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Abstract 
 

The largest colonies of Atlantic puffins (Fratercula arctica) have been experiencing 

decades of declining population growth linked to poor breeding performance, particularly in 

the Eastern Atlantic. These trends have been revealed by the presence of colony-specific 

monitoring programs. Such data are fragmented and not updated for Newfoundland 

(Canada) colonies, the largest in the Western Atlantic. Here, I have assessed the burrow 

laying success, fledging success, and productivity of five colonies at different latitudes in 

the 2021-2022 breeding season through the establishment of permanent plots. Direct 

comparisons between current and historical estimates were not possible due to differences 

in burrow assessment methods. As a remedy, I compared detection probabilities obtained by 

two different methods, burrowscoping and handgrubbing, and estimated a correction factor 

to allow for comparisons. Inter-rater reliability of the estimates was also evaluated. My 

findings show that estimates can be influenced by both data collection method and double-

observer, even with experienced individuals. Nevertheless, every breeding parameter 

remained high in all colonies included in this study, suggesting an overall healthy breeding 

status in Newfoundland puffin populations, even in those where no historical data are 

available. This makes Newfoundland colonies the largest puffin aggregation worldwide 

with no signs of breeding failure in this declining species. 
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General Summary 
 

Atlantic puffin (Fratercula arctica) colonies are declining worldwide. The origin of this 

decline has several components, but a large part of it is due to long-term breeding 

failures. Thanks to a multi-colony breeding performance evaluation, I have confirmed 

that Newfoundland Atlantic puffins breeding status is healthy, producing enough chicks 

to sustain the population numbers. I have also designed an experiment to evaluate the 

effects of the assessment method in the breeding performance estimates, visual 

observation of the nest contents with a burrowscope versus hand inspection without 

visual confirmation, resulting in substantial differences in the results between methods. 
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1. Introduction  
 

1.1 Population dynamics 
 

Populations are in close relationship to the resources of the environment they live in, 

and their numbers depend strongly on environmental factors. In situations where 

resources are unlimited, species with continuous breeding will grow exponentially (e.g., 

bacteria, or humans), whereas pulse breeding species will grow geometrically (e.g., 

deer) (Edwards & Edwards, 2011). However, populations cannot increase perpetually, 

and therefore their size will be in continuous fluctuation in response to environmental 

limiting factors (Edwards & Edwards, 2011). These include any type of ecological 

conditions that limit population growth, like food or space availability, through their 

effects on breeding, mortality, or migration (Edwards & Edwards, 2011; Messier, 

1991).  

The influence that limiting factors exert on population growth can be dependent or 

independent of the density of the population. Density dependent factors are usually 

biotic in origin (including disease, competition, and predation) and can have a negative 

or positive relationship with the population size. On the other hand, density independent 

factors are usually abiotic and include climate, pollutants, and seasonal cycles (such as 

monsoons or hurricanes). Understanding the relative contribution of each limiting factor 

on population dynamics is challenging, as they usually interact with each other, 

modifying their net effects (Bendik & Dries, 2018; Fayet et al., 2021; Wauters & Lens, 

1995). 

The population size at which a species sees its intrinsic growth rate limited or impeded 

by the environment is known as carrying capacity (K), above which the population 
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numbers will decline, and below which will remain constant or potentially grow. More 

specifically, K describes the interaction between organisms and their environment, the 

capacity of the environment to provide resources for the population to sustain their 

numbers, or the capacity of a species to exploit environment resources (Fuentes & 

Ferrada, 2017). In ecology, r/K selection (or r/K continuum theory) describes the 

combination of life traits that link an organism’s breeding capacity to the resources 

stability and availability in the environment they live in (MacArthur & Wilson, 1967). 

Stable environments favour K-selected species, in which the strategy that maximizes 

fitness is the production of few, high-quality offspring. The population growth rate of 

these species is usually low, maintaining stable numbers once K is reached. These 

species are long lived, develop slowly, delay sexual maturity, have low reproduction 

rates, and invest large amounts of resources in each offspring (MacArthur & Wilson, 

1967). On the other hand, unstable ecosystems promote the dominance of r-selected 

species, with breeders that produce a large quantity of offspring, resulting in rapid 

population growth. These species tend to be short lived, develop rapidly, mature early, 

have low parental investment, and high breeding rates. Their population dynamics 

usually follow bursts of exponential population growth followed by rapid population 

collapses (MacArthur & Wilson, 1967).  

This ecological theory implies that r and K are antagonistic strategies: one is maximized 

at the expense of the other. Therefore, both K and r are linked to the specific 

relationship between a species and the stability of the environment they live in. As an 

environment becomes less predictable, its carrying capacity will fluctuate so K-

strategists will see their numbers declining as the environment will no longer sustain 

previous population size, up to a level where the population is no longer viable. There 

are many reasons environmental conditions can fluctuate unpredictably: accelerated 
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rates of change in climate, habitat loss and fragmentation, chemical contamination, 

anthropogenic-related changes in nutrient cycles, catastrophic events such as 

earthquakes or volcanic eruptions, or regime shifts (Bernhardt et al., 2020; Buren et al., 

2014, and references therein). The effect of these fluctuations on the population 

dynamics is usually hard to assess, especially when these effects are non-linear show a 

non-linear relationship with the population’s dynamics (Vilar & Rubi, 2018). 

1.2 Seabird demography  
 

Seabirds are a polyphyletic taxon that includes any species of birds that depend on the 

marine environment for at least part of their lives (BirdLife International, 2012). 

Traditionally, this includes the orders Sphenisciformes, Procellariformes, 

Pelicaniformes, Suliformes and Charadriiformes (Keogan et al., 2018). Together, these 

orders contain over 340 species, accounting for around 3.5 % of the total bird diversity 

(Croxall et al., 2012). Over 95 % of seabirds are colony nesters, a proportion higher 

than any other bird group (Lack, 1968). Seabirds are considered a paradigm for K-

strategy. Social monogamy and bi-parental care is a widespread breeding strategy in this 

group (Lack, 1968). Adult survival is generally high, and pairs produce small clutches, 

ranging from 1-3 eggs, with a long chick-rearing period (Pianka, 2008). Furthermore, in 

species like common murres (Uria aalge) or murrelets (Brachyramphus sp.), chicks 

fledge before having functional flight feathers, and one parent, usually the male, 

continues feeding the chick until it can fly (Winkler, 2016). This extensive parental care 

leads to increased chick survival when conditions are optimal and parental quality is 

robust (Pianka, 2008). Once successfully fledged, seabird chicks take several years to 

reach sexual maturity (Tasker & Furness, 2003). These strategies and delayed sexual 

maturity (Table 1) translate into low reproductive rates (Croxall & Rothery, 1991; 

Pianka, 2008).  
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Table 1. Mean demographic and biological characteristics of the main seabird families. 

Adapted and corrected from Croxall & Rothery, 1991. 

Group 
Age (years) at 

first breeding 

Adult annual 

survival rate (%) 

Clutch 

size 

Chick-rearing 

period (days) 

Sphenisciformes 

Spheniscidae 

(penguins) 
4–8 75–85 1–2 50-80 

Procellariiformes 

Diomedeidae 

(albatrosses) 
7–13 92–97 1 116–150 

Procellariidae 

(petrels) 
4–10 90–96 1 42-120 

Hydrobatidae  

(storm petrels) 
4–5 90+ 1 55-70 

Pelacanoididae 

(diving petrels) 
2–3 75–80 1 45–55 

Pelacaniformes 

Pelacanidae 

(pelicans) 
3–4 85 2–3 55–60 

Sulidae  

(gannets, boobies) 
3–5 90–95 1–2 90–120 

Phaethontidae  

(tropic birds) 
NA NA 1 60–90 

Fregatidae  

(frigate birds) 
9–10 ? 1 140–170+ 

Phalacrocoracidae 

(cormorants) 
4–5 85–90 2–3 60–90 

Charadriiformes 

Alcidae (auks) 2–5 80–93 1–2 15–42 

Lariiformes 

Laridae (gulls) 2–5 80–85 2–3 25–50 

Sternidae (terns) 2–5 77–90 1–3 25–40 

Stercorariidae (skuas) 3–8 93 2 25–40 
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Population dynamics in seabirds are ruled by four main parameters: adult survival, 

recruitment, productivity, and immigration-emigration dynamics (Croxall & Rothery, 

1991; Tasker & Furness, 2003). In practical terms, demographic studies usually try to 

estimate the size of the breeding population and its fledging success (Croxall & 

Rothery, 1991). A general equation for seabird population dynamics is:  

Rt + k = Nt * bt * sj * (sa) 
k – 1 * sa 

Where Rt + k is the size of a cohort of potential recruits available in a population; Nt is 

the number of breeding pairs k years previously; bt is the number of chicks fledged per 

pair k years previously; sj is the first-year survival rate; (sa) 
k–1 is the annual survival rate 

from first-year until recruitment; k = age at recruitment; sa = annual adult survival rate 

(Tasker & Furness, 2003). Migration dynamics are considered to have a neutral net 

effect on the population (immigration equals emigration) due to assessment challenges. 

A general scheme of these parameters, and how they relate to each other, can be found 

in Figure 1.  

 

Figure 1. Scheme of the most important parameters regulating seabird populations. 

Adapted from Tasker & Furness, 2003. 
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Some of these parameters are difficult to obtain due to the specific biology of seabirds. 

For instance, juveniles in many species spend most of their immature years at sea, 

making estimates of subadult survival imprecise (Croxall & Rothery, 1991). 

Extrapolations from adult survival cannot be made, as there is a body of evidence that, 

subadults and adults can have different survival rates (Dobson, 1990; Hudson, 1985; 

Ricklefs, 1973). Other population parameters are easier to obtain. Tasker & Furness 

(2003) compiled a series of demographic parameter estimates in seabirds and classified 

them subjectively according to how relevant the data are for understanding population 

dynamics (desirability), and how feasible data collection is due to logistic or economic 

reasons (Table 2).  

Theoretical models show that in extreme K-selected species like seabirds (extreme high 

adult survival, minimal reproductive output), small decreases in adult survival will 

affect population numbers most, while in less extreme K-selected species (high adult 

survival, moderate reproductive output), the effect of small decreases in juvenile 

survival and fledging success will have a relative stronger effect in population numbers 

(Croxall & Rothery, 1991; Tasker & Furness, 2003; Table 3). 
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Table 2. List of relevant seabird life traits classified based on their utility to understand 

population demographics (Desirability), and feasibility of data collection to obtain the 

estimates (+++ highest; ++ high; + moderate; ± more or less; - low). Adapted from 

Tasker & Furness (2003) 

Parameter Desirability Feasibility 

Population   

Population size (breeders) +++ +++ 

Incidence of non-breeding + + 

Adult survival +++ ++ 

Subadult survival to breeding +++ ± 

Recruitment   

% of fledglings ++ ± 

% recruits in population + ± 

Recruitment age + ± 

Immigration rate + - 

Emigration rate + - 

Sex ratio of the breeding population ± - 

Mean age of breeders ++ ± 

Reproduction and food provisioning   

Reproductive success ++ ++ 

Laying date + ++ 

Clutch size + +++ 

Egg size + +++ 

Chick growth rate + ++ 

Mass of fledglings + ++ 

Adult nest and brood attendance ++ ++ 

Degree of kleptoparasitism + ++ 

Body condition of breeders + +  
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Table 3. Population declines (%) associated with an absolute reduction of 0.05 % in any 

of the three demographic parameters in two hypothetical species: Species P, with an 

extremely high adult survival (95 %), low reproductive output (1 egg clutch); Species S, 

with moderate adult survival (80 %), higher reproductive output (2-3 egg clutch). 

Adapted from Croxall & Rothery, 1991. 

 Parameter Species P Species S  

 Adult survival 4.2 % 3.6 %  

 Juvenile survival 1.5 % 2.4 %  

 Productivity 0.8 % 1.3 %  

 

Perhaps surprisingly, productivity contributes the least to seabird demography. This is 

because low productivity can be buffered by their increased individual longevity 

(Croxall & Rothery, 1991). These theoretical models consider small decreases in the 

population parameters, but if the average fledging success or juvenile survival decrease 

is large and constant, the effects will be noticeable in any population (Halpern et al., 

2005). For example, in the extreme K-selected species Tristan Albatross (Diomedea 

dabbenena) and Atlantic Petrel (Pterodroma incerta), extremely low productivity and 

juvenile survival due to mice predation, was associated with steady population decline 

(Cuthbert et al., 2013; Davies et al., 2015). Moreover, colony productivity is the life 

trait parameter in seabirds that fluctuates the most due to environmental changes, such 

as variations in sea surface temperature wind patterns, in a bottom-up, indirect fashion 

(Catry et al., 2013; Ventura et al., 2021). These effects seem to be geographically 

dependent (Catry et al., 2013; Devney et al., 2009); therefore, long-term monitoring 

protocols are needed to elucidate the specific environmental factors affecting a 

particular region. When in place, such studies can reveal changes in environmental 
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conditions, making seabird productivity studies key to assessing ecosystem changes  

(Catry et al., 2013; Ventura et al., 2021).  

Due to this sensitivity to environmental changes, seabirds are considered monitors of 

the ecosystem (Piatt et al., 2007). Changes in the environment they live in are linked to 

changes in demographic, behavioural, and reproductive parameters (Piatt, et al., 2007). 

This sensitivity to environmental fluctuations contributed greatly to making seabirds the 

most threatened marine animal group. At present, 29 % of species are considered at 

least “Threatened” by the International Union for Conservation of Nature’s (Spatz et al., 

2014). There is a myriad of environmental causes behind this phenomena, both human 

and non-human mediated: predation by local or introduced species, fishing bycatch, 

climate change, direct and indirect disturbances, pollution, exploitation, deterioration of 

breeding space, or food shortages (Croxall et al., 2002). Seabirds show a range of non-

linear responses to environmental factors, particularly food availability, obscuring this 

relationship (Piatt, Harding, et al., 2007). While all these factors can lead to both adult 

and chick mortality, some can also affect breeding, both in timing (phenology) or 

success. Therefore, demographic studies should be as complete as possible to have a 

broader understanding of the population trends and the factors at play. Specifically, 

most monitoring efforts should include fledging success in some form (Newman et al., 

2009; Scott et al., 2009).  

