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ABSTRACT

CAREEN, N.G., COLLINS, S.M., D’ENTREMONT, K.J.N., WIGHT, J., RAHMAN, 1., HARGAN, K.E., LANG, A.S. &« MONTEVECCHI,
W.A. 2024. Highly pathogenic avian influenza resulted in unprecedented reproductive failure and movement behaviour by Northern Gannets.
Marine Ornithology 52: 121-128.

In 2022, highly pathogenic avian influenza (HPAI) virus resulted in mass mortality throughout seabird colonies in the North Atlantic Ocean.
While mortalities and transmission of the virus are being documented, other effects are less understood. We documented nest abandonment
and unprecedented reproductive failure by Northern Gannets Morus bassanus at Cape St. Mary’s, Newfoundland and Labrador, Canada, the
species’ southernmost colony. Reproductive success in 2022 was the lowest on record at 17%, which was likely a result of adults abandoning
the nest and succumbing to avian influenza virus (AIV) infection. Following the AIV outbreak at Cape St. Mary’s, we also documented
extremely long foraging trips, including the second known instance of inter-colony movement by an adult Northern Gannet, who embarked
on two trips to the gannet colony on Baccalieu Island. This inter-colony movement represents a possible means of viral transmission between
colonies. The effects of HPAI may have been exacerbated as a result of heat stress during a marine heatwave, which coincided with the major
outbreak at this colony. As this HPAI virus could continue to circulate in seabirds, ongoing monitoring of mortality and other indirect effects

of AIV outbreaks are needed to inform future impacts.
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INTRODUCTION

During the 2022 boreal breeding season, there was a major outbreak
of a highly pathogenic avian influenza (HPAI), caused by a subtype
HS5NI1 viral strain (hereafter HSN1), throughout seabird colonies in
the North Atlantic Ocean (Caliendo et al. 2022, Lane et al. 2023).
Initial assessments suggested the mortality associated with the
outbreak were profound (Camphuysen & Gear 2022), but the extent
of the devastation remains to be determined as viral transmission
continues at seabird colonies across the globe (as of the time of
writing; CWHC 2023, EFSA et al. 2023, FAO 2023).

The outbreak of HSN1 has been especially devastating for Northern
Gannets Morus bassanus (hereafter, gannets) in eastern Canada
(Avery-Gomm et al. 2023) and throughout the North Atlantic
Ocean (Camphuysen & Gear 2022, Lane et al. 2023). The little
data available suggest that gannets are not frequent hosts of avian
influenza viruses (AIVs, Lang et al. 2016). While mortalities
have been well documented (Avery-Gomm et al. 2023, Lane et
al. 2023), indirect effects of the outbreak are less understood
and may contribute to long-term population effects. For example,
the energetic cost of immune responses may lead to reduced
reproductive success (Hanssen 2006), and individuals may abandon
breeding sites if conditions are deemed unfavourable (Barrile et al.
2021). Here, we documented three novel observations at Cape St.
Mary’s, Newfoundland and Labrador (NL), Canada—the Northern

Gannet’s southernmost colony—that are likely indirect impacts of
the HPAI outbreak.

First, we observed that parental attendance at the nest rapidly
declined following the HPAI outbreak at Cape St. Mary’s. Typically,
parental attendance at the nest is continuous during incubation
and early chick-rearing (Kirkham 1980). Parents do not leave the
chick alone until about four weeks of age, after which chicks are
attended by at least one parent about 85% of the time (Lewis et
al. 2004). Extraordinary events, however, may result in reduced
parental attendance or abandonment. One example of mass colony
abandonment occurred at Cape St. Mary’s in 2012, when at least
40% of chicks were abandoned for several days during a marine
heatwave (Montevecchi ef al. 2021).

Second, reproductive success at Cape St. Mary’s was exceptionally
low in 2022. Rapidly warming ocean climate is often a driving
factor that influences seabird reproductive success and survival at
colonies (Piatt et al. 2020, Montevecchi et al. 2021, d’Entremont et
al. 2022b). Human disturbance of breeding sites (Allbrook & Quinn
2020), predation of adults and chicks (Montevecchi et al. 2019),
and chemical pollution (Chapdelaine et al. 1987, Champoux et al.
2017) can also result in poor reproductive success among gannets.
Recently, poor reproductive success was also noted at the gannet
colony on Bass Rock in Scotland during the outbreak of HPAI at
that colony (Lane et al. 2023).
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Third, we observed atypical movement behaviour by breeding
adults, which included inter-colony movements. Aside from
additional observations of inter-colony movements in Europe
during the 2022 HPAI outbreak (Jeglinski et al. 2024), there is
minimal evidence outside of this viral outbreak for inter-colony
movements by breeding adult Northern Gannets.

