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The links between foraging success, foraging effort and
diet in a myctophid specialist seabird, the King Penguin
Aptenodytes patagonicus, were investigated during seven
breeding seasons using tracking and isotopic data.
Despite the variable foraging conditions encountered by
the birds, isotopic signatures (a proxy for diet) were
invariable throughout the study. On the other hand,
penguins stayed longer at sea when the foraging success
indices (i.e. prey capture attempts per day and mass
gained per day) were low. Although King Penguins can
compensate for low prey capture rates by increasing for-
aging effort, their specialist diet during reproduction
makes the species particularly sensitive to prey availabil-
ity, with its conservation tightly linked to its main prey.
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There are multiple strategies available to birds to cope
with periods of low prey availability. For example,
dietary-specialist species can increase foraging effort to
compensate for low prey capture rates (e.g.
Abrams 1991, Cox et al. 2019, Fromant et al. 2021).
Alternatively, generalists can switch to feeding on other
still-available prey (e.g. Scopel et al. 2019, Milchev &
Georgiev 2020). The strategy used is highly species-
dependent, with both specialists and generalists display-
ing variable flexibility in both foraging effort and diet.

In the marine environment, species composition is
changing drastically, as environmental disturbances such
as overfishing or recurrent marine heat waves might
induce periods of low prey availability (Jones
et al. 2018, Osborne et al. 2020, Sydeman et al. 2021).
Although generalist species that switch prey are likely to
better tolerate these ecosystem changes, specialists might
be impacted as the foraging effort increases to compen-
sate for poor conditions (Gilman et al. 2010). Such is
the case for species including the Little Auk Alle alle
and the African Penguin Spheniscus demersus, two spe-
cialist species that increase time spent foraging in
response to the reduced availability of their main prey
(Jakubas et al. 2007, Pichegru et al. 2012). Yet, even
species regarded as specialists can sometimes shift their
diet in critical periods, so that a certain level of flexibil-
ity might help these species to cope with a changing
environment (e.g. Ludynia et al. 2010, Ancona
et al. 2012).

Here, we investigate the links between foraging suc-
cess, foraging effort and diet in a specialist deep-diving
seabird, the King Penguin Aptenodytes patagonicus. This
species feeds mainly on small mesopelagic myctophids,
often dominated by Krefftichthys anderssoni, for which
the availability to the top predators may change across
the polar region, mainly due to climatic anomalies (Bost
et al. 2002, 2015, Le Bohec et al. 2008, Péron
et al. 2012). Yet, King Penguins can also forage opportu-
nistically on other prey, such as squids and other mycto-
phids (Adams & Klages 1987, Bost et al. 2002, Cherel
et al. 2007). Consequently, the species could theoreti-
cally diversify its diet during periods of low prey
availability.

We tested whether King Penguins would become
more opportunistic when foraging success is low by
comparing isotopic values (a proxy of diet) of foraging
breeding adults over 7 years. We predicted that, if King
Penguins compensated for low prey availability by
switching diet, we would find different isotopic values in
individuals experiencing dissimilar foraging success. On
the other hand, if King Penguins did not seek different
prey despite low prey availability, we expected a com-
pensating increased foraging effort (e.g. longer foraging
trips, deeper dives) as foraging success decreases, while
isotopic values would remain constant.

METHODS

All data were collected in February on chick-rearing
King Penguins at Ratmanoff’s colony (around 85 000
pairs, Barbraud et al. 2020) in the Kerguelen archipelago
(49°1403300S, 70°3304000E) situated in the southern
Indian Ocean. Data were obtained during the chick-
rearing period in all years from 2015 to 2022 except
2019 (i.e. 7 years in total). The ethics committee of the
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Institut polaire français Paul-Émile Victor approved all
field procedures.

