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Abstract 

Shifting prey availability can affect consumer diet, indicated by shifts in dietary niche 

breadth and position. On the Newfoundland coast, an annual pulse of the dominant forage fish, 

capelin (Mallotus villosus), provides an excellent opportunity to investigate the influence of 

varying prey availability on seabird diet. During June-August 2017, we investigated seabird 

species- and assemblage-level dietary responses to shifting capelin availability of three breeding 

auk species (Atlantic puffin Fratercula arctica, razorbill Alca torda, common murre Uria aalge), 

and Leach’s storm-petrel (Oceanodroma leucorhoa) using stable isotope ratios (δ15N, δ13C). At 

the species level, trophic position increased, and dietary niche breadth narrowed for auks after 

the inshore arrival of a high abundance of spawning capelin, suggesting a more capelin-based 

diet. Simultaneously, trophic diversity decreased, reflecting a reduced variety of prey species 

consumed by the auk assemblage, iterating the importance of capelin as a prey resource for 

breeding seabirds and highlighting potential changing species interactions such as increasing 

competition, and/or reduced breeding success if capelin declines in biomass. We also conducted 

a controlled feeding experiment on captive adult puffins and murres to calculate diet-tissue 

discrimination factors (DTDFs), or the way in which stable isotopes in the prey are incorporated 

into the tissues of consumers, specifically two blood components (i.e., plasma, cellular 

component). After applying these DTDFs to wild birds, Bayesian mixing model results 

supported our other study, revealing murres consumed predominantly capelin, while puffins 

consumed sandlance, snailfish, and smaller fish. Using published DTDFs from other studies, 

however, resulted in different prey proportions, reiterating the importance of species- and tissue-

specific diet-tissue discrimination factors when reconstructing dietary proportions of wild 

seabirds. 
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Thesis Introduction 

 

Co-occurring dense aggregations of closely related species raise questions as to the 

mechanisms allowing coexistence. Niche theory provides the theoretical background to help 

understand individual-, population- and species-level response to varying environmental 

conditions (Maguire 1973). An ecological niche is defined as the range of conditions and 

resources used by a species to grow, reproduce and survive, represented as an n-dimensional 

hypervolume (Hutchinson 1957). The dietary niche, defined as the variety of prey resources used 

by a species, represents some of these infinite dimensions and while it is a theoretical construct, 

dimensions such as dietary niche breadth, can be quantified. A species with a narrow dietary 

niche implies the use of a narrow range of prey sources, whereas a broad dietary niche implies 

use of a wider range of prey sources (Gallagher et al. 2014). The competitive exclusion principle 

states that two species filling an identical niche cannot survive alongside one another when 

shared resources are limited, as one will always have the advantage and outcompete the other 

(Gause 1859, Hardin 1960). In nature, therefore, no two species share all identical niche 

dimensions, as interspecific interactions act to constrain the fundamental niche of a species, 

resulting in a restricted or realized niche. Species-specific realized dietary niches may well 

overlap, representing shared resource use, but cannot be identical if the resource is limiting. 

Predator population sizes often fluctuate with resource availability and, thus, species may 

avoid direct competition for limited resources by segregating dietary niches to allow coexistence. 

For instance, predator species with similar ecological niches may vary in dietary niche (Pianka 

1969), which is common in communities of sympatrically occurring predators that are 

congeneric or morphometrically similar (Lack 1946). Additionally, while dietary niche may 
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overlap in one or more dimensions (e.g. prey species consumed), other dimensions may also vary 

(e.g., prey size, capture method, capture location; Suryan and Fischer 2010, Pontón-cevallos et 

al. 2017). This variation in dietary niche dimensions among species may reduce interspecific 

competition and allow multiple species to forage at the same place and time (Schoener 1974). By 

simultaneously examining prey availability and dietary niche metrics of ecologically similar, 

sympatric predators, we can begin to understand the dietary niche at the community level, which 

is novel, as it is common in ecology to focus at the species level or examine paired-species 

interactions, with only 17% of ecological studies in the past 30 years focused at the assemblage 

level (Carmel et al. 2013).  

Multi-species seabird breeding colonies provide an excellent opportunity to examine 

metrics of dietary niche at the assemblage level. Seabirds, defined as birds whose normal habitat 

is the sea (Harrison 1983), are distributed on every continent and in every ocean (Onley and 

Scofield 2007). Seabirds are spatially constrained to suitable breeding habitat during the 

breeding season, typically isolated, oceanic islands, primarily due to the impact of mammalian 

predators which, in turn, has led to the formation of large, highly dense multi-species colonies 

with species filling multiple trophic levels, whereby an assemblage may consist of secondary and 

primary consumers that feed on a wide range of prey resources, from zooplankton to large fish 

and other bird species (Nelson 1979).  

Breeding seabirds act as central-place foragers in that they return to the nest site to 

incubate the egg or feed dependent young. To maximize energy delivery rates to chicks, parents 

must forage within a limited range of the colony (Orians and Pearson 1979). Prey sources are 

often unpredictably located within foraging ranges, especially in the pelagic environment where 

prey is often patchy and ephemeral (Oro and Furness 2002). As the breeding season continues, 
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prey availability within foraging ranges may not remain constant. Indeed, local depletion of prey 

resources surrounding large seabird colonies is known as “Ashmole’s halo” (Birt et al. 1987), 

and results from intensive foraging by high numbers of spatially constrained breeding seabirds 

nearby colonies during the breeding season (Ashmole 1963, Gaston et al. 2007). When prey 

become depleted nearby colonies, individuals are forced to travel farther to find high-energy prey 

later in the season (Elliott et al. 2009). The farther an individual must travel for food, the larger 

the prey load should be due to the time and energy investment in longer distance travel (Cuthill 

and Kacenik 1990). As the availability of high quality prey decreases or is located farther from 

the colony, predators may incorporate a wider variety of suboptimal prey types. Therefore, 

species-specific dietary niche breadth may broaden (MacArthur and Pianka 1966), while dietary 

niche overlap may decrease among seabird species. 

Seabird species have evolved many different dietary niches, possibly to avoid lowering 

the rate of energetic gain from the local environment below that which is required to support the 

community. Some closely-related species, such as the storm-petrel complex of the Azores 

(Bolton et al. 2008) and western Mexico (Ainley 1980), have evolved asynchronous breeding 

cycles to take advantage of resources throughout the year. Other species may be specialist 

scavengers and target natural sources, such as detritus from feeding cetaceans (Harrison 1979, 

Muirhead et al. 2013), or anthropogenic sources, such as waste from fisheries (Jodice et al. 2011, 

Wagner and Boersma 2011). Within multi-species colonies that breed synchronously, species 

differ in breeding phenology as well as aspects of their morphology (e.g., body size, bill length, 

wing loading; Hertel and Ballance 1999) and behaviour (e.g., diel activity cycle, dive depth, 

foraging technique), resulting in varying dietary niches (Cody 1973, Croxall and Prince 1980). 

For example, Ashmole (1968) illustrated variation in prey size and diet composition among five 
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species of sympatric tropical tern. Similarly, Navarro (2013) showed divergent foraging 

behaviour and diet of four sympatric planktivorous petrels. In contrast, seabird communities in 

the north Atlantic show high dietary overlap (Forero et al. 2004), which may result from a 

limited variety of high quality prey species in the area and/or a high-quality prey species that is 

temporarily superabundant. When a high quality food source becomes highly abundant, 

predators would not compete as their requirements for this shared resource is not limited (Lack 

1946). For example, five species in Iceland rely on two fish species (Lilliendahl and 

Solmundsson 1997, Thompson et al. 1999), and similarly, relatively few prey species make up 

much of the diet of seabirds in the northwest Atlantic (Carscadden et al. 2002).  

 

Study Area and Species 

The study area is situated off the northeastern coast of Newfoundland within the marine 

low Arctic zone. The Labrador Current brings cold, ecologically productive water southward 

from the Arctic (Wang et al. 2015), supporting a large complex of marine predators, including 

breeding and non-breeding species of seabirds (Gaston et al. 2009). Many islands, varying in size 

and distance from the mainland, provide suitable habitat for highly dense, mixed-species seabird 

colonies. Similar to other marine ecosystems, the northwest Atlantic is characterized by a wasp-

waist food web structure, whereby there are multiple species at lower trophic levels (primary 

consumers: zooplankton) and higher trophic levels (secondary consumers or top predators), but 

only one or few species of forage fish connecting higher and lower trophic levels (Bakun 2006). 

Within the northwest Atlantic food web, capelin (Mallotus villosus) occupies this critical 

intermediate level, or waist, as the single dominant forage fish (Buren et al. 2014). Dense 

aggregations of capelin migrate inshore to spawn in coastal Newfoundland during June and July, 
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providing a highly abundant source of food for predators (Davoren 2013) and transforming the 

coastal prey base from lower (pre-spawning) to higher (during spawning) biomass. This pulsed 

resource is the most important single food source for many seabird species in the area, 

influencing at-sea distribution, breeding chronology and success as well as diet (Davoren et al. 

2003, Davoren et al. 2012, Davoren 2013).  

This switch from lower to higher prey biomass appears to directly affect species 

interactions among a diverse group of marine predator species (i.e., gulls, shearwaters, whales) 

through changes in dietary niche breadth and overlap within the community (Gulka et al. 2017) 

and a similar but more marked response is expected among species within the same foraging 

guild. Three sympatric alcids species, or ‘auks’, specifically the Atlantic Puffin (Fratercula 

arctica), Razorbill (Alca torda) and Common Murre (Uria aalge), represent a valuable 

experimental group for examining effects of varying prey availability on dietary niche dynamics 

at the assemblage level, as they are all wing-propelled divers that consume small fish and 

invertebrates, and often breed on the same islands. These species, however, also differ in 

multiple ways. Murres are the largest (800-1125 g, Ainley et al. 2002), dive deepest (180 m, Piatt 

and Nettleship 1985), and feed their chicks a single prey item at a time, predominantly capelin 

(Davoren and Montevecchi 2003). Puffins are the smallest (404-538 g, Lowther et al. 2002), 

perform shallower dives (60-70 m, Burger 1991), and deliver multiple prey items to their chick 

at time, often a variety of larval fish, sandlance, and capelin (Burke and Montevecchi 2008). 

Razorbills are intermediate between murres and puffins in mass (570-880 g, Lavers et al. 2009), 

and maximum dive depth (120 m, Piatt and Nettleship 1985), feeding their chicks one prey item 

at a time, predominantly capelin and sandlance (Pratte et al. 2017). In contrast, shifts in prey 

biomass may not directly influence species interactions among sympatric but unrelated seabird 
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species. For example, gull species shift from consuming other seabirds (e.g. Leach’s storm-

petrels) and their chicks (e.g. black-legged kittiwakes) when spawning capelin arrive inshore 

nearby breeding colonies (Stenhouse and Montevecchi 1999, Massaro et al. 2000). Leach’s 

storm-petrel is a small (41-55 g, Huntington et al. 1996), surface-feeding pelagic procellariform 

seabird, differing in diet from the alcids by predominantly feeding on mesopelagic prey 

including myctophids, sandlance and hyperiids (Hedd et al. 2009). Although capelin form a 

minor proportion of the diet (3 of 316 individual fish identified in regurgitate, Hedd et al. 2009), 

they are likely too small to feed on spawning adults, thus, allow an examination of indirect 

effects of abundant spawning capelin on a predator species that does not rely upon them.  

 

Stable isotope analysis 

Traditional dietary studies on seabirds relied on observations of parental prey deliveries 

to offspring, regurgitate or necropsies (Lilliendahl and Solmundsson 1997). These techniques 

can be biased, however, owing to differential digestibility of prey types, and because they 

provide only a short-term, snapshot of dietary composition (Votier et al. 2003). Stable isotope 

analysis has grown in popularity as an alternative non-destructive sampling technique (Layman 

et al. 2012). Indeed, stable isotope analysis has become a key tool for investigating animal diet 

and predator-prey interactions within food webs (Peterson and Fry 1987), as it provides a view of 

assimilated diet over a period of time, rather than a single point in time. Stable isotope analysis is 

also advantageous for seabird research as it allows the investigation of diet and habitat use when 

seabirds are at sea and cannot be easily observed or sampled (Cherel et al. 2000, Paiva et al. 