Here, we examine the occurrence of 1) nest abandonment by
parental gannets, 2) especially low reproductive success, and
3) abnormal movement behaviour of parental gannets during the
HPAI outbreak at Cape St. Mary’s. We also outline the timing of
the outbreak based on tests conducted on live and dead gannets
at or near the colony. Finally, we discuss how heat stress due to a
moderate marine heatwave that coincided with the HPAI outbreak
may have contributed to the lower reproductive success than
observed at other infected colonies.

METHODS
Study site
The Cape St. Mary’s Ecological Seabird Reserve (46.82°N,

054.21°W), located on the southwestern tip of the Avalon Peninsula
on the island of Newfoundland, Canada (Fig. 1), is the southern limit

52 1
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of the Northern Gannet’s breeding range (Mowbray 2020). Gannets
nest along the mainland cliffs and on a large, isolated sea stack,
known as Bird Rock (Fig. Al in the Appendix, available online).

Field methods
Adult nest attendance and reproductive success

Three study plots on the sea stack were used to monitor breeding
gannets for nest attendance and reproductive success (Fig. A2).
Our plots each consisted of 40-50 nests and were comparable
in size and location to study plots used to calculate reproductive
success in previous years at this colony (d’Entremont et al. 2022b).
Photographs of each plot were taken throughout the breeding
season to monitor adult nest attendance and chick survival. Long
absences of adults were noted and assumed to result from infection
and mortality due to the H5N1 virus (see corroborative methods
below). Photos taken on 16 September 2022 were used to determine
reproductive success (the proportion of chicks that remained in
the nest). This date was chosen because it occurs at the end of
the breeding season but before the typical fledging period, and
it falls within the date range during which previous assessments
of reproductive success have been conducted at this colony
(d’Entremont et al. 2022b).
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Fig. 1. The six Northern Gannet Morus bassanus colonies in North America. The study site at Cape St. Mary’s on the island of Newfoundland

in Canada is indicated by a star.
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Avian influenza virus testing

Live and dead Northern Gannets were tested on or near the colony
in July 2022. Oropharyngeal and cloacal swabs were collected
from each individual, and these paired swabs were placed into a
single vial of Multitrans viral transport media (Starplex Scientific;
Toronto, Canada) and represent a single sample per individual.
Samples were kept cool until delivered to the laboratory, then they
were frozen at —80 °C. RNA was extracted from the swab samples
using the QIAamp Viral RNA Mini Kit (Qiagen; Hilden, Germany)
and tested for the presence of AIV using reverse-transcriptase
PCR (Spackman 2020). Positive samples were then tested for
the presence of the HS subtype of the haemagglutinin (HA) gene
(Spackman et al. 2002) present in the strain that circulated in North
America in 2022.

GPS deployments

Four parental Northern Gannets from a nesting site on the mainland
cliff were equipped with Ecotone URIA 300 LPS solar-powered
GPS/time-depth recorder devices (13.5 g, 36x22x12.5 mm, < 0.5%
of gannet body weight) on 02 July 2022. The GPS units were
attached to the birds’ innermost four rectrices, posterior to the
uropygial gland, with Tesa® tape and cable ties. Birds were
captured on the nest using an extendable noose pole, weighed
with a 5-kg Pesola® scale, and banded with a Canadian Wildlife
Service aluminum band on the right leg. Tags were programmed
to record GPS locations every 15 minutes. An Ecotone base station
with a directional antenna was deployed within the colony to
facilitate remote downloading of GPS data each time a tagged bird
returned to the colony. To conserve battery life, devices were set to
record only when out of range of the base station (i.e., more than
~1 km away). All tagged birds had chicks that were approximately
2-3 weeks old when the devices were deployed.

Data analysis

Data analyses were performed using R Statistical Software, version
4.2.2 (R Core Team 2022). Reproductive success for 2022 was
compared to the annual mean reproductive success from 1977 to
2021 at Cape St. Mary’s (d’Entremont et al. 2022b) using a one-
proportion z-test.

Sea-surface temperature (SST) data were retrieved from NASA
(2023). SST and adult presence on the nest were plotted in a time-
series graph for comparison with the onset and progression of the
H5N1 outbreak.

