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Climate-induced range overlap can result in novel interactions between similar species 

and potentially lead to competitive exclusion. The Western Antarctic Peninsula is one of the 

most rapidly warming regions on Earth and is experiencing a poleward climate migration. This 

transition from a polar to sub-polar environment has resulted in a range expansion of the ice-

intolerant gentoo penguin (Pygoscelis papua) and a coincident decline of ice-obligate Adélie 

penguins (P. adeliae) at Palmer Station, Anvers Island (64˚46’S, 64˚03’W). Ecologically similar 

species that share a limited prey resource must occupy disparate foraging niches in order to co-

exist. Therefore, the aim of this study was to determine the extent of spatial and dietary niche 

segregation between Adélie and gentoo penguins during the breeding season at Palmer Station. 

This research was conducted across six austral breeding seasons, from 2010-2015, which 

allowed for an investigation of the consistency of niche overlap in the context of resource 

variability. This study was conducted using a twofold methodological approach involving 

biotelemetry and diet sampling, and little evidence was found to suggest that foraging 

competition is a primary driver of penguin population trajectories in this region. While 

substantial overlap was observed in the diets of Adélie and gentoo penguins, who consumed 

primarily Antarctic krill (Euphausia superba), these results show that Adélie and gentoo 

penguins partitioned this shared prey resource through horizontal and vertical segregation of 

their core foraging areas. No evidence was found to suggest that Antarctic krill is a limiting 

resource during the breeding season or that climate-induced sympatry of Adélie and gentoo 



penguins has resulted in competition for prey and the subsequent differing population 

trajectories. Rather, other physical and biological changes to the ecosystem due to the rapidly 

changing climate around the Antarctic Peninsula may have stronger influences on the current 

trends of these two species in this region. 

  



 

 

 

 

 

 

 

 

 

©Copyright by Erin Pickett  

December 1, 2016 

All Rights Reserved



Foraging Niche Separation of Adélie (Pygoscelis adeliae) and Gentoo (P. papua) Penguins 

During the Breeding Season at Palmer Station, Antarctica 

 

 

by 

Erin Pickett 

 

 

 

 

 

 

 

 

A THESIS 

 

 

submitted to 

 

 

Oregon State University 

 

 

 

 

 

 

 

 

in partial fulfillment of 

the requirements for the  

degree of 

 

 

Master of Science 

 

 

 

 

 

Presented December 1, 2016 

Commencement June 2017 



Master of Science thesis of Erin Pickett presented on December 1, 2016 

 

 

 

 

 

APPROVED: 

 

 

 

 

Major Professor, representing Wildlife Science 

 

 

 

 

 

Head of the Department of Fisheries and Wildlife  

 

 

 

 

 

Dean of the Graduate School 

 

 

 

 

 

 

 

 

 

 

I understand that my thesis will become part of the permanent collection of Oregon State 

University libraries.  My signature below authorizes release of my thesis to any reader upon 

request. 

 

 

 

Erin Pickett, Author 



ACKNOWLEDGEMENTS 

First and foremost, thank you to my co-advisors, Dr. Ari Friedlaender and Dr. Bill Fraser, 

for constantly providing me with so much positive encouragement and support. Thank you for 

providing me with the resources and the freedom to explore my own research interests, and for 

facilitating a heuristic learning experience. Bill, thank you for trusting me to keep up with your 

field team. Whether or not we work together in the field again, I am grateful to have had the 

opportunity to work with someone with so much place-based knowledge. Ari, thank you for 

sharing Antarctica with me, for forgiving my birder tendencies, and for helping me grow as an 

ecologist.  

Thank you to my committee members, Dr. Julia Jones and Dr. Leigh Torres, for guiding 

me along the sometimes challenging path of spatial ecology and for taking the time to sit down 

with me whenever I had questions or concerns about my data. Julia, the extent of your positive 

encouragement is astounding. Leigh, thank you for including me in GEMM lab meetings and 

activities. Through lab discussions about my own and others research, I learned a lot that I would 

have missed out on otherwise.  

I would like to thank the entire Palmer LTER group for making science fun and for being 

so welcoming to young scientists. Special thanks to Donna Patterson for introducing me to the 

birds and birders of Palmer Station. Thank you for walking me through some of the first steps of 

this project, for putting up with my questions, and for all the work you put into collecting and 

collating the data that I used for this project. Birders, thanks for reminding me of all the reasons I 

love fieldwork. Thanks for the solid work that you do, without which this project would not have 

been possible. Many thanks to Megan Cimino for helping me extensively with tag data 

processing. I don’t know where I would be without your assistance. 

Ladies of the BTBEL and GEMM labs, thank you for supporting me throughout this 

process, for providing feedback and encouragement and creating a positive lab atmosphere. 

Logan, thanks for being a great teammate in the field.       



 I would like to thank the faculty and staff at Hatfield Marine Science Center, the OSU 

Marine Mammal Institute, and the OSU Department of Fisheries and Wildlife for providing me 

with constant support and guidance and an enriching graduate experience. This research would 

not have been possible without the financial support of the National Science Foundation (NSF) 

Office of Polar Programs. I would also like to thank the Hatfield Student Organization, the 

Kilauea Point Natural History Association (KPNHA), the Kauai North Shore Lions Club, and the 

Scientific Committee for Antarctic Research for providing me with additional funding and travel 

awards. In addition to providing me with financial support (through both college and graduate 

school), the KPNHA and the North Shore Lions have been a constant source of encouragement 

and motivation, reminding me that the Kauai north shore community is always rooting for me.  

Finally, it goes without saying that I am eternally grateful for the support of my family 

and friends. I’ve been challenged in many ways over the past two years and your faith in me has 

always encouraged me to have more faith in myself.  

 

 

 

 

  



CONTRIBUTION OF AUTHORS 

Dr. Bill Fraser made the data available through the Palmer Long-Term Ecological 

Research Program. Dr. Fraser and Donna Patterson led data collection efforts in the field and 

Megan Cimino assisted with tag data processing. Dr. Leigh Torres assisted with analytical 

methods and interpretation of results, and Dr. Ari Friedlaender assisted in project design and 

interpretation of results.         



 

 

TABLE OF CONTENTS 

                  Page 

CHAPTER 1: GENERAL INTRODUCTION ............................................................................... 1 

Chapter 1: References .................................................................................................................. 9 

CHAPTER 2: FORAGING NICHE SEPARATION OF ADÉLIE (PYGOSCELIS ADELIAE) 

AND GENTOO (P. PAPUA) PENGUINS DURING THE BREEDING SEASON AT PALMER 

STATION, ANTARCTICA .......................................................................................................... 13 

Abstract ...................................................................................................................................... 13 

Introduction ............................................................................................................................... 13 

Materials and methods ............................................................................................................... 17 

Study site and species .......................................................................................................................................... 17 

Dietary analysis ................................................................................................................................................... 17 

Tagging ................................................................................................................................................................ 18 

Analysis of penguin space-use: data and approach .............................................................................................. 19 

Determining penguin foraging areas .................................................................................................................... 20 

Overlap of penguin foraging areas ....................................................................................................................... 21 

Comparison of foraging dives ............................................................................................................................. 22 

Three-dimensional estimates of penguin space-use ............................................................................................. 22 

Results ....................................................................................................................................... 23 

Dietary analysis overview .................................................................................................................................... 23 

Diet composition .................................................................................................................................................. 23 

Frequency occurrence of prey.............................................................................................................................. 24 

Krill size-class distribution .................................................................................................................................. 24 

Overview of tagging ............................................................................................................................................ 25 

Penguin foraging areas ........................................................................................................................................ 25 

Overlap of penguin foraging areas ....................................................................................................................... 26 

Comparison of foraging dives ............................................................................................................................. 26 

Three-dimensional estimates of penguin space-use ............................................................................................. 28 

Discussion .................................................................................................................................. 28 

Penguin diets........................................................................................................................................................ 29 

Penguin foraging areas ........................................................................................................................................ 30 

Comparison of foraging dives ............................................................................................................................. 32 

Diel trends in foraging behavior .......................................................................................................................... 34 



 

 

TABLE OF CONTENTS (CONTINUED) 

 

Chapter 2 References ................................................................................................................. 38 

Figures ....................................................................................................................................... 45 

Tables......................................................................................................................................... 64 

CHAPTER 3: GENERAL CONCLUSION .................................................................................. 73 

 

 

 



 

 

LIST OF FIGURES 

Figure                                                                                                                         Page 

Figure 2.1 Study area on the southern coast of Anvers Island (inset) .......................................... 45 

Figure 2.2 Timetable of penguin field studies .............................................................................. 46 

Figure 2.3 Frequency occurrence of prey items ............................................................................ 47 

Figure 2.4 Diet compostition (% wet mas) ................................................................................... 48 

Figure 2.5 Mean length (mm) of Antarctic krill found in penguin diets ...................................... 49 

Figure 2.6 Size-class frequency distribution of Antarctic krill ..................................................... 50 

Figure 2.7 Penguin foraging areas ................................................................................................ 51 

Figure 2.8 Foraging areas of penguins tagged at Biscoe Point ..................................................... 52 

Figure 2.9 Distribution of penguin foraging dives........................................................................ 53 

Figure 2.10 Temporal distribution of foraging dives .................................................................... 54 

Figure 2.11Temporal distribution and depth of foraging dives .................................................... 55 

Figure 2.12 Three-dimensional utilization distributions of penguin space-use ............................ 56 

Figure 2.13Three-dimensional utilization distributions of space-use by Biscoe Point penguins . 59 

Figure 2.14 Sample size area plots ............................................................................................... 61 

Figure 2.15 Distribution of foraging dives in areas of overlap ..................................................... 62 

Figure 2.16 Distribution of foraging dives of Biscoe Point penguins .......................................... 63 
 

 

 

 

 

 

 

 

 

 

 



 

 

LIST OF TABLES 

 
Table                   Page 

Table 2.1 Results of dietary analysis ............................................................................................ 64 

Table 2.2 Results of Pearson’s Chi-squared test ........................................................................... 65 

Table 2.3 Two-dimensional estimates of foraging areas .............................................................. 66 

Table 2.4 Two-dimensional estimates of foraging areas: Biscoe Point penguins ........................ 67 

Table 2.5 Results of GLM: penguin dive depth ............................................................................ 68 

Table 2.6 Adelie penguin foraging parameters by colony location .............................................. 69 

Table 2.7 Three-dimensional estimates of foraging areas ............................................................ 70 

Table 2.8 Three-dimensional estimates of foraging areas: Biscoe Point penguins ...................... 71 

Table 2.9 Penguin foraging parameters ........................................................................................ 72 



1 

 
CHAPTER 1: GENERAL INTRODUCTION 

Species interactions play a large role in determining species distribution and community 

structure and have become increasingly important to understand in the context of climate change 

(Urban et al. 2016; Zarnetske et al. 2012). By altering the physical environment, climate change 

directly affects species physiology, phenology and distribution (Hughes 2000; Walther 2002). 

When trophically interacting or similar species display differential responses to climate change 

(e.g. dispersal, extinction, and adaptation) altered biotic interactions ensue (Schweiger et al. 

2008; Durant et al. 2007). For example, climate-induced range shifts may result in novel or 

increased competition between species whose ranges didn’t historically overlap (Sinervo et al. 

2010). Climate-induced range shifts toward higher elevations and higher latitudes have been 

observed in a wide variety of taxa including plants, butterflies, birds and mammals (Walther et 

al. 2002). These range shifts have been primarily due to increasing temperatures and have 

disproportionally affected mountaintop and polar species that already exist near the edge of their 

range limits (Parmesan 2006). In addition, the effects of climate change are particularly 

pronounced in Polar Regions, where many species have evolved life history strategies that rely 

on sea ice (Moline et al. 2008).  

The Western Antarctic Peninsula (WAP) is one of the most rapidly warming regions on 

Earth (Vaughn et al. 2003). Mid-winter atmospheric temperatures along the WAP have increased 

more than five times faster than the global average and have altered local and large scale climate 

processes which have in turn transformed this polar marine ecosystem (Schofield et al. 2010; 

Ducklow et al. 2007; Vaughn et al. 2003). Sea ice is the keystone physical feature that influences 

the marine ecosystem along the WAP by serving as habitat for ice-dependent species, driving 

biogeochemical and physical processes like ocean mixing and ultimately, affecting primary and 

secondary productivity (Massom & Stammerjohn 2010). The overall decline of sea ice along the 

WAP is primarily due to changes in the timing of its annual fall advance (later) and spring retreat 

(earlier), resulting in an annual sea ice season that is on average, nearly 100 days shorter than it 

was in 1978 (Ducklow et al. 2013). This reduction of sea ice, coupled with warmer winds and 

increased precipitation, have resulted in a southward climate migration on the WAP, from a polar 

to a sub-polar environment (Schofield et al. 2010; Clarke et al. 2007). 



2 

 

 

The ongoing poleward climate migration on the WAP has resulted in the expansion of 

ice-intolerant species and a contraction of ice-obligate species (Fraser et al. 1992). Key life 

history stages of these ice-obligate (or polar species) have been disrupted as a result of warming-

induced habitat shifts and altered trophic interactions, mediated largely by sea ice loss (Moline et 

al. 2008). For example, Antarctic krill (Euphausia superba) are an ice-obligate species whose 

abundance and distribution are driven primarily by the seasonality of sea ice (Loeb et al. 1997). 

