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Marine systems are under increasing pressure from anthropogenic activities. In recent decades, the deteriorating condition of the world’s
seabird populations suggests these pressures have reached a tipping point. For young birds, body mass can significantly influence survival in the
critical period between nest departure and recruitment to the breeding population. On Lord Howe Island, we measured Flesh-footed Shearwater
(Ardenna carneipes) fledglings in the colony and adjacent beaches to determine how body condition changed during 2010–2022. Overall, we
found chick body mass as well as wing, culmen, and head + bill length declined over time with larger declines observed in beach-washed birds.
Culmen and head + bill length declined by 0.17 and 0.23 mm/year, respectively, and body mass by 16.1 g/year. The number of chicks fledging
at <400 g has increased sharply in recent years, meaning significant numbers of birds are unlikely to survive after departing the island. Our
results point to a deepening of the division in the shearwater population: adult birds who can successfully provision sufficient nutrient reserves
so their chick fledges successfully, and those who cannot. In this latter group, failure at the fledging stage (beached birds) is resulting in birds in
increasingly poor condition, the likes of which were seldom documented 13 years ago.
Keywords: long-term monitoring, morphology, plastic ingestion, seabird health, time series.

Introduction

Marine systems are under increasing and often intense pres-
sure from anthropogenic activities that encompass all corners
of the globe and include noise, chemical and physical pollu-
tants, habitat destruction through offshore development, and
invasive species (Halpern et al., 2008; Halpern et al., 2019).
These pressures do not occur in isolation, instead, the im-
pact on marine species can be cumulative and even synergistic
(Côté et al., 2016; Halpern et al., 2019). In recent decades, the
deteriorating condition of many of the world’s seabird popu-
lations (Dias et al., 2019) indicates that for many species, and
in many parts of the globe, these pressures have reached a tip-
ping point and are resulting in population declines, decreased
resilience to new pressures (Falchieri et al., 2022), and even
extirpation or extinction (e.g. Jones et al., 2008).

Across years and locations, how species respond to fac-
tors such as ocean warming or changes in prey availability
can differ depending on their diet, ability to adjust time bud-
gets, and other factors (Piatt et al., 2007; Paiva, 2022). As top
predators, understanding seabirds’ responses is fundamental
to biodiversity conservation due to their threatened popula-
tions, importance in marine ecosystems, and society’s reliance
on seabirds as bioindicators of ocean health (Orgeret et al.,
2022). For many studies, young seabirds are more accessible,
thus it is important to understand how anthropogenic pres-
sures that impact adult seabirds can modify the relationship
with their chicks by altering parental body condition and pro-
visioning (O’Dwyer et al., 2006; Doody et al., 2008; Divoky
et al., 2021), and consequently affecting chick growth and sur-
vival (Major et al., 2006).

Among birds, survival rates between nest departure and
recruitment to the breeding population can be variable but

are an important parameter in population dynamics (Maness
and Anderson, 2013). Chick body mass significantly influ-
ences survival during this period, with relatively small in-
creases in departure mass leading to substantially improved
survival (Sagar and Horning, 1998; Ronget et al., 2018). In
seabirds, chicks with shorter wings are also less likely to sur-
vive to recruitment (Morrison et al., 2009; Maness and An-
derson, 2013). For adult seabirds, the timing of breeding is
generally inflexible (Keogan et al., 2018), and in many Procel-
lariiformes, adult birds depart the colony prior to chick fledg-
ing so that chicks must rely on their own body reserves for
some period before they, too, depart (Brooke, 2004). Chicks
can also prioritize some areas for growth over others during
times of nutritional stress, such as Atlantic Puffins (Fratercula
arctica) who prioritized growth in wing length and head size
over other measures, including body mass and tarsus (Øyan
and Anker-Nilssen, 1996). Chicks’ fledgling size is therefore a
function of parental provisioning, the length of time between
parental abandonment and fledging, and individual resource
allocation within chicks.

Lord Howe Island, Australia, is the largest Flesh-footed
Shearwater (Ardenna carneipes) population globally and has
declined substantially in the past decade (Lavers et al., 2019a).
Pressures on the island include loss of habitat and invasive
species, though a recent campaign may have succeeded in re-
moving both house mice (Mus musculus) and black rats (Rat-
tus rattus) (Harper et al., 2020). Bycatch in domestic and in-
ternational fisheries causes the mortality of large numbers of
birds in some years (Reid et al., 2012; Reid et al., 2013b). The
population is highly affected by plastic pollution (Lavers et al.,
2021) and metal contaminants relative to other Flesh-footed
Shearwater colonies with Lord Howe Island birds having ele-
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vated mercury concentrations compared with populations in
western Australia and New Zealand (Bond and Lavers, 2011).
We captured and measured fledglings on the colony surface
and on adjacent beaches to determine how body condition at
fledgling has changed over more than a decade of environmen-
tal change and population pressures.

