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ABSTRACT 

In long-lived species like seabirds, population growth rate is most sensitive to 

changes in adult survival, although juvenile survival and recruitment can also be 

important. The reproductive success of seabirds often varies greatly depending on 

climate-driven food availability, but less is known about juvenile and adult survival of 

seabirds. I found that females of the small-bodied, zooplanktivorous Cassin’s Auklet 

(Ptychoramphus aleuticus) had high mortality in extreme climate years. In contrast, adult 

survival of two larger-bodied, more piscivorous species, Rhinoceros Auklet (Cerorhinca 

monocerata) and Tufted Puffin (Fratercula cirrhata) showed no response to extreme 

climate years. In addition, I demonstrate that even in two of the most successful years on 

record for Tufted Puffin reproduction, the juvenile survival of each cohort can differ 

greatly. Early development, reflected in fledging wing length and mass, impacted 

juvenile survival and the age at which individuals returned to their natal colony. 

 
Keywords: survival; seabird; Tufted Puffin; climate; early development; population 
dynamics; 
 
Subject Terms: Tufted puffin; Sea birds -- British Columbia -- Triangle Island; Sea birds 
-- North Pacific Ocean; Sea birds -- Ecology; Birds -- Geographical distribution -- 
Climatic factors; Auks; 
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CHAPTER 1  
GENERAL INTRODUCTION  

 

Ecological responses to climate change are already clearly visible, including 

changes to the phenology and distribution of many plant and animal species, often 

associated with population declines (Walther et al. 2002, Parmesan 2006). Marine 

organisms at all trophic levels are being strongly impacted by increasing water 

temperatures and extreme climate events, as many organisms, or the species they prey 

upon, have a narrow range of thermal tolerance (Hoegh-Guldberg 1999, Richardson 

2008). Recent modeling exercises predict that in the future average global temperatures 

will continue to rise and that the frequency of extreme climate events, including extreme 

El Niño–Southern Oscillation (ENSO) events may increase (IPCC 2007). Marine 

predators may be particularly vulnerable to climate change, because climate variation 

differentially alters the timing of lifecycle events of species at different marine trophic 

levels, resulting in mismatches between predator need and prey availability (Edwards and 

Richardson 2004). 

Seabirds are a large group of marine predators containing a broad diversity of 

developmental, behavioural, and life-history strategies, but share a dependency on the 

marine environment to provide the food that allows their survival and reproduction 

(Schreiber and Burger 2001). The dependence of seabirds on the normal biological 

functioning of marine ecosystems and the conspicuousness of their breeding colonies 
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results in seabirds being commonly used as indicators of the health of fish stocks and 

marine ecosystems, and the impacts of climate change (Cairns 1987, Cairns 1992, Piatt et 

al. 2007a). Climate change might influence seabird population dynamics through impacts 

on adult survival, or by decreasing recruitment to the breeding population by causing 

poor reproductive success or low juvenile survival.  

Seabirds typically have a ‘slow’ life history, exhibiting a delayed age at first 

breeding, high adult survival, and low fecundity (Schreiber and Burger 2001). This 

‘slow’ life history results in the population dynamics of seabirds being most sensitive to 

changes in the adult survival rate (Stearns 1992). Natural selection should therefore act to 

buffer adult survival against environmental variation (the “environmental canalization” 

hypothesis), by selecting for parents to limit their current reproductive investment in 

years of poor conditions, resulting in reproductive success fluctuating with environmental 

variation more strongly than adult survival (Gaillard and Yoccoz 2003, Morris and Doak 

2004). In agreement with the environmental canalization hypothesis, reproductive 

success correlates with indices of climate variation (reflecting food availability) in many 

seabird species (Ainley et al. 1995, Sandvik et al. 2008, Gjerdrum et al. 2003). More 

surprisingly, adult survival is correlated with climate variation in some seabird species 

(Jenouvrier et al. 2005, Sandvik et al. 2005, Jones et al. 2007, Lee et al. 2007). Factors 

such as trophic ecology, body size, and longevity may explain interspecies differences in 

response of adult survival to climate variation (Sandvik and Erikstad 2008). 

Seabird species that specialize in feeding on zooplankton might be more severely 

impacted than more generalist species that eat both fish and zooplankton, since 

zooplankton abundance, distribution, and taxonomic composition is highly sensitive to 
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increases in temperature (Richardson 2008, Mackas et al. 2007). Furthermore, the usually 

annual life-cycle of zooplankton (Hays et al. 2005) means that the prey base of 

zooplanktivores is not buffered by overlapping cohorts of prey (Bertram et al. 2005). 

Small body size may also increase a species’ responsiveness to climate variation not only 

because body size correlates with longevity in birds (Lindstedt and Calder 1976, Saether 

1989), and shorter-lived species should be more willing to increase their current 

reproductive investment (Erikstad et al. 1998), but also because small species have high 

metabolic rates and so must feed at a high rate (Hodum et al. 1998, Ellis and Gabrielsen 

2002) and thus have less flexible time/energy budgets (Piatt et al. 2007b). Chapter 2 uses 

long-term mark-recapture datasets to estimate the responsiveness in adult survival of 

three seabird species breeding on Triangle Island to two extreme climate events. We 

predicted that extreme climate events would most strongly impact the adult survival of 

the small-bodied and mostly zooplanktivorous Cassin’s Auklet (Ptychoramphus 

aleuticus) and that there would be little impact on the adult survival of the two larger-

bodied and more generalist puffin species, the Rhinoceros Auklet (Cerorhinca 

monocerata) and Tufted Puffin (Fratercula cirrhata). 

Environmental canalization of adult survival against environmental variation 

results in juvenile survival and recruitment being more sensitive to environmental 

variation than adult survival (Gaillard and Yoccoz 2003, Saether and Bakke 2000). 

Therefore, despite the potential for adult survival to be the strongest determinant of 

seabird population dynamics, relatively constant adult survival and highly variable 

recruitment rates may result in recruitment rate being the strongest determinant of seabird 

population dynamics (Harris et al. 2005). 
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 Life history theory predicts that parents receive a fitness pay-off related to their 

level of reproductive investment in their offspring (Clutton-Brock 1988). Thus, a parent’s 

investment in offspring should be related to its offspring’s probability of recruitment 

(entry into the breeding population after surviving the juvenile period) and reproductive 

success (Clutton-Brock 1988, Newton 1989). In birds, this expectation has been 

frequently validated with evidence of increased juvenile survival of heavier and earlier 

fledglings (Monros et al. 2002, Ludwigs and Becker 2006), and long-term effects of 

early-conditions on future reproductive success (Lindstrom 1999, Metcalfe and 

Monaghan 2001). 

Despite the expectation for an effect of early conditions on the juvenile survival 

and future reproductive success of long-lived seabirds, these effects have not been found 

in an alcid species lacking parental care after nest departure (Harris and Rothery 1985). 

Chapter 3 examines how fledging date, mass, and wing length influence local juvenile 

survival and the age at which individuals first return to their natal breeding colony in two 

cohorts of Tufted Puffins. Tufted Puffin populations have declined rapidly in recent 

decades at Triangle Island and at other southern breeding colonies (Piatt and Kitaysky 

2002, Gaston et al. 2009 Submitted). Tufted Puffin reproductive success and fledging 

condition are poor in years of warm sea-surface temperatures at our study site (Gjerdrum 

et al. 2003). If poor fledging condition results in low juvenile survival and poor 

recruitment, climate change could be causing Tufted Puffin population declines, even 

without impacting adult survival. We predict that Tufted Puffin nestlings that fledged 

heavier, with longer wings, and earlier in the season will have a higher rate of local 

juvenile survival and a younger age at first return to their natal colony. 
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CHAPTER 2  
DEMOGRAPHIC CONSEQUENCES OF EXTREME 

CLIMATE EVENTS FOR THREE NORTH PACIFIC 

SEABIRD SPECIES 

2.1 Abstract 

Climate change is expected to increase the severity and frequency of extreme 

climate events such as El Niño. Many studies have shown that the reproductive success 

of seabirds is impacted by extreme climate events, but the population growth rate of long-

lived seabirds is more sensitive to changes in adult survival, which has not been as well 

studied. We examine if extreme climate events in 1997-1998 (very strong El Niño) and 

2005 (atmospheric blocking) influenced the adult survival of the small-bodied and mainly 

zooplanktivorous Cassin’s Auklet (Ptychoramphus aleuticus), and the larger-bodied and 

more piscivorous Rhinoceros Auklet (Cerorhinca monocerata) and Tufted Puffin 

(Fratercula cirrhata) on Triangle Island, British Columbia, from 1994 to 2008. Average 

annual adult survival of female Cassin’s Auklets was halved in response to both extreme 

events, from a background rate of 0.84 ± 0.05 (95% CI) to 0.44 ± 0.10, whereas the male 

constant rate was lower than the female background rate and was equal through time 

(0.75 ± 0.03). We found no effect of either climate event on Rhinoceros Auklets 

(constant survival rate of 0.86 ± 0.02 in both sexes) or Tufted Puffin (constant survival of 

0.96 ± 0.05 in females, and 0.91 ± 0.06 in males). Combined with previous studies, our 

results suggest that large-scale declines of local Cassin’s Auklet populations result from 

climatic effects on both reproductive success and female survival rates. In contrast, 
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declines in Tufted Puffin populations are driven by frequent climate-driven reproductive 

failure. Relatively stable population dynamics of Rhinoceros Auklets are the result of 

both their reproductive success and adult survival have relatively low sensitivity to 

climate variation. Given future projections of more extreme climate events, we predict a 

slow decline in Rhinoceros Auklets, a northward range contraction of Tufted Puffins, and 

an increased extinction risk of Cassin’s Auklets. 

2.2 Introduction 

Global climate change is altering the phenology and distribution of many plant 

and animal species, often resulting in population declines (Walther et al. 2002, Parmesan 

2006). The frequency of extreme El Niño–Southern Oscillation (ENSO) events has 

increased in the post-industrial period since the 1940s (Gergis and Fowler 2009). Recent 

modeling exercises predict that in the future average global temperatures will continue to 

rise and that the frequency of extreme climate events may continue to increase (IPCC 

2007). There is a critical need to predict the ecological consequences of climate change, 

particularly its effects on the population dynamics and extinction risk of wild populations 

(Clark et al. 2001, Thomas et al. 2004). An understanding of which species will be most 

impacted, and the mechanisms of impact, will allow us to focus our mitigation efforts to 

best effect (Walther et al. 2002). 

Climate change is likely to impact the structure and functioning of marine systems 

more drastically than terrestrial systems because of the direct link between water 

temperature and nutrient availability in marine ecosystems (Richardson 2008). Further, 

climatic variation differentially alters the timing of lifecycle events of species at different 
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marine trophic levels, with grave implications for upper trophic-level predators (Edwards 

and Richardson 2004). 

The reproductive success of seabirds often correlates strongly with local climate 

indices (sea-surface temperature: SST, sea-level anomalies, wind speed, precipitation) or 

large-scale indices of climate variation (ENSO, North Atlantic Oscillation) that affect 

prey availability or quality (Schreiber 2002, Wells et al. 2008, Sandvik et al. 2008). 

Hence, the diet and reproductive success of seabirds are commonly used as indicators of 

the health of fish stocks and marine ecosystems, and the impacts of climate change 

(Cairns 1987, Cairns 1992, Piatt et al. 2007a). Life-history theory predicts that adult 

seabirds will limit their current reproductive investment during adverse conditions in 

order to preserve their adult survival and allow future breeding attempts (Drent and Daan 

1980, Erikstad et al. 1998). Consequently, the strong correlation between climate indices 

and reproductive success in seabirds is to be expected, given their ‘slow’ life history 

characterized by a long lifespan and low rate of fecundity (Stearns 1992, Wooller et al. 

1992). 

More surprisingly, climate indices are also sometimes strongly correlated with 

adult survival (Jones et al. 2002, 2007, Sandvik et al. 2005, Jenouvrier et al. 2005). In 

particular, extreme climate events, such as strong El Niño events, can cause dramatic 

mortality of adult seabirds and potentially threaten their population viability (Lee et al. 

2007, Le Bohec et al. 2008, Jenouvrier et al. 2009). Extreme climate events usually cause 

adult seabird mortality indirectly through greatly reduced prey availability, but direct 

mortality may occur through severe storms or prolonged periods of stormy weather 

(Harris et al. 2000, Frederiksen et al. 2008).  
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Seabird species differ in responsiveness of adult survival to climate variation 

(Sandvik et al. 2005, Jenouvrier et al. 2005, Sandvik and Erikstad 2008), potentially 

because of differences in trophic ecology, longevity, and body size (Sandvik and Erikstad 

2008). Species that feed at a lower trophic level (on zooplankton instead of fish) may be 

more impacted by climate variation because their food supply is highly responsive to 

short-term changes in water temperature, which influences the abundance, distribution, 

and taxonomic composition of zooplankton communities (Mackas et al. 2007, Richardson 

2008). Moreover, because zooplankton usually have an annual lifecycle (Hays et al. 

2005), their population numbers are unlikely to be buffered by overlapping cohorts of 

prey (Bertram et al. 2005). Seabirds which are specialist-feeders may also be more 

vulnerable, because a generalist diet allows prey-switching at times of reduced 

availability of preferred prey (Furness and Tasker 2000). The adult survival of species 

with a shorter life expectancy might be more sensitive to climate variation, since longer-

lived species should be less willing to increase their current reproductive investment 

(Drent and Daan 1980, Sandvik and Erikstad 2008). Smaller body size may also increase 

a species’ responsiveness to climate variation, not only because body size correlates with 

longevity in birds (Lindstedt and Calder 1976, Saether 1989), but also because small 

species have high metabolic rates and so must feed at a high rate (Hodum et al. 1998, 

Ellis and Gabrielsen 2002) and thus have less flexible time/energy budgets (Piatt et al. 