King Penguins of this colony feed mostly on a small
myctophid, Krefftichthys anderssoni, and opportunisti-
cally (up to 25% of their diet) on other prey such as
other fish species and squids (Bost et al. 2002, Cherel
et al. 2010, 2011). During the chick-rearing period, par-
ents make trips at sea lasting about 4–10 days. While
prey availability estimates are not known during the
study period, the years 2015 and 2016 were possibly
less favourable for King Penguins at Kerguelen, as
inferred from the lower chick mass observed (Brisson-
Curadeau et al. 2023).

Isotopic analysis

Stable isotopes of nitrogen (δ15N) are considered to
be indicative of the trophic position of consumers,
thus reflecting their diet, whereas δ13C is a proxy of
the consumers’ foraging habitat (Hobson et al. 1994,
Quillfeldt et al. 2005, Cherel & Hobson 2007). The
resulting isotopic niche described by these two iso-
topes can therefore be used as a proxy of the con-
sumers’ trophic niche.

Between 2015 and 2022, a total of 83 chick-rearing
King Penguins were captured using a long pole and
blood samples were taken (2 mL) after their return from
a foraging trip. The blood was freeze-dried and about
0.7 mg was weighed into tin capsules. The capsules
were analysed for bulk stable isotopes ratio of nitrogen
(15N/14N) and carbon (13C/12C) at the Ján Veizer Sta-
ble Isotope Laboratory (Ottawa, Ontario, Canada). Iso-
topic composition was measured by combustion on an
Elementar VarioEL Cube Elemental Analyser followed
by ‘trap and purge’ separation and on-line analysis by
continuous-flow with a DeltaPlus Advantage isotope
ratio mass spectrometer coupled with a ConFlo III inter-
face. The isotope concentration determination used the
following conventional equation:

δ ¼ Rsample=Rstandard
� �

–1
� � � 1000

where Rsample and Rstandard are the corresponding ratios
of heavy to light isotope in the sample and standard,
respectively. The standards used were air for nitrogen,
and Pee Dee Belemnite for carbon. Replicate measure-
ments of internal laboratory standards indicate measure-
ment errors of 0.35‰ and < 0.1‰ for δ13C and δ15N,
respectively.

All alternative prey types of King Penguins have a
higher δ15N value than K. anderssoni (Bost et al. 2002,
Cherel et al. 2010). We therefore expected individuals
with a more diverse diet to have a higher δ15N value.
The full list of potential prey and their respective δ15N
value around Kerguelen can be found in Table S1.

Foraging effort

Foraging effort during the foraging trip was determined
using biologgers from various brands recording GPS
location and/or depth. Some of these loggers also
recorded three-dimensional acceleration (starting in
2020) as well as water temperature. Over the 7 years,
52 birds were equipped with one or two of these
devices (see Tables S2 and S3 for exact sample size by
year). Loggers were retrieved after a single foraging trip.
King Penguins were weighed before and after each for-
aging trip. The weight of the loggers varied with models,
but never exceeded 2% of the bird’s mass.

For analysis, only dives deeper than 50 m were con-
sidered, as shallower dives are not associated with forag-
ing activity (Charrassin et al. 2002). Depth was used to
compute two foraging effort metrics for each individual:
mean diving depth and total vertical distance travelled
during a foraging trip, calculated as the sum of the max-
imum depths of all dives (Charrassin et al. 2002). Using
location data, we computed the mean distance to the
colony of all foraging dives, as well as the mean latitude
and longitude for correlation with isotopic variables. A
final metric of foraging effort was calculated as the total
number of days spent at sea during the foraging trip.

For logistical reasons, not all blood-sampled King
Penguins were assessed for foraging effort. Reasons
explaining this mismatch include logger failures and log-
ger detachment.

Conditions encountered and foraging
success

King Penguins target the depth just below the thermo-
cline to capture prey (Charrassin & Bost 2001, Scheffer
et al. 2016). Consequently, shallower thermoclines are
more accessible and therefore provide better conditions
for foraging King Penguins. To assess the conditions
encountered, we therefore combined depth data and
temperature data to calculate the depth of the thermo-
cline for each dive. We defined the thermocline as the
depth where the change in temperature was the greatest
(see Charrassin & Bost 2001). We then calculated the
average thermocline depth among all dives for each
individual.