Analysis of GPS data was adapted from Collins et al. (2022) and
d’Entremont et al. (2022a). Briefly, trips were classified manually
by assessing distance from the colony and communication by the
GPS tag indicating when birds were in range of the base station
(6 km, ground-to-air detection). Distances from the Baccalieu
Island and Cape St. Mary’s colonies were calculated using the “sp”
package in R (Bivand er al. 2013); when a bird was within 3 km
of the Baccalieu Island colony, it was considered to be visiting
that colony. Trip distance and duration were calculated for each
trip. Behavioural classifications were computed using a three-state
Hidden Markov Model (HMM) that assigns behaviours to each
point based on the step length and turning angle between subsequent
points (McClintock & Michelot 2018). HMMSs require consistent
time intervals between points (McClintock & Michelot 2018) but

GPS devices occasionally failed to record a point, so points were
interpolated at 15-minute intervals from the first recorded point.
Following interpolation, complete trips were forced to start and
end at the colony by adding a colony point 7.5 minutes (i.e., half
the sampling interval) before/after the first/last points. Behaviours
were classified using the package “momentuHMM” (McClintock
& Michelot 2018). Three states were chosen to align with previous
studies (Bennison et al. 2018, Collins et al. 2022, d’Entremont et
al. 2022a) and because a three-state model fit better than a two-
state model. The behaviours represented by each state (rest, transit,
and area-restricted search) were assigned based on three criteria:
the average step length of each state, the average turning angle of
each state, and the timing of dives. Diving seldom occurred during
the state characterised by short step lengths (mean 0.22 km) and
turning angles close to zero radians; hence, this state is referred to
as “rest”. “Transit” was characterised by long step lengths (mean
7.71 km) and moderate turning angles. “Area-restricted search” was
characterised by medium step lengths (mean 1.31 km) and wide
turning angles (Fig. A3). Diving occurred during area-restricted
searches and transits.

Ethics statement

This study was reviewed and approved by Environment and Climate
Change Canada (ECCC) scientific permit 10332K and the NL
Seabird and Ecological Reserves Advisory Committee. Collection
of samples from birds was done under Protocol 20-05-AL from the
Memorial University of Newfoundland (MUN) Institutional Animal
Care Committee. Testing of samples was done under permit S-103
from the MUN Institutional Biosafety Committee.

RESULTS
Adult presence and reproductive success

Reproductive success averaged 17% + 0.06% (95% confidence
interval) across the three study plots (Table 1). This is the lowest
recorded reproductive success at Cape St. Mary’s (Fig. 2A), and
it is significantly lower than the mean annual reproductive success
at Cape St. Mary’s (mean = 0.61 + 0.08, x> = 128.76, df = 1,
P < 0.0001; Fig. 2A).

Gannet presence on the nest was high (~100%) until 17 July 2022,
at which point it declined rapidly. Complete nest abandonment
was recorded on 30 September (Fig. 2B). The initiation of nest
abandonment coincided with the detection of HSN1 in dead birds
found near the colony (see next section) and with the onset of a
marine heatwave (Fig. 2B, Fig. A4).

TABLE 1
Northern Gannet Morus bassanus reproductive success in 2022
at Cape St. Mary’s, Newfoundland and Labrador, Canada

Number Number Reproductive success

Study plot nests  chicks (= 95% confidence interval)
Sea Stack East 50 6 0.12

Sea Stack West 50 10 0.20

Sea Stack Cliff 40 8 0.20

Total 140 24 0.17 + 0.06
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Fig. 2. A) Historic reproductive success (solid black line) and average reproductive success (0.61 + 0.08; horizontal dashed line) of Northern
Gannets Morus bassanus at Cape St. Mary’s, Newfoundland and Labrador, Canada from 1977 to 2022. The lowest recorded reproductive
success for this colony is in 2022 (in grey). B) Adult gannet presence at the nest (dashed black line), daily sea-surface temperature (SST,
solid black line), critical SST (i.e., temperature above which conditions for Atlantic mackerel Scomber scombrus and capelin Mallotus
villosus are unfavourable, grey horizontal line), and the onset of the HSN1 outbreak (dotted vertical line) at Cape St. Mary’s during the 2022

breeding season.

