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ABSTRACT

Leach’s Storm-petrel (Hydrobates leucorhous) is an abundant seabird
experiencing population declines globally. This study aimed to compare reproductive
success and phenology across seven storm-petrel colonies in Atlantic Canada and assess
the role of differences in environmental and colony specific variables. I found significant
differences in phenology and reproductive success across colonies, but environmental
and colony specific variables were only related to variation in hatch date. Specifically, I
found that as colony size and air temperature (AT) increased hatch date occurred earlier.
General, non-statistically important, trends showed hatch success decreased with
increased sea surface temperature (SST) and colony size, and increased with increased
AT, Chlorophyl a concentration [Chl a], and latitude: and fledge success decreased with
increased SST and AT (increased with Chl a, colony size, and latitude increase). I
recommend continued monitoring and protocol standardization to improve monitoring,

management, and conservation of this species.
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Introduction

There have been dramatic declines in animal populations in recent years, with
many of these declines thought to be due to human activities (habitat degradation,
overexploitation, pollution, climate change, invasive species, and other causes; Duda et
al., 2020). Seabirds (i.e., birds that breed on land, but obtain food from and spend the
majority of their annual cycle at sea; Balance, 2008; Croxall et al., 2012) are typically top
predators in the marine ecosystem and are subject to anthropogenic changes both on land
(during the breeding season) and at sea (d’Entremont et al., 2020). The response of
seabirds to direct (e.g., increased thermoregulation costs, habitat loss, etc.) and indirect
(e.g., change in ocean temperature that results in a change in the food web)
environmental conditions includes altering foraging effort, foraging on different prey
species, skipping a nesting season, decreased adult survival, and many others (Diamond
and Devlin 2003; Gremillet and Charmantier 2010; Rodriguez et al., 2019). As such, this
makes seabirds good indicators of changes in the marine ecosystem (see Cairns 1988;
Diamond and Devlin 2003; Piatt et al., 2007).

Seabirds are the world’s most threatened group of birds, and some species have
experienced rapid population declines in the last 20 years (Croxall et al., 2012; Carroll et
al., 2015). For example, the largest King Penguin (Aptenodytes patagonicus) colony in
the Crozet Islands has suffered a decline of 88% in the last 35 years (Putz et al., 2021).
This decline has been largely attributed to a southward shift of their main feeding
grounds, which has been induced by a poleward shift of westerly winds (Putz et al.,

2021). This southward shift has caused increased foraging trip durations, which has
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reduced reproductive success, contributing to overall population decline (Putz et al.,
2021). Other species have experienced population declines due to introduced predators
(Bonnaud et al., 2009), bycatch in fisheries (Dias et al., 2019), and climate change
(Paleczny et al., 2015; Evans et al., 2021), among others.

Many seabirds migrate long distances (Phillips et al., 2017), crossing and residing
within different geographic and political boundaries during different parts of their annual
cycle, which results in a range of conservation threats and potential management actions
(Duda et al., 2020). During the nesting season, seabirds are vulnerable to introduced and
native predators (Hervias et al., 2013; Hoeg et al., 2021), human disturbance, and adverse
weather and climatic events, among other threats (Croxall et al., 2012). During the non-
breeding season seabirds face some of the same challenges, as well as additional threats,
such as bycatch, pollution, and lack of prey due to commercial overfishing (Croxall et al.,

2012).

Procellariiformes

The order Procellariiformes (i.e., the “tubenoses”, including albatrosses,
shearwaters, and petrels; Schreiber and Burger, 2001; Baduini and Hyrenbach, 2003)
contains the most pelagic and abundant seabird species (Wilbur, 1969). Procellariiformes
have delayed reproductive maturity, a clutch size of one, prolonged incubation and
nestling periods, and low adult mortality rates (~10% per year; Wilbur 1969; Morse and
Buchbheister, 1977; Schreiber and Burger 2001). Their long lifespan and delayed
reproductive maturity are balanced by high reproductive success that results from the

retention of a nest site and/or mate (Bried et al., 2003). During the juvenile stage,



individuals often prospect (i.e., evaluate prospective colony sites) both at their natal
island and other islands before they settle and begin to breed (Warham, 1990; Warham,
1996). Once breeding, they often show high site fidelity and return to the same island
(and in many cases the same nest site) every year (Warham, 1990; Warham, 1996).
Procellariiformes are some of the most abundant seabirds globally, but the Order
also contains some of the most endangered groups (Rodriguez et al., 2019). Out of the
four families of Procellariiformes, drastic population declines have been especially
pronounced in the albatross (Diomedeidae) and petrels (Procellaridae; Schreiber and
Burger, 2001; Croxall et al., 2012). Albatross and large petrels are becoming globally
threatened at a faster rate than any other species-group of birds (Butchart et al., 2004;
Delord et al., 2008). Between 1993-2013, out of 29 species of albatross and large petrels
38% of species declined, 28% increased, 28% remained stable, and 7% were unknown
(Phillips et al., 2016). Of these 29 species, 66% (19 species) were considered threatened
(Vulnerable, Endangered, or Critically Endangered) on the IUCN Redlist (Phillips et al.,
2016). Although many populations of Procellariiformes are rapidly declining, the
population status for many species, especially petrels, remain unknown (Delord et al.,

2008).

Leach’s Storm Petrel:

Biology

Leach’s Storm-Petrel (Hydrobates leucorhous) is the most widespread of the
Procellariiformes in the Northern Hemisphere (Stenhouse and Montevecchi, 2000). They

range pelagically in the North Atlantic and North Pacific oceans and tropics (sometimes
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even into southern temperate waters in the eastern Atlantic; Butler et al., 1988; Pollet et
al., 2021). During the breeding season they are often found widely distributed over the
continental shelf and slope (Hedd et al., 2009). Globally there is a population of
approximately 6.7-8.3 million breeding pairs, with 40-50% of the population found in the
Atlantic and 50-60% in the Pacific (population estimates in western North America are
out of date and need re-evaluating; Stenhouse and Montevecchi, 2000; Pollet et al.,
2021).

Leach’s Storm-petrels only return to land during the breeding season and are
nocturnal at their nesting colonies (Butler et al., 1988; Jennings and Ebeler, 2020). They
are among the smallest seabirds, weighing just 38-52 grams as adults and are sexually
monomorphic (Butler et al., 1988; Pollet et al., 2014). Juveniles often spend the first 3-5
years at sea, visiting potential nesting colonies before choosing and settling at one
(Wilbur, 1969; Morse and Buccheister, 1977). Once sexually active, a male will dig a
burrow (a long tunnel with a cavity at end where the nest is located) in loose soil or nest
amongst boulders or in rock crevices, with courtship activities occurring in the burrow or
aerially (Gross, 1947; Wilbur, 1969; Harris, 1974; Morse and Buchheister, 1979; Frick et
al., 2015; Pollet et al., 2021). Leach’s Storm-petrels are socially monogamous with high
mate and nest site fidelity (Morse and Buccheister, 1979; Jennings and Ebeler, 2020).
Biparental care is required to successfully raise a chick, and higher breeding success is
associated with retention of a nest site or mate (Schreiber and Burger, 2001; Bried et al.,
2003). Although a long-duration pair bond may result in more efficient and coordinated

breeding, divorce may occur with repeated failed breeding attempts, or if a partner dies or



deserts the nest (Morse and Buccheister, 1979; Schreiber and Burger, 2001; Jennings and
Ebeler, 2020).

Leach’s Storm-petrels occupy a mid-trophic position, as opposed to being top-
predators like many other seabirds, and forage mostly at night on micronectons (e.g.,
krill, copepods, fish, squid, and euphausiids), often by “pattering” (sometimes referred to
as “dancing”) on the surface of the water (Watanuki, 1985; Takahashi et al., 1999).
Adults may feed more than 250 kilometers away from their colony but will often
complete shorter foraging trips to provision their chick (Butler et al., 1988; Pollet et al.,
2014; Gilmour et al., 2015; Hedd et al., 2018; Collins et al., 2022; Mauck et al., 2023).
During chick provisioning, chicks are fed food regurgitated as oil, and/or whole prey
items, depending on how recently the prey was caught (Watanuki, 1985). The primary
prey fed to chicks changes throughout the breeding season (Hedd et al., 2009): squid,
amphipods, euphausiids, and copepods dominate the diet during early chick rearing,
whereas crustaceans often become more important during mid-chick rearing, and there is
a transition to more energy-rich fish and euphausiids as the chick gets older (Watanuki,
1985; Hedd et al., 2009). In the Western Atlantic, Glacier Lanternfish (Benthosema
glaciale) and Arctic Telescope (Protomyctophum arcticum) constitute the majority of
Leach’s Storm-petrel’s diet, with these species vertically migrating in the water column
to the surface at night, where Leach’s Storm-petrel have access to them (Hedd et al.,

2009).



