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ABSTRACT
Threats to the marine environment are on the rise in the Bay of Fundy and the Gulf of
Maine. Significant changes in marine food webs are already affecting the most important
seabird breeding site in New Brunswick, Machias Seal Island. During the breeding season,
this island is home to several seabird species, including regionally important colonies of
Atlantic Puffins (Fratercula arctica) and Razorbills (Alca torda). These two auks coexist
sympatrically during the breeding season, occupying similar dietary niches. Additionally,
these birds are central place foragers, restricting their foraging ranges by the need to make
several return trips (~10 per day) to feed their young or relieve their mate. In recent years,
their food supply has deteriorated and there is concern for the future of auks in this region.
Current knowledge of their at-sea distribution in the Bay of Fundy is especially fragmented,
depending mainly on casual observations by passersby or the occasional survey. Until
recently, GPS loggers providing fine scale data, were too large to deploy on any but the
largest seabirds. Using a mix of GPS technology and direct observation of chick diet, I
determined that puffins and razorbills avoid niche overlap by foraging in different places.
Slight differences in diet and dive depth are likely consequences of foraging location.
Despite detecting no differences in nest attendance, provisioning, and chick growth at the
burrow-level, individual behavioural observations revealed that mates of individuals
equipped with loggers provisioned significantly more than their tagged mate. These
findings show that important tag effects can be overlooked with conventional methods.
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Chapter 1 : Introduction and Overview
Increased anthropogenic activities such as fisheries, marine traffic, and use of pollutants in
combination with climate change pose separate drivers altering the marine environment. Seabird
populations have been declining across the world within the last few decades (Croxall et al. 2012).
To study the severity of human and climate impacts on seabirds, it is imperative to gather
information on seabird foraging ecology, spatial distribution, and seabird community interactions.
This thesis explores strategies for resource partitioning between Atlantic puffins, Fratercula
arctica, and razorbills, Alca torda, at the southern edge of their distribution, where changes in
behaviour and distribution due to climate change would likely occur first. In addition, I identify
important measures for detecting behavioural changes that may be a byproduct of attaching
tracking technology.
Competitive exclusion
The competitive exclusion principle states that two species cannot coexist if they overlap
in all dimensions of niche utilization (Gause 1934, Hutchinson 1959, Schoener 1974). If two
species overlap in all dimensions of their niche, one species will inevitably outcompete the other.
Seabirds aggregate in multi-species colonies during the breeding season, which offers advantages
in predator defense and group foraging efficiency but also increases potential for inter-specific
competition (Croxall and Prince 1980, Frere et al. 2008). Achieving some stage of reproduction
(e.g., chick hatch) in synchrony with other individuals can interfering with a predator’s ability to
select a specific target (Hamilton 1971). Likewise, many individuals breeding simultaneously can
collectively defend young (Kruuk 1964, Ims 1990) and feeding assemblages are beneficial because
individuals can take cues from conspecifics and other species to quickly find schooling fish
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(Harrison et al. 1991, Masello et al. 2010, Ronconi and Burger 2011). Interaction among predators
at feeding patches can vary depending on the level of overlap in feeding strategies and shared prey
types (Harrison et al. 1991).
One strategy to reduce competition is through resource partitioning. The degree of resource
partitioning may vary in response to the strength of inter- and intra-specific competition
(Wakefield et al. 2009). High intra-specific competition can lead to sex- or age-related differences
in foraging strategies whereas inter-specific competition can be reduced by species-specific
differences in foraging areas (Frere et al. 2008), diving depths (Paredes et al. 2008, Thaxter et al.
2010, Elliott et al. 2010, Linnebjerg et al. 2013, Shoji et al. 2015), and diet choice (Thaxter et al.
2010, Linnebjerg et al. 2013). In many cases, cliff- or burrow-nesting seabirds are not limited by
nest-sites, so competition typically occurs at sea (Wakefield et al. 2009, Elliott et al. 2010, Masello
et al. 2010, Shoji et al. 2015).
Limits of central place foraging – optimal foraging
Seabirds are central place foragers during the breeding season, meaning the distance
traveled to forage is restricted because they need to make the return trip to feed their chick.
Numerous factors can influence the foraging range around the colony, including oceanographic
conditions that influence prey distributions (such as chlorophyll a, sea surface temperature,
bathymetry, upwelling zones), physical constraints, foraging strategies, and competition (e.g.,
larger colonies tend to have larger foraging ranges). Optimal foraging theory (MacArthur and
Pianka 1966, Schoener 1971) predicts that seabirds would minimize travel distance and select for
high-energy prey to optimize feeding rate. Carrying prey from feeding areas back to the colony is
energetically demanding, especially for multi-prey loading seabirds (Rodway and Montevecchi
1996, Frederiksen et al. 2006). Seabirds can conserve energy by alternating short and long foraging
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trips to feed chicks and to self-feed to maintain body condition, respectively (Weimerskirch et al.
1994, Catard et al. 2000, Saraux et al. 2011). Understanding how seabirds interact with their
environment can provide insights into population sensitivity to environmental conditions allowing
us to predict or mitigate marine ecosystem changes (Grémillet and Boulinier 2009).
Seabird behaviour
Despite the current understanding about competition, central-place foraging, and how
seabirds distribute around breeding colonies, we still need to identify species-specific spatial and
temporal foraging patterns, particularly at colonies at risk of disturbance. Recent miniaturization
of GPS technology now gives researchers a view into the at-sea life of smaller seabirds that was
not possible during the last couple of decades (Kidawa et al. 2012, Harris et al. 2012, Jakubas et
al. 2013, Shoji et al. 2015). The accuracy of these fine scale movement data allows researchers to
measure behaviour and habitat use, so as to better understand the issues of ecological segregation.
Advances in understanding seabird at-sea movements using tracking technology are
undeniable; yet it is also important to ensure that the animal is carrying the logger without
difficulty. Because it is nearly impossible to measure at-sea behavior without device attachment,
it is imperative that other measures are taken to validate data as normal behaviour. As a general
rule, researchers reduce tag effect by minimizing handling time and ensuring logger weight is <3%
of the individual’s body mass (Phillips et al. 2003). However, significant modifications in adult
behaviour have been observed despite following these guidelines (Phillips et al. 2003, Adams et
al. 2009, Bridge et al. 2011,Vandenabeele et al. 2011, Robinson and Jones 2014). These behaviours
include extended trip durations, nest desertion, reduced colony surface activity, reduced return
rates, increased self-feeding at the expense of their chick, and reduced mass among chicks reared
by adults carrying tags (Phillips et al. 2003, Adams et al. 2009, Bridge et al. 2011,Vandenabeele
3