2007b). In addition, maximum diving depth is linearly correlated with body size in the 

Alcidae, so the limited diving depth of small-bodied alcids may restrict access to prey 

(Piatt and Nettleship 1985, Furness and Tasker 2000). Yet, to date few studies have 

compared the sensitivity of adult survival to extreme climate events in a suite of 
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sympatrically breeding seabirds that differ in these important characteristics (but see 

Jenouvrier et al. 2005).  

We studied the adult survival of Cassin’s Auklets (Ptychoramphus aleuticus) and 

Rhinoceros Auklets (Cerorhinca monocerata, actually a puffin) over a 15-year period 

(1994-2008), and of Tufted Puffins (Fratercula cirrhata) over 6 years (2002-2008) on 

Triangle Island, British Columbia. The 15-year period included the very strong 1997-

1998 El Niño event, while the 6-year period included the anomalous atmospheric 

blocking event of 2005 (see Methods below). We predicted that adult survival of the 

small, mainly zooplanktivorous Cassin's Auklets would be more affected by these 

extreme climate events than would that of the larger Rhinoceros Auklet and Tufted 

Puffin, whose diets are more diverse (Davies et al. 2009 In press). 

Sex differences in reproductive investment have been described in many seabirds 

(Weimerskirch et al. 2000, Fraser et al. 2002, Quillfeldt et al. 2004). Little is known 

about such sex differences in our three study species, but because of their potential 

influence on responsiveness to climate (Jenouvrier et al. 2005), we considered sex in our 

adult survival analyses. Low adult survival and recurring high mortality events of 

Cassin’s Auklets (Lee et al. 2007, Bertram et al. 2005) and frequent reproductive failure 

of Tufted Puffins (Gjerdrum et al. 2003) related to climate variation, has caused concern 

over their future population viability at this and more southerly colonies in light of 

predicted increases in mean global SSTs and the frequency and magnitude of extreme 

climate events (IPCC 2007). 
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2.3 Methods 

2.3.1 Climatic conditions during the study 

The California Current System (CCS) of the northeast Pacific is an oceanographic 

region in which biological production is strongly driven by bottom-up processes (Mackas 

et al. 2007, Ware and Thomson 2005). Warm sea-surface temperatures (SSTs) are 

correlated with reduced or temporally-shifted upwelling of nutrients, with profound 

impacts on the life-cycle timing, reproductive success and survival of organisms from 

phytoplankton (Thomas and Brickley 2006) to zooplankton to marine top-predators 

(Wells et al. 2008, Mackas et al. 2007, Brodeur et al. 2008). The period of our study 

(1994-2008) included four distinct climatic periods in the CCS. Warm-and-low-

productivity periods occurred in 1992-1998 and 2003-2006, and cool-and-high-

productivity periods occurred in 1999-2002 and 2007-2008 (Mackas et al. 2007, D.L. 

Mackas, pers. communication). Two extreme climate events occurred in this time series; 

the strong 1997-1998 El Niño event and the 2005 atmospheric blocking event, which was 

associated with anomalous atmospheric forcing in the late spring (Sydeman et al. 2006, 

Schwing et al. 2006). Although they resulted from different climatic processes (Sydeman 

et al. 2006), both events were characterized by very warm SSTs, reduced total 

zooplankton biomass, a shift from “northern” to “southern” species of zooplankton 

(Mackas et al. 2006), and very poor reproduction of marine-top predators (Wells et al. 

2008, Hipfner 2008, Jahncke et al. 2008) in the CCS.  

Each of the three species we consider has shown decreased reproductive success 

and fledging condition at our study site in years of elevated SSTs, especially in response 

to both extreme climate events (Gjerdrum et al. 2003, Sydeman et al. 2006, Hedd et al. 
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2006), but the responsiveness in adult survival of the two puffin species to extreme 

climate events is unknown.  

2.3.2 Study area and species 

We conducted our fieldwork on Triangle Island, British Columbia, Canada 

(50°52’N, 129°05’W), which lies approximately 48 km northwest from the northern tip 

of Vancouver Island in the northern CCS. Triangle Island is home to the world’s largest 

Cassin’s Auklet breeding colony (~550,000 breeding pairs estimated from 1989 surveys, 

Rodway 1991), and adding colonies on two nearby islands, 55% of their global 

population breed in the area (Manuwal and Thoresen 1993). Breeding densities of 

Cassin’s Auklets have declined substantially at these core colonies and at the largest 

colony to the south (Lee et al. 2007, Hipfner et al. 2009b Submitted). The core of 

Rhinoceros Auklets’ breeding distribution is similarly located in coastal British Columbia 

(Gaston and Dechesne 1996), and Triangle Island supports their third largest colony in 

British Columbia (~42,000 pairs, Rodway 1991). Recent surveys in British Columbia 

show variable but generally stable population trends (Gaston et al. 2009 Submitted). 

Triangle Island hosts the largest colony of Tufted Puffins south of Alaska (~26,500 pairs, 

Rodway et al. 1990). Populations at all colonies south of the Gulf of Alaska are in 

decline, but cumulatively these represent only a small proportion of the global population 

(Piatt and Kitaysky 2002).  

All three of our study species are pursuit-diving, burrow nesting, semi-precocial, 

socially monogamous alcid species with single-egg clutches, exhibiting delayed maturity, 

biparental care, and strong adult breeding site fidelity (Gaston and Jones 1998). Mean 

body masses measured in this study for Cassin's Auklets, Rhinoceros Auklets, and Tufted 
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Puffins were 174 g ± 11.6 (SD), 491 g ± 25.4, and 744 g ± 63.5 respectively, with males 

5-10% heavier than females. Unlike Tufted Puffins (Piatt and Kitaysky 2002), Cassin’s 

Auklets and Rhinoceros Auklets are nocturnal in their activity at the breeding colony, and 

individual parents provision their nestling no more than once per day (Takahashi et al. 

1999, Hedd et al. 2002).  

Diets of each species throughout the year have been described in detail elsewhere 

(Manuwal and Thoresen 1993, Gaston and Dechesne 1996, Piatt and Kitaysky 2002). 

Cassin's Auklets primarily feed on small, krill-like zooplankton throughout the year 

(Sorensen et al. 2009), while larval and small juvenile fish are a smaller component of 

both nestling and adult diet (Ainley et al. 1996, Bertram et al. 2001). Both puffin species 

feed on a mixed diet of zooplankton and fish, including larger prey items inedible to 

Cassin’s Auklets. Puffin nestlings are provisioned exclusively with fish, and during 

breeding adult diet becomes more fish-based than outside of the breeding period (Davies 

et al. 2009 In press). Following breeding, both Cassin’s Auklets and Rhinoceros Auklets 

appear generally to remain in the CCS, moving southward to winter off the coast of 

California (Manuwal and Thoresen 1993, Gaston and Dechesne 1996). In contrast, Tufted 

Puffins disperse more widely to winter in the north central Pacific (Piatt and Kitaysky 

2002). 

2.3.3 Mark-recapture data 

Bird catching and banding 

 Methods used to capture adult Cassin’s Auklets and Rhinoceros Auklets are 

described in detail elsewhere (Bertram et al. 2000). Cassin’s Auklets and Rhinoceros 
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Auklets were captured using the same methodology at two well-separated sites on 

Triangle Island over a 15 year period, from 1994 to 2008. Birds were captured in the 

early morning (02:00 to 05:00) as they departed nesting slopes using barrier nets. We 

trapped both species throughout their periods of colony attendance in most years. 

Cassin’s Auklets were trapped in West Bay from April to July, and Rhinoceros Auklets 

in South Bay from April to August. Nets were set for Rhinoceros Auklets for 6 to 22 

mornings per year (except for 1999, N=2) and for Cassin's Auklets for 8 to 27 mornings 

per year.  

We banded each new bird caught with a United States Fish and Wildlife Service 

stainless steel band and recorded the band number of recaptured birds. For all birds, we 

measured bill depth at the gonys (±0.1 mm) with dial calipers. Mass was measured to the 

nearest 5 g (Cassin's Auklets, 300 g scale) or 10 g (Rhinoceros Auklets, 1 kg scale) using 

Pesola spring scales. 

We captured a total of 96 Tufted Puffins of unknown age using noose-carpets on 

the Main Slope of Puffin Rock, an islet connected to Triangle Island at low tide. All were 

likely >3 year old (Morrison et al. 2009 provisionally accepted) and most were breeding 

adults (at least 5 years of age, Piatt and Kitaysky 2002, K.W.M. unpublished data) 

because most had three bill furrows (Tanaka and Ogi 1986), their resighting probability 

was high compared to transient sub-adults (K.W.M. unpublished data), and 65 

individuals (68%) were banded during the incubation period before non-breeding sub-

adults normally begin to attend the colony (K.W.M. unpublished data). We banded each 

individual with a unique three-colour band combination and a US Fish and Wildlife 
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Service steel band. We weighed all individuals to the nearest 10 g using a 1 kg Pesola 

spring scale and collected a 1cc blood sample for molecular sexing. 

We resighted banded puffins at their capture site between 2003 and 2007. As 

weather permitted, daily two hour observations were conducted using a 20-60X spotting 

scope throughout mid-April to late August. We varied the timing of observations between 

days. The mean number of days of observation ranged from 46 to 123 days per year, and 

was restricted in 2003 and 2007 by mid-season colony-abandonment by nearly all 

puffins. Colour bands were readily identifiable and no birds were resighted that had lost a 

colour band or steel band, suggesting that band-wear and band loss did not add bias to 

our data (Breton et al. 2006). 

Sexing techniques 

A total of 2064 individual adult Cassin’s Auklets were encountered from 1994 to 

2007. We classified adults as after second year birds and identified them using eye colour 

(Manuwal 1978). We assigned sex based on the bill depth measurements of adults 

determined by Knechtel (1998,  females <9.54 mm, males >9.96 mm). Auklets with an 

intermediate average bill depth were removed from the dataset, as were individuals that 

were not measured as adults (N=305 and N=393, respectively). The small degree of 

sexual dimorphism in body mass we measured (males 4% heavier) prevented our use of 

body mass in sexing Cassin’s Auklets. 

A total of 1290 individual adult Rhinoceros Auklets of unknown age were 

measured and banded from 1994 to 2007, although relatively few birds were likely 

caught before their estimated minimum age at first breeding of 3 years (Gaston and 

Dechesne 1996). Individuals with an average bill depth  <16.0 mm were assigned as 
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females, and those  >16.5 mm as males, The sex of auklets with an intermediate average 

bill depth (N=242) was assigned based on body mass (≤500 g = female, >500 g = male). 

These rules accurately discriminated 100% of the known sex sample of 26 female and 28 

male molecularly-sexed individuals from Triangle Island (B. Addison, unpublished data).  

The sex of all 96 banded Tufted Puffins was determined molecularly in the 

laboratory after the methods of Fridolfsson and Ellegren (1999). 

2.3.4 Modeling survival 

 We estimated local adult annual survival (φ) and recapture (p) rates for each of 

our three species of interest in separate analyses using the methods described by Lebreton 

et al (1992) and Cooch and White (2008) using program MARK (White and Burnham 

1999). We began by defining a global model (Burnham and Anderson 2002). Our global 

model for each of the analyses allowed survival and recapture rates to vary over time 

(i.e., between each year of our study) and to differ between the sexes. The global models 

for the Cassin’s Auklet and Rhinoceros Auklet analyses also allowed survival and 

recapture rates in the first year after initial capture to be modeled independently from 

subsequent years. We used this model structure, similar to that of ‘age-models’ (Lebreton 

et al. 1992), to account for the expected lower site fidelity (and hence lower estimated 

survival rate) of prospecting (transient) rather than resident individuals that our capture 

technique includes (Bertram et al. 2000). The survival rate of resident individuals is a 

better approximation of true survival (Pradel et al. 1997). Thus, in ‘age-models’ the 

minimum age at entry into the ‘resident’ age-class was one year later than the minimum 

age at capture of ‘adult’ Cassin’s Auklets (3+1 = 4 years of age) or Rhinoceros Auklets 

(3+1 = 4 years of age). The Tufted Puffin global model was not explicitly age-structured, 
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because all Tufted Puffins were marked in a single year, so that any model that allowed 

survival and/or recapture probabilities to differ through time would account for transient 

individuals. However, we did account for the capture of transient individuals in some of 

our reduced-parameter Tufted Puffin analysis models by allowing survival and recapture 

probabilities to differ in the first year following capture from a constant rate in all 

subsequent years. The minimum age at entry into the ‘resident’ age-class for Tufted 

Puffins was 5 years in models not specifically age-structured. 