Methods

Between late-April and mid-May 2010–2022, we recorded
morphometrics of fledgling Flesh-footed Shearwaters as part
of a long-term monitoring programme on Lord Howe Island,
New South Wales, Australia (31.53ºS, 159.07ºE; Supplemen-
tary Table S1; Lavers et al., 2021). As fledging and other breed-
ing parameters are highly synchronous in this species and
other Procellariiform seabirds (Marchant and Higgins, 1990),
the Flesh-footed Shearwater chicks were all captured at 80–
90 d of age. Chicks were captured by hand, either randomly
sampled from the colony at night (“colony birds”) from three
of the six colonies on the island or recorded on the beach in the
early morning after an unsuccessful fledging attempt (“beach-
washed”). Beach-washed birds were also collected from one of
three locations along the beach: retrieved from shallow water
along the shoreline, along the high-tide mark, or in the fore-
dune. Most of the birds in the latter two groups were either
too lethargic/emaciated or died before reaching the water. For
each bird, we recorded body mass (± 10 g) using a spring bal-
ance, flattened and straightened wing chord (± 1 mm) using a
stopped ruler, and head + bill, and culmen length (± 0.1 mm)
using Vernier callipers. Measurements were recorded by the
same, experienced team members (JL, AB) for the duration
of the study. For colony birds, a numbered, metal band was
applied to the leg.

All statistical analyses were conducted in R 4.2.1 (R Core
Team, 2022). We examined the relationships between chick
body mass, wing chord length, and head + bill and culmen
length using mixed models, and included whether the chick
was from the colony or beach-washed as a fixed factor, and
year as a random categorical factor to account for interan-
nual variability that might be caused by confounding factors
such as food availability, which is presumably influenced by
broader oceanographic conditions. To examine changes over
time, we used linear models with the year as a continuous vari-
able.

Sagar and Horning (1998) reported that for Sooty Shearwa-
ters (Ardenna griseus), chicks that recruited into the breeding
population had a minimum fledging mass of 564 g (69% of
the adult body mass of 819 g; Warham, 1982). Extrapolating
this to Flesh-footed Shearwaters on Lord Howe (mean adult
body mass: 583 g; author’s unpublished data) would imply a
minimum fledging mass of 400 g of recruits. We examined the
proportion of all chicks that exceeded this threshold annually
and used a linear regression to evaluate change over time. In
all analyses, results were considered significant when p < 0.05,
and we report Cohen’s d as a measure of effect size (Cohen,
2013), using Sawilowsky (2009) guidance on interpretation.

Results

Chicks that were beach-washed (n = 499) had lower body
mass than birds from the colony (n = 663; χ2

1 = 1034.9,
p < 0.001) with a huge effect size (d = 2.11, 95% CI:
1.94–2.28), and in both groups fledging mass declined over

time (F1,1158 = 655.55, p < 0.001), though at a more rapid
rate for beached birds (interaction term: F1,1158 = 4.92,
p = 0.027; Figure 1a). Overall, the mean mass of birds cap-
tured in the colony declined from 687 g in 2010 to 540 g in
2022, a reduction of 12.3 g/year, while for beached birds the
decline was from 488 to 278 g, a reduction of 17.5 g/year.

Chicks’ wing chord was also shorter in beached birds
(n = 496) than colony birds (n = 629; χ2

1 = 467.9,
p < 0.001; Figure 2) with a large effect size (d = 1.43,
95% CI: 1.27–1.59, and changed over time in both groups
(F1,1121 = 129.83, p < 0.001), though in different directions
(interaction term: F1,1121 = 56.57, p < 0.001). In colony birds,
the mean wing chord increased from 287 to 299 mm (ca.
1 mm/year), while in beached birds it declined from 280 to
248 mm, a decrease of 2.7 mm/year (Figure 1b).

Culmen length did not differ between beached and colony
birds (χ2

1 = 0.4, p = 0.53; Figure 2) with no effect size
(d = 0.04, 95% CI: -0.10–0.18), and declined across both
groups (F1,1127 = 113.66, p < 0.001) at the same rate (inter-
action term: F1,1127 = 0.029, p = 0.86). In colony birds, the
mean culmen length decreased from 41.6 to 39.5 mm, while
in beached birds it went from 41.4 to 39.1 mm; in both cases,
a decrease of ∼0.19 mm/year (Figure 1c).

