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Abstract

Recent life-history models predict that long-lived seabirds, breeding in variable 

food environments, should exhibit flexible reproductive effort. However, these models 

assume that food availability fluctuates unpredictably and birds are unable to match 

reproductive output perfectly to food abundance. However, the degree to which 

predictable changes in food availability versus stochastic ones influence reproductive 

performance of seabirds is unknown. In this study we examined the role of food 

abundance prior to egg-laying versus food abundance during chick rearing for 

determining reproductive output of two species of high latitude nesting seabird; the 

Black-legged Kittiwake (Rissa tridactyla) and Common Murre (Uria aalge). We also 

examined the role of stress hormones in facilitating flexible reproductive effort. Here we 

demonstrate for the first time that initial reproductive performance (e.g., number of eggs 

laid, timing of egg-laying) is related to food abundance prior to egg-laying and not to 

anticipated food abundance during chick-rearing. We also demonstrate that stress 

hormones facilitate flexible reproductive effort—the failure of adults to increase stress 

hormone concentrations in response to an acute food shortage resulted in physiological 

and reproductive costs. Taken together, these results demonstrate that increases in stress 

hormone concentration are an adaptive response to breeding under variable foraging 

conditions.
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GENERAL INTRODUCTION

Food availability is a prominent evolutionary force shaping the life-history, behavior, and 

physiology of seabirds. The goals of this thesis are: (1) to examine the effects of changes 

in food availability on the timing of breeding and reproductive performance of seabirds 

breeding in the sub-Arctic regions of the North Pacific (Chapter 1); and (2) to examine 

the physiological mechanisms that enable and constrain reproductive responses of 

seabirds to fluctuations in food availability (Chapters 2 & 3). To achieve these goals. I 

examined long-term data on reproductive responses of Black-legged Kittiwakes (Rissa 

tridactyla) and Common Murres (Uria aalge) to inter-annual and seasonal fluctuations in 

food supply. I was able to demonstrate that timing of breeding and reproductive 

performance are largely associated with variations in food abundance and ocean 

temperature during egg-laying but are unrelated to the timing of peak food abundance 

and food abundance during chick-rearing. I also examined the production of stress 

hormones (corticosterone or “CORT”) in Black-legged Kittiwakes breeding in the Bering 

Sea. It has been hypothesized that CORT production is one of the regulatory mechanisms 

which allows kittiwakes to adjust resource allocation to reproduction during food 

shortages (Kitaysky et al.2001). By examining variability in seabird CORT on large 

spatial and temporal scales (Chapter 2), as well as experimentally assessing the 

consequences of variation in CORT secretion on an individual level (Chapter 3), I was 

able to demonstrate that variability in CORT is induced by changes in environmental 

conditions, and found support for the role of CORT secretion as a mechanism that allows 

kittiwakes to optimize their fitness under variable foraging conditions.

The thesis consists of three chapters:

CHAPTER 1. Food availability for high latitude breeding seabirds fluctuates 

seasonally in a predictable fashion, peaking in the summer. However, the timing of 

breeding for seabirds is known to vary among years, and how this relates to. and is 

influenced by, the seasonal dynamics of their food supply is largely unknown. It is 

possible that seabirds rely on environmental cues which allow them to predict the 

magnitude and the precise timing of peak food abundance, so that they are able to raise
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their young during the period of most abundant food supplies. However, if timing of 

chick-rearing is to coincide with peak food abundance, seabirds need to initiate 

reproduction well in advance, when food may be limiting. Thus, food availability 

immediately prior to egg laying may impose constraints on timing of egg-laying and 

clutch size. In Chapter 1 ,1 address these questions by examining 5 years of data from 

several breeding colonies on the seasonal dynamics of food supply, ocean temperature, 

and breeding biology of two high-latitude nesting seabirds; the Black-legged Kittiwake 

and Common Murre. I am able to examine: a) the relationship between timing of 

breeding corresponds and the timing of peak food abundance, and b) the influence of 

food abundance during egg-laying and chick-rearing on reproductive performance.

CHAPTER 2. How birds assess foraging conditions and make decisions about 

allocating resources to reproduction versus maintenance is not well known. It has been 

hypothesized that the production of stress hormones may serve as a mechanistic link 

between fluctuations in food supply and allocation of resources between self-maintenance 

and reproductive processes in long-lived seabirds (Kitaysky et 2001). Corticosterone, 

the primary avian stress hormone, functions to maintain energy balance in birds, and 

CORT levels increase in birds in response to nutritional deficits. Increased CORT 

production can influence resource allocation in a number of ways, including diverting 

resources from reproduction toward self-maintenance, promoting foraging behavior, and 

increasing gluconeogenesis (reviewed in Wingfield & Kitaysky 2002). Because increased 

CORT production in response to stress may interfere with reproduction (reviewed in 

Wingfield & Hunt 2002), some short-lived species suppress CORT production during the 

later stages of reproduction, presumably to facilitate successful reproduction despite 

challenging conditions (reviewed in Wingfield & Hunt 2002). This stage-specific 

modulation of CORT likely comes at a cost to their survival, but may still maximize their 

fitness (Wingfield & Hunt 2002). However, increasing CORT in response to stress may 

be important for long-lived seabirds because they should gain fitness by prioritizing their 

own survival over that of their offspring.
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Also, for seabirds, in addition to inter-annual variability in timing and abundance 

of peak food, food typically varies during the breeding season due to stochastic events, 

such as storms. Thus, rather than modulating CORT production in relation to 

reproductive stage, CORT production in response to short-term changes in food 

availability may provide a mechanism to facilitate flexibility in resource allocation. Thus 

CORT levels in seabirds are expected to mirror changes in food availability regardless of 

reproductive stage. However, little is known about the role of unpredictable variations in 

the environment (e.g., food availability) versus the role of reproductive stage on 

influencing CORT levels in seabirds and other long-lived species. In Chapter 2 ,1 address 

the question of how CORT varies in relation to reproductive stage, colony, and year in 

kittiwakes breeding at 4 colonies over 5 years. To provide more in-depth insights into 

stress physiology, I also measured CBG, a binding globulin, which may also alter the 

effects of CORT. CBG has been proposed as yet another mechanism to fine-tune resource 

allocation in response to environmental variability, but its role is unclear (Love et 

2004, Breuner & Orchinik 2002). This study is one of the few investigations of how CBG 

and CORT co-vary across large spatial and temporal scales, and in this chapter I discuss 

their potential roles in fine-tuning resource allocation in kittiwakes.

CHAPTER 3. Finally, short-term increases in CORT are thought to maximize 

fitness while chronic elevations associated with long-term stress have serious negative 

fitness consequences. CORT levels in vertebrates fluctuate temporally in response to 

environmental conditions or endogenous rhythms, but they also fluctuate in magnitude 

within a range that is thought to optimize an individual’s response to perturbations. 

Increases in CORT production beyond levels that birds can tolerate with the added 

energetic burden of reproduction will result in the disruption of breeding. However, 

increases in CORT production below this threshold may allow breeding birds to fine-tune 

resource allocation between self-maintenance and reproduction processes without 

abandoning reproduction. Despite much speculation about the role of CORT elevations in 

maximizing fitness, there is little direct evidence for this. In this chapter, I present the 

result of experimental manipulations in the field, designed to test the prediction that
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short-term fluctuations in CORT adjust resource allocation in kittiwakes to maximize 

their fitness.

SUMMARY. In this thesis, I was able to incorporate more than 10 years of data 

from 7 seabird colonies that represented a wide range of climatic and environmental 

conditions. I integrated data on behavioral, physiological and reproductive output in 

observational and experimental studies to better understand the ways in which seabirds 

are affected by, and cope with, variation in their food supply.



5

REFERENCES

Breuner CW, and Orchinik M (2002) Beyond carrier proteins: plasma binding proteins as 
mediators of corticosteroid action in vertebrates. Journal o f Endocrinology 
175:99- 112 '

Kitaysky, A. S., Wingfield, J. C. & Piatt, J. F. (2001) Corticosterone facilitates begging 
and affects resource allocation in the black-legged kittiwake. Behavioral ,
12,619-625.

Love, O. P., Breuner, C. W., Vezina, F. & Williams, T. D. (2004) Mediation of a
corticosterone-induced reproductive conflict. Hormones and Behavior, 46, 59-65

Wingfield, J. C. & Hunt, K. E. (2002) Arctic spring: hormone behavior interactions in a 
severe environment. Comparative Biochemical Physiology B. 132, 275-286

Wingfield, J. C. & Kitaysky, A. S. (2002) Endocrine responses to unpredictable 
environmental events: stress or anti-stress hormones? Integrative and 
Comparative Biology, 42, 600-609.



6

CHAPTER 1 SEABIRD TIMING OF BREEDING AND REPRODUCTIVE 

PERFORMANCE IN RELATION TO THE SEASONAL DYNAMICS OF FOOD 

ABUNDANCE *

1.1 Abstract: Animals often time breeding such that peak energetic demands of offspring 

coincide with the seasonal peak of food abundance. Animals may also adjust 

reproductive output to match the anticipated magnitude of peak food abundance. 

However, climate change alters timing and abundance of food supply, potentially 

creating mismatches with timing of reproduction and reproductive effort. Seabirds 

nesting in high latitudes may be particularly vulnerable to mismatches—the seasonal 

peak of food supply is short and birds must initiate reproduction many weeks in advance. 

Despite much interest in seabirds as indicators of climate change, little is known about 

their capacity to adjust timing and reproductive output to minimize mismatches. We 

examined the degree of mismatch between timing of laying and timing of peak food 

abundance, and chick-rearing food abundance and reproductive output. For kittiwakes, 

timing of laying and reproductive performance were best explained by the egg laying 

environment and did not match timing of peak food abundance or food abundance during 

chick rearing. These relationships were similar for murres, except the number of chicks 

fledged per nest site was best explained by food abundance during chick rearing. Whether 

these mismatches reflect nutritional constraints, or failed attempts to fine-tune timing and 

reproductive effort to environmental conditions remains to be investigated.

Key words: sea-surface temperature, forage fish, clutch size, climate

* Shultz MT, Piatt JF, Harding AMA, Kettle AB, Van Pelt TI. 2007. Seabird timing of 
breeding and reproductive performance in relation to the seasonal dynamics of food 
abundance. Prepared for submission to Marine Ecology Progress Series.
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1.2 INTRODUCTION

Climate change affects timing of animal breeding and reproductive success (Durant et 

2004; Stenseth & Mysterud 2002). For birds in seasonal environments, reproduction is 

most often timed to match chick rearing with the peak of food availability (Lack 1966; 

Perrins 1970): individuals that feed chicks when food is most abundant produce more 

offspring (e.g., Van Noordwijk, McCleery & Perrins 1995; Visser et al. 1998; Nager & 

Van Noordwijk 1995; Perrins 1991; Svensson & Nilsson 1995). Climate change may 

alter the timing and magnitude of peak food availability, resulting in a mismatch between 

timing of breeding, reproductive effort and peak food availability (Visser & Both 2005). 

The ability of individuals to prevent mismatches depends on the presence of reliable 

proximate cues prior to egg laying that allow animals to anticipate changes in the timing 

and abundance of peak food availability and adjust accordingly (Meijer & Drent 1999; 

Wingfield et al. 1992). Mismatches may occur in two situations: 1) if proximate cues 

become unreliable or 2) if limited food availability prior to egg laying imposes energetic 

constraints which delay reproduction (Nager et al. 1997; Lack 1966; Perrins 1970). The 

degree to which variation in timing of breeding and reproductive success reflect adaptive 

adjustments versus mismatch situations is unknown, but is important for predicting 

population responses to climate change.

High latitude seabirds may be particularly vulnerable to mismatches because food 

abundance peaks seasonally and for a short time compared to the duration of successful 

breeding attempts. Parents must initiate breeding well in advance of peak food 

availability and proximate cues of timing of the peak may be nonexistent or unreliable 

(Bertram et al. 2001). Climate change is associated with altered patterns of reproduction 

in seabirds. Atlantic puffins ( Fraterculaarctica) have shifted reproductive phenology and 

experienced reduced reproductive success in association with variation in climate and 

abundance of herring ( Clupeaharengus, Durant et. al. 2003). Similarly, altered 

phenology is related to climate fluctuations of Black-legged Kittiwakes ( tridactyla) 

and Common Murres (Uria aalge) in the North Sea over the last two decades 

(Frederiksen et al. 2004). Reduced reproductive success of these species was related to
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sandeel phenology ( . Ammodytesmarinus', Rindorf et 2000), suggesting that climate

change may exert its effects by affecting prey species. However, seabird fitness typically 

depends on a long lifespan; therefore, reduced reproductive success associated with low 

food availability may reflect adjustments in reproductive effort to maintain life- 

expectancy, as opposed to absolute energetic constraints on reproduction. The only way 

to determine the degree to which variations in phenology and reproductive performance 

match the timing and magnitude of peak food abundance is to simultaneously measure 

timing and reproductive performance of seabirds and the seasonal dynamics of their prey. 

Here we present these data for the first time.

The effect of climate on timing of breeding varies among seabird species (Rindorf 

et al.2000) suggesting that their ability to anticipate changes in food availability differ, 

potentially due to life-history or phylogeny. In this study, we compared the responses of 

two species—Black-legged Kittiwakes and Common Murres—to inter-annual variation 

in climate and food availability. Kittiwakes and murres breed at the same colonies and 

feed on similar prey, but exhibit different life-history strategies. Murre females lay a 

single egg. Their chicks depart the colony at 21 days of age, and are incompletely 

developed at fledging. They are dependent on the male parent for 4 -6 weeks after 

fledging (Ainley et al. 2002). In contrast, kittiwakes lay up to three eggs. Their chicks 

leave the colony when fully developed (42 days-old) and are independent of their parents 

at fledging (Baird 1994). Both species are potentially long-lived, but kittiwakes are 

known to increase effort to meet the chick demands, and incur subsequent survival costs 

(Golet et al. 1998, Kitaysky et al. 2001). This same trade-off has not been documented 

for murres. Thus, despite feeding on similar prey, kittiwakes and murres exhibit different 

life-histories which may affect their capacity to predict and respond to changes in food 

availability.

In this study, timing of egg laying and reproductive success of murres and 

kittiwakes were measured at two breeding colonies in Lower Cook Inlet, Alaska from 

1995 - 2000. In a subset of these years (1996 — 1999), the seasonal dynamics of near

shore prey abundance and sea-surface temperature (SST) were concurrently measured.



9

Sea-surface temperature may be an important proximate cue for seabirds— timing of 

breeding in seabirds has been shown to be correlated with water temperature which 

influences the distribution and abundance of prey items (Ainley et 1990; Ainley,

Spear & Allen 1996; Warham 1975; Bertram et 2001, Durant et al. 2003). The goals 

of this study were to a) determine the degree to which variation in the timing of kittiwake 

and murre egg laying were related to environmental conditions during egg-laying versus 

timing of peak food abundance, b) assess the degree to which reproductive performance 

is related to environmental conditions during egg laying versus food abundance during 

chick rearing, and c) to compare the response of two different species to environmental 

variation.

1.3 MATERIALS AND METHODS

Our work was conducted at and around two seabird colonies in Cook Inlet, Gulf of 

Alaska, from May-September in 1995-2000. The colonies are separated from each other 

by about 100 km and are in oceanographically distinct habitats (Robards et al. 2002; 

Robards et al. 1999a). Gull Island (east side of Cook Inlet; 59° 35’ N, 151° 19’ W) is 

surrounded by cold, oceanic waters with warm surface layers that result from freshwater 

runoff (Robards et al. 1999a). The Barren Islands (58° 55’ N, 152° 10’ W) lie at the 

entrance to Cook Inlet and are surrounded by cold, well-mixed waters that upwell around 

the Barrens and onto the southeastern Cook Inlet shelf (Robards et al. 1999a).

Timing of breeding and reproductive performance were measured at both colonies 

from 1995-2000, except for Gull Island in 1995 and the Barren Islands in 2000. 

Reproductive parameters were assessed using study plots and standardized methods 

(Birkhead & Nettleship 1980; Birkhead & Nettleship 1982; Hatch & Hatch 1990b; Hatch 

& Hatch 1989; Hatch & Hatch 1988). Breeding parameter estimates were calculated as 

the mean of plot means. Each plot was selected from the viewable population and had 

clearly defined boundaries. Whenever possible, the same plots were used each year. We 

monitored 10-11 kittiwake plots at each colony, containing an average of 25-30 nest sites. 

Kittiwake plots were checked every three days at each colony. In most years of study we
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monitored five and 10 murre plots containing an average of 20 and 22 nest sites with eggs 

(range: eight - 40) at Gull and Barren islands, respectively. We observed the status of 

nests (empty, egg, or chick) from observation points on the island using binoculars and 

telescopes. At Gull Island, murres were observed at close range from blinds. Murre plots 

were checked every one to two days at Gull Island and every three days at the Barren 

Islands.

Because 15 days is the minimum nest departure age in Common murres (Swennen 

1977) and we never observed mortality in older chicks, chicks were considered to have 

'fledged' successfully if they disappeared from the nest site > 15 d after hatching. Most 

chicks fledged before 25 days of age. Kittiwake chicks are capable of short flights and 

often move among nest sites prior to fledging, and so it is often difficult to determine 

exact fledging ages. The typical fledging age for kittiwakes is about 42 days (Baird 1994) 

and we considered chicks to be successfully fledged if they remained at the nest until 

they were 42 days old.

We used beach seines to sample forage fish abundance in waters adjacent to 

breeding colonies where birds foraged. Beach seines effectively and non-selectively 

sample shallow, inshore waters with sandy or smooth bottoms (Cailliet 1986). 