et al. 2011, Robinson and Jones 2014). To counteract this increased energetic demand, long-lived
birds are expected to decrease some aspect of performance such as nest attendance, feeding rate,
or provisioning (Wilson et al. 1986, Ropert-Coudert et al. 2007, Vandenabeele et al. 2011).
Seabird diet
Specialization for specific prey is another strategy that has been observed among
sympatrically breeding auks to reduce competition (Linnebjerg et al. 2013, 2015; Pratte et al.
2017). There are several methods for collecting seabird dietary information including analyzing
stomach contents or droppings, collecting regurgitations of prey, or observing chick feedings
(reviewed in Barrett et al. 2007). Each method has disadvantages; for example, identifying species
in the stomach contents or regurgitations is difficult because of the differential decomposition of
prey species (Barrett et al. 2007). Further, sampling excrement requires that samples be dropped
on a suitable surface for collection and requires DNA survival during digestion, which is speciesspecific. Collecting pellets that contain the hard, indigestible parts of prey species can give
quantitative information of dietary composition (Johansen et al. 2001, Votier et al. 2001), but
species lacking indigestible parts will be underestimated and it is difficult to distinguish primary
from secondary consumption of prey. Opportunistically collecting food dropped in the colony is
another way of gaining dietary information while causing little disturbance to a study species,
however seabirds often drop prey that are either too large or difficult to swallow, therefore these
samples are likely not be representative of prey being consumed by chicks (Atwood and Kelly
1984, Harris and Wanless 1985, Kress et al. 2016). In the last 20 years, stable isotope analysis has
been used commonly to identify nitrogen and carbon signatures in tissue that is passed from prey
to predator (Inger and Bearhop 2008, Bond and Jones 2009). This method is useful for determining
the trophic level of prey and establishing marine versus terrestrial signatures. In addition, the
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turnover rates of different tissue types (e.g., blood, feather, muscle) can be used to assess diets
over different time scales, from a few days to several months. However, since carbon and nitrogen
signatures are passed from prey to predator, it is impossible to determine which prey were directly
consumed by the predator, especially if the study species is a tertiary consumer (Bond and Jones
2009). Direct observation of fish species is also possible with some seabirds that carry whole fish
back to the colony to feed their young. The main advantage of this method is that observers can
collect large samples in a short time by estimating prey size and species from a distance using
binoculars with minimal disturbance to the colony (Rodway and Montevecchi 1996, Barrett et al.
2007, Breton and Diamond 2014). Direct observation of fish species was the approach used in this
study. There is a risk of misidentifying species or underestimating smaller, less conspicuous fish
but making observations in conjunction with using camera or video recordings could allow for
subsequent confirmation.
Seabirds in the Bay of Fundy – hotspot for migrants
The Bay of Fundy and the Gulf of Maine are highly productive areas of the ocean due to
high tides (up to 16 m; Scott and Greenberg 1983) that mix the cold waters of the Bay of Fundy
and the Gulf of Maine (Diamond and Devlin 2003, Black 2006, Clarke 2009). This area is
characterized by strong tidal forcing, shelf breaks, ocean fronts and eddies, and upwellings (Thorne
and Read 2013, Hunnewell et al. 2016) that create turbulence, concentrating prey for marine
predators (Johnston and Read 2007). This mixing creates areas of high trophic transfer as species
diversity and abundance increase (Hazen et al. 2013). The ledges and shoals of Brier Island, Nova
Scotia, and the island wake system formed by the island of Grand Manan, New Brunswick create
predictable aggregations of prey for marine predators (Johnston and Read 2007, Aretxabaleta et
al. 2008). These aggregations are important year-round, for both migrant and resident marine
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wildlife. Harbour porpoises (Phocoena phocoenal), fin and minke whales (Balaenoptera physalus
and B. acutorostrata), alcids, procellarids, and scolopacids forage on large aggregations of Atlantic
herring (Clupea harengus) and euphausiids during flood tides at the northern tip of Grand Manan
(Dayer 2001; Johnston et al. 2005a, b; Johnston and Read 2007, Hunnewell et al. 2016).
However, climate change, the risk of increased marine traffic and offshore energy
development could drive system-wide change affecting wildlife in the Bay of Fundy and the Gulf
of Maine. Predicting the changes in oceanographic features that will occur through climate change
is difficult, however we expect sea-levels to continue rising and sea-surface temperature to
continue to increase. Sea-surface temperatures of the Bay of Fundy and the Gulf of Maine are
already warming faster than 99% of the world’s oceans (Mills et al. 2013, Pershing et al. 2015).
Such changes could affect the strength and timing of tidal currents and the timing and distribution
of phytoplankton blooms that are essential to the marine food web that seabirds rely on. The
proposed Energy East Pipeline was planned to transport diluted bitumen to Saint John, NB to be
loaded onto crude oil tankers and shipped through the Bay of Fundy (TransCanada 2014a,b). This
pipeline would have increased marine traffic within range of several seabird colonies and increased
the likelihood of a spill that could jeopardize marine life. The proposal was recently abandoned
(TransCanada 2017) but considering that Saint John, NB has the only oil refinery in the Maritimes
and connects with northeastern US and Europe via major waterways (Natural Resources Canada
2016), this threat could redevelop in the future. The Minas Basin, an inlet of the Bay of Fundy,
maintains the record for the highest tides ever documented (mean change in depth: ~11 m;
Dadswell et al. 1986). This large oceanic movement offers a major potential output for tidal power
production (Dadswell et al. 1986). However, turbines will cause significant mortality to important
fish populations, including Atlantic herring, as they pass through the turbines during tidal
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movements (Dadswell et al. 1986), reducing the already declining population of a keystone forage
fish in this region (Breton and Diamond 2014).
Study site
Several islands in the Bay of Fundy and the Gulf of Maine contribute to a metapopulation
of Atlantic puffins (Fratercula arctica; hereafter puffin) and razorbills (Alca torda), of which
Machias Seal Island has the largest population (~10,000 and ~5,000 breeding pairs, respectively,
AW Diamond, pers. comm.). Machias Seal Island (44˚30' N, 67˚06' W) is a 9.5 ha, Federal
Migratory Bird Sanctuary managed by the Canadian Wildlife Service (CWS) and monitored
jointly since 1995 by CWS and the Atlantic Laboratory for Avian Research (ALAR). In addition
to being the largest source population of puffins and razorbills in the Bay of Fundy, the island also
supports populations of common murres (Uria aalgae), Arctic and common terns (Sterna
paradisaea and S. hirundo, respectively), common eiders (Somateria mollissima), Leach’s storm
petrels (Oceanodrama leucorhoa), spotted sandpipers (Actitis macularius), savannah sparrows
(Passerculus sandwichensis), great black-backed and herring gulls (Larus marinus and L.
argentatus, respectively) during the breeding season. Several studies have been conducted with
these seabird populations, including projects looking at the use of seabird as indicators of changes
in marine food webs (Amey 1998, Diamond and Devlin 2003), investigating mercury levels of
seabirds breeding on MSI (Bond 2007), discovering movement behaviour of razorbills (Clarke
2009), examining reproductive success of puffins (Kelly et al. 2015) and razorbills (Grecian 2005),
and modeling natal recruitment in puffins (Whidden 2016).
Study species
Puffins (~450g) and razorbills (~650g) are long-lived pursuit diving seabirds that feed on
a similar diet, made up of mainly forage fish (Lowther et al. 2002, Lavers et al. 2009). Both
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members of the auk family lay a single egg in a burrow usually excavated in turf-covered slopes
(puffins) or in rock crevices (razorbills). Both species exhibit biparental care, meaning both mates
provide for the egg and chick, however, the length of biparental care at the breeding site is shorter
in razorbills (approx. 20 days) compared to puffins (approx. 44 days; Lowther et al. 2002, Lavers
et al. 2009). After 20 days, razorbill chicks move from land to sea accompanied by the male parent
where they continue development before reaching independence approximately 3-4 weeks later
(Gaston and Jones 1998, Lavers et al. 2009). In contrast, puffin chicks transition to sea
independently following the period of biparental care (Lowther et al. 2002). Both species are
colonial during the breeding season and will practice monogamy, returning to the same nest site
year after year so long as they were successful at rearing a chick the previous year (Lowther et al.
2002, Lavers et al. 2009). Both species can catch and hold several fish crosswise in their bill,
returning them whole to their chicks at the colony (Lowther et al. 2002, Lavers et al. 2009).
Although the majority of the worlds’ puffin and razorbill populations breed outside of
North America, the small but growing population (~10,000 and ~7,000 breeding pairs of puffins
and razorbills, respectively) found in the Bay of Fundy and Gulf of Maine region are particularly
interesting because they are located at the southern edge of both species’ range, and therefore we
would expect any deviations in behaviour and distribution due to climate change to be detected
here first (Lowther et al. 2002, Diamond and Devlin 2003, Lavers et al. 2009).
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Chapter 2 : Competitive exclusion in Atlantic puffins and razorbills in the
face of declining food – feeding areas, depth, and diet.
Abstract
Seabirds live in multi-species communities often with closely related competitors, offering
opportunities to determine how closely-related species coexist. They are also wide-ranging marine
predators that are often used as indicators of marine food availability. Seabirds aggregate in large
colonies during the breeding season making them easy to observe. Most knowledge of seabirds is
collected from land-based observations at the birds’ breeding sites, yet little is known about time
spent at sea. Machias Seal Island, New Brunswick, Canada, is a migratory bird sanctuary, home
to several breeding seabird species including the largest number of Atlantic puffins (Fratercula
arctica) and razorbills (Alca torda) in the Gulf of Maine/Bay of Fundy. Puffins and razorbills are
long-lived, pursuit-diving, central-place foragers that feed on forage fish. Little is known about
how these two species partition resources while breeding sympatrically. Generally, seabirds
partition food resources by foraging habitats, foraging depths, and/or differences in prey. Using a
mix of GPS technology and long term chick-diet data collected over the past 20 years, I
investigated differences in foraging distributions and prey that allow these two species to breed
sympatrically. Logger data collected from puffins (n=11) and razorbills (n=12) captured in 2014
and 2015 revealed that razorbills fed in significantly shallower water than puffins and took shorter
foraging trips. Differences in dive behaviour predicted from relative body size were not supported.
Observations of prey brought to chicks in the colony showed a higher proportion of high-energy
fish in razorbill diet compared with puffin diet. In addition to describing sympatric seabird
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interactions, locating and describing foraging hotspots will serve as a valuable base for developing
comprehensive conservation and management approaches.
Introduction
The competitive exclusion principle is used to explain how species or populations differ in
their use of limited resources (Hutchinson 1959, Hardin 1960, Lack 1971, Schoener 1974). Two
sympatric species cannot occupy the same ecological niche because one species would inevitably
exclude the other through competition; yet seabirds aggregate in large numbers with
heterospecifics that share major life history traits during the breeding season, increasing the
potential for intra- and interspecific competition. Seabirds challenge this principle by partitioning
resources through different foraging strategies to reduce possible competition, however the method
of resource partitioning varies by colony (Paredes et al. 2008, Masello et al. 2010, Linnebjerg et
al. 2013, Shoji et al. 2015).
Seabirds have been used as indicators of ecological impacts for many years, providing
unique, insightful views of the status and change in marine ecosystems. Monitoring seabirds has
allowed us to detect differences in prey availability (Cairns 1987, Durant et al. 2003) and
oceanography (McGowan et al. 2013, Harding et al. 2013), and to evaluate the impacts of
pollutants, such as oil (Votier et al. 2005, Barros et al. 2014) and other toxic contaminants (Mallory
et al. 2010). In particular, long-term monitoring of breeding seabird populations provides
important demographic information of interest to biologists and of relevance to the regulators of
shipping and marine energy developments.
Threats to the marine environment are increasing in the Bay of Fundy. Climate change and
the risk of increased marine traffic and offshore energy pose two drivers of system-wide change
that may affect wildlife in the Bay of Fundy and the Gulf of Maine. It is difficult to predict the
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changes that will occur to oceanographic features through climate change, but we can expect rising
sea levels and are already experiencing increasing sea surface temperatures (Mills et al. 2013,
Pershing et al. 2015). These changes could affect the strength and timing of tidal currents as well
as the timing and distribution of phytoplankton blooms that are pivotal to the marine food web on
which seabirds depend. The proposed Energy East Pipeline was planned to transport diluted
