caused major impacts on the fishing industry and on the demography of top predators 

(Rothschild et al., 1994; Cury and Shannon, 2004; Crawford et al., 2008A; Roux et al., 

2013). One tool that can be used to sustainably manage and conserve biodiversity and 

ecosystem functioning is the declaration of marine protected areas (MPAs) (Salm and Clark, 

1989; Sumaila et al., 2000). These areas aim to protect marine environments, their associated 

biodiversity, as well as key recruitment and feeding areas, and breeding ranges of threatened 

or overexploited marine species (Agardy et al., 2003). They benefit not only the marine 

organisms that live in them, but also human communities that depend on them for their 

livelihoods (Salm and Clark, 1989).   

The Namibian Islands Marine Protected Area (NIMPA) was established in 2009 to 

preserve the breeding and foraging habitats of seabirds in the northern Benguela upwelling 

ecosystem, and to facilitate fisheries management (Currie et al., 2008). The northern 

Benguela is one of the most productive marine regions in the world due to a year-round 

upwelling cell off Lüderitz (Carr, 2002; Freon et al., 2009;). The upwelling cell carries cold, 

nutrient-rich deep water to the surface, which increases production by large-celled 

phytoplankton which favours short food chains, the short food chains are more efficient at 

transferring energy to subsequent trophic levels (Heymans et al., 2009). The northern 

Benguela ecosystem off Namibia and southern Angola was once home to large populations of 

shoaling fish, mainly sardine (Sardinops sagax) and anchovy (Engraulis encrasicolus) 

(Boyer and Hampton, 2001), which were able to support large marine top predator 

populations; including predatory fish, marine mammals and seabirds (Cury et al., 2000; Cury 

and Shannon, 2004; Heymans et al., 2004; Ludynia et al., 2012). However, intense fishing 

pressure from industrial fisheries during the 1960s and 1970s, and a change in environmental 

parameters in some years, saw a rapid collapse in pelagic fish stocks, which have not 

recovered despite reduced fishing efforts likely due to an increase in jellyfish abundance and 

thus increased competition between jellyfish and pelagic fish for food resources 

(Gammelsrød, et al., 1998; Oelofson 1999, Brodeur et al., 2008).  

Since the collapse of the sardine stock in the northern Benguela, the numbers of 

breeding seabirds have declined dramatically, with up to a 94% population decrease for the 
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Cape gannet (Morus capensis; Crawford et al., 2007). Currently, the MPA harbours the entire 

Namibian populations of Cape gannets (endangered), African penguins (Spheniscus demersus 

- endangered), bank cormorants (Phalacrocorax neglectus - endangered), greater crested 

terns (Thalasseus bergii – least concern),(Kemper et al., 2007), as well as , ca 60% of the 

Namibian population of Cape fur seals (Arctocephalus pusillus pusillus – least concern) 

(Kirkman et al., 2007). Once sardine and anchovy biomass decreased, new species came to 

dominate the diet of top predators in this system including pelagic goby (Sufflogobius 

bibarbatus), horse mackerel (Trachurus capensis) and Cape hake (Merluccius capensis) 

(Cury et al., 2000; Boyer and Hampton, 2001; Hutchings et al., 2009; Ludynia et al., 2010a; 

Utne-Palm et al., 2010; Roux et al., 2013). Importantly, these species have a lower energy 

content (56-94%) compared to the small pelagic fish (sardine and anchovy) that once 

dominated the ecosystem (Balmelli and Wickens, 1994; Ludynia et al., 2010a). As pelagic 

fish stocks collapsed, the northern Benguela saw a marked increase in gelatinous zooplankton 

(salps and jellyfish, such as the two large medusae Chrysaora fulgida and Aequorea 

forskalea) (Roux et al., 2013).  

The diets of the five marine top predators have been studied using conventional „snap-

shot‟ methods that reflect the recent diet (Barrett et al., 2007), such as stomach content 

analyses (Matthews and Berruti, 1983; Crawford et al., 1985; Ludynia et al., 2010a), and scat 

and pellet analyses (Walter, 1984; Bruyn et al., 2003; Mecenero et al., 2006a, b). These 

methods have the advantage of allowing identification of ingested prey to species level and 

can allow measures of prey size, but they do have limitations. Rapidly-processed prey 

typically are under-recorded (Kelly, 2000) and they only provide information on the most 

recent diet, depending on the time taken for prey remains to pass through the digestive system 

before being excreted, which is predator and prey species-dependent (Wilson, 1985; Jackson 

and Place, 1990). Indirect methods of diet assessment, such as the use of stable isotopes (SI), 

overcome some of these limitations (Karnovsky et al., 2012). 

The SI ratio in an organism‟s tissues has an advantage over traditional diet 

reconstruction methods because the isotopic ratios can be traced from the predator back to the 

prey, which can help in understanding the structure of food webs within ecosystems 

(Michener and Lajtha, 2007). In coastal ecosystems, high δ
13

C values indicate that the source 

of primary production is likely benthic, while low δ
13

C values indicate pelagic production 

and thus pelagic feeding (France, 1995). δ
15

N (
15

N/
14

N) values indicate the trophic level at 

which predators feed within an ecosystem, because heavier isotopes (in this case 
15

N) are 

differentially retained in the tissues of an organism (Kelly, 2000).  
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Given that the current food-web in the northern Benguela region has been altered by 

fishing pressure, and that most studies that have investigated the foraging ecology of seabirds 

and fur seals in the NIMPA have focused on single species (Mecenero et al., 2006a, b; 

Ludynia et al., 2012), there is limited understanding of the trophic relationships within the 

top-predator community, and how resource partitioning occurs among the predator species 

within the system. This chapter describes the structure of the food web in the NIMPA 

ecosystem using SIs as natural tracers and tentatively infers the food resources used by 

species of conservation concern within the ecosystem.  

I hypothesise that due to the reduced availability of sardine and anchovy in the 

NIMPA ecosystem, the diets of marine top predators will have large contributions from the 

new most abundant fish species: pelagic goby and Cape hake. I also hypothesise that these 

contributions will vary temporally and result in resource partitioning due to species using 

different areas during periods of blood formation and feather growth. To test this, I analyse 

the carbon and nitrogen SI ratios of various tissues of five marine top predators: the 

endangered African penguins, Cape gannets and bank cormorants, and two species of least 

concern, Cape fur seals and greater crested terns, to collect information on their trophic 

ecology at different time scales. I then assess which factors influence their carbon and 

nitrogen SI ratios (i.e. species, age class and tissue type), before comparing predator diet 

estimated with SI Bayesian mixing models with the diet of these predators obtained from 

traditional diet analyses before and after the collapse of small pelagic fish stocks in the 

region. 

 

2. Methods  

2.1. Study area 

The NIMPA stretches 400 km along the southern Namibian coast (-24.4861, 14.5000 to -

27.9594, 15.4681), covering an area of approximately 10 000 km
2
 (Ludynia et al., 2012) 

(Figure 3.1). It includes 10 islands, various islets and rocks, which are important predator-

free breeding sites for seabirds and fur seals (Kemper et al., 2007).  

 Commercial fishing activity within the NIMPA region is restricted to some extent: 

commercial or recreational fishing of linefish is prohibited from the high water mark to 6 

nautical miles offshore, within which with the exception of snoek (Thyrsites atun), and west 

coast rock lobster (Jasus lalandii) cannot be caught in waters < 30 m deep (Currie et al., 
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2008). In addition, purse seining and trawling activities are prohibited in the NIMPA region 

(Government Gazette 2012).  

 

Figure 3.1. Location of the Namibian Islands Marine Protected Area (indicated by black dots 

off the coast) and sampling sites (indicated by red markers) for seabird and fur seal tissue 

samples along the Namibian coast.  
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2.2. Study Species  

2.2.1. African penguin  

African penguins breed at islands and a few mainland sites along the coast of southern Africa 

from Hollamsbird Island in Namibia to Algoa Bay in the Eastern Cape of South Africa 

(Crawford et al., 2011). Historically this species has undergone an overall population decline 

from an estimated population of 575 000 individuals in the early 1900s (Crawford et al., 

1995) to only 50 000 mature individuals currently (Birdlife International, 2018). The rapid 

decrease seen in this species from the 1950s to the 1970s coincided with the collapse of small 

pelagic fisheries off Namibia (Crawford, 2007). In 1978, the Namibian penguin population 

was estimated to be 12 162 breeding pairs (Shelton et al., 1984), more than double the current 

population of 5 500 breeding pairs, which is 20% of the global population (Simmons et al., 

2015). Within Namibia, the African penguin population has declined by 2.4 to 8.0% per year 

between 1996 and 2004, at three of the four most important breeding localities: Ichaboe, 

Mercury, and Possession Islands (Kemper, 2006). Only Halifax Island has seen an increase in 

its population by 8.9% per year over this period (Kemper, 2006). These declines, together 

with very rapid population declines in colonies in the Western Cape of South Africa since the 

late 1990s, resulted in the African penguin being listed as endangered by the International 

Union for Conservation of Nature (IUCN) in 2010 (Shannon, 1999; Crawford et al., 2015; 

Birdlife International, 2018).   

In Namibia, their breeding period peaks from September to December (Hockey et al., 

2005), while most adults moult in April-May (Crawford et al., 2006). African penguins 

mainly forage within 50 km of the coast, and typically within 30 km of their colonies when 

breeding (Wilson and Wilson, 1988; Pichegru et al., 2009; Ludynia et al., 2012). Prior to the 

collapse of the small pelagic fish stocks, their diet off southern Namibia consisted 

predominantly of nutrient-rich sardines (Matthews, 1961), whereas in the 1990s and 2000s 

their diet was more diverse, including pelagic goby, horse mackerel, hake, squid, rock 

lobster, and round herring (Etrumeus whiteheadi), as well as anchovy and sardine (Crawford 

and Dyer, 1995; Ludynia et al., 2010a). 

 

2.2.2. Cape gannet  

Cape gannets only breed at six islands in southern Africa: three off southern Namibia 

(Mercury, Ichaboe, Possession Islands, all in NIMPA), and three off South Africa (Lambert‟s 

Bay and Malgas Island on the west coast, and Bird Island in Algoa Bay; Crawford et al., 

1983). The population of Cape gannets in Namibia decreased dramatically between 1956 and 
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1980; at Mercury by 66%, Ichaboe by 88% and Possession Island by 77% (Crawford et al., 

1983). These decreases were attributed to the reduced availability of prey (Crawford and 

Shelton, 1978). Despite these decreases, the population of Cape gannets in Namibia in 1979 

(ca 77 000 breeding pairs) comprised 80% of the global population (Simmons et al., 2015). 

The current population of ca 13 000 breeding pairs comprises only 9% of the global 

population (Crawford et al., 2007; Simmons et al., 2015). Cape gannets were recently 

uplisted to endangered by the IUCN (Birdlife International, 2018).   

Breeding occurs between August and April (Jarvis, 1969), while moult reportedly 

occurs in the austral summer extending into winter (November to July) (Rand, 1959a). Prior 

to the collapse of the sardine stocks, Cape gannets fed mainly on these pelagic fish, along 

with silver cob (Argyrosomus japonicus) and horse mackerel (Matthews, 1961; Matthews and 

Berruti, 1983). After the collapse of the small pelagic fishery in the 1960s and 1970s, Cape 

gannets were found to consume large amounts of hake offal from demersal trawlers 

(Matthews and Berruti, 1983; Lewis et al., 2006). In Namibia, they forage up to 100 km 

offshore (Ludynia et al., 2012) and can range up to 300 km from their colonies even while 

provisioning small chicks (Green et. al., 2015).  

 

2.2.3. Bank cormorant  

Bank cormorants are restricted to the Benguela upwelling region, breeding from 

Swakopmund, central Namibia, to Quoin Point, west of Cape Agulhas, in South Africa 

(Crawford et al., 2008b). Mercury Island, off the Namibian coast, supports 65% of this 

species‟ total population (Simmons et al., 2015). The population off southern Namibia 

increased from 1960-1980, apparently due to an increase in pelagic gobies (Cooper, 1981). 

However, in the 1990s the population decreased drastically at Ichaboe and Mercury Islands 

(Hockey et al., 2005). The decrease observed on Ichaboe Island was attributed to the collapse 

of the pelagic goby stock in Namibia, and on Mercury Island was a result of food scarcity and 

competition with Cape fur seals for space (Crawford et al., 1999). These factors, along with 

habitat destruction, and egg predation, have contributed to the IUCN listing the species as 

endangered (Birdlife International, 2018). 

In Namibia, bank cormorants breed from November to May (Crawford et al., 1999) 

and probably moult mostly outside of the breeding season (Rand, 1960a; Cooper, 1985). 

Stomach content and pellet analyses indicate that the diet of bank cormorants in Namibia 

between 1975 and 1980 included pelagic goby, hake, and West Coast rock lobster (Walter, 

1984; Cooper, 1985; Crawford et al., 1985). More recent data suggest that pelagic goby and 
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rock lobster are still part of their diet (Crawford et al., 2008b; Ludynia et al., 2010b). Bank 

cormorants are benthic feeders that forage within 10 km of the coast when breeding (Cooper, 

1981; Ludynia et al., 2010b; Ludynia et al., 2012), and because they do not feed much on 

pelagic fish they should have been less directly affected by the sardine stock collapse than the 

other predators in this study.  

 

2.2.4. Greater crested tern  

The greater crested tern is widespread around the coasts of the Indian and the west-central 

Pacific oceans; as well as in the southeast Atlantic Ocean (Crawford, 2003). In southern 

Africa, breeding is concentrated in three areas: Swakopmund-Walvis Bay in Namibia, along 

the Western Cape coast of South Africa, and in Algoa Bay in the Eastern Cape (Cooper et al., 

1990). The estimated number of breeding pairs in southern Africa in 1984 was around 4 835 

(Cooper et al., 1990), but the population has since increased dramatically at least off South 

Africa, where more than 15 000 pairs breed in some years (Crawford, 2009; DEA unpubl. 

data). This is despite the fact that the number of breeding pairs is significantly related to the 

biomass of sardine and anchovy in the vicinity of breeding colonies (Crawford, 2003). The 

species has a wide geographic distribution and its population is considered stable, so it is 

listed by the IUCN as least concern (Birdlife International, 2018).   

In Namibia, breeding occurs from February to September, while moult starts in mid-

October and continues until April (Hockey et al., 2005). Their diet includes anchovy, sardine, 

pelagic goby, and hake (Walter, 1984; Walter et al. 1987a, b; Cooper et al., 1990) and they 

mainly forage within 10 km of shore (Hockey et al., 2005).  

 

2.2.5. Cape fur seal  

The Cape fur seal is confined to the south and west coasts of southern Africa; within Namibia 

they have many island and mainland breeding colonies located from Cape Frio (18°27‟0” S,  

12°1‟0” E) in the Kunene province in the north, to Lions Head in the Karas province in the 

south (27°40‟0” S,  15°31‟0” E; Kirkman et al., 2007). An increase in Cape fur seal numbers 

across their range from 1972 to 1990 resulted from increased numbers breeding at mainland 

colonies. However, a decrease in population growth at many colonies along the Namibian 

coast after 1990 has been attributed to a decrease in the number of pups born between 1993 

and 1995 (Kirkman et al., 2007, 2013). This decrease was attributed to environmental factors, 

such as low oxygen concentrations in the water (Gammelsrød et al., 1998), which caused a 

large decrease in fish stocks, and ultimately reduced prey availability for seals and various 
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seabird species (Kirkman et al., 2007). The number of Cape fur seals worldwide is currently 

estimated to be 2 000 000 individuals; over the past two generations the population has been 

stable and thus the IUCN lists the species as least concern (Hofmeyr, 2015).  

The pupping season starts from late October through to early January, and the pups 

become independent 10 to 11 months later (Hofmeyr, 2015). Moult in adult Cape fur seals 

occurs late in summer (Rand, 1956). Cape fur seals are generalist predators (Mecenero et al., 

2006b). Stomach contents from individuals collected at sea before the sardine stock collapse 

indicate that they preyed on rock lobster, anchovy, mullet, sardine, and squid (Rand 1959b, 

David 1987), while stomach samples collected after the collapse indicate that they also fed on 

seabirds and goby  ( Punt et al.,1995; David et al., 2003). Off Namibia, more recent scat 

analyses show that they prey on horse mackerel, pelagic goby, lantern fish, hake, sardine, 

anchovy, and round herring (Mecenero et al., 2006a, b). Individual Cape fur seals also kill 

threatened seabirds, including African penguins, Cape gannets, and Cape (Phalacrocorax 

capensis), bank, and crowned (Microcarbo coronatus) cormorants (Marks et al., 1997; David 

et al., 2003; Johnson et al., 2006; Makhado et al., 2006). In addition, fur seals compete with 

seabirds for breeding space and can displace seabirds from islands where they breed (Currie 

et al., 2008).  

 

2.3. Sample collection and processing 

2.3.1. Sample collection 

The five marine top predator species and their potential prey species were sampled between 

2008 and 2013 in 13 areas in the northern Benguela region off southern Namibia, including 

on four islands; Mercury, Ichaboe, Halifax, and Possession Islands (Figure 3.1). Co-ordinates 

for sample locations are listed in Supplementary Table S3.1. Several tissues were collected 

per individual in order to determine the foraging areas and trophic ecology of predators at 

various time scales: feather and blood for seabird species, and fur and blood for Cape fur 

seals. Muscle tissue samples were also collected from potential prey species including fish, 

squid, and crustacean species (Table 3.1). 



 

44 
 

Table 3.1. Tissues samples and sample sizes collected along the southern Namibian coast 

between 2008 and 2013. 

Group Species Scientific name Blood Feather/Fur Muscle 

Bird African penguin  Spheniscus demersus 12 105 - 

Bird Cape gannet Morus capensis 13 16 - 

Bird Bank cormorant Phalacrocorax neglectus 6 12 - 

Bird 

Greater crested 

tern Thalasseus bergii - 24 - 

Seal Cape fur seal Arctocephalus pusillus 25 52 8 

Fish Sardine Sardinops sagax - - 20 

Fish Anchovy Engraulis encrasicolus - - 14 

Fish Cape hake Merluccius capensis - - 20 

Fish Pelagic goby Sufflogobius bibarbatus - - 12 

Fish Round herring Etrumeus whiteheadii - - 17 

Fish 

South African 

mullet Chelon richardsonii - - 15 

Fish Lantern fish Lampanyctodes hectoris  - - 10 

Cephalopod Squid Loligo reynaudii - - 5 

Cephalopod Flying squid Todarodes angolensis - - 5 

Crustacean Rock lobster Jasus lalandii - - 18 

 

Feather and blood sampling of African penguins was conducted in June-July 2012 on Ichaboe 

(feathers only), Mercury and Halifax Islands. Body feathers, plucked from the back (5-8 per 

bird), were collected from 15 penguins on each island: five moulting penguins (new and old 

feathers), five breeding penguins, and five chicks; contour feathers were sampled for chicks. 

Additional feather and blood samples were collected from breeding African penguins and 

their chicks on Mercury Island, and body feathers from dead African penguins (referred to as 

unassigned feathers throughout) from Halifax Island in March 2013. Up to 1 ml of blood was 

collected using a sterile syringe from the foot and stored in 70% ethanol. This concentration 

of ethanol does not influence the carbon and nitrogen SI ratios of whole blood (Hobson et 

al.,1997). Body feather and blood samples for breeding Cape gannets, bank cormorants and 

greater crested terns and their feathered chicks were collected on Mercury Island in March 

2013. Blood was collected from the tarsal vein and stored in70% ethanol. Additional feather 

samples of African penguins, Cape gannets and greater crested terns were collected from 

carcasses found on the islands from June 2012 to November 2013.  

Cape fur seal pups, from a few weeks to months old (February-August), and under-

yearlings (UY), which were older than seven months (September-November), were captured 

by hand at the edge of the colony, or in a resting seal group at the Atlas Bay and Van Reenen 
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Bay colonies between February and November 2013, six individuals were also captured in 

Lüderitz (Peninsula). The seals were restrained while a fur sample was cut from their back, 

and blood taken from their hind flippers using a 1-ml syringe. Pups exclusively feed on their 

mother‟s milk (and can therefore be used as a proxy for their mother‟s diet; Cherel et al., 

2015), while UY had started to forage for themselves, although they continue to receive milk 

from time to time.  

Putative prey species of the five marine top predators were identified from published 

studies (Supplementary Table S3.2): dominant species included sardine, anchovy, pelagic 

goby, hake, round herring, rock lobster, squid, and flying squid (Table 3.1). Dorsal muscle 

from fish, mantle of squid, and abdomen muscle from rock lobster were collected during 

scientific surveys by the Namibian Ministry of Fisheries and Marine Resources in the 

Lüderitz area from 2011 to 2013. Lantern fish (Lampanyctodes hectoris) and mullet (Chelon 

richardsonii) samples collected previously on the Namibian coast were also included as 

potential prey species. Horse mackerel are eaten by seals and penguins (Supplementary Table 

S3.2), however due to the ad-hoc collection of prey species no horse-mackerel were collected 

and could thus not be included in the analyses for this study.  

 

2.3.2. Sample processing 

All feather and fur samples were cleaned of surface contaminants and lipids by immersion in 

2:1 chloroform:methanol solution in glass tubes, placed in an ultrasonic bath for five minutes, 

then rinsed with a 70% ethanol solution and distilled water. The samples were dried at 40°C, 

before being cut into small pieces. Blood samples were dried in an oven at 60°C for 24 hrs, 

then ground into a fine homogenous powder using a mortar and pestle which were thoroughly 

cleaned between samples. Muscle samples from prey species were stored frozen before being 

dried at 60°C for 24 hrs, then ground into a fine homogenous powder. 

