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Abstract. Penguins are among the most distinctive birds of
the Antarctic and sub-Antarctic, and their story spans from
extinct “giant” fossil species to the penguins that breed today.
This overview brings together evidence from fossils, ancient
colony remains, chemical records, and modern monitoring
to place today’s population changes in a long environmen-
tal context. Fossils from Seymour Island and other South-
ern Hemisphere sites show that penguins have persisted for
more than 60 million years, including during much warmer
periods, followed by major changes as Antarctica cooled and
became dominated by ice. Records from past colonies and
genetic studies show that penguin populations repeatedly ex-
panded, contracted, and shifted their ranges as sea ice and
ocean conditions changed over thousands of years, highlight-
ing how strongly penguins depend on sea ice and marine food
webs. Eight Antarctic and sub-Antarctic species are assessed,
summarizing current status and pressures using recent con-
servation assessments alongside ecological and satellite-
based studies. Trends differ strongly by region: some pop-
ulations, such as gentoo penguins in parts of the Antarctic
Peninsula, have expanded or shifted their range, while oth-
ers have declined or appear highly sensitive to changes in
food availability. Looking ahead, risk is shaped by connected
processes rather than warming alone. Ice-dependent species
are most vulnerable where reliable sea ice is disappearing
or breaking up earlier, whereas krill-dependent species face
added risk where climate-driven changes in krill overlap with
concentrated fishing. New tools that are improving monitor-
ing and forecasting are highlighted, including satellite and
aerial colony surveys, animal tracking, remote cameras, and
improved krill mapping, alongside key remaining uncertain-
ties such as juvenile survival, winter behavior, and the fine-
scale conditions near colonies. Overall, this synthesis em-
phasizes a central contrast: penguins have shown resilience

over deep time, yet their near-future persistence may be con-
strained by the speed and combined pressures of human-
driven change.

1 Introduction

Penguins are among the most recognizable animals of the
Antarctic and sub-Antarctic region. Beyond their appeal as
symbols of the southern oceans, they play important roles
in marine food webs as mid-level predators that link plank-
ton and krill to higher predators such as seals and whales
(Croxall and Prince, 1980; Fraser and Trivelpiece, 1996).
Their life cycles are closely tied to sea ice, ocean fronts,
and prey availability, which makes them sensitive to environ-
mental change and human activities in the Southern Ocean
(Ainley, 2002; Trathan et al., 2020). Because their popula-
tions respond measurably to shifts in sea ice conditions and
marine productivity, penguins are widely used as indicators
of ecosystem change in Antarctic and sub-Antarctic environ-
ments (Boersma, 2008; Forcada and Trathan, 2009).
Penguin conservation has therefore received sustained at-
tention. As flightless seabirds that breed on land or sea ice
but forage at sea, they are exposed to multiple pressures that
affect breeding habitat, food supply, and reproductive tim-
ing (Williams, 1995; Lynch et al., 2012). Several species
have already shown clear responses to recent environmental
change. Emperor penguins have experienced breeding fail-
ures following early sea ice breakup (Fretwell and Trathan,
2009; Trathan et al., 2020), while gentoo penguins have ex-
panded southward into parts of the Antarctic Peninsula for-
merly dominated by Adélie penguins (Ducklow et al., 2007;
Hinke et al., 2007). In contrast, some krill-dependent sub-
Antarctic species, including macaroni and southern rockhop-
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per penguins, have declined in several regions (Croxall et al.,
2002; Trathan et al., 2006).

Global assessments by the International Union for Con-
servation of Nature (IUCN) and BirdLife International pro-
vide the most recent evaluations of the conservation status of
penguins (BirdLife International, 2023; IUCN, 2023). At the
same time, paleontological discoveries, geochemical analy-
ses, and ecological modeling continue to refine our under-
standing of the origins of penguins, their environmental his-
tory, and their projected responses to change (Ksepka and
Clarke, 2010; Trathan et al., 2020). These different lines of
evidence are usually treated separately, spanning fields from
paleobiology to conservation ecology.

This overview brings these perspectives together for
Antarctic and sub-Antarctic penguins. By linking fossil his-
tory, modern distribution and status, and future conservation
challenges, it places present-day population trends in a long-
term environmental context. Viewed across this time span,
penguins illustrate both evolutionary resilience and increas-
ing sensitivity to rapid, human-driven change. The aim is to
provide a clear and accessible overview of how knowledge
from fossils to conservation informs our understanding of
these key Southern Ocean species.

2 Approach and sources

This article is based entirely on published and openly avail-
able literature. The core sources are the most recent global
conservation assessments from the IUCN and BirdLife In-
ternational, which provide standardized information on pen-
guin population size, status, and threats (BirdLife Interna-
tional, 2023; IUCN, 2023). These are complemented by peer-
reviewed studies published from the early 20th century to the
present.

Rather than generating new datasets, this overview brings
together results from paleontology, geochemistry, ecology,
and conservation science to interpret modern penguin sta-
tus and trends in a longer environmental and evolutionary
context. This overview synthesizes fossil records, geochemi-
cal proxies, demographic studies, and recent monitoring and
modeling to highlight recurring patterns, current pressures,
and the main uncertainties that still limit prediction across
Antarctic and sub-Antarctic species.

3 Past: penguins as archives of deep time and past
environments

Modern trends are easier to interpret in a longer context.
The fossil record and colony archives reveal when key pen-
guin traits emerged and how populations shifted as Antarc-
tica cooled and sea ice regimes changed. This context helps
to frame present-day observations in terms of both resilience
and sensitivity.
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3.1 Fossil record and evolutionary history

Penguins have a long evolutionary history that reaches back
more than 60 million years to the early Paleocene. The oldest
widely accepted stem (ancestral) penguins, Waimanu man-
neringi and W. tuatahi (later reassigned to Muriwaimanu tu-
atahi), come from the Waipara Greensand Formation in the
Canterbury region of New Zealand (Slack et al., 2006; Mayr
et al., 2020, 2025). These early fossils already show adap-
tations for wing-propelled diving, suggesting that the shift
from flight to underwater “flight” occurred early in penguin
evolution.

Fossil discoveries on Seymour Island, near the Antarctic
Peninsula, are especially important because they document
penguins living along Antarctic coasts during the warmer
climates of the Eocene and Oligocene. They include large
extinct species such as Palaeeudyptes gunnari and Anthro-
pornis nordenskjoeldi, dated to about 34-37 million years
ago (Marples, 1953; Jadwiszczak, 2006). These “giant pen-
guins”, in some cases approaching 2 m in height, show that
penguins were already diverse and successful in Antarctica
before the modern ice sheet system became fully established
(Martin, 2009; Stilwell and Long, 2011).

Recent work continues to refine this record. A newly de-
scribed Eocene specimen from Seymour Island adds fur-
ther evidence for high morphological diversity among early
Antarctic penguins and also highlights ongoing uncertainty
in how some large-bodied taxa are separated when size is
used as a primary criterion (Xia et al., 2024). Later fossils
from South America and New Zealand during the Miocene
and Pliocene indicate dispersal and diversification beyond
Antarctica (Ksepka and Clarke, 2010). By the Pliocene, pen-
guins had expanded into colder, ice-influenced marine envi-
ronments more comparable to those they occupy today (Mar-
tin, 2009; Stilwell and Long, 2011). A recent synthesis of
penguin biogeography supports a New Zealand origin fol-
lowed by expansion into Antarctica in the Eocene, a major
turnover during Antarctic cooling, and later re-expansions of
modern lineages across the Southern Hemisphere (Pelegrin
and Acosta Hospitaleche, 2022). Together, the fossil record
shows both the early first occurrences of penguins and their
capacity to persist across major shifts in climate and ocean
conditions, providing long-term context for modern conser-
vation concerns (see Fig. 1).

3.2 Pleistocene records

Evidence from the Pleistocene (2.6 Ma to 11.7 ka) shows that
penguin populations repeatedly expanded and contracted as
ice sheets advanced and retreated. Much of this evidence
comes from subfossil remains preserved in raised beaches
and abandoned colonies, together with genetic data that
record past population bottlenecks and re-expansions. An-
cient DNA extracted from penguin remains has been used
to compare past and modern genetic diversity and to test

https://doi.org/10.5194/polf-94-17-2026



R. Quilestino-Olario: Penguins: fossils to conservation 19

Cenozoic Recent ) )
Present € > Now industrial pollutants appear (~1850 CE)
Holocene > 10 ka Holocene colony dynamics (~11 ka)
_|Pleistocene] . 20K3 . LGM diet shift fish to kil (~26-19 ka)
[ Pliocene . S — « oldest Adélie colony (~38 ka)
10 Ma ] T | 50ka
Miocene .. penguin habitats expand to icy seas (~3-2 Ma)
20 Ma ) ) I
dispersal and diversification (~20-3 Ma)
i
30 Ma | Oligocene =100 ka large penguin species continue to exist (~30 Ma)
gigantic penguins (~37-34 Ma)
40 Ma early penguins evolve in warm seas (~40 Ma)
Eocene
50 Ma _| oo < glacial-interglacial dynamics (~200 ka)
60 Ma Jpajeocene first penguins (~62—-60 Ma; New Zealand)
65 Ma \. 200 ka

S
?

