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Simultaneous DNA-based
diet analysis of breeding,
non-breeding and chick
Adélie penguins
Julie C. McInnes†, Louise Emmerson, Colin Southwell,

Cassandra Faux and Simon N. Jarman
Australian Antarctic Division, Channel Highway, Kingston, Tasmania, Australia

As central place foragers, breeding penguins are restricted in
foraging range by the need to return to the colony to feed
chicks. Furthermore, breeding birds must balance energetic
gain from self-feeding with the costs of returning to provision
young. Non-breeding birds, however, are likely to be less
restricted in foraging range and lack the high energy demands
of provisioning, therefore may consume different prey to
breeders. We used DNA dietary analysis to determine whether
there was a difference in provisioning and self-feeding diet
by identifying prey DNA in scat samples from breeding and
chick Adélie penguins at two locations in East Antarctica.
We also investigated diet differences between breeders and
non-breeders at one site. Although previous work shows
changing foraging behaviour between chick provisioning and
self-feeding, our results suggest no significant differences in
the main prey groups consumed by chicks and breeders at
either site or between breeding stages. This may reflect the
inability of penguins to selectively forage when provisioning,
or resources were sufficient for all foraging needs. Conversely,
non-breeders were found to consume different prey groups
to breeders, which may reflect less restricted foraging ranges,
breeders actively selecting particular prey during breeding or
reduced foraging experience of non-breeders.

1. Introduction
Many animals are restricted in their foraging range during
breeding, as they must return to a central place such as a
nest or den. This limitation placed on central place foragers
means that individuals must determine the optimal foraging
strategy to maximize patch time and prey selection [1]. For
breeding birds, partitioning of food resources between self-
feeding and provisioning reflects a compromise between inclusive
fitness of the parent and its offspring and immediate energetic
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gain [2,3]. Most seabird species are central place foragers during the breeding season as they must return
to their nest to incubate eggs and provision young, with a large proportion of species breeding colonially.
In many seabirds, exploitation of prey in close proximity to the breeding colonies increases as the food
demands of the chicks increase, decreasing food availability near the colony [4,5]. This ‘halo effect’
means that parents are required to forage further from the colony, restricting their flexibility in foraging
patch selection, increasing the foraging trip duration and therefore increasing the cost of provisioning.
Conversely, non-breeding individuals are less constrained by foraging location and prey, allowing them
to move further from the colony and consume a more diverse diet [6,7].

Different diet analysis methods are often required to identify the diet of different age and breeding
classes. For some short-ranging seabird species that carry whole prey in their bills, observational studies
of self-feeding and provisioning may be achievable [8,9]. When direct observations are not possible,
dietary comparisons of prey are difficult because different techniques may be required to identify the
prey of different cohorts within the population [10,11]. The two main diet sampling techniques used
for these studies are hard-part analysis of stomach contents and stable isotope analysis. Stable isotope
analysis measures the C13/C12 ratios and N15/N14 ratios of feathers or blood and allows broad-scale
dietary comparisons across latitudinal gradients or trophic levels [12]. This technique has successfully
been used to compare the trophic level of different cohorts of a population [13], but lacks taxonomic
resolution because the composition of prey types in the diet cannot be identified. To identify specific
prey consumed, regurgitated stomach content samples are taken either from chicks [14] or from breeding
adults returning to the colony to feed chicks [15]. Therefore, only the prey that parents provision their
chicks is identified rather than what the parent is digesting itself.

Molecular analysis of faecal DNA can identify prey sequences in predator scats [16], and from this
we can identify the relative proportion of each prey group [17]. This does not necessarily equate to
biomass [18], however comparison of relative proportions is a widely accepted approach in molecular
studies [19,20]. DNA dietary analysis is becoming a popular tool as it allows comparisons between
breeding stages, colonies [21] and cohorts [22], making it a useful alternative diet analysis method.
Importantly, this dietary tool allows us to identify any differences between the diet of adults that are
provisioning offspring compared with their diet when self-feeding.

Adélie penguins are an ideal species to study diet differences between cohorts. The breeding
population of this Antarctic species has a restricted foraging range during the breeding season due to the
need to return to feed chicks. Furthermore, their foraging effort increases with colony size as suggested
by the ‘halo’ theory [23]. Throughout the breeding season, Adélie penguins can alter their foraging
behaviour [24] and diet [21,25]. Chicks require constant parental care while small (guard period) until
they can be left unguarded (crèche period) [26]. During the period when the chicks are young and require
frequent meals, the parents alternate between nest attendance and foraging. Because at this stage parents
forage primarily for the chick, they can lose body condition until the chicks reach ‘crèche’ stage and the
parents are able to forage for self-maintenance [24]. However, as they provision chicks by regurgitation,
variation between chick and adult diet is difficult to study.

