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ABSTRACT: Marine heatwaves (MHWs) are periods of anomalously warm water associated with
changes in ocean structure, based on the horizontal advection of water masses and atmospheric
exchange of heat. The longest MHWs persist for many months, and dramatic effects on marine life
have been reported from around the world. As top-order predators, seabirds are particularly sen-
sitive to MHWSs, with high levels of mortality associated with some events, but not with others.
Thus, prediction of impacts is not straightforward, as mortality is not linearly related to simple
measures of MHW intensity, persistence, and areal coverage. We describe biological responses
expected for seabirds, based on demographic parameters and the geographic proximity and phe-
nological timing of MHWSs with respect to seabirds. The expected interactions between seabirds
and MHWs will be complex (with some responses likely to be unpredictable) and will extend over
broad spatial and temporal scales. The spatial proximity of anomalous marine conditions to breed-
ing colonies, their overlap with foraging areas, and the degree to which MHWs coincide with pre-
breeding and breeding seasons presently generate the greatest pressures on seabird populations.
We posit that area-restricted seabird species, in terms of movement and breeding strategies, are
at greater risk from MHWs, but that non-linear effects complicate prediction. The impacts of

MHWs on seabirds may be mediated by their life history strategies.
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1. INTRODUCTION

Seabirds are long-lived, top-order marine preda-
tors, with individuals capable of living in excess of 60
yr in the absence of anthropogenic threats (Wooller
et al. 1992, Schreiber & Burger 2001). As central-
place foragers during their breeding season (Ash-
mole 1963), seabirds provide signals on the marine
environment over time periods ranging between a
day (e.g. foraging trip duration), to months or season
(breeding success), or years to decades (population
trends). Similarly, seabirds provide signals over spa-
tial scales from local (colony extent), to regional
(extent of foraging areas), to ocean basin (post-
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breeding dispersion). Given their high visibility and
wide-ranging oceanic habits, seabirds are unique in
being able to concurrently provide signals from mar-
ine ecosystems at these spatial and temporal hierar-
chies (Woehler 2012).

The responses by seabirds to environmental stres-
sors include mass die-offs (known as wrecks; e.g.
Baduini et al. 2001a, Piatt et al. 2020, Romano et al.
2020, Glencross et al. 2021a), breeding failures (Gas-
ton et al. 2009, Piatt et al. 2020), and decreasing pop-
ulations and range contraction (Veit et al. 1996, 1997,
Peron et al. 2010, Montevecchi et al. 2021). These
signals can often be readily observed, so seabird time
series have been widely used as indicators of general
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environmental productivity (e.g. Reid et al. 2005,
Gaston et al. 2009), impacts of overfishing (Cohen et
al. 2014), impacts of pollution (Wilcox et al. 2015),
and as climate canaries (Jenouvrier et al. 2005, Goy-
ert et al. 2018).

While long-term climate warming has attracted
much attention, extreme climate events (ECEs) are
also increasing as part of a general climate change
pattern (IPCC 2019). In the ocean, marine heatwaves
(MHWSs) have become a focus in recent years (Hol-
brook et al. 2020, Smith et al. 2023), with a docu-
mented increase in their frequency, intensity, and
duration during the 20" century (Oliver et al.
2018a,b, 2021). MHWs modify the marine environ-
ment through changes in the horizontal advection of
water masses, heat exchange with the atmosphere,
and the vertical movement of heat in the water col-
umn (Holbrook et al. 2020).

MHWs adversely affect all trophic levels in the
marine environment (Jackson et al. 2018, Arimitsu et
al. 2021, Suryan et al. 2021) through a combination of
top-down and bottom-up forcing from phytoplank-
ton (Sanford et al. 2019, Hayashida et al. 2020, Mon-
tie et al. 2020, Jacobs et al. 2021), to zooplankton
(Woodworth-Jefcoats et al. 2017, Evans et al. 2020,
2021, Ershova et al. 2021), large crustaceans (Persh-
ing et al. 2018), fish (Cheung & Froélicher 2020, Ari-
mitsu et al. 2021), and to top-order predators such
as seabirds (Bond & Lavers 2014, Jones et al. 2018,
Kriger et al. 2018, Osborne et al. 2020, Piatt et al.
2020, Montevecchi et al. 2021) and dolphins (Spro-
gis et al. 2018, Wild et al. 2019). It is already clear
that MHWSs can result in the decrease or loss of
global marine biodiversity and the concomitant loss
of ecosystem function (Smale et al. 2019, Ainsworth
et al. 2020), and that repeat events can further limit
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the recovery of natural systems (e.g. Goyert et al.
2018, Hughes et al. 2018).

With 70 % of the Earth's surface comprised of mar-
ine ecosystems, and most ocean areas predicted to
experience MHWs as near-permanent conditions by
2050 (Oliver et al. 2019), the importance of predicting
ecosystem impacts is critical to developing adapta-
tion options and building the case for rapid climate
mitigation (Pittman et al. 2021). MHWs act as precur-
sors to the longer-term normal—the greater the
MHW, the farther into the future the MHW provides
insights into likely conditions in marine environ-
ments (Fig. 1).