Due to their crucial role in transferring energy through the food web, Antarctic krill are a key 

species in the Southern Ocean; they are the dominant grazers as well as a principal prey item for 

many top predators in this system including seals, seabirds and whales (Ducklow et al. 2007). 

The reliance of Antarctic krill on sufficient and reliable sea ice cover and primary productivity 

has made it particularly vulnerable to climate warming (Loeb et al. 1997). Long term declines in 

krill stocks in some regions of the Southern Ocean (e.g. the Scotia Arc) are correlated with 

declines in sea ice and primary productivity (Atkinson et al. 2004). Trends in regions such as the 

central and southern WAP where krill stocks are currently stable are predicted to mirror declines 

observed farther north as climate warming and sea ice loss continue (Saba et al. 2014).   

Similar to krill, the responses of top predators to sea ice loss are mediated by their life 

history strategies. Along the WAP, the brush-tailed penguins (genus: Pygoscelis) have 

collectively served as the focal species by which to monitor the effects of sea ice change, 

potential changes in Antarctic krill populations, and the ecological implications of these changes 

through higher trophic levels. The Pygoscelis genus consists of the Adélie (P. adeliae), gentoo 

(P.papua) and chinstrap (P. antarctica) penguins. A recent global census estimated the number 

of breeding pairs of Adélie penguins to be 3.79 million, a population 53% larger than the last 

estimate in 1993 (Lynch & LaRue 2014; Woehler 1993). These numbers stand in stark contrast 

to those reported for the Antarctic Peninsula region, where Adélie penguins are decreasing at 

nearly all breeding sites (Lynch et al. 2012). Chinstrap penguins are also in decline at a majority 

of sites along the WAP, while gentoo penguins are increasing, especially at new breeding sites at 

their recently expanded southern range (Lynch et al. 2012). These shifts in the community 

structure of Pygoscelis penguins have occurred over the past four decades and provided some of 

the first evidence that the cascading effects of climate change had reached top predators along 
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the WAP (Fraser et al. 1992). Since then, the decline of Adélie penguin populations and the 

simultaneous southward expansion and increase of gentoo penguins on the peninsula have been a 

central focus of long-term monitoring and research efforts. 

Adélie and gentoo penguins are important top predators on the WAP because they 

represent a large component of the regional avian biomass and require a substantial amount of 

prey resources (Ducklow et al. 2007). As apex predators, Adélie and gentoo penguins also serve 

as indicator species, which are animals that provide timely evidence of ecological change, often 

through some aspect of their foraging behavior or reproductive success (Durant et al. 2009, Piatt 

et al. 2007). The role of predators as indicator species are especially pronounced in Polar 

Regions, where trophic systems are less complex and changes in the abundance and distribution 

of prey are tightly linked to the foraging behavior and reproductive success of predators (Durant 

et al. 2009). There is great value in monitoring sentinel species at polar latitudes, where the 

effects of climate change and atmospheric warming are particularly pronounced. The abrupt 

shifts in the community structure of Pygoscelis penguin populations on the WAP have prompted 

a series of hypotheses that aim to explain the causal mechanisms behind these population trends. 

Thus far, it has proven difficult to scale up inference beyond studies of regional populations, due 

to variability in physical and biotic factors affecting penguins along the WAP (Lynch et al. 

2012). Integrating a food web perspective with knowledge of physical drivers has also proven 

challenging (Ducklow et al. 2007).   

A key life history difference of Adélie and gentoo penguins is their opposing reliance on 

sea ice. Adélie penguins are an ice-obligate species, with a circumpolar distribution that is driven 

by their dependence on sea ice for overwintering habitat (Fraser et al. 1992, Fraser & Trivelpiece 

1996). Conversely, due to their affinity for open-water habitat, gentoo penguins are an ice-

intolerant species with a sub-Antarctic range (Fraser et al. 1992, Trivelpiece et al. 1987). These 

life history differences have been cited as one explanation as to why Adélie and gentoo penguins 

are experiencing shifts in their breeding ranges as the predominant ecosystem type along the 

WAP moves southward (Fraser et al. 1992). This theory, known as the ‘sea ice hypothesis’, was 

challenged by Trivelpiece et al. (2011), who proposed an alternative hypothesis that Pygoscelis 
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populations are driven primarily by the availability of their main prey, Antarctic krill. This 

theory builds on an earlier ‘krill surplus hypothesis’ and historical paradigm that the Southern 

Ocean was structured by top-down forcing and that the depletion of baleen whales in the 20th 

century caused a significantly increase in the abundance of krill and concomitant increase in 

smaller krill predators (e.g. penguins) (Laws 1970). Trivelpiece et al. (2011) postulated that 

increased competition with krill predators and a large-scale decline of krill stocks explain 

penguin population declines.  

Ecological niche theory suggests that species with similar ecological requirements cannot 

co-exist in a resource limited system unless they differ to some degree in how they utilize these 

shared resources (Gause 1934; Hutchinson 1957). Species commonly avoid inter-specific 

competition by differing in their spatiotemporal distributions (Connell 1961; MacArthur 1958) 

and diets (Pianka 1981). These segregation mechanisms minimize niche overlap, facilitate 

resource partitioning, and promote stable co-existence among similar species. Similarly, 

inadequate niche segregation leads to niche displacement and competitive exclusion, whereby 

one species outcompetes another species for a shared resource (Shoener 1983; Gause 1934). 

Competitive exclusion has been well documented through studies of invasive species, however 

less is known about the outcome of species interactions following climate-induced range overlap 

(Mooney & Cleland 2001). Despite differing tolerances to sea ice, Adélie and gentoo penguins 

have many similar life history characteristics that promote niche overlap. For example, they are 

morphologically alike, have similar prey demands and exhibit temporal overlap in their breeding 

cycles (Croll & Tershy 1998; Trivelpiece et al. 1987). As central-place foragers during the 

breeding season, both species are spatially constrained and breeding pairs must alternate between 

guarding nests and making daily foraging trips to feed themselves and their chicks (Croxall & 

Davis 1999; Williams 1995). Furthermore, on the WAP both species depend primarily on 

Antarctic krill as a main prey resource (Volkman et al. 1980). A southward expansion of gentoo 

penguin colonies has led to greater spatial overlap of Adélie and gentoo penguin breeding 

ranges, thus increasing the potential for competitive interactions between neighboring colonies.   
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Few studies have investigated the foraging behavior and niche separation of 

sympatrically breeding Adélie and gentoo penguins (Cimino et al. 2016; Wilson 2010; 

Trivelpiece et al. 1987). More often the behavior of each of these species has been compared to 

that of their congener, the chinstrap penguin, whose range overlaps with Adélie and gentoo 

penguins more often than these two species overlap with each other (Miller et al. 2010, Kokubun 

et al. 2010, Lynnes et al. 2002). The few studies that have compared the foraging behavior of 

Adélie and gentoo penguins breeding in the same location have found that these species partition 

their shared resource in space and time (Cimino et al. 2016; Trivelpiece et al. 1987, Wilson 

2010). This separation of space is due largely to differences in dive depth and distance from 

shore, with Adélie penguins generally foraging farther from shore and at shallower depths than 

gentoo penguins (Cimino et al. 2016; Wilson 2010; Trivelpiece et al. 1987). Cimino et al. (2016) 

recently tested for foraging competition between Adélie and gentoo penguins during a single 

breeding season at Palmer Station, Anvers Island, and did not find evidence to suggest that the 

two species were competing. Thus far, there has not been a multiyear study that has investigated 

the stability of the foraging niches of Adélie and gentoo penguins across breeding seasons at 

Palmer Station, or at any other site where the two species breed sympatrically. As marine 

predators, Adélie and gentoo penguins rely on spatially and temporally patchy prey, and have 

adapted flexible foraging strategies as a result. Intraspecific comparisons of Adélie and gentoo 

penguin foraging behavior have revealed variable dive behavior and diets across breeding sites 

and seasons. 

On the WAP, the population structure of Antarctic krill is a primary determinant of 

penguin dive behavior, diets and foraging effort during the breeding season. Antarctic krill 

display high inter-annual variability in recruitment strength, with cyclical patterns of strong krill 

recruitment occurring every 4-5 years following bursts of phytoplankton production (Steinberg et 

al. 2015; Saba et al 2014; Fraser & Hofmann 2003; Quentin & Ross 2003). This variability in 

primary productivity is driven by variations in sea ice, wind, and water column stability and 

strongly influenced by the Southern Annual Mode (Saba et al. 2014; Fraser & Hofmann 2003). 

The relative abundance and age class structure of these krill stocks each year, in addition to 

being predicted by large-scale climate fluctuations, have been detected in the diets of krill 
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predators (Miller & Trivelpiece 2007; Fraser & Hofmann 2003; Reid et al. 1999). For example, 

during breeding seasons following good krill recruitment years, the diets of Adélie penguins are 

composed of a higher biomass of smaller-sized krill, and vice versa (Fraser & Hofmann 2003). 

Comparisons of penguin stomach samples and ship-based net trawls have confirmed that the 

diets of these predators are representative of the krill population structure in penguin foraging 

areas (Miller & Trivelpiece 2007; Fraser & Hofmann 2003).  

Previous studies that have compared penguin foraging behavior in the context of variable 

krill size-class structure have focused on determining the effects of prey variability on penguin 

foraging effort.  For example, Fraser & Hofmann (2003) found that during breeding seasons 

following years of strong krill recruitment at Palmer Station, Adélie penguins spent less time 

foraging than they did following years of poor krill recruitment. Conversely, in a study 

conducted in the South Shetland Islands, Miller et al. (2009) found that gentoo foraging trips 

were longer during years when their diets were composed of smaller-sized krill. In addition to 

altering their foraging behavior following years of poor krill recruitment, gentoo penguins have 

been found to alter their diets and feed on a higher proportion of fish when they are available 

(Miller et al. 2009). The results of these studies suggest that by affecting penguin foraging 

strategies (e.g. trip distance, dive depth), inter-annual variability in the size-class structure of 

krill may affect the extent of foraging niche overlap between penguin species whose breeding 

colonies are in close proximity. This was demonstrated by Lynnes et al. (2002) in a two-year 

study of foraging niche segregation between chinstrap and gentoo penguins at the South Orkney 

Islands. In the context of foraging niche segregation, the ability for penguins to adapt to changes 

in prey availability by altering their foraging behavior introduces questions such as: is the extent 

of interspecific foraging niche segregation observed in one year consistent across seasons? This 

question is difficult to answer without a long-term dataset and thus few studies (e.g. Miller et al. 

2010) have investigated niche segregation among Pygoscelis penguins over multiple breeding 

seasons.  

Adélie and gentoo penguins are among the focal top predators of a long-term ecological 

research (LTER) project based at Palmer Station, a U.S. research station on the southern coast of 
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Anvers Island, centrally located on the WAP. Adélie penguins have been monitored in this 

region since 1973 (Parmelee 1992) and were designated as the focal top predator species of the 

Palmer LTER project upon its inception in 1990 (Smith et al. 1995). Gentoo penguins 

established a founder breeding colony in this region in 1994 and have since been incorporated 

into the Palmer LTER top predator guild (Ducklow et al. 2007). Since monitoring began in this 

area, populations of Adélie penguins have declined by over 90% and the number of breeding 

pairs of gentoo penguins has steadily increased (Bestelmeyer et al. 2011; Ducklow et al. 2007; 

W. Fraser unpublished data). In addition to documenting Adélie and gentoo population trends in 

this area, the Palmer LTER program has conducted annual foraging studies of both species 

during the austral breeding season. The resulting long-term dataset provides a valuable 

opportunity to investigate foraging niche segregation between Adélie and gentoo penguins across 

multiple breeding seasons. In addition, the rapidly changing environment on the WAP and recent 

occurrence of sympatry between these two species provides a unique opportunity to examine the 

ecological consequences of climate-induced range overlap. 

This study aims to determine the extent of spatial and dietary niche segregation between 

Adélie and gentoo penguins during the breeding season at Palmer Station over the span of a krill 

recruitment cycle.  Data were collected during the chick-rearing phase of the penguins’ 

reproductive cycle when the prey demand of both species is highest and thus the potential 

influence of competition the greatest. We used a twofold methodological approach involving 

biotelemetry and diet sampling to answer two questions: 1) what segregation mechanisms 

facilitate resource partitioning between Adélie and gentoo penguins? 2) does the degree of niche 

overlap between these two species remain consistent across breeding seasons with variable krill 

size-class structure?  

