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ABSTRACT

Atlantic puffin (Fratercula arctica) colonies in the Eastern Atlantic have been
experiencing decades of declining numbers, trends revealed by the presence of breeding
success monitoring programs. Collecting such data is challenging because puffins have
their nest inside burrows, which are usually assessed by hand or burrowscopes.
However, it is not clear how comparable the results from these two techniques are.
Here, we created a field realistic double-blind experiment to compare the performance
of these two assessment methods on Great Island, Newfoundland, Canada. We also
surveyed the breeding success of five colonies across the province in 2021 and 2022
and compared them to historical data. Our experiment reveals that handgrubbing and the
use of a burrowscope do not generate comparable results and that survey method and
observer identity influence breeding success survey outcomes. Burrowscopes generate
the most accurate assessments, but they are less consistent between observers than
handgrubbing when detecting eggs and chicks. Nevertheless, our results together with
the available historical data show successful breeding success across the province,
higher than other large Atlantic puffin colonies in the East Atlantic. Our study provides
evidence that Newfoundland hosts the largest stable/growing Atlantic puffin colonies in
the world for this declining species.

Keywords: Population, Seabird, Update, Double observer, Burrow, Nest
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INTRODUCTION

Seabirds are one of the fastest declining groups of birds, with 29 % of species
considered at least “Threatened” by the International Union for Conservation of Nature
(Spatz et al., 2014). Human-mediated factors are largely contributing to this decline
(Croxall, Trathan and Murphy 2002), as they can have severe effects on adult survival,
recruitment of new individuals, colony productivity, and immigration/emigration
dynamics (Tasker and Furness 2003). To assess seabird population trends, longitudinal
demographic studies are employed to regularly estimate the size of breeding populations
and their fledging success (Croxall and Rothery 1991). However, most seabird
population assessments are difficult due to their breeding biology. Seabirds usually nest
in places with difficult access, such as remote islands or steep cliffs, and logistical
challenges prevents proper evaluation of all relevant demographic parameters (Tasker
and Furness 2003). This is accentuated in burrow-nesting seabirds, which represent

about a third of all seabird species (Del Hoyo Elliott and Sargantal 1992).

A seabird burrow is defined as actively breeding when it contains eggs or chicks
(Bled, Royle and Cam, 2011). Traditionally, researchers insert their arm in burrows to
assess burrow contents, a technique known as handgrubbing (Ambagis 2004). This
method has limitations in burrows where incubation chambers are deeper than an arm’s
reach (Lavers Hutton and Bond 2019), or when the shape of the tunnel precludes
reaching the nest. It can cause significant burrow damage (Ambagis 2004) and affect
breeding success (Rodway et al. 1996), which can lead to unreliable breeding estimates
(Rexer-Huber et al. 2014). To prevent researcher-induced disturbances, 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

(Ratcliffe et al. 1998, Orben et al. 2019) or camera traps (Bird et al. 2021). Although
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these techniques are relatively non-invasive, they only provide circumstantial evidence
on the presence of an egg or chick. In the 1990s, burrowscopes were introduced as tools
for visually assessing burrow contents (Lyver et al. 1998). These devices consist of an
infrared camera housed at the tip of a hose connected to a monitor or VR headset. The
contents are assessed without coming into direct contact with the animal, potentially
minimizing disturbances (Carey 2009). Detection rates for these devices are also not
perfect; empirical evidence shows burrowscopes can underestimate breeding success
(i.e., when compared to digging burrows; Hamilton 2000, McKechnie et al. 2007).
Factors influencing the accuracy of occupation estimates include handler experience,

burrow complexity, weather, and hardware limitations (Lyver et al. 1998).

Perhaps the biggest issue is that surveying techniques (i.e., playback calls,
handgrubbing, presence of droppings at the burrow entrance) can differ in their
detection rates (Ambagis 2004, Lavers Hutton and Bond 2019). If not accounted for,
data obtained from one surveying method may not be comparable to data from other
methods due to differences in sensitivity, detection accuracy, or detection uncertainty.
Moreover, researcher individual expertise is another source of detection estimates
discrepancies. To provide accurate estimates, method-specific variation and individual

variation should be assessed prior to data collection.