Given their demonstrated utility as ecological indi-
cators (e.g. Frederiksen et al. 2007, Piatt et al. 2007,
Gill et al. 2011, CCAMLR 2013, Hazen et al. 2019),
and with high level of community interest, seabird
studies can provide valuable insights (Sydeman et al.
2021), particularly when long periods of study allow
the context of new stressors such as MHWs to be
evaluated. However, until recently, relatively few
studies had examined the responses by seabirds to
MHWSs. The most detailed responses have been
described for 2 large MHWs: the 2014-2016 north-
east Pacific and Gulf of Alaska event (Jones et al.
2018, Osborne et al. 2020, Piatt et al. 2020, Arimitsu
et al. 2021, Suryan et al. 2021) and the 2011 Western
Australia event (Pearce & Feng 2013, Oliver et al.
2017, Cannell et al. 2019, Evans et al. 2020, Wood-
worth et al. 2021).

Accordingly, in this study, we investigated the
potential impacts (positive and negative) between
seabirds and MHWSs, with foci on seabird behav-
ioural, phenological, and morphological responses to
MHW events at different temporal and spatial scales.
In Section 2, we review the expected impacts, sup-
ported by published observations in the peer-
reviewed literature, followed by specific
examples of how seabirds respond to MHWSs
through behavioural, phenological, physio-
logical, and morphological changes. Based
on this information, Section 3 explores how
MHW impacts on seabirds may be predicted
based on their life history strategies (LHSs),
and that the impacts of MHWSs on seabirds
may be mediated by their LHSs —a hypothe-
sis that can be tested as more data are col-
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Fig. 1. Marine heatwaves (MHWSs) are precursors to the longer-term
normal. MHW 'A’ provides insight into the average conditions likely
some years into the future, while the stronger MHW ‘B’ provides
insight even more years ahead. Solid line: actual temperature, dotted

line: long-term warming trend

lated. Section 4 concludes by considering
how a future with more intense and longer
MHWs may influence seabirds, and the im-
portance of developing management re-
sponses to aid seabird persistence in a warm-
ing world.
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Table 1. Effect of marine heatwaves (MHWSs) on prey availability, accessibility, and quality. A MHW that is the result
of advection can lead to changes in water masses in a region and hence availability of prey for breeding seabirds. Changes
in stratification due to heat input can concentrate or limit the accessibility of prey for diving seabirds. Changes in ocean
productivity due to warming can change the quality of prey, affecting the energy that seabirds obtain from each prey item

MHW effect

Prey effect

Outcome

Examples

Advection of
warmer water
mass into area

Availability to
seabirds increases

Preferred prey arrives
in the area

Bancroft et al. (2004), Dunlop (2009), Gall et
al. (2017), Jenkins & Davoren (2020)

Availability to
seabirds decreases

Preferred prey leaves
the area

Velarde et al. (2015), Gall et al. (2017), Dufty-
Anderson et al. (2019), Scopel et al. (2019),
Kuletz et al. (2020), Arimitsu et al. (2021),
Osborne et al. (2020), d'Entremont et al. (2022)

Stratification of
local water mass
due to atmospheric

Accessibility to
seabirds increases

Preferred prey
concentrates closer
to the surface

Ramirez et al. (2016)

heat input -
Accessibility to Preferred prey are not Sydeman et al. (2015), Suryan et al. (2021)
seabirds decreases accessible to diving birds
Productivity Quality of prey for Diet quality and hence No evidence, but may occur when a more
of water mass seabirds increases body condition increases  productive water mass appears in a species’
changes foraging range

Quality of prey for
seabirds decreases

Diet quality and hence
body condition decreases

Jenouvrier et al. (2015), Velarde et al. (2015),
Fayet et al. (2017, 2021), Lotze et al. (2019),

Piatt et al. (2020), Chaudhary et al. (2021)

2. MARINE HEATWAVES — OCEAN CHANGES
THAT AFFECT SEABIRD ENVIRONMENTS

Warm-water events are widely classified as MHWSs
if they exceed the 90" percentile of the expected
local water temperature for a period of at least 5 d
(Hobday et al. 2016). They may last for hundreds of
days and cover hundreds of kilometres (e.g. Hobday
et al. 2018, Sen Gupta et al. 2020, and maps therein).
MHWSs change the physical, chemical, and biological
properties of water masses at a range of temporal
and spatial extents, depending on how they were
formed (Holbrook et al. 2020) (Table 1). In general,
MHWs are the result of heat retention in a region,
primarily from heat advected from elsewhere (warm
waters moving poleward: Benthuysen et al. 2014) or
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heat absorbed from the atmosphere (surface heating:
Benthuysen et al. 2018). Vertical mixing can then
move heat deeper into the ocean (e.g. Schaeffer &
Roughan 2017), where it can also be retained, prim-
ing subsequent MHW events (Scannell et al. 2020).
Anomalously warm waters associated with heat-
waves have been detected as deep as 400 m, but for
most events, warming is restricted to the upper 50 m
(Oliver et al. 2018b, Su et al. 2021).

A MHW that is the result of advection will see a
local water mass replaced by another (Fig. 2). This
warming will displace seabird prey species (zoo-
plankton, fish, and cephalopods; e.g. Brodeur et al.
20095), altering the prey availability by moving the
prey farther from seabird colonies. Such prey shifts
due to both MHW and non-MHW causes have been

C

Fig. 2. Conceptual illustration of prey availability to seabirds. (A) Prey occur throughout the water column, and are accessible

to both shallow- and deep-diving birds. (B) A marine heatwave (MHW) resulting from advection can reduce local prey avail-

ability close to a colony as the prey avoid the warm water. (C) A MHW with a deep, warm mixed layer may see cold-water
prey move deeper, such that prey accessibility is reduced. References that illustrate these cases are provided in Table 1
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shown to result in changed foraging behaviour for
several species (e.g. Cohen et al. 2014, Scopel et al.
2019, Osborne et al. 2020) (Fig. 2B). Wide-ranging
seabirds will be less affected than locally foraging
seabirds, although all species may require greater
energy use during foraging trips (e.g. Evans et al.
2021).