bitumen to Saint John, NB to be loaded onto crude oil tankers and shipped through the Bay of
Fundy (TransCanada 2014a,b). This would have increased marine traffic in range of several
seabird nesting colonies and increased the likelihood of a spill that could jeopardize marine life.
Although the proposal was recently abandoned (TransCanada 2017), Saint John, NB has the only
oil refinery in the Maritimes and connects with northeastern US and Europe via major waterways
(Natural Resources Canada 2016), this threat could redevelop in the future. The Minas Basin, an
inlet of the Bay of Fundy, holds the record for the highest tides ever documented (mean change in
depth: ~11 m; Dadswell et al. 1986). This large oceanic movement presents a major potential
output for tidal power production (Dadswell et al. 1986). However, turbines will cause significant
mortality to important fish populations, including Atlantic herring, as they pass through the
turbines during tidal movements (Dadswell et al. 1986), reducing the already declining population
of a keystone forage fish in this region (Breton and Diamond 2014).
Significant changes in marine food webs are already affecting the most important seabird
breeding site in New Brunswick: Machias Seal Island. During the breeding season, this island
supports eight seabird species, including regionally important colonies of Atlantic puffins
(Fratercula arctica; hereafter puffins) and razorbills (Alca torda). These two species of the auk
family coexist sympatrically during the breeding season, occupying similar dietary niches; both
species provide mainly juvenile forage fish such as Atlantic herring (Clupea harengus), sand lance
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(Ammodytidae spp.), white hake (Urophycis tenuis), and haddock (Melanogrammus aeglefinus) to
their young. While breeding these birds are central place foragers, meaning they are restricted to
certain foraging ranges by the need to make several return trips (~10 per day) to feed their young
or relieve their mate (Orians and Pearson 1979, Lowther et al. 2002, Lavers et al. 2009, Harris et
al. 2012). One strategy to avoid or reduce competition between diving seabirds is through
partitioning resources by foraging habitats (Frere et al. 2008), foraging depths (Paredes et al. 2008,
Thaxter et al. 2010, Elliott et al. 2010, Linnebjerg et al. 2013, Shoji et al. 2015),and/or interspecific
differences in prey (Thaxter et al. 2010, Linnebjerg et al. 2013). In recent years, their food supply
has deteriorated and there is concern for the future of auks in this region (Breton and Diamond
2014, Kress et al. 2016).
Current knowledge of the at-sea distribution of auks is especially limited in the Bay of
Fundy, depending mainly on casual observations by passers-by or the occasional survey
(Huettmann et al. 2005, ECSAS 2006-2013). Until recently, Global Positioning System (GPS)
loggers, providing fine scale data, were too large to deploy on any but the largest seabirds. New
GPS technology uses smaller units that download data remotely, providing the opportunity to map
areas of persistent aggregation of auks in the Bay of Fundy and the Gulf of Maine. A combination
of interpreting these high-resolution data and making observations at the colony will provide
insight on their use of the seascape – information that is imperative in relation to industrial activity.
The purpose of this study is to determine how puffins and razorbills are partitioning
resources when breeding on MSI. My primary goal was to measure the overlap between foraging
areas of these two closely-related seabirds. I deployed bird-borne GPS loggers on adults with
chicks that were mid-way through the linear period of growth. The potential for competition is
likely to be strongest at this time because of the high energy demand of growing chicks. Dive depth
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and duration both generally increase with body size in auks (Watanuki and Burger 1999), so I
predicted that razorbills would show longer and deeper dives than puffins. Wanless et al. (1990)
reported that razorbills from a colony in Scotland segregated from puffins and common murres,
Uria aalge, by foraging in shallower water, and this has also been found more recently at a colony
in Wales (Shoji et al. 2015). However, razorbills and puffins at a North American colony appear
to segregate by prey choice as well as foraging area (Pratte et al. 2017). I also explore chick-diet
data to detect differences between the two focal species and compare the data from the two years
of this study to the long-term chick-diet data available from this colony.
Methods
Fieldwork took place in July and August in 2014 and 2015 at Machias Seal Island
(44⁰30’N, 67⁰06’W), New Brunswick, Canada. Atlantic puffins (~450g) and razorbills (~650g)
are pursuit-diving auks hunting prey tens of metres (maxima ~70m and ~100m, respectively;
Lavers et al. 2009; Lowther et al. 2002) below the surface. Females lay a single egg in a burrow
usually excavated in turf-covered slopes (puffins) or in rock crevices (razorbills). In both species,
both sexes incubate the egg, and both parents provide food to the young. The species have different
fledging strategies: puffin chicks head out to sea independently after approximately 44 days
(Lowther et al. 2002) at about two-thirds of adult body size, whereas razorbill chicks leave the
land after about 20 days accompanied by their father who leads them to productive foraging areas
(Lavers et al. 2009), rather than continuing to provision the chick as puffins do.
In early May, burrows were checked by hand for the presence of an egg and/or adult.
Burrows containing eggs were checked again before the estimated hatch date (approximately 33
days after lay). If the egg had not hatched, the burrow was checked again 3 days later and if the
egg was pipping or beginning to hatch, the burrow was checked the following day. Once the hatch
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date was known, burrows were alternately assigned as experimental or control and the puffin
chicks’ mass was recorded three times during the linear growth period (10 - 30 days in puffins, 7
- 20 days old in razorbills). One adult from each experimental burrow was targeted for logger
attachment during the night once chicks were half-way through their linear growth period (10 days
in razorbills, 15 days in puffins). If adults from experimental burrows evaded capture for 3 days
following the first attempt, the burrow was omitted from the study and a new burrow was chosen.
Video cameras were used to assess whether there were different spatial foraging patterns for selfversus chick-feeding. Video cameras were set up in front of control burrows once the chick reached
this age (10 days in razorbills, 15 days in puffins), and experimental burrows once the logger was
attached to one adult. Cameras recorded for an average of 4 days and results are more fully
described in Chapter 3.
Eleven puffins and 12 razorbills were equipped with GPS loggers (Ecotone; ALLE-68, 5
grams, dimensions without external antenna 26x16x10mm and URI-120, 8 grams, dimensions
without external antenna 35x116x11mm) that recorded date, time, latitude, longitude, speed and
dive duration. These loggers downloaded remotely whenever the bird came within 300m of a base
station, which I set up on top of the lighthouse on MSI,. Loggers were attached to feathers in the
middle of the back using a mix of TESA (Ltd.) tape and cable ties (Figure 2.1 and 2.2). Loggers
were deployed between 20 June and 18 July 2014, and from 29 June to 1 August 2015. GPS
positions were set to record every 30 minutes, allowing the loggers to record for approximately 4
days (3.16 ± 1.34 days for puffins and 3.93 ± 1.53 days for razorbills; mean ± SD). Although
loggers were set to take GPS positions every 30 minutes, communication between logger and
satellites is interrupted while the bird is underwater; this leaves longer time lags between points
where the bird is diving continuously. Once the bird resurfaces, the 30-minute interval continues,
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but these larger time lags at diving locations pull the resulting time lags closer to 1-1.5hrs on
average between GPS locations. The total mass of the device with attachment material was 5.7 ±
1.8g for puffins and 11.5 ± 5.5g for razorbills (1.3% and 1.8% of puffins’ and razorbills’ body
weight, on average).
Overall, I retrieved foraging and dive data from 6 puffins and 8 razorbills and foraging data
only for 2 puffins due to faulty dive sensors. Latitude and longitude recorded to the nearest 10-15
metres were used to calculate foraging ranges using autocorrelated kernel density estimates
(AKDE; Fleming et al. 2015) in R 3.4.0 (R Core Team 2017). The conventional method of
estimating range distribution with kernel density estimates (KDE) assumes that input data are
independently and identically distributed (IID; Silverman 1986). GPS data are inherently
autocorrelated, especially when sampled in short intervals, violating this assumption. The AKDE
accounts for autocorrelation in the data and calculates a better estimate for minimum area (Fleming
et al. 2015). The AKDE is especially useful for short observation periods because it uses the
autocorrelation(relationships between the past and future movement) to make strong statistical
predictions of future movements (Fleming et al. 2015). The area of active use and core area of
foraging activity are reported as a percent coverage area (typically 95%, and 50% respectively;
Worton 1989, Linnebjerg et al. 2013). I used 90% to represent area of active use, rather than 95%,
because there was less overlap of contours over land. Overlap, measured as the ratio of the
intersecting area to the average species area, was calculated using the overlap function from the
‘ctmm’ package in R (Calabrese et al. 2016). Foraging points were GPS locations bounded by
foraging dives with speeds < 15km hr-1. This threshold speed was determined because 95.2% of
recorded speeds were < 15km hr-1. Foraging dives were defined as dives ≥ 4 seconds and <120
seconds. A lower limit of approximately 5 seconds is commonly used in seabird diving studies
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(Linnebjerg et al. 2013, Shoji et al. 2015) and 98.2% (13,216 razorbill dives and 3,778 puffin
dives) of dives were less than two minutes. Foraging trips were manually identified from
consecutive data points between end points at the colony. Dive durations recorded by the GPS
loggers were used to interpolate dive depths from the relationship between dive depth and duration
found by Shoji et al. (2015). Using this relationship, puffin dives < 15 seconds are converted to a
depth of zero metres, and were excluded in calculating mean dive depth for puffins. I used linear
mixed models with individual as a random factor to compare dive durations between puffins and
razorbills and an analysis of covariance (ANCOVA) test to compare dive durations relative to time
of day for both species. I used 1 km grid cell size resolution bathymetric data constructed by E.
Roworth and R. Signell (https://pubs.usgs.gov/of/1998/of98-801/bathy/) to compare the depths at
diving locations to the available depths using a t-test. A subsample of a number of available depths
equal to the number of dive depths was selected within the boundaries of the farthest GPS point
recorded from the colony. Diet data were collected by observing prey brought to burrows through
standardized feeding watches using the method described in Breton and Diamond (2014) and
Scopel et al. (in press). Each taxon’s biomass was determined by weighing and measuring items
dropped in the colony. Values are presented as mean ± SD, and an
level of 0.1 was used to determine significance of all statistical tests used in this chapter.
Although increasing the alpha level to 0.1 from the conventional 0.05 increases the chances of
making a Type I Error (falsely detecting a significant effect), it seemed reasonable because sample
size at the individual level is small.
Results
Foraging areas
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Though the areas of active use for self-feeding (90% AKDE contour) overlapped by 60%,
puffins foraged twice as far from the colony as razorbills (37.6 ± 9.6 km, n=7 and 18.7 ± 5.0 km,
n=8, respectively) and puffin foraging trips were four times longer on average (106.8 ± 57.4 km,
n=7, razorbills, 24.4 ± 10.4 km, n=8; Figure 2.3). The core foraging areas (50% AKDE contours)
are concentrated within 10 km around the colony. Beyond this 10 km radius, razorbills foraged
mainly in coastal waters of Maine and the shoals south of Grand Manan, while puffins fed further
offshore (Figure 2.3). Video footage confirmed that 13 (12 razorbill and 1 puffin) of 88 foraging
trips recorded from tagged adults were followed by a chick feeding. There were also an additional
5 razorbill chick feedings recorded on video without corresponding GPS locations due to
interference from rocky boulders at the colony, blocking communication between the GPS logger
and base station. Razorbills foraged closer to the colony (18.13 ± 2.12 km) to feed their chick when
compared to self-feeding. The only confirmed chick-feeding trip for puffins was at 6.12 ± 9.88 km
from MSI.
Dive behaviour
On average, puffins foraged in water that was 73.6 ± 20.0 m deeper than razorbills but
there was no difference in mean dive duration between puffins (37.7 ± 6.6 s, n=4) and razorbills
(29.1 ± 2.8 s, n=7; linear mixed model: F2=2.62, p=0.14; Figure 2.4). Approximately 56.8% of
razorbill dives were 20-40 seconds, whereas puffin dive durations extended over a much wider
range (15 to 80 s) with no clear peak (Figure 2.5). The depth at diving locations was significantly
shallower than available depths in both species (puffins: df=1263, t=2.2, p=0.02; razorbills:
df=909, t=33.4, p<0.001; Figure 2.6). Puffins and razorbills dove in water with a mean depth of
103.8 ± 45.1 m and 30.2 ± 19.7 m respectively. Puffins and razorbills dove at an average depth of
17.1 ± 11.5 m and 11.1 ± 7.1 m, respectively.
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Puffins and razorbills performed 290.6 ± 235.7 and 660.8 ± 446.2 dives per day,
respectively. Razorbill dives were longest at dawn (06:00 Atlantic Daylight Time (ADT), ADT is
UTC-3) up until mid-day (11:00 ADT), and shortest between 00:00 ADT and 03:00 ADT (Figure
2.7a). Puffin dives were significantly longer than razorbill dives accounting for time of day (F1,
411=26.21,