2015, Danckwerts et al. 2016). 
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Nitrogen and carbon elements are typically used in ecological studies of diet. Isotopic 

ratios (expressed as δ) are notated as a parts-per-thousand (‰) ratio of the heavier and lighter 

stable isotopes of carbon (¹³C/¹²C) and nitrogen (15N/14N), when compared to those of 

international standards (atmospheric air for nitrogen, Pee Dee Belemnite for carbon). Nitrogen 

isotope ratios increase with trophic level and, thus, ratios infer the position of an organism in a 

food chain (Young et al. 2010). Carbon varies by primary producer, providing insight into 

habitat use (e.g., inshore versus offshore, benthic versus pelagic; Hobson et al. 1994). An 

underlying assumption is that isotopic ratios of consumer tissue reflect the ratios of their prey at 

a temporal scale that is dependent on the rate of incorporation into consumer tissue (Oppel and 

Powell 2010). Incorporation rates, often quantified as ‘turnover rate’, vary among consumer 

tissue types, such as plasma (2-3 days), the cellular component of blood (12-15 days), and 

feathers (period of growth; Hobson and Clark 1993). Therefore, by sampling multiple tissues, we 

can investigate the dietary niche of an individual over many time scales. 

Stable isotope analysis, however, has a number of underlying assumptions that must be 

considered. Isotopic ratios plotted in typical bivariate fashion are analogous to two dimensions of 

the ecological niche, as described by Hutchinson (1957). Indeed, the isotopic niche is a proxy of 

the dietary niche, similar to data derived from dietary collections in the field (e.g. stomach 

analysis), but driven by underlying biochemical processes (Layman et al. 2012). Diet-tissue 

discrimination (also known as fractionation, trophic discrimination, enrichment) refers to the 

change in isotope ratios from the prey tissue as they are incorporated into the tissue of the 

consumer, due to physiology and isotopic routing (Bond and Diamond 2011). Therefore, to 

directly compare isotope ratios of prey with that of consumers, a diet-tissue discrimination factor 

must be applied. Quantifying diet-tissue discrimination factors requires a controlled study with 
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individual consumers held on a constant diet (i.e. low variation in isotope ratios) long enough for 

the tissue to turnover completely. Therefore, there are not many published trophic discrimination 

factors for seabirds (Hobson and Clark 1992b, Cherel et al. 2005, Ciancio et al. 2016), despite 

the importance of selecting appropriate discrimination factors being repeatedly raised by 

researchers (Bearhop et al. 2002, Caut et al. 2009). Owing to this lack of discrimination factors, 

researchers often use discrimination factors published for related species, or average 

discrimination factors over either multiple species, or multiple tissues (Steenweg et al. 2011, 

Lavoie et al. 2012). While not ideal, it enables insight into trends in dietary niches that would be 

difficult to elucidate otherwise. Other factors that may influence stable isotope ratios in seabirds 

include biochemical reactions associated with rapid moult, digestion (Bearhop et al. 2002) or 

yolk formation in female birds (Speake et al. 1998). Lipids are depleted in 13C, altering δ13C 

values, which can mislead analyses, however, this can be avoided by either extracting lipid from 

tissue samples, or mathematical corrections (Caut et al. 2009). It is important to be aware of the 

caveats associated with stable isotope analysis, especially during analysis and interpretation of 

results. 

Multiple quantitative approaches are available to measure realized dietary niches both at 

the species- and community-level using stable isotope data. For example, Layman et al. (2007), 

described several community-level metrics to quantify dietary niche structure. In contrast, at the 

species-level, Jackson (2011) introduced a method of quantifying dietary metrics within the 

Bayesian paradigm that incorporates variability in parameters. For instance, Standard Ellipse 

Area, defined as the standard deviation around a bivariate mean that encompasses approximately 

40% of data points, allows comparisons of niche breadth between data sets. The Bayesian-based 

approach is especially advantageous for reconstructing prey type proportions in mixing models 
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(e.g., MixSIAR); however, mixing models require stable isotope ratios of all potential prey 

species as well as appropriate diet-tissue discrimination factors (Layman 2012). 

 

Thesis Objectives 

Although prey is thought to be limiting within foraging ranges of seabird breeding 

colonies, prey availability is rarely quantified. For Chapter 1, my first objective was to 

investigate changes in dietary niche metrics of three alcids, the Atlantic puffin (Fratercula 

arctica), common murre (Uria aalge), razorbill (Alca torda), and the unrelated Leach’s storm-

petrel (Oceanodroma leucorhoa), to examine species- and assemblage-level responses to varying 

prey biomass during the summer on the northeastern Newfoundland coast. At the species level, I 

hypothesized that the trophic position and dietary niche breadth of sympatric alcid species (i.e., 

murres, razorbills, puffins) are influenced by capelin availability. I predicted that when capelin 

availability shifts from lower (i.e. pre-spawning) to higher (i.e. spawning), each alcid species will 

show a (1) contraction in dietary niche breadth and a (2) trophic position shift towards capelin. 

As storm-petrels are not known to feed extensively on capelin, I predicted niche breadth and 

position will remain unaffected by the shift in capelin availability. At the alcid-assemblage level, 

I hypothesized that trophic diversity and redundancy of the assemblage are influenced by capelin 

availability. I predicted that when capelin availability shifts from lower to higher, there will be a 

decrease in assemblage trophic diversity and an increase in trophic redundancy.   

For Chapter 2, my primary objective was to provide the first estimates of diet-tissue 

discrimination factors (DTDFs) of the plasma and cellular component (δ 15N, δ 13C) for captive 

adult Atlantic puffins and common murres fed a two-source diet of capelin and silverside 
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(Menidia menidia). My secondary objective was to reconstruct the diet of wild common murres 

and Atlantic puffins breeding sympatrically in coastal Newfoundland using both published and 

our calculated DTDF values within a Bayesian stable isotope mixing model. Similar to Bond and 

Diamond (2011), I compared reconstructed dietary proportions and the credibility of model 

output (i.e. model diagnostics) between our species-specific DTDFs relative to using published 

values for both blood components. Finally, as studies of piscivorous consumers use either whole 

fish (Mizutani et al. 1992, Bearhop et al. 2002) or muscle tissue (Hobson et al. 1994, Ciancio et 

al. 2016) to reconstruct dietary proportions, I compared the δ15N and δ13C within individual fish 

to examine whether using whole samples is preferable. I conclude by evaluating the importance 

of conducting other similar captive studies to determine species-specific DTDFs. 
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Chapter One. Seabird species- and assemblage-level responses to changing prey availability 

during breeding in coastal Newfoundland 
 

Abstract 

 

Shifting prey availability can lead to altered species interactions, indicated by variation in 

the dietary niche breadth and position of a species. On the Newfoundland coast, an annual pulse 

of the dominant forage fish, capelin (Mallotus villosus), provides an excellent opportunity to 

investigate the influence of varying prey availability on dietary niche breadth and position 

among species. During June-August 2017 we investigated species- and assemblage-level 

responses to shifting capelin availability of four breeding seabird species: three auks, the Atlantic 

puffin (Fratercula arctica), razorbill (Alca torda), common murre (Uria aalge), and Leach’s 

storm-petrel (Oceanodroma leucorhoa). We quantified stable isotope ratios (δ15N, δ13C) in 

seabird blood collected both before and after capelin arrived in the study area and compared 

dietary niche breadth within a Bayesian framework. At the species level, trophic position 

increased, and dietary niche breadth narrowed for all species capelin arrived, suggesting a more 

capelin-based diet, similarly, trophic diversity, reflecting the variety of prey species consumed 

by the auk assemblage, decreased after capelin arrived. Findings reiterate the importance of 

capelin as a prey resource for breeding seabirds in coastal Newfoundland and highlight potential 

changing species interactions such as increased competition, increased predation risk, and 

potential reduced fecundity and breeding success if capelin declines in biomass. 
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Introduction 

 

Co-occurring dense aggregations of closely related species raise questions as to the 

mechanisms allowing coexistence. Niche theory provides the theoretical background to 

understand individual-, population- and species-level responses to environmental conditions 

(Maguire 1973). An ecological niche is defined as the range of conditions and resources used by 

a species to grow, reproduce and survive, represented as an n-dimensional hypervolume 

(Hutchinson 1957). The dietary niche, defined as the variety of prey resources used by a species, 

represents some of these infinite dimensions and while it is a theoretical construct, dietary niche 

breadth can be quantified. A species with a narrow dietary niche implies the use of a narrow 

range of prey sources, while use of a wider range of prey sources is represented by a broader 

dietary niche (Gallagher et al. 2014). To allow coexistence, species with similar ecological 

niches may avoid direct competition for limited food resources by segregating dietary niches 

(Pianka 1969), which is common in sympatric predators that are congeneric or morphometrically 

similar (Lack 1946). This variation in dietary niche dimensions among species may reduce 

interspecific competition and allow multiple species to forage at the same place and time 

(Schoener 1974). By simultaneously examining dietary niche metrics of ecologically similar, 

sympatric predators, we can begin to understand dietary niches of multiple species at the 

community level, which is novel, as it is common in ecology to focus at the species level or 

examine paired-species interactions, with only 17% of ecological studies in the past 30 years 

focused in a multi-species context (Carmel et al. 2013). 

Breeding seabirds provide an excellent opportunity to examine dietary niches of multiple 

species at the assemblage level within marine predator communities, as large, dense multi-

species colonies are common due to spatially constrained suitable breeding habitat (Nelson 
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1979). Breeding seabirds act as central-place foragers, given that they must forage at sea and 

return to the nest site to incubate eggs or feed dependent young (Orians and Pearson 1979). To 

maximize energy delivery rates to chicks, parents must forage within a limited range of the 

colony (Orians and Pearson 1979), where prey sources are often patchily distributed, ephemeral 

and, thus, unpredictably located, especially in the pelagic environment (Oro and Furness 2002). 

Intensive foraging by high numbers of spatially constrained breeding seabirds nearby colonies 

during the breeding season can lead to local depletion of prey resources surrounding colonies, 

known as “Ashmole’s halo” (Birt et al. 1987). In this scenario, species-specific dietary niche 

breadth may increase (MacArthur and Pianka 1966), while dietary niche overlap decreases 

among species to segregate food resources. If a super-abundant prey resource becomes available 

within foraging ranges, however, species-specific dietary niche breadth may contract to focus on 

this prey resource, resulting in increased overlap, as their requirements for this shared resource is 

not limited (Lack 1946). There have been few tests of these theoretical predictions under natural 

conditions, however. 

In coastal Newfoundland, dense aggregations of capelin (Mallotus villosus), the dominant 

forage fish species on which most top predators rely (Buren et al. 2014), migrate inshore to 

spawn during the summer, providing a highly abundant food source for breeding seabirds 

(Davoren 2013) and effectively transform the prey base from less available (pre-spawning) to 

more available (spawning). There is evidence that this switch from low to high prey biomass 

may directly affect interactions among a diverse group of marine predator species (i.e. gulls, 

shearwaters, whales) through changes in dietary niche breadth and overlap within the community 

(Gulka et al. 2017), and a similar but more marked response is expected among species within 

the same foraging guild. Three sympatric alcids species, specifically the Atlantic Puffin 
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(Fratercula arctica), Razorbill (Alca torda) and Common Murre (Uria aalge), represent a 

valuable experimental group for examining effects of varying prey availability on dietary niche 

dynamics at the assemblage level, as they are all wing-propelled divers that consume small fish 

and invertebrates, and often breed on the same islands. These species, however, also differ in 

multiple ways. Murres are the largest (800-1125 g, Ainley et al. 2002), dive deepest (180 m, Piatt 

and Nettleship 1985), and feed their chicks a single prey item at a time, predominantly capelin 

(Davoren and Montevecchi 2003). Puffins are the smallest (404-538 g, Lowther et al. 2002), 

perform shallower dives (60-70 m, Burger 1991), and deliver multiple prey items to their chick 

at time, often a variety of fish (Burke and Montevecchi 2008). Razorbills are intermediate 

between murres and puffins in mass (570-880 g, Lavers et al. 2009), and maximum dive depth 

(120 m, Piatt and Nettleship 1985), feeding their chicks one prey item at a time, predominantly 

capelin and sandlance (Pratte et al. 2017). The sympatric but unrelated Leach’s storm-petrel is a 

small (41-55 g, Huntington et al. 1996), surface-feeding pelagic procellariform seabird, differing 

in diet from the alcids by predominantly feeding on mesopelagic prey including myctophids, 

larval sandlance and hyperiids (Hedd et al. 2009). Although capelin do form a minor proportion 

of the diet (3 of 316 individual fish identified in regurgitate, Hedd et al. 2009), they are likely too 

small to feed on spawning adults, thus, allowing an examination of the effect of spawning 

capelin on a species that does not rely upon them. 