Nesting Phenology and Reproduction

For most seabirds, nesting phenology varies with geography (Wanless et al.,
2008). Seabirds must breed at the right time to ensure that the energy demands of
reproduction, particularly the growth of chicks, occurs during a peak in food availability
(Drent and Daan, 1980; Frederiksen et al., 2004). The initiation of breeding may be due
to the availability of resources during the pre-breeding season, or as a result of the
individuals making decisions that will optimize their breeding success (Drent and Daan,
1980; Frederiksen et al., 2004). In Atlantic Canada, Leach’s Storm-petrel adults arrive at
their colonies in early May, and a single egg is laid during June or July (Pollet et al.,
2014). This egg is incubated by both adults on a 3-5 day rotation, for a total of
approximately 45 days (Pollet et al., 2014). Most reproductive losses occur during
incubation, as this period is more costly for adults, who lose up to 40% of their
metabolizable energy and will abandon the egg to prioritize their own survival (Morse
and Buccheister, 1979; Ricklefs et al., 1986; Stenhouse and Montevecchi, 2000). If an
egg is destroyed or lost early enough in the breeding season, the egg may be replaced and
still produce successful offspring for the pair (Wilbur, 1969; Bond and Hobson, 2015).

Once a chick hatches, the adults brood the chick on a 3-5 day rotation for
approximately 10 days, after which the chick is often left in the nest alone (Wilbur, 1969;
Pollet et al., 2021). Most chick mortality occurs during these first 10 days, as the chick is
developing the ability to thermoregulate and is sensitive to parental neglect (Boersma and
Wheelwright, 1979). The nestling period lasts approximately 65 days, with each parent
returning independently to feed the chick every 2-3 nights (Butler et al., 1988; Pollet et

al., 2014; Gilmour et al., 2015). During chick-rearing, there is a steady rise in chick mass,
6



with chicks consuming meals that are often 30-40% of their body weight (Davis, 1957;
Gilmour et al., 2015). Chicks often reach 160-200% of adult body mass during the
nestling period, which acts as insurance against an issue in food provisioning at a later
date, followed by mass loss prior to fledging (i.e., a hatched chick that survives and
independently departs the colony) as parental provisioning rates decline (Mauck and
Ricklefs, 2005). When chicks fledge, they often weigh approximately 120-145% of adult
mean body weight (Butler et al., 1988; Baduini and Hyrenbach, 2003). The excess mass
acts as an energy reserve to aid in survival during the fledger’s initial period at sea, when
they are still learning to find food and navigate (Mauck and Ricklefs 2005). Leach’s
Storm-petrel have very high fledge success (i.e., proportion of hatched chicks that survive
and depart the colony independent of their parents), in some cases up to 99%, as the

majority of mortality occurs during the incubation period (Pollet et al., 2021).

Leach’s Storm-Petrel in Atlantic Canada

Leach’s Storm-petrel are among the most abundant breeding seabirds in Eastern
Canada (Hedd et al., 2009; Pollet et al., 2021). The world’s largest colony is found on
Baccalieu Island, Newfoundland (approximately 1.95 million breeding pairs), which is
home to 25% of the global population and more than 60% of Northwest Atlantic
population (Hedd et al., 2009; Pollet and Shutler, 2019; Wilhelm et al., 2020; Pollet et al.,
2021). Populations of Leach’s Storm-petrel in the Western North Atlantic Ocean have,
however seen sharp declines, particularly within the last few decades (Pollet et al., 2021).

In the last 29 years, the nesting population of Leach’s Storm-petrel at Baccalieu

Island has declined by 42% (-1.4% annually; Wilhelm et al., 2020). This pronounced



decline has also been seen in many of the other colonies across Atlantic Canada
(d’Entremont et al., 2021). For example: Gull Island, Newfoundland (49% decline in 11
years; -4.5% annually; Wilhelm et al., 2020); Kent Island, New Brunswick (26.4%
decline in 18 years; -1.5% annually; d’Entremont et al., 2020); and Bon Portage Island,
Nova Scotia (20% in 17 years; -1.2% annually; Pollet and Shutler, 2019). As a result of
these declines, Leach’s Storm-petrel were uplisted from “Least Concerned” to
“Vulnerable” on the [IUCN Redlist (BirdLife International, 2018) and were assessed as
“Threatened” by the Committee on the Status of Endangered Wildlife (COSEWIC) in
Canada in 2020 (COSEWIC, 2020). However, the reasons for the declines remain largely
unknown (d’Entremont et al., 2020).

Both intrinsic factors (e.g., age, experience, body condition, etc.) and extrinsic
factors (e.g., climate change, stochastic weather events, pollution, etc.) are important for
reproductive performance and adult survival, both of which play a leading role in seabird
population dynamics (Pollet and Tranquilla, 2017; Keogan, 2019). For Leach’s Storm-
petrel, adult survival in the Northwest Atlantic is low (78% - 87%) when compared to
individuals in the eastern North Pacific (98%), which has large implications for
population dynamics in Atlantic Canada (Fife et al., 2015; Calvert et al., 2024).
Understanding rates of reproduction may help researchers further identify key
mechanisms that are driving population declines (Schuetz, 2011). Thus, the aim of this
study was to compare measures of reproductive success and phenology in colonies across
Atlantic Canada and determine if colony characteristics (i.e., colony size and latitude)

and/or environmental variables (i.e., sea surface temperature [SST], air temperature at the



colony site [AT], and Chl a concentration [Chl a]) are associated with Leach’s Storm-

petrel reproductive success and phenology.

Colony Size

Colonial breeding (i.e., a group of individuals breeding at the same site; Coulson,
2002) occurs in many vertebrates (Danchin and Wagner, 1997), including reptiles and
marine mammals. However, it is most predominantly seen in seabirds, with 95-98% of
species nesting colonially (Lack, 1968; Wittenberger and Hunt, 1985; Danchin and
Wagner, 1997). By nesting colonially, seabirds benefit from enhanced food finding, due
to increased foraging efficiency and using the colony as an “information center” to learn
where food patches are located, and reduced predation via dilution effects or social
mobbing (Ward and Zahavi 1973; Close, 1993). Yet, colonial nesting carries increased
risk of disease and parasite transmission, increased intraspecific competition for food and
mates, cuckoldry, cannibalism, and infanticide (Davis and Brown, 1999; Pyk et al.,
2013). In addition, a risk of large colonies is that they can attract predators, as seen with
Herring Gulls (Larus argentatus smithsonianus) and Great Black-backed Gulls (Larus
marinus) depredating Leach’s Storm-petrel breeding adults and prospectors, which has
influenced population numbers in Newfoundland colonies, such as on Gull Island (Bond
et al., 2023).

Seabird colonies often vary geographically in size, even when comparing the
same species in different geographical locations (Serrano et al., 2005; Jovani et al., 2016).
One of the main drivers of colony size variation is prey availability (Furness and

Birkhead, 1984; Gibbs et al., 1987). Due to individuals being constrained to foraging



within set distances of the colony during breeding season, there must be enough prey
within foraging range to support the size of the colony, or else risk individuals deserting
(Furness and Birkhead, 1984). Another factor influencing colony size is the amount of
favorable nesting sites/substrate, as this can physically constrain the amount of breeding
pairs able to breed on a colony (Duffy, 1983; Forbes et al., 2000; Weaver and Brown,
2005). In addition, individuals may use the presence of conspecifics to assess the quality
of potential breeding sites and make reproductive decisions, resulting in successful
colonies growing more than unsuccessful ones (Danchin and Wagner, 1997). As such,
there are different costs and benefits to living in colonies of different sizes, and there is
often an optimal colony size at which individuals experience the highest breeding success

(Serrano et al., 2005).

Latitude

Seabirds are not uniformly distributed within the global oceans and breeding
ranges of many species, including the Leach’s Storm-petrel, span large spatial and
environmental gradients (Hunt Jr., 1990; Keogan et al., 2022). For many seabird species,
reproductive success and phenology are moderated by environmental conditions (e.g.,
ocean temperature, photoperiod, wintering conditions, resource availability), which are
expected to differ based on latitude (Frederiksen et al, 2004; Ramirez et al., 2016).
Variation in environmental conditions and zooplankton abundance are greatest in
temperate and northern latitudes (Baker, 1939; Mackas et al., 2012; Burr et al, 2016),
where the seasonal range of upper ocean environmental conditions are also most variable

(Jietal., 2010; Mackas et al., 2012). At higher latitudes, primary productivity and the
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spring bloom are generally delayed in comparison with lower latitudes (Baker, 1939;
Mackas et al., 2012; Burr et al., 2016).