p<0.001). Dive durations of both species were related to time of day (F23, 441=4.24,

p<0.001); both species had significantly shorter dives between 00:00 ADT and 04:00 ADT and
significantly longer dives between 10:00 ADT and 12:00 ADT and at 20:00 ADT (all adjusted pvalues<0.05, red stars on Figure 2.7a). Razorbills had significantly longer dives than puffins
between 07:00 ADT and 09:00 ADT and significantly shorter dives than puffins at 12:00 ADT and
at 20:00 ADT (all adjusted p-values<0.05, blue stars on Figure 2.7a). Both species showed a
reduced numbers of dives between 22:00 ADT and 04:00 ADT (Figure 2.7b). The percentage of
dives is 2.5 times higher during the two hours following this lull (Figure 2.7b). Subsequently, there
is a slow increase in proportion of dives before reaching the highest peak at 17:00 ADT for puffins
and 20:00 ADT for razorbills (Figure 2.7b).
Diet
In 2014, the prey brought in by puffins was spread evenly across the main forage fish
species (Figure 2.8). Razorbills fed on mostly herring and sand lance, followed by hake and small
amounts of haddock. Diet was much less variable in 2015, consisting mainly of sand lance in both
species (92.5% puffins, 54.2% razorbills). Razorbills brought in more herring than puffins did in
both years, consistent with the long-term data since 1995 (Figure 2.9); throughout the 21-yr time
series, razorbills have brought in a higher proportion of herring than puffins did.
Discussion
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This study found that puffins and razorbills partition core foraging areas using spatial
segregation and differences in dive-depth and dive-timing. Overall, puffins travelled farther,
foraged in deeper water, and showed a wider variety of diurnal dive times than did razorbills.
Puffins returned to the colony with sand lance more often than razorbills did, which returned more
herring.
Foraging areas
Though the foraging areas of puffins and razorbills overlapped by 60%, the core foraging
areas (50% AKDE contours) show only slight overlap, mainly around the colony; outside the 10km
radius around MSI, the core foraging areas overlapped hardly at all. The areas outlined by the
AKDE contours would be good starting points for delineating marine protected areas because of
their importance to birds experiencing stress. Optimal foraging theory (MacArthur and Pianka
1966, Schoener 1971) suggests that birds experiencing stress should forage in areas where they
can predictably find food.
Three puffins traveled just over 90 km to the coast of Brier Island, Nova Scotia, where
several top predators have been documented taking advantage of the large upwelling (Brown and
Gaskin 1986, Johnston and Read 2007, Hunnewell et al. 2016). Razorbills foraged closer to the
mainland than puffins, as has also been shown by Pratte et al. (2017) in Newfoundland.
Segregation in foraging areas has been previously observed among sympatric breeding auks
(Wanless et al. 1990, Linnebjerg et al. 2015, Pratte et al. 2017) as well as other pursuit-diving
seabirds (Frere et al. 2008, Masello et al. 2010, Wilson 2010, Raya Rey et al. 2013, Afán et al.
2014). Fine-scale competition over foraging space has been observed between marbled murrelets
(Brachyramphus marmoratus) and common murres, where marbled murrelets avoided their larger
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relatives when breeding sympatrically by foraging farther away from them (Ronconi and Burger
2011).
Furness and Barrett (1985) found similar differences in feeding strategies between puffins
and razorbills in Norway, where razorbills fed mostly inshore and puffins fed predominantly
offshore, returning different prey species. More recently, Pratte et al. (2017) also found razorbills
from a colony in Newfoundland, Canada, fed coastally while puffins were more pelagic.
Dive behaviour
Although dive durations of puffins and razorbills were similar, puffins foraged in deeper
water and showed a wider range of dive times when compared to razorbills. Razorbills from MSI
showed similar diving behaviour to razorbills tracked in Wales (Shoji et al. 2015), Scotland
(Thaxter et al. 2010), Iceland (Dall’Antonia et al. 2001), the Baltic Sea (Benvenuti et al. 2001),
and the Gannet Islands, Canada (Paredes et al. 2008, Pratte et al. 2017), where the majority of
dives were < 15m. Similar results were also observed at Matinicus Rock, 161 km southwest of
MSI, where most dives occurred during the evening and razorbills dove at a mean depth of 13.1 ±
7.8 m (Kauffman 2012). Puffins from MSI foraged at a similar distance from the colony as puffins
studied at Petit Manan, 63 km southwest from MSI (Spencer 2012). Spencer (2012) also observed
a bimodal distribution of dive frequencies at dawn and dusk consistent with foraging for fish that
undergo vertical migration, similar to the distribution of dives collected in our study, though the
mean dive depth for puffins on MSI was twice as deep.
Diet
The diving behaviour of puffins may be explained by their prey selection during this study.
Sand lance was their main prey, contributing 93% of chick diet in 2015. Sand lance undergo diel
vertical migration, burrowing into the substrate at night and moving up the water column during
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the day in large numbers (Winslade 1974, Meyer et al. 1979, Auster and Stewart 1986). Dawn and
dusk are peak feeding times for both puffins and razorbills, when the sand lance may be leaving
or retreating toward the substrate. Puffin dive length may be related to sand lance availability,
whereas the shallow (5-20 m) coastal water where razorbills feed offer little opportunity to increase
dive length. Razorbills may be taking advantage of known herring spawning areas near the coast
of Maine (Overholtz et al. 2004). The greater proportion of herring in razorbill diet in 2015 has
held true at MSI since regular monitoring began in 1995 (Figure 2.9).
Breton and Diamond (2014) found a significant reduction in the availability of young
herring in the puffin chick diet on MSI and we may be starting to see a decline in the amount of
herring returned by razorbills when comparing the past 21 years of data. A change in the dominant
fish species from herring to sand lance has already been observed further south in the Gulf of
Maine (Fogarty 1991), and with the rapid warming of the Gulf of Maine and Bay of Fundy, we
may be observing a similar switch (Mills et al. 2013, Kress et al. 2016).
Continuously sampled GPS locations increase the strength of autocorrelation in the data.
The AKDE provides a more conservative estimate of foraging areas, because it uses the
autocorrelation function to incorporate relationships between past and future movements estimated
from the data (Fleming et al. 2015). As tracking technology improves, we should consider the
AKDE over the KDE because with more continuously sampled positions the KDE will more
intensely underestimate an animal's requirements (Fleming et al. 2015). Alternatively, when there
is no autocorrelation in the data, the AKDE will perform identically to the KDE (Fleming et al.
2015).
I used speeds < 15km hr-1 to indicate foraging behaviour that corresponded to a large drop
in the distribution of speeds. Other studies have used slower speeds as their cut off (Shoji et al.
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2014, Pratte et al. 2017), however Shoji et al. (2014) analyzed their data using two speed thresholds
(10km hr-1 and 5km hr-1) but found no difference in the distribution of speeds between the two cutoffs.
As described in Chapter 3, video records showed that birds carrying GPS tags brought food
to their chick rarely (razorbill: N = 18 feeds in 220.15 hrs) or almost never (puffin, N = 1 feed in
276.56 hrs); dive locations reported here are therefore considered self-feeding rather than chickfeeding. However, these data provide insight on important self-feeding areas for adults, albeit those
experiencing the increased stress of carrying a GPS tag. I expect that birds experiencing high stress
levels would choose to forage in locations where they can count on finding quality food.
Knowledge of these locations will be useful in creating conservation plans if sea surface
temperatures continue to rise or if marine traffic increases in the area.
Conclusion
Using GPS loggers that also record dive duration, I identified strategies of resource
partitioning among puffins and razorbills belonging to the largest colony in the Gulf of Maine and
the Bay of Fundy. I demonstrated that puffins and razorbills partitioned resources by foraging in
different locations, diving in different depths of water, and selecting somewhat different forage
fish species.
Although I could not use these data to determine where breeding adults forage for their
chicks, I did, for the first time, locate important foraging areas for breeding adults, albeit
admittedly undergoing additional pressure due to logger attachment. I expect stressed adults to
forage in areas with reliable food availability to conserve energy, therefore the feeding areas I have
identified will provide important guidance for planning marine protected areas. Spatial overlap
between the two species was limited largely to the area around the colony. Puffins dove deeper
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and for longer, but razorbills returned to the colony with more herring. Spatial segregation is likely
the main strategy for partitioning resources at this colony. Differences in prey and dive depth are
probable consequences of different foraging areas.
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Figures & Tables

Figure 2.1. Attachment method for GPS loggers on Atlantic puffins and razorbills, using 2 cable
ties (1. and 4.) and 2 pieces of TESA® tape (2. and 3.).
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(a)

(b)