Figure 1. Geologic timeline of penguin evolution and environmental archives from the Paleocene to the present. The vertical axis represents
time, with bands highlighting the Paleocene to the modern periods. Key milestones include the earliest stem penguins in the Paleocene
(Waimanu manneringi and W. tuatahi (= Muriwaimanu tuatahi) from the Waipara Greensand Formation, Canterbury, New Zealand), giant
fossil species on Seymour Island during the Eocene—Oligocene (Marples, 1953; Jadwiszczak, 2006; Xia et al., 2024) when Antarctic seas
were warmer and largely ice free (Martin, 2009; Stilwell and Long, 2011), and diversification and dispersal during the Miocene—Pliocene
(Ksepka and Clarke, 2010). Late Quaternary archives include radiocarbon-dated colony remains (bones, eggshells, guano) that record occu-
pation history and environmental change, such as the oldest known Adélie colony at Cape Adare (~ 38ka) (Baroni and Orombelli, 1994;
Emslie, 2001), diet shifts during the Last Glacial Maximum (~ 26-19ka) inferred from stable isotopes (Emslie and Patterson, 2007; Sun
et al., 2000), and guano and eggshell records tracing Holocene colony dynamics (Huang et al., 2009). Industrial-era pollutants (since the
determination of colonies after ~ 1850 CE; Xu et al., 2020) illustrate the most recent environmental signals preserved in penguin tissues and

deposits. Abbreviations: Ma = million years ago; ka = thousand years ago; CE = Common Era; LGM = Last Glacial Maximum.

whether regional colonies persisted locally or were repeat-
edly re-founded after glacial maxima (Ritchie et al., 2004;
Emslie, 2021). For example, material from the Scotia Arc re-
gion (including the South Shetlands and South Orkneys) in-
dicates that genetic structure and connectivity shifted across
glacial-interglacial cycles, consistent with changing habitat
availability and dispersal corridors (Ritchie et al., 2004).

Sedimentary and geochemical records provide comple-
mentary evidence for postglacial recolonization. In East
Antarctica, an ornithogenic sediment core from the Vestfold
Hills suggests that Adélie penguins began colonizing newly
ice-free ground shortly after local deglaciation, with occu-
pation beginning around 14.6 ka and increasing through the
Holocene (Gao et al., 2018). This supports the broader view
that the emergence of accessible breeding habitat is a first-
order control on colony establishment following glacial re-
treat.

Genomic studies reinforce this refugia and recolonization
picture at a wider taxonomic scale. Genome-wide demo-
graphic reconstructions across living penguin species fre-
quently indicate population declines around the Last Glacial
Maximum (ca. 26—-19ka), consistent with reduced marine
productivity and fragmented breeding habitat, followed by
postglacial recovery in many lineages (Vianna et al., 2020;
Cole et al., 2022). For emperor penguins specifically, phy-
logeographic analyses suggest that suitable breeding habitat
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during the Last Glacial Maximum was fragmented, with pop-
ulations persisting in refugia before expanding again as sea
ice conditions relaxed during the Holocene (Younger et al.,
2015). Together, the Pleistocene record shows that climate-
driven habitat change leaves measurable signatures in pen-
guin population size, distribution, and genetic diversity, pro-
viding a long-term context for interpreting modern change
(Fig. 1).

3.3 Holocene colonies

The Holocene (last 11 700 years) provides a particularly rich
archive of penguin remains. Cape Adare in the Ross Sea
hosts the oldest known Adélie penguin colony, with remains
dated to around 38 000 years ago and continuous evidence
of occupation through the Holocene (Baroni and Orombelli,
1994; Emslie and Patterson, 2007). Some Antarctic colony
sites have therefore persisted for millennia, indicating long-
term stability where suitable nesting habitat and access to
open water were maintained.

Radiocarbon-dated eggshells, bones, and guano deposits
from the Ross Sea and Antarctic Peninsula record colony es-
tablishment, abandonment, and shifts in distribution in re-
sponse to regional climate and sea ice variability (Emslie,
2001; Huang et al., 2009). Stratified Holocene deposits from
the northern Antarctic Peninsula show that Adélie, gentoo,
and chinstrap penguins all bred in the region during early
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Holocene warming and deglaciation, followed by local con-
traction during later cooling phases (Emslie et al., 2020).

Colony histories can also reveal large-scale demographic
change. At Cape Adare, radiocarbon data indicate the rise
of a mid-Holocene Adélie “supercolony” exceeding 500 000
breeding pairs, followed by contraction linked to changing
sea ice and coastal conditions (Emslie et al., 2018). New ge-
nomic approaches further expand these archives. Sedimen-
tary DNA from Ross Sea colony soils spanning the last
6000 years records shifts in the penguin diet, population di-
versity, and even faunal turnover events, demonstrating how
colony sediments preserve ecological responses to climate
and sea ice variability (Wood et al., 2025).

In several coastal regions, penguin and seal bones have
been dated together with other coastal deposit materials to
constrain the timing of raised beaches and glacier advances
during the late Holocene (Clapperton and Sugden, 1988).
More recent work shows that warming-driven snowmelt can
expose previously frozen penguin remains, revealing earlier
occupation phases and past periods of higher marine pro-
ductivity during the mid-Holocene (Emslie, 2021). Together,
these records demonstrate that penguin remains contribute
to both ecological reconstructions (colony persistence, relo-
cation, diet, and population change) and geomorphic recon-
structions (dated coastal deposits and glacier fluctuations),
processes summarized in Fig. 1.

3.4 Diet, trophic dynamics, and multi-proxy archives

Penguin remains are valuable natural archives of past ecosys-
tems and environments because they preserve information
on diet, food web structure, and environmental conditions at
colony sites. Stable isotope measurements of carbon (§'3C)
and nitrogen (§'°N) in eggshells, bone collagen, feathers,
and guano show that penguin diets and trophic dynamics
can shift across major climate transitions. For example, dur-
ing the Last Glacial Maximum (ca. 26—-19 ka), Adélie pen-
guins relied more heavily on fish, whereas Holocene diets
shifted toward krill, consistent with changes in sea ice con-
ditions and marine productivity (Sun et al., 2000; Emslie and
Patterson, 2007). Importantly, recent work using compound-
specific (amino-acid) 8'9N from Holocene eggshell archives
shows that part of the long-term decline in bulk 8N val-
ues can reflect changes in baseline biogeochemical cycling
at the base of the food web, not only changes in trophic po-
sition (Michelson et al., 2023). Multi-proxy records from or-
nithogenic soils combine hard prey remains with stable iso-
topes and can reveal shifts in prey use through time at colony
sites (Kalvakaalva et al., 2020). These dietary signals also
respond to modern sea ice variability. Isotopic evidence for
prey switching between euphausiids and pelagic fishes in
penguins coincides with interannual sea ice differences, and
has broader ecosystem implications because penguins and
seals can transport limiting nutrients to coastal environments
(Wing et al., 2021). Beyond Antarctica, late-Holocene iso-
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tope records also show that ecosystem restructuring and his-
toric exploitation of marine megafauna can alter the penguin
trophic position after accounting for baseline change, includ-
ing in Magellanic penguins (Bas et al., 2023).

In addition to isotopes, penguin-derived materials sup-
port chronologies and environmental reconstructions. Pen-
guin bones are widely used for radiocarbon dating, often to-
gether with driftwood, seaweed, and shells, to date beaches,
moraines, and glacier fluctuations (Clapperton and Sugden,
1988; Emslie, 2001). A recent example from Cape Irizar in
the Ross Sea shows how snowmelt exposed well-preserved
Adélie penguin bones and carcasses from colonies occupied
between ca. 5000 and 800 cal. yr BP (Emslie, 2021). Radio-
carbon ages and elevated §'3C values in bone collagen indi-
cate a period of enhanced marine productivity during a mid-
Holocene occupation optimum, and the exposure of these
remains also illustrates how recent warming can re-reveal
long-frozen biological archives. Guano deposits can record
colony presence and food web structure through organic mat-
ter and geochemistry, and have been used to reconstruct di-
etary shifts (Huang et al., 2009) and detect heavy metals such
as mercury and lead that reflect both natural processes and,
in recent centuries, human pollution (Baroni and Orombelli,
1994; Sun et al., 2000). Recent syntheses highlight verte-
brate colonies, including penguin rookeries, as key Antarc-
tic biological archives that complement ice cores and marine
sediments by recording ecological responses to climate vari-
ability through time (Strugnell et al., 2022). Together, these
archives show how penguin-derived records can be used to
reconstruct environmental change across both terrestrial ice-
free areas and adjacent coastal marine systems.

3.5 Modern perspectives

Over the last few centuries, and especially since the indus-
trial era, penguin colonies have continued to record environ-
mental change at the land—sea boundary. Feathers, eggshells,
and guano layers can preserve contaminants such as lead and
mercury, as well as organic and geochemical signals that re-
flect shifts in marine productivity and food web structure
(Baroni and Orombelli, 1994; Sun et al., 2000). In addi-
tion, repeated sampling of the same colony landscapes allows
older, long-term records to be interpreted alongside present-
day observations, linking archive evidence to the conditions
penguins experience today.

In this context, penguins can act as sentinels of ecological
change in a specific sense. They integrate changes in sea ice,
prey fields, and ocean productivity through measurable out-
comes such as breeding success, diet, and colony occupancy,
and they also leave physical and chemical traces of those
changes in their remains and colony sediments. This makes
penguin archives a bridge between paleoenvironmental re-
construction and conservation science, because the same sys-
tems that shaped colonies in the past are the ones now being
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rapidly altered by human-driven warming and direct impacts
(Boersma, 2008; Forcada and Trathan, 2009).