Atlantic puffins (Fratercula arctica) are burrow nesting birds considered
“Vulnerable” (BirdLife International 2018), but their status is heavily skewed by large
declines in the European populations (Kersten et al. 2021). The largest European
colonies found in Iceland and Norway have seen their numbers plummet during the past
decades mainly due to continuous poor breeding success (Anker-Nilssen et al. 2021,
Hansen et al. 2021). This fate is not mirrored in Western-Atlantic populations, where the

largest colonies, containing an estimated 900 000 breeding pairs (Lowther et al. 2020),
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have seen their numbers stable or even increasing (Wilhelm et al. 2015; BirdLife
International, 2018). However, with some exceptions (Diamond 2021, Major et al.
2021), most breeding success data from North American colonies come from cross-
sectional population surveys where egg or chick fate was not followed through the
season. This provides incomplete information on fledging success and productivity
(Robertson et al. 2004, Wilhelm et al. 2015), mostly due to the inaccessibility of the
colonies and their sensitivity to researcher disturbance. Evidence from Newfoundland
colonies demonstrates that fledging success in burrows assessed weekly by
handgrubbing can be reduced by as much as 52 % (Rodway et al. 1996, Baillie 2001).
This evidence shows that handgrubbing not only can yield imperfect estimates due to
technical constraints but can disrupt breeding. A better understanding of how survey
methods affect breeding success estimates is necessary to solve trade-offs between data

accuracy and impact on the studied burrows.

In this study, we present a small-scale field realistic study to evaluate the
consistency and accuracy between two of the most widespread burrow content
evaluation methods in Atlantic puffins: burrowscopes and handgrubbing. We also
provide updated breeding success from several key Newfoundland Atlantic puffin

colonies across a latitudinal range.

METHODS

Method detection reliability

We designed a field relevant experiment to evaluate the consistency between raters and
methods on breeding estimates. The experiment was conducted on Great Island (Witless
Bay Ecological Reserve, Newfoundland, Canada), during the summer of 2022. Twelve

burrows were randomly selected in four different plots within puffin habitat. These 48
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burrows were selected by a researcher that did not otherwise participate in the
experiment. The content of every identified burrow was then assessed by four different
observers (maximum time ~ 1 minute each), two by handgrubbing, and two by
burrowscope (EMS2021 Gopher Tortoise Camera System with infrared detection,
Environmental Management Services, Canton, Georgia, USA). The same burrows were
evaluated twice within the breeding season, once during the incubation period (June 17%
2022) and once during chick rearing (August 2" 2022). 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 as active if eggs or chicks
were found in the burrow, and inactive if not. In case of inactive burrows, the researcher
scored them as ‘Solved’ when they were able to explore the totality of the burrow, or
‘Unsolved’ if not (e.g., burrow was too deep, too complex for a proper assessment, or
obstacles were in the way). Any burrows classified as Unsolved were excluded from the
inter-rater agreement analyses. To compare detection consistency between methods, we
combined the results of the two assessments per method, deeming a burrow as active if
any of the two observers detected an egg or a chick and discarding any burrows marked
as Unsolved by both observers. The design is limited in that it did not compare many
observers but is representative of field situations where logistics preclude large survey

groups.

To compare the two assessment methods, we calculated inter-rater reliability and
inter-method reliability values, which represent the extent to which independent
evaluations performed by different observers or methods, respectively, are consistent

when scoring a qualitative trait (e.g., burrow content). Both estimates are measured
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using Cohen'’s kappa, a coefficient that ranges from 0 to 1, where 0 indicates agreement
equal or less than 50 % (i.e., random chance) and 1 when the agreement is complete
(McHugh 2012). Cohen’s kappa square root, known as the coefficient of determination
(COD, Table S1), corresponds to the percentage of data collected that is validated based
on agreement (McHugh 2012). Statistical analyses were conducted using the
“CohenKappa” function included in the “DescTools” R package (Signorell 2022), and
associated standard error intervals were calculated following the protocol described in

McHugh (2012).

To further evaluate the constraints of handgrubbing when assessing burrow
content, we measured the incubation chamber depth in 399 active burrows during
burrowcope searches for occupancy assessments. Chambers deapth was measured to the
nearest 5 cm based on marks placed along the 7.60 m hose. We approached the tip of the
hose as close as possible to the egg / chick without direct contact. The breeding depth
was calculated as the distance between the tip of the hose to a vertical line between the
ceiling and bottom of the burrow entrance. Any assessments with high uncertainty (e.g.,

chick displacement within the burrow) were discarded.