Based on previous studies of the diets of Adélie and gentoo penguins in the Palmer area 

(Gorman 2015; Fraser & Hoffmann 2003), I expect to observe extensive overlap in the type of 

prey consumed by both species across breeding seasons. Because the majority of Adélie and 

gentoo penguins included in this study represent populations from spatially separate breeding 

colonies, my first prediction is that species will exhibit interspecific differences in foraging 
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areas. This assumption is based on the ‘hinterland’ model (Cairns 1989) of seabird foraging areas 

that predicts segregation of neighboring seabird colonies. Due to the distance of the main Adélie 

and gentoo breeding colonies at Palmer Station, I expect that horizontal overlap of foraging areas 

will be minimal. Based on previous comparisons of Adélie and gentoo penguin dive behavior 

(Cimino et al. 2016; Wilson 2010), I predict that a secondary mode of foraging niche segregation 

that I will observe between Adélie and gentoo penguins is vertical space partitioning.  

To test my predictions, I used a multistep approach and first determined the extent of 

dietary segregation between species. Stomach samples were obtained to investigate dietary 

differences between species and across years and to determine krill size class structure. 

Following this, I used satellite and dive telemetry data to investigate the extent of horizontal and 

vertical partitioning of penguin foraging areas. Finally, I repeated these steps across six breeding 

seasons to investigate the stability of Adélie and gentoo foraging niches in the context of krill 

size-class structure (obtained from penguin diet samples).  
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CHAPTER 2: FORAGING NICHE SEPARATION OF ADÉLIE (PYGOSCELIS ADELIAE) 

AND GENTOO (P. PAPUA) PENGUINS DURING THE BREEDING SEASON AT PALMER 

STATION, ANTARCTICA  

Abstract 

Climate-induced range overlap can result in novel interactions between similar species 

and potentially lead to competitive exclusion. The Western Antarctic Peninsula is one of the 

most rapidly warming regions on Earth and is experiencing a poleward climate migration. This 

transition from a polar to sub-polar environment has resulted in a range expansion of the ice-

intolerant gentoo penguin (Pygoscelis papua) and a coincident decline of ice-obligate Adélie 

penguins (P. adeliae) at Palmer Station, Anvers Island (64˚46’S, 64˚03’W). Ecologically similar 

species that share a limited prey resource must occupy disparate foraging niches in order to co-

exist. Therefore, the aim of this study was to determine the extent of spatial and dietary niche 

segregation between Adélie and gentoo penguins during the breeding season at Palmer Station. 

This research was conducted across six austral breeding seasons, from 2010-2015, which 

allowed us to investigate the consistency of niche overlap in the context of resource variability. 

Using a twofold methodological approach involving biotelemetry and diet sampling, we found 

little evidence to suggest that foraging competition is a primary driver of penguin population 

trajectories in this region. We found substantial overlap in the diets of Adélie and gentoo 

penguins, who consumed primarily Antarctic krill (Euphausia superba), however our results 

showed that Adélie and gentoo penguins partitioned this shared prey resource through horizontal 

and vertical segregation of their core foraging areas. We did not find evidence to suggest that 

Antarctic krill is a limiting resource during the breeding season or that climate-induced sympatry 

of Adélie and gentoo penguins has resulted in competition for prey and the subsequent differing 

population trajectories. Rather, other physical and biological changes to the ecosystem due to the 

rapidly changing climate around the Antarctic Peninsula may have stronger influences on the 

current trends of these two species in this region. 

Introduction  

Species interactions play a large role in determining species distribution and community 

structure and have become increasingly important to understand in the context of climate change 
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(Urban et al. 2016; Zarnetske et al. 2012). When trophically interacting or similar species display 

differential responses to climate change (e.g. dispersal, extinction, and adaptation) altered biotic 

interactions ensue (Schweiger et al. 2008; Durant et al. 2007). Climate-induced range shifts can 

result in novel competitive interactions, potentially exacerbating population declines (Sinervo et 

al. 2010; Hughes 2000). Climate-induced range shifts toward higher elevations and higher 

latitudes have been observed in a wide variety of taxa including plants, butterflies, birds and 

mammals (Walther et al. 2002). These range shifts have been primarily due to increasing 

temperatures and have disproportionally affected mountaintop and polar species that already 

exist near the edge of their range limits (Parmesan 2006).  

The ecological consequences of climate change are particularly pronounced in Polar 

Regions, where many species have evolved life history strategies that rely on sea ice (Moline et 

al. 2008). Key life history stages of these ice-obligate (or polar species) have been disrupted as a 

result of warming-induced habitat shifts and altered trophic interactions, mediated largely by sea 

ice loss (Moline et al. 2008). A notable consequence of climate warming on the WAP has been a 

shift in the community structure of Pygoscelis penguins. Ice-obligate Adélie penguins have 

declined significantly at nearly all breeding sites on the WAP, while ice-intolerant populations of 

gentoo penguins are increasing, especially at new breeding sites at their recently expanded 

southern range (Lynch et al. 2012).While differing tolerances for sea ice explain penguin 

distribution shifts, integrating species interactions in the context of these physical drivers has 

proven challenging (Ducklow et al. 2007; Fraser et al. 1992).   

A recent hypothesis by Trivelpiece et al. (2011) postulated that penguin population 

declines are the result of increased competition with krill predators and a large-scale decline of 

krill stocks. Ecological niche theory suggests that species with similar ecological requirements 

cannot co-exist in a resource limited system unless they differ to some degree in how they utilize 

these shared resources (Gause 1934; Hutchinson 1958). Inadequate niche segregation leads to 

niche displacement and competitive exclusion, whereby one species outcompetes another species 

for a shared resource (Shoener 1983; Gause 1934). The southward expansion of gentoo penguin 

colonies on the WAP has introduced new potential for range overlap and competitive 



15 

 

 

interactions with Adélie penguins. Competitive exclusion has been well documented through 

studies of invasive species, however less is known about the outcome of species interactions 

following climate-induced range overlap (Mooney & Cleland 2001).  

Species commonly avoid inter-specific competition by differing in their spatiotemporal 

distributions (Connell 1961; MacArthur 1958) and diets (Pianka 1981). These segregation 

mechanisms minimize niche overlap, facilitate resource partitioning, and promote stable co-

existence among similar species. Few studies have investigated the foraging behavior and niche 

separation of sympatrically breeding Adélie and gentoo penguins (Cimino et al. 2016; Wilson 

2010; Trivelpiece et al. 1987). These studies have shown that Adélie and gentoo penguins 

partition prey resources in space and time (Cimino et al. 2016; Trivelpiece et al. 1987, Wilson 

2010). This separation of space is due largely to differences in dive depth and distance from 

shore, with Adélie penguins generally foraging farther from shore and at shallower depths than 

gentoo penguins (Cimino et al. 2016; Wilson 2010; Trivelpiece et al. 1987).  

As marine predators, Adélie and gentoo penguins rely on spatially and temporally patchy 

prey, and have adapted flexible foraging strategies as a result. Intraspecific comparisons of 

Adélie and gentoo penguin foraging behavior have revealed variable dive behavior and diets 

across breeding sites and seasons. On the WAP, the population structure of Antarctic krill is a 

primary determinant of penguin dive behavior, diets and foraging effort during the breeding 

season (Miller et al. 2009; Miller & Trivelpiece 2008; Fraser & Hofmann 2003). In the context 

of foraging niche segregation, the ability for penguins to adapt to changes in prey availability by 

altering their foraging behavior introduces questions such as, is the extent of interspecific 

foraging niche segregation observed in one year consistent across seasons? This question is 

difficult to answer without a long-term dataset and thus few studies (e.g. Miller et al. 2010) have 

investigated niche segregation among Pygoscelis penguins over multiple breeding seasons.  

This study aims to determine the extent of spatial and dietary niche segregation between 

Adélie and gentoo penguins during the breeding season at Palmer Station, Anvers Island across 

six breeding seasons.  Data were collected during the chick-rearing phase of the penguins’ 
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reproductive cycle when the prey demand of both species is highest and thus the potential 

influence of competition the greatest. We used a twofold methodological approach involving 

biotelemetry and diet sampling to answer two questions: (1) what segregation mechanisms 

facilitate resource partitioning between Adélie and gentoo penguins and (2) does the degree of 

niche overlap between these two species remain consistent across breeding seasons with variable 

krill size-class structure? 

Based on previous studies of the diets of Adélie and gentoo penguins in the Palmer area 

(Gorman 2015; Fraser & Hoffmann 2003), we expect to observe extensive overlap in the type of 

prey consumed by both species across breeding seasons. Because the majority of Adélie and 

gentoo penguins included in this study represent populations from spatially separate breeding 

colonies, our first prediction is that species will exhibit interspecific differences in foraging 

areas. This assumption is based on the ‘hinterland’ model (Cairns 1989) of seabird foraging areas 

that predicts segregation of neighboring seabird colonies. Due to the distance of the main Adélie 

and gentoo breeding colonies at Palmer Station, we expect that horizontal overlap of foraging 

areas will be minimal. Based on previous comparisons of Adélie and gentoo penguin dive 

behavior (Cimino et al. 2016; Wilson 2010), we predict that a secondary mode of foraging niche 

segregation that we will observe between Adélie and gentoo penguins is vertical space 

partitioning.  

To test our predictions, we used a multistep approach and first determined the extent of 

dietary segregation between species. Stomach samples were obtained to investigate dietary 

differences between species and across years and to determine krill size class structure. 

Following this, we examined satellite and dive telemetry data to investigate the extent of 

horizontal and vertical partitioning of penguin foraging areas. Finally, we repeated these steps 

across six breeding seasons to investigate the stability of Adélie and gentoo foraging niches in 

the context of krill size-class structure (obtained from penguin diet samples).  
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Materials and methods 

Study site and species 

Our study is part of a long-term monitoring program of Adélie and gentoo penguins 

breeding in the vicinity of Palmer Station (64˚46’S, 64˚03’W), Anvers Island, Antarctica (Figure 

2.1). The marine environment in this area is especially productive due to the nearby Palmer Deep 

submarine canyon (Ducklow et al. 2007; Schofield et al. 2013) that cuts across the continental 

shelf from the west and allows for the passage of warm, upper circumpolar deep water from the 

Antarctic Circumpolar Current toward the southern coast of Anvers Island (Schofield et al. 

2013). This input of nutrients promotes primary productivity during the austral summer months 

that support large krill stocks and a multitude of krill predators such as seabirds, seals and whales 

(Ducklow et al. 2007). During the summer, Adélie and gentoo penguins share similar nesting 

habitat on several small, rocky islands in the vicinity of Palmer Station. Our fieldwork occurred 

on Biscoe Point (64°48’S, 63°46’W), where Adélie and gentoo nest in mostly separate colonies, 

and Torgersen (64°46’S, 64°04’W) and Humble (64°45’S, 64°05’W) Islands, which are 

occupied solely by Adélie penguins (Figure 2.1). Fieldwork occurred during the chick rearing 

phase of the penguin breeding season, approximately from the end of December through mid-

February between 2010 and 2015 (Figure 2.2).  

Dietary analysis 

In order to evaluate the extent and consistency of dietary niche partitioning between 

Adélie and gentoo penguins, we tested for differences in the type and size of prey consumed by 

both species. We collected stomach samples during roughly the same time period as tagging on 

an independent sample of adults. Individuals who were presumed to be returning to a nest (i.e. 

headed from the water’s edge to the colony) were captured with a hand held net. Stomach 

contents were obtained using a water off-loading method (Wilson 1984) and penguins were 

subsequently weighed, measured and released back into the colony. We collected roughly even 

numbers of samples from both sexes, which we confirmed using morphometric measurements 

(Gorman et al. 2014). Diet samples were collected from five individuals on each sampling day 

and this occurred roughly every five days depending on weather conditions. Stomach samples 
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were drained, weighed and sorted in order to determine diet composition. We identified prey 

items and categorized them as either krill (Euphausia superba or Thysanoessa macrura), fish, or 

‘other’. We determined the percent composition of each of these prey items by weight (wet 

mass) as well as the frequency of occurrence of each item in the sample. We compared the 

composition and frequency occurrence of prey between species, sex and year using generalized 

linear models.  

In order to compare prey availability across seasons, we determined the size-class 

structure of Antarctic krill found in penguin diet samples. During stomach lavage, fresher, more 

intact prey is typically regurgitated first, followed by more digested layers of prey. A sub-sample 

of 50-100 intact Antarctic krill were randomly selected from each portion of fresh sample. We 

measured each of these sub-sampled krill from the eye to the tip of the teslon to obtain total 

length and binned them into 1 of 8 size classes, in 5mm increments from 16-60 mm. We 

combined the two smallest size classes (16-20 and 21-25) and the two largest size classes (51-55 

and 56-65) due to low frequencies. This binning resolves inter-annual changes in krill size class 

structure, as krill grow >5 mm per year (Siegel 1987). We calculated the proportion of krill that 

fell into each of eight size-classes and created size-class frequency distribution plots for each 

species per year. We tested for differences in size-class distributions between species each year 

using a Pearson’s chi-squared test and calculated the mean size of krill consumed by each 

species to test for differences between species each year using a Welch’s two sample t-test. In 

order to assess differences in krill recruitment strength across years, we calculated an index of 

recruitment (R1) which represents the proportion of the 1+ age class in the population. Following 

the methods of (Saba et al. 2014), we assigned krill <30mm to the 1+ age class. 