Local mixing of advected surface warming or
atmospheric heat can drive prey deeper and reduce
its accessibility to seabirds (Fig. 2C). In this case, the
MHW will reduce prey capture for, and lessen
energy flow to, those seabird species that capture
cold-water prey taxa, as deeper diving requires more
energy and may not be possible for all seabird spe-
cies. Changes in winter stratification in the Califor-
nia Current over a 25 yr period resulted in parallel
trends at multiple trophic levels, including seabird
prey taxa and seabird population trends; the popula-
tion trends were associated with weak changes in
stratification and upwelling strengths (Sydeman et
al. 2015). In the UK, higher breeding success of
black-legged kittiwakes Rissa tridactyla was associ-
ated with weaker stratification before the breeding
season (Carroll et al. 2015).

The converse can also occur: warmer surface
waters can concentrate warm-water prey, facilitate
greater prey capture, and enhance energy flow to
seabirds, or force cooler-water prey species to deeper
waters (Sydeman et al. 2021; Table 1). Prey sup-
pression to deeper waters due to a MHW will dif-
ferentially affect different species of seabirds, with
shallower-diving species, such as cormorants, more
likely to experience prey depletion. In contrast, gen-
eralist foragers such as storm-petrels that glean food
from the ocean surface may be less affected, as they
do not rely solely on prey concentrations. In addi-
tion to direct prey displacement horizontally or ver-
ticallyy, MHWs may reduce productivity due to
changes in nutrient availability. Prey density may
thus be reduced by bottom-up changes in food web
productivity.

The MHW in the north-east Pacific Ocean and
Gulf of Alaska in 2014-2016 resulted in broad-scale
ecosystem impacts including reduced zooplankton
abundance (Jones et al. 2018, Arimitsu et al. 2021); re-
duced forage fish abundance, availability, and nutri-
tional quality (Arimitsu et al. 2021); and decreases
in seabird breeding success (Osborne et al. 2020,
Piatt et al. 2020, Suryan et al. 2021). Piatt et al. (2020)
hypothesised that an ‘ectothermic vice’, incorporat-
ing metabolic responses by forage fish, increased
competition with predatory fish, and reduced quality
of prey taxa for seabirds, resulted in the extreme

mortality and reproductive failure of common mur-
res Uria aalge between Alaska and California.
Their model proposed that both the quality of prey
taxa (forage fish) and their abundance decreased,
resulting in starvation, die-off, and breeding fail-
ure of murres. General reductions in regional pro-
ductivity have a wide spatial impact, as prey are not
available elsewhere or they are deeper, thus increas-
ing the energy demands on foraging seabirds.

2.1. Spatial and temporal overlaps between MHWSs
and seabirds

Seabirds can range widely over their lifetimes and
annual life cycles—or be relatively restricted —and
this movement capacity can influence the impact of a
single MHW event. For simplicity, here we consider
the annual life cycle of a seabird to comprise a breed-
ing period with central-place foraging, and a non-
breeding and spatially unrestricted period (cf. Wing-
field et al. 2017, Fig. 3A). For some species, the
foraging period may cover several years before
breeding age is reached, and we include that life
stage in the non-breeding period. Seabirds typically
disperse following breeding or migrate between
breeding and non-breeding locations (e.g. Loring et
al. 2017, Campioni et al. 2020, Price et al. 2020).

During breeding, seabirds obtain their prey from
the marine environments surrounding their nesting
colonies, i.e. the ‘central place' (sensu Ashmole
1963). The spatial and temporal overlaps or congru-
ence between the seabirds' breeding seasons and
their foraging range(s) and those of a MHW will
determine the type and degree of impacts on the sea-
birds (Fig. 3). The greater the congruence between
the spatial and temporal extents of the seabirds’
breeding season and associated foraging trips with
those of the MHW, the greater the potential impacts
to seabirds will be.

The impacts of MHWSs on seabirds are predicted to
be greatest during breeding seasons (Ramirez et al.
2016), reflecting the elevated energy demands (i.e.
prey consumption) associated with raising one or
more chicks in addition to maintaining adult body
condition, and the requirement to remain closer to
the breeding site. Rapid warming post-2005 in the
Gulf of Maine resulted in changes in the forage fish
community used by breeding seabirds. Seabirds that
previously relied on high energy-density fish experi-
enced lower breeding success when chicks were fed
on low energy-density prey species (Scopel et al.
2019).
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Fig. 3. Temporal variation in relative
impact of marine heatwaves (MHWSs) on
seabird demography. (A) Impacts (red) are
potentially greatest during breeding, as
seabirds are central-place foragers; inter-
mediate during the non-breeding period
(greater flexibility in use of space); and
least (blue) during any post-breeding dis-
persion/migration phase (particularly if
feeding does not occur). (B) A MHW that
temporally overlaps with a short breeding
period will likely lead to greater impact
than for a species with a breeding period