 

2.4. Carbon and nitrogen stable isotope analysis  

All samples were analysed at IsoEnvironmental cc in the Botany Department at Rhodes 

University in the Eastern Cape (South Africa). The relative isotopic abundance of 
13

C/
12

C and 

15
N/

14
N was determined for 1 mg of subsamples of homogeneous tissue using continuous-

flow isotope ratio mass spectrometry. Results are expressed in δ values, relative to 

international standards, as described in Chapter 2. However, in this case the internal standards 

were beet sugar and ammonium sulphate for δ
13

C, and casein for δ
15

N, and were calibrated 

against International Atomic Energy Agency granular sucrose (IAEA-CH-6) and 
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International Atomic Energy Agency ammonium sulphate (IAEA-N-1). Measurement 

precision was ± 0.13 ‰ for carbon, and ± 0.15 ‰ for nitrogen.  

 

Lipid correction  

Lipids exhibit lower δ
13

C values than proteins (DeNiro and Epstein, 1977), and thus may 

influence the overall δ
13

C of lipid-rich tissues (Post et al., 2007; Kojadinovic et al., 2008). As 

a result, it is important to correct for the lipid content of the tissues when using SIs as 

ecological tracers. This can be done by chemically removing lipids before analysing the 

carbon isotopic compositions (Post et al., 2007; Kojadinovic et al., 2008), and typically 

involves using a chloroform and methanol solution (Post et al., 2007). However, there is a 

risk that this solvent mix not only removes the reserve lipids but also the constitutive lipids 

such as phospholipids as well as some amino acids, inducing unwanted changes to the δ
15

N 

values of the tissues (Post et al., 2007; Kojadinovic et al., 2008; Logan et al., 2008). One way 

to overcome this problem is to perform two separate analyses to determine the carbon and 

nitrogen SI ratios of the same tissue: δ
15

N from a subsample of raw tissue, and δ
13

C from a 

lipid extracted subsample (Post et al., 2007). However, this is costly, time consuming, and 

increases the chances of introducing error into the analyses (Kojadinovic et al., 2008). An 

alternative approach uses mathematical corrections to the δ
13

C values once the δ
13

C and δ
15

N 

values have been determined for the raw tissue samples (Logan et al., 2008). This approach 

uses the ratio C:N as a proxy for lipid content. The C:N ratio is calculated as the percentage 

of carbon in the sample divided by the percentage of nitrogen in the sample. Previous studies 

that applied mathematical corrections to seabird and fish tissues found that these corrections 

adequately predicted the „true delipidated‟ values of δ
13

C for the raw tissues being analysed 

(Kojadinovic et al., 2008; Logan et al., 2008).  

For this study, a post-hoc lipid normalisation was applied to the tissue samples that 

exhibited a high C:N ratio. The threshold for correction was set at > 3.5 for prey samples, and 

> 4.0 for bird and fur seal samples (McConnaughey and McRoy, 1979; Post et al., 2007; 

Logan et al., 2008). The correction equations used for seabird and fur seal blood samples 

were obtained from Post et al. (2007): 
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The correction equation for carbon SIs used for bird and fur seal muscle samples was 

obtained from Kojadinovic et al. (2008):  

 

where δ
13

C‟ is the carbon SI ratio of the sample after correction, and δ
13

C is the value of the 

raw sample. D and I are the parameter estimates for the best model fit for seabird muscle 

samples, where D = 6, I = 0.180 and f(C:N) is calculated as: 

   

The correction equation for carbon SIs used for prey samples was obtained from Logan et al. 

(2008):   

 

where a, b, and c are the parameter estimates for a lipid normalisation model fit to a dataset of 

marine fish (a = 7.4150 (± 0.5576), b = -22.7320 (± 1.5722), c = 0.7460 (± 0.5734)).  

 

2.5. Statistical analyses 

All statistical analyses were performed in R v3.3.1 (R Core Team, 2017). The significance 

level (α) was set at 0.05. Various within-species comparisons were conducted between 

sampling sites, age classes, tissues and years. Depending on whether or not the assumptions 

of normality and homoscedasticity were met I used a mix of parametric and non-parametric 

tests for these comparisons (Welch two sample t-test and ANOVA, with Tukey-HSD for 

post-hoc comparisons, Wilcoxon signed rank tests for paired data, Wilcoxon rank sum test 

for unpaired data, and randomisation tests). All seabird tissues were also compared using a 

linear model to determine significant differences between species.   

To determine the variability and overlap among the various marine top predators, and 

to plot the isotopic niches of these predators, SI Bayesian ellipses were generated in R 

(package SIBER, Jackson et al., 2011). The following metrics were used in this analysis: 

convex hull, standard ellipse area (SEA) corrected for low sample sizes (SEAC = - SEA (n-

1)(n-2)
-1

), and the Bayesian estimate of the standard ellipse area (SEAb). 

 

2.6. Diet reconstruction 

Diet reconstruction was conducted using Bayesian-based mixing models (SIAR) (Parnell et 

al., 2010) using appropriate trophic discrimination factors, to take into account isotopic 
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fractionation. Isotopic fractionation occurs when the lighter isotope (
12

C or 
14

N) is separated 

from the heavier isotope (
13

C or 
15

N) through chemical and physical processes (Hoefs, 2009). 

In food webs, heavier isotopes are retained differentially in the tissues of an organism, while 

more of the lighter isotope is excreted or respired (Fry, 2006), resulting in isotopic 

enrichment as one goes up the food chain (Δ
15

N, Δ
13

C; Kohn, 1999). Diet-tissue 

discrimination factors are predator species- and tissue-specific, and are crucial to accurately 

reconstruct the diet of predators (DeNiro and Epstein, 1978; Hobson et al., 1996; Phillips et 

al., 2014). Discrimination factors are mainly determined from diet studies of captive 

individuals fed a constant diet (Hobson et al., 1996). Overall, only a few captive studies have 

been conducted on a limited number of species, therefore I followed Stauss et al., (2012) 

approach by calculating the average values for Δ
15

N and Δ
13

C with all captive studies that 

have been conducted so far on related species (Table 3.2). For Cape fur seals UY and pups 

were used as proxies for their mums because pups drink only milk from their mothers. Before 

modelling the predator and the prey data in SIAR in order to determine which prey species 

likely contributed to the diet of each predator, the number of prey groups was reduced to 

eight because more groups or sources reduce the reliability of the model (Phillips and Gregg, 

2003). This was done by performing a permutational analysis of variance (PERMANOVA) 

on all prey species; the results were then used to group the most similar prey species in terms 

of their SI ratios, post-hoc tests were performed on the data after the PERMANOVA. 

Prey/source groups were excluded from the model of a specific predator if there had been no 

previous record of that predator feeding on those prey taxa. From previous stomach content 

and scat studies and the known biology of the predator species, the eight prey groups 

determined from the PERMANOVA (see Results) were included to calculate the mixing 

regions for Cape fur seals, African penguins, bank cormorants, and greater crested terns, 

while the rock lobster group was removed for Cape gannets. 

The adequacy of the discrimination factors used and the prey groups to fit the mixing 

models were then tested by running simulated mixing polygons (Smith et al., 2013). 

Individual predator samples that fell outside of the mixing region were removed from the 

predator dataset, and the proportional contribution of each prey group to the SIs of each 

predator was then determined using SIAR (Parnell et al., 2010).  
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Table 3.2. Tissue and species-specific discrimination factors estimated for the five marine top 

predators from captive studies.  
 
 Δ13C  (‰) Δ15N  (‰) References# 

Fur        

   Cape fur seals adult  +3.0 Hobson et al., 1996 

   Cape fur seal pup +2.8 +4.5 Hobson et al., 1996; Connan et al., 2014 

        

Blood        

   Cape fur seal adult +1.4 +4.1 Kurle, 2002 

   Cape fur seal pup +1.4 +5.4 Kurle, 2002; Connan et al., 2014 

   African penguin -0.4 ± 0.6 +2.4 ± 0.3 Cherel et al., 2005b; Barquete et al., 2013 

   Cape gannet +0.1 ± 0.7 +2.7 ± 0.5 Hobson and Clark, 1992; Bearhop et al., 2002; Cherel 

et al., 2005b; Sears et al., 2009; Barquete et al., 2013; 

Ciancio et al., 2016 

   Bank cormorant +0.1 ± 0.7 +2.7 ± 0.5 Hobson and Clark, 1992; Bearhop et al., 2002; Cherel 

et al., 2005b; Sears et al., 2009; Barquete et al., 2013; 

Ciancio et al., 2016 

        

Feather        

   African penguin 0.5 ± 0.7 4.1 ± 0.7 Mizutani et al., 1992; Cherel et al., 2005b; Polito et 

al., 2011 

   Cape gannet 1.4 ± 1.0 4.1 ± 0.7 Hobson and Clark, 1992; Mizutani et al., 1992; 

Bearhop et al., 1999, 2002; Cherel et al., 2005b; 

Becker et al., 2007; Polito et al., 2011 

   Greater crested tern  1.4 ± 1.0 4.1 ± 0.7 Hobson and Clark, 1992; Mizutani et al., 1992; 

Bearhop et al., 1999, 2002; Cherel et al., 2005b; 

Becker et al., 2007; Polito et al., 2011 

   Bank cormorant 3.4 ± 0.5 4.0 ± 0.6 Mizutani et al., 1990, 1992; Bearhop et al., 1999 

#Species used in the respective papers: Mizutani et al., 1990 (great cormorant Phalacrocorax carbo); Mizutani et al., 1992 

(Humbolt penguin Spheniscus humboldti, great cormorant Phalacrocorax carbo); Hobson and Clark, 1992 (ring-billed gull 

Larus delawarensis); Hobson et al., 1996 (harp Pagophilus groenlandicus, harbour Phoca vitulina and ringed P. hispida 

seals); Bearhop et al., 1999 (great cormorant Phalacrocorax carbo, shag Phalacrocorax aristotelis), 2002 (great skua 

Catharacta skua); Kurle, 2002 (northern fur seal Callorhinus ursinus); Cherel et al., 2005b (king Aptenodytes patagonicus 

and rockhopper Eudyptes chrysocome penguins); Becker et al., 2007 (common murre Uria aalge); Sears et al., 2009 

(rhinoceros auklet Cerorhinca monocerata); Polito et al., 2011 (gentoo penguin Pygoscelis papua); Barquete et al., 2013 

(African penguin); Ciancio et al., 2016 (Magellanic penguin Spheniscus magellanicus) 

 

 

3. Results 

3.1. Comparisons among putative prey species  

There were no interannual differences in δ
13

C and δ
15

N values of muscle tissue from gobies 

or mullets (t-tests, for all p > 0.05), so the data were pooled across years for these species. 

Significant differences in δ
13

C and δ
15

N were found between most prey species 

(PERMANOVA, FSpecies = 31.23, p < 0.001) but a few species comparisons were not 

significant. Post-hoc pairwise tests showed that anchovy and round herring were not 

significantly different (p = 0.876), nor were sardine and lantern fish (p = 0.137). All other 

species comparisons were significant (p < 0.03). The results from the PERMANOVA were 

used to group the most similar prey species in terms of their SI ratios. The prey groups 

considered in the prey reconstruction models were: sardine/lantern fish, anchovy/round 

herring, mullet, pelagic goby, hake, flying squid, squid and rock lobster (Figure 3.2). From 
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the SI ratios of their tissues anchovy had the highest δ
15

N values, while squid had the lowest, 

and rock lobsters were found to have the highest δ
13

C values while pelagic goby had the 

lowest (Figure 3.2).   

 

 

Figure 3.2. Carbon and nitrogen stable isotope ratios for muscle tissue samples collected from 

various putative prey species within the Namibian Island‟s Marine Protected Area. The 

Anchovy group gathers anchovy and round herring samples, while the Sardine group gathers 

the sardine and lantern fish samples. Error bars show ± 1 standard deviation. 

 

 

3.2. Variation in stable isotope ratios within predator species 

Within the marine top predator‟s studied, tissue type, age of tissue or individual and 

geographical location were found to have an effect on the δ
13

C and δ
15

N values of the various 

tissues sampled; these effects however were not consistent across species or age classes.  

  

3.2.1. Tissue differences 

Tissue type was found to have an effect on the SI values where in most cases feathers and fur 

had higher δ
15

N and δ
13

C values compared to blood.  

In adult African penguins, blood and all feather groups from Halifax and Mercury Islands 

were not significantly different in their δ
13

C values (new feathers, Tukey HSD, t = -2.09, p = 

0.156; old feathers, Tukey HSD; t = -0.26, p = 0.993; unassigned feathers, Tukey HSD, t = 

0.703, p = 0.893), but were significantly different in their δ
15

N values; feathers exhibited 
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higher δ
15

N compared to blood (new feathers, Tukey HSD, t = 4.72, p < 0.001; old feathers, 

Tukey HSD, t = 5.39, p < 0.001; unassigned feathers, Tukey HSD, t = 5.06, p < 0.001).  

 Cape gannet blood and feathers were significantly different in both their δ
13

C and 

δ
15

N values in both breeding adults (δ
13

C: Wilcoxon signed rank test, V = 0, p = 0.031; δ
15

N: 

paired t-test, t = -16.25, p < 0.001) and chicks (Wilcoxon signed rank tests δ
13

C: V = 0, p = 

0.022; δ
15

N: V = 0, p = 0.022); feathers had higher δ
13

C and δ
15

N values compared to blood 

(Figure 3.3). 

Blood and feathers collected from breeding bank cormorants exhibited no significant 

differences in their δ
13

C values (Wilcoxon signed rank test, V = 2, p = 1), while differences 

were observed in the δ
15

N values between these two tissues (paired t-test, t = -11.86, p < 

0.001); blood had higher δ
15

N compared to feathers (Figure 3.3).  

Cape fur seal tissue types (blood, fur, and muscle) collected from UY at Atlas Bay 

had significant differences in their δ
13

C and δ
15

N values (MANOVA; Pillai‟s Trace=0.744, 

F4,40 = 5.93, p < 0.001). Post-hoc analyses indicated that all three tissues were significantly 

different in their δ
13

C (Tukey HSD, all pairwise comparisons p < 0.001 with muscle < blood 

< fur; Figure 3.4) but only blood and fur (Tukey HSD, p = 0.002), and fur and muscle (Tukey 

HSD, p = 0.017) differed significantly in their δ
15

N values. The δ
13

C values for blood and fur 

collected from pups were significantly different at both Atlas Bay (paired t-test, t = -8.28, p < 

0.001) and Van Reenen Bay (paired t-test, t = -8.12, p = 0.001), fur exhibited consistently 

higher δ
13

C compared to blood (Figure 3.4). δ
15

N values did not differ between the two 

tissues at either Atlas Bay (Wilcoxon signed rank sum, V = 14, p = 0.185) nor Van Reenen 

Bay (paired t-test, t = -1.75, p = 0.155).  

 

3.2.2. Age differences  

Feather age in African penguins (old vs new feathers collected on moulting penguins) was 

found to have an effect on the δ
13

C values at three islands; new feathers exhibited higher δ
13

C 

compared to old feathers (paired t-tests; p < 0.009 in all comparisons; Figure 3.3). This 

contradicts the results that were found in Chapter 2 where new feathers of African penguins 

were depleted in δ
13

C compared to old feathers. However, no significant differences between 

new and old feathers were found in the δ
15

N values at any island (Wilcoxon signed rank test, 

paired t-test  p > 0.273 in all comparisons; Figure 3.3). Breeding or moulting status was 

found to have no effect on the δ
13

C or δ
15

N values of feathers; no differences were observed 

in the δ
13

C or δ
15

N values of old feathers between breeding and moulting individuals at 

Ichaboe Island (t-tests;  p > 0.742 in all comparisons ), or Mercury Island ( t-test, Wilcoxon 
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rank sum test; p > 0.174 in all comparisons ). On Halifax Island no differences were found in 

δ
13

C values but were observed in δ
15

N values (Wilcoxon rank sum test, t > 0.05 t-test; 

p<0.05). As a result old feathers collected during breeding, and old feathers collected during 

moulting were pooled in other analyses, while new feathers were kept separate. 

In Cape gannets, no differences were detected in the SI ratios of feathers from adult 

Cape gannets and chicks from Mercury Island (t-test Wilcoxon rank sum test;  p > 0.639 in 

all comparisons; Figure 3.3). Blood collected from adult and chick Cape gannets on Mercury 

Island also showed no significant differences in the δ
13

C or δ
15

N values (Wilcoxon rank sum 

test;  p >0.245 in all comparisons).  

Feathers collected from adults and chick bank cormorants on Mercury Island showed 

no significant differences in the δ
13

C values (Wilcoxon rank sum test; p = 0.459), but adult 

feathers had higher δ
15

N values than chick feathers (t-test; p < 0.001; Figure 3.3).  

Cape fur seal blood samples collected from pups and UY in Atlas Bay differed 

significantly in their δ
13

C values (t-test; p < 0.05, δ
13

CUY > δ
13

Cpup), in contrast to their δ
15

N 

values (Wilcoxon sum rank test; p = 0.480). Fur samples collected from pups and UY did not 

significantly differ in their δ
13

C values or in the δ
15

N values (t-test;  p > 0.346 in all 

comparisons; Figure 3.4). For further analyses, pups and UY fur samples were pooled, while 

pup and UY blood samples were kept separate. 

 

3.2.3. Geographical differences  

Some differences in SI values of tissues were observed between locations, the differences 

however were not consistent across species. In some cases species tissue SI values were 

higher at one location compared to another, while in other cases the SI values were lower at 

one location compared to another.   

There were no geographical differences in the δ
13

C and δ
15

N values of African penguin 

feathers (new or old) from either moulting, or breeding individuals on Halifax, Ichaboe, and 

Mercury Islands (MANOVAs;   p > 0.082 in all comparisons). No geographical differences 

occurred either in the δ
13

C and δ
15

N values of blood samples collected from adults on 

Mercury and Halifax Islands (t-tests; p > 0.318; Figure 3.3). While these differences were not 

significant, a pattern of lower δ
15

N values was found for old and new feathers and blood from 

Mercury Island compared to the same tissues from Halifax Island (Figure 3.3). Geographical 

differences were found in chick feathers between Halifax, Ichaboe, and Mercury Islands 

(MANOVA; p = 0.002; Figure 3.3). 
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Feathers collected from greater crested tern chicks on Halifax Island had higher δ
13

C 

and δ
15

N values than chicks from Possession Island (t-tests;  p < 0.008 in all comparisons; 

Figure 3.3).  

Regarding Cape fur seal samples, fur collected from pups did not differ in their δ
13

C 

values between Atlas Bay and Van Reenen Bay (t-test; p = 0.947), but their δ
15

N values 

differed; Van Reenen Bay pup fur had higher δ
15

N values than pups from Atlas Bay  (t-test; p 

= 0.034; δ
15

NVan Reenen Bay > δ
15

NAtlas Bay; Figure 3.4). Blood samples collected from pups did 

not differ in their δ
13

C values between Atlas Bay and Van Reenen Bay (t-test; p = 0.585), but 

the δ
15

N values from blood samples between these two sites differed (Wilcoxon rank sum 

test;  p = 0.015; δ
15

NVan Reenen Bay > δ
15

NAtlas Bay; Figure 3.4). Differences between Atlas Bay 

and the Lüderitz Peninsula were analysed using fur samples collected from UY; no 

significant differences were observed in the δ
13

C values (t-test p = 0.919) or δ
15

N values 

(Wilcoxon rank sum test;p = 0.719) (Figure 3.4).   
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Figure 3.3. Seabird average stable isotope ratios measured in feathers and blood collected at 

four islands. African penguin new feathers  and old feathers of moulting individuals sampled 

at Halifax (Hal), Ichaboe (Ich) and Mercury (Mer) Islands; blood of adult African penguins 

collected at Halifax and Mercury Islands; feathers of African penguin chicks collected on 

Halifax, Ichaboe and Mercury Islands; Cape gannet adult (Ad) and chick feather and blood 

collected on Mercury Island; bank cormorant chick feather and adult (Ad) feather and blood  

collected on Mercury Island; greater crested tern chick feathers collected on Halifax and 

Possession  Islands. Error bars indicate ± 1 standard deviation. 
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Figure 3.4. Cape fur seal UY and pup average stable isotope ratios measured from blood 

(triangle), fur (circle), and muscle (square) tissues collected from Atlas Bay (black), 

Peninsula in Lüderitz (grey), and Van Reenen Bay (clear). Error bars indicate ± 1 standard 

deviation. 

 

3.3. Diet reconstruction using Bayesian mixing models 

Bayesian mixing models used in conjunction with the δ
13

C and δ
15

N values of marine top 

predator blood and feather/fur tissues revealed the most likely prey species used by these 

predators. These models also highlighted the differences in prey use between the species and 

age classes.   

 

3.3.1. Blood 

The mixing polygon showed that seven (of 17) African penguins (Supplementary Figure 

S3.1A) and two (of 19) Cape fur seals had to be excluded from the SIAR diet reconstruction 
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model (Supplementary Figure S3.1D), while all Cape gannets and bank cormorants were 

within the 95% mixing region and could therefore be included in the SIAR diet 

reconstruction model (Supplementary Figures S3.1B, S3.1C).   