Tagging 

We used satellite and dive telemetry methods to determine penguin foraging locations 

and dive behavior. We selected adult penguins for instrumentation if they were paired and had 

brood-stage nests containing two chicks. Only one individual from each pair was tagged, and 

both sexes were represented approximately equally throughout the study period. We 

instrumented each penguin with a continuously transmitting ARGOS satellite tag (Sirtrack 
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Limited., Havelock North, New Zealand: KiwiSat202; or Wildlife Computers Redmond, WA, 

USA: SPOT3, SPOT-275A, SPOT-275B, or custom mold based on a SPLASH tag 

configuration) and a time-depth recorder (Lotek Wireless, Inc, St. John’s Canada: Lotek 

LAT1400) that sampled at least once every 2s (resolution of 0.05 m and accuracy of ± 1m). Tags 

were fastened to feathers on the lower dorsal region using waterproof Tesa® tape and small 

plastic zip ties (Wilson & Wilson 1989). This attachment method minimized drag and allowed 

for easy tag removal without damaging feathers (Bannasch et al. 1994; Wilson & Wilson 1989). 

While we attempted to minimize potential instrumentation effects, we did not directly test for a 

“tag effect”. Past studies have found that attaching data-logging devices to diving seabirds 

affects foraging efficiency, especially with regard to foraging trip duration (Croll et al. 1991; 

Wilson et al. 1989). Our tags were smaller and deployed for a much shorter duration (4.05 days ± 

1.41) than the tags in those studies. Recent studies that have used smaller sized, streamlined tags 

similar to ours did not detect significant instrumentation effects (Lescroel & Bost 2005; Ballard 

et al. 2001). Furthermore, because the focus of this study is foraging location rather than trip 

duration, we do not expect our results to be influenced by tag attachment.   

Analysis of penguin space-use: data and approach 

To evaluate the extent of spatial niche partitioning between Adélie and gentoo penguins, 

we first determined the horizontal and vertical foraging range of each species. Following this, we 

quantified the degree of horizontal and vertical overlap between each species. These steps were 

repeated for each year of the study in order to determine the consistency of spatial niche 

partitioning between species across breeding seasons. Prior to these analyses, we filtered location 

data to remove inaccurate locations and characterized penguin dive types in order to remove 

dives that were not foraging dives (e.g. exploratory, or ‘search’ dives and transit dives).  

 ARGOS assigns error estimates based on the number of satellite passes that occur while 

a satellite tag is above water using either a least squares analysis or a Kalman filtering algorithm 

(CLS 2016). For this study, the former was used from 2010-2011 and the latter from 2012 

onwards. Both algorithms classify location points as either 3,2,1, or 0, which are associated with 

error estimates of <250m, 250-500m, 500-1500m, >1500m, respectively, or A or B, which have 
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no error estimate (CLS 2016). We incorporated these estimates of error into a three-stage 

filtering process, following the methods of Oliver et al. (2013). We removed unreasonable 

locations based on penguin swimming speed (8 km/hr) (Ainley 2002), coastal geometry and 

erroneous terrestrial positions (class 0, A, B) located on Anvers Island. Because penguins often 

foraged close to shore among many small, rocky islands, locations found on these smaller islands 

were not removed. Location data were time matched to dive records and linear interpolation was 

used to estimate foraging locations for dives that occurred between known locations (within 30 

minutes of a foraging bout).  

We focused specifically on foraging behavior in our assessment of vertical and horizontal 

space-use and only included location data and dives associated with foraging (hereafter referred 

to as ‘forage’ dives). This approach allowed us to measure the true extent of each species 

foraging range and thus the potential for consumptive competition. We categorized penguin dive 

types following the methods of Cimino et al. (2016). We looked for evidence of prey encounters 

or pursuit, indicated by vertical undulations (‘wiggles’), bottom time, or plateaus (Bost et al. 

2007; Rodary et al. 2000; Kirkwood & Robertson 1997; Chappell et al. 1993). We excluded 

dives that indicated transit or porpoising behavior (dives <20s or <5m) (Kokubun et al. 2010; 

Takahashi et al. 2003; Chappell et al. 1999) and those that were exploratory in nature. These 

included ‘search’ dives that were commonly V-shaped, with minimal or no wiggles, bottom time, 

or plateaus. For each forage dive, we calculated an estimate of forage depth using a kernel 

density estimate (Scott 1992). This is the depth where the largest portion of dive time was spent, 

where prey encounter or pursuit was most likely to have occurred. 

Determining penguin foraging areas 

We created utilization distributions (UD) from known locations of penguin forage dives 

in order to visualize and quantify penguin foraging ranges. We pooled location data by species 

and by year and used kernel density estimation (KDE) techniques to determine the probability 

distribution of penguin foraging areas. Using the R package “ks” (Duong 2007), we calculated 

the areas within each of the 95% and 50% KDE contour lines in order to quantify each species 

overall foraging range (km2), and core foraging area (km2), respectively. In order to compare 
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pooled datasets with uneven sample sizes, we employed a data-based ‘plug-in’ bandwidth 

selector (‘Hpi’) which was calculated for each dataset separately (Gutowsky et al. 2015).  For 

similar reasons, we used a fixed kernel approach that applied a consistent smoothing factor (h) 

across each pooled dataset. We used the default grid size (n=151 for 2D and n=51 for 3D) to 

compute a smoothed probability estimate for each dataset.  

The number of individuals tracked and the amount of location data points used in pooled 

KDE significantly affect both the geographic location and size of the KDE output (Gutowsky et 

al. 2015; Soanes et al. 2013). Thus, caution must be taken in drawing population-wide inferences 

and making comparisons of pooled KDE between species and across years. Similar to previous 

studies, we used an iterative sub-sampling approach to determine the effect of the number of 

individuals included in our analyses on the overall and core foraging areas of both species for 

each year (Orben et al. 2015; Gutowsky et al. 2015; Soanes et al. 2013). This method allowed us 

to identify the presence of an asymptote where the total foraging area ceased to increase 

substantially because a representative number of animals from the population had been tracked. 

We began this procedure by selecting a single individual at random and calculating the area 

within each of the 50 and 95% KDE contours. We continued by selecting an additional 

individual (without replacement) and re-calculating these areas until all individuals were 

included. These steps were repeated for 100 iterations (for each year independently) in order to 

determine mean area and variance for each number of individuals included. 

Overlap of penguin foraging areas 

After defining the seasonal foraging ranges of Adélie and gentoo penguins, we quantified 

the extent of spatial overlap that occurred between the two species foraging areas. We used 2D 

KDE of foraging areas to calculate the proportion of overlap between each species’ overall and 

core foraging range. This provided us with a simple and intuitive measure of overlap (‘percent 

overlap’) between the foraging areas of each species. We also employed the Utilization 

Distribution Overlap Index (UDOI), which provides a single, non-directional measure of space-

use sharing that accounts for each species’ underlying UD (Cooper et al. 2014; Fieberg & 
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Kochanny 2005). UDOI generally varies between 0 and 1, with 0 representing no overlap and 1 

indicating complete overlap (Fieberg & Kochanny 2005).  

Comparison of foraging dives 

To determine the extent and consistency of vertical partitioning of foraging areas, we 

tested for differences in penguin dive depth and water column utilization. We used generalized 

linear mixed models (GLMM) to test for differences in dive behavior between species, by sex, 

and across years. We accounted for repeat sampling of individuals by including bird identity as a 

random effect in the models (Faraway 2006). In order to test for differences in water column 

utilization, we calculated a dive index (DI) for each dive (DI= dive depth/ocean depth). The 

response variables in these models included forage dive depth and maximum dive depth.  

Three-dimensional estimates of penguin space-use  

Two-dimensional KDE is a useful and common technique for quantifying the intensity of 

animal space-use across a 2D plane, but it is inherently limited in cases where animals utilize 

three-dimensions for travelling or foraging (Belant et al. 2012). For this reason, 2D KDE may 

inaccurately quantify the extent of space-use sharing between two species that differ in their use 

of a third dimension (e.g. height or depth). Because independent comparisons of the depth 

distribution of penguin foraging dives are limited to the vertical dimension, they also fail to 

completely quantify penguin space-use. 3D KDE methods have recently been implemented to 

solve this problem (Cooper et al. 2014; Simpfendorfer et al. 2012), and we employed this 

technique in order to gain a complete picture of penguin space use in the X, Y and Z dimensions. 

We used methods similar to our 2D KDE and quantified the extent of spatial overlap that 

occurred between the two species three-dimensional foraging areas. We used 3D KDE of the 

volume (km3) of penguin foraging areas to calculate the proportion of overlap between each 

species’ overall and core foraging range. Similar to our 2D methods, we determined percent 

overlap and calculated UDOI values in order to measure space-use sharing between Adélie and 

gentoo penguins across years.  
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Results  

Dietary analysis overview 

We determined whether Adélie and gentoo penguins occupy distinct dietary niches by 

comparing the type of prey (percent composition and frequency occurrence) and size of prey 

(total length of Antarctic krill) consumed by each species. We collected a total of 136 samples 

from Adélie penguins (77 male, 59 female) and 128 samples from gentoo penguins (64 male, 64 

female). Overall, we found consistent evidence of extensive dietary overlap between species 

across all years of the study. We found little evidence of dietary differences between sexes for 

either species.  

Diet composition    

Antarctic krill was present in all of the Adélie and gentoo diet samples (Figure 2.3) and 

dominated the diets of both species by weight in all years (Figure 2.4, Table 2.1). We did not 

find any differences in the percent contribution of krill between penguin species (F1, 262=2.10, 

p=0.148), or between sexes for either species (Adélie: F1, 134=1.15, P=0.286; gentoo: F1, 126=1.40, 

p=0.240). Adélie diets contained a lower proportion of krill in 2011 than in all other years, where 

there were no significant inter-annual differences (F5, 130= 15.60, p<0.001). We did not find any 

differences in the percent contribution of krill in gentoo diets across years (F5, 122= 1.97, p= 

0.088). Adélie diets contained a higher percent contribution of T. macrura than the diets of 

gentoo penguins (F1, 262=9.61, p=0.002) (Figure 2.4, Table 2.1). The diets of both Adélie and 

gentoo penguins contained a higher proportion of T. macrura in 2011 than in all other years, 

where there were no significant inter-annual differences (Adélie: F5, 130= 15.99, p<0.001; gentoo: 

F5, 122=6.41, p<0.001). We did not find any differences in the contribution of T. macrura between 

sexes for either species (Adélie: F1, 134=0.53, p=0.467; gentoo: F1, 126=0.18, p= 0.673). Gentoo 

diets contained a higher proportion of fish compared to Adélie diets (F1, 261=12.29, p<0.001) 

(Figure 2.4, Table 2.1). The contribution of fish did not vary across years for either species 

(Adélie: F5, 129=1.49, p=0.197; gentoo: F5, 122=1.64, p=0.152), or by sex for either species 

(Adélie: F1, 133=3.69, p=0.057; gentoo: F1, 126=2.43, p=0.122). We did not find any differences in 

the percent contribution of ‘other’ prey items (e.g. isopod, amphipod and mysid species) between 
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species (F1, 262=1.86, p=0.174) (Figure 2.4, Table 2.1). Adélie diets contained a higher percent 

contribution of these prey items in 2011 than in all other years where there were no significant 

differences (F5, 130=3.55, p=0.005). We did not find any difference in the contribution of ‘other’ 

prey items in the diets of gentoo penguins across years (F5, 122= 1.87, p=0.105). We found the 

percent contribution of ‘other’ prey items in penguin diets was marginally higher for male 

Adélies (F1, 134= 4.20, p=0.042) and female gentoos (F1, 126=4.025, p=0.047). 

Frequency occurrence of prey 

T. macrura occurred less frequently in gentoo diet samples than Adélie diet samples 

(𝑋1,262
2 = 5.58, p=0.018) and differed by year for both species (Adélie: 𝑋5,130

2 =43.68, p<0.001; 

gentoo: 𝑋5,122
2 = 25.34, p<0.001) (Table 2.1, Figure 2.3). We did not find any differences in the 

occurrence of T. macrura by sex for either species (Adélie: 𝑋1,134
2 =0.76, p= 0.383; gentoo: 

𝑋1,126
2 =1.40, p=0.236). We detected evidence of fish more frequently in gentoo diets compared to 

Adélie diet samples (𝑋1,262
2 = 10.16, p=0.001) (Table 2.1, Figure 2.3). The occurrence of fish in 

diet samples differed by year for gentoo penguins (𝑋5,122
2  = 23.00, p<0.001) but not for Adélie 

penguins (𝑋5,130
2  = 10.48, p=0.063). There were no differences in the occurrence of fish between 

sexes of either species (Adélie: 𝑋1,134
2 = 1.91, p=0.167; gentoo: 𝑋1,126

2 =0.03, p= 0.858). We did 

not find any difference in the frequency occurrence of ‘other’ prey items between species 

(𝑋1,262
2 = 1.03, p=0.311) (Table 2.1, Figure 2.3). The occurrence of ‘other’ prey items differed by 

year for both species (gentoo: 𝑋5,122
2 =14.09, p= 0.015; Adélie: F5, 130=15.16, p=0.010) and was 

higher in the diets of male gentoo penguins (𝑋1,126
2 =5.42, p=0.020), but did not differ by sex for 

Adélie penguins (𝑋1,134
2 = 3.12, p=0.078). 