For Leach’s Storm-petrels in Atlantic Canada, colonies span from 43.46°N to
48.12°N and are thus expected to experience differences in phenology across this
latitudinal range, due to timing of the spring phytoplankton bloom. Furthermore, Leach’s
Storm-petrels nesting at the different colonies in Atlantic Canada are known to forage in
different oceanographic areas, depending on the location of their nesting colony (Hedd et
al. 2018). For example, Hedd et al. (2018) found that individuals from Baccalieu Island
primarily foraged in the northern Grand Bank and Flemish Cap, the Orphan Basin, and
down into the western Labrador Sea, while birds from the more southerly Gull Island
foraged at more southerly locations (i.e., the Grand Bank and Flemish Cap, though most
were in the Newfoundland Basin). Water masses adjacent to different colonies often have
different prey communities and environmental conditions, which are expected to
influence phenology and reproductive success (Hunt Jr., 1990), which may lead to
smaller-scale differences in reproductive success and phenology within a region such as

Atlantic Canada.

Air Temperature

Shifts in air temperature (AT) can both directly and indirectly impact avian taxa
reproductive success and phenology (Dunn, 2004). Indirect impacts on seabirds can occur
via alterations in trophic dynamics, changes in ocean chemistry, changes in predator

regimes, and mismatched phenology (Smith, 2020). Furthermore, direct impacts have
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also been observed, such as altered lay date, incubation periods, embryonic growth, and
nest attentiveness (Meijer et al., 1999; Smith, 2020; van de Ven et al., 2020).

Annual global mean temperature has been found to be the most important
predictor of hatch success in Leach’s Storm-petrels at Kent Island (Mauck et al., 2018).
However, this study aimed to look at local air temperatures for colonies and within the
birds foraging range, as it has been observed that AT is one of the key environmental
parameters impacting avian phenology, with timing of breeding being highly correlated
with spring temperature in various species (e.g., European Kestrels [Falco tinnunculus],
Eurasian Coot [Fulica atra], etc.; Meijer et al., 1988; Perdeck and Cave, 1989; Meijer et
al., 1999; Gienapp et al., 2010). It is believed that early breeding in a warm spring could
be a direct effect of ambient temperature via allocation of thermoregulatory energy to
gonadal growth, and/or indirect via a temperature-related increase in food availability
(Meijer et al., 1999; Visser et al., 2009). In contrast, cooler springs often lead to reduced
parental investment and a consequent increase in periodic cooling of the egg, which may
delay hatch date or cause embryo death (Michielsen et al., 2019). In addition, when AT
exceeds or falls below an animal’s thermoneutral zone (i.e., temperature range where an
animal does not need to do any work to maintain consistent internal temperature), the
individual must weigh whether to prioritize their breeding attempt, or to maintain their
body condition (Wiley and Ridley, 2016; Martin et al., 2017; Michielsen et al., 2019). If
an individual chooses to maintain their body condition, this often causes parents to
decrease time spent at the nest because of behavioral changes to manage thermal load, or
due to parents not supplying chicks with adequate amounts of prey, both of which reduce

reproductive success (Wiley and Ridley, 2016; van de Ven et al., 2020). It should be
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noted that Leach’s Storm-petrel burrows have a buffering capacity during extreme cold-
weather events and that burrow temperatures often fall below the species thermoneutral
zone (Richards et al., 2024). Therefore, AT may not always be an accurate reflection of
the temperatures birds experience, specifically eggs and nestlings, but burrow
temperature is influenced by ambient temperature (Richards et al., 2024), making it a

useful indicator.

Sea Surface Temperature

Sea surface temperature (SST) is an important ecosystem driver, which impacts
trophic interactions, alters food-web structure, and causes ecosystem changes (Edwards
and Richardson, 2004). It is one of the main governing features of marine ecosystems and
influences both physical processes (e.g., vertical/horizontal stratification) and biological
processes (e.g., metabolic rate; Friedland and Hare, 2007). SST varies latitudinally and
has increasing variability in mid-latitude regions, with changes in SST often driving
changes in prey availability that can lead to changes in seabird reproductive success and
phenology (Friedland and Hare, 2007; Thomas et al., 2017; Scrosati and Ellrich, 2020).
SST impacts breeding performance for many seabirds (Shoji et al., 2012; Carroll et al.,
2015) through its influence on prey abundance, availability, and quality (Gjerdrum et al.,
2003; Catry et al., 2013; Stoner, 2016). It has been observed in the Eastern Pacific Ocean,
Western Atlantic Ocean, and North Sea that cooler SST is associated with greater seabird
prey abundance and higher quality prey (i.e., higher lipid content), while warmer SST is
associated with poor seabird prey abundance due to fish growing more slowly, diving

deeper, and/or moving northward to cooler waters (Lekve and Stenseth, 2005; Ainley and
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Hyrenbach, 2010; Frederiksen et al., 2011; Brodeur et al., 2019; Major et al., 2021).
Higher SST may also nutritionally constrain adult seabirds through lack of available
high-quality prey, as warmer sea temperatures often produce smaller and less nutritious
(i.e., lower lipid content) plankton species (Carrol et al., 2015; Stoner, 2016). Thus,
among seabirds, warmer SST often results in increased egg neglect and lowered

provisioning rates, which may reduce reproductive success and/or delay phenology (Shoji

et al., 2012; Stoner, 2016).

Chlorophyl a Concentration

In marine biology, chlorophyll a concentration (Chl a) is a reflection of primary
productivity in the form of phytoplankton (Monticelli et al., 2007). Phytoplankton forms
the base of the marine food web, and its abundance is directly linked to seabird prey
(usually pelagic schooling fish at higher trophic levels; Monticelli et al., 2007). The
initial phytoplankton bloom is often followed by a trophic cascade, which is reflected in
detectable peaks of higher trophic-level planktonic organisms (e.g., zooplankton) and
forage fish, which provides critical prey resources for seabirds during the breeding season
(Ramirez et al., 2016).

The initiation of the spring phytoplankton bloom in Atlantic Canada is highly
seasonal and varies between years and regions (Platt et al., 2009; Song et al., 2010). In
general, the spring bloom initiates earlier at lower latitudes than at higher latitudes,
though local factors (e.g., bathymetry, currents, water column stratification, etc.) impact
bloom phenology (Platt et al., 2009; Friedland et al., 2015). From an evolutionary

perspective, seabirds should time breeding such that energy intensive periods (e.g., egg
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production and chick provisioning) coincide with peaks in prey availability, which will
impact breeding phenology (Lack, 1954; Oja and Poysa, 2007). In addition, feeding
conditions impact a female’s ability to produce an egg, and may impact nest attendance
and parental investment from both adults during the incubation and nestling stage, with
implications for reproductive success (Dunn, 2004; Oja and Poysa, 2007; Ramirez et al.,

2016).

Statement of Study

Leach’s Storm-petrels are studied at many colonies across Atlantic Canda, but
there has not been a comparison of reproductive success and phenology among these
colonies. Thus, the goal of this study was to compare reproductive success and phenology
of Leach’s Storm-petrels across seven colonies (i.e., Baccalieu, Gull, and Middle Lawn
Islands, NL, Country and Bon Portage Islands, NS, and Kent and Machias Seal Islands,
NB) in Atlantic Canada between 2017 — 2022 to observe colony performance and link it
to potential colony and/or environmental variables. I hypothesize that Leach’s Storm-
petrel reproductive success and phenology vary among colonies due to differences in
colony specific conditions (i.e., latitude and colony size) and environmental conditions
(i.e., SST, AT, and Chl a). I predict that reproductive success and phenology will:

- Decrease and be later with increased SST due to reduced prey

abundance/quality, resulting in adults needing to spend more time foraging,
reducing nest attentiveness and chick provisioning (Shoji et al., 2012; Stoner,

2016)
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- Increase and be earlier with increased AT due to reduced thermoregulatory
cost in burrows (Mauck et al., 2018; Richards et al., 2024), allowing for less
energy expenditure by adults/chicks and increasing nest attentiveness

- Increase and be earlier with increased Chl a due to higher prey abundance,
which allows for increased nest attentiveness and chick provisioning by adults
Lack, 1954; Oja and Pysa, 2007; Ramirez et al., 2016)

- Increase and be later as latitude increases due to spring bloom phenology
generally being later at higher latitudes and due to prey composition varying
by latitude (Hunt Jr. 1990; Mackas et al., 2012; Burr et al., 2016)