1.3 Seabird breeding biology 
 

Seabirds display a diversity of breeding cycles. Some species are year-round breeders; 

eggs can be produced throughout the year, others are seasonal breeders; the breeding 

season only occurs at a specific time of the year (Harris, 1969). These strategies are 

selected depending on habitat-specific conditions. For instance, species that inhabit 
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higher latitudes have shorter breeding windows due to extreme resource seasonality 

(Descamps et al., 2019). Outside this temporal window conditions can be suboptimal 

(Durant et al., 2007). Therefore, the relationship between a species’ timing of breeding, 

known as phenology, and resource availability is constrained by adaptation (Walther et 

al., 2002). This parameter is defined by the mean laying and hatching dates in seabird 

species with seasonal breeding (Keogan et al., 2018). Different populations of the same 

species can present different phenologies depending on resource availability, a concept 

known as allochrony, which can lead to sympatric speciation (Medrano et al., 2022). 

The match-mismatch hypothesis states that if the most energy expensive part of the 

breeding phenology of a species occurs at the same time as the peak resource 

availability, recruitment is maximized (Cushing, 1990; Durant et al., 2007). Inability to 

adjust phenology to new environmental conditions can have negative effects on an 

individual’s fitness (Miller-Rushing et al., 2010). The environmental factor that is best 

known to influence in a bottom-up fashion the distribution, abundance, and phenology 

of seabird prey species is sea surface temperature, or SST (Cheung et al., 2013; Hipfner, 

2008; Buren et al., 2014). Unpredictable SST has been associated with increased 

variation in food availability prior to egg laying, which can lead to decreased fitness 

(Shultz et al., 2009). Even though matching new environmental conditions is a powerful 

evolutionary driver, the degree of response varies among species, with species at higher 

trophic levels being slower to adapt to new conditions due to a longer generation span 

(Thackeray et al., 2016).  Oceanic warming due to climate change has influenced the 

phenology of Arctic seabirds with some, but not all,  species breeding earlier (Descamps 

et al., 2019). Moreover, comprehensive multi-species analysis show that seabirds have 

not adapted their phenology to environmental change (Keogan et al., 2018).  
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Fledging success and productivity are demographically relevant reproductive 

parameters. The number of chicks produced by a colony depends on the proportion of 

breeding pairs that incubate an egg, the proportion of these that successfully hatch, and 

the proportion of chicks that fledge successfully. Therefore, colony productivity (the 

proportion of total nests in a colony that fledged a chick) can be broken down into two 

different population parameters: 1) Laying success: the proportion of burrows 

containing an egg(s) in a given year, 2) Fledging success: the proportion of nest with 

eggs that successfully fledged a chick (Walsh et al., 1995). These parameters can be 

highly variable between years and locations, even within the same species (e.g., 

Rodway et al., 1998). These differences can reflect variances in both biotic and abiotic 

factors linked to the breeding biology of the species, such as SST (Hansen et al., 2021; 

Montevecchi et al., 2021), climatic oscillations (Lewis et al., 2009; Surman & 

Nicholson, 2009), changes of preferred prey items availability (Guillemette et al., 2018), 

increased predatory pressure (Rodway & Lemon, 2011; Stenhouse et al., 1999; Wanless 

et al., 2007), or colony size (Lewis et al., 2009). Other factors affecting breeding 

performance are intrinsic to the bird: age-related breeder experience (Froy et al., 2017), 

senescence (Reed et al., 2008), previous fledging success (Lewis et al., 2009), or stress 

levels (Doody et al., 2008). Since different species respond differently to environmental 

factors, multi-species analysis at different latitudes can be helpful in disentangling 

intrinsic-extrinsic factors affecting productivity.  

1.4 Breeding assessment challenges 
 

The study of each of the different demographic parameters presents intrinsic challenges. 

Seabird colonies are often located in remote areas, where access is limited, and constant 

nest monitoring is often not possible making nest assessment difficult. This is 

particularly true for burrowing species for which direct visual evaluation is not possible. 
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Burrowing seabirds comprise about a third of the total seabird species (Del Hoyo et al., 

1992), and burrow content (presence of eggs or chicks) must be checked to evaluate 

breeding. In reproductive assessments, a seabird nest is defined as active when there is 

evidence of breeding within the nest (Bled et al., 2011; Cuthbert et al., 2013; 

d’Entremont et al., 2020; Diamond, 2021; Priddel et al., 2006). The collection of these 

data is particularly difficult in burrowing species due to the impossibility of direct visual 

assessment, the narrow and winding nature of their burrows, and the fragility of the soil 

they inhabit (Savard & Smith, 1985; Schumann et al., 2013). For these reasons, count 

units for laying success calculations can be nests with confirmed active breeding, but 

apparently occupied nests (nests with fresh diggings at the entrance, presence of an 

adult in the nest, etc.) can be used when nest assessment is difficult (Walsh et al., 1995). 

Nevertheless, precision in the estimates is expected to be higher with direct 

assessments. To obtain direct evidence of breeding, researchers have traditionally used a 

method known as “handgrubbing”, during which the assessment is conducted by hand, 

introducing the arm inside the burrow to check its content (Ambagis, 2004). This 

practice has limitations in burrows where incubation chambers are deeper than an arm’s 

reach (Lavers et al., 2019), and can also lead to significant burrow damage (Ambagis, 

2004) that can affect breeding (Rodway et al., 1996). To reduce these negative effects, 

researchers might not check the burrow thoroughly to reduce stress to the incubating 

bird. This can lead to unreliable breeding estimates (Rexer-Huber et al., 2014). To 

prevent researcher disturbance, a variety of non-invasive methods have been developed, 

including the detection of fresh diggings or feces at burrow entrances (Rexer-Huber et 

al., 2014), response to audio playbacks (Orben et al., 2019; Ratcliffe et al., 1998) or 

camera traps (Bird et al., 2021). Due to the non-invasive nature of these techniques, they 

only provide indirect information on the presence of an egg or chick.  
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1.4.1 Burrowscopes as burrow assessment tools 

 

In the 1990s, burrowscopes were introduced as tools for assessing nest contents in 

burrowing species (Lyver et al., 1998). Most of these devices consist of an infrared 

camera housed at the tip of a hose connected to a visualizing device (e.g., monitor). The 

cable with the infrared light source is introduced inside the burrow, and its contents are 

assessed without direct contact with the animal, potentially minimizing disturbance 

(Carey, 2009). Unfortunately, detection rates are not perfect. Some studies have 

compared burrowscope detection rates to the true data obtained after researchers dug the 

burrow sites. These studies showed that burrowscopes can underestimate between 17% 

(Mckenchie et al., 2007) to 34% (Hamilton, 2000) the laying success in Sooty 

Shearwaters (Ardena grisea). Factors influencing the accuracy of occupation estimates 

include handler experience, burrow complexity, and weather (Lyver et al., 1998). 

Because of the binomial nature of detection, some studies have applied mark-recapture 

analysis to establish method-specific detection probabilities without the need for plot 

excavation (Whitehead et al., 2014). Burrowscope prototypes were very rudimentary, 

but as their application as detection tools expanded, the technology improved yielding 

better detection rates (Lavers et al., 2019). Despite these challenges, burrowscopes have 

been increasingly used for determining breeding success, being used as comparison 

baseline to assess the detection accuracy of other methods  (Albores-Barajas et al., 

2018). Nevertheless, animals dig and inhabit burrows with different traits, and 

assessment of possible detection biases need to be conducted for each study species. 
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1.5 Study species 
 

1.5.1 Breeding biology  

 

The Atlantic puffin (Fratercula arctica, hereafter puffins) is an iconic migratory and 

pelagic seabird that inhabits the Northern Atlantic. Its distribution extends from the 

Arctic Western Russian islands to Atlantic Canada, with southern limits reaching the 

northern United States and France. Puffins are pursuit-divers, and individuals can dive 

up to 80 meters and actively chase prey underwater at high speeds, an energetically 

demanding activity (Harris & Wanless, 2011). Individuals are found in land colonies 

only during the breeding season, where females lay a single egg (Harris & Wanless, 

2011). The species is monogamous and mated individuals rarely change burrows (Harris 

& Wanless, 2011). The species exhibits natal philopatry, though it is highly variable 

among colonies (Kersten et al., 2021). Atlantic puffins reach sexual maturity 

approximately at 4-5 years of age, and can live up to 32 years (Harris & Wanless, 

2011). Adult (reproductive) survival is considered to be high, with survival and 

breeding rates decreasing with age (Breton & Diamond, 2014; Harris et al., 1997). Both 

parents are involved in incubation (39 to 43 days on average) and chick rearing (38 to 

44 days on average) (Harris & Wanless, 2011). These require heavy energetic 

investment from both parents, through incubation and direct food provisioning during 

chick rearing (Harris & Wanless, 2011). After rearing, chicks fledge on their own, 

mostly at night, when they reach about 60-80 % of adult body mass (Lowther et al., 

2020). Fledging success is negatively correlated with prey scarcity (Diamond, 2021; 

Durant et al., 2003), but high adult survival and longevity can buffer population 

numbers during low productivity years (Grosbois et al., 2009). 
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1.5.2 Long term monitoring in Atlantic puffins 

 

Atlantic puffins are no exception to the general seabird decline. This auk species is 

considered “Vulnerable” (BirdLife International, 2018), an assessment heavily 

influenced by large population declines in the European populations (Kersten et al., 

2021). Several factors have been proposed to explain this phenomenon: fluctuations in 

the oceanic conditions (Durant et al., 2003; Fayet et al., 2021; Mesquita et al., 2015), 

introductions of predators (Evans & Nettleship, 1985), extreme winter conditions 

(Anker-Nilssen et al., 2017; Harris et al., 2005), and/or decline of traditional prey 

species (Diamond, 2021; Fayet et al., 2021; Harris & Wanless, 2011). All these factors 

can affect populations at different levels, from long-term breeding failures (Fayet et al., 

2021; Hansen, 2021), low juvenile recruitment (Miles et al., 2015), or increased adult 

mortality (Anker-Nilssen et al., 2017; Evans & Nettleship, 1985). 

The effects of such declines are noticeable. Two of the species’ largest colonies have 

experienced steep declines in the past decades: once the largest Atlantic puffin colony in 

the world, Røst (Norway) has suffered an 81 % decline since 1980 (Anker-Nilssen et 

al., 2020; Fayet et al., 2021) and a 45 % decline has been observed in Westmann 

Islands, south Iceland (Hansen, 2021). Long term monitoring studies have informed 

these population trends (Table 4), demonstrating a consistent, long-term breeding 

failure, as one of the factors behind this decline (Durant et al., 2004; Frederiksen et al., 

2004; Hansen, 2021). Some of these studies use different burrow inspection methods. 

There is no specific information on content detection rates in Atlantic puffin burrows 

when using different assessment methods, so comparisons can be challenging. 
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Table 4. Summary of available data on proportion laying success (burrows with eggs / 

total burrows), fledging success (fledged chicks / total number of eggs), and 

productivity (fledged chicks / total burrows) across the Atlantic puffin range, with 

colony population size and population trend estimated for each colony. Values averaged 

over the total study period (Icelandic colonies, 2010-2021; Isle of May, 1977-2021; 

Wales, 2013-2021; Fair Isle, 1987-2013). 

Region/Colony 
Population 

size 
Trend 

Avg. Laying 

success  

(SE) 

Avg. Fledging 

success 

(SE) 

Avg. 

Productivity 

(SE)  

North Iceland1 509 000 
Increasing 

+59.6% since 2010 

0.815 

(0.0144) 

0.802 

(0.0155) 

0.655 

(0.0247) 

West Iceland1 562 000 
Decreasing 

-21.8% since 2003 

0.629  

(0.0544) 

0.568 

(0.092) 

0.397  

(0.0741) 

East Iceland1 483 000 
Decreasing 

-13.3% since 2003 

0.726 

(0.0311) 

0.581 

(0.0936) 

0.432 

(0.0708) 

South Iceland1  1 125 000 
Decreasing 

-46% since 2007 

0.579 

(0.0473) 

0.367 

(0.0936) 

0.234 

(0.0630) 

Isle of May 

(Scotland)2, 3 
78 400 

Increasing 

+48% since 1989 
NA NA 

0.683 

(0.015) 

Fair Isle 

(Scotland)4 
10 700 

Decreasing 

-47% since 1987 
NA 0.621(0.02) NA 

Wales5, 6 48 216 
Increasing 

+125% since 2004 
0.703 0.934 0.656 

Røst7 

(Norway) 
274 000 

Decreasing 

-81% since 1979 
NA 0.2 NA 

Anda8 

(Norway) 

100 000- 

250 0009 

Stable 

Since 2011 
NA 

0.692 

(0.056) 
NA 

Hjelmsoya8 

(Norway) 

10,000- 

50 0009 

Stable 

Since 2011 
NA 

0.364 

(0.043) 
NA 

Hornoya8 

(Norway) 

10,000- 

50 0009 

Decreasing 

Since 2011 
NA 

0.424 

(0.067) 
NA 

Runde8 

(Norway) 

50 000- 

100 0009 

Decreasing 

Since 2011 
NA 

0.320 

(0.051) 
NA 
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1: Hansen, 2021; 2: Newell et al., 2022; 3:  Joint Nature Conservation Committee, 

2021; 4: Miles et al., 2015; 5: Newman et al., 2021; 6: Brown & Eagle, 2021; 7: Fayet 

et al., 2021; 8: Anker-Nilssen et al., 2021; 9: Anker-Nilssen et al., 2003. (Fayet et al., 2021), h) (Tycho Anker-Nilssen et al., 2021), i) (T Anker-Nilssen et al., 2003)a) (Hansen, 2021), b) (Newell et al., 2022) c) (JNCC, 2021), d) (Miles et al., 2015), e) (L. Newman 

et al., 2021), f) (Brown & Eagle, 2021),. 