We computed two metrics of foraging success. First,
we calculated the mass gained per day of foraging at sea.
A second metric was computed using the accelerometry
data: the number of Prey Capture Attempts (PCAs) in
each dive was estimated with the algorithm from
Brisson-Curadeau et al. (2021) using the number of
acceleration peaks in the dive. The number of PCAs per
day has been shown to closely correlate with the num-
ber of daily prey captured, so we used this to indicate
foraging success.
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Statistical analysis

We tested how blood δ15N and δ13C values were influ-
enced by the following variables: mean diving depth,
total vertical distance travelled, mean thermocline
depth, mean distance from the colony, mean latitude,
mean longitude, trip duration, mass gained per day and
PCAs per day. We also tested the influence of the forag-
ing effort variables (mean diving depth, total vertical dis-
tance travelled, trip duration, mean distance from
colony) on the two foraging success metrics. All these
tests were conducted by creating several linear models
with mixed effects, each with one of these variables and
‘year’ as a random effect. Only one fixed effect was used
per model to avoid overfitting and correlation between
explanatory variables.

Because most of these variables had a different num-
ber of observations, and because models with different
numbers of observations are not directly comparable, we
created a corresponding null model (with only the ran-
dom effect) for each model using only the observations
available. We then scored the models using the Akaike
Information Criterion (AIC) and compared the score
with its associated null model. Only models that had a
ΔAIC > 2 with their corresponding null model were
considered.

We also tested if there were differences among years
for all variables (isotopes, foraging effort and foraging
success) using analyses of variance. In such a case, we
used Tukey’s tests to identify the pairs of years that
differed.

All analyses were conducted in R version 4.1 (R Core
Team 2023). The package lme4 was used to build the
mixed-effect models (Bates et al. 2015). Validation of
assumptions was conducted on all models (see also
Table S4). We tested for heteroscedasticity of residuals
using the Breusch Pagan test in the lmtest package
(Breusch 1978, Zeileis & Hothorn 2002). Pearson corre-
lation tests were conducted between residuals and the
independent variables, and the autocorrelation in the
residuals was assessed by extracting the autocorrelation
coefficient (Venables & Ripley 2002).

RESULTS

Foraging behaviour

Most foraging effort indices varied greatly among indi-
viduals (Fig. 1), as shown by the mean � standard devi-
ation (sd) of total vertical distance travelled
(123 � 62 km, n = 48), trip duration (8.5 � 3.1 days,
n = 53) and mean distance from the colony
(251 � 102 km, n = 36). To a lesser degree, mean div-
ing depth also differed among individuals (141 � 16 m,
n = 48). Two foraging success variables, mass gained per

day (0.28 � 0.15 kg/day, n = 31) and PCAs per day
(406 � 185 PCAs/day, n = 52), also varied greatly from
one individual to another. When testing for among-year
differences, only mean depth, trip duration and total
vertical distance showed significance (Fig. 1; Table S5).

Stable isotopes

Blood δ13C (�22.0 � 0.4‰, n = 83) varied with mean
longitude, as the model containing this variable was the
only model that scored higher than its associated null
model (Table 1). There was a strong tendency for δ13C
to decrease as King Penguins foraged farther east, off the
Kerguelen shelf (Fig. 2). Furthermore, δ13C varied sig-
nificantly among years as shown by analyses of variance
(Fig. 3; Table S5).

Similarly, blood δ15N (10.1 � 0.2‰, n = 83) varied
among years (Fig. 3; Table S5). However, the inter-year
variation in δ15N was less pronounced than with δ13C
and only 2 years (2016 and 2021) were significantly dif-
ferent from each other according to the Tukey’s tests
(P = 0.02). Overall, there was little variation in δ15N
among individuals (δ15N range: 9.6–10.6‰). As for the
models predicting δ15N using foraging effort and success
variables, none scored higher than their corresponding
null model, despite high variability detected in all these
explanatory variables (Table 1).

