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Abstract 

The global population of Leach’s Storm-Petrels (Hydrobates leucorhous), the smallest and most 
abundant breeding seabird species in eastern Canada, has declined substantially in recent decades. 
The species is listed as ‘Threatened’ by the Committee On the Status of Endangered Wildlife in 
Canada (COSEWIC) and as 'Vulnerable' by the International Union for Conservation of Nature 
(IUCN). Fatal attraction to anthropogenic light is a major risk for Leach’s Storm-Petrels and many 
other nocturnal seabirds. From May to September each year, Leach’s Storm-Petrels in eastern Canada 
breed in island colonies and travel many hundreds of kilometres to obtain prey for themselves and 
their chick. At the species’ largest colonies in eastern Newfoundland, brightly illuminated oil 
production platforms intersect breeding storm-petrels’ foraging paths. The level of risk posed by 
these platforms is poorly understood. GPS tracking from 2016 to 2021 at one of the world’s largest 
colonies revealed considerable similarity in foraging trip distance, location, and behaviour (inferred 
from Hidden Markov Models) among years, and a decrease in trip distance and duration between 
incubation and chick-rearing. Leach’s Storm-Petrels flew within the light catch-basin of an oil 
platform in 17.5% of trips, and the birds tended to transit rapidly past platforms during the day when 
light attraction is minimal. Exposure to oil platforms at night occurred in only 1.1% of trips. Despite 
our findings, Leach’s Storm-Petrels are known to strand on oil platforms in large numbers, especially 
during the fledging period. In addition, storm-petrels migrate over great distances and are likely 
exposed to brightly illuminated oceanic oil platforms outside the breeding season. Our results 
emphasize the need to focus conservation research on risks during migration and winter, and on 
juveniles and immature birds. 
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1 Introduction 

Globally, seabirds are declining, with nearly 50% of species classified as Near Threatened or 
worse, and 50% of the at-risk species having earned this classification due to recent rapid declines 
(Croxall et al., 2012; Dias et al., 2019). Brightly lit offshore oil production platforms are a known 
risk to many seabird species (Wiese et al., 2001; Burke et al., 2012; Montevecchi et al., 2012; 
Ronconi et al., 2015), which may be at risk from attraction (positive phototaxis, see Reed et al., 1985; 
Miles et al., 2010; Rodríguez et al., 2014) to these structures and the flares they produce. In Atlantic 
Canada, where large populations of seabirds breed, episodic mortality events are ongoing at oil 
platforms (Davis et al., 2017; Gjerdrum et al., 2021) and can result from collisions, incineration in 
flares, oiling, injury by machinery, increased predation due to artificial reef attraction, or 
disorientation and excessive energy expenditure while circling the platform (Wiese et al., 2001; 
Montevecchi, 2006; Burke et al., 2012; Ronconi et al., 2015; Dierschke et al., 2016).  

Procellariiformes, one of the most threatened groups of seabirds (Croxall et al., 2012), are 
particularly at risk because they aggregate around sources of anthropogenic light (Le Corre et al., 
2002; Miles et al., 2010; Davis et al., 2017; Rodríguez et al., 2017b; COSEWIC, 2020; Gjerdrum et 
al., 2021). Leach’s Storm-Petrels (Hydrobates leucorhous) are the most commonly observed species 
in stranding events on oil platforms in Atlantic Canada (Davis et al., 2017; COSEWIC, 2020; 
Gjerdrum et al., 2021). This species is listed as ‘Vulnerable’ on the International Union for 
Conservation of Nature (IUCN) Red List and ‘Threatened’ by the Committee On the Status of 
Endangered Wildlife In Canada (COSEWIC) as a result of a 54% decline in north Atlantic colonies 
over three generations (approximately 44 years; BirdLife International, 2018; Bird et al., 2020; 
COSEWIC, 2020). The species’ largest colonies, located in Atlantic Canada, are experiencing the 
most drastic declines (Montevecchi and McFarlane, 2019; d’Entremont et al., 2020; Duda et al., 
2020; Wilhelm et al., 2020), with lower estimated annual survival than conspecifics in the Pacific 
Ocean (Fife et al., 2015; Rennie et al., 2020). These birds are highly pelagic and spend the 
nonbreeding period on the open ocean (Pollet et al., 2021). During the breeding season, Leach’s 
Storm-Petrels are central place foragers (Halpin et al., 2018) and often travel more than 2000 km 
during a single foraging trip to feed over deep off-shelf waters (Pollet et al., 2014b; Hedd et al., 
2018). The core foraging areas of birds from several Atlantic Canadian colonies intersect offshore oil 
production platforms (Hedd et al., 2018), so it is vital to better understand the risks platforms pose. 

While previous studies using geolocation devices have detailed the colony-level intersection 
of storm-petrel foraging areas with platforms, the coarse nature of these data precluded detailed 
investigation of exposure risk. Leach’s Storm-Petrels depart and return to the colony almost 
exclusively at night (Collins, 2021; Pollet et al., 2021), and their primary prey, myctophid fishes, 
occur in deep-waters beyond the continental shelf and are only available to surface feeding storm-
petrels at night owing to their diel vertical migration (Hedd and Montevecchi, 2006; Hedd et al., 
2009; Watanuki and Thiebot, 2018; Pollet et al., 2021). Hence, the behaviour of these birds, 
particularly the location and timing of their foraging and nest attendance, appears to be temporally 
constrained. Bird timing and behaviour near platforms is also a determinant of the level of exposure 
and risk. These factors, as well as other aspects of foraging trip structure (duration, total distance, and 
location), may also vary within and among years. Annual differences in foraging location or behavior 
may reflect attraction to or avoidance of lit structures (e.g. Dierschke et al., 2016; Syposz et al., 
2021), or could reflect shifts in prey distribution (e.g. Burke and Montevecchi, 2009; d’Entremont et 
al., 2021). Within-year differences could result from changing energetic demands through offspring 
development. 
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Dietary changes, adult energetic requirements, and the frequency at which they return to the 
burrow likely influences the duration, distance, and location of foraging trips. Adults usually incubate 
in three to four day shifts but can last up to six days (Gross, 1935; Pollet et al., 2021). Once chicks 
have hatched, adults rarely stay in the burrow during the day, but individual parents return to the 
burrow nocturnally to feed their chick every one to four nights (Ricklefs et al., 1985), and the chick-
feeding interval increases as chicks age (Pollet et al., 2021). During chick-rearing, adult mass is less, 
and metabolic rate is higher than during incubation (Montevecchi et al., 1992; Niizuma and 
Watanuki, 1997; Niizuma et al., 2001). Adults also consume more pelagic fishes and crustaceans 
during chick-rearing (Watanuki, 1985; Vermeer et al., 1988). These dietary and energetic changes 
may influence trip structure and area use within a breeding season. Previous studies have found 
consistent foraging area use by incubating Leach’s Storm-Petrels among years (Pollet et al., 2014b; 
Hedd et al., 2018). Foraging information for Leach’s Storm-Petrels during chick-rearing is limited, 
but differences in the foraging strategies of other Procellariiformes are informative. European Storm-
Petrels (H. pelagicus), Mediterranean Storm-Petrels (H. pelagicus melitensus), and Wandering 
Albatrosses (Diomedea exulans) reduce the total distance travelled, area covered, and duration of 
foraging trips during chick-rearing (Weimerskirch et al., 1993; Bolton, 2021; De Pascalis et al., 
2021), while Antarctic Prions (Pachyptila desolata) and Blue Petrels (Halobaena caerulea) alternate 
between long and short trips while raising young (Chaurand and Weimerskirch, 1994; Weimerskirch 
et al., 1999). Because other Procellariiformes, and storm-petrels in particular, reduce trip metrics 
during chick-rearing, Leach’s Storm-Petrels might be expected to do the same. 