Researchers have begun examining the dietary niches of multiple species at the 

community level using stable isotope ratios of carbon and nitrogen, which is a non-destructive 

tool that provides a view of assimilated diet when seabirds are at sea and cannot be easily 

observed or sampled (Cherel et al. 2000, Paiva et al. 2015, Danckwerts et al. 2016). Different 

tissues reflect different temporal scales of integrated diet, such as plasma (2-3 days) and the 
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cellular component of blood (12-15 days; Hobson and Clark 1993). Therefore, by sampling 

multiple tissues, we can investigate species-specific dietary niche metrics, such as breadth and 

position (i.e. where a species falls in isotopic space in relation to other species) over many time 

scales (e.g., seasons, years; Tierney et al. 2008, Hobson and Bond 2012). To investigate change 

in assemblage-level trophic diversity over time we can use niche metrics such as (1) occupied 

iso-space on the vertical axis (range of δ 15N), (2) occupied iso-space on the horizontal axis 

(range of δ 13C), (3) total occupied niche space, and (4) average distance between all species 

(mean distance to centroid), while change in trophic redundancy can be quantified by shifts in 

distance in iso-space between each species and the species nearest to it. When comparing the 

dietary niches of multiple species, however, species-specific diet-tissue discrimination factors, or 

the change in isotope ratios when prey tissue is incorporated into the tissue of the consumer, 

must be taken into account (Bond and Diamond 2011), and prey species isotopic ratios must be 

measured to interpret dietary shifts.  

In this paper we investigate change in the dietary niche metrics of multiple seabirds to 

examine species- and assemblage-level responses to varying prey availability during the summer 

on the northeastern Newfoundland coast. At the species level, I hypothesize that the trophic 

position and dietary niche breadth of sympatric alcid species (i.e., murres, razorbills, puffins) are 

influenced by capelin availability (H1). I predict that when capelin availability shifts from lower 

(i.e. pre-spawning) to higher (i.e. spawning), each alcid species will show a (1) contraction in 

dietary niche breadth, and a (2) trophic position shift towards capelin. As storm-petrels are not 

known to feed extensively on capelin, I predict niche breadth and position will remain unaffected 

by the shift in capelin availability. At the alcid assemblage-level, I hypothesize that trophic 

diversity and redundancy of the assemblage are influenced by capelin availability (H2). I predict 
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that when capelin availability shifts from lower (i.e. pre-spawning) to higher (i.e. spawning), 

there will be a decrease in assemblage trophic diversity and an increase in trophic redundancy. 

 

 

Methods 

 

Study area and species 

Research was conducted during July-August 2017 on the northeast Newfoundland coast, 

whereby four seabird species were blood sampled at breeding colonies (Table 1.1) on three 

islands < 18 km from shore, including South Cabot Island, James Island, and South Penguin 

Island (Fig. 1.1). Blood was sampled from each species during both low (July 10-28) and high 

(August 2-14) capelin availability periods (Table 1.1). Prey availability periods (i.e. low, high) 

were determined by monitoring the arrival of spawning capelin and timing of spawning at both 

beach and deep-water spawning sites. Following methods in Crook et al. (2017), we checked for 

adult capelin and/or capelin eggs at four known spawning beaches every second day and four 

known deep-water spawning sites weekly from July 1-August 15. Capelin first spawned in the 

study area on August 2, which marked the delineation between low (i.e. pre-spawning) and high 

(i.e. spawning) capelin availability. This delineation was used to determine sampling periods for 

stable isotope ratios in predator and prey tissue (Table 1.1). During the first sampling effort (low 

capelin availability), all species were incubating eggs, while during the second (high capelin 

availability) many were brooding chicks. All individuals sampled were confirmed to be breeding 

by incubating an egg, guarding a chick, or having a vascularized brood patch (in the case of 

storm-petrels). 
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Seabird blood sampling 

Burrow-nesting species (razorbill, puffin) were hand-captured in the burrow, and ground-

nesting species (murre) were captured using a noose pole from the edge of the colony. Mist-nets 

(Ecotone 2 x 12 m; 19 mm2 mesh size), ~50 cm above the ground and securely attached to the 

ground using guy lines, were used to capture Leach’s storm-petrels at night. Short (~ 2 h) 

sampling sessions with mist nets were used to minimise impact on chick provisioning, and mist-

netting was not repeated in the same area within 4 weeks. Once captured, each bird was banded 

to avoid re-sampling the same individuals during a sampling session. A blood sample was taken 

from the brachial or median metatarsal vein using 25-gauge syringes for all species, except 27-

gauge puncture needles and 75 µL capillary tubes for Leach’s storm-petrels. To ensure < 10% of 

the total volume of blood was sampled (Voss et al. 2010), we did not take more than 1% of the 

body mass of the bird. Whole blood was stored in EDTA tubes, placed on ice (<10 h) and later 

centrifuged. Once centrifuged, the plasma and cellular component, mostly consisting of red 

blood cells, were placed into separate 2 mL micro-centrifuge tubes and frozen at -20°C. Samples 

from Leach’s storm-petrels were too small to centrifuge and instead were frozen as whole blood 

in micro-centrifuge tubes. EDTA has negligible effects on stable isotope ratios in the cellular 

component of blood, but may have greater effects on plasma (Käkelä et al. 2007). We expect the 

influence of EDTA, however, to be consistent across species. 

 

Prey collection 

To sample key prey species to aid interpretation of stable isotope data, we observed and 

collected many prey types in the diet of each seabird species (Table 1.1) using a variety of 
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techniques. Digital automated cameras were placed nearby nest sites of blood sampled birds 

within colonies on James Island (July 28 – Aug 14) and South Cabot Island (July 24 – August 

11) to capture photographs of parental prey deliveries to chicks by murres (1 Reconyx PC800, 1 

photograph every 2 s from 6:00-9:00), as well as puffins and razorbills (3 Bushnell Aggressor 

HD, 3 photographs every 1 s when motion trigged). Prey delivered to chicks also were collected 

by mist-netting breeding puffins (n=17 bill loads) and storm-petrels (n=2 regurgitations) on 

James Island (August 14). Fish were sampled opportunistically from local fishers as well as 

during other research from bottom grabs of the seabed and during mist-netting of adult puffins. 

Fish were identified to species, where possible, and total length (snout to tip of tail) was 

measured. From large fish (i.e. > 100 mm), a muscle plug was taken with a scalpel and stored in 

a 2 mL micro-centrifuge tube at -20ºC for later analysis, while small (i.e. < 100 mm) fish were 

frozen whole. Zooplankton also was collected by horizontally towing a 280 µm plankton net in 

surface waters (<2-5 m depth). Euphausiids were removed from plankton samples and frozen 

separately from the remaining sample, which was primarily comprised of copepods. 

 

Stable isotope analysis 

Seabird plasma and all prey samples were freeze-dried, homogenized and lipids were 

extracted using petroleum ether (solvent) through a Soxhlet apparatus for 8 h, followed by re-

drying and homogenization (Elliott et al. 2017). Lipids were not extracted from whole blood and 

the cellular component as the C:N ratios were low (<3.5; Table 1.1) and, therefore, lipid 

extraction was not required to standardize δ 13C values (Bearhop et al. 2000, Post et al. 2007). 

Homogenised samples (~0.5 mg) were loaded into tin cups and analysed using a continuous-flow 

isotope ratio mass-spectrometer (University of Windsor Laboratory (GLIER), Windsor ON). 
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Precision measurements were ≤0.16‰ for δ 15N and ≤0.12‰ for δ 13C, and accuracy 

measurements were ≤0.06‰ for δ 15N and ≤0.03‰ for δ 13C. Isotopic ratios (expressed as δ) are 

notated as a parts-per-thousand (‰) ratio of the heavier and lighter stable isotopes of carbon 

(¹³C/¹²C) and nitrogen (15N/14N), when compared to those of international standards (atmospheric 

air for nitrogen, Pee Dee Belemnite for carbon) according to the following equation: 

 

𝛿𝑋 = (𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 1)  ×  1000⁄  

 

Data Analysis 

All analyses were conducted in R (Version 3.4). Prior to analysing stable isotope ratios 

for carbon and nitrogen simultaneously, we tested for multivariate normality using a Shapiro-

Wilk’s Multivariate test. When assumptions for parametric analysis were met, a 2-factor 

multivariate analysis of variance (MANOVA) was used to assess differences in δ 13C and δ 15N 

among species and prey periods, while when assumptions were violated, a non-parametric 

multivariate analysis of variance (PERMANOVA) was used. Subsequently, we used analyses of 

variance for parametric (2-factor ANOVAs) and non-parametric data (1-factor Kruskal-Wallis) 

to investigate differences in δ 13C and δ 15N separately among species and prey periods. Post-hoc 

tests were run on significant relationships using Tukey HSD for parametric data or Steel-Dwass 

for non-parametric data, with pairwise comparisons between species within each prey period and 

within species between prey periods. 

To quantify the niche breadth of each species, the Standard Ellipse Area (SEA) of δ 13C 

and δ 15N was quantified using Stable Isotope Bayesian Ellipses in R (SIBER, Jackson et al. 
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2011). Standard Ellipse Area corrected for small sample size (SEAc) was plotted on isoplots and 

a diet-tissue discrimination factor was applied to consumer stable isotope ratios to allow 

comparison with potential prey groups. Great skua (Stercorarius skua) values of 2.8‰ for δ 15N 

and 1.1‰ for δ 13C were applied to whole blood and cellular component (Bearhop et al. 2002), 

while African penguin (Spheniscus demersus) values of 2.49‰ for δ 15N and 0.12‰ for δ 13C 

were applied to plasma (Barquete et al. 2013). To compare niche breadth among species, a 

Bayesian approach was used, whereby a range of SEA values (posterior distribution) was 

calculated iteratively and the mode was used as the most likely value of niche breadth (SEAb). 

SEAb was calculated using 1,000,000 iterations, 3 chains, a burn in of 1000, and thinning of 10, 

using a vague (non-informative) prior with a normal distribution. We quantified the percentage 

of iterations in which the SEAb for a species was narrower during high relative to low capelin 

availability, to determine whether a species’ niche breadth was narrowed as capelin availability 

increased. 

To compare seabird assemblage-level metrics between prey periods, the following 

community metrics were calculated, as described by Layman et al. (2007a): (1) the total niche 

area (TA) of the assemblage was calculated between the mean δ 13C and δ 15N value per species, 

representing trophic diversity (Cornwell et al. 2006); (2) the area enveloping all individuals, 

known as a convex hull; (3) the distance between the most 15N-enriched and depleted species 

(mean values), representing the number of trophic levels in the assemblage; (4) the distance 

between the most 13C-enriched and depleted species (mean values), representing the variety in 

basal resources used; (5) the distance from each species (mean δ 13C and δ 15N values) to the 

centroid of the assemblage trophic niche, representing the average degree of trophic diversity 

(CD); and (6) the standard deviation of the mean of distances between each species to the nearest 
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species (SDNND), representing a measure of how species within the assemblage are spaced, 

which reflects trophic redundancy in the system. These metrics were calculated for three of the 

four species sampled in both prey periods: puffin, murre, and razorbill (Table 1.1). Storm-petrels 

were not included in this analysis as a different tissue was sampled (i.e. whole blood versus the 

cellular component and plasma) as well as lack of trophic discrimination factor for this species or 

another species with similar taxonomy and body size. 

 

Results 

 

Observed prey species delivered to chicks by parental puffins, razorbills and murres were 

large (i.e. > 100 mm) fish, including capelin (124-177 mm) and sandlance (118-175 mm), while 

diet sampling of puffins revealed small (i.e. 32-99 mm) fish, including sandlance, small Atlantic 

cod, one unknown fish species, which were grouped due to isotopic similarity, as well as 

snailfish (29-37 mm). Storm-petrel regurgitate consisted of snailfish, amphipods and copepods 

(<1-4 mm). Euphausiids (<12 mm) were collected from larval tows. Therefore, prey plotted on 

isoplots of murres, puffins and razorbills included large capelin and sandlance, snailfish, small 

fish and euphausiids. The storm-petrel isoplot includes snailfish, amphipods and copepods. 

Bivariate normality of δ 13C and δ 15N was generally met for all species (puffins, murres, 

razorbills and storm-petrels) during both low and high capelin availability periods; however, 

univariate normality of δ 15N violated parametric assumptions, primarily for plasma. Therefore, 

parametric tests were used for the cellular component (CC) and non-parametric tests for plasma.  