- Decrease and be later as colony size increases due to increased intraspecific
competition for food, resulting in decreased nest attentiveness and chick

provisioning (Lack, 1954; Furness and Birkhead, 1984)

Methods

Leach’s Storm-petrel nest contents (i.e., egg, chick, adult, empty, or unknown)
were noted during a minimum of two site visits during June to October of 2017-2022 on
seven islands in Atlantic Canada: Gull (2017, 2019, 2021, 2022), Baccalieu (2017, 2019,
2021, 2022), and Middle Lawn (2022) Islands, Newfoundland and Labrador; Country
(2017-2022) and Bon Portage (2017-2021) Islands, Nova Scotia; and Kent (2017-2022)
and Machias Seal (2017-2022) Islands, New Brunswick (Fig. 1). I collected data on
Machias Seal Island during the summer of 2020. All other data was collected and shared
by the Leach’s Storm-Petrel Workgroup. All islands followed standardized protocols

detailed in Pollet and Tranquilla (2017), except for Kent Island (see below). If the

16



contents of a burrow were unknown (e.g., observers were unable to feel the full extent of

the burrow), then those observations were omitted from the study.
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Figure 1. Map of Atlantic Canada showing the location of monitored Leach’s
Storm-petrel colonies (red diamonds; Baccalieu, Gull, and Middle Lawn Islands,
NL; Country and Bon Portage Islands, NS; and Kent and Machias Seal Island, NB),

including latitude and longitude

Data Collection (Pollet and Tranquilla, 2017)

On all islands except Kent (see below for methods specific for Kent Island),
permanent monitoring plots for reproductive success, adult survival, and any additional
experiments were established at the start of the island’s time-series. Here, I used only

data collected in reproductive success plots. Each year, observers visit the permanent
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monitoring plots on two to four separate occasions to check the contents of all nesting
burrows, except for Machias Seal Island, which conducted weekly checks during July and
August (June to July in 2021 and June to August in 2022). During the first visit in late
June, each burrow was grubbed (i.e., searched by hand to feel for a bird and/or egg or
chick) to determine if the burrow was active. A burrow was considered active if two
adults were present in the burrow during the day, or by the presence of an adult with an
egg or chick (Newfoundland colonies considered a burrow active only if an adult was
present with an egg). The number of burrows monitored per colony varied with colony
density. In all cases, a minimum of 100 Leach’s Storm-petrel nesting burrows were
marked and monitored, except at Machias Seal Island where only 30 burrows were
monitored, due to the small colony size.

All active burrows were then grubbed again in mid-August or early/mid-
September to determine chick presence/absence, and to see if the chick had successfully
fledged, or was deemed likely to do so in the coming weeks. In Newfoundland colonies,
all burrows were grubbed again in mid-August or early/mid-September regardless of
burrow status, as eggs can be missed during checks and adults/chicks can sometimes hide
within the burrow.

Whenever a chick was present in a burrow, it was carefully removed and
measured. Body mass (grams) was measured on all islands and flattened wing chord
(millimeters) was measured on all islands except Machias Seal Island, which measured
natural wing chord (millimeters). In addition to mass and wing chord, Gull, Baccalieu
and Middle Lawn Islands measured short tarsus length (millimeters), while Bon Portage

measured diagonal tarsus length (millimeters).
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Hatch Date

Baccalieu, Gull, and Middle Lawn Island

The age of chicks was estimated using the earliest morphology data and inputting
it into the formula based upon growth of known-aged chicks at Kent Island (Blackmer et
al., 2005):

Chick age (days) = —10.313 + [0.233 x flattened wing chord] + [1.125 x short tarsus]

Once age was estimated, hatch date was obtained by subtracting the age from the
date of the morphology check. The hatch date was then converted to ordinal date for

analysis.

Machias Seal Island

On Machias Seal Island, chick mass and natural wing chord were measured once
every seven days. Due to mass fluctuating greatly based on the last feeding of the chick
(between 0.10-11.90 grams per feeding; Gilmour et al. 2015, Mauck and Ricklefs, 2005)
wing chord was used to estimate chick age. I developed a Leach’s Storm-petrel growth
curve by plotting chick age (days) by natural wing chord (mm; Fig. 2) from weekly
Leach’s Storm-petrel chick checks from productivity plots on Machias Seal Island
between 2017-2022. The plot was then fitted with an exponential trendline, and the
equation of the trendline was used to generate the growth equation:
natural wing chord (mm)

7.6899 )
0.0629

In(

Chick age (days) =
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Once an egg hatched, it was assumed that the mid-point between weekly checks
was the hatch date. Hatching wing chord length was assumed to be half of the first wing
chord measurement taken. Since we used the earliest morphometric data available to
calculate age, we needed to generate the wing chord length at hatch date, so that we could
calculate age of chicks 3 days or younger (Machias Seal Island data points were often at 4

or 5 days of age). The age (in days) of the chick was based on the assumed hatch date.
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Figure 2. Leach’s Storm-petrel chick growth curve from Machias Seal Island,
produced by plotting the wing chord (mm) to age (days), which was then fit with an

exponential trendline.
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Chick age was calculated based on the earliest morphometric data taken. The
predicted hatch date was calculated by deducting the age from the date of the burrow

check. Hatch date was then converted to ordinal date for analysis.

Kent Island

On Kent Island, approximately 300 burrows were monitored annually, with all
burrows recording data on lay date and hatch success, as well as the band numbers of the
adults present in the burrow (i.e., no specified reproductive plots). During June and July,
burrows were checked daily for the presence of an egg or an adult. After determining that
a burrow was active, a stick lattice was placed over the entrance. The adults could easily
move it out of the way when entering or exiting the burrow, allowing researchers to
minimize disturbance to birds who remained in the burrow for multiple days. When it
was noticed that a lattice was knocked down, the burrow was checked. During all burrow
checks, if an adult was present it was banded with a CWS (Canadian Wildlife Service)
leg band and had morphometric data taken. Once both adults were banded, the burrow
was left undisturbed for 38 days, after which the burrow was checked every other day for
the egg hatching, and hatch date was recorded. All burrows that had eggs present in
June/July were checked again in August and September to see if the egg had hatched. If a
chick was present, it was weighed and had measurements taken (including body mass and

flattened wing chord).

Hatch Success

Hatch success was recorded in a binary fashion (1= successful hatch, 0 =

unsuccessful hatch) for each nesting burrow. For an observation to be considered a
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successful hatch, an egg had to be present during the laying period check (June), followed
by a chick during the hatching period (August to September). If a chick was present
during the hatching period but there was no observation during the laying period or no

observation of an egg, then that observation was omitted from this analysis.

Fledge Success

Fledge success was also recorded in a binary fashion (1 = successful fledge, 0 =
unsuccessful fledge) for each nesting burrow. A chick was typically deemed fledged
when it was no longer present in its burrow for multiple checks and would have been
over the age required for maturation (i.e., 60-70 days in Leach’s Storm-petrel; Mauck and
Ricklefs, 2005). Due to the researchers not conducting nest checks late enough into the
season, true fledge success could not be determined. For this study, I considered it to be a
successful fledge if the chick was still present during the August or September check
(Leach’s Storm-petrel have very high fledge success rates, and if they survive the first
few weeks they will likely fledge) or if the chick was missing in September but would
have been over the age of 65 days at that time and have a wing chord of 120 mm (Pollet
and Tranquilla, 2017). Due to this, only data from Baccalieu, Gull, and Middle Lawn

Islands, NL, and Kent and Machias Seal Islands, NB, were used in this analysis.

Environmental Conditions

Using publicly available data from the National Oceanic and Atmospheric
Administration Physical Sciences Laboratory (NOAA PSL) and National Aeronautics
and Space Administration (NASA), I assessed differences in environmental conditions

(i.e., sea surface temperature [SST; °C], air temperature [AT; °C], and chlorophyll a
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concentration [Chl a; mg/m3]) among the seven colonies. Specifically, I downloaded
mean monthly SST and AT data on a 2 x 2 degree grid from NOAA PSL’s IOCADS

dataset (https://psl.noaa.gov/data/gridded/data.coads.1deg.html). Chl a data (i.c., level-3

binned monthly Aqua-MOTIS data at a resolution of 9 km) was downloaded from

NOAA’s ocean colour website (https://oceancolor.gsfc.nasa.gov/). Data for SST and AT

were extracted using the r package “ncdf4” (Pierce, 2025); Chl a data was extracted using
the r package “oceancolouR” (Clay 2025). In both cases, data was filtered to include
grids between 34 — 54 degrees North and -71 — -37 degrees West and dates from May 1 —
July 31, 2017 — 2022 (for hatch date and hatch success analyses; i.e., the incubation
period) and from August 1 — October 31, 2017 — 2022 (for fledge success analysis; i.e.,
the nestling period). Using the full extent of the foraging ranges for Leach’s Storm-petrel
(derived from Hedd et al. 2018; see Appendix I for specifics) resulted in many values for
each environmental condition for each month, year, and colony. My dataset includes the

median value by month, year, and colony.