Feeding during
migration

If the MHW is relatively brief and/or spatially con-
strained, then the potential impacts may be expected
to be less severe than if the MHW extends for longer
and/or is less spatially constrained (Fig. 3B). Species
that forage farther from their breeding sites (e.g.
albatrosses and shearwaters) may be able to seek
prey in waters away from the MHW more readily
than near-shore foraging species such as penguins,
cormorants, many alcids, and terns. Seabirds that
undertake post-breeding dispersion or migration,
such as penguins and shearwaters, respectively, are
predicted to be decreasingly affected by a local
MHW as the spatial and temporal congruences will
be progressively poorer. Short-tailed shearwaters
Ardenna tenuirostris undertake trans-hemispheric
migrations from non-breeding areas in the North

Energy acquisition
changes due to

longer than the duration of the MHW

Pacific Ocean to their breeding colonies in south-east
Australia (Baduini et al. 2001b, Springer et al. 2018,
Price et al. 2020). They do not stage while on migra-
tion (C. Price unpubl. data), and thus a MHW located
along their migration routes would be unlikely to
adversely affect actively migrating birds (Fig. 3A).

2.2. Observed seabird responses to MHWs

Seabirds can respond to the formation and/or pres-
ence of a MHW by behavioural, phenological, physi-
ological, and morphological changes (Fig. 4). Changes
in prey accessibility and availability forced by the
MHW will see behavioural changes (manifested as
changes in foraging areas and/or foraging trip dura-

Nesting rates,
incubation,

prey availability fledging
Body Breeding
condition success

change®

P\ws'\o\os‘{

and/or duration

Prey availabili
Prey accessibility

MHW

Changes in ocean
structure and/or

water mass origin
and/or
productivity

Phenology

Population shifts
asaresultof
selection pressure

Mortality events

Fig. 4. Marine heatwaves (MHWs) change the environmental quality for seabirds via prey availability, accessibility, or quality.

This can result in behavioural change(s), which in turn can influence body condition, phenology, breeding success, survival,

and ultimately, morphology of the population. Changes can be positive or negative, depending on the nature of the environ-
mental change



14 Mar Ecol Prog Ser 737: 9-23, 2024

tions) and physiological changes, often seen as
changes in body condition. If prey taxa availability
and accessibility are increased, the body condition of
seabirds will increase, due to improved prey and
shorter and/or more frequent foraging trips for chick
provisioning. Conversely, sensu Piatt et al. (2020), if
prey availability and accessibility decrease, seabird
foraging trips are longer, and body condition de-
creases (e.g. Osborne et al. 2020). Given the rela-
tively sparse literature on seabird responses to
MHWs, information about seabird responses to his-
torical environmental forcing can be used to illus-
trate their potential responses to future MHWs.
These direct and indirect responses serve as analo-
gies for understanding the potential impacts of future
MHWs on seabirds.

Seabird responses to environmental stress can be
manifested through behavioural change (Fig. 4).
Fayet et al. (2021) identified the distant foraging trips
by Atlantic puffins Fratercula arctica in Norway to be
driving the poor productivity of the colony, resulting
in a decreasing population; they speculated that low
prey availability near the colony may be exacerbated
by intraspecific competition. Kitaysky & Hunt (2018)
reviewed a series of studies in the Bering Sea where
seabird foraging areas shifted in response to changes
in surface water temperatures (e.g. Romano et al.
2020). Some species shifted to mid-continental shelf
foraging areas in ‘warm' years from inner shelf areas
in ‘cold’ years, while other seabird species reversed
their response. Changes in the near-surface distribu-
tions of prey species were correlated with these
behavioural responses by the seabirds. Kowalczyk et
al. (2015) detailed changes in the foraging areas used
by little penguins Eudyptula minor during drought
and heavy rain periods during 3 breeding seasons
in south-east Australia, reflecting changes in prey
diversity. In years of heavy rainfall, the penguins for-
aged farther and there was a concomitant increase in
dietary diversity and breeding success. Jenouvrier et
al. (2015) identified strong relationships between
sea-ice extent and foraging trip duration and extent
and breeding productivity in southern fulmars Ful-
marus glacialoides. Breeding black-legged kittiwakes
changed their foraging behaviour (extended trip
durations and farther locations) during the 2014 MHW
in the North Pacific Ocean (Osborne et al. 2020).

If behavioural changes do not occur or cannot fully
compensate for the changed environmental condi-
tions, body condition can be affected (Fig. 4). Poor
adult body condition typically leads to lower breed-
ing success (Phillips et al. 2017). Winter body mass of
little penguins correlated with egg laying and breed-

ing success (Salton et al. 2015), indicative of a carry-
over effect of prey availability extending up to 6 mo.
Hovinen et al. (2019) showed that prey species com-
position during the non-breeding season in 4 species
of High Arctic seabirds contributed to changes in
breeding success. Negative carry-over effects, mani-
fested as poor body condition resulting in near-com-
plete breeding failure, has also been shown in brown
skuas Stercorarius lonnbergi in the Subantarctic
(Grilli et al. 2018). Late-winter sea surface tempera-
ture (SST) changes impacted survival of juvenile
black-browed albatross Thalassarche melanophrys
(Jenouvrier et al. 2018), which may have been through
reduced body condition.

