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Abstract

The chapters included in this dissertation implement an ecological-physiology approach to understanding 

how long-lived marine organisms, using seabirds as a model, respond to changes in the environment. 

Many seabird populations are governed by bottom-up processes, yet efforts to connect prey dynamics and 

parameters such as breeding performance often yield mixed results. Here I examined how individual 

foraging behavior and nutritional status change at the inter-annual, decadal, and multi-decadal scale. I 

validated that the concentration of the avian stress hormone in seabird feathers is indicative of their 

exposure to nutritional stress. I then used this technique to show that young seabirds (rhinoceros auklets, 

Cerorhinca monocerata) that experience variable foraging conditions during their prolonged nestling 

period incurred higher nutritional stress when provisioned with prey that was relatively low in energy 

content. On the other hand, when examining adult foraging behavior, a signal of environmental variability 

was lost in the noise o f changing diets. Foraging behavior o f adults appeared to be highly flexible and less 

informative in regard to detecting an environmental change. I used stable isotope analysis to re-construct 

the isotopic niche dynamics (where and at what trophic level seabirds were obtaining prey) and 

partitioning o f food resources for three abundant seabirds (common and thick-billed murres, Uria aalge, 

and U. lomvia, respectively; and black-legged kittiwakes, Rissa tridactyla) breeding in the southeastern 

Bering Sea under cold and warm states o f the ecosystem. Access to diverse habitat reversed how seabirds 

partitioned prey during food shortages: seabirds with access to multiple habitats contracted their isotopic 

niche during food-limited conditions in contrast to the expansion of the isotopic niche observed for 

seabirds with access to only one type of habitat. Finally, I measured nutritional stress and stable isotope 

signatures (carbon and nitrogen) in contemporary and historic red-legged kittiwake (Rissa brevirostris) 

feather samples to examine how birds breeding on St. George Island have responded to changes in 

summer and winter conditions in the Bering Sea over time. Red-legged kittiwakes were less nutritionally 

stressed during warm summers and winters. It is not clear, however, whether all seabirds would do well if 

the Bering Sea were to break with its pattern o f oscillating between warm and cold conditions. Prey for 

these birds may either be negatively affected by continuously warm conditions (murres and black-legged 

kittiwakes feeding on juvenile pollock, Gadus chalcogrammus) or the conditions that are most beneficial 

to the prey are not known (red-legged kittiwakes feeding on myctophids). With this work I suggest that 

measuring nutritional stress in feathers and using stable isotope analysis to characterize foraging niches 

may document more dynamic responses to changes in the environment than population level parameters 

such as breeding performance. To do so, however, requires a better understanding o f the relationship 

between these individual-level responses and fitness.
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General Introduction

Understanding how individual long-lived animals respond to environmental variability can lend 

insight into population dynamics, and provide wildlife managers with a better understanding of how 

future changes in the environment may or may not affect a particular species. Understanding such 

responses of animals can also lend insight into how the structure of their food web may be changing. In 

the marine environment, where many members of the food web are difficult for researchers to access and 

observe, seabirds offer an approach to understanding how environmental change affects marine 

ecosystems that circumvents some of the difficulties faced by marine researchers (Burger and Shaffer 

2008). Their reproductive output and populations are readily available to sample, and measures o f diet 

and physiological state are relatively easy to obtain. Some species are widespread and many offer 

opportunities to test ecological and evolutionary principles in long-lived, free-living organisms (e.g., 

Brommer et al. 2008). Many species are sensitive to local environmental change and may exhibit 

responses to climate change before signals are detected in more regional-scale data, such as climate 

indices, or fisheries surveys (e.g., W olf et al. 2010). For example, some seabirds track forage fish species 

of commercial interest through their diets, breeding performance, and population trends, and may be 

useful to fisheries managers (e.g., Wanless et al. 2007).

Variability in the environment helps to shape the morphology, physiology, behavior, and life- 

history strategy of animals. In recent decades rapid climate change has resulted in increased 

environmental variability and extreme weather events that may affect the distribution and survival of 

organisms (Parmesan 2006, McKenney et al. 2007, Muller et al. 2011, Carey 2014). Long-lived species 

such as seabirds (15-30 years), inhabiting environments characterized by short-term variability, may 

provide insight into the coping mechanisms of organisms to withstand high frequency environmental 

variation. Organisms that have adapted to such dynamic environments have strategies to determine when 

to invest energy in self-maintenance or in reproduction (Stearns 1977). For example, species that inhabit 

both the Atlantic and Pacific oceans show different life history strategies: individuals living in the 

comparatively stable Atlantic Ocean reproduce at younger ages, are more persistent in their reproductive 

attempts, and have shorter lifespans than their Pacific-dwelling counterparts (Suryan et al. 2009, 

Schultner et al. 2013).

Seabird responses to environmental variability may be measured at the demographic level as 

reproductive output, fledging success, juvenile recruitment, adult survival, and/or population trends. 

There has been some success in finding relationships between environmental indices and seabird 

population parameters (Sandvik et al. 2005), but matching the time-scale o f the seabird parameters to 

climate can be difficult. In the Bering Sea, murre (Uria spp.) and kittiwake (Rissa spp.) reproductive 

performance was found to be correlated to environmental indices when they were examined within
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climate regimes (Springer 1998), lagged (Zador et al. 2013), or not at all (Renner et al. 2014). On a broad 

spatial scale correlations to environmental indices may break down, with colonies responding to regional 

indices quite differently (Satterthwaite et al. 2012, Murphy et al. 2016), making it difficult to draw any 

definitive conclusions. In addition, it is not always clear to what degree carry-over effects may influence 

responses. That is, when the conditions or experiences met in one season affect the reproduction or 

survival o f an individual in the following season (Harrison et al. 2011, Schultner et al. 2014). Changes in 

environmental conditions may occur over different periods of time: multi-decadal, decadal, inter- 

annually, or seasonally. The mixed success in matching seabird reproduction to environmental indices 

may be due in part to a mismatch between the measured response and the time scale of the environmental 

variability, or because the environment affects foraging behavior more than reproduction (e.g., Einoder et 

al. 2013).

Another approach is to compare seabird population processes to food availability, since these 

parameters are often, but not always, driven by bottom-up processes dictated by the environmental 

conditions prey experience (Einoder 2009). Seabird responses to environmental change, i.e., food 

availability, can be examined by comparing population processes and changes in individual condition 

relative to prey availability or climate indices (e.g., population and prey, Oro et al. 2004; individual 

condition and climate, Satterthwaite et al. 2012). Forging a link between seabirds and their food is, 

however, not entirely straightforward. Exploring predator-prey relations can be informative (Erikstad et 

al. 2013, Santoro et al. 2014), but an in-depth understanding requires intensive sampling o f the marine 

environment for prey species and a comprehensive understanding of the diet utilized by birds foraging in 

that area. Furthermore, some caution must be employed prior to examining predator-prey relationships 

because not all seabird populations are regulated by only bottom-up processes (e.g. Reilly et al. 2013). An 

alternative approach may be to characterize the habitat and trophic level that make up the foraging niche 

of a single, or group, of seabird species. By using a less detailed, but easy to obtain, measure of diet 

(stable isotope analysis) it may be possible to construct an isotopic niche and examine how the niche 

changes in response to changes in the environment (e.g., Moreno et al. 2016). Isotopic niches are most 

commonly built using carbon and nitrogen stable isotope ratios to characterize where (nearshore or 

pelagic) and at what trophic level the prey an organism consumes is located (Bearhop et al. 2004).

Physiological parameters have also been used to understand responses to environmental 

conditions at both the individual and population level. General strategies for dealing with environmental 

variability may be discerned by measuring the rate of telomere loss, a metric of biological age, which may 

indicate the pace at which an individual is living (slow or fast, Haussmann et al. 2003). Other measures 

have been used to assess energy stores (triglycerides), the state of the immune system (leucocyte counts), 

and metabolic efficiency (protein content). In seabirds, the stress hormone corticosterone (CORT) has
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been demonstrated to provide insight into the foraging conditions individuals encounter (e.g., Barrett et al. 

2015). CORT is a glucocorticoid produced by the adrenals and regulated by the hypothalamus and 

pituitary gland. Glucocorticoids influence energy mobilization, resource allocation, immune response, 

reproduction, and growth (Breuner et al. 2013). It has been shown for multiple species of seabirds that the 

life-stage independent upregulation o f the hypothalamus-pituitary-adrenal response is largely initiated by 

limitations on food intake, whether from food shortages or decreases in food quality (e.g., Kitaysky et al. 

2001, Kitaysky et al. 2007, Benowitz-Fredericks et al. 2008, Doody et al. 2008, Harding et al. 2013). 

Thus, relative concentrations of circulating baseline CORT can be used as a proxy for food availability 

(Kitaysky et al. 2010) and have been demonstrated to impact fitness (e.g., Satterthwaite et al. 2010).

Until recently, measuring CORT concentration in seabirds has been somewhat limited by the type 

o f tissue sampled for analysis. CORT has most often been measured in blood plasma, but also in guano. 

Plasma provides a snapshot o f the status o f a bird at the time of sampling. While guano provides a 

somewhat more integrated measure of the experience of a bird over several hours, both methods are 

limited in their ability to profile an individual’s experience, and thus foraging conditions, over a longer 

time period (Brewer et al. 2008). These measures are also limited to periods when birds are accessible to 

catch or in places where it is possible to collect fresh droppings. In contrast, it has been demonstrated that 

CORT can be measured in feather tissues (Bortolotti et al. 2008) and that it remains stable through time 

(Bortolotti et al. 2009). This creates the possibility to measure the nutritional state o f a seabird during the 

non-breeding life period and compare current nutritional states with historical ones to determine how 

conditions may have changed over time. Whether this technique also provides a proxy for food 

availability in seabirds, however, is not well understood.

In this dissertation, I experimentally validate the use o f feather CORT as a measure o f nutritional 

stress incurred by seabirds (Chapter 1). I also explore the use of feather CORT (Chapter 2, 4) and stable 

isotope analysis (Chapter 3, 4) to measure the response o f seabirds to environmental variability at four 

different time scales: seasonal (Chapter 2, 3), inter-annual (Chapter 2), decadal (Chapter 3), and multi- 

decadal (Chapter 4). In so doing I tested new approaches to measuring seabird responses to environmental 

change, and assessed their usefulness. In addition I produced some of the first decadal (Chapter 3), multi- 

decadal (Chapter 4) and annual (capturing the annual cycle - Chapter 4) analyses of how seabirds respond 

to climate variability during a period when the effects of climate change are increasingly apparent 

worldwide (Walther et al. 2002).
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Chapter 1 Feather Corticosterone Reveals Developmental Stress in Seabirds1

Abstract

In nest-bound avian offspring, food shortages typically trigger a release o f the stress hormone 

corticosterone (CORT). Recent studies indicate that CORT is passively deposited in the tissue of growing 

feathers and thus may provide an integrated measure o f stress incurred during development in the nest. 

The current hypothesis predicts that, assuming a constant rate of feather growth, elevated CORT 

circulating in the blood corresponds to higher levels of CORT in feather tissue, but experimental evidence 

for nutritionally stressed chicks is lacking. Here, we examined how food limitation affects feather CORT 

content in the rhinoceros auklet (Cerorhinca monocerata). We (1) used captive chicks reared on control 

versus restricted diets, and (2) applied this technique to free-living chicks with unknown nutritional 

histories that fledged at three separate colonies. We found that (1) feather growth was not affected by 

experimentally induced nutritional stress; (2) captive chicks raised on a restricted diet had higher levels of 

CORT in their primary feathers; (3) feather CORT deposition is a sensitive method of detecting 

nutritional stress; and (4) free-living fledglings from the colony with poor reproductive performance had 

higher CORT in their primary feathers. We conclude that feather CORT is a sensitive integrated measure 

revealing the temporal dynamics of food limitations experienced by rhinoceros auklet nestlings. The use 

of feather CORT may be a powerful endocrine tool in ecological and evolutionary studies of bird species 

with similar preferential allocation of limited resources to feather development.

1 Will, Alexis; Suzuki, Yuya; Elliott, Kyle; Hatch, Scott; Watanuki, Yutaka; Kitaysky, Alexander. Journal of 
Experimental Biology. 2014. vol 217: 2371-2376, doi:10.1242/job.098533.
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Introduction

The environmental stressors that animals experience during development have fitness 

consequences. A disruption in homeostasis in birds triggers release of the stress hormone corticosterone 

(CORT), which enables an individual to cope with changes in its environment (Schoech et al., 2011). For 

example, nutritional limitation in nestlings has been shown to increase CORT secretion (Astheimer et al., 

1992; Kitaysky et al., 1999; Kitaysky et al., 2001; Pravosudov and Kitaysky, 2006; Herring et al., 2011), 

which in turn may increase begging behavior (Kitaysky et al., 2001), and result in a stronger 

adrenocortical response to future stressors (Pravosudov and Kitaysky, 2006; Spencer et al., 2009; 

reviewed in Schoech et al., 2011). Short- and long-term exposure to elevated CORT, however, can reduce 

an individual’s quality (Kitaysky et al., 2003; Dehnhard et al., 2011), lower survival (Kitaysky et al.,

2007; Blas et al., 2007: Kitaysky et al., 2010, Satterthwaite et al., 2010; Goutte et al., 2010) and interfere 

with morphological development (Muller et al., 2009; Honarmand et al., 2010). Because o f the short-term 

benefits and long-term costs o f increased CORT secretion, quantifying an individual’s exposure to CORT 

is an informative method of assessing an individual’s response to its environment (e.g. Dorresteijn et al., 

2012) and may provide insight into the evolution o f current life-history strategies (Kitaysky et al., 2003; 

Satterthwaite et al., 2010, Schoech et al., 2011, Atwell et al., 2012).

Current methods of measuring CORT exposure (such as CORT concentrations in blood and fecal 

samples) provide a measure of CORT levels experienced by an individual at one point in time (Brewer et 

al., 2008; Muller et al., 2009; Herring et al., 2011). However, even repeated samples o f blood or fecal 

material may not always capture a complete profile of stress incurred by individuals on the scale of days 

or weeks. For example, experimental evidence in the red-legged kittiwake (Rissa brevirostris) indicates 

that prolonged periods of food shortage may not always correspond to an increased secretion of baseline 

plasma CORT (Kitaysky et al., 2001). Recently, several studies have employed a technique that measures 

the amount of CORT contained in feather tissues, which are grown over a period o f days or weeks.

Several of these studies indicate that the relatively non-invasive sampling o f whole feathers may provide 

an integrated measure o f stress incurred throughout the growth o f that feather (Fairhurst et al., 2013), and 

that feathers can be sectioned to obtain a rough profile of stress experienced during feather growth 

(Bortolotti et al., 2008; Bortolotti et al., 2009; Lattin et al., 2011). The current ‘passive deposition’ 

hypothesis predicts that elevated CORT in blood plasma will correspond to higher levels of CORT in 

feather tissue because the CORT circulating in the blood is incorporated into the feather tissues as they 

are being formed (although the mechanisms are still unknown) (Bortolotti et al., 2008).

The potential ecological applications o f this technique are broad and already the few published 

studies that employ it address questions ranging from the impact of the pre-breeding body condition on 

egg production (Kouwenberg et al., 2013) to the effect environmental enrichment has on the physiological
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state o f captive passerines (Fairhurst et al., 2011). There is evidence, however, that during development 

variations in resource allocation may produce feather CORT results opposite to those expected from 

plasma CORT studies (Patterson et al., 2014). Several validation studies have found that feather CORT 

concentration not only reflects the length o f a feather, as originally proposed by Bortolotti et al., 2008, but 

also correlates significantly with a feather’s mass and growth rate (Lattin et al., 2011; Patterson et al., 

2014). There is a need to experimentally validate how feather growth rates and feather CORT respond to 

natural environmental stressors; otherwise, use of this technique may lead to equivocal interpretations of 

feather CORT results. To date, only a few studies have assessed the technique of measuring CORT in 

feather tissues of chicks that have experienced experimentally induced stressful conditions during 

development (Fairhurst et al., 2012b; Fairhurst et al., 2013).

We used seabirds as a model system to investigate the use o f feather CORT as an indication of a 

chick’s exposure to nutritional stress during development. In seabirds, increased CORT secretion is 

associated with low food availability (Doody et al., 2008; Kitaysky et al., 2007; Kitaysky et al., 2010; 

Dorresteijn et al., 2012) and in many species plasma CORT correlates inversely with population 

parameters such as reproductive success, survival, and population trends (Buck et al., 2007; Kitaysky et 

al., 2007, Kitaysky et al., 2010; Harding et al., 2011; Dorresteijn et al., 2012; Satterthwaite et al., 2012). 

Chicks experience food limitation when their parents are unable or unwilling to compensate for food 

shortages (Harding et al., 2009; Fairhurst et al., 2012a; Jacobs et al., 2013), thus presenting a direct 

physiological response of individuals to changes in their nutritional environment.

We tested the effect of nutritional stress on deposition of CORT in feathers of the rhinoceros 

auklet, Cerorhinca monocerata (Pallas 1811). Experimental and observational studies indicate that in this 

species chicks preferentially allocate limited resources to wing and feather growth: chicks consistently 

fledge once attaining a narrow wing length measurement irrespective o f body mass (Harfenist, 1995; 

Deguchi et al., 2004; Takenaka et al., 2005; Sears and Hatch, 2008; Hirose et al., 2012). Experimental 

evidence also indicates that food-limited rhinoceros auklets have higher plasma CORT concentrations 

than controls (Sears and Hatch, 2008). Under the passive deposition hypothesis, differences in feather 

growth rates could interfere with the transfer o f CORT from blood to feather tissue (Patterson et al.,

2014). Thus, we predict that if  feather growth is not affected by food limitation, then feather CORT will 

be relatively higher in nutritionally stressed chicks. We tested this prediction in the following manner: (1) 

we compared captive chicks reared on either control or restricted diets to test the relationships among 

food restriction, baseline plasma CORT and feather CORT; and (2) we measured feather CORT in free- 

living fledglings sampled on three colonies differing in reproductive performance to determine whether 

and when wild chicks experienced environmental stress.
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Materials and Methods

Captive Chicks

All handling of free-living birds was conducted under the approval of the University of Alaska 

Fairbanks Animal Care and Use Committee protocol no. 251294-9 and sampling occurred under US Fish 

and Wildlife Service collection permit MB072512-1 and Alaska Department o f Fish and Game permit 12

046. Importation of feathers from Japan was approved by the US Department of Agriculture (permit 

115130).

We used captive-reared fledglings exposed to nutritional stress during their development (see 

Sears and Hatch, 2008). These birds were fed the same fish diet (the silverside, Menidia menidia) given 

ad libitum until 14 days post-hatch and either control (up to 75 g day-1, n = 6) or restricted (up to 40 g day" 

', n = 6) diets thereafter. Birds were killed at 56 days post-hatch and have been stored frozen at -80 °C 

since 2006 (see Bortolotti et al., 2009) for details o f sampling ‘old’ feathers, which suggests CORT is 

stable in feather tissue and its concentration is unaffected by long-term storage). All chick measurements, 

blood collection and plasma CORT analysis were completed as part o f previously reported work (Sears 

and Hatch, 2008). Briefly feather growth rates were calculated from measurements o f the 10th primary 

taken every 7 days from the time the feather burst through its sheath to day 42 post-hatch when feathers 

reached their full length of the primary at day 14 and the growth rate for the individual feather (average 

age at primary emergence was 11.57 days, feathers stopped growing between measurements taken at 42 

and 49 days post-hatch and average growth rate was 2.2.mm day-1). Blood samples (100-200 ^l) o f post- 

absorptive chicks (after overnight fasting) were collected weekly starting at age 7 days, from the alar vein 

within 3 min o f handling to obtain a baseline measure o f circulating CORT (Sears and Hatch, 2008). 

Plasma CORT concentrations were determined by extracting hormones with dichloromethane followed 

by a standard radioimmunoassay (Wingfield and Farner, 1975) with a 3% intra-assay variation and 

recovery values of 85-99% (Sears and Hatch, 2008).

Free-living Chicks

In 2012, free-living chicks were captured in the act o f fledging (age unknown, range 42-58 days; 

Gaston and Dechesne, 1996) on three colonies (Teuri Island, Japan, 44°25’N, 141°18’E, n = 15 

individuals; Middleton Island, Alaska, 59°26’N, 146°19’W, n = 7; St. Lazaria Island, Alaska, 56°59’N, 

135°42’W, n = 13).

These three colonies encompass a broad range of environmental conditions typically experienced 

by breeding rhinoceros auklets. Teuri Island birds depend heavily upon lipid-rich Japanese anchovy 

(Engraulis japonicas), whose availability is affected on an inter-annual basis by a summer shift in ocean 

currents (Watanuki et al., 2009). Diets o f breeding birds at Alaskan colonies consist of the Pacific sand
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lance (Ammodytes hexapterus), capelin (Mallotus villosus), Pacific herring (Clupeapallasii) and/or 

greenling (Hexagrammos decagrammus) and change on an inter- and intra-annual basis (Thayer et al., 

2008). St. Lazaria Island birds breed in a shallow continental shelf environment whereas Middleton Island 

birds have access to a more pelagic habitat. Typically, years that are food-rich for the Alaskan colonies 

are less so for the Japan colony (Thayer et al., 2008). Thus, we expected that auklets breeding at these 

three colonies in a given year would experience contrasting foraging conditions.

Feather Collection and Analysis

For both captive and free-living fledglings the 1st primary from the right wing was clipped at the 

base. After washing with distilled water and air-drying, the calamus was removed and feathers were 

weighed to the nearest 0.0001 g and measured to the nearest 0.5 mm. The entire feather was then divided 

into three 20 mm segments. Each segment was weighed to the nearest 0.0001 g and analyzed for CORT 

content separately. Feather segments were prepared according to Bortolotti et al., 2008 followed by a 

radioimmunoassay (Wingfield and Farner, 1975) using Sigma-Aldrich antibody (C 8784, St. Louis, MO, 

USA), intra-assay CV <2%. The Sigma-Aldrich antibody patterns o f specific binding were parallel 

between dilution o f feather CORT extract and standard CORT (Sigma-Aldrich H4001). To control for 

loss o f CORT during the extraction process, 2000 cpm of H3-labeled CORT (PerkinElmer NET399, 

Boston, MA, USA) was added to each sample and final feather CORT titers were adjusted for % recovery 

(mean 97%, range 80.2-100%). Assay results were normalized by converting to units o f pg mm-1 

(Bortolotti et al., 2008).

Statistical Analysis

Statistical analysis was conducted in R (R Development Team version 3.0.0). All dependent 

variables met assumptions o f normality and homogeneity o f variance. We used ANOVA to compare 

feather mass, length, growth rate, and age at emergence between treatments and among colonies. Sex (n = 

4 males, n = 8 females) did not account for a significant amount o f variation in any o f the measured 

parameters in the experimental chicks, so it was excluded from further analyses. We used linear mixed 

models (‘lme’ function in R) to test the effect o f feather segment (captive and free-living), dietary 

treatment (captive chicks only) and colony (free-living chicks only) on feather CORT concentrations. We 

included chick identity as a random factor. For all models we first tested the interactions among the fixed 

factors and feather mass, and removed non-significant interaction terms from final models.

Feather CORT concentrations (pg mm-1 ) were significantly [mixed model; effect o f feather 

segment mass (g): F i ,87=20.76, .P<0.0001] and positively (parameter estimate: 392.6±260.8) correlated 

with the mass of feather segments in both captive and wild individuals (there was no significant
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interaction between feather origin, i.e. captive versus wild, and segment mass: F4,87 = 0.62, p = 0.65).

Thus feather mass was included as a continuous predictor in all statistical analyses and in all figures we 

report mass-specific feather CORT concentrations, which are the detrended values using residuals 

calculated from the best fit linear model for feather mass (g) and feather CORT concentrations (pg mm-1).

In captive chicks, we tested the relationship between baseline plasma CORT (ng ml-1) and feather 

CORT (pg mm-1) using general linear models with baseline plasma CORT as a continuous predictor. 

Feather segments were matched to weekly plasma CORT samples by using the mean growth rate (2.2 mm 

day-1) and day o f emergence (11 days post-hatch) for the primaries o f all captive -reared chicks. Thus, we 

determined that the first 20 mm of each feather (top to 20 mm) corresponded to plasma CORT on day 14, 

that the 21-40 mm feather segment corresponded to the average o f plasma CORT concentrations 

measured on days 21 and 28, and that the 41 mm to base feather segment corresponded to the average of 

plasma CORT concentrations measured on days 35 and 42 post-hatch.

Results

Captive Chicks

We examined the 1st primary feather of chicks raised on one of two experimental diets: food 

restricted or control. We found that food restriction had no effect on feather mass, length, growth rate or 

the age at feather emergence in captive-reared chicks exposed to nutritional stress during development 

(Table 1.1). Because feather growth rate was unaffected by food restriction it was not included in our 

models.

Feathers were segmented prior to analysis to measure CORT concentration during early (feather 

tip to 20 mm), middle (21-50 mm) and late (41 mm to feather base) development. Feather CORT 

concentrations were higher in food-restricted chicks than in controls (treatment effect: F in  = 14.69, p = 

0.0028; Fig. 1.1A). We observed a trend for feather CORT to increase from tip to base in both treatments 

(effect o f segment: F2,23 = 3.4, p = 0.051). None o f the interaction terms were significant (all p > 0.22).

On an individual basis, we paired feather segments (feather tip to 20 mm, 21 -40 mm, and to base 

of feather) to baseline plasma CORT samples using growth rate measurements. We found that baseline 

plasma CORT (ng ml-1) was not a significant predictor of CORT concentrations in feather tissues (Fig.

1.2).

Free-living Chicks

We then applied this technique to feathers collected in 2012 from fledglings on three 

geographically distinct colonies that differed in diet composition, oceanographic conditions, and 

reproductive performance: Teuri Island in Japan, and St. Lazaria Island and Middleton Island in Alaska.
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Measures o f reproductive success were collected on each island as part o f ongoing monitoring studies. 

Fledging success in 2012, determined as the number of chicks fledged/number chicks hatched, was low 

on Teuri Island: 31% (n = 41 monitored nests). Both St. Lazaria Island and Middleton Island had 

reproductive success comparable to the long-term average recorded for both colonies (St. Lazaria Island: 

67%, n = 148; Middleton Island: 67.3%, n = 52).

We found that free-living chicks from different colonies had similar feather mass (fixed effect 

ANOVA; colony effect: F232 = 1.8 95, p = 0.167). Feather length, measured after removal from fledglings, 

was not significantly different across colonies (colony effect: F232 = 3.066, p = 0.061). We found that 

feather CORT concentrations were affected by colony (mixed model; colony effect: F2,43 = 5.94, p = 

0.006; Fig. 1.3) and that there were temporal differences in CORT concentration (mixed model; feather 

segment effect: F265 = 16.97, p < 0.0001). None o f the interaction terms were significant (all p > 0.07).

Discussion

We used captive seabird chicks to test whether nutritional stress is reflected in an increased 

deposition o f CORT in feather tissues. We then applied this technique to free-living chicks with unknown 

nutritional histories to determine whether and when individuals experienced environmental stress during 

their development. Feather growth did not differ significantly between treatments, ruling out effects of 

varying feather growth rates on feather CORT deposition. In all of our analyses we controlled for mass of 

the feather, thus eliminating any potential confounding effect feather mass had on CORT concentrations 

(Patterson et al., 2014). Feather CORT was higher in experimental chicks experiencing chronic nutritional 

limitation and higher in wild chicks fledged from a colony with low breeding performance.