Here, we use a GPS tracking dataset spanning 2016-2021 from the population of Leach’s 
Storm-Petrels nesting on Gull Island, Witless Bay, Newfoundland and Labrador, Canada to 
investigate light exposure from oil production platforms occurring within their foraging range on the 
Grand Bank. As foraging behavior can vary both within and among years, we investigate temporal 
differences in foraging trip structure to better understand risk exposure. The number and location of 
oil platforms remained constant throughout the study period. We predict that (1) foraging adult 
Leach’s Storm-Petrels will pass near oil platforms on the Grand Bank (as in Hedd et al., 2018), (2) 
foraging trip structure will remain consistent among years (as in Pollet et al., 2014b; Hedd et al., 
2018), and (3a) foraging trip structure will change during the breeding season with storm-petrels 
making shorter trips during chick-rearing than during incubation (based on observations of other 
Procellariiformes; Weimerskirch et al., 1993; Bolton, 2021; De Pascalis et al., 2021), (3b) resulting in 
differences in risk exposure. We also predict that, owing to obligate nocturnality at the colony and on 
the foraging ground (Collins, 2021; Pollet et al., 2021), (4) storm-petrels will pass by oil platforms 
mostly during the day. 

2 Methods 

2.1 Ethics Statement 

All procedures and handling of animals follow the guidelines set by the Memorial University of 
Newfoundland Committee on Animal Care (permit number 19-01-WM) and by Environment and 
Climate Change Canada (permit numbers 10332K, 16GR01, 18GR01). 



   

 4 

2.2 Field Methods 

2.2.1 Study Site 
We studied the Leach's Storm-Petrel population on Gull Island (47.26265, -52.77187) in the 

Witless Bay Ecological Reserve, Newfoundland and Labrador, Canada. The island is approximately 
0.74 km2 in area and Leach’s Storm-Petrel burrows cover more than 60% of the island. The most 
recent population estimate for this colony (2017) is 179 743 pairs, down from a 2001 estimate of 351 
866 pairs (Robertson et al., 2006; Wilhelm, 2017). This colony has been monitored for more than ten 
years for dietary trends, foraging and migratory behaviour, survival, and reproductive success. The 
island is mostly forested, with open fern areas and grassy slopes around the perimeter. 

2.2.2 GPS Deployment and Retrieval 
GPS devices (Pathtrack nanoFix GEO-Mini devices, 1.31 – 2.74% body mass, Figure 1) were 

deployed on breeding adult Leach’s Storm-Petrels to track and map foraging area use. GPS device 
deployments (2016 – 2021, n = 127, Table 1) occurred within an area of approximately 200 m radius 
within the colony. These archival devices can log a maximum of 160-300 data points (depending on 
the year of production). The sampling interval for all GPS devices was two hours (except three hours 
in 2019, n = 7). When attempting to determine a location, the GPS devices searched for satellite 
signals for up to 12 seconds (ten seconds in 2016 and 2018).  

Incubating Leach’s Storm-Petrels were captured in burrows by hand during the day. During 
chick-rearing, when adults only make brief night-time provisioning visits to the burrow, one-way trap 
doors were inserted into burrow entrances to retain birds until GPS device deployment or retrieval, 
which occurred either the same night or the following morning. GPS devices were sutured to the 
back of the birds (as described in Pollet et al., 2014a, 2014b; Figure 1). GPS devices were deployed 
in late June/early July to record foraging trips during incubation in all study years and different adults 
were equipped in mid-August to record foraging during chick-rearing in 2016, 2020, and 2021 (Table 
1). Two birds were tracked in multiple years. GPS devices were recovered six to 29 days (average 9.4 
days during incubation and 15.1 days during chick-rearing) after deployment and recorded one or 
more foraging trips. For incubation trips, two chicks hatched before GPS device recovery (both 
during 2021) but were likely < 5 days old as adults were still brooding them. Each tracked adult bird 
was weighed in a cloth bag (100 g Pesola scale in 2016 and 2018 and Starfrit High Precision Pocket 
Scale, resolution = 0.1g in 2019-2021) then returned to the burrow following deployment and 
recapture of the GPS device. To determine device effects, we conducted a paired t-test for bird mass 
before deployment and after recapture for all tagged birds. All analyses were performed in R version 
4.0.1 (R Core Team, 2020). 

2.3 Analysis of GPS Data 

2.3.1 Trip Delineation 
 GPS tracks were partitioned into foraging trips (Table 1) using the “track2KBA” package, 
and the “tripSummary” function in particular (Beal et al., 2020). Trips were delineated based on the 
proximity of points to the colony, with a “trip” being defined as having a minimum travel distance of 
68 km and a minimum duration of eight hours. These values were based on manual examination of a 
sample of GPS tracks and on return and departure data from Passive Integrated Transponder (PIT) 
tags (borne by birds that did not have a GPS device) on Gull Island (D. Fifield, unpubl. data). Trips 
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were classified as complete if the captured GPS points started and ended within approximately 100 
km of the colony (based on the observed step lengths in our data, it is possible that a bird could have 
travelled this far within the two-hour interval). Incomplete trips resulted from our program setup 
(delayed start times), battery running out, full memory, or damage to the device. We forced each 
complete trip to start and end at the colony by assigning the start/end times to be one hour (i.e., half 
the GPS sampling interval) before/after the first/last recorded trip points. We did not calculate trip 
distance, duration, or platform proximity for incomplete trips and these trips were not used in the 
statistical models (see below). 

 Failed GPS fixes and the variable delay in achieving successful fixes (ten to 12 seconds max) 
result in inconsistent inter-point timing that is unusable for behavioural classification (see below; 
Patterson et al., 2008). Hence, trip points were interpolated to achieve consistent inter-point intervals 
of two hours (three hours in 2019) by mathematically approximating the longitude and latitude of 
each point at these standardized times, given the assumption of a straight path between each GPS 
point (as in Raine et al., 2021). These interpolated data were used for all statistics, except for the 
calculations of total trip distance and trip duration, as the raw data gave more accurate estimations of 
these values. 

2.3.2 Behavioural Classifications 

 As delineating behavior may inform the level of risk, we assessed bird behaviour for each 
point in a trip and explored differences within and among years. For example, birds spend 
considerably more time in areas where they are resting or feeding than in areas through which they 
transit, so their exposure times to any associated risks may vary. The time spent in an area may not 
be the only factor affecting risk, however. There are numerous ways that oil platforms may pose risk 
to storm-petrels, and the risk from these factors may differ depending on behavioural state. For 
example, a transiting bird may be more likely to collide with a platform than a foraging bird, and a 
foraging or resting bird may be more at risk from increased predation than a transiting bird. Because 
we do not have a high temporal resolution for our data and it is unknown exactly how and in what 
proportion different factors may negatively affect birds around oil platforms, we do not attempt to 
interpret risk from behavioural state beyond exposure time. 