In summary, our global models contained two ‘age-classes’ both for survival and 

recapture rates, time dependence in both the year after initial capture and in subsequent 

years, and a group effect (sex). The global model of our Tufted Puffin analysis was 

similar, except that it was not explicitly ‘age-structured’. We used notation similar to 

Lebreton et al. (1992), where the parameterization of each class was explicitly described 

(a1 = first ‘age’ class, a2 = all subsequent ‘age’ classes); this model was φ(g*(a1-

t),g*(a2-t)), p(g*(a1-t),g*(a2-t)), using t for time (year) effects and g for group (sex) 

differences. The goodness-of-fit of this global model to the data was determined using a 

parametric bootstrap approach, based on 200 bootstraps, described by Cooch and White 

(2008). In the Tufted Puffin analysis, 200 bootstraps resulted in a p-value of 0.05, 

suggesting a fairly low likelihood of observing the deviance of our global model, and that 

our global model was potentially fitting the data poorly. As per the suggestion of Cooch 

and White (2008), we increased our number of bootstraps to 1000, which suggested the 

deviance of our global model had a reasonable likelihood of being observed (p = 0.11). 

Therefore, we concluded that our Tufted Puffin global model fit the dataset adequately 

well.  
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To calculate ĉ, a measure of over-dispersion in the data (Burnham and Anderson 

2002), we extracted from the bootstraps generated from each analysis the mean of the 

model deviances and the mean ĉ. We divided both the observed deviance from the global 

model and mean ĉ by the mean of the model deviances, and took the higher of the two 

values as an estimate of ĉ (Cooch and White 2008). We adjusted the ĉ in each analysis to 

that which we estimated, despite our estimated ĉ values for the Cassin’s Auklet and 

Rhinoceros Auklet analyses being close to 1.0, suggesting a good fit of our global model 

to the dataset (Burnham and Anderson 2002).  

We restricted the candidate model set in each analysis to the global model, plus a 

number of reduced parameter models. Relationships among factors were indicated using 

standard linear models notation. We constructed and evaluated reduced-parameter models 

following the methods of Lebreton et al. (1992) by first modeling recapture rates to find 

the best-supported structure of recapture rates, and then modeling survival rates. In each 

analysis we evaluated whether a model which allowed adult survival to be estimated 

separately in extreme climate years was better supported than the otherwise top-ranked 

model. When we found support for a survival rate in extreme climate years that differed 

from that in ‘non-extreme climate years’ (all other years), we included additional models 

which considered in finer detail the origin of support for such a ‘climate model’. More 

explicitly, we tested whether estimated survival rates differed between each climate year 

(climate2), between the sexes in climate years (g*climate), between the sexes and 

between climate years (g*climate2), in climate years for one sex but not the other (for 

females: Fclimate), or between climate years for one sex but not the other (for females: 

Fclimate2).  
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We differentiate between a “background” survival rate which is estimated to be 

equal through time in non-extreme climate years, and a “constant” survival rate which is 

estimated to be equal across all years. Our use of the terms “constant” and “equal” should 

not be interpreted as suggesting that the true survival rate did not vary between years, but 

that there was insufficient precision in the estimates to give us sufficient power to detect 

annual variation in survival. In the Rhinoceros Auklet analysis we also considered a 

climate effect with a time-lag of one year. The one-year life-cycle of the zooplankton 

prey of Cassin's Auklets meant we did not test such a model for Cassin's Auklets, 

whereas the reduced length of the Tufted Puffin dataset prevented our inclusion of a time-

lag in the Tufted Puffin analysis. We present the effective sample size used for each 

analysis produced by Program MARK. We used the sin link function and 2nd part 

variance estimation throughout these analyses.  

Model selection was based on Akaike information criterion (AIC) for small 

sample sizes adjusted for ĉ (QAICc). We also calculated QAICc weights (wi), as they 

provide a relative index of the plausibility of each model. In addition to survival 

estimates from the best-supported model in each analysis, we present model-averaged 

survival estimates and 95% confidence intervals derived from unconditional standard 

errors which incorporate model-selection uncertainty (Burnham and Anderson 2002). We 

present only the resighting/recapture estimates and 95% confidence intervals of the best-

supported model structure in each analyses, because these parameters were modeled first 

and the best-supported structure used in all subsequent models, model-averaged estimates 

did not differ from those of the best-supported model. We calculated life expectancy for 

each species, an individual’s average expected lifespan given survival to enter the 
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‘resident’ ‘age’ class, using the average survival rate (φ) of ‘residents’, such that:  life 

expectancy = (1-/ln(φ)) (Cooch and White 2008). We calculated longevity for each 

species, an individual’s average total expected lifespan, by adding the minimum age of 

entry into the ‘resident’ age class to the calculated life expectancy. 

 

2.4 Results 

2.4.1 Cassin’s Auklets 

The sample size of assigned-sex Cassin’s Auklets used in our analysis was 1366. 

From this population we identified 765 females and 601 males (Appendices A and B). 

The effective sample size was 2320. Of the 1366 assigned-sex auklets, 446 individuals 

(33%) were encountered in multiple years. This sub-group was composed of 207 females 

and 239 males. If bill depth continued to increase beyond four years of age, our 

consideration of whether sex affects survival after the first recapture interval would be 

confounded with an age effect. Our sample size of known-age birds (based on brown or 

intermediate eye-colour at first capture) was too small to address this question directly 

(N=3). We instead considered whether the bill depth of birds recaptured in the year 

following their initial capture as adults tended to increase. We found no evidence that bill 

depth increases in adulthood, as the average change in bill depth of 0.0 mm ± 0.6 (SD, 

N=28) was consistent with measurement error. 

The global model explained the data well (ĉ = 1.057). The most parsimonious 

model in our Cassin's Auklet candidate model set included female survival that was equal 

through time outside of the two extreme climate years, in which it was similar, and male 
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survival that was equal through time in all years. The combined support for the top two 

models which suggest only female survival was responsive to extreme climate years was 

considerably greater (3.6 times) than that of the third ranked model which suggested 

males were also impacted by climate events (Table 2.1). The second-ranked model 

differed from the top-ranked model only by the addition of an extra parameter which 

allowed female survival to be estimated separately in each of the extreme climate years. 

Although this model appears to be well supported as it has a low ∆i and received a high 

proportion of the QAICc weights (Table 2.1), the support for the inclusion of this extra 

parameter appears mostly to be a function of this model’s similarity to the top-ranked 

model, as the addition of this parameter did little to improve the fit of the model, as 

judged by its only slightly smaller -2*log(likelihood), 4528.1212 versus 4529.9330 

(Burnham and Anderson 2002). 

The best-supported model estimated the ‘background’ survival rate of adult 

female Cassin's Auklets to be 0.84 ±0.04, whereas the estimated female survival rate in 

extreme climate years dropped dramatically to 0.44 ±0.10. The estimated ‘constant’ 

survival rate of males was 0.75 ±0.03. If male and female survival are both constrained to 

be equal through time, the estimated survival rates are very similar, 0.75 ±0.03 and 0.76 

±0.04, respectively (11th ranked model, Table 2.1). Model-averaged parameter estimates 

were identical to those of the best-supported model for the female background survival 

rate and male constant survival rate. Model-averaged paramter estimates of female and 

male survival differed only slightly from those of the best-supported model; 0.45 ±0.12 

and 0.74 ±0.04 in the 1997-1998 ‘climate year’ and 0.41 ±0.08 and 0.74 ±0.04 in the 

2005-2006 ‘climate year’, respectively (Figure 2.1). In each of the models with at least 
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moderate support (∆i < 4, Burnham and Anderson 2002) survival of both sexes in the first 

time interval (first year after initial capture, including transient individuals) varied 

through time. The best-supported model structure for recapture probability did not differ 

between the sexes, was constant through the first time interval and varied with time in 

subsequent years. The estimated recapture rates of Cassin's Auklets in the years following 

the year after their initial capture ranged from 0.23 ±0.08 to 0.66 ±0.09 and averaged 0.45 

±0.11. 

One Cassin's Auklet captured as an adult in 1994 was recaptured in 2008, 

translating to an observed maximum lifespan of at least 17 years. Given an overall 

average survival rate of ‘residents’ of 0.76, Cassin's Auklet life expectancy during the 

period of this study was 3.6 years and longevity given entry into the ‘resident’ age class 

at 4 years of age was 7.6 years. 

2.4.2 Rhinoceros Auklets 

The sample size of assigned-sex Rhinoceros Auklets used in our analysis was 

1290. From this population we identified 585 females and 705 males (Appendices C and 

D). The effective sample size was 2059. Of the 1290 assigned-sex auklets, 371 

individuals (29%) were encountered in multiple years. This sub-group was composed of 

136 females and 235 males. We found no evidence that bill depth increased in the year 

following first capture, as the average change in bill depth of -0.2 mm ± 0.8 (SD, N=29) 

was consistent with measurement error. 

The global model explained the data well (ĉ = 1.08158). The most parsimonious 

model in our Rhinoceros Auklet candidate model set included constant adult survival that 



 

 26 

was equal between the sexes and received 2.4 times the support of the second-ranked 

model which allowed survival to differ in extreme climate years (Table 2.2). The third 

ranked model allowed survival to differ in the year following each extreme climate year 

(one-year time lag). As described previously, the inclusion of an additional parameter in 

each of the second- and third-ranked models relative to the top-ranked model appears to 

be unsupported because the -2*log(likelihood) of both models is only slightly smaller 

than that of the top-ranked model with no climate effect (4418.0864 and 4418.1440, 

versus 4418.3277).  

The best-supported model estimated the survival rate of adult Rhinoceros Auklets 

to be 0.86 ±0.02. Model-averaged survival estimates were very similar to those from the 

best-supported model and were the same between the sexes (Figure 2.2). Survival in the 

both ‘climate years’ was 0.87 ±0.06, in the year following was 0.85 ±0.06, and was 0.86 

±0.03 in all other years. 

The best-supported structure of recapture rate varied through time without age-

class or sex effects and produced estimates from 0.18 ±0.06 to 0.47 ±0.08, except for the 

low sampling effort year of 1999, when it was 0.08 ±0.03. The average recapture rate was 

0.32 ±0.07. The support for recapture rates that varied through time was not a result of 

the low sampling effort in 1999, as a model which allowed recapture rate in 1999 to be 

estimated separately from all other years received less support than models in which 

recapture probability varied through time (ranked 7th, Table 2.2). 

One Rhinoceros Auklet captured in 1994 was recaptured in 2008. The oldest wild 

Rhinoceros Auklet known to us was an individual banded as a breeding adult in 1985 and 

recaptured as a breeding adult in 2008 on Pine Island, B.C., translating to an observed 
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maximum lifespan of at least 26 years (J.M.H., unpublished data). Given a survival rate 

of ‘residents’ of 0.86, Rhinoceros Auklet life expectancy is 6.6 years and longevity given 

entry into the ‘resident’ age class at 4 years of age was 10.6 years. 

. 

2.4.3 Tufted Puffins 

Tufted Puffins were captured only in 2002, when a total of 96 individuals, 

including 50 females and 46 males were banded (Appendix E). The effective sample size 

was 390. The global model explained the data adequately (ĉ = 1. 4584). The best-

supported model included a constant survival rate that differed between the sexes (Table 

2.3). The second-ranked model did not include a sex-effect on survival, and was well 

supported, as it had a low ∆i and received a similarly high proportion of the QAICc 

weights.  

The best-supported model estimated the survival rate of female adult Tufted 

Puffins to be higher than that of males (0.96 ±0.05 versus 0.91 ±0.06), although 95% CIs 

of each estimate overlap each other. The second-ranked model estimated both sexes to 

have the same constant survival rate (0.93 ±0.04). The model-averaged survival estimate 

of female puffins was 0.95 ±0.03 in all years except the final year when it was 0.95 

±0.05, and survival of males ranged from 0.91 ±0.05 in 2005-2006 to 0.93 ±0.04 in the 

first year, further evidence of little difference in survival between the sexes or through 

time (Figure 2.3). 

The best-supported structure of resighting rate varied only by sex and estimated 

female and male resighting rates to be 0.86 ±0.11 and 0.98 ±0.12, respectively. The 
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considerably greater annual resighting probability of male Tufted Puffins relates to the 

greater frequency of resighting individual males in all years of our study. On average, 

individual male Tufted Puffins were resighted on 1.30 to 1.98 times as many days as 

females in a given year (Appendix F). 

Female and male Tufted Puffin survival rates of 0.96 and 0.91 translate to life 

expectancies of 24.5 and 10.6 years, respectively, and given entry into the ‘resident’ ‘age’ 

class at 5 years of age, longevity of females and males would be 29.5 and 15.6 years of 

age. Given a survival rate of 0.93, Tufted Puffin life expectancy is 13.8 years and 

longevity given entry into the ‘resident’ ‘age’ class at 5 years of age was 18.8 years. 

 

2.5 Discussion 

Of the three species studied here, Cassin’s Auklets, Rhinoceros Auklets, and 

Tufted Puffins, only Cassin’s Auklets showed reduced adult survival rates during two 

extreme climate events, the El Niño of 1997-1998 and the atmospheric blocking event of 

2005. Both events decreased the survival of Cassin’s Auklet females, but not males. 

Female Cassin’s Auklet survival dropped dramatically from a background rate of 0.84 ± 

0.05 to 0.44 ± 0.10 in both extreme climate years, whereas the male rate was a constant, 

but low 0.75 ± 0.03. However, Rhinoceros Auklet survival, like that of male Cassin’s 

Auklets, was best modeled as being constant through the same time period (0.86 ± 0.02). 

Tufted Puffin survival was similarly constant through time, with no decrease in response 

to the 2005 extreme climate event, although we found some evidence that females had a 

higher survival rate (0.96 ± 0.05) than males (0.91 ± 0.06). 
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The contrast in response between Cassin’s Auklets and Rhinoceros Auklets 

matches well with changes in burrow occupancy on Triangle Island. Burrow occupancy 

of Cassin's Auklets decreased dramatically between 2005 and 2006 from 77% to 44% 

(Hipfner et al. 2009a In revision) and remained low in 2007 (51%, J.M.H. unpublished 

data), indicating that the reduction in 2006 was due to mortality rather than skipped 

breeding. In contrast, burrow occupancy changed little (64% to 65%) in Rhinoceros 

Auklets from 2005-2006 (Hipfner et al. 2008).  