Breeding success in Newfoundland Atlantic puffin colonies

Five Atlantic puffin colonies along the east coast of Newfoundland were selected to
cover a range of colony sizes and latitudes: 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 S2). Colony breeding success was assessed
through surveys of breeding plots randomly set in areas with high density of puffin
burrows, where series of monitored burrows were tagged with PVC numbered pegs for
content assessment (Table S3). Some evidence shows that such high density areas

contain and capture the majority of the variance in breeding success (Rodway & Lemon
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2011). An area was considered suitable when the density of burrows was higher than the
average obtained from previous whole-island surveys (Wilhelm, unpublished data,

2026).

Burrow contents were evaluated two times per breeding season, during late egg
incubation and late chick rearing. Timing for these 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). Burrow content was assessed using a
burrowscope with infrared detection (EMS2021 Gopher Tortoise Camera System,
Environmental Management Services, Canton, Georgia, USA). Every burrow was
classified into two different categories: a) Active, if the burrow had evidence of active
breeding (egg or chick present), or b) Inactive, if the burrow had no evidence of

breeding (only an adult, or empty).

Three breeding parameter estimates were calculated: 1) laying success, the
proportion of tagged burrows containing an egg (burrows containing eggs / total number
of tagged burrows); 2) fledging success, the proportion of burrows containing an egg
where a chick was also found during the second visit (chicks likely to fledge / total
number of eggs in tagged burrows); and 3) productivity, the proportion of burrows that
fledged a chick (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 last visit would be a successful fledgling, and indeed, there is evidence that fledging
success and productivity are usually determined early after hatching (Barrett 2015,
Fayet et al. 2017, Diamond 2021, Hansen 2021, Wilhelm et al. 2021). Nevertheless, the
last visit was conducted during late chick rearing but before early fledging period to

minimize the probability of counting any early fledglings as failed burrows. During the
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first visit, a series of random burrows located less than 5 m away from the plot were
also checked for eggs to calculate occupancy over a larger area (plot-adjacent burrows

containing an egg / total plot-adjacent burrows evaluated).

Binomial regression models (link = logit) were used to evaluate the effect of
colony and year on each breeding parameter. 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 type I error
using a false discovery rate approach (Benjamini and Hochberg 1995).

This study was performed Atlantic puffin colonies, including a protected one
within the Witless Bay Ecological Reserve. Animal ethics were covered by an Animal
Use Permit (21-03-PB) issued by Memorial University of Newfoundland Animal Care
Committee. All research activities were allowed under a Province of Newfoundland and
Labrador scientific research permit (wepr2021-23atpucolouration) and a Migratory Bird

Research permit (SC4061) issued by Environment and Climate Change Canada.
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RESULTS

Method-specific detection consistency

Incubation chambers were 0.55 m deep on average (N =399, range =0.05 — 1.15 m, SD
= 0.2 m). Considering that the average arm length in North America is 0.65 = 0.4 m
(Claire et al. 1989), as many as 32 % of the burrows contain incubation chambers

inaccessible to handgrubbing assessments (Fig. 1), based on chamber depth alone.
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Fig. 1. Incubation chamber depth distribution (where the egg was found) in active
Newfoundland puffin burrows (N = 399). Vertical dashed line represents the average
arm’s reach (see Methods section).

Burrowscope occupancy results were less consistent between observers than
handgrubbing (Table 1). No burrows were scored as Unsolved by any of the

burrowscope users during egg assessment, but five were described as such during chick
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assessment. Cohen’s kappa for burrowscope detection was 0.51 when detecting eggs
and 0.28 for chicks, allowing validation of 25.5 % and 7.9 % of the observations,
respectively, due to the score discrepancy between observers. This translated to
confidence in the results of roughly 12 / 48 burrow scores during egg assessment, and 3
/ 44 for chick assessment. Handgrubbing assessment had 21 Unsolved burrows when
detecting eggs, and 24 when detecting chicks. Handgrubbing Cohen’s kappa was 0.75
for egg and 0.69 for chick assessment, validating 55.9 % and 48.8 % of the
observations. This confirmed the score reliability in 15 / 27 burrows when detecting

eggs, and 12 / 24 burrows when detecting chicks.