Starvation is typically the primary cause of death
in mass seabird die-offs, known as wrecks (e.g.
Baduini et al. 2001a, Morley et al. 2016, Piatt et al.
2020, Tavares et al. 2020, Glencross et al. 2021a).
Short-tailed shearwaters spend their non-breeding
season in the North Pacific Ocean before returning to
their breeding colonies in south-east Australia. An
increase in the frequency and magnitude of episodic
mass-mortality events in short-tailed shearwaters has
been linked to the proposed competition with pink
salmon Oncorhynchus gorbuscha in the North Pacific
(Springer et al. 2018). Changes to prey during winter
months, when prey resources are at their lowest, can
exacerbate existing stressors or strongly influence
demographic parameters. Winter foraging activities
ended earlier and the timing of colony return was
extended by elevated winter SSTs for adult black-
browed albatrosses (Desprez et al. 2018). Fayet et al.
(2017) showed that local winter prey availability was
a key driver in Atlantic puffin migration routes, win-
tering areas, and colony productivity; long-term
decreases in winter sea-ice extent have resulted in
spatial shifts in their winter distributions (Patterson et
al. 2021). Productive cold-water upwellings are criti-
cal winter- and migratory foraging areas for Euro-
pean roseate terns Sterna dougallii (Redfern et al.
2021). Severe winter storms reduced individual sur-
vival of European shags Phalacrocorax aristotelis,
and were associated with very strong seasonal sur-
vival selection against resident (cf. migratory) indi-
viduals (Acker et al. 2021).

Changes in behaviour can also manifest as pheno-
logical changes (Fig. 4). Seabirds are typically long-
lived with few offspring from any breeding season —
the loss of one breeding season's efforts in years of
poor prey availability (or accessibility) may be offset
by future breeding efforts (Baduini & Hyrenbach
2003, Golet et al. 2004, Hipfner 2008, Champagnon
et al. 2018). Tropical seabirds breeding on Pacific
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Ocean islands will avoid or abandon breeding during
El Nino-Southern Oscillation (ENSO) events (e.g.
Schreiber & Schreiber 1984, Anderson 1989, Duffy
1990) as a trade-off between adult survival and com-
mitting scarce resources to offspring (Cubaynes et al.
2011). Poor prey availability and accessibility can
delay the onset of breeding, or provide opportunities
for first-time breeders to enter the breeding popula-
tion, as pre-breeders may benefit from lowered com-
petition with experienced breeders who may skip
breeding (Moe et al. 2009, Cubaynes et al. 2011).

Seabirds may exhibit both immediate and lagged
phenological responses to environmental stressors.
Multi-decadal data sets for sooty terns Onychoprion
fuscata, bridled terns O. anaethetus, brown noddies
Anous stolidus, and lesser noddies A. tenuirostris in
Western Australia have revealed later laying of first
eggs and later mean laying dates during ENSO events
(Surman & Nicholson 2009, Surman et al. 2012).
Longer time series for Antarctic-breeding petrels
have identified later onset of post-migration arrival
at colonies due to rising SSTs (Barbraud & Weimer-
skirch 2006, Barbraud et al. 2012, Chambers et al.
2014).

The breeding phenology of European storm-
petrels Hydrobates pelagicus in the Western Medi-
terranean was related to the onset of stratification
in late winter/early spring that resulted in ele-
vated prey availability (Ramirez et al. 2016);
delays in reproduction led to hatching and breed-
ing failures. Poor breeding productivity and delayed
migration following decreased prey availability are
lagged responses to environmental stressor (Sprin-
ger et al. 2018, Price et al. 2020, Glencross et al.
2021b) and represent a strategy to improve long-
term survival.

The cumulative impacts of changes in environmen-
tal quality and body condition can influence breed-
ing success (Fig. 4). An increased frequency of warm
SST anomalies was predicted to reduce population
growth in Heermann's gull Larus heermanni (Velarde
& Ezcurra 2018). Likewise, studies on little penguins
have shown decreased breeding success under
MHW conditions in the warmer part of their range in
Western Australia (Cannell et al. 2012) but increased
success in south-eastern Australia (Cullen et al. 2009,
Chambers et al. 2014). This disparity can be ex-
plained by the relative position of the MHW relative
to the preferred environment of the species in ques-
tion (Smale et al. 2019). MHWs that occur in the
warmest part of the range may lead to poorer out-
comes, while MHW s in the cool portion of the range
may lead to improved performance. In extreme

cases, complete breeding failure can occur, as was
documented for common murres throughout the
north-east Pacific Ocean following the 2014-2016
MHW (Piatt et al. 2020). Atlantic puffin breeding suc-
cess since 1880 has decreased as SSTs have
increased around Iceland (Hansen et al. 2021).

Changes in adult and chick survival can arise from
multiple circumstances. Under extreme circumstances
such as strong ENSO events, changes in foraging
behaviours, including diving, are insufficient or un-
able to offset the decreased availability and/or acces-
sibility of prey taxa. Initial responses may involve the
abandonment of breeding efforts, irrespective of the
stage reached (eggs or chicks) but can extend to ele-
vated levels of adult mortality, such as those seen
during wreck events (Piatt et al. 2020). Wrecks can
occur at any time or location during a seabird'’s life-
time (Glencross et al. 2021a).