Finally, head + bill length was shorter in beached birds
(n = 477) than colony birds (n = 634; χ2

1 = 19.7, p < 0.001),
but with a small/medium effect size (d = 0.30, 95% CI: 0.15–
0.44). It also declined over time (F1,1107 = 61.20, p < 0.001),
and there was no significant difference between the two
groups (interaction term: F1,1107 = 3.01, p = 0.08). The mean
head + bill length of colony birds decreased from 93.3 to
91.7 mm (-0.12 mm/year), and beached birds decreased from
93.0 to 90.0 mm (-0.23 mm/year; Figure 1d).

Over the course of our study, the proportion of fledglings
from all sources >400 g declined significantly (F1,10 = 29.9,
p < 0.001) from 100% in 2010 and 2011 to 27% in 2021
and 36% in 2022, at a rate of -5.1% per year (Figure 3).

Discussion

On Lord Howe Island, body mass of Flesh-footed Shear-
water chicks has declined markedly over the past 13 years
(Figure 1a). This was especially the case in chicks found
beach-washed; their low body mass (and thus energy reserves)
likely contributed to the unsuccessful fledging attempt. Even
in “good” years (such as 2010), beach-washed birds (many
of which are still alive) were around 30% smaller than birds
encountered at random in the colony. More recently, the con-
dition of beach-washed birds has declined such that their body
mass was only ∼40% of colony birds [i.e. they were 60%
smaller with beached birds commonly found weighing as lit-
tle as 170–210 g during 2021 and 2022; the mean ± SD adult
body mass is 583 ± 97 g (authors’ unpublished data)]. Because
fledglings are becoming smaller, as time has gone on, individ-
ual birds have an increasing and substantial amount of growth
they must achieve in order to “catch up” to equivalent-aged
chicks from a decade ago before reaching the age of recruit-
ment.

In seabirds, fledglings and pre-breeders often experience
high mortality as this critical period hinges upon flight and
foraging capacity, which improve slowly over time (Corbeau
et al., 2020). Wing loading ratio, a measure of bird wing and
body size, has a significant effect on flight efficiency; there-
fore, the length of a bird’s wing is fundamental to the speed
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Figure 1. Trend in fledgling Flesh-footed Shearwater body mass (g; panel a), wing chord length (mm; b), culmen length (mm; c), and head + bill length
(mm; d) on Lord Howe Island during 2010–2022 (p < 0.001 for all measurements; please also refer to the Results section). Light blue: colony birds; dark
purple: beachwashed birds.

and distance it can travel (Brewer and Hertel, 2007) and the
depth it can dive to pursue prey (Watanabe et al., 2011).
Unsurprisingly, in Tufted Puffins (Fratercula cirrhata), wing
length at fledging was a strong predictor of juvenile survival,
where birds with longer wings had higher survival rates (Mor-
rison et al., 2009), a pattern also seen in Nazca Boobies (Sula
grantii), though this may be driven by sex differences (Maness
and Anderson, 2013). In Flesh-footed Shearwaters, as with
many seabirds, the wing chord continues to grow after fledg-
ing until it reaches adult size (312 ± 20 mm; authors’ unpub-
lished data; Powell et al., 2007). We saw reductions in wing
chord length of 32 mm (>10% of adult wing length) between
2010 and 2022 in beached birds (Figure 2), and a slight in-
crease in the wing chord of chicks captured in the colony. This
suggests that the allocation of resources to wing growth dif-
fers between these two sources of chicks (Øyan and Anker-
Nilssen, 1996), and further emphasizes the poor nutritional
condition of beached birds. Beached birds are those who have
attempted to fledge, but have failed with many being pushed
back to shore by currents or wind. Birds with shorter and less-
developed wings would be less able to fly or swim strongly
(Figure 2), so the difference between beached and colony birds
is unsurprising.