Methods are described in Robards et. al.,1999a, and Abookire et 2000. Samples were 

collected about every two weeks near Gull Island from late May to early September and 

at the Barren islands during June through August, 1996-1999. Nets were deployed from a 

small boat and set parallel to shore, about 25 m from the beach. Two sites were sampled 

at the Barrens; and 38 near Gull Island during 1995-1996. After analyses of these data 

for temporal and spatial variability in catch per unit effort and species composition 

(Robards et al.1999a), we reduced our sampling effort to 12 of the original sites around 

Gull Island during 1997-1999. Beach seining was conducted within a 1.5 h window on 

either side of low tides. A single set was carried out on each site visit as this provided 

adequate representation of species richness and dominant species rank (Allen et 1992; 

Robards et al.1999a). Seine Catch-per-unit-effort (CPUE) mirrored patterns of fish
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abundance offshore in mid-water trawls and hydro-acoustic surveys (Robards et 

1999a; Robards et al.1999b; Piatt 2002; Abookire et al. 2000, Speckman 2004).

Catch-per-unit-effort was calculated as the total catch of all forage size (>80mm), 

forage fish taxa per seine (Litzow et al. 2000). Forage species included in analyses were 

sand lance ( Ammodyteshexapterus Pallas), pacific herring ( pallasi),

and all species of Salmonidae, Osmeridae, and Gadidae. These fish species comprised 

90% of the diet of kittiwake and murre adults and chicks during this study (Kitaysky et 

al. 1999). These data were log(x+l) transformed to meet assumptions of 

homoscedasticity for parametric statistical procedures (Zar 1999), then averaged by site 

and day.

Sea-surface temperatures were obtained from temperature loggers (Onset 

Electronics, StowAway and TidbiT models). Loggers were deployed three-10m below 

the low tide line at Gull and the Barren Islands in 1996 - 1999. Loggers recorded sea 

water temperatures every ten minutes during June - August in each year, except for 1996 

at the Barrens, where the logger was not deployed until August. Average daily 

temperatures were used in analyses.

1.3.1 DATA ANALYSIS

For kittiwakes, laying success (LS) was defined as the % of nest structures where > one 

egg was laid, and clutch size (CS) as the mean number of eggs per nest in which eggs 

were laid, and for murres, hatching success (HS) was defines as the % of eggs laid that 

hatched. Total reproductive success (RS) was the number of chicks fledged per nest built 

for kittiwakes, and the number of chicks fledged per egg laid for murres.

Only beach seine sites that were sampled every two weeks in all years of study 

were included in analyses. To estimate food abundance for the exact dates of interest we 

used non-linear regression to fit curves to the data and interpolate food abundance. To 

determine which non-linear function best represented the data, we pooled seine catches 

from all years at each colony, including 1996 at Gull Island where we collected data year 

round. The data followed a uni-modal distribution and we tested the fit of a quadratic
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function versus a Gaussian distribution to determine the best fit for the data. The 

Gaussian distribution provided the best model of the seasonal dynamics of food 

abundance in each year (Table 1.1, Fig. 1.1) and was defined by the equation: 

Y=(AREA/(SD*(2*pi)A0.5))*exp(-0.5*((X-Mean)/SD)A2).

We used the fitted curves to estimate several parameters of food abundance— 

“laying CPUE”, “chick CPUE”. and “peak CPUE date”. Laying CPUE was defined as 

food abundance at the onset of egg formation, or specifically, the average date of peak 

egg laying for both colonies and species, minus the normal egg formation duration (14 

days for kittiwakes; 15 days for murres; Baird 1994; Ainley 2002). The parameter 

“chick CPUE” was defined as food abundance from the average hatch date for both 

colonies and species, minus the “peak demand date”. The peak demand date was defined 

as the average date when chicks reached maximum growth rates (kittiwakes = 20 days 

and murres =14 days). Peak CPUE date was the date when forage fish abundance 

reached an asymptote.

In order to estimate “laying SST”, we calculated the average SST for the first half 

of June for kittiwakes, and the first half of July for murres. Peak egg laying date differed 

between species—the first half of June encompassed these dates for kittiwakes, as did the 

first half of July for murres.

In order to pool data from all colonies, where geographic differences in water 

temperature, food supply and breeding biology persisted among years (Robards et al.

1999a; Zador & Piatt 1999), data were converted into colony-specific annual residuals by 

subtracting the average of all years from the value of a given parameter for each year. 

Each colony-year was treated as a sample unit. Before pooling data from different 

colonies for analyses, we first used ANCOVA on annual residuals to test for colony 

effects. All tests for colony effects were non-significant (a > 0.05).

We used Akaike information criterion, adjusted for small sample size (AICc), to 

evaluate models of the data for timing of breeding and RS. The model with the lowest 

AICc was the best model (AICc; Burnham & Anderson 2002). We calculated AICc 

weight ( Wj) to evaluate the relative probability of each model representing the true model.
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The ratios of Akaike weights (ER: wmtn / wj)were compared to assess the strength of 

evidence for a particular model compared to others in the model set (Burnham & 

Anderson 2002; 77-79).

1.3.2 MODELS OF TIMING OF LAYING & REPRODUCTIVE PERFORMANCE

The goal of this study was, 1) to address the degree to which timing of breeding 

(egg laying) reflects food availability at the time of egg laying versus anticipated timing 

of peak food abundance, and 2) the degree to which reproductive performance reflects 

food abundance during egg laying, versus anticipated food abundance during chick 

rearing. Therefore, to address our first goal, we modeled variation in lay date using the 

variables lay CPUE, lay SST, and peak CPUE date. We included lay SST as an 

explanatory to test the hypothesis that lay SST is a cue for the timing of peak food 

abundance. We evaluated all combinations of these variables. To address our second 

goal, we modeled reproductive performance parameters for both species using the 

explanatory variables lay date, lay CPUE, and chick CPUE. We modeled reproductive 

performance parameters that potentially reflected decisions made at the time of egg 

laying, which from here forward we will refer to as measures o f ‘‘initial reproductive 

output” (IRO). This included LS and CS for kittiwakes. For murres, because it is nearly 

impossible to measure LS and murre CS is one egg, we modeled HS—the reproductive 

parameter most likely to reflect conditions during egg laying. We also modeled total RS 

for both species (combination of LS, CS, HS and FS for kittiwakes; HS and FS for 

murres) to determine whether egg laying food abundance or chick rearing food 

abundance best fit the data. Because decisions regarding the timing of egg laying might 

constrain IRO independently of food abundance during egg laying, we also included lay 

date as an explanatory variable in models of reproductive performance. The models of 

reproductive performance examined all combinations of these explanatory variables. 

Environment

Pearson’s correlations were used to examine pairwise relationships between 

environmental parameters (lay SST, lay CPUE, chick CPUE).
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Non-linear regressions were performed with Graphpad Prism version 4.00 for 

Windows. All other statistical analyses were performed with SAS (1999).

1.4 RESULTS

1.4.1 COMPOSITION OF FORAGE FISH SEINES

A total of 815,398 fish representing at least 70 species were captured in 717 seine nets 

conducted June -  August, 1996-1999 (Table 1.2). Pacific sand lance (Amodytes 

hexapterus) dominated the near shore community around both colonies. Herring was the 

second most important taxa in all years except 1999 at Gull Island (Robards al. 2002). 

At the Barren Islands, gadids were the second most abundant taxa in all years except 

1999.

1.4.2 SEASONAL DYNAMICS OF FORAGE FISH AND TIMING OF LAYING

As reported elsewhere, forage fish abundance was very low at Gull Island from October 

through April (<2% of total catch, Robards et. 1999a), but increased rapidly in May to 

early June (Fig. 1.1). The average peak energetic demand date for murres and kittiwakes 

fell within the range of peak CPUE dates at both colonies, although peak demand date 

was less variable than peak CPUE date (Table 1.3.) There was not a significant 

relationship between peak demand date and date of peak food abundance (kittiwake: r = 

0.73, P = 0.061, murre: r = 0.548, P = 0.203).

1.4.3 SEA-SURFACE TEMPERATURE AND FORAGE FISH ABUNDANCE

There was a negative relationship between lay SST and lay CPUE—as SST increased 

forage fish abundance decreased (murre: r2 = 0.63, P = 0.03, n = 7; kittiwake: r2 = 0.98, P 

= 0.0001, n = 7). This relationship was similar between colonies (ANCOVA; SST * 

Colony: F = 0.68, P = 0.43, df = 1).

Lay SST and lay CPUE were correlated with the date of peak CPUE for 

kittiwakes (SST: r = 0.87, P = 0.01; lay CPUE: r = -0.71, P = 0.069), but not for murres
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(SST: r = 0.47, P = 0.29; lay CPUE: r -  0.39, P = 0.33). Neither lay SST nor lay CPUE 

was correlated with chick rearing CPUE (kittiwake: P > 0.59; murre: P > 0. 16).

1.4.4 LAY DATE AND ENVIRONMENT

The model that best explained variation in timing of breeding for murres and kittiwakes 

contained the single variable of lay SST, however there was nearly equal support for the 

model containing lay CPUE for kittiwakes (ER = 1.45; Fig. 1.2.; Table 1.4). There was 

little support for other models for either species (ER > 77 for the next competing model; 

Table 1.4). As lay SST increased, lay CPUE decreased, and both species laid eggs later.

1.4.5 REPRODUCTIVE SUCCESS AND ENVIRONMENT

The model that best explained variation in kittiwake CS contained only lay CPUE, while 

the best model for LS contained only lay date, with some support for the model 

containing lay CPUE (ER = 21.66; Table 1.5, Fig. 1.3). CS increased with increasing lay 

CPUE. LS increased with earlier lay date. Murre HS was best explained by the model 

containing only chick CPUE, but there was also some evidence that lay CPUE might be 

important (ER = 30.06). HS increased with increasing chick CPUE and earlier egg laying.

The model that best explained variation in total RS of kittiwakes contained only 

the variable lay date, however there was strong support for the model containing the 

combination of laying CPUE and chick CPUE (Table 1.5). For murres, the model 

containing only the variable chick CPUE best explained variation in total RS, but there 

was also some support for the model containing lay date only (ER >11).

1.5 DISCUSSION

1.5.1 SUMMARY

The goals of this study were to a) determine the degree to which the timing of kittiwake 

and murre egg laying is determined by egg laying environmental conditions versus timing 

of peak food abundance, b) assess the degree to which reproductive output is influenced 

by egg laying environmental conditions versus chick rearing food abundance, and c) to
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compare the response of two different species to environmental variation. To address the 

first objective we examined the relative influence of SST and food abundance during egg 

laying versus the date of peak food abundance on variation in lay date. Evidence 

indicated that lay date was best explained by environmental conditions during egg laying 

rather than the date of peak food abundance, suggesting that these seabirds are not 

adjusting timing of reproduction in ways that align peak energy demand with peak food 

availability (Table 1.4). Also, variation in timing of egg laying was less than variation in 

timing of peak food abundance. To address the second objective we examined the 

influence of lay date, laying food abundance, and chick rearing food abundance on 

reproductive performance parameters. Variation in kittiwake reproductive performance 

was best explained by conditions during egg laying, although it was also affected by food 

abundance during chick rearing (Table 1.5). In murres, reproductive performance was 

best explained by food abundance during chick rearing (Table 1.5). SST was a good 

proxy for food abundance—egg laying SST accounted for 63-98% of variability in egg 

laying food abundance. Thus timing and IRO were not matched with timing and 

abundance of peak food—warm laying SST and low egg laying food abundance resulted 

in delayed egg laying and reduced reproductive performance of murres and kittiwakes.

1.5.2 TIMING OF BREEDING

Variation in lay date was considerably less than variation in the date of peak food 

abundance for both species (lay date coefficient of variation for murres = 2.9% and 

kittiwake = 4.4 %; peak CPUE date coefficient of variation = 11.1%). This demonstrates 

that seabirds do not adjust lay date enough to fully compensate for variation in timing of 

peak food. Timing of egg laying was primarily related to environmental conditions 

during egg laying for both species, with little evidence to suggest a role for timing of 

peak food availability (Table 1.4). Although SST emerged as more important than laying 

food abundance in determining timing of egg laying, the two parameters were highly 

correlated. SST is likely to be a good proxy of true food availability rather than the factor 

driving timing of egg laying. Firstly, it directly influences the distribution and abundance
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of forage fish (Methven & Piatt 1991). Secondly, our estimates of SST were more precise 

(sampled every 10 minutes) than our estimate of fish abundance (sampled every two 

weeks), and may provide a more accurate estimate of the seasonal pattern in food 

abundance than direct measurements with beach seines.

Interannual variability in timing of laying did not match interannual variability in 

the timing of peak food abundance. There are two potential explanations for these results; 

1) timing of egg laying and reproductive output were determined by nutritional 

constraints on birds (Lack 1966; Perrins 1970; Ricklefs 1974; Perrins 1996; Nager 

1997), or 2) birds relied on inaccurate proximate cues to adjust timing and reproductive 

effort in anticipation of chick rearing conditions (Lack 1966; Ewald & Rohwer 1982; 

Arnold 1994; Nager et al.1997; Visser et al. 1998; Eeva et al. 2000). The constraint 

hypothesis implies a fixed  level of investment where parents are unable to initiate 

breeding until they have accumulated sufficient resources. In contrast, the ‘‘anticipation” 

hypothesis implies an adaptive adjustment of reproductive timing and effort which 

reflects parental flexibility. The dynamics of the marine food web are complex and it is 

not clear whether reliable cues to fine-tune timing of breeding have ever existed. In 

contrast, females of a number of species must wait until they have accumulated sufficient 

resources before they can initiate egg laying. This would explain why murres and 

kittiwakes lay later in years with lower food availability during the pre-lay period. 

Kittiwakes may be more constrained by food availability at egg laying than murres. The 

time elapsed from egg laying to chick fledging is nearly a month longer for kittiwakes 

than for murres, and kittiwakes laid eggs about a month earlier. Food abundance during 

kittiwake egg laying was lower than during murre egg laying in all years, supporting the 

hypothesis that kittiwakes are more likely to be food limited during egg laying. This is 

further supported by the observation that kittiwakes that were supplementally fed prior to 

egg laying at Middleton Island in the Gulf of Alaska, laid eggs earlier than those that 

were not fed (Gill & Hatch 2002). Also, in this study, timing of egg laying was nearly 

twice as variable in kittiwakes than murres, again suggesting a greater dependence on 

food availability for kittiwakes prior to egg laying in order to attain breeding condition.
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We cannot conclusively distinguish between the “constraint” and “anticipation” 

hypotheses, but this distinction has important implications for a species’ population 

responses to climate change and warrants further attention. Results of this study indicate 

that murres and kittiwakes likely differ in their dependence on food abundance during 

egg laying. Physiological indicators of energetic load (e.g., corticosterone levels) should 

provide useful insights into the relative importance of these two mechanisms for 

regulating timing of breeding (McEwen & Wingfield 2003).

1.5.3REPRODUCTIVE PERFORMANCE

Variation in kittiwake IRO (CS and LS) was best explained by environmental conditions 

during egg-laying. This contrasted with results for murres where chick rearing food 

availability had a much stronger effect on reproductive performance than for kittiwakes 

(Table 1.5, Fig 1.3). Murre reproductive performance was not only related to chick 

rearing conditions, but to a lesser degree lay date was also important (Table 1.5). It is 

notable that the reproductive performance of murres was related to conditions during egg 

laying given that total RS for murres is based exclusively on estimates of HS and 

fledging success, as opposed to kittiwakes where total RS is based on estimates of 

reproductive parameters spanning the time of nest initiation through chick fledging (i.e., 

LS, CS, HS, & FS). Within species, HS and fledging success accounted for roughly equal 

proportions of reproductive failure (kittiwakes: 20% & 16%, murre: 52% & 48%), but for 

kittiwakes, IRO (LS & CS) accounted for 65% of reproductive failure. This suggests that 

had we been able to estimate LS for murres, we might have concluded that total RS was 

more sensitive to egg laying conditions than our current results demonstrate. 

Alternatively, this difference may suggest that kittiwakes buffer chicks (i.e., increase 

reproductive effort when food becomes limiting) from changes in food availability more 

than murres, and therefore RS is less dependent on food availability during chick rearing. 

Studies have shown that kittiwakes may increase energy expenditure when food is lower 

(Kitaysky et al.2001) and this may also be the case for murres (Burger & Piatt 1990, 

Zador & Piatt 1999). However, kittiwakes are known to suffer reduced survival when
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successfully rearing chicks (Golet et al.1998) and this has yet to be documented for 

murres. The result that murre reproductive performance was more closely tied to chick 

rearing food availability than that of kittiwakes suggests that murres may have a stronger 

tendency to adjust reproductive effort in response to chick rearing food abundance. 

However, without estimates of the proportion of murres that attempt to lay eggs and fail 

(LS), it is difficult to compare the relative impact of egg laying versus chick rearing food 

availability on reproductive performance between species.

The observation that kittiwake reproductive performance was largely determined 

by egg laying conditions could be the result of responses to errant proximate cues (lay 

SST &/or lay CPUE) that historically were reliable predictors of chick rearing food 

abundance. However, even more plausible is that kittiwake reproductive performance 

was affected by nutritional constraints prior to egg laying and birds were limited in their 

capacity to adjust initial reproductive investment in anticipation of foraging conditions 

during chick rearing. This is supported by the observation that kittiwakes that were 

supplementally fed prior to egg laying had higher LS and CS than those that were not fed 

(Gill & Hatch 2002). As with our results for timing of breeding, we are unable to 

distinguish between the constraint and anticipation hypotheses in this study, but hormonal 

proxies of allostatic load (McEwen & Wingfield 2003) should prove useful in addressing 

this question.