3.6 Summary

The evidence reviewed in this section shows that penguins
provide a rare, time-continuous archive of Southern Ocean
change. Fossils document early origins and major radiations,
including diverse large-bodied forms during warm Eocene
conditions, followed by turnover and persistence as Antarc-
tica cooled and became ice dominated. Quaternary records
and genetic evidence show repeated range shifts and de-
mographic change through glacial cycles, while Holocene
colony deposits and geochemistry record fluctuations in
colony occupancy, diet, and ecosystem structure as sea ice
and productivity varied. In the modern era, penguin-derived
materials also preserve signals of direct human influence, in-
cluding industrial contaminants.

Together, these archives support two linked conclusions
that motivate the rest of the paper. First, penguins have re-
peatedly persisted through large natural environmental shifts
over millions of years, which demonstrates long-term re-
silience and ecological flexibility. Second, the same records
show that penguin populations are tightly coupled to sea ice,
prey availability, and oceanographic change, which makes
them vulnerable when these drivers shift rapidly and simul-
taneously. This contrast between deep-time persistence and
sensitivity to fast, human-driven change provides the long-
term context for interpreting present-day trends and conser-
vation risk.

4 Present: penguins today

The narrative then moves to the present. Today’s penguins
are the extant outcome of past diversification and turnover,
and they occupy a wide range of Southern Ocean habitats.
Here, eight Antarctic and sub-Antarctic breeders are used as
focal species to compare status, pressures, and the mecha-
nisms most likely to shape near-future change.

4.1 The penguins

This synthesis focuses on eight penguin species that breed
in the Antarctic and sub-Antarctic region (Fig. 2): emperor
(Aptenodytes forsteri), king (A. patagonicus), Adélie (Py-
goscelis adeliae), gentoo (P. papua), chinstrap (P. antarc-
tica), macaroni (Eudyptes chrysolophus), southern rockhop-
per (E. chrysocome), and Magellanic (Spheniscus magellani-
cus). Together they span sea ice breeders, continental coastal
breeders, and sub-Antarctic island species linked to ocean
fronts and shelf systems (Williams, 1995; Ainley, 2002;
Kristan, 2021; De Roy et al., 2022).
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Throughout this section, “population size” refers to global
estimates reported by the [IUCN and BirdLife, but these val-
ues are compiled from mixed methods and do not have equal
precision across species and regions. Likewise, “increasing”
or “declining” is used to describe the dominant direction re-
ported in recent assessments or regional long-term datasets,
not a uniform trend across the entire range. This distinc-
tion matters because many species show opposite trajectories
in different sectors, reflecting local sea ice conditions, prey
availability, and human activity. Penguins are therefore use-
ful indicators of Southern Ocean change because they trans-
late environmental variability into measurable outcomes such
as breeding success, colony occupancy, diet, and distribution
shifts.

4.1.1  Emperor penguins (Antarctic)

Emperor penguins (Fig. 2a) breed on seasonal fast ice and
are the only penguin species that raises chicks through the
Antarctic winter. This life history ties breeding success to
sea ice timing and stability. Sea ice affects emperors directly
by providing the breeding platform and indirectly by shaping
access to prey through polynyas, ice edges, and the seasonal
distribution of fish and krill.

Recent observations show how quickly early sea ice loss
can translate into breeding failure. In 2022, record-low sea
ice in the Bellingshausen Sea was linked to widespread
colony failure when breakup occurred before the fledging pe-
riod (Fretwell et al., 2023). Similar chick loss has also been
documented after an unusually early breakup of fast ice at a
high-latitude colony, indicating that even very southerly sites
can be exposed to damaging breakup events (Schmidt and
Ballard, 2020). Over longer periods, satellite-based assess-
ments suggest that declines in some regions may already be
exceeding earlier model expectations (Fretwell et al., 2025),
and remote-sensing time series indicate an overall downward
tendency in global indices over the last decade, although un-
certainty remains because colony occupancy and detectabil-
ity vary within and among seasons (Labrousse et al., 2022;
LaRue et al., 2024). New phenology-based methods can
help to reduce this uncertainty by estimating breeding pairs
and fledging success from sparse imagery, which strength-
ens monitoring in remote areas where ground counts are
rare (Winterl et al., 2024). Recent studies also show that
emperor breeding habitat can shift and fragment under cli-
mate extremes (Lin et al., 2025) and that early-life survival
is strongly tied to body condition and environmental access
to food during and after fledging (Le Scornec et al., 2025).

These observations align with scenario-based risk assess-
ments that project large declines under continued high emis-
sions, while indicating that stronger mitigation could pre-
serve refuges for the species (Jenouvrier et al., 2020, 2025).
Taken together, the evidence supports a clear mechanism:
fast-ice loss can cause immediate reproductive failure in bad
years, and persistent changes in sea ice conditions are ex-
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Figure 2. Representative Antarctic and sub-Antarctic penguin species included in this overview: (a) emperor (A. forsteri), (b) king (A.
patagonicus), (¢) Adélie (P. adeliae), (d) gentoo (P. papua), (e) chinstrap (P. antarctica), (f) macaroni (E. chrysolophus), (g) south-
ern rockhopper (E. chrysocome), and (h) Magellanic (S. magellanicus). Approximate adult maximum height (m) and body mass (kg)
are compiled from species summaries by the World Wide Fund for Nature (WWF, 2026). Penguin images are publication-licensed
stock illustrations from Canva (Canva for Education), assembled by the author; used under the Canva Content License Agreement
(https://www.canva.com/en_in/policies/content-license-agreement/, last access: 16 March 2026) for online or electronic publication and

for non-commercial purposes.

pected to reduce breeding habitat and recruitment across
many colonies later this century.

4.1.2 King penguins (sub-Antarctic)

The king penguin (Fig. 2b) is the second-largest penguin
species, reaching about 0.9—1.0 m in height and up to 18 kg
in mass (see Fig. 2 for size scale). It breeds on sub-Antarctic
islands such as South Georgia, Crozet, and Kerguelen, where
colonies can number in the hundreds of thousands and the
global population exceeds 1million breeding pairs (Crox-
all and Prince, 1980; Williams, 1995). During chick rear-
ing, adults often travel hundreds of kilometers to forage near
productive frontal systems, especially the Polar Front. A 25-
year dataset from Kerguelen shows mean foraging distances
of roughly 266 km (with strong interannual variability) and
confirms that colder sea surface temperatures and a shallower
winter water (WW) layer are associated with higher prey-
capture activity, consistent with bottom-up control through
prey fields (Brisson-Curadeau et al., 2023).

Recent comparisons also show that neighboring king pen-
guin populations can respond very differently to warming. At
Crozet, warmer years were linked to reduced breeding suc-
cess when productive currents shifted away from the colony
and increased foraging constraints during chick rearing. At
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Kerguelen, year-to-year variation was instead more consis-
tent with changes in prey availability and local conditions,
with some evidence that warmer conditions can increase
chick survival by reducing thermoregulatory costs in win-
ter (Brisson-Curadeau et al., 2023). Long-term monitoring in
the French Southern Territories likewise reports increases at
many king penguin sites in Crozet and Kerguelen, while em-
phasizing that drivers can differ among colonies and remain
incompletely explained (Barbraud et al., 2020). In addition,
recent observations of king penguins on Elephant Island, in-
cluding incubation and molting, suggest the potential for fur-
ther southward range expansion under warming conditions,
although successful fledging has not yet been documented
there (Borowicz et al., 2020). On land, heat load driven by
solar radiation and low wind has also been proposed as a
frequent stressor during breeding that can increase the like-
lihood of reproductive failure on warmer days, although this
evidence is currently from a preprint (Noiret et al., 2024).
Although king penguins are currently assessed as Least
Concern (BirdLife International, 2023), trends can differ
sharply among colonies. For example, on Macquarie Is-
land, chick numbers censused from 2007 to 2020 showed
strong interannual variability but an overall decline of about
l%yr_1 , with lower chick numbers associated with wet-
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ter or stormier conditions on land and warmer sea surface
temperatures in the foraging region during incubation and
early chick rearing (Pascoe et al., 2022). There is also grow-
ing evidence for new pressures even in remote sub-Antarctic
settings, including documented macroplastic ingestion in
the Crozet archipelago (Robin et al., 2024). Together with
contrasting responses reported for Crozet versus Kerguelen,
this illustrates why climate impacts on king penguins are
best interpreted at the colony scale through the mechanisms
that affect foraging costs and chick provisioning (Brisson-
Curadeau et al., 2023).

4.1.3 Adélie penguins (Antarctic)

The Adélie penguin (Fig. 2¢) is a high-latitude breeder whose
nesting range is largely restricted to the Antarctic continent
and nearby islands. Adélies breed on ice-free ground but de-
pend on the surrounding sea ice to structure access to the
ocean and to shape prey fields. Sea ice can therefore influ-
ence them through two linked pathways. First, it affects the
distance and routes needed to reach foraging grounds. Sec-
ond, it shapes where predictable prey concentrations form,
especially near the sea ice edge and along the continental
slope.

Their global population is large, and the species is cur-
rently classified as Least Concern (IUCN, 2023). However,
long-term trends differ strongly among regions and colonies.
For example, a multi-decade synthesis from Cape Royds
(Ross Sea) shows that colony size reflects a shifting bal-
ance between open-water access, sea ice conditions, and ad-
ditional pressures including predation and competition, with
clear population responses to major episodic events such as
iceberg-driven increases in sea ice (Ainley et al., 2024). Re-
cent field surveys north and east of the so-called “Adélie
gap” also show that Adélies can remain abundant in parts
of the broader Antarctic Peninsula region even while strong
declines occur elsewhere, indicating sharp spatial transitions
in ecosystem state and habitat suitability (Wethington et al.,
2023).