Both measurements of shearwater head size (culmen and
head + bill length) declined significantly over time in our
study, with larger reductions observed for beach-washed birds
(Figure 1). Reduced head size measurements (linked with gape
size) can impact both the size and number of fish seabirds are

able to consume during prey capture events (Swennen and
Duiven, 1977; Hulsman, 1981; van Heezik, 1990). Such al-
terations to the foraging ability of fledgling shearwaters could
be detrimental to young birds that are inexperienced at flying
and feeding themselves and may also be experiencing low en-
ergy reserves (i.e. low body mass; Figure 1). Birds with smaller
heads (which are likely to be smaller overall) may able be
less able to compete with larger seabirds, such as albatrosses
(Heswall et al., 2021), which is likely as Flesh-footed Shear-
waters are a gregarious, ship-following species (Bartle, 1974;
Wood, 1990). It may also indicate incomplete cognitive de-
velopment as the cranium volume will be lower. This in turn
could affect foraging efficiency and migratory behaviour, and
ultimately individuals’ survival (Wagnon and Brown, 2020).

Together, these results point to a division in the shearwa-
ter population: those who can successfully provision sufficient
nutrient reserves so that their chick fledges successfully, and
those who cannot. While such divisions also exist in putative
healthy seabird populations (e.g. synchronous breeding pairs
experience better fledging success; Cleeland, 2011), the failure
of Flesh-footed Shearwaters at the fledging stage (as beached
birds) is clearly resulting in birds in increasingly poor condi-
tion (Figure 2), the likes of which were seldom documented
13 years ago. The consequences for the adult population are
as yet unknown, as most of the birds in our study have not
yet had time to recruit to the breeding population (age of first
breeding is 4–5 years; authors pers. obs.). However, change in
adult bird body size as a response to environmental pressures,
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Figure 2. (a) Fledgling Flesh-footed Shearwaters on Lord Howe Island in May 2022: (left) a healthy chick collected in the colony (hit by a motor vehicle)
and (right) a similar age bird found washed up on the beach with substantially lower body mass, shorter wing length, and downy feathers. (b) Fledgling
Flesh-footed Shearwaters on Lord Howe Island in May 2022: (left) a healthy chick collected in the colony (hit by a motor vehicle) and (right) a similar age
bird found washed up on the beach with substantially lower body mass, shorter wing length, and downy feathers.

mainly climate change, is well documented in many species
over short ecological time scales (Weeks et al., 2020) and could
impact the utility of other management tools like discriminant
functions to predict the sex of bycaught birds (Thalmann et
al., 2007).

The most recent assessment of Flesh-footed Shearwater
population size on Lord Howe Island found a significant de-
cline over the past decade (Lavers et al., 2019a), following
a long period of decline since the late-1970s (Fullagar et al.,
1974; Priddel et al., 2006; Reid et al., 2013a). Our body condi-

tion data, as well as data on other population pressures such
as contaminants (Bond and Lavers, 2011; Bond and Lavers,
2020; Szabo et al., 2020) and plastics (Lavers et al., 2014; Pus-
kic et al., 2019; Lavers et al., 2019b, 2021; Charlton-Howard
et al., 2023; Keys et al., 2023; Rivers-Auty et al., 2023) over-
lap much of this same period and suggest a population un-
der increasing pressure, which may explain some of the re-
cent decline in numbers. A paper by Wilcox et al. (2021) sug-
gested the Flesh-footed Shearwater population increased sub-
stantially over roughly the same period (2008–2015), and we
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Figure 3. Proportion of fledgling Flesh-footed Shearwaters encountered
on Lord Howe Island with a body mass >400 g during 2010–2022.

recognize the reductions in fisheries bycatch (Reid et al., 2012)
and road mortality (Wilcox et al., 2021) that have lessened
pressures on the shearwaters. However, the suggestion that
this iconic species of Lord Howe Island is secure ignores a
substantial corpus of literature, to which our current study
adds. The assessment by Wilcox et al. (2021) also contrasts
with substantial feedback from the Lord Howe Island commu-
nity, which suggests the number of Flesh-footed Shearwater
burrows and birds has declined (community members’ pers.
comm.). In Aotearoa New Zealand, a larger number of Flesh-
footed Shearwaters recorded at some breeding islands has
been attributed to more targeted monitoring and advances in
technology rather than an increase in the population (Burgin
and Lamb, 2022). Our results for Lord Howe Island provide
support for this with more birds detected using higher resolu-
tion burrow inspection cameras (Lavers et al., 2019a).

Beached birds are overall in poorer condition, and their
condition has declined faster than in colony birds. This is per-
haps unsurprising, as beached birds are beached for a reason,
usually a lack of energy reserves, starvation, or incomplete de-
velopment. They also have higher plastics burdens (Lavers et
al., 2021), and therefore the concomitant stresses that accom-
pany it (Lavers et al., 2019b; Charlton-Howard et al., 2023;
Rivers-Auty et al., 2023), thus the cause/effect relationship be-
tween body condition and plastics (are they in poor condition
because they have been fed plastics, or are they fed plastics be-
cause they are in such poor condition to begin with) remains
elusive.