Foraging success

When considering mass gained per day as a response
variable, only the model with foraging trip duration as a
fixed effect scored better than its respective null model.
Similarly, when values of PCAs per day were considered
as the response within models, the only model that
scored better than its respective null counterpart was
the one containing the fixed effect of foraging trip dura-
tion (Table 1). In both models, the response variable
decreased with increasing foraging trip duration.

DISCUSSION

Seabird species include taxa labelled as both diet gener-
alists and diet specialists. Yet, almost all seabird species
can display a certain level of flexibility, as even specialist
species can feed opportunistically on prey outside their
main diet (Ancona et al. 2012). This flexibility might be
of particular utility when certain prey types become
temporarily scarce. Yet, we found that the King Pen-
guin, a myctophid specialist, does not greatly vary its
diet in terms of trophic position (δ15N), even when
encountering highly variable foraging conditions. Instead,
the species relies more on increasing foraging effort to
compensate for low prey capture rates. Our research
emphasizes the tight link existing between some marine

© 2023 British Ornithologists' Union.
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predators and their prey, with the conservation of the
former being strongly dependent on the latter.

Isotopic landscape

A first observation that can be made from our results is
that there is a strong longitudinal gradient of δ13C in the
environment near Kerguelen. In the Southern Ocean,
most reported gradients for this isotope are usually lati-
tudinal, not longitudinal (Cherel & Hobson 2007,

Espinasse et al. 2019). However, the north–south gradi-
ent is evident at a larger scale, whereas at a smaller scale
δ13C is influenced by habitat, with 13C depleted in off-
shore habitats relative to coastal habitats (Cherel &
Hobson 2007). As the Kerguelen Plateau extends south
of the island to Heard Island (Fig. 2), King Penguins for-
aging south will remain in the same shelf habitat. On
the other hand, King Penguins foraging east will quickly
encounter deeper bathymetry, which probably explains
the gradient in δ13C as habitat changes with longitude.

Table 1. Best ranked models explaining δ13C, δ15N, mass gained per day and prey capture attempts (PCAs) per day. AIC, Alaike
information criterion.

Best ranked models
Number of observations
in the models AIC

ΔAICc with
null model Equation

Blood δ13C as the response variable
δ13C � Mean longitude of foraging dives (°) n = 34 31.5 Δ �8.06 �0.33x + 2.61

Blood δ15N as the response variable
No models outranked the null model – – – –

Mass gained per day of foraging (kg/day) as the response variable
Mass � Foraging trip duration (days) n = 51 �55.5 Δ �8.39 �0.02x + 0.50

PCAs per day as the response variable
PCA � Foraging trip duration (days) n = 28 294.2 Δ �2.54 �7.72x + 419.6

Figure 1. Annual variation of foraging effort variables (middle and left graphs) as well as foraging success variables (right graphs)
among sampled King Penguins breeding at Kerguelen Island. Numbers in the boxes indicate the number of King Penguins sampled.
Stars indicate years that were significantly different from at least two other years when conducting Tukey’s tests. The black lines rep-
resent the median.
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Diet specialization

The use of δ15N as a proxy of diet has been controver-
sial when used at a large scale, as spatial gradients of the
isotope exist regardless of trophic position due to varia-
tion in baseline δ15N (Seminoff et al. 2012). However,
we did not detect spatial gradients influencing δ15N at a
local scale near Kerguelen. It is therefore a fair assump-
tion that δ15N could be used in this study to assess the
trophic position of King Penguins, as in similar studies
conducted in the Southern Ocean (Cherel & Hob-
son 2007, Cherel et al. 2010, Polito et al. 2015). Conse-
quently, we expected δ15N to vary with foraging success
in our study. Indeed, low food availability sometimes