Statistical Analysis

All statistical analyses were completed using the R-studio environment (Version
2023.03.0+386). Before conducting the analyses, I completed diagnostic tests using the
“performance” package (Liidecke et al., 2021) to ensure that the data fit all assumptions.
I took a three-step approach for each of my three analyses (one for each of the dependent
variables: hatch date, hatch success, and fledge success). First, I assessed the relationship
between the dependent variable and colony (i.e., asking whether hatch date, hatch

success, and/or fledge success differed across colonies) including Year as a random
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intercept. Here, I used likelihood ratio tests (LRTs), which compared the full model to a
null model to assess model performance (i.e., chi-square value, df, and p-value). Next, |
ran a Spearman rank correlation analysis on all pairs of independent variables (i.e.,
colony size, latitude, SST, AT, and Chl a concentration), as there is often correlation
between environmental variables. Finally, I used generalized linear ridge regression
(GLRR; because of high collinearity found in my independent variables) with the R
package “g/mnet” (Friedman et al. 2010; Tay et al. 2023) to evaluate the relationship
between my dependent variables and five independent variables (colony size, latitude,
and current SST, AT, and Chl a concentration).

Ridge regression is a method used to correct for multicollinearity and works by
adding a penalty term to shrink regression coefficients, which stabilizes estimates (Hoerl
and Kennard, 1970; McDonald, 2009). Contrary to linear models, GLRR does not
estimate p-values or other common statistical output, instead inference is made based on
model performance. I reported GLRR coefficients that indicated how a change of one
unit for a given parameter impacted the response variable (when all other variables are
held constant). Prior to running the GLRR, I scaled all fixed effects so that the mean =0
and SD =1 and split the datasets into training (80% of the data) and test (20% of the
data) datasets. Model performance was optimized using 10-fold cross validation and I
reported the penalization parameter (1) that was selected to minimize deviance. To
evaluate model performance, I used the output from the training dataset to predict data
for the test set and calculated root mean squared error (RMSE) from the test predictions.

Finally, I calculated RMSE for an intercept only null model and compared the RMSE
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values between the null and full models to test model performance. Data is shown as
means + 95% CIs unless otherwise noted.

The hatch date dataset included data from Baccalieu (2017, 2019, 2022), Gull
(2017, 2022), and Middle Lawn Island (2022), Newfoundland; and Kent (2017, 2019,
2022) and Machias Seal Island (2017-2022), New Brunswick. To determine if hatch date
varies with colony size, latitude, SST, AT, or Chl a concentration, I ran a GLRR with a
Poisson distribution as described above.

I included two metrics of reproductive success, hatch success and fledge success.

Hatch success was calculated as:

# eggs hatched

HSp =
P= ¥ nests with eggs

and fledge success was calculated as:

# chicks fledged
FSp = ledg

# eggs hatched

Hatch and fledge success datasets included different data. For hatch success the
dataset included Baccalieu (2019, 2021, 2022) and Gull (2017, 2018, 2019, 2021, 2022)
Islands, Newfoundland; Bon Portage (2017-2021) and Country (2017, 2018, 2019, 2021,
2022) Islands, Nova Scotia; and Kent (2017-2022) and Machias Seal (2017-2022)
Islands, New Brunswick. For fledge success the dataset included Baccalieu (2017, 2019,
2022), Gull (2017, 2022), Middle Lawn (2022), Kent (2017, 2019, 2022), and Machias
Seal (2017-2022) Islands. To determine if environmental conditions were a predictor of
hatch and fledge success, I ran separate GLRR with a binomial distribution and weighted

by the number of nests observed per year, per island as described above.
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Results

Environmental Conditions

During the incubation (May 1 — July 31) and nestling (August 1 — October 31)
periods, environmental conditions varied among study islands (Fig. 3) and year.
Conditions during the incubation period ranged from 6.33 °C to 26.57 °C (SST), 6.24 °C
to 26.97 °C (AT), and 0.93 mg/m? to 24.35 mg/m? (Chl a concentration) among all
colonies and years. During the nestling period, conditions ranged from 12.13 °C to 28.44
°C (SST), 9.63 °C to 27.68 °C (AT), and 1.00 mg/m? to 23.15 mg/m? (Chl a
concentration) among all colonies and years. Overall, Kent, Machias Seal, and Gull
islands experienced higher temperatures (both SST and AT) than Baccalieu, Middle
Lawn, Country, and Bon Portage islands (Fig. 3). Chl a concentration varied among
islands, though Baccalieu, Middle Lawn, and Country islands had similar concentrations
(Fig. 3). The highest Chl a concentration occurred at Bon Portage Island, and the lowest
at Kent, Machias Seal, and Gull islands (Fig. 3). Furthermore, Baccalieu Island is by far
the largest colony (in terms of colony size/breeding pairs). There are over 10 times more
nesting Leach’s Storm-petrels on Baccalieu Island than Gull Island (the island with the
second largest population of nesting Leach’s Storm-petrel in my study), and both
colonies occur at the highest latitudes (Fig. 4). In contrast, the other colonies lie between

42 °N and 47 °N, with colony size varying, but being < 50,000 breeding pairs (Fig. 4).
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Figure 3. Summary (mean £ 95% ClIs) of monthly median environmental conditions
(air temperature (°C), chlorophyll a concentration (mg/m?), and sea surface
temperature (°C)) during the incubation period (May, June, and July) and the
nestling period (August, September, and October) within the foraging ranges of
each of the seven colonies (presented in sequence from most northerly to most

southerly island) per Hedd et al., (2018) during 2017-2022.
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Figure 4. Comparison of nesting population size (breeding pairs) and colony latitude
(°N) of seven Leach’s Storm-petrel nesting colonies in Atlantic Canada. Note break

in y-axis at 200,000.

Hatch Date

In total, 798 nests were monitored for hatch date across five islands in six years
between 2017-2022. The average number of nests monitored per island each year was
53.2 £ 32.4. On average, Machias Seal Island had the lowest number of nests monitored
(20.5 £ 6.3 nests), while Middle Lawn had the highest number of nests monitored (104 £

0 nests; Fig. 5).
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Hatch date varied across islands and years (Fig. 5), with an overall average hatch
date of day 205 (July 24) £ 9 days. The overall earliest individual hatch date (day 175
[June 24] in 2022) and earliest average colony hatch date (day 195 [July 14] £ 9 days)
occurred on Machias Seal Island. The overall latest individual hatch date (day 236
[August 24] in 2022) and latest average colony hatch date (day 211 [July 30] £ 9 days)
occurred on Middle Lawn Island (Fig. 5). There was a significant difference in hatch date
among islands (x?=107.16, df=4, p < 0.001). A post hoc Tukey test found that hatch date
was earlier at Machias Seal Island than all other islands, though hatch dates were not
significantly different from those at Kent Island (Fig. 6). In addition, Baccalieu Island
hatch dates were not statistically different from those observed at Middle Lawn Island or

Gull Island (Fig. 6).
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Figure 5. Boxplot comparing hatch date of Leach’s Storm-petrel across five nesting
colonies in Atlantic Canada by year. Numbers above each box represent the total

number of nests monitored in that year.

30



Middle Lawn:Baccalieu §
p=0.269
Middle Lawn:Gull 4 ! I
p=0.010
Gull:Baccalieu .
p=0489 !
Machias Seal:Kent-
p=0.032
c
8 Machias Seal:Baccalieu [
= p =0.000
@©
Qo
£ ) )
o Machias Seal:Gull4 —_——
(&) p =0.000
Machias Seal:Middle Lawn
p =0.000
Kent:Baccalieu
p =0.000
Kent:Gull4 e GU—
p =0.002
Kent:Middle Lawn 4
p =0.000
-0.10 -0.05 0.00 0.05

Effect Size

Figure 6. Post hoc Tukey multiple comparisons between islands for hatch date of
Leach’s Storm-petrel nesting on five islands in Atlantic Canada during 2017-2022,
based on differences in mean levels of groups (i.e., effect sizes) with 95% CIS from a

post hoc Tukey-Kramer multiple comparison test for differences.