1.5.3 Breeding success in Canadian Atlantic puffin populations 

 

There is limited information on breeding success data on Western Atlantic puffin 

colonies, most of it coming from the Machias Seal Island population (Diamond, 2021; 

Major et al., 2021). There are no updated, systematically collected data on breeding 

status of other North American colonies, including Newfoundland colonies (Table 5), 

despite being the largest in North America with an estimated population size of 897,566 

breeding pairs (BirdLife International, 2018; Lowther et al., 2020; Wilhelm, unpubl. 

data). Most data available from Newfoundland colonies comes from population surveys, 

where egg or chick fate was not followed through the season, providing incomplete 

information on fledging success and productivity (Robertson et al., 2004; Wilhelm et 

al., 2015; Wilhelm, pers. comm.). This is mostly due to the inaccessibility of the 

colonies and their sensitivity to researcher disturbance. Evidence shows that fledging 

success in frequently assessed burrows by handgrubbing can be reduced as much as 52 

% in Newfoundland colonies (Baillie, 2001; Rodway et al., 1996; Scott et al., 2009; 

Spear et al., 1995). This makes it challenging to assess the breeding status of 

Newfoundland Atlantic puffin colonies and highlights a need for more consistent 

assessments with a less invasive method.  
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Table 5. Collectionof relevant historical data available for this study on population size 

and trend, laying success  (number of eggs / burrows checked), fledging success 

(fledged chicks / eggs monitored), productivity (fledged chicks / burrows monitored), 

and mean hatching date in every colony considered for this research across the province 

of Newfoundland and Labrador.  

Colony 

(Trend, Pop. Size) 
Year 

Laying 

success 

Fledging 

success 
Productivity Hatching day 

Great Island, 

Witless Bay, 

Newfoundland 

(Increasing, 

174 491)4  

19681 - 0.42 - 184 (mean) 

19691 - 0.58 - 181 (mean) 

19724 0.54 - - - 

19844 0.84 - - - 

19854 0.9 - - - 

19922 0.76 0.55 0.42 190 (mean) 

19932 0.87 0.68 0.58 189 (mean) 

1994b - - 0.6 - 

20114 0.72 - - - 

Gull Island, 

Witless Bay, 

Newfoundland 

(Increasing, 

118 401)5 

19983 0.63 0.57 0.36 187 (mean) 

20125 0.71 - - - 

20136 - 0.75 - - 

20193 - 0.84 - - 

Bakeapple Island, 

Little Fogo Islands, 

Newfoundland 

(Increasing, 

2 072)5 

20145 0.31 - - - 

Puffin Island, 

Little Fogo Islands, 

Newfoundland 

(Increasing, 

4 125)5 

20145 0.56 - - - 
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1: Nettleship, 1972; 2: Rodway, 1994; 3: Wilhelm, 2021; 4: Wilhelm et al., 2015; 5: 

Wilhelm, unpublished data; 6: Fayet et al., 2017. 

1.6 Study goals 
 

There is a need for updated laying success, fledging success, productivity, and mean 

hatching date estimates in Newfoundland puffin colonies. Burrowscopes have been 

showing an improvement in detection rates of burrow contents, but there is a lack of 

data on method-related biases when estimating these parameters. This potential bias 

needs to be addressed through a correction factor to compare estimates obtained by 

different methods. 

The aims of this study are to:  

a) Evaluate biases associated with two widespread surveying methods, handgrubbing and 

burrowscopes. 

b) Survey burrow depth in different colonies across Newfoundland. 

c) Establish method-specific detection probabilities and reliability estimates when 

assessing Atlantic puffin burrows.  

d) With this data, elaborate correction factors to make comparisons between these 

methods. 

e) Compare past and present breeding parameters among different colonies in 

Newfoundland, using the forementioned correction factors when needed.  

f) Compare body mass-wing length ratios between puffins from colonies situated at 

different latitudes. 
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2. Methods 
 

2.1 Methodological comparison 
 

2.1.1 Study site  

 

The experiment took place on Great Island, Witless Bay (Figure 2) in 2022. The site 

selected for the experiment was based on three factors assessed during the survey: a 

high-density of burrows, easy access for researchers, and stable soil conditions to 

prevent burrow destruction. 

 

Figure 2. General location (47.1833, -52.8119) where the methodological comparison 

experiment was conducted on Great Island, Witless Bay, Newfoundland. 

2.1.2 Experimental design 

 

The experiment followed a standard capture-mark-recapture approach, based on 

Whitehead et al., 2014. Twelve burrows were selected randomly within the selected site, 

in four different areas deemed as representative of puffin habitat (48 burrows in all). A 



 

22 
 

researcher independent of the posterior experiment selected and flagged burrows that 

were suitable to host a breeding pair. The content of every flagged burrow was then 

assessed by a team of four observers: two by handgrubbing, and two by burrowscope 

(EMS2021 Gopher Tortoise Camera System with infrared detection, Environmental 

Management Services, Canton, Georgia, USA). Burrow contents were evaluated twice, 

once during the incubation period (egg assessment), and once during brood rearing 

(chick assessment), for a total of eight checks per burrow. To avoid assessment biases, 

every plot was out of the visual range from the others, and only one observer was on 

any given plot during content evaluation. All observers had extensive experience in the 

method they used for the assessment (> 200 burrows checked using that method before 

the start of the experiment). 

Each burrow was classified by each observer into one of these two categories: a) Active, 

defined as burrows with breeding activity content (egg or chick); b) Inactive, defined as 

burrows where no breeding activity was detected, either fully empty burrows or just an 

adult. In case of inactive burrows, the researcher scored them as a) Solved, when the 

researcher was able to explore the totality of the burrow; or b) Unsolved, if areas were 

out of reach (e.g., burrow was too deep, too complex for a proper assessment, or 

obstacles were in the way). 

To obtain a proportion of unsuitable nests for handgrubbing assessment, the incubation 

chamber depth was measured in a subset of the burrowscope assessed burrows during 

the 2022 breeding season. For that, burrowscope hoses were marked every 5 cm. This 

measurement was obtained by approximating the tip of the hose to the egg / chick, 

without direct contact. Then, the depth of the chamber was estimated by approximating 

the number of 5 cm bands between the tip of the hose to the vertical line between the 
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ceiling and bottom of the burrow entrance. Any measurements with high uncertainty 

associated (e.g., chick displacement within the burrow) were discarded. 

2.1.3 Statistical analyses 

 

2.1.3.1 Inter-reliability tests 

 

Inter-rater reliability (IRR) is defined as the extent to which data collectors (raters) 

assign the same score to a trait to validate the data collected (McHugh, 2012). Cohen’s 

kappa was the index used to evaluate the IRR between two observers when estimating 

plot laying success (Active burrows / Total burrows in the plot) within assessment 

method. This coefficient ranges from 0, when the inter-rater agreement is entirely due to 

chance, and 1, when the agreement between observers is complete (McHugh, 2012). 

The value of this coefficient is correlated with the percentage of data collection that is a 

true representation of the burrow contents after the assessment (Table 6). The 

experimental design fits the three pre-requisites for the use of this coefficient: 1) 

independent observers; 2) clear evaluation scales; and 3) assessment of the same sample 

by different observers. Statistical analyses were conducted using the “CohenKappa” 

function included in the “DescTools” R package (Signorell, 2022). Standard error 

intervals associated to the coefficient we calculated following the protocol described in 

McHugh, 2012. Statistical differences between the laying success estimates obtained by 

the two observers were assessed using Fisher’s exact tests. 
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Table 6. Correspondence between different Cohen's kappa values and the percentage of 

the data collection that is valid. Table adapted from McHugh, 2012. 

Kappa value 
Level of 

Agreement 

Reliable data 

(%) 

0-0.20 None 0 - 4 % 

0.21-0.39 Minimal 4 - 15 % 

0.41-0.59 Weak 16 - 35 % 

0.60-0.79 Moderate 36 - 63 % 

0.80-0.90 Strong 64 - 81 % 

Above 0.90 Perfect 82 - 100% 

 

Cohen’s kappa was also used to compare the agreement between total handgrubbing and 

burrowscope assessments. For this, the results of the two individual assessments for 

each method were combined into one, scoring a burrow as active if any of the observers 

detected breeding a chick or an egg, and inactive if not. False positives (e.g., detection 

of an egg or chick when there is none) are very rare. The laying success values (eggs or 

chicks/total number of burrows) were then calculated using the data obtained from the 

two different methods eliminating all the “Unsolved” burrows. Fisher’s exact tests were 

used to analyze statistical differences in the laying success estimates yielded from the 

two methods. 

2.1.3.2 Correction factors 

 

Mark-recapture models are used to calculate the probability of survival (𝜃) of a marked 

individual between recapture events, correcting for its probability of detection (p). Both 

probabilities are binomial (0 or 1). Due to the nature of the double blind surveys 

conducted, mark-recapture analysis is appropriate to calculate probability of detection 
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between surveys (Jones et al., 2003; Whitehead et al., 2014). This detection probability 

was used as a correction factor for posterior analyses. 

To estimate the probability of detecting an egg or chick present in an occupied burrow 

(p), presence/absence data from the standard and double-blind surveys was used to 

create a set of encounter histories (Figure 3) that could be analyzed using mark–

recapture modelling (Jones et al., 2003; Whitehead et al., 2014). Any encounter 

histories without any presence (1), as well as histories with “Unsolved” checks, were 

eliminated from the analysis. To increase the number of estimable parameters, an ‘initial 

release’ occasion to represent ‘laying’ to the recapture record (1) was added at the 

beginning of every history, giving mark recapture histories composed of five occasions, 

always starting with 1 (Whitehead et al., 2014). This assumes that eggs and near-

fledging chicks do not move between burrows, which is biologically reasonable due to 

the independent nature of puffin burrows (Whitehead et al., 2014). Open population 

Cormack-Jolly-Seber (CJS) models, included in MARK 6.0 (White & Burnham, 1999) 

were used to estimate detection probabilities for eggs and chicks. Goodness-of-fit of this 

model to the observed data was assessed with the variance inflation factor (ĉ) and the 

bootstrapped deviation to compare it with the observed deviation using the parametric 

bootstrap procedure in MARK, set at 1000 iterations (White, 2002; White and 

Burnham, 1999). AIC values were then corrected for overdispersion (Q), and small 

sample size (QAICc). Double-blind surveys were conducted successively (less than an 

hour apart), therefore survival parameters (𝜃) for both eggs and chicks were fixed at 1 

between each double-blind survey in all models containing a time-dependent effect on 

survival (t). This assumes a 100% chance of survival in surveys conducted less than 1 

hour apart, which is likely. 
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Figure 3. Mark-recapture model sample scheme. Data of each burrow were converted 

to a 5-occasion history (0 - 1), 1 being occupied, 0 being empty.  𝜃 represents survival 

rate between occasions, and p probability of detection. Probability assessments involved 

the estimate of p2 (probability of detection in egg stage), and p4 (probability of detection 

in chick stage). 

Due to sample size constraints described in the results section, a different approach was 

used to estimate the correction factor for handgrubbing. The burrow occupancy rates 

yielded by the two observers per method were merged into one assessment. These 

merged occupancy rates considered that a burrow was occupied if one of the observers 

detected breeding contents. This resulted in histories that reflected the maximum 

occupancy rate estimated by each method. These maximum detection histories were 

then compared for differences in occupancy rates produced between methods. This 

method is useful when the true status of each burrow cannot be assessed (Lavers et al., 

2019).  

2.2 Breeding success estimates across Newfoundland 
 

2.2.1 Study sites 

 

Permanent plots were placed on five islands around the island of Newfoundland. The 

different colonies selected were aggregated in three different regions: Bakeapple and 

Puffin Island, part of the Little Fogo archipelago; Elliston Point, Bonavista Peninsula; 

and Great and Gull Island in Witless Bay Ecological Reserve (Table 7,  Figure 4). Study 
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sites were selected to cover different colony sizes: large colonies containing hundreds of 

thousands of breeding pairs in Witless Bay, medium sized colonies containing 

thousands in Little Fogo, and a small colony in Bonavista containing hundreds of 

breeders (Table 7). Study sites were also selected to cover a latitudinal gradient along 

Newfoundland eastern coast, to capture possible latitudinal variations in breeding ( 

Figure 4).  

 

 Figure 4. Location of colonies considered for breeding success monitoring. A: Little 

Fogo Islands, B: Bonavista colonies, C: Witless Bay colonies. Map taken from Google 

maps and modified. 
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Table 7. Colonies included in this study with population numbers (breeding pairs), year 

of their last assessment, and percentage of the total Newfoundland population that each 

colony represents. 

 

1: Wilhelm, 2017; 2: Cairns et al., 1986; 3: Wilhelm et al., 2015. 