Ultimately, the consequences of the fledging body condi-
tion declines reported here are not yet known. The huge pro-
portion of birds that are potentially unlikely to recruit to the
breeding population is worrying, and would support the con-
clusions of Lavers et al. (2019a) that the population is more
likely to be in decline. Globally, seabirds are under increasing
pressure from well-established and emerging stressors on in-
dividuals and populations. Understanding the period between
fledging and recruitment is an area with significant research
gaps and little knowledge, but one that has demonstrable
impacts on breeding populations. For declining species, and
those with low fecundity, it is increasingly urgent to diagnose
and mitigate the causes of these declines. For Flesh-footed
Shearwaters, the driving force behind population trends and
the clear decline in fledging body condition are unknown,

but given the alleviation of many of the previously identified
threats (invasive species, fisheries bycatch, and road mortal-
ity), other pressures should be examined (Gaze, 2000).

Acknowledgements

The authors acknowledge the traditional custodians of the
land and waters where this paper was written, the Muwin-
ina people of Nipaluna (Hobart, Australia) and the Wudjari
people of Kepa Kurl (Esperance, WA). We celebrate the role
that Indigenous people have played as the first scientists and
conservationists of this land. Samples were collected with the
permission of the Lord Howe Island Board (permit no. LHIB
07/12, 02/14, and 07/18), animal ethics permit no. A11586,
A13836, A16357, and A18480), and New South Wales Of-
fice of Environment & Heritage licence no. SL100619 and
SL102382. Logistical support was provided by the Australian
Bird and Bat Banding Service (permit no. 2792) and incred-
ible Lord Howe Island community, especially C. Woods, J.
Gilligan, T. Adams, L. Brice, and J. & C. Shick. Assistance in
the field was provided by generous volunteers, particularly P.
Clive, the Two Hands Project (S. Stuckenbrock & P. Sharp)
and members of the Adrift Lab team. Special thanks to J.
Gilligan for providing the images used with his permission
in Figure 2. Comments from three anonymous reviewers and
the Editor improved earlier drafts.

Supplementary Data

Supplementary material is available at the ICESJMS online
version of the manuscript.

Conflict of interest

The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Authors contribution

J.L.L.—Conceptualization, Data curation, Funding acqui-
sition, Investigation, Project administration, and Writing-
Original draft.

A.L.B.—Data curation, Funding acquisition, Investigation,
Project administration, Formal analysis, and Writing-Original
draft.

Funding

Special thanks to Detached Cultural Organization, Sea World
Research & Rescue Foundation (SWR/4/2015), Sydney Sea
Life Foundation, Natural History Museum, Trading Consul-
tants Ltd (V. Wellington), L. Brice, L. Mortensen (Ocean Plas-
tic Relay—Day of 30), C. Noone, and the W.V. Scott Charita-
ble Trust for providing funding for our long-term monitoring.

Data availability

Data are available on figshare: https://figshare.com/s/0764d6
ceef0f8ec79085

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/4/1113/7083385 by guest on 11 M
ay 2024

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad048#supplementary-data
https://figshare.com/s/0764d6ceef0f8ec79085


1118 J.L. Lavers and A.L. Bond

References

Bartle, J. A. 1974. Seabirds of eastern Cook Strait, New Zealand, in
autumn. Notornis, 21: 135–166.

Bond, A. L., and Lavers, J. L. 2011. Trace element concentrations
in feathers of Flesh-footed Shearwaters (Puffinus carneipes) from
across their breeding range. Archives of Environmental Contamina-
tion and Toxicology, 61: 318–326.

Bond, A. L., and Lavers, J. L. 2020. Biological archives reveal contrast-
ing patterns in trace element concentrations in feathers from Flesh-
footed Shearwaters (Ardenna carneipes) over more than a century.
Environmental Pollution, 263: 114631.

Brewer, M. L., and Hertel, F. 2007. Wing morphology and flight behav-
ior of pelecaniform seabirds. Journal of Morphology, 268: 866–877.

Brooke, M.d.L. 2004. Albatrosses and petrels across the world. Oxford
University Press, Oxford.