For CC, a two-factor MANOVA on δ 13C and δ 15N revealed differences among species 

(F3,6=30.7, P≤0.001) and between prey periods (F1,2=69.0, P≤0.001), with an interaction between 
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species and prey period (F3,6=9.4, P≤0.001). Similarly, a two-factor ANOVA on δ 13C revealed 

differences among species (F3,6=30.7, P≤0.001) and between prey periods (F1,2=69.0, P≤0.001), 

with an interaction between species and prey period (F3,6=9.4, P≤0.001). Post-hoc tests indicated 

that δ 13C did not differ between prey periods for murres and storm-petrels (P>0.05) but did for 

puffins and razorbills, with both species becoming significantly more depleted in δ 13C from low 

to high capelin availability (Table 1.1). When comparing species within a prey period, δ 13C did 

not differ among species within the low capelin availability period, but puffins differed from 

murres (P≤0.001), storm-petrels (P≤0.001), and razorbills (P=0.02) during the high capelin 

availability period. A two-factor ANOVA on δ 15N of CC revealed differences among species 

(F3,6=30.7, P≤0.001), and between prey periods (F1,2=69.0, P≤0.001), with an interaction 

between species and prey period (F3,6=9.4, P≤0.001). Post hoc tests revealed that δ 15N differed 

between prey periods for puffins, murres and storm-petrels, with all species showing a 

significant increase in δ 15N from low to high capelin availability (Table 1.1, Figs. 1.2, 1.3). 

Additionally, δ 15N differed significantly among all species during the low capelin availability 

period (P≤0.001), except for razorbills and murres (P=0.46), and among all species during the 

high capelin availability period (P≤0.03). 

For plasma, a two-factor PERMANOVA revealed differences in δ 13C and δ 15N among 

species (F2=25.7, R2=0.27, P≤0.001), and between prey periods (F1=20.0, R2=0.11, P≤0.001), 

but with no interaction between species and prey period (F2=1.05, R2=0.01, P=0.35). Separate 

Kruskal-Wallis tests on δ 13C and δ 15N for each species revealed significant increases in δ 15N 

between low and high capelin availability periods for puffins, razorbills and murres, while 

murres also significantly increased in δ 13C from low to high capelin availability periods (Table 

1.1, Fig. 1.2). When comparing species within a prey period, δ 13C differed significantly among 
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species in both the low (H2=16.07, P≤0.001) and high (H2=28.39, P≤0.001) capelin availability 

periods, as did δ 15N (low: H2=30.46, P≤0.001; high: H2=33.29, P≤0.001). Indeed, for δ 13C 

during the low capelin availability period, murres differed from both puffins (t=2.72, P=0.02) 

and razorbills (t=3.83, P≤0.001), as was the case during high capelin availability (murres vs 

puffins: t=4.49, P≤0.001); murres vs razorbills: t=4.59, P=≤0.001). Similarly, murres differed in 

δ 15N from both puffins and razorbills in both early (t=4.28, P=≤0.001, t=4.72, P=≤0.001 

respectively) and late (t=4.97, P=≤0.001, t=4.16 P=≤0.001) capelin availability periods, while 

puffins also differed from razorbills in the high capelin availability period (t=2.95, P=0.008). 

When examining whether species-specific niche breadth (SEAb) changed between prey 

periods, we found that > 95% of the SEAb iterations were smaller during high relative to low 

capelin availability for most species and both tissue types (Figs. 1.2, 1.3). The exceptions were 

storm-petrels (whole blood) and puffins (CC), whereby only 42% and 43%, respectively, of the 

SEAb iterations were smaller during high relative to low capelin availability. 

For both CC and plasma, five of six measures of the isotopic niche space used by the 

alcid assemblage decreased between low and high capelin availability periods, indicating a 

decrease in the overall range of carbon and nitrogen values, as well as an overall decrease in 

trophic diversity and trophic redundancy (SDNND, Table 1. 2). Interestingly, the range in δ 13C 

showed the opposite trend, increasing from low to high capelin availability (Table 1.2). 

 

 

Discussion 

 

Breeding seabirds exhibited dietary shifts with the dramatic increase in capelin 

availability. As predicted, isotopic niche breadth (hereafter niche breadth) of each alcid species 
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contracted under high capelin availability, indicating a shift to fewer prey types (Layman et al. 

2007), while species-specific dietary niche position (hereafter niche position) shifted towards a 

higher δ 15N, suggesting a higher reliance on capelin. At the assemblage level, trophic diversity 

decreased, supporting convergence on similar prey types, likely capelin. However, despite all 

species responding to the shift in prey availability, they each shifted differently and isotopic 

niche segregation among alcids remained, suggesting variation in the degree of reliance on 

capelin within each species and that dietary niche partitioning may be important for coexistence 

among these ecologically similar species. In addition, much greater variation among individuals 

was revealed in the short-term diet (plasma) and short-term dietary niche contracted much more 

as prey availability shifted relative to the medium-term diet (CC), revealing the importance of 

examining dietary niche at multiple temporal scales. 

 Murres, razorbills, and puffins all exhibited a decrease in niche breadth in response to 

increased capelin availability. While other studies have shown shifts in seabird dietary 

composition with shifts in prey availability (e.g. Farmer and Leonard 2011, Gaston and Elliott 

2014, Robinette et al. 2018), few quantify shifts in the variety of prey types in the diet, or dietary 

niche. Similar to our findings, Gulka et al. (2017) found that the niche breadth of sooty and great 

shearwaters, along with humpback whales, decreased as capelin availability increased in our 

study area in 2016. In contrast, Kowalczyk et al. (2015) found the dietary niche breadth of little 

penguins (Eudyptula minor) increased with increased availability of multiple prey sources, 

possibly due to only one prey source being typically abundant. Interestingly, the contraction of 

niche breadth was much more dramatic in the short-term (plasma) relative to the medium-term 

(CC) diet. Indeed, the dietary niche contraction between low and high capelin availability ranged 

from low (puffins) to approximately half (murres, razorbills) for the medium-term diet (CC) but 
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decreased by more than double this for the short-term diet (plasma). Therefore, the short-term 

diet supports a more extreme niche breadth contraction than that represented in the medium-term 

diet. 

Along with a narrowing in alcid niche breadth, δ 15N increased, suggesting an increased 

reliance on higher trophic level prey. Although the observed increase in δ 15N could be due to a 

baseline change (Jaeger et al. 2010; Hipfner et al. 2014), plankton samples only became enriched 

in δ 15N by 1.03‰ between low and high capelin availability periods, which appeared to result 

from a change in marine invertebrate composition during low capelin availability (predominantly 

copepods) relative to high capelin availability (copepods and great spider crab larvae, Hyas 

araneus) rather than a baseline shift. Additionally, the increased trophic level could be related to 

breeding stage, as birds were incubating during low capelin availability and chick-rearing during 

high availability. Williams et al. (2008) showed an increase in δ 15N in breeding tufted puffins, 

suggesting an increase in trophic level consumed. Indeed, incubating alcid species often switch 

to higher trophic level prey when provisioning their chicks (e.g., Wilson et al. 2004, Davies et al. 

2009). Alternately, the shift to feeding at a higher trophic level may indicate a higher reliance on 

capelin. Indeed, higher consumption of capelin by seabirds when they arrive in coastal 

Newfoundland to spawn has been widely documented (Carscadden et al. 2002). In fact, this 

pulsed resource is the most important food source for many seabird species in coastal 

Newfoundland, influencing at-sea distribution, breeding chronology and fecundity as well as diet 

(Carscadden et al. 2002; Davoren et al. 2003, 2012; Davoren 2013). In support, niche positions 

of all three species became more similar to each other at the assemblage level during high 

capelin availability, evidenced by decreasing total occupied niche space, indicating decreased 

trophic diversity and increased trophic redundancy, as predicted (Gorokhova 2017). Coinciding 
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with a pulse of super-abundant spawning capelin in the study area, this evidence supports a 

relaxation in partitioning as each alcid species increased its reliance on capelin.  

Despite decreased trophic diversity, a degree of dietary niche segregation among species 

was maintained under high capelin availability. Indeed, puffins maintained a lower trophic 

position and contracted their dietary niche breadth less than murres and razorbills between both 

capelin availability periods, indicating a similarly broad diet that shifted dramatically from 

invertebrates and mid-trophic level fish (e.g., snailfish, sandlance) to the incorporation of higher-

trophic level prey, presumably capelin, after capelin became readily available. Puffins typically 

feed at a lower trophic level than razorbills or murres (Pratte et al. 2017) and chicks of puffin 

species are provisioned with a broad diet in the North Pacific (Golubova and Nazarkin 2009, 

Sydeman et al. 2017) and the Northeast Atlantic (Harris and Wanless 2011, Barrett 2015). In 

contrast, murres had the narrowest niche breadth and were most enriched in δ 15N among the 

alcids during high capelin availability, supporting Pratte et al. (2017) who found murres in 

Labrador fed at a higher trophic level than razorbills or puffins. This suggests an initial mid-

trophic level diet for murres, followed by a strong shift to a predominantly capelin-based diet, 

corroborating Davoren and Montevecchi (2003), who reported that murres in the study area 

deliver >94% capelin to their chicks. As murres provision chicks with a single food item at a 

time (i.e. single prey-loaders), while razorbills and puffins are multiple prey-loaders, this might 

explain their higher reliance on this important larger prey type (Frederiksen et al. 2006). 

Razorbill niche breadth was the broadest among the three alcids during both periods, and 

intermediate in trophic level between puffins and murres during the high capelin availability 

period. This pattern has also been reported in the winter diet of razorbills and murres, where 
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razorbills fed a lower trophic level than murres and were much more variable (Moody and 

Hobson 2007).  

 The dietary niche of storm-petrels appeared to increase in trophic level from low to high 

capelin availability, similar to the alcids, but niche breadth also broadened, suggesting an 

increase in both trophic level and diversity of prey sources when capelin arrived inshore to 

spawn. Dietary niche shifts in storm-petrels was not expected, as breeding adults to not appear to 

consume capelin to a large extent. Indeed, regurgitates collected from two birds during the high 

capelin availability (this study) revealed liparids, amphipods and copepods, while Hedd et al. 

(2009) found mainly myctophids, sandlance and hyperiids in the regurgitates of storm-petrels on 

Gull Island (47.15’N, 52.46.3’W), Newfoundland. During the incubation period, storm-petrels 

undertake long foraging trips, averaging 4 days and travelling 400-830 km from the colony, 

feeding over waters with a median depth of > 1950 m (Hedd et al. 2018). This pelagic foraging 

strategy combined with the large size of spawning capelin suggest that the higher availability of 

capelin inshore was not directly related to the observed change in isotopic niche breadth and 

position later in the season. Instead, this dietary shift could be related to breeding stage as the 

later samples would reflect chick-rearing and may therefore represent the inclusion of higher 

trophic level prey. Unlike alcids that provision chicks with prey held in the bill, storm-petrels 

produce a lipid-rich stomach oil from prey which is then fed to their chicks (Duke et al. 1989), 

therefore, higher trophic level prey preferentially targeted for chick provisioning may also be 

represented in the adult tissue. 

When comparing tissue types, several differences were noted. Along with the more 

dramatic contraction in dietary niche breath of the short-term (plasma) relative to the medium-

term (CC) diet, alcid plasma resulted in consistently broader niche breadth during both capelin 
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availability periods than CC. Indeed, there was high variation among individual stable isotopic 

ratios, with differences of up to ~4-6‰ in δ 13C, and ~3-5‰ in in δ 15N, suggesting more 

variation in the short-term diet among individuals relative to the averaged diet over the longer-

term (Hobson and Clark 1993, Hilderbrand et al. 1996, Pearson et al. 2003). This variation in the 

plasma consistently shows a linear pattern of distribution from being enriched in δ 13C and δ 15N, 

to depleted in δ 13C and δ 15N, reflecting the isotopic distribution of available prey sources in the 

study system, a pattern that contrasts with that of the CC. Additionally, δ 13C of plasma differed 

between murres and the other two species in both availability periods, further supporting that 

murres occupy a different dietary niche. Therefore, by taking the integrated dietary information 

available in plasma into account and investigating this short-term variability alongside that of the 

longer-term variability represented by CC or whole blood samples, more insight into diet and is 

provided, reinforcing the benefits of using multiple tissues to investigate diet on different 

temporal scales.  