At both sites in the CCS where Cassin’s Auklet adult survival rates have been 

measured in recent decades, survival was apparently too low to maintain population 

stability given recruitment rates. The mean adult survival rate of Cassin’s Auklets on 

Triangle Island was previously estimated to be 0.71 ±0.02 (SE), based on a subset of our 

dataset from 1994 to 2000 (Bertram et al. 2005). Our survival estimates of 0.75 ±0.03 and 

0.76 ±0.04 for constant survival of males and females respectively, are higher and more 

robust because our longer time series provided a greater probability of recapturing birds 

that were alive but not recaptured during the shorter interval of the previous study. Our 

Cassin’s Auklet survival estimates are similar to average estimates of 0.789 ± 0.040 (SE) 

and 0.774 ± 0.036 (SE) for males and females, respectively, from 1986-2002 on the 

South East Farallon Islands (SEFI), near San Francisco, CA (Lee et al. 2007). Cassin’s 

Auklet adult survival rates at both sites are evidently too low to maintain population 

stability given current recruitment rates, as the cumulative population decline based on 

burrow occupancy over 11 years at SEFI (1991-2002) was estimated to be 50.8% (Lee et 

al. 2007), and at Triangle Island over 15 years (1989-2004) was 31.3% based on burrow 

density (Hipfner et al. 2009b Submitted). 
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Although a Cassin’s Auklet population north of Triangle Island in the Alaska 

Current at Fredrick Island, Queen Charlotte Islands, has shown higher adult survival and 

breeding success rates than those at SEFI and Triangle Island (Bertram et al. 2005), its 

adult survival rate dropped concurrently with that of the Triangle Island population in 

conjunction with the 1997-1998 El Niño event, likely because of low food availability in 

their shared wintering area to the south (Bertram et al. 2005). Survival of these more 

northern populations, like that of the Triangle Island population, appears to have also 

been impacted by the 2005 extreme atmospheric blocking event. In the winter of 2005-

2006, there was unprecedented mortality of Cassin's Auklets where large numbers 

washed up dead along beaches of the Queen Charlotte Islands. Necropsies on the 16 that 

were recovered revealed that all of them had starved to death (Canadian Wildlife Service, 

Delta, B.C., unpublished data).  

Our estimate of adult survival of Rhinoceros Auklets (0.86 ± 0.02), was higher 

and more robust than the previous estimate of 0.829 ±0.095 (SE) from 1994-1997 on 

Triangle Island (Bertram et al. 2000). Our mean adult survival estimate for Tufted Puffins 

of 0.93 ±0.04 is very similar to that of Atlantic Puffins (Fratercula arctica) of 0.930 to 

0.935 from five western Atlantic colonies over 10 to 15 year periods (Harris et al. 2005). 

Declines in Rhinoceros Auklet and Tufted Puffin breeding densities on Triangle Island of 

0.2% per year and 1.7% per year respectively, over 20 years (1984-2004, M.J.F. Lemon 

and J.M.H. unpublished data) are likely attributable to poor reproductive success 

(Gjerdrum et al. 2003, Hedd et al. 2006), rather than to low adult survival, as found in the 

declining Røst, Norway Atlantic Puffin colony (Harris et al. 2005). 
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The relatively specialized zooplankton diet of Cassin’s Auklets, coupled with 

their small body size, which necessitates a high feeding rate and constrains their 

time/energy budget and diving depth, appears to contribute to them being highly 

responsive in adult survival to extreme climate events, compared to the two larger 

bodied, more generalist puffin species we considered. Additionally, their shorter expected 

lifespan, given their smaller size, may contribute to a willingness to increase their 

reproductive investment in food-poor extreme climate years at the expense of their future 

survival. For example, near-total colony abandonment and mass chick mortality in the 

larger, longer-lived Tufted Puffins occurs regularly at our study site in years of slightly 

elevated SSTs (Gjerdrum et al. 2003, Hipfner et al. 2007), whereas the extreme and 

previously unrecorded ‘atmospheric blocking’ climate event in 2005 was required to 

illicit a comparable, but unprecedented reproductive failure in Cassin’s Auklets 

throughout CCS (Sydeman et al. 2006). Rhinoceros Auklet fledgling production  

typically correlates well with that of Cassin’s Auklets on Triangle Island, but was not 

impacted as strongly in 1998 or 2005 by the two extreme climate events in our period of 

study (Mackas et al. 2007). 

Why did both extreme climate events dramatically decrease the survival rate of 

adult female Cassin’s Auklets, but not result in a detectable decrease in the survival rate 

of males? Sex-differences in the type, timing, or amount of reproductive investment are 

common to seabirds (Fraser et al. 2002, Quillfeldt et al. 2004, Paredes et al. 2008) and 

could explain why only the survival of female Cassin's Auklets was impacted by the 

extreme climate events. Even if the breeding attempt is abandoned soon after laying, 

female auklets have solely borne the cost of egg-production (Monaghan et al. 1998). 
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Cassin’s Auklet egg-production appears costly, as females with a higher-quality winter 

diet lay larger eggs, earlier in the season (Sorensen et al. 2009), and because the 

population’s median lay date is often delayed in poor-food years, exacerbating the 

temporal mismatch between chick-rearing and the peak in food availability (Hipfner 

2008).  

Male Cassin's Auklets may reduce their parental investment and escape high 

mortality in food-poor extreme climate years by abandoning the care of the nestling to the 

female, or by reducing provisioning effort. In support of this hypothesis, the average 

proportion of food loads collected systematically throughout the nestling period that were 

delivered by females was 70% ±9.2 (95% CI) over four years of our study (2003-2007, 

excluding 2005), whereas the proportion was 93% in 2005 when there was nearly 

complete breeding failure (J.M.H., unpublished data).  

Male Cassin’s Auklets have been observed to initiate primary feather moult 

during chick-rearing, usually earlier than females (Emslie et al. 1990), a phenomenon 

linked to reduced-male provisioning and female fitness costs in passerine bird species 

with molt-breeding overlap (Svensson and Nilsson 1997, Hemborg and Merila 1998). 

Reduced reproductive investment of males could be related to uncertainty of paternity 

(Kokko and Jennions 2008), given that extra-pair copulation rates are high in other 

Aethiini auklet species (Hunter and Jones 1999). Interestingly, mean survival of females 

and males was similar and decreased substantially in both sexes on SEFI in response to 

the 1997-1998 El Niño (Lee et al. 2005), potentially resulting from ecological differences 

between each population. In contrast to Triangle, on SEFI auklets do not migrate, their 

timing of breeding is more variable, and double-brooding is not uncommon (Ainley and 
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Boekelheide 1990), evidence of a less seasonally variable food supply in more southerly 

populations (Wolf et al. 2009). Triangle Island’s highly seasonal food supply may have 

evolutionarily favoured the male trait of reduced offspring care by increasing the net 

fitness gain to males of reducing care when food availability is low.  

We found strong evidence that male Cassin's Auklets had a lower constant 

survival rate than the female background survival rate, and weak, but detectible evidence 

of a constant male Tufted Puffin survival rate than was lower than females. An adult male 

survival rate that is lower than that of adult females is not an uncommon pattern in long-

lived birds (Aebischer and Coulson 1990, Robertson et al. 2006, Tavecchia et al. 2001). 

Differences in the type of reproductive effort males and females provide are well 

documented in closely related species (Atlantic Puffins and Crested Auklets (Aethia 

cristatella), in which males put more effort into burrow maintenance, chick 

guarding/territorial defense, and seeking extra-pair copulations, and females put more 

effort into incubating eggs and/or provisioning offspring (Fraser et al. 2002, Hunter and 

Jones 1999, Creelman and Storey 1991).  

Intra- and interspecies conflict (Fraser et al. 2002) and predation danger 

(Sydeman 1993) during chick guarding/territorial defense could contribute to greater 

costs for males. Greater chick guarding/territorial defense by male Tufted Puffins is 

suggested by the greater resighting rate and resighting frequency of individual males than 

females that we found across all years. Alternatively, if the demands of egg production 

(Monaghan et al. 1998) cause first reproduction to be a stronger selective force on female 

rather than male quality, the proportion of low quality individuals in the population 
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would be higher in males than in experienced females, resulting in a lower mean survival 

rate of males (Tavecchia et al. 2001). 

Cassin’s Auklet reproductive success is poor in years of warm SSTs, and 

complete breeding failures may occur in years of extreme climate events (Sydeman et al. 

2006, Hipfner 2008). At the same time, extreme climate events strongly impact adult 

female survival, decreasing it by half.  The simultaneous climate impacts on Cassin’s 

Auklet reproduction and adult survival appear to have resulted in their rapid population 

declines in the CCS. In contrast, the adult survival rates of Triangle Island’s Rhinoceros 

Auklets and Tufted Puffins appear relatively insensitive to extreme climate events. 

Population declines of southern populations of Tufted Puffins appear mostly to be the 

result of frequent breeding failure driven by a warming climate (Gjerdrum et al. 2003). 

The relatively stable population dynamics of Rhinoceros Auklets are apparently the 

results of the relatively low sensitivity of both their adult survival and reproductive 

success to climate variation. Climate change models predict SSTs will continue to 

increase and that extreme climate events may continue to increase in frequency (IPCC 

2007). This scenario could result in the loss of Tufted Puffin populations south of Alaska 

(Gjerdrum et al. 2003) and may threaten Cassin’s Auklets with extinction. 
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2.6 Figures 

Figure 2.1 Adult survival probability of Cassin’s Auklets on Triangle Island, BC. Error bars 

denote 95% confidence intervals around annual model-averaged survival estimates. 
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Figure 2.2 Adult survival probability of Rhinoceros Auklets on Triangle Island, BC. Error bars 

denote 95% confidence intervals around annual model-averaged survival estimates. 
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Figure 2.3 Adult survival probability of Tufted Puffins on Triangle Island, BC. Error bars denote 

95% confidence intervals around annual model-averaged survival estimates. 
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2.7 Tables 

Table 2.1 Model rankings and ranking criteria from program MARK (White and Burnham 

1999) for the hypotheses to explain adult Cassin’s Auklet survival from 1994-2008 on 

Triangle Island, B.C. Model coding: φ (survival probability), p (recapture probability), 

a1 (first ‘age’ class), a2 (second ‘age’ class), * (interaction between factors), g (sex 

effect), -t (varies through time), -. (does not vary through time), climate (‘climate year’ 

effect), climate2 (‘climate year’ effect differs between each of the two ‘climate years’), F 

(effect only on females). ∆i is the difference in QAICc value from that of the top-ranked 

model where QAICc is Akaike’s information criterion adjusted for small sample size 

and corrected for ĉ, QDeviance is the model deviance after correcting for ĉ, and wi is 

the Akaike weight. 

 

Model 
rank 

Model       ∆i    K QDeviance   wi 

1 φ(a1-t,g*a2-.,F*climate) p(a1-.,a2-t 0.00 31 1000.71 0.41 
2 φ(a1-t,g*a2-.,F*climate2) p(a1-.,a2-t) 0.34 32 999.00 0.35 
3 φ(a1-t,g*a2-.,g*climate) p(a1-.,a2-t) 1.35 32 1000.00 0.21 
4 φ(a1-t,a2-.,g*climate) p(a1-.,a2-t) 6.65 31 1007.35 0.01 
5 φ(a1-t,a2-.,F*climate) p(a1-.,a2-t) 8.17 30 1010.93 0.01 
6 φ(a1-t,a2-.,g*climate2) p(a1-.,a2-t) 8.95 33 1005.55 0.00 
7 φ(a1-t,g*a2-t) p(a1-.,a2-t) 18.25 54 971.21 0.00 
8 φ(g*a1-t,a2-t) p(a1-.,a2-t) 20.61 54 973.56 0.00 
9 φ(g*a1-t,g*a2-t) p(a1-.,a2-t) 20.99 67 946.52 0.00 

10 φ(g*a1-t,g*a2-t) p(a1-t,a2-t) 21.51 79 921.45 0.00 
11 φ(a1-t.,g*a2-.) p(a1-.,a2-t) 28.96 30 1031.72 0.00 
12 φ(g*a1-t,g*a2-t) p(t) 29.13 67 954.66 0.00 
13 φ(g*a1-t,g*a2-t) p(a1-t,g*a2-t) 42.38 91 916.44 0.00 
14 φ(g*a1-t,g*a2-t) p(g*a1-t,a2-t) 42.59 92 914.48 0.00 
15 φ(g*a1-t,g*a2-t) p(a1-t,a2-.) 58.00 68 981.41 0.00 
16 φ(g*a1-t,g*a2-t) p(a1-.,a2-.) 58.64 56 1007.39 0.00 
17 φ(g*a1-t,g*a2-t) p(g*a1-t,g*a2-t) 63.88 104 909.60 0.00 
18 φ(g*a1-t,g*a2-t) p(.) 74.63 55 1025.49 0.00 
19 φ(a1-.,g*a2-t) p(a1-.,a2-t) 160.03 40 1142.17 0.00 
20 φ(.) p(a1-.,a2-t) 302.26 15 1335.63 0.00 
21 φ(.) p(.) 353.61 2 1413.18 0.00 
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Table 2.2 Model rankings and ranking criteria from program MARK (White and Burnham 

1999) for the hypotheses to explain adult Rhinoceros Auklet survival from 1994-2008 

on Triangle Island, B.C. Model coding and column headings defined in Table 1, except 

for: climate_lag1 ( ‘climate year’ effect lagged by one year), p(1999) (resighting 

probability allowed to differ in 1999 compared to all other years). 