Burgin, D., and Lamb, S. 2022. Toanui/Flesh-footed Shearwater (Ar-
denna carneipes) population estimate for Titi Island, Marlbor-
ough Sounds: January 2022.Unpublished Wildlife Management
International Technical Report to the Department of Conserva-
tion,Wellington.23pp.

Charlton-Howard, H. S., Bond, A. L., Rivers-Auty, J., and Lavers,
J. L. 2023. Plasticosis’: characterising macro- and microplastic-
associated fibrosis in seabird tissues. Journal of Hazardous Mate-
rials, 450: 131090.

Cleeland, J. 2011. Foraging movements of breeding Short-tailed Shear-
waters (Puffinus tenuirostris). University of Tasmania, Hobart.

Cohen, J. 2013. Statistical power analysis for the behavioral sciences.
Taylor & Francis, New York.

Corbeau, A., Prudor, A., Kato, A., and Weimerskirch, H. 2020. De-
velopment of flight and foraging behaviour in a juvenile seabird
with extreme soaring capacities. Journal of Animal Ecology, 89:
20–28.

Côté, I. M., Darling, E. S., and Brown, C. J. 2016. Interactions among
ecosystem stressors and their importance in conservation. Proceed-
ings of the Royal Society B: Biological Sciences, 283: 20152592.

Dias, M. P., Martin, R. E., Pearmain, E. J., Burfield, I. J., Small, C.,
Phillips, R. A., Yates, O. et al. 2019. Threats to seabirds: a global
assessment. Biological Conservation, 237: 525–537.

Divoky, G. J., Brown, E., and Elliott, K. H. 2021.Reduced seasonal sea
ice and increased sea surface temperature change prey and foraging
behaviour in an ice-obligate Arctic seabird, Mandt’s Black Guillemot
(Cepphus grylle mandtii).Polar Biology, 44: 701–715.

Doody, L. M., Wilhelm, S. I., McKay, D. W., Walsh, C. J., and Storey,
A. E. 2008. The effects of variable foraging conditions on Common
Murre (Uria aalge) corticosterone concentrations and parental pro-
visioning. Hormones and Behavior, 53: 140–148.

Falchieri, M., Reid, S. M., Ross, C. S., James, J., Byrne, A. M. P., Zam-
fir, M., Brown, I. H et al. 2022. Shift in HPAI infection dynamics
causes significant losses in seabird populations across Great Britain.
Veterinary Record, 191: 294–296.

Fullagar, P. J., McKean, J. L., and van Tets, G. F. 1974. Appendix F,
report on the birds. In Environmental survey of Lord Howe Island,
pp.55–72. Ed. by H. F. Recher, and S. S. Clark New South Wales
Government Printer, Sydney.

Gaze, P. 2000. The response of a colony of Sooty Shearwater (Puffinus
griseus) and Flesh-footed Shearwater (P. carneipes) to the cessation
of harvesting and the eradication of Norway rats (Rattus norvegi-
cus). New Zealand Journal of Zoology, 27: 375–379.

Halpern, B. S., Frazier, M., Afflerbach, J., Lowndes, J. S., Micheli, F.,
O’Hara, C., Scarborough, C et al. 2019. Recent pace of change in
human impact on the world’s ocean. Scientific Reports, 9: 11609.

Halpern, B. S., Walbridge, S., Selkoe, K. A., Kappel, C. V., Micheli, F.,
D’Agrosa, C., Bruno, J. F et al. 2008. A global map of human impact
on marine ecosystems. Science, 319: 948–952.

Harper, G. A., Pahor, S., and Birch, D. 2020. The Lord Howe Island
rodent eradication: lessons learnt from an inhabited island. (Ed)D.
M. Woods. In Proceedings of the 29th Vertebrate Pest Conference.
University of California.1–11pp.

Heswall, A. M., Friesen, M. R., Martin, A. L. B., and Gaskett, A. C. 2021.
Seabird bycatch risk correlates with body size, and relatively larger
skulls, bills, wings and sensory structures. Marine Biology, 168: 70.

Hulsman, K. 1981. Width of gape as a determinant of size of prey eaten
by terns. Emu—Austral Ornithology, 81: 29–32.

Jones, H. P., Tershy, B. R., Zavaleta, E. S., Croll, D. A., Keitt, B. S., Finkel-
stein, M. E., and Howald, G. R. 2008. Severity of the effects of in-
vasive rats on seabirds: a global review. Conservation Biology, 22:
16–26.

Keogan, K., Daunt, F., Wanless, S., Phillips, R. A., Walling, C. A., Agnew,
P., Ainley, D. G et al. 2018. Global phenological insensitivity to shift-
ing ocean temperatures among seabirds. Nature Climate Change, 8:
313–318.