In general, our results provide limited support for the passive deposition hypothesis (Figs. 1.1,

1.2). Sears and Hatch (2008) found a muted, but statistically significant, difference in the adrenocortical 

response of rhinoceros auklet chicks exposed to nutritional stress: food-limited chicks had a higher 

secretion of baseline CORT than controls. In this study we sampled 12 (n = 6 individuals per control and 

restricted diet treatments, respectively) chicks that had been killed at the conclusion of their study (other 

individuals were donated to a zoo for permanent housing and breeding programs). In this subset, using 

data previously reported by Sears and Hatch (2008), baseline plasma CORT concentrations were not 

different between treatments (Fig. 1.1B) and at the individual level there was no statistically significant 

relationship between baseline plasma and feather CORT concentrations (Fig. 1.2). The weak relationship 

between baseline plasma CORT and feather CORT may be due to either the relatively weak 

adrenocortical response of rhinoceros auklet chicks to food stress (Sears and Hatch, 2008) or to a diurnal 

cycle in baseline CORT secretion (Chung et al., 2011).
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Furthermore, it is not unusual for the baseline plasma CORT to be highly variable, and when 

sample sizes are relatively small, this variability may decrease the explanatory power of independent 

variables. An experimental study of red-legged kittiwakes found substantial inter-individual variation in 

baseline plasma CORT during prolonged food restriction (Kitaysky et al., 2001); and a long-term study of 

free-living black-legged kittiwake (Rissa tridactyla) chicks found that intra-annual variability in baseline 

plasma CORT obscured inter-annual patterns in chick physiological status (Brewer et al., 2008). Previous 

studies have also found baseline plasma CORT to be a non-significant correlate with feather CORT, 

which was instead significantly positively correlated with stress-induced CORT (Bortolotti et al., 2008; 

Patterson et al., 2014). Feather CORT may, therefore, be a more robust method of detecting exposure to 

environmental stressors that vary in duration and intensity (see also Fairhurst et al., 2013). Like 

measuring the stress-induced CORT response (Kitaysky et al., 2007; Kitaysky et al., 2010), feather CORT 

might provide a more long-term continuous measure o f an individual’s exposure to elevated 

corticosterone, but would do so in a fraction of the handling time, under less duress to individuals, and 

would not have the ability to ‘reset’ when conditions improved.

It is also possible that baseline plasma CORT and feather CORT concentrations are composed of 

different components o f the total CORT in circulation. The free-hormone hypothesis states that biological 

responses are regulated by the portion of CORT that is freely circulating in the bloodstream, and that the 

proportion bound to the corticosteroid-binding globulin is biologically inactive (Breuner et al., 2013). 

Sears and Hatch (2008) measured total CORT, which quantifies both free and bound steroids. It may be 

that only free CORT is deposited in feather tissues. Nevertheless, in contrast to the lack o f a strong 

relationship with baseline plasma CORT results, and despite a reduced sample size [this study: n = 12, 

versus Sears and Hatch (2008): n = 26], we found a very strong signal o f food restriction in feather CORT 

concentrations (Fig. 1.1A).

We then applied this technique to free-living chicks to determine whether feather CORT could 

detect exposure to environmental stress during their development in the nest. We found that feather 

CORT revealed whether and when chicks experienced elevated CORT levels. Feather CORT co-varied 

with reproductive success at the colony level, and intra-feather variation in deposition suggested that 

CORT was higher during some windows of development than others. For example, chicks from Teuri 

Island had higher concentrations of CORT in the first grown portion of their feathers and experienced 

overall higher stress than chicks on St. Lazaria Island (Fig. 1.3). While direct causes may vary, elevated 

CORT is an indicator of environmental stress (such as food shortage, inclement weather, disease, inter

sibling aggression, and predation), and indicates that perhaps poor early chick-rearing conditions 

contributed to the overall low fledging success on Teuri Island compared with St. Lazaria Island and 

Middleton Island, where reproductive success was relatively high. Rhinoceros auklets raise a single chick
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in a subterranean burrow (Gaston and Dechesne, 1996) so their offspring are well protected and have little 

opportunity to experience environmental stress other than lack of food. It is, therefore, most likely that the 

early-season elevation in feather CORT concentrations we found in the free-living chicks was primarily 

due to food shortage.

In both captive and free-living chicks we observed temporal changes in feather CORT 

concentrations (Figs. 1.1, 1.3). In captive chicks there was an increasing trend in feather CORT 

concentrations as chicks approached fledging age. An increase in the adrenocortical function towards the 

end of development has been observed across avian species and is largely attributed to an upregulation of 

the hypothalamus-pituitary-adrenal axis in anticipation of coping with the initial stress of being 

independent (Corbel and Groscolas, 2008; Kozlowski et al., 2010; Wada et al., 2009; Rivers et al., 2012). 

While the observed increase in feather CORT concentrations over time may be due to ontogenetic 

processes, we cannot discount the possibility that captive chicks may have become mildly nutritionally 

stressed near the end of their development. In the wild, as chicks near fledging age, adult auklets have 

been observed to decrease their chick provisioning efforts (Bertram et al., 1991; Bertram et al., 1996), 

which may explain the late season increase in feather CORT concentration of free-living chicks on the 

Alaskan colonies (Fig. 1.3). In captive chicks, daily rations were determined based on the low and high 

levels o f daily food intake recorded in wild chicks (Bertram et al., 1991) and did not change during chick 

development. Because of their static diets, all captive individuals could have experienced food limitations 

prior to fledging. Because of a potential interplay o f pre-fledging physiology, parental decisions and 

changes in environmental conditions, it is difficult (and beyond the scope of our current study) to 

determine causal factors that explain the trends we observed in feather CORT concentrations over time. 

Most notable is that we were able to observe these changes in CORT secretion over time by using the 

continuous record o f CORT deposited into growing feather tissues.

We conclude that rhinoceros auklets, seabirds that preferentially allocate limited resources to 

wing and feather growth and retain an adrenocortical response to food limitation during development, 

deposit higher concentrations o f CORT in growing feather tissue in response to nutritional stress. We also 

found that feather CORT can detect food limitation in rhinoceros auklet chicks when baseline plasma 

CORT does not. Our results demonstrate that feather CORT can be used to make spatial and temporal 

comparisons of environmental conditions and reveal specific periods, and durations of stress experienced 

by seabird chicks during their development. This relatively non-invasive technique, when applied 

appropriately, could provide important physiological information to evolutionary and ecological studies 

of free-living seabirds.
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Figure 1.1 Food limitation results in higher feather corticosterone (CORT) concentrations. (A)

Mean (± s.e.m.) feather CORT concentration (controlled for the mass o f the feather segment) in the first 

primary feather (grown between ~11 and 42 days post-hatch) o f control (n = 6) and restricted (n = 6) 

rhinoceros auklet chicks, shown by feather segment (growth period indicated by arrows). (B) Mean (± 

s.e.m.) baseline plasma CORT concentrations (measured weekly between 14 and 42 days post-hatch) of 

control (n = 6) and restricted (n = 6) rhinoceros auklet chicks were not significantly different (mixed 

model; effect o f treatment: F110 = 2.17, p = 0.17, effect o f age: F146 = 0.009, p = 0.92; interaction between 

treatment and age: F146 = 2.04, p = 0.16). Plasma CORT values are for 12 o f the 26 chicks included in 

results reported previously (see Sears and Hatch, 2008).
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Figure 1.2 Baseline plasma CORT is not significantly correlated with feather CORT 

concentrations. Feather CORT concentrations (controlled for the mass o f the feather segment) are 

reported for (A) the first segment (tip to 20 mm) paired with baseline plasma CORT collected on day 14 

(FU0 = 0.002, p = 0.96, R2 < 0.001), (B) the second segment (21-40 mm) paired with the mean 

concentration o f baseline plasma CORT collected on days 21 and 28 (FU0 = 0.04, p = 0.84, R2 = 0.004), 

and (C) the third segment (41 mm to base) paired with the mean concentration of baseline plasma CORT 

collected on days 35 and 42 (F110 = 1.77, p = 0.21, R2 = 0.15). Captive rhinoceros auklet chicks are coded 

by treatment for illustrative purposes only: control n = 6, restricted n = 6.
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Figure 1.3 Feather CORT concentrations of free-living rhinoceros auklet chicks. Reported are mean 

(± s.e.m.) feather CORT concentrations (controlled for the mass o f the feather segment) in three different 

segments (from tip, grown first, to the base, grown last as indicated by the arrows) o f the first primary 

feather tissues.
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Table

Table 1.1 Parameters of feather growth and development were not significantly different between 

rhinoceros auklet chicks raised on control and restricted diets. Means ± s.e.m., and corresponding 

statistical parameters.

Feather Parameters Control Restricted
ANOVA

F1,n p-value

Mass (g) 0.029 ± 0.002 0.03 ± 0.001 0 0.99

Length (mm) 59.69 ± 1.27 59.21 ± 1.15 0.167 0.69
Growth Rate 
(mm/day) 2.22 ± 0.02 2.18 ± 0.04 1.163 0.3

Age at Primary 
Emergence (days) 11.61 ± 0.24 11.56 ± 0.26 0.03 0.87
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Chapter 2 Feather Corticosterone Reveals Stress Associated with Dietary Changes in a Breeding

Seabird.2

Abstract

Changes in climate and anthropogenic pressures might affect the composition and abundance of 

forage fish in the world’s oceans. The junk-food hypothesis posits that dietary shifts that affect the quality 

(e.g., energy content) o f food available to marine predators may impact their physiological state and 

consequently affect their fitness. Previously we experimentally validated that deposition o f the 

adrenocortical hormone, corticosterone, in feathers is a sensitive measure o f nutritional stress in seabirds. 

Here we use this method to examine how changes in diet composition and prey quality affect the 

nutritional status o f free-living rhinoceros auklets (Cerorhinca monocerata). Our study sites included: 

Teuri Is. Japan, Middleton Is. central Gulf o f Alaska, and St. Lazaria Is. Southeast Alaska. In 2012 and 

2013 we collected “bill loads” delivered by parents to feed their chicks (n = 758) to document dietary 

changes. We deployed time-depth-temperature recorders on breeding adults (n = 47) to evaluate whether 

changes in prey coincided with changes in foraging behavior. We measured concentrations of 

corticosterone in fledgling (n = 71) and adult breeders’ (n = 82) feathers to determine how birds were 

affected by foraging conditions. We found that seasonal changes in diet composition occurred on each 

colony, adults dove deeper and engaged in longer foraging bouts when capturing larger prey, and that 

chicks had higher concentrations of corticosterone in their feathers when adults brought back smaller 

and/or lower energy prey. Corticosterone levels in feathers o f fledglings (grown during the breeding 

season) and those in feathers o f adult breeders (grown during the post-breeding season) were positively 

correlated, indicating possible carry-over effects. These results suggest that seabirds might experience 

increased levels o f nutritional stress associated with moderate dietary changes; and that physiological 

responses to changes in prey composition should be considered when evaluating the effect o f prey quality 

on marine predators.

2 Will, Alexis; Watanuki,Yutaka; Kikuchi, Dale M;. Sato, Nobuhiko; Ito, Motohiro; Callahan, Matt; Wynne- 
Edwards, Katherine; Hatch, Scott; Elliott, Kyle; Slater, Leslie; Takahashi, Akinori; Kitaysky, Alexander. Ecology 
and Evolution. September 2015. doi: 10.1002/ece3.1694.

27



Introduction

Ecological changes such as increased competition (e.g., Svanback and Bolnick, 2007), disease 

(e.g., Moleon et al., 2009), or fluctuations in the availability and abundance o f food (e.g., Zhou et al., 

2015, Jackson and Rundle, 2008) can result in short-term changes in the composition and quality (e.g., 

energy content) o f an animal’s diet. According to the junk-food hypothesis, changes in the quality o f prey 

can affect a marine animal’s ability to survive and reproduce (Alverson, 1992). Climate change and 

anthropogenic pressures might induce shortages in the availability o f energy-rich prey to marine 

predators, such as seabirds (Kitaysky et al., 2006, Essingtona et al., 2015); yet studies o f how prey quality 

affects reproductive performance in seabirds provide mixed support for the junk-food hypothesis. Some 

studies find no evidence that changes in prey quality affect reproductive output (Jodice et al., 2006, Kadin 

et al., 2012, Hjernquist and Hjernquist, 2010). Others clearly demonstrate that low-quality prey, such as 

fisheries offal (Gremillet et al., 2008), or changes in the energy content, availability, or abundance of a 

preferred energy-rich prey species (Wanless et al., 2007, Dorresteijn et al., 2012, Barrett et al., 2015), 

negatively impact reproductive performance and adult nutritional status (Dorresteijn et al., 2012, Barrett 

et al., 2015).

The impact o f prey quality (i.e., total caloric content which is often driven by lipid richness) and 

quantity may be best examined on a continuum, with switches between prey o f equal quality on one end 

and changes between high and low quality prey at the other. With this approach, we expect that a switch 

from high- to low-quality prey would only impact reproductive performance and/or survival in cases 

where prey quality changed substantially and could not be counteracted by increasing the quantity o f the 

low-quality food. If switches occur among prey o f relatively equal energy value, overall reproductive 

performance may not vary, but the physiology and behavior o f individuals may be affected.

Many seabird species (e.g., see Rector et al., 2012, Benowitz-Fredericks et al., 2008, Kitaysky et 

al., 1999) respond to nutritional stress with increased levels o f the avian stress hormone, corticosterone 

(CORT). Researchers use concentrations o f CORT as a relative measure to infer the nutritional stress that 

birds incur. Nutritional stress occurs when individuals experience a negative balance between their energy 

needs and the energy that is available (Kitaysky et al., 2001b). The increased secretion o f CORT in 

response to a decrease in energy intake enables an individual to survive the event (Kitaysky et al., 2003, 

Kitaysky et al., 2001a), but stress incurred during the event can take a toll, impacting their ability to 

survive and reproduce in the future (Kitaysky et al., 2010). To test how changes in prey composition and 

quality affect seabirds, we examined the chick diets, adult behavior, and the stress status o f chick and 

adult rhinoceros auklets (Cerorhinca monocerata, hereafter RHAU, Fig. 2.1), a coastal, pursuit-diving 

piscivore that breeds in the North Pacific.
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First, we examined how chick diets changed over the course o f the breeding season. Then we 

focused our investigation on the relationship between diet and adult foraging behavior, which may 

mediate the impact o f diet changes on both adults and chicks. In cases o f mild or temporary food 

shortages, breeding seabirds may adjust their foraging behavior (e.g. Burke and Montevecchi, 2009, 

Harding et al., 2009, Harding et al., 2013) by increasing dive frequency (Hedd et al., 2009, Ronconi and 

Burger, 2008), the number o f foraging bouts, and/or the time spent underwater in pursuit o f prey 

(Karnovsky et al., 2011).

Finally we examined the concurrent physiological status o f chicks and the post-reproductive 

status o f adults. We measured CORT in feather tissues to assess whether changes in diet composition 

affected physiology. Previously we have shown that experimentally induced nutritional stress is 

associated with higher concentrations o f CORT in RHAU fledglings’ feathers (Will et al., 2014). This 

endocrine technique allows for a one-time handling o f fledglings to obtain an integrated measure o f stress 

physiology (Bortolotti et al., 2008) during the growth of the sampled feather (up to 48 days, Gaston and 

Dechesne, 1996). We predicted that changes from high to low quality prey would affect parental foraging 

behavior and result in elevated CORT concentrations in fledgling and adult feathers.

Methods

Study Sites

We chose three colonies which differ dramatically in their oceanography and prey dynamics. 

Fieldwork occurred in 2012, 2013, and 2014 (a follow-up year to collect adult feathers) on: St. Lazaria 

Island (56°59’N 135°42’W), 22 km west o f Sitka, Alaska at the entrance to Sitka Sound in the Eastern 

Gulf o f Alaska (Fig. 2.1) and home to ~2,000 pairs o f breeding RHAU that prey heavily upon capelin 

(Mallotus villosus) and Pacific sand lance (Ammodytes hexapterus) (Hovis and Slater, 2012, Slater and 

Byrd, 2009). Middleton Island (59°26’N 146°19’W), in the Northern Gulf o f Alaska (Fig. 2.1), has 7,500 

to 10,000 breeding pairs (S. Hatch pers. comm.) that feed predominantly on capelin (Hatch, 2013). Teuri 

Island (44°25’N: 141°18’E), in Northern Japan (Fig. 2.1), where the world’s largest population o f RHAUs 

(~300,000 breeding pairs) provision their young primarily with Japanese anchovy (Engraulis japonicus) 

(Watanuki et al., 2009).

Study Species

RHAUs are nocturnal, burrow-nesting seabirds, with bi-parental care o f a single chick. Chicks 

receive at most two meals per night (one per parent) delivered as a “bill load”, a collection o f whole fish 

which adults carry crosswise in their bill (Fig. 2.1, Gaston and Dechesne, 1996). Across much of their 

range RHAU reproductive success correlates positively with the presence of a particular prey species in
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their chicks’ diet (Hedd et al., 2006, Watanuki and Ito, 2012). Experimental work indicates that RHAU 

chicks preferentially allocate limited resources to the growth and development o f organs and skeletal 

structures needed for fledging (Takenaka et al., 2005, Hirose et al., 2012), and retain a typical 

physiological response (increased CORT) to reduced caloric intake (Sears and Hatch, 2008, Will et al., 

2014). Chick diet composition closely resembles parental diet during the chick-rearing period (Ito et al., 

2009, Hipfner et al., 2013).

Chick Diet

We collected bill loads from parents throughout the chick-rearing period (late June-August St. 

Lazaria and Middleton, and late May-July Teuri) to assess changes in diet composition. While bill loads 

were collected during capture and recapture o f adults outfitted with TDRs, the greater portion of samples 

were collected from birds not participating in that aspect o f the study. These birds were intercepted on the 

ground as they returned to the colony at dusk. Fish were identified to species or, for greenling 

(Hexigrammidae spp.) to genus, individually weighed, measured and, on St. Lazaria, frozen in the field 

for post-season energy content analysis. For both 2012 and 2013 we sampled eight capelin, greenling, 

Pacific herring (Clupeapallasii), Pacific sand lance, and salmon species (Oncorhynchus spp ), for a total 

o f 16 fish per species, except herring which was nearly absent from 2012 bill loads. Fish sampled were of 

average length and collected throughout the study period. Individual fish were homogenized using a 

mortar and pestle and dried with a Leco Thermogravimetric Analyzer (St. Joseph, Michigan, USA), 

which also measured moisture content. Dried samples were crushed into powder and pressed into 150-200 

mg pellets for bomb calorimetry. Energy density (kJ g-1 dry) was determined using a Parr 6725 semi 

micro calorimeter (Moline, Illinois, USA); see Siddon et al. (2013) for full method details. Energy content 

for fish from other islands was derived from previously published values (Takahashi et al., 2001, Van Pelt 

et al., 1997). Bill load energy content was determined by multiplying the energy content (wet mass: kJ g- 

1) for each fish species by the field-recorded mass o f the individual fish and the products summed for all 

fish in each complete bill load.

Adult Foraging Behavior

On St. Lazaria breeding adult rhinoceros auklets were captured at night while entering their 

burrows. G5 Cefas (Cefas Technologies Ltd, Lowestoft, Suffolk, UK) time-depth-temperature recorders 

(TDR) were mounted on a size 5 plastic tarsal band (Pro Touch Engraving, Saskatoon, SK, Canada) using 

5-minute epoxy and two zip-ties. The entire assembly weighed ~ 4 g; < 1% of the average St. Lazaria 

RHAU’s body mass. Loggers were pre-programmed to collect data for two to five days and were 

deployed throughout the chick-rearing period beginning in early July and continuing through mid-August.
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Recapture effort began the day before tags finished logging and, in some cases, continued until the end of 

the season. We recovered 50% and 83% of tags in 2012 and 2013 respectively.

On Teuri adults were captured at night in their burrows. Birds were outfitted with accelerometers 

(ORI-D3GT: ^12*45 mm, 9 g, Little Leonardo Corp., Tokyo, Japan) that also recorded temperature and 

diving depth. Loggers recorded data for one or two days, and were deployed during a one week period 

mid-way through the breeding season (for details see Kikuchi et al., 2015).

No dive data are available for Middleton. TDRs (LAT290, Lotek Marine Technology, St. John’s, 

Newfoundland, Canada) were deployed but the tag settings made the data incomparable to data from St. 

Lazaria and Teuri.

Adults were sexed genetically using erythrocyte extracted DNA and amplification o f the CHD1 

gene (Griffiths et al., 1998), and morphologically sexed using a discriminant equation (96% probability of 

correct differentiation) based on bill measurements (Niizuma et al., 1999).

Chick and Adult Nutritional Stress

We captured chicks in the act of fledging (parents and age unknown, range 42-58 days old;

Gaston and Dechesne, 1996) and sampled their first primary (P1, clipped at the base), grown from day 10 

-  49 post-hatch (Will et al., 2014). Feathers were prepared according to Will et al. (2014) and Bortolotti et 

al. (2008). Briefly, the entire feather was divided into three 20 mm segments to be analyzed for CORT 

(hereafter fCORT) separately for measures of early, middle, and late feather growth stress status. Each 

segment was minced, and then extracted in 7 ml methanol (HPLC-grade, Fisher Scientific, Waltham, 

Massachusetts, USA). Feather segments were analyzed in a radioimmunoassay (Wingfield and Farner, 

1975) using a Sigma-Aldrich antibody (C 8784, Saint Louis, Missouri, USA), intra-assay CV < 1% and 

inter-assay (3 assays) CV 1.5%. To control for loss of CORT during the extraction process 2,000 cpm of 

H3-labeled CORT (PerkinElmer NET399, Boston, Massachusetts, USA) was added to each sample and 

final fCORT titers were adjusted for % recovery (mean = 89%). Assay results were normalized by 

converting to units o f pg mm-1 (Bortolotti et al., 2008). Results from 2012 appeared previously in Will et 

al. (2014) as part o f a validation study.

RHAU undergo a sudden post-reproductive molt o f their primary feathers (Gaston and Dechesne, 

1996) thus in any given breeding season, it is possible that adult fCORT reflects physiological status at 

the end o f the previous breeding season. We measured carry-over effects o f the breeding to post- 

reproductive season by recapturing breeding individuals the subsequent year (capture and handling during 

the previous year had no effect on fCORT concentrations, A. Will unpubl. data). Upon recapture we 

sampled the first primary (all colonies, all years except Teuri, 2013 when the 10th primary was sampled, 

fCORT concentrations were within the ranges measured in P1). On St. Lazaria feathers were collected
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from TDR birds caught in 2013 and again in 2014, however on Teuri and Middleton samples were 

collected from untagged breeding adults. Feather growth rate for adult RHAU is not well known, but 

assuming a similarity with their close relative, the tufted puffin, Fratercula cirrhata (Thompson and 

Kitaysky, 2004), we estimate that the adult feather segments we analyzed were grown during ~10 days at 

the start o f the post-reproductive molt. Feathers were prepared and analyzed following the same protocol 

as for chicks with the following exceptions: only 25 mm of the tip was sampled for analysis, washed with 

deionized water and isopropanol (HPLC-grade, Sigma-Aldrich, St. Louis, Missouri, USA) to remove dirt 

and oils, and extracted intact. Intra-assay CV <1%, inter-assay (3 assays) CV 5.9% and final fCORT titers 

were adjusted for % recovery (mean = 95.8%).

The Sigma antibody used in our assay has a high affinity for corticosterone but also demonstrates 

some cross-reactivity with other steroids; therefore, we also verified the presence o f the corticosterone 

molecule in both chick and adult primary feather tissues using high-performance liquid chromatography 

tandem mass-spectrometry (Appendix 1, Koren et al., 2012).

Statistical Analysis

We divided the breeding season into “Early” and “Late” periods to evaluate intra-annual changes 

in chick diet and adult foraging behavior. Due to the timing o f when samples and adult behaviors were 

recorded we could not further divide these variables into three intervals to match the fledgling feather 

segments because some intervals would have no data points. These periods were determined by using the 

average length of primary feathers collected from fledglings for a given island to back-calculate from the 

average fledgling capture date. We assumed primaries grew at 2.2 mm/day (Will et al., 2014), then 

divided the total days o f the feather growth period in half. We subtracted this number from the average 

fledgling capture date to arrive at the boundary o f “Early” and “Late” chick-rearing.

Adult Foraging Behavior— TDR data was first processed in IGOR Pro (WaveMetrics 2008) 

following Ito et al. (2010) to summarize the duration (sec) and depth (m) o f each recorded dive. We 

calculated a bout-ending criterion following Sibly et al. (1990) for each colony and each year. Using this 

value we assigned dives to foraging bouts and calculated the number o f dives per bout, how long (sec) the 

bout lasted (bout duration), and the average depth (m) o f dives in a bout (average bout depth) for each 

bird. We also calculated the number o f bouts that occurred each day and the total time (sec) a bird spent 

underwater in a day. All dive parameters, except for time underwater, were severely right-skewed; 

therefore, we used general linear mixed models (lme4 package in R) with bird as a random factor and 

either a Poisson or, to account for overdispersion in the data, a negative binomial distribution. All models 

were evaluated with a goodness of fit test and returned a X  = 1. Dive depth was converted to whole 

numbers and time underwater was square-root transformed to satisfy assumptions o f count-values
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(Poisson) and normal distribution (linear model) respectively. Because we were primarily interested in 

overall differences in diving behavior between years we excluded sex from our final models due to small 

sample sizes in both years on Teuri. However, before exclusion we ran the models with sex to verify that 

it did not alter the results. Finally we were unable to run a model comparing diving behavior to diets 

because the number of TDR birds with associated diets was too low and restricted to St. Lazaria.

Chick and Adult Nutritional Stress Status—fCORT concentrations (pg mm-1) were log- 

transformed to meet assumptions of normality and were significantly (mixed model with Fledgling as a 

random factor; effect o f feather segment mass, g: F1143 = 76.45, p < 0.0001) and positively (parameter 

estimate: 739.93 ± 84.62) correlated with feather segment mass. Therefore, we detrended fCORT values 

by using residuals calculated from the best fit linear model o f log-transformed feather mass (logJ0(g)) and 

log-transformed fCORT concentrations (logJ0(pg mm-1)) for chicks and adults separately. We use these 

detrended values in all figures and statistical analyses. Previously we showed that sex does not affect 

fledgling’s fCORT (Will et al., 2014), nor did we find a significant difference between fCORT 

concentrations in adult male and female feather tissues (t33 = 0.18, p = 0.43); so we did not include sex in 

our analysis. All analyses were completed in R (version 3.1.2). For each analysis we tested and report the 

full model.

Results

Chick Diet

Bill-load energy content attributed to a preferred prey: capelin on St. Lazaria and Middleton, and 

Japanese anchovy on Teuri (Table 2.1), changed on all three islands in both years. On Middleton and St. 

Lazaria, when birds did not return with capelin they delivered species whose energy content was similar, 

such as herring and sand lance. Whereas when Japanese anchovy were not available on Teuri, adults 

made up the difference with lower quality prey (Table 2.1 and 2.2). Similarly on Middleton and St. 

Lazaria, pink salmon and greenling, respectively, constituted >10% of the diet at times and are not has 

high in caloric value as the other three primary prey species ( capelin, sand lance, and herring) at those 

locations.

Adult Behavior

Adult diving behavior varied significantly both between colonies and between years. Bout 

duration and bout depth were greater for Teuri birds than for those on St. Lazaria, but dives per bout and 

bouts per day were fewer (see Table 2.3). Birds on both colonies had more foraging bouts per day and 

spent more time underwater in 2013 than in 2012.
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On St. Lazaria in 2012, tagged adult RHAU more often skipped returning to the colony at least 

one night during tag deployment compared to 2013 (Fisher’s exact test p = 0.03; 2012 proportion that 

skipped = 0.44, n = 9; 2013 proportion that skipped = 0.06, n = 18).