Mechanistic studies help to explain why these contrasts
occur. Tracking work from East Antarctica indicates that ac-
cess to nearby open water is not necessarily the main con-
straint early in the season. Even when local polynyas or leads
are available, incubating adults can preferentially target the
more distant sea ice edge and continental slope, where prey
availability is more predictable (Michelot et al., 2020). This
fits with emerging evidence that the relationship between sea
ice and performance is nonlinear. Long-term biologging and
energetics analyses link winter sea ice conditions to foraging
effort, body condition, and fledging success, with intermedi-
ate conditions often associated with better outcomes (Dupuis
et al., 2026). At longer timescales, population reconstruc-
tions from the Ross Sea region suggest that atmospheric and
ocean circulation patterns that affect sea ice and polynyas can
leave a strong imprint on Adélie population trajectories, even
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under periods that were not uniformly warm (Zheng et al.,
2022).

Finally, Adélie responses are increasingly documented
through changes in timing as well as abundance. A recent
landscape-scale camera network shows that breeding phenol-
ogy in Adélies, together with chinstrap and gentoo penguins,
has advanced rapidly over the past decade in the Antarc-
tic Peninsula region, with implications for trophic mismatch
and interspecific competition where niches are converging
(Juarez Martinez et al., 2026). Taken together, these studies
show why Adélie trends cannot be described with a single
continent-wide narrative: outcomes depend on how local sea
ice conditions, prey fields, and colony-level constraints inter-
act through time.

4.1.4 Gentoo penguins (Antarctic and sub-Antarctic)

Gentoo penguins (Fig. 2d) breed across many sub-Antarctic
islands and along the northern Antarctic Peninsula, and they
generally use a broader range of habitats than the more ice-
dependent Adélies. They breed on ice-free ground, can ex-
ploit a variety of prey, and often adjust foraging behavior to
local conditions. This flexibility helps to explain why their
trends can differ from krill specialists or sea ice obligates,
but it does not remove risk.

In the western Antarctic Peninsula region, gentoo popu-
lations have increased and expanded southward over recent
decades (Hinke et al., 2007; Lynch et al., 2012). Tracking
work also shows that gentoo winter habitat use is strongly
concentrated in shallow coastal regions along the peninsula,
with movements that are not directly determined by sea ice
but are still constrained by it (Korczak-Abshire et al., 2021).
This matters for conservation because the same coastal corri-
dors are also where human activity and some fisheries over-
lap.

At the colony scale, gentoo ecology is shaped by both
interspecific and intraspecific interactions. For example, at
neighboring colonies where chinstraps and gentoos breed
sympatrically, tracking and stable isotopes indicate substan-
tial spatial overlap between species but clearer dietary sep-
aration, and the strongest competitive signal may occur be-
tween nearby colonies of the same species rather than be-
tween species (Lee et al., 2021). Such results help to explain
why gentoo responses can vary across short distances.

Gentoo colonies are also frequently exposed to direct
human disturbance because they often breed at accessible
coastal sites visited by tourists. Experiments that simulated
realistic visitor behaviors show that an active human pres-
ence increases vigilance responses, supporting guidance to
keep quiet, move slowly, and increase viewing distance, par-
ticularly early in the breeding season (Cajiao et al., 2022).
Together with other studies of disturbance and site use, this
supports continued management even where gentoo popula-
tions are not currently declining (Flynn et al., 2023, 2026).
Pollution is an additional concern, including evidence of
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microplastic exposure in Southern Ocean food webs and
seabirds (Kim et al., 2023).

Overall, gentoo penguins illustrate a key point for this syn-
thesis: ecological flexibility can buffer some climate pres-
sures in the short term, but it can also increase exposure to
local risks, especially concentrated coastal fisheries, tourism,
and disturbance. Interpreting gentoo trends therefore requires
attention to local habitat use, prey fields, and human activity,
not only broad climate indicators.

4.1.5 Chinstrap penguins (Antarctic and sub-Antarctic)

Chinstrap penguins (Fig. 2e), named for the narrow band un-
der their heads, breed mainly across the Scotia Arc and the
Antarctic Peninsula, with major strongholds on the South
Sandwich Islands. They are strongly krill dependent, so
their population dynamics are closely tied to sea ice con-
ditions and food web change. A global assessment combin-
ing satellite imagery, drone surveys, and ground counts esti-
mated about 3.42 million breeding pairs across 375 colonies
and found that many colonies with historical benchmarks
have declined since the 1980s, while some have increased
(Strycker et al., 2020). Regional declines around the north-
ern Antarctic Peninsula are often interpreted as the indirect
effects of warming and sea ice change acting through krill
availability and foraging conditions, with potential amplifica-
tion where fisheries overlap with predator foraging grounds
(Forcada and Trathan, 2009; Warwick-Evans et al., 2018).

Recent tracking and foraging studies help to make these
pathways more explicit. Winter tracking from multiple
colonies shows high individual variation and the broad use of
ice-free habitats but also suggests that local migration strate-
gies may be linked to local population trends, consistent with
a shared winter environmental signal underlying regional
change (Hinke et al., 2019). During breeding, oceanographic
variability can rapidly alter foraging behavior: coastal down-
welling conditions were associated with fewer but longer
trips in a local krill fishing area, consistent with reduced prey
availability at scales relevant to breeding adults (Lowther
et al., 2018). Chinstraps are still listed as Least Concern,
but their krill dependence and sensitivity to climate-driven
prey fields make them a priority for continued monitoring
and ecosystem-based management.

4.1.6 Macaroni penguins (Antarctic and sub-Antarctic)

The macaroni penguin (Fig. 2f) is a crested penguin that
breeds mainly on sub-Antarctic islands and remains one of
the most abundant penguin species, with the largest share
of the global population concentrated at South Georgia and
other island groups (Croxall et al., 2002; Ratcliffe et al.,
2015; Strycker et al., 2021). Despite high global numbers,
many colonies have shown long-term declines, and trends
can differ strongly among regions and breeding sites (Croxall
et al., 2002; Strycker et al., 2021).
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In the Antarctic Peninsula region, macaroni penguins form
only a small, peripheral part of the species’ range. A recent
synthesis of census records across the South Shetland and
adjacent island groups estimated about 8053 breeding pairs
and suggests a modest increase since the early 1990s, while
also highlighting major data gaps in the South Shetlands and
South Orkneys, and the need for updated counts at several
sites (Hallet and Lynch, 2024). At Elephant Island, a modern
census placed present-day abundance in a longer context, re-
inforcing the fact that local trends in the peninsula region do
not necessarily track the larger changes occurring at the main
sub-Antarctic strongholds (Strycker et al., 2021).

Work at sub-Antarctic colonies helps to clarify likely path-
ways linking environmental change to breeding performance.
At Marion Island, long-term diet records during chick rear-
ing show that macaroni penguins remained dominated by
crustaceans with no clear directional dietary shift over 1994—
2018, suggesting that population declines there are unlikely
to be explained by simple changes in chick diet composition
alone (Dakwa et al., 2021). At the individual scale, biolog-
ging and animal-borne video show that foraging effort and
efficiency depend on prey type, patch density, and the timing
of prey encounters, highlighting how changes in prey fields
can increase foraging costs even without an obvious shift in
the prey list (Sutton et al., 2021). These sensitivities are rel-
evant to current risk assessments because penguin habitats
across the Southern Hemisphere are increasingly exposed to
overlapping extreme events, which can compound stress on
breeding and foraging conditions (Gimeno et al., 2025).

4.1.7 Southern rockhopper penguins (sub-Antarctic)

Southern rockhoppers (Fig. 2g) are small crested penguins
that breed on exposed, rocky coasts of sub-Antarctic islands.
Here, “rockhopper penguin” refers to the southern rockhop-
per penguin (Eudyptes chrysocome) as treated in IUCN and
BirdLife assessments (BirdLife International, 2023; TUCN,
2023). Many studies also refer to the “eastern rockhopper”
form (E. chrysocome filholi); because taxonomic treatment
varies among sources, results are reported by colony region
where possible.

Long-term declines have been reported across parts of the
range (Croxall et al., 2002), but the drivers and trajectories
differ among colonies. A key reason is that southern rock-
hopper penguins behave like a network of colonies rather
than isolated populations. Most birds return to breed near
where they were born, but some move between colonies, es-
pecially when conditions are poor. Genetic and stable isotope
evidence from southern South America suggests that there
are two broad regional groups with little mixing between
them and that colonies often feed in different areas or rely
on different prey (Lois et al., 2020). This means that colonies
can respond differently to the same year of ocean conditions,
depending on where they forage and how much movement
occurs among sites. The same study suggests that dispersal
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may increase under unfavorable conditions, which can pro-
mote the colonization of new sites but does not necessarily
offset declines at established colonies.

Tracking and movement studies support the idea that ex-
posure to environmental variability and fisheries risk can
change seasonally. For example, birds from Isla Noir used
shelf waters during breeding but ranged widely during win-
ter, including offshore basin areas, implying that pressures
on survival can occur far from breeding sites (Oehler et al.,
2018). Diet studies also show that prey composition can shift
in ways that matter for management. Around Campbell Is-
land, stable isotope work indicates that warmer conditions
may have enabled the appearance of a commercially impor-
tant arrow squid in the diet of eastern rockhopper penguins,
highlighting how ocean warming and changing prey commu-
nities can alter trophic links and potential fisheries overlap
(Guimaro et al., 2025).