Figure 2.2. Ecotone loggers attached to the back feathers of an Atlantic puffin (a) and a razorbill
(b).
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Figure 2.3. Autocorrelated kernel density estimates (AKDE) for Atlantic puffins (orange) and
razorbills (purple) breeding at Machias Seal Island, NB, in 2014 and 2015. Filled polygons
represent the core foraging areas (50% AKDE contour), while the 90% AKDE contour shows the
total foraging area.
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Figure 2.4. Bathymetry map overlaid with foraging points of puffins (orange) and razorbills
(purple) from Machias Seal Island. Depths in the Gulf of Maine and Bay of Fundy range from -5
(light blue) to -300 m (dark blue). Puffins foraged in deeper waters and further from shore than
razorbills.
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Figure 2.5. Frequency of dive durations (seconds). Approximately 56.8% of razorbill dives were
20-40 seconds, whereas puffins showed a more even range of dive duration.
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Figure 2.6. Subsample of available depths compared with depths at points used by puffins and
razorbills diving around Machias Seal Island. Available depths are plotted in front of used
depths. Depths at diving locations were significantly shallower than available depths in both
species (puffins: df=1263, t=2.2, p=0.02; razorbills: df=909, t=33.4, p<0.001)

39

(a)

(b)

Figure 2.7. Dive duration (a) and percentage of dives based on time of day (hour ADT) for
Atlantic puffins (ATPU) and razorbills (RAZO) studied on Machias Seal Island (MSI), Canada.
Local time (Atlantic Daylight Savings) is UTC-3 hours. Red stars on (a) mark significant
differences in length of dives when comparing hours of the day, holding species constant. Blue
stars on (a) mark significant differences in dive length between species (boxplots) during that
hour.
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Figure 2.8. Percent by mass of prey species brought in to puffin and razorbill chicks at Machias
Seal Island in 2014 and 2015. Diet was variable for both species in 2014, whereas sand lance
made up 92.5% of the puffin diet in 2015. In both years, razorbills brought in more herring than
puffins. The Other group consists of hake, haddock, krill, butterfish and larval fish.
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Figure 2.9. Percent by mass of prey species brought in to puffin and razorbill chicks at Machias Seal Island

from 1995 to 2015. Over these 21 years, razorbills have consistently brought in more herring to their chicks

than puffins. Herring is declining significantly in the puffin diet (Breton and Diamond 2014). The Other group
consists of hake, haddock, krill, butterfish and larval fish.
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Chapter 3 : Short-term GPS tag attachment disrupts feeding by
Atlantic puffins, Fratercula arctica, and razorbills, Alca torda.
Abstract
Recent miniaturization of animal-borne GPS technology has improved our ability
to collect increasingly precise seabird movement data. However, such data must be
validated for bias for this information to contribute reliable knowledge of seabird ecology
and conservation. Biased data could arise if individuals alter their behaviour as a result of
added stress from the device, attachment procedure, or handling. The few studies that
include a measure of device effect often used a measure of chick development, such as
growth rate or fledge success, which reflects the success of the breeding pair. However,
individual responses to tagging may be masked by compensatory behaviours of the mate.
In this chapter, I examine the effect of externally-mounted GPS loggers on parental effort
of Atlantic puffins, Fratercula arctica, and razorbills, Alca torda, through chick
measurements and video footage. I measured chick growth, nest attendance, and
provisioning between breeding pairs with and without tagged birds (burrow level), as well
as between tagged and untagged mates (mate level) with the aim of revealing responses of
untagged partners to the tagging of their mate. I found all measures of parental effort
compared at the burrow-level to be similar between burrows with one tagged mate and
burrows without tagged birds. However, video footage revealed differences in individual
behaviour in both species, in which untagged partners spent more time attending and
provisioning the chick, and also delivered significantly more biomass per hour to chicks
than their tagged partners. To reveal important effects of the tag on the feeding behavior of
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the tagged bird, individual behavioural responses as well as the breeding success of the pair
should be assessed. Future tracking studies should consider measures of tag effect at the
mate and burrow level as well as the potential bias in the movement data when making
biological inferences.
Introduction
Studies measuring animal movement are increasingly common and use ever more
sophisticated and miniaturized tracking devices (Bridge et al. 2011, Hays et al. 2016).
These devices allow us to observe behaviours in wide-ranging species that are difficult to
observe otherwise, such as seabirds. However, to confidently extrapolate the data to the
unmarked population, researchers must include some quantitative measure of tag effect to
confirm that the tracking device does not significantly alter the natural behaviour of the
marked individual (Murray & Fuller 2000, Casper 2009, Costantini & Møller 2013,
Robinson & Jones 2014). While many seabird studies recognize the potential for device
effect (eg. Sohle et al. 2000, Paredes et al. 2006, Ropert-Coudert et al. 2007, Barron et al.
2010), few provide experimental studies to detect it. Some researchers have found that
birds equipped with loggers took longer foraging trips (Weimerskirch et al. 1999, Taylor
et al. 2001) or brought back less food to their chicks (Tremblay et al. 2003, Ackerman et
al. 2004, Paredes et al. 2005). Long-term deployments of tracking devices may also have
physiological consequences, such as elevated stress hormones (Elliott et al. 2012).
As a general rule, researchers mitigate tag effect on birds by reducing handling time
and ensuring logger weight is < 3% of the individual’s body mass (Phillips et al. 2003).
However, significant effects have been reported while following this restriction, such as
prolonged trip durations, nest desertion, and reduced return rates (Phillips et al. 2003,
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Adams et al. 2009, Bridge et al. 2011, Vandenabeele et al. 2011, Robinson and Jones 2014).
The three-percent rule (Phillips et al. 2003) gives precedence to tag mass over aerodynamic
and hydrodynamic drag, which is particularly important for auks because of their high
wing-loading, reliance on continuous flapping flight, and underwater pursuit of prey
(Ackerman et al. 2004, Paredes et al. 2005, Whidden et al. 2007, Robinson and Jones 2014).
Under increased energetic demand, birds must make an energetic tradeoff, to either spend
more energy counteracting these effects or decrease some aspect of performance (Wilson
et al. 1986, Ropert-Coudert et al. 2007, Vandenabeele et al. 2011).
Negative effects due to tagging are not limited to the logger-equipped individual
(individual-level effect) but can carry over to the mate and/or chick (mate-level effect),
which in turn can alter the pair’s breeding success (nest-level effect). Furthermore, the
duration of these negative effects may vary considerably (Kenward 2001, Hamel et al.
2004). Studies that investigate nest-level effects such as chick survival, fledge success, and
chick growth rate cannot detect differences between tagged and untagged adults (Sohle et
al. 2000, Ackerman et al. 2004, Hamel et al. 2004); partners of tagged birds may
compensate for effects on the tagged individual, thus obscuring effects at the level of the
breeding unit (Paredes et al. 2005, Kadin et al. 2016). For example, Hamel et al. (2004)
found no significant difference in energy-delivery rates and reproductive success of
common murres among control pairs and those where one adult was equipped with a
logger, but found that tagged mates made fewer, longer trips away from the nest and
brought back food significantly less frequently than their untagged partner. Therefore,
accounting for device effects needs to also investigate mate-level effects such as individual
nest attendance, feeding rate, and provisioning.
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As part of a larger study, I used GPS tags to determine foraging sites of two pursuitdiving alcids, the Atlantic puffin, Fratercula arctica (hereafter 'puffin') and razorbill, Alca
torda. Here, I compare the conventional method of measuring the effects of externally
mounted GPS loggers (chick growth and nest success) to more intensive measures of nest
attendance and provisioning between pairs with and without tagged birds and among
tagged and untagged individuals with the aim of detecting responses of untagged partners
to the tagging of their mate.
Methods
Determining logger tolerance based on breeding stage
A preliminary field season was conducted in 2014 at Machias Seal Island, New
Brunswick, Canada (44.50˚N, 67.10˚W) to determine at which stage of breeding Atlantic
puffins and razorbills would best tolerate logger attachment. In accordance with the
guidelines of the Canadian Council on Animal Care (protocol number: UNB 14008 in
2014, and UNB 15005 in 2015), I deployed Ecotone loggers (ALLE-68 on puffins, 5 grams
(1.3% average body mass), dimensions without external antenna 26x16x10mm, antenna
~52mm, n = 11 and URI-120 on razorbills, 8 grams (1.8% body mass), dimensions without
external antenna 35x116x11mm, antenna ~70mm n = 10) at 4 stages during the breeding
season: incubating, early chick-rearing, mid chick-rearing, and late chick-rearing in 2014;
and only in late chick-rearing in 2015 (see results). Tagged birds included both male (n=14)
and female (n=7). The chick-rearing period of razorbills is so short (17-23d, Lavers et al.
2008) that only two periods of chick-rearing were recognized (early and late). Loggers
were attached to the birds’ back feathers using cable ties and TESA® marine tape.
Determining parental effort
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Chicks belonging to tagged (adult handled and tagged, n = 21), procedural control
(adult handled but not tagged, n = 8), and control (adult not handled or tagged, n = 87)
burrows were measured throughout their growth period up to fledging, though GPS loggers
were attached to parents for only 3-4 days during the period. Chick growth rates were
calculated from 3 time periods: prior to adult logger attachment, during adult logger
attachment, and after adult logger attachment.
Outdoor video cameras were set up facing the burrow (Figure 3.1) to record
behaviour of the control and experimental pairs and recorded between 05:30 and 22:00
ADT (Table 2). The number of days recorded was calculated by dividing the total number
of daylight hours recorded by 15 (the number of daylight hours in a day during the breeding
season). Cameras recorded for an average of 39.54 ± 23.60 and 32.56 ± 16.70 daylight
hours at each burrow for puffins and razorbills, respectively, for a total of 675 hours
overall; and from watching the resulting videos, I made 2022 behavioural observations
(218 ± 170 observations per burrow, n=20; same observer examining videos throughout).
Individuals at experimental burrows were distinguished by the presence or absence of a
GPS logger, while individuals at control burrows could not be differentiated because there
were no distinguishing characters. I chose not to colour band individuals at control nests at
the risk of disturbing the pair and biasing our control. To calculate individual nest
attendance at control burrows, I divided the total observations by half, assuming equal nest
attendance. Nest attendance was recorded as the amount of time an individual (tagged or
untagged) spent in the burrow over the total hours recorded.
Nest provisioning was recorded as prey biomass (wet weight) per delivery. Each
taxon’s biomass was determined by weighing and measuring items dropped in the colony.
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Observations of biomass per load (g) and number of fish per load were made from video
in 2015, whereas feedings per day were observed from video in 2014 and 2015. Eighteen
prey deliveries were recorded from 8 puffin burrows and 59 prey deliveries were recorded
from 11 razorbill burrows. Fish in prey deliveries were identified to species and the length
relative to culmen was recorded. Of the 84 prey deliveries, 7 were removed because the
prey was not identifiable. Two prey deliveries contained a polychaete worm, and another
prey delivery contained a rock gunnel, Pholis gunnellus, for which biomass could not be
calculated. In these three observations, biomass was calculated for the remaining prey in
the bill load. As a procedural control for puffins, dawn (06:30 ADT) to dusk (21:30 ADT)
feeding watches were conducted four times (once a week from 12 July to 1 August) over
the linear growth period of chicks in 2015. For each dawn to dusk feeding watch, four
observers rotated four hour shifts and recorded feedings at three marked puffin burrows
from a nearby blind. These data were used to determine whether the presence of a camera
near the burrow altered feeding rates. This procedural control was not possible for
razorbills because they nest in close proximity to each other and adults often use the same
opening between rocks to get in to their burrow. To avoid largely overestimating the
number of feeds delivered to a nest, we would have to be able to view the chick in the nest,
which was not possible from any of our observation blinds.
Testing for behavioural differences among tagged and control burrows
Three mate levels were used in the analyses: the experimental burrow’s untagged
mate (UT), the experimental burrow’s tagged bird (TA), and the control burrow untagged
bird (CUT). Mid- and late-chick rearing birds from 2014 and 2015 were pooled for the
analysis because there was no significant difference among years for either species (see
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Results, for sample sizes). Wilcoxon rank sum tests were conducted to determine
differences in nest attendance and feeding rate among control and tagged burrows for each
species. I used a linear model fit by residual maximum likelihood (REML) with bird
species as a fixed effects factor to compare the biomass per hour among treatment groups.
Because the difference between species was large, separate linear mixed models with
burrow as a random factor were used to compare the biomass per hour among mate levels
for each species. Multiple comparisons of means (Tukey contrasts) were used to identify
significant differences within mate levels and p-values were adjusted using the BenjaminiHochberg method (1995) for “false discovery rate”. Assuming equal provisioning among
mates, average biomass per hour was divided by two for control burrows. Because there
were many more burrows in the control groups than in the procedural control and tagged
groups, chick growth rates among treatment groups were compared by taking a random
sample of control burrows equal to the number of experimental burrows. An analysis of
variance (ANOVA) test was used to compare this random sample of control burrows to the
two other treatment groups. The random sampling and ANOVA were repeated 1000 times
for each species and the distributions of p-values were interpreted. Values are presented at
mean ± SD, and an alpha level of 0.1 was used to determine significance of all statistical
tests used in this chapter to detect tag effect if it might be weak. Although increasing the
alpha level to 0.1 from the usual 0.05 increases the chances of making a Type I Error
(incorrectly detecting a significant effect), this study is investigating potential severe
harmful effects that could alter an individuals’ ability to forage or breed, therefore is
appropriate.
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Results
In 2014, I found an apparent difference in chick survival based on chick age at the
time of logger attachment (Table 3.1); nests with older chicks had higher fledge success
than those with younger chicks at the time of logger attachment. Small sample sizes
precluded testing the significance of this result, but acting on the precautionary principle I
focused our 2015 tagging efforts on adults with chicks that were at least halfway through
their linear growth period (~20 days for puffins and ~7 days for razorbills) and used results
from mid- and late-chick rearing adults in 2014. Observations were made at burrows during
the 3-4 days that loggers were attached to adults. Subsequently, loggers were removed and
attached to a different individual.
Burrow level effects
Chick growth rates
The chick growth rates of puffins (5.20 ± 3.63 g day-1, n(2014)=4; 3.63 ± 4.29g day1