Chick and Adult Nutritional Stress Status

In general RHAU chicks experienced higher nutritional stress in 2012 than in 2013 on all 

colonies (mixed model fixed factor, Year: parameter estimate = -0.46, F 1 6 6  = 34.067, p = < 0.0001, Fig.

2.2). Chicks reared on different colonies had different fCORT concentrations (fixed factor, Colony: F 2  6 6  = 

10.282, p = 0.0001). Nutritional stress changed significantly over the course o f the chick-rearing period in 

both years (fixed factor, Feather Segment: Fig. 2.2, F 2 , 1 3 8  = 16.43, p = 0.0001). However, fCORT 

concentration within a season decreased in 2012 and increased in 2013 (interaction term, Year*Feather 

Segment: F 1 1 3 8  = 89.96, p = < 0.0001). While this pattern occurred on all three colonies, inter-colony 

differences in fCORT were still detectable within each feather segment (interaction term Colony*Feather 

Segment: F 2 , 1 3 8  = 3.512, p = 0.032). All other variables did not explain a significant proportion o f the 

variability in the fCORT concentrations (interaction terms Colony*Year: F 2 6 6  = 0.89, p = 0.42, 

Colony*Year*Feather Segment: F 2 J 3 8  = 0.05, p = 0.95).

Bill-load energy content did not differ between years (ANOVA, Year: FU 0  = 0.21, p = 0.65) but 

was different between colonies (ANOVA, Colony: F 2 J 0  = 3.99, p = 0.05). The seasonal pattern o f bill

load energy content among colonies tended to differ between years (ANOVA, Year*Colony: F 2 J 0  = 3.66, 

p = 0.06) and within years (ANOVA, Year*Segment: FU 0  = 4.55, p = 0.06). Bill-load mass was 

correlated to bill-load energy content (simple linear regression: adjusted-R 2  = 0.8, p = < 0.001). However, 

fCORT by feather growth period (early, middle, late) corresponded more to changes in bill-load energy 

content (mixed model, feather segment as a random factor: FU i  = 7.24, p = 0.02, Fig. 2.3), than to 

changes in bill-load mass (mixed model: F 1 , 1 1  = 3.82, p = 0.08).

In general adults had lower fCORT concentrations in feathers grown after the 2013 breeding 

season than those grown after the 2012 season (ANOVA, Year: F 1 7 6  = 15.3449, p = 0.0002, Fig. 2.4). 

However, changes in fCORT between years was not the same on all colonies (ANOVA, Year*Colony: 

F 2 , 7 6  = 12.4503, p < 0.0001 ) because there was no difference in adult fCORT between years on St.

Lazaria (Fig. 2.4). Feather CORT concentrations in adult feather tissues were positively correlated with 

fledgling fCORT concentrations on all three colonies in both years (Fig. 2.5).

Discussion

We examined how changes in diet during reproduction affected a piscivorous seabird breeding on 

three spatially distant colonies in the North Pacific. We found that intra-annual changes in diet occurred

34



on all three o f our focal colonies, and that chick nutritional status (fCORT) and adult foraging behavior 

changed in tandem with prey species composition. Shifts in diet corresponded to changes in fCORT 

concentration in fledglings, which were mirrored in CORT concentrations in adult feathers grown after 

the breeding season. We acknowledge that the feathers used for CORT analysis may represent 

disproportionately high-quality chicks and adults that were able to survive to fledging age (chicks), and 

through the winter (adults). However, these individuals did exhibit changes in fCORT concentration both 

seasonally and inter-annually, thus it can be concluded that if our sampling were biased, the rest o f the 

population may have been affected more severely by the diet changes we observed. Below we discuss one 

possible interpretation o f these results.

When searching for food, predators may optimize prey mass, energy content, lipid content, and/or 

macronutrient availability (Kohl et al., 2015) depending on environmental conditions and an individual’s 

needs (for e.g., in mammals see Gende et al., 2005). However, if  prey quality is low, a predator may not 

have an optimal option. For example, in the North Sea common murres (Uria aalge) experienced 

reproductive failure when adults fed copious amounts o f seabream (Sprattus sprattus) to their chicks 

when sand eels (Ammodytes marinus) were unavailable (Wanless et al., 2005). Such differences in energy 

content may be driven by lipid content, which is often correlated with the total energy in forage fish 

species (Van Pelt et al., 1997). For growing seabirds, lipids are critical to support growth and 

development; when absent, nestlings experience nutritional stress (Kitaysky et al., 2006, Romano et al.,

2006). On Teuri we found that even a small reduction in the proportion o f Japanese anchovy in RHAU 

chick diets corresponded to an increase in fCORT, suggesting that the moderate differences in prey 

energy content (Table 2.2) may have been compounded by differences in lipid content (Takahashi et al., 

2001). While the quantity o f fish delivered is often correlated with energy content we found that bill-load 

energy content was more strongly correlated to changes in fledgling fCORT concentrations.

On Middleton and St. Lazaria changes in diet composition between prey species equivalent in 

energy content also corresponded to changes in chick nutritional status (Fig. 2.2). In animals with parental 

care, adults act as an interface between foraging conditions and their young, and must balance their own 

energy intake while still providing for their offspring. This may result in adjustments to their daily 

delivery rate when prey becomes more or less available (Welham and Beauchamp, 1997); a response 

observed in many seabird species (e.g. Schrimpf et al., 2012, Kidawa et al., 2015, Hamer and Hill, 1993). 

Experimental work on Teuri indicated that reduced meal frequency negatively affects chick body 

condition (Takenaka et al., 2005). Thus meal delivery rate may explain some of the inter-annual 

variability in chick nutritional stress on the Alaskan colonies. On St. Lazaria, adult colony attendance, a 

proxy for delivery rate since RHAU return to the colony only once a day to feed their chick (Gaston and 

Dechesne, 1996), was low in 2012 compared to 2013, which corresponded to overall higher fledgling
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fCORT in 2012. This suggests that RHAU reduce their meal delivery rate and prioritize self-maintenance 

over chick-provisioning, a decision which may affect their young.

How adult RHAU foraging behavior (putatively aimed at maximizing foraging efficiency) 

mediates the effects of foraging conditions on chick nutritional stress is less clear. In other alcids, an 

increase in foraging effort is characterized by an increase in time spent under the water (Young et al., 

2015, Ronconi and Burger, 2008, Monaghan et al., 1994) and different diving patterns are associated with 

particular prey species (Elliott et al., 2008b). If  that is the case it may be argued that some prey, such as 

Japanese anchovy, require more effort to obtain than others as Teuri adults engaged in longer bouts and 

dove deeper than birds on St. Lazaria in both years (Table 2.3). However, in 2013, when fCORT in 

fledglings was generally low, birds on both colonies spent more time underwater and engaged in more 

foraging bouts, suggesting greater foraging effort. It is possible that when prey quality increases, RHAU 

may be willing to expend more energy because the return on that energy is higher. Elliott et al. (2008a) 

found that the dive duration o f thick-billed murres (Uria lomvia) increased with prey mass. On St. Lazaria 

RHAU captured longer (2013 mean = 96.72 ± 1.03 [SE] mm; 2012 mean = 90.07 ± 0.8 mm) and heavier 

(2013 mean = 6.4 ± 0.2 g; 2012 mean = 3.99 ± 0.16 g) prey in 2013 compared to 2012, suggesting that 

prey size may explain the counterintuitive increase in the number and duration o f bouts when foraging 

conditions appeared to be good.

Fluctuations in fCORT concentrations indicate that RHAU chicks can be affected by short-term 

reductions in prey quality and changes in adult foraging behavior. Even brief exposure to elevated levels 

o f CORT during development have been shown to result in changes in personality (Spencer and Verhulst,

2007), an increased stress response (Kitaysky et al., 2001b, Love and Williams, 2008), and reduced 

memory function (reviewed in Schoech et al., 2011, Kitaysky et al., 2006). Furthermore, short bouts of 

stress during development can result in reduced life expectancy (Boonekamp et al., 2014, Haussmann et 

al., 2003). Whether levels o f stress associated with dietary changes affect post-fledging survival and 

population processes at our focal colonies, however, remains to be examined.

The fCORT concentrations we observed in RHAU adults correlated with fCORT in fledglings 

suggesting that adults are affected by dietary changes as well, perhaps due to reduced energy intake 

(adults and offspring feed on similar prey during chick-rearing, Ito et al., 2009, Hipfner et al., 2013). 

While more direct evidence is needed, this correlation suggests that adults incur stress during the breeding 

season, which carries-over to the post-breeding molt, a circumstance that would hold true whether or not 

birds successfully bred. RHAU undergo a simultaneous molt; they lose and regrow all of their flight 

feathers over a period o f less than six weeks (Gaston and Dechesne, 1996). During this time their ability 

to capture prey is compromised and they may become vulnerable to food shortages and predation. To 

compensate for these drawbacks many bird species are highly flexible in whether and when they

36



commence feather loss and regrowth (Hahn et al., 1991). During post-breeding molt RHAU are no longer 

tied to their colony. Geolocators deployed on Teuri revealed that RHAU breeders rapidly relocated away 

from the colony to northern regions where autumn phytoplankton blooms provide a burst of productivity 

and abundant food resources (Takahashi et al., 2015). Potential flexibility in molt initiation and 

observations o f post-breeding movement patterns suggest that adult fCORT (in this study the feather tip, 

grown first) may be a signal o f breeding season experiences rather than a measure o f conditions at the 

molting location.

Our study provides some support for the junk-food hypothesis and insight into how marine 

predators may be affected by changes in diet composition. We found that changes in diet composition 

occur at different temporal and spatial scales and clearly affected RHAU. Chicks are responsive to minor 

changes in diet composition, adult foraging behavior is flexible, and adults may carry a signature of 

exposure to stress during the breeding season into the post-reproductive period. This suggests that 

moderate changes in diet composition during the breeding season can affect seabird physiology and be 

detected in feathers. Thus fCORT can be an effective way of assessing foraging conditions experienced 

during the chick-rearing period. These findings also serve as a caution to the anthropogenic removal of 

forage fish biomass near seabird colonies (Essingtona et al., 2015, Cury et al., 2011), and illustrate that 

the effects o f removal may not be detectable immediately with traditional monitoring methods (e.g. 

reproductive success or population trends). We conclude that RHAU, a bird arguably adapted to variable 

environmental conditions, might be affected by relatively minor dietary changes, and that foraging 

behavior and physiological responses to changes in prey composition should be considered when 

evaluating the effect o f prey quality on seabirds and other marine predators.
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Figures

Figure 2.1 The rhinoceros auklet and field sites. Photos are of rhinoceros auklets returning to their 

colonies at night with a “bill load” o f fish for their chicks on Teuri Is. by Motohiro Ito (top left) and on 

Chowiet Is., Gulf o f Alaska, by Nikolai Konyukhov (bottom right). Base map from Stamen Maps.
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Figure 2.2 Temporal and spatial changes in diet composition and nutritional stress incurred by 

RHAU chicks. Log transformed fCORT concentrations measured in primaries of free-living RHAU 

fledglings on St Lazaria (2012 n = 13; 2013 n = 14), Middleton (2012 n = 6; 2013 n = 7), and Teuri (2012 

n = 15; 2013 n = 16) islands. Feather segments: Early = tip, Middle = middle, and Late = base of the 

feather ± SE. The pie charts illustrate bill load composition delivered during the first and second half of 

the breeding season. Proportions are o f total energy delivered (kJ g-1, wet mass) per prey type.
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Figure 2.3 Bill load energy content and fCORT. Mean bill load energy (± SE) in diet samples collected 

at St. Lazaria, Middleton, and Teuri during early, middle, and late feather growth periods in 2012 (circles) 

and 2013 (diamonds). We compared these colony-wide values to the average fCORT concentrations (± 

SE) o f feather segments sampled from fledglings. P )  is the mean (± SE) fCORT concentration of 

captive-reared chicks on a restricted diet (239 kJ day-1 or ~114 kJ per “parent”; Will et al., 2014) and is 

shown for comparative purposes.
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Figure 2.4 Feather CORT concentrations in adult feather tips. Median fCORT concentrations (solid 

line) shown in relation to the distribution o f values for adults sampled on St. Lazaria (2012 n = 17; 2013 n 

= 19), Middleton (2012 n = 14; 2013 n = 15), and Teuri (2012 n = 7; 2013 n = 10). The distribution of 

adult fCORT concentrations are illustrated with boxes (middle 50 %) ± whiskers (the outer 25 %), and 

open circle “outliers” (no values were excluded from analysis). 2012 and 2013 refer to the year in which 

the feathers were grown; birds were sampled during the following breeding season. * p < 0.01, ** p < 

0.001.
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Figure 2.5 CORT concentrations in post-reproductive adult feathers correlate with CORT 

concentrations in fledgling feathers. Plotted are the average CORT concentrations measured in the tip 

(25 mm) of adult feathers and 20 mm segments o f fledgling feathers for St. Lazaria, Middleton, and Teuri 

Islands for the 2012 (circles) and 2013 (diamonds) post-reproductive (adults) and breeding (fledglings) 

seasons. Error bars are ± SE o f the mean, adjusted-R2 = 0.58, p = 0.048.

49



Tables

Table 2.1 Prey composition of RHAU bill loads. Percent o f energy attributed to prey species in RHAU 

bill loads collected on St. Lazaria, Middleton, and Teuri Islands. “Early” refers to the first half o f the 

chick-rearing period, and “Late” to the second half (see Methods for details). The number o f bill loads 

collected in each period is listed in parentheses and the primary prey species for each colony is 

highlighted in bold.

2012 2013

St. Lazaria

Middleton

Teuri

%  Early % Late %Early % Late

(n = 38) (n = 41) (n = 50)

'rill£

Capelin 40.57 54.48 44.97 11.42
Pacific Sandlance (A.

hexapterus) 50.58 30.1 23.67 26.56

Pacific Herring 3.4 3.27 12.95 50.36
Greenling spp 2.53 8.28 16.98 9.33

Salmon spp 2.92 3.87 1.43 2.33

05II (n = 113) (n = 109) (n = 82)
Capelin 94.7 50 82.74 36.22

Pink Salmon 2.4 29.9 0.68 15.82
Pacific Herring 0.06 7 15.78 42

Greenling spp 1.8 5.7 0.32 0.89
Chum Salmon 0.3 0 0 3.38

Other 0.74 7.4 0.48 1.69

(n = 30) (n = 59) (n = 50) (n = 40)
Japanese Anchovy 70 99 99.4 86.1

Japanese Greenling 15.6 0 0.2 0
Sandlance +1 (A. personatus) 8.6 0 0.4 4.2

Sandlance 0 (A. personatus) 0 1 0 8.4
Other 5.8 0 0 1.3
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Table 2.2 Energy content of RHAU prey species. Energy content is measured as kJ g-1 wet mass and 

was derived from: 1) analysis of prey from St. Lazaria RHAU bill loads in 2012 and 2013 (see Methods) 

and 2) “Published,” Takahashi et al. (2001). Means are ± SE. Differences in Pacific sand lance (A. 

hexapterus) energy content were largely driven by fish size/age-class, RHAU adults delivered age-0 sand 

lance in 2012 and in 2013 they delivered age-1+.

Energy Content
2012 n 2013 n t-test

Capelin 6.96 ± 0.21 (8) 6.97 ± 0.32 (8) 0.48
Pacific Sand lance (A.

hexapterus) 6.39 ± 0.22 (8) 6.96 ± 0.20 (8) 0.07

Pacific Herring 5.97 ± 0.13 (8)
Greenling spp 5.75 ± 0.13 (8) 5.63 ± 0.20 (8) 0.3

Pink Salmon 4.53 ± 0.12 (5) 4.95 ± 0.17 (3) 0.05
Chum Salmon 4.38 ± 0.15 (3) 4.55 ± 0.18 (5) 0.27

Published

Japanese Anchovy 6.29 ± 1.47 (6)
Japanese Greenling 4.78 ± 0.63 (6)

Sand lance +1 (A. personatus) 5.47 ± 1.93 (3)
Sand lance 0 (A. personatus) 3.78 ± 0.44 (3)

n
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Table 2.3 Summary of diving parameters for chick-rearing RHAU on St. Lazaria Island (2012, 11 birds and 36 bird days; 2013, 20 birds and 

78 bird days) and Teuri Island (2012, 8 birds and 8 bird days; 2013, 8 birds and 11.5 bird days). Sample sizes (n) appear in parentheses above the 

means ± SE.

St. Lazaria Teuri p-value

2012 2013 2012 2013 Model Year Colony Year*Col

B out-based  Parameters (n = 878) (n = 2779)

o'II (n = 267)

Dives p er B out 11.09 ± 0.60 9.76 ±  0.34 9.02 ±  0.84 8.04 ±  0.67 GLMM negative binomial 0.38 0.25 0.89

B out D uration (sec) 374.09 ± 23.25 391.57 ±  13.83 618.82 ±  66.66 593.37 ±  48.77 GLMM negative binomial 0.63 0.04 0.89

A verage B out D epth  (m) 4.42 ± 0.15 4.39 ±  0.10 13.69 ± 0.91 15.54 ±  0.70 GLMM Poisson 0.84 <0.001 0.62

B ird-based Parameters S II U) o\ (n = 78) (n = 8) (n = 11.5)

B outs per Day 24.39 ±  1.19 35.63 ±  1.43 17.50 ±  2.14 23.75 ±  2.32 LME <0.001 0.003 0.41

Time U nderw ater p e r Day (square-root sec) 74.49 ±  3.17 96.24 ±  2.68 84.03 ±  9.19 101.10 ±  7.06 LME 0.003 0.54 0.77



Appendix 2.A: Molecular Validation

To identify whether rhinoceros auklet chicks and adults have corticosterone in their feathers we 

followed the high-performance liquid chromatography tandem mass-spectrometry (LC-APCI/MRM/MS) 

approach (Koren et al. 2012; Keevil 2013).

Methods

Chemicals and Reagents

HPLC-grade standard corticosterone was purchased from Steroids Inc. (Newport, Rhode Island, 

USA). Deuterium-labeled internal standard, corticosterone-2,2,4,6,6,17a,21,21-d8 (corticosterone-d8), 

was obtained from CDN Isotopes Inc. (Pointe-Claire, Quebec, Canada). HPLC-grade methanol was 

purchased from Fisher Scientific (Edmonton, Alberta, Canada). Deionized water was prepared by 

Barnstead E-PURE W ater System (Dubuque, Iowa, USA). LC-MS nitrogen was generated by a 

Source5000 nitrogen generator (Parker Balston, Haverville, Massachusetts, USA).

Sample Extraction Procedure

A standard solution or feather sample was placed in a 13 * 100 mm culture test tube, and 100 pL 

o f deuterium-labeled internal standard solution and 9 mL cold methanol were added. The test tube was 

capped and stored in a 4°C fridge for 20 hours. After the feather was removed from the test tube, the 

extract was evaporated to dryness under nitrogen at 40°C by use o f Techne Sample Concentrator and 

reconstituted with 200 pL o f acetonitrile:H2O (50/50, v/v). The sample was centrifuged at 14,000 rpm 

(Legend micro-21R, Thermo Scientific) for 20 minutes and 150 pL o f its supernatant was submitted to 

LC-MS.

LC-APCI/MRM/MS Analysis

Extracts o f two feather samples (one from an adult and one from a fledging) were analyzed by 

using an Agilent 1200 binary liquid chromatography (LC) system connected with an AB SCIEX 

QTRAP® 5500 tandem mass spectrometer equipped with an atmospheric pressure chemical ionization 

(APCI) source. LC separation was performed on an Agilent Poroshell 120 C18 column (50 x 3 mm, 2.7 

pm particle size) at 45°C. The mobile phase A was H2O/MeOH (75/25, v/v) and the mobile phase B was 

100% methanol. The 8.5 min gradient was 20-50% B (0-1.0 min), 50-70% B (1.0-5.0 min), 70-100% B 

(5.0-5.5 min), 100-100% B (5.5-6.5 min), 100-20% B (6.5-7.0 min), and held at 20% B (7.0-8.5 min). 

The flow rate was 0.6 mL/min and the injection volume was 15 pL.

The analytes were ionized under positive APCI mode and the data were acquired via multiple 

reaction monitoring (MRM). Mass spectrometer conditions are listed in Table 2.A-1. Mass resolutions in
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Q1 and Q3 were set to unit resolution. Each analyte was monitored by two transitions (a quantifier and a 

qualifier) with conditions listed in Table 2.A-2.

Calibration Curve and Lower Limit of Quantification

Calibrant solutions were prepared by diluting the stock solution with water as shown in Table 3. 

Lower limit o f quantification (LLOQ) of each steroid was defined by a statistical analysis.3 Details o f the 

testing results are available as an .xlsx file, on request.

Table 2.A-1 Mass spectrometer conditions

Parameter Value

Curtain gas 35 psi

Temperature 600 °C

Ion Source Gas 1 35 psi

Ion Source Gas 2 60 psi

Collision Gas Medium

Nebulizer Current 5 pA

Table 2.A-2 MRM conditions for the steroids analyzed in APCI positive mode. (DP= declustering 

potential, EP= entrance potential, CE= collision energy, and CXP= collision cell exit potential).

Analyte
MRM DP EP CE CXP

Transitions (V) (V) (eV) (V)

Corticosterone
347/329

347/121
80 10 24 12

Corticosterone-d8
355/337

355/125
80 10 24 12

(3) http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-cms_059150.pdf
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Table 2.A-3 Concentrations (ng/mL) of calibrators prepared in Methanol:H2O (50/50, v/v).4

Compound STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 STD 8

Corticosterone 20 10 4 2 1 0.4 0.2 0.1

Table 2.A-4 Raw data acquired by QTRAP5500.

Sample Name
corticosterone

(ng/mL)

Cal 8 0.12

Cal 7 0.18

Cal 6 0.40

Cal 5 1.04

Cal 4 1.79

Cal 3 3.95

Cal 2 9.36

Cal 1 20.87

Adult feather 0.13

Fledging feather 0.21

Results

Corticosterone was detectable (intensity higher than LLOQ) in adult and fledgling feather tissues. 

Retention time was 2:51 (min:sec) and concentrations for the calibration curve and feather samples are 

reported in Table 3.4. Chromatograms for counts per second (cps) o f the corticosterone ion are shown in 

Figures 2.A-1 (adult) and 2.A-2 (fledgling).

(4) R2 of the calibration curve is greater than 0.99.
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Figure 2.A-1 Chromatogram for corticosterone concentration in the first primary feather of an 

adult rhinoceros auklet. The shaded peak indicates the concentration o f corticosterone present in the 

sample.
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Figure 2.A-2 Chromatogram for corticosterone concentration in the first primary feather of a 

rhinoceros auklet fledgling. The shaded peak indicates the concentration o f corticosterone present in the 

sample.
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Chapter 3 Variability in Trophic Level and Habitat Use in Response to Environmental Forcing: 

Isotopic Niche Dynamics of Breeding Seabirds in the Southeastern Bering Sea5. 

Abstract

Climate driven changes in the marine environment may affect inter- and intraspecific resource 

partitioning by marine organisms. When and how resources are partitioned may also depend on the 

diversity o f foraging habitat types. Previous studies have found that changes in diet and habitat use are 

reflected in an animal’s isotopic niche.

Here we examined the variability in the isotopic niche o f breeding seabirds in cold compared to 

warm temperature states in the Bering Sea and with respect to access to different types o f foraging 

habitat. Between 1999 and 2015 (n = 12 years) we collected blood from black-legged kittiwakes 

(“kittiwakes”, Rissa tridactyla), and common (Uria aalge) and thick-billed murres (U. lomvia) breeding 

on St. George and St. Paul Islands on the southeastern Bering Sea continental shelf. We examined 

isotopic niche dynamics at the group and species levels.

Stable isotope signatures o f blood tissues corroborated independent observations o f seabird 

distributions in the region. All three species increased foraging on shelf-based (enriched in S13C) prey 

during warm oceanographic conditions, in contrast to a higher reliance on oceanic-based prey (depleted in 

S13C) during cold conditions. Under warm conditions, the isotopic niche of the seabird group with access 

to only shelf habitat (St. Paul Island) contracted, whereas the isotopic niche o f the seabird group with 

access to shelf, slope, and basin habitats (St. George Island) expanded. Patterns o f prey availability in the 

region indicated that prey for breeding murres and kittiwakes became more available on the continental 

shelf adjacent to the breeding colonies during warm conditions, suggesting group-level responses were 

associated with increased food availability. At the species level, isotopic niches expanded over the course 

of the breeding season (from arrival to chick-rearing) on both colonies independent o f oceanographic 

conditions, suggesting that either prey diversified over the course of the season and/or that individuals 

engaged in a broader variety o f foraging specialization. We conclude that habitat heterogeneity in the 

vicinity o f breeding colonies may mediate how predators partition food resources in response to changes 

in climate-driven food availability.

5 Will, Alexis; Kitaysky, Alexander. In preparation for Marine Ecology Progress Series: Special Issue—Bering Sea
Seabird Synthesis.
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Introduction

The southeastern Bering Sea is characterized by long- and short-term variability in oceanographic 

conditions. On a decadal scale the region as a whole exists in a warm or cold regime (Stabeno et al.

2012). On smaller temporal scales (1-3 years) it shifts between cold years, characterized by extensive sea 

ice and a late retreat, and warm years, characterized by low sea ice coverage and an early retreat (Stabeno 

et al. 2012). Fluctuations in annual sea ice extent and the timing o f its retreat have been linked to the 

timing and duration o f primary production (Liu et al. 2016). It has been proposed that these oscillating 

oceanographic conditions affect the distribution and availability o f forage fish to marine predators, 

including seabirds (Hunt et al. 2011). This well-studied system provides a natural setting in which to 

address how sub-Arctic species may respond to future changes in the marine environment. We used it to 

examine how seabirds use and partition resources during a period when the southeastern Bering Sea 

shifted between very cold and very warm years (1999-2016, Overland et al. 2012, Stabeno et al. 2012).

Resource partitioning is considered to be an important mechanism by which species are able to 

reduce competition for common resources and co-exist (Schoener 1974, Finke & Snyder 2008). How food 

resources are partitioned in the ocean may be dynamic, driven by environmental factors affecting the 

availability o f prey (e.g., Friedlaender et al. 2011, Sabarros et al. 2012). In seabirds, sympatrically 

breeding species are known to partition resources horizontally (Cherel et al. 2008, Rayner et al. 2016), 

vertically (Navarro et al. 2015, Kokubun et al. 2016), diurnally (Barger et al. 2016), and/or by prey type 

(Moreno et al. 2016, Rayner et al. 2016) or size (Mancini & Bugoni 2014). The degree o f partitioning can 

depend upon changes in food availability (Barger & Kitaysky 2012), or can occur during energetically 

taxing life stages such as offspring provisioning (Cherel et al. 2008, Cherel et al. 2014, Barger et al. 2016, 

Delord et al. 2016).

Habitat heterogeneity may also affect resource partitioning. Access to different types o f habitat 

may reduce interspecific competition for resources. For example, when foraging in a complex habitat, 

stone crabs (Menippe mercernaria) and knobbed whelks (Busycon carica) maintain consumption rates 

and feed upon similar prey species because the two predators are able to forage in different types of 

habitat (Hughes & Grabowski 2006). How access to diverse foraging habitats may modify interspecific 

resource partitioning under different environmental conditions in seabirds is, however, not well known.

To better understand this issue we examined food resource partitioning among seabirds across multiple 

years in relation to changing oceanographic conditions and habitat heterogeneity.