Hidden Markov Models (HMMs) are commonly used to categorize points in a GPS track into 
different states, allowing researchers to infer behaviour at sea based on properties of the state (Boyd 
et al., 2014; Bennison et al., 2018; McClintock and Michelot, 2018). This method first calculates the 
step length (distance in km) and turning angle between each point. The mean step length and turning 
angle is then calculated for groups within the data, the number of which is predetermined. Each 
group represents a distinct behaviour known as a ‘behavioural state’. The chosen number of groups is 
the number of behaviours that the researchers expect to observe, and can be chosen based on previous 
studies, and/or by running the model several times with different numbers of groups and comparing 
the models using AIC.  

We constructed all HMMs using the “momentuHMM” package in R (McClintock and Michelot, 
2018). This package allows the addition of covariates to account for variations in turning angle 
within a behavioural state, and for variations in the probability of transitioning between states. We 
chose to classify the data into three states to align with previous studies (e.g., Boyd et al., 2014; 
Torres et al., 2017; Bennison et al., 2018), and because a three-state model fit better than a two-state 
model. We fit models with different combinations of Hour (of day) and Bathymetry (depth of ocean 
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floor) as covariates. Bathymetric data were obtained from the package “marmap” (Pante and Simon-
Bouhet, 2013). The HMM with both turning angle and state transition probabilities varying with hour 
was the best model for the main dataset (Figures S 1 and S 2, respectively). For the 2019 dataset, the 
HMM with hour covarying with transition probabilities was the best model, though it was only 
marginally better than the same model used for the larger dataset. So, the same model was used for 
all datasets to ensure consistency. The models showed little deviation from the assumptions involved 
(no obvious patterns in the pseudoresiduals, no skewness in the normal q-q plot, and no evidence of 
autocorrelation; Figure S 3). Three behavioural states were categorized. State 1 is characterized by 
short step lengths and tighter turning angles (Figure 2). State 2 has intermediate step lengths and 
turning angles that are wider than state 1 (Figure 2). State 3 is characterized by much longer step 
lengths and turning angles closer to zero (Figure 2), indicating that the bird was travelling over long 
distances in a relatively straight path. We therefore consider state 3 as “Transiting”. Because state 1 
shows birds spending the most time in a concentrated area, they may be resting or actively feeding, 
but it is impossible to differentiate between these two behaviours with the two-hour time interval 
between each GPS point. We refer to state 1 as “Intensive Search”. State 2 will be referred to as 
“Extensive Search”, because birds slow their movement compared to transiting, likely in response to 
location of a food source or recognition of a feeding area, but cover a wider area compared to 
intensive search. Because the fit of the model can be improved with covariates and because other 
studies have deemed the HMM to be one of the best methods for modelling behavioural states in 
foraging seabirds (Bennison et al., 2018), we use the states produced by the HMM in our analyses. 

2.3.3 Calculating Distance to Oil Platforms 

We calculated the closest distance of each trip (assuming a straight line between each point; 
hereafter “platform proximity”) to an oil platform, noting both the time and behavioural state at the 
closest point (determined using the “spDistsN1” function of package “sp”; Pebesma and Bivand, 
2005; Bivand et al., 2013). For each trip, sunrise and sunset times were obtained with the package 
“suncalc” (Thieurmel and Elmarhraoui, 2019), allowing us to determine if birds were closest to the 
platform at night or during the day. A light catch basin is the area around a lit structure within which 
light can presumably be seen by an animal and therefore could result in attraction to the structure. We 
calculated the number of birds that flew within the annual average (average radius = 5.33 km) and 
maximum (average maximum radius = 10.70 km) light catch basin of the oil platforms on the Grand 
Bank. These radius values were calculated using the average catch basin areas for platforms on the 
Grand Bank determined by Gjerdrum et al. (2021), and based on a light radiance cut-off value of 0.75 
nW·cm-2·sr-1, determined from the maximum light radiance in areas distant from any light source 
and thus considered dark. We chose to use the same radius value for all platforms, because the catch 
basin radius varies between platforms but also for each individual platform based on time, date, and 
weather factors (Gjerdrum et al., 2021).  

To characterize the overlap with and potential risk of oil platform light attraction for breeding 
Leach’s Storm-Petrels, we calculated the average platform proximity and the proportion of trips in 
which an individual flew within the light catch-basin. The proportion of trips in which individuals 
were transiting when closest to an oil platform and the proportion of trips in which individuals were 
closest to the platform during the night (when the risk of light attraction is assumed to be highest) 
were also calculated. We estimated the time per trip that individuals spent within the average and 
maximum light catch basins by calculating the distance travelled within the catch basin and dividing 
by the average flight speed. Because Leach’s Storm-Petrels travel at different speeds depending on 
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their behaviour at sea (see below), we calculated exposure duration with multiple possible flight 
speeds. 

2.4 Kernel Home Range Analysis 

To determine consistency in area use for Leach’s Storm-Petrels, we used Kernel Home Range 
Analysis to quantify spatial overlap among behavioural states, individuals, breeding phases, and 
years. Kernel Home Range analyses (Worton, 1989) were conducted using “adehabitatHR” (Calenge, 
2006). We utilized the reference bandwidth smoothing parameter (Worton, 1989), as opposed to the 
bandwidth that minimizes the least square cross validation score (Worton, 1995; Seaman et al., 1999) 
as the latter can result in highly fragmented and under-smoothed utilization distributions (UDs) for 
large datasets with frequent (multiple per day) points (Kie, 2013). The UDs provide a probability 
estimate of finding a storm-petrel within an area, so we also calculated the minimum utilization 
distribution that contains all four oil platforms. The 50%, 64%, and 95% Utilization Distributions 
(UDs) were constructed for the entire dataset; the 64% UD being the minimum % UD that 
overlapped will all four oil platforms on the Grand Bank. We used the 50% UDs to estimate 
consistency in area use, and these were constructed for each year, for the breeding phases (using all 
incubation and chick-rearing trips), for individuals, and for the behavioural states (Worton, 1989; 
Fieberg and Kochanny, 2005; Oppel et al., 2018). 

2.4.1 UD Overlap 

 Overlap of 50% UDs were conducted using the “kerneloverlaphr” function of the 
“adehabitatHR” package (Calenge, 2006). As recommended by Fieberg and Kochanny (2005), we 
used the Bhattacharyya Affinity Index (BAI) to measure similarity between UDs. The BAI ranges 
from zero (no similarity) to one (completely similar). We also report the average percent overlap as 
these values complement the presented maps of the UDs. We first calculated the overlap among 
behavioural states. Because the behavioural states occurred in distinct regions, we calculated the 
overlap for individuals, years, and breeding phase separately for transiting and foraging areas. Some 
individuals were only tracked for a single trip whereas others had up to nine total trips, so for 
calculations of overlap among individuals, we compared only the UDs of individuals from their first 
trip to minimize behavioural bias from acclimation to the GPS device. We made annual comparisons 
of area use separately for each breeding phase, and we compared the breeding phases only in 2016, 
2020, and 2021 (no tracking data were collected in 2017, and no chick-rearing data were collected in 
2018 or 2019).  

2.5 Statistical Models 

 The difference between chick-rearing and incubation in the proportion of time spent in each 
behavioural state was calculated with a test of equality of proportions. We fit three models to 
examine the sources of variation in total (1) trip distance, (2) trip duration, and (3) risk exposure 
(binary) using the package “lme4” (Bates et al., 2015). All regression models were created and 
assessed following the steps of Zuur and Ieno (2016), and all assumptions were checked according to 
Zuur et al. (2010). For all models, the trip, not the individual, was the unit of replication. 