, n(2015)=6) and razorbills (2.78 ± 1.25g day-1, n(2014)=3; 4.05 ± 7.94g day-1, n(2015)=8) at

burrows with a tagged adult did not differ significantly between 2014 and 2015 (Wilcoxon
rank sum test, W=14, p=0.76 for puffins; W=15, p=0.63 for razorbills). Data from the two
study years were therefore pooled for the analysis of chick growth rates in each species.
Of the 62 puffin chicks (8 tagged burrows; 51 control burrows; 3 procedural control
burrows) measured in 2014 and 2015, a total of 4 chicks did not fledge; one across control
and experimental groups in each year. All 48 razorbill chicks (7 tagged; 36 control; 5
procedural control burrows) measured in 2014 and 2015 successfully fledged.
Puffins chick growth rates were significantly different among treatment levels, but
no statistical difference was found among treatment levels for razorbills (smallest p-value
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observed for razorbills: 0.123; Figure 3.2). 60% of the ANOVAs (from the random resampling methods) for puffins resulted in significant p-values, however in most of these
results, the significant difference was between the procedural control and experimental
groups. The puffin procedural control group had a small sample size (n=3) with a high
mean and little variation (9.4 ± 0.8 g day-1; Figure 3.3). After removing the puffin
procedural control group from the resampling method, 23-26% of the ANOVAs resulted
in significant p-values (Figure 3.2).
Nest attendance
The proportion of time where at least one razorbill adult was present in the burrow
did not differ significantly between 2014 and 2015 (Wilcoxon rank sum test: W=4,
p=0.63). Nest attendance was not significantly different among control and treatment
burrows in either species (Wilcoxon rank sum test for razorbills: W=23, p=0.11; for
puffins: W=10, p=0.57; Figure 3.4). Razorbills spent approximately 20-30 minutes in the
burrow per hour, compared with 7-10 minutes in puffins.
Nest provisioning
The feeding rates of razorbills did not differ significantly (Wilcoxon rank sum test
for razorbills by year W=11, p=0.92) between 2014 (3.8 ± 1.8 feedings day-1, n=3) and
2015 (4.4 ± 2.3 feedings day-1, n=8). After pooling 2014 and 2015 razorbill data, I found
no significant difference (W=23, p=0.11) when comparing feeding rates of chicks
belonging to control (5.9 ± 0.8 feedings day-1, n=4) and tagged burrows (3.3 ± 2.0 feedings
day-1, n=7). All feeding data for Atlantic puffins were collected in 2015. Similarly, there
was no significant difference in feeding rates by adult puffins when comparing dawn to
dusk watches (4.5 ± 0.9 feeds per day) with video-recorded control (4.8 ± 6.7 feeds per
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day) and tagged burrows (1.1 ± 1.3 feeds per day; F2=1.44, p=0.29; Figure 3.5 & Table
3.2).
Fish biomass
There was no significant interaction of bird species and treatment when measuring
biomass per hour (F1=2.75, p=0.14). After removing the interaction term from the model,
there was a significant difference in biomass per hour when comparing puffins to razorbills
(F1=14.72, p=0.003), where razorbills brought in 3.08g hr-1 more than puffins (Figure 3.6).
Though experimental burrows brought in 1.34g hour-1 less than control burrows on average
for both species, these apparent differences among control and treatment groups were not
significant in either species (F1=3.16, p=0.11).
Mate level effects
Nest attendance
Although the untagged mate appeared to spend more time in the experimental
burrow (1.66 hr for razorbills and 0.95 hr for puffins, on average), nest attendance did not
differ significantly between the tagged and untagged mate, in either species (Wilcoxon
rank sum test for razorbills: W=18, p=0.46; for puffins: W=8, p=0.42; Figure 3.7).
Nest provisioning
Although no significant differences were detected in feeding rates of experimental
and control burrows, further inspection of the videos of tagged-puffin burrows revealed
that the untagged mate sometimes compensated for the negligible provisioning provided
by the logger-equipped mate (Table 3.3). During the 276.56 daylight hours of recorded
video of burrows where one mate was equipped with a logger, only one of 22 meals was
provided by a logger-equipped puffin. The only meal provided by the tagged puffin
61