Seabirds in the southeastern Bering Sea have access to different types o f habitat depending on 

where they breed (Fig. 3.1). St. Paul Island is a relatively small colony located on the continental shelf. In 

contrast, St. George Island is a large colony that affords seabirds access to shelf, slope, and basin foraging 

habitats. These two islands are located 60 km apart (Byrd et al. 2008a). Tracking studies have revealed

60



that murres and kittiwakes rarely forage in the area between the two colonies, and that there is little 

overlap in their shelf and slope foraging locations (Harding et al. 2013, Paredes et al. 2014).

Using blood samples collected over the past 16 years we examined the isotopic niche dynamics of 

three piscivorous seabird species breeding on the Pribilof Islands to determine whether and how 

oceanographic conditions and habitat heterogeneity affected interspecific resource partitioning. The 

foraging behavior of seabirds is known to change throughout the course o f the breeding season in 

response to the demands o f their offspring (Navarro et al. 2014, Barger et al. 2016) as well as changes in 

prey resources (Scioscia et al. 2014, Jakubas et al. 2016). We analyzed red blood cells and plasma (with 

relatively slow and fast turn-over rates, see Methods) separately to characterize the arrival (early) and 

chick-rearing (late) periods o f the breeding season to capture seasonal prey-use dynamics.

Hobson and colleagues (e.g., Hobson et al. 1994) showed that stable isotope analysis can be used 

to determine the trophic-level and general foraging habitat (inshore vs. offshore) used by 22 different 

seabird species. Stable isotope analysis has also proven to be a useful, non-invasive tool to reconstruct 

adult seabird diets (e.g. Silva-Costa & Bugoni 2013), identify shifts in diet (e.g. Cherel et al. 2014, 

Kowalcyzk et al. 2015), and determine how sympatric species partition prey resources (e.g. Young et al. 

2010, Barger & Kitaysky 2012, Jaeger et al. 2014). Stable isotope ratios capitalize on the differential rate 

that heavy and light non-decaying isotopes o f elements are used in biological processes. By analyzing 

samples for carbon and nitrogen isotopic ratios we can construct a predator’s isotopic niche (Bearhop et 

al. 2004, Newsome et al. 2007), which describes where (reflected in carbon, S13C) and at what trophic 

level (reflected in nitrogen, S15N) it has been foraging. Isotopic niches have proven useful in discerning 

ecological segregation of marine species (e.g., tuna Menard et al. 2007, dolphins Gross et al. 2009, 

myctophids Cherel et al. 2010), mapping food webs (e.g., Linnebjerg et al. 2016), and inferring food web 

diversity (e.g., Yurkowski et al. 2016).

We included three seabird species (which we refer to as a “group”, Fig. 3.1) that use different 

parts o f the horizontal and vertical foraging space. Black-legged kittiwakes (“kittiwakes”) are able to 

travel comparatively far from the breeding colony, yet as surface feeders they have limited access to 

deeper layers o f the water column. Common (Uria aalge) and thick-billed murres (U. lomvia) are 

relatively restricted in the distance they can travel from the colony, but are pursuit-diving foragers and 

have access to prey throughout the entire water column (up to 200 m in depth). Common murres, 

compared to thick-billed murres, are able to fly greater distances, and the two partition their use o f the 

water column by time o f day, distance from the breeding colony, and by foraging depth (Barger et al. 

2016, Kokubun et al. 2016).

Previous work has found that in cold years, murres and kittiwakes breeding on the Pribilof Islands 

incurred relatively high levels o f nutritional stress, suggesting that food was scarce or difficult to obtain
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(Paredes et al. 2012, Satterthwaite et al. 2012). In warm years, however, they had relatively low levels of 

nutritional stress, indicating that food was abundant or more easily obtained (Benowitz-Fredericks et al. 

2008, Satterthwaite et al. 2012, Harding et al. 2013, Paredes et al. 2014). When conditions are warm, 

primary production on the southeastern Bering Sea shelf supports large cohorts o f young-of-the-year 

walleye pollock (Gadus chalcogramma) (Hunt et al. 2011), which can make up a large portion o f murre 

and kittiwake diets (Renner et al. 2012, Sinclair et al. 2008). Thus, we predicted that the isotopic niche of 

seabirds would vary between cold and warm conditions in response to changes in prey availability.

In the southeastern Bering Sea there is a S13C gradient: prey on the continental shelf have an 

enriched carbon stable isotope signature compared to prey on the continental slope or ocean basin 

(Zeppelin et al. 2015), which is also reflected in the stable isotope signatures o f bird blood tissues 

(Dorresteijn et al. 2012). In cold conditions, when juvenile pollock are scarce on the shelf, we predicted 

that the isotopic niche of birds with access only to homogenous foraging habitat (St. Paul) would expand 

as species separated themselves in space. In cold years St. Paul kittiwakes have been observed to forage 

near the continental slope (Paredes et al. 2014) whereas murres, which are unable to fly as far, continue to 

forage on the shelf near the breeding colonies (Harding et al. 2013). In contrast, we predicted that the 

isotopic niche used by seabirds on colonies closer to the shelf break would contract (more similar stable 

isotope signatures) during cold years. On St. George all species have access to more heterogeneous 

foraging habitat, so we would expect seabirds to concentrate their foraging efforts on prey inhabiting the 

continental slope region, there being low prey availability on the shelf (Pomerleau et al. 2014, Zeppelin et 

al. 2015, Suryan et al. 2016).

Methods

Study Sites and Sample Collection

Murres and kittiwakes were captured using noose poles on St. Paul (57.18119°N, 170.266°W) and 

St. George (56.580507°N, 169.605925°W) Islands between 1 July and 25 August (see Table 3.1 for years 

and sample sizes). No more than 1 ml o f blood was collected from the alar vein and stored on ice (for 

details o f capture and sampling see Benowitz-Fredericks et al. 2008). Within 12 hours o f collection, blood 

was separated via centrifugation into plasma and red blood cells, and stored frozen until further analysis.

Stable Isotope Analysis

We used the isotopic composition o f red blood cells and plasma to characterize seabird diets for 

the duration o f the breeding season. Red blood cells reflect the dietary experience o f birds about 2 months 

prior to the sampling date, thus our red blood cell samples captured the diets o f birds arriving at the
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colony and initiating their clutches ("arrival" Hobson & Clark 1993). Plasma turns over more quickly and 

reflects an individual’s diet in the prior week (5-7 days Hobson & Clark 1993).

Red blood cells have a C:N ratio resembling pure protein (about 3.5, Cherel et al. 2014), therefore 

no preparation prior to analysis was needed. We freeze-dried a 20 ^l sub-sample o f red blood cells and 

loaded 0.1 -  0.6 mg into a tin boat for analysis. Plasma samples have a relatively high lipid content, 

which depletes the carbon signature and may lead to spurious results (Hobson & Clark 1992, Post et al.

2007). We delipidated a 20 ^l sub-sample o f plasma using a 1:4 methanol:choloroform solution (as 

described in Barger et al. 2016). Post-delipidation we freeze-dried samples and loaded 0.1 -  0.6 mg into a 

tin boat for analysis. For delipidated samples where C:N ratios remained high (>4, Cherel et al. 2005) we 

used the equation for aquatic organisms in Post et al. (2007) to subsequently quantitatively correct for 

carbon depletion (A1 3 C = -3.32 + 0.99 • C:N, where A1 3 C is the correction factor applied to the S1 3 C 

values).

Samples were analyzed at the University o f Alaska Fairbanks Stable Isotope Facility (UAF SIF). 

Tin boats were loaded into an Elemental Analyzer (EA Costech ESC 4010) and processed via continuous 

flow isotope ratio mass spectrometry using a Delta+XP isotope ratio mass spectrometer. Ratios o f 1 5 N / 1 4 N 

and 1 3 C/1 2 C were calibrated using an internal standard (peptone: replicate measures indicated 

measurement errors o f ± 0.34 %o and ± 0.08 %o for S1 3 C and S1 5 N respectively) and then compared to the 

international standard ratios o f atmospheric nitrogen and Vienna Pee Dee Belemnite using SX = 

[(Rs a m p l e /R s t a n d a r d ) -1] %o, where X = 1 5 N or 1 3 C. Results are expressed in delta notation as parts per thousand 

(Peterson & Fry 1987).

Statistical Analysis

We conducted all statistical analysis in R ( v. 3.2.3, R Core Development Team 2015). To 

determine whether years in our study had “warm” or “cold” oceanographic conditions we used principal 

components analysis (prcomp package, R Core Development Team 2015) to assign a continuous value to 

each year based on measurements from five climate indices. We included the summer Pacific Decadal 

Oscillation index (PDOs, averaged for June, July and August, http://www.beringclimate.noaa.gov/data/) 

which captures the variability in sea surface temperature across the North Pacific; the ice cover index 

(ICI, http://www.beringclimate.noaa.gov/data), the average ice concentration January to May reported as 

anomalies against the long-term mean; the ice retreat index (IRI, http://www.beringclimate.noaa.gov/data, 

the number of days after March 15 when > 10% of ice disappears from near buoy M2); and the sea 

surface and bottom temperature within a 150 km radius o f the Pribilof Islands (Lauth 2016). These 

variables were selected to capture large and small scale variability and have been shown to be biologically

63

http://www.beringclimate.noaa.gov/data/
http://www.beringclimate.noaa.gov/data
http://www.beringclimate.noaa.gov/data


relevant (seabirds: Dorresteijn et al. 2012, Satterthwaite et al. 2012; zooplankton and fish: Stabeno et al. 

2012).

Prior to examining isotopic niche dynamics we modeled carbon and nitrogen as a function of 

oceanographic conditions, colony, species, and season. The purpose for this was two-fold: 1) to verify 

that changes in oceanographic conditions correlated to changes in S15N or S13C values, and 2) to 

determine how to build the models to best describe the isotopic niche dynamics in the region. If, for 

example, all species on both colonies responded the same during both the arrival and chick-rearing period 

to oceanographic changes, then we would model the isotopic niches in a single model, not differentiating 

between colony or time during the breeding season. On the other hand, if  two-way interactions indicated 

that species responded differently on different islands then we would model the isotopic niche using two 

models, one for each island. We used a random intercept mixed model (lme4 package, Bates et al. 2015) 

and maximum likelihood estimation to separately model carbon and nitrogen with respect to the two 

islands (fixed effect: Colony), species (fixed effect: Species), time of the breeding season (fixed effect: 

Season), and oceanographic conditions (warm vs. cold) as modeled with the first principal components 

score (fixed effect: PC1). Although plasma and red blood samples were obtained from the same 

individuals, we included individual as a random factor. We included the two-way and three-way 

interactions o f these variables to determine whether species from different colonies behaved similarly 

(indicated by non-significant interaction terms) under different oceanographic conditions and/or across a 

season. We used Akaike’s Information Criteria (AlCc for small sample sizes) to select the best candidate 

model, which we used to determine how to structure our analysis o f the isotopic niche dynamics 

(Burnham & Anderson 2002).

We used the R package SIBER (Jackson et al. 2011) to analyze the stable isotope data at the 

foraging group and species level. We used a Bayesian approach to calculate Layman metrics, a set of 

summary statistics that describe changes in the shape, size, and concentration o f points within the isotopic 

ellipse (Layman et al. 2007), for our focal seabird group and to calculate the standard ellipse area for each 

individual species under different oceanographic conditions. We categorized years as “warm” or “cold” 

according to our principal components analysis (described above) and included them in the model as the 

“community” variable (i.e. all warm and all cold years were combined). We ran a Markov-chain Monte 

Carlo with 2 chains drawing from a Wishart distribution, with vague normal priors, for 20,000 iterations, 

and a burn in o f 1,000. Every 10th value o f the posterior was retained (Jackson et al. 2011). Following 

Jackson et al. (2011) the Layman metrics we report include the standard ellipse area (SEA), dX_range 

(dC), dY_range (dN), which give the range o f the group along the X (carbon) and Y (nitrogen) axis, total 

area o f the group (TotArea), distance to the centroid (Centroid), average distance to a point’s nearest 

neighbor (NNdist), and the standard deviation o f the nearest neighbor distance (sdNNdist). We calculated
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the mode and credible intervals for the standard ellipse areas o f each species under warm and cold 

conditions. Finally, means and standard errors for carbon and nitrogen values o f each species were 

calculated based on the raw data to capture shifts in the isotopic niche at the species level.

Results

Principal Components Analysis of Climate Variables

PC1 retained 91.34% o f the variance in the component variables. All five components were 

loaded for PC1 (PDO = 0.906, ICI = -0.982, IRI = -0.98, Bottom = 0.951, SST = 0.957), and contributed a 

similar amount to determining the score (PDO = 17.968, ICI = 21.135, IRI = 21.019, Bottom = 19.803, 

SST = 20.075). The designation o f “warm” and “cold” years based on PC1 corresponded to 

characterizations o f the study years in the literature (Fig. 3.2, Stabeno et al. 2012).

M ixed M odel Results

Carbon stable isotope ratios were best described by two models (Table 3.2). One model 

(AICweight = 0.529) included PC1, Species, Colony, and Season as fixed effects, two-way interactions 

between Season*Species, Season*Colony, and Species*Colony, and a three-way interaction among 

Season*Species*Colony. The other best candidate model (AICweight = 0.468), included all four fixed 

effects and PC1 (in place o f Season) in the two-way and three-way interaction terms (PC1*Species, 

PC1*Colony, Species*Colony, and PC1*Species*Colony).

Both models suggested that PC1 was a significant predictor of carbon signatures, as PC1 

increased (conditions warm), carbon signatures become more enriched (Model 1 t343 = 14.53, p < 0.0001; 

Model 2 t343 = -2.53, p = 0.0117). Both models indicated that St. Paul birds had significantly more 

enriched carbon signatures than birds on St. George (t343 = 5.77, and t343 = 10.48, p < 0.0001 for both 

models). According to the first model, carbon stable isotope ratios changed differently on the two 

different colonies among species (Species*Colony: t343, p < 0.001), and species on the two islands 

responded differently over the course o f the breeding season (Season*Species*Colony: t343 = 4.58, p < 

0.001). In this model the differing responses o f species was largely driven by changes in common murre 

stable isotope signatures within the breeding season (Season*Species: t343 = -2.55, p = 0.011). According 

to the second model, the carbon stable isotope ratios among the species were different under different 

oceanographic conditions (PC1*Species: F343 = 31. 1, p < 0 .0001) and at the two colonies (a 

Species*Colony: F343 = 19.7, p < 0.0001). Carbon stable isotope ratios on the two colonies in general 

responded differently to oceanographic conditions (PC1*Colony: F343 = 5.1, p < 0.0001), and the inter

species patterns of the response was also different (PC1*Species*Colony: F343 = 9.7, p < 0.0001).
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Nitrogen stable isotope ratios were best described by a model including PC1, Species, Colony, 

and Season as fixed effects as well as a three-way interaction between PC1*Season*Species, and the two

way interactions therein (PC1*Season, PC1*Species, Season*Species; Table 3.3). This model had an AIC 

weight o f 0.763 compared to the next best model with a weight o f 0.226, which included all of the same 

terms except for the three-way interaction.

Nitrogen stable isotope ratios were significantly different between colonies (F343 = 345.76, p < 

0.0001) and among species (F343 = 31.27, p < 0.0001), and tended to be depleted early in the season (red 

blood cells: t343 = 1.97, p < 0.049). The direction that nitrogen signatures changed within the breeding 

season and among species was different in warm compared to cold conditions (PC1*Season: F343 = 27.32, 

p < 0.0001; PC1*Species: F343 = 15.65, p < 0.0001). Nitrogen signatures among species changed in 

different directions within a breeding season (Species*Season: F343 = 17. 9, p < 0 .0001), which was 

somewhat influenced by oceanographic conditions (Species*Season*PC1: F343 = 3.22, p = 0.041).

Group Analysis

Based on our mixed model results we calculated Layman metrics for the seabird group on St.

Paul and St. George under warm and cold conditions respectively. dC provides a description o f trophic 

diversity and dN characterizes the breadth o f the food web’s base. “TotArea” represents an estimate o f the 

total diversity encompassed by a group’s niche. “Centroid” is a measure of the average diversity used in 

the food web. “NNdist” complements Centroid by reporting the distribution o f species within the total 

area, with a small NNdist indicating that species are foraging in a similar isotopic space. sdNNdist 

characterizes the evenness o f the distribution o f isotopic niches within a group, with low sdNNdist values 

indicating even spacing o f species within the total area.

The isotopic niche o f breeding seabirds on St. George expanded during warm conditions (Fig. 

3.2). This expansion was most pronounced early in the breeding season as illustrated by significant 

differences in the group parameters for red blood cells. During warm conditions trophic level diversity 

increased (dN), as did the overall diversity o f the utilized food web (Centroid), and the degree o f species 

packing (NNdist, Fig. 3.3A). The total area covered by our three study species increased somewhat in 

warm conditions (Fig. 3.4). The isotopic niche during chick-rearing (characterized by plasma stable 

isotope signatures) responded similarly, expanding somewhat in area during warm conditions (TotArea, 

Fig. 3.4). Increased variability in the plasma signatures, however, resulted in overlapping credible 

intervals for all five measures, making it difficult to discern any clear responses at the group level to 

warmer conditions during the chick-rearing period.

Birds on St. Paul had the opposite response to warmer conditions (Fig. 3.3C and D). Birds tended 

to forage in a smaller geographic range during arrival (dC, Fig. 3.3C), but otherwise responses to early
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oceanographic conditions were not pronounced. Later in the season (during chick-rearing) the isotopic 

niche contracted during warm conditions (Fig. 3.3D). This contraction was characterized by a significant 

decrease in the diversity o f trophic levels utilized (dN), and a tendency to decrease the geographic 

diversity o f their foraging area (dC, Fig.3.3D). Most notably trophic diversity decreased during warm 

conditions (Centroid) and the trophic niche o f individual species tended to converge (NNdist, Fig. 3.3D). 

In general, during warm conditions birds on St. Paul utilized a less diverse and smaller isotopic niche than 

birds on St. George.

Species Ellipses

On St. George all species in all conditions expanded the area o f their isotopic niche as the 

breeding season progressed (Fig. 3.3A and B). The standard ellipse area o f black-legged kittiwakes during 

arrival did not change between cold and warm conditions, and only moderately decreased in warm 

conditions during chick-rearing (Fig. 3.5). In contrast to kittiwakes, both murre species responded to 

changes in early season conditions. The area o f common murres’ isotopic niche expanded (Fig. 3.5), and 

shifted to more on-shelf and higher trophic level food sources (Fig. 3.6). The area o f thick-billed murres’ 

isotopic niche contracted, and did not shift in location (Fig. 3.5). Common murres maintained a seasonal 

pattern o f niche expansion in cold compared to warm years, focused primarily along the S13C 

(geographic) axis (Fig. 3.5, Fig. 3.6). Conversely, during chick-rearing thick-billed murres showed no 

difference in their isotopic niche area between cold and warm conditions (Fig. 3.5), but did shift their 

niche towards on-shelf resources and higher trophic level prey in warm conditions (Fig. 3.6).

The isotopic niche dynamics o f birds breeding on St. Paul indicate that responses to 

oceanographic conditions were different among the three species (Fig. 3.5). The isotopic niche o f surface- 

feeding black-legged kittiwakes expanded in cold compared to warm conditions, but remained consistent 

throughout the breeding season (Fig. 3.5). The area of common murres’ isotopic niche expanded over the 

course o f the breeding season during cold conditions, but remained the same when conditions were warm 

(Fig. 3.4). Thick-billed murres expanded their isotopic niche in cold compared to warm conditions both in 

the early and late stages o f the breeding season (Fig. 3.5). All three species consumed more shelf-based 

prey during warm conditions (Fig. 3.6).

Discussion

Prey distribution and composition in the southeastern Bering Sea change in response to climate 

conditions and may affect the foraging behavior and diets o f breeding seabirds. Efforts to detect 

relationships in this region between diet composition of omnivorous seabirds and regional climate indices 

have, however, failed to find any consistent trends (Renner et al. 2012, Renner et al. 2014). In contrast,
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patterns in habitat use have been documented regularly (Schneider & Hunt 1982, Hunt et al. 2014, Renner 

et al. 2016, Suryan et al. 2016). The diets o f murres and black-legged kittiwakes have been documented to 

be diverse, including forage fish and invertebrate species (Renner et al. 2012, Iverson et al. 2007, Sinclair

2008). Thus it may be that instead of focusing on particular prey species, these seabirds rely on 

oceanographic features such as eddies (Paredes et al. 2014), tidal fronts (Coyle et al. 1992, Ladd et al. 

2005), and/or the thermocline (Takahashi et al. 2008) to guide their foraging efforts. Instead of 

manifesting changes in prey in response to environmental change, omnivorous seabirds in the Bering Sea 

may instead change the location and trophic level at which they feed.

To understand this, we characterized the isotopic niche o f black-legged kittiwakes and murres 

breeding on St. Paul and St. George Islands in warm and cold years. Isotopic niches have proven useful in 

determining the way in which sympatrically breeding seabirds partition the foraging habitat by 

geographic location and trophic level (e.g. Navarro et al. 2015, Cherel et al. 2007, Moreno et al. 2016). 

Previous work in the eastern Bering Sea has used this approach to examine resource partitioning among 

breeding common and thick-billed murres with access to a single habitat type. The isotopic distance 

between common and thick-billed murres increased during years when food was limited (Barger & 

Kitaysky 2012), and during the energetically taxing chick-rearing period in a year when food was 

abundant (Barger et al. 2016). It may be expected that species engaging in similar foraging modes would 

partition prey when interspecific competition is more likely to occur (during food shortages or chick- 

rearing). Whether or not species using the same habitat but with a dissimilar foraging strategy will also 

modify their foraging niche during food shortages had not been examined. Thus, it was not clear whether 

characterizing the niche o f a diverse group o f seabirds would be an informative method to detect changes 

in the marine food web. In this study we investigated how food resources were partitioned among three 

seabird species under different oceanographic conditions and with access to different habitat types. We 

predicted that all species would modify their foraging niche in response to food shortages and that access 

to multiple habitat types would reverse the niche dynamics o f seabirds during food abundant and food- 

poor years.

Seabirds breeding on both St. Paul and St. George shifted to consuming more shelf-based prey 

under warm oceanographic conditions. This may have been a response to an increased abundance of 

juvenile pollock on the shelf in warm years (Suryan et al. 2016, Renner et al. 2016, Hunt et al. 2011). In 

warm years juvenile pollock have been observed closer to the ocean surface and occur at 51 times the 

densities recorded in cold years (Renner et al. 2016). At-sea surveys indicated that surface-feeding black

legged kittiwakes and moderately deep-diving shearwaters (Ardenna spp.) occurred in greater abundance 

over the shelf region in warm years with early ice retreat (Renner et al. 2016). Whether a greater 

abundance of pollock is also beneficial for murres has been unclear, as water masses and prey at depth
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may be somewhat independent o f the dynamics shaping the food web available to surface foragers (Byrd 

et al. 2008b, Renner et al. 2016). Our results, however, indicate that common murres, and to some extent 

thick-billed murres, shifted towards shelf-based prey on St. George and St. Paul, suggesting that they may 

also be feeding on pollock in warm years. Despite this signal that all three species on both colonies in 

some way took advantage o f more abundant shelf-based prey in warm years, we found that isotopic niche 

dynamics on the two colonies were different both seasonally and between warm and cold years.

Seasonal Isotopic Niche Dynamics

In cold conditions the trophic diversity used by our focal group on St. Paul significantly increased 

(i.e., isotopic niche expansion) over the course of the breeding season, the result perhaps o f an additive 

effect o f poor foraging conditions and an increase in energy demands associated with chick-rearing 

(Barger et al. 2016). In warm years on St. Paul, on-shelf prey appeared to be abundant; kittiwakes and 

common murres maintained their narrow isotopic niche throughout the breeding season. In contrast, 

thick-billed murres on St. Paul and all three species o f birds on St. George displayed an expansion in the 

isotopic niche during chick-rearing irrespective o f oceanographic conditions. This indicates that 

intraspecific diet diversification during chick-rearing may have occurred and may have been due to 

seasonal changes in prey type and/or availability (Darimont & Reimchen 2002), allowing individual 

specialization to occur (Newsome et al. 2009).

On St. George in warm years, access to diverse habitat and to on-shelf young-of-the-year pollock 

“subsidies” may facilitate prey specialization by individuals in all years regardless o f oceanographic 

conditions (Darimont et al. 2009). During warm conditions on St. George, the isotopic niche o f murres 

and kittiwakes expanded in all aspects compared to cold conditions, indicating that while birds used on- 

shelf prey, it did not replace the use o f oceanic-based prey. Early in the breeding season in warm years, 

the isotopic niche o f seabirds increased both in geographic and trophic diversity, indicating that both shelf 

and oceanic-based prey were consumed. Black-legged kittiwakes and common murres accounted for most 

o f the shelf-based prey use early in the season. As the season progressed, the use o f shelf-based prey 

dwindled for kittiwakes and common murres, but increased somewhat for thick-billed murres.

Isotopic Niche Dynamics o f  the Seabird Group with Respect to Habitat

The isotopic niche o f the St. Paul seabird group was heavily influenced by ocean conditions. In 

warm years it contracted in all aspects during arrival and chick-rearing with one exception: prior to 

breeding the diversity in foraging locations was comparable to cold conditions, as reflected in the dN and 

dC isotopic distances. This may be a signal that the food web on the shelf developed from a common 

starting point early in the breeding season, but that the trajectory o f development may have been
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determined by oceanographic conditions that resulted in an increasingly different foraging landscape as 

the season progressed (Hunt et al. 2011).

In warm years the isotopic space used by seabirds on St. George (closer to the shelf break) was 

significantly more diverse and larger than the isotopic space used by seabirds on St. Paul (farther from the 

shelf break), whereas in cold years the total areas used at the two islands were similar. This may be 

partially attributed to the differences in colony size between the two islands. St. George supports an order 

of magnitude more seabirds than St. Paul (Hickey & Craighead 1977), indicating that access to the shelf 

and slope foraging habitats potentially allows more individuals to meet their energetic needs during the 

breeding season (Ashmole 1963, Furness & Birkhead 1984). It may, however, also encourage the 

maintenance o f slope foraging habitat during warm years when shelf food resources are abundant. The 

isotopic niche dynamics suggest that omnivorous seabirds breeding on St. George used oceanic-based 

prey, both during warm conditions when alternative shelf-based prey was available, and especially in cold 

conditions when it was not. The analysis o f stomach contents collected from adult birds corroborate our 

finding that the slope/oceanic region provides an important prey-base for St. George seabirds (Sinclair et 

al. 2008, Renner et al. 2012, Harding et al. 2013). Fledging success o f thick-billed murres on both islands 

has been positively correlated to the occurrence o f coastal/shelf-based species in chick diets, which 

Renner and colleagues (e.g., Renner et al. 2014) suggest is due to the energetic savings parents make by 

being able to capture prey closer to the colony (Elliott et al. 2013, Pennycuick 1997).

Closing Remarks

To summarize, we found that during warm years omnivorous seabirds had access to and 

consumed prey on the shelf that was not available to them during cold years. In addition, species with 

access to multiple habitat types were able to exploit the appearance o f new prey sources, but continued to 

use prey in all available habitats. We found that food resource partitioning increased over the course of 

the breeding season regardless o f oceanographic conditions, potentially indicative o f seasonal changes in 

prey diversity, and/or increased individual specialization during a period o f increased energy demand.

Our results suggest that warm conditions are currently beneficial for murres and black-legged kittiwakes 

breeding on the Pribilof Islands. Whether this would remain the case under prolonged periods of warming 

remains to be seen. Warm conditions in late summer and autumn result in low recruitment of young-of- 

the-year pollock (Hunt et al. 2011, Mueter et al. 2011), thus, an increase in the frequency o f warm years 

may eventually result in a negative impact on seabirds through reduced pollock populations (Mueter et al. 