Non-breeding penguins are rarely the focus of dietary studies during the breeding season, even
though in some species a large number of non-breeding birds may be present in the colony, and certainly
this is the case for Adélie penguins [26].

This study uses a DNA-based diet approach to identify if there are any differences in the proportion
of major prey groups consumed by breeding and chick Adélie penguins at two sites in east Antarctica,
and breeding and non-breeding birds at one of these sites. No penguin diet study to our knowledge has
compared breeder and non-breeder diet during the breeding season or simultaneously sampled the prey
consumed by breeders and chicks.

2. Material and methods
2.1. Sample collection
Adélie penguin faecal samples were collected in the 2012/2013 austral summer in East Antarctica at
two breeding colonies 2000 km apart: Béchervaise Island, 3 km northwest of Mawson Station (67◦35′ S,
62◦49′ E); and Whitney Point, 7 km from Casey Station (66◦16′ S, 110◦31′ E). Penguins were observed until
they defecated, at which point a small fragment of the non-uric acid portion of the scat was collected
using tweezers and stored in 80% ethanol. The samples were kept as cool as possible after collection
and stored at −20◦C during transport from Antarctica. Samples were collected during two stages of
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the breeding season: brood guard (Béchervaise Island 4–7 January 2013, Whitney Point 23–28 December
2012) and mid-crèche (23–26 January 2013). Scat samples were collected from breeding birds, chicks and
non-breeders at Béchervaise Island and breeding birds and chicks at Whitney Point. ‘Breeders’ were
identified as individuals brooding or provisioning a chick, whereas ‘non-breeders’ were usually pairs
that had reoccupied the colony and were building new practice nests with no chick present. Non-breeders
in the colony include immature birds that have not yet bred and mature birds of breeding age that did
not breed in a particular season (e.g. no partner or insufficient body condition). Samples were collected
randomly throughout the colony across a 4–6 day time period to ensure that any short-term changes
in the diet at the population level would be incorporated; however, it still represents a discrete time
period with which to compare to another breeding stage. The digestion rates of different cohorts are
largely unknown for this species; however, we believe this is unlikely to be an issue as the time period
of collection would have represented multiple foraging trips across the population, as trip duration was
generally less than 4 days. Captive trials, using little penguins (Eudyptula minor), found that prey could
be detected for up to 4 days after ingestion [18].

2.2. DNA extraction and DNAmetabarcode amplification
DNA amplification and sequencing of samples were carried out as described by Jarman et al. [21]. In brief,
DNA was extracted from faecal samples using a Promega ‘Maxwell 16′ instrument and a Maxwell� 16
Tissue DNA Purification Kit. A DNA region of approximately 140 bp from the 3′ end of the nuclear small
subunit ribosomal RNA gene was amplified with primers that are conserved among most eukaryotes
(primers available in Jarman et al. [21]). PCR inhibitor concentrations were reduced in the DNA extracts
by a Zymogen ‘One StepTM PCR Inhibitor Removal’ kit. PCR reactions (10 µl) were performed with 5 µl
2 × Phusion HF (New England Biolabs), 1 µl 100 × bovine serum albumin (New England Biolabs), 1 µl
of each 1 µM amplification primer [21], 1 µl of 10 µM blocking primer ’TetrapodBlockc3’ and 1 µl faecal
DNA . Thermal cycling conditions were 98◦C for 2 min, followed by 35 cycles of 98◦C for 5 s, 55◦C for
20 s, 72◦C for 20 s. PCR reactions from each set were pooled and purified from unincorporated reaction
components by washing using reversible binding to Ampure (Agencourt) magnetic beads following the
manufacturer’s protocol.

2.3. High-throughput amplicon sequencing
Sequencing of PCR products was performed with an IonTorrent next-generation sequencer and
OneTouch semi-automated library preparation platform (Life Technology), using the 400 bp sequencing
kit v1 and 314 chips. Primary sequence estimation was done by Torrent Server software version 2.2 with
the ‘Beverly read filter’ turned off to ensure the maximum number of sequences were included in the
primary data. FASTQ files were transferred from the Torrent Server after checking run success based on
the run reports generated by the Torrent Suite software. Samples from each location and cohort were
split among different runs to avoid run-specific biases.

2.4. Sequence data processing
FASTQ files were first filtered by read quality with those having a mean Q-score less than 30 removed.
Sequences were then grouped into molecular operational taxonomic units (MOTUs) of more than 0.9
sequence similarity using USEARCH [27]. A 90% cut-off of MOTUs was used to allow taxonomic
discrimination between prey groups to family level. Higher level taxonomic assignment was not possible
for most of these broad groups because of limited variation in the ‘V9 region’ of the of the SSU rRNA
gene. Each MOTU was identified by BLAST against a local database derived from the SILVA ssu database
release 118 [28]. Non-food sequences such as parasites and contaminants were excluded from analysis.
Any samples containing less than 100 food sequences were excluded from the analysis. The proportion
of food sequences for each cohort was calculated by averaging the sequence proportions for each
individual scat.