Keys, B. C., Grant, M. L., Rodemann, T., Mylius, K. A., Pinfold, T. L.,
Rivers-Auty, J., and Lavers, J. L. 2023. New methods for the quan-
tification of ingested nano- and ultrafine-plastics in seabirds. Envi-
ronmental Science & Technology, 57: 310–320.

Lavers, J. L., Bond, A. L., and Hutton, I. 2014. Plastic ingestion by Flesh-
footed Shearwaters (Puffinus carneipes): implications for chick body
condition and the accumulation of plastic-derived chemicals. Envi-
ronmental Pollution, 187: 124–129.

Lavers, J. L., Hutton, I., and Bond, A. L. 2019a. Changes in technol-
ogy and imperfect detection of nest contents impedes reliable esti-
mates of population trends in burrowing seabirds. Global Ecology
and Conservation, 17: e00579.

Lavers, J. L., Hutton, I., and Bond, A. L. 2019b. Clinical pathology of
plastic ingestion in marine birds and relationships with blood chem-
istry. Environmental Science & Technology, 53: 9224–9231.

Lavers, J. L., Hutton, I., and Bond, A. L. 2021. Temporal trends and
interannual variation in plastic ingestion by Flesh-footed Shearwa-
ters (Ardenna carneipes) using different sampling strategies. Envi-
ronmental Pollution, 290: 118086.

Major, H. L., Jones, I. L., Byrd, G. V., and Williams, J. C. 2006. As-
sessing the effects of introduced Norway rats (Rattus norvegicus)
on survival and productivity of Least Auklets (Aethia pusilla). The
Auk, 123: 681–694.

Maness, T. J., and Anderson, D. J. 2013. Predictors of juvenile survival
in birds—predictores de la supervivencia de aves juveniles. Ornitho-
logical Monographs, 78: 1–55.

Marchant, S., and Higgins, P. J. 1990. Puffinus carneipes Flesh-footed
Shearwater, Handbook of Australian, New Zealand, and Antarctic
birds, pp. 609–616.Oxford University Press, Melbourne.

Morrison, K. W., Hipfner, J. M., Gjerdrum, C., and Green, D. J. 2009.
Wing length and mass at fledging predict local juvenile survival and
age at first return in Tufted Puffins. The Condor, 111: 433–441.

O’Dwyer, T. W., Buttemer, W. A., Priddel, D. M., and Downing, J. A.
2006. Prolactin, body condition and the cost of good parenting: an
interyear study in a long-lived seabird, Gould’s Petrel (Pterodroma
leucoptera). Functional Ecology, 20: 806–811.

Orgeret, F., Thiebault, A., Kovacs, K. M., Lydersen, C., Hindell, M. A.,
Thompson, S. A., Sydeman, W. J et al. 2022. Climate change impacts
on seabirds and marine mammals: the importance of study duration,
thermal tolerance and generation time. Ecology Letters, 25: 218–
239.

Øyan, H. S., and Anker-Nilssen, T. 1996. Allocation of growth in food-
stressed Atlantic Puffin chicks. The Auk, 113: 830–841.

Paiva, V. H. 2022. Seabirds as indicators of oceanographic changes,
Seabird biodiversity and human activities. CRC Press, Boca Raton.

Piatt, J. F., Harding, A. M. A., Shultz, M., Speckman, S. G., van Pelt, T. I.,
Drew, G. S., and Kettle, A. B. 2007. Seabirds as indicators of marine
food supplies: cairns revisited. Marine Ecology Progress Series, 352:
221–234.

Powell, C. D. L., Wooller, R. D., and Bradley, J. S. 2007. Breeding biol-
ogy of the Flesh-footed Shearwater (Puffinus carneipes) on Woody
Island, Western Australia. Emu, 107: 275–283.

Priddel, D., Carlile, N., Fullagar, P., Hutton, I., and O’Neill, L. 2006. De-
cline in the distribution and abundance of Flesh-footed Shearwaters
(Puffinus carneipes) on Lord Howe Island, Biological Conservation,
128: 412–424.

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/4/1113/7083385 by guest on 11 M
ay 2024



Long-term decline in fledging body condition of Flesh-footed Shearwaters (Ardenna carneipes) 1119

Puskic, P., Lavers, J. L., Adams, L. A., Grünenwald, M., Hutton, I., and
Bond, A. L. 2019. Exploring the sub-lethal effects of plastic ingestion
by shearwaters using fatty acid analysis. Conservation Physiology,
7: coz017.