 

Model 
rank 

Model           ∆i      K QDeviance      wi 

1 φ(a1-t,a2-.) p(t) 0.00 29 1192.09 0.46 
2 φ(a1-t,a2-.*climate) p(t) 1.84 30 1191.86 0.19 
3 φ(a1-t,a2-.*climate_lag1) p(t) 1.89 30 1191.92 0.18 
4 φ(a1-t,g*a2-.) p(t) 2.02 30 1192.04 0.17 
5 φ(a1-t,a2-t) p(t) 17.79 40 1187.11 0.00 
6 φ(g*a1-t,,a2-.) p(t) 17.99 43 1181.05 0.00 
7 φ(g*a1-t,g*a2-t) p(t) 44.28 67 1156.65 0.00 
8 φ(g*a1-t,g*a2-t) p(1999) 50.57 56 1186.32 0.00 
9 φ(g*a1-t,g*a2-t) p(g*t) 59.64 80 1144.03 0.00 

10 φ(g*a1-t,g*a2-t) p(a1-.,t) 60.95 67 1173.32 0.00 
11 φ(g*a1-t,g*a2-t) p(a1-t,a2-t) 65.30 79 1151.86 0.00 
12 φ(g*a1-t,g*a2-t) p(g*a1-t,g*a2-t) 82.90 104 1114.67 0.00 
13 φ(a1-.,a2-t) p(t) 88.46 28 1282.60 0.00 
14 φ(a1-.,a2-.) p(t) 94.52 16 1313.19 0.00 
15 φ(g*a1-t,g*a2-t) p(a1-t,.) 117.50 68 1227.72 0.00 
16 φ(t) p(g*a1-t,a2-t) 205.64 27 1401.84 0.00 
17 φ(.) p(g*a1-t,a2-t) 213.87 15 1434.58 0.00 
18 φ(.) p(.) 400.09 2 1647.02 0.00 
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Table 2.3 Model rankings and ranking criteria from program MARK (White and Burnham 

1999) for the predominant hypotheses to explain adult Tufted Puffin survival from 

2002-2007 on Triangle Island, B.C. Model coding and column headings defined in Table 

1. 

 

Model 
rank 

Model          ∆i     K QDeviance  wi 

1 φ(g*.) p(g*.) 0.00 4 25.95 0.36 
2 φ(.) p(g*.) 0.23 3 28.22 0.32 
3 φ(a1,g*a2-.) p(g*.) 1.78 4 27.73 0.15 
4 φ(g*.,g*climate) p(g*.) 2.41 5 26.31 0.11 
5 φ(g*a1,g*a2-.) p(g*.) 3.61 6 25.45 0.06 
6 φ(g*t) p(g*.) 14.49 12 23.72 0.00 
7 φ(t) p(g*.) 14.80 6 36.64 0.00 
8 φ(g*t) p(g*a1,g*a2-.) 16.34 14 21.27 0.00 
9 φ(g*t) p(g*t) 19.75 18 15.96 0.00 

10 φ(g*t) p(.) 23.79 11 35.15 0.00 
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CHAPTER 3  
WING LENGTH AND MASS AT FLEDGING PREDICT 

JUVENILE SURVIVAL AND AGE AT FIRST RETURN TO 

THE BREEDING COLONY IN TUFTED PUFFINS 

Kyle W. Morrison, J. Mark Hipfner, Carina Gjerdrum, David J. Green 

Accepted conditional on revisions, The Condor. 

 

3.1 Abstract 

In long-lived species, juvenile survival and the age at which individuals begin the 

process of recruitment have important consequences for individual fitness and population 

growth. We investigated how fledging parameters (mass, wing length, and date) 

influenced the local juvenile survival and age at first return to the natal breeding colony 

of two cohorts of Tufted Puffins (Fratercula cirrhata) at Triangle Island, British 

Columbia. Although both cohorts were produced in years when nestlings grew quickly, 

only 8% of banded nestlings from the 1999 cohort, but 43% of nestlings from the 2000 

cohort, were resighted up to 2008. Age at first return of the 2000 cohort averaged one 

year younger than the 1999 cohort. In addition to the cohort effect, we found that local 

juvenile survival probability increased strongly with fledging wing length (from 0.01 to 

0.22 in 1999 and from 0.13 to 0.67 in 2000 over the range of fledging wing lengths in 

each year) and more weakly with fledging mass (from 0.05 to 0.08 in 1999 and from 0.39 

to 0.46 in 2000 over the range of fledging masses). Conversely, the age at first return 
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decreased strongly with fledging mass (from 6.0 to 4.5 years in 1999 and from 4.7 to 3.6 

years in 2000), and weakly with fledging wing length (from 5.5 to 5.0 years in 1999 and 

from 4.4 to 3.9 years in 2000). We found little evidence of a fledging date effect on local 

juvenile survival or age at first return. While similar effects have been documented in 

other long-lived seabirds, ours is the first study to report an effect of fledging parameters 

on juvenile survival and age at first return in a member of the Alcidae in which offspring 

receive no parental care after they leave the nest site. 

3.2 Introduction 

Demographic modeling suggests adult survival rate is the most important 

demographic trait affecting population trajectories of long-lived species, including many 

seabirds (Newton 1991). However, juvenile survival, i.e., survival between departure 

from the nest until return to the breeding area, may more strongly impact seabird 

population dynamics during periods of relatively constant adult survival (Lee et al. 2008). 

Age at recruitment is another demographic parameter that can have large impacts on 

individual fitness (Kruger 2005) and population growth rate (Porter and Coulson 1987). 

Age at recruitment varies among individuals, between populations, and across years, but 

the individual (Becker and Bradley 2007) and environmental (Reid et al. 2003) factors 

that cause this variation remain poorly understood. Therefore, long-term studies 

examining factors that affect juvenile survival and age at recruitment are important to our 

understanding of population processes. 

 Early conditions can have long-term consequences for juvenile survival and age at 

recruitment (Lindstrom 1999, Metcalfe and Monaghan 2001). In birds, two factors known 

to affect both processes are mass at fledging and fledging date (Monros et al. 2002, 
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Ludwigs and Becker 2006). Fledging mass is often positively correlated with probability 

of local recruitment, which is often assumed to reflect juvenile survival (Perrins et al. 

1973, Green and Cockburn 2001). The positive association between fledging mass and 

local juvenile survival may be due to heavier fledglings having greater endogenous 

reserves to draw upon after nest departure when they have to feed themselves but lack 

critical foraging skills (Weimerskirch et al. 2000). As for fledging date, offspring raised 

early in the season have higher local juvenile survival in many avian species (e.g. Harris 

et al. 1992, Catry et al. 1998). Juvenile survival may decline with date either because 

food availability declines through the season and late-breeding parents cannot provision 

as well, or because parents breeding earlier in the year are of higher quality and provide 

more food to offspring (Verhulst and Nilsson 2008).  

The “adaptive growth” hypothesis predicts that selection drives nestlings to 

preferentially allocate limited resources to maintain growth of those morphological 

elements most important to maximizing their survival (O'Connor 1977). The importance 

of skull, bill, and wing growth to juvenile survival in birds is suggested by the minimal 

sensitivity of these elements to food restriction ( Boag 1987, Øyan and Anker-Nilssen 

1996, Dahdul and Horn 2003). Skull size reflects development of the central nervous 

system, while bill size and wing length may be important to juvenile survival by 

increasing foraging efficiency and favouring successful fledging (Birkhead 1977, Øyan 

and Anker-Nilssen 1996). 

 In addition to being more likely to survive to recruitment, larger and better-

developed fledglings may have an earlier age at recruitment (Sedinger et al. 1995, Gaston 

2001). This correlation suggests that fledging mass reflects individual quality (Ludwigs 
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and Becker 2006) or condition at recruitment (Sedinger et al. 1995) and that recruitment 

is state-dependent, so that individuals below a certain threshold condition do not breed 

(Weimerskirch 1992) because there is no net fitness benefit to do so (McNamara and 

Houston 1996). If slower growth or low fledging mass results in decreased condition later 

in life (Metcalfe and Monaghan 2001), then light fledglings may be constrained or 

restrain themselves from breeding at an early age (Curio 1983). A nestling’s hatching and 

fledging date can also affect its age at recruitment. Early hatched and fledged young may 

recruit at a younger age because they are dominant over late fledglings in accessing food 

resources after fledging (Spear and Nur 1994). 

 We used an information theoretic approach (AIC) to examine how year (cohort), 

fledging mass, date, and wing length influence local juvenile survival and the age at 

which individuals first return to their natal colony in two cohorts of Tufted Puffins 

(Fratercula cirrhata) at Triangle Island, BC. Like most long-lived seabirds, Tufted 

Puffins spend their juvenile period entirely at sea and attend breeding colonies for a 

period of one or more years before recruiting (Piatt and Kitaysky 2002). This 

“prospecting” period dictates that an individual’s age at first return usually differs from 

its age at recruitment. However, because the two are positively correlated (Porter 1990, 

Halley et al. 1995, Ludwigs and Becker 2002), age at first return likely influences age at 

recruitment. Tufted Puffins lay a single-egg clutch, so that neither differential parental 

investment among offspring nor sibling competition are confounding factors affecting 

their fledging mass, date, or wing length (Sydeman and Emslie 1992). Puffins become 

fully independent of their parents when they fledge, so that we can expect their condition 

at that time to influence local juvenile survival and age at first return. We predict that 
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Tufted Puffin nestlings that fledged heavier, with longer wings, and earlier will have a 

higher rate of local juvenile survival and a younger age at first return to their natal 

breeding colony. 

 

3.3 Methods 

3.3.1 Study area 

Triangle Island, British Columbia, Canada (50°52’N, 129°05’W), supports       

~26 500 breeding pairs of Tufted puffins (hereafter puffins), making it the largest 

breeding colony south of Alaska (Rodway et al. 1990). We conducted fieldwork on a 

subcolony of about 12 000 pairs on Puffin Rock (Rodway et al. 1990), in 1999 and 2000, 

years that fell within a favourable, cold-and-high-productivity oceanographic period 

(Mackas et al. 2007) and ranked within the top three of 11 years in terms of fledging 

success and growth rate at this site (Gjerdrum et al. 2003). 

3.3.2 Field procedures 

We removed puffin nestlings from burrows and measured them every five days 

before 40 days of age and every two days thereafter (tarsus, mass, wing chord) between 

June and August in 1999 and 2000 (Gjerdrum 2004). We banded each nestling at about 

age 40 days with a size 6 US Fish and Wildlife Service steel band and an individually 

coded two-digit alpha-numeric plastic colour band on opposite legs. A nestlings’ fledging 

mass was defined as the last mass measured before it disappeared, provided it was at least 

40 days of age or had a wing length of at least 130 mm (Vermeer and Cullen 1979). We 

assigned nestling fledge dates as the median date between the date last occupied and the 
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first date the burrow was found empty. Missing nestlings which had not attained either 

criterion were assumed to be dead rather than fledged and were excluded from the 

analyses.  

 We resighted banded puffins at their natal subcolony on Puffin Rock between 

2002 and 2008. Resighting data were collected using systematic ≥ 2 hour observation 

periods conducted daily as weather permitted throughout the period of puffin colony 

attendance from mid-April to the end of August. Observations were made on 46 to 123 

days per year. Low observation effort years resulted from the puffins’ mid-season 

colony-abandonment (2003 and 2007) or by the field crew’s late arrival (end of May in 

2008).  

 We made observations at various times of day using a 20-60X spotting scope 

from a blind with good visibility of one third of the area of the subcolony on Puffin Rock. 

The observed area included the slopes where nestlings were banded, as well as a 

peripheral rocky cliff edge where we resighted young puffins amongst gatherings of their 

fellow prospectors (Wehle 1980). Alpha-numeric combinations on the bands were never 

illegible and no birds were resighted that had only an alpha-numeric band or steel band, 

suggesting low rates of band-wear and band loss. We reduced the probability of including 

misread band combinations by having observers only record band combinations of which 

they were certain. There is no reason to expect that band wear, band loss, or the 

misreading of bands would be related to cohort, fledging mass, date, or wing length, so 

these potential sources of bias should not have altered our results. Alcids generally have 

high natal philopatry (Crespin et al. 2006, Sandvik et al. 2008), but any emigration will 

cause us to underestimate the true juvenile survival rate. Because we lack information on 
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natal philopatry, and therefore can not include resighting probability in our estimate of 

juvenile survival, we are actually measuring return rate. We assume that return rate does 

not vary among nestlings from either cohort, or with fledging mass, date, or wing length, 

and is therefore an unbiased index to juvenile survival of nestlings. To make this 

distinction explicit, we refer to juvenile survival as local juvenile survival. 

3.3.3 Statistical analyses 

We used an information theoretic approach to model selection to evaluate factors 

that influenced local juvenile survival and age at first return. We decided a priori to 

include three explanatory variables in our models: year, fledging mass, and fledging date. 