Ultimately, differential survival among phenotypes
can lead to natural selection and changes in mor-
phology (Fig. 4). A number of studies on non-seabird
species have suggested mechanisms by which ex-
treme climate events could contribute to micro-
evolution of species. Grant et al. (2017) suggested
that extreme environmental perturbations such as
heatwaves were small-scale analogies of the evolu-
tionary changes observed in the fossil records. While
no examples of such responses have yet been docu-
mented for seabirds, there is no reason to believe
that the underlying mechanisms present in other bird
families are absent in seabirds (van de Pol et al.
2017). Sauve et al. (2023) discussed the role of envi-
ronmental drivers of phenotypic traits, including in
seabirds. Inter-annual variability in environmental
drivers related to climate change was predicted to
see shifts in environmental determinants of traits.

Responses by seabirds to environmental drivers or
pressures can be complex, unpredictable, and sub-
stantial. Several species of seabirds have expanded
their range southward in Western Australia despite
the increased frequency of ENSO events that de-
creased foraging opportunities in areas previously
used (Bancroft et al. 2004); the expansions were
potentially offset by the similar southward expansion
of prey taxa, decreased intra-specific competition
or the emergence of novel foraging areas (Dunlop
2009). Elegant terns Thalasseus elegans responded
to a combination of oceanographic temperature anom-
alies (SST >1.0°C) and concurrent fishing pressures
on prey species by shifting their nesting and foraging
areas by 600 km (Velarde et al. 2015); the resultant
population increase in the new area could only be
explained by immigration. Gentoo penguins Pygo-
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scelis papua and chinstrap penguins P. antarctica
have increased their breeding distributions south-
ward as sea ice extent decreases southward along
the Antarctic Peninsula (Barbraud et al. 2012); this
decrease in sea-ice extent has seen conspecific Adélie
penguins P. adeliae populations (more closely associ-
ated with sea ice) decrease rapidly concurrently in
the same area.

3. PREDICTING SEABIRD VULNERABILITY
TO MHWs

Based on known seabird responses to environmen-
tal anomalies as described in the previous section,
the expected interactions between seabirds and
MHWs will be complex (with some responses likely
to be unpredictable), and extend over broad spatial
and temporal scales ranging from 10s to 1000s km,
and from days to years. The responses by seabirds
and the marine environment to the multiple stressors
from MHWSs may be additive or synergistic (sensu
Halpern et al. 2008) and may be direct and/or indi-
rect, i.e. lagged in time and/or space. Evidence sug-
gests that the spatial proximity of anomalous marine
conditions to breeding colonies, their overlap with
foraging areas, and the degree to which MHWs coin-
cide with pre-breeding and breeding seasons gener-
ate the greatest pressures on seabird populations
and can be used to predict vulnerability (Fig. 5).

Depression of breeding productivity or complete
breeding failure will be manifested in short- to long-
term population decreases reflecting the temporal
and spatial extents of poor breeding. The expected
increase in the frequency and intensity of MHWSs will
compound existing pressures on all trophic levels of
marine ecosystems (primary production: Lotze et al.
2019, Jacobs et al. 2021; zooplankton and commer-
cial fish: Woodworth-Jefcoats et al. 2017; and in toto:
Ainsworth et al. 2020, O'Hara et al. 2021). Seabirds
typically have low annual productivity (generally 1-3
chicks yr™!) offset by extended life expectancies (up
to 60+ yr). Thus their breeding efforts involve a
trade-off between an energy investment into egg
production and offspring rearing, and the energy
required for self-maintenance by the adults; this
trade-off comes to the fore during times of poor prey
availability, and in extreme cases, leads to complete
abandonment of the breeding attempt (Schreiber &
Schreiber 1984, Chambers et al. 2011, Cubaynes et
al. 2011, Ponchon et al. 2014), allowing adults to
breed in the future when conditions improve (Golet
et al. 2004).

Extended

Short-rang
species

oy
S

Temporal overlap

S

Brief

Low Spatial overlap with High
colony/foraging areas

Fig. 5. Vulnerability of seabirds to marine heatwaves
(MHWs) is related to the spatial overlap/proximity of the
event to breeding and foraging areas, and to the duration of
the temporal overlap. Vulnerability is indicated by warmer
colours, and the dashed lines are representative of equiva-
lent vulnerability. For example, an extended MHW with low
spatial overlap will have a similar impact to a brief MHW
that has high overlap

While instances exist of increased availability and
accessibility of prey taxa to seabirds arising from
MHWs, there are many more examples of decreased
availability and accessibility of prey taxa to seabirds
(Table 1). At present, there are no known instances
where decreases in the productivity of a water mass
leads to an increase in the quality of prey for seabirds
that could be expected to result in a consequent
increase in diet quality and body condition. In the
Arctic, where MHWs may extend the length of pro-
duction, some short-term benefits might be ex-
pected, such as extended periods of productivity or
greater biomass. Breeding success of king penguins
Aptenodytes patagonicus on the subantarctic Iles
Kerguelen increased in warmer years when prey
availability was higher (Brisson-Curadeau et al.
2023). Overall, our review did not identify wide-
spread benefits to seabirds; additional pressures
from MHWSs will act to compound the existing threats
to seabirds. How well seabird LHSs will respond to
the predicted increase in frequencies and intensities
of MHWSs will determine their survival.