Avian influenza

All live adults sampled from the colony on 02 July 2022 were negative
(Table 2). Nearly all of the dead adults found near the breeding
colony at Point Lance beach (7.3 km east of colony) on 17 July
tested positive for H5 AIV (Table 2), indicating that an outbreak was
ongoing. From the weekly photos taken at the colony, a few corpses
first appeared around 17 July (Fig. AS). Around 08 August, many
corpses (> 10) could be seen on the cliffs (Fig. AS). Positive tests and

observations of dead adults at the colony indicated that an outbreak of
HS AIV began on approximately 17 July at Cape St. Mary’s.

Inter-colony and extreme movement

On 07 August 2022, a GPS-tagged parental Northern Gannet visited
the nearest gannet colony at Baccalieu Island, NL, (~50-60 km
further north than previously recorded foraging trips from Cape St.
Mary’s) for approximately 75 minutes before beginning its return

Marine Ornithology 52: 121-128 (2024)
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TABLE 2
Dates and counts of swabs for highly pathogenic avian
influenza virus testing in Northern Gannets Morus bassanus
at Cape St. Mary’s, Newfoundland and Labrador, Canada
and the surrounding areas in 2022

Status, . Number N“m!’?r
Date Location . of positive
age of birds
tests
Live, . .
02 July  breeding g;lzlg?dl\f[gfs,:f 15 0
adults pe St Y
Dead Point Lance Beach
17 July adults (7.3 km from Cape 11 9

St. Mary’s colony)

trip to Cape St. Mary’s (Fig. 3A). The same individual made a
second trip to the Baccalieu colony for approximately 60 minutes
on 02 September. The HMM revealed that the individual engaged
in area-restricted searches within 3 km of Baccalieu Island and
performed dives within 50 km of the island.

A second individual undertook a 14-day foraging trip and an 18-day
foraging trip on 23 July and 12 August, respectively (Fig. 3B).
These trips were extreme relative to the median trip duration of
12.65 hours for gannets tracked in 2022.

DISCUSSION

The 2022 reproductive success at the Cape St. Mary’s Ecological
Seabird Reserve was 17%, which is the lowest at this colony since
records began in the 1970s (Fig. 2A; d’Entremont et al. 2022b).
This reproductive failure is concerning, as it is much lower than the
average reproductive success of Northern Gannets (Mowbray 2020).
In some cases, it was lower than values recorded at highly disturbed
breeding sites (Allbrook & Quinn 2020), at sites contaminated with
pollutants that cause eggshell thinning (Chapdelaine e al. 1987),
during prey shortages (d’Entremont et al. 2022b), and during
marine heatwaves (Montevecchi et al. 2021). Reproductive failure
at Cape St. Mary’s in 2022 was likely due to the catastrophic
effects of the HPAI outbreak. Reproductive failure associated with
the ongoing HPAI panzootic was also observed at other colonies.
For example, at Scotland’s Bass Rock, the world’s largest colony
of Northern Gannets, reproductive success in 2022 was around
25% (Lane et al. 2023). The average reproductive success across
all monitored years at colonies across the United Kingdom (72% +
12%; Jeglinski et al. 2023) is comparable to that at Cape St. Mary’s,
emphasizing the severity of the HPAI impacts at these colonies. The
low reproductive success likely resulted from nest abandonment by
parental gannets, or possibly from chicks dying of AIV infection
(Falchieri et al. 2022, Lane et al. 2023).

Most abandoned nests were likely due to adults succumbing to HPAI
(Lane et al. 2023). Northern Gannets are not known to be regular
hosts of AIV (Lang et al. 2016), and adult blood collected from
before the 2022 outbreak lacked detectable antibodies against this
virus (Lang et al. unpubl. Data). Northern Gannets are possibly more
likely to succumb to HPAI due to a lack of pre-existing immunity,
and they were the species most impacted by the HPAI panzootic in
2022 (Avery-Gomm et al. 2023, Lane et al. 2023). At Bass Rock, an
estimated 71% of the colony abandoned or died (Lane ef al. 2023).

Across Canada, reported mortality of Northern Gannets accounted
for 11% of the Canadian breeding population (Avery-Gomm et al.
2023). Given that so many adults were lost, it is not surprising that
reproductive success was drastically reduced. Even if adults survived,
they may have aborted nesting due to the high energetic cost of the
immune response (Hanssen 2006, Hammouda ef al. 2014) or to the
increased effort to obtain food for chicks during the marine heatwave
(Montevecchi et al. 2021, d’Entremont et al. 2022b).