We decided post-hoc to re-analyze our data with the inclusion of an additional term after 

finding generally weak effects of each of our a priori fledging parameters. We decided to 

include fledging wing length, not because we performed any ‘data dredging’, but because 

of an increased awareness of recent literature concerning wing growth in alcid nestlings 

(Romano et al. 2006, Sears and Hatch 2008). This process seems unlikely to have 

produced spurious results, but we report our full methodology to allow our readers to 

decide whether or results concerning fledging wing length should be interpreted as 

speculative rather than confirmatory (Anderson and Burnham 2002). We did not include 

year interaction terms because of the very low number of resighted puffins from one of 

the cohorts. Therefore, our candidate model set for each analysis included 16 biologically 

plausible models, which included all additive combinations of explanatory variables, plus 

a null model.  

 We calculated Akaike’s information criterion for small sample sizes (AICc) for all 

models, along with associated parameters following the methods outlined in Burnham 



 

 57 

and Anderson (2002). We calculated ĉ for the juvenile survival analysis using the formula 

ĉ = deviance/df based on values from the global model. It was not necessary to correct 

the binomial juvenile survival response variable for overdispersion (ĉ = 0.95). We also 

calculated the difference between each model and the best-fitting model (∆i), as well as 

Akaike weights (wi). We estimated the relative importance of each variable by summing 

the Akaike weights across all competing models in which the variable occurred. We used 

model-averaged parameter estimates to assess the effect size and thus biological 

significance of each parameter. The unconditional standard error (SE) of each parameter 

estimate was directly estimated by considering only the subset of models which included 

the parameter of interest. We calculated 95% confidence intervals using the formula 95% 

CI = 1.96*SE. 

 We fitted logistic regression models to the juvenile survival dataset in SAS 9.1 

(SAS Institute 2003) using PROC GENMOD with a binomial error distribution and the 

logit link function. General linear models were fitted to the age at first return dataset 

using the Fit (Y X) linear regression application in SAS 9.1. AICc values were calculated 

manually, after Burnham and Anderson (2002). All means are presented ± 95% 

confidence interval unless otherwise stated. 

 

3.4 Results 

We measured and banded 63 and 70 Tufted Puffin nestlings that survived to 

fledge in 1999 and 2000 respectively. The mean fledging mass of nestlings from the 1999 

and 2000 cohorts was similar (475 g ± 21 vs. 502 g ± 13), and across both years the 

fledging masses of individual nestlings ranged from 41-89% of mean adult mass (744 g ± 
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63 SD, ± 12.8), N=95, 49 female, 46 male, G.W. Blackburn, unpublished data). The 

mean fledging wing length was similar between cohorts (151 mm ± 1.7 in 1999 and 153 

mm ± 1.7 in 2000), and ranged only from 64-79% of adult wing length (209 mm ± 5 SD, 

N=96, 50 female, 46 male, G.W. Blackburn, unpublished data). As expected, mass and 

date at fledging were inversely related (r2 = 0.49, Figure 3.1); mass and wing length at 

fledging were positively correlated, although less strongly (r2 = 0.20, Figure 3.2); and 

wing length and date at fledging were only weakly correlated (r2 = 0.09). 

 Thirty-five of the 133 (26%) puffins we banded were resighted at their natal 

subcolony between 2002 and 2008 (Figures 3.1, 3.2). Of the nestlings ever resighted from 

either cohort, 17 were resighted in only one year, and of these 17, eight were seen only 

once. Seven other individuals which were seen only once in their first year of resighting 

were subsequently seen in multiple years. Fourteen puffins in our dataset were resighted 

in three or more years. These patterns of resighting suggest that some of the individuals 

in our dataset were transient prospectors at first resighting, and that others went on to 

recruit to their natal colony.    

3.4.1 Local juvenile survival 

The best-supported model included only year and fledging wing length (Table 

3.1), and importance values (both > 0.9) and parameter estimates confirmed that both had 

strong effects on local juvenile survival (Table 3.2). Survival of the 2000 cohort (30 of 

70) was much greater than that of the 1999 cohort (5 of 63), and the predicted survival 

probability increased from 0.01 to 0.22 in 1999 and from 0.13 to 0.67 in 2000 over the 

range of fledging wing lengths observed in each year. The two other strongly supported 

models (∆i < 2, Burnham and Anderson 2002) again included year and fledging wing 
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length, and additionally including effects of fledging mass, and fledging date, 

respectively (Table 3.1). The weaker support for effects of fledging mass and fledging 

date on local juvenile survival is evident in their similarly low importance values, 0.335 

and 0.321 respectively. However, the parameter estimate of fledging mass, unlike that for 

fledging date, is greater than its unconditional standard error, providing support for an 

effect of fledging mass on survival (Table 3.2). Over the range of fledging masses 

observed in each year; survival probability increased from 0.05 to 0.08 in 1999 and from 

0.39 to 0.46 in 2000. 

3.4.2 Age at first return 

The age at first return of the 35 resighted individuals ranged from three to seven 

years (Figure 3.3). The best-supported model included effects of year and fledging mass 

(Table 3.3), and the importance values of each factor (0.803 and 0.676, respectively, 

Table 3.4) further indicated both had strong effects. Nestlings from the 2000 cohort had 

an earlier average age at first return (4.0 ± 0.3 years of age) compared to those from the 

1999 cohort (5.0 ± 1.0 years of age). The predicted age at first return decreased 

substantially with increasing fledging mass, from 6.0 to 4.5 in 1999 and from 4.7 to 3.6 in 

2000 over the range of fledging masses observed in each year. The only other strongly 

supported model (∆i < 2) included fledging wing length in addition to year and fledging 

mass (Table 3.3). Fledging wing length had only a modest, negative effect on age at first 

return, given its intermediate importance value (0.404) and parameter estimate that was 

greater than its unconditional standard error (Table 3.4). Over the range of wing lengths 

observed in each year, age at return decreased from 5.5 to 5.0 in 1999 and from 4.4 to 3.9 
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in 2000. Fledging date was not included in any strongly supported model and had a low 

importance value (0.327, Table 3.4). 

 

3.5 Discussion 

As predicted, Tufted Puffin nestlings which fledged with a greater wing length 

and heavier in mass were more likely to survive to return to their natal colony. Heavier 

fledglings and those with a greater wing length also returned to their natal colony at a 

younger age. However, annual (cohort) effects, which we did not expect given that both 

cohorts experienced rapid growth rates as nestlings, had the strongest effects on both 

local juvenile survival and age at first return. Contrary to prediction, we found little 

evidence of an effect of fledging date on either local juvenile survival probability or age 

at first return.   

3.5.1 Local juvenile survival 

Cohort effects on local juvenile survival have been well documented in other 

seabird species ( Harris et al. 1994, Sandvik et al. 2008). Cohort effects on survival are 

usually attributed to climatic effects on food availability or food quality (Kitaysky et al. 

2006, Frederiksen et al. 2008), or to direct mortality from severe weather events. Given 

that the lipid-content of nestling diet appeared similar between years (Gjerdrum 2001),  

the low survival of the 1999 cohort cannot be easily attributed to a “junk-food” diet 

(Romano et al. 2006, Kitaysky et al. 2006). Severe storm events were apparently no more 

common in the northeast Pacific in the winter of 1999-2000, compared to that of 2000-

2001, based on wave height data recorded by buoys at sea (Bromerski et al. 2005, 
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Menendez et al. 2008), providing no support for the cohort effect on survival being 

weather-driven.  

Tufted Puffin nestlings that fledged with longer wings and at a heavier mass were 

more likely to survive to return to their natal colony, although the wing length effect was 

much stronger. Alcid nestlings, including Tufted Puffins, fed a restricted diet during early 

development exhibit greatly retarded mass growth rates, but wing growth rate is less 

affected  (Øyan and Anker-Nilssen 1996, Romano et al. 2006, Benowitz-Fredericks et al. 

2006, Sears and Hatch 2008). Although the reduced mass growth of diet restricted 

nestlings appears mainly to be a function of a reduction in lipid stores, a portion of their 

lower fledging mass is attributable to reduced heart, liver, and breast muscle mass 

(Takenaka et al. 2005). As found here for Tufted Puffins, field studies of Atlantic Puffins 

have shown that mean fledging masses (50-80% of adult mass) varied much more 

between colonies and years than did fledging wing lengths (80-85% of adult size, 

reviewed in Hipfner and Gaston 1999). Preferential allocation of energy and nutrients 

towards wing growth in alcid nestlings has been hypothesized to be an adaptive growth 

strategy (O'Connor 1977, Øyan and Anker-Nilssen 1996), because long wings may 

increase juvenile survival probability by increasing the likelihood of successfully 

reaching the ocean, and by increasing foraging efficiency once at sea (Birkhead 1977, 

Hipfner and Gaston 1999, Hedgren 1981). The greater importance of fledging wing 

length over fledging mass to local juvenile survival of Tufted Puffins supports the 

adaptive growth hypothesis. 

 Tufted Puffin nestlings that fledged at a heavier mass were more likely to survive 

to return to their natal colony, as found in some other seabirds (Ludwigs and Becker 
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2006, Perrins et al. 1973). This might reflect the importance of large energy reserves 

buffering fledglings against food shortage during the critical period when they must learn 

to forage on their own (Weimerskirch et al. 2000). In pursuit-diving seabirds like puffins, 

this is a lengthy process that can be a key determinant of juvenile survival (Daunt et al. 

2007). Low wing-loading (body mass/wing area) could be important to successful 

fledging in alcids (Barrett and Rikardsen 1992). Although we did not measure wing area 

to enable an evaluation of the effect of wing loading on juvenile survival, our results 

indicate positive effects of both fledging wing length and fledging mass on local juvenile 

survival, suggesting that minimization of wing-loading is of lesser importance to juvenile 

survival of puffins than having both long wings and being heavy at fledging. 

 Previous studies examining effects of fledging mass and date on local juvenile 

survival of other alcid species have produced inconsistent results (Harris et al. 1992, 

Hedgren 1981, Lloyd 1979, Harris and Rothery 1985, Gaston 1997). Only one of these 

other studies considered an alcid that is independent at fledging, when fledging 

parameters should most strongly reflect survival probability. Null effects of date and 

condition on local juvenile survival in the Atlantic Puffin (Fratercula arctica) could be 

attributed to weak selection pressure resulting from near optimal conditions and a short 

migration distance to wintering grounds (Harris and Rothery 1985), low sample sizes of 

confirmed-fledged birds, or a higher proportion of missed individuals through the use of a 

recapture rather than resighting protocol. In addition, our results suggest that the lack of 

clear effects of fledging mass or date on local juvenile survival in other alcid species 

could be the result of these studies not considering the importance of departure wing 

length to juvenile survival, given that nestlings trade-off mass growth for wing growth 
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(Romano et al. 2006), and may delay departure until a critical wing length is reached ( 

Barrett and Rikardsen 1992, Hipfner and Gaston 1999, Deguchi et al. 2004). 

An alternative explanation of our results is that there is a resighting bias in favour 

of individuals that fledged with longer wings or heavier in mass because they are more 

likely to recruit to their natal colony (Spear et al. 1998, Prevot-Julliard et al. 2001). Our 

resighting protocol would appear to account for this possibility, because our study site is 

the largest puffin colony in a large geographic area (Piatt and Kitaysky 2002) it is likely 

to attract prospecting individuals (Serrano et al. 2003). No banded puffins were resighted 

at the largest neighbouring puffin colony of 6000 pairs (Rodway 1991) on Sartine Island 

over a 4-day survey in 2006. Furthermore, because our protocol was not dependent on 

individuals recruiting, it provided a better estimate of actual local juvenile survival since 

seabirds usually return first to their natal colony before emigrating or recruiting in 

subsequent years (Spear et al. 1998, Bradley et al. 1999, Dittmann et al. 2005). Our 

findings could also be explained by a sex-difference in fledging wing length or mass and 

natal philopatry (Sagar and Horning 1998). However, no sex-difference in natal 

philopatry of Atlantic Puffins is apparent (Harris 1983), and the sex-difference in 

Rhinoceros Auklet (Cerorhinca monocerata, actually a puffin) fledging wing lengths and 

masses is negligible (Addison et al. 2008).  

3.5.2 Age at first return 

We found a strong cohort effect on age at first return that was unexpected given 

that both were similarly strong cohorts (Gjerdrum et al. 2003), so we can only speculate 

as to its cause. The delayed age at first return of the 1999 cohort relative to the 2000 

cohort may be related to the different environmental conditions that each cohort faced at 
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their time of return. None of the 1999 cohort returned at 4 years old in 2003, which 

featured mild El Niño conditions, when widespread breeding failure and colony 

abandonment on Puffin Rock (Hipfner et al. 2007) suggested food availability was low. 

Likewise, colony attendance of prospecting Thick-billed Murres (Uria lomvia) decreases 

when food availability is low (Gaston and Nettleship 1982). In contrast, puffin breeding 

success was much higher in 2004 at Triangle Island (Hipfner et al. 2007) when half of the 

resighted individuals from the 2000 cohort first returned at age four. 

Tufted Puffins with a greater fledging mass returned to their natal colony at a 

younger age than lighter fledglings. Although we know of no other studies relating 

fledging parameters to age at first return, some studies considering age at recruitment 

have found a similar effect of fledgling mass or size (Gaston 2003, Cam et al. 2003). The 

recruitment literature suggests that poor early conditions may constrain/restrain 

individuals from breeding at an earlier age because their condition reduces the potential 

net benefit of an early breeding attempt (Curio 1983). In the context of the current study, 

heavy fledglings appear to reach the condition at which the benefits of returning to begin 

the recruitment process outweigh the associated costs at a younger age. A restricted 

nestling diet (associated with a lighter fledging mass) results in stunting of adult tarsus 

size in Tufted Puffins (Kitaysky 1999) and Rhinoceros Auklets (Sears and Hatch 2008), 

evidence of long-term consequences of poor early development that may affect age at 

first return. 