2011). According to our results, a decline in pollock would have the greatest impact on birds breeding on 

St. Paul Island.
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More generally we demonstrated that the isotopic niche can be used to characterize how seabirds, 

with different foraging strategies, partition the foraging landscape in response to food shortages. In 

omnivorous seabird species that may have access to diverse prey, we showed that the isotopic niche can 

be an informative tool to detect responses to changes in prey availability, which may not be observable 

through the noise inherent in commonly employed methods o f estimating diet composition. In this study 

we specifically addressed whether or not having access to diverse foraging habitat may modify how 

seabirds partition resources under different oceanographic conditions. We found that knowledge of 

habitat type, and how prey dynamics in different habitats may change, is needed in order to correctly 

interpret the expansion or contraction o f the isotopic niche used by a group o f species as a response to 

changes in prey availability. In regards to the southeastern Bering Sea specifically, we conclude that the 

isotopic niche o f omnivorous seabirds breeding on the Pribilof Islands responded to changes in 

oceanographic conditions, and showed that the manifestation o f this response was mediated by habitat 

heterogeneity.
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Figures
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Figure 3.1 Study area and focal species. St. Paul and St. George Islands are located on the continental 

shelf, 90 and 25 km from the shelf-break respectively. Pictured clockwise from top to bottom are a black

legged kittiwake with chick, a common murre, and a thick-billed murre (photo credit: A. Will, map 

adapted from Hunt et al. 2008).
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Figure 3.2 Using PC1 we categorized years as being “cold” or “warm”. Negative numbers 

corresponded to cold oceanographic conditions and positive numbers corresponded to warm 

oceanographic conditions. PC1 is plotted against PC2. The ellipses indicate the cold (solid line) and warm 

(dashed line) groupings. The year corresponding to each point is noted within the plot.
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Figure 3.3 During warm years the seabird group expanded its isotopic niche on St. George (A, B) 

and contracted it on St. Paul (C, D) Islands. Laymen metrics calculated for the seabird group are 

posterior modes, 50% (box) and 90% (whisker) credible intervals are of the seabird group displayed for 

cold (dark grey) and warm (light grey) conditions. Panels illustrate changes between cold and warm 

conditions on (A) St. George Island during arrival, (B) St. George Island during chick-rearing, (C) St. 

Paul Island during arrival, and (D) St. Paul Island during chick-rearing. See Methods for a description of 

parameters.
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Figure 3.4 On St. George Island the total area of the seabird group’s isotopic niche increased in 

warm years. This increase occurred during both the arrival and chick-rearing period. St. Paul showed 

little difference in the total area used by all three species in warm or cold years. Dark grey indicates cold 

conditions, light grey indicates warm conditions. Displayed are the mode, and the 50% (box) and 99% 

(whiskers) credible intervals.
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Figure 3.5 At the species level, isotopic niches on St. Paul contracted and those on St. George 

expanded during warm oceanographic conditions. Displayed are stable isotope signatures o f red blood 

cells (“Arrival”) and plasma (“Chick-rearing”) for black-legged kittiwakes and murres breeding on St. 

George and St. Paul Islands in cold (black) and warm (grey) conditions. Super-imposed are the standard 

ellipse areas for each species during cold (solid line) and warm (dashed line) conditions.
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Figure 3.6 The average stable isotope values for species breeding on St. George (top panel) and St. 

Paul (bottom panel) Islands. Mean (± SE) isotopic signatures o f black-legged kittiwakes, and murres 

shifted between cold and warm oceanographic conditions (within figures) and between the arrival (first 

column) and chick-rearing (second column) periods o f the breeding season.
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Tables

Table 3.1 Sample sizes by island, year, and tissue. All except 2015 plasma values are from individuals 

whose red blood cells were also analyzed. BLKI = black-legged kittiwake, COMU = common murre, 

TBMU = thick-billed murre.

Red Blood Cells Plasma

Island BLKI COMU TBMU Year BLKI COMU TBMU

St. George - 10 10 - - -

St. Paul 10 - 10 9 - 7

St. George 30 21 30 8 8 9

St. Paul 30 18 30 10 8 10

St. George 28 26 30 8 10 10

St. Paul 31 24 25 10 8 10

St. George 26 18 29 7 9 9

St. Paul 15 8 18 5 2 7

St. George - - 22 - - -

St. Paul - - - - - -

St. George - - 32 - - -

St. Paul - - - - - -

St. George 31 22 27 10 10 10

St. Paul 30 28 30 10 10 10

St. George 26 37 28 9 10 10

St. Paul 24 26 30 10 10 10

St. George 36 - 33 10 - 9

St. Paul 35 - 39 10 - 10

St. George - - - - - 30

St. Paul - - - - - -

St. George - 14 38 - 14 18

St. Paul - - - - - -

St. George - - - - 15 20

St. Paul - - - - - -

St. George 177 148 279
Totals

52 76 125

St. Paul 175 104 182 64 38 64

84



Table 3.2 AIC model selection results for carbon. We report the top six models, as well as the single 

variable and additive model. All other models had an AIC weight o f 0. “Sps” = species, “Col” = colony, 

“Seas” = season. We tested 47 models. All models include bird as a random effect. A full list o f the

candidate models is reported in the Appendix.

all with bird as random effect k AICc AAICc Wi
PCl+Sps+Col+Seas+Seas *Sps+Seas*Col+Sps *Col+Seas *Sps*Col 9 2741.19 0.00 0.529
PCl+Sps+Col+Seas+PCl *Sps+PC1*Col+Sps*Col+PC1*Sps*Col 9 2741.43 0.24 0.468
PC1+Sps+Col+Seas+PC 1* Seas+PC 1*Sps+Seas*Sps+PC 1*Seas*Sps 9 2752.23 11.04 0.002
PC1+Sps+Col+PC 1*Sps+PC 1*Col+Sps*Col+PC 1*Sps*Col 8 2754.95 13.76 0.000
PC 1+Sps+Col+Seas+PC 1* Sps+Seas*Col 7 2776.87 35.69 0.000
PC 1+Sps+Col+Seas+Seas*Col+PC 1*Sps 7 2776.87 35.69 0.000
PC1+Sps+Col+Seas 5 2847.35 106.16 0.000
PC1 2 3066.69 325.50 0.000
Sps 2 3166.39 425.20 0.000
Col 2 3086.98 345.79 0.000
Seas 2 3185.66 444.47 0.000
null model 2 3193.26 452.07 0.000

85



Table 3.3 AIC model selection results for nitrogen. We report the top six models, as well as the single 

variable and additive model. All other models had an AIC weight o f 0. “Sps” = species, “Col” = colony, 

“Seas” = season. We tested 49 models. All models include bird as a random effect. A full list o f the

candidate models is reported in the Appendix.

all with bird as random effect k AICc AAICc Wi
PC1+Sps+Col+Seas+PC1 *Seas+PC1*Sps+Seas *Sps+PC1*Seas *Sps 9 3981.87 0.00 0.763
PC 1+Sps+Col+Seas+PC 1* Seas+PC 1*Sps+Seas*Sps 8 3984.31 2.43 0.226
PC1+Sps+Col+Seas+Seas* Sps+Sps*Col+Seas*Col+Seas*Sps*Col 9 3991.47 9.59 0.006
Sps+Col+Seas+Seas*Sps+Col*Sps+Seas*Col 7 3993.84 11.97 0.002
Sps+Col+Seas+Seas*Sps+Sps*Col+Seas*Col+Seas* Sps*Col 8 3994.50 12.63 0.001
PC1+Sps+Col+PC 1*Sps+PC 1*Col+Sps*Col+PC 1*Sps*Col 8 3995.04 13.17 0.001
PC1+Sps+Col+Seas 5 4066.10 84.23 0.000
PC1 2 4392.06 410.18 0.000
Sps 2 4347.62 365.75 0.000
Col 2 4108.96 127.08 0.000
Seas 2 4391.70 409.83 0.000
null model 2 4390.14 408.26 0.000
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A ppendix 3.A: C om plete L ist o f C andidate M odels

Table 3.A-1 C andidate m odels for carbon stable isotope signatures. B est fit m odels are

highlighted in grey.

M odels, all w ith  Individual as random  e ffec t k AICc AAICc w,
null model 2 3193.260 452.070 0.000
PC1 +Species+Colony+Season 5 2847.349 106.160 0.000
PC1 2 3066.692 325.502 0.000
Species 2 3166.386 425.196 0.000
Colony 2 3086.984 345.794 0.000
Season 2 3185.658 444.468 0.000
PC1+Species 3 3043.436 302.246 0.000
PC1 +Colony 3 2907.209 166.019 0.000
PC1+Season 3 3055.934 314.744 0.000
Species+Colony 3 3040.209 299.019 0.000
Species+Season 3 3161.270 420.080 0.000
Colony+Season 3 3075.567 334.377 0.000
PC1 +Species+Colony+Season+PC1 *Species 6 2794.035 52.845 0.000
PC1 +Species+Colony+Season+PC1 *Colony 6 2844.960 103.770 0.000
PC1 +Species+Colony+Season+PC1 *Season 6 2843.568 102.378 0.000
PC1+Species+Colony+Season+Species*Season 6 2829.326 88.136 0.000
PC1+Species+Colony+Season+Species*Colony 6 2804.423 63.233 0.000
PC1+Species+Colony+Season+Colony*Season 6 2827.748 86.558 0.000
PC1 +Species+Colony+PC1 *Species 5 2806.257 65.068 0.000
PC1 +Species+Season+PC1 *Species 5 2996.010 254.821 0.000
PC1 +Species+PC1 *Species 4 3003.088 261.898 0.000
PC1 +Species+Colony+PC1 *Colony 5 2858.437 117.248 0.000
PC1 +Season+Colony+PC1 *Colony 5 2889.096 147.907 0.000
PC1 +Colony+PC1 *Colony 4 2906.058 164.868 0.000
PC1 +Season+Colony+PC1 *Season 5 2887.076 145.887 0.000
PC1 +Season+Species+PC1 *Season 5 3036.170 294.981 0.000
PC1+Season+PC1 *Season 4 3056.619 315.429 0.000
Species+Season+Colony+Species*Season 5 3019.477 278.288 0.000
PC1+Species+Season+Species*Season 5 3012.583 271.394 0.000
Species+Season+Species*Season 4 3144.088 402.898 0.000
Species+Colony+Season+Species*Colony 5 2992.429 251.240 0.000
PC1+Species+Colony+Species*Colony 5 2818.818 77.629 0.000
Species+Colony+Species*Colony 4 3001.337 260.147 0.000
PC1 +Season+Colony+Colony*Season 5 2890.390 149.201 0.000
Species+Season+Colony+Season*Colony 5 3031.670 290.481 0.000
Season+Colony+Season*Colony 4 3075.582 334.392 0.000
PC1 +Species+Season+Colony+PC1 *Species+Season*Colony 7 2776.875 35.685 0.000
PC1 +Species+Season+Colony+PC1 *Colony+Season*Species 7 2827.492 86.302 0.000
PC1 +Species+Season+Colony+Season*Colony+PC1 *Species 7 2776.875 35.685 0.000
PC1 +Season+Colony+Species+PC1 *Season*Colony 9 2813.279 72.089 0.000
PC1 +Season+Colony+PC1 *Season*Colony 8 2856.257 115.067 0.000
PC1 +Species+Colony+Season+PC1 *Species*Colony 9 2741.433 0.243 0.468
PC1+Species+Colony+PC1*Species*Colony 8 2754.954 13.764 0.001
PC1+Season+Species+Colony+Season*Species*Colony 9 2741.190 0.000 0.529
Season+Species+Colony+Season*Species*Colony 8 2935.910 194.720 0.000
PC1 +Season+Species+Colony+PC1 *Season*Species 9 2752.231 11.041 0.002
PC1 +Season+Species+PC1 *Season*Species 8 2960.756 219.566 0.000
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Table 3.A-2 C andidate m odels for nitrogen stable isotope signatures. B est fit m odels are

highlighted in grey.

M odels, all w ith  Individual as random  e ffec t k AICc AAlCc w i
null model 2 4390.138 408.265 0.000
PC1 +Species+Colony+Season 5 4066.100 84.228 0.000
PC1 2 4392.058 410.185 0.000
Species 2 4347.623 365.750 0.000
Colony 2 4108.957 127.084 0.000
Season 2 4391.705 409.832 0.000
PC1+Species 3 4349.575 367.702 0.000
PC1 +Colony 3 4105.239 123.366 0.000
PC1+Season 3 4393.621 411.748 0.000
Species+Colony 3 4067.135 85.262 0.000
Species+Season 3 4349.400 367.527 0.000
Colony+Season 3 4110.815 128.942 0.000
PC1 +Species+Colony+Season+PC1 *Species 6 4037.698 55.825 0.000
PC1 +Species+Colony+Season+PC1 *Colony 6 4056.063 74.190 0.000
PC1 +Species+Colony+Season+PC1 *Season 6 4042.187 60.314 0.000
PC1+Species+Colony+Season+Species*Season 6 4041.296 59.423 0.000
PC1+Species+Colony+Season+Species*Colony 6 4031.915 50.042 0.000
PC1+Species+Colony+Season+Colony*Season 6 4050.965 69.092 0.000
PC1 +Species+Colony+PC1 *Species 5 4035.686 53.814 0.000
PC1 +Species+Season+PC1 *Species 5 4334.156 352.284 0.000
PC1 +Species+PC1 *Species 4 4332.626 350.753 0.000
PC1 +Species+Colony+PC1 *Colony 5 4054.110 72.238 0.000
PC1 +Season+Colony+PC1 *Colony 5 4097.674 115.802 0.000
PC1 +Colony+PC1 *Colony 4 4095.707 113.834 0.000
PC1 +Season+Colony+PC1 *Season 5 4081.645 99.773 0.000
PC1 +Season+Species+PC1 *Season 5 4337.246 355.374 0.000
PC1+Season+PC1 *Season 4 4378.929 397.056 0.000
Species+Season+Colony+Species*Season 5 4044.746 62.874 0.000
Species+Season+PC1 +Species*Season 5 4331.856 349.984 0.000
Species+Season+Species*Season 4 4329.996 348.123 0.000
Species+Colony+Season+Species*Colony 5 4034.891 53.019 0.000
Species+Colony+PC1+Species*Colony 5 4030.070 48.198 0.000
Species+Colony+Species*Colony 4 4033.098 51.225 0.000
PC1 +Season+Colony+Colony*Season 5 4092.693 110.821 0.000
Species+Season+Colony+Season*Colony 5 4053.433 71.561 0.000
Season+Colony+Season*Colony 4 4095.882 114.009 0.000
PC1 +Species+Season+Colony+PC1 *Species+Season*Colony 7 4024.484 42.611 0.000
PC1 +Species+Season+Colony+PC1 *Colony+Season*Species 7 4029.510 47.637 0.000
PC1 +Species+Season+Colony+Season*Colony+PC1 *Species 7 4024.484 42.611 0.000
PC1 +Season+Colony+Species+PC1 *Season*Colony 9 4024.447 42.574 0.000
PC1 +Season+Colony+PC1 *Season*Colony 8 4064.568 82.695 0.000
PC1 +Species+Colony+Season+PC1 *Species*Colony 9 3997.069 15.196 0.000
PC1+Species+Colony+PC1*Species*Colony 8 3995.045 13.172 0.001
PC1 +Species+Season+Colony+PC1 +Season*Species*Colony 9 3991.468 9.595 0.006
Species+Season+Colony+Season*Species*Colony 8 3994.500 12.627 0.001
PC1 +Species+Season+Colony+PC1 *Season*Species 9 3981.873 0.000 0.763
PC1 +Species+Season+PC1 *Season*Species 8 4295.559 313.686 0.000
Species+Season+Colony+Season*Species+Colony*Species+Season*Colony 7 3993.840 11.967 0.002
PC1 +Species+Season+Colony+PC1 *Season+PC1 *Species+Season*Species 8 3984.307 2.434 0.226
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Chapter 4 Red-legged Kittiwake Feathers Link Food Availability to Environmental Changes in the

Bering Sea Basin Over a 100 Year Period6.

Abstract

The world’s largest breeding population of the red-legged kittiwake (Rissa brevirostris), which 

relies almost exclusively on the Bering Sea basin for prey, underwent a dramatic decline and subsequent 

recovery in the past four decades. The causal mechanism for the period of decline has been hypothesized 

to have been stress incurred by birds as a result o f climate-induced food shortages during reproduction. 

Yet little is known about how the basin ecosystem is affected by climate variability, and it is unclear 

under what conditions prey in the Bering Sea basin become unavailable to red-legged kittiwakes and 

whether these food shortages may have extended into the wintering stage o f the birds’ annual cycle. We 

employed a historical ecophysiology approach to examine when and under what conditions red-legged 

kittiwakes historically experienced food shortages. We collected head feathers (grown during the end of 

the wintering period) and first primary feathers (grown during the breeding season) from St. George 

Island, the species’ principle breeding location, from 1913 to the present (n = 24 and 27 years; and 194 

and 122 individuals, respectively). We analyzed feathers for stable-isotope signatures o f carbon (S13C) 

and nitrogen (S15N) to characterize birds’ foraging niche, and for corticosterone which is passively 

deposited in feathers during molt and indicates a bird’s exposure to nutritional stress. We found that both 

summer and winter feather corticosterone (fCORT) was lower when values of the annual Pacific Decadal 

Oscillation Index (PDO) were positive. Winter fCORT concentrations and S15N signatures increased 

when February sea ice coverage was extensive, suggesting birds may lose access to preferred foraging 

habitat and may experience higher stress during cold winters. Birds also incurred higher levels o f winter 

stress during the period o f population decline (1976-1989) compared to the period o f population increase 

(1992-2014), indicating changes in environmental conditions were not limited to the reproductive season. 

We conclude that since 1913 warm conditions in the Bering Sea ecosystem have been associated with a 

reduction in nutritional stress incurred by adult red-legged kittiwakes breeding on St. George Island. 

However, we found no strong evidence for dietary shifts over this same period. A better understanding of 

the factors governing the abundance and availability o f red-legged kittiwakes’ prey is still needed in order 

to fully predict the impact of anticipated warming on this species and its foraging habitats.

6 Will, Alexis; Kitaiskaia, Evgenia; Kitaysky, Alexander. In preparation for Marine Ecology Progress Series.
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Introduction

The Bering Sea climate has historically oscillated between “warm” and “cold” states, 

characterized by changes in winter sea ice dynamics and storminess, and summer water temperatures 

(Rodionov & Overland 2005, Zhang et al. 2010). These changes in climate have been associated with 

fluctuations in the region’s animal populations and community structure (Hare & Mantua 2000, Benson & 

Trites 2002, Aydina & Mueter 2007, Litzow & Mueter 2014). In the southeastern Bering Sea, population 

declines observed in seabird, marine mammal, and fish populations (Hare and Mantua 2000, Benson & 

Trites 2002, Litzow & Mueter 2014) during the late 1970s and 1980s are hypothesized to be a result of 

changes in food availability (Anonymous 1993). How food availability changed, however, is not certain.

One hypothesis posits that a coinciding explosion in the walleye pollock (Gadus chalcogrammus) 

population resulted in increased competition with other top predators for forage fishes (Springer 1992). 

Another proposes that oceanographic conditions were no longer suitable for lipid-rich forage fish species, 

and fish lower in lipid content, such as the now abundant juvenile pollock, were inadequate to meet the 

energy demands o f predatory fish, seabirds, and marine mammal populations (Alverson 1992, the “junk- 

food hypothesis”, also see Hunt et al. 1996, reviewed in Osterblom et al. 2008). One other possible, not 

yet tested, explanation is that food shortages occurred during the winter, and affected animals outside of 

the reproductive season (e.g., during migration/overwinter, Renner et al. 2014).

In terms o f seabird responses to climate-driven food availability, a great deal of work has been 

done to understand how climate-associated changes in the southeastern Bering Sea continental shelf 

ecosystem affect prey abundance (e.g., Napp et al. 2000, Hunt et al. 2002 and references therein, Springer 

et al. 2007, Hunt et al. 2011 and references therein) and seabird reproduction (e.g., Springer 1998, Byrd et 

al. 2008a, Byrd et al. 2008b, Zador et al. 2013, Renner et al. 2014, Springer & van Vliet 2014, Murphy et 

al. 2016). How or whether these same climate patterns affect forage fish production in the ocean basin, 

however, is less clear. O f the seabirds breeding in the southeastern Bering Sea, red-legged kittiwakes are 

the only fish-eating seabird that relies primarily on oceanic prey (Byrd and Williams 1993). Red-legged 

kittiwakes forage almost exclusively on myctophids, a mesopelagic fish, during the reproductive season 

(Storer 1987, Byrd and Williams 1993, Iverson et al. 2007, Kokubun et al. 2015). Thus, red-legged 

kittiwakes might be somewhat independent o f the food dynamics o f the southeastern Bering Sea 

continental shelf region, which govern the diets o f other seabirds breeding on the Pribilof Islands 

(Jahncke et al. 2008, Renner et al. 2012, Renner et al. 2016). Furthermore the breeding population on St. 

George Island has shown dramatic changes in population trajectory over the past four decades (Byrd et al. 

2008a), suggesting that the birds are experiencing changes in prey availability at some point in their 

annual cycle. Thus red-legged kittiwakes may provide insight into how this part o f the Bering Sea 

ecosystem may have responded to past environmental variability. There is some evidence that red-legged
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kittiwake reproductive success may be attributed to environmental conditions (Springer 1998), but a 

connection between environmental variability and food availability has yet to be made.

Research has shown that, for seabirds, changes in the environment can result in food shortages 

that are reflected in seabird physiology (e.g., Kitaysky et al. 1999, Satterthwaite et al. 2012). Nutritional 

stress incurred during reproduction affects adult seabird survival (Kitaysky et al. 2007, Kitaysky et al. 

2010, Satterthwaite et al. 2010) and poor quality food fed to developing offspring may produce low- 

quality individuals that may be unable to recruit into the population (Kitaysky et al. 2006).

As a step towards resolving the relationship between changes in environmental conditions and the 

responses o f red-legged kittiwakes, we used a historical ecophysiology approach to examine the diet and 

physiological response o f St. George red-legged kittiwakes to environmental variability from 1913 to the 

present. Historical ecophysiology uses analytical tools to mine ecologically relevant measures from 

specimens or samples collected in the past, allowing researchers to greatly extend time series and rely on 

unified laboratory methodologies.

Red-legged kittiwakes undergo two annual molts. Towards the end of the breeding season (-July- 

August) adults initiate their flight feather molt, a sequential molt that begins with the loss of their first 

primary (Byrd & Williams 1993). In approximately February adults undergo a pre-nuptial molt where 

they replace, at a minimum, their non-breeding head feather plumage (Byrd & Williams 1993, Orben et 

al. 2015). To characterize conditions during the breeding (summer) and non-breeding (winter) periods, 

we collected first primary and head feathers from museum specimens and free-living individuals. We 

analyzed first primary (“primary”) and head feathers for nitrogen and carbon stable isotope ratios. Stable 

isotopes are non-degrading versions o f elements that have more neutrons than protons, and occur at 

known proportions in nature. Based on differential isotopic incorporation rates it is possible to identify 

trophic level (nitrogen, Fry 1988) and location (carbon, Hobson et al. 1994) of an organism in a marine 

food web based on the ratio o f heavy (rare) to light (common) isotopes in their tissues (Peterson and Fry 

1987, Hobson and Welch 1992). Thus, the combination o f the annual molt and stable isotope signatures 

yields a proxy for summertime diet from first primaries and winter diet from head feathers.

While stable isotope analysis can be used to identify when diet changes occur, it does not fully 

capture how seabirds may be affected by changes in the environment. A change in conditions may be 

detrimental to seabirds but may not be accompanied by a shift in prey (e.g., Will et al. 2015 and 

references therein). For example, prey species may not change but may become more dispersed or less 

available and require more energy to obtain. Alternatively, birds may shift their diet among equally good 

prey types, so that a change in diet may not necessarily be detrimental.

Thus, to better understand the effect of variability in climate and diet on red-legged kittiwakes we 

also analyzed head and primary feathers for corticosterone concentration (Bortolotti et al. 2008).
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Corticosterone is the avian stress hormone which, in kittiwakes, is indicative o f nutritional stress 

(Kitaysky et al. 2006, Kitaysky et al. 2010). During molt, circulating corticosterone is deposited into the 

growing feather and provides an integrated measure o f the nutritional stress a bird experienced during the 

period o f feather growth. Elevated concentrations in feather corticosterone have been experimentally 

linked to low food intake (Will et al. 2014), validated as a proxy for low food availability (Will et al. 

2014, Will et al. 2015) and are stable through time (Bortolotti et al. 2009). We analyzed feather 

corticosterone (fCORT) concentrations in the same feathers we used in the stable isotope analysis, 

characterizing the nutritional status of birds during the winter (-Feb.) and summer (-July, Byrd & 

Williams 1993). To determine how diet and nutritional stress change in response to changes in 

oceanographic conditions, we modeled nitrogen and carbon stable isotope ratios and fCORT 

concentrations in head and primary feathers as response variables to environmental parameters. We also 

specifically examined patterns in nutritional stress and population counts to determine whether winter 

conditions may have contributed to the population decline of the late 1970s and 1980s.

Methods

Study Site and Specimen Origin

All samples were collected from adult red-legged kittiwakes breeding on St. George Island, one 

o f the Pribilof Islands, in the southeastern Bering Sea (56.58°N, 169.60°W). We sampled live birds and 

specimens from the following museums: Carnegie Museum of Natural History, Natural History Museum 

of Los Angeles County, Museum of Southwestern Biology, James R. Slater Museum, San Diego Natural 

History Museum, and University o f Alaska Fairbanks’ Museum of the North. Please refer to the 

Appendix for a complete list o f specimens used in this study.

Feather Sampling

To minimize the impact o f our study on museum collections we used only a small portion o f a 

primary feather for our analyses, and whenever possible left the feather still attached to the museum skin. 

Specifically, we cut a 20 mm section, approx. 20 mm from the tip o f the first primary along the proximal 

side o f the vane. In the field, birds were captured using a noose pole, the first primary was clipped off at 

the base, and the same 20 mm section described above was later removed in the lab. For both museum 

and wild-caught birds we plucked 3 head feathers between the upper nape and crown of the head (see 

Appendix for samples by year).
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Corticosterone Analysis

We weighed and measured (head feathers only) feathers to the nearest 0.05 mg and 0.5 mm. We 

combined all 3 head feathers (measuring each separately but weighing them collectively) into a single 

sample for each individual (Lattin et al. 2011). We washed feather samples in isopropanol (HPLC-grade, 

Sigma-Aldrich, St. Louis, MO): i.e., we added 1 ml o f isopropanol to a vial containing the feather sample, 

vortexed for 5 seconds, and removed the isopropanol 50 seconds later. After the washing, we added 5 ml 

o f methanol (HPLC-grade, Fisher Scientific, Waltham, MA) to each sample and proceeded with 

extraction and analysis procedures reported elsewhere (see Bortolotti et al. 2008, Will et al. 2015). We 

added 2,000 cpm of radio-labeled corticosterone (PerkinElmer NET399, Boston, MA) to each sample to 

account for losses o f hormone during analysis. On average recoveries were 94.8%.

Feathers were analyzed in 5 separate radioimmunoassays (Wingfield & Farner 1975). Intra-assay 

CV was <1 % (range: 0.72 to 0.97 %) and inter-assay CV was 1.2 %. We standardized concentrations to 

sample mass (ng/g, primary feathers) and feather length (pg/mm, head feathers only).