When comparing between methods, 14 burrows were deemed Unsolved by
handgrubbers during egg detection, and 16 during chick detection. Cohen’s kappa was
0.66 for egg and 0.35 for chick assessment, making comparable only 43.6 % and 12.6 %
of the observations. This made the scores provided by the two different methods
comparable in 15 / 34 burrows when detecting eggs, and 4 / 32 when detecting chicks.
Nevertheless, burrowscope occupancy rates (N occupied burrows / Total N burrows)

were always higher than those obtained by handgrubbing (Table S4).
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Table 1. Cohen’s kappa and coefficient of determination (COD) values for inter-rater
and inter-method comparisons.

Inter-rater (SE) Inter-method (SE)
Cohen's o Cohen's o
Method Check Kappa COD (%) Kappa COD (%)
Egg 0.51 (0.12)  25.52(1.50) - -
Burrowscope
Chick 0.28 (0.13) 7.93(1.17) 0.35(0.11) 12.60 (1.58)
Egg 0.75(0.08) 55.93(0.67) 0.66 (0.12) 43.56 (1.40)
Handgrubbing

Chick  0.69 (0.09) 48.80 (0.76) _ ;

Breeding success in Newfoundland puffin colonies

The average occupancy (plot-adjacent burrows with an egg / total plot-adjacent burrows
checked) in the assessed colonies for the years 2021 and 2022 was 0.626 (SE = 0.06),
and average laying success (plot burrows containing an egg / total burrows in the plot)
was 0.937 (SE = 0.040; Table 2). The only extreme value was found on Bakeapple
Island in 2022, where the presence of an Arctic fox disrupted breeding in the colony
(Belenguer et al. 2024); this datum was therefore excluded from further analyses.
Binomial logistic regressions showed no statistical differences in either occupancy or
laying success between colonies within the same year (Tables S5 & S6). Average
fledging success (chicks likely to fledge / total number of eggs found in the plot) in
2021-2022 was 0.792 (SE = 0.046), and average productivity (plot chicks likely to
fledge / total plot burrows) was 0.750 (SE = 0.045; Table 2). Overall, during our study
period fledging success was high and consistent except on Bakeapple Island in 2022.
Binomial logistic regressions only showed significant lower fledging success on Gull

Island compared with the rest of the colonies in 2021, but no differences were found in
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2022 (Table S7). Binomial logistic regressions also did not show statistical differences
in plot productivity between colonies (Table S8).

We compared our results to available historical data, with the caveat that
previous estimates were obtained by different methods such as handgrubbing, presence
of feces at the entrance of the burrow, or presence of an adult inside the burrow without
the detection of nest content (Robertson, 2004; Wilhelm, personal communications,
2025). We estimate that only 1.8 % (N = 2470) of the burrows checked contained a non-
incubating adult, suggesting that our data are comparable to historical values. The
average occupancy on Gull Island between 1984 and 2022 was 0.763 (SE = 0.03) and
0.656 (SE = 0.032; Table 3) on Great Island. Average occupancy on Bakeapple and
Puffin islands between 2014 to 2022 was 0.370 (SE = 0.072) and 0.651 (SE =0.07)
respectively, although data are very fragmentary (Table 3).

Fledging success were also estimated by handgrubbing. In 2021, 195/ 363
(53.72%) burrows contained chicks without adults. The same was true for 180 / 351
(51.29%) during the year 2022. Historical average fledging success on Gull Island
between 1984 and 2019 was 0.671 (SE = 0.021) and the average fledging success for
2021 and 2022 was 0.787 (SE = 0.046). Great Island data was more fragmented; in the
years 1992 and 1993, average fledging success was 0.619 (SE = 0.030); for the years
included in this study it was 0.732 (SE = 0.057). Other fledging success data from Great
Island were obtained using highly invasive methods, and were therefore excluded from

this analysis (Nettleship 1972).
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Table 2. Breeding parameter estimates obtained during the 2021-2022 breeding seasons through burrowscope assessment: Occupancy (plot-
adjacent burrows with an egg / total plot-adjacent burrows checked); 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).
The weighted average accounts for the colony sizes relative to the total Newfoundland population. Note that plot burrow laying success and plot
productivity could only be calculated for 2022. +Colony affected by the presence of an Arctic fox (see Belenguer et al. 2024), excluded from any
posterior analyses.