Together, these findings strengthen the case that popula-
tion change in rockhopper penguins should be interpreted at
the scale of colony networks and ocean regions, not only in-
dividual breeding sites, and that climate variability can act
through both dispersal behavior and prey field reorganiza-
tion.

4.1.8 Magellanic penguins (sub-Antarctic)

The Magellanic penguin (Fig. 2h) breeds mainly along the
coasts of Argentina and Chile, and on the Falkland (Malv-
inas) Islands, but it is also occasionally sighted at high lat-
itudes around the South Shetlands and the Antarctic Penin-
sula (Boersma, 2008). Unlike Antarctic ice-breeding species,
Magellanics typically nest in burrows or shaded ground, so
their breeding success is strongly shaped by local weather
on land as well as prey conditions at sea. Regional declines
have been linked to oil pollution, fisheries impacts on key
forage fish, and changing ocean conditions (Boersma, 2008;
Millones et al., 2021; Nievas El Makte et al., 2021). Re-
cent work also highlights two additional features that mat-
ter for conservation planning. First, colonies can shift in
space. A newly reported small colony on a sub-Antarctic is-
land (Staten Island) shows that new breeding sites can ap-
pear, likely through local dispersal from nearby colonies
(Raya Rey et al., 2022). Second, extreme heat can cause di-
rect mortality, not only indirect food web effects. A single-
day heat event at Punta Tombo caused substantial adult and
chick deaths, showing that hot weather can be an acute, lethal
stressor in this species (Holt and Boersma, 2022). Finally,
an updated synthesis of breeding colonies along the Argen-
tine coast suggests that, while trends differ among colonies,
the overall pattern in recent decades includes redistribution
and growth at some sites, with a recent estimate of about
1.28 million breeding pairs by 2024 (Hombre et al., 2026).
Together, these results reinforce why Magellanic penguins
are a useful ecological bridge between South America and
the broader Southern Ocean: they respond to offshore prey
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fields and human pressures at sea, but they also record land-
based climate stress that is likely to intensify with warming.

The conservation status, approximate global population
sizes, and principal threats for all eight species are summa-
rized in Table 1. These profiles show that penguin trends are
not moving in a single direction, because each species is tied
to a different mix of breeding habitat, sea ice conditions, and
prey pathways. Where the physical platform for breeding is
lost, or where prey access changes through sea ice and ocean
front dynamics, demographic signals appear quickly as re-
duced breeding success, altered phenology, or range shifts.
In this sense, the living species complement the fossil and
Holocene archives by translating environmental change into
measurable biological outcomes that matter for conservation
planning and monitoring.

4.2 Distribution and habitats

Penguins breed across a broad latitudinal arc that runs from
the Antarctic continent to the sub-Antarctic islands and the
southern coasts of South America (Fig. 3). Emperor and
Adélie penguins are the only species that breed entirely
within Antarctica, where breeding success depends on sea-
sonal access to sea ice and nearby open water. King, mac-
aroni, and southern rockhopper penguins breed mainly on
sub-Antarctic islands, where they rely on predictable ma-
rine feeding zones rather than sea ice platforms. Gentoo and
chinstrap penguins span the sub-Antarctic and the northern
Antarctic Peninsula, while Magellanic penguins extend the
broader system northward into South America and the Falk-
lands. These distributions reflect how penguins partition the
Southern Ocean by sea ice conditions, latitude, and prey
fields (Williams, 1995; Fraser and Trivelpiece, 1996; Trathan
et al., 2007).

Two environmental features are especially important for
explaining these patterns. First, sea ice sets both the breed-
ing platform and the travel costs for Antarctic specialists. For
emperor penguins, sea ice is a direct requirement because
colonies form on fast ice. For Adélie penguins, sea ice mainly
acts through access to foraging areas. Too much ice can force
longer trips and reduce chick provisioning, while too little ice
can remove predictable ice edge habitats and destabilize lo-
cal food webs. Tracking and diet studies show that Adélies
often target the sea ice edge and continental slope even when
nearer open water exists, which highlights the fact that prey
availability matters as much as simple access (Michelot et al.,
2020).

Second, ocean fronts structure the feeding landscape for
many sub-Antarctic breeders. The Antarctic Polar Front con-
centrates productivity and helps to aggregate mid-trophic
prey, which is why long foraging trips by king penguins re-
peatedly align with frontal zones (Trathan et al., 2006). Re-
cent work shows that warming can produce contrasting out-
comes across nearby king penguin populations because the
same climate forcing can shift productive currents away from
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Table 1. Conservation status, approximate global population size, and principal threats for Antarctic and sub-Antarctic penguin species.
Population estimates and conservation status follow the most recent IUCN Red List and BirdLife International assessments (IUCN, 2023;
BirdLife International, 2023). Species-specific threat evidence is supported by recent ecological and conservation studies (see citations in

table).

Species TUCN status (2025)

Population (approx.)

Main threats

Emperor (A. forsteri) Near Threatened

256 000 breeding pairs

Sea ice loss, climate change (Trathan
et al., 2020; Fretwell, 2024)

King (A. patagonicus) Least Concern

1.1 million breeding pairs

Fisheries interactions, climate
variability (Brooks et al., 2018; Tixier
et al., 2019)

Adélie (P. adeliae) Least Concern

10 million individuals

Sea ice variability, climate change (Iles
et al., 2020; Schmidt et al., 2023)

Gentoo (P. papua) Least Concern

774 000 breeding pairs

Disturbance, tourism, pollution (Flynn
et al., 2023, 2026; Kim et al., 2023)

Chinstrap (P. antarctica) Least Concern

8 million individuals

Krill decline, climate warming
(Kriiger, 2023; Salmerén et al., 2023)

Macaroni (E. chrysolophus) Vulnerable 11 million breeding pairs  Fisheries competition, climate change
(Thiebot and Bost, 2023)
Southern rockhopper (E. chrysocome)  Vulnerable 3.5 million breeding pairs  Climate variability, habitat change

(Barrionuevo et al., 2025)

Magellanic (S. magellanicus) Near Threatened

1.3 million breeding pairs

Oil pollution, fisheries, climate change
(Golubev, 2021; Barrionuevo et al.,
2025)

one colony while leaving another colony buffered, or even fa-
vored, depending on local oceanography (Brisson-Curadeau
et al., 2023). This helps to explain why some colonies grow,
while others decline even within the same species.

Range shifts already show that penguins respond quickly
when these environmental boundaries move. Gentoo pen-
guins have expanded southward in parts of the Antarctic
Peninsula region, while some chinstrap populations have de-
clined where krill availability has changed, linking distribu-
tional change to prey field reorganization rather than tem-
perature alone (Hinke et al., 2007; Lynch et al., 2012; Triv-
elpiece et al., 2011). At the same time, Adélie trends differ
sharply by region, with stability or growth in parts of East
Antarctica contrasting with declines elsewhere, which points
to strong regional control by sea ice dynamics and local cir-
culation (Wethington et al., 2023).

Because many penguins nest in dense colonies that are vis-
ible from the ground, air, and satellites, their distributions
can be mapped and updated more consistently than those of
many other marine predators (Fretwell et al., 2012; Fretwell
and Trathan, 2021). This makes penguins especially useful
for detecting changes in where and when the Southern Ocean
can support high predator demand, and it provides a practical
baseline for the future projections discussed in Sect. 5.
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4.3 Human pressures and efforts

Climate change is not the only driver of change in penguin
populations. Penguins also face direct human pressures that
can amplify climate-driven risks because they often act on
the same bottlenecks: food availability, safe breeding space,
and survival during energetically demanding periods.

The most widespread pressure is resource overlap with in-
dustrial fisheries. The krill fishery operates in regions where
krill is also a keystone prey for several penguin species,
creating the potential for localized competition during sen-
sitive breeding stages and in winter foraging areas (Triv-
elpiece et al., 2011; Pinkerton et al., 2016). The Commis-
sion for the Conservation of Antarctic Marine Living Re-
sources (CCAMLR) was created to manage these risks under
an ecosystem approach, but the main challenge is spatial and
seasonal matching: predators and fisheries concentrate in the
same places at the same times, so total catch limits alone may
not prevent local depletion.

Tourism and other on-shore activities are increasingly im-
portant around the Antarctic Peninsula, where many visits
occur in ice-free coastal areas that are also prime penguin
nesting habitat. The key issue is not only whether penguins
flee but whether repeated disturbance changes vigilance, nest
attendance, and the energy budgets of adults during incuba-
tion and chick rearing. Field experiments that mimic realis-
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Figure 3. Approximate breeding distributions of Antarctic and sub-Antarctic penguins. Maps created by the author in R; distributions adapted
from De Roy et al. (2022) and supplemented by published literature (e.g., Fretwell et al., 2012; Lynch and LaRue, 2014; Fretwell and Trathan,
2021). Penguin images are publication-licensed stock illustrations from Canva (Canva for Education), assembled by the author; used under the
Canva Content License Agreement (https://www.canva.com/en_in/policies/content-license-agreement/) for online or electronic publication
and for non-commercial purposes. Red points mark known breeding sites or colonies, whereas blue circles highlight major population
strongholds. Species panels: (a) emperor (A. forsteri), (b) king (A. patagonicus), (¢) Adélie (P. adeliae), (d) gentoo (P. papua), (e) chinstrap
(P. antarctica), (f) macaroni (E. chrysolophus), (g) southern rockhopper (E. chrysocome), and (h) Magellanic (S. magellanicus). Sector labels
correspond to standard Southern Ocean regions following Parkinson (2019): RS = Ross Sea, BA = Bellingshausen—Amundsen Seas, WS =
Weddell Sea, IO = Indian Ocean sector, WP = West Pacific sector. The outer ring corresponds to 30° S, with inner concentric rings every

10° of latitude.

tic tourist behavior show that an active human presence in-
creases strong vigilance responses, supporting cautious ap-
proach distances and slower, quieter movement, especially
early in the breeding season (Cajiao et al., 2022). Broader
syntheses of Antarctic tourism emphasize that impacts can
be site specific and depend on prior exposure, which argues
for careful site management rather than assuming one rule
fits all (Huddart and Stott, 2019).