Stable Isotope Analysis

After the methanol extraction, in the corticosterone analysis described above, feather samples 

were used for stable isotope analysis. We weighed out between 0.6 and 1 mg of pulverized primary 

feather tissues, or a single intact head feather, and loaded the sample material into a tin boat. Stable 

isotope analysis was conducted at the Alaska Stable Isotope Facility (ASIF, Fairbanks AK). Briefly, 

samples were loaded into an auto-sampler which dropped them into an elemental analyzer (EA Costech 

ECS 4010) interfaced with a Delta+XP Thermo Electron isotope ratio mass spectrometer. We used delta 

notation to express stable isotope ratios, “R”, in comparison to Pee Dee Belamnite (carbon) and 

atmospheric nitrogen (SX = Rsample / Rstandard). Peptone was used as an internal standard. We completed the 

analysis in 4 separate runs. Inter-run standards were within ± 0.01%o for both S15N and S13C and on 

average intra-run standards were within ± 0.1%o for both S15N and S13C. Head feathers from 2010 and 

2011 were analyzed by Orben et al. (2015) at the University o f California Santa Cruz (UCSC); UCSC 

internal standards were comparable when run at ASIF (Appendix).

Environmental Variables

To detect course-grained patterns in the responses o f red-legged kittiwake diet and physiology to 

long-term environmental variability we used regional climate indices that have been shown to be 

ecologically relevant and/or detect regime shifts. Environmental predictors for head feathers (fCORT and 

stable isotope signatures) were selected based on two criteria: 1) ecological relevance, and 2) a correlation 

o f less than 0.5 with any other variable for the years included in our study. April sea ice coverage is the
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one exception, we retained it in our models due to the potential ecological impacts on the return migration 

to the colony despite a high correlation (-0.76) with the annual Pacific Decadal Oscillation index (PDO, 

Mantua et al. 1997, Mantua and Hare 2002). Variables included in models o f head feather parameters 

included: Year, PDO, the Arctic Oscillation (AO), and the February sea ice coverage (IceFeb), and for 

primary feathers: Year, PDO, the AO, the Aleutian Low (ALow), and the April sea ice coverage (IceApr).

We included Year in the model selection process to account for any trends over time not fully 

captured by the other parameters (Bond et al. 2003). In the case o f carbon, Year accounted for the Suess 

effect, the dilution o f 13C in the atmosphere by the burning o f fossil fuels (Revelle & Suess 1957).

The PDO has historically been the primary indicator of regime shifts in the Bering Sea (Rodionov 

& Overland 2005), and previously has been related to seabird physiology and diets on the Pribilof Islands 

(Dorresteijn et al. 2012, Satterthwaite et al. 2012). The PDO is derived from a principal components 

analysis o f sea surface temperature anomalies across the North Pacific (above 20° N Latitude). It is 

corrected for the global average temperature, so is independent o f warming trends associated with climate 

change (Newman et al. 2016). Positive PDO values are associated with generally warmer conditions (e.g., 

low winter sea ice extent and early retreat in spring in the Bering Sea), while negative values are 

associated with generally colder conditions.

In the past few decades, the AO has manifested regime shifts more prominently than the PDO 

(Rodionov & Overland 2005). The AO is derived from an empirical orthogonal function o f monthly 

mean sea level pressures poleward o f 20° N (Thompson & Wallace 1998). Positive AO values are 

indicative o f a polar low pressure system which is associated with a strengthening o f the westerly winds 

circling the arctic and effectively retaining cold air in the northern latitudes. Negative AO values indicate 

a high pressure system which allows cold arctic air to flow into lower latitudes, cooling North America 

and Europe, and resulting in warmer winters further north (Tang et al. 2013). The formation, retention, 

and movement o f sea ice are highly influenced by the AO (Rigor et al. 2002).

Another winter phenomenon that potentially affects the productivity o f the Bering Sea is the 

ALow. The ALow (also known as the winter North Pacific Index) is the mean area-weighted sea level 

pressure in November through March, expressed as anomalies compared to the period 1961-2000. The 

position and strength o f the ALow affects the winter conditions in the Bering Sea, and is hypothesized to 

affect the degree and depth to which the surface layers are mixed, influencing the nutrients available to 

organisms during spring and summer plankton production (Rodionov & Overland 2005, Rodionov et al. 

2007). ALow potentially affects summer foraging conditions for red-legged kittiwakes and their prey, but 

has a complex relationship to wintertime storminess (Rodionov et al. 2007), so we included ALow in our 

primary (but not head ) feather models.
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Previous research has suggested that red-legged kittiwake migration is influenced by sea ice 

(Orben et al. 2015), indicates that sea ice during the month of April affects breeding season conditions 

and reproduction (Murphy et al. 2016, Renner et al. 2016). We would expect, then, that sea ice may 

explain variability in the fCORT concentrations and stable isotope ratios o f head (February sea ice) and 

primary (April sea ice) feathers. Thus, in our models we used sea ice coverage in February and April as 

explanatory variables in our head and primary feather models respectively. We calculated Ice Coverage 

from maps produced by the National Atmospheric and Oceanic Administration

(ftp://sidads.colorado.edu/DATASETS/NOAA/G02135/, available from the National Snow and Ice Data 

Center). We converted images to grayscale in Adobe Photoshop, then calculated the mean pixel intensity, 

a proxy for ice coverage, in Image J. Based on recent records o f red-legged kittiwake winter migration 

patterns we conservatively calculated sea ice coverage for an area including the Bering Sea, Sea of 

Okhotsk, and a small portion o f the North Pacific (Fig 4.1, R. Orben, unpub. data).

Statistical Analysis

We conducted all analyses in R version 3.2.3 (R Core Development Team). Head fCORT 

concentrations were calculated by feather length (pg/mm, detrended for the effect o f sample mass, Will et 

al. 2014), and primary fCORT concentrations were calculated by feather sample mass (ng/g). All fCORT 

concentrations were log-transformed to meet assumptions o f normality. We display fCORT anomalies in 

all figures, calculated as deviations from the long-term mean for each feather type. S15N and S13C 

signatures obtained from both head and primary feathers were normally distributed. We normalized and 

centered the Year and Ice Coverage explanatory variables.

We ran multiple linear regression models using the lm function in R to address our study 

objectives. Models included fCORT, S15N, or S13C as response variables and the aforementioned 

environmental variables as independent variables. We did not test interaction terms because the biological 

interpretation of them would be unclear. We used AIC model selection, based on AICc for small sample 

sizes, to address whether diet and nutritional stress changed in response to changes in the environment.

No interaction terms were included in the models. We report the performance o f the null model (for 

illustrative purposes) and all models accounting for 95% of the AIC model weight; an entire set o f the 

candidate models can be found in the Appendix. We modeled response variables at two time scales to 

accommodate the temporal limitations of some o f our explanatory variables: years 1913 -  present 

(hereafter the “century” data set), and 1979 -  present (the “forty-year” data set). The century data were 

tested against the PDO, ALow (primaries only), and Year while the forty-year data were tested against the 

PDO, ALow (primaries only), Year, AO, and ice cover.
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We also used linear regression analysis (lm  function in R) to test whether the nutritional stress 

and/or stable isotope signatures in an individual during one season were correlated with stress and stable 

isotope signatures in that same individual the following season. Finally, we used population data reported 

by the United States Fish and Wildlife Service’s Alaska Maritime National Wildlife Refuge to examine 

possible relationships between winter physiology/diet and population processes. The red-legged kittiwake 

population on St. George experienced a strong decline in the years 1976 to 1989, and since has been 

increasing up to the last reported count in 2014 (Byrd et al. 2008a, Tappa & Romano 2017). We 

compared fCORT concentrations and stable isotope signatures from the period o f population decline 

(1976-1989) to those from the period o f population increase (1990-2014).

Results

Temporal Dynamics of Late W inter Stable Isotopes and Nutritional Stress as Reflected in H ead Feathers

In general the PDO best described changes in wintertime S15N and S13C over the past century 

(Table 4.1). Year was also a strong predictor, appearing in one o f the two best performing models for 

S15N (Table 4.2) and in all o f the top performing models for S13C (Table 4.3, Fig 4.2). Over the past 

century it appears that the relationship between red-legged kittiwake’s trophic position and environmental 

conditions may have changed. We found that birds appeared to reverse their response to warm conditions 

recently. In the past 40 years positive PDO values were associated with depletion in S15N signatures 

(Table 4.2) in contrast to the positive relationship observed over the past century.

Sea ice coverage was positively correlated with S15N signatures (Table 4.2), was weakly 

negatively associated with S13C values (Table 4.3), and fCORT concentrations (Table 4.4, Fig 4.3). At the 

century scale PDO and Year were the best performing variables (Table 4.1), fCORT concentrations have 

generally declined over time and are lower in years when the PDO is positive (Table 4.4).

Temporal Dynamics of Breeding Season Stable Isotopes and Nutritional Stress as Reflected in Primary 

Feathers

During the breeding season the trophic level o f red-legged kittiwakes has increased over time 

(Table 4.5). Year accounted for most o f the variability in the data (Table 4.6). In the past 40 years sea ice 

coverage in April and Year were included in all 7 o f the top candidate models (Table 4.5). S15N was 

depleted in years o f high sea ice coverage and has become more depleted over time (Table 4.5). The 

variability in S13C signatures during the breeding season was best captured by Year (Suess effect, Fig 4.2, 

Table 4.6) in both the century and 40-year time scale (Table 4.7).
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Breeding season fCORT concentrations were best described by the PDO and ALow (Table 4.6). 

Positive phases o f the PDO were associated with low concentrations o f fCORT (Table 4.8, Fig 4.4).

Inter-seasonal Relationships

When comparing primary feathers to subsequently grown head feathers (n = 69) we found that 

elevated stress levels during the breeding season corresponded to elevated stress during the nuptial molt 

in the following season (F167 = 17.26, p < 0.0001, Fig 4.5). S13C signatures were positively correlated 

between the breeding and wintering seasons (F167 = 43.12, p < 0.0001, Fig 4.6). There was no correlation 

in S15N signatures between the breeding season and the following winter (F167 = 1.675, p = 0.2).

Seven o f the museum specimens collected later in the breeding season had already grown new 

first primary feathers, enabling us to test whether head feather stress and stable isotope values were 

correlated between the winter period and the following summer period. Diet (as reflected in stable isotope 

signatures) and nutritional stress during the pre-nuptial molt did not correlate to diet and nutritional stress 

during the breeding season (F16 < 0.733, p > 0.425 for simple linear regressions on S15N, S13C, and 

fCORT, with values for head feathers as the predictor and values for primaries as the response).

Physiology and Population Trends

Head fCORT concentrations were higher (t119 = 5.7484, p < 0.0001) during the period of red

legged kittiwake population decline compared to the period o f population increase (Fig 4.7). S13C 

signatures in head feathers from 1976-1989 (mean ± SE: -17.80%o ± 0.09) were more enriched than those 

from 1990-2014 (-18.23%o ± 0.03; t 123 = 4.79, p < 0.0001). There was a tendency for S15N to be higher 

after 1989 (15.30%o ± 0.21 compared to 15.62%o ± 0.05; t 123 = 1.84, p = 0.07).

Discussion

Research in the southeastern Bering Sea has been largely focused on understanding how changes 

in the region’s climate have affected the shelf ecosystem. Here we examined a seabird species, the red

legged kittiwake, which relies primarily on prey from the ocean basin adjacent to the shelf, to better 

understand what conditions govern summertime food availability. The red-legged kittiwake population on 

St. George Islands has experienced a marked decline and recovery in its population in the past forty-years. 

There is evidence that some o f this pattern may be attributed to food shortages that occurred during the 

breeding season. We also investigated whether food shortages persisted and/or occurred in the wintering 

period. Until recently, technical limitations on our ability to track seabird behavior and physiology outside 

o f the breeding season precluded long-term, year-round studies o f seabird responses to environmental 

conditions.
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By collecting feathers grown during the summer (the first primary) and winter (head feathers) we 

were able to gain insight into what conditions may result in food shortages in the ocean basin on a 

seasonal and inter-annual basis. During the breeding season red-legged kittiwakes rely on myctophids, 

primarily Stenobrachius leucopserus (Byrd and Williams 1993, Hatch et al. 1993, Kokubun et al. 2015), 

the most abundant myctophid species in the Bering Sea (Beamish et al. 1999, Moku et al. 2000, Tanimata 

et al. 2008). We found that during positive phases of the PDO, red-legged kittiwake diets appear to 

consist o f higher trophic level (enriched S15N) oceanic prey species (depleted S13C), which corresponds to 

low fCORT concentrations, suggesting that food may be abundant during these periods. Specific 

mechanisms o f how warm conditions might enhance myctophid abundance and/or availability, which 

would translate into low nutritional stress incurred by birds, are not well known. One possibility is that 

red-legged kittiwakes make use of the eddy field (Parades et al. 2014, Yamamoto et al. 2016) located to 

the south o f the Pribilof Islands (Napp et al. 2000). Whether PDO plays any role in determining the 

intensity o f eddy kinetic energy in a given year is not known. Further investigation into what drives 

myctophid abundance and makes them available to kittiwakes is needed in order to clarify how warm 

conditions might reduce nutritional stress in breeding red-legged kittiwakes.

In contrast to the breeding period, it is unknown what red-legged kittiwakes eat during the winter. 

This makes it difficult to interpret the patterns we observed during the non-breeding period. Winters with 

high sea-ice coverage were associated with higher fCORT concentrations and S15N values. This suggests 

that birds are food limited and may have to rely more heavily on endogenous reserves to meet their 

energy demands (Hobson 1999, Cherel et al. 2005). The relationship between red-legged kittiwakes and 

winter sea ice, however, is unclear. Orben et al. (2015) suggested that the foraging o f red-legged 

kittiwakes may be ice associated. It is possible that they may consume hyperiids (Byrd and Williams 

1993) during the winter, predatory amphipods that are enriched in S15N (Gorbatenko et al. 2014) and are 

associated with cold waters o f the Bering Sea (Pinchuk et al. 2013). However, if  they are foraging along 

the ice edge, fCORT concentrations suggest that too much ice may interfere with their ability to find 

enough food. Whether or not the enriched S15N values are a result of consuming some of their own 

endogenous reserves (as proposed above) or capturing higher trophic level prey (but not enough of it) 

during these periods, it is clear high ice coverage in some way compromises the ability o f red-legged 

kittiwakes to get enough food during the winter.

In warm winters with low sea ice coverage red-legged kittiwakes’ S13C signatures increased. 

Studies o f zooplankton stable isotope signatures indicate that S13C values are enriched in the northern and 

western Bering Sea (Schell et al. 1998, Pomerleau et al. 2014). This suggests that in warm years birds 

may use shelf-break upwelling areas along the western Bering Sea coast (Schell et al. 1998) or capitalize 

on tidal currents moving between the north Pacific and Sea o f Okhotsk (Kim 2012). Recent overwinter
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tracking studies indicate that in the warm winters o f 2014- 2015 and 2015-2016 red-legged kittiwakes 

overwintered primarily along the eastern coast o f the Kamchatka peninsula, but also in the Gulf of 

Anadyr and along the Kuril Islands (R. Orben, unpub data). Warmer conditions with less ice may allow 

sections o f the “Green Belt” (Springer et al. 1996) to persist through the winter, or support areas of 

upwelling and/or eddies in overwintering areas (Kim 2012, Panteleev et al. 2012). Further investigation 

into red-legged kittiwake overwinter migration routes, diet composition, and response to sea ice would 

help to further clarify how sea ice coverage affects non-breeding red-legged kittiwakes and to identify the 

type o f habitat they rely on during the winter.

We found that environmental conditions during the breeding and non-breeding periods, when 

kittiwakes are in the eastern and western Bering Sea respectively, appear to be correlated. The response of 

individuals within a year are similar between the two seasons; individuals with high primary (summer) 

fCORT concentrations had high head (winter) fCORT concentrations (Fig 4.5). These findings are similar 

to those reported for thick-billed murres, Uria lomvia, also breeding in the southeastern Bering Sea 

(Young et al. 2017). Circulating levels of corticosterone and the ability o f birds to mount a response to 

prolonged stress change in response to both environmental stressors and the demands o f different life 

stages (Sapolsky et al. 2000). The adrenocortical function in kittiwakes is responsive to environmental 

variability regardless o f life stage and can change rapidly, responding to new stress within a matter of 

days and recovering from natural food shortages within several weeks (Kitaysky et al. 1999, Shultz & 

Kitaysky 2008, Kitaysky et al. 2010, Schultner et al. 2013a). In our system, seven months separate the 

growth o f the first primary feather and new head feathers. Thus, we submit that the correlation o f summer 

and winter stress is a reflection of environmental conditions that persist throughout the year rather than a 

carry-over effect. In support o f this argument, we also found that S13C signatures, which are independent 

o f nutritional stress (Kempster et al. 2007, Williams et al. 2007), were positively correlated between the 

breeding and wintering periods (Fig 4.6). This suggests that red-legged kittiwakes utilize similar 

oceanographic habitats governed by the same environmental conditions during the breeding and non

breeding periods.

Our study provides some support for the hypothesis that a reduction in the overwinter survival of 

adult red-legged kittiwakes contributed to the population decline o f this species on St. George. Head 

fCORT concentrations were significantly higher during the period of population decline compared to the 

period o f growth. This suggests that food shortages during the winter may have resulted in increased 

levels o f stress incurred by birds, which could lead to increased adult mortality or a reduction in the 

number o f birds able to attain reproductive condition and return to the colony to breed. In black-legged 

kittiwakes (Rissa tridactyla) time spent on the wintering grounds was correlated to the ability of 

individuals to recover from molecular damage that occurred during the breeding season (Schultner et al.
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2013b). This suggests that the overwinter period plays an important role in the repair and maintenance at 

the cellular level. However, to substantiate this hypothesized link between red-legged kittiwake 

physiological status during molt and survival to the next life stage or skipping reproduction (as both affect 

adult annual return rates), the relationship between fCORT concentrations and bird survival needs to be 

investigated on an individual basis.

A Note on Explanatory Variables

While the PDO was a strong predictor o f red-legged kittiwake nutritional status and diet over 

time it is uncertain whether it can be used as a predictor o f red-legged kittiwake nutritional status into the 

future. The PDO did not reflect a climate regime shift that occurred in 1989 and Rodionov and Overland 

(2005) suggested that perhaps other indices, such as the ALow or AO, may be more illustrative o f current 

climate variability. Schmidt et al. (2015) found that starting in 2007/2008 Brandt’s cormorants, 

Phalacrocorax penicillatus, breeding in California broke with a previously established 40-year pattern 

where El Nino and sea surface temperatures predicted survival and reproduction. It is possible that red

legged kittiwakes will now be faced with novel conditions not seen in the past century, and that the 

relationships uncovered here may not persist. In our own data we see that, while the PDO corresponds to 

a clear trend in summer nutritional status, it alone does not capture all o f the variability in our data (Fig 

4.4). For example, PDO was a top performing variable in our model for S15N in primary feathers for the 

long-term, but not for the near-term data. This discrepancy may be attributed to S15N characterizing shifts 

in the food web (Grecian et al. 2016), a possible signal o f ecological regime shifts that occurred 

independent of changes in the PDO.

Besides the PDO, Year also frequently appeared in the top performing models. The Suess effect 

accounts for much of the temporal decline in S13C signatures in head and primary feathers, however, 

exactly how much o f the decline can be attributed to the anthropogenic burning o f fossil fuels is not clear. 

Correction factors for the Suess effect vary globally and are determined by regional carbon sequestration 

processes driven by primary producers and ocean physical and biological processes (Gruber et al. 1999, 

Kortzinger & Quay 2003). An estimate for the Sea o f Okhotsk (-0.19 %o per year since 1950, Watanabe et 

al. 2011) accounts for some, but not all, o f the strong temporal S13C decline observed in our study (year 

remains a top performing variable in data corrected for the Suess effect, Appendix). We cannot be sure 

that this correction factor is appropriate to use for the Bering Sea (Gruber et al. 1999, Kortzinger & Quay 

2003). Further isotopic analysis o f these samples, involving stable isotopes associated with foraging 

location but free o f the Suess effect (e.g., sulphur, Ramos et al. 2011), would differentiate changes in red

legged kittiwake habitat use from changes in the physical environment. Until this analysis is completed 

we are unable to draw any unequivocal conclusions regarding whether or not red-legged kittiwakes have
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experienced shifts in where they obtain their prey. But, while we are unable to precisely correct for the 

Seuss effect, the depletion in S13C signatures in our data set since the 1950’s is remarkable. The Bering 

Sea is remote from any urban centers, yet there is a clear global signal that fossil fuel generated CO2 has 

increased in the past century, and evidence that some has been dissolved into this body o f water (Revelle 

and Seuss 1957).

Summary and Conclusions

We found that the PDO was a strong predictor of nutritional stress and trophic level for red

legged kittiwakes throughout the annual cycle, contributing further evidence that regional climate features 

can be linked to seabird ecology (Sandvik et al. 2005). In long-lived species such as red-legged 

kittiwakes, examining the response o f individuals, rather than population level responses such as 

reproductive success, may more clearly reveal how the environment influences habitat use and nutritional 

status. From there, connections may be made to parameters that affect individual fitness and population 

processes (Satterthwaite et al. 2012). Both stress and stable isotope data indicate that the changes red

legged kittiwakes have experienced in the past century were gradual, occur over several years, and are 

associated with changes in ocean temperature (PDO) and sea ice dynamics. In general we found that 

warm winters and breeding season conditions were associated with low levels of nutritional stress 

incurred by red-legged kittiwakes, which might have facilitated their survival. Warming conditions have 

been shown to be beneficial to other piscivorous seabirds breeding in North Pacific continental shelf 

regions that experience winter sea ice cover (Kitaysky & Golubova 2000, Benowitz-Fredericks et al.

2008, Satterthwaite et al. 2012, Harding et al. 2013, Paredes et al. 2014). However, very little is known 

about the mechanisms that link climate conditions to prey in the Bering Sea basin. Red-legged kittiwakes 

have already demonstrated that their populations are prone to fluctuating in response to long-term 

environmental variability. In order to fully understand the response o f red-legged kittiwake to future 

changes we must better understand the migratory patterns o f this species, their diet during the non

breeding season, and myctophid ecology.
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Figures

Figure 4.1 Study Area and red-legged kittiwake. A) Map of area used by overwintering red-legged 

kittiwake in February tracked during the winters o f 2011-2012, 2014-2015, and 2015-2016 (courtesy of 

R. Orben, unpub. data). B) A red-legged kittiwake, photo by Alan Murphy. C) Area used to calculate ice 

coverage. St. George Island is indicated by the star.
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Figure 4.2 Changes in red-legged kittiwake stable isotope signatures and stress exposure from 1913 

to the present (2016). A) S15N values for head feathers (grey diamonds, n = 194 individuals) and first 

primaries (black circles, n = 122 individuals). B) S13C values for head feathers and first primaries. The 

decline in S13C values due to fossil fuel emissions (the Suess effect) likely accounts for the decline since 

~1950; red-legged kittiwakes live far from urban centers and consume primarily mesopelagic prey. C). 

fCORT concentration anomalies for head feathers and first primaries. Concentrations have been 

converted to anomalies (concentration -  mean concentration) for each feather to illustrate temporal trends 

and avoid comparing concentrations between feather types.
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Figure 4.3 Exposure of red-legged kittiwake to stress during the winter (as revealed by head 

fCORT concentrations) increased during years of high February sea ice coverage. The average of 

annual head fCORT anomalies are displayed ±SE, n = 18 years; dashed line represents the slope of the 

linear regression (Table 4.4).
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Figure 4.4 Summer stress in red-legged kittiwakes (as reflected in primary fCORT concentrations) 

was inversely related to PDO. Annual mean primary fCORT anomalies ± SE, n = 27 years; line 

represents the slope o f the linear regression (Table 4.8).

113



Figure 4.5 Summer and winter stress levels in red-legged kittiwakes were positively correlated.

Head and primary fCORT concentrations were analyzed for 69 individuals from 15 different years 

between 1913 and 2016; dashed line represents the slope o f the linear regression (R2 = 0.21).
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Figure 4.6 813C is positively correlated within individual red-legged kittiwakes between the summer 

and winter periods, indicating that birds may forage in a particular habitat type independent of 

geographical location. Both primary and head feathers were analyzed from 69 individuals, sampled from 

15 years between 1913 to 2016; dashed line represents the slope o f the linear regression (R2 = 0.39).
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Figure 4.7 Population trajectories and exposure to stress during the winter: red-legged kittiwakes 

incurred higher levels of stress in winter (as reflected in head feathers) during the period of 

population decline compared to the period population increase. Population counts (shown are annual 

mean ± SE) conducted by the USFWS (Tappa & Romano 2017) are presented in tandem with a 

comparison o f head fCORT concentrations from a period when the red-legged kittiwake population was 

declining (1976-1989) to a period in which it was increasing (1990-2014, indicated by arrows). Overlaid 

are the mean head fCORT concentrations ± SE for specimens from the same periods (0.55 pg/mm ± 0.06, 

n = 13, 1976-1989 and = 0.28 pg/mm ± 0.01, n = 112).
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Tables

Table 4.1 Summed AIC weights for head feather model parameters. Below are displayed the summed 

model weights for the variables included in the models to describe head fCORT, S15N, and S13C. In the 

upper panel are the summed AIC weights for the full data set (“Century”) and in the lower panel are the 

summed AIC weights for the forty-year data set. Variables appear in order o f rank, with those at the top 

receiving the most weight.
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0.999
0.332

PDOa
Year

0.992
0.583

PDOa
Year

0.980
0.980

AO 0.954 PDOa 0.948 PDOa 0.964
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Table 4.2 95%  confidence set of 815N head feather models. Coefficient estimates ± standard error that do not contain zero are italicized.

Coefficient Estimates
Century R2 k n df AICc wi Intercept Year PDOa AO IceFeb

Year+PDOa 0.08 2 194 4 334.96 0.583 15.363 -0.0035 -0.1251 -- --
PDOa 0.07 1 194 3 335.68 0.409 15.667 -- -0.1364 -- --
Null 1 194 2 346.91 0.001 15.582 -- -- -- --

Forty-year R2 k n df AICc wi Intercept Year PDOa AO IceFeb
Year+AO+PDOa 0.17 3 176 5 261.97 0.449 15.641 0.0119 -0.1154 -0.0971 --
Year+PDOa+AO+IceFeb 0.18 4 176 6 262.80 0.297 15.632 0.0145 -0.1153 -0.0876 0.0137
Year+IceFeb+PDOa 0.16 3 176 5 265.38 0.082 15.688 0.0188 -0.1676 -- 0.0193
Year+PDOa 0.14 2 176 4 265.83 0.065 15.709 0.0157 -0.1760 -- --
AO+PDOa 0.14 2 176 4 266.18 0.055 15.581 -- -0.0696 -0.1299 --
AO 0.13 1 176 3 267.29 0.032 15.527 -- -- -0.1650 --
Null 1 176 2 288.90 0.000 15.563 -- -- -- --
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Table 4.3 95%  confidence set of 813C head feather models. Coefficient estimates ± standard error that do not contain zero are italicized.

Coefficient Estimates
Century R2 k n df AICc wi Intercept Year PDOa AO IceFeb

Year+PDOa 0.53 2 194 4 130.01 0.980 -18.334 -0.0168 -0.0698 -- --
Null 1 194 2 272.98 0.000 -18.261 -- -- -- --

Forty-year R2 k n df AICc wi Intercept Year PDOa AO IceFeb
Year+AO+PDOa 0.34 3 176 5 99.85 0.383 -18.325 -0.0204 -0.0805 0.0407 --
Year+PDOa 0.33 2 176 4 100.42 0.288 -18.354 -0.0220 -0.0551 -- --
Year+PDOa+AO+IceFeb 0.34 4 176 6 101.70 0.152 -18.323 -0.0211 -0.0806 0.0381 -0.0038
Year+IceFeb+PDOa 0.33 3 176 5 101.83 0.142 -18.347 -0.0229 -0.0578 -- -0.0062
Null 1 176 2 166.71 0.000 -18.348 -- -- -- --
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Table 4.4 95%  confidence set of fCORT head feather models. Coefficient estimates ± standard error that do not contain zero are italicized.