Krill size-class distribution 

Because Antarctic krill dominated the diets of both species, we compared the size-class 

distribution of krill found in penguin diets to test for differences in prey size preference between 

species. We compared the average size of krill found in diet samples and found that Adélie and 

gentoo penguins consumed similar-sized krill in 2010, 2011 and 2014 but not in 2012 (p=.030), 

2013 (p=.050) and 2015 (p=0.04) (Figure 2.5). We compared the distribution of krill size-classes 
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and found that Adélie penguins consumed higher frequencies of smaller-sized krill than gentoo 

penguins (Figure 2.6, Table 2.2). These patterns were consistent across years despite changes in 

the dominant size-class of krill. The diets of both species indicated a 4-5 year cycle of krill 

recruitment, with the highest recruitment index (Adélie: R1=0.26; gentoo R1=0.21) occurring in 

2013.  

Overview of tagging  

We tagged a total of 61 Adélie penguins (30 male, 31 female) and 48 gentoo penguins (25 male, 

23 female) and recovered 100% of our tags from 2010-2015. While the earliest tag deployment 

occurred on 19 December and the latest tag recovery occurred on 7 February, 85% of 

deployment days occurred during the month of January concurrent with diet sampling (Figure 

2.5). The mean number of deployment days per bird was 4.06 ± 1.41. We successfully extracted 

data from all but one tag, however, we excluded an average of 73% of our total dive data from 

our analyses, including search and transit dives, and dives without a known location. In 2014, we 

were left with an insufficient amount of data to make reasonable inferences of foraging areas and 

we removed this year from our analysis.  

Penguin foraging areas 

We created two-dimensional KDE in order to visualize and quantify the extent of Adélie 

and gentoo penguin foraging areas and we found that Adélie and gentoo penguins generally 

foraged southwest of and relatively close to their respective colonies (Figure 2.7). Adélie 

penguins consistently occupied a smaller foraging range compared to gentoo penguins (Table 

2.3), especially with respect to their core foraging area, which remained roughly the same size 

and in the same location across all five years of the study. Foraging dives of gentoo penguins 

occurred 2.28 ± 0.71 kilometers farther from their breeding colony than the foraging dives of 

Adélie penguins (X2 (1)=9.23, p= 0.002). However, both species concentrated their foraging 

effort between their respective colonies and Palmer Deep canyon (Figure 2.1, Figure 2.7).  
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Overlap of penguin foraging areas 

We used two parameters to quantify overlap of penguin foraging areas each year. We 

obtained directional measures of ‘percent overlap’ by calculating the proportion of each species 

range that overlapped with the other, as well as the non-directional UDOI. We found minimal 

overlap near the periphery of the overall ranges (95% KDE) of each species in 3 out of 4 years 

(2010-12 & 2015) and no overlap in 2013 (Table 2.3). The core foraging areas of Adélie and 

gentoo penguins, which contained the highest density of foraging locations (50% KDE), were 

spatially separated in all years (Table 2.3, Figure 2.7). We obtained low UDOI values in all years 

of the study, indicating that the probability of space-use sharing between both species along the 

periphery of their ranges was low (Table 2.3).  

While our main study concerned Adélie penguins tagged at Humble and Torgersen 

islands, we conducted a separate analysis on Adélie foraging locations of individuals who were 

tagged on Biscoe point (2011: n=1; 2012: n=2; 2015: n=2). The overall and core foraging ranges 

of these animals overlapped considerably more with the gentoo foraging area than the range of 

the Adélie penguins who were tagged on Humble and Torgersen islands (Figure 2.8, Table 2.4). 

Comparison of foraging dives  

We determined the extent of vertical separation of Adélie and gentoo foraging dives by 

comparing maximum dive depth and ‘forage’ depth between species and by year (Table 2.9). We 

tested for interspecific differences between gentoo penguins tagged at Biscoe point and Adélie 

penguins tagged at Humble and Torgersen islands and found that gentoo penguins dove 

significantly deeper than Adélie penguins in all years (Table 2.5). Adélie penguins generally 

foraged in the upper 50m of the water column (Figure 2.9), with an average forage depth of 

16.03 ± 0.35 meters. The depth distribution of gentoo penguin foraging dives was wider than 

Adélies, and gentoo penguins generally utilized the top 100m of the water column (Figure 2.9), 

with an average forage depth of 36.73 ± 11.39 meters. Overall, the maximum dive depth of 

gentoo penguins was 40.66% deeper than Adélie penguins (X2 (1) = 64.89, p<0.001) and the 

forage depth of gentoo penguins was 41.22% deeper than Adélie penguins (X2 (1) =62.13, 

p<0.001). We did not find any difference in dive depth between sexes for either species (Adélie: 
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X2 (1) =0.63, p=0.428; gentoo: X2 (1) =0.02, p=0.887). Both species concentrated their foraging 

effort during similar hours of the day (Figure 2.10). The foraging effort of both species increased 

through the day and peaked around 18:00 before tapering off through the night and early 

morning. We found the dive depth of both species increased through the day and peaked around 

15:00, however this signal was stronger for gentoo penguins (Figure 2.11).  

Because the foraging ranges of Adélie penguins tagged at Biscoe point in 2011, 2012 and 

2015 overlapped considerably with the foraging areas of gentoo penguins also tagged at Biscoe 

point (Figure 2.8, Table 2.6), we conducted a separate analysis on the dive behavior of these 

individuals. We tested for differences in Adélie forage depth by colony location to compare the 

dive behavior of Adélie penguins from Biscoe point to the dive behavior of Adélie penguins 

from Humble and Torgersen islands. We found that Adélie penguins from Biscoe point dove 

deeper than Adélie penguins from Humble and Torgersen islands in 2011 (X2 (1) =4.39, 

p=0.036) and 2012 (X2 (1) =4.85, p=0.028), but not in 2015 (X2 (1) =0.01 p=0.917). 

Furthermore, we did not find any significant differences in the dive depth of Adélie and gentoo 

penguins tagged at Biscoe point in 2011 (X2 (1) =0.41 p=0.51) and 2012 (X2 (1) =1.77 p=0.183), 

but in 2015, gentoo penguins dove deeper than Adélie penguins (X2 (1) =16.75 p<0.001).  

Because we found overlap at the periphery of Adélie and gentoo foraging ranges in 2010, 

2011, 2012 and 2015, we conducted a separate analysis of penguin dive behavior within and 

outside of this overlap area. Adélie penguins dove deeper in overlap areas than they did in non-

overlap areas in 2010 (X2 (1) =12.98, p<0.001), 2011 (X2 (1) =20.51, p<0.001) and 2015(X2 (1) 

=13.47, p<0.001) but not in 2012 (X2 (1) =0.06, p=0.81). We did not find any differences in the 

dive depth of gentoo penguins between overlap and non-overlap areas, apart from the year 2011, 

when they dove deeper in overlap areas (X2 (1) =4.69, p=0.03). In overlap areas, gentoo penguins 

dove significantly deeper than Adélie penguins in all years apart from 2010 (X2 (1) =2.01, 

p=0.157). 
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Three-dimensional estimates of penguin space-use 

We created three-dimensional utilization distributions in order to incorporate penguin 

foraging depth into our 2D analysis of space-use. Similar to our comparisons of penguin dive 

behavior, we found that gentoo penguins generally foraged across a greater range of depths 

compared to Adélie penguins (Figure 2.12). This behavior resulted in larger 3D estimates of 

foraging volume for gentoo penguins (Table 2.7). This vertical partitioning of the water column 

likely reduced the actual extent of range overlap observed in 2D KDE, as we observed lower 

estimates of percent overlap and lower UDOI values in 3D KDE compared to 2D KDE (Table 

2.7).  

We created separate 3D KDE of the foraging areas of Adélie penguins tagged at Biscoe 

point and found considerably more spatial overlap with gentoo penguins compared to what we 

observed when comparing the foraging areas of Adélies were tagged at Humble and Torgersen 

(Figure 2.13, Table 2.8). Similar to 2D KDE of these foraging ranges, these 3D KDE resulted in 

larger estimates of percent overlap and larger UDOI values (Table 2.8).  

Discussion  

Climate-induced range overlap can result in novel or increased competitive interactions 

between populations that ultimately influence species abundance and distribution (Walther 2002; 

Hughes 2000). We studied the extent and consistency of foraging niche segregation between 

Adélie and gentoo penguins during the breeding season for 6 consecutive years around Anvers 

Island on the Western Antarctic Peninsula and found little evidence to suggest that foraging 

competition is affecting recent population trends in this area. We found that Antarctic krill 

dominated the diets of both species throughout the study period, and that Adélie and gentoo 

penguins consumed similar size-classes of krill. Adélie and gentoo penguins partitioned this 

shared prey resource during the breeding season horizontally by concentrating their foraging 

effort in separate locations and vertically at different depths. These results provide a unique 

multi-year comparison of foraging niche segregation and build on previous studies that suggest 

that Adélie and gentoo penguins exhibit discrete foraging strategies that facilitate resource 

partitioning in areas of sympatry (Cimino et al. 2016; Wilson 2010; Trivelpiece et al. 1987).  
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Penguin diets 

Inter-annual variation in the population structure of Antarctic krill affects its abundance 

and spatial distribution (Bernard et al. in press) and ultimately the foraging behavior and 

reproductive success of predators that rely on krill (Lynnes et al. 2004; Fraser & Hoffman 2003; 

Reid & Croxall 2001; Croxall et al. 1999). We observed inter-annual krill recruitment variability 

in the diets of both Adélie and gentoo penguins. These results agree with previous studies that 

have found Adélie and gentoo penguin diets reflect a 4-5 year cycle of krill recruitment (Fraser 

& Hoffman 2003; Miller & Trivelpiece 2007). We observed the highest frequencies of small-

sized krill (16-30 mm) in penguin diets in 2013. Because penguins do not feed on larval krill 

(<16 mm), there is a one-year lag between when a recruitment event occurs and when it is 

detected in penguin diet samples (Fraser & Hofmann 2003). Therefore, our findings agree with a 

concurrent ship- based study in the Palmer region that detected positive abundance anomalies of 

krill in 2012 and 2013 (Steinberg et al. 2015). The foraging strategies of Adélie and gentoo 

penguins change based on krill size-class structure (Miller & Trivelpiece 2007; Lescroel & Bost 

2005; Fraser & Hofmann 2003; Lynnes et al. 2002) and variation in foraging locations, depths 

and/or diets of penguins potentially affects the extent of foraging niche overlap between these 

two species. These results indicate that despite variation in krill population structure across six 

breeding seasons, Adélie and gentoo penguins maintained spatially separate foraging niches. 

The diets of both Adélie and gentoo penguins have been found to vary temporally and by 

breeding locality, but those of gentoo penguins are generally more diverse than Adélie penguins 

(Lescroel et al. 2004; Ainley 2002; Bost & Jouventin 1990; Volkman et al. 1980). The greater 

flexibility of gentoo penguins to alter their diet according to prey availability has been cited as a 

possible reason for their stable and/or growing populations in many locations on the Antarctic 

Peninsula, as well as a potential mechanism of niche partitioning (Polito et al. 2015; Miller et al. 

2009). We found that fish occurred more frequently in the diets of gentoo penguins than in the 

diets of Adélie penguins. These results are similar to what has been observed at other breeding 

sites along the Antarctic Peninsula (Trivelpiece et al. 1987; Volkman et al. 1980). One limitation 

of stomach content analysis is that it does not accurately quantify soft-bodied prey such as fish 

(Barrett et al. 2007). Fish is digested in penguin stomachs more quickly than krill, and thus it is 
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difficult to obtain a true measure of the importance of fish to penguin diets through this method 

alone (Polito et al. 2011). However, a recent study of the isotopic niches of Adélie and gentoo 

penguins in this area found that Antarctic krill was the dominant prey item of both species, and 

that fish was represented about evenly between both species, with the exception of one year 

when gentoo isotope levels indicated a slightly higher proportion of fish (Gorman 2015). The 

results of this study align closely with our findings that Antarctic krill is the dominant prey of 

both species in this region during the breeding season, and that fish is a secondary prey item that 

occurs more frequently in gentoo penguin diets.  

Penguin foraging areas 

Two possible caveats of drawing population-wide inferences of space-use from 

individual location data include 1) masking individual variation through pooled KDE and 2) 

assuming tracked individuals represent the population as a whole (Gutowsky et al. 2015). This 

study was conducted during a period when penguins are constrained to foraging relatively close 

to their breeding colonies to provision growing chicks. As a result, individual variation in 

foraging location is predicted to be reduced during this period compared to the post-breeding 

season, or compared to what would be observed in farther ranging species, such as albatrosses 

(e.g. Gutowsky et al. 2015; Orions & Pearson 1979). Additionally, in this study, we aimed to 

track a large number of individuals for a short period of time, rather than obtaining a large 

number of data points from fewer animals over a longer time period. While this approach 

allowed us to increase our sample size and minimize the chances of over- or underrepresenting 

any one animal, we did not directly examine the optimal number of trips (or number of data 

points) to include per individual (e.g. Soanes et al. 2015). Instead, we investigated the asymptotic 

saturation of the total area occupied in relation to the total number of animals included in our 

analysis. We demonstrated that overall, we tagged a sufficient number of Adélie and gentoo 

penguins to estimate the size and location of the core foraging areas occupied by each species 

during the study period (Figure 2.14). These results provide us with confidence that our estimates 

of horizontal overlap between foraging areas are accurate because it is unlikely that the area 

occupied by either species would have changed significantly had more animals been tagged. 