The mixing model highlighted two prey groups as the most likely to have been eaten 

by the adult Cape gannets and chicks: sardine/lantern fish and squid (Figure 3.5D). The 

sardine/lantern fish group also contributed the largest proportion to the SIs of African 

penguin from Halifax Island, followed by the rock lobster group (Figure 3.5B). These two 

prey groups contributed equally to African penguin samples from Mercury Island (Figure 

3.5A). However, the high credibility intervals at both islands need to be noted. The rock 

lobster group was clearly important for the bank cormorant (Figure 3.5E); while Cape fur seal 

pup and UY data showed that their mothers had a more diverse diet with contributions from 

pelagic goby, mullet, sardine/lantern fish and squid.  

 

3.3.2. Feathers/fur 

The mixing polygons showed that all African penguins (Supplementary Figures S3.2A to 

S3.2D), greater crested terns (Supplementary Figures S3.3C and S3.3D), adult Cape fur seals 

(Supplementary Figure S3.4A), and Cape gannets (Supplementary Figures S3.4C and S3.4D) 

fell within the 95% mixing region and could thus be included in the SIAR diet reconstruction 

model. By comparison, only one adult bank cormorant (Supplementary Figure S3.3A), and 

no bank cormorant chicks (Supplementary Figure S3.3B) or Cape fur seal pups and UY 

(Supplementary Figure S3.4B) fell inside the 95% mixing region and thus had to be excluded 

from the models.  

The mixing model highlighted that three prey groups were most likely to have been 

eaten by African penguin adults before the start of feather growth: mullet, sardine/lantern 

fish, and anchovy/round herring (Figure 3.6A), while during the period when older feathers 

were growing a year before rock lobster contributed to the diet in higher proportions (Figure 

3.6B). The model was unable to determine a diet for African penguin chicks from Halifax 

and Ichaboe Islands (Figure 3.6C) but chicks from Mercury Island were inferred to have been 

fed with squid (Figure 3.6D). The model also revealed that greater crested tern chicks from 

both Halifax (Figure 3.6) and Possession (Figure 3.6) Islands were likely fed rock lobster. For 

adult Cape fur seals, the model highlighted sardine/lantern fish as the likely main prey group 

(Figure 3.6G); while adult Cape gannets and chicks were inferred to feed on squid and 

sardine/lantern fish (Figure 3.6H). 



 

57 
 

 

Figure 3.5. Proportion contribution 

of prey isotopes to the blood 

isotopes of adult African penguins 

from (A) Mercury and (B) Halifax 

islands, (C) Cape gannet adults and 

(D) chicks, (E) bank cormorants, 

Cape fur seal (F) UY individuals 

and (G) pups from Atlas Bay (UY 

and pups used as proxies for their 

mothers‟ foraging ecology). Grey 

boxes in figures indicate the 95%, 

75%, and 25% credibility intervals. 
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Figure 3.6. Proportional contribution of prey groups to the feather/fur isotopes of marine top 

predators in the NIMPA region. African penguin (A) new and (B) old adult feathers, and 

chick feathers from (C) Halifax and Ichaboe Islands, and (D) Mercury Island; greater crested 

tern chick feathers collected from (E) Halifax and (F) Possession Islands; (G) Cape fur seal 

adult fur; (H) Cape gannet adult and chick feathers collected from Mercury Island. Grey 

boxes in figures indicate the 95%, 75%, and 25% credibility intervals. 

 



 

59 
 

3.4. Isotopic niche overlap among the five marine top predator species 

3.4.1. Blood 

When considering raw data (i.e. not corrected with trophic discrimination factors), species 

differences in the δ
13

C and δ
15

N values of blood were significant among African penguins, 

bank cormorants, Cape fur seals and Cape gannets (MANOVA, F6,104 = 20.58, p < 0.001). 

Cape gannet tissues exhibited the lowest δ
13

C and δ
15

N blood values based on comparisons 

with the other top predators, while Cape fur seals had the highest δ
15

N blood values, and bank 

cormorants the highest δ
13

C blood values (δ
13

C: Cape gannet < Cape fur seal < African 

penguin < bank cormorant; δ
15

N: Cape gannet < African penguin < bank cormorant < Cape 

fur seal; Figure 3.7). 

After the data were corrected with the species-specific discrimination factors Cape fur 

seal exhibited the lowest δ
13

C and δ
15

N values, while the bank cormorants had the highest 

δ
13

C and δ
15

N values (Figure 3.8). Isotopic niche overlap was the highest between Cape 

gannets and African penguins, and between Cape gannets and Cape fur seals (Table 3.3). 

 

3.4.2. Feathers 

When considering raw data (i.e. not corrected with trophic discrimination factors), species 

differences in the δ
13

C and δ
15

N values of feathers were significant among the four species 

(MANOVA, F6,340=33.984, p < 0.05; Figure 3.7). δ
13

C values were highest in greater crested 

terns and lowest in African penguins (African penguin < Cape gannet < bank cormorant < 

greater crested tern; Figure 3.7). δ
15

N feather values were highest in bank cormorants and 

lowest in Cape gannets (Cape gannet < African penguin < greater crested tern < bank 

cormorant; Figure 3.7).  

When taking into account the discrimination factors, bank cormorants exhibited the 

lowest δ
13

C values and greater crested terns the highest (bank cormorant < Cape gannet < 

African penguin < greater crested tern; Figure 3.8), Bank cormorants also exhibited the 

highest δ
15

N values, and Cape gannet the lowest (Cape gannet < African penguin < greater 

crested tern < Bank cormorant; Figure 3.7). Isotopic niche overlap was highest between Cape 

gannets and African penguins (0.31% for blood, and 0.43% for feathers; Table 3.3), and 

greater crested terns and African penguins (0.20% for feathers; Table 3.3).  
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Figure 3.7. Average carbon and nitrogen stable isotope ratios for blood and feathers of marine 

top predators; African penguin (filled square), bank cormorant (triangle), Cape fur seal 

(circle), Cape gannet (clear square), and greater crested tern (cross), collected within the 

Namibian Islands Marine Protected Area off the Namibian coast. Data used were not 

corrected with discrimination factors; error bars indicate ± 1 standard deviation.  
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Figure 3.8. Isotopic space depicting niche areas for blood (A) and feathers (B) of marine top 

predators after correcting for discrimination factors, in the Namibian Islands Marine 

Protected Area. Ellipses correspond to standard ellipse areas corrected for small samples size 

(SEAc). A: Cape fur seal: yellow; Cape gannet: black; African penguin: red; bank cormorant: 

blue. B: Cape gannet: yellow; African penguin: red; bank cormorant: blue; greater crested 

tern: black. 

 

 

 

Table 3.3. Overlap of the Bayesian standard ellipse areas for blood and feathers of marine top 

predators after correcting with discrimination factors, presented as a proportion of the 

overlapping areas of the two ellipses. -: no data. 

 

  
Bank 

cormorant 

Cape 

gannet 

Greater 

crested 

tern 

Cape 

fur seal 

a) Blood 
    African penguin 0.16 0.31 - 0.13 

Bank cormorant 
 

<0.001 - 0.00 

Cape gannet 
  

- 0.28 

     b) Feather 

    African penguin 0.00 0.43 0.20 - 

Bank cormorant 

 

0.00 0.00 - 

Cape gannet 

  

0.18 - 

 

 

 

 



 

62 
 

4. Discussion  

4.1.  Variation in stable isotope ratios among prey species  

Most of the prey species sampled for this study exhibited SI values that were different to each 

other, with only anchovy and redeye round herring, and sardine and lantern fish grouped 

together. Anchovy and redeye round herring have a similar diet being both mostly 

zooplanktivorous with redeyes feeding on slightly larger zooplankton than anchovy (Vorsatz 

et al., 2015 and references therein). Unlike the northern Benguela, this difference in 

zooplankton size was detected in SI ratios of both species in the southern Benguela, where 

redeyes exhibit slightly higher δ
15

N values than anchovy (Moseley et al., 2012). The 

grouping of sardine and lantern fish is more puzzling. Stomach contents suggest that sardine 

ingest both phytoplankton and small zooplankton (van der Lingen, 2002), while the only 

study on Lampanyctodes hectoris suggest that they mostly feed on large zooplankton in the 

southern Benguela (Tyler, 2016). Both ontogenic changes (Tyler, 2016) and possible 

geographic variation in the lantern fish diet may explain the discrepancy observed between 

stomach content and SI data. Overall, stomach content data from sardine, anchovy and redeye 

round herring fits with the structuring observed with the SI ratios. 

On the δ
15

N axis, mullet and hake were intermediate between the anchovy and sardine 

groups (Figure 3.2). If they originated from the same ecosystem (i.e. the same δ
15

N baseline) 

then this would suggest that mullet and hake feed at a lower trophic level than anchovy and 

only slightly above the sardine. This is highly unlikely given what it is known from stomach 

contents particularly for Cape hake (Merluccius capensis). This species is mostly 

omnivorous, eating varying proportions of fish, crustaceans and cephalopods depending on 

prey availability and geographical area (e.g. Roel and Macpherson, 1988; Punt et al., 1992; 

Pillar and Barange, 1993). The lowest δ
15

N values obtained on small individuals on the 

Namibian coast were still one trophic level above sardine and at the same level as anchovy 

and redeye round herring (Iitembu et al., 2012). Unfortunately, no information was available 

on the size or provenance of the Cape hake analysed in my study but comparisons with 

published studies strongly suggest that they did not originate from the Lüderitz area. 

Similarly, mullet is a neritic zone species, occurring close to the continental shelf feeding 

mostly on diatoms and detritus (e.g. Smith and Smith, 1986; Whitfield, 1988; Bianchi et al., 

1999) suggesting that its place in the isotopic space does not accurately reflect its trophic 

level. 
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The SI ratios obtained in my study for pelagic goby are slightly lower in terms of both 

δ
13

C and δ
15

N values compared to published Namibian work (van der Bank et al., 2011; 

Iithembu, 2016). Off Namibia, pelagic goby has a generalised diet which reflects the 

availability of suitably-sized prey in an area (van der Bank et al., 2011; Cedras et al., 2011). 

The slight differences observed between studies are likely the consequence of that 

opportunistic diet. Ontogenic changes in diet may also occur, as shown by van der Bank et al. 

(2011) using SI and fatty acids and Cedras et al. (2011) using stomach contents. 

The two species with the lowest δ
15

N values are the two squid species. This is 

surprising considering what is known of their trophic ecology as they feed on zooplankton 

but also fish and cephalopods (Sauer and Lipinski, 1991; Lipinski, 1992). Off the south coast 

of South Africa, their SI ratios were higher than those of small pelagic fish species, falling 

just below adult hake (Connan et al., 2017). Further samples would be required to verify 

whether the SI ratios obtained in my study truly represent the trophic ecology of these two 

squid species in the Namibian waters or whether they exhibited abnormal SI ratios. Finally, 

rock lobster exhibited completely different carbon and nitrogen SI ratios compared to the 

other seven putative prey groups (Figure 3.2). This presumably is because the species mainly 

occurs in relatively shallow water in the nearshore environment (Holthuis, 1991), which has 

been found to have higher δ
13

C values compared to pelagic environments due to differences 

in primary production (France, 1995). 

Overall, the SI ratios observed for some species in my study were puzzling. These 

may reflect ontogenic changes in diet compared to the published data and/or geographic as 

well as temporal variations. Another reason may be related to the preservation method used; 

freezing. Syväranta et al. (2011) found that freezing clam (Corbicula fluninea) samples 

increased both their δ
13

C and δ
15

N values compared to clam samples that were not frozen. On 

the other hand, Wolf et al. (2016) found that freezing zooplankton reduced the δ
13

C values of 

the samples, but when rainbow trout (Oncorhynchus mykiss) were frozen the differences in SI 

values were inconsistent. In both of these studies the differences in SI values between frozen 

and non-frozen samples was attributed to mechanical damage to the cell which resulted in 

leaching of C and N from the cell. While these differences between frozen and non-frozen 

samples may be inconsistent, there is still a possible effect of freezing on SI values. In my 

study the samples were also not frozen for the same amount of time which may also have 

introduced variation in SI values of feathers. Unfortunately, the lack of detailed information 

on most putative prey samples precluded any deeper understanding. 
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4.2. Effects of intrinsic factors on stable isotope ratios in marine top predators 

Several intrinsic factors tested in this chapter such as tissue types, age of individuals, or else 

age of feathers (penguins) were found to affect the δ
13

C and δ
15

N values of marine top 

predator tissues. When comparing tissue types within seabird species, feathers consistently 

exhibited higher δ
15

N compared to blood in Cape gannet chicks and in adults of African 

penguins, bank cormorants, and Cape gannets (Figure 3.3). This result follows the trend 

observed previously in these species (Jaquemet and McQuaid, 2008; Connan et al., 2016, 

2017), but also more widely (reviewed in Cherel et al., 2014). In seabird chicks, blood and 

feathers form during the same period, thus differences between these two tissues are a result 

of differing amino acid compositions, tissue-specific discrimination factors, and/or 

differences in the SI ratios of individual amino acids (Cherel et al., 2014). This explanation is 

also likely to be valid for Cape fur seal pups, where consistent differences between tissues 

were observed at two colonies and mirror patterns observed at colonies on the south coast of 

South Africa (Connan et al., 2014). In adults, differences in SI ratios between tissues are 

more complex as it could also result from tissues reflecting a different time window. Whole 

blood has a turnover at rate of about a month (Bearhop et al., 2002) whereas tissues such as 

feathers or fur fix the SI ratios integrated over the growth period for that tissue and are then 

considered inert (Bearhop et al., 2002; Cherel et al., 2008; but see Chapter 2). In adult 

samples, differences between tissue types therefore integrate both intrinsic tissue composition 

differences as well changes in diet between the two periods reflected in the tissues. Similarly, 

the differences among tissues observed in UY Cape fur seals (9-11 months old) are likely to 

result from tissue-specific amino acid composition, specific SI ratios of individual amino 

acids, as well as the time window reflected in the tissue. At that age, it is likely that UY 

combine milk from their mother with some marine species caught around the breeding colony 

as they gain independence. 

The factor age was found to have an effect on the SI ratios in bank cormorant 

feathers, Cape fur seal blood at Atlas Bay, but not in Cape gannets, which was the only 

species where blood was collected concurrently from chicks and adults (Figure 3.3). Age-

related differences in SI ratios of seabirds may be related to physiology; rapidly developing 

rhinoceros auklet chicks (Cerorhinca monocerata) showed lower δ
15

N red blood cell values 

compared to sub-adults as a result of their rapid growth rate (Sears et al., 2009). However, the 

gannet chicks were sampled shortly before fledgling, so were not in an intense growth phase. 

The difference observed between adult and chick bank cormorant feather δ
15

N values may 

result from physiological differences, but more likely from a differing diet during their 
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respective feather growth periods. Chicks grow their feathers during the breeding season 

while the adults moult outside of the breeding season (Rand, 1960a; Cooper, 1985). The 

explanation for the differences observed in δ
13

C values between pup and UY Cape fur seals is 

different. Pups depend entirely on their mothers‟ milk whereas the UY supplement their milk 

diet with marine species as they gain independence. Fur seal milk is rich in lipids, and thus 

exhibits an „artificially‟ low δ
13

C (Cherel et al., 2015). It is thus possible that as the pup 

grows and starts feeding for itself, its δ
13

C increases with the decrease in milk intake. This 

hypothesis however would need to be tested as I have not found any published work on that 

possibility. 

As shown in Chapter 2, feather age was found to affect the δ
13

C values in African 

penguins. Newly moulted feathers of penguins from Halifax and Ichaboe Islands had higher 

δ
13

C compared to old feathers. This is likely to result in part from the physical ageing of the 

feathers. However, because old and new feathers were grown one year apart (both feather 

types collected on the same individual at once), changes in oceanographic conditions and/or 

diet could contribute to the age-related difference in SI signal. Interestingly, the effect of 

wear on δ
15

N detected in Chapter 2 was not obvious in the Namibian feathers (either not 

present or confounded with a year effect). 

Finally, there was an effect of location on the SI ratios from various species. African 

penguin chick feathers from Halifax Island had low δ
13

C compared to chicks from Ichaboe 

and Mercury Islands (Figure 3.3) suggesting that they were fed a diet of more benthic and 

nearshore prey compared to chicks from the other two islands, while chicks from Mercury 

had the highest δ
15

N suggesting that they were fed a diet of high trophic level prey (Figure 

3.3). These differences may relate to differences in prey species found around the islands 

because adults do not travel far to forage during chick rearing and would thus feed on species 

that are close to shore (Wilson et al., 1988). Greater crested tern chicks at Halifax Island had 

high δ
15

N feather values compared to their Possession Island counterparts; suggesting that 

they were fed higher trophic level prey by their parents than those from Possession Island. 

Another possible explanation for differences between the various islands is that there are 

differences in the δ
13

C and δ
15

N baselines between the island ecosystems which would be 

present in the prey species. Marine top predators forage at different distances from the coast 

within the NIMPA region and would have SI values that reflect these different foraging 

habitats. African penguins, Cape gannets, and Cape fur seals forage pelagically within 50 and 

100 km from the coast (Rand, 1959b; Wilson and Wilson, 1988; Ludynia et al., 2012). At 

these offshore distances the isotopic baseline of δ
13

C is likely to be lower compared to 
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nearshore areas (France, 1995; Hill et al., 2006). This variation in δ
13

C would be evident in 

the marine top predator SIs because the δ
13

C values from the primary production at the base 

of the food web for each distance would be transferred up the food chain into the prey and 

then into the predators. Fur and blood from Cape fur seal pups from Van Reenen Bay had 

higher δ
15

N compared to pups from Atlas Bay, suggesting that females feeding pups at Van 

Reenen Bay feed at a higher trophic level than their Atlas Bay counterparts. A second 

explanation could be a different δ
15

N baseline, with potentially an anthropogenic effect more 

present in Van Reenen Bay than Atlas Bay. 

 

4.3. Diet of marine top predators inferred from stable isotopes  

There was limited overlap in isotopic niche space among marine top predators in this 

ecosystem as indicated by blood and feathers (Figure 3.8, and Table 3.3), with the highest 

overlap between Cape gannets and African penguins. Low overlap values between species 

ellipses suggest that for the time period being studied via the tissue isotopes, the species did 

not share prey resources. In this study the low overlap values suggested that before 

discrimination factors were added to the marine top predator tissue isotope values, these 

marine top predators did not share the prey resources in the ecosystem. 

African penguins have had anchovy as a main component of their diet, followed by 

sardine for the past few decades in South Africa (Wilson, 1985; Randall and Randall, 1986; 

Crawford and Dyer, 1995; Wilson and Grémillet, 1996; Petersen et al., 2006), and Namibia, 

with the inclusion of pelagic goby (Crawford et al., 1985; Ludynia et al., 2010a) 

(Supplementary Table S3.2). The mixing model outputs suggest that sardine/lantern fish, rock 

lobster, mullet and squid SIs contribute to the SIs of African penguin tissues in the NIMPA 

region at different time periods. The model indicated that the blood SIs likely originated from 

sardine/lantern fish and rock lobsters, while the feather SI origin was more diverse (Figures 

3.5 and 3.6). However, the large inferred contribution from rock lobsters is unlikely to be 

correct, because diet studies seldom record penguins eating rock lobsters (Hockey et al., 

2005). The large contribution of rock lobster SIs to penguin SIs may be a result of African 

penguins feeding in benthic areas on prey with SI values similar to those of rock lobster, and 

therefore an artefact of the mixing models and incomplete prey base sampling. In both time 

periods, time of feather growth and recent diet with the blood, pelagic goby had the lowest 

proportion of SIs contributing to penguin tissues. This was not expected because pelagic goby 

and hake are abundant in this region since the collapse of the sardine stock in previous 

decades (Macpherson and Gordoa 1992, Cury and Shannon 2004), and have been detected 
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recently as a food source in penguin stomach contents (Ludynia et al., 2010a). The SI method 

only indicates which isotopes are being used by tissues, not the amount of a particular prey 

on which a consumer feeds. As a result, the inferred low contribution of pelagic goby to 

penguin diet is likely because penguins fed more on sardine and anchovy, this is supported by 

previous studies that found that anchovy and sardine dominated the diet of African penguins 

by frequency of occurrence (Wilson, 1985; Crawford and Dyer, 1995; Petersen et al., 2006).  

Based on the low δ
15

N values of their blood and feathers, Cape gannets likely fed at 

the lowest trophic level of the top predators. This was expected because they have been 

recorded previously feeding on pelagic fish (Crawford et al., 1985; Berruti et al., 1993; 

Moseley et al., 2012). Both adults and juveniles were inferred to have a large contribution to 

their diet by squid (Figure 3.3) which has low δ
15

N values compared to other prey, followed 

by sardine (Figure 3.3). The largest contributors to their δ
13

C and δ
15

N values of both blood 

and feathers were squid and the sardine group, suggesting that the diet at time of feather 

growth, and the more recent diet; indicated by blood, was similar. Recent studies from South 

Africa however have found that, from frequency of occurrence or by weight in stomach 

contents, sardine and anchovy contributed the most to their diet, followed by saury (Okes et 

al., 2009; Moseley et al., 2012; Green et al., 2015a, b) and pelagic goby (Crawford et al., 

1985). The apparent dominance of squid in the diet of Cape gannets is likely an artefact of 

incomplete sampling of the prey base because squid seldom appear in the diets of these birds 

(Batchelor and Ross, 1984; Green et al., 2015a, b; Connan et al., 2017). The low SI ratios 

observed in Cape gannet tissues may reflect the dominance of Atlantic saury (Scomberesox 

saurus) which is a known prey species of Cape gannets (Crawford et al., 1985), but was 

unfortunately not sampled in this study. Saury exhibited the lowest δ
13

C and δ
15

N values at 

two localities in South Africa when compared to other putative prey species of Cape gannets 

(Moseley et al., 2012). The SI data also suggest that Cape gannets are not feeding much on 

hake or similar demersal species, which, since the collapse of the sardine stock, they often 

scavenge from trawlers as they cannot access these prey directly (Grémillet et al., 2008). 