causes even specialist species to become more opportu-
nistic in their diet (e.g. Ancona et al. 2012, Buren
et al. 2012). As all alternative prey of King Penguins on
the Kerguelen Islands have a higher δ15N value than
their main prey K. anderssoni, we expected the δ15N
value of King Penguin to be higher in low foraging suc-
cess individuals (Bost et al. 2002, Cherel et al. 2010).
Items sometimes consumed by King Penguins at Kergue-
len that have a higher δ15N value include the squid
Gonatus antarcticus and almost all alternative myctophid
prey (see Table S1.). However, the blood δ15N value of
foraging King Penguins did not increase (or decrease)
significantly with the substantially different foraging
effort, foraging success and marine conditions

Figure 2. Mean diving position of foraging King Penguins during breeding. Each point represents a King Penguin’s trip. Colours rep-
resent blood δ13C (‰) of the King Penguin at the end of the foraging trip, after returning to the colony. Notice the strong East–West
gradient, with blood δ13C values decreasing when King Penguins forage farther off the island’s shelf.

© 2023 British Ornithologists' Union.
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encountered by the King Penguins. In fact, the δ15N
range of Kerguelen’s King Penguins was very narrow
across individuals and across years – even when com-
pared with other seabirds regarded as specialists – sug-
gesting little variation in the diet (see Table 2).
However, the use of δ15N to estimate diet composition
does have limitations, as a more subtle prey switch
could go undetected in the isotopic signature. Indeed,
while all alternative prey have higher δ15N values than
the main prey, some have relatively close values
(Table S1), so that some degree of dietary switch might
remain unnoticed using the isotopic method.

We confirmed that King Penguins are very restrictive
in their foraging strategy and targeted prey. Whatever
the oceanic area used, they probably seek myctophid
schools near frontal currents and have little flexibility in
their foraging tactics (Bost et al. 2009). During the
breeding season, marginal prey items such as squid
might only be opportunistically captured by the King
Penguins when preying on mesopelagic schools of K.
anderssoni, rather than being the result of a switch in
strategy as in some generalist seabirds (e.g. Brisson-
Curadeau & Elliott 2019). Consequently, unsuccessful
individuals prolonged their stay at sea to compensate for
low prey availability rather than changing their foraging
strategy and diet. Indeed, both foraging success indices
were negatively correlated with trip duration, suggesting
that individuals encountering few prey stayed longer
at sea.

In conclusion, our study shows an example of a strict
specialist that seldom adjusts its diet despite the differ-
ent conditions encountered, but rather stayed at sea for

Figure 3. Annual variation of δ13C and δ15N for blood sam-
ples among King Penguins breeding at Kerguelen Island.
Numbers in the boxes indicate the number of King Penguins
sampled. Stars indicate years that were significantly different
from at least two other years when conducting Tukey’s tests.
The black lines represent the median.

Table 2. Comparison of among-year and among-individuals variations in δ15N between the King Penguin at Kerguelen and three
other specialist seabird populations. King Penguins showed the least variation from year to year, and an average variation between
individuals in a given year.

This study Polito et al. (2015) Renedo et al. (2021) Renedo et al. (2021)

King Penguin
(Kerguelen Island)

Chinstrap Penguin
(Livingston Island) Peruvian Booby (Peru) Guanay Cormorant (Peru)

Total individuals sampled, n 83 110 116 122
Number of years sampled 7 5 7 6
Maximum difference
between δ15N
yearly means

Δ0.45‰ Δ0.7‰ Δ2.65‰ Δ2.55‰

Maximum δ15N yearly
standard deviation

�0.26‰ �0.3‰ �0.23‰ �0.19‰

© 2023 British Ornithologists' Union.
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a longer period to compensate for lower foraging suc-
cess. We highly suspect the population parameters of
such species to be tightly linked to the availability of its
main prey. Indeed, foraging effort cannot increase indefi-
nitely to compensate for low prey availability, meaning
that strict specialists might face breeding failures and/or
at-sea mortality if prey composition started shifting in
the future, especially in the growing context of climatic
changes (e.g. Cury et al. 2011). Ongoing population
monitoring efforts are particularly valuable for specialist
species, as population trends might be particularly sensi-
tive to climate change. Long-term prey surveys are also
important to detect such shifts and predict future
bottom-up effects affecting seabirds.
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Österblom, H., Paleczny, M., Piatt, J.F., Roux, J.-P.,
Shannon, L. & Sydeman, W.J. 2011. Global seabird
response to forage fish depletion—one-third for the birds.
Science 334: 1703–1706.