However, we found that the number of individuals required to provide reasonable estimates of 
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colony-wide foraging areas varied across seasons, and in a few cases (such as 2010) the total 

area occupied by Adélie and gentoo penguins approached, but did not reach an asymptote with 

the number of animals that were tagged. It is possible that those areas could have expanded 

further had more animals been tagged. If this expansion occurred in the direction of the other 

species, it might have led to a greater degree of overlap then we observed for that year. Based on 

the consistent size, location and separation of the Adélie and gentoo core foraging areas, it is 

unlikely that we would have observed an expansion of either of these ranges that would have 

been large enough to result in a significant increase of overlap. 

Seabirds aim to minimize travel costs by foraging as close to their respective breeding 

colonies as possible and thus often forage in colony-specific areas (Cairns 1989). Our results 

indicate a difference in the location of the foraging ranges of Adélie penguins tagged on Humble 

and Torgersen islands and those tagged on Biscoe Point. The foraging range of Adélie penguins 

from Biscoe Point overlapped significantly more with the gentoo penguin range than the 

foraging area of Adélie penguins tagged on Humble and Torgersen islands. There were not 

enough Adélie penguins tagged on Biscoe to provide an accurate estimate of the absolute size 

and location of the foraging range of this colony, but these results provided a general idea of the 

foraging area. Greater overlap of the foraging ranges of Adélie and gentoo penguins from Biscoe 

Point colonies may indicate a higher potential for competitive interactions between these two 

species beyond what were able to observe in this study. However, unlike Humble and Torgersen, 

Biscoe is not a primary breeding colony for Adélie penguins in this region, and it is unlikely that 

even if there was competition between Adélie and gentoo penguins from Biscoe it would be 

driving region-wide population trends. Despite this, the limited data we have on the forging 

locations of Adélie penguins from Biscoe indicates that the potential for overlap with gentoo 

penguins is higher if the breeding colonies of both species are located on the same island.  These 

findings could have greater implications in regions where Adélie and gentoo penguins are found 

on the same islands, or islands that are close together.  The potential for horizontal overlap 

highlights the importance of understanding how Adélie and gentoo penguins partition resources 

vertically.   
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Comparison of foraging dives 

A primary mode of niche partitioning by Pygoscelid penguins is foraging depth 

(Trivelpiece et al. 1987, Wilson 2010, Cimino et al. 2016). Interspecific differences in dive depth 

are thought to be driven primarily by physiological differences in body size that affect breath-

holding capacity and determine the depths at which different species are most efficient 

(summarized in Wilson 2010). Adélie penguins are most efficient at shallow depths between 0-

15 meters while gentoo penguins are most efficient at deeper depths (>60 m) (Wilson 2010). Our 

results indicate that Adélie and gentoo penguins concentrate their foraging effort close to, or 

shallower than these optimal dive depths, thereby facilitating vertical resource partitioning. Most 

Adélie and gentoo penguin foraging dives that occurred in our study occurred in separate 

locations, where this vertical partitioning of the water column may be less important for resource 

partitioning. However, in areas where Adélie and gentoo foraging areas overlap in the horizontal 

plane, vertical separation of foraging is critical for maintaining separate foraging niches. Our 

results indicate that in areas where the horizontal foraging ranges of Adélie and gentoo penguins 

overlapped, they generally maintained the vertical partitioning of dive depth observed outside of 

overlap areas. Gentoo penguins dove significantly deeper than Adélie penguins in peripheral 

overlap areas in 3 out of 4 years. We did not observe a significant difference in the dive depth of 

Adélie and gentoo penguins in the overlap region in 2010, but the sample size for this area was 

comparatively small, and this could explain why this year did not match the general trend 

observed elsewhere in the data (Figure 2.15). In 2011 and 2012, we did not find a significant 

difference in the dive depth of the Adélie and gentoo penguins that were tagged on Biscoe Point. 

In 2011, the lone Adélie penguin that was tagged on Biscoe dove deeper than the average for 

Adélie penguins in the rest of the study. In this case, we do not have a large enough sample size 

to discern colony-wide trends. In 2012, in addition to a limited sample size of Adélie penguins 

(n=2), gentoo penguins dove to shallower depths on average than they did in any other year, and 

we observed more vertical overlap (and no significant difference) in the depth distribution of 

Adélie and gentoo penguin foraging dives (Figure 2.16). Despite these exceptions, we expect that 

the dive behavior of Adélie penguins from Biscoe would generally match that of Adélie penguins 

from other colonies, and vertical separation of the water column would be maintained. A larger 

sample size of Adélie penguins tagged at Biscoe point would be needed to test this hypothesis.  
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While Cimino et al. (2016) did not investigate the dive depth of Adélie penguins from 

Biscoe, these authors found preliminary evidence to suggest that Adélie penguins dive deeper in 

overlap areas compared to non-overlap areas. Based on the deeper depth distribution of a single 

Adélie penguin in the overlap area, Cimino et al. (2016) postulated that prey may be less 

available at shallower depths in these peripheral overlap areas compared to where Adélie 

penguins normally concentrate their foraging effort near Humble and Torgersen islands. Building 

on those results, we also found that Adélie penguins generally dove deeper in areas of overlap 

than they did in non-overlap areas. This occurred in 3 out of the 4 years that we observed overlap 

at the periphery of both species ranges. Similarly, in 2 out of the 3 three years when Adélie 

penguins were tagged on Biscoe Point, these animals dove deeper on average than those from 

Humble and Torgersen. Because such a small number of Adélie penguins were tagged at Biscoe, 

it is difficult to say with certainty that these differences in dive depth are a true pattern and not an 

artifact of sample size. The same is true regarding the differences we found in Adélie dive depths 

in non-overlap versus overlap areas, where the sample size (number of dives that occurred) in the 

latter area was comparatively small. Similar to Cimino et al. (2016), we are unable to discern 

possible causes for these differences without further information on prey distribution in penguin 

foraging areas and/or a larger sample size of individuals and dives in overlap areas. Because 

intraspecific variation in dive behavior potentially affects the extent of vertical overlap between 

Adélie and gentoo penguins, understanding the mechanisms that affect dive behavior is a critical 

step in understanding niche segregation between these two species. For example, similar to 

Cimino et al. (2016), we found that gentoo penguins dove deeper in the peripheral overlap area 

(compared to the non-overlap area) in 2011, but in our study, this was the only year that we 

observed a change in gentoo dive depth. Cimino et al. (2016) hypothesized that gentoo penguins 

may be diving deeper as a mechanism of competitive avoidance, but we did not find additional 

evidence to support this theory. Future studies should continue to investigate penguin dive 

behavior in relation to oceanographic variables (e.g. Oliver et al. 2013) as well as incorporate 

fine scale prey data (e.g. Cimino et al. 2016).  
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Diel trends in foraging behavior 

Penguins are visual predators that require light for successful prey capture, and thus 

foraging effort is concentrated during the daylight hours where light levels are highest (Wilson et 

al. 1993). In support of this, we found that Adélie and gentoo penguins concentrated their 

foraging effort during similar hours and that the number of foraging dives performed by both 

species increased throughout the day and peaked around 15:00. Because marine predators such 

as penguins are ineffective at hunting at night, many species of zooplankton, including Antarctic 

krill, display diel vertical migration (DVM), which is a strategy that allows animals to balance 

predator avoidance and resource acquisition (Zhou & Dorland 2004; Hays 2003; Ritz 1994). 

Penguins are thought to track the DVM of their prey and as a result, perform increasingly deeper 

dives throughout the day (Wilson et al. 1993). Our results support those of previous studies that 

have demonstrated that penguins track the DVM of Antarctic krill. We found that gentoo 

penguins exhibited a much stronger diel depth pattern than Adélie penguins, possibly as a result 

of differences in dive capacities and prey demands. As discussed above, the range of forage dive 

depths that we observed for Adélie penguins during this study indicates that Adélie penguins 

were able to find adequate resources at relatively shallow depths. Based on our dietary results, 

Adélie and gentoo penguins are consuming similar prey, so deeper dives by gentoo penguins 

during this study are not driven by differences in prey type.  It is possible that deeper dives by 

gentoo penguins could explain the slight differences we observed in krill size-class frequencies, 

but we would need more information on the population structure of krill aggregations concurrent 

with penguin dive data to be certain.  

An alternative explanation as to why gentoo penguins track deeper prey layers could be 

related to prey patch density. Antarctic krill form more compact aggregations during the daytime 

as a result of increased schooling behavior (Zhou & Dorland 2004). According to optimal 

foraging theory (Charnov 1976) penguins should maximize net energy gain while foraging. 

Penguins must therefore balance the higher energetic costs of deeper dives with potentially 

increased rates of prey capture in deeper, but denser prey patches. Because gentoo penguins have 

higher prey requirements than Adélie penguins during the chick-rearing period based on their 

body and chick size (Croll & Tershy 1998; Trivelpiece et al. 1987), they may have a higher prey 
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density threshold that is not met during the daytime at shallow depths. Prey density thresholds 

have been demonstrated in previous studies involving baleen whales (Friedlaender et al. 2006; 

Piatt & Methven 1992) and seabirds (Mori & Boyd 2004; Piatt 1990) that are spatially associated 

with prey patches only if those patches are above varying density thresholds. If krill becomes 

increasingly sparse in the water column throughout the day as it migrates to deeper depths, 

gentoo penguins may cease to focus their effort at shallow depths in order to target more 

profitable, deeper prey patches, something which has been shown for other krill predators in the 

Antarctic (Friedlaender et al. 2013, 2016). A recent study by Watanabe et al. (2014) 

demonstrated that patch quality affects Adélie foraging behavior. While these authors focused on 

the effect of prey capture rates on patch residence time, future studies may be able to build on 

these methods and incorporate measures of patch density and aggregation structure in order to 

gain a better understanding of Adélie and gentoo penguin foraging thresholds. Previous research 

has indicated that differing foraging thresholds facilitate resource partitioning between sympatric 

seabirds (Mori & Boyd 2004; Ballance et al. 1997; Piatt 1990). Thus, differing tolerances to prey 

density could support the coexistence of sympatric Adélie and gentoo penguins.     

Inter-annual variation in dive depth by Adélie and gentoo penguins could also suggest 

different tolerances to prey availability. We found that the average dive depth of gentoo penguins 

varied across years, while the average dive depth of Adélie penguins remained relatively 

consistent. We did not directly test for a correlation between penguin dive depth and krill 

population size structure, but it is likely that the variable dive depth of gentoo penguins is the 

result of variation in the spatial distribution and abundance of krill. A recent study found that 

when krill recruitment is high, krill are more abundant at shallower depths (Bernard et al. in 

press). In this study, gentoo penguins appeared to dive to shallower depths on average, in 

association with strong krill recruitment years (and vice versa). The idea that gentoo penguins 

may vary their dive behavior between years to maximize foraging efficiency is similar to the 

concept of prey threshold density discussed above in the context of diel dive behavior.  

While we found differences in the average dive depth between the two species 

throughout the entire study, it is interesting to note that inter-annual variation of gentoo penguin 
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dive depth resulted in varying degrees of vertical overlap with Adélie penguins. For example, in 

2011 and 2015, gentoo penguins utilized a large range of depths and concentrated their foraging 

effort below 50 meters, deeper than most Adélie penguin foraging dives. In comparison, in 2012, 

gentoo penguin dives were concentrated within the top 30 meters of the water column, and more 

overlap between the two species was observed. It is important to keep in mind that these dives 

did not usually occur in the same areas, but these general patterns are likely similar in areas 

where species horizontal ranges do overlap. The implication of these results is that the dive 

behavior of gentoo penguins determines the degree of potential vertical overlap between both 

species. It would be interesting to address this topic in future studies in the context of Pianka’s 

(1974) niche overlap hypothesis, which predicts greater niche overlap when resources are 

abundant, and increased differentiation of niches when resources are limiting. In a resource 

limited scenario, gentoo penguins could take advantage of their ability to exploit deeper prey, 

thereby maintaining vertical partitioning of resources when absolutely necessary. A similar 

concept was addressed in a recent study by Leon et al. (2014) that showed that Galapagos ground 

finches exploited the resources that they were best adapted to when prey was limited, but 

exhibited more extensive niche overlap when ‘preferred’ shared foods were abundant.  