 

 In conclusion, potential changes in capelin availability in the study area due to northward 

shifts in response to climate change (Rose 2005), combined with the high variability in the 

timing of spawning (Davoren et al. 2012, Crook et al. 2017) have the potential to directly impact 

predators through changes in prey availability (Yurkowski et al. 2017). Indeed, seabird 

productivity is associated with prey availability (e.g., Frederiksen et al. 2005, 2006), through its 

influence on seabird diet (Barrett and Furness 1990, Baillie and Jones 2004) and foraging effort 

(Diamond and Devlin 2003). Indirect effects are also likely. For example, gull species may shift 

from consuming abundant spawning capelin nearby breeding colonies to other seabirds (e.g., 

Leach’s storm-petrels Oceanodroma leucorhoa; Stenhouse and Montevecchi 1999) and their 
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chicks (e.g., black-legged kittiwakes Rissa tridactyla; Massaro et al. 2000) when capelin 

availability is low. Of the sampled species, murres rely the most heavily on capelin and, thus, 

may be most affected by fluctuations in capelin availability and can lead to chicks fledging in 

poor condition (Burke and Montevecchi 2008). Also, as the murre population in the study area is 

large (472,000 pairs on Funk Island, Wilhelm et al. 2015), a lower availability of capelin could 

potentially increase both inter- and intra-specific interactions with other seabird species. As we 

only measured one dimension of dietary niche (i.e. variety of prey species consumed) of 

potentially many (e.g., prey size, capture method, capture location; Suryan and Fischer 2010, 

Pontón-cevallos et al. 2017), it is possible that partitioning may occur in other dimensions. Other 

techniques, such as diet reconstruction through mixing models (e.g., MixSIAR, Moore and 

Semmens 2008) and tracking data, may allow more insight into the influence of foraging niche 

dynamics among alcids. Due to their broader isotopic niche breadth, razorbills and puffins may 

be more flexible than murres, being able to provision themselves efficiently and fledge healthy 

chicks by consuming alternate prey species when capelin availability decreases (Burke and 

Montevecchi 2008). As ecological connectivity between prey availability, seabird diet and 

breeding success can be used as a valuable indicator for monitoring and conservation (Dänhardt 

and Becker 2011), these links will continue to be an important avenue of future research. 
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Tables and Figures 

 
Table 1.1 Mean ± SD stable isotope ratios of carbon (δ 13C) and nitrogen (δ 15N) for seabird and 

prey tissues sampled on the northeast Newfoundland coast during low and high prey (capelin) 

availability periods in July – August 2017. Seabird tissue types include the cellular component of 

blood (CC), whole blood (WB), and plasma (PL), while prey samples are either the whole body 

or muscle. For seabird CC, a two-factor ANOVA with Tukey HSD pairwise tests were used to 

examine the difference in both carbon (δ 13C) and nitrogen (δ 15N) between low and high 

availability periods within each species, while for plasma, Kruskal-Wallis tests were used. 

  

Species Tissue Prey 

period 

N δ 15N  p-

value 

δ 13C  p-

value 

C:N ± SE 

Atlantic Puffin CC Low 14 12.21 ± 0.27 <0.001 -19.7 ± 0.22 <0.001 3.27 ± 0.02 
  

High 16 13.21 ± 0.26 
 

-20.21 ± 0.24 
 

3.23 ± 0.01 
 

PL Low 14 10.24 ± 1.29 <0.001 -23.17 ± 1.26 0.68 4.33 ± 0.03 
  

High 16 11.68 ± 0.79 
 

-22.95 ± 0.93 
 

4.37 ± 0.05 

Common Murre CC Low 27 13.97 ± 0.36 <0.001 -19.79 ± 0.18 0.97 3.25 ± 0.00 
  

High 20 14.78 ± 0.40 
 

-19.72 ± 0.15 
 

3.29 ± 0.00 
 

PL Low 26 12.64 ± 1.15 0.01 -22.06 ± 1.15 0.04 4.17 ± 0.02 
  

High 18 13.35 ± 0.36 
 

-21.48 ± 0.45 
 

4.04 ± 0.02 

Razorbill CC Low 28 13.77 ± 0.31 0.12 -19.64 ± 0.33  0.004 3.32 ± 0.00 
  

High 17 14.08 ± 0.25 
 

-19.92 ± 0.23 
 

3.34 ± 0.01 
 

PL Low 29 11.01 ± 1.33 <0.001 -23.46 ± 1.69 0.30 4.27 ± 0.03 
  

High 17 12.44 ± 0.56 
 

-22.67 ± 0.53 
 

4.44 ± 0.07 

Leach’s Storm-

Petrel 

WB Low 19 13.10 ± 0.23 <0.001 -19.82 ± 0.30 0.99 3.43 ± 0.02 

  
High 19 13.62 ± 0.67 

 
-19.76 ± 0.13 

 
3.34 ± 0.02 

Copepod  Whole High 5 7.61 ± 0.10 
 

-23.13 ± 0.05 
 

3.59 ± 0.04 

Euphausiid  Whole Low 5 7.67 ± 0.07 
 

-21.97 ± 0.08 
 

3.52 ± 1.58 

Capelin  Muscle High 15 12.12 ± 0.14 
 

-20.63 ± 0.07 
 

3.29 ± 0.85 

Snailfish Whole High 10 10.33 ± 0.18  -20.78 ± 0.13  3.40 ± 1.08 

Sandlance Muscle High 9 10.11 ±0.09  -21.19 ± 0.06  3.20 ± 1.07 

Small fish Whole High 23 9.26 ± 0.09  -22.58 ± 0.03  3.37 ± 0.70 
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Table 1.2. Change in multiple niche metrics between low and high capelin availability periods 

for the cellular component (CC) and plasma in the auk assemblage consisting of puffins, 

razorbills and murres. The Convex Hull is the area enveloping all individuals; Total Area (TA) is 

the area calculated between the mean value of each species; CD is the distance from the mean 

value of each species to the centre of the assemblage representing trophic diversity; C range is 

the distance between most enriched and depleted species in δ 13C; N range is the distance 

between the most enriched and depleted species in δ 15N; and SDNND is the standard deviation 

of the mean of distances between each species to the nearest species representing trophic 

redundancy. 

Prey Period Tissue N Convex Hull TA CD C Range N Range SDNND 

Low CC 69 3.02 1.12 0.74 0.15 1.76 0.75 

High CC 53 1.73 0.01 0.57 0.49 1.57 0.11 

Low Plasma 69 10.84 0.79 1.10 1.41 2.40 0.76 

High Plasma 51 5.30 0.33 0.85 1.47 1.66 0.39 
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Figure 1.5. Map indicating the location of the study area on the northeast coast of Newfoundland, 

Canada that indicates the islands where breeding seabirds were sampled during July-August 

2017. 
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Figure 1.2. Standard ellipse areas (SEAc) of plasma (top) and the cellular component (CC; 

bottom) for Atlantic puffins, common murres and razorbills during both low (dashed line, open 

triangles) and high (solid line, points) capelin availability periods. Potential prey stable isotope 

ratios are plotted as mean (black dot) ± SD, including capelin, snailfish, sandlance, small fish, 

euphausiids and copepods (see Table 1.1 for details). From low to high capelin availability 

periods, puffin niche breadth (SEAb) changed from 0.15‰ to 0.16‰ (CC), and from 1.9‰ to 

0.9‰ (plasma); murre niche breadth (SEAb) changed from 0.20‰ to 0.12‰ (CC), and from 
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1.7‰ to 0.4‰ (plasma); razorbill niche breadth (SEAb) changed from 0.31‰ to 0.17‰ (CC), 

and from 2.4‰ to 0.8‰ (plasma). Note different x and y axis scales on each graph.  
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Figure 1.3. Standard ellipse areas (SEAc) of whole blood from Leach’s storm-petrels during both 

low (dashed line, open triangles) and high (solid line, points) capelin availability periods. 

Potential prey stable isotope ratios are plotted as mean (black dot) ± SD, including capelin, 

snailfish, sandlance, small fish, euphausiids and copepods (see Table 1.1 for details). Niche 

breadth (SEAb) changed from 0.21‰ to 0.23‰ from low to high capelin availability periods. 
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Chapter Two. Diet-tissue discrimination factors (δ 15N, δ 13C) for blood components in adult 

common murres (Uria aalge) and Atlantic puffins (Fratercula arctica): Implications for 

dietary reconstruction 

 

Abstract 

Studying the diet of a consumer over multiple time scales allows insight into the dietary 

niche dynamics of individuals and species. To accurately reconstruct the integrated diet of wild 

animals using stable isotope ratios (δ15N, δ13C), we must quantify diet-tissue discrimination 

factors (DTDFs), or the way in which stable isotopes in the prey are incorporated into the tissues 

of consumers. To quantify DTDFs, however, controlled feeding experiments are needed, 

whereby consumers are fed a constant diet for a period of time. In this study, captive adult 

Atlantic puffins (Fratercula arctica) and common murres (Uria aalge) were fed a two-prey 

source diet (Capelin Mallotus villosus and Silverside Menidia menidia) to determine the diet-

tissue discrimination factors for the cellular component of blood and plasma for both carbon and 

nitrogen isotope ratios. Our calculated DTDFs and published DTDFs were used to reconstruct 

the diet of wild breeding murres and puffins in coastal northeastern Newfoundland using a 

Bayesian mixing model (mixSIAR). Modeled dietary proportions supported a priori 

understanding of auk diet, with wild murres consuming predominantly capelin, while wild 

puffins consumed sandlance, snailfish, and smaller fish. The two tissue types showed different 

dietary proportions, exemplifying how investigating multiple tissues can expand understanding 

of consumer dietary dynamics. Findings iterate the importance of species- and tissue-specific 

diet-tissue discrimination factors when reconstructing diet and deepen our understanding of 

niche partitioning between the sympatric puffin and murre. 
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Introduction 

 

Stable-isotopes of carbon and nitrogen are a key tool for biologists investigating a 

species’ foraging ecology (e.g., Hobson and Clark 1992a, Hilderbrand et al. 1996, Pearson et al. 

2003), feeding habitats and migration (e.g., Bond et al. 2010, Buchanan et al. 2018), as well as 

species interactions within food webs (e.g., Suryan and Fischer 2010, Moreno et al. 2016). 

Nitrogen isotope ratios increase with trophic level and, thus, ratios infer the position of a species 

in a food chain (Young et al. 2010). Carbon stable isotope ratios vary by primary producer, 

providing insight into habitat use (e.g., inshore versus offshore; Hobson et al. 1994). Species-

specific trophic discrimination factors, or the way in which stable isotopes in the prey are 

incorporated into the tissues of consumers (Roth and Hobson 2000, Caut et al. 2009), are lacking 

despite calls for more studies (Gannes et al. 1997, Martínez Del Rio et al. 2009). Quantifying 

trophic discrimination factors requires controlled studies on captive animals that are held on a 

constant diet. As stable isotope ratios in consumer tissues may be affected by nutritional status, 

metabolic and physiological processes, such as growth, and other drivers of tissue lipid 

composition (Kelly 2000, Bearhop et al. 2002, Barnes et al. 2007), discrimination factors are 

consumer-prey specific within a particular life stage (e.g., chick, adult; Bond and Jones 2009). 

Additionally, discrimination factors are specific to different tissue types. Tissue types have 

varying metabolic rates, from low in structural tissues, such as bone collagen and muscle, to high 

in blood and liver (Phillips and Eldridge 2006), resulting in different periods required for stable 

isotopes in prey to be incorporated into consumer tissue (or turnover rate). As each tissue type 

reflects integrated diet and habitat use over a certain temporal scale (Dalerum and Angerbjörn 

2005), sampling multiple tissues with different turnover rates allows the integrated diet of an 

individual to be investigated over multiple time scales (Tierney et al. 2008, Hobson and Bond 



57 
 

2012). Owing to the specificity of discrimination factors within a species, tissue type and life 

stage, few have been published (Cherel et al. 2005, Rosenblatt and Heithaus 2013, Ciancio et al. 

2016), causing ecologists to apply values from other closely-related species (e.g., Hilderbrand et 

al. 1996, Navarro et al. 2009), different tissue types (Raya Rey et al. 2012), or values from the 

same species but from different life stages (e.g. Connan et al. 2017). Applying non-specific 

discrimination factors, however, may significantly influence interpretation of dietary proportions 

(Bond and Diamond 2011).  

Seabird biologists have used δ 15N and δ 13C extensively to investigate diets and habitat 

use when diets of seabirds at sea and cannot be observed or sampled (Gladbach et al. 2007, Paiva 

et al. 2015, Danckwerts et al. 2016). Two relatively well-studied and closely related wing-

propelled, pursuit diving seabird species of the family Alcidae are the common murre (Uria 

aalge) and Atlantic puffin (Fratercula arctica). Murres are larger than puffins (800-1125 g, 

Ainley et al. 2002), dive deeper (180 m, Piatt and Nettleship 1985), and feed their chicks a single 

prey item at a time, predominantly capelin (Mallotus villosus) in Newfoundland (Davoren and 

Montevecchi 2003), especially during capelin spawning (Carscadden et al. 2002). Puffins are 

smaller (404-538 g, Lowther et al. 2002), perform shallower dives (60-70 m, Burger 1991), and 

deliver multiple prey items to their chick at time, often a variety of larval fish, sandlance 

(Ammodytes sp), and capelin (Burke and Montevecchi 2008). To date, the only published diet-

tissue discrimination factors (DTDFs) for alcids are for feathers of common murres fed a diet of 

capelin (δ 15N: +3.6‰ ± 0.2; δ 13C: +1.2‰ ± 0.3; Becker et al. 2007), and whole blood of 

rhinoceros auklet chicks (180 days old) fed silverside (δ 15N: +3.49‰; Sears et al. 2009). 