 We looked at the variation of trip distance and trip duration with Year and Breeding Phase 
and included the individual bird ID as a random intercept (Equations 1 and 2). Although there were 
low outliers (n = 8) in the data for both models that caused violation of the normality assumption, 
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removal of these points did not change the inference, so the final models included all points. The 
models of trip distance and trip duration did not violate the other assumptions of Gaussian distributed 
residuals. 

𝑇𝑜𝑡𝑎𝑙	𝑇𝑟𝑖𝑝	𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒!" 	~	𝑁1𝜇!" , 𝜎#5	

𝐸1𝑇𝑜𝑡𝑎𝑙	𝑇𝑟𝑖𝑝	𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒!"5 = 𝜇!"   and   𝑣𝑎𝑟1𝑇𝑜𝑡𝑎𝑙	𝑇𝑟𝑖𝑝	𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒!"5 = 𝜎# 

𝜇! = 𝛼 + 𝛽1 ∙ 𝑌𝑒𝑎𝑟!" + 𝛽2 ∙ 𝐵𝑟𝑒𝑒𝑑𝑖𝑛𝑔	𝑃ℎ𝑎𝑠𝑒!" + 𝐼𝐷" 	+ 	𝜀!" + 𝐼𝐷! 	

𝐼𝐷" 	~	𝑁(0, 𝜎$%# )	

𝜀!" 	~	𝑁(0, 𝜎#) 

Equation 1. The general linear mixed model relating Total Trip Distance to Year (categorical) and 
Breeding Phase (categorical), where Total Trip Distanceij is the distance in km for the ith foraging 
trip of bird j, μij is the mean and σ2 is the variance of Total Trip Distanceij, α is the intercept, βx are 
the computed regression coefficients, IDj is the random intercept for each bird, εij is the error term, i 
= 1,…,182, and j = 1,…,70. 

 

𝑇𝑜𝑡𝑎𝑙	𝑇𝑟𝑖𝑝	𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛!" 	~	𝑁1𝜇!" , 𝜎#5	

𝐸1𝑇𝑜𝑡𝑎𝑙	𝑇𝑟𝑖𝑝	𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛!"5 = 𝜇!"   and   𝑣𝑎𝑟1𝑇𝑜𝑡𝑎𝑙	𝑇𝑟𝑖𝑝	𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛!"5 = 𝜎# 

𝜇! = 𝛼 + 𝛽1 ∙ 𝑌𝑒𝑎𝑟!" + 𝛽2 ∙ 𝐵𝑟𝑒𝑒𝑑𝑖𝑛𝑔	𝑃ℎ𝑎𝑠𝑒!" + 𝐼𝐷" + 𝜀!" + 𝐼𝐷! 	

𝐼𝐷" 	~	𝑁(0, 𝜎$%# ) 

𝜀!"~𝑁(0, 𝜎#) 

Equation 2. The general linear mixed model relating Total Trip Duration to Year (categorical) and 
Breeding Phase (categorical), where Total Trip Durationij is the time in hours for the ith foraging trip 
of bird j, μij is the mean and σ2 is the variance of Total Trip Durationij, α is the intercept, βx are the 
computed regression coefficients, IDj is the random intercept for each bird, εij is the error term,  i = 
1,…,182, and j = 1,…,70. 

 

We used logistic regression to model variation in risk exposure (binary response: 1 – flew 
within the light catch basin, 0 – did not fly within the light catch basin) with Year, Breeding Phase, 
and Time of Approach (day or night), and included the individual bird ID as a random intercept 
(Equation 3). The model did not violate the assumptions of logistic regression. 

𝑅𝑖𝑠𝑘!" 	~	𝐵11, 𝜋!"5		

𝐸1𝑅𝑖𝑠𝑘!"5 = 𝜋!"   and   𝑣𝑎𝑟1𝑅𝑖𝑠𝑘!"5 = 𝜋!" ∙ (1 − 𝜋!") 
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𝑙𝑜𝑔𝑖𝑡1𝜋!"5 = 𝛼 + 𝛽1 ∙ 𝑌𝑒𝑎𝑟!" + 𝛽2 ∙ 𝐵𝑟𝑒𝑒𝑑𝑖𝑛𝑔	𝑃ℎ𝑎𝑠𝑒!" + 𝛽3 ∙ 𝑇𝑖𝑚𝑒	𝑜𝑓	𝐴𝑝𝑝𝑟𝑜𝑎𝑐ℎ!" + 𝐼𝐷" 

𝐼𝐷" 	~	𝑁(0, 𝜎$%# )  

Equation 3. The logistic mixed model relating risk exposure to light catch-basin around an oil 
platform (binary) to Year (categorical), Breeding Phase (categorical), and Time of Approach 
(categorical, day or night), where Riskij is the binary qualification of whether bird j flew within the 
average light catch-basin of an oil platform during the ith foraging trip, πij is the probability of 
success (bird flies within catch basin), α is the intercept, βx are the computed regression coefficients, 
IDj is the random intercept for each bird, i = 1,…,182, and j = 1,…,70. 

 

3 Results 

3.1 Recapture Rates and Device Effects 

Our overall recapture rate was 72%, and data were retrieved from 92% of recaptured devices 
(Table 1). All recaptured birds had the GPS attached. Devices that did not collect data were likely 
damaged while being worn by the bird, resulting in water ingress or antenna damage that prevented 
the device from picking up a satellite signal. Over five years, we captured the foraging tracks of 85 
individual Leach’s Storm-Petrels from Gull Island, resulting in 212 total trips (182 complete; Table 
1). Most complete trips (69%) were during the chick-rearing phase (31% during incubation; Table 1). 
Bird mass did not change significantly during the deployment period (t = -1.59, df = 86, p = 0.12), 
indicating that carrying a GPS did not negatively affect the birds’ condition. 

3.2 Area Use and UD Overlap 

Leach’s Storm-Petrels breeding at Gull Island were found across most of the Grand Bank as 
well as adjacent deeper waters during the study period (Figure 3). Breeding storm-petrels tended to 
forage over deeper waters off the continental shelf edge (Figure 4). Some individuals also foraged 
closer to Gull Island, either after returning from a longer trip on which they foraged off-shelf, or on a 
shorter trip where they foraged exclusively in the area (Figure 4, 5, Figure S 4). Individual storm-
petrels performed both short and long trips (Figure 5), but there was no obvious alternating pattern 
(Table S 1). 

There was high similarity between the UDs for intensive and extensive search behavioural 
states, and the UDs for transit and foraging behaviours were more dissimilar (Table S 2). Because 
birds did not tend to transit and forage in the same locations, we investigated the overlap of foraging 
areas and transiting areas separately to better understand consistency in area use. The average 
similarity between the UD of all individuals (as measured by the average of each calculated BAI or 
% overlap for every possible pair of individuals) was higher for transiting locations than for foraging 
locations (Table S 2). The average similarity in UDs between incubation and chick-rearing was 
generally high and was higher for transiting areas than for foraging areas (Table S 2, Figure 6). 
Within incubation, foraging areas were more dissimilar than transiting areas among years (Table S 2, 
Figure 6 A and C). This difference was less pronounced during chick-rearing (Table S 2, Figure 6 B 
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and D). Overall, the area used to transit was more consistent (higher overlap among individuals, 
breeding phases, and years) than the area used to forage (Table S 2). 