Espinasse, B., Pakhomov, E.A., Hunt, B.P.V. & Bury, S.J.
2019. Latitudinal gradient consistency in carbon and
nitrogen stable isotopes of particulate organic matter in the
Southern Ocean. Mar. Ecol. Prog. Ser. 631: 19–30.

Fromant, A., Delord, K., Bost, C.A., Eizenberg, Y.H., Botha,
J.A., Cherel, Y., Bustamante, P., Gardner, B.R., Brault-
Favrou, M., Lec’hvien, A. & Arnould, J.P. 2021. Impact of
extreme environmental conditions: foraging behaviour and
trophic ecology responses of a diving seabird, the common
diving petrel. Prog. Oceanogr. 198: 102676.

Gilman, S.E., Urban, M.C., Tewksbury, J., Gilchrist, G.W. &
Holt, R.D. 2010. A framework for community interactions
under climate change. Trends Ecol. Evol. 25: 325–331.

Hobson, K.A., Piatt, J.F. & Pitocchelli, J. 1994. Using stable
isotopes to determine seabird trophic relationships. J. Anim.
Ecol. 63: 786–798.

Jakubas, D., Wojczulanis-Jakubas, K. & Walkusz, W. 2007.
Response of dovekie to changes in food availability.
Waterbirds 30: 421–428.

Jones, T., Parrish, J.K., Peterson, W.T., Bjorkstedt, E.P.,
Bond, N.A., Ballance, L.T., Bowes, V., Hipfner, J.M.,
Burgess, H.K., Dolliver, J.E., Lindquist, K., Lindsey, J.,
Nevins, H.M., Robertson, R.R., Roletto, J., Wilson, L.,
Joyce, T. & Harvey, J. 2018. Massive mortality of a
planktivorous seabird in response to a marine heatwave.
Geophys. Res. Lett. 45: 3193–3202.

Le Bohec, C., Durant, J.M., Gauthier-Clerc, M., Stenseth,
N.C., Park, Y.H., Pradel, R., Grémillet, D., Gendner, J.-P.
& Le Maho, Y. 2008. King penguin population threatened by
Southern Ocean warming. Proc. Natl Acad. Sci. USA 105:
2493–2497.

Ludynia, K., Roux, J.P., Jones, R., Kemper, J. & Underhill,
L.G. 2010. Surviving off junk: low-energy prey dominates
the diet of African penguins Spheniscus demersus at
Mercury Island, Namibia, between 1996 and 2009. Afr. J.
Mar. Sci. 32: 563–572.

Milchev, B. & Georgiev, V. 2020. Temporal and spatial
dietary shifts of a generalist top predator: long-term study of
an Eagle owl Bubo bubo population. For. Ideas 26: 366–
379.

Osborne, O.E., Hara, P.D., Whelan, S., Zandbergen, P.,
Hatch, S.A. & Elliott, K.H. 2020. Breeding seabirds
increase foraging range in response to an extreme marine
heatwave. Mar. Ecol. Prog. Ser. 646: 161–173.
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SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Table S1. δ15N values of alternative prey items of
King Penguins at Kerguelen, in comparison with the
main prey, Krefftichthys anderssoni.

Table S2. Loggers used from 2015 to 2022.
Table S3. Deployment by year.
Table S4. Test for linear model assumptions for

models reported in the study.
Table S5. ANOVA results to compare differences

among years for isotopic signatures, foraging effort indi-
ces and foraging success indices.
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