Species-specific discrimination factors for many tissue types are unknown and, thus, trophic 

studies often use published values for species other than their own (Chapter 1, Käkelä et al. 
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2007, Navarro et al. 2009, Woo et al. 2008). A typical tissue sampled from seabirds is blood, 

which can be centrifuged to separate into plasma and the cellular component, often referred to 

‘red blood cells’ as this comprises the majority of the latter component. Plasma represents 

averaged diet over the past 2-3 days, while the cellular component represents averaged diet over 

the past 12-15 days in birds (Hobson and Clark 1993). Plasma has a relatively high lipid content 

relative to the cellular component, as indicated by C:N > 3.5 (Post et al. 2007). As lipids are 

depleted in 13C, they can confound interpretation of δ 13C values. Only two published seabird 

diet-tissue discrimination factors exist for plasma (i.e., Barquete et al. 2013, Craig et al. 2015; 

Table 2.1). Perhaps due to its fast turnover rate, use of plasma in trophic studies has typically 

been limited to investigating isotopic differences among individuals, such as when studying 

individual specialization (e.g., Woo et al. 2008), as opposed to community- or population-wide 

trends. Without species-specific discrimination factors for these two tissues, it is unknown 

whether accurate dietary reconstructions for murres and puffins is possible. 

In this paper, our primary objective was to provide the first estimates of diet-tissue 

discrimination factors (DTDFs) of the plasma and cellular component (δ 15N, δ 13C) for captive 

adult Atlantic puffins and common murres fed a two-source diet of capelin (Mallotus villosus) 

and silverside (Menidia menidia). Our secondary objective was to reconstruct the diet of wild 

common murres and Atlantic puffins breeding sympatrically in coastal Newfoundland using both 

published and our calculated DTDF values within a Bayesian stable isotope mixing model. 

Similar to Bond and Diamond (2011), we compared reconstructed dietary proportions and the 

credibility of model output (i.e. model diagnostics) between our species-specific DTDFs relative 

to using published values for both blood components. Finally, as studies of piscivorous 

consumers use either whole fish (Mizutani et al. 1992, Bearhop et al. 2002) or muscle tissue 
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(Hobson et al. 1994, Ciancio et al. 2016) to reconstruct dietary proportions, we compare the δ 15N 

and δ 13C within individual fish to examine whether using whole samples is preferable. Overall, 

we evaluate the importance of conducting other similar captive studies to determine species-

specific DTDFs. 

 

Methods 

Captive Study 

An 80-day feeding experiment was conducted at the Montreal Biodome from December 

22, 2017, to March 12, 2018, where captive free-flying murres (n=20, 8 males and 12 females), 

and puffins (n=20, 10 males and 10 females), were held on a restricted diet within the same 

enclosure. A single tray of 38% capelin and 62% silverside (by biomass) was supplied twice per 

day and the birds fed ad libitum until the tray was empty. Throughout the experiment, both fish 

species came from the same batches, ensuring consistent species-specific stable isotope ratios of 

prey over the study period. Consumer blood components were assumed to be in equilibrium at 80 

days as studies of seabirds suggest it typically takes ~60 days (Cherel et al. 2005b, Sears et al. 

2009, Barquete et al. 2013). 

At the end of the experiment, 10 fish of each prey species were sampled. Each fish was 

measured for total length (snout to tip of tail, mm) and total body mass (g). A 1-2 g muscle 

sample was taken from each fish and stored in a 2 mL micro-centrifuge tube, while the rest was 

kept whole, and both were stored at -20ºC. A 1-2 mL blood sample was taken from the median 

metatarsal vein of each bird using a 25-gauge syringe. To ensure < 10% of the total volume of 

blood was sampled (Voss et al. 2010), we did not take more than 1% of the body mass of the 
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bird. Whole blood was stored in EDTA tubes, placed on ice (<3 h) and later centrifuged. Once 

centrifuged, the plasma and cellular component, mostly consisting of red blood cells, were 

placed into separate 2 mL micro-centrifuge tubes and frozen at -20°C. EDTA has negligible 

effects on stable isotope ratios in the cellular component of blood, but may have greater effects 

on plasma (Käkelä et al. 2007). We expect the influence of EDTA, however, to be consistent 

across species. 

 

Wild Study 

In coastal Newfoundland, dense aggregations of capelin (Mallotus villosus), the dominant 

forage fish species on which most top predators rely (Buren et al. 2014), migrate inshore to 

spawn during the summer, providing a highly abundant food source for breeding seabirds 

(Davoren 2013). On the northeast coast of Newfoundland, chick-rearing Atlantic puffins were 

captured in the burrow and chick-rearing common murres were captured from nest sites using a 

noose pole from the edge of the colony during August 2017 (Chapter 1). Blood was sampled as 

described above. Fish were sampled opportunistically from local fishers as well as during other 

research activities (e.g., sediment grabs). Prey delivered to puffin chicks were collected by mist-

netting breeding adults (n=17 bill loads) on James Island (N49.57989º, W53.57989º, August 14), 

and included sandlance (Ammodytes sp.), capelin, snailfish (Liparis sp.), Atlantic cod (Gadus 

morhua), and an unknown fish species (Table 2.2). Digital automated cameras were placed 

nearby nest sites of blood-sampled puffins within colonies on James Island (July 28 – Aug 14) 

and murres on South Cabot Island (N49.16821º, W53.36048º, July 24 – August 11) to 

photograph parental prey deliveries to chicks by puffins (3 Bushnell Aggressor HD, 3 
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photographs every 1 s when motion trigged) as well as murres (1 Reconyx PC800, 1 photograph 

every 2 s from 6:00-9:00). 

 

Stable Isotope Analysis 

Seabird blood components, along with fish muscle and whole-body samples were freeze-

dried and homogenized. Plasma, fish muscle and whole fish samples had lipids extracted using 

petroleum ether (solvent) through a Soxhlet apparatus for 8 h, followed by re-drying (Elliott et 

al. 2017, Logan et al. 2008). Lipids were not extracted from cellular component as the C:N ratios 

are known to be low (below around 5% lipid or <3.5) and, therefore, lipid extraction was not 

required to standardize δ 13C values (Bearhop et al. 2000, Post et al. 2007). Homogenised 

samples (~0.5 mg) were loaded into tin cups and analysed using a continuous-flow isotope ratio 

mass-spectrometer (University of Windsor Laboratory, Windsor, ON). Precision measurements 

were ≤0.16‰ for δ 15N and ≤0.12‰ for δ 13C, and accuracy measurements were ≤0.06‰ for δ 

15N and ≤0.03‰ for δ 13C. Isotopic ratios (expressed as δ) are notated as a parts-per-thousand 

(‰) ratio of the heavier to the lighter stable isotopes of carbon (¹³C/¹²C) and nitrogen (15N/14N), 

when compared to those of international standards (atmospheric air for nitrogen, Pee Dee 

Belemnite for carbon) according to the following equation: 

𝛿𝑋 = (𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 1)  ×  1000⁄  

 

Data analysis 

To calculate species-specific DTDFs, we first calculated the mean carbon and nitrogen 

isotopic ratios of silverside and capelin separately, and then calculated a weighted average to 
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account for the differences in biomass of each prey source fed to the captive birds. The resulting 

mean forage fish stable isotope ratios were then subtracted from the stable isotope ratios of each 

individual consumer and these differences were averaged to quantify the mean ± SD species-

specific diet-tissue discrimination factors for δ 15N and δ 13C (Δ15N and Δ13C) for murres and 

puffins separately. 

All statistical analyses were conducted in R (Version 3.4). Prior to statistical tests, the 

underlying assumptions of parametric statistics were examined for δ 15N and δ 13C. As plasma 

stable isotope ratios were consistently non-normal, a 2-factor non-parametric multivariate 

analysis of variance (PERMANOVA) was used to assess differences in δ 13C and δ 15N between 

species and tissue types. Paired t-tests were used to investigate differences in δ 15N and δ 13C 

between fish whole body and muscle tissue.  

To allow comparison of dietary niche breadth among predator species and tissue types, 

we used the Standard Ellipse Area corrected for small sample size (SEAc), quantified using 

Stable Isotope Bayesian Ellipses in R (SIBER, Jackson et al. 2011). A Bayesian approach was 

then used, whereby a range of SEA values (posterior distribution) was calculated iteratively and 

the mode was used as the most likely value of niche breadth (SEAb). SEAb was calculated using 

Monte Carlo Markov chain estimation (iterations = 1,000,000, chains = 3, burn in = 1000, 

thinning = 10) using a non-informative prior with a uniform Dirichlet distribution (all sources are 

equally likely). To compare the SEAb of the cellular component and plasma between and within 

species, we quantified the percentage of iterations in which one SEAb was narrower than the 

other.  

A Bayesian mixing model (MixSIAR, Moore and Semmens 2008) was used to estimate 

dietary prey proportions of wild breeding puffins and murres. The diet-tissue discrimination 
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factors calculated from captive murres and puffins in this study were applied to δ 15N and δ 13C of 

wild birds using both uninformed and informed priors, based on chick provisioning data from 

camera-traps on the breeding colonies (Table 2.2). Prey sources for murres were capelin (124-

177 mm), sandlance (118-175 mm) and small fish, which were grouped due to isotopic similarity 

and included small sandlance (32-99 mm), Atlantic cod, and one unknown fish species. Prey 

sources for puffins included capelin, small fish, and combined snailfish (27-29 mm) and 

sandlance due to isotopic similarity (δ 15N: 10.33 ± 0.18; δ 13C: -20.78 ± 0.13, and δ 15N: 10.11 

±0.09; δ 13C: -21.19 ± 0.06, respectively). Snailfish were not included in murre mixing models as 

they were not identified in photographs. We used the same model parameters as for the SEAb 

calculation and dietary proportions are represented as the mode of the posterior distribution. We 

ensured Markov Chain convergence had reached stationarity, suggesting that the model output 

was plausible using Gelman-Rubin (Gelman and Rubin 1992, Brooks and Gelman 1997), and 

Geweke (Geweke 1992) diagnostic tests. Model output (i.e. dietary proportions) was 

qualitatively compared between models using DTDFs calculated in this study and models using 

published DTDFs chosen from the literature (Table 2.1), based on tissue type and relatedness to 

alcids. 

 

Results 

Prey 

Two δ 13C outliers (>1.7 SD before removal) were eliminated from the silverside dataset, 

resulting in tissue samples of both fish species meeting the assumptions of homogeneity of 

variance and normality. Paired t-tests revealed that capelin (130-148 mm, 16.6-25.5 g) mean δ 

13C for whole body differed from muscle (t9=-4.78, p=0.001) as did the mean δ 15N (t9=3.96, 
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P=0.003) (Table 2.3). Silverside (88-106 mm, 3.7-6 g) mean δ 13C for whole body also differed 

from muscle (t7=-9.43, p=<0.001) as did the mean δ 15N (t7=2.60, p=0.036). Although the 

differences were greater than the error of the mass spectrometer (precision ≤0.16‰ for δ 15N and 

≤0.12‰ for δ 13C), these differences were minimal on average for δ 15N (0.28-0.38‰), but 

greater for δ 13C (0.19-0.57‰). As seabirds consume whole fish, we therefore used the forage 

fish value calculated from whole fish for subsequent analyses. 

 

Consumers 

After chemical lipid extraction, mean C:N for puffin and murre plasma were relatively 

high (4.47 ± 0.04 and 4.51 ± 0.03, respectively), but little variation among individual consumers 

suggested that higher lipid content presented limited biases in our samples (Post et al. 2007). A 

two-factor PERMANOVA (consumer species, tissue type) revealed differences in δ 13C and δ 15N 

between tissue types (F1=170.5, R2=0.66, p<0.001) and species (F1=12.8, R2=0.05, p<0.001), but 

the interaction was not significant (F2=0.8, R2=0.00, p=0.38). Indeed, δ 13C was lower for murres 

relative to puffins and plasma relative to the cellular component, whereas δ 15N was higher for 

murres relative to puffins and the cellular component relative to plasma (Fig. 2.1). When 

comparing niche breadth (SEAb) between species, >98% of the SEAb iterations were broader for 

puffins than for murres for both the cellular component and plasma. When comparing tissue 

types within species, plasma SEAb was broader than the cellular component in 100% of the 

iterations for both species (Fig. 2.1). 