At Cape St. Mary’s, a “moderate” marine heatwave, as classified
by Schlegel (2020), coincided with the onset of the 2022 AIV
outbreak at the colony (Fig. 2B). The coincident occurrence of a
marine heatwave may have exacerbated the stress experienced from
HPAI, which may in turn explain the lower reproductive success
experienced at Cape St. Mary’s compared to Bass Rock, despite the
greater estimated population loss at Bass Rock (Lane et al. 2023).
There was no marine heatwave occurring within the foraging range
of the Bass Rock colony at the time of the HPAI outbreak (Schlegel
2020, Lane et al. 2023, Jeglinski et al. 2024). Marine heatwaves have
had significant impacts on seabird reproductive success (Newell et
al. 2015, Piatt et al. 2020, Montevecchi et al. 2021). High SST can
cause prey shortages that result in reduced reproductive success for
Northern Gannets (d’Entremont et al. 2022b). The 2012 Northwest
Atlantic marine heatwave event, which was classified as “strong” by
Schlegel (2020), was stronger than the 2022 event and led to very
poor reproductive success (41%) at Cape St. Mary’s (Montevecchi
et al. 2021, d’Entremont et al. 2022b). This contrasted with the 70%
to 90% reproductive success that is typical across colonies and years
(Mowbray 2020), yet it was considerably higher than the reproductive
success of 2022. Heat stress can cause birds to be more susceptible to
viral infection through depression of the immune response (Liew et
al. 2003, Shini et al. 2010, Pawar et al. 2016). Therefore, the HPAI
outbreak that coincided with the marine heatwave may explain the
especially low reproductive success observed at Cape St. Mary’s.

Abnormal foraging trips were also associated with the HPAI outbreak.
We observed extreme trips by two parental gannets, one involving
inter-colony movement (Fig. 2). During the three previous years of
tracking gannets with GPS devices at this same nesting site (2019
t0 2021, ngips = 719, myias = 25; d’Entremont et al. 2022a), no other
extreme trips (i.e., trips greater than four days in length) or inter-
colony movements were recorded by breeding gannets. Inter-colony
movements by non-breeding gannets have been documented during
both the breeding season and migration (Votier et al. 2011, Bicknell
et al. 2014), and movements between colonies by adult Cape Gannets
Morus capensis have been observed, though occurrences are rare
(Distiller er al. 2012). Only one other occurrence of inter-colony
movement by a breeding Northern Gannet has been reported, and this
occurrence was also coincident with an HPAI outbreak at its colony
in the eastern Atlantic Ocean (Jeglinski et al. 2024). Inter-colony
movement by breeding adults may be a response to excessive stress and
poor breeding conditions, such as loss of a chick at the native colony.

Reproductive success at Cape St. Mary’s has decreased over the
past decade as a result of high SST reducing prey availability
(d’Entremont er al. 2022b). Further, adult gannets and chicks
nesting at our study site were preyed on by Eastern Coyotes
Canis latrans in 2016, 2018, and 2021 (Montevecchi et al. 2019,
d’Entremont & Montevecchi 2022). Coyotes are a new predator
at this colony, having first arrived on the island of Newfoundland
in 1985 (Blake 2006); they were first observed at Cape St. Mary’s
in 2010 (Montevecchi et al. 2019). The combined influences of
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Fig. 3. A) Inter-colony and B) extreme foraging trips of parental Northern Gannets from Cape St. Mary’s, Newfoundland and Labrador,
Canada. The large black dots represent the Cape St. Mary’s (south) and Baccalieu Island (north) colonies.

disease, prey shortages associated with increased SST, and coyote
predation could have led to inter-colony movements by an adult
prospecting for a safer and more productive breeding site. Inter-
colony movements may also serve as a route by which AIV is
spread between locations.

While low-pathogenic AIV circulation follows a yearly pattern in
most migratory flyways (Kent ez al. 2022), it remains to be seen how
the introduction of the HPAI H5N1 into North American seabirds
will change these dynamics. Susceptibility to the virus may increase
during heat stress (Liew e al. 2003, Shini et al. 2010, Pawar et
al. 2016), so continued increasing global and ocean temperatures
could exacerbate circumstances if the virus continues to circulate
in seabirds. Early reports from the 2023 breeding season show that

Northern Gannets appear to be relatively unatfected by HPAI (BBC
News 2023, CFIA NEOC GIS Services 2023). Given that HSN1
transmission is predicted to continue (Ramey et al. 2022) and that
the frequency and intensity of marine heatwaves are predicted to
increase (Oliver et al. 2019), the effects of viral outbreaks, along
with the impacts from heat stress on mortality and reproductive
success, warrant continued monitoring and investigation.
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