Resource limitation is a necessary condition for competition to exist (Milne 1961). While 

the population structure of krill varied throughout this study, it is likely that overall, prey is not 

limiting in this system. The recently revisited krill surplus hypothesis (Trivelpiece et al. 2011; 

Laws 1970; Sladen 1964) cites declines in krill stocks (Atkinson et al. 2004) as a driver of 

declining penguin populations on the WAP. However, a recent assessment of krill stocks in the 

region where this study occurred did not find evidence of a long term decline of Antarctic krill 

(Steinberg et al. 2015). In addition, because gentoo penguin populations have been expanding in 

this region, and gentoo penguins are also relying on krill as a primary prey resource, declining 

krill stocks would not explain increasing gentoo populations. Furthermore, both species 

successfully provisioned chicks throughout the study, suggesting that breeding adults were able 

to locate adequate prey resources within their foraging ranges. Extensive foraging ranges of 

Adélie penguins (e.g. 70 km) during the chick-rearing phase of the breeding season are 

energetically costly to breeding adults and result in reduced food loads and decreased chick mass 
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(Ainley 2002). We observed relatively small foraging ranges (e.g. 5-10 km for Adélie penguins) 

in this study, indicating that these populations were not foraging near their physiological 

maxima. If prey resources are not limiting in this region, this strongly suggests that competition 

between penguins during the breeding season is not a primary driver of local population trends.  

Understanding the effects of novel or altered biotic interactions is a critical step in 

predicting species responses to climate change (Urban et al. 2016). It has been challenging to 

identify the drivers of recent penguin population shifts on the Antarctic Peninsula, where the 

southern range of gentoo penguins is expanding and Adélie penguin populations are in decline 

(Lynch et al. 2012). In this study, we compared the foraging niches of Adélie and gentoo 

penguins in order to determine whether range-induced overlap has caused increased foraging 

competition between these two species. We did not find evidence to suggest that foraging 

competition is driving penguin population trends in this area, or that shared prey resources are 

limiting. In agreement with previous studies, our results show that Adélie and gentoo penguins 

have disparate foraging strategies that facilitate resource partitioning through multiple 

dimensions. While the physical and biological factors affecting Pygoscelid populations along the 

peninsula vary by region, these results provide further evidence that climate-induced sympatry of 

Adélie and gentoo penguins does not necessarily result in increased competition. Rather, other 

physical and biological changes to the ecosystem due to the rapidly changing climate around the 

Antarctic Peninsula may have stronger influences on the population trajectories of these two 

species.  
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Figures 

 

Figure 2.1: Study area on the southern coast of Anvers Island on the Western Antarctic Peninsula (inset). Map shows Adélie and 

gentoo penguin colonies at Biscoe Point (green triangle) and Humble and Torgersen Islands (yellow triangle) and bathymetry of 

nearby area including Palmer Deep Canyon (center of map). 
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Figure 2.2: Timetable of penguin field studies at Palmer Station, Antarctica, from 2010-2015. 
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Figure 2.3: Frequency occurrence of E. superba, T. macrura, fish and ‘other’ prey items in Adélie and gentoo diet samples collected 

during the chick-rearing phase of the breeding cycle at Palmer Station, Antarctica, from 2010-2015. 
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Figure 2.4: Prey composition (% wet mass) of E. superba, T. macrura, fish and ‘other’ prey items in Adélie and gentoo diet samples 

collected during the chick-rearing phase of the breeding cycle at Palmer Station, Antarctica, from 2010-2015. 
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Figure 2.5: Mean length (mm) of Antarctic krill found in penguin diet samples from 2010-2015. P-values are derived from a Welch’s 

t-test comparing the mean length of krill found in Adélie and gentoo diet samples each year (*p=0.05, **p=0.03, ***p=0.004). 
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Figure 2.6:  Size-class frequency distribution of Antarctic krill in the diets of Adélie and gentoo penguins during the chick-rearing 

phase of the breeding season at Palmer Station, Antarctica, from 2010-2015. 
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Figure 2.7: Foraging areas of Adélie and gentoo penguins during the breeding season at Palmer Station, Antarctica, from 2010-2015. 

Red shades depict the overall foraging ranges (95% KDE) of Adélie penguins tagged at Humble and Torgersen islands (yellow 

triangle). Blue shades depict the overall foraging ranges of gentoo penguins tagged at Biscoe point (green triangle). Darker shades 

indicate overlap area and contour lines outline the core foraging ranges (50% KDE) of both species. 
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Figure 2.8: Foraging areas of Adélie and gentoo penguins tagged at Biscoe point (green triangle). Red shades depict the overall 

foraging ranges (95% KDE) of Adélie penguins and blue shades depict the overall foraging ranges of gentoo penguins. Darker shades 

indicate overlap area and contour lines outline the core foraging ranges (50% KDE) of both species. 
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Figure 2.9: Distribution of Adélie and gentoo penguin foraging dives occurring during the breeding season at Palmer Station, 

Antarctica, from 2010-2015. Sample size (n individuals (total dives)) displayed at bottom right of each panel. Dives only include those 

from Adélie penguins tagged at Humble and Torgersen islands and gentoo penguins tagged at Biscoe point.  
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Figure 2.10: Proportion of Adélie and gentoo penguin foraging dives occurring by hour at Palmer Station, Antarctica, from 2010-

2015.  
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Figure 2.11: Depth (m) of Adélie and gentoo penguin foraging dives grouped by hour of the day during the breeding season at Palmer 

Station, Antarctica, from 2010-2015. 
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Figure 2.12: Three-dimensional kernel density estimates of penguin foraging areas during the breeding season at Palmer Station, 

Antarctica, from 2010-2015. Adélie penguins tagged at Humble and Torgersen islands are shown in red and gentoo penguins tagged at 

Biscoe Point are shown in blue. Lighter shades depict overall foraging areas (95% KDE) and darker shades depict core foraging areas 

(50% KDE). 
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Figure 2.12 (Continued) Three-dimensional kernel density estimates of penguin foraging areas during the breeding season at Palmer 

Station, Antarctica, from 2010-2015. Adélie penguins tagged at Humble and Torgersen islands are shown in red and gentoo penguins 

tagged at Biscoe Point are shown in blue. Lighter shades depict overall foraging areas (95% KDE) and darker shades depict core 

foraging areas (50% KDE). 
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Figure 2.12 (Continued): Three-dimensional kernel density estimates of penguin foraging areas during the breeding season at Palmer 

Station, Antarctica, from 2010-2015. Adélie penguins tagged at Humble and Torgersen islands are shown in red and gentoo penguins 

tagged at Biscoe Point are shown in blue. Lighter shades depict overall foraging areas (95% KDE) and darker shades depict core 

foraging areas (50% KDE). 
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Figure 2.13: Three-dimensional kernel density estimates of foraging areas of Adélie and gentoo penguins tagged at Biscoe Point. 

Adélie penguins are shown in red and gentoo penguins are shown in grey. Lighter shades depict overall foraging areas (95% KDE) 

and darker shades depict core foraging areas (50% KDE). 
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Figure 2.13 (Continued): Three-dimensional kernel density estimates of foraging areas of Adélie and gentoo penguins tagged at 

Biscoe Point. Adélie penguins are shown in red and gentoo penguins are shown in grey. Lighter shades depict overall foraging areas 

(95% KDE) and darker shades depict core foraging areas (50% KDE). 

 

 



61 

 

 

 

 

 

 

Figure 2.14: Curves display core foraging area (m²) relative to sample size (n individuals). Bands represent the 95% confidence 

interval of total core area (50% KDE) occupied by Adélie penguins (in red) and gentoo penguins (in blue). 
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Figure 2.15: Distribution of foraging dives of Adélie and gentoo penguins within areas of overlap. Sample size (n individuals (total 

dives)) displayed at bottom right of each panel. 
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Figure 2.16: Distribution of foraging dives of Adélie and gentoo penguin tagged at Biscoe Point. Sample size (n individuals (total 

dives)) displayed at bottom right of each panel. 
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Tables 

Table 2.1: Comparison of Adélie and gentoo penguin diets during the chick-rearing phase of the breeding cycle at Palmer Station, 

Antarctica, from 2010-2015. Parameters include:  percent diet composition (mean ± SD), frequency occurrence (%) and size of 

Antarctic krill (mean ± SD). 

 

Year Species n Percent diet composition (wet mass) Percent frequency occurrence   
   Antarctic 

Krill 
(Euphausia 
superba) 

Big-eyed krill 
(Thysannoessa 
macrura) 

Fish  Other Antarctic 
Krill 
(Euphausia 
superba) 

Big-eyed krill 
(Thysannoessa 
macrura) 

Fish  Other Antarctic 
krill length 
(mm) 

2010 Adelie 23 99.2 ± 1.8 0.4 ± 1.7 0.4 ± 0.6 0.0 ± 0.0 100 13.0 60.9 0.0 43.9 ± 3.7 

Gentoo 10 98.6 ± 2.6 0.0 ± 0.0 1.3 ± 2.6 0.1 ± 0.1 100 0.0 90.0 30.0 45.9 ± 2.8 

2011 Adelie 25 63.6 ± 41.0 36.0 ± 41.0 0.2 ± 0.3 0.1 ± 0.3 100 56.0 40.0 24.0 43.0 ± 8.7 

Gentoo 15 93.1 ± 15.2 6.6 ± 15.3 0.3 ± 0.4 0.0 ± 0.0 100 40.0 46.7 0.0 40.0 ± 5.4 

2012 Adelie 15 99.5 ± 0.6 0.0 ± 0.0 0.4 ± 0.5 0.1 ± 0.3 100 0.0 40.0 13.3 38.1 ± 6.2 

Gentoo 36 94.8 ± 16.0 0.0 ± 0.0 4.7 ± 14.5 0.5 ± 2.1 100 0.0 80.6 22.2 42.0 ± 2.5 

2013 Adelie 25 99.7 ± 0.7 0.0 ± 0.0 0.2 ± 0.7 0.0 ± 0.1 100 0.0 24.0 4.0 32.8 ± 1.3 

Gentoo 20 98.5 ± 4.3 0.0 ± 0.0 1.5 ± 4.1 0.0 ± 0.2 100 0.0 40.0 5.0 34.2 ± 2.7 

2014 Adelie 21 99.4 ± 1.1 0.0 ± 0.0 0.6 ± 1.1 0.0 ± 0.0 100 0.0 42.9 0.0 39.9 ± 4.0 

Gentoo 18 99.2 ± 1.7 0.0 ± 0.0 0.7 ± 1.4 0.1 ± 0.4 100 0.0 27.8 5.6 41.1 ± 4.4 

2015 Adelie 27 97.0 ± 13.0 2.8 ± 13.0 0.2 ± 0.5 0.0 ± 0.0 100 11.1 22.2 3.7 44.6 ± 2.7 

Gentoo 30 98.8± 2.4 0.1 ± 0.4 1.1 ± 2.4 0.0 ± 0.0 100 0.0 53.3 6.7 46.5 ± 1.7  
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Table 2.2: Results of Pearson’s Chi-squared test comparing the size-class distribution of Antarctic krill in Adélie and gentoo penguin 

diet samples from 2010-2015. Krill were binned in 5 mm increments from 16-65 mm. Because of low counts, we combined both the 

smallest two bins and the largest two bins for a total of 8 bins.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Year 𝑿𝟐 Df p 

2010 57.00 8 <0.001 

2011 376.80 8 <0.001 

2012 269.78 8 <0.001 

2013 47.10 8 <0.001 

2014 49.14 8 <0.001 

2015 151.20 8 <0.001 
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Table 2.3: Comparison of Adélie and gentoo foraging ranges during the chick-rearing phase of the breeding season at Palmer Station, 

Antarctica, from 2010-2015 (excluding 2014 and Adélie penguins tagged at Biscoe Point). Parameters include: overall (95% 2D KDE) 

and core (50% 2D KDE) foraging area (km2), % overlap and the associated utilization distribution overlap index (UDOI). 

    Adélie Gentoo   

Year Kernel 

density 

n Area 

(km2) 

% Overlap with 

gentoo 

n Area 

(km2) 

% Overlap with 

Adélie 

UDOI 

2010 95% 7 101.2 2.2 6 167.6 1.3 0.00 

50% 25.0 0.0 40.6 0.0 0.00 

2011 95% 10 196.0 4.8 8 198.6 4.8 0.00 

50% 41.0 0.0 46.2 0.0 0.00 

2012 95% 10 129.3 15.3 12 187.4 10.6 0.01 

50% 34.0 0.0 44.9 0.0 0.00 

2013 95% 8 54.9 0.0 11 122.5 0.0 0.00 

50% 11.4 0.0 29.3 0.0 0.00 

2015 95% 11 78.7 18.7 7 204.4 7.2 0.00 

50% 17.5 0.0 41.3 0.0 0.00 
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Table 2.4: Comparison of the foraging areas and spatial overlap of Adélie and gentoo penguins tagged at Biscoe Point during the 

chick-rearing phase of the breeding season at Palmer Station, Antarctica. Parameters include: overall (95% 2D KDE) and core (50% 

2D KDE) foraging area (km2), % overlap and the associated utilization distribution overlap index (UDOI). 