Based on semi-quantitative scoring of life history
characteristics (Table 2), the seabird families pre-
dicted to be most susceptible to MHWSs are penguins
and cormorants. Penguins and cormorants are non-
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Table 2. Selected life history characteristics for seabird families scored 1/2/3 relative to potential marine heatwave (MHW)

impacts, and then summed as an overall susceptibility estimate (where higher scores indicate families that are more suscepti-

ble to MHW impacts). Scoring used for life history characteristics were: Foraging range: 1-distant/off-shore, 2-moderate,

3-near-shore; diving ability: 1-deep (>100 m), 2-moderate (10-100 m), 3—shallow/nil (<10 m); breeding season (incubation +

brooding periods only) duration: 1-short (<100 d), 2-moderate (101-200 d), 3-long (>201 d); and mean age of first breeding

(i.e. recruitment into breeding population): 1-(1-5 yr), 2— (6+ yr). Based on Appendix 2 in Schreiber & Burger (2001) and
references therein

Family Foraging Foraging Diving Breeding Mean age  Suscepti-
range range ability season of first bility
breeding non-breeding duration breeding
Skuas and jaegers (Stercorariidae) 3 1 3 1 1 9
Gulls, terns, and noddies (Laridae) 3 2 3 1 1 10
Tropicbirds (Phaethontidae) 2 2 3 2 1 10
Penguins (Spheniscidae) 3 2 1 3 2 11
Storm-petrels (Hydrobatidae) 2 1 3 2 2 10
Albatrosses (Diomedeidae) 1 1 3 3 2 10
Petrels and shearwaters (Procellariidae) 1 1 2 2 2 8
Diving-petrels 3 1 2 2 1 9
(Genus Pelecanoides, Procellariidae)
Frigatebirds (Fregatidae) 1 2 3 3 1 10
Gannets and boobies (Sulids) 1 2 2 2 1 8
Cormorants (Phalacrocoracidae) 3 3 2 1 2 11
Murres, puffins, auklets, guillemots, 3 3 2 1 1 10
and murrelets (Alcidae)

and relatively weak fliers, respectively, and both fam-
ilies have limited capacities to ‘escape’ proximate
MHWs during their breeding seasons. Other seabirds
that ranked highly susceptible included gulls, terns,
noddies, tropicbirds, storm-petrels, albatrosses, frigate-
birds, and murres and puffins (Alcidae). This disparate
group shows few underlying commonalities beyond
that many are tropical taxa (some terns and noddies
[Family Laridae], tropicbirds, and frigatebirds — species
likely under pressure from the decreasing marine
species diversity in equatorial waters; Chaudhary et
al. 2021). In addition, all 4 tropical groups are typically
associated with opportunistic foraging in associations
with tuna and dolphins (Gilman 2011).

The families ranked lowest for susceptibility to
MHWSs were petrels, shearwaters, gannets, and boo-
bies (Table 2). Species in these families can forage far
from colonies (hundreds of km or farther) and are
capable of diving to as deep as 60—-70 m. The ability
to travel long distances and dive deep can provide
some capacity for avoiding MHWSs during their breed-
ing seasons. Diving-petrels, skuas, and jaegers were
ranked with intermediate susceptibilities, with distant
foraging during the non-breeding seasons reducing
their vulnerability to MHWSs (Table 2). Overall, the
scoring showed limited differences among seabird
families (susceptibility scores were between 8 and
11, compared to the possible range of 5-15), empha-
sising that seabirds have relatively high vulnerability

to MHWs. In the future, this type of approach could
be expanded and refined to resolve within-family dif-
ferences by working through the ca. 300 seabird spe-
cies, depending on future research foci.

The spatial and temporal overlap, and simple sus-
ceptibility scoring (Table 2), establish some grounds
for predicting impacts of MHWSs on seabirds. How-
ever, it is quite likely that some responses by sea-
birds to the synergistic effects of multiple stressors
associated with MHWs will be unexpected and
unpredictable based on our current state of knowl-
edge, and almost certainly will be non-linear
(Halpern et al. 2008). Some insights into such unpre-
dicted and unanticipated responses may be obtained
from current observations of seabird behaviours in
response to contemporary extreme events. We have
initially identified 3 broad categories of unexpected
responses by seabirds (however, it is likely that other
unexpected responses exist):

(1) Destructive synergies. For example, starving
short-tailed shearwaters ingested pumice from an
underwater eruption on their southward migration to
their breeding colonies after spending their non-
breeding season in the North Pacific Ocean (Roman
et al. 2021). A possible explanation is that birds began
their southward migration in poor body condition,
resulting in widespread ingestion of the pumice en-
countered on migration, and their subsequent death
from starvation (Roman et al. 2021).
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(2) Opportunistic synergies. Seabirds foraging in oli-
gotrophic and species-depauperate tropical waters will
feed opportunistically on concentrations of pelagic fish
formed by dolphins or tuna (Wells et al. 2016, Miller
et al. 2018). Decreased species diversity in equatorial
waters since the 1970s, including fish (Chaudhary et
al. 2021), may result in this symbiotic, mixed-species
feeding assemblage relationship collapsing as some
deep-diving birds that help drive prey to the surface
may be absent. This effect may also occur as a result
of MHWSs, and be widespread and apparently unre-
lated to simple estimates of susceptibility (Table 2).