2.5. Analysis and statistics
Overall there were 27 prey taxa identified in the samples (electronic supplementary material, table S1).
For comparisons of prey between cohorts, prey groups included were those that had a proportion of
total sequences greater than 2%. Prey groups with less than 2% of sequences were combined into the
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Figure 1. Adélie penguin prey proportions. Average proportion of sequences for the main six prey groups found in Adélie penguin scats
in East Antarctica. The category ‘other’ contained prey sequences that represented less than 2% of the overall sequences. Comparisons
between chicks, breeder and non-breeders at Béchervaise Island during (a) chick-guard and (b) crèche; and for chicks and breeders at
Whitney Point during (c) chick-guard and (d) crèche.

group ‘other’. Six prey groups had more than 2% of sequences and were used in the analysis (figure 1).
Analysis of similarity (ANOSIM) tests were carried out using the statistical package R to determine
whether there were differences between the proportions of the six groups between cohorts. Data were
fourth log transformed to improve normality. Simper analysis was used to identify which components
of the diet caused any observed differences. To identify the diversity of prey consumed, the Shannon
diversity index was used to estimate taxa diversity. This analysis incorporated all 27 taxa found across
sites (see table 1; the electronic supplementary material). Where no differences were found between
cohorts, samples were pooled to describe the diet at each breeding site. The Shannon diversity index
is: H′ = − ∑

pi ln pi, where pi is the proportion of sequences belonging to the ith taxa groups.

3. Results
3.1. Sample collection and amplification success
Four hundred and ninety three scat samples were collected during chick-guard (December 2012) and
crèche (January 2013), with 373 collected from Béchervaise Island and 120 collected at Whitney Point. In
total, 70.6% of samples successfully amplified over 100 prey sequences each, allowing 348 samples to be
analysed (table 1).

3.2. Breeder and chick prey
No significant difference was observed among the proportion of prey sequences for breeders or the
proportion for chicks at Béchervaise Island (chick-guard: r = −0.008, p = 0.784; crèche: r = −0.007, p =
0.575) or Whitney Point (chick-guard: r = −0.005, p = 0.403; crèche: r = −0.007, p = 0.530; figure 1 and
table 2). When chick and adult samples were pooled, scyphozoa (jellyfish) were the most prevalent
prey item found in chick and breeder scats at Béchervaise Island during chick-guard, representing 36%
of prey sequences. The remaining prey sequences included 11–19% each of actinopterygii (bony fish),
euphausiids (krill), amphipods and calanoid copepods. As the breeding season progressed, there was an
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Table 1. The number of samples collected, DNA extracted and food samples amplified with more than 100 DNA sequences for each site,
breeding stage and breeding cohort.

samples samples more than proportion
site stage cohort collected 100 food sequences successful

Béchervaise Island chick-guard chick 60 55 91.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

breeder 74 54 73.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

non-breeder 55 35 63.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

crèche chick 60 47 78.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

breeder 64 33 51.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

non-breeder 60 36 60.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Whitney Point chick-guard chick 19 15 78.9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

breeder 35 24 68.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

crèche chick 33 24 72.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

breeder 33 25 75.8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

total 493 348 70.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Analysis of similarities (ANOSIM) of diet proportions for each breeding location and stage between (a) breeders and chicks and
(b) breeders and non-breeders. Sample sizes represent the number of samples that amplified over 100 prey sequences. Asterisk indicates
significant difference.

site stage n breeder n chick R p-value

(a)

Béchervaise Island chick-guard 54 55 −0.008 0.784
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

crèche 33 47 −0.007 0.575
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Whitney Point chick-guard 24 15 −0.005 0.403
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

crèche 25 24 −0.007 0.530

site stage n breeder n non-breeder R p-value

(b)

Béchervaise Island chick-guard 54 35 0.062 0.025*
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

crèche 33 36 0.033 0.069
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

increase in bony fish from 19 to 29% and krill from 12 to 25%, and a decrease in jellyfish from 36 to 19%
(guard versus crèche stages). At Whitney Point, the prey sequence proportions were similar between the
breeding stages, with krill and fish sequences dominating the scats (figure 1).

3.3. Breeder and non-breeder prey
There were differences observed in the proportion of prey sequences of breeders and non-breeders at
Béchervaise Island during chick-guard (r = 0.062, p = 0.025), but no significant difference during crèche
(r = −0.033, p = 0.069; table 2). During chick-guard, non-breeders’ scats had less jellyfish and more
amphipod sequences than breeders, whereas during crèche there were less krill and jellyfish sequences
in the non-breeder scats and more gastropods (figure 1).