There was no clear relationship between hatch date and any of the five
environmental/colony specific variables considered; however, I note that hatch date at
Baccalieu Island occurred during cooler air and sea surface temperatures compared to all
other islands (Fig. 7). I found high correlation among all independent variables (R > 0.70;
Fig. 8) and my Poisson GLRR with A = 0.4799 explained variation in hatch date with an

RMSE of 6.98 days, outperforming the null model (RMSE = 8.70 days).
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Figure 7. Comparison of hatch date at Baccalieu, Gull, Middle Lawn, Kent, and
Machias Seal islands and median Air Temperature, Sea Surface Temperature, and
Chlorophyll a concentration over the foraging range of Leach’s Storm-petrel during

the incubation period (May 1 — July 31) from 2017-2022. Values are means = 95%
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Figure 8. Spearman rank correlation among five variables describing the
environmental conditions (Sea Surface Temperature [SST], Air Temperature [AT],
and Chlorophyll @ concentration [Chl a]) and latitude and nesting population size
from five Leach’s Storm-petrel nesting colonies in Atlantic Canada (Baccalieu, Gull,
Middle Lawn, Kent, and Machias Seal islands) during the incubation period (May 1

— July 31) of 2017-2022.

Specifically, my results suggest that colony population size and AT were the
strongest predictors of hatch date (Table 1). Furthermore, as AT, Chl a, and colony
population size increased hatch date occurred earlier, and as SST and latitude increased

hatch date occurred later, as seen with the exponentiated coefficients in Table 1.
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Table 1. Summary of the Poisson Generalized Linear Ridge Regression coefficients
and their exponentiated coefficients (“exp(Coef)”) assessing the relationship
between Leach’s Storm-petrel hatch date and sea surface temperature (SST), air
temperature (AT), Chlorophyll a concentration (Chl a), colony latitude, and colony

population size from five nesting colonies in Atlantic Canada during 2017-2022.

Variable Coefficient Exp(Coef)
SST 0.0191 1.0193
AT -0.0664 0.9358
Chl a -0.0163 0.9838
Latitude 0.0190 1.0191
Colony Size -0.0303 0.9701

Hatch Success

There were a total of 2,388 nests monitored for hatch success across all islands
and years. The average number of nests monitored per island per year was 77.0 £ 33.7
nests. Machias Seal Island on average had the fewest number of nests monitored per year
(26.8 + 12.6), while Middle Lawn had the maximum number of nests monitored per year
(102.0 £ 0; Fig. 9).

Hatch success varied across islands and years (Fig. 9), averaging 77.16% =+
13.79%. Machias Seal Island had the lowest average hatch success (68.21% =+ 13.35%;
Fig. 8 & 9) and Middle Lawn Island had the highest (88.24% =+ 0%; Fig. 9). The overall
lowest hatch success occurred on Country Island in 2018 (51.24%), while the overall

highest hatch success occurred on Bon Portage Island in 2020 (100%; Fig. 9).
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Figure 9. Comparison of Leach’s Storm-petrel hatch success and year for seven
Leach’s Storm-petrel nesting islands in Atlantic Canada during 2017-2022. Points
represent estimates for hatch success in each year, with total number of nests
monitored. Boxes represent median, 1% and 3" quartiles, and whiskers showing max

and min for each island.

There was a statistically significant difference in hatch success among islands
(x*>=72.82, df=6, p < 0.001). A post hoc Tukey test found that overall hatch success did
not differ among colonies in Newfoundland, among colonies in Nova Scotia, or among

colonies in New Brunswick, but almost all other pairwise differences were statistically
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significant (Fig. 10). Hatch success was significantly lower at Machias Seal Island and
Kent Island than at all other islands (except in comparison to each other). Newfoundland

colonies generally had significantly higher hatch success than other islands (Fig. 10).
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Figure 10. Post hoc Tukey multiple comparisons of Leach’s Storm-petrel hatch
success (proportion) among seven islands in Atlantic Canada (Baccalieu, Gull,
Middle Lawn, Country, Bon Portage, Kent, and Machias Seal islands) from 2017-

2022.
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Similar to hatch date, there was no clear relationship between hatch success and
any of the environmental and colony specific conditions considered (Fig. 11). I found
high correlation among the three environmental variables (SST, AT, and Chl a
concentration; R > 0.60), and moderate to low correlations among all other independent
variables (Fig. 12). My logistic GLRR with A = 0.0076 explained variation in hatch
success with an RMSE of 0.1425, performing less well than the null model (RMSE =
0.1036), suggesting that environmental and colony specific attributes were not
statistically important predictors of hatch success. However, GLRR exponentiated
coefficients showed weak associations where increases in SST and colony population
size were associated with lower hatch success, and increases in AT, Chl a concentration,

and latitude were associated with higher hatch success (Table 2).

Table 2. Summary of the Poisson Generalized Linear Ridge Regression coefficients
and their exponentiated coefficients (“exp(Coef)”) assessing the relationship

between Leach’s Storm-petrel hatch success and sea surface temperature (SST), air
temperature (AT), Chlorophyll a concentration (Chl a), colony latitude, and colony

population size from seven nesting colonies in Atlantic Canada during 2017-2022.

Variable Coefficient Exp(Coef)
SST -0.7683 0.4638
AT 0.3214 1.3791
Chl a 0.3258 1.3851
Latitude 0.5239 1.6887
Colony Size -0.4492 0.6381
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Figure 11. Comparison of mean (£ 95% CIs) environmental conditions and hatch
success of Leach’s Storm-petrel nesting on seven islands in Atlantic Canada during

the incubation periods (May 1 — July 31) of 2017-2022.
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Figure 12. Spearman rank correlation among five variables describing the
environmental conditions (Sea Surface Temperature [SST], Air Temperature [AT],
and Chlorophyll @ concentration [Chl «]), and latitude and nesting population size
from seven Leach’s Storm-petrel nesting colonies in Atlantic Canada (Baccalieu,
Gull, Middle Lawn, Country, Bon Portage, Kent, and Machias Seal islands) during

the incubation period (May 1 — July 31) of 2017-2022.

Fledge Success
There were a total of 1,144 nests used in fledge success analysis. An average of
57.2 £ 32.7 nests were monitored over all islands and years. Machias Seal Island had the

lowest number of nests monitored per year (18.7 £ 5.2) and Middle Lawn Island had the
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highest number of nests monitored per year (104 + 0; Fig. 13). Average fledge success
across all islands and years was 96.81% £ 4.90%. Kent Island had the highest average
fledge success (99.41% + 0.93%) and Machias Seal Island the lowest average fledge
success (92.22% + 6.62%) and overall lowest fledge success (83.33% in 2021; Fig. 13).

All islands (excluding Middle Lawn) recorded fledge success at 100% in at least one year

(Fig. 13).
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Figure 13. Comparison of Leach’s Storm-petrel fledge success by year for five
Leach’s Storm-petrel nesting islands in Atlantic Canada during 2017-2022. Points
represent estimates for fledge success in each year, with total number of nests
monitored. Boxes represent median, 1% and 3" quartiles, and whiskers showing max

and min for each island.
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In general, there was no trend between fledge success and any of the three

environmental conditions, but I note that conditions at Baccalieu Island (where fledge

success was relatively high) were cooler and with higher Chl a concentrations than all

other islands (Fig. 14).
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Figure 14. Comparison of mean (£ 95% CIs) environmental conditions and fledge

success of Leach’s Storm-petrel nesting on five islands in Atlantic Canada

(Baccalieu, Middle Lawn, and Gull islands, Newfoundland; and Kent and Machias

Seal islands, New Brunswick) during the nestling periods (August 1 — October 31) of

2017-2022.
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Similar to hatch success, my statistical analysis found a clear difference in fledge
success among islands (y?>=17.71, df=4, p = 0.001) and a post hoc Tukey test found that
the only significant differences in fledge success between islands occurred in comparison
with Machias Seal Island, which had lower fledge success than all other islands (Fig. 13

& Fig. 15).
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Figure 15. Post hoc Tukey multiple comparisons of Leach’s Storm-petrel fledge
success (proportion) among five islands in Atlantic Canada (Baccalieu, Gull, Middle

Lawn, Kent, and Machias Seal islands) from 2017-2022.