1.5.4 SST AND FORAGE FISH ABUNDANCE

Lay CPUE was sensitive to small changes in climate—lay SST that varied by less than 1 

degree Celsius accounted for over 80% of the variation in CPUE. Warmer SST was 

associated with lower food availability during egg laying, delayed egg laying, and 

reduced RS. Relationships between SST and timing of seabird breeding have been shown 

elsewhere (e.g., Durant et al.2004), but this study is unique in that it demonstrates the 

link between SST, local production of forage fish, and timing of seabird breeding. The 

Gulf of Alaska has experienced a warm regime since the late-1970’s that resulted in a 

decline in forage fish species, and subsequent decline in seabird populations throughout
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the region (Francis et al.1998; Piatt & Anderson 1996). Temperature ultimately affects 

food availability for seabirds by altering the timing and/or abundance of the peak in 

forage fish, but the mechanistic links are poorly understood and are likely to be complex. 

A possible scenario is that warm temperatures resulted in a mismatch between 

zooplankton and emergence of larval forage fish. Larval forage fish prey on zooplankton 

which peak earlier in years with warmer surface temperatures (Mackas et 1998). If 

larval forage fish miss the peak in zooplankton, the timing mismatch at this trophic level 

may result in reduced food availability for seabirds prior to egg laying. Thus, in this 

study, years with colder temperatures may have reduced the degree of mismatch between 

zooplankton and forage fish abundance (Piatt 2002; Anderson & Piatt 1999; Robards et 

al. 2002). Colder spring SST may also reflect stronger upwelling of deep, oceanic waters 

from the Gulf of Alaska near the entrance to Cook Inlet that bring nutrient rich water to 

the surface, enhancing marine productivity around the Barren island and in Kachemak 

Bay (Robards et al. 1999a; Robards et al. 2002; Robards et al. 1999b; Abookire et al. 

2000). Similarly, at the Farallon Islands in California, cooler water temperatures are 

associated with stronger upwelling events, increased zooplankton biomass (Ainley et al. 

1996), and earlier egg laying by planktivorous Cassin’s Auklets (Ptychoramphus 

aleuticus; Ainley et al. 1990). Both the Farallon Islands and Lower Cook Inlet are 

characterized by high local production of forage fish during the spring and summer. In 

areas where local forage fish abundance is dependent on transport of fish from distant 

areas, then relationships between local spring SST, subsequent forage fish abundance, 

and timing of breeding and reproductive output of seabirds may be less tightly coupled.

1.5.5 CONCLUSIONS

Climate variability leads to altered phenology and reproductive performance of many 

species, but it is usually unclear how to interpret these changes without some measure of 

the optimal response to changes in the environment (Durant et al. 2005). In this study we 

simultaneously measured aspects of seabird breeding biology and seasonal dynamics of 

food abundance. Variations in food abundance associated with ocean temperature
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affected timing of breeding and reproductive performance of murres and kittiwakes, and 

both species demonstrated a limited capacity to adjust timing and reproductive output to 

variations in food abundance. Our results also highlight the importance of the seasonal 

dynamics of food availability in determining seabird reproductive performance. Over 

65% of reproductive failures of kittiwakes were associated with environmental conditions 

at, or prior to, egg laying, and egg laying conditions were also important in determining 

the RS of murres. Without measuring the seasonal dynamics of food availability it would 

be impossible to determine whether changes in the timing and magnitude of reproductive 

effort functioned to ameliorate the effects of climate change or were exacerbated by 

them. The results of this study indicate that variation in timing of laying reflects 

constraints on reproduction which result in mismatches with peak food abundance, and 

these mismatches have negative consequences for reproductive performance.
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Figure 1.1. The seasonal dynamics of forage fish abundance among years (1996 -  1999) 

at a) Gull Island and b) Barren Islands. Curves represent data fitted with Guassian 

function. Goodness of fit statistics are presented in Table 1.2. Curves were used to 

estimates forage fish abundance at the onset of egg laying, forage fish abundance at the 

period of peak energetic demand, and the date of peak food abundance.
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Sea-surface temperature

Pre-lay CPUE

Figure 1.2. The relationship between environmental parameters and lay date for murres 

(open circles) and kittiwakes (filled circles) nesting at Gull and the Barren Islands, 1996 

-  1999. Environmental parameters are; the residuals of average forage fish abundance 

during egg laying (lay CPUE) and sea-surface temperature (SST) during egg laying. 

Lines are Deming Model II regression lines shown for significant correlations.
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Figure 1.3. The relationship between the residuals of average forage fish abundance 

during egg laying (lay CPUE), sea-surface temperature (SST) during egg laying, and 

components of reproductive performance for murres and kittiwakes nesting at Gull and 

the Barren Islands, 1996-1999. Murre HS is plotted versus lay CPUE and chick CPUE 

(forage fish abundance during chick rearing). Lines are Deming Model II regression lines 

shown for significant correlations.
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Table 1.1 C atch per unit effort (C P U E ) o f  the m ajor taxonom ic groups caugh t in beach seine sets during  June - A ugust, 1996 - 
1999 at Gull and the Barren Islands.

Island____________________Year # Species # Sets CPUE Std Err Median Herring Salmonids Osmerids Gadids Sand Lance Sculpins Flatfish Other Total

Barren Islands 1996 12 32 4032 2588 467 0 417 34 480 127830 242 8 22 129033
1997 12 24 1909 712 433 0 0 6 9286 26516 7983 35 1995 45821
1998 15 26 751 234 97 0 36 64 425 15261 277 1 3469 19533
1999 13 24 108 32 55 0 229 1 63 8 876 22 1381 2580

Gull Island 1996 43 202 545 162 65 15241 9128 22 4715 78069 1999 326 650 110150
1997 41 161 621 173 116 7152 3483 5147 3203 78847 484 599 1140 100055
1998 51 149 1879 555 122 61862 4750 108 3353 205104 821 656 3300 279954
1999 52 99 1258 643 131 219 8338 21 1194 114587 752 556 2605 128272

Total -Barren Islands 22 106 6800 3566 1052 0 682 105 10254 169615 9378 66 6867 196967
Total -Gull Island 70 611 4303 1533 434 84474 25699 5298 12465 476607 4056 2137 7695 618431
Total -All Sites 717 11103 5099 1486 84474 26381 5403 22719 646222 13434 2203 14562 815398
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Table 1.2. Summary of goodness of fit statistics for the seasonal dynamics of forage fish 

abundance (CPUE) around Gull and the Barren Islands, 1996 -  1999, fitted using 

Guassian functions.

Table 1.____________________________________________________

Colony Year__K J SD  o f  residuals^ dj_(rh^l

Gull 1996 0.95 0.64 4
1997 0.91 0.32 3
1998 0.86 1.36 5
1999 0.74 0.60 4

Barrens 1996 0.93 0.25 2
1997 0.90 0.32 2
1998 0.83 1.22 2
1999 0.91 0.31 3
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Table 1.3. Average date of peak catch per unit effort (CPUE) of forage fish and the 

average date of peak energetic demand of chicks (14 days old for murres, 35 days old for 

kittiwakes) at Gull and the Barren Islands, Cook Inlet, Alaska, 1996-1999.

Colony Species Peak CPUE date (range) Peak demand date (range)
Gull

Barrens

Kittiwake
Murre

Kittiwake
Murre

22 July (26 June - 21 Aug) 
22 July (26 June - 21 Aug)

1 Aug (29 July - 5 Aug) 
19 Aug (18 Aug - 22 Aug)

26 July (4 July - 22 Aug) 10 Aug (1 Aug - 20 Aug) 
26 July (4 July - 22 Aug) 21 Aug (19 Aug - 23 Aug)
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Table 1.4. Models of egg laying date for kittiwakes and murres nesting at Gull and the 

Barren Islands, Cook Inlet, Alaska, 1996-1999 using information theoretic criterion.

Variables K R J SSE ISAIC c W j Ev. Ratio

Kittiwake
lay SST 3 0.95 5.53 0.00 0.59 1.00
lay CPUE 3 0.96 6.17 0.76 0.40 1.46
peak CPUE date 3 0.93 19.19 8.70 0.01 77.58
lay CPUE + peak CPUE date 4 0.92 3.87 11.50 0.00 314.81
lay SST + peak CPUE date 4 0.93 5.30 13.70 0.00 945.45
lay SST + lay CPUE 4 0.93 5.31 13.70 0.00 945.96
lay SST + lay CPUE + peak CPUE date 5 0.75 3.16 52.07 0.00 202669495141.47

Guillemot
lay SST 3 0.96 3.08 0.00 0.98 1.00
lay SST + lay CPUE 4 0.96 1.46 8.77 0.01 80.22
lay SST + peak CPUE date 4 0.94 2.27 11.87 0.00 377.84

lay CPUE 3 0.91 30.36 16.01 0.00 2998.20
peak CPUE date 3 0.16 32.55 16.50 0.00 3826.36
lay CPUE + peak CPUE date 4 0.10 29.93 29.91 0.00 3126759.67
lay SST + lay CPUE + peak CPUE date 5 0.17 1.27 49.82 0.00 65808929523.86
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Table 1.4. Models of initial reproductive performance for kittiwakes and murres nesting 

at Gull and the Barren Islands, Cook Inlet, Alaska, 1996-1999 using information theoretic

criterion.

Variables K R 2 SSE M I C  c Wj Ev. Ratio

Kittiwake CS

lay CPUE 3 0.66 0.02 0.00 0.97 1.00

chick CPUE 3 0.00 0.07 7.52 0.02 42.96

lay CPUE + chick CPUE 4 0.67 0.02 13.00 0.00 664.21

lay date + lay CPUE 4 0.70 0.02 13.02 0.00 673.01

lay date + chick CPUE 4 0.67 0.02 13.69 0.00 939.36

lay date 3 0.65 0.25 16.19 0.00 3285.94

lay date + lay CPUE + chick CPUE 5 0.71 0.02 54.89 0.00 832012936031.18

Kittiwake LS

lay date 3 0.78 0.04 0.00 0.94 1.00

lay CPUE 3 0.47 0.09 6.15 0.04 21.66

chick CPUE 3 0.17 0.13 9.28 0.01 103.71

lay date + chick CPUE 4 0.85 0.02 11.13 0.00 260.51

lay date + lay CPUE 4 0.81 0.03 13.12 0.00 705.92

lay CPUE + chick CPUE 4 0.84 0.25 27.77 0.00 1074206.28

lay date + lay CPUE + chick CPUE 5 0.87 0.02 52.60 0.00 264073549102.00

K ittiw ake RS
lay date 3 0.94 0.06 0.00 0.43 0.43

lay CPUE + chick CPUE 4 0.94 0.01 0.74 0.30 1.45

chick CPUE 3 0.91 0.08 2.11 0.15 2.87

lay date + chick CPUE 4 0.73 0.01 3.36 0.08 5.36

lay CPUE 3 0.60 0.11 4.47 0.05 9.33

lay date + lay CPUE 4 0.46 0.04 11.34 0.00 289.90

lay date + lay CPUE + chick CPUE 5 0.25 0.01 42.56 0.00 1743924022.56

Guillem ot HS
chick CPUE 3 0.64 0.03 0.00 0.96 1.00

lay CPUE 3 0.05 0.09 6.81 0.03 30.06

lay CPUE + chick CPUE 4 0.77 0.02 10.85 0.00 226.98

lay date + chick CPUE 4 0.72 0.03 12.39 0.00 489.28

lay date 3 0.51 0.44 18.27 0.00 9289.54

lay date + lay CPUE 4 0.56 0.40 31.52 0.00 6983307.30

lay date + lay CPUE + chick CPUE 5 0.93 0.01 44.90 0.00 5612526464.60

G uillem ot RS
chick CPUE 3 0.99 0.03 0.00 0.90 1.00
lay date 3 0.87 0.06 4.88 0.08 11.46
lay CPUE 3 0.82 0.11 9.50 0.01 115.33
lay CPUE + chick CPUE 4 0.77 0.02 9.76 0.01 131.31
lay date + chick CPUE 4 0.53 0.02 12.25 0.00 457.55
lay date + lay CPUE 4 0.55 0.06 18.57 0.00 10776.14
lay date + lay CPUE + chick CPUE 5 0.09 0.00 36.31 0.00 76765352.35



30

1.7 REFERENCES

Abookire, A.A., Piatt, J.F. & Robards, M.D. (2000) Nearshore Fish Distributions in an 

Alaskan Estuary in Relation to Stratification, Temperature and Salinity.

Estuarine, Coastal and Shelf Science, 51, 45-59.

Ainley, D.G., D.N. Nettleship, Carter, H R., and Storey, A.E. 2002. Common Murre

(Uria aalge). In The Birds of North America, No. 666 (A. Poole and F. Gill, eds.). 

The Birds of North America, Inc., Philadelphia, PA.

Ainley, D.G., Boekelheide, R.J., Morrell, S.H. & Strong, C.S. (1990) Cassin's Auklet.

Seabirds o f the Farallon Islands (eds D. G. Ainley & R. J. Boekelheide), pp. 306

338. Stanford University Press, Stanford.

Ainley, D.G., Spear, L.B. & Allen, S. G. (1996) Variation in the diet of Cassin's auklet 

reveals spatial, seasonal, and decadal occurrence patterns of euphausiids off 

California, USA. Marine Ecology - Progress Series, 137, 1-10.

Allen, D.M., Service, S.K., Ogburn-Matthews, M.V. & Service, S.K. (1992) Factors 

influencing the collection efficiency of estuarine fishes. American Fisheries 

Society. Transactions, 121, 234-244.

Anderson, P.J. & Piatt, J.F. (1999) Community reorganization in the Gulf of Alaska

following ocean climate regime shift. Marine Ecology Progress Series, 189, 117

123.

Arnold, T.W. (1994) Effects of supplemental food on egg production in American coots. 

Auk, 111,337-350.

Baird, P.H. (1994) Black-legged Kittiwake (Rissa tridactyla). The Birds o f North

America, No. 92 Philadelphia: Academy of Natural Sciences, Washington D.C.: 

The American Ornithologists' Union.

Bertram, D.F., Mackas, D.L. & McKinnell, S.M. (2001) The seasonal cycle revisited: 

interannual variation and ecosystem consequences. Progress in Oceanography, 

49, 283-307.

Birkhead. T.R. & Nettleship, D.N. (1980) Census methods for murres, Uria species: a 

unified approach. Canadian Wildlife Service Occasional Papers. 43, 1-25.



31

Birkhead, T.R. & Nettleship, D.N. (1982) The adaptive significance of egg size and

laying date in thick-billed murres Uria lomvia. , 63, 300-306.

Burger, A.E. & Piatt,.J.F. (1990). Flexible time budgets in breeding Common Murres: 

buffers against variable prey availability. Studies in Avian Biology 14: 71-83.

Burnham, K.P. & Anderson, D.R. (2002) Model selection and multimodel inference: a 

practical information-theoretic approach. Springer-Verlag, New York

Cailliet, G.M., Love, M.S. & Ebeling, A.W. (1986) Fishes: A field and laboratory 

manual on their structure, identification and natural history. Wadsworth 

Publishing Company.

Durant, J. M., Anker-Nilssen, T. & Stenseth, N.C. (2003) Trophic interactions under 

climate fluctuations: the Atlantic Puffin as an example. Proc. R. Soc. Lond. B,

270, 1461-1466.

Durant, J. M., Anker-Nilssen, T, FIjermann, D. O. & Stenseth, N. C. (2004) Regime shifts 

in the breeding of an Atlantic puffin population. Ecology Letters, (2004) 7: 388— 

394.

Durant, J. M., Hjermann, D.O, Anker-Nilssen, T., Beaugrand. G, Mysterud, A.,

Pettorelly, N., Stenseth, N.C. (2005) Timing and abundance as key mechanisms 

affecting trophic interactions in variable environment. Ecology , 8 (9) 952

958.

Eeva, T., Veistola, S. & Lehikoinen, E. (2000) Timing of breeding in subarctic passerines 

in relation to food availability. Canadian Journal o f Zoology/Revue Canadien de 

Zoologie, 78, 67-78.

Ewald, P. W. & Rohwer, S. (1982) Effects of Supplemental Feeding on Timing of 

Breeding, Clutch-Size and Polygyny in Red-Winged Blackbirds Agelaius 

phoeniceus. Journal o f Animal Ecology, 51, 429-450.

Francis, R. C., Hare, S. R., Hollowed, A. B., & Wooster, W. S. (1998) Effects of

interdecadal climate variability on the oceanic ecosystems of the NE Pacific. 

Fisheries Oceanography ,7,1-21.



32

Frederiksen, M., Harris, M. P., Daunt, F., Rothery, P. & Wanless, S. (2004) Scale- 

dependent climate signals drive breeding phenology of three seabird species. 

Global Change Biol. 10. 1214-1221.

Gill, V.A. and Hatch, S. A. (2002) Components of productivity in black-legged

kittiwakes Rissa tridactyla: response to supplemental feeding. Journal o f Avian 

Biology,33:113—126.

Golet G.H., Irons D.B., Estes J.A. (1998) Survival costs of chick rearing in black-legged 

kittiwakes. JAnim Ecol 67:827-841.

Graphpad Prism version 4.00 for Windows, GraphPad Software, San Diego, CA, USA

Hatch, S.A. & Hatch. M.A. (1988) Colony attendance and population monitoring of 

black-legged kittiwakes on the Semidi Islands, Alaska. Condor, 90, 613-620.

Hatch, S.A. & Hatch, M.A. (1989) Attendance patterns of murres at breeding sites: 

Implications for monitoring. Journal o f Wildlife Management, 53, 483-493.

Hatch, S. A. & Hatch, M.A. (1990a) Breeding seasons of oceanic birds in a subarctic 

colony. Can. J. Zool./J. Can. Zool., 68, 1664-1679.

Hatch, S.A. & Hatch, M.A. (1990b) Components of breeding productivity in a marine 

bird community: Key factors and concordance. Can. J. Zool./J. Can. Zool., 68, 

1680-1690..

Kitaysky, A. S., Wingfield, J. C. & Romano, M. (1999) The adrenocortical stress

response of Black-legged Kittiwake chicks in relation to dietary restrictions. J. 

Compar. Physiol. 303-310.