(3) Ecological and evolutionary traps. Despite per-
ceptions of high mate fidelity, seabirds will take on
new breeding partners while their former partner is
alive in an effort to improve their long-term breeding
productivity (e.g. Bried & Jouventin 1999). The change
in partners is typically associated with lower than av-
erage breeding success as the birds learn to coordi-
nate their breeding behaviours; however, over time,
their productivity increases (Bried et al. 2003). A change
in breeding partner in response to poor prey condi-
tions and resultant breeding failure would represent
an unnecessary response by breeding adults to an
episodic environmental stressor, with potential popu-
lation-level consequences. Repeat MHWs in a region
may lead to greater than expected decreases in
breeding success as more birds re-partner in response
to the previous breeding failure, i.e. an ecological trap
(Schlaepfer et al. 2002, Robertson & Hutto 2006).

Researchers assessing the impact of MHWS on sea-
birds should be vigilant for unexpected individual and
population responses, and in particular, for responses
that may result in ecological or evolutionary traps
(Schlaepfer et al. 2002, Grémillet & Boulinier 2009,
Reynolds et al. 2015), as these will generate addi-
tional synergistic pressures on seabird populations
(O'Hara et al. 2021). The semi-quantitative estimates
of susceptibility (Table 2) serve as a first pass assess-
ment of potential impacts but are unlikely to be suffi-
cient, and additional case studies are clearly required.

4. THE FUTURE FOR SEABIRDS UNDER
ENVIRONMENTAL STRESS — A SYNTHESIS

Seabirds have evolved LHSs in response to past
and contemporary environmental variabilities in the
marine environment (sensu Stommel 1963, Haury et
al. 1978). With just ca. 3% of the world's 10000 bird
species considered to be seabirds, the 70% of the
world's surface that is marine clearly presents many
evolutionary challenges to birds. These strategies

include anatomical, physiological, and behavioural
adaptations to facilitate seabird survival in their envi-
ronment (e.g. van de Pol et al. 2017, Wingfield et al.
2017).

Blondin et al. (2022) suggested that while speciali-
sation in diet and foraging behaviours, site fidelity,
and parental investment strategies were beneficial in
stable environments, they were likely to be disad-
vantageous in predicted increased environmental
variability, and during periods of anomalous environ-
mental conditions. The temporal and spatial scales of
MHWSs and ECEs are orders of magnitude more
rapid than past processes that have shaped LHSs,
and consequently have introduced new and addi-
tional pressures on seabirds. As seabirds are unable
to rapidly alter their anatomy and physiology (but see
Chevin & Hoffmann 2017, Grant et al. 2017 for non-
seabird examples), there is limited capacity to adapt
and respond to MHWs and ECEs beyond behav-
ioural plasticity — such as extended foraging trips and
phenological changes in migration and breeding
(Table 1). However, these responses typically result
in lower breeding success and reduced adult body
conditions, subsequently manifested in decreasing
populations.

MHWs are extreme events that impact the physical
structure of the marine environment and the associ-
ated biological communities and ecological food webs.
MHWs also represent a window into future envi-
ronmental changes associated with global warming
(Fig. 1). These anomalous high-temperature events
occurring as part of a long-term warming trend are
spikes that foreshadow projected conditions at some
time in the future. The higher the spike, the greater
the MHW anomaly and the farther into the future the
MHW allows us to predict how seabirds may respond
to projected environmental conditions (Fig. 1).

MHWs allow us to predict behavioural responses
(and potentially to a lesser extent, anatomical and
physiological responses) by seabirds to projected
rises in ocean temperature and concomitant changes
in marine biodiversity, trophic relationships and fluxes,
and ecosystem services such as nutrient cycling
(Smale et al. 2019). The various studies cited herein
show mechanistic linkages between physical and
biological oceanography, phytoplankton, zooplank-
ton, fish, and seabirds — trophic relationships and
numerical responses to changes at wide ranges of
temporal and spatial scales that are most clearly sig-
nalled by seabird populations (Woehler 2012).

Extreme climatic events (sensu Marrot et al. 2017,
van de Pol et al. 2017) are recent and contemporary
manifestations of climate change, and are known
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to be increasing in frequency (Ummenhofer &
Meehl 2017). Marine heatwaves are extreme events
in the marine environment that have increased in
their spatial and temporal extents, with predicted
increases in their frequencies (Oliver et al. 2018b).
Prediction of marine heatwaves is now possible, with
lead times of up to 5 mo (see https://research.csiro.
au/cor/research-domains/climate-impacts-adaptation/
marine-heatwaves/).

Given sufficient lead time for the prediction of
heatwaves, and the susceptibility of seabirds as illus-
trated here, interventions for conservation can be
considered (e.g. Alderman & Hobday 2017, Sydeman
et al. 2021). Interventions for species such as shear-
waters, e.g. reduced indigenous and recreational
harvest levels (Fletcher et al. 2021), fisheries bycatch
reduction for albatross from fisheries closures, and
supplemental feeding for boobies can be imple-
mented to enhance resilience to environmental stres-
sors. Marine Protected Areas provide opportunities
for seabird conservation at regional to ocean-basin
scales (e.g. Connors et al. 2022, Kim et al. 2023).
Given the trajectory of environmental stressors that
impact seabirds, investigation and testing of inter-
ventions is urgent (Mason et al. 2021). Marine heat-
waves provide contemporary insights into potential
future scenarios for seabirds. These scenarios are
also an opportunity to predict the impacts of MHWSs
and, finally, to investigate potential management
responses that will further the conservation of sea-
birds.
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