Our findings have important implications for Tufted Puffins in the southern 

portion of their range where populations have been declining in recent decades (Piatt and 

Kitaysky 2002). Reproductive success and fledging condition of Tufted Puffins are poor 
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in years of warm sea-surface temperatures at our study site (Gjerdrum et al. 2003). Our 

results indicate that nestlings with reduced fledging condition have a low local juvenile 

survival probability. Climate models predict increased sea-surface temperatures (IPCC 

2007), which we predict will result in low juvenile survival rates. In addition, we found 

that strong cohort effects on local juvenile survival can result in very low recruitment, 

even in cohorts from cool-water years of high reproductive success and fledging 

condition (Gjerdrum et al. 2003). 

This study is the first to show an effect of fledging wing length or fledging mass 

on local juvenile survival or age at first return to the natal breeding colony of a semi-

precocial alcid species, while at the same time adding to the growing body of literature 

that demonstrates the importance of early conditions on fitness in birds (Lindstrom 1999). 

We found strong evidence that nestlings with longer wings at fledging had a higher local 

juvenile survival probability, whereas being heavy was most important to having a 

younger age at first return to the natal colony. Our results suggest that if an alcid 

nestling’s allocation of limited resources to wing growth rather than mass growth is truly 

an adaptive strategy, the increase in juvenile survival probability resulting from a greater 

fledging wing length is of greater benefit to their lifetime fitness than any fitness costs 

incurred by a delayed age at first return owing to a lower fledging mass. Future studies 

should consider evaluating the effects of fledging parameters on age at first return as 

done here, in addition to age at recruitment. An examination as to whether fledging mass 

or wing length affects the quality of the mate or breeding site obtained and future 

reproductive success would also be informative as to the long-term consequences of 

fledging parameters. 
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3.6 Figures 

Figure 3.1 Fledge date (day of year) in relation to fledge mass (g) of resighted and unseen Tufted 

Puffin nestlings (N= 133). 
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Figure 3.2 Fledge wing length (mm) in relation to fledge mass (g) of resighted and unseen Tufted 

Puffin nestlings (N= 133). 
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Figure 3.3 Fledge mass (g) in relation to age at first return of resighted Tufted Puffins from the 

1999 and 2000 cohorts (N= 35). 
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3.7 Tables 

Table 3.1 Support for logistic regression models predicting local juvenile survival of the 1999 and 

2000 cohorts of Tufted Puffins on Triangle Island, British Columbia in relation to 

YEAR, fledging date (FDATE), fledging mass (FMASS), and fledging wing length 

(FWING). K is the number of parameters in the model, log(L ) is the value of the 

maximized log-likelihood function, AICc is Akaike’s information criterion adjusted for 

small sample size, ∆i is the difference in AICc value from that of the top model, and wi is 

the Akaike weight, N= 133 puffin nestlings. 
a
AICc of the top model = 128.93. 

 

Model log(L ) K ∆i wi 

YEAR + FWINGa -61.37 3 0.00 0.411 

YEAR + FMASS + FWING -60.99 4 1.37 0.207 

YEAR + FDATE + FWING -61.00 4 1.39 0.205 

YEAR + FMASS + FDATE + FWING -60.91 5 3.36 0.076 

YEAR + FMASS -63.77 3 4.81 0.037 

YEAR + FDATE -64.21 3 5.68 0.024 

YEAR -65.27 2 5.70 0.024 

YEAR + FMASS + FDATE -63.69 4 6.76 0.014 

FDATE + FWING -67.79 3 12.84 0.001 

FMASS + FDATE + FWING -67.63 4 14.65 0.000 

FDATE -70.93 2 17.02 0.000 

FWING -71.65 2 18.47 0.000 

FMASS + FDATE -70.91 3 19.08 0.000 

FMASS + FWING -70.94 3 19.13 0.000 

FMASS -73.99 2 23.14 0.000 

NULL -76.65 1 26.41 0.000 
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Table 3.2 Importance values, model-averaged parameter estimates and associated unconditional 

standard errors (SE) and 95% confidence intervals (95% CI) explaining local juvenile 

survival of the 1999 and 2000 cohorts of Tufted Puffins on Triangle Island, British 

Columbia. See Table 1 for explanation of parameters. 
a
This was the reference category 

in the analysis, consequently the estimate was set to 0. 

 

Parameter Category level Importance Estimate SE  95% CI 

Intercept   -13.4797 10.8654 21.2961 

YEAR  1999 0.999 -2.0768 1.0232 2.0055 

 2000a 0.000 0.0000 0.0000 0.0000 

FMASS  0.335 0.0012 0.0039 0.0076 

FDATE  0.321 -0.0119 0.0781 0.1530 

FWING   0.901 0.0993 0.0466 0.0913 
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Table 3.3 Support for general linear models predicting age at first return of the 1999 and 2000 

cohorts of Tufted Puffins on Triangle Island, British Columbia, N= 35 resighted 

individuals. SSE is the sum of squared error of each model. See Table 1 for explanation 

of parameters and other results presented. 
a
AICc of the top model = 1.44 

 

Model SSE K ∆i wi 

YEAR + FMASSa 27.93 4 0.00 0.289 

YEAR + FMASS + FWING 26.47 5 0.86 0.188 

YEAR + FMASS + FDATE 27.87 5 2.66 0.076 

YEAR 32.97 3 3.24 0.057 

YEAR + FWING 30.68 4 3.28 0.056 

FDATE 33.15 3 3.43 0.052 

YEAR + FDATE 30.81 4 3.44 0.052 

YEAR + FMASS + FDATE + FWING 26.42 6 3.71 0.045 

YEAR + FDATE + FWING 28.93 5 3.96 0.040 

FDATE + FWING 31.62 4 4.34 0.033 

FMASS 34.08 3 4.40 0.032 

NULL 37.54 2 5.39 0.019 

FMASS + FDATE 32.65 4 5.46 0.019 

FMASS + FWING 32.81 4 5.63 0.017 

FWING 35.61 3 5.94 0.015 

FMASS + FDATE + FWING 31.32 5 6.74 0.010 

 
 
 
 
 
 
 
 



 

 72 

Table 3.4 Importance values, model-averaged parameter estimates and associated unconditional 

standard errors (SE) and 95% confidence intervals (95% CI) explaining age at first 

return of the 1999 and 2000 cohorts of Tufted Puffins on Triangle Island, British 

Columbia. See Table 1 for explanation of parameters. 
a
This was the reference category 

in the analysis, consequently the estimate was set to 0. 

 

Parameter Category level Importance Estimate SE 95% CI 

Intercept   6.9632 8.0906 15.8575 

YEAR  1999 0.803 0.9342 0.5502 1.0784 

 2000a 0.000 0.0000 0.0000 0.0000 

FMASS  0.676 -0.0047 0.0042 0.0083 

FDATE  0.327 0.0104 0.0566 0.1110 

FWING   0.404 -0.0183 0.0434 0.0851 
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CHAPTER 4  
GENERAL CONCLUSION 

Chapter 2 compared the responsiveness of adult survival to two extreme climate 

events of three seabird species, the small-bodied and mostly zooplanktivorous Cassin’s 

Auklet (Ptychoramphus aleuticus), and two larger-bodied and more piscivorous puffin 

species, the Rhinoceros Auklet (Cerorhinca monocerata) and Tufted Puffin (Fratercula 

cirrhata). Adult survival estimates for female Cassin’s Auklets dropped by half in 

response to both extreme climate events, whereas the male survival rate was lower than 

the female background rate, but equal through time. We found no effect of either climate 

event on survival of Rhinoceros Auklets, in which both sexes had a constant survival rate 

intermediate to that of Cassin’s Auklets and Tufted Puffins. Similarly, Tufted Puffin 

survival was constant through time, although we found weak evidence that females had a 

higher survival rate than males. 

Our results suggest the population decline of the Tufted Puffin colony on Triangle 

Island is the result of frequent climate-driven reproductive failure (Gjerdrum et al. 2007), 

whereas large-scale declines of Cassin’s Auklet populations in the core of their range are 

the result of the simultaneous effects of poor reproduction (Hipfner 2008) and high adult 

mortality associated with extreme climate events. Given climate change predictions of 

increasing mean temperatures and more frequent extreme climate events (IPCC 2007), 

we predict northward range contraction of Tufted Puffins (Gjerdrum et al. 2007) and an 

increased extinction risk of Cassin’s Auklets. Continued monitoring of the reproductive 

success and adult survival of both species at Triangle Island are important for 
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determining whether these predictions are accurate. However, what may be more 

informative as to the long-term viability of each species would be demographic studies of 

more northern populations, potentially less affected by the oceanographic processes 

driving production in the California Current System, to assess the resilience of the core 

northern Tufted Puffin populations and the likelihood of a successful distributional shift 

of Cassin’s Auklet populations northward. 

 The sex-difference in responsiveness to extreme climate events in Cassin’s 

Auklets on Triangle Island was not apparent in the uniform response of male and female 

Cassin’s Auklets on the South East Farallon Islands (SEFI), a contrast that requires 

further investigation. Detailed studies at both sites of the proportion, size, and 

composition of food loads provisioned by male and female auklets in years of normal and 

poor food availability, as has been done elsewhere for Crested Auklets (Aethia 

cristatella) (Fraser et al. 2002), would reveal whether male auklets on Triangle escape 

high mortality in food-poor extreme climate years by reducing their reproductive 

investment. Sex-differences in diet could also contribute to the sex-difference in extreme 

climate response on Triangle. The longer and deeper bill of male auklets may allow a 

degree of dietary niche partitioning between the sexes (Shine 1989). Isotopic signatures 

of feathers suggests that males were feeding at a higher trophic level in the fall of 2006, 

although late-winter diet was similar between the sexes in Cassin's Auklets breeding on 

Triangle Island in 2007 (M. Sorensen unpublished data). Future research should consider 

sex-differences in Cassin’s Auklet wintering location and diet throughout the year, least 

invasively through comparisons of fatty acid and isotopic signatures (Furness et al. 2006, 

Awkerman et al. 2007).  
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An experimental manipulation of the cost of breeding could be used to determine 

whether male and female Cassin’s Auklets are equally willing to increase their 

reproductive investment. Harding et al. (2009) found that both male and female Dovekies 

(Little Auk, Alle alle) experienced similar mass loss when their partner’s flight cost was 

experimentally increased by feather clipping (with subsequent increases to corticosterone 

levels and decreased body mass). The authors concluded both sexes were equally willing 

to compensate for their partner’s reduced parental effort. A similar study should be 

conducted in Cassin’s Auklets, where the prediction would be that males are less willing 

to make a compensatory increase in parental effort. Ackerman et al. 2004 found that 

Cassin’s Auklet fledging success was reduced more when a radio transmitter was 

attached to the male (50%), than the female (77%) and suggested male care may be more 

important to fledging success than female care. However, the reverse interpretation could 

be made, that females compensated for the reduced parental care of their partner to a 

greater extent than did males. A study of sex-differences in parental investment in 

Cassin’s Auklets that assesses changes in body condition, corticosterone levels, and 

ideally provisioning frequency and adult return rates is needed to draw a strong inference 

about sex-differences in parental investment.  

Additional information on the location and timing of seabird mortality over large 

areas and throughout the year is available through beached bird surveys, especially for 

more near-shore species like Cassin’s Auklets and Rhinoceros Auklets (Parrish et al. 

2007). These datasets could be enriched greatly by the inclusion of age, sex, and colony 

of origin data. Sex and age could be determined externally by appearance and 

measurement, or internally by the identification of sex organs and the occurrence of a 
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straight (unbred female) or convoluted (experienced female) oviduct (Jones et al. 1982). 

Because dead recoveries of birds banded on Triangle Island are rare (J.M. Hipfner, 

unpublished data), isotopic and trace element analysis of feathers grown on the breeding 

grounds could be useful in assigning beached birds to a colony of origin (Gomez-Diaz 

and Gonzalez-Solis 2007). 

 We found strong evidence that male Cassin's Auklets had a lower constant 

survival rate than the background rate of females, and weaker, but detectible evidence of 

a lower male constant survival rate in Tufted Puffins. Lower male survival could result if 

the type and/or amount of particular behaviours male Cassin’s Auklets and Tufted Puffins 

perform are especially costly to males. Alternatively, the demands of egg production 

(Monaghan et al. 1998) may cause first reproduction to be a stronger selective force on 

female rather than male quality, so the proportion of low quality individuals in the 

population would be higher in males than in experienced females, resulting in a lower 

mean survival rate of males (Tavecchia et al. 2001). A comparison between the sexes of 

changes in body condition and stress hormone levels throughout the breeding season may 

elucidate whether males are investing more in breeding (not necessarily in nestling care) 

than females in non-extreme climate years. Long-term survival studies of birds of known 

breeding history (based on burrow checks) would determine whether first reproduction is 

more costly to females than to males, and allow the additional inquiry into whether 

survival of first time breeders is more strongly impacted in extreme climate years than 

survival of experienced breeders, as found in another long-lived seabird (Nevoux et al. 