Occupancy Laying Fledging Productivity
Colony Year gy Success (SE)  Success (SE) (SE)
2021 0.623 (0.057) NA 0.812 (0.037) NA
Great Island
2022 0.647 (0.033) 0.948 (0.025) 0.761 (0.044) 0.721 (0.045)
2021 0.566 (0.060) NA 0.736 (0.048) NA
Gull Island
2022 0.618 (0.057) 0.931 (0.027) 0.864 (0.058) 0.804 (0.043)
2021 0.681 (0.035) NA 0.900 (0.042) NA
Puffin Island
2022 0.715 (0.057) 0.933 (0.042) 0.905 (0.058) 0.844 (0.055)
Bakeapple 2021 0.716 (0.050) NA 0.888 (0.03) NA
Island 2022 1 0.309 (0.105) 0.388 (0.069) 0.053 (0.032) 0.02 (0.02)
2021 0.678 (0.054) NA NA NA
Elliston Point
2022 0.711 (0.098) 0.896 (0.040) 0.814 (0.067) 0.729 (0.064)
Weighted Avg. 0.626 (0.060) 0.937 (0.040) 0.792 (0.046) 0.750 (0.045)



286  Table 3. Historically occupancy (Burrows containing an egg / Total burrows assessed)
287  data per year, number of burrows used to calculate the estimate.
288

289
Colony Year Burrows Occupancy
290 (SE)
1984* NA 0.843 (0.015)
591 1985% 319 0.904 (0.011)
1992° 179 0.732 (0.016)
Great Island 1993° 194 0.871 (0.039)
2011°¢ 423 0.717 (0.036)
2021¢ 168 0.623 (0.057)
2022¢ 340 0.647 (0.033)
1979? NA 0.441 (NA)
1984* 698 0.798 (0.017)
1985% 716 0.874 (0.011)
Gull Island 2003* 897 0.578 (0.026)
2012°¢ 338 0.722 (0.022)
2021¢ 173 0.566 (0.060)
2022¢ 102 0.616 (0.057)
20144 62 0.306 (0.051)
ﬁ*l‘;‘l‘:gpple 2021¢ 69 0.716 (0.053)
2022¢ 50 0.359 (0.114)
20144 43 0.558 (0.066)
Puffin Island  2021°¢ 73 0.681 (0.041)
2022¢ 74 0.715 (0.103)
292 a) Robertson, Wilhelm and Taylor 2004; b) Rodway 1996; ¢) Wilhelm et al.
293 2015; d) Wilhelm unpublished data, 2026; e) Present study, in bold.
294
295
296
297

298



299
300
301

302

303

304

305

306

307

308

309

310

311

Table 4. Available historical fledging success (chicks ready to fledge / total number of
eggs) data per year, number of burrows used to calculate the estimate.

Colony Year Burrows Fledging success (SE)
1992¢ 179 0.552 (0.037)

Great Island 1993% 384 0.685 (0.022)
20217 97 0.812 (0.037)
20227 92 0.761 (0.047)
1984° 43 0.574 (0.073)
20034 47 0.617 (0.068)
20044 57 0.632 (0.061)
2005¢ 94 0.606 (0.048)

Gull Island

2013¢ - 0.75 (NA)
2019¢ 45 0.844 (0.054)
20217 95 0.736 (0.049)
20227 81 0.864 (0.044)

a) Rodway et al. 1996 b) Rodway 1994, c¢) Wilhelm et al. 2021, d) Robertson,

unpublished data, ) Fayet et al. 2017, f) our study, in bold.

DISCUSSION

Reliability and accuracy of surveying methods

The evaluation of seabird population trends can be affected by imprecise estimates due
to methodological constraints, and these imprecisions need to be accounted for when
generating population estimates (Johnson 2007; Harris et al. 2020). Our study found
that assessment method, observer, and type of nest content (egg or chick) can influence

breeding success estimates in Atlantic puffins. Therefore, detection accuracy must be
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quantified for the surveying methods used, particularly in studies where different

surveying methods are employed.