Kitaysky, A. S., Wingfield, J. C. & Piatt, J. F. (2001) Corticosterone facilitates begging 

and affects resource allocation in the black-legged kittiwake. Behavioral Ecology,

12,619-625

Lack, D. (1966) Population studies o f birds. Clarendon Press, Oxford, UK.

Litzow, M. A., Piatt, J. F., Abookire, A. A., Prichard, A. K. & Robards, M. D. (2000) 

Monitoring temporal and spatial variability in sandeel (Ammodytes hexapterus) 

abundance with pigeon gullemot (Cepphus columba) diets. ICES Journal o f  

Marine Science, 57, 976-986.



33

Mackas, D. L, Goldblatt, R. & Lewis, A. G. (1998) Interdecadal variation in

developmental timing of Neocalanus plumchrus populations at Ocean Station P in 

the subarctic North Pacific, Can. J. Fish. Aquat. Sci. 55: 1878-1893.

McEwen, B.S. & Wingfield, J.C. (2003) The concept of allostasis in biology and 

biomedicine. Hormones and Behavior, 43: 2-15.

Meijer, T. & Drent, R. (1999). Re-examination of the capital and income dichotomy in 

breeding birds. Ibis,141, 399-414.

Methven, D.A. & Piatt, J.F. (1991) Seasonal abundance and vertical distribution of 

capelin (Mallotus villosus)in relation to water temperature at a coastal site off

eastern Newfoundland. ICES Journal o f Marine Science, 48, 187-193.

Nager, R.G., Rueegger, C. & Van Noordwijk, A.J. (1997) Nutrient or energy limitation 

on egg formation: A feeding experiment in great tits. Journal o f Animal Ecology, 

66, 495-507.

Nager, R.G. & van Noordwijk, A.J. (1995) Proximate and ultimate aspects of the great 

tit's breeding season in a heterogeneous environment. American Naturalist, 146: 

454-474.

Nager, R. G. & van Noordwijk A.J. (1992) Energetic limitation in the egg laying period 

of great tits. Royal Society o f London. Proceedings. Biological Sciences, 249, 

259-263.

Perrins, C.M. (1970) The timing of birds’ breeding season. 112, 242-255.

Perrins, C.M. (1991) Tits and their caterpillar food supply. 133, 49-54.

Perrins, C.M. (1996) Eggs, egg formation and the timing of breeding. 138, 2-15.

Perrins, C.M. & McCleery, R. H. (1989) Laying dates and clutch size in the great tit. 

Wilson Bulletin, 101, 236-253.

Piatt, J. F. & Anderson, P. (1996) Response of common murres to the Exxon Valdez oil 

spill and long-term changes in the Gulf of Alaska marine ecosystem. AFS 

Bethesda, MD, 720-737.



34

Piatt, J. F. ed. (2002) Response of seabirds to fluctuations in forage fish density. Final 

Report to Exxon Valdez Oil Spill Trustee Council (Restoration Project 

and Minerals Management Service (Alaska OCS Report 2002-068). pp. 406 pp.

Ricklefs, R.E. (1974) Energetics of reproduction in birds. Nuttall Ornithological Club 

Publications, 15, 152-297.

Rindorf, A., Wanless, S. & Harris, M. P. (2000) Effects of changes in sandeel availability 

on the reproductive output of seabirds. Marine Ecol. Progr. Ser. 202, 241-252.

Robards, M. D., Piatt, J. F., Kettle, A. B. & Abookire, A. A. (1999a) Temporal and

geographic variation in fish communities of lower Cook Inlet, Alaska. Fishery 

Bulletin, 97, 962-977.

Robards, M. D., Piatt, J. F. & Rose, G. A. (1999b) Maturation, fecundity, and intertidal 

spawning of Pacific sand lance in the northern Gulf of Alaska. Journal o f Fish 

Biology, 54, 1050-1068.

Robards, M. D., Rose, G. A. & Piatt. J. F. (2002) Growth and abundance of Pacific sand 

lance, Ammodytes hexapterus, under differing oceanographic regimes. 

Environmental Biology o f Fishes, 64, 429-441.

SAS Institute Inc. (1999) SAS/STAT User's Guide, Release 8.0 Edition. SAS Institute 

Inc., Cary, NC.

Speckman, S.G. (2004) Characterizing fish schools in relation to the marine environment 

and their use by seabirds in Lower Cook Inlet. Alaska. PhD thesis, University ot 

Washington, Seattle

Stenseth, N.C. & Mysterud, A. (2002). Climate, changing phenology, and other life

history traits: Nonlinearity and match mismatch to the environment. Proc. Natl. 

Acad. Sci. USA, 99, 13379-13381.

Svensson, E. & Nilsson, J.A. (1995) Food supply, territory quality, and reproductive 

timing in the blue tit (Parus caeruleus). Ecology, 76, 1804-1812.

Swennen, C. (1977) Report on a practical investigation into the possibility o f keeping 

sea-birds for research purposes, pp. 44. Netherlands Inst. Sea Res., Texel, The 

Netherlands.



35

van Noordwijk, A.J., McCleery, R.H. & Perrins, C.M. (1995) Selection for the timing of 

great tit breeding in relation to caterpillar growth and temperature. Journal o f  

Animal Ecology, 64, 451-458.

Visser, M. E., van Noordwijk, A.J., Tinbergen, J. M. & Lessells, C.M. (1998) Warmer

springs lead to mistimed reproduction in great tits (Parus major). Proceedings o f 

the Royal Society o f  London Series B, 265, 1867-1870.

Visser, M. E. & Both, C. (2005) Shifts in phenology due to global climate change: the 

need for a yardstick Proc. R. Soc. B 272, 2561-2569.

Warham, J. (1975) Crested penguins. Biology o f penguins (ed B. Stonehouse), pp. 189

269. Baltimore, University Park Press.

Wingfield, J.C., Hahn. T.P., Levin. R. & Pulmu, H. (1992) Environmental predictability 

and control of gonadal cycles in birds. Journal o f Experimental Zoology, 261, 

214-231.

Zador, S. G. & Piatt, J. F. (1999) Time-budgets of Common Murres at a declining and 

increasing colony in Alaska. Condor, 101, 149-152.

Zar, J. H. (1999) Biostatistical Analysis. Prentice-Hall, Inc., Upper Saddle River, NJ.



36

CHAPTER 2 SPATIAL AND TEMPORAL HETEROGENEITY IN THE DYNAMICS 

OF CORTICOSTERONE AND CORTICOSTERONE-BINDING GLOBULIN IN A 

FREE-LIVING SEABIRD*

2.1 Abstract:We examined the temporal and spatial dynamics of corticosterone (baseline

and acute stress-induced CORT) and corticosterone-binding-globulin (CBG) 

concentrations in blood of long-lived Black-legged Kittiwakes tridactyla) breeding

at four major colonies in the Bering Sea, Alaska, during 1999-2005. We investigated 

whether the seasonal dynamics of baseline and maximum CORT (total and free) and 

CBG binding capacity were related to consistent changes in physiology associated with 

reproductive stage, or to colony- and year-specific effects. We found that total CORT, 

free CORT, and CBG capacity varied among reproductive stages, colonies, and years. 

Free CORT levels were largely driven by total CORT, not CBG capacity. Baseline and 

maximum CORT, and CBG capacity did not vary as a consequence of endogenous 

rhythms associated with a particular reproductive stage. In accord with predictions for a 

long-lived species, the lack of consistent colony, year, and reproductive stage patterns in 

baseline and maximum CORT, and CBG indicates that ecological factors, probably local 

dynamics of food availability, drive variation in these factors.

Key words: kittiwake, stress, reproduction, Bering Sea, food availability

*Shultz MT, Kitaysky AS. 2007. Spatial and temporal heterogeneity in the dynamics of 

corticosterone and corticosterone-binding globulin in a free-living seabird. Prepared for 

submission to General and Comparative Endocrinology.
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2.2 INTRODUCTION

Comparing stress physiology among individuals, populations, and species allows us to 

understand the effects of environmental changes on wild animals (Wingfield 1995, 

Wingfield & Hunt 2002), mechanisms that allow animals to cope with stress (Romero 

2002), and life-history strategies (Romero et 2002, Wingfield et al. 1995, Wingfield & 

Hunt 2002). Corticosterone (CORT) concentrations fluctuate in relation to energy intake 

and thus are indicators of an individual’s energetic status (Kitaysky et al. in press). 

However, increased CORT concentrations divert resources from reproduction toward 

self-maintenance. Therefore, in circumstances where fitness is maximized by high 

reproductive effort, CORT concentrations may be suppressed during reproduction. In 

order to infer levels of energetic stress from CORT concentrations, it is important to 

understand how CORT might be modulated according to reproductive stage. In turn, 

understanding how CORT concentrations vary in relation to reproductive stage provides 

insights into life-history trade-offs.

Short-lived species with only a few opportunities to reproduce should invest more 

in each reproductive attempt than long-lived species which have many opportunities to 

reproduce (Stearns 1992). Several species of arctic breeding passerines (short-lived) 

decrease CORT concentrations during chick-rearing (Wingfield et al. 1995, Wingfield & 

Hunt 2002). By decreasing CORT concentrations during chick-rearing, despite exposure 

to perturbations, short-lived species are able to maintain reproductive effort that would 

have been disrupted by elevations in CORT (Wingfield et al. 1992, Wingfield et al. 1995, 

Wingfield & Hunt 2002; Meddle et al. 2003).

Modulation of the stress axis associated with reproductive stage is not expected in 

long-lived species (Wingfield & Kitaysky 2002). Long-lived species with many 

opportunities to reproduce should be sensitive to stressors regardless of the reproductive 

stage in order to facilitate rapid behavioral and physiological changes that promote self

maintenance. However, relatively little is known about the role of endogenous rhythms 

versus ecological factors in influencing CORT levels in long-lived species. In Wandering
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Albatross (Diomedea exulans), CORT concentrations of incubating adults appear to be 

sensitive to food availability (Angelier et al. 2007); however, whether CORT 

concentrations are modulated in relation to reproductive stage is unknown. In Wilson's 

Storm-petrel ( Oceanitusoceanicus), CORT levels of chicks were higher in a year of low 

food availability than in a year of high food availability, while adult CORT levels did not 

vary between years, suggesting that parents were able to compensate for lower food 

availability by reallocating resources to self-maintenance at the expense of chicks 

(Quillfeldt & Mostl 2003). Adult Grey-faced Petrels (. macroptera gouldii)

had higher maximum CORT levels during incubation than during pre-laying or chick- 

rearing, but these data were from one season, making it impossible to determine if these 

changes were related to endogenous changes or environmental changes (Adams et al. 

2005). Female Harlequin Ducks ( Histrionicus histrionicus) had higher body condition 

and lower CORT early in the breeding season than later in two years, and this pattern 

differed from males (Perfito et al. 2002). The authors suggested that this pattern is due to 

female Harlequin Ducks being capital breeders and accumulating large fat reserves prior 

to nesting. In order to determine if variation in CORT is driven by environmental 

conditions, endogenous seasonal rhythms, or population differences, more in-depth 

studies are needed that measure the seasonal dynamics of CORT over a broad range of 

environmental conditions and spatial scales.

Environmental conditions can vary among and within years and locations, 

potentially affecting ecological processes that determine the dynamics of factors which 

affect CORT, such as food availability. Thus measurements from a single year or 

population are unlikely to capture the range of environmental variability that might affect 

patterns of CORT secretion. Measuring CORT from multiple populations and years 

would allow us to test specific predictions on whether CORT levels are driven by stage- 

specific seasonal rhythms or ecological factors: if variation in CORT levels is primarily 

driven by consistent seasonal rhythms, then most of the variability in CORT will be 

accounted for by reproductive stage. Specifically, we would expect to see a decrease in 

CORT during chick-rearing, as it has been shown in many passerines species (Wingfield
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et al.1995, Wingfield et al. 2002). However, if CORT levels are driven largely by short

term changes in ecological factors then there would not be a consistent seasonal pattern in 

CORT levels; rather, variation in CORT would be related to the interaction of 

reproductive stage with other factors (colony and year).

Detecting endogenous rhythms in CORT levels of birds may also be confounded 

by population-specific characteristics. Populations breeding in environments with harsh 

climates (e.g., arctic) may suppress CORT during the breeding season (Wingfield al. 

2002), while those breeding in temperate environments do not (Wingfield et al. 1994a,b, 

Silverin et al. 1997, Silverin & Wingfield 1998). Suppressed CORT production may be 

advantageous in harsh environments where increases in CORT associated with storms 

might otherwise disrupt reproduction (Wingfield et al. 1994a, Wingfield et al. 1995, 

Wingfield et al. 2002). Also, populations may differ in their demographic parameters, 

predation levels, parasite load, and level of competition for nest sites (Raouf et 2006, 

Clinchy et al. 2004). Thus, consistent differences in population-specific factors may 

obscure relationships between CORT and either stage-specific or ecological variability. 

Clearly, identifying species-specific sources of variability in CORT is critical to 

interpreting temporal and geographic patterns in CORT levels.

Corticosterone binding globulin (CBG) is another factor that may confound the 

ability to interpret the degree of energetic stress from CORT levels. CBG is a circulating 

transport protein that affects the availability of CORT to target tissues. CORT exists in 

circulation in two forms; “bound” (bound to CBG) and “free” (the unbound fraction), 

which together constitute “total” CORT levels. It is generally thought that the free 

fraction of CORT is the biologically active fraction while the bound fraction is inactive 

(Breuner & Orchinik 2002). Historically, CBG levels were assumed to be relatively 

constant such that free, bound, and total CORT fractions varied in proportion to one 

another. However, recent studies have shown that CBG concentrations are dynamic such 

that free and bound CORT may vary independently (Lynn et al. 2003, Love et al. 2004). 

Thus, in order to accurately assess energetic stress, it may be important to consider both 

bound and free CORT and consider the role of CBG in altering CORT action. The factors
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that affect CBG levels are unknown, but it has been shown that CBG levels are reduced 

when animals are nutritionally stressed (Lynn 2003). Also, it has been proposed that 

CBG varies in relation to endogenous rhythms and may be another mechanism to 

seasonally modulate responses to CORT (Love 2004). However, these studies were 

conducted in a single reproductive season, and it is not clear if these patterns in CBG 

concentration would persist if birds were sampled under varying environmental 

conditions. In this study, we examined variability in CBG capacity and its effect on free 

CORT concentration at several stages of the reproductive season and over a broad range 

of environmental conditions.

The goal of this study is to examine variation in CORT levels and CBG capacity 

of Black-legged Kittiwakes (Rissa tridactyla) breeding at four major colonies in, or 

bordering, the southeastern Bering Sea, Alaska, in relation to three major sources of 

variability: endogenous rhythms, population (colony), and ecological factors. The 

specific objectives are: 1) to determine the relative contribution of reproductive stage, 

colony, and year to variation in total CORT concentration, CBG capacity, and free COR4 

concentration, 2) to examine the relationships among total CORT, CBG capacity, and 

free CORT concentrations at three of these colonies, and 3) to compare and contrast 

CORT and CBG dynamics in a long-lived, high latitude nesting seabird with patterns 

reported for short-lived, high-latitude nesting species.

2.3 METHODS

2.3.1 STUDY AREA

We conducted our study at four seabird colonies—St. George and St. Paul Islands in the 

Pribilof Islands group in the southeastern Bering Sea, Bogoslof Island in the central 

Aleutian Islands, and Buldir Island in the Rat Island group of the western Aleutian 

Islands. These colonies can be separated into two categories; those situated in the middle 

continental shelf domain and influenced primarily by shelf system processes (Pribilof 

Islands) and those situated on the Aleutian Arc and primarily influenced by oceanic 

system processes (Bogoslof & Buldir Islands). These colonies also vary in population 

dynamics (Alaska Maritime NWR unpubl. data). Thus, these colonies represent a wide
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range of environmental conditions and population histories that allow us to examine the 

effects of population, reproductive stage, and ecological factors on variation in CORT 

levels.

2.3.2 SAMPLE COLLECTION

Adult breeding birds were sampled at three reproductive stages—early incubation, late 

incubation/early chick-rearing, and late chick-rearing. The breeding status ot birds was 

verified by the condition of their brood patch and presence of eggs, or chicks in the nest. 

Only one adult was sampled per nest and birds were banded with USFWS metal leg 

bands at the time of sampling to avoid re-sampling the same individual during the study. 

We sampled approximately 10 birds per reproductive stage in each colony-year (range: 5 

-  18 individuals, mean = 10.38 ± 2.67). Birds were captured at nest sites during daylight 

hours with 9 meter telescoping noose-poles. Immediately after capture a small blood 

sample (-200 pL) was collected by puncturing the brachial vein with a 26-guage needle 

and collecting blood in 100-pl heparinized hematocrit tubes. We collected a baseline 

blood sample within 3 min of initial contact—it takes at least 3 minutes for levels of 

CORT to begin to rise in the blood in response to a stressor (Romero & Reed 2005; this 

study), so this first sample provides a baseline measure of circulating CORT and does not 

reflect the stress induced by capture. Additional sub-samples were collected (-100 pL) at 

10, 30 and 50 minutes post-capture to determine maximum CORT an individual was able 

to produce in response to the stress of handling and restraint (Wingfield et 1994a). 

Because the rate at which CORT levels rise differs among individuals (e.g. Cockrem & 

Silverin 2002; Cockrem 2004), for each bird we chose the sampling times which yielded 

the highest levels of CORT; in all cases this was the 30 or 50 minute sample. While being 

held between sub-sample collection, birds were measured (tarsus, wing and headbill), 

weighed, and banded. We transferred blood into 0.5-ml vials and stored samples on ice. 

Within 12 hours, we centrifuged the blood, separated plasma, and stored samples frozen. 