  Adélie Gentoo  

Year Kernel 

density 

n Area 

(km2) 

% Overlap with 

gentoo 

n Area 

(km2) 

% Overlap with 

Adélie 

UDOI 

2011 95% 1 37.5 99.7 8 198.2 18.9 0.22 

50% 8.3 55.1 45.9 10.0 0.03 

2012 95% 2 90.7 90.8 12 187.6 43.9 0.49 

50% 22.5 66.6 45.1 33.3 0.09 

2015 95% 
2 

28.6 35.7 7 205.3 5.0 0.03 

50% 7.0 18.5 41.1 3.1 0.00 
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Table 2.5: Results of generalized linear mixed model comparing Adélie and gentoo dive depth by year  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Maximum 

depth 

Forage depth 

 𝑿𝟐 p 𝑿𝟐 p 

2010 21.23 <0.001 21.03 <0.001 

2011 13.91 <0.001 12.66 <0.001 

2012 14.44 <0.001 12.87 <0.001 

2013 14.77 <0.001 13.11 <0.001 

2015 44.07 <0.001 43.72 <0.001 



69 

 

 

Table 2.6: Comparison of Adélie penguin foraging parameters by colony location during the chick-rearing phase of the breeding 

season at Palmer Station, Antarctica. Parameters include: maximum depth (mean ± SD), estimated forage depth (mean ± SD), distance 

of foraging dives from colony (mean ± SD), dive index (mean ± SD) and proportion of benthic dives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Year Island n Maximum depth 

(m) 

Estimated 

forage depth 

(m) 

Distance 

from colony 

(km) 

Dive index 

(DI) 

Proportion 

of benthic 

dives 

2011 

 

Humble 7 26.9 ± 13.5 23.3 ± 12.1 9.5 ± 4.7 0.14 ±  0.13 0.005 

Biscoe 1 42.8 ± 16 37.2 ±  14.8 9.9 ±  3.0 0.16 ± 0.08 0 

2012 

 

Torgersen 10 13.3 ± 5.4 11.7 ± 4.8 5.8 ± 2.3 0.07 ±  0.07 0.004 

Biscoe 2 19.2 ± 10 17.0 ±  9.2 5.4 ±  3.0 .09 ± 0.31 0 

2015 

 

Torgersen 11 16.0 ± 8.1 13.9 ± 6.8 5.1 ± 1.8 0.08 ±  0.09 0.003 

Biscoe 2 14.2 ±  5.3 12.9 ±  4.8 6.6 ±  2.9 .08 ± 0.07 0 
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Table 2.7: Comparison of the three-dimensional foraging areas and spatial overlap of Adélie and gentoo penguins tagged at Biscoe 

Point during the chick-rearing phase of the breeding season at Palmer Station, Antarctica. Parameters include: overall (95% 3D KDE) 

and core (50% 3D KDE) foraging area (km3), % overlap and the associated utilization distribution overlap index (UDOI). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Adélie   Gentoo   

Year Kernel 

density 

n Area ( km3) % overlap 

with gentoo 

n Area ( km3) % overlap 

with Adélie 

UDOI 

2010 95% 7 3.4 1.1 6 11.7 0.3 0.00 

50% 0.6 0.0 2.2 0.0 0.00 

2011 95% 10 9.4 1.4 8 19.9 0.6 0.00 

50% 1.6 0.0 3.2 0.0 0.00 

2012 95% 10 2.1 15.9 12 10.2 3.3 0.01 

50% 0.5 2.6 1.6 0.9 0.00 

2013 95% 8 1.6 0.0 11 8.0 0.0 0.00 

50% 0.3 0.0 1.3 0.0 0.00 

2015 95% 11 2.3 8.0 7 18.1 1.0 0.00 

50% 0.5 0.0 3.2 0.0 0.00 
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Table 2.8: Comparison of the three-dimensional foraging areas and spatial overlap of Adélie and gentoo penguins tagged at Biscoe 

Point during the chick-rearing phase of the breeding season at Palmer Station, Antarctica. Parameters include: overall (95% 3D KDE) 

and core (50% 3D KDE) foraging area (km3), % overlap and the associated utilization distribution overlap index (UDOI). 

 

 

 

 

 

 

 

 

 

 

 

 

      Adélie   Gentoo   

Year Kernel 

density 

n Area 

( km3) 

% overlap 

with 

gentoo 

n Area 

( km3) 

% overlap 

with 

Adélie 

UDOI 

2011 95% 1 1.4 72.1 8 19.5 5.0 0.06 

50% 0.2 33.3 3.1 2.5 0.01 

2012 95% 2 2.3 74.1 12 10.0 17.3 0.30 

50% 0.5 52.4 1.6 15.7 0.04 

2015 95% 2 0.5 21.6 7 17.9 0.6 0.00 

50% 0.2 7.4 3.2 0.4 0.00 
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Table 2.9: Foraging parameters of Adélie and gentoo penguins during the chick-rearing phase of 

the breeding season at Palmer Station, Antarctica, from 2010-2015 (excluding 2014 and Adélie 

penguins tagged at Biscoe Point). Parameters include: maximum depth (mean ± SD), estimated 

forage depth (mean ± SD), distance of foraging dives from colony (mean ± SD), dive index 

(mean ± SD) and proportion of benthic dives. 

 

 

 

 

 

  

Year Species n Maximum 

depth (m) 

Estimated 

forage 

depth (m) 

Distance 

from 

colony 

(km) 

Dive index 

(DI) 

Proportion 

of benthic 

dives 

2010 

 

Adélie 7 21.5 ± 11.3 18.3 ± 10.1 7.3 ± 3.2 0.09 ±  0.07 0.001 

Gentoo 6 46.6 ± 24.1 39.8 ± 22.1 8.6 ± 3.7 0.19 ±  0.16 0.008 

2011 

 

Adélie 10 26.9 ± 13.5 23.3 ± 12.1 9.5 ± 4.7 0.14 ±  0.13 0.005 

Gentoo 8 54.4 ± 29.6 46.7 ± 27.0 9.4 ± 4.9 0.17 ±  0.14 0.006 

2012 

 

Adélie 10 13.3 ± 5.4 11.7 ± 4.8 5.8 ± 2.3 0.07 ±  0.07 0.004 

Gentoo 12 39.6 ± 27.2 34.8 ± 24.6 8.7 ± 4.8 0.16 ±  0.16 0.009 

2013 

 

Adélie 8 20.1 ± 9.1 18.1 ± 8.3 5.6 ± 2.6 0.10 ± 0.10 0.001 

Gentoo 11 35.2 ± 19.5 30.4 ± 17.2 6.8 ± 3.4 0.14 ±  0.11 0.004 

2015 

 

Adélie 11 16.0 ± 8.1 13.9 ± 6.8 5.1 ± 1.8 0.08 ±  0.09 0.003 

Gentoo 7 64.6 ± 31.5 55.1 ± 29.0 11.6 ± 5.5 0.23 ±  0.19 0.043 
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CHAPTER 3: GENERAL CONCLUSION  

 My research investigated the foraging niches of Adélie and gentoo penguins over the 

course of five breeding seasons at Palmer Station, Anvers Island. The primary objective of this 

study was to determine the extent and consistency of niche segregation between these two 

species through dietary comparisons and by examining their spatial distributions in three-

dimensions. While I found substantial overlap in the diets of Adélie and gentoo penguins, my 

results showed that Adélie and gentoo penguins partition this shared prey resource through 

spatial segregation of their primary foraging areas and depth ranges. Furthermore, I did not find 

evidence that Antarctic krill is a limiting resource during the breeding season. These results do 

not suggest that competition for prey exists between Adélie and gentoo penguins and therefore is 

unlikely to be a driver of their opposing population trends at Palmer Station.  

There are other possible explanations for Adélie and gentoo population trends related to 

biotic interactions that I did not address in this study, including reduced resources and 

competition with other krill predators (e.g. baleen whales) during the post-breeding season. It is 

possible that prey resources are limiting in the post-breeding season and/or the potential for 

competition between krill predators is higher during the winter. Differences in the spatial 

distribution of Adélie and gentoo penguins during the winter months likely play a crucial role in 

their opposing population trends. Differing strategies during the post- breeding season may 

reveal other causal mechanisms behind the opposing population trends of Adélie and gentoo 

penguins (Fraser et al. 1992). For example, there could be differences in the distribution and 

abundance of prey that is associated with gentoo habitat (nearshore) versus Adélie habitat (close 

to the edges of fast ice). In regions where Adélie penguin populations have declined, there is 

evidence that a primary driver of population declines is poor juvenile recruitment, indicating 

insufficient resources and/or habitat during the post-breeding season (Trivelpiece et al. 2011; 

Hinke et al. 2007). Future research should focus on understanding more about the ecological 

niches of Adélie and gentoo penguins during the post-breeding season, and the extent of resource 

limitation during this period.  

The recent recovery of Antarctic humpback whales is a focal aspect of Trivelpiece et al’s 

(2011) hypothesis that Pygoscelid population declines are the results of increased competition 

with krill predators. Similar to the krill surplus hypothesis (Laws 1970), this hypothesis has 
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proven challenging to test. Our study did not address foraging competition with whales, though 

there is evidence from studies conducted on the WAP, as well as in the Ross Sea that indicate 

significant spatiotemporal and dietary overlap between penguins and whales. A multi-year study 

in the Ross Sea found that the presence of minke whales affected prey availability, and the 

foraging trip durations of penguins during the breeding season (Ainley et al. 2006). Friedlaender 

et al. (2008) found evidence of overlap in prey resources utilized by Adélie penguins and 

humpback whales in the vicinity of Palmer Station, but no evidence to suggest that whale 

abundance affected the foraging behavior (foraging trip duration) of penguins. During the austral 

summer months, large numbers of humpback whales migrate to high latitude feeding grounds, 

representing a large influx of krill predators in the Palmer area during the same time prey 

demand by penguins is highest (Friedlaender et al. 2008).  While there is potential for 

competition for shared prey resources in the Palmer region based on spatiotemporal overlap, the 

differing life history and physiological constraints of cetaceans and penguins complicate our 

understanding of niche segregation and competition between these two groups of animals 

(Friedlaender et al. 2011). It is also important to note that while many populations of baleen 

whales (e.g. humpback whales) have increased in recent decades, the overall abundance of 

baleen whales in this region is still well below what it was in the pre-whaling era. Thus, it is 

important to consider a long-time frame when considering the top-down effects of whales in this 

current ecosystem. My results build on our understanding of penguin foraging niches during the 

breeding season at Palmer Station, and this knowledge can be incorporated into future research 

that directly addresses competition between penguins and whales.  

 In addition to the alternative biological mechanisms discussed above, there is strong 

evidence suggesting that physical changes in penguin habitat are responsible for the decline of 

Adélie penguins on the WAP and the simultaneous expansion of gentoo penguin colonies. 

Gentoo penguins are an ice-intolerant species whose range on the peninsula is currently 

restricted to areas with less than 50% November sea ice coverage (Lynch et al. 2012). Thus, 

reductions in sea ice along the peninsula have resulted in more accessible habitat for gentoo 

penguins. The opposite is true for the ice-obligate Adélie penguin (Fraser et al. 1992). While a 

recent study by Lynch et al. (2012) did not find a correlation between November sea ice 

coverage and Adélie trends, there is ample evidence that winter sea ice conditions are important 
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for juvenile recruitment (Trivelpiece et al. 2011; Hinke et al. 2007; Fraser et al. 1992). An 

overall decline of chinstrap penguins on the WAP (a species also described as an ice-intolerant) 

suggests that sea ice does not explain all of the observed variability in Pygoscelis trends (Lynch 

et al. 2012; Trivelpiece et al. 2011). In addition to sea ice changes, gentoo penguins are 

hypothesized to be more tolerable to increases in precipitation and warmer temperatures on the 

WAP. Higher amounts of snow accumulation into the late spring increase the likelihood of nest 

flooding and chick mortality at breeding colonies (Fraser et al. 2013). Extinctions of local 

breeding colonies of Adélie penguins in the Palmer region have been linked to island 

geomorphology, due to higher snow accumulation on leeward facing slopes (Fraser et al. 2013). 

While both species are vulnerable to snow accumulation during nesting, gentoo penguins have 

the advantage of a slightly delayed breeding schedule and more flexible breeding phenology 

(Lynch et al. 2012; McClintock et al. 2008; Trivelpiece et al. 1987). Future research should 

continue to explore the effects of local and large-scale climate variability (e.g. Cimino et al. 

2016b; Cimino et al. 2014). 

 The potential mechanisms that explain Adélie and gentoo penguin population trajectories 

on the WAP are complex. Here, I have demonstrated that competition between these two species 

during the breeding season is not a likely driver of the trends observed in the Palmer region. 

These results can be used to inform future studies of competition with other krill predators, such 

as humpback whales. The potential for competition between Adélie and gentoo penguins at other 

breeding sites may depend on local prey availability, colony sizes and proximity of breeding 

colonies. However, my results build on previous studies that have concluded that discrete 

foraging strategies facilitate niche segregation between Adélie and gentoo penguins in areas of 

sympatry. Trivelpiece et al. 1987 surmised that the differences in the foraging strategies of 

Pygoscelis penguins are not the result of competition, rather, a consequence of having evolved in 

different environments. Therefore, future penguin population trajectories will be determined 

largely by how well suited each species is to the current climate. By providing information on 

interspecific interactions, my results inform forecasting studies that aim to predict the effects of 

climate change on Adélie and gentoo penguins, and long-term monitoring programs that rely on 

these top predators as ecosystem sentinels.  
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