R Core Team 2022. R: A language and environment for statistical com-
puting. Version 4.2.1 [computer program] R Foundation for Statis-
tical Computing.

Reid, T., Hindell, M., Lavers, J. L., and Wilcox, C. 2013a. Re-examining
mortality sources and population trends in a declining seabird: using
bayesian methods to incorporate existing information and new data.
PLoS One, 8: e58230.

Reid, T., Hindell, M., and Wilcox, C. 2012. Environmental determi-
nants of the at-sea distribution of encounters between Flesh-footed
Shearwaters Puffinus carniepes and fishing vessels. Marine Ecology
Progress Series, 447: 231–242.

Reid, T., Tuck, G. N., Hindell, M. A., Thalmann, S., Phillips, R. A., and
Wilcox, C. 2013. Nonbreeding distribution of Flesh-footed Shear-
waters and the potential for overlap with North Pacific fisheries.
Biological Conservation, 166: 3–10.

Rivers-Auty, J., Bond, A. L., Grant, M. L., and Lavers, J. L. 2023. The
one-two punch of plastic exposure: macro- and micro-plastics in-
duce multi-organ damage in seabirds. Journal of Hazardous Mate-
rials, 442: 130117.

Ronget, V., Gaillard, J. - M., Coulson, T., Garratt, M., Gueyffier, F., Lega,
J. - C., and Lemaître, J. - F. 2018. Causes and consequences of vari-
ation in offspring body mass: meta-analyses in birds and mammals.
Biological Reviews, 93: 1–27.

Sagar, P. M., and Horning, D. S. 1998. Mass-related survival of fledgling
Sooty Shearwaters Puffinus griseus at the Snares, New Zealand. Ibis,
140: 329–331.

Sawilowsky, S. S. 2009. New effect size rules of thumb. Journal of Mod-
ern Applied Statistical Methods, 8: 597–599.

Swennen, C., and Duiven, P. 1977. Size of food objects of three fish-
eating seabird species: U ria aalge, Alca torda, and Fratercula arctica
(Aves, Alcidae). Netherlands Journal of Sea Research, 11: 92–98.

Szabo, D., Lavers, J. L., Shimeta, J., Green, M. P., Mulder, R. A., and
Clarke, B. O. 2021. Correlations between per- and polyfluoroalkyl

substances (PFASs) and body morphometrics in fledgling shearwa-
ters impacted by plastic consumption from a remote Pacific island.
Environmental Toxicology and Chemistry, 40: 799–810.

Thalmann, S., Baker, G. B., Hindell, M., Double, M. C., and Gales, R.
2007. Using biometric measurements to determine gender of Flesh-
footed Shearwaters, and their application as a tool in long-line by-
catch management and ecological field studies. Emu—Austral Or-
nithology, 107: 231–238.

van Heezik, Y. 1990. Seasonal, geographical, and age-related variations
in the diet of the yellow-eyed Penguin (Megadyptes antipodes). New
Zealand Journal of Zoology, 17: 201–212.

Wagnon, G. S., and Brown, C. R. 2020. Smaller brained cliff swallows
are more likely to die during harsh weather. Biology Letters, 16:
20200264.

Warham, J. 1982. The annual cycle of the Sooty Shearwater Puffinus
griseus at the Snares Islands, New Zealand. Notornis, 29: 269–292.

Watanabe, Y. Y., Takahashi, A., Sato, K., Viviant, M., and Bost, C. - A.
2011. Poor flight performance in deep-diving cormorants. Journal
of Experimental Biology, 214: 412–421.

Weeks, B. C., Willard, D. E., Zimova, M., Ellis, A. A., Witynski, M. L.,
Hennen, M., and Winger, B. M. 2020. Shared morphological con-
sequences of global warming in North American migratory birds.
Ecology Letters, 23: 316–325.

Wilcox, C., Carlile, N., Hardesty, B. D., and Reid, T. 2021. Assessing
multiple threats to seabird populations using Flesh-footed Shear-
waters Ardenna carneipes on Lord Howe Island, Australia as case
study. Scientific Reports, 11: 7196.

Wood, K. A. 1990. Seasonal abundance and marine habitats of Procel-
laria, Fulmarine and Gadfly petrels off central New South Wales.
Notornis, 37: 81–105.

Handling Editor: C J Camphuysen

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/4/1113/7083385 by guest on 11 M
ay 2024