consisted of 3 fish with a total biomass of 3.5g. The mean biomass per load provided by
untagged puffins was 4.7 ± 3.2g per load (2.8 ± 3.0 fish per load, on average). Of the four
remaining logger-equipped burrows, two chicks were fed only by the untagged mate, and
the other two chicks received no feedings during the 43.75 and 54.5 daylight hours
recorded at the respective burrows. Neither of these chicks fledged; the first chick likely
starved, and the second chick suffered an external injury to its wing which became infected.
Of the seven razorbill experimental burrows recorded for a total of 220.14 daylight hours,
four logger-equipped razorbills did not feed at all, but their partners did. The mean biomass
per load delivered by untagged razorbills was 11.8 ± 8.5g per load compared to their tagged
partners that provided 1.8 ± 1.1g per load. At one burrow, the untagged mate did not feed,
whereas the tagged adult fed three times in 19.86 hours. At the remaining two burrows,
both adults fed the chick; the tagged adult contributed 68% of the feedings at one burrow
and 16% at the other. Since 4 tagged puffins and 4 tagged razorbills did not return with
prey to feed chicks, their logger locations are considered self-feeding.
Fish biomass
For puffins, untagged mates brought in 0.28g hr-1 more than their tagged partners
on average but this difference was not significant (linear mixed model: F2=2.73, p=0.16;
Figure 3.8). By comparison, in razorbills there was a strong, statistically significant
difference in biomass delivered per hour between tagged and untagged mates (F2=5.32,
p=0.03). Post-hoc testing revealed that the tagged mates of experimental burrows were
feeding significantly less (2.2 to 2.3 g hr-1 less) than both untagged mates of both
experimental burrows and control burrows (Tukey contrasts: adjusted p=0.009).
Influence of sex on the patterns observed
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Both sexes of puffins and razorbills attended the nest equally after logger
attachment (Wilcoxon rank sum test for razorbills: W=26, p=0.90; for puffins: W=14,
p=0.84). Neither male nor female razorbill was less likely to stop provisioning their chick
after logger attachment (2 of 4 males and 2 of 3 females) and the only puffin (among 3
males, 2 females) that fed after logger attachment was male. Similarly, biomass delivered
per hour was not significantly different between sexes in either puffins or razorbills (linear
mixed model for puffins: F2=0.51, p=0.50; for razorbills: F2=0.70, p=0.41; Figure 3.8.)
Razorbills delivered 1.1 ± 2.1g hr-1, while puffins delivered 1.0 ± 0.8g hr-1.
Discussion
This study has shown that measures of breeding success that fail to look at
individual behavioural responses may overlook important tag effects. I recommend
measuring individual behavioural responses in addition to the breeding success of the pair
when attaching tracking devices to puffins and razorbills. One of the underlying limitations
of trying to describe or measure natural behaviour at sea is that a device effect may always
be present. Individuals can suffer added stress from the device, attachment procedure, or
handling (Murray and Fuller 2000, Casper 2009, Robinson and Jones 2014). Animal
tracking studies have become increasingly common in recent years, yet there has not been
a corresponding increase in device effect studies (Vandenabeele et al. 2011). It is critical
to monitor and control for tag effect when conducting a tracking study to specifically test
if the treatment is affecting the behaviour being measured (Wilson and McMahon 2006).
Few studies have tested for device effects on alcids, however among those that do, most
report modified behaviour and reproductive performance (Murray and Fuller 2000, Casper
2009, Bridge et al. 2011, Vandenabeele et al. 2011, Robinson and Jones 2014). One of the
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broader research goals of this project was to determine foraging locations of chick-rearing
adults. Many seabirds show tactical differences between foraging for themselves and their
chicks; often, adults feed themselves farther from the colony than they forage for the chick
(Weimerskirch et al. 1993, Welcker et al. 2009, Harris and Wanless 2011). Locations of
chick-feeds can be identified as the last diving location before the bird returns to its nest
with fish; the only way to determine this is combining tracking with intensive observation
of the nest-site, in our case using video cameras. I therefore paid particular attention to
looking for differences in chick-feeding by tagged and untagged birds at experimental
burrows.
Chick growth rates
Life history strategies of long-lived seabirds suggest that individuals should favor
future reproductive potential (i.e., their own survival) if current breeding attempts are
compromised (through disturbance or other stress), which can result in reduced offspring
care for the current breeding season (Williams 1966, Navarro and González 2007). It is
unclear, however, whether this decision (to forego a current for future breeding season) is
made at a pair or individual level, nor what might be the role of mate compensation in
adjusting life history decisions. In my study, razorbill chicks belonging to experimental
burrows grew at similar rates to chicks belonging to control burrows. Puffin chicks from
experimental burrows grew slower than puffins from control groups, however this
difference in growth rates was only detected when we used an alpha level of 0.1. Most
researchers use an alpha level of 0.05 to reduce the chance of making a Type I error
(incorrectly detecting a significant effect), however this level is arbitrary (Cowles and
Davis 1982). When testing for a possibly severe detrimental effect on an organism, it seems
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reasonable to use a higher maximum acceptable probability for determining statistical
significance, especially if sample sizes are small. Harris et al. (2012) found that only 1 of
4 Atlantic puffin chicks measured at burrows where one adult was equipped with either a
GPS device or a dummy device grew similarly to control chicks (n=24). Whidden et al.
(2007) found that tufted puffin (F. cirrhata) chicks had two-fold lower growth rates, mass
at fledge, and survival when one parent carried a radio-transmitter, compared to control
chicks. Likewise, Dall’Antonia et al. (2001) found that 12% of razorbills equipped with
data-loggers lost their chick, likely due to starvation or predation. More investigation is
required to understand the relative influence of devices and various durations of
attachment, and parental effects on chick growth rates.
Nest attendance
I found that razorbills appeared to spend more time in their burrow than puffins. At
the time of tagging, chicks of both species were halfway through their linear growth period.
At this point, chicks are able to thermoregulate more independently (Barrett 1984) and are
less vulnerable to changes in parental feeding behaviour. The difference in nest attendance
among puffins and razorbills may be a by-product of nest crevices. On Machias Seal Island,
puffins nest in turf burrows where chicks are protected from rain and predators, while
razorbills nest in rocky crevices between boulders where their chicks are more exposed to
predators and inclement weather. Razorbills may spend more time in their nest to protect
their chick and deter predators (Paredes et al. 2006, Lavers et al. 2009).
For each species, adults from both control and experimental burrows had similar
nest attendance. Similarly, at experimental burrows, there was no significant difference in
nest attendance among tagged and untagged mates for either species. However, nest
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attendance of tagged and untagged mates was highly variable, particularly for tagged
razorbills that spent about half as much time in their burrow compared to their untagged
mates. This result may be due to the razorbills’ “intermediate” breeding strategy (Sealy
1973), where young are provisioned by both parents at the nest until approximately onefifth grown and complete their development at sea, cared for by the male. Females take
over the provisioning role when chicks are more than two weeks old, allowing the male
razorbills to spend more time brooding (Paredes et al. 2006). At this time, the male and
chick bond and learn to recognize each other’s’ vocalizations (Paredes et al. 2006).
I did not monitor nest attendance at experimental burrows after the logger was
removed from the individual because of recording limitations, but chick growth rates
suggest that the current breeding success was not altered by tag attachment. Future studies
could usefully extend monitoring to see when, or whether, behaviour of both birds returns
to normal.
Nest provisioning
Experimental and control burrows of both species had similar feeding rates. The
number of feedings at experimental razorbill burrows was lower than at control burrows,
but this difference was not statistically significant. Further inspection of feeding rate at
experimental burrows revealed that, on average, untagged razorbills and puffins were
responsible for ~57% and ~97% of the provisioning, respectively. A study by Paredes et
al. (2006), addressing parental roles of male and female razorbills, found that provisioning
roles (number of loads per day) varied with chick age, where females provided the majority
of feedings for chicks older than two weeks. For monogamous seabirds that exhibit
biparental care of a single offspring, breeding success depends on the combined ability of
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the mates to provide for their offspring (Golet et al. 2000, Fraser et al. 2002). The fact that
I found no significant effect on chick growth in either puffins or razorbills would suggest
there was increased stress on the untagged mate to make up for the reduced parental effort
of the tagged mate. This has been shown with thick-billed murres (Uria lomvia), where
individuals equipped with data loggers reduced parental efforts and their mates responded
by increasing offspring attendance and chick provisioning (Paredes et al. 2005). Similarly,
Wanless et al. (1988) found that tagged common murres (U. aalge) and razorbills returned
to the burrow without food for their chick more often than untagged birds. Consequently,
this pattern of reduced feeding by tagged breeding birds for tracking studies means that
tracking locations in a foraging trip may not necessarily be linked to chick-feeds.
Puffin feeding rates derived from video recordings were similar to dawn to dusk
observer watches. I was not able to collect procedural control data for razorbills because
they nest in open spaces between boulders, in caves, and deep crevices in rocks (Lavers et
al. 2009), which are not visible from our pre-existing observation blinds. Alternatively, I
considered using portable blinds to see feedings delivered to individual chicks, however I
would have had to be much closer to the burrow opening and the effect of disturbance
would have been similar to the influence of the camera on the burrow opening, defeating
the purpose of the procedural control.
Fish biomass
Externally mounted devices can alter the hydrodynamics of pursuit-diving seabirds,
which may result in higher energetic costs for swimming (Bannasch et al. 1994, Hull 1997).
This imposed cost may suggest that devices depress foraging efficiency (Wilson et al. 1986,
Obrecht III et al. 1988, Hull 1997), and it may be expected that tagged birds display reduced
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foraging efficiency. I found that at the burrow level, fish biomass per hour was not
significantly different between experimental and control burrows. At the mate level,
however, tagged mates of both species fed significantly less biomass per hour than their
untagged mates or mates at control burrows. This suggests that indeed devices had a
harmful effect on the time tagged birds spent foraging for the chick.
Interestingly, I found no significant difference in biomass per hour brought in by
untagged mates of experimental burrows compared to control burrows, indicating that
untagged mates of experimental burrows were not compensating for their tagged partners
with increased biomass, but were responsible for the majority of meals delivered. Other
studies have found that partners of device-equipped thick-billed murres (Paredes et al.
2005), common murres (Wanless et al. 1988, Hamel et al. 2004), and tufted puffins
(Whidden et al. 2007) may compensate for mates’ reduced parental effort through
increased provisioning. More specifically, Hamel et al. (2004) found the same results for
common murres equipped with telemetry devices, where no difference in prey size or
energy content of meals was observed between mates, but tagged birds provisioned their
chick significantly less than their mate.
Influence of sex on the patterns observed
No difference in nest attendance, provisioning rate, or biomass delivered per hour
was detected between sexes of either species. Similar results were summarized by Harris
and Wanless (2012) where male and female puffins had equal shares in burrow attendance
and mass of prey loads. However, these results are not consistent with previous findings
for razorbills. Paredes et al. (2006) found that male razorbills spent more time brooding
while females provided more food to chicks older than 2 weeks. This male-biased chick
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brooding is believed to be important for reinforcing long-term bonds between the two
before they transition from life at the colony to life at sea (Lavers et al. 2009).
Conclusion
Control and experimental burrows had similar burrow-level nest attendance,
feeding rate and provisioning rate. Razorbills brought in more biomass than puffins, likely
reflecting their intermediate chick-rearing strategy, which includes a short period of chick
development on colony and longer at-sea development. Within pairs, untagged individual
puffins and razorbills worked harder than individuals carrying a GPS logger in terms of
nest attendance, feeding rate, and provisioning rate (though only the latter was statistically
significant, likely because of small sample sizes). Conventional burrow-level methods of
assessing effects of tags showed no clear effects. Only when I examined individual
behaviours using video was it clear that the increased energy presumably expended by
mates of tagged individuals could alter pair dynamics. More importantly, behaviours
revealed through video footage showed a clear bias against detecting where adults forage
for their chicks. I suggest incorporating measures of mate-level effects in tracking studies
that aim to identify foraging hotspots, to validate trips where food is brought back to the
chick. I also believe that this marked effect was not reflected in productivity or growth
rates because tags were deployed for so few days at a time, implying that tagged birds
returned to normal behaviour after the tags were removed.
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Figures & Tables