 

2.2.2 Plot setting 

 

Permanent plots were set in the year 2021 to assess fledging success in Atlantic puffin 

colonies. Evidence in other auk species with similar biology show that between 6-8 

plots are needed to reveal accurate trends in the population in large colonies like the one 

in Witless Bay (Rodway & Lemon, 2011), but time and personnel constraints, as well as 

habitat disturbance concerns, were limiting factors during plot setting. These constraints 

were addressed by establishing permanent plots in high density areas, since evidence 

shows that such areas often contain and capture the majority of the variance in fledging 

success and burrow laying success (Rodway & Lemon, 2011). Any part of the colony 

Region 
Colony name 

(Coordinates 
WGS84) 

Estimated breeding 

pairs 

(Year assessed) 

Proportion of the 

Total Population 

(%) 

Little Fogo Islands 

Bakeapple Island 2 072 ± 7761 

(2014) 
0.23 ± 0.09 

(49.8155, -54.1127) 

Puffin Island 4 125 ± 1 8321 

(2014) 
0.46 ± 0.21 

(49.8155, -54.1127) 

Bonavista 

Peninsula 

Elliston Point 4002 

(1985) 
0.01 

(48.6282, -53.0195) 

Witless Bay 

Great Island 174 491 ± 53 8643 

(2011) 
19.44 ± 3.01 

(47.1871, -52.8136) 

Gull Island 118 401 ± 8 9871 

(2012) 
13.19 ± 2.02 

(47.2625, -52.7733) 
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was considered as a high-density area when the density of burrows was higher than the 

island average, based on previously assessed colony specific parameters (Wilhelm, 

unpublished data; summary in Table 8). Newfoundland Atlantic puffins are highly 

sensitive to disturbance (Rodway et al., 1996), so potential high density areas were 

searched in colony sections where access and research transit would cause as little 

disturbance as possible, while maximizing personal safety. Such areas were selected 

after full colony surveys in small colonies (Bakeapple and Puffin islands, and Elliston 

Point). In large colonies (Great and Gull islands), plots were distributed across the 

colony, to cover as much variation as constraints allowed (Figure 5). 

 

Table 8. Permanent plot summary per colony. Indicated number of plots, area that these 

plots cover, number of marked burrows per plot, colony burrow density threshold for an 

area to be considered as high density, and average burrow density on the plot. No 

previous burrow density data available for Elliston Point.  

Colony 

name 
Plot 

Plot area  

(m2) 

Tagged 

 burrows  

Density threshold  

(burrow/m2) 

Great 

Island 

A 12 25 0.921 

B 12 25 0.921 

C 12 25 0.921 

D 12 25 0.921 

Gull Island 
A 27 50 1.362 

B 15 50 1.362 

Elliston 

Point 
A 18 50 NA 

Bakeapple 

Island 

A 30 25 0.65 2 

B 18 25 0.65 2 

Puffin 

Island 
A 21 50 0.88 2 

 

1: Wilhelm et al., 2015; 2: Wilhelm, unpublished data. 
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Figure 5. Locations of permanent plots selected for this study (red circles A to D). Gull 

Island, top left; Great Island, top right; Elliston Point, bottom left. Bakeapple Island, 

bottom right, (top island); Puffin Island, bottom right (bottom island), with one plot. 

Images obtained from Google Satellite imagery.  

When a suitable area was found, plots were established by deploying a series of 3 by 3-

meter grids fixed to the ground with spikes. A burrow was defined as any excavation 

within puffin habitat longer than half an arm’s reach (Rodway et al., 1998). Any 

excavation within puffin habitat that was shorter, or was deemed as non-suitable to host 

a pair (e.g., entrance leading to an excavation with large roof sections missing), was 

classified as a hole and excluded. Since Atlantic puffin burrows are known to have two 

chambers (Harris & Wanless, 2011), single entrances that diverged in two internal 

sections were considered as one burrow. If an entrance was found at the limit of the 

grid, the contents were checked only if the burrow was excavated towards the grid. 
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Every excavation within the limits of the grid was checked using a burrowscope 

EMS2021 Gopher Tortoise Camera System with infrared detection (Environmental 

Management Services, Canton, Georgia, USA). Only nests with the presence of an egg 

or a chick were included in this study. Once a burrow was confirmed to contain an egg, 

it was marked with a 30 cm PVC peg secured with an engraved aluminum tag and a 

unique number identifier. After all the excavations within the plot were checked, the 

grid was set in an adjacent area (Figure 6), and the process was repeated until the 

desired number of active burrows was achieved (Table 8). This systematic process 

prevented double counting and allowed for a calculation of an estimated density and 

total covered area during the process (See summary in Table S1).  

 

 

Figure 6. Plot setting scheme using 3x3 m grids. Areas in pale blue are checked areas, 

navy blue areas are newly placed grids. Note that newly placed grids are adjacent to 

previously checked ones, preventing double counting. 

2.2.3 Visit regime 

 

Due to the extensive geographic range considered in this monitoring project, a visit 

regime involving frequent monitoring within the season was not possible. In addition, 

frequent burrow assessment can lead to biased estimates due to researcher’s disturbance 

(Baillie, 2001; Rodway et al., 1998). The visit regime for this study was designed to 

obtain reliable information on breeding parameters and phenology of the different 

colonies with these considerations in mind. When possible, each colony was visited 

three times during the seasons of 2021 and 2022, mirroring the visit scheme followed in 
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the Atlantic puffin monitoring program in Iceland (Hansen, 2021), which also covers a 

large geographic area. Every burrow included in the study was burrowscope assessed, 

with its contents classified into two different categories: a) Active, if the burrow had 

evidence of active breeding (egg or chick present); b) Inactive, if the burrow had no 

evidence of breeding (only an adult, or empty).  

Timing for the visits was based on bibliographical references (Rodway et al., 1998), 

personal observations, and expected duration of incubation (42 days; Harris & Wanless, 

2011) and rearing time (42 days; Grant & Nettleship, 1971; Rodway et al., 1998). The 

first visit (laying success visit hereafter) was conducted midway into incubation, when 

only eggs were present in the colony. This maximized the probability that burrows that 

are found empty are non-active for the season, instead of late breeders. After this visit, a 

proportion of experimental burrows that contained an egg was obtained. The second 

visit (phenology visit hereafter) was conducted mid-way into hatching of the eggs, when 

a mix of hatched and unhatched eggs was expected to be found in the colony. This 

allowed for the estimation of the mean hatching date in the plots and colonies (see 

“Breeding parameter calculation”). The third visit (productivity visit hereafter) was 

planned midway into the brood rearing period (63-70 days after expected laying, 21-28 

days after expected hatching), when only grown chicks were predominantly found in the 

colony, but before first fledglings occurred. This prevented the classification of a 

burrow as “Inactive” due to the fledging of a chick, rather than a failed breeding 

attempt. A proportion of burrows in the plot that contained chicks was obtained with 

this visit.  

The timing of visits was different for each colony. Previous information suggests that 

the breeding cycle in northern colonies is delayed when compared to southern colonies, 

which was later confirmed. For this reason, the visit regime had to be adapted to the 
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specific timing of each colony (see summary in Table S2).  

In 2022, burrow density in the plot area was reassessed. Between two to five 3 by 3-

meter grids were deployed (Table S1) in an area less than 10 m away from the plot 

center, and of similar terrain conditions. Every burrow within the grid was assessed and 

classified as previously described.  

2.2.4 Present breeding parameter estimates 

 

2.2.4.1 Parameter calculation 

 

Burrow density (burrows / m2) in the plot area was calculated by dividing the number of 

burrows found within grids by the area (m2) covered. General laying success was 

obtained by dividing the number of active burrows within the grids by the number of 

burrows in all the area covered (Active burrows / Total number of burrows in the grid). 

The information obtained from tagged burrows during the different visits was used to 

calculate the following breeding parameters: Plot laying success (LS), the proportion of 

tagged burrows containing an egg (Burrows containing eggs / Total number of tagged 

burrows); Plot fledging success (FS), the proportion of plot burrows containing an egg 

during the laying success visit where a chick was also found during the productivity 

visit (Chicks likely to fledge / Total number of eggs in tagged burrows); and plot 

productivity (P), the proportion of tagged burrows that fledged a chick (LS x FS, or 

Chicks likely to fledge / Total number of tagged burrows). The calculation of these 

parameters relied on the assumption that any chick found alive in the productivity visit 

would be a successful fledgling. There is evidence that fledging success and 

productivity are usually determined early after hatching (Barrett, 2015; Diamond, 2021; 

Fayet et al., 2017; Hansen, 2021; Wilhelm et al., 2021), so there is support for the 

reliability of such estimates. Any burrows where were lost pegs (within or between 
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years) were excluded from the analyses.  

Mean hatching date of each location was also estimated. Traditionally, this parameter is 

calculated by constant direct observation (Baillie & Jones, 2003; Nettleship, 1972; 

Rodway et al., 1998), but time constraints related to the geographic extent of this study 

precluded a constant monitoring. Mean hatching dates were obtained using the 

cumulative distribution function of the hatching date frequency. For that, a proportion 

of hatched and unhatched eggs was obtained during the phenology visit (second visit). 

Then, the cumulative normal distribution function was used to estimate the mean 

hatching date, or the specific date where the proportion of eggs and chicks found in the 

colony is 0.5. In this case, the cumulative normal distribution function calculated 

consisted of three parameters: day of the year of the visit, the standard deviation of the 

hatching distribution (in days), and hatching proportion on the assessment date. The 

proportion of hatched eggs is obtained from the phenology visit. This value was used 

for every other colony due to lack of colony specific data, and any eggs that did not 

hatch in posterior assessments were excluded from the analysis (i.e., burrows with eggs 

found during the third visit). To test the accuracy of this method in estimating a correct 

mean hatching date, a control plot was set on Gull Island with 60 burrows that were 

checked every four days to minimize researcher disturbance. Hatch date was determined 

based on the contents of the burrow at each visit, following a standardized protocol 

(Kochvar, in prep.). If a burrow contained a chick during a given visit, and contained an 

egg during the previous visit, the hatch date was assumed to be the midpoint between 

the visits (Baillie & Jones, 2004). If the chick still appeared to be wet, the hatch date 

was designated as the date of the current visit. If a burrow contained an egg, the burrow 

was re-checked after 3-5 days. However, if the chick appeared to be hatching (cracks or 

holes in the egg), the hatch date was designated as the date after the current visit, and 
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the burrow was re-checked during the next visit to confirm there was a chick present. 

Any egg with a hatching date precision larger than five days was excluded from the 

analysis. To assess the precision of this method, the resulting observed plot mean 

hatching date was compared to the estimated mean hatching date for every proportion of 

eggs and chicks found in each visit to the control plot. 

2.2.4.2 Historical data 

 

The breeding parameters obtained during this study were compared to available 

historical data found in the bibliography (Table S3). Historical data were collected by 

handgrubbing, therefore was corrected to make it comparable with current burrowscope 

data (see “Correction factors” for more information).  

2.2.4.3 Statistical analysis 

 

Binomial regression models (link = logit) were used to evaluate the effect of colony and 

year on the different breeding parameters. Binomial regressions were conducted in R (R 

Core Team, 2021), using the package “lme4” (Bates et al., 2015). Model overdispersion 

was assessed with the “testDispersion” function, included in the package “DHARMA” 

(Harting, 2022). All pairwise comparisons were corrected for False Discovery Rate 

(type I error) using the function “p.adjust” included in R base package.  

2.2.5 Chick wing length-mass ratio comparison between colonies 

 

To investigate potential chick differences at the extremes of the breeding range in 

Newfoundland, I compared chick wing length-mass ratios between Gull and Puffin 

islands. During the 2022 breeding season we collected the wing chord and mass of 19 

chicks from Puffin Island, and 22 from Gull Island. Mass was obtained with a 600 g 

Pesola to the nearest 5 g, wing chord length was measured with a flat ruler to the nearest 

1 mm. Normality of the ratio data was tested using both a visual approach (Q-Q plot) 



 

36 
 

and Shapiro-Wilks tests (significance at 0.05). Linear models were used to find 

statistical differences in the ratio between colonies. 

3. Results  
 

A total of 3,261 burrows were checked for the different parts of the present study. This 

took more than 1,000 human hours, in teams ranging from 1 to 5 people, spread over the 

course of the summers of 2021 and 2022. 

3.1 Method comparison 
 

3.1.1 Burrow depth analysis 

 

Incubation chambers were 55 cm deep on average (N = 399, range = 5 - 115 cm, SD = 

19.92 cm). With consideration that the average arm length in North America is 65 ± 4 

cm (Claire et al., 1989), 32 % of the incubation chambers would be out of reach (Fig. 

7). This excludes other limiting factors for this method, like sharp angles or narrow 

burrows, which can prevent the researcher’s from reaching the incubation chamber. 
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Figure 7. Incubation chamber depth distribution in Newfoundland puffin burrows (N = 

399). Vertical red line represents the average arm’s reach (65 cm). 

3.1.2 Inter-rater and method reliability tests 

 

Inter-rater values showed a large discrepancy between methods. I found significant 

differences in laying success (Active burrows / Total number of burrows) estimates 

between burrowscope observers when assessing the presence of eggs and chicks 

(Fisher’s exact test, p < 0.001). Cohen’s kappa values were extremely low for 

burrowscope evaluation. The estimate for the egg assessment was 0.51, validating 25.5 

% of the data collected, while the estimate for chick assessment was 0.28, validating 

only a 7.9 % of the data (Table 9). These values show an extreme discrepancy between 

the two observers. Hand-grubbing showed an improvement in inter-rater agreement. 

Cohen’s kappa was 0.75 for the egg and 0.69 for the chick assessment, validating 55.9 

% and 48.8 % of the data respectively. Still, detection results were significantly 

different between observers (Fisher’s exact test, p < 0.001). 
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Table 9. Cohen’s kappa and Coefficient of Determination (COD) values for both inter-

rater and inter-method comparisons. 

  Inter-rater (SE) Inter-method (SE) 

Method Check 
Cohen's 

Kappa 
COD (%) 

Cohen's 

Kappa 
COD (%) 

Burrowscope 
Egg 0.51 (0.12) 25.52 (1.50) 0.66 (0.12) 43.56 (1.4) 

Chick 0.28 (0.13) 7.93 (1.17) 0.35 (0.11) 12.60 (1.58) 

Handgrubbing 
Egg 0.75 (0.08) 55.93 (0.67) - - 

Chick 0.69 (0.09) 48.80 (0.76) - - 

 

When comparing between methods (Table 10. Handgrubbing and burrowscope 

maximum occupancy rates ), Laying success estimates were significantly higher when 

obtained by burrowscope (Fisher’s exact test, p < 0.001). Cohen’s kappa was 0.66 for 

egg, and 0.35 for chick assessments, making comparable 43.56 % and 12.6 % of the 

data between the two methods respectively (Table 9).  