2007). 
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The explanation for why male Rhinoceros Auklets did not have a lower adult 

survival rate than females requires further investigation. In contrast to Tufted Puffins 

(Williams et al. 2007), male Rhinoceros Auklets do not lose more mass than females 

between incubation and chick-rearing (Niizuma et al. 2002), nor do males lose more body 

condition in food-poor years (Addison et al. 2008). Additionally, only females that 

fledged a male chick showed increased baseline corticosterone levels in a food-poor year 

(Addison et al. 2008). The finding that Rhinoceros Auklet parents do not regulate food 

provisioning in response to increased or decreased nestling demand (Takahashi et al. 

1999), may arise because their maximum per parent provisioning rate of once per day 

constrains the regulation of parental investment (Takahashi et al. 1999). The reason why 

similarly nocturnal Cassin’s Auklets appear to have more flexible levels of parental 

investment should be examined. 

Chapter 3 considered whether cohort, fledging date, and fledging mass affected 

the juvenile survival and age at first return to the natal colony of Tufted Puffins on 

Triangle Island, BC. We found a strong cohort effects on local juvenile survival, whereby 

only 8% (5 of 63 individuals) of the 1999 cohort were ever resighted, whereas 43% (30 

of 70 individuals) from the 2000 cohort were resighted. This marked difference in local 

juvenile survival provides important information about the population dynamics of 

Tufted Puffins on Triangle Island. Even though both 1999 and 2000 fell within a 

favourable, cold-and-high-productivity oceanographic period (Mackas et al. 2007) and 

ranked within the top three of 11 years in terms of fledging success and growth rate at 

Triangle Island (Gjerdrum et al. 2003), the 1999 cohort contributed little to increasing the 

population growth rate. In addition to the hypothesis that the poor survival of the 1999 
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cohort resulted from more severe weather in their first winter, a comparison between the 

degree of mass loss between cohorts provides another explanation. The mean peak mass 

of nestlings from the 1999 and 2000 cohorts was similar (535 g ± 16 vs. 538 g ± 11), 

although not statistically significant, the 1999 cohort experienced a greater mass 

recession which resulted in what might be a biologically significant lower mean fledging 

mass (475 g ± 21 vs. 502 g ± 13). The 1999 cohort’s greater mass loss prior to fledging 

might indicate that food availability was declining more strongly late in the 1999 season. 

In addition, many more breeding puffins began their post-nuptial moult in 2000 during 

nestling-rearing compared to 1999 (C. Gjerdrum pers. obs.), again suggesting food 

availability or quality was higher near the end of the breeding season in 2000 (Pap et al. 

2008). Future studies could attempt to relate actual abundance of forage fish and 

zooplankton measured through tows in the vicinity of Triangle Island (Mackas et al. 

2007) to nestling growth and juvenile survival over multiple years. 

Ydenberg’s model (Ydenberg et al. 1989, Ydenberg 1995) of the fledging 

decision in alcids is based on the dichotomy of a safe, but slow-growth nest site 

environment, and a dangerous, but high growth ocean environment. This model does not 

account for the expectation that a nestling that transits to the ocean environment in poor 

condition (low mass, under-developed wings) will have a slower potential growth rate 

than a better developed nestling because of decreased foraging efficiency. During wing 

moult Tufted Puffins and Common Murres maintain speed of travel while diving by 

flapping their wings more frequently to compensate for the reduced propulsion their 

reduced wing-area provides, suggesting more muscular work is required (Bridge 2004). 

Furthermore, preferential allocation of nutrients and energy towards wing growth over 
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mass growth (Øyan and Anker-Nilssen 1996, Romano et al. 2006, Sears and Hatch 2008, 

Benowitz-Fredericks et al. 2006), which Chapter 3 supports as an adaptive strategy 

(Morrison et al. 2009 provisionally accepted), less variable fledging wing lengths than 

fledging masses (Chapter 3 and Hipfner and Gaston 1999), the repeated suggestion that 

alcid nestlings reach a critical minimum wing length before fledging (Hipfner and Gaston 

1999, Barrett and Rikardsen 1992, Deguchi et al. 2004), and the lack of a relationship 

between fledging wing length and fledging date (Chapter 3), all suggest that wing growth 

should be included in any consideration of the nestling departure decision of alcids, 

especially species with semi-precocial development which are independent of parental 

care after fledging. 

The finding that fledglings with longer wings and those heavier in mass had a 

higher probability of local juvenile survival could be explained by a sex-difference in size 

at fledging and natal philopatry (Sagar and Horning 1998). Although there is no apparent 

sex-difference in natal philopatry of Atlantic Puffins (Fratercula arctica) (Harris 1983), 

and a negligible sex-difference in Rhinoceros Auklets fledging wing length or mass 

(Addison et al. 2008), future studies could test for these effects in Tufted Puffins by 

molecularly sexing banded puffin nestlings. Banding of known-sex nestlings would allow 

an examination of additional aspects of puffin life-history trade-offs and demographics, 

including manipulation of offspring sex ratio (Lee and Sydeman 2009), sex-specific costs 

of reproduction (sex allocation) (Addison et al. 2008), and sex-differences in age at first 

return, age at first breeding, and life-time reproductive success.  

Heavier puffin fledglings had an earlier age at first return to their natal colony. 

Further work is needed to examine whether an early age at first return results in a fitness 
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advantage through the acquisition of a high quality breeding site (Porter and Coulson 

1987, Bruinzeel and van de Pol 2004) or greater lifetime reproductive success (Wooller et 

al. 1990, Becker and Bradley 2007). Individual puffins were resighted earlier in the 

season as their colony experienced increased (K.W.M. unpublished data). Harris (1983) 

described a similar pattern in Atlantic Puffins, and suggested that their progression of 

primary feather moult might constrain their date of arrival at the breeding colony. The 

timing of moult could be examined for non-breeding Tufted Puffins caught at sea to 

determine whether the timing of moult determines both the age of first return and date of 

arrival. 

We followed the standard seabird juvenile survival methodology by considering 

whether temporal (hatching or fledging date) or morphological (mass or wing growth 

rate, peak mass, fledging mass or wing length) parameters affected local juvenile survival 

(Becker and Bradley 2007). Future seabird juvenile survival and age at first return studies 

should consider the role of immune system development. Nestling birds may trade-off 

immune system development with growth of morphological elements such as wings 

(Mauck et al. 2005). Furthermore, nestlings with better immune function may have a 

higher local juvenile survival probability (Moreno et al. 2005). 
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APPENDICES 

 
Appendix A Number of banded female adult Cassin’s Auklets in each year contributing to the recovery matrix (R(i,.), (White and Burnham 1999). 

‘Marked’ is the number of new individuals entering the population, R(i) is the number of ‘marked’ individuals, plus the number 

recaptured in the previous year (sum of j=year). ‘j=year’ is the number of individuals from R(i) subsequently recaptured for the first time 

in that year. ‘Total’ is the total number of individuals from R(i) subsequently recaptured. ‘% Recaptured’ is the percentage of R(i) 

subsequently recaptured. 

 
Female Marked R(i) j=1995 j=1996 j=1997 j=1998 j=1999 j=2000 j=2001 j=2002 j=2003 j=2004 j=2005 j=2006 j=2007 j=2008 Total % Recaptured 

i=1994 138 138 62 14 5 1 1 0 0 0 0 0 0 0 0 0 83 60 

i=1995 104 166  50 9 6 0 0 0 0 0 0 0 0 0 0 65 39 

i=1996 16 80   44 9 0 0 0 0 0 0 1 0 0 0 54 68 

i=1997 69 127    17 8 0 2 0 0 0 0 1 0 0 28 22 

i=1998 51 84     19 2 5 1 1 4 0 1 0 0 33 39 

i=1999 48 76      17 2 0 1 1 1 0 0 0 22 29 

i=2000 24 43       14 2 1 2 1 0 0 0 20 47 

i=2001 39 62        9 3 5 1 1 0 0 19 31 

i=2002 58 70         13 2 6 0 0 0 21 30 

i=2003 38 57          23 2 2 1 0 28 49 

i=2004 37 74           12 4 4 1 21 28 

i=2005 29 53            12 1 0 13 25 

i=2006 43 64             13 4 17 27 

i=2007 71 90              17 17 19 

Total 765                  
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Appendix B Number of banded male Cassin’s Auklets in each year contributing to the recovery matrix (R(i,.), (White and Burnham 1999). See 

Appendix A for heading definitions. 

 
Male Marked R(i) j=1995 j=1996 j=1997 j=1998 j=1999 j=2000 j=2001 j=2002 j=2003 j=2004 j=2005 j=2006 j=2007 j=2008 Total % Recaptured 

i=1994 206 206 102 17 2 3 1 1 0 0 0 0 0 0 0 0 126 61 

i=1995 101 203  70 16 9 2 0 1 1 0 0 0 0 0 0 99 49 

i=1996 11 98   46 9 4 0 1 0 0 0 0 0 0 0 60 61 

i=1997 35 99    37 4 3 0 1 0 0 0 0 0 0 45 45 

i=1998 24 82     27 5 1 0 0 1 0 0 0 1 35 43 

i=1999 52 90      26 4 2 5 0 0 1 1 0 39 43 

i=2000 32 67       19 4 5 0 0 1 0 0 29 43 

i=2001 39 65        9 7 4 1 1 0 0 22 34 

i=2002 18 35         9 2 1 1 1 0 14 40 

i=2003 18 44          16 3 2 1 0 22 50 

i=2004 22 45           15 5 0 1 21 47 

i=2005 8 28            11 1 0 12 43 

i=2006 17 39             13 3 16 41 

i=2007 18 35              7 7 20 

Total 601                  
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Appendix C Number of banded female Rhinoceros Auklets in each year contributing to the recovery matrix (R(i,.), (White and Burnham 1999). See 

Appendix A for heading definitions. 

 
Female Marked R(i) j=1995 j=1996 j=1997 j=1998 j=1999 j=2000 j=2001 j=2002 j=2003 j=2004 j=2005 j=2006 j=2007 j=2008 Total % Recaptured 

i=1994 91 91 28 9 8 2 1 1 0 0 1 0 0 0 0 0 50 55 

i=1995 33 61  19 8 6 0 1 0 1 0 0 0 0 0 0 35 57 

i=1996 22 50   16 9 0 4 1 0 0 0 0 0 0 0 30 60 

i=1997 33 65    14 1 4 0 5 1 2 0 0 0 0 27 42 

i=1998 24 55     3 7 6 5 0 1 1 1 1 0 25 45 

i=1999 6 11      5 2 0 0 0 0 0 0 0 7 64 

i=2000 16 38       15 4 1 0 0 0 1 0 21 55 

i=2001 21 45        8 3 1 2 1 0 0 15 33 

i=2002 81 104         4 8 0 3 1 0 16 15 

i=2003 25 35          8 0 0 1 0 9 26 

i=2004 73 93           9 3 2 2 16 17 

i=2005 29 41            4 6 3 13 32 

i=2006 71 83             6 7 13 16 

i=2007 60 78              13 13 17 

Total 585                  
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Appendix D Number of banded male Rhinoceros Auklets in each year contributing to the recovery matrix (R(i,.), (White and Burnham 1999). See 

Appendix A for heading definitions. 

 
Male Marked R(i) j=1995 j=1996 j=1997 j=1998 j=1999 j=2000 j=2001 j=2002 j=2003 j=2004 j=2005 j=2006 j=2007 j=2008 Total % Recaptured 

i=1994 198 198 70 23 9 12 0 7 1 2 0 0 0 0 0 0 124 63 

i=1995 65 135  37 18 7 2 7 3 1 0 0 0 1 0 0 76 56 

i=1996 30 90   24 14 2 3 2 1 0 0 0 0 0 0 46 51 

i=1997 19 70    27 3 8 1 2 1 1 1 0 0 0 44 63 

i=1998 44 104     3 18 10 5 2 0 0 0 0 0 38 37 

i=1999 5 15      6 5 0 1 0 0 0 0 0 12 80 

i=2000 15 64       16 11 2 1 2 1 1 0 34 53 

i=2001 24 62        20 11 3 2 1 1 0 38 61 

i=2002 52 94         14 8 6 1 1 0 30 32 

i=2003 23 54          9 4 5 3 1 22 41 

i=2004 85 107           9 4 5 7 25 23 

i=2005 28 52            5 6 1 12 23 

i=2006 64 82             12 2 14 17 

i=2007 53 82              19 19 23 

Total 705                  
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Appendix E Number of female and male marked Tufted Puffins in each year contributing to the 

recovery matrix (R(i,.), (White and Burnham 1999). See Appendix A for heading 

definitions. Birds were marked in 2002 only; 50 female, 46 male. 

 

Female R(i) j=2003 j=2004 j=2005 j=2006 j=2007 Total  % resighted 

i=2002 50 45 3 0 0 0 48 96 
i=2003 45  34 5 2 1 42 93 
i=2004 37   28 4 2 34 92 
i=2005 33    28 3 31 94 
i=2006 34     31 31 91 
         
Male         
i=2002 46 42 1 0 0 0 43 93 
i=2003 42  38 0 0 0 38 90 
i=2004 39   35 0 0 35 90 
i=2005 35    29 2 31 89 
i=2006 29     26 26 90 
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Appendix F Mean number of days individuals of each sex of Tufted Puffins were resighted from 

2002-2007 based on the total number of individuals of each sex resighted within each 

year. 

Year Male Female Ratio (M:F) 

2003 8.6 6.6 1.30 
2004 12.9 6.5 1.98 
2005 6.8 4.4 1.55 
2006 10.9 6.6 1.65 
2007 10.3 6.1 1.69 

 
 
 