3.4. Prey diversity
At Béchervaise Island, there was an increase in diversity between the chick-guard and crèche (F1,254 =
6.691, p = 0.01), but there was no difference between cohorts (F1,254 = 0.709, p = 0.4929) and the
interaction term between breeding stage and cohort was not significant (F2,254 = 2.673, p = 0.071). At
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Whitney Point, there was no difference in diversity between breeding stages (F1,112 = 1.030, p = 0.312) or
cohorts (F1,112 = 0.609, p = 0.546) and the interaction term between breeding stage and cohort was also
not significant (F2,112 = 0.537, p = 0.586).

4. Discussion
Our study investigated the diet of Adélie penguins by simultaneously estimating the diet of breeding
and chick Adélie penguins at two breeding populations separated by 2000 km in East Antarctica, as
well as the diet of non-breeders at one of these sites. This comparison was made using DNA-based
assessments of prey groups in penguin scats, allowing the diet of different cohorts within the same
population to be compared. Breeders were found to provision chicks with similar prey to the prey they
digested themselves, even with different resources available at the two different sites. In comparison,
non-breeders were found to consume more gastropods and amphipods than breeders; however, the
overall prey diversity between the groups was similar.

4.1. Breeder and chick diet
Diet similarities between chicks and breeding birds were found at both breeding sites, suggesting
that parents are not altering their prey selection when provisioning chicks or self-feeding. The diet of
penguins at Béchervaise Island was not dominated by any one of the six prey groups during either
chick-rearing or crèche, whereas at Whitney Point the diet was dominated by krill. This allowed us to
assess diet at two colonies with different prey availability or resource requirements.

It is difficult to assess diet quality based purely on energy content of prey items, as ingestion rates
and foraging strategies may affect the prey selected or consumed. For example, Antarctic silverfish
(Pleuragramma antarcticum), one of the main fish prey taken by Adélie penguins [29], has a higher calorific
and lipid content than krill [30,31]. However, a previous study at Béchervaise Island has shown that
high krill content in the penguins’ diet is linked with higher breeding success, although these years
also had larger meal masses, making the primary cause of high breeding success hard to delineate [25].
Likewise, jellyfish, which have low calorific and lipid content [32], formed a large proportion of the prey
sequences at Béchervaise Island in this study, in a year that had an above average breeding success (0.76
chicks per occupied nest compared with an average of 0.68 between 1991/1992 and 2002/2003 [25]). The
significance of jellyfish for Adélie penguin diet is poorly understood as gelatinous prey are difficult
to identify in stomach contents, so past studies relying on stomach lavage have not considered this
component. However, jellyfish are present in the diet of many other seabird species [33]. The role of
jellyfish in seabird diet warrants further investigation to understand whether they are targeted prey
items or ingestion is incidental, particularly given the expected shift towards more jellyfish under future
environmental change [34].

At Whitney Point, it seems that krill and fish were relatively easy to access compared with at
Béchervaise Island, and under those conditions we would expect the parents to forage on the same high-
quality prey that they fed their chicks. At Béchervaise Island, both krill and fish were less frequent in
the penguin scats, which is in contrast to our expectation that those two items would be in a higher
proportion of the chick scats than those of the parents if they were returning higher quality prey to
their offspring. This was not the case, suggesting that the breeders may not be selectively foraging for
their chicks. There is ample evidence that Adélie penguins at Béchervaise Island alter their foraging
strategy when self-feeding through either longer duration or more distant trips [24]. During chick-guard,
foraging trips are relatively short and adult body mass declines suggesting parents forage primarily
to provision young [35]. During crèche, foraging trips are longer and adult mass remains steady [35]
even though greater foraging distances lead to increased energy expenditure [23]. This indicates parents
have increased self-feeding as both males and females can forage simultaneously, reducing the frequency
of provisioning requirements. Previous analysis of stable isotopes during crèche revealed parents were
likely to be feeding offshore for themselves and inshore for chicks [36]. However, our results indicate
no feeding difference between chicks and breeders, and previous work with stable isotope comparison
between chicks and breeders showed no difference in trophic level [36]. Intraspecific competition in
close proximity to some Adélie penguin breeding colonies may be high and may increase throughout
the breeding season as resources decline [23]. Although provisioning a chick with prey caught inshore
is presumably beneficial because of the reduced costs and time associated with foraging locally, if
intraspecific competition is high in this region then foraging further afield, at locations where prey can
be reliably found [24], may be more beneficial for self-feeding, even if the prey is the same.
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It is also possible that penguins cannot selectively control which prey items are regurgitated to their

chick. Although differences have been found in trophic level between adults and chicks using stable
isotopes [13,36,37], no penguin dietary studies have investigated stomach contents from both cohorts.
Overall, there are few published studies in other seabird species that provision by regurgitation which
analyse stomach contents of both chicks and adults. However, one study of albatross suggests that this
is possible [38].