Table 10. Handgrubbing and burrowscope maximum occupancy rates obtained from the 

combination of the detection histories of two observers per method. Any completely 

unsolved burrow was excluded from the calculations.  

Assessment Method 
Laying success 

(SE) 

Egg 
Burrowscope 0.729 (0.064) 

Handgrubbing 0.618 (0.083) 

Chick 
Burrowscope 0.510 (0.072) 

Handgrubbing 0.424 (0.084) 
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3.2 Mark recapture analyses 
 

3.2.1 Burrowscope detection 

 

The histories of 36 burrows, out of 48 initially selected, were used to estimate 

probabilities of burrowscope detection. The rest were discarded for being inactive. 

Bootstrapped iteration on the global model showed a strong degree of overdispersion 

(𝑐̂=2.506), so models were adjusted. Following QAICc selection criteria (Akaike, 

1985), the best supported model included survival probability as time dependent, and 

probability of detection as time independent (Table 11). The next candidate showed 

strong statistical support, with both probability of detection and survival as time 

dependent. The third candidate model was also within 2 QAICc from the best supported 

model, including survival probability as time dependent, and probability of detection as 

time independent with fixed survival between consecutive observations. The rest of the 

candidate models received close to no support. The output of the best model gave a 

detection probability of 0.865 (95% CI = 0.679-0.955) 

3.2.2 Handgrubbing detection 

 

The mark-recapture histories of 36 burrows were unusable due to the presence of 

unsolved detection occasions, leaving only 12 histories available for the analyses. The 

parametric bootstrap showed an extreme value of overdispersion (𝑐̂=3.798), probably 

due to the lack of sample size. This prevented any posterior analysis. 
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Table 11. Summary of model selection results for probability of survival, Phi, between 

sampling periods and detection, p, for Atlantic puffin eggs and chicks. Models are 

ranked by Delta QAICc, the difference between each model and the best model, based 

on Akaike’s information criterion (Akaike, 1985), corrected for over-dispersion (Q) and 

small sample size (QAICc). Models are defined as follows: (.) parameter constant; (t) 

parameter varies with time of sampling; # denotes models for which the survival rates 

between surveys carried out on the same day were fixed at the constant value 1.0. 

Model QAICc 
Delta 

QAICc 

QAICc 

Weight 

Model 

Likelihood 
Parameters Qdeviance 

phi(t)p(.) 62.3426 0 0.29470 1 5 9.2536 

phi(t)p(t)# 62.3959 0.0533 0.28695 0.9737 6 7.0477 

phi(t)p(.)# 62.8513 0.5087 0.22852 0.7754 3 14.1423 

phi(.)p(.) 64.5952 2.2526 0.09555 0.3242 2 18.0100 

phi(t)p(t) 64.7022 2.3596 0.09057 0.3073 7 7.0467 

phi(.)p(t) 71.0990 8.7564 0.00370 0.0126 5 18.0100 

 

3.2.3 Maximum detection rates 

 

Due to the impossibility of obtaining specific detection rates for hand-grubbing, I 

compared the differences in laying success estimates by the two methods. When 

detecting eggs, burrowscope laying success estimate was 0.729, and 0.618 for 

handgrubbing, resulting in an 11.1 % difference. (Table 10. Handgrubbing and 

burrowscope maximum occupancy rates ). For chick detection, the burrowscope laying 

success estimate was 0.51, and 0.424 for handgrubbing, an 8.6 % difference. The 

average difference in laying success between the two assessments was 9.85 %.  
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The handgrubbing specific detection rate was then calculated as the difference between 

the burrowscope detection and the discrepancy between the two methods. Therefore, the 

detection rate for this method was 0.754 for eggs and 0.779 for chicks. This calculation 

method did not allow for 95% confidence intervals. The correction factor for 

handgrubbing-burrowscope estimates was obtained dividing these values by the 

burrowscope detection rate. This resulted in a correction factor of 1.147 for egg 

detection and 1.11 for chick detection.  

3.3 Present breeding success estimates 
 

In only three cases the visit regime was compromised: a) in 2021, due to logistic 

complications, Elliston Point could not be assessed during the first two visits; b) during 

the 2021 phenology visit to Bakeapple and Puffin islands, due to lack of previous 

breeding data of the region, only grown chicks were found, instead of a proportion of 

hatched and unhatched eggs; c) in 2022 at Bakeapple Island, breeding at this colony was 

disrupted due to the presence of an Arctic fox (Vulpes lagopus) that led to an almost 

total breeding failure (Zabala et al., in prep.). 

3.3.1 Burrow density and general laying success 

 

Burrow density at plot level was variable between colonies. The average burrow density 

in the plots (Total burrows / m2) was 3.369 (SE = 0.33, range 1.51 to 4.33), although it 

was highly variable between years and colonies (Table 12). Holes (entrances that did 

not lead to burrows) were not extensively present with 4.39 % of the entrances checked 

being too short to host a puffin nest (N = 637, range 8 % at Puffin Island to 2.94 % at 

Great Island). The average general burrow laying success (Active burrows / Total 

burrows checked) was 0.626 (SE = 0.06, range = 0.309 – 0.716). This value was high in 

every colony checked (Table 12). Larger colonies (Gull and Great islands) tended to 
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have lower general laying success than smaller ones, but low sample size precluded a 

quantitative assessment. The only extreme value was found on Bakeapple Island in 

2022. This low burrow laying success was due to the presence of an Arctic fox in the 

colony, which disturbed the normal breeding in the colony. Dozens of excavated 

Leach’s Storm-Petrel burrows and puffin chick carcasses were found around the island, 

but no direct impact was observed on puffin burrows (e.g., signs of excavation) or direct 

predation on adult puffins. This evidence suggests that the presence of the fox prevented 

puffin breeding through indirect mechanisms  (e.g., increased individual stress) rather 

than through active adult predation (Zabala Belenguer and Bitton, in preparation). 

Therefore, this data point was excluded from any posterior analyses.   

Inter-annual comparisons in general laying success were only possible between Great, 

Gull, and Puffin islands. Binomial logistic results showed a significantly higher general 

laying success on Gull Island in 2022 (Z (1) = 2.838, p = 0.005; Appendix S5). Models 

did not show over-dispersion (Great Island, 𝑐 ̂= 1.0019, p = 0.976; Gull Island, 𝑐̂ = 

1.0079, p = 0.856; Puffin Island, 𝑐̂ = 1.0074, p = 0.952). Binomial logistic regressions 

results showed no statistical differences in general laying success probabilities in both 

years (Appendix tables S 6 & S 7). Neither model suffered from over-dispersion (Year 

2021, ĉ = 1.0015 p = 0.952; Year 2022, ĉ = 1.005 p = 0.936).  
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Table 12. Burrow density general laying success (Active burrows / Total burrows 

checked) values obtained for 2021-2022. * Bakeapple Island data for 2022 is non-

comparable due to the presence of an Arctic fox in the colony 

Colony  Year 
Surveyed 

area (m2)  

Burrows 

checked 

Burrow density 

(Burrows/m2) 

(SE) 

Laying success 

(Active /Total) 

(SE) 

Great Island 
2021 144 168 1.17 (0.11) 0.623 (0.057) 

2022 216 340 1.57 (0.06) 0.647 (0.033) 

Gull Island 
2021 126 173 1.37 (0.12) 0.566 (0.06) 

2022 90 102 1.13 (0.13) 0.618 (0.057) 

Puffin 

Island 

2021 63 74 1.17 (0.16) 0.681 (0.035) 

2022 45 41 0.91 (0.12) 0.715 (0.057) 

Bakeapple 

Island 

2021 81 69 0.85 (0.14) 0.716 (0.05) 

2022* 72 50 0.69 (0.11) 0.309 (0.105) 

Elliston 

Point 

2021 54 78 1.44 (0.17) 0.678 (0.054) 

2022 81 104 1.29 (0.1) 0.711 (0.098) 

Average - 93.6 120 1.16 (0.11) 0.626 (0.06) 

 

3.3.2 Plot laying success, fledging success, and productivity 

 

Plot specific laying success could only be calculated for 2022. Average laying success 

(Active burrows / Total burrows in the plot) was 0.819 (SE = 0.04, range = 0.388 - 

0.948). Overall, values were very high in every colony assessed, giving evidence that a 

large proportion of pairs that bred in 2021 also bred the following year (Table 13). 

Binomial logistic regressions were performed to estimate the effect of colony on the 

probability that a burrow would be occupied in the plot (Table 14). Bakeapple Island 

showed significantly lower plot laying success to every other colony (Great Island, Z 

(1) = -6.184, p = <0.001; Gull Island, Z (1) = -5.943, 0 = <0.001; Puffin Island, Z (1) = 

3.951, p = <0.001). There were no differences between the rest of the colonies. This is 

explained again by the disruptive presence of the Arctic fox in the colony. The 
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proportion of egg laying at Bakeapple showed a 41.59 % decrease when compared to 

the neighbour Puffin Island in that same year. Interestingly, none of the study burrows 

showed any sign of active predation (i.e., digging evidence). This suggests that the sole 

presence of a predator on the island can have a very large impact on puffin egg laying. 

Table 13. Breeding parameter estimates obtained during the 2021-2022 breeding 

seasons through burrowscope assessment: Plot laying success (Plot active burrows / 

Total plot burrows), Fledging success (Plot chicks likely to fledge / Total number of 

eggs found in the plot), and Productivity (Plot chicks likely to fledge / Total plot 

burrows) Average weighted by colony size relative to the total Newfoundland 

population. Note that plot burrow laying success and plot productivity could only be 

calculated for 2022. 

Colony name Year 
Plot Laying success 

(SE) 

Fledging  

Success  

(SE) 

Plot 

Productivity 

(SE) 

Great Island 
2021 NA 0.812 (0.037) NA 

2022 0.948 (0.025) 0.761 (0.044) 0.721 (0.045) 

Gull Island 
2021 NA 0.736 (0.048) NA 

2022 0.931 (0.027) 0.864 (0.058) 0.804 (0.043) 

Puffin Island 
2021 NA 0.90 (0.042) NA 

2022 0.933 (0.042) 0.905 (0.058) 0.844 (0.055) 

Bakeapple 

Island 

2021 NA 0.888 (0.03) NA 

2022 0.388 (0.069) 0.053 (0.032) 0.02 (0.02) 

Elliston Point 
2021 NA NA NA 

2022 0.896 (0.04) 0.814 (0.067) 0.729 (0.064) 

Average  0.937 (0.04) 0.792 (0.046) 0.750 (0.045) 
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Table 14. Binomial model results for plot burrow laying success differences (Plot active 

burrows / Total plot burrows) between colonies during the 2022 breeding season 

(significance level set at 0.05, corrected for Type I error). Colony included as fixed 

factor.  

 Gull Island 
Bakeapple 

Island* 
Puffin Island Elliston Point 

 z p z p z p z p 

Great Island -0.496 0.620 -6.184 <0.001 -2.537 0.112 -1.120 0.263 

Gull Island -- -- -5.943 <0.001 -2.111 0.352 -0.675 0.500 

Bakeapple 

Island* 
  -- -- 3.951 <0.001 4.736 <0.001 

Puffin Island     -- -- 1.267 0.205 

 

Average fledging success (Chicks likely to fledge / Total number of eggs found in the 

plot) in 2021-2022 was 0.748 (SE = 0.046, range = 0.053-0.905). Overall, fledging 

success was extremely high, always above 70 %, and it did not vary much between 

colonies except on Bakeapple Island in 2022 (Table 13). Inter-annual comparisons in 

fledging success were only possible between Great, Gull, and Puffin islands. Binomial 

logistic regression results showed that fledging success between 2021 and 2022 was 

only different on Gull Island (Z(1) = 3.258, p = 0.001) (Table S 5). Models did not show 

over-dispersion (Great Island, 𝑐 ̂= 1.0011, p = 0.947; Gull Island, 𝑐̂ = 1.0089, p = 0.849 

Puffin Island, 𝑐̂ = 1.007, p = 0.961). 

Binomial logistic regressions only showed significant lower fledging success on Gull 

Island in comparison with the rest of the colonies in 2021 (Great Island, Z (1) = -3.156, 

p = 0.002; Bakeapple Island, Z (1) = -2.801, p = 0.005; Puffin Island, Z (1) = -3.115, p 

= 0.002; Table 15). No differences were found in 2022 (Table 16). Models did not show 

over-dispersion (Year 2021, 𝑐̂ = 1.0001, p = 0.985; Year 2022, 𝑐̂ = 1.009, p = 0.995). 
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Table 15. Binomial model results for fledging success probability (Plot chicks likely to 

fledge / Total eggs in the plot) between colonies during the 2021 breeding season 

(significance level set at 0.05, corrected for Type I error). Elliston Point data not 

available. 

 Gull Island Bakeapple Island Puffin Island 

 z p z p z p 

Great Island -3.156 0.002 -0.476 0.634 -0.909 0.364 

Gull Island -- -- -2.801 0.005 -3.115 0.002 

Bakeapple Island   -- -- 0.391 0.696 

 

Table 16. Binomial model results for fledging success probability (Plot chicks likely to 

fledge / Total eggs in the plot) between colonies during the 2022 breeding season 

(significance level set at 0.05). Bakeapple data not included.   

 Gull island Puffin Island Elliston Point 

 z p z p z p 

Great Island 1.707 0.088 1.576 0.115 -0.449 0.653 

Gull Island -- -- 0.262 0.794 0.995 0.320 

Puffin Island   -- -- 1.062 0.288 

 

Average plot productivity (Plot chicks likely to fledge / Total plot burrows) was 0.587 

(SE = 0.045, range = 0.02-0.844). Plot productivity could only be calculated in 2022, as 

plot laying success data was only available for that year (Table 13). Binomial logistic 

regressions were performed to estimate the effect of colony on the probability that a 

burrow egg would produce a successful fledgling at the end of the breeding season 

(Table 17). Binomial regression only included colony as a fixed factor. Models did not 

show over-dispersion (𝑐̂ = 1.0009, p = 0.992). No statistically significant differences 
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were found in productivity between colonies. Data from Bakeapple Island was excluded 

due to the influence of the fox presence (Table 17). 