We later transported samples to the University of Alaska Fairbanks laboratories 

(Fairbanks, AK) and stored them at -20°C until assayed for CORT and CBG.
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2.3.3 CORTICOSTERONE ASSA YS

Total corticosterone was measured using a radioimmunoassay. Each sample was 

extracted with 4.0 ml dicholoromethane, dried under nitrogen, and re-suspended in 

phosphate-buffered saline with 1% gelatin. For each sample, 20 pi of plasma were 

equilibrated with 2000 cpm of tritiated corticosterone prior extraction. Percent tritiated 

hormone recovered from each individual sample was used to correct final values 

(recoveries ranged from 72% to 100 %; mean 87%). Samples were reconstituted in 

PBSG-buffer and combined with antibody and radiolabel in a radioimmunoassay 

(Wingfield & Farner 1975). Dextran-coated charcoal was used to separate antibody- 

bound hormone from unbound hormone. Inter- and intra-assay variations were less than 

4% and 2%, respectively. Sensitivity of this assay was 7.8 pg/ tube.

2.3.4 CORTICOSTEROID-BINDING GLOBULIN ASSAY

We measured plasma CBG in two separate assays according to established protocols 

(Breuner & Orchinik 2002; Fove et al.2004). We determined optimal incubation time (2 

hr), final plasma concentration (1:450 dilution), and CORT affinity (Kd = 1.178, Figure

2.1). We stripped endogenous CORT from plasma by incubating 10 pi of each sample 

with 20 pi dextran-coated charcoal solution for 30 min at room temperature prior to 

centrifuging for 10 min at 4000 rpm, 4°C. We conducted the assay in triplicate at 4°C 

and simultaneously determined non-specific binding (in duplicate) using unlabeled 

hormone. Following incubation, we separated bound and free fractions of labeled CORT 

using glass fiber filters (Whatman GF/B) pre-soaked for 1 h in 25 nM Tris with 0.3%

PEI. We suspended filters containing the bound fraction in scintillation liquid and 

measured radioactivity after 12 h. We calculated average intra-assay variation (3.2 %) as 

well as inter-assay variation (2 %) using three repeated point sample determinations 

(adjusted CBG capacity nM) of a single plasma pool in each assay.

CBG levels may vary through time when birds are subjected to the standardized 

capture and restraint protocol used to assess an individual's stress response (Breuner et
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al. 2006). We compared CBG concentrations among sample bleeds (baseline, 10, 30, and 

50 mins after capture) for a sub-sample of kittiwakes (n = 12). CBG concentrations were 

similar between bleed times (Fi, n = 1.06, P = 0.14) and thus we used baseline CBG 

concentrations for all calculations of free CORT concentrations.

2.3.5 STATISTICAL METHODS

We logio-transformed baseline total CORT and baseline free CORT data to meet 

assumptions of normality. To examine whether differences in CORT and CBG are 

intrinsic to a colony, and/or reproductive stage (early incubation, early chick-rearing, late 

chick-rearing), we used factorial ANOVA for unbalanced designs, where the 

physiological measurement (e.g., baseline total CORT) was a dependent variable, and 

colony, reproductive stage, and year with all possible interaction terms were factors. 

Bonferroni adjusted multiple comparison tests were used to test for pair-wise differences 

between means (Bonferroni adjusted P values < 0.05 were considered significant). It was 

not feasible to sample each colony, or all three reproductive stages in every year (Table 

2 .1).

We used Pearson’s correlations to examine the relationship between physiological 

measurements (with individual as a sample unit). We were unable to sample all 

reproductive stages at all colonies in all years; Table 2.1 shows the sampling effort. All 

statistical tests were performed with SAS v. 9.1 (SAS 2006). Statistical significance was 

assumed if P<0.05

2.4 RESULTS

2.4.1 BASELINE TOTAL CORT

There was a significant difference in baseline CORT among colonies (Table 2.2). There 

was also a significant difference between reproductive stages (Table 2.2)—CORT levels 

were higher during incubation than late chick-rearing. However, there were no consistent 

patterns in the seasonal dynamics of CORT when the interaction of colony, year, and 

stage was considered (significant Colony*year*stage interaction term; Fig. 2.2, Table
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2.2). Rather, the seasonal dynamics of baseline CORT levels changed in opposite ways 

depending on the year and colony. The significant interaction term among colony, year, 

and reproductive stage (Table 2.2) suggests that fluctuations in baseline CORT could not 

be attributed to the effects of colony, year, and reproductive stage, but likely reflects 

changes in short-term ecological factors.

2.4.2 MAXIMUM TOTAL CORT:

There was a significant difference in maximum CORT levels among colonies (Table 2.2). 

Maximum CORT levels were lower at Bogoslof than St. George and Buldir, and were 

lower on St. Paul than Buldir (Bonferroni multiple comparison P<0.05). The seasonal 

dynamics of maximum CORT varied in opposite ways in different years (significant 

year*stage interaction term). Maximum CORT levels varied inconsistently within a 

colony among years (significant colony*year interaction term; Fig. 2.3). The significant 

interaction terms among colony, year, and reproductive stage (Table 2.2) suggest that 

fluctuations in maximum CORT could not be attributed to the effects of colony, year, and 

reproductive stage, but are likely to reflect changes in ecological factors.

2.4.3 CBG BINDING CAPACITY:

CBG capacity varied significantly among colonies (Table 2.2)—CBG capacity was 

higher on St. George than St. Paul. CBG capacity was also higher during late chick- 

rearing than during early chick-rearing, but this pattern was not consistent in all colony- 

years (Fig.2.4, Table 2.2), indicating that CBG capacity was not entirely a function of 

consistent endogenous physiological changes between different reproductive stages, but 

reflected ecological factors as well.

2.4.4 BASELINE FREE CORT

Baseline free CORT levels were significantly higher at Buldir than on St. George and St. 

Paul Islands (significant colony effect, Table 2). The seasonal dynamics of baseline free 

CORT differed among colonies—free CORT was significantly higher during early chick-
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rearing at Buldir than in all other colony-stages, except during incubation at St. Paul 

(significant colony*stage interaction term; Table 2.2). The seasonal dynamics of baseline 

free CORT differed between years—free CORT was significantly lower during late 

chick-rearing in 2003 than in other years-stage samples (Fig. 2.5).

2.4.5 MAXIMUM FREE CORT

Maximum free CORT differed among colonies, years and stages (Table 2.2). Maximum 

free CORT was higher at Buldir than other colonies, was higher during early chick- 

rearing than other stages, and was higher in 2004 than 2003. The seasonal dynamics of 

maximum free CORT differed among colonies and among years (significant 

colony*stage & year*stage interaction terms, Table 2.2). Maximum free CORT levels 

were lower at St. George during late chick-rearing than other colony-stage samples. Also, 

maximum free CORT was higher at Buldir during early chick-rearing than all other 

colony-stages except at Buldir during late chick-rearing. Maximum free CORT was 

higher during early chick-rearing in 2004 than during any other year-stages, and in 2003 

CORT levels were higher during incubation than during late chick-rearing. The dynamics 

of maximum free CORT levels differed among years—CORT levels were higher at 

Buldir in 2004 than in other colony-year samples (Fig. 2.6).

2.4.6 RELATIONSHIP BETWEEN PHYSIOLOGICAL PARAMETERS:

All measurements of CORT were positively correlated with one another, but unrelated to 

CBG capacity (Table 2.3). The strongest correlations were between total CORT and free 

CORT (Table 2.3), suggesting that free CORT concentrations are largely driven by the 

plasma concentrations of total CORT and are independent of plasma CBG binding 

capacity.

2.5 DISCUSSION

We examined sources of variability (seasonal, inter-annual, and inter-colony) in total 

CORT, CBG and free CORT concentrations of a long-lived seabird, the Black-legged
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Kittiwake, breeding in, or adjacent to, the Bering Sea, Alaska. We found that total CORT, 

free CORT, and CBG capacity varied inconsistently among colonies, years, and 

reproductive stages. Free CORT levels were largely driven by total CORT as opposed to 

CBG capacity. These results demonstrate that, in accord with our predictions for a long- 

lived species, baseline and maximum CORT, and CBG capacity do not vary primarily as 

a consequence of endogenous seasonal rhythms, or due to consistent differences in the 

energetic demands associated with reproductive stage. To the contrary, the lack of 

consistent patterns by colony, year, and reproductive stage in baseline CORT, maximum 

CORT, and CBG indicates that ecological factors, probably local dynamics of food 

availability, drive variation in these levels. This contrasts with short-lived birds that 

reduce CORT concentrations during chick-rearing independent of environmental 

conditions.

2.5.1 TOTAL CORT: EFFECTS OF REPRODUCTIVE STAGE 

2JJJ_ BASELINE TOTAL CORT:

In a prior study, baseline total CORT levels in kittiwakes decreased as the reproductive 

season progressed, suggesting that kittiwakes may reduce CORT production during 

chick-rearing (Lanctot et al.2003). However, other studies found that baseline CORT 

levels were similar between incubation and chick-rearing (Buck et 2007), or increased 

between incubation and chick-rearing (Kitaysky et al. 1999). Taken together, the results 

of these three studies suggest that baseline CORT levels in kittiwakes reflect differences 

in environmental conditions among these three locations in those years of study. We 

found no consistent relationship between baseline total CORT levels and reproductive 

stage, (significant colony*year*stage interaction, Fig. 2.2).

For some arctic breeding passerines, inherent seasonal patterns in baseline CORT 

appear to be related to energy expenditure that are overlain by specific challenges (energy 

availability), such that CORT levels reflect the underlying stage-specific differences in 

energy expenditure plus the additional challenges (Wingfield et al. 1995). For kittiwakes, 

baseline CORT levels may reflect stage-specific differences in energy requirements
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overlain by variation in local foraging conditions (which are notoriously capricious for 

seabirds), potentially masking any stage-specific pattern. Alternatively, there were no 

stage-specific patterns in energy expenditure, so the observed variation in baseline CORT 

reflected mostly changes in food availability (Kitaysky et in press). Thomson et 

(1998) found that energy expenditure of adults was similar during incubation and chick- 

rearing in kittiwakes. In this present study, changes in ecological factors among years and 

within seasons appeared to drive variation in baseline CORT levels, whereas colony- or 

stage-specific effects, if present at all, were weak or masked by other factors.

Few data exist on the seasonal dynamics of CORT in other long-lived species, and 

fewer still for seasonal dynamics over multiple years. Baseline CORT levels in 

incubating Wandering Albatrosses were sensitive to environmental conditions during 

incubation, but whether or not CORT levels are equally sensitive during chick-rearing is 

unknown (Angelier et al. 2007). In several other long-lived species, baseline CORT 

levels did not vary among breeding stages (Adams et al. 2005, Vleck et al. 2002, Perfito 

et al. 2002); however, two of these studies are from one reproductive season and the 

other is from two seasons (Perfito et al. 2002). In chick-rearing Wilson’s Storm-petrels, 

baseline CORT levels were similar between two years of differing food abundance, but 

CORT levels were higher in chicks in the low-food season (Quillfeldt & Mostl 2003). 

Whether or not these results represent insensitivity of breeding birds to environmental 

changes or stable environmental conditions during these time periods is unknown. 

However, food availability is usually highly variable for kittiwakes (Shultz chapter 1, 

Suryan et al. 2002; Kitaysky et al.2000), as are baseline CORT levels (Fanctot et al. 

2003, Buck et al. 2007, Kitaysky et al. 1999, Golet et al. 2004, Shultz chapter 1). These 

increases in CORT may facilitate increased foraging effort in parents when foraging 

conditions are poor, without causing an abandonment of reproduction (Kitaysky et al. 

2001, Shultz chapter 1). These alterations in CORT may be necessary to cope with a 

highly variable food supply and prevent breeding birds from depleting endogenous 

energy stores to the point that it results in abandonment of reproduction.
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2.5.7.2 MAJQMUK TOTAL CORT

In accordance with predictions for a long-lived species, we expected that kittiwakes 

would maintain the ability to elevate CORT concentrations during chick-rearing. Our 

results were consistent with this prediction—the seasonal dynamics of maximum total 

CORT levels varied inconsistently within colonies and among years (significant 

colony*year, year*stage interactions). This lack of an attenuated stress response during 

chick-rearing is consistent with results from a previous study of kittiwakes (Kitaysky 

al. 1999), where maximum CORT levels increased as the season progressed in two 

successive years. Although we did not observe a similar increase in maximum CORT 

levels during chick-rearing for all colony-years, it is possible that the energetic demands 

associated with reproduction still increased during chick-rearing but that these effects 

were masked by changes in CORT associated with dynamics of food availability. Similar 

results were found for Common Murres ( Uriaaalge) breeding in Cook Inlet, Alaska— 

maximum CORT levels varied inconsistently among stages and were related to variation 

in food abundance (Kitaysky et al.in press). Our results contrast with studies of arctic 

breeding passerines whose stress response is usually attenuated during chick-rearing 

(Meddle et al. 2003, Romero 2002). Elevated CORT is known to reduce reproductive 

behaviors (Silverin 1986), such as territory defense, courtship, and chick-feeding 

(Silverin & Wingfield 1998), and, for short-lived species breeding where environmental 

conditions are suitable for reproduction for only a short period in summer (e.g., arctic 

breeding passerines), attenuating the stress response during chick-rearing likely 

maximizes fitness. However, for long-lived species, such as kittiwakes (maximum life 

span of an individual is ca. 25 years, Baird 1994), resources should be allocated 

preferentially toward self-maintenance in stressful situations. The lack of an attenuated 

stress response and the inconsistent seasonal dynamics of maximum CORT indicate that 

kittiwakes retain the ability to respond to stressful situations by increasing maximum 

CORT levels and that maximum CORT levels are likely to be driven largely by variation 

in local environmental conditions. Little is known about the dynamics of maximum
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CORT levels during the reproductive season in other long-lived species. Grey-faced 

Petrels had reduced maximum CORT levels during chick-rearing; however, these data 

were from one season and so it is unknown whether or not this is a consistent pattern 

(Adams et al.2005). The authors attributed it to a consistent level of energy expenditure 

throughout the breeding season and the period of peak food abundance occurring during 

chick-rearing. Maximum CORT levels in breeding Harlequin Ducks appear to be related 

to their nutritional status (Perfito et al.2002). In the present study, the lack of an 

attenuated stress response at any one stage suggests that kittiwakes maintain the ability to 

alter their physiology and behavior in response to environmental changes at all 

reproductive stages, which matches our prediction for long-lived species.

2.5.2 TOTAL CORT: EFFECTS OF COLONY

2.5.2.1 M SE U N E A N P  MAXIMUM TOTAL CORT

Baseline and maximum CORT levels were not related to colony-specific factors. Many 

factors vary among colonies that might affect baseline and/or maximum total CORT 

levels including age distribution, quality of individuals, social dynamics, predation level, 

parasite burden, weather conditions, and differences in food availability. In our study, 

many of these sources of variability were reduced by sampling only actively breeding 

birds—we did not sample individuals that were not capable of accumulating resources for 

reproduction, those likely to be sick or heavily parasitized, and those that were did not 

have established nest sites. Several studies of passerines have shown that high latitude 

populations have attenuated stress responses at certain reproductive stages when 

compared to lower latitude populations (reviewed in Wingfield & Hunt 2002). The 

kittiwake colonies in this study were at similar latitudes and this was not a factor 

influencing CORT levels. Therefore, differences in total CORT levels observed in this 

study reflect variation in ecological factors. The lack of a consistent colony effect on 

baseline and maximum total CORT levels supports this conclusion.
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2.5.3 CBG: EFFECTS OF COLONY & REPRODUCTIVE STAGE

Recent studies have demonstrated that CBG concentrations vary independently of total 

CORT in some short-lived passerines (Love e 2004. Breuner & Orchinik 2001). It has 

been suggested that these birds may increase CBG concentrations during chick-rearing as 

a method to buffer target tissues from CORT exposure (Breuner & Orchinik 2002). There 

is also evidence that CBG concentrations may be reduced when birds are nutritionally 

stressed (Lynn et al.2003), or exposed to exogenous CORT (Shultz unpubl. data, Shultz 

Chapter 2).

We found that CBG varied in relation to reproductive stage, but inconsistently 

among colonies (significant colony*stage interaction). Specifically, adults at two of the 

three colonies (Buldir and St. George islands) had significantly lower CBG 

concentrations during the middle stage (early chick-rearing) than did those on St. George 

during late chick-rearing. CBG did not vary consistently among stages at St. Paul Island. 

These results do not support the hypothesis that CBG concentrations increase during 

chick-rearing in a fixed endogenous pattern as a means to buffer parents from increased 

CORT production. Similar to results for total CORT levels, the results indicate that, for 

kittiwakes variation in CBG concentrations is largely due to variation in ecological 

factors.

2.5.4 FREE CORT: EFFECTS OF COLONY & REPRODUCTIVE STAGE

2.5. £  1_ BASELINE FREE CORT

Our results do not support the hypothesis that kittiwakes modulate free CORT levels in 

relation to reproductive stage (Love et al. 2004, Breuner & Orchinik 2002). The factor 

that accounted for most of the variability in baseline free CORT was the interaction of 

year and reproductive stage. Specifically, when all colonies were averaged together, 

baseline free CORT was lower in late chick-rearing in 2003 than during incubation in 

2003. However, this was not the case in 2004, when free CORT concentrations tended to 

increase during late chick-rearing, nor was this pattern consistent within colony-year
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samples. The lack of consistent stage and colony effect on CBG levels, suggests that 

variation in free CORT was associated with ecological factors.

2.5. £  2  MAXIMUM. FREE COR T:

The factor that accounted for most of the variability in maximum free CORT was the 

interaction of colony and year, again contradicting the hypothesis that the stress response 

may be attenuated consistently during chick-rearing. Maximum free CORT was higher at 

Buldir in 2004 than in other colony-year samples. Kittiwakes nearly failed reproductively 

at Buldir in 2004 and had much lower productivity than in other colony-year samples 

during this study (productivity = 0.01 chicks fledged per pair. Alaska Maritime NWR 

unpubl. data). This result is consistent with the hypothesis that a large increase in CORT 

during stressful situations may interfere with reproductive behavior. Although the birds 

sampled for CORT at Buldir in 2004 were breeding, they were likely to be near the 

threshold of reproductive abandonment, and many birds did abandon reproductive efforts. 