Bank cormorants fed at the highest trophic level of the seabirds based on their high 

δ
15

N values for both blood and feather tissues (Figures 3.8), which was expected because 

they feed on benthic prey species that have higher δ
15

N values than pelagic species (Boyle et 

al., 2012). The outputs of the mixing model suggested that their blood SIs originated mostly 

from anchovy and rock lobster. It is unlikely that anchovy contribute much to the diet 

because recent tracking and dietary studies show bank cormorants are almost exclusively 

benthic foragers (Cooper, 1985; Crawford et al., 1985; Ludynia et al., 2010b), mainly eating 
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pelagic goby at the largest colony on Mercury Island (Ludynia et al., 2010b). Their high δ
13

C 

values for blood (Figure 3.8) revealed that they fed in a more benthic, nearshore environment 

compared to the other predators (Hill et al. 2008). 

Based on the SIAR results of a high δ
13

C value for feathers, greater crested terns were 

inferred to feed on benthic prey similar to bank cormorants (Figure 3.7). This was not 

expected because although these terns forage close to shore, they do not dive more than a 

metre deep, so would not be able to access benthic prey species unless these species were in 

very shallow water (McLeay et al., 2010). Even though only chicks were sampled for this 

study, during chick rearing adults return with prey items collected offshore and feed them to 

the chicks (Crawford et al., 2008b; Gaglio et al., 2016, 2018). The mixing model suggested 

that rock lobster nutrients contributed the most to their SIs. However, stomach content 

analyses and regurgitations have shown that anchovy, shrimp, pelagic goby and hake 

dominate the diet of these birds in Namibia, with rock lobster very seldom observed (Walter, 

1984; Walter et al., 1987a; Crawford and Dyer, 1995). Other prey items not analysed in this 

study, and not related to marine environments, may also contribute to their SIs; for example, 

greater crested terns on Robben Island occasionally feed on terrestrial insects (Gaglio et al., 

2016).  

Analyses of stomach content and scat analyses found that while Cape fur seals feed on 

a wide variety of prey items, anchovy, hake, and sardine dominate their diet in some years 

(David, 1987; Punt et al., 1995; Huisamen et al., 2012) and pelagic goby and squid in other 

years (Rand, 1959b; Mecenero et al, 2006b). The depleted 
15

N blood values after correcting 

with the discrimination factors suggested that Cape fur seals fed at the lowest trophic level. 

This was not expected because their large size compared to the seabird species allows them to 

feed on much larger prey items that tend to be at higher trophic levels (Marks et al., 1997; 

David et al., 2003; Mecenero et al., 2006b). This discrepancy may be explained by their 

blood SIs which had the largest contributions from pelagic goby and squid, which are not 

high trophic level species. The low δ
13

C values of their blood compared to African penguins 

and bank cormorants indicate that Cape fur seals fed more offshore at the time of blood 

formation. The mixing models suggested that sardines contributed most to the elements in 

Cape fur seal fur.  

Based on stomach content analysis; sardine and anchovy were a main component of 

the diet of many of the marine top predators in the NIMPA region before the collapse of the 

sardine stock, after the sardine stock collapse goby and Cape hake became a part of many of 

their diets in addition to sardine and anchovy (Table 3.4). The diet inferred from the SIs from 
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this study revealed that sardine and anchovy are still a component of many marine predator‟s 

diets, with some species having goby and hake as a part of their diet too (Table 3.4), however 

based on the post collapse diet it was expected that diet inferred from SIs would show that 

goby and hake would contribute to the diet of more marine top predators. 

 

Table 3.4. Summary of diet of marine top predators where information was available, in 

Namibia, and South Africa where no Namibian information available, obtained from stomach 

contents before the sardine stock collapse (< 1968), after the sardine stock collapse (>1968), 

and diet inferred from SIs from this study. 

Species Pre collapse  

(< 1968) 

Post collapse  

( > 1968) 

SI Data  

(this study) 

References 

Cape gannet Sardine Sardine Sardine  Mathews and 

Berruti, 

1983; 

Crawford et 

al., 1985 

Maasbanker Anchovy Lanternfish  

 Goby Squid 

  Saury     

Bank 

cormorant 

Cape rock lobster*  Goby  Rock lobster Rand, 1960a; 

Crawford et 

al., 1985 
Goby* Cape hake   

Sandeel *   

Anchovy*    

Gunard*    

Blennies*    

Clinids*       

Greater crested 

tern 

 Goby Rock lobster  Walter et al., 

1987a 

  Cape hake      

African 

penguin 

Horse mackerel* Goby  Sardine  Rand, 1960b; 

Crawford et 

al., 1985; 

Ludynia et 

al., 2010a 

Anchovy* Anchovy  Lanternfish  

Sardine* Sardine Rock lobster 

Chub mackerel* Cape hake  South 

African 

mullet 

 

Sandcord* Horse mackerel  Anchovy   

Sandeel* Squid  Red-eye 

round herring 

 

Red-eye round 

herring* 

Red-eye round 

herring  

Squid  

  Goby  
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  Hake   

    Horse 

mackerel  

  

Cape fur seal  Angolan flying 

squid  

Goby de Bruyn et 

al., 2003; 

Mecenero et 

al., 2006b  

 Lesser flying 

squid  

South 

African 

mullet  

 Southern giant 

octopus  

Sardine  

 Southern 

cuttlefish 

Lanternfish  

 Greater  

argonaut  

Squid  

 Squid   

 Horse mackerel    

 Cape hake    

 Lanternfish    

  Goby     

*Diet determined from South African populations   

 

 

4.4. Limitations 

With the use of SIs as ecological markers I have attempted to add to our understanding of the 

ecosystem functioning of this region with regard to marine top predators and their most likely 

prey items. While the method is useful, it does have its drawbacks. The SI method relies on 

sampling all major prey species at representative locations and times relative to where the 

predators feed. More and more studies are reporting seasonal and geographical changes in SI 

values among marine species, both predator and prey (e.g. Cedras et al., 2011; Meier et al., 

2017). My study doubtless would have benefited from having more prey species sampled to 

make the prey base as accurate as possible. The NIMPA region has become dominated by 

hake, goby, and jellyfish (Cury and Shannon 2004), however jellyfish were not sampled in 

this study. The next step could be to gather all the literature on SI data in the Namibian 

waters which is starting to be published and redefine a new putative prey database (e.g. Utne-

Palm et al., 2010; Erasmus 2015; Iitembu, 2016; Ekau et al., 2018); especially because some 

seabird species have been found with jellyfish DNA in their faeces (Jarman et al., 2013). 

Ideally, prey and predators should be sampled concurrently. However, in areas difficult to 
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access like in Namibia, a literature search to gather putative prey SI data may be the only 

alternative. 

Another drawback is that this study only takes into account the contribution of prey 

isotopes to predator isotopes, and not absolute amounts or mass of prey in the predator‟s diet, 

resulting in some prey seeming to contribute a larger proportion to predator isotopes even if 

the predator may be feeding on small amounts of that prey in comparison to more abundant 

prey in the environment. While the diet of many marine top predators can be inferred from 

their SI values, this method also highlights contributions from prey items that predators may 

not necessarily feed on because the models use all prey items entered into it. This discrepancy 

between the model contribution and actual diet makes diet inferences tricky if prey species do 

not have distinct SI signals, or the system is complex. 

 

4.5. Conclusions 

The findings from this chapter do not support my hypothesis that marine top predators in the 

NIMPA region feed mainly on the new dominant prey species because for many of the 

predators sardine and anchovy appeared to contribute larger proportions than goby or hake to 

predator isotopes. There are two possibilities for this. The first is that the predators may still 

be foraging for sardine and anchovy despite the decreased abundance of these fish and may 

be unable to shift their diet completely to the new dominant prey species. The second 

possibility is that the new dominant prey species are not sufficiently nutritious (e.g. jellyfish) 

to allow birds to flourish and could be considered junk food (Grémillet et al., 2008), thus 

birds would need to continue feeding on sardine and anchovy where possible in order to 

flourish.  

The differences observed in the diet of some marine top predators when comparing 

blood and feather/fur SI ratios validate my hypothesis that contributions from prey isotopes 

vary temporally; however due to many of the same prey species contributing large 

proportions to multiple predator tissue isotopes, little clear resource partitioning was observed 

among the predators sampled. The resource partitioning that was detected largely resulted 

from predators using different habitats or having different foraging capabilities within the 

NIMPA region. As an example of this, greater crested terns feed on prey near the sea surface 

close inshore, bank cormorants also feed close to shore but dive to target benthic prey, 

penguins feed more widely across the inner shelf, diving deeply to access prey in midwater, 
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whereas the highly mobile Cape gannets feed more offshore than other species, and Cape fur 

seals are larger and thus have access to a wide range of fish prey compared to seabirds.  

Overall this chapter highlights the prey items that are most likely consumed by marine 

top predators within the NIMPA region. The use of feather and fur SIs allows the diet of 

these predators to be inferred for periods when they are easily sampled ashore. All the 

predators studied come ashore to breed, when their diet can be monitored directly via 

traditional scat or stomach content analysis. SI analysis offers the chance to infer their diet 

outside of the breeding period, and overcomes the snapshot sampling of traditional diet 

analyses which may not accurately reflect the long term diet of marine top predators, but this 

depends on adequate sampling of the full spectrum of prey species. 
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Chapter 4:  

Synthesis and conclusions 

 

Stable isotope (SI) analysis is a useful tool to understand the trophic ecology of hard-to-reach 

organisms, and for delineating food webs in ecosystems (Fry, 1991; Sholto-Douglas et al., 

1991; Wada et al., 1991; Kaehler et al., 2000; Hobson et al., 2002). It is particularly useful 

for marine mammals and seabirds, which often undertake long-distance migrations, or use 

habitats that are inaccessible to researchers, making it difficult to study their trophic ecology 

with conventional methods (Barrett et al., 2007; Karnovsky et al., 2012). Seabirds and 

pinnipeds are relatively easy to monitor while breeding, but their life at sea away from their 

breeding grounds was little known until the development of miniaturised tracking devices and 

the use of indirect markers such as SIs. As breeding and moulting usually occur at different 

times in the annual cycle of seabirds, feathers have been a tissue of choice to gather 

information on the trophic ecology of seabirds outside of their breeding season (e.g. Cherel et 

al., 2000). This use of feather SI ratios to obtain information about the past relies on the 

assumption that SI ratios are fixed once a feather has completed its growth. 

In this dissertation, I added to our understanding of the use of SIs in trophic ecology 

by testing the widely held assumption used in SI analysis of feathers, and by applying the SI 

approach in an attempt to improve our understanding of the trophic relationships among a 

suite of predators in an overfished ecosystem, the Namibian Islands‟ Marine Protected Area. 

Two key findings emerged from these studies. 

 

4.1. Key finding 1: Changes in stable isotope ratios as feathers age  

In chapter two, I tested the differences in carbon and nitrogen SI ratios between new and old 

feathers of the same cohort from known individuals in two penguin species. Based on the 

widely held assumption that feathers are isotopically inert after completion of growth 

(Mizutani et al., 1990) there should be no differences between new and old feathers collected 

from the same feather cohort. 

Using SI analyses of carbon and nitrogen, I found that for white feathers of both 

African and rockhopper penguins, old white feathers had lower δ
13

C values than newly 

moulted feathers. The opposite was found for old black feathers, which typically exhibited 

higher δ
13

C values compared to new feathers. The difference in δ
13

C and δ
15

N values between 

old and new black feathers of rockhopper penguins was higher than the instrument precision, 
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suggesting that these differences could be ecologically significant. In contrast, the average 

difference in δ
13

C and δ
15

N values between old and new black feathers of African penguins 

was less than the precision of the mass spectrometer, and thus may not be ecologically 

significant. Differences between new and old feathers may be related to differences in 

structure and colour; old feathers were more worn based on barbule measurements and lighter 

in colour based on their higher reflectance values. The black colouration of feathers comes 

from their melanin content; melanin is found in melanosomes and includes important 

amounts of the amino acid tyrosine, which is known to make melanised feathers depleted in 

13
C compared to non-melanised feathers (Bonser, 1995; Michalik et al., 2010). It is thus 

possible that as feathers age and become worn, the melanin content of the feathers and their 

amino acid make-up is altered compared to when they first formed, possibly decreasing the 

melanin content of the feather by selective removal of barbules. 

Surprisingly, differences between new and old feathers were also detected in white 

penguin feathers. Such differences cannot be attributed to melanin changes as white feathers 

lack this pigment. A change in amino acid composition associated to a structural change 

between old and new white feathers might explain the observed changes. This requires 

further research (see below).  

I also examined the differences between black and white penguin feathers. As 

expected, black feathers exhibited lower δ
13

C compared to white feathers (Michalik et al., 

2010). Rather surprisingly, given the role of melanin in increasing feather resistance to wear 

(Bonser, 1995), old black feathers had fewer barbules than old white feathers, suggesting that 

the upperparts of penguins are subject to greater wear than their underparts. This might be 

due to the back feathers being subjected to greater UV exposure. However, it is hard to read 

too much into this comparison, because all birds were being held in captivity, and were 

probably shaded more than free-living penguins. Despite being more shaded in captivity 

compared to wild individuals, differences between captive species were still observed in new 

and old feathers. This difference however may have been confounded by facility because 

each species was housed at a different facility and one facility has more exposure to direct 

sunlight.  

My comparison between new and old penguin feathers challenges the assumption that 

feather SI ratios are constant. This finding is important for understanding the factors that 

affect the SI ratios of feathers, although the differences between feathers of different ages 

were subtle and unlikely to greatly alter inferences about the trophic ecology of penguins, or 

about where they forage prior to moult. However, I recommend that researchers should 
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collect white feathers from penguins (and presumably other birds) in order to obtain more 

comparable feather SI ratios.  

 

4.2. Key finding 2: Update on the diet of five marine top predators 

breeding within the NIMPA using biochemical tracers 

The SI method applied to ecosystems has added to our understanding of their trophic 

structure and functioning (e.g. Utne-Palm et al., 2010; van der Bank et al., 2011). In chapter 

three, I attempted to infer the diet of marine top predators in an overfished ecosystem, the 

Namibian Islands Marine Protected Areas, by comparing the carbon and nitrogen SI ratios of 

predator tissues to each other, and to potential prey tissues. Until my work, the only 

assessment of predator diets in this region had been based on stomach content and scat 

analyses (Supplementary Table S3.2). My work added to the existing knowledge of the 

ecosystem structure within the NIMPA region and the trophic overlap among five marine top 

predators outside of their breeding season.   

With the SI method, I was able to highlight physiological and tissue influences on the 

SI ratios of marine top predators. For example, tissue differences were observed between 

blood and feathers SI ratios of seabird chicks. These tissues form during the same period so 

any differences observed between them are the result of their different amino acid make up 

(Cherel et al., 2014). Age-related differences were also found between tissues; specifically 

between new and old feathers of African penguins. These differences could result from the 

impact of feather wear on SIs ratios (Chapter 2), and/or from a different diet or geographic 

foraging area, because new and old feathers were grown in different years. Another example 

was the temporal variation in the diet of marine top predators determined with the SI method. 

After correction to remove the effect of tissue on the SI ratios to make blood and feather/fur 

comparable, the latter were enriched in 
15

N and 
13

C compared to blood. This may result from 

a different trophic ecology during breeding and moulting and/or from a seasonal change in 

isotopic baselines.  

There was fairly good segregation among marine top predators based solely on the 

overlap of the isotopic niches, implying that they were likely feeding in different areas and/or 

at different trophic levels. On the other hand, the contribution of the prey isotopes to those of 

predators‟ revealed that many predators made use of similar prey species, the new dominant 

prey species, goby and hake, which supports the hypothesis that marine top predators would 

make use of the newly dominant prey species. The literature has shown that marine top 
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predators looked at in this study made use of a wide variety of prey species before the sardine 

stock collapse (Table S3.2), but despite the prey variety many of them had major dietary 

contributions from sardine and anchovy (Table S3.2). Based on blood δ
13

C and δ
15

N values, 

bank cormorants likely fed benthically year round (confirming what is known from studies of 

breeding birds), whereas Cape fur seals and Cape gannets fed pelagically at a low trophic 

level. These behaviours were detected both during the breeding season (blood data) and 

during moulting (feather/fur data). The mixing models of blood SIs revealed limited dietary 

overlap during the breeding season; sardine and rock lobster were inferred to contribute the 

largest proportion to the SIs of African penguins, but diet studies indicate that rock lobsters 

do not constitute a large part of their diet. This discrepancy probably results from incomplete 

prey base sampling and the mixing model applying all prey species SIs put into it to the 

predator SIs being analysed, irrespective of accuracy of the prey SI inputs. By comparison, 

rock lobster is a well-known prey item for bank cormorants and was a main contributor to 

their SI values. Sardine and squid were inferred to contribute the most to the SIs of Cape 

gannets during breeding, even though squid are seldom recorded in gannet diets. These 

discrepancies between stomach content/scat data and SI data may be due to incomplete prey 

sampling (e.g. Atlantic saury is a common prey species of gannets (Grémillet et al., 2008)  

that was not available for inclusion in the mixing models).  

Using Cape fur seal pups as a proxy to assess the trophic ecology of their mother 

(Connan et al., 2014; Cherel et al., 2015), pup blood SIs suggested that pelagic gobies were 

important in the diet of female Cape fur seals at Atlas Bay. Feather and fur SIs suggested 

more overlap in prey use among the various marine top predators, particularly for sardine, 

which contributed a large proportion to the SIs of adult African penguins, Cape gannets, and 

Cape fur seals. Squid appear to be important for juvenile African penguins from Mercury 

Island and perhaps Cape gannets. Overall, the outputs of the Bayesian mixing models should 

be interpreted with caution, because many prey identified as important by the models have 

not been recorded in significant quantities in stomach content or scat studies. This highlights 

how mixing models have their limitations. Also, in some cases such as sardine and lantern 

fish or else anchovy and redeye round herring, it was impossible to distinguish the species 

eaten within those two groups as they could not be distinguished based on their carbon and 

nitrogen SI ratios.  
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4.3. Future work  

There is no doubt that SIs can be useful for studying the trophic ecology of organisms, but 

some aspects of the method should be used with caution, one way to improve the resolution is 

to combine the SI method with amino acid analysis. The SI method is ideal for ecosystems 

which have species that are difficult to capture year round, and different tissues sampled 

provide different time scales of an organism‟s diet.  

Chapter two shows that there are subtle differences in SI ratios between new and old 

black and white penguin feathers, but I was unable to determine the exact cause of these 

differences. The changes may be related to physical changes within the feather as they 

become worn, possibly as a result of changes in melanin content among black feathers. 

Changes in melanosome abundance or composition may affect the amino acid make up of 

black feathers because melanin contains a high proportion of tyrosine (Michalik et al., 2010). 

However, this mechanism does not explain the SI changes observed in white feathers. 

Therefore additional physical changes in the feather structure could cause amino acids to be 

removed differentially from feathers as they age. Future research should compare the amino 

acid make up of new and old penguin feathers that are both pigmented and white, and 

compare the ultrastructure of these feathers to determine whether there is a link between 

wear, amino acid composition, and ultrastructure. This information would add to our 

understanding of the various factors that affect SI ratios in feathers and could guide 

researchers when choosing the age and colour of feathers for use in trophic ecology studies.  

In chapter three, I attempted to determine the dietary overlap between marine top 

predators in the NIMPA. One area where the application of the SI method had limitations was 

with the mixing polygons (Smith et al., 2013). With the prey species and species-tissue 

specific discrimination factors entered, many individual predator samples ended up outside of 

the confidence zone, implying that no mixing model could be calculated with these 

individuals included. A combination of factors may explain this result: (i) not all potential 

prey species in the region were sampled, (ii) prey collection was done on an ad-hoc basis 

resulting in spatio-temporal mismatches between prey and predator SI ratios, and (iii) not all 

trophic enrichment factors were species-specific. The discrimination factors used contribute 

to the model inputs, and are crucial for the outcomes of the model (Bond and Diamond, 2011; 

Phillips et al., 2014), but unfortunately relatively few captive studies have been conducted on 

seabirds to experimentally calculate these discrimination factors. Future work could therefore 

focus on undertaking captive studies with the predator species of interest; species and tissue-
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specific discrimination factors could then be determined in a controlled environment. An 

attempt at using modelling to estimate species-tissue specific discrimination could 

alternatively be done using the newly published SIDER package which combines trophic 

enrichment factors (t.e.f.) of phylogenetically similar species to estimate the t.e.f. of a species 

of interest where no t.e.f. currently exists (Healy et al., 2018). Sampling of prey species 

should be stratified to better understand spatial or temporal variation in prey as well as 

predator SI data; this however will be challenging on the Namibian coast due to logistical 

constraints. As a first step, published SI ratios for prey species identified in small numbers in 

the stomach contents of the studied predators but absent from the prey database could be used 

to try to improve models based on a mixing polygon analysis. Finally, combining the SI 

approach with other dietary direct (e.g. stomach contents, scats, photographic methods when 

possible) and other indirect methods (e.g. fatty acid analysis) could provide a more holistic 

view of ecosystem functioning and food web structure.  