 

Mixing models 
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As most models incorporating informed priors consistently failed diagnostic tests, only 

results from models with uninformed priors are reported. Models using the DTDF calculated 

from our controlled feeding study performed similarly, consistently passing both diagnostic tests 

for both tissue types (Table 2.3). Models using a published DTDF for plasma from African 

penguins (Table 2.1) fed a diet of sardines (Sardinops sagax; δ 13C -16.5 ± 0.6, δ 15N 10.7 ± 0.3, 

Barquete et al. 2013) failed diagnostic tests for both murres and puffins and considerably altered 

the dietary proportions output from the models. Indeed, the proportion of small fish in puffin diet 

increased from 48% to 83%, while capelin and sandlance/snailfish decreased from 14% to 6%, 

and 38% to 11%, respectively (Fig. 2.2). Changes in murre diet were less pronounced when 

applying the published plasma DTDF, with the proportion of sandlance decreasing from 53% to 

28%, and capelin and small fish increasing from 40% to 45% and 7% to 27%, respectively (Fig. 

2.3). For the cellular component of both species, mixing models using the DTDFs calculated in 

this study and the published DTDF for great skuas (Table 2.1) fed a diet of sprat (Sprattus 

sprattus; δ 13C -18.3 ± 0.3, δ 15N 11.1 ± 0.7, Bearhop et al. 2002) passed all diagnostic tests. 

There were minor differences in the estimated dietary proportions for murres when using the 

DTDF calculated in this study relative to the published DTDF (capelin 72% to 86%, small fish 

3% to 5%, and sandlance 25% to 9%; Fig. 2.3), but greater differences for puffins (capelin 10% 

to 23%, small fish 12% to 27%, and sandlance/snailfish 78% to 50%; Fig. 2.2). When using the 

DTDFs calculated in our study for murres, consumer values fell outside of the mixing space (the 

polygon created by the prey isotopic signatures), but this was not the case when using published 

DTDFs (Fig. 2.3). 
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Discussion 

This study provides the first estimation of diet-to-blood discrimination factors for 

Atlantic puffin and common murre adults, which is particularly important for plasma due to its 

relative underrepresentation in the seabird literature. The DTDFs calculated in this study for the 

cellular component of murres and puffins were generally similar to those published for other 

seabirds (see Table 2.1); however, the plasma DTDFs were lower than those published for 

double-crested cormorants (Craig et al. 2015), and African penguins (Barquete et al. 2013), 

possibly due to divergent prey isotopic ratios. Mixing-model results for wild birds showed that 

our calculated DTDF values for both tissue types passed diagnostic tests and produced plausible 

prey proportions based on previous dietary studies, supporting the use of these values in future 

trophic studies. When comparing mixing-model output using the DTDFs calculated both in this 

and other studies, we found dietary prey proportions varied greatly, reiterating the importance of 

species-specific DTDFs for accurate diet reconstructions (Bond and Jones 2009). Estimated 

short-term diet of murres and puffins inferred from plasma differed substantially from the 

medium-term inferred from the cellular component, possibly due to the loss in short-term 

variation in dietary proportions when integrated over a longer period. Similar to previous studies 

(e.g. Cherel et al. 2005b), stable isotopic ratios differed for fish between whole body and muscle 

tissue, suggesting that whole fish samples should be used for dietary reconstruction when 

possible. Differences in δ 13C between whole fish and muscle may be due to differing lipid 

content, even after lipid extraction (DeNiro and Epstein 1977), while variation in amino acid 

composition among tissues may be responsible for differences in δ 15N (Ng and Hung 1994).  

Interestingly, our informed models failed diagnostic tests, while our uninformed models 

performed much better, possibly because we used chick-provisioning data from photographs as 



67 
 

an indicator of adult diet to inform our mixing model (i.e. informed priors). Adult diet, however, 

can differ from chick diet. For example, adult murres have been shown to feed their chicks at 

lower (Davies et al. 2009) or higher (Wilson et al. 2004) trophic levels than themselves, and 

similar differences in adult and chick diet have been shown for other seabird species (e.g. 

Davoren and Burger 1999). Using DTDFs derived from chicks for adults is also problematic as 

the effects of growth and nutritional stress can effect δ 13C and δ 15N (Williams et al. 2007, 

Connan et al. 2017). Owing to potential differences between chick and adult diet and physiology, 

we decided against using chick-provisioning data from photographs as an indicator of adult diet 

to inform our mixing model (i.e. informed priors) and suggest that other researchers should use 

caution in doing so in the future. As plasma and the cellular component had different calculated 

DTDFs, we also caution against using DTDFs derived from other tissue types from the same 

species to reconstruct diet. For example, feathers are typically higher in both δ 15N and δ 13C than 

blood (Quillfeldt et al. 2008), resulting in different DTDFs for murre feathers (δ 15N: +3.6‰ ± 

0.2; δ 13C: +1.2‰ ± 0.3; Becker et al. 2007), versus murre cellular component (δ 15N: +3.33 ± 

0.16, δ 13C: +0.35 ± 0.18; this study). 

Models using the blood cellular component DTDFs from both this study and a published 

study (Bearhop et al. 2002) passed diagnostic tests and resulted in minor differences in estimated 

dietary proportions when applied to wild adult murres and puffins, suggesting dietary 

reconstruction from both DTDF values were plausible. In contrast, models using published 

values for plasma (Barquete et al. 2013) failed diagnostic tests and produced different model 

output (i.e. dietary prey proportions) relative to the DTDF values from this study (e.g. percentage 

of small fish in puffin diet changed from 48% to 83%). Differing modeled prey proportions may 

be related to divergent stable isotope ratios in the prey fed to consumers during controlled studies 
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when quantifying DTDFs. Indeed, the stable isotope ratios of sardine prey (δ 13C: -16.5 ± 0.6; δ 

15N: 10.7 ± 0.3) used by Barquete et al. (2013) differ from the ratios of capelin and silverside 

combined used in this study (δ 13C: -19.1 ± 0.1; δ 15N: 12.1 ± 0.1), especially for δ 13C. Another 

explanation for the poor performance of the published plasma DTDF (Barquete et al. 2013) 

relative to the published cellular component DTDF (Bearhop et al. 2002) is that skuas (published 

cellular component DTDF) are more closely related to alcids than penguins (published plasma 

DTDF). Indeed, trophic discrimination among related species with similar physiology may be 

more similar than among less related species (Caut et al. 2009). As great skuas, however, have 

dissimilar foraging strategies from piscivorous alcids, being a large apex predator specialising in 

kleptoparasiting other seabirds (Jakubas et al. 2018), this explanation is suspect. Additionally, 

the differences between murre and puffin DTDFs fed the same diet (this study) highlights the 

potential pitfalls in using published DTDFs from even closely related species, likely due to 

divergent physiology relating to body size differences. As such, we reiterate that dietary 

reconstruction using Bayesian stable-isotope mixing models are sensitive to DTDFs (Bond and 

Diamond 2011), and that researchers should consider carefully which values to apply when they 

are not available for their study species (e.g. Gulka et al. 2017), owing to the factors other than 

diet that affect δ 13C and δ 15N in each tissue-consumer-prey relationship (Caut et al. 2009).   

The mixing model results for wild murres suggest capelin were available before and 

during the sampling period, with reconstructed diet over the medium-term (~3 weeks) consisting 

predominantly of capelin, and sandlance to a lesser degree. These findings are not surprising, as 

capelin spawning began ~1 week before blood samples were taken from wild puffins and murres 

(Chapter 1). Our reconstructed dietary proportions are corroborated by other studies in the region 

whereby parental murres primarily (99%) consume capelin (Davoren 2007) and deliver >94% 
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capelin to their chicks (Davoren and Montevecchi 2003). In contrast, puffin diet over the ~3-

week period was predominantly sandlance/snailfish-based with some small fish, supporting 

studies that found puffins use capelin to a lesser extent that murres, and feed at a lower trophic 

level (e.g., Chapter 1, Pratte et al. 2017). We also have evidence that Atlantic puffins in the study 

area have a relatively broad diet, similar to those in the Northeast Atlantic (Harris and Wanless 

2011, Barrett 2015), as well as puffin species in the North Pacific (Golubova and Nazarkin 2009, 

Sydeman et al. 2017). We therefore conclude that mixing-models reconstructing puffin and 

murre diet using both the cellular component and plasma DTDFs calculated from this controlled 

diet study produce ecologically plausible results in the context of published literature. 

The isotopic signatures of murre blood components fell outside the prey mixing polygon 

when applying the DTDFs calculated in this study. An explanation could be that due to the stable 

isotopes from the capelin used in the Newfoundland study being derived from muscle tissue and, 

therefore, lower in δ 13C than the whole fish samples used to calculate the DTDFs in this study. 

Using the muscle, rather than whole fish signature, would indeed shift murres closer to the prey 

in isotopic space. It is also possible that an unknown prey source is missing (Stock et al. 2018), 

although unlikely based on a priori knowledge of murre adult diet in the study area (Davoren 

2007). Another possibility is that the captive murres may have consumed a greater proportion of 

capelin relative to silverside, causing the calculated DTDF to be artificially high in δ 13C. This 

last explanation seems most likely, as we could not account for any diet preferences of the two 

species during the controlled diet study. 

 

In conclusion, the DTDFs for blood components calculated in this controlled feeding 

study and tested on wild birds appear to be useful in future studies reconstructing diets of adult 
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murres and puffins feeding on prey with similar isotopic ratios. Owing to the differences in 

DTDF values between our closely related study species along with differences in model output 

using our and published DTDFs, we repeat the call for more captive studies for DTDF 

determination (Gannes et al. 1997, Wolf et al. 2009). Facilities holding captive animals, such as 

zoos and aquariums, offer excellent collaborative opportunities for researchers. In the case of this 

study, it was not possible to use a single-prey source diet due to nutritional concerns and, thus, it 

was not possible to account for any differences between puffin and murre dietary intake. To 

mitigate variation in consumer isotopic ratios in future studies, we recommend controlled, single-

prey source feeding experiments. When this is not feasible, researchers should ensure that the 

different prey types fed to consumers have similar isotopic ratios. Alternately, if individuals can 

be identified by unique markings, whether natural or imposed (i.e. colour-bands), observations or 

feeding individuals by hand would allow individual-level prey type proportions consumed to be 

discerned, allowing the use of mass-balance equations to account for multiple prey sources 

(Greer et al. 2015, Symes et al. 2017). Finally, we suggest that while muscle samples should 

sufficiently represent stable isotope ratios in whole fish, the whole fish body should be used 

when possible. 
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Tables and Figures 

 

Table 2.3. Published mean (± SD) discrimination factors (DF) for whole blood (‘whole’) and 

blood components (‘plasma’, ‘cellular’ component) from a variety of seabird species fed a 

controlled diet of fish, which were lipid-extracted to determine DF. * indicates consumer tissue 

samples held in ethanol which may have an impact on stable-isotope ratios (Bugoni et al. 2008). 

a indicates that fish tissues were not lipid extracted, but mathematical normalisation was used 

instead following Post et al. (2007). Variation (SD) in Δ values included unless not reported in 

the literature. All experiments used a single-prey source diet except this study. 

Species Stage  

(n) 

Consumer  

tissue 

Δ13C Δ15N Reference 

Atlantic Puffin 

Fratercula arctica 

Adult (20) Cellular  +0.87 ± 0.28 +3.13 ± 0.23 This study 

Atlantic Puffin Adult (20) Plasma -1.45 ± 1.12 +2.01 ± 0.94 This study 

Common Murre 

Uria aalge 

Adult (20) Cellular +0.35 ± 0.18 +3.33 ± 0.16 This study 

Common Murre Adult (20) Plasma -2.18 ± 0.62 +2.50 ± 0.70 This study 

King Penguin 

Aptenodytes patagonicus 

Adult (10) Whole * -0.81 +2.07 Cherel et al.  

2005b 

Rockhopper Penguin 

Eudyptes chrysocome 

Adult  

(9) 

Whole * +0.02 +2.72 Cherel et al.  

2005b 

Great Skua 

Stercorarius skua 

Adult (9) Whole  +1.1 ± 0.9 +2.8 ± 0.5 Bearhop et al.  

2002 

Ring-billed Gull 

Larus delawarensis 

Subadult 

(14) 

Whole  -0.3 ± 0.8 +3.1 ± 0.2 Hobson & Clark 

1992b 

Rhinoceros Auklet 

Cerorhinca monocerata 

Chick 180 

days (9) 

Whole  - +3.49 Sears et al.  