Although poor reproductive performance was positively associated with maximum free 

CORT levels in this case, we may not expect this in most instances. Free CORT (as well 

as total CORT) levels in this study varied over a wide range that did not result in 

reproductive failure—all birds sampled were breeding. Changes in CORT within a 

certain range may facilitate subtle adjustments in behavior and physiology that may only 

result in a slight reduction in reproductive effort and no observable effect on reproductive 

performance. However, this slight reduction in reproductive effort may result in the 

compromised physiological condition of chicks and reduced post fledging survival 

(Shultz chapter 1, Kitaysky et al. 2006). Also, maximum free CORT levels reflect the 

potential to produce CORT and depending on future environmental conditions, these 

CORT levels may never be realized.

2.5.5 CORRELATIONS AMONG PHYSIOLOGICAL PARAMETERS

Total CORT and free CORT were strongly positively correlated (Table 2.3). However,

CBG concentrations were not correlated with CORT. It has been argued that free CORT
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concentrations are the more biologically relevant measure of physiological stress in birds 

(Breuner & Orchinik 2002), but this is widely debated (Romero 2002). This argument is 

based on the “Buffer Hypothesis'’ (summarized in Romero 2002), which claims that 

CORT bound to CBG is inactive, and that by increasing CBG capacity while keeping 

total CORT levels constant, birds effectively buffer themselves from CORT exposure. 

The Buffer Hypothesis has been invoked to explain increases in CBG capacity and 

reduced free CORT concentrations during chick-rearing in passerines. However, there is 

another hypothesis called the “Carrier Protein Hypothesis” (Romero 2002), which argues 

that CBG is necessary to transport CORT to target tissues and therefore is necessary for 

CORT action. It is not clear which hypothesis is more correct, but under the Buffer 

Hypothesis, free CORT is the more relevant measure of stress and under the “Carrier 

Protein Hypothesis”, total CORT is the more relevant measure. More work is needed to 

distinguish between these two hypotheses. In this study we measured both free and total 

CORT, and found them to be strongly but not perfectly correlated. Either measure would 

have produced similar results in this study, but this is not always the case (e.g., Love 

al. 2004).

Despite the lack of a relationship between CBG and CORT, we concluded that 

both were driven by ecological factors, most likely food availability. Clearly, the factors 

influencing variability in CBG and CORT levels are not the same. Little is known about 

CBG and CORT interactions in free-living vertebrates, but evidence suggests that their 

relationship is complex. In a captive rearing study of Red-legged Kittiwake 

brevirostra) chicks, CORT levels increased more rapidly in response to lipid restriction 

than to protein restriction, while the opposite was true of CBG concentrations (Dempsey

2006). CBG is a protein and may be utilized as an energy substrate when lipid stores are 

depleted (Lynn et al.2003). Thus, differences in CORT and CBG concentrations 

observed in this study may be due to changes in overall food availability (Lynn et al.

2003) and variations in the lipid to protein ratio of kittiwake diets (Dempsey 2006).
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2.5.6 CONCLUSIONS

It has been suggested, mostly for arctic breeding passerines, that CORT and CBG levels 

reflect endogenous changes in physiology of individuals at different stages of their 

breeding cycle and/or population-specific parameters. However, CORT production and 

possibly CBG levels also are influenced by a wide range of environmental conditions. In 

this long-term study of a long-lived seabird, variation in CORT and CBG matched the 

predictions for a long-lived species—they fluctuated independently of reproductive stage. 

Fluctuations in CORT were likely due to changes in prey availability driven by 

environmental variability, such as fluctuations in local oceanographic conditions like 

currents or sea surface temperature (Kitaysky 2006; Benowitz-Fredericks et

2007). Assessing food-related stress is of particular interest in the case of seabirds 

because as marine top predators they are integrators of marine productivity over multiple 

trophic levels. Our results suggest that kittiwake CORT levels are a good indication of 

variation in environmental conditions and that with careful sampling CORT may be used 

as an ecological indicator—it is relatively easy and non-invasive to measure and is 

responsive to changes in environmental conditions. Also, measuring the seasonal 

dynamics of CORT and CBG provides insight into the evolutionary pressures shaping 

life-history strategies of birds. Kittiwakes do not suppress CORT levels during chick- 

rearing, and evidence from previous studies indicates that they also maintain behavioral 

sensitivity to CORT during egg-laying and chick-rearing (Kitaysky et al. 2001. Lanctot et 

al. 2003). However, whether or not they maintain similar sensitivity to CORT during 

incubation also needs to be examined. Increased CORT levels at any stage of 

reproduction may function to modify behavior and physiology to balance the costs of 

reproduction with future reproductive value, but more studies are needed to examine the 

costs and benefits of CORT exposure and how these vary in relation to different life- 

history strategies.
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Figure 2.1. Equilibrium saturation binding curve demonstrating specific binding of 3H- 

CORT to Black-legged Kittiwake plasma (4°C) as a function of increasing concentrations 

of radio-labeled CORT.
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Figure 2.3. Maximum total CORT concentrations by colony, year, and reproductive stage 

for Black-legged Kittiwakes breeding in the Bering Sea, 1999 -  2005. Columns with the 

same letter within colony-years are statistically similar (Bonferroni post hoc comparisons 

P>0.05).
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Figure 2.4. CBG specific binding capacity by colony, year, and reproductive stage for 

Black-legged Kittiwakes breeding in the Bering Sea, Alaska 2003 -  2004. Columns with 

the same letter within colony-years are statistically similar (Bonferroni post hoc 

comparisons P>0.05).
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Figure 2.5. Baseline free CORT concentrations by colony, year, and reproductive stage 

for Black-legged Kittiwakes breeding in the Bering Sea, 2003 -  2004. Columns with the 

same letter are statistically similar (Bonferroni post hoc comparisons P>0.05).
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Figure 2.6. Maximum free CORT concentrations by colony, year, and reproductive stage 

for Black-legged Kittiwakes breeding in the Bering Sea from 2003 - 2004. Columns with 

the same letter are statistically similar (Bonferroni post hoc comparisons P > 0.05).



Table 2.1. Sampling effort o f  physiological m easurem ents for Black-legged Kittiwakes breeding in the Bering Sea, Alaska. The colum n 
labeleled "total CORT" indicates where baseline total & maximum total CORT were measured, and the colum n labeled "free CO R T/CBG " 
indicates where CBG was measured and as a result baseline free & m axim um  free CORT could be calculated. The abbreviations Inc = early 
incubation, EC = early chick-rearing, LC = late chick-rearing, and "-" indicates colony-years where no data were collected.

Colony B ogoslo f Bui dir St. George St. Paul
Year total CO RT fre e  CO RT/CBG total C O RT fre e  CO RT/C BG total C O RT fre e  CO RT/CBG total C O RT fre e  CO RT/CBG
1999 LC - - - - LC -

2000 Inc, EC, LC - - Inc, EC, LC - Inc, EC, LC -

2003 - Inc, EC, LC Inc, EC, LC Inc, EC, LC Inc, EC, LC Inc, EC, LC Inc, EC, LC
2004 LC Inc, EC, LC Inc, EC, LC Inc, EC, LC Inc, EC, LC Inc, EC, LC Inc, EC, LC
2005 LC - - Inc, EC, LC - Inc, LC -

ON



Table 2.2. Effects o f year, colony, and reproductive stage on total CORT, free CORT, and 
concentrations in Black-legged Kittiwakes breeding at Bogoslof. Buldir, St. George, and S 
Islands from 1999 - 2005. Explanatory variables separated by commas represent interactio 
those variables. Bonferroni significance is defined as having at least one pair-wise compar 
with corrected P < 0.05.

Factor d f
Effect

MS
Effect

d f
Error

F P Bonferroni
significance

Baseline total CORT
Colony 3 2.02 318 5.88 0.0006 Yes
Stage 2 1.52 318 4.43 0.0127 Yes
Year 4 0.42 318 1.22 0.3032 No
Colony, stage 6 0.98 318 2.84 0.0105 Yes
Year, stage 6 1.38 318 4.00 0.0007 Yes
Colony, year 6 1.20 318 3.48 0.0024 Yes
Colony, year, stage 7 0.94 318 2.72 0.0093 Yes

Maximum total CORT
Colony 3 573.32 299 4.67 0.0033 Yes
Stage 2 22.08 299 0.18 0.8353 No
Year 4 400.63 299 3.27 0.0121 No
Colony, stage 6 191.64 299 1.56 0.1578 No
Year, stage 6 321.14 299 2.62 0.0173 Yes
Colony, year 6 1762.37 299 14.37 <0.0001 Yes
Colony, year, stage 6 184.39 299 1.50 0.1767 No

CBG binding capacity
Colony 2 3219.69 152 4.21 0.0167 Yes
Stage 2 3412.05 152 4.46 0.0131 Yes
Year 1 222.56 152 0.29 0.5905 *na
Colony, stage 4 1834.20 152 2.40 0.0528 No
Year, stage 2 245.34 152 0.32 0.7262 No
Colony, year 2 2662.04 152 3.48 0.0333 Yes
Colony, year, stage 4 1777.59 152 2.32 0.0592 No

Baseline free CORT
Colony 2 4.10 152 4.86 0.0090 Yes
Stage 2 2.24 152 2.65 0.0738 No
Year 1 1.19 152 1.41 0.2377 *na
Colony, stage 4 3.00 152 3.56 0.0084 Yes
Year, stage 2 6.85 152 8.12 0.0004 Yes
Colony, year 2 2.76 152 3.27 0.0408 No
Colony, year, stage 4 1.09 152 1.29 0.2747 No

Maximum free CORT
Colony 2 356.11 152 3.50 0.0327 Yes
Stage 2 677.29 152 6.65 0.0017 Yes
Year 1 767.94 152 7.55 0.0067 *na
Colony, stage 4 343.27 152 3.37 0.0112 Yes
Year, stage 2 486.46 152 4.78 0.0097 Yes
Colony, year 2 2919.83 152 28.69 <0.0001 Yes
Colony, year, stage 4 170.96 152 1.68 0.1576 No
* Bonferroni not applicable because there are data from only two years (2003 & 2004)
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T able 2.3. R ela tionsh ips betw een total and free C O R T  concentra tions, and CB G  binding capacity  in 
B lack-legged K ittiw akes breed ing  at B ogoslof, Buldir, St. G eorge, and St. Paul Islands from  1999 - 
2005. R eported  num bers are P earson correla tion  coefficients and sam ple sizes (in parentheses). The 
sam ple unit is one colony-year-stage. S tatistically  significant re la tionsh ips (P < 0.05) are indicated in 
bold.

Parameter Baseline total 
CORT (log l0 
ng/ml)

Maximum total 
CORT (ng/ml)

Baseline free 
CORT (log jo 
ng/ml)

Maximum free  
CORT (ng/ml)

Maximum total 
CORT (ng/ml) 
Baseline free CORT 
(log 10 ng/ml)

0.67 (34) 

0.92 (18) 0.59 (18)

Maximum free CORT 
(ng/ml)

0.65 (18) 0.89 (18) 0.70 (18)

Adjusted CBG 
capacity (nM specific 
binding)

0.21 (18) 0.43 (18) -0.14 (18) -0.03 (18)
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CHAPTER 3 FAILURE TO INCREASE PRODUCTION OF STRESS HORMONES 

LOWERS REPRODUCTIVE PERFORMANCE IN KITTIWAKES (RISSA 

TRIDACTYL A)*

3.1 Abstract: Vertebrates respond to food shortages by increasing secretion of 

glucocorticoids (CORT). This response is thought to be adaptive, but direct evidence is 

lacking. In this study, we examined the consequences of administering exogenous CORT 

to adult kittiwakes at two reproductive stages—incubation and chick-rearing. In both 

stages, the treatment did not affect circulating levels of CORT but it reduced 

corticosterone binding globulin (CBG) levels. During the incubation stage, CORT levels 

and behavior were similar between treatments. During chick-rearing, controls elevated 

CORT and increased provisioning rates in response to an increase in chick begging, but 

CORT-manipulated parents failed to do either. Three weeks after the CORT treatment 

was lifted, the chicks and mates of CORT-manipulated parents showed signs of 

physiological stress—they secreted more CORT in response to an acute stressor 

compared to controls. The next year, CORT-manipulated parents had lower reproductive 

success than controls. These results provide the first direct evidence for a functional role 

of CORT elevation during food shortages- in chick-rearing kittiwakes, the failure to 

increase CORT production in response to increased chick-begging resulted in the 

compromised physiological condition of mates and current offspring, and reduced their 

own residual reproductive performance.

Keywords: reproductive success, food availability, glucocorticoids, HPA axis, stress 

physiology, behavior, CBG, seabird

*Shultz MT, Kitaysky AS. 2007. Failure to increase production of stress hormones 

lowers reproductive performance in kittiwakes (Rissa Prepared for submission

to Ecology Letters.
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3.2 INTRODUCTION

Glucocorticoid hormones are thought to be critical for maintaining energy balance in 

vertebrates. Glucocorticoid production in the adrenals increases rapidly in response to 

environmental perturbations (e.g., food shortages, Sapolsky et 2000). This response is 

conserved across all vertebrate classes and is markedly similar among taxa (Wingfield & 

Kitaysky 2002). Evidence suggests that this response is beneficial in the short-term 

because it leads to behavioral and metabolic changes that are thought to enhance the 

ability to cope with food shortages, cold, crowding, or other potential environmental 

stressors (Wingfield et al. 1998). Increased glucocorticoid secretion facilitates 

mobilization of energy stores and triggers behaviors that promote self-maintenance (e.g., 

increased foraging, dispersal) at the expense of non-essential behaviors including 

reproductive behaviors (reviewed in Wingfield et al. 1998; Sapolsky et al. 2000). 

However, long-term glucocorticoid elevation typically leads to complete inhibition of 

reproduction, immunosuppression, severe protein loss, neuronal cell death, disruption of 

second messenger system, and ultimately death of the animal (reviewed in Wingfield et 

al. 1998). Consequently, it is thought that animals precisely regulate their glucocorticoid 

response to perturbations to maximize lifetime fitness (Wingfield & Kitaysky 2002).

Elevated corticosterone (CORT, the primary glucocorticoid in birds) is sometimes 

associated with a transition to an emergency life-history stage (“ELHS”; Wingfield et. 

al. 1998), disrupting reproduction. The purpose of an ELHS is to divert resources away 

from unnecessary activities (e.g., reproduction) toward self-maintenance. However, the 

severity of a perturbation required to induce an ELHS should vary such that lifetime 

reproductive performance is maximized. The ratio of costs to benefits of responding to 

elevated CORT may differ within a breeding season among reproductive stages, and 

birds may modulate their responses to perturbations by altering their sensitivity to CORT 

(Meddle et al.2003). For example, sub-arctic seabirds breed in a highly seasonal 

environment, and food availability often increases between incubation and chick-rearing 

(Shultz et al. unpubl. ms). Because food availability is relatively low during incubation 

and is expected to improve, seabirds may benefit from being less responsive to elevated
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CORT during incubation than chick-rearing. Thus, seabirds may benefit from a "take it” 

strategy (endure high CORT without ELHS) at the incubation stage, and "leave it” 

strategy (enter ELHS and reallocate resources toward self-maintenance) during chick- 

rearing. Alternatively, elevated CORT may facilitate parental provisioning (Love

2004), in which case individuals may have a “take it” strategy during chick-rearing.

Some seabirds are known to respond to chick begging behavior by increasing 

provisioning rates, and maintain chick provisioning rates despite artificially elevated 

CORT levels (Kitaysky et. al.2001a, 2003). Because elevated CORT is not necessarily 

incompatible with reproduction and may even facilitate parental care in birds, parents 

may tolerate a higher threshold of elevated CORT before entering an ELHS during chick- 

rearing than during incubation. To elucidate a bird’s response to changes in CORT, 

reproductive stage should be taken into account.

Black-legged Kittiwakes are colonial, cliff-nesting gulls with a brood size of one 

to three. Both sexes share equally in parental care during the 5 -  6 week chick-rearing 

period (Coulson & Wooller 1984). During the breeding season, kittiwakes respond to 

decreased food availability by increasing CORT levels (Kitaysky et al. 1999a; Kitaysky 

et al. 2000; Lanctot et al. 2003). During chick-rearing, increased CORT levels induce 

kittiwake parents to spend less time at the nest (presumably foraging for self maintenance 

or for chicks), but they maintain chick meal delivery rates (Kitaysky et al. 2001a). 

Kittiwakes also increase energy expenditure during chick-rearing when food availability 

decreases- possibly responding to food demands of chicks (Kitaysky et al. 2000). When 

chick begging rates are experimentally increased with exogenous CORT, kittiwake 

parents respond by delivering more food (Kitaysky et al. 2001a, 2003). In turn, kittiwake 

survival might be compromised by rearing chicks (Golet et al. 2004; 1998) and by 

experimentally elevated CORT levels (Kitaysky et al. 2001). Thus, CORT elevations 

during chick-rearing may shift the balance between current and future reproduction in 

favor of current reproduction.

The objectives of this study were: 1) to examine physiological responses of adult 

kittiwakes to exogenous CORT treatment at two stages of their reproductive cycle,
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incubation and chick-rearing, by measuring baseline and stress induced CORT; 2) to 

examine behavioral responses of kittiwakes to the CORT treatment; and 

3) to examine potential fitness consequences of the treatment, i.e., physiological 

condition of mates and offspring and their current and future reproductive success.

3.3 MATERIALS AND METHODS

3.3.1 EXPERIMENTAL DESIGN

We conducted our study during the breeding seasons of 2003 and 2004 at St. Paul Island 

(the Pribilof Islands) in the south-eastern Bering Sea, Alaska.