 

4.4. Conclusions 

Stable isotope analysis is a useful method for inferring the trophic ecology of species that are 

difficult to sample, but it is important to understand the many factors that may affect SI ratios 

of tissues of interest so that accurate dietary inferences can be made. If researchers are aware 

of these factors then this method will be more effective for dietary analyses and thus decision 

making based on these inferences; such as improved management of stock species, or 

delineating areas used by species of conservation concern as protected areas. This method 

also requires accurate sampling of the prey base to make these inferences meaningful for 

decision making.  

 



 

79 
 

Acknowledgements 

 

Thanks to the NRF for project funding, and the University of Cape Town and Ada & Bertie 

Levenstein Bursar award for funding assistance.  

 

Thank you to my supervisors Peter Ryan and Maëlle Connan for agreeing to take on this 

project and for their support throughout this process.   

 

I would like to thank Sophie Kohler for allowing me to use the marine top predator data that 

she had already collected and processed, for the Namibian chapter. Thank you too to Jean-

Paul Roux, Katta Ludynia, and Jessica Kemper for their assistance with data collection. 

Thank you to the Namibian Ministry of Fisheries and Natural Resources in Lüderitz for 

collecting fishery samples for this project.  

 

Thank you to Shanet Rugters and the staff of the Two Oceans Aquarium in Cape Town, and 

to Nola Parsons, Katrin Ludynia, and staff at Sanccob Table view for collecting penguin 

feathers for this project. Thank you to Ian Newton for running the feather samples for stable 

isotope analysis. Thank you to Miranda Waldron for analysing the feathers with the scanning 

electron microscope, and to Petra Muller for her assistance with photographing the feather 

samples. Thank you to Otto Whitehead for allowing me to use some of his penguin data for 

my second chapter. Thank you to Dr Anina Coetzee for showing me how to use the 

spectrophotometer and for guiding my analyses for the feather colour section.  

 

Thank you to the support staff at the Fitzpatrick Institute for their support with the logistics of 

running this project: Hilary Buchanan, Anthea Links, Denise Scheepers, Susan Mvungi, and 

Gonzalo Aguilar.  

 

Thank you to my friends and family for their continued encouragement and support 

throughout this project.  



 

80 
 

References 

Adams, N.  J. and Brown, C.  R. 1990. Energetics of penguin molt. In  Penguin Biology. L. S. 

Davis and J. T. Darby (eds). San Diego: Academic Press, pp. 297–312. 

Agardy, T., Bridgewater, P., Crosby, M. P., Day, J., Dayton, P. K., Kenchington, R., 

Laffoley, D., McConney, P., Murray, P. A., Parks, J. E. and Peau, L. 2003. Dangerous 

targets? Unresolved issues and ideological clashes around marine protected areas. Aquatic 

Conservation: Marine and Freshwater Ecosystems 13: 353–367.  

Altig, R., Whiles, M. R. and Taylor, C. L. 2007. What do tadpoles really eat? Assessing the 

trophic status of an understudied and imperiled group of consumers in freshwater habitats. 

Freshwater Biology 52: 386–395. 

Andersson, S. and Prager, M. 2006. Quantifying colours. In Bird Colouration Volume 1: 

Mechanisms and Measurements. Hill, G. E. and McGraw, K. J. (eds) London: Harvard 

University Press, pp. 90–147. 

Balmelli, M. and Wickens, P. A. 1994. Estimates of daily ration for the South African (Cape) 

fur seal. South African Journal of Marine Science 14: 151–157.  

Barquete, V. 2012. Using stable isotopes as a tool to understand the trophic relationships 

and movements of seabirds off southern Africa. University of Cape Town: PhD Thesis 

Available: http://open.uct.ac.za/handle/11427/6229 [2017, May 16]. 

Barquete, V., Strauss, V. and Ryan, P. G. 2013. Stable isotope turnover in blood and claws: A 

case study in captive African Penguins. Journal of Experimental Marine Biology and 

Ecology 448: 121–127.  

Barrett, R. T., Camphuysen, K., Anker-Nilssen, T., Chardine, J. W., Furness, R. W., Garthe, 

S., Hüppop, O., Leopold, M. F., Montevecchi, W. A. and Veit, R. R. 2007. Diet studies of 

seabirds: A review and recommendations. ICES Journal of Marine Science 64: 1675–1691.  

Bascompte, J., Melián, C. J., Sala, E. and Paine, R. T. 2005. Interaction strength combination 

of a marine food web. Proceedings of the National Academy of Sciences of the United States 

of America. 102: 5443–5447. 

Batchelor, A. L. and Ross, G. J. B. 1984. The diet and implications of dietary change of cape 

gannets on Bird Island, Algoa Bay. Ostrich 55: 45–63.  

Bearhop, S., Thompson, D. R., Waldron, S., Russell, I. C., Alexander, G. and Furness, R. W. 

1999. Stable isotopes indicate the extent of freshwater feeding by cormorants Phalacrocorax 

carbo shot at inland fisheries in England. Journal of Applied Ecology. 36: 75–84.  

Bearhop, S., Waldron, S., Voiter, S. C. and Furness, R. W. 2002. Factors that influence 

assimilation rates and fractionation of nitrogen and carbon stable isotopes in avian blood and 

feathers. Physiological and Biochemical Zoology 75: 451–458. 



 

81 
 

Becker, B. H., Newman, S., Inglis, S. and Bessinger, S. R. 2007. Diet – feather stable isotope 

(
15

N and 
13

C) fractionation in common murres and other seabirds. Condor 109: 451–456.  

Ben-Hamo, M., Downs, C. J., Burns, D. J. and Pinshow, B. 2017. House sparrows offset the 

physiological trade-off between immune response and feather growth by adjusting foraging 

behaviour. Journal of Avian Biology, 48: 837–845.  

Berruti, A., Underhill, L. G., Shelton, P. A., Moloney, C. and Crawford, R. J. M. 1993. 

Seasonal and interannual variation in the diet of two colonies of the Cape gannet (Morus 

capensis) between 1977-78 and 1989. Colonial Waterbirds 16: 158–175. 

Bianchi, G., Carpenter, K. E., Roux, J.-P., Molloy, F. J., Boyer, D. and Boyer, H. J. 1999. 

Field Guide to The Living Marine Resources of Namibia. Rome: Food and Agriculture 

Organization of the United Nations. 

Birdlife International (2018) The IUCN Red List of Threatened Species. Available at: 

https://www.iucnredlist.org/ (Accessed: 5 August 2018). 

Boecklen, W. J., Yarnes, C. T., Cook, B. A. and James, A. C. 2011. On the use of stable 

isotopes in trophic ecology. Annual Review of Ecology, Evolution, and Systematics 42: 411–

440.  

Bond, A. L. and Diamond, A. W. 2011. Recent Bayesian stable-isotope mixing models are 

highly sensitive to variation in discrimination factors. Ecological Applications 21: 1017–

1023.  

Bond, A. L. and Lavers, J. L. 2014. Climate change alters the trophic niche of a declining 

apex marine predator. Global Change Biology 20: 2100–2107.  

Bonser, R. H. C. 1995. Melanin and the abrasion resistance of feathers. Condor 97: 590–591. 

Bonser, R. H. 1996. Comparative mechanics of bill, claw and feather keratin in the common 

starling Sturnus vulgaris. Journal of Avian Biology 27: 175–177.  

Bowen, G. J., Wassenaar, L. I. and Hobson, K. A. 2005. Global application of stable 

hydrogen and oxygen isotopes to wildlife forensics. Oecologia 143: 337–348.  

Boyer, D. C. and Hampton, I. 2001. An overview of the living marine resources of Namibia. 

South African Journal of Marine Science 23: 5–35.  

Boyle, M. D., Ebert, D. A. and Cailliet, G. M. 2012. Stable-isotope analysis of a deep-sea 

benthic-fish assemblage: Evidence of an enriched benthic food web. Journal of Fish Biology 

80: 1485–1507.  

Brodeur, R. D., Suchman, C. L., Reese, D. C., Miller, T. W. and Daly, E. A. 2008. Spatial 

overlap and trophic interactions between pelagic fish and large jellyfish in the northern 

California Current. Marine Biology 154: 649-659. 

 



 

82 
 

Burtt , E. H.  Jr. 1986. An analysis of physical, physiological, and optical aspects of avian 

colouration with emphasis on wood-warblers. Ornithological Monographs, 38: 1–126. 

Carpenter-Kling, T., Handley, J. M., Connan, M., Crawford, R. J. M., Makhado, A. B., Dyer, 

B. M., Froneman, W., Lamont, T., Wolfaardt, A. C., Landman, M., Sigqala, M. and Pistorius, 

P. A. 2019. Gentoo penguins as sentinels of climate change at the sub-Antarctic Prince 

Edward Archipelago Southern Ocean. Ecological Indicators 101: 163-172. 

Carr, M-E, 2002. Estimation of potential productivity in Eastern Boundary Currrents using 

remote sensing. Deep Sea Research II 49: 59-80. 

Carravieri, A., Bustamante, P., Churlaud, C., Fromant, A. and Cherel, Y. 2014. Moulting 

patterns drive within-individual variations of stable isotopes and mercury in seabird body 

feathers: Implications for monitoring of the marine environment. Marine Biology 161: 963–

968. 

Castley, J., Cockcroft, V. and Kerley, G. 1991. A note on the stomach contents of fur seals 

Arctocephalus pusillus pusillus beached on the south-east coast of South Africa. South 

African Journal of Marine Science 11: 37–41.  

Caut, S., Angulo, E. and Courchamp, F. 2009. Variation in discrimination factors (Δ
15

N and 

Δ
13

C): The effect of diet isotopic values and applications for diet reconstruction. Journal of 

Applied Ecology. 46: 443–453.  

Cedras, R. B., Salvanes, A-G. V. and Gibbons, M. J. 2011. Investigations into the diet and 

feeding ecology of the bearded goby Sufflogobius bibarbatus off Namibia. African Journal of 

Marine Science 33: 313-320. 

Chamberlain, C. P., Blum, J. D., Holmes, R. T., Feng, X., Sherry, T. W. and Graves, G. R. 

1997. The use of isotope tracers for identifying of migratory birds. Oecologia 109: 132–141. 

Cherel, Y., Hobson, K. A. and Weimerskirch, H. 2000. Using stable-isotope analysis of 

feathers to distinguish moulting and breeding origins of seabirds. Oecologia 122: 155–162. 

Cherel, Y., Hobson, K. A. and Hassani, S. 2005a. Isotopic discrimination between food and 

blood and feathers of captive penguins: implications for dietary studies in the wild. 

Physiological and Biochemical Zoology 78: 106–115.  

Cherel, Y., Hobson, K. A., Bailleul, F. and Groscolas, R. 2005b. Nutrition, physiology, and 

stable isotopes: new information from fasting and moulting penguins. Ecology 86: 2881–

2888. 

Cherel, Y., Corre, M. L., Jaquemet, S., Menard, F., Richard, P. and Weimerskirch, H. 2008. 

Resource partitioning within a tropical seabird community: New information from stable 

isotopes. Marine Ecology Progress Series 366: 281–291.  



 

83 
 

Cherel, Y., Jaquemet, S., Maglio, A. and Jaeger, A. 2014. Differences in δ
13

C and δ
15

N 

values between feathers and blood of seabird chicks: Implications for non-invasive isotopic 

investigations. Marine Biology 161: 229–237.  

Cherel, Y., Hobson, K. A. and Guinet, C. 2015. Milk isotopic values demonstrate that nursing 

fur seal pups are a full trophic level higher than their mothers. Rapid Communications in 

Mass Spectrometry 29: 1485-1490. 

Ciancio, J. E., Righi, C., Faiella, A. and Frere, E. 2016. Blood-specific isotopic 

discrimination factors in the Magellanic penguin (Spheniscus magellanicus). Rapid 

Communications in Mass Spectrometry 30: 1865–1869.  

Clementz, M. T. 2012. New insight from old bones: stable isotope analysis of fossil 

mammals. Journal of Mammalogy 93: 368–380.  

Cohen, A. J. E., Beaver, R. A., Cousins, S. H., DeAngelis, D. L., Goldwasser, L., Heong, K. 

L., Holt, R. D., Kohn, A. J., Lawton, J. H., Martinez, N., O'Malley, R., Page, L. M., Patten, 

B. C., Pimm, S. L., Polis, G. A., Rejmánek, M., Schoener, T. W., Schoenly, K., Sprules, W. 

G., Teal, J. M., Ulanowicz, R. E., Warren, P. H., Wilbur, H. M. and Yodzis, P. 1993. 

Improving food webs. Ecology 74: 252–258. 

Connan, M., Hofmeyr, G. J. G., Smale, M. J. and Pistorius, P. A. 2014. Trophic 

investigations of Cape fur seals at the easternmost extreme of their distribution. African 

Journal of Marine Science 36: 331–344.  

Connan, M., Hofmeyr, G. J. and Pistorius, P. A. 2016. Reappraisal of the trophic ecology of 

one of the world‟s most threatened spheniscids: the African penguin. PLos ONE 11: 

e0159402 

Connan, M., Bonnevie, B. T., Hagen, C., van der Lingen, C. D. and McQuaid, C. 2017. Diet 

specialization in a colonial seabird studied using three complementary dietary techniques: 

effects of intrinsic and extrinsic factors. Marine Biology 164: 1–6.  

Cooper, J. 1981. Biology of the bank cormorant, part 1: Distribution, population size, 

movements and conservation. Ostrich, 52: 208–215.  

Cooper, J. 1985. Biology of the bank cormorant, part 3: Foraging behaviour‟, Ostrich 56: 86–

95.  

Cooper, J., Crawford, R. J. M., Suter, W. and Williams, A. J. 1990. Distribution, population 

size and conservation of the swift tern Sterna bergii in Southern Africa. Ostrich 61: 56–65.  

Crawford, R. J. M. 2003. Influence of food on numbers breeding, colony size and fidelity to 

localities of swift terns in South Africa‟s Western Cape, 1987-2000. Waterbirds 26: 44–53. 

Crawford, R. J. M. 2007. Food, fishing and seabirds in the Benguela upwelling system. 

Journal of Ornithology 148: S253-S260.  



 

84 
 

Crawford, R. J. M. 2009. A recent increase of swift terns Thalasseus bergii off South Africa 

– the possible influence of an altered abundance and distribution of prey. Progress in 

Oceanogrpahy 83: 398 – 403. 

Crawford, R. J. M. and Dyer, B. M. 1995. Responses by four seabird species to a fluctuating 

availability of Cape Anchovy Engraulis capensis off South Africa. Ibis 137: 329–339.  

Crawford, R. J. M. and Shelton, P. A. 1978. Pelagic fish and seabird interrelationships off the 

coasts of South West and South Africa. Biological Conservation 14: 85–109.  

Crawford, R. J. M., Shelton, P. A., Cooper, J. and Brooke, R. K. 1983. Distribution, 

population size and conservation of the Cape gannet Morus capensis. South African Journal 

of Marine Science 1: 153–174.  

Crawford, R. J. M., Cruickshamk, R. A., Shelton, P. A. and Kruger, I. 1985. Partitioning of a 

goby resource amongst four avian predators and evidence for altered trophic flow in the 

pelagic community of an intense, perennial upwelling system. South African Journal of 

Marine Science 3: 215–228.  

Crawford, R. J. M., Williams, A. J., Hofmeyr, J. H., Klages, N. T. W., Randall, R. M., 

Cooper, J., Dyer, B. M. and Chesselet, Y. 1995. Trends of African penguin Spheniscus 

demersus populations in the 20th century. South African Journal of Marine Science 16: 101–

118.  

Crawford, R. J. M., Dyer B. M., Cordes, I. and Williams, A. J. 1999. Seasonal pattern of 

breeding, population trend and conservation status of bank cormorants Phalacrocorax 

neglectus off south western Africa. Biological Conservation 87: 49–58.  

Crawford, R. J. M., Goya, E., Roux, J-P. and Zavalaga, C. B. 2006. Comparison of 

assemblages and some life-history traits of seabirds in the Humboldt and Benguela systems. 

African Journal of Marine Science 28: 553–560.  

Crawford, R. J. M., Dundee, B. L., Dundee, B., Dyer, B. M., Klages, N. T. W., Meyer, M. A. 

and Upfold, L. 2007. Trends in numbers of Cape gannets (Morus capensis), 1956/1957 – 

2005/2006, with a consideration of the influence of food and other factors. ICES Journal of 

Marine Science 64: 169–177. 

Crawford, R. J. M., Tree, A. J., Whittington, P. A., Visagie, J., Upfold, L., Roxburg, K. J., 

Martin, A. P. and Dyer, B. M. 2008a. Recent distributional changes of seabirds in South 

Africa: Is climate having an impact? African Journal of Marine Science 30: 189–193.  

Crawford, R. J. M., Cockcroft, A. C. and Upfold, L. 2008b. Divergent trends in bank 

cormorants Phalacrocorax neglectus breeding in South Africa‟s Western Cape consistent 

with a distributional shift of rock lobsters Jasus lalandii. African Journal of Marine Science 

30: 161–166.  

Crawford, R. J. M., Altwegg, R., Barham, B. J., Barham, P. J., Durant, J. M., Dyer, B. M., 

Geldenhuys, D., Makhado, A. B., Pichegru, L., Ryan, P. G., Underhill, L. G., Upfold, L., 



 

85 
 

Visagie, J., Waller, L. J. and Whittington, P. A. 2011. Collapse of South Africa‟s penguins in 

the early 21st century. African Journal of Marine Science 33: 139–156. 

Crawford, R. J. M., Makhado, A. B., Whittington, P. A., Randall, R. M., Oosthuizen, H. W. 

and Waller, L. J. 2015. A changing distribution of seabirds in South Africa – the possible 

impact of climate and its consequences. Frontiers in Ecology and Evolution 3: 1-11.  

Currie, H., Grobler, K. and Kemper, J. 2008. Namibian Islands‟ Marine Protected Area. 

2008/Marine/003: WWF South Africa Report Series. 

Cury, P. and Shannon, L. 2004. Regime shifts in upwelling ecosystems: Observed changes 

and possible mechanisms in the northern and southern Benguela. Progress in Oceanography 

60: 223–243.  

Cury, P., Bakun, A., Crawford, R. J. M., Jarre, A., Quinones, R. A., Shannon, L. J. and 

Verheye, H. M. 2000. Small pelagics in upwelling systems: Patterns of interaction and 

structural changes in “wasp-waist” ecosystems. ICES Journal of Marine Science 57: 603–

618. 

D‟Alba, L., van Hemert, C., Spencer, K. A., Heidinger, B. J., Gill, L., Evans, N. P., 

Monaghan, P., Handel, C. M. and Shawkey, M. D. 2014. Melanin-based color of plumage: 

role of condition and of feathers‟ microstructure. Integrative and Comparative Biology 54: 

633–644.  

Daskalov, G. M., Grishin, A. N., Rodlonov, S. and Mihneva, V. 2007. Trophic cascades 

triggered by overfishing reveal possible mechanisms of ecosystem regime shifts. Proceedings 

of the National Academy of Sciences 104: 10518–10523.  

David, J. H. M. 1987. Diet of the South African fur seal (1974–1985) and an assessment of 

competition with fisheries in Southern Africa. South African Journal of Marine Science 5: 

693–713.  

David, J. H. M., Cury, P., Crawford, R. J. M., Randall, R. M., Underhill, L. G. and Meyer, M. 

A. 2003. Assessing conservation priorities in the Benguela ecosystem, South Africa: 

Analysing predation by seals on threatened seabirds. Biological Conservation 114: 289–292.  

de Bruyn, P. J. N., Bester, M. N., Mecenero, S., Kirkman, S. P., Roux, J-P. and Klages, N. T. 

W. 2003. Temporal variation of cephalpods in the diet of Cape fur seals in Namibia. South 

African Journal of Wildlife Research 33: 85–96. 

DeNiro, M. J. and Epstein, S. 1977. Mechanism of carbon isotope fractionation associated 

with lipid synthesis. Science of the Total Environment 197: 261–263. 

DeNiro, M. J. and Epstein, S. 1978. Influence of diet on the distribution of nitrogen isotopes 

in animals. Geochimica et Cosmochimica Acta, 45: 341–351. 



 

86 
 

DesRochers, D. W., Reed, J. M., Awerman, J., Kluge, J. A., Wilkinsin, J., van Griethuijsen, 

L. I., Aman, J. and Romero, L. M. 2009. Exogenous and endogenous corticosterone alter 

feather quality. Comparative Biochemistry and Physiology 152: 46–52.  

Doucet, S. M. and Hill, G. E. 2009. Do museum specimens accurately represent wild birds? 

A case study of carotenoid, melanin, and structural colours in long-tailed manakins 

Chiroxiphia linearis. Journal of Avian Biology 40: 146–156.  

Duffy, D. C. and Jackson, S. 1986. Diet Studies of Seabirds : A Review of Methods. Colonial 

Waterbirds 9: 1–17. 

Eerkes-Medrano, D., Fryer, R. J., Cook, K. B. and Wright, P. J., 2017. Are simple 

environmental indicators of food web dynamics reliable: exploring the kittiwake–temperature 

relationship. Ecological Indicators 75: 36–47. 

Ekau, W., Auel, H., Hagen, W., Koppelmann, R., Wasmund, N., Bohata, K., Buchholz, F., 

Geist, S., Martin, B., Schukat, A., Verheye, H. M. and Werner, T. 2018. Pelagic key species 

and mechanisms driving energy flows in the northern Benguela upwelling ecosystem and 

their feedback into the biogeochemical cycles. Journal of Marine Systems 188: 49-62.  