3.3 Variation in Trip Structure and Platform Proximity  

The proportion of time spent in each behavioural state was similar during incubation and chick-
rearing (Intensive: propinc = 0.38, propchick = 0.33, χ2 = 0.047, df = 1, p = 0.83; Extensive: propinc = 
0.30, propchick = 0.30, χ2 < 0.001, df = 1, p = 1; Transit: propinc = 0.33, propchick = 0.37, χ2 = 0.045, df 
= 1, p = 0.83). Total trip distance and trip duration did not vary between years (distance: χ2 = 6.32, df 
= 4, p = 0.18; duration: χ2 = 3.99, df = 4, p = 0.41), but trips during chick-rearing were significantly 
shorter in both total distance and duration (distance: mean difference =  86.15 km, χ2 = 4.39, df = 1, p 
= 0.036; duration: mean difference = 7.78 h, χ2 = 5.20, df = 1, p = 0.023; Table 2, Tables S 3-4). 

The average platform proximity was 65 km (range: 0.25 km – 286.47 km; Figure 7), and on 
89.0% of all trips, Leach’s Storm-Petrels passed closest by the oil platforms during the day. In 71.4% 
of all trips, birds were transiting when they flew closest to the oil platforms. Birds flew within the 
average light catch basin of an oil platform in 17.5% of trips and flew within the maximum average 
catch basin in 25.8% of trips. In just 1.1% of all trips, birds flew within the average light catch basin 
at night, while during the remainder of trips (16.4%), they traversed the average light catch basin 
during the day. Of birds that flew within the average catch basin of the platforms, 71.9% were 
transiting. 

When considering the average flight speed of transiting storm-petrels (~30 km/h), birds spent 
an average of 21 min (60 min in maximum light catch basin) within the light catch basin of an oil 
platform (Table S 5). The exposure duration within the average light catch basin ranged from 6 min 
(minimum for transit flight speed) to 3.4 hours (maximum for intensive search flight speed) 
depending on the flight speed (Table S 5). The exposure duration within the maximum light catch 
basin ranged from 2.7 hours (minimum for transit flight speed) to 10.6 hours (maximum for intensive 
search flight speed) depending on the flight speed (Table S 5). 25.0% of the birds that flew within the 
average light catch basin flew within the light catch basin of more than one oil platform (two 
maximum). 53.2% of birds exposed to the maximum light catch basin flew within multiple maximum 
light catch basins (one platform: 46.8%, two platforms: 42.6%, three platforms: 10.6%). The odds of 
a storm-petrel flying within an average light catch basin did not vary with year (χ2 = 1.46, df = 4, p = 
0.83), breeding phase (χ2 = 0.039, df = 1, p = 0.84), or time of day (whether the bird flew within the 
catch basin during the day or at night; χ2 = 1.35, df = 1, p = 0.25; Table S 6). 

4 Discussion 

The objective of this study was to examine the exposure of Leach’s Storm-Petrels to brightly 
lit offshore oil platforms while foraging during the breeding season. To better understand exposure 
and risk, we examined variation in foraging trip structure, behaviour near platforms, and the timing 
and duration of platform proximity within and between years. Likely owing to their dual temporal 
constraints involved with nocturnal colony visitation and nocturnal foraging off the shelf-edge, 
Leach’s Storm-Petrels flew past oil platforms during the day in nearly 90% of trips. Leach’s Storm-
Petrels were no more likely to fly within a light catch basin if they passed closest by the platform 
during the day or at night (Table S 6). While attraction to artificial light during the day has been 
demonstrated for some animals (Baik et al., 2020), there is no evidence that the storm-petrels are 
attracted to light during daylight. Still, studies of light attraction in different environmental lighting 
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conditions should be conducted to better understand the risk to seabirds. This is particularly 
important on the Grand Bank where foggy conditions are common (Isaac et al., 2020). Light may 
disperse differently in fog, influencing the size of the light catch basin. Additionally, Leach’s Storm-
Petrels may be attracted to oil platforms in other ways. For example, the artificial reef effect could be 
at play, and storm-petrels may navigate towards a potentially increased food source via olfaction or 
social cues (Nevitt and Haberman, 2003; Dierschke et al., 2016; COSEWIC, 2020). These 
mechanisms require further study to understand the extent and radius of attraction and risk. 

At the population level, Leach’s Storm-Petrels exhibited similar at-sea area use among years 
and between incubation and chick-rearing, although incubating birds tended to forage farther off the 
continental shelf than chick-rearing birds (Figure 6). The areas used for transiting were more 
consistent than those used for foraging (Table S 2, Figure 6). This consistency may result from the 
fact that all tracked birds were from the same colony, as Leach’s Storm-Petrels in Atlantic Canada 
tend to show colony-level consistency in area use but differences in area use among colonies (Hedd 
et al., 2018). Birds tended to transit over the Grand Bank, and intensively and extensively searched 
beyond the edge of the shelf, mainly within the Flemish Pass and east of the Grand Bank, though at 
times near the colony (Figure 4, Figure 6). There was considerable overlap in the areas in which birds 
intensively and extensively searched, but lower overlap among foraging areas and transit areas (Table 
S 2, Figure 4 B). This suggests that, at the population level, storm-petrels breeding on Gull Island 
likely do not forage to any great degree over the Grand Bank. The utilization distributions observed 
in this study are consistent geographically with previous tracking of Leach’s Storm-Petrels from this 
colony (Hedd et al., 2018). At-sea surveys in the region conducted from 1966-1990 and 1998-1999 
also indicate high use of shallow water habitats (near colonies) and deeper waters off the shelf (Hedd 
et al., 2009). Myctophids, mesopelagic fish that migrate to the surface at night, dominate the diets of 
Leach’s Storm-Petrels in the region, suggesting why foraging effort is concentrated over deep waters 
off the continental shelf edge (Hedd and Montevecchi, 2006; Hedd et al., 2009).  

At the individual level, there was generally low overlap in area use, and foraging areas tended 
to be less consistent than transiting areas (Table S 2). These findings concur with Oppel et al. (2018) 
who found low individual overlap for several wide-ranging seabird species, including storm-petrels. 
This result emphasizes that, at the population level, area use tends to be consistent among years and 
between breeding stages, but individual birds tend to use different foraging areas. This could mean 
that individuals may experience differing levels of risk, so further research into individual 
consistency in foraging area use, at-sea behaviour, and risk exposure is needed.  