We found evidence that estimates obtained by burrowscope, although imperfect,
were consistently higher than those obtained by handgrubbing. Due to the unlikelihood
of false positives when visually assessing burrow contents with a burrowscope, these
estimates are likely a better representation of true occupancy. Variation in burrow
content detection rates between methods has been described in other burrowing species
(Ambagis 2004; Sutherland and Dann 2012; Bird et al. 2021). Our research further
found that Atlantic puffin breeding estimates varied between observers. These inter-rater
discrepancies might be the consequence of several factors, such as different individual
capacities, lack of training, or different detection accuracy between devices (Lyver et al.
1998). Burrowscope inter-rater variation was significantly lower during chick
assessment compared to egg detection, whereas it remained similar when handgrubbing.
This might be explained by the contrast differences between chicks and eggs when
visualized through an infra-red camera. Eggs were strikingly white when observed
through the infrared lens of the burrowscope, contrasting with the darker background
and thus enhancing their likelihood of detection. On the other hand, puffin chicks have
dark bodies that blend in with the background, and they can move inside the burrow,
further decreasing their likelihood of detection. These detection differences can affect
the results of several important population parameters when assessed by burrowscope. A
higher detection probability for eggs compared to chicks may result in underestimated
fledging success rates, whereas failure to detect eggs would underestimate colony laying
success. Also, our results indicate that the presence of an adult in the burrow during the
egg incubation period in Witless Bay colonies is a strong indicator of the presence of an

egg, at least during high occupancy years. More evidence is needed to extrapolate this
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observation to low-occupancy years. Our observations highlight the need to consider
this masked variation when assessing breeding in Atlantic puffin colonies. 4 posteriori
correction is recommended to improve the accuracy and comparability of breeding
estimates (Whitehead et al. 2014; Lavers et al. 2019), as it can reduce the uncertainty
when correlating them with ecological factors, particularly when they are obtained by

different assessment methods.

Even though detection accuracy was higher when assessing Atlantic puffin
burrows with burrowscope, trade-offs between accuracy and practicality need to be
considered when designing surveys. Burrowscope use is limited by budget restrictions,
battery life, access to power during the assessment, damage sensitivity and malfunction,
burrow complexity, and/or impossibility to operate them in inclement weather (Lyver et
al., 1998). Although handgrubbing lacks these technological and financial challenges
and is more consistent between observers, there are still important limitations to
consider. We found that the average burrow depth in Newfoundland colonies was 0.55
m; as such, we estimate over 30 % of Newfoundland puffin burrows are out of an
average arm’s reach. Average burrow depth is even larger in other colonies such as the
Isle of May (0.80 — 1.30 m) or the Ainov Islands (1.50 m; Harris and Wanless 2011).
This percentage of incubation chambers out of reach is an underestimate since we did
not assess other limiting factors such as sharp angles or narrow widths that can also
limit the access to the incubation chamber. Moreover, in Newfoundland colonies we
observed that Atlantic puffins dug deeper and more complex burrows after
handgrubbing assessments. This can ultimately decrease handgrubbing efficacy in
burrow content detection when resurveying burrows, particularly for adult and chicks
able to move, and increase human hours required for surveys. Furthermore, because

handgrubbing involves direct contact with the animal, this method can result in
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increased stress or injuries to the animals, egg damage, and/or disease transmission
(Rodway et al. 1996, Baillie 2001, Carey 2009, Harris and Wanless 2011). All these
considerations must be considered a priori when deciding on the optimal survey

method.

Atlantic puffin breeding success in Newfoundland

The present study provides all the available data (current and historical) on breeding
success of Newfoundland puffin colonies, including the largest ones in North America.
Breeding success values for the years 2021 and 2022 are higher than any other colony in
the species’ range, particularly when compared with the declining Eastern Atlantic
colonies (Fig. 2, Table S9). With an estimated population size of > 500,000 breeding
pairs (Iles et al. 2025, Wilhelm unpublished data, 2026) 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 colonies, Newfoundland fledging success and productivity was 1.68
and 2.77 times higher, respectively, than Icelandic averages between the years 2012-
2021 (Hansen 2021). Fledging success in Newfoundland was also 2.07 times higher
than the overall average at Norwegian colonies from the years 2008-2021 (Fauchald et
al. 2015, Anker-Nilssen et al. 2021). Surveys conducted in 2023 and 2024 in the main
Newfoundland colonies (including Gull and Great Islands) show record high breeding
pair since systematic surveys started in 1979, suggesting generally good chick

production and recruitment (Iles et al. 2025). This makes Newfoundland host to the
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391  Figure 1. Plot laying success, fledging success, and productivity values from

392  Newfoundland colonies (right of the vertical black line) and other colonies (left of the
393  vertical black line), together with estimated colony population trends (symbol shape).
394  Dotted red line set at 0.49, representing the estimated productivity limit for positive
395  population growth (Hansen 2021). Newfoundland estimates were obtained from the
396  present study, those for the other colonies can be found in Table S9.