Endler, J. A. 1990. On the measurement and classification of color in studies of animal color 

patterns. Biological Journal of the Linnean Society 41: 315–352.  

France, R. L. 1995. Carbon-13 enrichment in benthic compared to planktonicalgae: foodweb 

implications. Marine Ecology Progress Series 124: 307-312. 

Frederiksen, M., Edwards, M., Richardson, A. J., Halliday, N. C. and Wanless, S. 2006. From 

plankton to top predators : bottom-up control of a marine food web across four trophic levels. 

Journal of Animal Ecology 75: 1259–1268. 

Freon, P., Werner, F. and Chavez, F. 2009. Conjectures on future climate effects on marine 

ecosystems dominated by small pelagic fish.Iin Climate change and small pelagic fish. D. 

Checkley, Alheit, J., Oozeki, Y. and Roy, C. (eds). Cambridge: Cambridge University Press, 

pp. 312–343. 

Fry, B. 1991. Stable isotope diagrams of freshwater food webs. Ecology 72: 2293–2297. 

Fry, B. 2006. Stable isotope ecology. New York: Springer. 

Furness, R. W. and Camphuysen, K. 1997. Seabirds as monitors of the marine environment. 

ICES Journal of Marine Science 54: 726–737.  

Gaglio, D., Cook, T. R., Connan, M., Ryan, P. G. and Sherley, R. B. 2016. Dietary studies in 

birds: Testing a non-invasive method using digital photography in seabirds. Methods in 

Ecology and Evolution 8: 214–222.  



 

87 
 

Gaglio, D., Cook, T. R., McInnes, A., Sherley, R. B. and Ryan, P. G. 2018. Foraging 

plasticity in seabirds: a non-invasive study of the diet of greater crested terns breeding in the 

Benguela Region. PLoS One 13: e0190444. 

Gammelsrød, T., Bartholomae, C. H., Boyer, D. C., Filipe, V. L. L. and O‟Toole, M. J. 1998. 

Intrusion of warm surface water along the Angolan-Namibian coast in February – March 

1995: the 1995 Benguela Nino. South African Journal of Marine Science 19: 41–56.  

Ginn, H. B. and Melville, D. S. 1983. Moult in Birds. Hertfordshire: British Trust for 

Ornithology. 

Government Gazette of the Republic of Namibia. 2012. No. 5111. Government Notice No. 

316 Regulations relating to Namibian Islands‟ Marine Protected Area: Marine Resources Act, 

2000. 28 pp. 

Green, D. B., Klages, N. T. W., Crawford, R. J. M., Coetzee, J. C., Rishworth, G. M. and 

Pistorius, P. A. 2015a. Dietary change in Cape gannets reflects distributional and 

demographic shifts in two South African commercial fish stocks. ICES Journal of Marine 

Science 72: 771–781. 

Green, D. B., Coetzee, J. C., Rishworth, G. M. and Pistorius, P.A. 2015b. Foraging 

distribution of Cape gannets in relation to oceanographic features, prey availability and 

marine protected areas. Marine Ecology Progress Series 537: 277-288. 

Grémillet, D., Pichegru, L., Kuntz, G., Woakes, A. G., Wilkinson, S., Crawford, R. J. M. and 

Ryan, P. G. 2008. A junk-food hypothesis for gannets feeding on fishery waste. Proceedings 

of the Royal Society B: Biological Sciences 275: 1149–1156.  

Gulka, J., Carvalho, P. C, Jenkins, E., Johnson, K., Maynard, L. and Davoren, G. K. 2017. 

Dietary niche shifts of multiple marine predators under varying prey availability on the 

northeast Newfoundland coast. Frontiers in Marine Science 4: 1–11.  

Hansson, S., Hobbie, J. E., Elmfren, R., Larsson, U. and Johansson, S. 1997. The stable 

nitrogen isotope ratio as a marker of food-web interactions and fish migration. Ecology 78: 

2249–2257. 

Hattab, T., Leprieur, F., Lasram, F. B. R., Gravel, D., le Lo‟ch, F. and Albouy, C. 2016. 

Forecasting fine-scale changes in the food-web structure of coastal marine communities 

under climate change. Ecography 39: 1227–1237.  

Healy, K., Gullerme, T., Kelly, S. B. A., Inger, R., Bearhop, S. and Jackson, A. L. 2018. 

SIDER: an R package for predicting trophic discrimination factors of consumers based on 

their ecology and phylogenetic relatedness. Ecography 41: 1393–1400.  

Heymans, J.  J., Shannon, L.  J. and Jarre, A. 2004. Changes in the northern Benguela 

ecosystem over three decades: 1970s, 1980s, and 1990s. Ecological Modelling 172: 175–195.  



 

88 
 

Heymans, J.  J., Sumaila, U.  R. and Christensen, V. 2009. Policy options for the northern 

Benguela ecosystem using a multispecies, multifleet ecosystem model. Progress in 

Oceanography 83: 417–425. 

Hill, G. E. and McGraw, K.  J. 2006. Bird coloration: volume 1, Mechanisms and 

Measurements. Cambridge: Harvard University Press. 

Hill, J. M., McQuaid, C. D. and Kaehler, S. 2008. Temporal and spatial variability in stable 

isotope ratios of SPM link to local hydrography and longer term SPM averages suggest heavy 

dependence of mussels on nearshore production. Marine Biology 154: 899–909. 

Hilton, G. M., Thompson, D. R., Sagar, P. M., Cuthbert, R. J., Cherel, Y. and Bury, S. J. 

2006. A stable isotope investigation into the causes of decline in a sub-Antarctic predator, the 

rockhopper penguin Eudyptes chrysocome. Global Change Biology 12: 611-625. 

Hobson, K. A. 1999. Tracing origins and migration of wildlife using stable isotopes: a 

review. Oecologia 120: 314–326. 

Hobson, K. A. and Clark, R. G. 1992. Assessing avian diets using stable isotopes I: turnover 

of 
13

C in tissues. Condor 94: 181–188. 

Hobson, K. A. and Clark, R. G. 1993. Turnover of 
13

C in cellular and plasma fractions of 

blood: implications for non-destructive sampling in avian dietary studies. Auk 110: 638–641. 

Hobson, K. A., Schell, D. M., Renouf, D. and Noseworthy, E. 1996. Stable carbon and 

nitrogen isotopic fractionation between diet and tissue of captive seals: implications for 

dietary reconstruction involving marine mammals. Canadian Journal of Zoology 53: 528–

533.  

Hobson, K. A., Gibbs, H. I. L. and Gloutney, M. L. 1997. Preservation of blood and tissue 

samples for stable-carbon and stable-nitrogen isotope analysis. Canadian Journal of Zoology 

75: 1720–1723. 

Hobson, K. A., Fisk, A., Karnovsky, N., Holst, M., Gagnon, J-M. and Fortier, M. 2002. A 

stable isotope (δ
13

C, δ
15

N) model for the North Water food web: Implications for evaluating 

trophodynamics and the flow of energy and contaminants. Deep-Sea Research Part II: 

Topical Studies in Oceanography 49: 5131–5150.  

Hockey, P. A. R., Dean, W. R. J. and Ryan, P. G. 2005. Roberts birds of southern Africa. 7th 

edn. Cape Town: John Voeckler Book Fund. 

Hoefs, J. 2009. Stable isotope geochemistry. 6th edn. Berlin: Springer-Verlag. 

Hofmeyr, G. J. G. 2015. Arctocephalus pusillus spp. pusillus, The IUCN Red List of 

Threatened Species. Available at: http://dx.doi.org/10.2305/IUCN.UK.2015- 

4.RLTS.T2066A66991045.en (Accessed: 5 August 2018). 



 

89 
 

Hogan, F. E, Cooke, R., Burridge, C. P. and Norman, J. A. 2008. Optimizing the use of shed 

feathers for genetic analysis. Molecular Ecology Resources 8: 561–567.  

Holthuis, L. 1991. FAO species catalogue. Vol. 13. Marine lobsters of the world. An 

annotated and illustrated catalogue of species of interest to fisheries known to date. Rome: 

FAO.   

Huckstadt, L. A., Koch, P. I., McDonald, B. I., Goebel, M. E., Crocker, D. E. and Costa, D. 

P. 2012. Stable isotope analyses reveal individual variability in the trophic ecology of a top 

marine predator, the southern elephant seal. Oecologia 169: 395–406.  

Huisamen, J., Kirkman, S. P., van der Lingen, C. D., Watson, L. H., Cockcrocft, V. G., 

Jewell, R. and Pistorius, P. A. 2012. Diet of the Cape fur seal Arctocephalus pusillus pusillus 

at the Robberg Peninsula , Plettenberg Bay , and implications for local fisheries. African 

Journal of Marine Science 34: 431-441.  

Hutchings, L., van der Lingen, C. D., Shannon, L. J., Crawford, R. J. M., Verheye, H. M. S., 

Bartholomae, C. H., van der Plas, A. K., Louw, D., Kreiner, A., Ostrowski, M.,. Fidel, Q., 

Barlow, R.G., Lamont, T., Coetzee, J., Shillington, F., Veitch, J., Currie, J. C. and Monteiro, 

P. M. S. 2009. The Benguela Current: An ecosystem of four components. Progress in 

Oceanography 83: 15–32. 

Iitembu, J.A., Miller, T. W., Ohnori, K., Kanime, A. and Wells, S. 2012. Comparison of 

ontogenetic trophic shift in two hake species, Merluccius capensis and Merluccius 

paradoxus, from the Northern Benguela Current ecosystem (Namibia) using stable isotope 

analysis. Fisheries Ocenaograhy 21: 1-11. 

Iitembu, J. A. 2016. An attempt at modelling the diets of two sympatric species of hake 

(Merluccius capensis  and Merluccius paradoxus) off the coast of Namibia: isotope mixing 

model approach. International Science and Technology Journal of Namibia 7: 14-30. 

Inger, R., Ruxton, G. D., Newton, J., Colhoun. K., Robinson, J.A., Jackson, A. L. and 

Bearhop, S. 2006. Temporal and intrapopulation variation in prey choice of wintering geese 

determined by stable isotope analysis. Journal of Animal Ecology 75: 1190–1200. 

Ings, T. C., Montoya, J. M., Basompte, J., Bluthgen, N., Brown, L., Dormann, C. F., 

Edwards, F., Figueroa, D., Jacob, U., Jones, J. I., Lauridsen, R. B., Ledger, M. E., Lewis, H. 

M., Olesen, J. M., van Veen, F. J. F., Warren, P. H. and Woodward, G.  2009. Ecological 

networks - Beyond food webs. Journal of Animal Ecology 78: 253–269. 

Jackson, S. and Place, A. R. 1990. Gastrointestinal transit and lipid assimilation efficiencies 

in the three species of subantarctic. Journal of Experimental Biology 255: 141–154. 

Jackson, A. L., Inger, R., Parnell, A. C. and Bearhop, S. 2011. Comparing isotopic niche 

widths among and within communities: SIBER - Stable Isotope Bayesian Ellipses in R. 

Journal of Animal Ecology 80: 595–602.  



 

90 
 

Jaeger, A. and Cherel, Y. 2011. Isotopic investigation of contemporary and historic changes 

in penguin trophic niches and carrying capacity of the Southern Indian Ocean. PLoS ONE 6: 

e16484.  

Jaquemet, S and McQuaid, C. 2008. Stable isotopes ratios in Cape gannets around the 

southern coasts of Africa reveal penetration of biogeographic patterns in oceanic signatures. 

Estuarine, Coastal and Shelf Science 80: 374-380. 

Jarman, S. N., McInnes, J. C., Faux, C., Polanowski, A. M., Marthick, J., Deagle, B. E., 

Soutwell, C. and Emmerson, L. 2013. Adélie penguin population diet monitoring by analysis 

of food DNA in scats. PLoS ONE 8: e82227. 

Jarvis, M. J. F. 1969. Interactions between man and the South African gannet Sula capensis. 

Ostrich 40: 497–513. 

Jenni-Eiermann, S., Helfenstein, F., Vallat, A., Glauser, G. and Jenni, L. 2015. 

Corticosterone: Effects on feather quality and deposition into feathers. Methods in Ecology 

and Evolution 6: 237–246.  

Johnson, R. L., Venter, A., Bester, M. N. and Oosthuizen, W. H. 2006. Seabird predation by 

white shark, Carcharodon carcharias, and Cape fur seal, Arctocephalus pusillus pusillus, at 

Dyer Island. South African Journal of Wildlife Research 36: 23–32.  

Kaehler, S., Pakhomov, E. A. and McQuaid, C. D. 2000. Trophic structure of the marine food 

web at the Prince Edward Islands (Southern Ocean) determined by δ
13

C and δ
15

N analysis. 

Marine Ecology Progress Series 208: 13–20.  

Karnovsky, N. J., Hobson, K. A. and Iverson, S. J. 2012 From lavage to lipids: Estimating 

diets of seabirds. Marine Ecology Progress Series 451: 263–284.. 

Kelly, J. F. 2000. Stable isotopes of carbon and nitrogen in the study of avian and mammalian 

trophic ecology. Canadian Journal of Zoology, 78: 1–27.  

Kemper, J. 2006.Heading towards extinction? Demography of the African penguin in 

Namibia. University of Cape Town: PhD Thesis  

Kemper, J., Underhill, L. G., Crawford, R. and Kirkman, S. P. 2007. Revision of the 

conservation status of seabirds and seals breeding in the Benguela Ecosystem. Final Report of 

the BCLME (Benguela Current Large Marine Ecosystem) Project on Top Predators as 

Biological Indicators of Ecosystem Change in the BCLME, (2000), pp. 325–342. 

Kernaléguen, L., Cazelles, B., Arnould, J. P. Y., Richard, P., Guinet, C. and Cherel, Y. 2012. 

Long-term species, sexual and individual variations in foraging strategies of fur seals 

revealed by stable isotopes in whiskers. PLoS ONE, 7(3): e32916. 

Kim, E. T. and Koo, J. 2007. The use of feathers to monitor heavy metal contamination in 

herons, Korea. Archives of Environmental Contamination and Toxicology 53: 435–441. 



 

91 
 

Kirkman, S. P., Oosthuizen, W. H., Meyer, M. A., Kotze, P. G. H., Roux, J-P. and Underhill, 

L.G. 2007. Making sense of censuses and dealing with missing data: Trends in pup counts of 

Cape fur seal Arctocephalus pusillus pusillus for the period 1972-2004. African Journal of 

Marine Science 29: 161–176.  

Kirkman, S. P., Yemane, D., Meyer, M. A., Kotze, P. G. H., Skrypzech, H. and Velho. F. V. 

2013. Spatio-temporal shifts of the dynamic Cape fur seal population in Southern Africa, 

based on aerial censuses (1972-2009). Marine Mammal Science 29: 497–524. 

Kling, G. W., Fry, B. and O‟Brien, W. J. 1992. Stable isotopes and planktonic trophic 

structure in Arctic lakes. Ecology 73: 561–566. 

Kohn, M. J. 1999. You are what you eat. Science 283: 335–336. 

Kojadinovic, J., Richard, P., le Corre, M., Cosson, R. P. and Bustamante, P. 2008. Effects of 

lipid extraction on δ
13

C and δ
15

N values in seabird muscle, liver and feathers. Waterbirds 31: 

169–178.  

Kurle, C.M. 2002. Stable-isotope ratios of blood components from captive northern fur seals 

(Callorhinus ursinus) and their diet: applications for studying the foraging ecology of wild 

otariids. Canadian Journal of Zoology 80: 902-909. 

Lewis, S., Gremillet, D., Daunt, F., Ryan, P. G., Crawford, R. J. M., and Wanless, S. 2006. 

Using behavioural and state variables to identify proximate causes of population change in a 

seabird. Oecologia 147: 606-614. 

Lipiński, M. R. 1992. Cephalopods and the Benguela ecosystem: trophic relationships and 

impact. South African Journal of Marine Science 12: 791-802. 

Logan, J. M., Jardine, T. D., Miller, T. J., Bunn, S. E., Cunjak, R. A. and Lutcavage, M. E.  

2008. Lipid corrections in carbon and nitrogen stable isotope analyses: Comparison of 

chemical extraction and modelling methods. Journal of Animal Ecology 77: 838–846.  

Ludynia, K., Roux, J-P., Jones, R., Kemper, J. and Underhill, L. G. 2010a. Surviving off 

junk: Low-energy prey dominates the diet of African penguins Spheniscus demersus at 

Mercury Island, Namibia, between 1996 and 2009. African Journal of Marine Science 32: 

563–572.  

Ludynia, K., Jones, R., Kemper, J., Garthe, S. and Underhill, L. G. 2010b. Foraging 

behaviour of bank cormorants in Namibia: Implications for conservation. Endangered 

Species Research 12: 31–40.  

Ludynia, K., Kemper, J. and Roux, J. P. 2012. The Namibian Islands‟ Marine Protected Area: 

Using seabird tracking data to define boundaries and assess their adequacy. Biological 

Conservation 156: 136–145. 

Macpherson, E. and Gordoa, A. 1992. Trends in the demersal fish community off Namibia 

from 1983 to 1990. South African Journal of Marine Science 12: 635-649. 



 

92 
 

Maia, R., Eliason, C. M., Bitton, P-P., Doucet, S. M. and Shawkey, M. D. 2013. pavo: an R 

package for the analysis, visualization and organization of spectral data. Methods in Ecology 

and Evolution 4: 906–913.  

Makhado, A. B., Crawford, R. J. M. and Underhill, L. G. 2006. Impact of predation by Cape 

fur seals Arctocephalus pusillus pusillus on Cape gannets Morus capensis at Malgas Island, 

Western Cape, South Africa. African Journal of Marine Science 28: 681–687.  

Marks, M. A., Brooke, R. K. and Gildenhuys, A. M. 1997. Cape fur seal Arctocephalus 

pusillus predation on Cape Cormorants Phalacrocorax capensis and other birds at Dyer 

Island, South Africa. Marine Ornithology 25: 9–12. 

Matthews, J. P. 1961. The pilchard of South West Africa and the marsbanker bird predator, 

1957-1958. The Administration of South West Africa Marine Research Laboratory 1–35. 

Matthews, J. P. and Berruti, A. 1983. Diet of Cape gannet and Cape cormorant off Walvis 

Bay, 1958-1959. South African Journal of Marine Science 1: 61–63. 

McClelland, J. W. and Valiela, I. 1998. Changes in food web structure under the influence of 

increased anthropogenic nitrogen inputs to estuaries. Marine Ecology Progress Series 168: 

259–271. 

McConnaughey, T. and McRoy, C. P. 1979. Food-web structure and the fractionation of 

carbon isotopes in the Bering sea. Marine Biology 53: 257–262.  

McCullagh, J. S. O., Tripp, J. A. and Hedges, R. E. M. 2005. Carbon isotope analysis of bulk 

keratin and single amino acids from British and North American hair. Rapid Communications 

in Mass Spectrometry 19: 3227–3231.  

McCutchan, J. H., Lewis, W. M., Kendall, C. and McGrath, C. 2003. Variation in trophic 

shift for stable isotope ratios of carbon, nitrogen, and sulphur. Oikos 102: 378–390. 

McGraw, K. J., Safran, R. J. and Wakamatsu, K. 2005. How feather colour reflects its 

melanin content. Functional Ecology 19: 816–821.  

McLeay, L. J., Page, B., Goldsworthy, S. D., Paton, D. C., Teixeira, C., Burch, P. and Ward, 

T. 2010. Foraging behaviour and habitat use of a short-ranging seabird, the crested tern. 

Marine Ecology Progress Series 411: 271–283.  

Mecenero, S., Roux, J. P., Underhill, L. G. and Bester, M. N. 2006a. Diet of Cape fur seals 

Arctocephalus pusillus pusillus at three mainland breeding colonies in Namibia. 1. Spatial 

variation. African Journal of Marine Science 28: 57–71.  

Mecenero, S., Roux, J. P., Underhill, L. G. and Kirkman, S. P. 2006b. Diet of Cape fur seals 

Arctocephalus pusillus pusillus at three mainland breeding colonies in Namibia. 2. Temporal 

variation. African Journal of Marine Science 28: 73–88.  



 

93 
 

Metcheva, R., Yurukova, L., Teodorova, S. and Nikolova, E. 2006. The penguin feathers as 

bioindicator of Antarctica environmental state. Science of the Total Environment 362: 259–

265.  

Meier, R. E., Voiter, S. C., Wynn, R. B., Guilford, T., Grive, M. M., Rodriguez, A., Newton, 

J., Maurice, L., Chouvelon, T., Dessier, A. and Trueman, C. V. 2017. Tracking, feather moult 

and stable isotopes reveal foraging behaviour of a critically endangered seabird during the 

non-breeding season. Diversity and Distributions 23: 130-145.  

Michalik, A., McGill, R. A., Furness, R. W., Eggers, T., van Boordwijk, H. J. and Quillfeldt, 

P. 2010 Black and white – does melanin change the bulk carbon and nitrogen isotope values 

of feathers ? Rapid Communications in Mass Spectrometry 24: 875–878.  

Michener, R. and Lajtha, K. 2007. Stable isotopes in ecology and environmental science. 2nd 

edn. Massachusetts: Blackwell Publishing. 

Miller, A. K., Karnovsky, N. J. and Trivelpiece, W. Z. 2009. Flexible foraging strategies of 

gentoo penguins Pygoscelis papua over 5 years in the South Shetland Islands, Antarctica. 

Marine Biology 156: 2527–2537. 