Neither trip distance nor trip duration varied significantly among years (Tables S 3-4). Within 
years, however, trips during chick-rearing tended to have shorter duration and total distance (Tables 
S 3 and 4). This is consistent with our prediction and aligns with findings for other Procellariiformes 
(Weimerskirch et al., 1993; Hedd et al., 2014; Bolton, 2021; De Pascalis et al., 2021). The most 
likely explanation for this pattern is that breeding birds are reducing their foraging trips in response 
to the high energetic demands and need for frequent provisioning of the chick (Ricklefs et al., 1980). 
Storm-petrels took both short and long trips, but the occurrence of short trips cannot explain the 
shorter overall trip distance and duration we observed. Short and long trips occurred in no obvious 
pattern in our sample, and short trips were equally likely in incubation and chick-rearing (Table S 1). 
Short trips during chick-rearing likely function primarily to provision chicks (Chaurand and 
Weimerskirch, 1994), while short trips during incubation likely reflect mates not switching duties 
when the foraging partner returned to the nest (as in Shy Albatrosses Thalassarche cauta, Hedd and 
Gales, 2005). This result also cannot be explained by changes in behavioural patterns, as incubating 
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and chick-rearing adults spent proportionally similar time foraging versus transiting on their trips. 
Overall, the birds spent about a third of their time in each behavioural state, regardless of breeding 
stage. Because Leach’s Storm-Petrels are central place foragers, they must optimize energy 
expenditure when foraging (Burke and Montevecchi, 2009; Elliott et al., 2009). They must spend 
enough time foraging to make a long trip worthwhile. Digestion, which likely occurs when storm-
petrels are in behavioural state 1 (intensive search) and is mutually exclusive from active foraging 
(Rosen et al., 2007), is also an important and time-consuming component of the foraging trip. 
Leach’s Storm-Petrels reduce food volume by concentrating ingested prey as high-energy oils which 
are used by the adult or fed to chicks (Place et al., 1989). Rather than changing the proportion of time 
spent on specific behaviours, Leach’s Storm-Petrels appear to compensate for increased energetic 
demands during chick-rearing in different ways. For example, body mass loss during early chick-
rearing increases flight efficiency by 14% (Niizuma et al., 2001). While previous research has 
identified population-level consistency in the foraging locations of Leach’s Storm-Petrels across 
years and throughout incubation (Hedd et al., 2009, 2018; Pollet et al., 2014b), this is, to our 
knowledge, the first study to compare foraging locations and behaviour between incubation and 
chick-rearing.  

The home range of Leach’s Storm-Petrels overlapped with oil and gas production platforms 
on the Grand Bank (Figure 3; Hedd et al., 2018). They flew within 65 km of an oil platform on 
average throughout the breeding period. Overall, storm-petrels flew within the average light catch 
basin of oil platforms on almost 20% of foraging trips and within the maximum light catch basin on 
more than 25% of trips. The risk of flying within the light catch basin of an oil platform did not vary 
among years or between incubation and chick-rearing (Table S 6). Of birds that flew within the 
average light catch basin, most (72%) were transiting. When near a platform, storm-petrels are at risk 
of collision, oiling, incineration in the flare, predation, and exhaustion from flying around the 
illuminated structure (Wiese et al., 2001; Montevecchi, 2006; Burke et al., 2012; Ronconi et al., 
2015; Dierschke et al., 2016). Prolonged exposure likely increases the likelihood of risk. Transiting 
Leach’s Storm-Petrels spent an average of about 20 minutes within light catch basins of oil platforms 
on the Grand Bank, but exposure durations ranged from just a few minutes to more than 3 hours, 
depending on a bird’s behaviour when near the platform. A quarter of the birds that flew within a 
light catch basin were exposed to multiple oil platforms on their foraging trips. Our analyses indicate 
that the duration of exposure to oil platforms may be minimal given that the birds are usually rapidly 
transiting to or from the foraging area when they pass. 

Our calculations were based on the assumption that storm-petrels fly in a straight line 
between locations, though they may have flown closer or farther away from the platforms than we 
calculated. We used 5.33 km for the average light catch basin and 10.70 km for the maximum light 
catch basin, but the catch basin of gas flares can be much greater than the values found by Gjerdrum 
et al. (2021). We also used the average annual value, though the size of the catch basin can vary 
within the year, with flare heights that are higher when oil cannot be offloaded in poor weather, and 
with other weather conditions (e.g., fog; Gjerdrum et al., 2021). Importantly, we can only report 
results for the birds that we recaptured. The fate of birds that we did not recapture (about 30%, Table 
1) is unknown. We could simply have missed their return, they may have abandoned their nest, or 
they may have died. Our recapture rates were similar to or better than those of other tracking studies 
of this species (Pollet et al., 2014; Hedd et al., 2018; M. Fahmy unpubl. data). Given that strandings 
of adults on oil platforms during the breeding season are not uncommon (Gjerdrum et al., 2021), it is 
possible that some of these unrecovered birds died from interactions with oil platforms. Hence, it is 
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possible that the percentage of trips in which storm-petrels from Gull Island fly within the light catch 
basin of oil platforms at night is higher than 1.1% and that the assumed risk is higher than reported 
here. 

Considerable effort is being invested into risk assessment for Leach’s Storm-Petrels across 
Atlantic Canada with a focus on breeding adults (e.g., Hedd et al., 2018; d’Entremont et al., 2020; 
Wilhelm et al., 2020; Collins, 2021; COSEWIC, 2021; Hoeg et al., 2021). Studies indicate that 
Leach’s Storm-Petrels in the region strand on oil platforms, vessels, and at brightly illuminated 
coastal sites during the breeding season, but the greatest number of stranded birds are found during 
the fall when fledglings are departing colonies for the first time (Davis et al., 2017; Gjerdrum et al., 
2021; Wilhelm et al., 2021; Montevecchi et al., unpubl. data). These circumstances raise concern 
about risk posed by light attraction for adults and other age-classes outside the breeding period. Light 
pollution poses a major risk to seabirds globally, with tube-nosed seabirds being especially 
vulnerable (Reed et al., 1985; Wiese et al., 2001; Montevecchi, 2006; Poot et al., 2008; Burke et al., 
2012; Day et al., 2015; Rodríguez et al., 2017a; Rebke et al., 2019). Based on the expansive area 
covered by Leach’s Storm-Petrels during the non-breeding period (Pollet et al., 2014a, 2019), 
individuals from this and other populations will be exposed to oceanic sources of anthropogenic light 
such as boats, oil platforms, and drill rigs. Very little is known about juvenile survival, but the 
majority of seabirds that have been recovered from light-polluted areas are juveniles (Rodríguez et 
al., 2017b; Atchoi et al., 2020; Wilhelm et al., 2021). The visual system of Leach’s Storm-Petrel 
chicks develops very slowly, and their eyes may not be fully developed until after fledging (Mitkus et 
al., 2018). Atchoi et al. (2020) proposed a connection between the slow development of the visual 
system and the increased level of juvenile attraction to light. Adults and juveniles could, therefore, 
differ in their level of vulnerability to light attraction, owing to differences in eye structure (Mitkus et 
al., 2018).  

Mitigation efforts have been investigated regarding light sources. Different wavelengths of 
light appear to differ in their level of attractiveness (Montevecchi, 2006). There is, however, 
disagreement over the least attractive wavelengths to birds. Some studies have found that white and 
red light are the most attractive (Poot et al., 2008), whereas others have found that white, green, and 
blue light attract more migrating birds (Rebke et al., 2019; Syposz et al., 2021). The rapidly 
increasing use of bright LEDs, which are a major source of short blue wavelength light, is a 
problematic development (Rodríguez et al., 2017a; Hung et al., 2021). Mitigation strategies such as 
shielding light from unnecessary skyward projection (Reed et al., 1985), or changing the type of light 
source (i.e., LED versus high-pressure sodium; Rodríguez et al., 2017a), have a range of efficacy that 
depends upon the species and, likely, the weather (Wilhelm et al., 2013). 

Continued research on the risks of light attraction to Leach’s Storm-Petrels is needed and 
should be broadened to include vessel and coastal lighting, to assess the risks at different times of the 
year (e.g., Wilhelm et al., 2021), and to assess the risks for individuals of different age groups. 
Further research on the visual system of Leach’s Storm-Petrels will inform best practices moving 
forward. Researchers and governments should work with corporations that produce oceanic light 
pollution to develop and implement mitigation strategies to reduce the attraction of marine birds. 