Coefficient Estimates
Century R2 k n df AICc wi Intercept Year PDOa AO IceFeb

Year 0.08 1 194 3 -168.64 0.667 0.261 -0.0023 -- -- --
Year+PDOa 0.08 2 194 4 -167.25 0.332 0.266 -0.0022 -0.0082 -- --
Null 1 194 2 -154.21 0.0005 0.277 -- -- -- --

Forty-year R2 k n df AICc wi Intercept Year PDOa AO IceFeb
Year+PDOa+AO+IceFeb 0.23 4 176 6 -215.80 0.917 0.256 -0.0040 -0.0104 0.0346 0.0096
IceFeb+AO+PDOa 0.20 3 176 5 -209.38 0.037 0.270 -- -0.0227 0.0462 0.0135
Null 1 176 2 -177.02 0.000 0.260 -- -- -- --
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Table 4.5 95%  confidence set of 815N prim ary  feather models. Coefficient estimates ± standard error that do not contain zero are italicized.

Coefficient Estimates

Century R2 k n df AICc w i Intercept Year PDOa Alow AO IceApr
Y ear+PDOa 0.16 2 122 4 172.64 0.345 15.151 -0.0108 0.0919 -- -- --
Y ear+PDOa+ALow 0.17 3 122 5 173.39 0.238 15.161 -0.0105 0.0803 -0.0880 -- --
Y ear+ALow 0.16 2 122 4 173.62 0.212 15.202 -0.0096 -- -0.1098 -- --
Year 0.14 1 122 3 173.69 0.205 15.198 -0.0099 -- -- -- --
Null 1 122 2 190.10 0.000 15.216 -- -- -- -- --

Forty-year R2 k n df AICc w i Intercept Year PDOa Alow AO IceApr
Year+IceA 0.18 2 108 4 142.14 0.242 15.238 -0.0249 -- -- -- -0.0369
Year+Alow+IceA 0.20 3 108 5 142.38 0.214 15.236 -0.0229 -- -0.1088 -- -0.0361
Year+PDOa+Alow+AO+IceA 0.22 5 108 7 143.65 0.113 15.289 -0.0240 -0.1785 -0.1538 0.1128 -0.0636
Year+AO+IceA 0.19 3 108 5 143.80 0.105 15.221 -0.0242 -- -- 0.0368 -0.0361
Year+PDOa+Alow+IceA 0.20 4 108 6 143.96 0.097 15.274 -0.0241 -0.0636 -0.1248 -- -0.0468
Year+Alow+AO+IceA 0.20 4 108 6 144.07 0.092 15.218 -0.0222 -- -0.1089 0.0369 -0.0353
Year+PDOa+IceA 0.18 3 108 5 144.11 0.090 15.257 -0.0256 -0.0308 -- -- -0.0422
Null 1 108 2 159.94 0.000 15.156 -- -- -- -- --



Table 4.6 Summed AIC weights for primary feather model parameters. Below are displayed the 

summed model weights for the variables included in the models to describe primary fCORT, S15N, and 

S13C. In the upper panel are the summed AIC weights for the full data set (“Century”) and in the lower 

panel are the summed AIC weights for the forty-year data set. Variables appear in order o f rank, with 

those at the top receiving the most weight.
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Table 4.7 95%  confidence set of 813C prim ary  feather models. Coefficient estimates ± standard error that do not contain zero are italicized.

Coefficient Estimates

Century R2 k n df AICc wi Intercept Year PDOa Alow AO IceApr
Y ear+PDOa 0.58 2 122 4 39.73 0.399 -17.980 -0.0157 -0.0611 -- -- --
Y ear+PDOa+ALow 0.59 3 122 5 39.87 0.372 -17.974 -0.0155 -0.0691 -0.0614 -- --
Year 0.56 1 122 3 41.73 0.146 -18.011 -0.0163 -- -- -- --
Year+ALow 0.57 2 122 4 42.86 0.083 -18.009 -0.0162 -- -0.0426 -- --
Null 1 122 2 141.27 0.000 -17.981 -- -- -- -- --

Forty-year R2 k n df AICc wi Intercept Year PDOa Alow AO IceApr
Year+PDOa 0.19 2 108 4 28.37 0.172 15.157 -0.0190 0.1229 -- -- --
Y ear+PDOa+Alow 0.20 3 108 5 29.07 0.122 15.161 -0.0174 0.1115 -0.0882 -- --
Year+PDOa+IceA 0.20 3 108 5 29.25 0.111 15.257 -0.0256 -0.0308 -- -- -0.0422
Year 0.17 1 108 3 29.40 0.103 15.222 -0.0177 -- -- -- --
Y ear+PDOa+Alow+IceA 0.21 4 108 6 29.42 0.102 15.274 -0.0241 -0.0636 0.1248 -- -0.0468
Y ear+PDOa+Alow+AO+IceA 0.22 5 108 7 30.23 0.068 15.289 -0.0240 -0.1784 -0.1538 0.1127 -0.0214
Year+PDOa+AO 0.19 3 108 5 30.46 0.061 15.159 -0.0191 0.1267 -- -0.0085 --
Y ear+Alow 0.17 2 108 4 30.85 0.050 15.219 -0.0157 -- -0.1242 -- --
Year+IceA 0.17 2 108 4 30.98 0.047 15.238 -0.0249 -- -- -- -0.0369
Y ear+AO 0.17 2 108 4 31.01 0.046 15.195 -0.0169 -- -- 0.0564 --
Y ear+PDOa+Alow+AO 0.20 4 108 6 31.13 0.043 15.161 -0.0174 0.1122 -0.0880 -0.0014 --
Y ear+Alow+IceA 0.18 3 108 5 32.40 0.023 15.236 -0.0229 -- -0.1088 -- -0.0361
Y ear+Alow+AO 0.17 3 108 5 32.49 0.022 15.193 -0.0148 -- -0.1238 0.0560 --
Null 1 108 2 47.04 0.000 15.156 -- -- -- -- --
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Table 4.8 95%  confidence set of fCORT prim ary  feather models. Coefficient estimates ± standard error that do not contain zero are italicized.

Coefficient Estimates
Century R2 k n df AICc w i Intercept Year PDOa Alow AO IceApr

PDOa+ALow 0.14 2 122 4 -108.60 0.727 1.454 -- -0.1532 -0.1567 -- --
Year+PDOa+ALow 0.49 3 122 5 -106.64 0.273 1.453 -0.0003 -0.1517 -0.1555 -- --
Null 1 122 2 -30.78 9.16E-18 1.374 -- -- -- -- --

Forty-year R2 k n df AICc w i Intercept Ye ar PDOa Alow AO IceApr
Year+PDOa+Alow+IceA 0.50 4 108 6 -91.26 0.387 1.482 -0.0016 -0.2056 -0.1794 -- -0.0153
PDOa+Alow+AO+IceA 0.49 4 108 6 -90.58 0.275 1.473 -- -0.2021 -0.1841 0.0028 -0.0135
Year+PDOa+Alow+AO+IceA 0.50 5 108 7 -89.07 0.130 1.482 -0.0016 -0.2082 -0.1801 0.0026 -0.0156
PDOa+Alow 0.47 2 108 4 -89.05 0.128 1.447 -- -0.1476 -0.1650 -- --
Year+PDOa+Alow 0.47 3 108 5 -87.03 0.047 1.445 0.0006 -0.1484 -0.1675 -- --
Null 1 108 2.00 -25.24 1.79E-15 1.357 -- -- -- -- --



Appendix 4.A: Museum Specimens and Supplemental Information

M useum  Specimens

Table 4.A-1 Number of samples collected by year. Table 4.A-1 A lists primary feather samples, Table 

4.A-1B lists head feather samples.

A. Year Sample Number
1912 3
1939 1
1945 2
1946 1
1973 1
1975 1
1976 3
1978 2
1980 1
1985 1
1991 1
1992 5
1993 12
1994 6
1995 5
1996 4
1997 11
1998 4
1999 7
2000 4
2001 7
2002 5
2006 4
2013 7
2014 14
2015 10

B. Year Sample Number
1913 5
1940 1
1947 1
1961 2
1976 4
1978 5
1981 2
1985 1
1986 1
1993 7
1994 11
1995 7
1996 5
1998 7
2000 2
2002 4
2005 8
2007 3
2010 24
2011 18
2013 9
2014 7
2015 9
2016 51
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Table 4.A-2 Red-legged kittiwakes sampled from museum collections. ID# = the collection number. 

Museum acronyms: CM = Carnegie Museum of Natural History, LACM = Natural History Museum of 

Los Angeles County, MSB = Museum of Southwestern Biology, PSM= James R. Slater Museum, 

SDNHM = San Diego Natural History Museum, and UAM = University o f Alaska Fairbanks’ Museum of 

the North. “Y” indicates the feather type (first primary or head) was available for that particular 

specimen, “N” indicates that it was not.

ID# S ource First Primary Head

49292 CM Y Y

49293 CM N Y

49294 CM Y Y

49290 CM Y Y

49291 CM N Y

90372 LACM N Y

90371 LACM N Y

90380 LACM Y Y

90379 LACM Y Y

90378 LACM N Y

96970 LACM N Y

96955 LACM N Y

23362 M SB Y N

1439 PSM Y N

1440 PSM Y N

21596 SDNHM Y Y

40286 SDNHM Y Y

43425 SDNHM Y Y

40285 SDNHM Y Y

19282 SDNHM Y Y

43426 SDNHM Y Y

2380 U A M N Y

2344 U A M N Y

4925 U A M Y Y

5363 U A M Y Y

13157 U A M Y Y

15035 U A M N Y

20204 U A M Y Y

20206 U A M Y Y

20207 U A M Y Y

20205 U A M Y Y

26857 U A M Y Y

26848 U A M Y Y

26852 U A M Y Y

ID# S ource First Primary Head

26849 U A M Y Y

20004 U A M Y N

20037 U A M Y N

28926 U A M Y N

26852 U A M Y N

26857 U A M Y N

2900 U A M Y N

10218 U A M Y N

10222 U A M Y N

10224 U A M Y N

10221 U A M Y N

28915 U A M Y N

28923 U A M Y N

28925 U A M Y N

19999 U A M Y N

19896 U A M Y N

20035 U A M Y N

19931 U A M Y N

19897 U A M Y N

19904 U A M Y N

19927 U A M Y N

19900 U A M Y N

19901 U A M Y N

19925 U A M Y N

15462 U A M Y N

13144 U A M Y N

14771 U A M Y N

13743 U A M Y N

14776 U A M Y N

14062 U A M Y N

13746 U A M Y N

13443 U A M Y N

14773 U A M Y N
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Stable Isotope Standards

Table 4.A-3 Inter-lab comparison of internal standards. We ran pugel, the internal standard used at 

the University o f California Santa Cruz’s (UCSC) stable isotope facility, at the University o f Alaska 

Fairbanks’ Alaska Stable Isotope Facility (ASIF). We report the mean stable isotope ratios (ASIF n = 13, 

UCSC n = 16) from each facility as well as the standard deviation.

ASIF

815N SD 513C SD

5.39 0.07 -12.56 0.21

UCSC

515N SD 513C SD

5.38 0.09 -12.61 0.16

Candidate M odels

Table 4.A-4 Candidate models for head fCORT.

Century A IC  M o d e l S e le c tio n C o e f f ic ie n t  E s tim a te

M o d e ls d f k n A IC c A A IC c A IC c  w e ig h t In te rc e p t Y e a r P D O a A O Ic e F e b

Year 3 1 194 -168.640 0.000 0.667 4.942 -0.002 -- -- --
Year+PDOa 4 2 194 -167.249 1.391 0.332 4.779 -0.002 -0.008 -- --
PDOa 3 1 194 -154.406 14.235 0.001 0.286 -- -0.016 -- --
intercept 2 1 194 -154.192 14.448 0.000 0.277 -- -- -- --

Forty-year
Year+PDOa+AO+IceFeb 6 4 176 -215.802 0.000 0.917 7.403 -0.004 -0.010 0.035 0.010
IceFeb+AO+PDOa 5 3 176 -209.376 6.427 0.037 -0.866 -- -0.023 0.046 0.014
Year+A O+PDOa 5 3 176 -208.781 7.022 0.027 11.753 -0.006 -- 0.028 -0.010
Year+IceFeb+PDOa 5 3 176 -207.061 8.742 0.012 10.978 -0.006 0.010 -- 0.007
Year 3 1 176 -205.203 10.600 0.005 13.384 -0.007 -- -- --
Year+PDOa 4 2 176 -203.731 12.072 0.002 13.939 -0.007 0.007 -- --
IceFeb 3 1 176 -192.577 23.225 0.000 -0.820 -- -- -- 0.013
AO+PDOa 4 2 176 -190.780 25.022 0.000 0.291 -- -0.032 0.044 --
IceFeb+PDOa 4 2 176 -190.547 25.255 0.000 -0.829 -- 0.001 -- 0.013
AO 3 1 176 -183.818 31.984 0.000 0.266 -- -- 0.027 --
intercept 2 1 176 -177.021 38.781 0.000 0.260 -- -- -- --
PDOa 3 1 176 -175.941 39.861 0.000 0.266 -- -0.009 -- --
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Table 4.A-5 Candidate models for head 81SN.
A IC  M o d e l S e le c tio n Coefficient Estimate

Century df k n AICc AAICc AICc weight Intercept Year PDOa AO IceFeb
Year+PDOa 4 2 194 334.965 0.000 0.583 22.608 -0.003 -0.125 -- --
PDOa 3 1 194 335.677 0.712 0.409 15.667 -- -0.136 -- --
Year 3 1 194 343.899 8.934 0.007 25.086 -0.005 -- -- --
intercept 2 1 194 346.907 11.942 0.001 15.582 -- -- -- --

Forty-year
Year+A O+PDOa 5 3 176 261.974 0.000 0.449 -8.348 0.012 -0.115 -0.097 --
Year+PDOa+AO+IceFeb 6 4 176 262.802 0.828 0.297 -14.591 0.014 -0.115 -0.088 0.014
Year+IceFeb+PDOa 5 3 176 265.377 3.404 0.082 -23.652 0.019 -0.168 -- 0.019
Year+PDOa 4 2 176 265.833 3.859 0.065 -15.933 0.016 -0.176 -- --
AO+PDOa 4 2 176 266.177 4.203 0.055 15.581 -- -0.070 -0.130 --
AO 3 1 176 267.288 5.314 0.032 15.527 -- -- -0.165 --
IceFeb+AO+PDOa 5 3 176 268.242 6.268 0.020 15.650 -- -0.070 -0.130 -0.001
PDOa 3 1 176 275.434 13.461 0.001 15.655 -- -0.139 -- --
IceFeb+PDOa 4 2 176 277.469 15.495 0.000 15.547 -- -0.138 -- 0.001
Year 3 1 176 287.350 25.376 0.000 -1.986 0.009 -- -- --
intercept 2 1 176 288.899 26.925 0.000 15.563 -- -- -- --
IceFeb 3 1 176 289.657 27.683 0.000 14.459 -- -- -- 0.013

Table 4.A-6 Candidate models for head 813C
A IC  M o d e l S e le c tio n Coefficient Estimate

Century df k n AICc AAICc AICc weight Intercept Year PDOa AO IceFeb
Year+PDOa 4 2 194 130.011 0.000 0.980 15.387 -0.017 -0.070 -- --
Year 3 1 194 137.819 7.808 0.020 16.770 -0.017 -- -- --
PDOa 3 1 194 258.731 128.720 0.000 -18.183 -0.124 -- -- --
intercept 2 1 194 272.979 142.968 0.000 -18.261 -- -- -- --

Forty-year
Year+AO+PDOa 5 3 176 99.849 0.000 0.383 22.605 -0.020 -0.081 0.041 --
Year+PDOa 4 2 176 100.422 0.573 0.288 25.786 -0.022 -0.055 -- --
Year+PDOa+AO+IceFeb 6 4 176 101.702 1.853 0.152 24.328 -0.021 -0.081 0.038 -0.004
Year+IceFeb+PDOa 5 3 176 101.828 1.978 0.142 28.267 -0.023 -0.058 -- -0.006
Year 3 1 176 104.598 4.748 0.036 30.155 -0.024 -- -- --
IceFeb+AO+PDOa 5 3 176 136.275 36.426 0.000 -19.708 -- -0.146 0.100 0.017
AO+PDOa 4 2 176 139.206 39.356 0.000 -18.222 -0.159 0.097 -- --
IceFeb+PDOa 4 2 176 148.198 48.349 0.000 -19.629 -- -0.094 -- 0.016
PDOa 3 1 176 149.988 50.138 0.000 -18.277 -- -0.107 -- --
IceFeb 3 1 176 160.152 60.302 0.000 -20.376 -- -- -- 0.024
intercept 2 1 176 166.712 66.863 0.000 -18.348 -- -- -- --
AO 3 1 176 168.258 68.408 0.000 -18.345 -- -- 0.017 --
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Table 4.A-7 Candidate models for prim ary  fCORT.
A IC  M odel S e lection C o e f f i c i e n t  E s t i m a t e

C entury d f k n A I C c A A I C c A I C c  w e i g h t I n t e r c e p t Y e a r P D O a A l o w A O I c e A p r

P D O a + A L o w 4 2 1 2 2 - 1 0 8 .6 0 0 0 .0 0 0 0 .7 2 7 1 .4 5 4 - - - 0 .1 5 3 - 0 .1 5 7 - - - -

Y e a r + P D O a + A L o w 5 3 1 2 2 - 1 0 6 .6 4 1 1 .9 5 9 0 .2 7 3 1 .9 9 7 0 .0 0 0 - 0 .1 5 2 - 0 .1 5 5 - - - -

P D O a 3 1 1 2 2 - 7 3 .3 5 6 3 5 .2 4 4 0 .0 0 0 1 .4 3 9 - - - 0 .1 3 6 - - - - - -

Y e a r + P D O a 4 2 1 2 2 - 7 2 .4 9 1 3 6 .1 0 9 0 .0 0 0 3 .2 5 1 - 0 .0 0 1 - 0 .1 3 1 - - - - - -

Y e a r + A L o w 4 2 1 2 2 - 4 5 .2 9 6 6 3 .3 0 4 0 .0 0 0 5 .1 4 6 - 0 .0 0 2 - - - 0 .1 1 4 - - - -

A L o w 3 1 1 2 2 - 4 3 .0 8 3 6 5 .5 1 7 0 .0 0 0 1 .3 7 8 - - - - - 0 .1 2 0 - - - -

Y e a r 3 1 1 2 2 - 3 4 .0 4 9 7 4 .5 5 1 0 .0 0 0 5 .7 7 9 - 0 .0 0 2 - - - - - - - -

i n t e r c e p t 2 1 1 2 2 - 3 0 .7 7 5 7 7 .8 2 5 0 .0 0 0 1 .3 7 4 - - - - - - - - - -

F orty-year
Y e a r + P D O a + A l o w + I c e A 6 4 1 0 8 - 9 1 .2 6 0 0 .0 0 0 0 .3 8 7 5 .9 4 7 - 0 .0 0 2 - 0 .2 0 6 - 0 .1 7 9 - - - 0 .0 1 5

P D O a + A l o w + A O + I c e A 6 4 1 0 8 - 9 0 .5 7 6 0 .6 8 5 0 .2 7 5 2 .5 6 6 - - - 0 .2 0 2 - 0 .1 8 4 0 .0 0 3 - 0 .0 1 3

Y e a r + P D O a + A l o w + A O + I c e A 7 5 1 0 8 - 8 9 .0 7 2 2 .1 8 9 0 .1 3 0 5 .9 7 5 - 0 .0 0 2 - 0 .2 0 8 - 0 .1 8 0 0 .0 0 3 - 0 .0 1 6

P D O a + A l o w 4 2 1 0 8 - 8 9 .0 5 1 2 .2 0 9 0 .1 2 8 1 .4 4 7 - - - 0 .1 4 8 - 0 .1 6 5 - - - -

Y e a r + P D O a + A l o w 5 3 1 0 8 - 8 7 .0 3 5 4 .2 2 6 0 .0 4 7 0 .3 1 4 0 .0 0 1 - 0 .1 4 8 - 0 .1 6 7 - - - -

Y e  a r + P D  O  a + A  l o  w + A  O 6 4 1 0 8 - 8 6 .3 2 8 4 .9 3 3 0 .0 3 3 1 .4 4 8 0 .0 0 0 - 0 .1 3 7 - 0 .1 6 4 - 0 .0 2 6 - -

A l o w + A O + I c e A 5 3 1 0 8 - 6 6 .0 5 2 2 5 .2 0 8 0 .0 0 0 0 .0 2 3 - - - - - 0 .1 2 6 - 0 .0 8 7 0 .0 1 7

Y e  a r + A  l o w + A  O + I c  e A 6 4 1 0 8 - 6 3 .9 4 3 2 7 .3 1 7 0 .0 0 0 - 0 .9 5 6 0 .0 0 0 - - - 0 .1 2 8 - 0 .0 8 6 0 .0 1 7

P D O a 3 1 1 0 8 - 5 8 .6 5 9 3 2 .6 0 1 0 .0 0 0 1 .4 2 9 - - - 0 .1 2 9 - - - - - -

Y e a r + P D O a + A O 5 3 1 0 8 - 5 8 .5 0 3 3 2 .7 5 7 0 .0 0 0 7 .8 0 6 - 0 .0 0 3 - 0 .1 1 0 - - - 0 .0 3 9 - -

P D O a + A O 4 2 1 0 8 - 5 8 .1 4 9 3 3 .1 1 2 0 .0 0 0 1 .4 3 4 - - - 0 .1 1 7 - - - 0 .0 3 0 - -

Y e a r + P D O a 4 2 1 0 8 - 5 8 .0 6 9 3 3 .1 9 1 0 .0 0 0 6 .2 7 9 - 0 .0 0 2 - 0 .1 2 7 - - - - - -

Y e a r + P D O a + I c e A 5 3 1 0 8 - 5 7 .5 1 2 3 3 .7 4 9 0 .0 0 0 9 .7 2 4 - 0 .0 0 4 - 0 .1 5 8 - - - - - 0 .0 0 9

P D O a + I c e A 4 2 1 0 8 - 5 6 .8 2 6 3 4 .4 3 4 0 .0 0 0 1 .6 8 1 - - -0 .1 4 1 - - - - - 0 .0 0 3

P D O a + A O + I c e A 5 3 1 0 8 - 5 6 .0 7 2 3 5 .1 8 9 0 .0 0 0 1 .3 1 6 - - - 0 .1 1 0 - - - 0 .0 3 3 0 .0 0 1

A l o w + I c e A 4 2 1 0 8 - 5 1 .1 9 3 4 0 .0 6 7 0 .0 0 0 - 0 .0 6 3 - - - - - 0 .1 2 0 - - 0 .0 1 8

A O + I c e A 4 2 1 0 8 - 5 0 .9 7 1 4 0 .2 8 9 0 .0 0 0 - 0 .0 5 0 - - - - - - - 0 .0 8 3 0 .0 1 8

Y e a r + A l o w + I c e A 5 3 1 0 8 - 4 9 .9 6 1 4 1 .3 0 0 0 .0 0 0 - 4 .4 8 7 0 .0 0 2 - - - 0 .1 2 8 - - 0 .0 1 9

Y e  a r + A  l o w + A  O 5 3 1 0 8 - 4 9 .7 6 7 4 1 .4 9 3 0 .0 0 0 7 .7 1 6 - 0 .0 0 3 - - - 0 .1 2 0 - 0 .0 9 5 - -

P D O a + A l o w + A O 5 3 1 0 8 - 4 9 .7 6 7 4 1 .4 9 3 0 .0 0 0 7 .7 1 6 - 0 .0 0 3 - - - 0 .1 2 0 - 0 .0 9 5 - -

A l o w + A O 4 2 1 0 8 - 4 9 .6 9 9 4 1 .5 6 1 0 .0 0 0 1 .3 9 9 - - - - - 0 .1 3 2 - 0 .0 9 0 - -

Y e a r + A O + I c e A 5 3 1 0 8 - 4 9 .5 2 1 4 1 .7 3 9 0 .0 0 0 3 .7 4 6 - 0 .0 0 2 - - - - - 0 .0 8 6 0 .0 1 6

I c e A 3 1 1 0 8 - 3 9 .6 9 5 5 1 .5 6 5 0 .0 0 0 - 0 .1 2 8 - - - - - - - - 0 .0 1 8

Y e a r + A O 4 2 1 0 8 - 3 8 .9 5 7 5 2 .3 0 3 0 .0 0 0 1 1 .6 8 3 - 0 .0 0 5 - - - - - 0 .0 9 5 - -

Y e a r + I c e A 4 2 1 0 8 - 3 7 .6 2 3 5 3 .6 3 7 0 .0 0 0 0 .2 1 6 0 .0 0 0 - - - - - - 0 .0 1 8

A l o w 3 1 1 0 8 - 3 6 .1 9 1 5 5 .0 6 9 0 .0 0 0 1 .3 6 2 - - - - - 0 .1 2 6 - - - -

A O 3 1 1 0 8 - 3 5 .6 2 3 5 5 .6 3 8 0 .0 0 0 1 .3 9 2 - - - - - - - 0 .0 8 6 - -

Y e a r + A l o w 4 2 1 0 8 - 3 4 .6 8 6 5 6 .5 7 4 0 .0 0 0 4 .8 0 3 - 0 .0 0 2 - - - 0 .1 2 0 - - - -

Y e a r 3 1 1 0 8 - 2 5 .7 7 3 6 5 .4 8 7 0 .0 0 0 8 .7 6 0 - 0 .0 0 4 - - - - - - - -

i n t e r c e p t 2 1 1 0 8 - 2 5 .2 4 0 6 6 .0 2 0 0 .0 0 0 1 .3 5 7 - - - - - - - - - -
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Table 4.A-8 Candidate models for prim ary  813C.