Mizutani, H., Fukuda, M., Kabaya, Y. and Wada, E. 1990. Carbon isotope ratio of feathers 

reveals feeding behavior of cormorants. Auk, 107:  400–403. 

Mizutani, H., Fukuda, M. and Kabaya, Y. 1992. 
13

C and 
15

N enrichment factors of feathers of 

11 species of adult birds. Ecology 73: 1391–1395. 

Moseley, C., Gremillet, D., Connan, M., Ryan, P. G., Mullers, R. H. E., van der Lingen, C. 

D., Miller, T. W., Coetzee, J. C., Crawford, R. J. M., Sabarros, P., McQuaid, C. D. and 

Pichegru, L. 2012. Foraging ecology and ecophysiology of Cape gannets from colonies in 

contrasting feeding environments. Journal of Experimental Marine Biology and Ecology 

422–423: 29–38. 

Murphy, M.E., King, J.R., Taruscio, T.G. and Geupel, G.R. 1990. Amino acid composition of 

feather barbs and rachis in three species of Pygoscelid penguins: nutritional implications. 

Condor, 92: 913-921. 

Newsome, S. D., Clementz, M. T. and Koch, P. L. 2010. Using stable isotope 

biogeochemistry to study marine mammal ecology. Marine Mammal Science 26: 509–572.  

O‟Brien, D. M., Fogel, M. L. and Boggs, C. L. 2002. Renewable and non-renewable 

resources: amino acid turnover and allocation to reproduction in Lepidoptera. Proceedings of 

the National Academy of Sciences USA 99: 4413–4418. 

Oelofson, B.W. 1999. Fisheries management: The Namibian approach. ICES Journal of 

Marine Science: 56: 999-1004.  



 

94 
 

Okes, N. C., Hockey, P. A. R., Pichegru, L., van der Lingen, C. D., Crawford, R. J. M. and 

Grémillet, D. 2009. Competition for shifting resources in the southern Benguela upwelling: 

Seabirds versus purse-seine fisheries. Biological Conservation 142: 2361–2368.  

Ornelas, J. F., Gonzalez, C., Hernandez-Banos, B. E. and Garcia-Moreno, J. 2016. Molecular 

and iridescent feather reflectance data reveal recent genetic diversification and phenotypic 

differentiation in a cloud forest hummingbird. Ecology and Evolution 6: 1104–1127.  

Parnell, A. C., Inger, R., Bearhop, S. and Jackson, A. L. 2010. Source partitioning using 

stable isotopes: Coping with too much variation. PLoS ONE 5: pp. 1–5. 

Parsons, M., Mitchell, I., Butler, A., Ratcliffe, N., Frederiksen, M., Foster, S. and Reid, J. B. 

2008. Seabirds as indicators of the marine environment. ICES Journal of Marine Science 65: 

1520–1526.  

Petchey, O. L., Beckerman, A. P., Riede, J. O. and Warren, P. H. 2008. Size, foraging, and 

food web structure. Proceedings of the National Academy of Sciences USA 105: 4191–4196.  

Petersen, B. J. and Fry, B. 1987. Stable isotopes in ecosystem studies. Annual Review of 

Ecology and Systematics 18: 293-320 

Petersen, S. L., Ryan, P. G. and Grémillet, D. 2006. Is food availability limiting African 

Penguins Spheniscus demersus at Boulders? A comparison of foraging effort at mainland and 

island colonies. Ibis 148: 14–26. 

Phillips, D. L. and Gregg, J. W. 2003. Source partitioning using stable isotopes: Coping with 

too many sources. Oecologia 136: 261–269. 

Phillips, D. L., Inger, R., Bearhop, S., Jackson, A. L., Moore, J. W., Oarnell, A. C., 

Semmens, B. X. and Ward, E. J. 2014. Best practices for use of stable isotope mixing models 

in. Canadian Journal of Zoology 835: 823–835.  

Pichegru, L., Ryan , P. G., le Bohec, C., van der Lingen, C. D., Navarro, R., Petersen, S., 

Lewis, S., van der Westhuizen, J. and Gremillet, D. 2009. Overlap between vulnerable top 

predators and fisheries in the Benguela upwelling system: Implications for marine protected 

areas. Marine Ecology Progress Series 391: 199–208.  

Pickett, E. P., Fraser, W. R., Patterson-Fraser, D. L., Cimino, M. A., Torres, L. G. and 

Fridlaender, A. S. 2018 Spatial niche partitioning may promote coexistence of Pygoscelis 

penguins as climate-induced sympatry occurs.  Ecology and Evolution 8: 9764-9778 

Pillar, S. C. and Barange, M. 1993. Feeding selectivity of juvenile Cape hake Merluccius 

capensis in the southern Benguela. South African Journal of Marine Science 13: 255-268.  

Pimm, S. L., Lawton, J. H. and Cohen, J. E. 1991. Food web patterns and their consequences. 

Nature 350: 669–674. 



 

95 
 

Polito, M. J., Abel, S., Tobias, C. R. and Emslie, S. D.  2011. Dietary isotopic discrimination 

in gentoo penguin (Pygoscelis papua) feathers. Polar Biology 34: 1057–1063.  

Ponsard, S. and Averbuch, P. 1999. Should growing and adult animals fed on the same diet 

show different d
15

N values? Rapid Communications in Mass Spectrometry 13: 1305–1310.  

Post, D. M., Layman, C. A., Arrington, D. A., Takimoto, G., Quattrochi, J. and Montana, C. 

G. 2007. Getting to the fat of the matter: models, methods and assumptions for dealing with 

lipids in stable isotope analyses. Oecologia 152: 179–189.  

Punt, A. E., Leslie, R. W. and Du Plessis, S. E. 1992. Estimation of the annual consumption 

of food by Cape hake Merluccius capensis and M. paradoxus off the South African west 

coast. South African Journal of Marine Science 12: 611-634. 

Punt, A. E., David, J. H. and Leslie, R. W. 1995. The effects of future consumption by the 

Cape fur seal on catches and catch rates of the Cape hakes. 2. feeding and diet of the Cape fur 

seal Arctocephalus pusillus pusillus. South African Journal of Marine Science 16: 85–99.  

R Core team 2017. R: A language and environment for statistical computing. Vienna, 

Austria: R foundation for statistical computing. Available at: http://www.r-pojects.org. 

Rand, R. W. 1956. The Cape fur seal, Arctocephalus pusillus, its general characteristics and 

moult. Investigative Report of the Division of Fisheries Institute, South Africa 21: 1–32. 

Rand, R. W. 1959a The biology of guano producing seabirds, the distribution, abundance and 

feeding habits of the Cape gannet, Morus capensis, off the South-Western Coast of the Cape 

Province. Investigative Report of the Division of Fisheries Institute, South Africa 39: 1–36. 

Rand, R. W. 1959b. The Cape fur seal, Arctocephalus pusillus, distribution, abundance and 

feeding habits off the south western coast of the Cape Province. Investigative Report of the 

Division of Fisheries Institute, South Africa 34: 1–38. 

Rand, R. W. 1960a. The biology of guano producing seabird. 3. The distribution, abundance 

and feeding habits of the cormorants, Phalocrocoracidae, off the south-western coast of the 

Cape Province. Investigative Report of the Division of Fisheries Institute, South Africa 42: 1–

26. 

Rand, R. W. 1960b. The biology of guano-producing seabirds. 2. The distribution, abundance 

and feeding habits of the Cape penguin, Spheniscus demersus, off the south-western coast of 

the Cape Province.Investigational Report of the Sea Fisheries Research Institute, South 

Africa 1960. 4: 1–28. 

Randall, R. M. and Randall, B. M. 1986. The diet of jackass penguins Spheniscus demersus 

in Algoa Bay, South Africa, and its bearing on population declines elsewhere. Biological 

Conservation 37: 119–134.  

Reilly, P. 1994. Penguins of the world. Australia: Oxford University Press. 



 

96 
 

Reuden, C. T., Schindelin, J., Hiner, M. C., deZonia, B. E., Walter, A. E., Arena, E. T. and 

Eliceiri, K. W. 2017. ImageJ2: ImageJ for the next generation of scientific image data. BMC 

Bioinformatics 18: 529–555. 

Roel, B. A. and MacPherson, E. 1988. Feeding of Merluccius capensis and M. paradoxus off 

Namiba. South African Journal of Marine Science 6: 227-243.  

Rothschild, B.  J., Ault, J. S., Goulletquer, P. and Heral, M. 1994. Decline of the Chesapeake 

Bay oyster population: a century of habitat destruction and overfishing. Marine Ecology 

Progress Series 111: 29–39.  

Roux, J.-P., van der Lingen, C. D., Gibbons, M. J., Moroff, N. E., Shannon, L. J., Smith, A., 

D. M., and Cury, P. M. 2013. Jellyfication of marine ecosystems as a consequence of 

overfishing small pelagic fish: lessons from the Benguela. Bulletin of Marine Science 89: 

249–284. 

Rubenstein, D. R. and Hobson, K. A. 2004. From birds to butterflies: Animal movement 

patterns and stable isotopes. Trends in Ecology and Evolution 19: 256–263.  

de Ruiter, P. C., Wolters, V., Moore, J. C. and Winemiller, K. O. 2005. Food web ecology : 

playing jenga and beyond. Science 309: 68–70. 

Salm, R. V. and Clark, J. R. 1989. Marine and coastal protected areas: a guide for planners 

and managers. South Carolina, USA: IUCN-the World Conservation Union. 

Sauer, W. H. and Lipiński, M. R. 1990. Histological validation of morphological stages of 

sexual maturity in chokker squid Loligo vulgaris reynaudii D‟Orb (Cephalopoda: 

Loliginidae). South African Journal of Marine Science 9: 189-200. 

Sears, J., Hatch, S. A. and O‟Brien, D. M. 2009. Disentangling effects of growth and 

nutritional status on seabird stable isotope ratios. Oecologia 159: 41–48.  

Shannon, L. J. 1999. Management of the African penguin Spheniscus demersus - Insights 

from modelling. Marine Ornithology 27: 126–128. 

Shelton, P. A., Crawford, R. J. M., Cooper, J. and Brooke, R. K. 1984. Distribution, 

population size and conservation of the Jackass Penguin Spheniscus demersus. South African 

Journal of Marine Science 2: 217-257. 

Sholto-Douglas, A. D., Field, J. G., James, A. G. and van der Merwe, N. J. 1991. „
13

C/
12

C and 
15

N/
14

N isotope ratios in the southern Benguela ecosystem: indicators of food web 

relationships among different size-classes of plankton and pelagic fish; differences between 

fish muscle and bone collagen tissues. Marine Ecology Progress Series 78: 23–31. 

Simmons, R. E., Brown, C. J. and Kemper, J. 2015. Birds to watch in Namibia, red, rare and 

endemic species. Windheok: Namibia Nature Foundation. 



 

97 
 

Smith, M. M. and Smith, J. L. B. 1986. Mugilidae. In Smiths' sea fishes. M. M., Smith and 

P.C., Heemstra (eds.) Springer-Verlag, Berlin. 714-720. 

Smith, J. A., Mazumder, D., Suthers, I. M. and Taylor, M. D. 2013. To fit or not to fit: 

Evaluating stable isotope mixing models using simulated mixing polygons. Methods in 

Ecology and Evolution 4: 612–618.  

Stauss, C., Bearhop, S., Bodey, T. W., Garthe, S., Gunn, C., Grecian, W. J., Inger, R., Knight, 

M. E., Newton, J., Patrick, S. C., Phillips, R. A., Waggitt, J. J. and Votier, S. C. 2012. Sex-

specific foraging behaviour in northern gannets Morus bassanus: incidence and implications. 

Marine Ecology Progress Series 457:151–162. 

Steffen, W., Sanderson, A., Tyson, P. D., Jäger, J., Matson, P. A., Moore III, B., Oldfield, F., 

Richardson, K., Schellnhuber, H. J., Turner, B. L. and Wasson, R. J. 2004. Global Change 

and the Earth System: A Planet Under Pressure. Berlin: Springer-Verlag 

Sumaila, U. R., Guenette, S., Alder, J. and Chuenpagdee, R. 2000. Addressing ecosystem 

effects of fishing using marine protected areas. ICES Journal of Marine Science 57: 752–760. 

Syväranta, J., Martino, A., Kopp, D., Céréghino, R and, Santoul, F. 2011. Freezing and 

chemical preservatives alter the stable isotope values of carbon and nitrogen of the Asiatic 

clam (Corbicula fluinea). Hydrobiologica 658: 383-388   

Takahashi, A., Kokubun, N., Mori, Y. and Shin, H-C. 2008. Krill-feeding behaviour of 

gentoo penguins as shown by animal-borne camera loggers. Polar Biology 31: 1291-1294. 

Thompson, D. R. and Furness, R. W. 1995. Stable-isotope ratios of carbon and nitrogen in 

feathers indicate seasonal dietary shifts in northern fulmars. Auk 112: 493–498. 

Tyler, T. 2016. Examining the feeding ecology of two mesopelagic fishes (Lampanyctodes 

hectoris & Maurolicus walvisensis) off the west coast of South Africa using stable isotope 

and stomach content analysis.  University of Cape Town: MSc Thesis Available: 

http://open.uct.ac.za/handle/11427/21001 [2019, January 08] 

Utne-Palm, A. C., Salvanes, A. G., Currie, B., Kaartvedt, S., Nilsson, G. E., Braithwaite, V. 

A., Stecyk, J. A. W., Hundt, M., van der Bank, M., Flynn, B., Sandvik, G. K., Klevjer, T. A., 

Sweetman, A. K., Bruchert, V., Pittman, K., Peard, K. R., Lunde, I. G., Strandabo, R. A. U. 

and Gibbons, M. J. 2010. Trophic structure and community stability in an overfished 

ecosystem. Science 329: 333–6.  

van der Bank, M. G., Utne-Palm, A. C., Pittman, K., Sweetman, A. K, Richoux, N. B., 

Brüchert, V. and Gibbons, M. J. 2011. Dietary success of a “new” key fish in an overfished 

ecosystem: evidence from fatty acid and stable isotope signatures. Marine Ecology Progress 

Series 428: 219–233.  

van der Lingen, C. D. 2002. Diet of sardine Sardinops sagax in the southern Benguela 

upwelling ecosystem. South African Journal of Marine Sicence 24: 301-316. 



 

98 
 

Voitkevich, A. A. 1996. Feathers and plumage of birds. London: Sidgwick and Jackson. 

Vorsatz, L. D., van der Lingen, C. D. and Gibbons, M. J. 2015. Diet and gill morphology of 

the East Coast redeye round herring Etrumeus wongratanai off Kwa Zulu-Natal, South 

Africa. African Journal of Marine Science 37: 575-581. 

Wada, E., Mizutani, H. and Minagawa, M. 1991. The use of stable isotopes for food web 

analysis. Critical Reviews in Food Science and Nutrition 30: 361–371. 

Walter, C. B. 1984. Fish prey remains in swift tern and Hartlaub‟s gull pellets at Possession 

Island, off Namibia. Ostrich 55: 166–167. 

Walter, C. B., Duffy, D. C., Cooper, J. and Suter, W. 1987a. Cape anchovy in swift tern diets 

and fishery landings in the Benguela upwelling region. South African Journal of Wildlife 

Research 17: 139–142. 

Walter, C. B., Cooper, J. and Suter, W. 1987b. Diet of swift tern chicks in the Saldanha Bay 

region, South Africa. Ostrich 58: 49–53.  

Watson, G. E. 1963. The mechanism of feather replacement during natural molt. Auk, 80: 

486–495. 

Whitehead, T. O. 2017. Comparative ecology of macaroni and rockhopper penguins at the 

Prince Edward Islands. University of Cape Town: PhD Thesis. Available at: 

http://open.uct.ac.za/handle/11427/27338 [2018, March 22]. 

Whitfield, A. K. 1988. The fish community of the Swartvlei Estuary and the influence of 

food availability on resource utilization. Estuaries 11: 160-170. 

Willoughby, E. J., Murphy, M. and Gorton, H. L. 2002. Molt, plumage abrasion, and color 

change in Lawrence‟s goldfinch. Wilson Bulletin 114: 380–392.  

Wilson, R. P. 1984. An improved stomach pump for penguins and other seabirds. Journal of 

Field Ornithology 55: 109–112. 

Wilson, R. P. 1985. Seasonality in diet and breeding success of the Jackass Penguin 

Spheniscus demersus. Journal of Ornithology 126: 53–62.  

Wilson, R. P. and Grémillet, D. 1996. Body temperatures of free-living African penguins 

(Spheniscus demersus) and bank cormorants (Phalacrocorax neglectus). Journal of 

Experimental Biology 199: 2215–2223. 

Wilson, R. P. and Wilson, M.-P. T. 1988. Food webs: linkage, interaction strength and 

community infrastructure. Journal of Animal Ecology 57: 943–955. 

Wilson, R. P., Wilson, M.-P. T. and Duffy, D. C. 1988. Contemporary and historical patterns 

of African penguin Spheniscus demersus: distribution at sea. Estuaries, Coastal and Shelf 

Science 26: 447-458. 



 

99 
 

Wolf, M. J., Johnson, B., Silver, D., Pae, W. and Christianson, K. 2016. Freezing and 

fractionation: effects of preservation on carbon and nitrogen stable isotope ratios of some 

limnetic organisms. Rapid Communications in Mass Spectrometry 30: 562-568 

Woodward, G. and Hildrew, A. G. 2002. Food web structure in riverine landscape. 

Freshwater Biology 47:777–798.  

Vander Zanden, M. J., Clayton, M. K., Moody, E. K., Solomon, C. T. and Weidel, B. C. 

2015. Stable isotope turnover and half-life in animal tissues: A literature synthesis. PLoS 

ONE 10: 1–16.  

 

 



 

100 
 

Supplementary material 

 

Table S2.1. Average stable carbon and nitrogen isotope ratios for new (tnew), intermediate 

(tmid), and old (told), black and white feathers collected from African penguins. 

  
Black White 

Individual Feather 

δ
13

C (‰) 

± SD 

δ
15

N (‰) 

± SD 

δ
13

C (‰) 

± SD 

δ
15

N (‰) 

± SD 

AP01 Tnew -16.1 ± 0.3 14.5 ± 0.6 -15.4 ± 0.1 14.5 ± 0.1 

 

Tmid -16.2 ± 0.2 14.1 ± 0.3 -15.4 ± 0.0 14.8 ± 0.2 

 

Told -16.1 ± 0.3 14.3 ± 0.8 -15.5 ± 0.1 14.7 ± 0.5 

AP02 Tnew -17.3 ± 0.2 14.3 ± 0.4 -16.6 ± 0.1 14.2 ± 0.1 

 

Tmid -17.3 ± 0.3 14.2 ± 0.3 -16.7 ± 0.1 14.5 ± 0.3 

 

Told -17.1 ± 0.2 14.3 ± 0.4 -16.7 ± 0.1 14.3 ± 0.0 

AP03 Tnew -17.3 ± 0.2 14.6 ± 0.2 -16.8 ± 0.1 14.9 ± 0.1 

 

Tmid -17.0 ± 0.2 14.7 ± 0.1 -16.6 ± 0.1 14.8 ± 0.1 

 

Told -17.1 ± 0.2 14.5 ± 0.1 -16.7 ± 0.1 14.8 ± 0.0 

AP04 Tnew -16.4 ± 0.3 13.3 ± 0.1 -15.4 ± 0.0 13.5 ± 0.0 

 

Tmid -16.1 ± 0.4 13.4 ± 0.2 -15.5 ± 0.1 13.7 ± 0.0 

 

Told -16.1 ± 0.4 13.4 ± 0.2 -15.5 ± 0.1 13.7 ± 0.2 

AP05 Tnew -16.3 ± 0.4 13.4 ± 0.2 - - 

 

Tmid -16.2 ± 0.5 13.6 ± 0.2 - - 

 

Told -15.6 ± 0.0 13.7 ± 0.0 - - 

AP06 Tnew -17.0 ± 0.3 14.3 ± 0.3 -16.4 ± 0.1 14.5 ± 0.2 

 

Tmid -17.4 ± 0.3 14.2 ± 0.3 -16.6 ± 0.0 14.4 ± 0.1 

 

Told -16.7 ± 03 14.4 ± 0.3 -16.8 ± 0.0 14.5 ± 0.0 

AP07 Tnew -17.1 ± 0.2 14.6 ± 0.2 -16.7 ± 0.1 14.5 ± 0.2 

 

Tmid -17.4 ± 0.2 14.2 ± 0.2 -16.8 ± 0.1 14.7 ± 0.2 

 

Told -17.0 ± 0.0 14.6 ± 0.0 -16.7 ± 0.1 14.5 ± 0.1 

AP08 Tnew -17.5 ± 0.2 14.1 ± 0.1 -16.5 ± 0.1 14.3 ± 0.1 

 

Tmid -17.3 ± 0.2 14.3 ± 0.2 -16.9 ± 0.2 14.7 ± 0.2 

 

Told -17.3 ± 0.2 14.3 ± 0.1 -16.7 ± 0.1 14.4 ± 0.2 
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Table S2.2. Average stable carbon and nitrogen isotope ratios for new (tnew), intermediate 

(tmid), and old (told), black and white feathers collected from rockhopper penguins. 