In this study, we taxonomically identified prey in groups of species to allow a wide taxonomic
range of prey to be identified. This approach is technically useful for characterizing the full range
of prey groups; however, there may have been variation between species or individuals within a
species that were fed to chicks that could not be detected by this approach. Selective foraging is
found in other seabirds that target different prey species within a group with higher lipid content, or
choose larger or gravid individuals [8,39]. Although prey size cannot be detected with this technique,
future studies could target a group-specific gene region to investigate whether species differences are
present [22].

4.2. Breeder and non-breeder diet
Our study found a difference between the proportions of prey consumed by breeders and non-breeders
during chick-guard. The diet of non-breeding birds has not been investigated during the breeding season
for penguins and little is known about their behaviour during this period. In general, non-breeding
seabirds are believed to be unconstrained by the need to return to the colony to provision chicks, therefore
have the potential to forage for longer periods and at greater distances from the colony and obtain
different prey than what breeders can obtain. However, because these non-breeders have returned to
the colony either to establish a nest site or develop pair bonds [26], they may still have limits to their
foraging range if they are tied to the colony for a period. A proportion of non-breeders returns to the
colony for either short or extended periods depending on their age and sex [40]. The foraging range and
diet flexibility of these non-breeding birds are unknown during this period.

The selection of certain prey groups could be related to requirements for breeding. Non-breeder
energy demands may be much lower than those of breeders [41] and could be met with alternative prey,
while limiting intraspecific feeding competition for limited resources. Conversely, breeders may need to
increase the consumption of certain prey to meet the increased energy demands of provisioning young
or to provide important nutrients for chick-rearing which non-breeders do not require. In Wilson’s storm
petrels, a comparison of diet between breeders and non-breeders over a longer period found a shift
in breeders’ diet at the start of breeding, then a return to the same diet as non-breeders at the end of
the season [42]. This shift in diet was identified as a need to meet the nutritional requirements of the
chicks with higher calcium prey. If this was the case in Adélie penguins, then this may explain why
there was a greater diet difference between the two cohorts during chick-guard, when the provisioning
rate is higher than self-feeding. If certain prey is required for birds to successfully breed, this may help
partially explain why some of these birds did not breed that year. Alternatively, non-breeding birds may
be inexperienced or poor foragers. Inexperienced seabirds may exhibit different foraging habitats or
behaviours than experienced birds [43]. As non-breeders are often immature birds, foraging experience
may not be as high as older birds.

As with most dietary analysis methods, there are potential biases that could be affecting our results.
Possible biases may arise from differential digestion rates between age cohorts and the effect of DNA
degradation in scats. It is possible that the observed difference between breeder and non-breeder prey
sequences could be exacerbated if these biases did exist, however the fact that the prey sequences
between chicks and adults was indistinguishable suggests that this bias is unlikely to be an issue in
this study.

5. Conclusion
This study has simultaneously identified the diet of breeding, chick and non-breeding Adélie penguins
for the first time. The prey groups selected during provisioning and self-feeding were similar at each
site in 2012/2013 even though the diets between sites were different. Although previous work at
Béchervaise Island has shown that foraging behaviour in terms of trip duration and length changes
between provisioning chicks and self-feeding [24], our results showed no evidence of prey difference
between these two cohorts. Breeding Adélie penguins consume and provision their chicks with different
prey than that consumed by non-breeders. We suggest that this is due to the non-breeders having a
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less restricted foraging range and therefore having access to alternative prey. However, if they are also
constrained to the colony and cannot access other food, they may be less selective because they have
lower energy demands due to not provisioning, or they may be inferior foragers and unable to compete
for the main prey groups in demand. This difference in foraging ability may indeed go part way in
explaining why they are not breeding. Further studies identifying the role of jellyfish in Adélie diet, as
well as differences between size and species of other prey consumed by adults and chicks, would provide
more information on prey preferences during provisioning and self-feeding.

Ethics. This work was carried out under the approval of The Australian Antarctic Division Animal Ethics Committee.
No animals were handled during the sample collections and disturbance was kept to a minimum.
Data accessibility. Data can be accessed from the Australian Antarctic Data Centre: (http://dx.doi.org/10.4225/15/5514A
9C54A8EC).
Authors’ contributions. Conceived and designed experiments: J.M. and L.E. Sample collection: J.M., L.E. and C.S.
Supervised field programme: L.E. and C.S. Designed molecular analysis methods: S.J. Contributed reagents and
materials: S.J., L.E. and C.S. Performed experiments: J.M. and C.F. Bioinformatics analysis: S.J. Wrote the paper: J.M.,
S.J., L.E. and C.S.
Competing interests. We declare we have no competing interests.
Funding. This work was funded by the Australian Antarctic Division as part of Australian Antarctic Science project
no. 4088 and laboratory processing was partially funded through project no. 4014.
Acknowledgements. Thanks to Helen Achurch for assisting with sample collection at Béchervaise Island and personnel at
Mawson and Casey Stations in the 2012/2013 summer for project support. We appreciate the comments from the two
anonymous reviewers whose suggestions improved the strength of the manuscript.