3.3.1. 1 INCUBATION

We began the incubation experiment on 18 June, during mid incubation (day 14 -  20 of 

incubation). For logistical reasons we conducted the study in two halves. For the first half 

of the experiment, one member of each nesting pair (n = 10) was captured the first day of 

the experiment (Day 0) between 1000 and 1500, and was randomly assigned to either 

CORT-manipulated (n = 5) or control (n = 5) groups. The second half of the incubation 

experiment was started on 23 June (day 6). One adult from each of 13 nests was 

randomly assigned to either CORT-manipulated (n = 8) or control (n = 5) groups. Each 

bird was captured and a blood sample was taken (< 3 min) to quantify basal CORT levels 

and CBG concentration. The birds were then banded with an individual color 

combination and a numbered band, weighed and measured, given either a control or 

CORT filled implant, and then released within 10 minutes of capture. Measurements 

taken included: mass, flattened wing length, tarsus, and head length “head bill” (from tip 

of culmen to tip of occipital condyle). Each bird was implanted subcutaneously between 

the scapulars with either an implant filled with crystallized CORT (cort-manipulated) or 

an empty implant (control). For specifics of implantation procedure see section 

“Experimental Manipulation” below.

All nests were then observed on the subsequent two days for the first half of the 

incubation experiment and three days for the second half of the incubation experiment.
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Behavioral observations were conducted between 0700 and 1900 (ADT), except for the 

last two days of the second half of the incubation experiment when birds were watched 

around the clock (48 hours continuously). See section on "Behavioral Observations” for 

details of behavioral observations. A subset of birds (CORT-manipulated: n = 9; control: 

n = 8) was recaptured from 1 -  6 days after behavioral observations to determine the 

effects of the implants on basal CORT and CBG concentrations, remove implants, and 

assess body condition.

3.3.1.2 CHICK-REARING

The experiment was initiated in the first half of chick-rearing (chicks 11 -24 days of age). 

We randomly selected 19 nests from a sub-colony containing approximately 40 nests, and 

randomly assigned them to CORT-manipulated (n = 10) or control (n = 9) treatments. 

Two nests in each treatment contained two chicks, while all others contained one chick. 

The average age of chicks was similar in each treatment (control: 17.1 d ± 1.53, CORT:

15.6 d ± 2.06,117 = 0.580, P = 0.570). One member of each nesting pair (n = 19) was 

captured on the first day of the experiment (Day 0) between 0900 and 1500. On Day 3, a 

subset of birds was recaptured (CORT-manipulated: n = 9; control: n = 8) to determine 

the effects of the implants on basal CORT levels and CBG concentration, remove 

implants, and assess body condition. After implant removal, birds were left undisturbed 

for two weeks. We then captured a subset of previously implanted birds, their mates, and 

chicks to assess basal and peak CORT levels, CBG concentration and body condition. At 

this time, we also individually banded mates of implanted birds.

3.3.2 EXPERIMENTAL MANIPULATION

We used subcutaneous, 25 mm long, Silastic tubing (Dow Corning, Midland, MI, USA, 

inner diameter = 1.47 mm) implants, sealed at the ends with medical grade silicon (Dow 

Corning). Immediately prior to implantation, a 1 mm incision was made with scissors in 

both ends of the implant to allow for faster CORT release. Implants were examined upon 

removal and were approximately Vi full of CORT.
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3.3.2.1 RATIONALE BEHIND CHOSEN DOSAGE

The effect of exogenous CORT on circulating CORT levels and endogenous CORT 

production is dose dependent. Animals respond to exogenous CORT by attempting to 

reduce circulating CORT levels: endogenous CORT production is suppressed via 

negative feedback mechanisms, while clearance rate may be increased. As a result, the 

administration of low and moderate doses of CORT may result in either no increase in 

circulating CORT levels or a short term increase. To elevate CORT for an extended 

period, high doses of CORT are required to overwhelm the ability of the HPA axis and 

clearance mechanisms to compensate. The rate at which animals are able to compensate 

varies by taxa and is more rapid in birds (< 2 hours) than in mammals (Akana al.

1992b; Breuner & Wingfield 2000; Westerhof et 1994; Vandenborne et 2005).

The ability of individuals to compensate also varies depending on their prior exposure to 

stressors: animals with more exposure to stress are less able to compensate. Thus, in 

order to elicit the desired behavioral or physiological response to exogenous CORT 

exposure, it is important to consider the appropriate dose and prior exposure to stress of 

the individuals. We chose the dose based on early experiments that examined the effects 

of different doses of exogenous CORT, administered for three days, on basal plasma 

CORT levels of free-living kittiwakes (Kitaysky unpubl data). In that study, one 25 mm 

implant did not elevate basal CORT, while two 25 mm implants were sufficient to 

overwhelm the HPA axis and clearance rates, and elevate basal CORT levels (Kitaysky et 

al. 2001a). However, unlike the prior experiment, this study was conducted at a relatively 

food poor colony and birds were in worse physiological condition. Given this difference 

in environmental conditions, the lower dose (one 25 mm implant) was thought to be 

sufficient to elicit a short-term (2-3 d) increase in circulating CORT levels within the 

range of normal variability.
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3.3.3 BLOOD COLLECTION

Blood samples were collected to assess basal CORT levels and stress response to a 

standardized acute stressor of capture and restraint (Wingfield 1992). Basal CORT 

levels fluctuate rapidly (minutes to hours) in response to current changes in 

environmental conditions, whereas the adrenocortical response to acute stress (stress 

response) reflects changes in the capacity for CORT production due to variation in HPA 

activity, including recent nutritional history (Akana et al. 1992a; Wingfield et al. 1992; 

Kitaysky et al.1999a). Prior nutritional stress facilitates an increase in the capacity for 

CORT production, which enables a more robust stress response to future perturbations 

(Kitaysky et al. 2001b; Akana et al. 1992a). In kittiwakes, the stress response is 

proportional to the severity and duration of recent nutritional deficits (Kitaysky et al. 

1999a; Kitaysky et al. 2001a, b). Thus, we used baseline levels of CORT as a proxy for 

current physiological condition of birds and their response to a standardized capture and 

handling stress as an integrative measure of recent nutritional history.

CORT levels increase rapidly in the circulation in response to the acute stress of 

capture and restraint; therefore all samples for basal CORT were collected within three 

minutes of capture (Kitaysky et al. 1999a). To assess acute stress induced CORT levels, a 

series of blood samples was collected at regular intervals from the time of capture (10 

min, 30 min, and 50 min).

CORT exists in circulation in two forms, either bound with high affinity to 

corticosterone binding globulin (CBG) or unbound (“free"). CORT is typically reported 

as total CORT, but evidence suggests that free CORT is the more biologically relevant 

fraction (Breuner & Orchinik 2002) and may vary independently of total CORT (Love et 

al. 2004). Thus, we measured CBG concentration to calculate free CORT concentration, 

and analyzed data for both free and total CORT.

Blood collection and handling procedures followed those described in Kitaysky et 

al. (1999a). Plasma samples were frozen at -20°C and transported to the University of 

Alaska Fairbanks for radioimmunoassay analysis.
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3.3.4 RA DIOIMMUNOA SSAY

Plasma CORT levels were measured in duplicate for each sample after extraction with 

redistilled dichloromethane using radioimunnoassay (for detailed methods see Wingfield 

et al.1992). Before extraction, tritiated CORT (2000 cpm) was added to each plasma 

sample to control for loss of CORT during extraction. Recovery values ranged from 80

99% and were used to adjust assayed concentrations of CORT. All samples were 

processed in the same assay to avoid inter-assay variability; intra-assay variability was 

2%.

3.3.5 CBG ASSAY

We measured plasma CBG in two assays (chick-rearing and incubation separately) 

according to established protocols (Breuner & Orchinik 2002; Love et al. 2004). During 

previous validation assays, we determined optimal incubation time (2 hr), final plasma 

concentration (1:450), and CORT affinity (Kd = 1.178; see Fig. 3.1). We stripped 

endogenous CORT from plasma by incubating each 10 pi sample with 20 pi dextran- 

coated charcoal solution for 20 min at room temperature before centrifuging for 10 min at 

4000 rpm, 4°C. We assayed each sample in triplicate at 4°C and determined non-specific 

binding (in duplicate) simultaneously using unlabeled hormone. Following incubation, 

we separated bound and free fractions of labeled CORT using pre-soaked glass fiber 

filters (Whatman GF/B). We suspended filters containing bound CORT in scintillation 

liquid and measured radioactivity after 12 h. We calculated intra-assay variation (3.2%) 

using repeated point sample determination (adjusted CBG capacity nM) of a single 

plasma pool. Interassay variability was 2% and was calculated by comparing standards 

between the assays.

3.3.6 FREE COR T ESTIMA TES

We estimated concentrations of Free CORT based on Total CORT levels and binding 

capacity using the Barsano & Baumann (1989) equation (below):
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Hfree = 0.5 x Htotal -  B max— — ± .
Ka

B max- Htotal + — 
Ka

+ 4 Htotal
Ka

3.3.7 BEHA VIORAL OBSER VA TIONS 

1 3 J JJ N C U M L I(M
Observers were blind to the treatment of each individual. During the first half of the 

incubation experiment, two observers conducted observations in 3 hour shifts, between 

the hours of 0700 -  1900 for two consecutive days. During the second half of incubation, 

two observers conducted continuous observations, trading off in 3 hour shifts for 3 

consecutive days (72 hours continuous observation). Observers viewed nests from a 

blind, at an average distance of 25 meters, using 10 X 40 binoculars. Observers recorded 

presence or absence of individuals and arrival and departure times.

3.3. 7.2 CH1CK=MAR1NG

Observations were conducted by two individuals, observing simultaneously for two days, 

between the hours of 0700 -  1900. One observer watched 5 control and 5 CORT- 

manipulated nests, while the other watched 4 control and 5 CORT-manipulated nests 

from a distance of approximately 20 meters from the cliff face. Observers continuously 

recorded the number of birds present at the nest site, presence or absence of individual 

birds, arrival and departure times of parents, chick feeds, and chick begging behavior.

3.3.8 SUR VIVAL AND REPRODUCTIVE SUCCESS

In the experimental year (2003), nests were checked frequently (every 3 -4  days) until 

chicks had fledged or died. In 2004, the experimental sub-colony and adjacent sub

colonies were visited every fourth day from late May (pre-egg laying) until late August 

(fledging). The presence or absence and reproductive status of individuals were recorded. 

Reproductive success was calculated as the number of chicks fledged pair RS).
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3.3.9 ST A TISTICAL ANAL YSES

All analyses were performed using SAS v8 (1999). To examine differences in CORT 

levels, behavioral parameters, and body condition, we used repeated measures ANOVA 

with PROC MIXED for unbalanced design (Kowalchuk 2004) and Bonferroni post 

hoc tests.

3.3.9.1 CORT & CBG CONCENTRATION

We logio transformed data on Total CORT concentration of implanted birds to meet 

assumptions of normality. CORT concentration data for chicks were not normally 

distributed and we used an F approximation of Friedman’s test for repeated measures 

with Bonferroni post hoc tests. Free CORT concentration data were logio transformed to 

meet assumptions of normality. CBG concentration data were normally distributed.

j. 3. 9.2 BODY CONDniON

To test for differences in mean body condition of chicks, mates, and implanted birds in 

2004, we used two sample t-tests (two-tailed) or repeated measures ANOVA where 

appropriate.

Principal component analysis was used to calculate a body condition index for 

adults and chicks (Golet et al. 1998). PCI scores were used to generate values for a 

description of a bird’s structural size, using wing, tarsus and head bill (adults: 0.716, - 

0.167, 0.677; chicks: 0.064, 0.718, 0.693). Additional adults (n = 122) and chicks (n = 

28) measured in 2003 were included in analyses to increase sample size. For chicks, 

regression models were non-significant except for head bill versus body mass (Fi, 27 = 

10.26, P < 0.004) and we used this relationship to calculate residuals of mass. For adults, 

the principal component factor explained more variation in body mass than other 

measurements (Fi 121 = 33.25, P < 0.001) and the residuals from this relationship were 

used to compare body condition among treatments.

Chick begging: Chick begging was quantified as the total minutes hour"1 when chick 

begging occurred. Data were analyzed with repeated measures ANOVA (subject = nest;
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model: begging = day treatment treatment * day) with Bonferroni post hoc tests (P < 

0.0125 (P = 0.05 / 4; 2 x 2 pair wise comparisons).

3.1  9,3 ADULT BEHAVIOR

Attendance was measured as the sum of the number of minutes per hour that each bird 

was present at the nest (e.g., one bird present for one hour = 60, and two birds present for 

one hour = 120). Foraging trip duration was calculated as the time elapsed from the 

departure of an individual from the nest until its return. Behavioral data (foraging trip 

duration and nest attendance) for both halves of the incubation experiment were similar, 

so the data were pooled. During chick-rearing, we also calculated foraging trip frequency 

(the mean number of trips day'1) and meal delivery rate (MDR, the mean number of chick 

meals delivered bird _1 day'1). These data were analyzed separately for implanted birds 

and their mates with repeated measures ANOVA (subject = nest; model: “behavioral 

parameter” = day, treatment, treatment * day). We used Bonferroni post hoc tests with a 

significance level of P < 0.0125 (P = 0.05 / 4; 2 x 2 pair wise comparisons. We also 

calculated the change in meal delivery rate by subtracting the average number of chick 

meals delivered nest_1 on day 1, from those delivered on day 2. These data were not 

normally distributed and we used a Wilcoxon two sample Z-tests to test for differences 

between treatments.

3.3.9.4 PR OP UCTIVITY: Reproductive success data were not normally distributed, so 

we used a two-tailed Wilcoxon Z -  test to examine difference between treatments.

3.4 RESULTS

3.4.1 PHYSIOLOGICAL EFFECTS OF CORT-M

During both experiments, we measured total CORT, free CORT, and CBG 

capacity of the implanted parents, immediately prior to behavioral observations and at the 

end of behavioral observations. During incubation, total and free CORT levels before and 

after behavioral observations were similar within treatments (Fig. 3.2). Flowever, during
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chick-rearing, total and free CORT increased significantly in controls, but did not change 

in CORT-manipulated parents (Fig. 3.2). CBG capacity decreased significantly in CORT- 

manipulated parents during both experiments (Fig. 3.2).

3.4.2 BEHA VIORAL EFFECTS OF CORT-MANIPULATION

3.4.2.1 INCLJBdllQN

Nest attendance and foraging trip duration were similar between CORT-manipulated and 

control parents during the incubation experiment, although there was a tendency for 

CORT-manipulated parents to make shorter trips the first day of observations than the 

following days (Nest attendance: 49.46 ± 2.32, t = 2.01, P = 0.06; foraging trip duration: 

23.61 ±2.67, t = 0.56, P = 0.52).

3.4.2.2 CHICK-REARING

Chick begging rate (minutes of chick begging hour1) increased significantly between 

days in both treatments (Fig. 3.3). Control parents made more frequent foraging trips and 

delivered more chick meals on the second day of observations than on the first day (Trip 

frequency: treatment*day; Fi i6 = 4.46, P < 0.051; ti6 = -3.48, P = 0.003; MDR: 

treatment*day; Fi, i6 = 10.94, P = 0.004; ti6 = -3.30, P = 0.004), while this did not change 

for CORT-manipulated parents (Trip frequency: treatment*day; ti6 = -0.72, P = 0.483; 

MDR: ti6 = 1 -27, P = 0.223). The change in meal delivery rate between days was 

significantly different between controls and CORT-manipulated parents (Fig. 3.4). Trip 

frequency and meal delivery rates were similar for mates in both treatments between days 

(treatment*date; Trip frequency: F|, 17.3 = 0.37, P = 0.552; MDR: Fi, 16 = 0.13, P =

0.728). Meal delivery rates and trip frequency were also similar between treatments, 

although total MDR for control nests tended to be higher (MDR: Fi, 17 = 3.61, P = 0.075, 

Trip frequency: F1J 7 = 1.73, P = 0.206).

During chick-rearing, the number of minutes hour' 1 that adult kittiwakes were 

present at the nest was identical between treatments, mates within treatments, and 

between days of observations (60 min hour' 1 day’1, P = 1.0).
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3.4.3 COSTS OF CORT-MANIPULATION: CURRENT SEASON 

3 J J J  INCUBATION

There were no observed costs of CORT manipulation during the current breeding season. 

Reproductive performance was similar between controls and CORT-manipulated parents. 

All nests failed to fledge chicks and hatching success was similar between treatments (t = 

0.91, P = 0.87). Body condition was also similar between treatments (treatment*day; F i. 

2,.26 = 0.67, P = 0.37).

3.4.3.2 CHICK-REARING

Two weeks after behavioral observations and implant removal, baseline and stress 

induced CORT levels were similar between CORT-manipulated and control parents 

(treatment * blood sub-sample; Fi,9.67 = 0.35, P = 0.570). Three weeks after behavioral 

observations, baseline CORT levels were similar for chicks and mates of CORT- 

manipulated and control parents (treatment * baseline sub-sample: chicks: t55.8= -0.60, P 

= 0.551, mates: t23.2= -0.43, P = 0.669; Fig. 3.5), however stress-induced CORT levels 

were significantly higher for chicks and mates of CORT-manipulated parents (Fig. 3.5).