Table 17. Productivity (Plot chicks likely to fledge / Total plot burrows) binomial 

model results for the 2022 breeding season (significance level set at 0.05). Colony 

included as fixed factor. *Data from Bakeapple 2022 excluded. 

 Gull Island Puffin Island Elliston Point 

 z p z p z p 

Great Island 1.422 0.155 1.431 0.153 0.188 0.851 

Gull Island -- -- 0.302 0.763 -1.005 0.315 

Puffin Island 
  -- -- -1.12 0.263 

      

3.3.3 Mean hatching date 

 

3.3.3.1 Control plot 

 

Accurate hatching dates and histories were obtained for 48 eggs in the control plot. 

Fledging success (Eggs hatched / Total burrows) in the plot was 0.80, which suggests a 

limited effect of researcher disturbance. Normality of the distribution could not be 

assessed because burrow content evaluation was not conducted every day. Hatching 

occurred over a 31-day period (Figure 8) from June 17 to July 18 (day of year 168 to 

199). Peak hatching occurred between June 26 to July 3 (day of year 177 to 184). The 

mean hatching date was June 30 (mean = 181.33, rounded to day of the year 181, with a 

standard deviation of 7.61 days), and the median hatching date was June 29.  
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Figure 8. Gull Island control plot hatching distribution histogram (number of hatched 

eggs in a given day) and density plot (N = 45). Mean hatching date = 181 day of year 

(dotted line). 

I compared the mean hatching dates obtained using the cumulative distribution function 

method to the real mean hatching date using the hatching proportions obtained during 

the 14 visits to the control plot. The standard deviation value used in the calculations 

was 7.61 days, obtained from the control plot. This value is very similar to the standard 

deviation of 7.51 days found in the 1993 hatching distribution on Great Island (Rodway 

et al., 1996). Overall, precision was moderately high. Mean hatching dates obtained 

with the cumulative distribution function corresponded to the real estimate in 3/14 cases 

(21.43 %), were accurate ± 1 day in 7/14 (50 %), and accurate ± 3 days in 12/14 cases 

(85.71 %). The average mean hatching date from all values obtained by this method was 

182 (SE = 0.732 days). This method showed relatively higher accuracy at very low 
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hatching proportions, and less accuracy when the proportion of chicks was higher than 

eggs (Table 18).  

Table 18.  Visit dates, number of chicks and eggs found during the assessment, 

hatching proportion (Burrows with chicks / Burrows with eggs), and estimated mean 

hatching dates calculated by the cumulative distribution function to the hatching 

proportion, compared to the real mean hatching date of 181 day of year date. Tested day 

of year dates and hatching proportions were obtained from the observed values during 

plot visits. 

Visit date 

(Day of year) 
Chicks Egg 

Hatching 

proportion 

Estimated mean hatching date 

(Day of year) 

168 3 46 0.063 180 

172 4 45 0.083 182 

174 6 43 0.125 183 

175 9 40 0.188 182 

177 14 35 0.292 181 

178 17 32 0.354 181 

179 18 31 0.375 182 

180 31 18 0.646 178 

183 32 17 0.667 180 

184 40 9 0.833 177 

189 41 8 0.854 181 

192 42 7 0.875 184 

193 44 5 0.917 184 

198 45 4 0.938 188 

 

3.3.3.2 Colony mean hatching dates 

 

Mean hatching dates varied between colonies. Great and Gull islands mean hatching 

dates were similar, around late June-early July (Table 19). Data from both Elliston Point 

and Puffin Island could only be collected for 2022.  Mean hatching dates in these 
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colonies was considerably later, around the third week of July. This suggests a 

latitudinal phenology delay in northern colonies. No data from Bakeapple could be used 

for this analysis.  

Table 19. Estimated mean hatching dates (MHD) in the different study colonies in 

2021-2022. Mean hatching date obtained using the cumulative distribution method, 

together with the number of eggs and chicks used for the estimate, and the date of the 

visit. 

Colony Year 
Assessment date 

(Day of the ear) 
Eggs Chicks 

Estimated 

MHD 

Great Island 
2021 181 34 31 181 

2022 185 33 55 183 

Gull Island 
2021 190 17 73 183 

2022 182 45 57 181 

Puffin Island 
2021 - - - - 

2022 208 8 29 202 

Elliston Point 
2021 - - - - 

2022 207 5 37 198 

 

3.4 Chick wing length-mass ratio comparison between colonies  
 

Chick wing length-weight ratio data followed a normal distribution in both colonies 

(Gull Island, Shapiro Wilks test, W (25) = 0.967, p = 0.572; Puffin Island, Shapiro 

Wilks test, W (20) = 0.967, p = 0.572). Wing length-weight ratio showed differences 

between colonies (Figure 9). Puffin Island chicks had a statistically heavier body weight 

for a given wing length when compared to those from Gull Island (F (1,43) = 17.32, p < 

0.001). The largest chick found on Puffin Island was 370 g and with 126 mm wing 

length, while the largest from Gull Island was 350 g, and a 106 mm wing length.  
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Figure 9. Relationship between mass (g) and wing length (cm) in puffin chicks found in 

two colonies, Gull Island (Witless Bay), and Puffin Island (Little Fogo Islands). 

3.5 Historical breeding success in Newfoundland 
 

The available Newfoundland historical data differed in its laying success definition 

from the one used in this study: all studies had classified burrows as active even if only 

an adult was present. As a previous step to validate the comparison between the two 

data sources, I assessed the percentage of burrows checked with burrowscope that only 

contained an adult and no egg or chick. Only 1.8 % (N = 2470) of the burrows checked 

during the years 2021-2022 contained a non-incubating adult, allowing for comparison 

between the data. 
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Historical laying success estimates available were obtained by handgrubbing. These 

estimates were multiplied by the egg correction factor to make them comparable with 

our estimates (Table 20). After applying correction factors, average historical laying 

success was 0.786 (SD = 0.138) in Great Island, 0.732 (SD = 0.123) in Gull Island, 

0.475 (SD = 0.17) in Bakeapple Island, and 0.678 (0.03) in Puffin Island. 

Binomial logistic regressions were performed to assess the effects of year on laying 

success, both with corrected and uncorrected estimates. Laying success binomial 

models included year as a fixed factor. None of the laying success models showed 

evidence of over-dispersion, both for uncorrected (Great Island, 𝑐̂ = 1.0001, p = 0.928; 

Gull Island, 𝑐̂ = 1.001, p = 0.976; Bakeapple Island, 𝑐 ̂= 1.0147, p = 0.744; Puffin 

Island, 𝑐̂ = 1.0122, p = 0.84) and corrected data (Great Island, 𝑐̂ = 0.99891, p = 0.944; 

Gull Island, 𝑐 ̂= 0.99932, p = 0.968; Bakeapple Island, 𝑐̂ = 1.0084, p = 0.740; Puffin 

Island, 𝑐 ̂= 1.0139, p = 0.84). 

The results of the binomial regression comparisons showed discrepancies between 

corrected and uncorrected data. On Great Island, 53.34 % of the total Great Island 

pairwise comparisons (8 / 15 cases) changed significance when applying the correction 

factor, 75 % (6 / 8 cases) of which involved data collected by different methods (Table 

21). A 20 % (3 /15 cases) of Gull Island comparisons changed significance, 66.7 % (2 / 

3 cases) of which also involved data collected by different methods (Table 22). This 

shows a larger effect of the correction factor when data collection methods differ. 

Values for both Bakeapple and Puffin islands remained the same before and after 

applying the correction factor (Tables S 8 & S 9). The only instance where the corrected 

estimate was encompassed in the uncorrected data standard error interval was on 

Bakeapple 2014 (Figure 10). 
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After applying correction factors, laying success in Great Island during the years 2021 

and 2022 was significantly lower than every other year on record (Table 21). Similarly, 

Gull Island laying success was significantly lower in 2021 and 2022 than any other year 

except 2012 (Table 22). Laying success data from Bakeapple and Puffin islands was too 

scarce to evaluate trends. 

Table 20. Historically available laying success (Eggs present in burrows / Total burrows 

assessed) data. Number of burrows used to calculate the different parameters and the 

source are included. Corrected estimate obtained by multiplying the original estimate 

(handgrubbing) by 1.147, the correction factor for egg detection based on burrowscope 

estimates. 

 

a) Robertson, unpub. data; b) Rodway, 1994; c) Wilhelm, unpub. data; d) Present study. 

 

Colony Year 
Study 

burrows 
Original estimate Corrected estimate 

Great Island 

1985ª 319 0.718 (0.02) 0.824 

1992b 179 0.732 (0.01) 0.840 

1993b 194 0.871 (0.03) 0.999 

2011c 423 0.717 (0.03) 0.822 

2021d 168 0.623 (0.06) - 

2022d 340 0.647 (0.03) - 

Gull Island 

1984ª 698 0.715 (0.02) 0.820 

1985ª 716 0.788 (0.01) 0.904 

2003ª 897 0.575 (0.02) 0.660 

2012c 338 0.722 (0.02) 0.828 

2021d 173 0.566 (0.06) - 

2022d 102 0.616 (0.06) - 

Bakeapple 

Island 

2014c 62 0.306 (0.05) 0.351 

2021d 69 0.716 (0.05) - 

2022d 50 0.359 (0.11) - 

Puffin Island 

2014c 43 0.558 (0.06) 0.640 

2021d 74 0.681 (0.04) - 

2022d 41 0.715 (0.1) - 
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Figure 10. Yearly uncorrected (orange) and corrected (grey) laying success estimates in Great Island, Gull Island, Bakeapple Island, and Puffin 

Island. Uncorrected estimates present 95 % confidence intervals, which could not be calculated for corrected estimates (see text). Asterix indicates 

a case where the corrected estimated is encompassed in the 95% confidence interval or the uncorrected estimate.
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Table 21. Binomial model results on Great Island corrected and uncorrected laying 

success estimates. Changes in significance are values are presented in bold (significance 

set at 0.05, corrected for type I error). 

 Uncorrected Laying success 

 
1992 1993 2011 2021 2022 

z p z p z p z p z p 

1985 0.334 0.795 3.943 <0.001 0.024 0.981 -0.903 0.500 -1.790 0.139 

1992 -- -- 3.326 0.026 -0.330 0.795 -1.087 0.462 -1.827 0.139 

1993   -- -- -4.054 0.598 -4.301 <0.001 -5.270 <0.001 

2011     -- -- -0.966 0.052 -1.948 0.130 

2021       -- -- -0.574 0.708 

 Corrected Laying success 

1985 0.385 0.876 0.036 0.972 -0.062 0.972 -3.614 <0.001 -4.915 <0.001 

1992 -- -- 0.036 0.972 -0.454 0.876 -3.425 0.001 -4.347 <0.001 

1993   -- -- -4.054 0.641 -4.301 <0.001 -5.270 <0.001 

2011     -- -- -0.966 0.032 -1.948 0.037 

2021       -- -- -0.574 0.849 
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Table 22. Binomial model results on Gull Island for corrected and uncorrected laying 

success estimates. Changes in significance are values are presented in bold (significance 

set at 0.05, corrected for type I error). 

 

Historical fledging success values were also estimated by handgrubbing. These 

estimates were multiplied by the chick correction factor to make them comparable with 

our estimates (Table 23). Historical average fledging success was 0.732 (SD = 0.493) 

on Great Island, and 0.746 (SD = 0.092) on Gull Island. 

Fledging success binomial models from corrected and uncorrected data were compared. 

None of the laying success models showed evidence of over-dispersion, both for 

uncorrected (Great Island, 𝑐̂=1.0001, p = 0.952; Gull Island, 𝑐̂= 1.013, p = 0.88; and 

corrected data (Great Island, 𝑐̂=1.0016, p = 0.96; Gull Island, 𝑐̂= 1.0128, p = 0.912).  

  

 Uncorrected Laying success 

 
1985 2003 2012 2021 2022 

z p z p z p z p z p 

1984 3.160 0.004 -5.721 <0.001 0.234 0.831 -3.728 0.001 -1.996 0.063 

1995 -- -- -8.869 <0.001 -2.351 0.032 -5.845 <0.001 -3.724 0.002 

2003   -- -- 4.683 <0.001 -0.214 0.831 0.821 0.475 

2012     -- -- -3.508 <0.001 -2.000 0.0463 

2021       -- -- 0.832 0.475 

 Corrected Laying success 

1984 3.24 0.002 -7.019 <0.001 0.826 0.409 -6.833 <0.001 -4.567 <0.001 

1995 -- -- -9.912 <0.001 -1.832 0.084 -9.045 <0.001 -6.511 <0.001 

2003   -- -- 6.065 <0.001 -2.344 0.026 -0.852 0.409 

2012     -- -- -6.523 <0.001 -4.682 <0.001 

2021       -- -- 0.832 0.409 
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Table 23. Available historical fledging success (Chicks ready to fledge / Total number 

of eggs) data. Number of burrows used to calculate the different parameters and the 

source are included. Corrected estimate obtained by multiplying the original estimate by 

1.11, the correction factor for chick detection established in this study. 

Colony Year Burrows 
Original 

estimate 
Corrected estimate 

Great Island 

1992a 179 0.552 (0.037) 0.613 

1993a 384 0.685 (0.022) 0.760 

2003a 47 0.617 (0.068) 0.685 

2004a 57 0.632 (0.061) 0.702 

2005a 94 0.606 (0.048) 0.673 

2021 97 0.812 (0.037) - 

2022 92 0.761 (0.047) - 

Gull Island 

1984b 43 0.574 (0.073) 0.637 

2019c 45 0.844 (0.054) 0.937 

2021 95 0.736 (0.049) - 

2022 81 0.864 (0.044) - 

 

a) Robertson, unpub. data; b) Rodway, 1994, c) Wilhelm, 2021. 