5 Data Availability Statement 

The datasets for this study are available upon request. 
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9 Supplementary Material 
Figure S 1. Variation in the distribution of turning angle for each behavioural state with hour of day 
for (A) state 1 - intensive search, (B) state 2 - extensive search, and (C) state 3 - transiting.  

Figure S 2. The probability (y-axis) of transitioning between behavioural states for parental foraging 
Leach's Storm-Petrels with hour of the day. State 1 is intensive search, state 2 is extensive search, and 
state 3 is transiting. 

Figure S 3. Tests of assumptions of the Hidden Markov Models for GPS tracking from Leach’s 
Storm-Petrels from (A) 2016, 2018, 2020, 2021 (2-hour sampling interval) and (B) 2019 (3-hour 
sampling interval). 

Figure S 4. Histogram of the trip distances of Leach’s Storm-Petrels breeding at Gull Island, 
Newfoundland and Labrador, Canada from 2016 – 2021. Note the bimodal distribution indicating a 
small number of short trips. 

Table S 1. Summary information for all trips. Trips in which the bird flew within the average light 
catch basin are highlighted in yellow, and trips in which the bird flew within the maximum average 
light catch basin are highlighted in orange. 
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Table S 2. BAI and percent overlap for all groups of individuals, years, breeding phases, and 
behavioural states. 

Table S 3. Type III ANOVA table and random effects of the general linear mixed model for Leach’s 
Storm-Petrel foraging trip distance during the breeding season on Gull Island, Witless Bay, 
Newfoundland and Labrador, Canada. 

Table S 4. Type III ANOVA table and random effects of the general linear mixed model for Leach’s 
Storm-Petrel foraging trip duration during the breeding season on Gull Island, Witless Bay, 
Newfoundland and Labrador, Canada. 

Table S 5. Duration of time spent within an oil platform light catch basin by Leach’s Storm-Petrels 
breeding at Gull Island from 2016-2021. The mean radius of the light catch basin is 5.3 km, and the 
maximum radius is 10.7 km (calculated from Gjerdrum et al. 2021). The mean flight speed of 
Leach’s Storm-Petrels, regardless of behavioural state, is 17.6 km/h (calculated from our data). The 
flight speeds of each behavioural state are transit: 28.6 km/h, extensive search: 16.2 km/h, intensive 
search: 7.4 km/h (calculated from our data). 

Table S 6. Type III ANOVA table and random effects of the logistic mixed model for the odds of a 
Leach’s Storm-Petrel entering the light catch basin of an oil platform during a foraging trip from Gull 
Island, Witless Bay, Newfoundland and Labrador, Canada. 
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12 Figures and Tables 

12.1 Figures 

 

Figure 1. Adult Leach’s Storm-Petrel with a GPS sutured to its back. 
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Figure 2. Distributions of step lengths (km) and turning angles (degrees) for each behavioural state. 
Within each behavioural state, there is a range of step lengths and turning angles that can be 
associated with each point where the mean is the highest point of the smooth curve in both plots. 
Grey bars are histograms of the data. Plot (A) shows that the step lengths associated with state 1 are, 
on average, the shortest and the step lengths associated with state 3 are, on average, the longest. Step 
lengths associated with state 2 are usually between those of states 1 and 3. In (B), the distributions of 
turning angles are shown for each state. Although the mean turning angle for all states was around 0, 
the distribution curve for state 3 is much steeper and tighter around 0 than those of states 1 and 2, 
which means that the turning angles associated with each state 3 point are most likely to be close to 
0. The much flatter curve of state 1 means that sharper turning angles are more likely in this state. 
Again, the distribution of state 2 is between that of states 1 and 3. 
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Figure 3. The full Utilization Distributions (50%: purple, 64%: teal, 95%: yellow) for Leach’s 
Storm-Petrels breeding on Gull Island, Witless Bay, NL, Canada from 2016 to 2021. Note that the 
64% Utilization Distribution includes all oil platforms. The large black triangles represent the oil 
platforms, and the large black circle represents Gull Island. The bathymetry is represented where 
darker blue indicates deeper water. 
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Figure 4. (A) All tracking points coloured by behaviour (intensive search: black, extensive search: 
pink, transit: yellow) and (B) 50% utilization distributions of transiting (yellow) and foraging 
(purple) locations for Leach’s Storm-Petrels in the study sample from Gull Island, Witless Bay, 
Newfoundland, Canada from 2016 to 2021. The large black triangles represent the oil platforms, and 
the large black circle represents Gull Island. The bathymetry is represented where darker blue 
indicates deeper water. Data from all years and breeding phases are included in these figures. 
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Figure 5. A selection of tracks from individual Leach’s Storm-Petrels in the study sample from 
incubation in (A) 2018, (B) 2019, and from chick-rearing in (C) 2020, and (D) 2021. Black points 
represent intensive search, pink points represent extensive search, and yellow points represent 
transiting. The large black triangles represent the oil platforms, and the large black circle represents 
Gull Island. The bathymetry is represented where darker blue indicates deeper water. 
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Figure 6. 50% Utilization Distributions of Leach’s Storm-Petrels breeding on Gull Island, Witless 
Bay, Newfoundland and Labrador, Canada, in 2016 –to 2021 for foraging areas (intensive and 
extensive) during (A) incubation and (B) chick-rearing, showing reduced foraging areas which are 
closer to the edge of the Grand Bank during chick-rearing. Transiting areas were not modified 
between (C) incubation and (D) chick-rearing. The large black triangles represent the oil platforms, 
and the large black circle represents Gull Island. The bathymetry is represented where darker blue 
indicates deeper water. 
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Figure 7. Violin plot of the closest proximity to an oil platform for foraging Leach’s Storm-Petrels 
breeding at Gull Island, Witless Bay, Newfoundland and Labrador, Canada from 2016 to 2021. The 
black horizontal line represents the mean proximity (64.7 km) and the red horizontal line is the 
median (42.7 km). 
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12.2 Tables 

Table 1. Summary of GPS tags deployed, birds (GPS) recaptured, and useable tracks downloaded for 
each year of the study on Gull Island. 

Year Breeding 
Phase 

GPS Deployed Birds (GPS) 
Recaptured 

GPS 
Downloaded 

Number of Trips 
(Complete) 

2016 Incubation 23 19 18 20 (12) 
2016 Chick-Rearing 13 8 8 31 (24) 
2018 Incubation 19 16 16 29 (28) 
2018 Chick-Rearing 0 0 0 0 (0) 
2019 Incubation 10 7 7 9 (5) 
2019 Chick-Rearing 0 0 0 0 (0) 
2020 Incubation 10 4 4 4 (1) 
2020 Chick-Rearing 17 14 13 59 (52) 
2021 Incubation 14 8 6 12 (12) 
2021 Chick-Rearing 20 15 13 48 (48) 
Total Incubation 77 54 51 74 (58) 
Total Chick-Rearing 50 37 34 138 (124) 
Total Total 127 91 85 212 (182) 

 

Table 2. Average trip distance ± SD and duration ± SD by year and breeding phase for Leach’s 
Storm-Petrels breeding at Gull Island, Newfoundland and Labrador, Canada from 2016 – 2021. No 
SD is given for 2020 incubation because only one complete trip was collected at this time. 