There were no clear relationships between fledge success and any of the

environmental or colony specific conditions considered (Fig. 14). Spearman rank
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correlation analysis found high correlation among all environmental and colony specific
variables (R > 0.65; Fig. 16). My logistic GLRR with A = 0.0068 explained variation in
fledge success with an RMSE of 0.0405, performing less well than the null model
(RMSE = 0.0290), suggesting that environmental and colony specific attributes were not
statistically important predictors of fledge success. However, GLRR exponentiated
coefficients showed weak associations suggesting increases in SST and AT resulted in
lower fledge success, and increases in Chl a concentration, colony population size, and

latitude resulted in higher fledge success (Table 3).
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Figure 16. Spearman rank correlation among five variables describing the
environmental conditions (Sea Surface Temperature [SST], Air Temperature [AT],
and Chlorophyll @ concentration [Chl a]) and latitude and nesting population size
from five Leach’s Storm-petrel nesting colonies in Atlantic Canada (Baccalieu, Gull,
Middle Lawn, Kent, and Machias Seal islands) during the nestling periods (August

1 — October 31) of 2017-2022.
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Table 3. Summary of the Poisson Generalized Linear Ridge Regression coefficients
and their exponentiated coefficients (“exp(Coef)”) assessing the relationship
between Leach’s Storm-petrel fledge success and sea surface temperature (SST), air
temperature (AT), Chlorophyll a concentration (Chl a), colony latitude, and colony

population size from five nesting colonies in Atlantic Canada during 2017-2022.

Variable Coefficient Exp(Coef)
SST -0.1759 0.8387
AT -0.2034 0.8160
Chla 0.2280 1.2561
Latitude 0.3345 1.3972
Colony Size 0.1357 1.1453

Discussion

In Eastern Canada, Leach’s Storm-petrel are one of the most abundant breeding
seabirds, though their population has seen sharp declines in recent decades here (Wilhelm
et al., 2020; Pollet et al., 2021; Iles et al., 2025), and in the United Kingdom and Iceland
(Pollet and Shutler, 2019). These declines led to their uplisting from ‘Least Concerned’ to
‘Vulnerable’ by the [UCN Red List in 2016 (BirdLife International, 2018) and they were
later assessed as ‘Threatened’ by the Committee on the Status of Endangered Wildlife in
Canada (COSEWIC) in 2020 (COSEWIC, 2020). With populations declining, it is
increasingly important to understand what is driving population declines and whether
changes in reproductive success or phenology have a role (Schuetz, 2011; Wilhelm et al.,

2020; Abbott et al., 2023).
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Thus, the goal of this study was to compare reproductive success and phenology
of Leach’s Storm-petrels across seven colonies in Atlantic Canada (during 2017-2022)
that vary in colony specific and environmental variables. My results supported my
hypothesis that phenology and reproductive success varied among my study islands, but I
found little support that colony specific and environmental conditions played a role in
this variability. Specifically, I found that the largest colonies, which occurred at higher
latitudes, had higher reproductive success and later hatch dates than smaller colonies at
lower latitudes. General trends showed that earlier hatch dates were associated with an
increase in AT, Chl a, and colony size, while later hatch dates were associated with
increased SST and latitude. GLRR models for hatch and fledge success that included
environmental and colony specific variables performed less well than a null (intercept
only) model suggesting these factors were not statistically important. However, GLRR
results suggest weak trends where a decrease in hatch success was associated with an
increase in SST and colony size, and an increase in hatch success was associated with an
increase in AT, Chl a, and latitude. For fledge success, weak trends from the GLRR
showed that an increase in SST and AT was associated with decreased fledge success,
while an increase in Chl a, colony size, and latitude was associated with increased fledge
success.

In general, Baccalieu Island, located at the highest latitude of any island in this
study, and with the largest Leach’s Storm-petrel population, had the highest hatch success
(except Middle Lawn Island, where only one year of data was available), was among the
highest for fledge success, and was latest for hatch date (except Middle Lawn Island,

where only one year of data was available). Due to Baccalieu Island’s high latitude (with
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respect to the other colonies in this study), the timing of annual events (e.g., spring
phytoplankton bloom) occurs later compared to those at lower latitudes (Baker, 1939,
Van Den Hoff, 2020). In addition, due to having the largest colony size, it is expected
that the advantages and disadvantages of sociality are likely to be more substantial due to
larger population size (Gochfeld, 1980). In contrast, Machias Seal Island, located among
the most southerly colonies in my study and with the smallest Leach’s Storm-petrel
population, had the earliest hatch dates and lowest reproductive success among study

colonies.

Phenology

The contrast between hatch dates at Baccalieu Island and Machias Seal Island is
striking; the former in the north of the studied range with some of the latest average hatch
dates and the latter towards the south with the earliest, agreeing with published accounts
of delayed phenology with more northern nesting locations (Baker, 1939; Slagsvold,
1976; Keogan et al., 2018; Van Den Hoff, 2020). Gonadal development for many species
is stimulated by photoperiod (Lofts and Murton, 1968; Lambrechts et al., 1996) and at
higher latitudes, total hours of light required to stimulate gonadal development is not
reached until later in the spring, which would delay lay date and subsequent hatch date
(Silverin et al., 1993; Gienapp et al., 2010). In this study, the effect of photoperiod was
not specifically tested, though it is linked to latitude. Procellariiformes have been shown
to have a strong reliance on photoperiod for phenology (Keogan et al., 2018), such that I
recommend future studies assess the importance of photoperiod in LESP phenology. In

addition to the strong latitudinal gradient, the species occurs across a strong longitudinal
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gradient. My study included colonies from 52.5 °W to 67.6 °W representing a relatively
small longitudinal gradient. However, future work assessing changes with longitude
would be beneficial.

It is likely that Leach’s Storm-petrels are using photoperiod to set a broad
reproductive window and are using other factors (e.g., temperature and prey availability)
to fine-tune the optimal time for laying and hatching (Lack, 1954; Drent and Daan,
1980). AT and SST can influence multiple factors, including food availability, gonad
development, energy demands, and snow/ice cover (Dunn, 2004; Edward and
Richardson, 2004; Hipfner et al., 2005; Friedland and Hare, 2007). With this, an increase
in AT often results in an earlier lay date, as well as the subsequent hatch date (Hipfner et
al, 2005; Gienapp et al., 2010). Again, the contrast between Baccalieu Island and
Machias Seal Island aligns with this trend, where, in comparison to all colonies in my
study, Baccalieu experienced the lowest mean AT and latest hatch date and MSI the
highest AT and earliest hatch date.

Furthermore, food availability often influences hatch date (Drent and Daan, 1980;
Dunn, 2004; Oja and Poysa, 2007). Females must acquire nutrients for egg production
and having higher levels of Chl a (an indicator of ocean productivity) allows them to
acquire those nutrients more rapidly, leading to earlier lay and subsequent hatch dates
(Brooke, 1987; Kitaysky et al., 2010; Ramirez et al., 2016; Stoner, 2016). This trend was
observed in my study, though the effect of Chl a concentration on hatch date was very
small. Baccalieu Island, however, did not follow this trend, as it had the highest Chl a
concentration, while also having the latest hatch dates. This, however, may not be a result

of biological processes, but rather because Baccalieu Island experienced the coolest SST
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out of all islands. It may be the case that Chl a concentration is not an appropriate
indicator for Leach’s Storm-petrel prey availability, as it may just be illustrating that
higher Chl a concentrations occur with cooler ocean temperatures (Ainley and
Hyrenbach, 2010), such as occurred at Baccalieu Island. In future studies, using spring
bloom phenology or a measurement of actual prey biomass instead of a proxy may yield
a more accurate prediction of hatch date, as birds often time their phenology to coincide

with peak prey biomass (Lack, 1954; Drent and Daan, 1980; Eeva et al., 2000).

Hatch and Fledge Success

Leach’s Storm-petrel colonies located in Newfoundland consistently had the
highest hatch success among colonies in my study. Fledge success was high at all
colonies, as is normal for Leach’s Storm-petrel (between 72-99% in Atlantic colonies and
65-88% in Pacific colonies; Wilbur, 1969; Pollet et al., 2021) and was highest at Kent
and Baccalieu Islands. Machias Seal Island, the smallest colony, had the lowest hatch and
fledge success among all colonies.