 

The results of the binomial regression comparisons showed discrepancies between 

corrected and uncorrected data. A 23.81 % of the total Great Island pairwise 

comparisons (5 / 21 cases) changed significance when applying the correction factor, 80 

% (4 / 5 cases) of which involved data collected by different methods (Table 24). Only 

in 1 / 6 cases changed significance when applying correction factors on Gull Island 

fledging success estimates, also involving different methods (Table 25). The only 

instances where uncorrected fledging success standard errors encompassed the corrected 

values were Great Island 2003 and Gull Island 1984 (Fig. 11). 
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Table 24. Binomial model results on Great Island corrected and uncorrected fledging 

success data. Changes in significance values are presented in bold (significance set at 

0.05, corrected for type I error). 

 Not corrected 

 1993 2003 2004 2005 2021 2022 

 z p z p z p z p z p z p 

1992 3.025 0.011 0.786 0.504 1.041 0.481 0.845 0.504 4.201 0.001 3.291 0.010 

1993 - - 0.937 0.504 0.803 0.504 1.446 0.271 2.480 0.039 1.422 0.271 

2003   - - 0.153 0.903 0.122 0.903 2.519 0.039 1.758 0.184 

2004     - - 0.309 0.838 2.481 0.039 1.682 0.195 

2005       - - 3.117 0.011 2.246 0.065 

2021              - - 0.899 0.369 

 Corrected 

1992 3.791 0.003 0.971 0.475 1.333 0.426 1.084 0.475 3.502 0.005 2.560 0.073 

1993 - - 1.186 0.475 0.956 0.475 1.784 0.268 1.128 0.475 0.009 0.993 

2003   - - 0.230 0.904 0.127 0.944 1.770 0.268 1.007 0.475 

2004     - - 0.403 0.801 1.599 0.330 0.796 0.526 

2005       - - 2.257 0.126 1.365 0.426 

2021         - - 0.899 0.484 
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Table 25. Binomial model results on Gull Island corrected and uncorrected fledging 

success data. Changes in significance values are presented in bold (significance set at 

0.05, corrected for type I error). 

  Not corrected 

 2019 2021 2022 

 z p z p z p 

1984 3.093 0.006 1.811 0.101 3.397 0.006 

2019   1.987 0.094 0.398 0.690 

2021     2.056 0.477 

          Corrected 

1984 3.131 0.009 1.291 0.236 2.934 0.009 

2019   2.509 0.024 1.160 0.246 

2021     2.056 0.060 

 

Figure 11. Bar plot with yearly uncorrected (orange) and corrected (grey) fledging 

success estimates in Great Island, and Gull Island. Uncorrected estimates present 95% 

confidence intervals, which could not be calculated for corrected estimates (see text). 

Asterixis indicate cases where the corrected estimated is encompassed in the 95% 

confidence interval or the uncorrected estimate. 
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4. Discussion 
 

4.1 Methodological comparison  
 

The interpretation of seabird population trends can be flawed by imprecise estimates 

due to methodological constraints. Methods that can correct or account for these 

discrepancies need to be developed and validated (Harris et al., 2020). The present study 

reveals that assessment method, observer, and type of nest content (egg or chick) can 

influence burrow laying success and other assessments of Atlantic puffins. Therefore, 

correction factors are needed when data collection involves different methods.  

Overall, I found that estimates obtained by burrowscope, even though not perfect, were 

consistently higher than those yielded by handgrubbing. Due to the unlikeliness of false 

positives, this indicates that burrowscope estimates are a better representation of true 

laying success values. Individual variation was significant between observers in both 

methods, and between methods, even though it was higher in burrowscope assessment. 

Variation in burrow content detection rates between methods has been described in 

other burrowing species (Ambagis, 2004; Bird et al., 2021). This variation might be the 

consequence of several factors, such as different individual capacities, lack of training, 

or detection differences between devices. Burrowscope inter-rater variation was 

significantly lower during the chick assessment, while it remained similar in 

handgrubbing. This might be explained by the contrast differences between chicks and 

eggs when visualized through an infra-red camera. Eggs are strikingly white when 

observed through the infrared lens of the burrowscope, contrasting with the darker 

background and making their detection easier. On the other hand, puffin chicks have 

dark bodies that blend with the background, and they can move inside the burrow, 

making their localization more challenging. These detection differences can affect the 
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results of several important population parameters when assessed by burrowscope. A 

larger detection probability for eggs when compared to chicks may result in an 

underestimated productivity, where failure to detect eggs will underestimate colony 

laying success. All this masked variation needs to be accounted for. A posteriori 

correction is necessary to improve the accuracy and comparability of the estimates, 

reducing the uncertainty when correlating these with ecological factors, particularly 

when estimates are obtained by different assessment methods.  

Even though detection accuracy differed between methods, there is a tradeoff between 

accuracy and practicality. Here we have only tested method accuracy and reliability, but 

there is a myriad of limitations associated to each method. Even though burrowscope is 

potentially more accurate, it showed extreme discrepancies between observers. On top 

of that, their use is limited by other factors such as budget restrictions, battery life, 

access to power during the assessment, damage sensitivity and malfunction, or strong 

weather dependency. Handgrubbing, which showed a higher inter-rater consistency, 

faces other challenges. Over 30 % of Newfoundland puffin burrows were out of an 

arm’s reach, making them unsuitable for proper hand assessment. This percentage is an 

underestimate, since other factors such as burrow morphology can prevent a thorough 

check. This can decrease time efficiency in data collection, increasing human hours 

required for colony assessment. Together with the need of direct contact with the animal 

for manual assessment, this can result in increased stress on the animals, egg damage, 

disease transmission, or injuries to the animal or the observer.  

Nevertheless, the experimental design conducted has limitations, mainly the lack of data 

of the true contents of each burrow. Experiments involving assessment of artificial 

burrows with known contents, placed by a researcher, can be useful in establishing even 

more accurate detection rates and inter-rater reliability.  
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4.2 Atlantic puffin breeding status in Newfoundland 
 

The present study assessed the breeding status of several Newfoundland puffin colonies. 

The assessed colonies showed, during the 2021-2022 breeding seasons, higher values in 

laying success, fledging success, and productivity than any other colony from which 

data are available, particularly when compared with declining populations (Fig. 12). The 

only exception was Bakeapple Island in 2022, due to the disruptive presence of an 

Arctic fox in the colony. With an estimated population size of 897,566 breeding pairs 

(Wilhelm, unpublish. data), Newfoundland’s Atlantic puffin population is the third 

largest in the world, only after Iceland, with ~ 2 000 000 breeding pairs (Lowther et al., 

2020), and Norway, with ~ 1 884 000 breeding pairs (Fauchald et al., 2015). Despite 

these high population numbers, both Norwegian and Icelandic colonies have 

experienced extremely low productivity and fledging success, paired with steady 

population decline, in the past decades (Birdlife International, 2018). When compared to 

these, Newfoundland average laying success, fledging success, and productivity was 

2.44, 1.68, and 2.77 times higher than Icelandic averages between the years 2012-2021, 

respectively (Hansen, 2021). Fledging success in Newfoundland was 2.07 times higher 

than the overall average at Norwegian colonies from the years 2008-2021 (Anker-

Nilssen et al., 2021; Fauchald et al., 2015). This makes Newfoundland host of the 

largest puffin aggregation in the world with successful breeding and stable/increasing 

numbers. 
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Figure 12. Plot laying success, fledging success, and productivity values from 

Newfoundland colonies (right of the vertical black line) and other colonies (left of the 

vertical black line), together with estimated colony population trends (point shape). 

Dotted red line set at 0.49, representing the estimated productivity limit for positive 

population growth (Hansen, 2021). Newfoundland estimates obtained from the present 

study. Study years and references for the other colonies indicated in Tables 4 and 5.  
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Successful breeding has been consistent throughout the years, as the historical data 

suggests. Both historical laying success and fledging success remained high in every 

colony where data are available. General laying success on Gull and Great islands was 

significantly lower during the 2021-2022 breeding seasons. This could reflect a slight 

decline in the number of breeding adults at the colony (Tables 21 & 22). Since 2021 and 

2022, general laying success estimates are obtained from high density areas, whole 

island assessments are needed to evaluate this potential decline. These two islands not 

only host the largest Atlantic puffin colonies in the Western Atlantic, but also a diverse 

and abundant seabird community. This can lead to both intra- and inter-specific 

competition due to saturation of the nesting habitat’s carrying capacity (Durant et al., 

2012; Petalas et al., 2021). Carrying capacity fluctuates with environmental conditions, 

and the effects of such fluctuations have a greater impact on nearly saturated habitats 

(Goyert et al., 2018). Decreases in the carrying capacity of the habitat linked to 

persistent environmental changes could be the cause for this decline in laying success.  

The only exception to this high laying success rates is Bakeapple Island, showing the 

largest fluctuations. As seen in this study, predation events might be common on this 

island. Its proximity to Labrador, and the high volume of sea ice that reaches the 

adjacent waters (Petrie & Anderson, 1983), can make these colonies particularly 

vulnerable to the introduction of land predators (see for example, Burke et al., 2011). 

Due to the lack of physical barriers, it is likely that this vulnerability is extended to 

every island in the archipelago. The extremely low laying success value found in 

Bakeapple Island during the 2014 could be related to predation. The low laying success 

on the island, with few adults actively breeding as a response to the presence of 

predators, has been described in other auk species (Major et al., 2006). Another 

explanation for this low value could reside in collapse-recolonization dynamics. Burrow 
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density on Bakeapple Island was approximately half compared to the neighboring 

Puffin Island. Puffin colonies can collapse as consequence of digging processes that 

lead to complete erosion, and several years are needed for the soil to be suitable for 

recolonization (Furness, 1991). These lower density values might reflect a recent colony 

collapse-recolonization process, which could indicate that in the recent past there were a 

high proportion of unusable and degraded burrows. A third hypothesis suggests gradual 

reintroduction of puffins in the archipelago. Little Fogo Islands was used traditionally 

by humans as fishing hub during the summer until 1992, when the Canadian Cod 

Moratorium was initiated (Hutchings & Myers, 1994). Cod fisheries relied heavily on 

gill-net, which has a large impact on diving species such as auks (Regular et al., 2013). 

Between the years 1992-2009, the waters surrounding Little Fogo Islands suffered from 

the largest incidence of gill-net fishing in the whole of Newfoundland, resulting in 

population declines in several auk species, including puffins (Regular et al., 2013). 

Therefore, the combination of human presence and by-catch in Little Fogo Islands 

region could have displaced puffins to other areas due to disturbance, or decreased their 

numbers due to by-catch, process that was reversed after the implementation of the 

Moratorium. The puffin population in this archipelago has seen their numbers slowly 

increasing from ~150 breeding pairs in the 1970’s (Cairns et al., 1989, Wilhelm, pers. 

comm.) to several thousands. Besides increased burrow laying success, I found 

anecdotical evidence supporting this steady population growth. A full island count on 

one of the previously human inhabited islands, St. Anne’s Island (coordinates 

49.811598, -54.119403) is hosting a active puffin breeding population for the first time 

in record. On this island, 48 % of the Atlantic puffin burrows had fledgling chicks (N = 

58) (Zabala, pers. obs.). Further comparative research between the different colonies on 

the archipelago is needed to understand the specific dynamics and factors that drive this 
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puffin community. Even with the presence of circumstantial trends in the data, its 

fragmentary nature impedes more thorough analyses. Moreover, inter-annual 

comparison might not be entirely possible in large colonies, since historical data comes 

from randomly distributed plots in colony-wide surveys, while 2021-2022 data was 

obtained from targeted areas. Longer temporal series with more consistent data 

collection are needed to understand puffin breeding estimates in Newfoundland. 

All data available indicates that Newfoundland puffin colonies have been successfully 

breeding during the past decades. These results seem in contradiction with the 

ecological context that Atlantic puffins face in Newfoundland. Atlantic puffins are 

central place foragers during breeding, seeing their fitness decreased as average 

foraging trip from the colony increases, with a maximum recorded foraging trip length 

of 74 km (Fayet et al., 2021). Traditionally, capelin (Mallotus villosus) has been 

considered the focal prey item used by Atlantic puffins during chick rearing in Western 

Atlantic colonies (Carscadden et al., 2002). Capelin stocks and recruitment have been 

declining in the province since the early 1990s, due multifactorial reasons but linked 

with bottom-up climate-trophic processes that crashed the population (Buren et al., 

2014; Murphy et al., 2021). Even so, several studies failed to link low capelin chick 

diets with increased breeding failure in Newfoundland Atlantic puffins, mainly due to 

the presence of alternative prey in chick’s diet (Baillie & Jones, 2003, 2004; Russell, 

1999). This plasticity is not found in the whole species’ range, with other puffin 

colonies showing stronger dependence on a single prey that leads to massive colony 

failures when these fish species abundance are low, or out of reach (Hansen, 2021; Satre 

et al., 2002).  

Furthermore, adult mortality reduction associated to the removal of cod fisheries might 

produce an overall population increase that obscures the effect of preferred prey 
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limitation. No chick diet data studies were available for the years assessed here, but my 

results suggest that food availability was not a limiting factor for fledging success. This 

evidence of plasticity during chick food provisioning (Baillie, 2001; Baillie & Jones, 

2004) might make Newfoundland and Labrador puffin colonies more resilient to climate 

change mediated changes in the oceanic food chain. Nevertheless, to obtain clear 

relationships between ecological factors and fledging success, long-term regional data 

series are required (Burr et al., 2016; Merkel et al., 2019; Visser & Both, 2005).   