References
1. Orians GH, Pearson NE. 1979 On the theory of central

place foraging. In Analyses of ecological systems (eds
DH Horn, RD Mitchell, GR Stairs), pp. 154–177.
Columbus, OH: Ohio State University Press.

2. Ydenberg RC, Welham CVJ, Schmidhempel R,
Schmidhempel P, Beauchamp G. 1994 Time and
energy constraints and the relationships between
currencies in foraging theory. Behav. Ecol. 5, 28–34.
(doi:10.1093/beheco/5.1.28)

3. Ydenberg RC. 2007 Provisioning. In Foraging:
behavior and ecology (eds DW Stephens, JS Brown,
RC Ydenberg), pp. 273–304. Chicago, IL: The
University of Chicago Press.

4. Ashmole HP. 1963 The regulation of numbers of
tropical oceanic birds. Ibis 103b, 458–473.
(doi:10.1111/j.1474-919X.1963.tb06766.x)

5. Gaston AJ, Ydenberg RC, Smith GEJ. 2007 Ashmole’s
halo and population regulation in seabirds.Mar.
Ornithol. 35, 119–126.

6. Ludynia K, Garthe S, Luna-Jorquera G. 2005
Seasonal and regional variation in the diet of the
Kelp Gull in northern Chile.Waterbirds 28, 359–365.
(doi:10.1675/1524-4695(2005)028[0359:SARVIT]2.
0.CO;2)

7. Baird PH. 1991 Optimal foraging and intraspecific
competition in the Tufted Puffin. The Condor 93,
503–515. (doi:10.2307/1368182)

8. Davoren GK, Burger AE. 1999 Differences in prey
selection and behaviour during self-feeding and
chick provisioning in rhinoceros auklets. Anim.
Behav. 58, 853–863. (doi:10.1006/anbe.1999.
1209)

9. Danhardt A, Fresemann T, Becker PH. 2011 To eat or
to feed? Prey utilization of Common Terns Sterna
hirundo in the Wadden Sea. J. Ornithol. 152,
347–357. (doi:10.1007/s10336-010-0590-0)

10. Harris MP, Wanless S. 1993 The diet of shags
Phalacrocorax aristotelis during the chick-rearing
period assessed by three methods. Bird Study 40,
135–139. (doi:10.1080/00063659309477138)

11. Barrett RT et al. 2007 Diet studies of seabirds: a
review and recommendations. Ices J. Mar. Sci. 64,
1675–1691. (doi:10.1093/icesjms/fsm152)

12. Inger R, Bearhop S. 2008 Applications of stable
isotope analyses to avian ecology. Ibis 150,
447–461. (doi:10.1111/j.1474-919X.2008.008
39.x)

13. Forero MG, Hobson KA, Bortolotti GR, Donázar JA,
Bertellotti M, Blanco G. 2002 Food resource
utilisation by the Magellanic penguin evaluated
through stable-isotope analysis: segregation by sex
and age and influence on offspring quality.Mar.
Ecol. Progress Ser. 234, 289–299. (doi:10.3354/
meps234289)

14. Phillips RA. 2006 Efficacy and effects of diet
sampling of albatross chicks. Emu 106, 305–308.
(doi:10.1071/MU06035)

15. Wilson RP. 1984 An improved stomach pump for
penguins and other seabirds. J. Field Ornithol. 55,
109–112.

16. Pompanon F, Deagle BE, Symondson WO, Brown
DS, Jarman SN, Taberlet P. 2012 Who is eating what:
diet assessment using next generation sequencing.
Mol. Ecol. 21, 1931–1950. (doi:10.1111/j.1365-294X.
2011.05403.x)

17. Deagle BE, Tollit DJ, Jarman SN, Hindell MA, Trites
AW, Gales NJ. 2005 Molecular scatology as a tool to
study diet: analysis of prey DNA in scats from
captive Steller sea lions.Mol. Ecol. 14, 1831–1842.
(doi:10.1111/j.1365-294X.2005.02531.x)

18. Deagle BE, Chiaradia A, McInnes J, Jarman SN. 2010
Pyrosequencing faecal DNA to determine diet of
little penguins: is what goes in what comes out?
Conserv. Genet. 11, 2039–2048.
(doi:10.1007/s10592-010-0096-6)

19. Thomsen PF, Kielgast J, Iversen LL, Møller PR,
Rasmussen M, Willerslev E. 2012 Detection of a
diverse marine fish fauna using environmental DNA
from seawater samples. PLoS ONE 7, e0041732.
(doi:10.1371/journal.pone.0041732)

20. Willerslev E et al. 2014 Fifty thousand years of Arctic
vegetation and megafaunal diet. Nature 506,
47–51. (doi:10.1038/nature12921)