Year Breeding 
Phase 

Average Trip 
Distance (km) 

Average Trip 
Duration (days) 

2016 Incubation 1476.9 ± 389 3.41 ± 0.99 
2016 Chick-Rearing 1352.9 ± 438 2.99 ± 0.98 
2018 Incubation 1241.6 ± 561 2.93 ± 1.33 
2019 Incubation 1680.2 ± 63 3.76 ± 0.46 
2020 Incubation 1645.3 5.00 
2020 Chick-Rearing 1324.6 ± 410 2.84 ± 0.94 
2021 Incubation 1622.0 ± 503 3.54 ± 1.22 
2021 Chick-Rearing 1318.2 ± 287 3.01 ± 0.88 

 



  

31 

 

 

Supplementary Material 
13 Supplementary Figures 

(A) (B)  

(C)  

Figure S 5. Variation in the distribution of turning angle for each behavioural state with hour of day 
for (A) state 1 - intensive search, (B) state 2 - extensive search, and (C) state 3 - transiting.  
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Figure S 6. The probability (y-axis) of transitioning between behavioural states for parental foraging 
Leach's Storm-Petrels with hour of the day. State 1 is intensive search, state 2 is extensive search, and 
state 3 is transiting. 
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(A)  

(B)  

Figure S 7. Tests of assumptions of the Hidden Markov Models for GPS tracking from Leach’s 
Storm-Petrels from (A) 2016, 2018, 2020, 2021 (2-hour sampling interval) and (B) 2019 (3-hour 
sampling interval). 
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Figure S 8. Histogram of the trip distances of Leach’s Storm-Petrels breeding at Gull Island, 
Newfoundland and Labrador, Canada from 2016 – 2021. Note the bimodal distribution indicating a 
small number of short trips.  
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14 Supplementary Tables 1 
Table S 7. Summary information for all trips. Trips in which the bird flew within the average light 2 
catch basin are highlighted in yellow, and trips in which the bird flew within the maximum average 3 
light catch basin are highlighted in orange. 4 

Please see Table_S1.csv 5 

Table S 8. BAI and percent overlap for all groups of behavioural states, individuals, breeding phases, 6 
and years.. 7 

Transit or 
Forage Comparison Time BAI 

% 
Overlap 

BAI 
sd 

% 
Overlap sd 

N/A States Extensive to Transit 0.86 0.36 N/A 0.15 
N/A States Intensive to Extensive 0.96 0.75 N/A 0.10 
N/A States Intensive to Transit 0.73 0.00 N/A 0.00 
Transit Individuals 2016 Incubation 0.63 0.35 0.26 0.34 
Forage Individuals 2016 Incubation 0.22 0.08 0.25 0.22 
Transit Individuals 2016 Chick-rearing 0.83 0.56 0.10 0.22 
Forage Individuals 2016 Chick-rearing 0.55 0.33 0.23 0.32 
Transit Individuals 2018 Incubation 0.80 0.43 0.15 0.28 
Forage Individuals 2018 Incubation 0.25 0.15 0.24 0.32 
Transit Individuals 2019 Incubation 0.90 0.66 0.07 0.23 
Forage Individuals 2019 Incubation 0.84 0.53 0.07 0.25 
Transit Individuals 2020 Incubation 0.86 0.53 0.07 0.16 
Forage Individuals 2020 Incubation 0.39 0.11 0.36 0.17 
Transit Individuals 2020 Chick-rearing 0.76 0.48 0.17 0.29 
Forage Individuals 2020 Chick-rearing 0.43 0.17 0.27 0.30 
Transit Individuals 2021 Incubation 0.68 0.40 0.33 0.33 
Forage Individuals 2021 Incubation 0.40 0.18 0.30 0.29 
Transit Individuals 2021 Chick-rearing 0.77 0.45 0.14 0.27 
Forage Individuals 2021 Chick-rearing 0.42 0.20 0.29 0.32 
Transit Individuals All Birds 0.74 0.44 0.19 0.28 
Forage Individuals All Birds 0.36 0.18 0.29 0.30 
Transit Breeding Phase 2016, 2020, 2021 0.95 0.76 N/A 0.21 
Forage Breeding Phase 2016, 2020, 2021 0.87 0.67 N/A 0.26 
Transit Years Chick-rearing 0.97 0.84 0.01 0.08 
Forage Years Chick-rearing 0.93 0.77 0.01 0.06 
Transit Years Incubation 0.95 0.82 0.02 0.13 
Forage Years Incubation 0.87 0.64 0.04 0.21 

 8 
Table S 9. Type III ANOVA table and random effects of the general linear mixed model for Leach’s 9 
Storm-Petrel foraging trip distance during the breeding season on Gull Island, Witless Bay, 10 
Newfoundland and Labrador, Canada. 11 



Seabird foraging and offshore light 
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Variable Chi 
Squared 

df p value 

Intercept 242.65 1 <0.001 
Year 6.32 4 0.18 
Breeding Phase 4.39 1 0.036 
    

Random 
Effects 

Groups Name Variance Standard 
Deviation 

ID (Intercept) 23702 154.0 
Residual  147367 383.9 

 12 

Table S 10. Type III ANOVA table and random effects of the general linear mixed model for Leach’s 13 
Storm-Petrel foraging trip duration during the breeding season on Gull Island, Witless Bay, 14 
Newfoundland and Labrador, Canada. 15 

Variable Chi 
Squared 

df p value 

Intercept 201.30 1 <0.001 
Year 3.99 4 0.41 
Breeding Phase 5.20 1 0.023 
    

Random 
Effects 

Groups Name Variance Standard 
Deviation 

ID (Intercept) 89.65 9.47 
Residual  486.36 22.05 

 16 

 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 

Table S 11. Duration of time spent within an oil platform light catch basin by Leach’s Storm-Petrels 29 
breeding at Gull Island from 2016-2021. The mean radius of the light catch basin is 5.3 km, and the 30 
maximum radius is 10.7 km (calculated from Gjerdrum et al. 2021). The mean flight speed of 31 
Leach’s Storm-Petrels, regardless of behavioural state, is 17.6 km/h (calculated from our data). The 32 
flight speeds of each behavioural state are transit: 28.6 km/h, extensive search: 16.2 km/h, intensive 33 
search: 7.4 km/h (calculated from our data). 34 
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Flight 
Speed 

Light 
Catch 
Basin 

Exposure 
Duration (h) 

Minimum 
Exposure 
Duration (mins) 

Maximum 
Exposure 
Duration (h) 

mean mean 33.66 9.59 85.33 
mean max 97.29 31.80 268.21 
transit mean 20.63 5.88 52.29 
transit max 59.62 19.49 164.37 
extensive mean 36.55 10.42 92.65 
extensive max 105.64 34.53 291.22 
intensive mean 79.57 22.68 201.71 
intensive max 229.97 75.18 633.99 

 35 

Table S 12. Type III ANOVA table and random effects of the logistic mixed model for the odds of a 36 
Leach’s Storm-Petrel entering the light catch basin of an oil platform during a foraging trip from Gull 37 
Island, Witless Bay, Newfoundland and Labrador, Canada. 38 

Variable Chi 
Squared 

df p value 

Intercept 8.82 1 0.0030 
Year 1.46 4 0.83 
Breeding Phase 0.039 1 0.84 
Time of Day 1.35 1 0.25 
    

Random 
Effects 

Groups Name Variance Standard 
Deviation 

ID (Intercept) 1.39 1.18 

 39 

 40 

 41 