397

398 The relative success of puffin colonies in Newfoundland seems at odds with
399 their ecological context. Atlantic puffins are central-place foragers during breeding, and

400 their fitness declines as average foraging trip distance from the colony increase (Fayet et
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al. 2021). Traditionally, capelin (Mallotus villosus) has been considered the main prey
item consumed 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 to many threats linked with bottom-up processes that
crashed led to a population crash (Buren et al. 2014, Murphy et al. 2021). Even so,
several studies have 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 diets such as sandlance (Ammodytidae), sculpins (Cottidae), and blenids
(Blenidae) (Russell 1999, Baillie and Jones 2003, 2004), although chick rearing and
adult body condition is poorer in low-capelin years (Rector et al. 2012; Fitzsimmons et
al. 2017) . This plasticity is not found across the whole species’ range, as other puffin
colonies show stronger dependence on a single prey (Satre et al. 2002; Hansen et al.
2021). This evidence of plasticity during chick food provisioning might make
Newfoundland and Labrador puffin colonies more resilient to food availability changes
than other colonies, although breeding success variation exists. The years 2011, 2013
and 2016 showed poor chick productivity in Gull and Great Island, both in numbers and
body condition, using stranded coastal chicks as a proxy (Wilhelm et al. 2021), although
on site breeding success surveys were not conducted for any of these years, pointing to
the importance of long-term breeding success surveys to obtain clearer relationships
between ecological factors, productivity and eventual recruitment (Visser and Both

2005, Burr et al. 2016, Merkel et al. 2019).

CONCLUSION

In this paper, we have increased the body of evidence suggesting that survey methods

and individual researchers add variation in detection of burrowing seabirds, which can
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lead to imperfect estimates. 4 priori detection assessments might be necessary to
quantify this variation. Nevertheless, Newfoundland Atlantic puffin breeding success
estimates and population numbers indicate positive colony growth and recruitment
during the past decades, despite a suboptimal trophic context, warranting ongoing

monitoring of their population status to detect potential changes to these trends.
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Table S1. Correspondence between different Cohen's kappa values and the proportion
of the reliable data collection due to agreement between evaluations. Table adapted

from McHugh 2012.

Kappa value Level of Reliable data
agreement (%)
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%

Table S2. 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.

Estimated breeding Proportion of the
Colony name

Region pairs Total Population
(WGS84) (Year assessed) (%)
Bakeapple Island !
pp 2072+776 0.23 £0.09
(49.8155, -54.1127) (2014)
Little Fogo Islands Puffin Island
uffin Islan !
412541832 046+ 0.21
(49.8155, -54.1127) (2014)
Bonavista Elliston Point 400?
: 0.01
Peninsula (48.6282, -53.0195) (1985)
Great Island 3
47.1871, -52.8136 . 4?21(;;15)3 864 R
Witless Bay 47 T )
1
Gull Island 118 401 + 8 987 13.19 £ 2.02
(47.2625, -52.7733) (2012)

"Wilhelm 2017; 2Cairns et al. 1986; *Wilhelm et al. 2015.



Table S3. Permanent plot summary per colony. Indicated number of plots, plot size,
number of marked burrows per plot, colony burrow density threshold for an area to be

considered as high density (see Methods), and average burrow density on the plot.

Colony Plot Plotsize Tagged Density threshold
name (m?) burrows (burrow/m?)
A 12 25 0.92!
Great B 12 25 0.92!
Island C 12 25 0.92!
D 12 25 0.92!
A 27 50 1.36
Gull Island s
B 15 50 1.36
Elliston A 18 50 NA
Point
Bakeapple A 30 25 0.652
Island B 18 25 0.6572
Puffin )
Island A 21 50 0.88

"Wilhelm et al. 2015; 2Wilhelm, unpublished data.



Table S4. Occupancy (active burrows / total number of burrows) for each observer

participating in the study, and for each method using maximum detection rates.

Maximum detection rates were obtained from the combination of the detection histories

of two observers per method (see Methods).