Pollution is another pressure with growing evidence in
Antarctica and the sub-Antarctic. Classic cases include
oil impacts on Magellanic penguins, but attention is now
expanding to plastics, debris, fuel-related contamination
around stations, and emerging contaminants that can accu-
mulate through food webs. Along the West Antarctic Penin-
sula, particle tracking and ocean modeling suggest that de-
bris loads near penguin colonies can be dominated by coastal
point sources linked to human activity (tourism, research,
and fishing), and that the dominant source varies by re-
gion, which helps to prioritize monitoring and mitigation
(Gallagher et al., 2024). These patterns also imply that lo-
cal prevention and cleanup can have outsized benefits com-
pared with assuming that debris is mainly imported from far
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away. Even when direct mortality is hard to attribute, ris-
ing exposure increases the likelihood of sublethal effects (for
example, impaired condition or added physiological stress)
and may interact with nutritional stress during poor foraging
years.

Governance provides both constraints and opportunities
for reducing these risks. The Protocol on Environmental Pro-
tection to the Antarctic Treaty (Madrid Protocol) sets the core
environmental protection framework for activities in Antarc-
tica, while coordination through the Council of Managers of
National Antarctic Programs (COMNAP) and SCAR guid-
ance for field practices aims to reduce impacts from science
and logistics at sites that also function as long-term biolog-
ical observatories (Cordonnery, 1998; Tejedo et al., 2012;
Rogan-Finnemore, 2018; Hughes et al., 2022).

Long-term penguin monitoring is now carried out by
many national Antarctic programs, often with increasing co-
ordination and data sharing. In the United Kingdom, the
British Antarctic Survey supports multi-decadal monitor-
ing on the Antarctic Peninsula and South Georgia, includ-
ing work based from stations such as Rothera and long-
running sub-Antarctic field sites (Holdgate, 1965; Cannone
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et al., 2018). In Australia, the Australian Antarctic Divi-
sion has sustained long-term Adélie penguin research in East
Antarctica, including the Windmill Islands region, alongside
broader ecosystem monitoring (Emslie and Woehler, 2005).
In the United States, long-term ecological research on the
western Antarctic Peninsula has linked penguin population
dynamics to sea ice, ocean variability, and food web change
through the Palmer Long Term Ecological Research (LTER)
program (Smith et al., 1995).

Comparable monitoring and research efforts are also
maintained by programs in Chile (e.g., Instituto Antértico
Chileno or INACH, and the Chilean Antarctic program in
the South Shetlands and Antarctic Peninsula), Argentina (in-
cluding stations near major colonies such as Esperanza Base
in Hope Bay), France (including long-term work in Adélie
Land), Germany (with polar infrastructure and environmen-
tal monitoring linked to sites such as Neumayer III), New
Zealand (Ross Sea research linked to Scott Base), Japan
(long-standing Antarctic research including seabird ecology
and monitoring), and China (rapidly expanding Antarctic in-
frastructure, including the newer Qinling station in the Ross
Sea sector) (Elliott, 2005; Watanabe, 2014; Richter et al.,
2018; Olivares et al., 2019; Riimmler et al., 2021; Libertelli
et al., 2024, Paris et al., 2025; You, 2025).

At the same time, governance debates are widening be-
yond mitigation toward questions of responsibility and repre-
sentation, including how the interests of non-human residents
are considered in Antarctic decision-making (Liebeaux,
2024; Hemmings, 2025). Common infrastructure has also
grown around shared observing systems and open reposito-
ries, including continent-scale colony databases (e.g., Map-
ping Application for Penguin Populations and Projected Dy-
namics, or MAPPPD) and camera network or citizen science
platforms used to extend monitoring coverage (Humphries
et al., 2017, Freire et al., 2021).

Climate-driven change sets the background trend, but
these other pressures often decide whether colonies can cope
year to year. Sea ice anomalies and shifting prey fields al-
ready narrow the margin for successful breeding and sur-
vival; and fisheries overlap, disturbance, and pollution can
compound those same constraints by reducing prey access,
increasing energetic costs, or adding stress during the most
sensitive life stages. Because these drivers can coincide in
the same places and seasons, risk is rarely additive in prac-
tice: small, repeated impacts can tip outcomes in poor-ice or
low-krill years. This is why forward-looking penguin con-
servation needs to move beyond single-stressor thinking and
pair climate-aware projections with locally actionable man-
agement, including spatially explicit fishery measures, site-
specific visitor and station protocols, and targeted prevention
and cleanup around colony hotspots.
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5 Future: risks, projections, and research
challenges

Penguins have persisted through large natural shifts in cli-
mate and ice over millions of years, but the next century
is different in two ways. First, the pace of change is faster
than most changes inferred from colony and fossil archives.
Second, the main drivers will change at the same time: sea
ice, ocean structure, prey availability, and direct human pres-
sures. Future risk therefore depends less on a single factor
and more on how these linked pathways reinforce one an-
other.

5.1 Climate and sea ice futures

Future trajectories for Antarctic and sub-Antarctic penguins
will be shaped above all by changes in sea ice, ocean fronts,
and prey. Sea ice sets the breeding platform for ice-dependent
species and also controls feeding conditions by altering the
ice edge, polynyas, and distances adults must travel.

Most global climate models project net Antarctic sea ice
loss over the 21st century across emissions scenarios, but
the rate and regional pattern remain uncertain, especially for
summer sea ice (Roach et al., 2020). That uncertainty is im-
portant for biology, because penguins respond to local ice
conditions at a colony scale rather than to the Antarctic-wide
mean. New satellite-based studies now show that colony out-
comes can shift sharply between years as fast-ice conditions
change, including colony relocations, increased movement,
and breeding failures when fast ice breaks out too early
(Schmidt and Ballard, 2020; Fretwell et al., 2023; Wienecke
et al., 2024). These observations strengthen confidence in the
mechanism linking sea ice timing to breeding success, and
they also show that extreme low-ice years can cause region-
wide failure across multiple colonies (Fretwell et al., 2023).

Sea ice impacts are not limited to emperors. Adélie pen-
guins can also fail when sea ice persists for too long in front
of colonies, and blocks access to open water or polynyas dur-
ing critical breeding stages (Ropert-Coudert et al., 2018).
At the same time, fine-scale sea ice products and track-
ing studies show that penguins do not simply benefit from
nearby open water. They often target predictable prey fields
at the sea ice edge and along bathymetric features, so a lo-
cal increase in leads or small polynyas does not necessarily
compensate for changes in the broader icescape (Labrousse
etal., 2019; Michelot et al., 2020). This helps to explain why
responses can diverge between regions and even between
nearby colonies.

For sub-Antarctic species, sea ice change matters mainly
through ocean structure and prey rather than through breed-
ing habitat. Many projections focus on the position and ac-
cessibility of productive frontal zones, especially the Polar
Front, which concentrates prey for wide-ranging foragers
such as king penguins. However, projecting frontal move-
ment is not straightforward because surface warming can
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shift sea surface temperature (SST) isotherms without the
same shift in the deep dynamic front itself, which compli-
cates habitat projections that rely on SSTs as a proxy (Mei-
jers et al., 2019). This is a key uncertainty to flag clearly:
the biological risk is real, but the magnitude and geography
of that risk depends on how fronts and prey fields are repre-
sented in models.

Across species, a further emerging risk is that climate
change is increasing the frequency of extreme events and
“bad years”. Those extremes can act as bottlenecks, caus-
ing abrupt breeding failures or poor juvenile survival that are
not captured well by averages alone (Gimeno et al., 2025;
Le Scornec et al., 2025). As a result, future projections are
strongest when they combine (i) realistic colony-scale sea
ice habitat metrics, (ii) prey field constraints, and (iii) ex-
plicit treatment of extremes rather than only mean trends
(Labrousse et al., 2023; Jenouvrier et al., 2025).

5.2 Species-specific outlooks

The physical drivers in the previous subsection do not affect
all penguins equally. Species differ in where they breed, how
far they can forage, and how tightly their breeding success is
coupled to fast ice, the ice edge, or frontal prey hotspots. As
a result, projected risks are uneven across the Antarctic and
sub-Antarctic.

Emperor penguins face the clearest pathway of risk, be-
cause breeding requires landfast sea ice that lasts through
chick rearing, and this habitat is projected to shrink and be-
come less reliable under intermediate- to high-emissions sce-
narios (Trathan et al., 2020; Jenouvrier et al., 2025). Re-
cent satellite evidence of widespread breeding failure dur-
ing extreme low-ice years strengthens confidence that abrupt,
colony-level losses can occur when conditions cross a thresh-
old (Fretwell et al., 2023). In this sense, the main uncertainty
is not whether emperors are sensitive to fast-ice change but
how quickly and where repeated “bad years” will accumulate
into sustained population decline.