 Nevertheless, the intent of these comparisons was to show potential changes in multi-

year surveys when data collection protocols are modified. My results stress the 

importance of data collection methods and origin on the calculation of estimates. This 

study has shown the importance of correction factors when comparing historical breeding 

estimates obtained by different methods. Data collection protocols should be as detailed 

as possible, and changes in data collection methods should be included in scientific 

reports. 
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4.3 Newfoundland Atlantic puffin phenology 
 

This study has explored the use of the cumulative distribution function as a proxy to 

calculate mean hatching dates when consistent monitoring of the colonies is not 

possible. Even so, constant monitoring is strongly preferred since the relatively large 

error associated to estimates by the cumulative function method makes them not 

suitable for fine environmental match-mismatch analysis, although it can lead to 

disturbance. I have evidence of phenological differences between Newfoundland 

colonies. Estimated mean hatching date in northern colonies was approximately 20 days 

later than those of the more southern colonies. Timing of breeding can be a heritable 

trait, and therefore can respond to natural selection, producing local phenological 

adaptations (Miller-Rushing et al., 2010). This variation in phenology can respond to 

differences in resource availability, particularly food. As previously stated, capelin is 

the preferred prey item for Atlantic puffins in Newfoundland colonies, but its 

availability is limited by distance from the colony during the breeding season. Capelin 

overwinters offshore, travelling inshore every spring to spawn on beaches (Carscadden 

et al., 1997). This beach arrival is highly variable, with colder water temperatures 

during capelin gonadal development (February-June) delaying capelin spawning in 

coastal communities (Carscadden et al., 1997; Murphy et al., 2021; Regular et al., 

2009).  The stronger influence of the Labrador Current on the northern Newfoundland 

coast makes the adjacent oceanic areas to be 1.58 ºC (±0.18 ºC) colder than those on 

southern locations during capelin gonadal development months (Fig. S10), which can 

help explain delayed puffin phenologies to match capelin spawning in northern 

colonies. In fact, food availability in the previous year has been shown to be a strong 

predictor of hatching date in some puffin populations (Durant et al., 2004). This 

gradient hypothesis is in concordance with other Western Atlantic puffin colonies. 
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Gannet Island Ecological Reserve (Labrador) puffin colonies in the Canadian Arctic, 

have mean hatching date on early August (Baillie & Jones, 2004). Machias Seal Island 

(Gulf of Maine) colonies, situated further south of Newfoundland, have mean hatching 

dates on June 22. This latitudinal phenology gradient within the same population has 

also been described in other regions (Burr et al., 2016; Hansen, pers. obs.). This local 

adaptation to specific environmental conditions can make this species particularly 

sensitive to climate change, with different parts of the population affected differently. It 

is essential to understand the particularities of these local relationships. (Burr et al., 2016)(Carscadden et al., 1997) 

Traditionally, Newfoundland puffins have been described as a single population, but 

genetic analysis included individuals from only Witless Bay colonies (Kersten et al., 

2021). Mismatched breeding phenologies can lead to temporal isolation between 

populations, which is a driver of genetic differentiation (Coyne & Orr, 2004). Chicks in 

Witless Bay were significantly smaller than those found in Little Fogo islands, even 

though no hard physical barriers are present between these colonies. Differences in 

chick size and weight has been previously described between Labrador and Witless Bay 

colonies (Baillie & Jones, 2003). Our data concur with this hypothesis. The presence of 

genetically separated populations resulting from temporal isolation could explain the 

evidence of different chick growth ratios between northern and southern colonies. 

Multi-colony genetic and morphometric studies are needed to define the population 

structure in Western Atlantic puffins. 

Phenology and fledging success are interconnected, as breeding cycles are adapted to 

match food availability. A timing mismatch can lead to breeding failure in some seabird 

species (Piatt et al., 2007), or increased energetic expenditure by rearing parents to 

buffer for lack of food, often at parent’s energetic reservoir expense (Regular et al., 

2014; Wilhelm et al., 2008). Due to this buffering capacity, relationships between 
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ecological factors and breeding usually follow a nonlinear fashion (Hansen et al., 2021; 

Piatt et al., 2007), and affects different seabird species in different ways depending on 

their specific biology (Piatt et al., 2007). Capelin spawning date has been used as a 

proxy for its availability to colony seabirds in Newfoundland (Regehr & Rodway, 1999; 

Regular et al., 2014; Wilhelm et al., 2008), although capelin coastal congregations 

might be present before beach spawning (Nakashima & Wheeler, 2002). First evidence 

of capelin beach spawning in Witless Bay was the on 7 July in 2021, and 28 June in 

2022 (ECapelin, 2017). Under the assumption that capelin needs to be available for 

puffin chick rearing after the first day of spawning, this resulted in a 6-day mismatch 

between capelin spawning and the colony mean hatching date in 2021, and no mismatch 

in 2022. Elliston Point adjacent beaches had capelin spawning as early as July 16 

(ECapelin, 2017), corresponding to the estimated mean hatching date of the puffin 

colony in 2022, suggesting no mismatch either. These differences are much lower than 

previously recorded (Fitzsimmons et al., 2017), although the behavioural plasticity of 

pursuit-divers such as puffins makes hard to establish a mismatch threshold (Baillie & 

Jones, 2004; Regular et al., 2014). Because both fledging success and productivity 

values were similar between 2021 and 2022, and with the historical data available, this 

supports the hypothesis that puffins can buffer changes in food availability to certain 

extent. Nevertheless, species with different phenologies, existing at different latitudes, 

are affected differently by climate change (Visser & Both, 2005). This is being seen in 

Western Atlantic puffin populations, where colonies at the southernmost limit are 

showing signs of poor breeding success (Major et al., 2021). Therefore, full range 

monitoring is needed to assess potential changes in the fate of local populations. 
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5. General conclusions 
 

My research provides evidence that breeding estimates are influenced by observers and 

survey method and that these biases need to be accounted for. The number of 

researchers involved in this study, together with their high level of expertise, can be 

interpreted as a limitation. This biases are not such, since colony assessments usually 

involve small teams of highly experienced individuals, due to the inaccessibility of the 

colonies and the potential researcher impact on the colonies. Some surveys involve 

large teams working together over an entire breeding season. Nevertheless, a replication 

of this experiment with more raters in a myriad of conditions, or assessments of 

artificial nests with known contents, might be necessary to further assess sample size 

effects on estimates. Individual variation in detection consistency could be improved 

with supervised training, both in controlled and natural set ups, whereas continuation of 

individual detection rates over several seasons could help improve estimates obtained 

by different team members. Technological improvements, such as better infrared 

sensors, thermal cameras, better batteries, or automatized devices, will translate in new 

assessment methods with improved detection rates. Protocols and results should be 

updated to include methodological changes. To analyze long temporal series, studies 

need to corroborate estimates obtained by different methods to make analyses more 

precise.  

The total Newfoundland and Labrador Atlantic puffin population accounts for almost 

900,000 breeding pairs. Unlike their European counterparts, these colonies seem to be 

stable, even growing (Birdlife International, 2018). Their good condition is reflected in 

a successful breeding cycle, that is potentially providing generational replacement. This 

makes Newfoundland and Labrador puffin colonies important reservoirs for a declining 

species. In the face of a changing climate that can affect these positive trends, this 



 

72 
 

establishes the need for more constant monitoring. This study has implemented a 

breeding monitoring protocol in some of the main puffin colonies across 

Newfoundland, but some important colonies were left out. Colonies such as the one 

found on Baccalieu Island (48.131347, -52.801967) were last assessed in 2005, where 

the total population estimate was ~75,000 breeding pairs. This colony has given signs of 

a large population increase over the past decades, probably due to high fledging success 

and the population rebound effect of the gillnet removals associated with the fishery 

moratorium (Regular et al., 2013). The inclusion of colonies like this one as part of a 

consistent monitoring protocol would help create a more complete picture of the 

breeding status of Newfoundland colonies. Moreover, constant breeding failure has 

been the first sign of decline in other puffin colonies, so the elaboration of long-term 

data series can result in early detection and proactive implementation of corrective 

measures if these successful breeding trends are reversed. 
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Appendix 
 

S 1. Number of 3 by 3-meter grids deployed in the plot area. The content of every 

burrow within the grid was assessed and classified (see text for details). 

Colony Plot Year Grids deployed 

Great Island 

A 
2021 4 

2022 2 

B 
2021 4 

2022 2 

C 
2021 4 

2022 6 

D 
2021 4 

2022 3 

Gull Island 

A 
2021 9 

2022 3 

B 
2021 5 

2022 7 

Puffin Island A 
2021 7 

2022 5 

Bakeapple Island 

A 
2021 10 

2022 4 

B 
2021 6 

2022 4 

Elliston Point A 
2021 6 

2022 9 
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S 2. Summary of the visits conducted for 2021-2022 in the different colonies included 

in this study. 

Colony name Year 

Visit 

Laying 

success 
Phenology Productivity 

Gull Island 
2021 June 9 July 9 July 29 

2022 June 13 July 1 August 3 

Great Island 
2021 June 13 June 30 July 28 

2022 June 16 July 4 August 4 

Elliston Point 
2021 NA NA July 24 

2022 June 11 July 26 August 14 

Bakeapple Island 
2021 July 3 NA August 7 

2022 June 29 July 27 August 14 

Puffin Island 
2021 July 3 NA August 7 

2022 June 29 July  August 14 

 

S 3. Summary of available historical data used. Number of burrows used to calculate the 

different parameters, and the source, are included. 

Colony Year 
Breeding 

parameter 

Number of 

burrows 
Reference 

Gull Island 

1984 Laying success 676 Robertson, unpublish. 

1998 Fledging success 84 Baillie & Jones, 2003 

2012 Laying success 338 Wilhelm, unpub. data 

Great Island 

1992 
Laying success 179 (Rodway, 1994) 

Fledging success 179 (Rodway, 1994) 

1993 
Laying success 194 (Rodway, 1994) 

Fledging success 384 (Rodway, 1994) 

2011 Laying success 423 Wilhelm, unpub. data 

Bakeapple 

Island 
2014 Laying success 32 Wilhelm, unpub. data 

Puffin Island 2014 Laying success 42 Wilhelm, unpub. data 
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S 4. Laying success detection contingency tables, for inter-observer and inter-method 

comparison. 

Hand-grubbing Contingency table 

Egg Check 
Observer 1  

Inactive Active Unsolved Total 

Observer 2 

Inactive 11 0 2 13 

Active 1 15 1 17 

Unsolved 1 3 14 18 

 Total 13 18 17 48 

      

Chick check 
Observer 1  

Unoccupied Occupied Unsolved Total 

Observer 2 

Inactive 12 2 0 14 

Active 0 11 1 12 

Unsolved 7 0 15 22 

 Total 19 13 16 48 

 

Burrowscope Contingency table 

Egg Check 
Observer 1  

Inactive Active Unsolved Total 

Observer 2 

Inactive 12 1 2 15 

Active 9 24 0 33 

Unsolved 0 0 0 0 

 Total 21 25 2 48 

      

Chick check 
Observer 1  

Inactive Active Unsolved Total 

Observer 2 

Inactive 19 2 4 25 

Active 12 11 0 23 

Unsolved 0 0 0 0 

 Total 31 13 4 48 
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Inter-method contingency table 

Egg check 
Handgrubbing 

Inactive Active Total 

Burrowscope 
Inactive 8 0 8 

Active 5 21 26 

 Total 13 21 34 

     

Chick check 
Handgrubbing 

Inactive Active Total 

Burrowscope 
Inactive 15 1 16 

Active 4 13 17 

 Total 19 14 33 

 

S 5. Binomial model results for inter-annual general laying success and fledging success 

differences for the years 2021 and 2022. 

 General laying 

success 
Fledging success 

 z p z p 

Great Island 1.938 0.053 -1.454 0.146 

Gull Island 2.838 0.005 3.258 0.001 

Puffin Island 0.625 0.532 -0.292 0.77 

S 6. Binomial model results for general burrow laying success differences (Active 

burrows / Total burrows checked) between colonies in the 2021 (significance level set at 

0.05). Elliston Point data not available. 

 Gull Island Bakeapple Island Puffin Island 

 z p z p z p 

Great Island 0.373 0.709 -1.893 0.058 1.705 0.088 

Gull Island -- -- -1.394 0.163 1.353 0.176 

Bakeapple island   -- -- 0.235 0.814 
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S 7. Binomial model results for general burrow laying success differences (Active 

burrows / Total burrows checked) between colonies in the 2022 (significance level set at 

0.05). Bakeapple data excluded from the analyses. 

 Gull Island Puffin Island Elliston Point 

 z p z p z p 

Great Island 2.123 0.084 1.142 0.253 -1.684 0.092 

Gull Island -- -- -0.289 0.773 0.396 0.692 

Puffin Island   -- -- 0.011 0.991 

 

S 8 Binomial model results on Bakeapple Island corrected and uncorrected laying 

success data. Changes in significance are presented in bold (significance set at 0.05). 

 Uncorrected Corrected 

 2021 2022 2021 2022 

 z p z p z p z p 

2014 4.478 <0.001 0.598 0.550 3.98 <0.001 0.057 0.9548 

2021 -- -- -3.711 <0.001 -- -- -3.711 0.002 

 

 

S 9. Binomial model results on Puffin Island corrected and uncorrected laying success 

data. Changes in significance are presented in bold (significance set at 0.05). 

 Uncorrected Corrected 

 2021 2022 2021 2022 

 z p z p z p z p 

2014 1.267 0.205 1.409 0.159 0.271 0.7863 0.55 0.582 

2021 -- -- 0.350 0.726 -- -- 0.35 0.726 
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S 10. Average sea surface temperatures (1948-2022) with 95 % confidence interval 

(shadowed area) in the adjacent 2 degrees of oceanic waters from both Little Fogo islands 

and Witless Bay. Elliston Point data not available. Data retrieved from the National 

Center for Environmental Prediction (NCEP) and the National Center for Atmospheric 

Research. (NCAR, https://psl.noaa.gov/cgiin/data/timeseries/timeseries1.pl, Kalnay et 

al., 1996). (Kalnay et al., 1996) 

 