Chicks and mates from CORT manipulated nests had similar body condition to 

control chicks and mates three weeks after implant removal (chicks: ti9 = 0.383, P = 

0.353, mates: tn = 0.712, P = 0.491). Body condition of implanted parents declined 

significantly over the chick-rearing period (time: F2, 13.7 = 58.43, P < 0.0001; control:

112.16 = 6.14, P < 0.0001; CORT: tw = 5.53, P < 0.0001), but was similar between 

treatments at each sampling period (treatment*day: Fi, 16.7 = 0.02, P = 0.886; day 0: tis = - 

0.16, P = 0.871, day 21: t,o.8 = 0.96, P = 0.356)

Reproductive success (chicks fledged per pair) was similar between treatments in 

2003 (Z = 0.381, P = 0.704; control: mean = 1.11 ± 0.200, n = 9; CORT manipulated: 

mean = 1.0 ± 0.211, n = 10).
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3.4.4 COSTS OF CORT MANIPULATION: THE SUBSEQUENT SEASON

3 ,4,4,1 INCUBATION

The season following manipulations (2004), 18 of 23 implanted birds returned to the 

colony (7 of 10 Control, 11 of 13 CORT). Reproductive success was similar between 

treatments—hatching success was similar (t = 0.83, df = 39, P = 0.78) all nests failed to 

fledge chicks. Reproductive performance was slightly higher in 2004 than in 2003—more 

nests hatched chicks and they retained them longer (hatching success; t = 1.68, df = 38, P 

= 0.16), but reproductive performance was similar between treatments.

3.4.42 CHICK-REARING

All manipulated parents and their mates that were banded in 2003 returned to the colony 

the next season, however reproductive success of CORT manipulated birds was 

significantly lower than controls in 2004 (Fig. 3.6).

3.5 DISCUSSION

The goal of this study was to examine the physiological, behavioral, and reproductive 

responses of kittiwakes to the administration of exogenous CORT at two reproductive 

stages. CBG capacity decreased significantly in CORT manipulated birds in both 

experiments, indicating that the implants were effective in delivering CORT. However, 

the dose of CORT administered was insufficient to detect an increase in CORT levels at 

either reproductive stage—CORT levels were similar before implantation and just prior 

to implant removal, and the behavior of CORT implanted birds was similar throughout 

observations. During chick-rearing, a food shortage occurred and was manifested in 

increased chick begging rates. Control parents responded to this food shortage by 

increasing CORT levels and provisioning effort. However, CORT manipulated birds did 

not increase baseline CORT or provisioning effort in response to the food shortage, 

probably due to negative feedback mechanisms on endogenous CORT production. This 

failure of CORT manipulated parents to increase provisioning rates in response to chick 

demands resulted in the physiological costs to their chicks, mates and reproductive
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performance the following season—they had higher CORT concentrations in response to 

an acute stressor.

3.5.1 PHYSIOLOGICAL EFFECT OF CORT IMPLANTS

In this study, treated birds physiologically compensated for the administration of 

exogenous CORT—CORT levels measured before and after implantation were similar. 

We did not measure CORT levels of manipulated birds during behavioral observations. 

Animals given exogenous CORT typically reach maximum CORT levels within minutes, 

followed by suppression of endogenous production and increased metabolic clearance of 

excess CORT. Therefore, CORT levels should have peaked prior to the start of 

behavioral observations (15-20 hours post implantation). For example, CORT levels of 

Common Eider (Somateria mollissima) females implanted with CORT (similar to a dose 

we used in our study) increased within 24 hours and returned to pre-implantation levels 

by the second day of implantation (Criscuolo et. 2005). In both stages, we found no 

treatment effect on behavior the first day of observations, suggesting that by this time 

birds had compensated for exogenous CORT, and circulating levels of CORT were 

similar between treatments.

This compensation can be achieved either by the suppression of endogenous 

CORT production (via negative feedback system) and/or an increase in the metabolic 

clearance rate of CORT. Little is known about the ability of adult birds to alter the 

clearance rate of CORT but CBG might be involved. CBG binds CORT with high 

affinity and prevents CORT from entering tissues and being metabolized. Thus, by 

reducing their CBG concentration birds would have increased the proportion of unbound 

CORT and its clearance rate. Our observation that control parents increased CORT 

production during chick-rearing, but CORT manipulated parents did not is likely to result 

from a combination suppressed endogenous CORT production and the increased 

clearance rate of CORT in CORT-manipulated birds.
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3.5.2 BEHA VIORAL EFFECTS OF CORT

Increased chick begging indicated that food availability decreased between days of 

observations. Kittiwake chick begging rates are an honest signal of their nutritional 

status: small increases in begging are associated with increased CORT production, 

inhibited growth, and reduced cognitive abilities that are likely to affect future survival 

(Kitaysky et al.1999b, 2001a, 2003). These costs enforce the use of begging only when it

is truly needed, and kittiwake parents respond to increased begging by feeding chicks at a 

higher rate (Kitaysky et al.2001a). The observed change in chick begging rates could not 

have been due to chick growth—begging did not increase with age for the range of chick 

ages in this study (Fi. \7 = 2.27, P = 0.15; range 11 -  24 days) or in a prior study for 

chicks one to three weeks of age (Kitaysky unpubl. data). Therefore, increased chick 

begging rates between successive days of observations likely represented a change in 

food availability.

Control parents increased CORT levels in response to a decline in food 

availability, and they also increased chick feeding rates in response to increased chick 

begging. In previous studies of kittiwakes, parents with experimentally elevated CORT 

maintained chick provisioning rates (Kitaysky et al. 2001a); parents responded to 

artificially elevated chick begging rates by bringing more food (Kitaysky et. al. 2001a), 

and parents increased energy expenditure during chick-rearing when food availability 

decreased (Kitaysky et. al. 2000). Thus, contrary to predictions for a long-lived seabird, 

elevations in parental CORT appear to be directly involved in the regulation of parent - 

offspring interactions, such that when food is in short supply, parents allocate limited 

resources toward reproduction and/or increase reproductive effort, at their own expense. 

Elevations in CORT in free living birds are thought to elicit a transition to an ‘emergency 

life history stage’ (ELHS), in which an animal exits the current stage (e.g., reproduction) 

and engages in behaviors or physiological processes that promote survival (Wingfield & 

Kitaysky 2002; Wingfield et al. 1998). The threshold level of CORT required to evoke an 

ETHS is likely to be relatively high for kittiwakes. Food availability for kittiwakes likely 

fluctuates unpredictably during the breeding season due to weather and movements of
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water masses that change the distribution of fish (Shultz unpubl data; Suryan et al. 2000). 

Thus, kittiwakes should not respond to short-term fluctuations in food by abandoning 

reproduction (Wingfield & Kitaysky 2002). Foraging conditions may also be poor for 

many years in succession (Murphy et al. 1991, Springer 1991) leaving kittiwakes with 

few opportunities to reproduce successfully. Therefore, if conditions are favorable, 

kittiwakes should invest heavily in parental care. This contention is supported by the 

observation that kittiwakes successfully rearing chicks have significantly reduced 

survival compared to those with experimentally reduced effort and success (Golet et al. 

1998; 2004). Thus, the relatively small elevation in CORT experienced by controls in this 

study (in comparison to what they were capable of secreting, as demonstrated by stress- 

induced CORT levels; Fig. 3.2), was insufficient to elicit an ELHS and appeared to 

facilitate compensation rather than reduce reproductive effort.

Studies assessing the effects of elevated CORT typically conclude that it either 

reduces reproductive effort (Astheimer et al. 1992; Sapolsky 1985; Silverin 1986; 

Wingfield 1984; Wingfield & Silverin 1986), or that birds are insensitive to elevated 

CORT (Astheimer et al. 2000, Meddle et. al. 2003). However, the role of moderate 

elevations of CORT in facilitating parental behavior might be more common than is 

currently realized. For example, Love et al. (2004) found that European Starlings 

(Sturnus vulgaris) had higher basal CORT levels during chick-rearing than during egg- 

laying or incubation, but rates of nest abandonment were lowest during chick-rearing, 

suggesting that elevated CORT may facilitate parental effort in other species. In addition, 

the results of studies administering exogenous CORT should be interpreted carefully, in 

light of the extreme sensitivity of the avian HPA axis to negative feedback (Westerhof et 

al. 1994; Vandenborne et al. 2005).

3.5.3EFFECTS ON REPRODUCTION: CURRENT SEASON 

One goal of this study was to examine the potential consequences of exposure to 

exogenous CORT on reproductive performance in the same season. During both stages 

reproductive success was similar between treatments in that season season.
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However, our results indicate that control parents with increased CORT production fared 

better during current reproductive bout than CORT manipulated parents. Specifically, the 

lack of an appropriate response by CORT manipulated birds to a food shortage had 

consequences for their mates and chicks—three weeks after behavioral observations their 

mates and chicks were in poorer physiological condition than mates and chicks of 

controls. Also, the experimental treatment potentially affected the reproductive success of 

CORT manipulated parents in the same season—although the number of chicks produced 

in CORT manipulated and control nests did not differ in 2003, offspring quality differed 

between treatments. Two weeks after implants were removed from parents, the index of 

chick body condition was similar between treatments, yet chicks of individuals treated 

with exogenous CORT had higher acute stress-induced CORT levels than controls. In 

kittiwake chicks, increased HPA-axis response to acute stressors is indicative of prior 

nutritional deficits and elevated basal CORT, both of which are associated with impaired 

cognition and likely reduced fitness (Kitaysky et 1999b, 2001b). Although subjects 

were implanted for only 3 days, exogenous CORT probably prevented appropriate CORT 

response (and therefore behavior) for several days post implant removal (Vandenborne et 

al. 2005; Westerhof et al. 1994) resulting in reduced chick provisioning and prolonged 

CORT elevation for some time after behavioral observations (Kitaysky et al. 1999b, 

2001b). Elevated CORT in adults and chicks increases lipid deposition while reducing 

protein stores in adults and chicks, such that individuals with similar body condition 

indexes may differ in tissue composition (Romano 1999). Elevated CORT during early 

development is detrimental to the quality and potentially the future survival of affected 

individuals (Nowicki et al2002; Kitaysky et al. 2003; 2006). Thus, despite having 

similar body condition indexes and fledging success— nutritional stress in chicks of 

CORT manipulated individuals may have reduced their post-fledging survival in 2003 

(Kitaysky et al. 2006).
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3.5.4 EFFECTS OF CORT ON REPRODUCTION: THE SUBSEQUENT SEASON 

Birds from the incubation experiment had slightly higher reproductive success in 2004 

than in the previous experimental season, suggesting that there were no long-term 

physiological consequences of the CORT implants. However, we did find significant 

fitness costs to CORT manipulated birds from the chick-rearing experiment the following 

season—they fledged significantly fewer chicks than controls in 2004. These fecundity 

costs might be the long-term result of either direct effects on the individuals treated with 

exogenous CORT or indirect effects on their mates. These effects are not mutually 

exclusive, but several lines of evidence suggest that the difference between treatments in 

reproductive performance the following year was due to the reduced physiological 

condition of mates the previous season, rather than direct pharmacological effects on 

CORT manipulated birds: 1) If CORT manipulations themselves had long-term 

pharmacological effects on fitness of CORT manipulated birds, then we would expect a 

decrease in reproductive performance of CORT manipulated birds from both 

experimental stages. However, CORT manipulated birds from the incubation experiment 

had similar reproductive performance as controls in both seasons. Also, we would expect 

a stronger pharmacological effect on birds in poorer physiological condition at the time 

of the experiment. However, birds in the sub-colony used for the incubation experiment 

were in poorer physiological condition than the birds used for the chick-rearing 

experiment— incubation birds had higher CORT levels than chick-rearing birds, lower 

CBG concentration, and much poorer reproductive performance in both years; 2) we 

measured the stress response of CORT manipulated birds from the chick-rearing 

experiment in 2004 and found no difference in stress response between treatments (Shultz 

unpubl data), indicating that they were in similar physiological condition, and 3) we 

found no evidence of long-term pharmacological effects of the CORT treatment several 

weeks after the removal of implants—CORT-manipulated parents showed similar HP A 

axis activity as controls. However, at the end of the reproductive season, mates of CORT 

manipulated birds had higher stress induced CORT levels than mates of controls, 

indicative of an increase in their reproductive effort. Increased reproductive effort is
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known to enhance acute stress-induced levels of CORT (Clinchy et 2004) and affect 

future fecundity in kittiwakes (Golet et al.1998; Golet et 2004) and other species 

(Hanssen et al.2005; Nilsson & Svensson 1996). Thus, we believe that the reduced 

provisioning effort of CORT manipulated parents and its consequences for mates resulted 

in the observed fecundity costs the following season. Although we cannot identify the 

mechanism by which the costs were transmitted to the next breeding season, it is not 

uncommon for costs incurred by birds in one breeding season to carry over into the 

following season (Hanssen et al., 2005).

3.5.5 CONCLUSIONS

To our knowledge this is the first time that the adrenocortical stress response to a food 

shortage has been experimentally suppressed in wild birds. The majority of studies 

examining effects of elevated CORT demonstrate that it is positively correlated with 

costs to reproduction and survival of individuals. This study is unique in that it provides 

direct evidence for the functional role of CORT production when there is an acute food 

shortage via increasing effort in reproduction, the failure to secrete enough CORT 

resulted in physiological costs to mates, current offspring and future reproductive 

success. These results contrast with those for stable foraging conditions, when there were 

no apparent costs of suppressed CORT production. The results obtained in this study 

indicate that the adrenocortical response is an adaptive physiological trait which serves to 

enhance fitness of individuals.
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Figure 3.1. Equilibrium saturation binding curve demonstrating specific binding of JH- 

CORT to Black-legged Kittiwake plasma (4°C) as a function of increasing concentrations 

of radio-labeled CORT. Points represent means ± SEM.
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Figure 3.2. Physiological measurements, prior to and after observations, of adult 

kittiwakes. During incubation, total CORT and free CORT were similar between 

treatments at the time of implantation and on the day of implant removal. During chick- 

rearing, total CORT and free CORT levels of control kittiwakes were lower prior to 

implantation (day 0) than on the day of implant removal (day 3; t26.9 = -4.27, P = 0.0002) 

and were higher at implant removal than CORT manipulated birds (Day * treatment: t37 = 

2.60, P = 0.013; Day * treatment: F2j26.9 = 5.61, P = 0.009; mean ± SE, number denotes 

sample size). Baseline CORT levels were unchanged in CORT manipulated parents (Day 

* treatment: t25.6 = 0.24, P = 0.811). CBG concentrations were lower at implant removal 

than prior to implantation for CORT implanted birds in both experiments. The last 

sampling period was omitted for clarity.
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Figure 3.3. The frequency of kittiwake chick begging increased between days of 

observations (Day: Fi, 17 = 52.09, P < 0.001), but was similar between treatments 

(treatment: F] 17 = 0.06. P = 0.815; mean ± SE, number denotes sample size).
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Figure 3.4. The change in chick meal delivery rate from day 1 to day 2 of observations 

differed between treatments (Z = -2.80, P = 0.005; mean ± SE, number denotes sample 

size).
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a.

Minutes after capture

Figure 3.5. CORT levels of chicks and mates of CORT manipulated birds, three weeks 

after treatment (mean ± SE; number denotes sample size), (a) Baseline CORT levels of 

kittiwake chicks were similar between treatments, but stress induced levels were higher 

in CORT manipulated nests (treatment: F i 19 = 7.99, P = 0.011); (b) Mates of CORT- 

manipulated parents had similar baseline CORT levels as controls (treatment * sub

sample: F 1 9 = 3.57, P = 0.091; treatment * baseline sub-sample: t23.2 = -0.43, P = 0.669), 

but stress induced levels were higher for mates of CORT manipulated birds (treatment * 

sub-sample: h 3.2 = -2.97, P < 0.007). Asterisks indicate significant pair wise differences 

among treatments.
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Figure 3.6. Reproductive success (chicks fledged pair'1) was similar for control and 

CORT manipulated birds in 2003 (see text for stats), but was lower for CORT 

manipulated birds in 2004 than controls in 2004 (Z = 2.06, P = 0.039).
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GENERAL CONCLUSIONS

Chapter 1 demonstrated that the timing of egg-laying for murres and kittiwakes and their 

reproductive success are related to inter-annual changes in environmental conditions 

during the egg-laying stage of reproduction and are independent of the timing and 

magnitude of peak food abundance later in the breeding season. These results suggest that 

there is a large stochastic component determining seabirds’ reproductive performance and 

seabirds should possess physiological mechanisms allowing them to adjust to 

unpredictable changes in the environment. The results of Chapter 2 show that unlike 

CORT levels in many short-lived passerines, CORT levels in breeding kittiwakes are 

dynamic throughout the breeding season and may facilitate flexible resource allocation 

between reproduction and maintenance at any stage of reproduction.

The results of Chapter 3 confirm that CORT functions to facilitate flexible 

resource allocation— in chick-rearing kittiwakes, a short-term elevation in CORT in 

response to an acute food shortage improved the condition of their chicks, the condition 

of their mates, and reproductive success in the subsequent reproductive season. Taken 

together, these results indicate that murre and kittiwake life-histories are shaped by 

largely unpredictable changes in the environment, and that CORT production is likely to 

be a mechanism that facilitates fitness of long-lived birds breeding in highly variable 

environments.

In addition to providing insights into the evolutionary forces shaping avian life- 

histories and physiology, this study demonstrates that seabirds are sensitive indicators of 

climate variability—changes in ocean temperature of less than 1 degree Celsius 

accounted for over 95% of variability in timing of breeding in murres and kittiwakes. 

These results also indicate that CORT levels in free-living seabirds may be used as a 

proxy for environmental conditions and thus are a potentially valuable tool for 

monitoring ecosystem changes. Although kittiwakes clearly maintain the ability to 

produce CORT in response to stress throughout the breeding season, it is unclear from 

this study if kittiwakes maintain behavioral and physiological sensitivity to increases in 

CORT equally at all reproductive stages. Increased CORT levels resulted in behavioral
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changes in kittiwakes during chick-rearing, arguably the most energetically demanding 

stage of reproduction, but results were inconclusive for the incubation stage and require 

further study. The interaction of CBG and CORT warrant further study, and in particular, 

it would be valuable to better understand the role of CBG in altering the availability of 

CORT to target tissues.