Adélie penguins are expected to show a mixed future, be-
cause they occupy both regions that are warming rapidly
and regions that remain strongly ice influenced. In the north-
ern Antarctic Peninsula, continued reduction in winter pack
ice and shifts in prey availability are consistent with ongo-
ing declines, whereas parts of East Antarctica and the Ross
Sea may remain suitable or even improve in some years, de-
pending on local sea ice and polynya dynamics (Lynch and
LaRue, 2014). This makes Adélies a useful indicator of re-
gional change, but it also means continent-wide averages can
mask opposing trends.

Gentoo penguins are the most likely “range shifters”
among the Antarctic breeders. Their ability to breed on ice-
free ground and to forage in coastal habitats has supported
the southward expansion on the Antarctic Peninsula, and
further expansion is plausible as ice-free habitat increases
(Hinke et al., 2007; Lynch et al., 2012). The key constraints
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are likely to shift from habitat access to local limits, such as
competition for nearshore prey, overlap with krill fisheries,
and disturbance where human activity concentrates.

For sub-Antarctic species, the dominant uncertainty is how
prey fields will reorganize as upper-ocean structure changes.
King penguins illustrate this clearly because they rely on pre-
dictable access to productive frontal zones. Some projections
suggest that changes in frontal accessibility could make cer-
tain colonies energetically marginal, but the magnitude and
geography of that risk depends on how models represent
fronts and prey aggregation (Cristofari et al., 2018; Meijers
et al., 2019). Macaroni and southern rockhopper penguins
are also exposed to prey field shifts around island shelves,
where climate-driven changes in krill and fish can combine
with fisheries pressure, producing strong regional contrasts
among colonies (Croxall et al., 2002; Bost et al., 2015).

5.3 Fisheries and ecosystem interactions

Antarctic krill fisheries overlap the foraging ranges of sev-
eral penguin species, especially in the Scotia Sea and around
the northern Antarctic Peninsula. Risk is highest when fish-
ing is concentrated near colonies during periods when krill
are scarce or shifted away from traditional hotspots, because
penguins may need to travel farther and spend more time
searching for food (Trivelpiece et al., 2011; Pinkerton et al.,
2016). Under these conditions, fishing and climate variability
can act together rather than separately. For example, analyses
that combine catch records with climate indices and penguin
monitoring data show that high catches during warm, low-ice
winters are associated with a higher probability of negative
population growth in gentoo and chinstrap penguins (Kriiger
et al., 2021).

A key challenge is scale. Catch limits that look small when
averaged over the full krill stock can still be high at the lo-
cal scale that matters to predators. Long-term monitoring and
modeling show reduced penguin performance when local
harvest rates exceed thresholds, with effects comparable in
magnitude to poor environmental conditions (Watters et al.,
2020). This helps to explain why broad statements that the
fishery is “precautionary” can be misleading if catches are
spatially concentrated.

Recent work also shows that overlap is not fixed. When
krill availability is low, penguins can expand their forag-
ing ranges, which increases the chance of entering fishing
grounds even inside managed areas (Ratcliffe et al., 2021).
Dynamic distribution models based on multi-year acoustic
surveys similarly identify persistent krill hotspots at shelf
edges, and they highlight where intense fishing activity over-
laps foraging chinstrap penguins across years (Freer et al.,
2025). These studies point to a practical message for man-
agement: the question is not only how much krill is removed
but where and when it is removed relative to predator de-
mand.
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Food web pressure is also shaped by pollutants that move
through the same predator—prey pathway. Penguins can act
as sentinels for contamination because many compounds
bioaccumulate and can be detected in tissues, eggs, or feath-
ers over time (Ellis et al., 2018). In the Antarctic Penin-
sula region, emerging organic contaminants have been de-
tected in both chinstrap penguins and their key prey, Antarc-
tic krill, showing that chemical exposure can occur within
the same systems that support krill-dependent predators (Mo-
tas et al., 2025). Metal exposure provides an additional ex-
ample of how penguins can reflect regional contamination
gradients across the Southern Ocean (Alvarez-Varas et al.,
2018). Broader reviews further emphasize that local sources
linked to research activity, shipping, and growing visitation
can add diesel-related compounds, plastics, and metals to
coastal environments, increasing the likelihood of chronic,
sublethal stressors that may compound poor foraging years
(Puasa et al., 2021).

CCAMLR has the tools to reduce risk through spatially
explicit and adaptive management, but effectiveness depends
on the timely allocation of catches, the protection of recur-
ring predator—krill hotspots, and monitoring that can detect
years when ecosystem conditions are already unfavorable
(Constable et al., 2000; Trathan et al., 2015). Ongoing cli-
mate change is also altering krill habitat and behavior, which
may increase competition between fisheries and krill preda-
tors if productive habitat contracts or becomes more variable
(Kawaguchi et al., 2024). Figure 4 summarizes how climate
variability, krill dynamics, fishing concentration, and addi-
tional human pressures such as pollution and tourism can act
together to shape risk.

5.4 Constraints on forecasting penguin futures

Penguin research is extensive, but several bottlenecks still
limit confident projections because they sit at the points
where population change is decided.

First, the least observed life stages remain the hardest to
model. Survival between fledging and recruitment is poorly
constrained for many species, even though it strongly con-
trols population growth. Tracking and mark-recapture stud-
ies show high variability in juvenile outcomes, and juve-
niles can use different habitats than adults, sometimes ex-
tending beyond areas assumed to capture core foraging needs
(Le Scornec et al., 2025).

Second, the non-breeding season is still a weak link for
many species. Winter and molt are energetically demanding,
but data on where birds forage, what they eat, and how condi-
tions carry over into the next breeding season remain patchy
compared with summer chick-rearing datasets. Where winter
tracking exists, it often reveals broad dispersal and high indi-
vidual variation that is difficult to capture with colony-based
averages (Hinke et al., 2019).

Third, environmental drivers are frequently represented at
the wrong scale for the decisions penguins actually face.
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Figure 4. Conceptual diagram of direct human pressures on Antarc-
tic and sub-Antarctic penguins. Major pressures include fisheries
(competition for krill and fish), pollution (oil spills and contami-
nants), and tourism (disturbance at breeding sites). Climate change
amplifies these stresses by reducing sea ice, shifting prey availabil-
ity, and increasing the overlap between penguins and human activi-
ties. The figure is schematic and intended to summarize interactions
rather than provide quantitative estimates.

Many habitat and demographic models rely on gridded
sea ice or ocean products that are too coarse to repre-
sent nearshore leads, polynyas, and fast-ice stability at the
colony scale. New work using finer sea ice metrics and high-
resolution satellite observations shows that these local fea-
tures can determine access to prey and even trigger breeding
failure, highlighting why downscaling and nearshore valida-
tion matter (Labrousse et al., 2019, 2023; Wienecke et al.,
2024).

Fourth, there are persistent geographic challenges that hin-
der circum-Antarctic synthesis. Some regions remain under-
sampled because of access and logistics, and colony distribu-
tions can change our interpretation of “stable” versus “tran-
sition” zones. For example, recent surveys north and east of
the Antarctic Peninsula document thriving Adélie colonies in
areas that contrast with nearby declines and sharpen attention
on the so-called Adélie gap (Wethington et al., 2023).

Finally, observation systems still have practical limits.
Cloud cover, polar darkness, and variable ice conditions cre-
ate missingness in remote-sensing time series, while ground-
based validation remains uneven across regions. Progress
will depend on combining methods rather than relying on any
single one: coordinated field counts where feasible; drones
for repeatable colony-scale validation; satellite mapping for

https://doi.org/10.5194/polf-94-17-2026



R. Quilestino-Olario: Penguins: fossils to conservation

coverage; and open, reproducible workflows that link popu-
lation time series to sea ice, ocean structure, prey fields, and
human activity (Fretwell and Trathan, 2009; Fretwell et al.,
2012; Fretwell and Trathan, 2021; Winterl et al., 2024). This
kind of multi-method monitoring has steadily reduced long-
standing blind spots in where penguins go, how colonies
change from year to year, and how those changes intersect
with human activity and governance debates (Blair, 2022).

5.5 Management implications

Because penguin responses vary strongly among regions and
species, management works best when it is both precaution-
ary and targeted. A practical starting point is to treat penguins
as indicator species that can translate physical change (ice,
storms, fronts) and food web change (krill and fish fields)
into measurable outcomes such as breeding success, adult
foraging effort, and colony persistence. This is already op-
erational in some settings, for example, in the Ross Sea re-
gion Marine Protected Area (MPA) where Adélie penguins
are used as an indicator of ecosystem structure and function
(Smith et al., 2021).

Recent methods make it increasingly feasible to match
management actions to the spatial and seasonal scales that
matter to penguins. Biologging and habitat models can iden-
tify where overlap between predators and fisheries is most
likely and can be extended to colonies without direct track-
ing, helping to prioritize areas for risk management as
the krill fishery develops (Trathan et al., 2018). These ap-
proaches also highlight the fact that penguin habitat use can
shift seasonally, so static boundaries designed around sum-
mer distributions may miss a large fraction of the annual
cycle (Thiébot et al., 2019). For broader planning, marine
Important Bird and Biodiversity Areas provide a transparent
way to map high-quality at-sea areas for multiple species,
and to evaluate how existing and proposed MPAs align with
penguin core habitats (Handley et al., 2021). In parallel, work
on movements beyond national jurisdiction shows why gov-
ernance tools for the high seas can matter for penguins that
routinely cross jurisdictional boundaries (Thiébot and Drey-
fus, 2021).