  
Black White 

Individual Feather 

δ
13

C (‰) 

± SD 

δ
15

N (‰) 

± SD 

δ
13

C (‰) 

± SD 

δ
15

N (‰) 

± SD 

RH01 Tnew -16.2 ± 0.2 14.5 ± 0.1 -15.7 ± 0.1 14.7 ± 0.1 

 

Tmid -16.0 ± 0.1 14.4 ± 0.2 -15.8 ± 0.1 14.8 ± 0.1 

 

Told -16.1 ± 0.1 14.7 ± 0.1 -15.8 ± 0.4 14.7 ± 0.3 

RH02 Tnew -16.1 ± 0.4 13.9 ± 0.2 -15.5 ± 0.1 14.1 ± 0.1 

 

Tmid -15.8 ± 0.2 13.7 ± 0.2 -15.4 ± 0.2 14.1 ± 0.1 

 

Told -15.7 ± 0.1 14.0 ± 0.1 -15.6 ± 0.2 14.2 ± 0.1 

RH03 Tnew -15.9 ± 0.1 13.4 ± 0.1 -15.4 ± 0.0 13.6 ± 0.0 

 

Tmid -15.8 ± 0.1 13.4 ± 0.1 -15.5 ± 0.1 13.6 ± 0.1 

 

Told -15.9 ± 0.1 13.8 ± 0.2 -15.7 ± 0.4 13.8 ± 0.2 

RH04 Tnew -16.6 ± 0.2 14.7 ± 0.2 -16.2 ± 0.2 15.0 ± 0.1 

 

Tmid -16.5 ± 0.0 14.8 ± 0.1 -16.2 ± 0.0 15.0 ± 0.1 

 

Told -16.4 ± 0.1 14.9 ± 0.1 -16.2 ± 0.1 14.9 ± 0.1 

RH07 Tnew -16.0 ± 0.1 14.8 ± 0.1 -15.3 ± 0.1 15.0 ± 0.1 

 

Tmid -15.8 ± 0.3 14.8 ± 0.0 -15.5 ± 0.4 15.0 ± 0.1 

 

Told -15.8 ± 0.0 14.9 ± 0.1 -15.3 ± 0.4 15.0 ± 0.1 
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Table S2.3. Changes in carbon and nitrogen stable isotope ratios between old and new 

feathers, collected from African and rockhopper penguins. id: individual  

Species id Colour ∆δ
13

C ∆δ
15

N 

African penguin AP01 Black -0.03 -0.21 

  

White -0.19 0.22 

 

AP02 Black 0.16 0.07 

  

White -0.15 0.05 

 

AP03 Black 0.21 -0.04 

  

White 0.04 -0.15 

 

AP04 Black 0.31 0.08 

  

White -0.06 0.15 

 

AP06 Black 0.12 0.11 

  

White -0.27 0.02 

 

AP07 Black 0.06 0.06 

  

White -0.02 0.01 

 

AP08 Black 0.18 0.25 

  

White -0.27 0.08 

Rockhopper penguin RH01 Black 0.17 0.17 

 

White 0.03 0.06 

 

RH02 Black 0.31 0.13 

  

White -0.14 0.11 

 

RH03 Black -0.01 0.41 

  

White -0.34 0.15 

 

RH04 Black 0.17 0.25 

  

White 0.00 -0.03 

 

RH05 Black 0.45 0.16 

  

White -0.51 0.30 

 

RH06 Black 0.20 0.25 

  

White -0.08 0.07 

 

RH07 Black 0.15 0.09 

  

White -0.07 0.02 

 

RH08 Black -0.11 -0.20 

  

White -0.18 0.01 
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Table S3.1 Co-ordinates of locations where predator and prey samples were collected along 

the Namibian coast. 

 

 

Site 
Lattitude 

South 

Longitude 

East 

Mercury Island -25.719 14.833 

Ichaboe Island -26.289 14.937 

Lüderitz  -26.636 15.157 

Lüderitz Peninsula -26.652 15.149 

Halifax Island -26.651 15.080 

2nd Lagoon -26.681 15.147 

Atlas Bay -26.833 15.136 

Possession Island -27.015 15.195 

Van Reenen Bay -27.402 15.358 

Kerbe-Huk -28.233 15.967 
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Table S3.2. Diet of marine top predators found in the Namibian Islands Marine Protected 

Area and South Africa as determined from previous studies across a range of locations in 

southern Africa. Stomach contents were obtained from dead birds, while regurgitations were 

obtained from live birds. Average frequency of occurrence (%), or numerical abundance (% 

indicted by *) of each prey item to the diet of  predator for the time period shown is indicated 

where available. 

Species Year Method Prey items 

Average 

frequency of 

occurrence of  

prey in diet 

Reference 

Cape gannets 

(South Africa) 

1954-56 Stomach 

content  

Cape horse mackerel 24 Rand, 1959a 

 Cape anchovy   33 

 Sardine  44 

  Chub mackerel 

(Scomber japonicus) 

6 

 1977-89 Regurgitation Anchovy   71 Berruti et al., 1993 

   Sardine   22 

   Atlantic saury  10 

   Cape hake   4 

   Snoek   - 

   Red-eye round herring  - 

 1978-81 Regurigitations- 

adults 

Sardine  58 Batchelor and 

Ross, 1984   Cape anchovy  31 

  Cape hake  1 

  Squid  3 

 1978-92 Regurgitation Cape anchovy - Crawford and 

Dyer, 1995   Sardine  - 

 2005 Regurgitation Sardine  - Grémillet et al., 

2008    Cape anchovy  - 

   Atlantic Saury  - 

 2007 Regurgitation Cape anchovy   16 Okes et al., 2009 

  Sardine  20 

  Cape horse mackerel  16 

  Cape hake  48 

  Red-eye (Etrumeus 

teres) 

0 

 2009 Stomach 

content  

Sardine  - Mosely et al., 2012 

  Cape anchovy   - 

  Cape hake  - 
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 1979-2013 Regurgitation Sardine  25.14* Green et al., 2015a 

   

   Cape anchovy   59.39* 

   Atlantic saury  9.27* 

   Chub mackerel   1.55* 

   Cape horse mackerel  0.85* 

   Red-eye round herring   1.75* 

   Squid  0.43* 

   Cape hake  0.75* 

 2009-10 Stomach 

content  

Sardine  15.2* Connan et al., 2017 

  Cape anchovy   80.4* 

  Redeye round herring  - 

  Cape hake  3* 

  Squid  - 

  Atlantic saury  4* 

Cape gannets 

(Namibia) 

1958-59 Stomach 

content 

Sardine  76 Mathews and 

Berruti, 1983  Cape horse mackerel  <1 

 1978-80 Regurgitation Sardine  <1* Crawford et al., 

1985   Cape anchovy   53* 

  Pelagic goby  17* 

  Atlantic saury  14* 

    Cape hake  6* 

Bank 

cormorant 

(South Africa) 

1954-56 Stomach 

content  

Cape rock lobster  1 Rand, 1960a 

 Pelagic goby  - 

  Sandeel (Ammodytes 

capensis) 

0.4 

  Cape anchovy  - 

  Gunard (Triglidae sp.) 0.3 

  Blennies (Blennidae 

sp.) 

0.91 

  Clinids (Clinidae sp.) 2.2 

  Steenvis (Chilodactylus 

fasciatus) 

0.16 

 1991 Regurgitated 

pellets 

Rock lobster  - Wilson and 

Grémillet, 1996   Sardine  - 

  Cape horse mackerel  - 

Bank 

cormorant 

1978-80 Regurgitation Pelagic goby  95* Crawford et al., 

1985  Cape hake  5* 
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(Namibia) 

Greater-

crested tern 

(South Africa) 

1977-86 Regurgitation Cape anchovy  51* Walter et al., 1987a 

 Sardine  3* 

 Cape hake  4* 

  Pelagic goby <1* 

  Squid  <1* 

  Atlantic saury  3* 

  Mantis shrimp 8* 

 1991-93 Observations Cape anchovy   69* Crawford and 

Dyer, 1995   Sardine  7* 

  Cape Horse mackerel  3* 

  Cape hake  0* 

  Atlantic Saury  8* 

  Mantis shrimp 8* 

Greater 

crested tern 

(Namibia) 

1982 Pellets Pelagic goby - Walter, 1984 

    Cape hake  -   

African 

penguin 

(South Africa) 

1954-56  Cape horse mackerel  64 Rand 1960b 

  Cape anchovy   59  

  Sardine  51  

   Chub mackerel  20  

   Sandcord 

(Gonorhynchus 

genorhynchus) 

19  

   Sandeel (Ammodytes 

capensis) 

16  

   Red-eye round herring  19  

 1980-81 Stomach 

content  

Cape anchovy   85.3 Wilson, 1985 

  Cape horse mackerel  21 

  Round herring  19.6 

  Sandcord  8.9 

  Sardine  5.1 

  Squid  28.8 

 1979-81 Stomach 

sampling 

device 

Cape anchovy   62.1 Randal and 

Randall, 1986   Red-eye round herring  25.8 

  Sardine  20.4 

  Chub mackerel  5.8 

  Beaked sandfish 

(Gonorhynchus 

9.6 
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gonorhynchus) 

  Cape horse mackerel  2.9 

  Squid  6.3 

 1989-92 Stomach 

flushing 

Cape anchovy  83* Crawford and 

Dyer, 1995   Sardine  3* 

  Cape horse mackerel  6* 

 1991 Stomach pump Cape anchovy   - Wilson and 

Grémillet, 1996 

 2003 Flushing 

procedure 

Cape anchovy   85* Petersen et al., 

2006   Sardine  14* 

  Beaked sandfish  0.3* 

African 

penguin 

(Namibia) 

1978-80 Stomach pump Cape anchovy  <1* Crawford et al., 

1985  Pelagic goby  56* 

  Atlantic saury  <1* 

  Cape hake  4* 

 1998-

2009 

Stomach 

flushing 

Pelagic goby  68 Ludynia et al., 

2010a 

  Cape anchovy   30 

  Sardine  6 

  Cape hake  17 

  Cape horse mackerel  20 

  Squid  39 

    Red-eye round herring  5 

Cape fur seal 

(South Africa) 

1974-85 Stomach 

content  

Cape anchovy   - David, 1987 

 Cape horse mackerel  - 

 Sardine  - 

  Red-eye round herring  - 

  Chub mackerel  - 

  Lanternfish  - 

  Lightfish (Maurolicus 

muelleri) 

- 

  Pelagic goby  - 

  Snoek  - 

  Mullet  - 

  Cape hake  - 

  Rock lobster  - 

 1976-90 Stomach 

content 

Carpenter (Argyrozona 

argyrozona)  

2 Castley et al., 1991 



 

108 
 

   Mud sole 

(Austroglossus 

pectoralis)  

6 

   Cape gunard 

(Chelidonichthys 

capensis ) 

2 

   Red-spotted tonguefish 

(Cynoglossu 

zanzibarensis) 

20 

   Cape anchovy  2 

   Cape hake  31 

   Sardine   2 

   Cape horse mackerel   29 

   Squid   43 

   Cuttlefish (Sepia 

officinalis)  

2 

 1984-90 Stomach 

content  

Hagfish (Myxone 

capensis) 

- Punt et al., 1995 

   Cape anchovy   26*  

   Sardine  8*  

   Red-eye round herring  1*  

   Cape horse mackerel  11*  

   Snoek  11*  

   Hake  14*  

   Red-spotted tonguefish  -  

   Monk (Lophius 

vomerinus) 

-  

   West coast sole 

(Austroglossus 

microlepis) 

-  

   Cape gunard -  

   Red mullet 

(Emmelichthus nitidus) 

-  

   Atlantic saury  -  

 2003-08 Scat analysis Cape anchovy  31.2 Huiseman et al., 

2012    Sardine  26.9 

   Horse mackerel  13.1 

   Sand tongue-fish 

(Cynglossus capensis)  

12.6 

   Cape hake   4.7 

   Red-eye round herring   3.3 

   Carpenter (Agyrozona 

argyrozona)  

1.4 
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   Octopus (Octopus spp.)  0.7 

   Squid   1.4 

   Cuttlefish (Sepia sp.) 0.2 

 2013 Scat analysis Cape flounder 

(Amoglossus capensis) 

6 Connan et al., 2014 

   Cape horse mackerel  25 

   Red-eye round herring  22 

   Sardine  8 

   Cape anchovy   64 

   Cape hake  8 

   Squid  - 

   Pelagic goby  -  

Cape fur seal 

(Namibia) 

1954 - 65 Stomach 

content 

Cape horse mackerel 2 Rand et al.,1959b 

  Sardine  22  

   Cape anchovy   4  

   Squid   41  

   Rock lobster  6  

 1994-

2001 

Scat analysis Angolan flying squid 

(Todarodes angolensis) 

68 de Bruyn et al., 

2003 (Cephalod 

prey only)    Lesser flying squid 

(Todaropsis eblanae) 

39 

   Southern giant octopus 

(Octopus magnificus) 

4 

   Southern cuttlefish 

(Sepia australis) 

28 

   Greater  agronaut 

(Argonauta argo) 

29 

   Squid (Lycoteuthis 

lorigera) 

9 

 1994-

2002 

Scat analysis Cape horse mackerel  - Mecenero et al., 

2006b 

   Cape hake  - 

   Lanternfish  - 

   Pelagic goby  - 
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Table S3.3. Stable carbon and nitrogen isotopic ratios (mean ± 1 standard deviation) of 

various tissues of top predators within the Namibian Islands Marine Protected Area. 

Species Site Group Tissue n δ
13

C (‰) ± SD δ
15

N (‰) ± SD

Cape fur seal Atlas Bay Adult Fur 4 -13.6 ± 0.6 16.5 ± 0.8

Pup Blood 11 -15.2 ± 0.2 16.5 ± 0.5

Fur 26 -14.4 ± 0.3 16.9 ±  0.7

UY Blood 8 -14.9 ± 0.3 16.7 ± 0.6

Fur 7 -14.4 ± 0.3 17.2 ± 0.5

Muscle 8 -15.4 ± 0.3 16.8 ± 0.8

Van Reenen Bay Pup Blood 5 -15.2 ± 0.2 17.2 ± 0.5

Fur 6 -14.4 ± 0.3 17.6 ± 0.5

Peninsula UY Fur 6 -14.4 ± 0.6 17.2 ± 0.8

African penguin Halifax Moulting Feather new 5 -15.3 ± 0.1 16.7 ± 0.7

Feather old 6 -14.8 ± 0.2 16.4 ± 0.3

Breeding Feather old 13 -15.2 ± 0.5 16.2 ± 0.5

Juvenile Feather new 5 -15.5 ± 0.1 16.3 ± 0.3

Adult Blood 6 -14.9 ± 0.5 15.2 ± 1.0

Feathers 21 -14.9 ± 0.6 16.0 ± 0.7

Ichaboe Moulting Feather new 5 -15.6 ± 0.4 16.7 ± 0.5

Feather old 5 -14.8 ± 0.2 16.4 ± 0.4

Juvenile Feather new 5 -15.1 ± 0.3 15.9 ± 0.3

Breeding Feather old 5 -14.7 ± 0.3 16.1 ± 0.4

Mercury Moulting Feather new 10 -15.3 ± 0.2 16.1 ± 0.8

Feather old 10 -14.9 ± 0.2 16.4 ± 0.6

Breeding Blood 6 -14.9 ± 0.9 14.8 ± 0.4

Feather old 12 -14.9 ± 0.4 16.0 ± 0.6

Adult Feathers 9 -14.5 ± 0.3 16.6 ± 0.5

Bank cormorant Mercury Breeding Blood 6 -14.5 ± 1.0 16.0 ± 0.3

Feathers 6 -14.1 ± 0.3 17.4 ± 0.4

Juvenile Feathers 5 -14.1 ± 0.2 15.9 ± 0.1

Cape gannet Mercury Breeding Blood 6 -15.5 ± 0.5 14.0 ± 0.4

Feathers 6 -14.2 ± 0.4 15.4 ± 0.2

Juvenile Blood 7 -15.4 ± 0.5 14.5 ± 0.5

Feathers 7 -14.3 ± 0.3 15.6 ± 0.7

Greater crested tern Halifax Juvenile Feather new 10 -13.4 ± 0.2 16.7 ± 0.2

Possession Juvenile Feather new 10 -13.9 ± 0.2 16.5 ± 0.1  
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Table S3.4. Stable carbon and nitrogen isotopic ratios (mean ± 1 standard deviation) of 

muscle tissues of potential prey species within the Namibian Islands Marine Protected Area.  

Species Site Group Year Tissue n 

δ
13

C (‰) ± 

SD 

δ
15

N (‰) ± 

SD 

Anchovy Namibian coast Juvenile  Muscle 2 -17.0 ± 0.2 13.6 ± 3.2 

 

2nd Lagoon   Muscle 2 -16.1 ± 0.8 13.2 ± 0.2 

  

Off Halifax 

Island   Muscle 
10 

-16.1 ± 0.5 13.9 ± 0.7 

Pelagic  Namibian coast  2008 Muscle 12 -17.0 ± 0.4 11.2 ± 0.6 

goby Namibian coast  2012 Muscle 4 -16.3 ± 0.6 11.7 ± 0.6 

Cape hake Namibian coast  2008 Muscle 20 -16.6 ± 0.4 12.3 ± 0.4 

Lantern 

fish 
Namibian coast  

 
Muscle 10 -15.9 ± 0.4 12.0 ± 0.5 

Mullet Namibian coast  2009 Muscle 10 -15.9 ± 0.4 12.7 ± 0.5 

  Namibian coast  2010 Muscle 3 -15.5 ± 0.8 14.3 ± 0.9 

Rock 

lobster 
Kerbe Huk Adult  Muscle 11 -14.6 ± 0.1 11.9 ± 0.4 

 

Namibian coast Juvenile  Muscle 4 -15.3 ± 1.0 10.8 ± 0.3 

  

Lüderitz 

Peninsula Adult  Muscle 
3 

-14.4 ± 0.3 13.2 ± 0.2 

Round  

herring 
Namibian coast  2008 Muscle 10 -16.1 ± 0.3 13.8 ± 0.5 

  Namibian coast  2011 Muscle 6 -17.1 ± 0.7 15.8 ± 0.2 

Sardine Namibian coast   Muscle 10 -15.8 ± 0.4 12.5 ± 0.7 

  Lüderitz    Muscle 10 -15.5 ± 0.8 11.2 ± 1.2 

Squid 2nd Lagoon  2013 Whole 5 -15.4 ± 0.1 10.2 ± 0.4 

Flying 

squid 
Namibian coast  2011 Muscle 5 -16.3 ± 0.3 10.8 ± 0.1 
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Table S3.5. Results obtained from PERMANOVA using Bray-Curtis similarity index to 

determine differences in δ
13

C and δ
15

N values of muscle tissue of various prey species in the 

Namibian Islands Marine Protected Area. Bold numbers indicate significant differences.   

 

 

Flying 

squid 

Goby Hake Lantern 

Fish 

Mullet Rock 

lobster 

Round 

herring 

Sardine Squid 

 Anchovy 0.0073 0.0001 0.001 0.0004 0.0011 0.0001 0.0002 0.0001 0.0001 

Flying 

squid 

 
0.0047 0.0001 0.0004 0.7762 0.0007 0.0033 0.5229 0.0075 

Pelagic 

goby 

  
0.0001 0.0001 0.8829 0.0001 0.0002 0.0028 0.0002 

Hake 

   
0.0001 0.9691 0.0001 0.0001 0.0002 0.0001 

Lantern 

Fish 

    

0.7789 0.0001 0.0002 0.0583 0.0004 

Mullet 

     
0.0001 0.0001 0.2174 0.2379 

Rock 

Lobster 

      
0.0001 0.0064 0.0023 

Round 

herring 

       
0.0006 0.0024 

Sardine 

        

0.2787 

Squid 
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Figure S3.1. Mixing polygons of the 95% mixing region for the diet reconstruction models 

constructed from predator blood (black dots) and prey muscle samples (red crosses). (A) 

African penguin; (B) Cape gannet; (C) bank cormorant; (D) Cape fur seal. Probability 

contours are displayed at the 5% level, and then at every 10% level, the outermost contour 

line indicates the 95% probability interval. Colours indicate probability levels; cool colours 

show low probability levels, and warm colours show high probability levels. 
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Figure S3.2. Mixing polygon of the 95% mixing region for the diet reconstruction models 

constructed from predator feather/fur (black dots) and prey muscle samples (red crosses). 

African penguin (A) adult new feathers; (B) adult old feathers; (C) chicks from Halifax and 

Ichaboe islands; and (D) chicks from Mercury island. Probability contours are displayed at 

the 5% level, and then at every 10% level, the outermost contour line indicates the 95% 

probability interval. Colours indicate probability levels; cool colours show low probability 

levels, and warm colours show high probability levels. 
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Figure S3.3. Mixing polygon of the 95% mixing region for the diet reconstruction models 

constructed from predator feather/fur (black dots) and prey muscle samples (red crosses). 

Bank cormorant (A) adults and (B) chicks from Mercury Islands; greater crested tern chicks 

from (C) Possession and (D) Halifax Islands. Probability contours are displayed at the 5% 

level, and then at every 10% level, the outermost contour line indicates the 95% probability 

interval. Colours indicate probability levels; cool colours show low probability levels, and 

warm colour show high probability levels. 
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Figure S3.4. Mixing polygon of the 95% mixing region for the diet reconstruction models 

constructed from predator feather/fur (black dots) and prey muscle samples (red crosses). 

Cape fur seal (A) adults and (B) pups and UY; Cape gannet (C) adults and (D) chicks from 

Mercury Island. Probability contours are displayed at the 5% level, and then at every 10% 

level, the outermost contour line indicates the 95% probability interval. Colours indicae 

probability levels; cool colours show low probability levels, and warm colour show high 

probability levels. 

 

 

 