During both the incubating and nestling stage, Baccalieu Island consistently had
the lowest mean AT and SST out of all islands, as well as some of the highest hatch and
fledge success values. Although this was the case, my study found that hatch and fledge
success decreased as SST increased supporting similar findings from Mauck et al.,
(2018). Decreased hatch and fledge success due to increased SST has been observed in
other species, such as Atlantic Puffins (Fratercula artica), Razorbills (4lca torda), and
Black-legged Kittiwake (Rissa tridactla; Carroll et al., 2015; Major et al., 2021). The

effects of SST would likely be indirect and would predominantly act through its effect on
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the food web (Gjerdrum et al., 2003; Catry et al., 2013; Carroll et al., 2015). Since there
is a general time-lag associated with SST’s effect on the food web, future research
incorporating this time-lag and its effect on Leach’s Storm-petrel reproductive success
and phenology is needed. SST has a large impact on prey abundance, availability, and
composition, and is one of the main factors responsible for the initiation of the
phytoplankton bloom (Gjerdrum et al., 2003; Inchausti et al., 2003; Shoji et al., 2012;
Carroll et al., 2015; Stoner, 2016). Higher SST generally results in smaller, less nutritious
(i.e., lower lipid content) plankton species replacing larger cold-adapted species, as well
as changing fish distribution and causing them to move to deeper/cooler water (Carroll et
al., 2015; Scopel et al., 2019). Lower quality prey and increased time spent foraging
could result in adults having decreased incubation rates and reduced provisioning, which
could result in decreased hatch and fledge success.

AT had different effects on hatch and fledge success, with an increase in AT
causing an increase in hatch success (as seen in Mauck et al., 2018), while causing a
decrease in fledge success. An increase in AT often results in adults not being able to
maintain necessary levels of nest attendance due to managing their thermoregulation
(Oswald and Arnold, 2012; Wiley and Ridley, 2016; van den Ven et al., 2020) and a
subsequent decrease in hatch success, opposite of my results. The positive relationship I
found between AT and hatch success has been observed in other species, such as
Mallards (Anas platyrhynchos) and Northern Pintails (Anas acuta), though the
mechanism for this is not well understood (Drever and Clark, 2007). An increase in AT
causing a decrease in fledge success is, however, much more common in the literature

and is seen in other species, such as Atlantic Puffins and Southern Yellow-billed Hornbill
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(Tockus leucomelas; van den Ven et al., 2020; Major et al., 2021). Chicks are often more
prone to overheating than adults, which causes them to have an increased
thermoregulatory cost (Oswald and Arnold, 2012). This, coupled with adults prioritizing
their own body condition (which will begin to decrease if temperatures go over their
thermal tolerance threshold), often results in chicks not being fed appropriate amounts,
decreasing fledge success (Chaurand and Weimerskirch, 1994; Kitayski et al., 2010;
Carroll et al., 2015; Stoner, 2016; Wiley and Ridley, 2016; Mauck et al., 2023). As
burrow temperatures are often lower than ambient air temperature (Richards et al., 2024),
the use of burrow temperature as a predictor of reproductive success and phenology is
something of interest that could be studied in future research.

Baccalieu Island was unique in that it consistently had some of the highest Chl a
of all islands. Trends in my study showed that hatch and fledge success both increased as
Chl a increased, which has also been observed in Roseate Terns (Sterna dougallii),
Rhinoceros Auklets (Cerorhinca monocerata), and Xantus’s Murrelets
(Synthilboramphus hypoleucus; Monticelli et al., 2007; Shoji et al., 2012). Feeding
conditions during the egg production/incubation period, as well as during the nestling
stage, are important drivers of reproductive success (Ramirez et al., 2016). Adults will
often prioritize their own survival and body condition, and having high levels of Chl a
would allow for adults to maintain their body condition, increase nest attentiveness, and
provide high quality/adequate amounts of prey for chick growth and survival, thus
improving hatch and fledge success (Gjerdrum et al., 2003; Kitaysky et al., 2010; Shoji et
al., 2012). While Chl a is a measure of ocean productivity and can be useful to predict

reproductive success, I recommend that future studies use plankton species composition
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as a predictor, as different plankton species have different nutritional value that can
impact growth rates and survival of chicks.

In addition to environmental conditions linked to latitude, Baccalieu Island is by
far the largest colony in this study (1,976,665 breeding pairs, compared to the next largest
colony [Gull Island] having 179,743 breeding pairs). Leach’s Storm-petrel are colonial
seabirds and sociality plays an important role in habitat selection and reproductive
success (Stenhouse and Montevecchi, 2000). Furthermore, many of the costs and benefits
afforded by coloniality are expected to be most extreme on Baccalieu Island due to its
large colony size (Hunt et al., 1986; Linden and Moller, 1989). Large colonies often
indicate that an area has abundant prey resources, is relatively safe from predators, and
has adequate nesting sites (Gochfeld, 1980; Votier et al., 2009; Pyk et al., 2013). As a
result, large colonies often have higher reproductive success and increased immigration
(provided that nesting areas are still available; Darling, 1938; Coulson and White, 1956;
Weaver and Brown, 2005; Byerly et al., 2021). In addition, large colonies can act as
‘information centers’, whereby individuals transfer information about prey location and
abundance to other individuals in the colony (Forbes and Kaiser, 1994; Danchin and
Wagner, 1997). This gives individuals at Baccalieu Island a distinct advantage, as there
are more individuals to obtain information from, which increases chances of successfully
foraging and successfully hatching/fledging. However, large colony size may also mean
individuals experience increased competition for nesting sites and resources (Gochfeld,
1980; Danchin and Wagner, 1997). Thus, large colonies can produce emigrants that can
act to “rescue” small populations within a metapopulation (Forbes and Kaiser, 1994;

Danchin et al., 1998; Wilhelm et al., 2020).
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Conclusion

This study found that there were statistically significant differences in
reproductive success and phenology among seven Leach’s Storm-petrel study colonies in
Atlantic Canada. My results show that colony specific and environmental variables varied
with nesting metric used (e.g., hatch date vs hatch success), though they were only
statistically important in regard to hatch date, and not hatch or fledge success. General
trends showed that earlier hatch dates occurred with an increase in AT, Chl a, and colony
size, while later hatch dates occurred with increased SST and latitude. In addition, hatch
success decreased with an increase in SST and colony size, and increased with an
increase in AT, Chl a, and latitude. General trends for fledge success showed a decrease
when there was an increase in SST and AT, as well as an increase when Chl a, colony
size, and latitude increased. It should be noted that colony specific and environmental
variables were only statistically important for hatch date, and, while these trends were
present for hatch and fledge success, they were small biological effect sizes, and not
statistically important.

The lack of standardization both among colonies and years in data collection
meant that reproductive success and phenology data for some colonies and/or years had
to be omitted from analysis and that overall breeding success could not be quantified for
many of my study islands. I recommend creating and using a standard protocol for
monitoring Leach’s Storm-petrel in Eastern Canada to ensure comparable data and ease
of future assessment (e.g., Pollet and Tranquilla, 2017). While the colony specific and
environmental variables used in this study were not found to be statistically important,

their use in the future could be beneficial, as we are expecting to see rising temperatures
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and oceanographic changes resulting from climate change (Drinkwater et al., 2009; Eddy
et al., 2024). In addition, I would recommend using precipitation as a predictor variable,
as Leach’s Storm-petrel chicks/eggs are vulnerable to hypothermia and mortality if their
burrows flood (Baird, 1990; Schreiber and Burger, 2001). For example, 15 chicks died on
Bon Portage Island in 2019 from drowning/hypothermia after Hurricane Dorian
(Unpublished data). Furthermore, monitoring the progression of Atlantic Puffin, or other
nesting seabirds, encroachment into Leach’s Storm-petrel burrows and any mortality that
occurs as a result should also be recorded, as this could begin to negatively contribute to
Leach’s Storm-petrel reproductive success at some colonies. The use of artificial burrows
for Leach’s Storm-petrel could be an alternative, particularly if they are designed so that
other species cannot access and use them, as their use would allow both species to
continue breeding and reduce interspecific competition (Bolton et al., 2004; Bourgeois et
al., 2015). In addition, I did not assess any interactive effects among my dependent
variables (e.g., earlier hatch date has been shown to increase hatch success; Hipfner et al.,
2010). I recommend future research assessing these effects. With the observed population
decline of Leach’s Storm-petrel, it is important to continue monitoring reproductive
success and phenology, as this will impact the number of individuals entering the
breeding population. Continued monitoring is crucial to provide information for

conservation and species management.
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Appendix I

Island Latitude | Longitude | Foraging Grid Grid

Range Latitude Longitude
Baccalieu 48.12N | -52.80W 47N —49N | -53W —-51W
Gull 4727N | -52.7TW 47N —49N | -53W —-51W
Middle 46.87N | -55.62W 45N —47N | -55W —-53W
Lawn
Country 45.10N | -61.54W 45N —47N | -61W —-59W
Kent 44.58N | -66.80W 43N —45N | -67W —-65W
Machias 44 50N | -67.10W 43N —45N | -69W —-67TW
Seal
Bon Portage | 43.46N | -65.74W 43N —45N | -61W —-59W
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