Assessment Observer Occupancy Method Occupancy (SE)
Handgrub 1 0.642
Burrowscope 0.729 (0.064)
Handgrub 2 0.580
Egg
Burrowscope 1 0.733
Handgrub 0.618 (0.083)
Burrowscope 2 0.543
Handgrub 1 0.461
Burrowscope 0.510 (0.072)
Handgrub 2 0.406
Chick
Burrowscope 1 0.479
Handgrub 0.424 (0.084)
Burrowscope 2 0.295



Table s5. Binomial model results for occupancy differences (plot-adjacent burrows with
an egg / Total plot-adjacent burrows checked) between colonies in the 2021-2022

breeding seasons (significance level set at 0.05, corrected for Type I error).

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
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

Table S6. Binomial model results for plot laying success differences (plot burrows with
an egg / Total plot burrows) between colonies during the 2022 breeding season

(significance level set at 0.05, corrected for Type I error).

Gull Island Puffin Island  Elliston Point

z p z p y/ p
Great Island -0.496 0.620 -2.537 0.112 -1.120 0.263
Gull Island -- -- -2.111  0.352 -0.675 0.500
Puffin Island -- -- 1.267 0.205



Table S7. Binomial model results for fledging success probability (plot chicks likely to
fledge / Total eggs in the plot) between colonies during the 2021-2022 breeding seasons

(significance level set at 0.05, corrected for Type I error).

Year 2021 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

Year 2022 Gull island Puffin Island Elliston Point

z p z p z p
GreatIsland 1.707 0.088 1576  0.115 -0.449 0.653

Gull Island -- -- 0262  0.794 0995 0.320
Puffin Island -- -- 1.062  0.288

Table S8. Productivity (plot chicks likely to fledge / Total plot burrows) binomial

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

Gull Island Puffin Island Elliston Point

z p z p z p

GreatIsland | 455 0155 1431 0.153 0.188 0.851

Gull Island - - 0.302 0.763 -1.005 0.315
Puffin Island -1.12  0.263



Table S9. 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; Machias Seal Island, 1995-2022; Matinicus

Island, 2005-2017; Seal Island NWR, 2005-2017).

. Avg. Laying Avg. Fledging Avg.
Region/Colony POpsl;lzitmn Trend success success Productivity
(SE) (SE) (SE)
| Increasing 0.815 0.802 0.655
North Iceland 309000159 694 since 2010 (0.0144) (0.0155) (0.0247)
Decreasing 0.629 0.568 0.397
1
Westleeland™ 562000 5} 894 since 2003 (0.0544) (0.092) (0.0741)
| Decreasing 0.726 0.581 0.432
Bast Iceland B3I000 13306 since 2003 (0.0311) (0.0936) (0.0708)
| Decreasing 0.579 0.367 0.234
South [eeland P125000° 4604 since 2007 (0.0473) (0.0936) (0.0630)
Isle of May Increasing 0.683
(Scotland)?3 784004404 since 1989 NA NA (0.015)
Fair Isle Decreasing
(Scotland)? 10700 _47% since 1987 NA 0.621(0.02) NA
5.6 Increasing
Wales 48216 oser 5004 0.703 0.934 0.656
Rost’ Decreasing
(Norway) 274000 104 since 1979 NA 02 NA
Anda®? 100 000- Stable 0.692
(Norway) 250 000° Since 2011 NA (0.056) NA
Hjelmsoya®" 10,000- Stable 0.364
(Norway) 50 000° Since 2011 NA (0.043) NA
Hornoya®” 10,000- Decreasing NA 0.424 NA
(Norway) 50 000° Since 2011 (0.067)
Runde®? 50 000- Decreasing 0.320
(Norway) 100 000° Since 2011 NA (0.051) NA



Machias Seal L.
(Canada)'%12

Matinicus Island
(USA)I 1-12

Seal Island NWR
(USA)I 1-12

"Hansen, 2021; *Newell et al., 2022; 3Joint Nature Conservation Committee, 2021; *
Miles et al., 2015; Newman et al., 2021; *Brown & Eagle, 2021; Fayet et al., 2021;
8 Anker-Nilssen et al. 2021; °Anker-Nilssen et al. 2003; °Major, H. L. , personal

communications; 'Maine Coastal Islands NWR, 2022; '?Scopel et al., 2019.

12 555
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Increasing/Stable
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0.8
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