2009 

African Penguin 

Spheniscus demersus 

Adult (8) Whole  - +2.45 ± 0.22 Barquete et al.  

2013 

African Penguin 

Spheniscus demersus 

Adult (8) Cellular - +2.51 ± 0.21 Barquete et al.  

2013 

African Penguin 

Spheniscus demersus 

Adult (8) Plasmaa -0.12 ± 0.42 +2.49 ± 0.27 Barquete et al.  

2013 

Magellanic Penguin 

Spheniscus magellanicus 

Adult (10) Whole * +0.41 ± 0.12 +2.31 ± 0.17 Ciancio et al.  

2016 

Double-crested Cormorant 

Phalacrocorax auritus 

Adult (6) Whole  -1.1 ± 1.1 +2.9 ± 0.6 Craig et al.  

2015 

Double-crested Cormorant 

Phalacrocorax auritus 

 Cellular -0.8 ± 1.1 +3.0 ± 0.6 Craig et al.  

2015 

Double-crested Cormorant 

Phalacrocorax auritus 

 Plasma -0.6 ± 1.1 +3.9 ± 0.7 Craig et al.  

2015 
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Table 4.2. Mean (± SD) stable isotope ratios of carbon (δ 13C, ‰) and nitrogen (δ 15N, ‰) for 

prey types along with the number of each prey type observed in parental prey deliveries to chicks 

by adult Atlantic puffins on James Island and common murres on South Cabot Island on the 

northeast Newfoundland coast during August 2017. Small fish consists of sandlance, Atlantic 

cod and an unknown species of fish <100 mm in length. For puffins, sandlance ≥ 100 mm and 

snailfish were combined due to similar isotopic ratios, but as no snailfish were observed in murre 

diet, only sandlance were included. 

Prey (n) δ 15N δ 13C Atlantic Puffin  Common Murre  

Small fish (26) 9.27 ± 0.42 -22.58 ± 0.14 151 2 

Sandlance/Snailfish (19) 9.27 ± 0.42  -22.58 ± 0.14 13 0 

Capelin (17) 12.19 ± 0.55 -20.66 ±  0.28 7 84 

Sandlance (9) 10.11 ± 0.26 -21.19 ± 0.19 0  14 
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Table 2.3. Mean (± SE) stable isotope ratios of carbon (δ 13C, ‰) and nitrogen (δ 15N, ‰) for 

captive Atlantic puffins, common murres and prey tissues sampled at the Montreal Biodome 

during February 2018. Seabird tissue types include cellular component of blood (CC) and plasma 

(PL), while prey samples are either the whole body or muscle. The carbon to nitrogen ratio is 

also provided. Niche breadth is reported as the mode of SEAb (95% credible intervals in 

brackets). Forage fish consists of the weighted mean value of both capelin and silverside based 

on biomass. 

Species Tissue N δ 15N δ 13C C:N SEAb 

Atlantic Puffin CC 20 15.18 ± 0.05 -18.27 ± 0.06 3.26 ± 0.01 0.17 (0.14, 0.29) 

 PL 20 14.06 ± 0.21 -20.59 ± 0.25 4.47 ± 0.04 1.42 (0.92, 2.29) 

Common Murre CC 20 15.38 ± 0.04 -18.79 ± 0.04 3.31 ± 0.01 0.09 (0.06, 0.14) 

 PL 20 14.55 ± 0.16 -21.32 ± 0.14 4.51 ± 0.03 0.73 (0.46, 1.18) 

Capelin Whole 10 12.33 ± 0.07 -20.42 ± 0.06 3.28 ± 0.01  

 Muscle 10 12.61 ± 0.11 -20.61 ± 0.07 3.40 ± 0.02  

Silverside Whole 8 11.88 ± 0.21 -18.36 ± 0.14 3.23 ± 0.03  

 Muscle 8 12.26 ± 0.13 -18.93 ± 0.15 3.39 ± 0.02  

Forage fish Whole 18 12.05 ± 0.10 -19.14 ± 0.11 3.26 ± 0.02  

 Muscle 18 12.38 ± 0.12 -19.57 ± 0.12 3.40 ± 0.01  
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Figure 2.6. Standard ellipse areas corrected for sample size (SEAc) for both the cellular 

component (CC) and plasma of captive Atlantic puffins and common murres. Forage fish is the 

weighted mean (by biomass) whole body stable isotope ratios (mean ± SD) of silverside and 

capelin fed to the captive birds.  
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Figure 7.2. Standard Ellipse areas (SEAc) of wild Atlantic puffin plasma (a) and the cellular 

component (b) calculated with diet-tissue discrimination factors (DTDF) from this study (dots), 

and from Bearhop et al. (2002) for cellular component and from Barquete et al. (2013) for 

plasma (triangles). Prey stable isotope ratios are plotted as mean (dot) ± SD, including capelin, 

sandlance/snailfish, and small fish. Below are diet contributions (Bayesian posterior distribution) 

from plasma (left) and the cellular component (right) calculated with DTDFs from this study (c, 

d) and with DTDFs from Barquete et al. (2013) (e), and Bearhop et al. (2002) (f). Vertical dotted 

lines represent the modes of the posterior distribution. 
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Figure 2.8. Standard Ellipse areas (SEAc) of wild Common Murre plasma (a) and the cellular 

component (b) calculated with diet-tissue discrimination factors (DTDF) from this study (dots), 

and from Bearhop et al. (2002) for cellular component and from Barquete et al. (2013) for 

plasma (triangles). Prey stable isotope ratios are plotted as mean (dot) ± SD, including capelin, 

sandlance, and small fish. Below are diet contributions (Bayesian posterior distribution) from 

plasma (left) and the cellular component (right) calculated with DTDFs from this study (c, d) and 

with DTDFs from Barquete et al. (2013) (e), and Bearhop et al. (2002) (f). Vertical dotted lines 

represent the modes of the posterior distribution. 
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General Conclusion 

 

Understanding the dietary niche dynamics of sympatric predators under varying prey 

availability allows insight into the potential effects that environmental change could have on 

species interactions and community dynamics, which in turn can help us predict whether species 

are capable of tolerating such changes, be it natural or human-induced. In this study, we found 

evidence of dietary niche shifts of breeding auks in coastal northeastern Newfoundland in 

response to altered availability of capelin (Mallotus villosus), the key forage fish in the area. 

Atlantic puffins (Fratercula arctica), razorbills (Alca torda) and common murres (Uria aalge) 

all showed a decrease in dietary niche breadth and an increase in δ 15N after spawning capelin 

arrived in the study area in high abundance, although to different degrees (Chapter 1). Of the 

sampled species, murres rely the most heavily on capelin and, thus, may be most affected by 

fluctuations in capelin availability, which can lead to chicks fledging in poor condition (Burke 

and Montevecchi 2008). As the study area hosts the largest murre breeding colony in the 

Northwest Atlantic (472,000 pairs on Funk Island, Wilhelm et al. 2015), representing 75% of the 

Northwest Atlantic population, a lower availability of capelin could lead to declines abundance 

throughout its range. Additionally, as murres numerically outnumber other species in the study 

area (Davoren 2007), lower capelin availability could potentially increase interactions with other 

seabird species, such as competition for alternate prey sources (e.g., sandlance, small fish). Due 

to their more generalist foraging strategies, razorbills and puffins may be more flexible than 

murres, being able to provision themselves efficiently and fledge healthy chicks by consuming 

these alternate prey species when capelin availability decreases (Burke and Montevecchi 2008), 

but the capacity to do so when faced with higher competition from murres is unknown. As 

ecological connectivity between prey availability, seabird diet and breeding success can be used 
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as a valuable indicator for monitoring and conservation (Dänhardt and Becker 2011), these links 

will continue to be an important focus for future research. 

Bayesian mixing models (MixSIAR) using diet-tissue discrimination factors (DTDFs) 

calculated from captive puffins and murres fed a controlled diet of capelin and silverside 

(Menidia menidia) at the Montreal Biodome, produced estimates of dietary prey proportions that 

support the results from wild birds (Chapter 2). My addition of two plasma DTDFs to the 

literature doubles the total number published for seabirds (Barquete et al. 2013, Craig et al. 

2015), and will allow future studies to better investigate and interpret short-term diet (1-3 days, 

Hobson and Clark 1993) of these species. Estimated short-term diet of murres and puffins 

inferred from plasma differed substantially from the medium-term inferred from the cellular 

component, possibly due to the loss in short-term variation in dietary proportions when 

integrated over a longer period. When comparing mixing-model output using the DTDFs 

calculated both in this and other studies, we found dietary prey proportions varied greatly, 

reiterating the importance of species-specific DTDFs for accurate diet reconstructions (Bond and 

Jones 2009). Also, stable isotope ratios differed for fish between whole body and muscle tissue, 

suggesting that whole fish samples should be used for dietary reconstruction when possible. This 

study reiterated the value of controlled diet studies for calculating DTDFs, as well as offering 

recommendations such as supplying single-source diets or ensuring that the different prey types 

fed to consumers have similar isotopic ratios.  
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 Future research 

The next step down this avenue of research should be to use the DTDFs calculated from 

the controlled feeding study at the Montreal Biodome (Chapter 2) to re-calculate the shifts in 

niche position reported in Chapter 1, thus increasing our confidence in the accuracy of 

representing consumer isotopic signatures in relation to their prey. While total change in 

consumer dietary niche position and breadth between capelin availability periods will not be 

affected, potential change in position of consumers relative to their prey should offer clarity and 

possibly raise more questions worthy of investigation. As a species-specific DTDF for razorbills 

is not available, and as razorbills do appear be intermediate between puffins and murres in terms 

of dietary niche position, as well as body size, it may be worth investigating the validity of 

averaging the puffin and murre DTDFs to use for razorbills. Access to accurate DTDFs for the 

three alcids would allow an analysis of niche overlap among them, an option we avoided due to 

our lack of confidence in using published DTDFs for other species. Robust niche overlap 

analysis may lend more insight into niche partitioning among the three species with shifts in prey 

availability.  

To elucidate why storm-petrel dietary niche breadth and position changed between 

sampling periods, further effort should be focused on diet sampling adults during the chick-

provisioning period (late August-early September, Hedd et al. 2009) to create a stable-isotope 

library allowing for accurate diet estimation. As storm-petrels typically forage further offshore 

than auks (Hedd et al. 2018), they may be ideally placed to sample the trophic structure of the 

ocean at a greater spatial resolution.  

This study expanded the library of stable isotope data for coastal Newfoundland, and the 

North Atlantic, adding multiple prey and consumer signatures to the literature (e.g. Sherwood 
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and Rose 2005), thus, allowing more comprehensive and detailed research into the trophic 

structure and dynamics of the community. Combined with stable isotope data from other studies 

currently being conducted in the area focusing on sooty and great shearwaters (Carvalho et al. 

2018), herring and great-black backed gulls (Maynard et al. 2018), humpback whales (Johnson et 

al. 2018), Atlantic cod, and many of their prey species, the development of food-web models 

within coastal Newfoundland is becoming possible. Indeed, robust reconstructions of diet-

proportions of such apex predators prior to and after the inshore arrival of spawning capelin 

during the summer would provide insights into how energetic pathways shift within the 

community associated with this pulsed resource, along with community-level reliance on 

capelin. Supporting this stable isotope analysis approach with additional dietary metrics, such as 

fatty acid signature analysis or compound-specific stable isotopes, would lead to more accurate 

dietary estimates (Ronconi et al. 2010). Indeed, with the number of unique fatty acids and their 

different turn-over rates relative to stable isotopes, combining these dietary metrics would allow 

a greater ability to discriminate among different prey species that are isotopically similar (Käkelä 

et al. 2007).  

 

Research implications 

 Worldwide threats facing marine ecosystems include fisheries over-exploitation, marine 

pollution, and the diverse effects of climate change, among others (Croxall et al. 2012). In 

northeastern Newfoundland, capelin abundance is not assessed systematically, and changes in 

capelin availability due to northward shifts in response to climate change (Rose 2005), combined 

with the high variability in the timing of spawning (Davoren et al. 2012, Crook et al. 2017) have 

the potential to directly impact predators through changes in prey availability (Yurkowski et al. 



91 
 

2017). Understanding how apex marine predators, such as seabirds, respond to fluctuations in 

capelin biomass and spawning timing is critical, as seabird productivity is associated with prey 

availability (e.g., Frederiksen et al. 2005, 2006), through its influence on diet (Barrett and 

Furness 1990, Baillie and Jones 2004) and foraging effort (Diamond and Devlin 2003). This 

study provides important data that may assist in providing fisheries and wildlife managers and 

scientists the evidence required to predict auk breeding success in relation to capelin stock 

assessments. 
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