21. Jarman SN, McInnes JC, Faux C, Polanowski AM,
Marthick J, Deagle BE, Southwell C, Emmerson L.
2013 Adélie penguin population diet monitoring by
analysis of food DNA in scats. PLoS ONE 8, e82227.
(doi:10.1371/journal.pone.0082227)

22. Bowser AK, Diamond AW, Addison JA. 2013 From
puffins to plankton: a DNA-based analysis of a
seabird food chain in the northern Gulf of Maine.
PLoS ONE 8, e83152. (doi:10.1371/journal.pone.
0083152)

23. Ballance LT, Ainley DG, Ballard G, Barton K. 2009 An
energetic correlate between colony size and
foraging effort in seabirds, an example of the Adélie
penguin Pygoscelis adeliae. J. Avian Biol. 40,
279–288. (doi:10.1111/j.1600-048X.2008.04538.x)

24. Clarke J, Emmerson L, Otahal P. 2006 Environmental
conditions and life-history constraints determine
foraging range in breeding Adélie penguins.Mar.
Ecol. Progress Ser. 310, 247–261. (doi:10.3354/
meps310247)

25. Tierney M, Emmerson L, Hindell M. 2009 Temporal
variation in Adélie penguin diet at Béchervaise
Island, east Antarctica and its relationship to
reproductive performance.Mar. Biol. 156,
1633–1645. (doi:10.1007/s00227-009-1199-9)

26. Ainley DG. 2002 The Adelie penguin: bellweather of
climate change, pp. 99–130. New York, NY:
Columbia University Press.

27. Edgar RC. 2010 Search and clustering orders of
magnitude faster than BLAST. Bioinformatics 26,
2460–2461. (doi:10.1093/bioinformatics/btq461)

28. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T,
Yarza P, Peplies J, Glöckner FO. 2013 The SILVA
ribosomal RNA gene database project: improved
data processing and web-based tools. Nucl. Acids
Res. 41, D590–D596. (doi:10.1093/nar/gks
1219)

http://dx.doi.org/10.4225/15/5514A9C54A8EC
http://dx.doi.org/10.4225/15/5514A9C54A8EC
http://dx.doi.org/doi:10.1093/beheco/5.1.28
http://dx.doi.org/doi:10.1111/j.1474-919X.1963.tb06766.x
http://dx.doi.org/doi:10.1675/1524-4695(2005)028[0359:SARVIT]2.0.CO;2
http://dx.doi.org/doi:10.1675/1524-4695(2005)028[0359:SARVIT]2.0.CO;2
http://dx.doi.org/doi:10.2307/1368182
http://dx.doi.org/doi:10.1006/anbe.1999.1209
http://dx.doi.org/doi:10.1006/anbe.1999.1209
http://dx.doi.org/doi:10.1007/s10336-010-0590-0
http://dx.doi.org/doi:10.1080/00063659309477138
http://dx.doi.org/doi:10.1093/icesjms/fsm152
http://dx.doi.org/doi:10.1111/j.1474-919X.2008.00839.x
http://dx.doi.org/doi:10.1111/j.1474-919X.2008.00839.x
http://dx.doi.org/doi:10.3354/meps234289
http://dx.doi.org/doi:10.3354/meps234289
http://dx.doi.org/doi:10.1071/MU06035
http://dx.doi.org/doi:10.1111/j.1365-294X.2011.05403.x
http://dx.doi.org/doi:10.1111/j.1365-294X.2011.05403.x
http://dx.doi.org/doi:10.1111/j.1365-294X.2005.02531.x
http://dx.doi.org/doi:10.1007/s10592-010-0096-6
http://dx.doi.org/doi:10.1371/journal.pone.0041732
http://dx.doi.org/doi:10.1038/nature12921
http://dx.doi.org/doi:10.1371/journal.pone.0082227
http://dx.doi.org/doi:10.1371/journal.pone.0083152
http://dx.doi.org/doi:10.1371/journal.pone.0083152
http://dx.doi.org/doi:10.1111/j.1600-048X.2008.04538.x
http://dx.doi.org/doi:10.3354/meps310247
http://dx.doi.org/doi:10.3354/meps310247
http://dx.doi.org/doi:10.1007/s00227-009-1199-9
http://dx.doi.org/doi:10.1093/bioinformatics/btq461
http://dx.doi.org/doi:10.1093/nar/gks1219
http://dx.doi.org/doi:10.1093/nar/gks1219


9

rsos.royalsocietypublishing.org
R.Soc.opensci.3:150443

................................................
29. Clarke J, Manly B, Kerry K, Gardner H, Franchi E,

Corsolini S, Focardi S. 1998 Sex differences in Adélie
penguin foraging strategies. Polar Biol. 20,
248–258. (doi:10.1007/s003000050301)