Monitoring capacity is also improving rapidly. Remote
camera networks can quantify breeding success across large
areas with consistent timing and can detect the role of short-
lived extreme weather events that may not be visible in sea-
sonal means (Youngflesh et al., 2021). Unstaffed aerial vehi-
cle (UAV) surveys combined with deep learning are becom-
ing useful for colony-scale counts and for mapping local en-
vironmental features that guide where to place complemen-
tary field sampling (Belyaev et al., 2024). At the same time,
new evaluations of guano-based remote sensing show that
spatial resolution strongly shapes detection error, reinforcing
the need for UAV validation and colony-specific calibration
when long Landsat-class archives are used for trend monitor-
ing (Park et al., 2026).
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Finally, fishery decisions depend on understanding krill
distribution and connectivity at management-relevant scales.
Physical ocean modeling shows that krill connectivity can
vary sharply in the West Antarctic Peninsula region and that
this can intersect with locations where fishing is most intense
(Gallagher et al., 2023). Statistical advances are also improv-
ing how krill acoustics are modeled in space and time, de-
spite zero inflation and mismatched covariates, which is di-
rectly relevant to translating observing systems into decision-
ready maps (Amaral et al., 2025). Together, these tools sup-
port three near-term priorities: (i) protect key breeding and
foraging areas with boundaries and seasons that reflect pen-
guin habitat use, including consideration of mobile or dy-
namic measures where appropriate; (ii) keep krill catch lim-
its adaptive and spatially distributed to reduce local depletion
risk; and (iii) sustain standardized, open monitoring that links
colony outcomes to sea ice, prey fields, and human activ-
ity. The pathways connecting climate forcing, prey dynam-
ics, and human pressures are summarized in Fig. 5.

5.6 Outlook for future penguin research

Penguin research has evolved alongside Antarctic science,
from expedition-era descriptions to modern monitoring and
forecasting (Table 2). Early natural history and expeditions
established basic life histories and where penguins breed,
whereas the first fossil descriptions revealed that penguins
have persisted through profound environmental change over
deep time (Ross, 1847; Huxley, 1859). From the mid-20th
century onward, long-term colony studies and food web re-
search began to connect breeding outcomes with sea ice,
krill, and climate variability, which is what made penguins
useful as indicators of ecosystem change (Croxall and Prince,
1980; Barbraud and Weimerskirch, 2001).

Over the last two decades, technology has shifted the scale
of what can be observed. Biologging and diet tracers describe
where penguins go, what they eat, and how hard they work
to raise chicks, while satellite and UAV surveys extend mon-
itoring beyond the few colonies that can be visited regularly
(Trathan et al., 2006; Emslie and Patterson, 2007; Fretwell
et al., 2012). The result is a shift from asking whether pen-
guins are changing to asking why, where, and under what
conditions change accelerates.

Future progress will come less from adding one more case
study and more from connecting approaches. The most in-
formative studies will link (i) colony-scale outcomes (breed-
ing success, survival, recruitment), (ii) the local physical
setting that penguins actually experience (fast-ice persis-
tence, polynya access, fronts, and prey fields), and (iii) hu-
man pressures that operate in the same bottlenecks (espe-
cially krill fisheries, disturbance, and pollution). In prac-
tice, that means combining continent-wide remote sensing
with targeted field validation; and embedding tracking, diet,
and demographic data in models that can represent extreme
years rather than only long-term averages. This is also where
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Future outlook for Antarctic and sub-Antarctic penguins

ice-dependent species

Emperor, Adélie (northern
Peninsula) — “High risk from
sea-ice loss”

i

range shifts

Gentoo, King — “Range
expanding southward”

fisheries overlap

Macaroni, Rockhopper —
“Competition with fisheries”

=y
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Figure 5. Schematic outlook for Antarctic and sub-Antarctic penguins under projected climate and human pressures. Ice-dependent species
(emperor, Adélie in the northern peninsula) face high risk from sea ice loss; sub-Antarctic crested species (macaroni, southern rockhopper)
face combined risks from changing prey and fisheries overlap. Gentoo and king penguins may shift ranges southward with changing ice and
ocean fronts but encounter new constraints where human activity is concentrated. The diagram is conceptual and intended to summarize

processes rather than provide quantitative forecasts.

deep-time evidence remains valuable: fossils and geochemi-
cal proxies help to define the environmental envelopes pen-
guins have tolerated in the past, while modern monitoring
can test whether current rates and combinations of change
are pushing populations beyond those envelopes.

6 Concluding remarks

Penguins are among the most iconic and visible wildlife of
the Antarctic and sub-Antarctic, and their history shows both
resilience and vulnerability. Over tens of millions of years,
penguins have persisted through major climate transitions,
reorganized their ranges as ice advanced and retreated, and
diversified into distinct ecological strategies. That deep-time
perspective matters because it clarifies the pathways that still
govern penguin success today: access to predictable breeding
platforms, reliable prey fields shaped by sea ice and ocean
fronts, and the ability to buffer occasional poor years.

This overview set out to integrate those perspectives across
time. Fossils and paleo proxies show that penguins can sur-
vive profound environmental change, but modern observa-
tions reveal that today’s rapid, human-driven forcing is acting
through the same ecological bottlenecks, now compressed
into decades and compounded by direct pressures. The result
is a widening divergence among species and regions. Some
populations are stable or expanding, including southward
range shifts by gentoos in parts of the Antarctic Peninsula.
Others, especially ice-dependent emperor penguins, are al-
ready experiencing breeding failures linked to fast-ice insta-
bility, consistent with projected risks under continued warm-
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ing. Fisheries overlap, pollution, and disturbance can inten-
sify these climate stresses by increasing energetic costs and
reducing the margin for successful breeding.

A practical implication is that conservation must match
penguin ecology in space and time. This includes protect-
ing recurrent breeding and foraging hotspots, reducing lo-
cal krill harvest risk during sensitive periods, and designing
management that can respond to extreme “bad years” rather
than only mean trends. At the same time, recent advances
in satellite imagery, UAV surveys, camera networks, biolog-
ging, and krill distribution modeling make it increasingly fea-
sible to track penguin populations and their drivers at scales
relevant to decision-making. The remaining priority is inte-
gration: linking monitoring to demography and prey fields,
extending coverage to under-sampled regions and life stages,
and making workflows transparent and reusable so that evi-
dence can move efficiently into assessment and management.

In short, penguins have repeatedly demonstrated resilience
over deep time, yet their near-future persistence will depend
on whether the pace and clustering of modern change out-
strips that capacity. By bringing together fossil evidence,
present-day monitoring, future scenarios, and research direc-
tions, this synthesis highlights both sides of that story. Keep-
ing penguins on the landscape is not only a conservation goal
in its own right but also one of the clearest, most measurable
ways to track the health and trajectory of the Southern Ocean
in the decades ahead.
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Table 2. Broad trends in penguin research, showing how dominant questions and methods shifted over time.

Period

Main focus and typical approach

Example citations

1800s

Natural history, taxonomy, and first fossil descriptions;
establishing that penguins are both Antarctic icons and an
ancient lineage

Gray (1844); Ross (1847); Huxley (1859);
Coues (1872)

1900s-1950s

Expedition-era field natural history and early synthesis of
penguin biology; foundations for systematic colony observations
and long-term records

Levick (1914); Murphy (1947); Marples
(1953); Willing (1958)

1960s-1970s Penguins as ecological actors in food webs; linking breeding, Goldsmith and Sladen (1961); Holdgate
diet, and phenology to krill and marine productivity (1965); Stonehouse (1967); Oelke and
Steiniger (1973); Trivelpiece and Volkman
(1979)
1980s Penguins as indicators of ecosystem change; stronger diet-based ~ Croxall and Prince (1980); Volkman et al.
evidence for krill dependence and growing relevance to (1980); Lishman (1985); Green and Johnstone
ecosystem-based fisheries management (1988); Puddicombe and Johnstone (1988)
1990s Demography and climate variability; long-term datasets tied Baroni and Orombelli (1994); Woehler et al.
breeding success and survival to sea ice and climate modes, (1994); Williams (1995); Fraser and
enabling early forecasting frameworks Trivelpiece (1996); Kirkwood and Robertson
(1997)
2000s Technology and paleo reconstruction; biologging and dive Barbraud and Weimerskirch (2001); Trathan
recorders reveal fine-scale foraging, while isotopes and ancient et al. (2006); Emslie and Patterson (2007);
DNA connect modern ecology to past change Huang et al. (2009)
2010s Continental coverage and cumulative pressures; satellite Fretwell et al. (2012); Lynch and LaRue

mapping and drones expand monitoring, while syntheses
emphasize regional contrasts and interacting stressors

(2014); Trathan et al. (2015); Pertierra et al.
(2017); Le Guen et al. (2018); Barreau et al.
(2019)

2020s—present

Integration and policy relevance; models increasingly combine
demography with climate and management context, supported

Jenouvrier et al. (2021); Blair (2022); Flynn
et al. (2023); Fretwell (2024); Lin et al. (2025);

by near-real-time monitoring and open data

Park et al. (2026)
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