A IC  M odel S e lection C o e f f i c i e n t  E s t i m a t e

C entury d f k n A I C A A I C A I C c  w e i g h t I n t e r c e p t Y e a r P D O a A l o w A O I c e A p r

Y e a r + P D O a 4 2 1 2 2 3 9 .7 2 8 0 .0 0 0 0 .3 9 9 1 3 .4 3 1 - 0 .0 1 6 - 0 .0 6 1 - - - - - -

Y e a r + P D O a + A L o w 5 3 1 2 2 3 9 .8 6 7 0 .1 4 0 0 .3 7 2 1 2 .9 3 6 - 0 .0 1 5 - 0 .0 6 9 - 0 .0 6 1 - - - -

Y e a r 3 1 1 2 2 4 1 .7 3 3 2 .0 0 5 0 .1 4 6 1 4 .6 0 6 - 0 .0 1 6 - - - - - - - -

Y e a r + A L o w 4 2 1 2 2 4 2 .8 5 5 3 .1 2 7 0 .0 8 3 1 4 .3 7 0 - 0 .0 1 6 - - - 0 .0 4 3 - - - -

P D O a + A L o w 4 2 1 2 2 1 3 0 .6 2 6 9 0 .8 9 8 0 .0 0 0 - 1 7 .8 9 9 - - - 0 .1 5 7 - 0 .1 3 1 - - - -

P D O a 3 1 1 2 2 1 3 2 .8 0 2 9 3 .0 7 5 0 .0 0 0 1 7 .9 1 2 - - - 0 .1 4 3 - - - - - -

A L o w 3 1 1 2 2 1 4 1 .2 3 4 1 0 1 .5 0 6 0 .0 0 0 - 1 7 .9 7 7 - - - - - 0 .0 9 4 - - - -

i n t e r c e p t 2 1 1 2 2 1 4 1 .2 6 6 1 0 1 .5 3 8 0 .0 0 0 - 1 7 .9 8 1 - - - - - - - - - -

F orty-year
Y e a r + P D O a 4 2 1 0 8 2 8 .3 7 5 0 .0 0 0 0 .1 7 2 8 .5 9 2 - 0 .0 1 3 - 0 .0 5 3 - - - - - -

Y e a r + P D O a + A l o w 5 3 1 0 8 2 9 .0 6 8 0 .6 9 3 0 .1 2 2 6 .5 5 6 - 0 .0 1 2 - 0 .0 6 0 - 0 .0 5 7 - - - -

Y e a r + P D O a + I c e A 5 3 1 0 8 2 9 .2 5 2 0 .8 7 7 0 .1 1 1 1 3 .1 7 9 - 0 .0 1 5 - 0 .0 9 5 - - - - - 0 .0 1 2

Y e a r 3 1 1 0 8 2 9 .3 9 7 1 .0 2 2 0 .1 0 3 9 .6 2 4 - 0 .0 1 4 - - - - - - - -

Y e a r + P D O a + A l o w + I c e A 6 4 1 0 8 2 9 .4 1 6 1 .0 4 1 0 .1 0 2 1 1 .7 4 4 - 0 .0 1 4 - 0 .1 1 3 - 0 .0 6 8 - - - 0 .0 1 4

Y e a r + P D O a + A l o w + A O + I c e A 7 5 1 0 8 3 0 .2 3 0 1 .8 5 5 0 .0 6 8 1 2 .2 7 1 - 0 .0 1 4 - 0 .1 6 3 - 0 .0 8 1 0 .0 5 0 - 0 .0 2 1

Y e a r + P D O a + A O 5 3 1 0 8 3 0 .4 6 2 2 .0 8 7 0 .0 6 1 8 .3 4 5 - 0 .0 1 3 - 0 .0 5 6 - - 0 .0 0 6 - -

Y e a r + A l o w 4 2 1 0 8 3 0 .8 4 6 2 .4 7 2 0 .0 5 0 8 .3 7 4 - 0 .0 1 3 - - - 0 .0 3 8 - - - -

Y e a r + I c e A 4 2 1 0 8 3 0 .9 8 3 2 .6 0 8 0 .0 4 7 7 .4 8 8 - 0 .0 1 3 - - - - - - 0 .0 0 5

Y e a r + A O 4 2 1 0 8 3 1 .0 0 7 2 .6 3 2 0 .0 4 6 1 0 .3 0 6 - 0 .0 1 4 - - - - - 0 .0 2 2 - -

Y e a r + P D O a + A l o w + A O 6 4 1 0 8 3 1 .1 3 4 2 .7 5 9 0 .0 4 3 6 .0 6 7 - 0 .0 1 2 - 0 .0 6 5 - 0 .0 5 9 0 .0 1 1 - -

Y e a r + A l o w + I c e A 5 3 1 0 8 3 2 .4 0 0 4 .0 2 5 0 .0 2 3 6 .0 2 1 - 0 .0 1 2 - - - 0 .0 4 0 - - 0 .0 0 5

Y e  a r + A  l o w + A  O 5 3 1 0 8 3 2 .4 8 8 4 .1 1 3 0 .0 2 2 9 .0 5 5 - 0 .0 1 4 - - - 0 .0 3 8 - 0 .0 2 2 - -

Y e a r + A O + I c e A 5 3 1 0 8 3 2 .7 2 5 4 .3 5 0 0 .0 2 0 8 .3 0 5 - 0 .0 1 3 - - - - - 0 .0 2 0 0 .0 0 4

Y e  a r + A  l o w + A  O + I c  e A 6 4 1 0 8 3 4 .1 8 2 5 .8 0 7 0 .0 0 9 6 .8 3 9 - 0 .0 1 3 - - - 0 .0 4 0 - 0 .0 2 0 0 .0 0 4

P D O a + A l o w 4 2 1 0 8 4 2 .0 2 1 1 3 .6 4 6 0 .0 0 0 - 1 8 .0 3 9 - - - 0 .0 7 9 - 0 .1 1 1 - - - -

P D O a + A l o w + A O 5 3 1 0 8 4 2 .6 1 8 1 4 .2 4 4 0 .0 0 0 - 1 8 .0 4 6 - - - 0 .0 9 8 - 0 .1 1 3 0 .0 4 6 - -

A l o w + I c e A 4 2 1 0 8 4 2 .9 8 9 1 4 .6 1 5 0 .0 0 0 - 1 9 .2 3 0 - - - - - 0 .0 8 5 - - 0 .0 1 4

A O + I c e A 4 2 1 0 8 4 2 .9 8 9 1 4 .6 1 5 0 .0 0 0 - 1 9 .2 3 0 - - - - - 0 .0 8 5 - - 0 .0 1 4

I c e A 3 1 1 0 8 4 3 .9 0 7 1 5 .5 3 2 0 .0 0 0 - 1 9 .2 7 7 - - - - - - - - 0 .0 1 5

P D O a + A l o w + A O + I c e A 6 4 1 0 8 4 4 .7 3 8 1 6 .3 6 4 0 .0 0 0 - 1 7 .8 5 2 - - - 0 .1 1 0 - 0 .1 1 6 0 .0 5 1 - 0 .0 0 2

P D O a 3 1 1 0 8 4 4 .8 9 8 1 6 .5 2 3 0 .0 0 0 - 1 8 .0 5 0 - - - 0 .0 6 6 - - - - - -

A l o w + A O + I c e A 5 3 1 0 8 4 5 .1 0 0 1 6 .7 2 5 0 .0 0 0 - 1 9 .2 3 3 - - - - - 0 .0 8 5 0 .0 0 3 0 .0 1 4

P D O a + A O 4 2 1 0 8 4 5 .7 0 2 1 7 .3 2 7 0 .0 0 0 - 1 8 .0 5 8 - - - 0 .0 8 5 - - 0 .0 4 3 - -

P D O a + I c e A 4 2 1 0 8 4 5 .7 3 9 1 7 .3 6 4 0 .0 0 0 - 1 8 .9 6 3 - - - 0 .0 2 4 - - - - 0 .0 1 1

A l o w 3 1 1 0 8 4 5 .8 1 4 1 7 .4 3 9 0 .0 0 0 - 1 8 .0 8 4 - - - - - 0 .0 9 0 - - - -

i n t e r c e p t 2 1 1 0 8 4 7 .0 4 3 1 8 .6 6 9 0 .0 0 0 - 1 8 .0 8 8 - - - - - - - - - -

P D O a + A O + I c e A 5 3 1 0 8 4 7 .4 4 8 1 9 .0 7 3 0 .0 0 0 - 1 8 .6 4 2 - - - 0 .0 5 2 - - 0 .0 2 9 0 .0 0 7

A l o w + A O 4 2 1 0 8 4 7 .8 9 0 1 9 .5 1 6 0 .0 0 0 - 1 8 .0 8 0 - - - - - 0 .0 9 0 0 .0 0 0 - -

A O 3 1 1 0 8 4 9 .0 3 8 2 0 .6 6 3 0 .0 0 0 - 1 8 .0 8 9 - - - - - - 0 .0 0 3 - -
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Table 4.A-9 Candidate models for p rim ary  815N.
A IC  M odel S e lection C o e f f i c i e n t  E s t i m a t e

C entury d f k n A I C A A I C A I C c  w e i g h t I n t e r c e p t Y e a r P D O a A l o w A O I c e A p r

Y e a r + P D O a 4 2 1 2 2 1 7 2 .6 4 5 0 .0 0 0 0 .3 4 5 3 6 .8 0 8 - 0 .0 1 1 0 .0 9 2 - - - - - -

Y e a r + P D O a + A L o w 5 3 1 2 2 1 7 3 .3 9 2 0 .7 4 7 0 .2 3 8 3 6 .0 9 8 - 0 .0 1 0 0 .0 8 0 - 0 .0 8 8 - - - -

Y e a r + A L o w 4 2 1 2 2 1 7 3 .6 1 9 0 .9 7 4 0 .2 1 2 3 4 .4 3 0 - 0 .0 1 0 - - - 0 .1 1 0 - - - -

Y e a r 3 1 1 2 2 1 7 3 .6 9 1 1 .0 4 6 0 .2 0 5 3 5 .0 3 9 - 0 .0 1 0 - - - - - - - -

A L o w 3 1 1 2 2 1 8 9 .0 5 8 1 6 .4 1 3 0 .0 0 0 1 5 .2 2 2 - - - - - 0 .1 4 0 - - - -

i n t e r c e p t 2 1 1 2 2 1 9 0 .1 0 3 1 7 .4 5 8 0 .0 0 0 1 5 .2 1 6 - - - - - - - - - -

P D O a + A L o w 4 2 1 2 2 1 9 0 .9 8 4 1 8 .3 3 9 0 .0 0 0 1 5 .2 1 1 - - 0 .0 2 1 - 0 .1 3 5 - - - -

P D O a 3 1 1 2 2 1 9 1 .6 8 4 1 9 .0 3 9 0 .0 0 0 1 5 .1 9 9 - - 0 .0 3 6 - - - - - -

F orty-yea r
Y e a r + I c e A 4 2 1 0 8 1 4 2 .1 3 6 0 .0 0 0 0 .2 4 2 6 7 .9 8 8 - 0 .0 2 5 - - - - - -

Y e a r + A l o w + I c e A 5 3 1 0 8 1 4 2 .3 7 9 0 .2 4 3 0 .2 1 4 6 3 .9 8 3 - 0 .0 2 3 - - - 0 .1 0 9 - - - 0 .0 3 7

Y e a r + P D O a + A l o w + A O + I c e A 7 5 1 0 8 1 4 3 .6 5 4 1 .5 1 8 0 .1 1 3 6 8 .4 1 1 - 0 .0 2 4 - 0 .1 7 8 - 0 .1 5 4 0 .1 1 3 - 0 .0 3 6

Y e a r + A O + I c e A 5 3 1 0 8 1 4 3 .7 9 8 1 .6 6 1 0 .1 0 5 6 6 .4 8 0 - 0 .0 2 4 - - - - 0 .0 3 7 - 0 .0 6 4

Y e a r + P D O a + A l o w + I c e A 6 4 1 0 8 1 4 3 .9 5 8 1 .8 2 2 0 .0 9 7 6 7 .2 1 1 - 0 .0 2 4 - 0 .0 6 4 - 0 .1 2 5 - - - 0 .0 3 6

Y e  a r + A  l o w + A  O + I c  e A 6 4 1 0 8 1 4 4 .0 7 2 1 .9 3 5 0 .0 9 2 6 2 .4 7 0 - 0 .0 2 2 - - - 0 .1 0 9 0 .0 3 7 - 0 .0 4 7

Y e a r + P D O a + I c e A 5 3 1 0 8 1 4 4 .1 1 0 1 .9 7 4 0 .0 9 0 6 9 .8 3 8 - 0 .0 2 6 - 0 .0 3 1 - - - - - 0 .0 3 5

Y e a r + P D O a 4 2 1 0 8 1 4 7 .5 8 3 5 .4 4 7 0 .0 1 6 5 3 .0 9 0 - 0 .0 1 9 0 .1 2 3 - - - - - 0 .0 4 2

Y e a r + P D O a + A l o w 5 3 1 0 8 1 4 8 .5 7 8 6 .4 4 2 0 .0 1 0 4 9 .9 4 9 - 0 .0 1 7 0 .1 1 2 - 0 .0 8 8 - - - -

Y e a r + P D O a + A O 5 3 1 0 8 1 4 9 .6 8 1 7 .5 4 5 0 .0 0 6 5 3 .4 2 5 - 0 .0 1 9 0 .1 2 7 - - - 0 .0 0 8 - -

Y e  a r + P D  O  a + A  l o  w + A  O 6 4 1 0 8 1 5 0 .7 3 5 8 .5 9 9 0 .0 0 3 5 0 .0 1 1 - 0 .0 1 7 0 .1 1 2 - 0 .0 8 8 - 0 .0 0 1 - -

Y e a r + A l o w 4 2 1 0 8 1 5 0 .8 8 4 8 .7 4 8 0 .0 0 3 4 6 .5 7 6 - 0 .0 1 6 - - - 0 .1 2 4 - - - -

Y e a r 3 1 1 0 8 1 5 1 .0 2 4 8 .8 8 7 0 .0 0 3 5 0 .6 8 5 - 0 .0 1 8 - - - - - - - -

Y e  a r + A  l o w + A  O 5 3 1 0 8 1 5 2 .0 1 5 9 .8 7 9 0 .0 0 2 4 4 .8 6 8 - 0 .0 1 5 - - - 0 .1 2 4 0 .0 5 6 - -

Y e a r + A O 4 2 1 0 8 1 5 2 .1 1 9 9 .9 8 3 0 .0 0 2 4 8 .9 4 9 - 0 .0 1 7 - - - - 0 .0 5 6 - -

A l o w + I c e A 4 2 1 0 8 1 5 6 .1 3 5 1 3 .9 9 9 0 .0 0 0 1 6 .6 6 9 - - - - - 0 .1 9 3 - - - -

A l o w + A O + I c e A 5 3 1 0 8 1 5 6 .4 4 8 1 4 .3 1 2 0 .0 0 0 1 6 .5 9 4 - - - - - 0 .1 8 8 0 .0 7 7 - 0 .0 1 9

P D O a + A l o w 4 2 1 0 8 1 5 6 .6 9 0 1 4 .5 5 3 0 .0 0 0 1 5 .1 1 4 - - 0 .0 8 5 - 0 .1 6 4 - - - 0 .0 1 8

A l o w 3 1 1 0 8 1 5 7 .0 5 0 1 4 .9 1 3 0 .0 0 0 1 5 .1 6 3 - - - - - 0 .1 8 6 - - - -

A l o w + A O 4 2 1 0 8 1 5 7 .1 9 7 1 5 .0 6 1 0 .0 0 0 1 5 .1 3 0 - - - - -0 .1 8 1 0 .0 8 0 - -

P D O a + A l o w + A O + I c e A 6 4 1 0 8 1 5 8 .0 2 7 1 5 .8 9 0 0 .0 0 0 1 7 .7 0 8 - - - 0 .0 8 9 - 0 .2 1 3 0 .1 1 6 - -

P D O a + A l o w + A O 5 3 1 0 8 1 5 8 .2 0 3 1 6 .0 6 7 0 .0 0 0 1 5 .1 0 6 - - 0 .0 6 4 - 0 .1 6 6 0 .0 5 0 - 0 .0 3 1

P D O a 3 1 1 0 8 1 5 8 .3 9 4 1 6 .2 5 8 0 .0 0 0 1 5 .0 9 7 - - 0 .1 0 4 - - - - - -

I c e A 3 1 1 0 8 1 5 9 .4 3 9 1 7 .3 0 2 0 .0 0 0 1 6 .5 6 4 - - - - - - - - - -

A O + I c e A 4 2 1 0 8 1 5 9 .4 9 6 1 7 .3 6 0 0 .0 0 0 1 6 .4 8 6 - - - - - - 0 .0 8 3 - 0 .0 1 7

A O 3 1 1 0 8 1 5 9 .8 0 8 1 7 .6 7 1 0 .0 0 0 1 5 .1 2 1 - - - - - - 0 .0 8 6 - 0 .0 1 7

i n t e r c e p t 2 1 1 0 8 1 5 9 .9 3 9 1 7 .8 0 3 0 .0 0 0 1 5 .1 5 6 - - - - - - - - - -

P D O a + A O 4 2 1 0 8 1 5 9 .9 8 5 1 7 .8 4 8 0 .0 0 0 1 5 .0 9 0 - - 0 .0 8 4 - - 0 .0 4 5 - -

P D O a + I c e A 4 2 1 0 8 1 6 0 .4 1 4 1 8 .2 7 7 0 .0 0 0 1 5 .4 2 9 - - 0 .0 8 8 - - - - - -

P D O a + A O + I c e A 5 3 1 0 8 1 6 1 .5 8 6 1 9 .4 4 9 0 .0 0 0 1 6 .2 5 9 - - 0 .0 1 8 - - 0 .0 7 5 - 0 .0 0 4
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Analysis with Corrected SI3C Values

Table 4.A-10 Results of model selection for head 813C corrected for Suess effect.

Century df k n AICc AAICc AICc weight
PDOa 3 1 194 119.68633 0.000 0.690
Year+PDOa 4 2 194 121.54303 1.857 0.273
intercept 2 1 194 126.43663 6.750 0.024
Year 3 1 194 127.53763 7.851 0.014
Forty-year
AO+PDOa 4 2 176 98.491924 0.000 0.325
PDOa 3 1 176 99.985099 1.493 0.154
Ye ar+A O+PDOa 5 3 176 100.35451 1.863 0.128
IceF eb+A O+PDOa 5 3 176 100.49679 2.005 0.119
Year+PDOa 4 2 176 100.94528 2.453 0.095
IceFeb+PDOa 4 2 176 101.90635 3.414 0.059
Year+PDOa+AO+IceFeb 6 4 176 102.1982 3.706 0.051
Year+IceFeb+PDOa 5 3 176 102.33417 3.842 0.048
Year 3 1 176 105.15368 6.662 0.012
intercept 2 1 176 106.64759 8.156 0.006
IceFeb 3 1 176 108.46099 9.969 0.002
AO 3 1 176 108.64414 10.152 0.002

132



Table 4.A-11 Results of model selection for p rim ary  813C corrected for Suess effect.

Century df k n AICc AAIC AIC weight
PDOa 3 1 122 31.397 0.000 0.387
intercept 2 1 122 32.422 1.025 0.232
PDOa+ALow 4 2 122 32.765 1.367 0.195
Year+PDOa 4 2 122 33.252 1.854 0.153
ALow 3 1 122 34.135 2.738 0.099
Year 3 1 122 34.419 3.022 0.085
Year+PDOa+ALow 5 3 122 34.528 3.130 0.081
Year+ALow 4 2 122 36.192 4.794 0.035
Forty-year
Year+PDOa 4 2 108 28.555 0.000 0.105
PDOa+IceA 4 2 108 28.756 0.201 0.095
Year+PDOa+Alow 5 3 108 29.213 0.658 0.076
Year+PDOa+IceA 5 3 108 29.486 0.930 0.066
Year 3 1 108 29.583 1.028 0.063
Year+PDOa+Alow+IceA 6 4 108 29.620 1.065 0.062
PDOa+AO+IceA 5 3 108 30.163 1.608 0.047
PDOa 3 1 108 30.190 1.635 0.047
PDOa+Alow+AO+IceA 6 4 108 30.315 1.760 0.044
Year+PDOa+Alow+AO+IceA 7 5 108 30.457 1.902 0.041
intercept 2 1 108 30.593 2.038 0.038
Year+PDOa+AO 5 3 108 30.641 2.086 0.037
Year+Alow 4 2 108 31.010 2.455 0.031
Year+IceA 4 2 108 31.146 2.591 0.029
Year+AO 4 2 108 31.194 2.639 0.028
Year+PDOa+Alow+AO 6 4 108 31.277 2.722 0.027
AO 3 1 108 31.698 3.143 0.022
PDOa+Alow 4 2 108 31.902 3.346 0.020
PDOa+AO 4 2 108 32.186 3.631 0.017
Alow 3 1 108 32.487 3.932 0.015
Year+Alow+IceA 5 3 108 32.538 3.983 0.014
IceA 3 1 108 32.593 4.038 0.014
Year+Alow+AO 5 3 108 32.653 4.097 0.014
Year+AO+IceA 5 3 108 32.891 4.336 0.012
Alow+AO 4 2 108 33.637 5.081 0.008
AO+IceA 4 2 108 33.772 5.217 0.008
PDOa+Alow+AO 5 3 108 33.949 5.394 0.007
Year+Alow+AO+IceA 6 4 108 34.323 5.768 0.006
Alow+IceA 4 2 108 34.563 6.008 0.005
Alow+AO+IceA 5 3 108 35.748 7.193 0.003

133



134



General Conclusion

In this dissertation I used seabirds to examine how long-lived species cope with variability in 

their environment. First, I validated a new technique to detect nutritional stress in seabirds over longer 

time periods (weeks instead of days) and during times of the year when seabirds are not always accessible 

to sample (primarily the non-breeding period). I then applied this technique on a short time scale to 

determine how a single species, throughout its range, copes with changes in diet composition. Linking 

diet composition and environmental variability has proven somewhat challenging, so I also examined 

whether characterizing how a seabird group’s isotopic niche under different environmental conditions 

might be used to understand foraging responses. Finally, I brought these tools together to examine how a 

single species has responded to changes over multiple decades. Here I highlight some of the key findings 

o f this body of work and propose some possible next steps.

The bulk o f my work built off of validating that the avian stress hormone (corticosterone) 

deposited in feathers (fCORT) can be used to detect exposure to nutritional stress in seabirds. This 

included the experimental work presented in Chapter 1, but also some molecular work, a piece o f which is 

included in the Appendix o f Chapter 2. These validations, however, may be more difficult to generalize to 

other systems than one might hope. Work done in tandem with my own showed that captive Caspian tern 

(Hydroprogne caspia) chicks raised on control and restricted diets reflected the opposite pattern of 

fCORT deposition as the rhinoceros auklet chicks in Chapter 1: tern chicks raised on a control diet had 

higher concentrations o f fCORT compared to chicks raised on a restricted diet (Patterson et al. 2014). It 

is, therefore, still necessary for researchers to validate the use o f fCORT in their study species in order to 

correctly interpret the source o f the stress recorded in feathers and the direction o f the signal.

In Chapter 4 I capitalized on the two molts a kittiwake undergoes during the year in order to 

characterize their response to conditions during the breeding and non-breeding period. Primary feathers 

and head feathers are, however, quite different in morphology and it is unclear how best to compare 

feathers with different structures. Here I chose to compare them using their hormone concentration per 

unit mass o f feather, and even then did not risk making any statements about whether birds were more or 

less stressed in one season or another. In order to fully capitalize on this tool to measure stress during 

different periods o f the year we must first determine how to compare those feathers. One way to find out 

would be to analyze the feathers o f individuals with a known nutritional history that was held constant for 

the growth o f all feather types. Currently we are working with collaborators at the University o f Calgary 

to address this issue. Our colleagues will use high-performance liquid chromatography tandem mass 

spectrometry to measure the concentration o f the actual CORT molecule in different feather types 

sampled from the same rhinoceros auklet chicks featured in Chapter 1 so that we can establish a method 

o f comparing conditions birds experience during different parts of the year.
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One o f the major objectives o f this dissertation was to use samples collected over multiple 

decades to examine how long-lived organisms are affected by changes in their environment. In Chapter 3 

I addressed the issue of detecting an environmental signal in the foraging habits o f a group o f seabirds 

that breed in an environment which varies inter-annually. I demonstrated that characterizing the isotopic 

niche o f that seabird group provided new insight into how species partition food resources during food- 

limiting conditions, and also the role that habitat heterogeneity plays in the way in which food resources 

are partitioned. On a colony where seabirds had access to multiple habitat types, their isotopic niche 

contracted during food limitation in contrast to seabirds breeding on a colony with access to a single type 

of habitat, where the isotopic niche expanded. Seabirds are not the only species that are central place 

foragers, or that are centrally located in areas with more or less habitat heterogeneity. An expansion of the 

isotopic niche during food-abundant periods has also been observed to occur in wolves inhabiting a 

diverse habitat (Darimont et al. 2009). Whether this pattern of partitioning resources occurs at smaller 

scales (in small mammals or insects) would need to be tested in order for the conclusions drawn here to 

gain credibility as a broader pattern o f foraging behavior.

Chapters 3 and 4 both focus on the response to long-term environmental change o f primarily fish- 

eating birds breeding on the Pribilof Islands in the Bering Sea. In both cases the results suggest that 

warmer conditions provide better foraging conditions for murres and kittiwakes. While there was some 

pre-existing evidence that this may be the case for species relying on the continental shelf of the Bering 

Sea for foraging during reproduction (Benowitz-Fredericks et al. 2008, Satterthwaite et al. 2012, Harding 

et al. 2013, Paredes et al. 2014), there was less, but suggestive, evidence that red-legged kittiwakes were 

affected by environmental conditions in the ocean basin (Springer 1998). As I mentioned in Chapter 3, it 

is unclear whether a warming Bering Sea would in fact be beneficial for these species. There has yet to be 

detected any long-term warming trend in the region (Brown et al. 2011), and it may be that the system 

currently relies on short-term oscillations between cold and warm conditions. For example, abundant 

young-of-the-year pollock are produced in warm years, but it has been proposed that colder conditions are 

necessary in order for these young fish to recruit to the population (e.g., Mueter et al. 2011). The seabird 

community on the Pribilof Islands also reflects a reliance on cold and warm conditions. In contrast to the 

murres and kittiwakes, planktivorous seabirds, such as least auklets (Aethiapusilla), have been shown to 

thrive under cold, but not warm, conditions (Springer et al. 2007, Benowitz-Fredericks et al. 2008, 

Dorresteijn et al. 2012). This indicates that the system currently simultaneously supports species that 

prefer either warm or cold conditions, but not necessarily both, which makes it difficult to predict how 

indefinite warming may affect the system.

Finally, I combined the use o f fCORT and stable isotope analysis to track how a single species, 

the red-legged kittiwake, has responded to environmental change over multiple decades (Chapter 4).
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During the breeding season, and perhaps at times during the non-breeding season, red-legged kittiwakes 

rely on an abundant mesopelagic forage fish (myctophids) which is a key part of the food web in the 

Bering Sea basin. I found that warmer conditions (characterized by positive phases o f the Pacific Decadal 

Oscillation and low February sea ice coverage) during both the breeding and non-breeding periods 

corresponded to lower nutritional stress. It is unclear, however, whether these warm conditions are also 

beneficial to their prey, or if  it simply facilitates the availability o f prey to surface-feeding kittiwakes. 

Chapter 4 highlights how little we know about the ecology o f the Bering Sea basin. Without knowing 

what affects myctophid abundance and availability, or even what red-legged kittiwakes eat during the 

non-breeding period, it is difficult to understand the mechanisms that drive the patterns we found in the 

long-term data.

In regards to how long-lived seabirds cope with variability in their environment, I found that they 

do so in a number of different ways. In Chapter 2 I examined whether and how changes in diet 

composition affect seabirds and their offspring, and if  changes occur, which o f the two bears the cost. 

Both showed signs o f nutritional stress during a year when meal deliveries were low in energy content. 

While changes in adult foraging behavior were documented, they appeared to occur independently of 

changes in caloric content of the diets they provided for their offspring, suggesting that foraging effort 

was dictated primarily by prey type. On the Pribilof Islands seabirds shifted their isotopic niche in 

response to changes in prey availability, presumably focusing on habitat characteristics that yield prey 

rather than focusing on a specific prey type. These findings indicate that long-lived seabirds adapt their 

foraging behavior to minimize the costs incurred during food-limiting conditions, and provide a further 

understanding o f what seabirds may be indicating about the environment they inhabit. These studies 

indicate that by tracking the nutritional status o f rhinoceros auklet fledglings (single feather per bird) or 

the isotopic niche used by murres and kittiwakes (blood sample taken in conjunction with other work) we 

could continue to document changes in prey composition and availability more directly in the Gulf of 

Alaska and Bering Sea than may be possible through the lens o f seabird breeding performance.
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