30. Ainley DG, Ballard G, Barton KJ, Karl BJ, Rau GH,
Ribic CA, Wilson PR. 2003 Spatial and temporal
variation of diet within a presumedmetapopulation
of Adélie Penguins. Condor 105, 95–106.
(doi:10.1650/0010-5422(2003)105[95:SATVOD]2.
0.CO;2)

31. Ruck KE, Steinberg DK, Canuel EA. 2014 Regional
differences in quality of krill and fish as prey along
the Western Antarctic Peninsula.Mar. Ecol. Progress
Ser. 509, 39–55. (doi:10.3354/meps10868)

32. Doyle TK, Houghton JDR, McDevitt R, Davenport J,
Hays GC. 2007 The energy density of jellyfish:
estimates from bomb-calorimetry and
proximate-composition. J. Exp. Mar. Biol. Ecol. 343,
239–252. (doi:10.1016/j.jembe.2006.12.010)

33. Harrison NM. 1984 Predation on jellyfish and their
associates by seabirds. Limnol. Oceanogr. 29,
1335–1337. (doi:10.4319/lo.1984.29.6.1335)

34. Attrill MJ, Wright J, Edwards M. 2007
Climate-related increases in jellyfish frequency
suggest a more gelatinous future for the North Sea.
Limnol. Oceanogr. 52, 480–485.
(doi:10.4319/lo.2007.52.1.0480)

35. Clarke J. 2001 Partitioning of foraging effort in
Adélie penguins provisioning chicks at Béchervaise
Island, Antarctica. Polar Biol. 24, 16–20.
(doi:10.1007/s003000000168)

36. Tierney M, Southwell C, Emmerson L, Hindell M.
2008 Evaluating and using stable-isotope analysis
to infer diet composition and foraging ecology of
Adélie penguins Pygoscelis adeliae.Mar. Ecol.
Progress Ser. 355, 297–307. (doi:10.3354/meps
07235)

37. Booth JM, McQuaid CD. 2013 Northern rockhopper
penguins prioritise future reproduction over chick
provisioning.Mar. Ecol. Progress Ser. 486, 289–304.
(doi:10.3354/meps10371)

38. Richoux NB, Jaquemet S, Bonnevie BT, Cherel Y,
McQuaid CD. 2010 Trophic ecology of Grey-headed
albatrosses fromMarion Island, Southern Ocean:

insights from stomach contents and diet tracers.
Mar. Biol. 157, 1755–1766.
(doi:10.1007/s00227-010-1448-y)

39. Wilson LJ, Daunt F, Wanless S. 2004 Self-feeding
and chick provisioning diet differ in the Common
Guillemot Uria aalge. Ardea 92, 197–207.

40. Ainley DG. 1978 Activity patterns and social
behavior of non-breeding Adélie penguins. Condor
80, 138–146. (doi:10.2307/1367913)

41. Wingham EJ. 1989 Energy requirements of
Australasian gannetsMorus serrator (Gray) at a
breeding colony. Emu 89, 65–70.
(doi:10.1071/MU9890065)

42. Quillfeldt P. 2002 Seasonal and annual variation in
the diet of breeding and non-breeding Wilson’s
storm-petrels on King George Island, South
Shetland Islands. Polar Biol. 25, 216–221.

43. Haug FD, Paiva VH, Werner AC, Ramos JA. 2015
Foraging by experienced and inexperienced Cory’s
shearwater along a 3-year period of ameliorating
foraging conditions.Mar. Biol. 162, 649–660.
(doi:10.1007/s00227-015-2612-1)

http://dx.doi.org/doi:10.1007/s003000050301
http://dx.doi.org/doi:10.1650/0010-5422(2003)105[95:SATVOD]2.0.CO;2
http://dx.doi.org/doi:10.1650/0010-5422(2003)105[95:SATVOD]2.0.CO;2
http://dx.doi.org/doi:10.3354/meps10868
http://dx.doi.org/doi:10.1016/j.jembe.2006.12.010
http://dx.doi.org/doi:10.4319/lo.1984.29.6.1335
http://dx.doi.org/doi:10.4319/lo.2007.52.1.0480
http://dx.doi.org/doi:10.1007/s003000000168
http://dx.doi.org/doi:10.3354/meps07235
http://dx.doi.org/doi:10.3354/meps07235
http://dx.doi.org/doi:10.3354/meps10371
http://dx.doi.org/doi:10.1007/s00227-010-1448-y
http://dx.doi.org/doi:10.2307/1367913
http://dx.doi.org/doi:10.1071/MU9890065
http://dx.doi.org/doi:10.1007/s00227-015-2612-1

	Introduction
	Material and methods
	Sample collection
	DNA extraction and DNA metabarcode amplification
	High-throughput amplicon sequencing
	Sequence data processing
	Analysis and statistics

	Results
	Sample collection and amplification success
	Breeder and chick prey
	Breeder and non-breeder prey
	Prey diversity

	Discussion
	Breeder and chick diet
	Breeder and non-breeder diet

	Conclusion
	References