Figure 3.1. Video cameras were mounted on wooden sawhorses to minimize ground
disturbance and increase visibility of the burrow. The burrow entrance is identified by the
red dot painted on the nearest boulder and individual burrows were marked with unique
number/letter combinations painted on stakes.
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Figure 3.2 : Distribution of p-values from 1000 analysis of variance (ANOVA) tests, used
to compare chick growth rates in a random sample of control burrows to the two other
treatment groups. The random sample of control burrows was equal to the number of
experimental burrows respective to each species. Razorbills had no significant results and
the smallest p-value was 0.123. 23-26% of the ANOVAs for puffins resulted in
significant p-values. Red, vertical line represents an alpha level of 0.1.
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Figure 3.3 : Distribution of chick growth rates among control (C), experimental (E), and
procedural control (P) burrows with sample sizes for Atlantic puffins and razorbills at
Machias Seal Island in 2014-15. The control group here is an example of a random
sample used in the resampling methods. Mean mass for puffin control, experimental and
procedural control pairs were 7.1 ± 2.7 g day-1, 5.2 ± 3.3 g day-1, and 9.4 ± 0.8 g day-1,
respectively. Mean mass for razorbill control, experimental, and procedural control pairs
were 3.7 ± 2.1 g day-1, 4.4 ± 8.3 g day-1, 3.8 ± 1.8 g day-1, respectively.
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Figure 3.4 : Burrow-level nest attendance (proportion of time) for Atlantic puffins and
razorbills at Machias Seal Island in 2014-15, where at least one adult was present in the
control and experimental burrows; sample size in parentheses. Razorbill control and
experimental pairs spent 47.8 ± 12.2 % and 34.9 ± 14.3 % (W=23, p=0.11) of the
recorded time in the burrow, whereas puffin control and experimental pairs spent 17.7 ±
13.5 % and 12.1 ± 6.0 % (W=10, p=0.57) of the recorded time in the burrow,
respectively.
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Figure 3.5 : Burrow-level feeding rates for Atlantic puffins and razorbills at Machias Seal
Island in 2014-15 among control (C), procedural control (PC) and experimental (E)
burrows; sample sizes in parentheses. Puffins observed from dawn to dusk feeding
watches (procedural control) fed 4.5 ± 0.9 feeds per day, control pairs’ feedings per day
were more variable (4.8 ± 6.7), and experimental pairs averaged 1.1 ± 1.3 feeds per day.
Razorbill chicks belonging to control pairs were fed 5.9 ± 0.8 times per day, whereas
chicks from experimental pairs were fed 3.3 ± 2.0 times per day.
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Figure 3.6 : Burrow-level provisioning rates among control and experimental burrows
for Atlantic puffins and Razorbills at Machias Seal Island in 2014-15; sample sizes in
parentheses. Puffin chicks belonging to control burrows were provisioned 0.3g less than
chicks at experimental burrows, whereas razorbill chicks belonging to control burrows
were fed 1.3g hr-1 more than chicks at experimental burrows.
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Figure 3.7 : Nest attendance of tagged (TA) and untagged (UT) adults for Atlantic puffins
and Razorbills at Machias Seal Island in 2014-15; sample sizes in parentheses. Nest
attendance was the proportion of time each mate spent in the burrow over the total
number of hours the burrow was recorded. In both cases, the untagged mate spent more
time in the burrow than the tagged mate, however the difference was not statistically
significant (for razorbills: W=18, p=0.46; for puffins: W=8, p=0.42).
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Figure 3.8 : Provisioning rates (fish biomass, grams hour-1) among tagged (TA) and
untagged (UT) individuals from experimental burrows and untagged individuals from
control burrows (CUT) for Atlantic puffins and Razorbills at Machias Seal Island in
2014-15; sample sizes in parentheses. For both species, the untagged mate delivered
more than its untagged partner (puffins: 0.3 g hr-1, F2=2.73, p=0.16; razorbills: 2.3 g hr-1,
F2=5.32, p-adjusted=0.009)
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Table 3.1. Mean growth rates during the linear growth period (± standard deviation) and number of chicks fledged for Atlantic

puffins and razorbills tagged at different breeding stages during preliminary field season in 2014. Adults of control burrows

were not manipulated and chicks were measured throughout their development in the same way as adults manipulated while
incubating, early-, mid-, and late-chick rearing.
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Table 3.2 Burrow-level mean biomass per load, fish per load and feedings per day brought in to Atlantic puffin and razorbill

chicks on Machias Seal Island, NB. Experimental burrows had one adult equipped with a GPS logger. Puffin feeding rates for

procedural control burrows were collected by conducting dawn to dusk feeding watches. Days represent the total number of

daylight hours recorded divided by the number of daylight hours in a day during the breeding season. Observations of biomass

per load (g) and fish per load were made from video in 2015, whereas feedings per day were observed from video in 2014 and
2015
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Table 3.3 Individual-level mean biomass per load, fish per load and feedings per day brought in to Atlantic puffin and razorbill

chicks in experimental burrows on Machias Seal Island, NB. Days represent the total number of daylight hours recorded

divided by the number of daylight hours in a day during the breeding season. Observations of biomass per load (g) and fish per
load were made from video in 2015, whereas feedings per day were observed from video in 2014 and 2015.
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Chapter 4 : Summary
In this study, I sought to identify the important foraging areas for chick provisioning
in puffins and razorbills breeding in the Bay of Fundy/Gulf of Maine. However, I
discovered that the loggers I was using to determine foraging ranges were altering the
normal behaviour of the individuals outfitted with this equipment. Instead, I delineated
important foraging areas for breeding individuals experiencing stress. The knowledge of
these areas is very important, considering optimal foraging theory would suggest that
individuals undergoing stress would likely forage in places where prey is reliably available
(MacArthur and Pianka 1966, Schoener 1971).
Ecological Segregation and Foraging habitat
This research has marked the importance of spatial and dietary segregation for
differentiating foraging niches of sympatrically breeding puffins and razorbills in the Bay
of Fundy/Gulf of Maine. The foraging habitat outlined in Chapter 2 shows important selffeeding areas for adults carrying GPS loggers. I expected puffins and razorbills to forage
in the same locations because both are pursuit-diving seabirds that can forage in a greater
area than is available to surface feeders. Segregation in foraging areas is more commonly
observed among plunge-diving and surface-feeding seabirds because they are restricted to
foraging in the upper layer of the water column, increasing pressure for competition.
However, sympatrically breeding auks from multi-species colonies have previously been
observed foraging in different locations (Wanless et al. 1990, Linnebjerg et al. 2013, Pratte
et al. 2017). I found puffins foraged further offshore, travelling up to 90 km to visit the
upwellings near Brier Island, Nova Scotia, whereas razorbills remained closer to coast,
foraging mainly near the southern edge of Grand Manan and the coast of Maine, USA.
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Knowledge of these foraging areas will be particularly important if sea surface
temperatures continue to rise in the Bay of Fundy/Gulf of Maine, increasing stress on the
population. Since individuals carrying tags were experiencing stress, foraging locations
may not be fully indicative of all locations used, but likely indicate areas of predictable
good foraging where individuals can reliably self-feed. Thus, these locations are likely
important, possibly even more so than wider areas that may be used by untagged
individuals and are good starting points for protecting reliable fish assemblages.
I expected razorbills to dive deeper than puffins because they have a lower massspecific oxygen consumption rate (Watanuki and Burger 1999, Shoji et al. 2015).
Additionally, I did not expect to find differences in ocean depth at diving locations because
puffins and razorbills have historically fed on similar prey species (Chapter 2). Although I
found no significant difference in the dive duration or dive depth overall, I identified times
of day where one or both species exhibited significantly longer dives. These temporal
trends could be used to further explore resource partitioning.
Lastly, I expected to find interspecific differences in composition of prey in the diet
of puffins and razorbills, particularly, that razorbills would return more herring to their
chicks than puffins do, as has been observed in previous years at this colony. Razorbills
continued to bring in more herring than do puffins, suggesting that they are outcompeting
puffins at the known herring spawning sites (Overholtz et al. 2004). Several studies have
shown that larger seabirds will exclude smaller birds when competing for similar prey types
(Piatt 1990, Maniscalco et al. 2001, Henkel 2009, Ronconi and Burger 2011). Puffins have
likely been targeting sandlance as main prey because it is a high-quality alternative to
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herring (Anthony et al. 2000). Changes in the composition of prey species have already
been noted at colonies further south of Machias Seal Island, NB (Kress et al. 2016).
Tag effect
The device effect study in Chapter 3 identified the importance of measuring
individual behavioural responses in addition to the breeding success of the pair. No device
effect was detected when analyzing nest attendance, feeding rate, and provisioning rate at
the burrow-level. Chicks belonging to burrows where one adult was equipped with a logger
grew similarly to control chicks. However, video footage of experimental burrows revealed
that mates of tagged individuals were expending more energy provisioning their chick.
Tagged mates delivered significantly less biomass per hour than their untagged partners,
suggesting that the foraging efficiency of tagged individuals was affected by the logger.
Although there was no significant difference between experimental mates for either
species, nest attendance of tagged and untagged mates was highly variable; notably, tagged
razorbills attended their nest half as much as their untagged partner. Untagged mates of
both species were responsible for most feedings delivered to their chicks (57% for
razorbills, 97% for puffins). The feeding rate for tagged and untagged puffins could not be
compared statistically because only one of 22 meals was provided by a tagged puffin. I
suspect that these apparent differences may be more pronounced with increased sample
size and extended video recordings. I found that patterns observed in nest attendance or
provisioning were not influenced by sex, for either species. I expected this result for puffins
because there have not been any clear sex-specific roles identified in other studies
(reviewed in Harris and Wanless 2011, Harris et al. 2012), however I expected to see male-
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biased chick brooding and female-biased provisioning for razorbills similar to findings by
Paredes et al. (2006).
To our knowledge, this is the first study to use video recordings to assess tag effects
in puffins and razorbills. While it has produced some interesting results, extending the
video recordings could provide further insight into when, or whether, behaviour of both
birds returns to normal.
Final synopsis
Puffins and razorbills undergoing stress partition resources mainly through spatial
segregation, where differences in prey and dive depth are likely by-products of foraging in
different locations. Logger attachment had detrimental effects on the breeding pairs, where
the untagged mate provisioned more often, if not always, likely to counterbalance the lack
of provisioning by the tagged bird. With recent miniaturization of recording devices, large
amounts of data on seabird behaviour and movement are providing insight to life at sea.
Tracking data provide detailed information specific to individual birds, but do not offer
knowledge of social interactions. My study has provided valuable insights into the
responses of untagged partners to the tagging of their mate and should encourage other
researchers to further investigate pair dynamics when assessing tag effects.
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