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ABSTRACT: Understanding seabird marine habitat affinities, at-sea behavior, variability in reproductive success, migratory patterns, phenology, and other life history traits depends primarily on
knowledge of the prey that they consume. Traditionally, estimating diets has been done through
classification and enumeration of prey remains found in stomach contents of seabirds collected at
sea, as well as chick meals, pellets, and feces collected at breeding colonies. These techniques have
the advantage of high taxonomic resolution of prey, but suffer from biases due to the underestimation of soft-bodied or small prey that are digested completely and overestimation of prey with
durable parts that are retained for long periods of time. Recent innovations in 2 biochemical assays
of seabird tissues — stable isotope and fatty acid analyses — have greatly expanded knowledge of
seabird diets and have advanced our understanding of the ways in which seabirds can indicate inter-seasonal, annual, decadal, and longer shifts in oceanographic conditions over varying spatial
scales. Advances in statistical approaches to these data have provided new ways in which prey can
be identified and quantified. When applied in combination, these 3 techniques (traditional diet
sampling, and stable isotope and fatty acid analyses) have the potential to reveal pathways of
energy flux across marine ecosystems and to provide new insight into marine ecosystem dynamics.
We review the basic principles of these approaches to determining seabird diet and emphasize the
need for more formal conceptual and statistical integration of methods to advance this field.
KEY WORDS: Diet · Seabird · Stable isotope · Isoscape · Mixing models · Bayesian · Quantitative
fatty acid signature analysis · QFASA
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Diet forms the critical link between seabirds and
the biotic and abiotic components of their environment. Linking variability in oceanographic conditions with the array of measurements we make on
seabirds (e.g. reproductive success, chick growth
rates, recruitment, survival, at-sea distributions, diving behavior, stress levels, energetic expenditures,
body condition, phenology) requires understanding
the type, amount, and quality of prey that seabirds
consume. Furthermore, a profound understanding of
seabird diets is critical to the conservation of these
marine top predators. Assessment of seabird diets
can elucidate factors causing population declines
(e.g. Becker & Beissinger 2006) and can identify par-

ticular prey (e.g. Cury et al. 2011) or foraging areas
(e.g. Louzao et al. 2011) that need protection.
Traditionally, estimating diets has been done through
collection of ingested prey when seabirds are at
breeding colonies. This technique can reveal the type
and number of prey, but can be biased towards prey
with durable parts. Biochemical assays of seabird tissues such as stable isotope (Hobson et al. 1994) and
fatty acid (FA) signature analysis (Iverson et al. 2007)
have provided insight into trophic levels of diet, how
diets shift over time (e.g. diets during winter when
seabirds are often inaccessible) and regions (e.g. benthic versus pelagic, and specific migratory routes),
and have elucidated differences between adult and
chick diets (Hobson 1993, Hobson et al. 2002a,b,
Karnovsky et al. 2008). However, these biochemical
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approaches are limited in their ability to assess prey
type and the quantity of prey consumed when diverse
prey from similar trophic levels or with similar FA
compositions are eaten. Nevertheless, the careful
quantification of stomach contents in conjunction with
these biochemical techniques has advanced our
understanding of the ways in which seabirds can indicate inter-seasonal, annual, decadal, and longer shifts
in oceanographic conditions and over varying spatial scales. These innovations in assessing diets are
expanding the types of questions that can now be
answered. Integration of these approaches is the next
frontier in evaluating seabird life history.

TRADITIONAL METHODS
Background
Traditional assessment of seabird diets at colonies
usually involves the identification and enumeration
of prey found in stomachs, regurgitates, feces, pellets, and gular pouches, or observations of food
provisioned to chicks (see Duffy & Jackson 1986,
Barrett et al. 2007). Here we describe the techniques
briefly with an emphasis on the limitations and recent
innovations of each method.
Measurements of diets using traditional diet sampling techniques reflect the food ingested over short
time scales (hours to days) prior to sampling (e.g.
Karnovsky et al. 2003). Furthermore, diet sampling at
the colony is usually restricted to the spring or summer, which is the chick-rearing period when adults
return to land (e.g. Cherel et al. 2002) and prey delivered to chicks could differ from those ingested by
adults (e.g. Shealer 1998).
Biases in this method stem from the rapid digestion
of some types of prey and the retention of other types
of prey or hard parts. Soft-bodied prey are often
digested rapidly and are underestimated (e.g. Polito
et al. 2011). Furthermore, some species of seabirds
that have gizzards retain hard parts such as squid
beaks for extended periods (Furness et al. 1984).
Another complication is that retention may not be
complete, and numbers of squid can be over- or
underestimated depending on the part of the squid
beak (upper or lower beak) used in estimating the
number of squid consumed (Xavier et al. 2011). Prey
that have small or fragile hard parts are often excreted or digested completely and are therefore
underestimated (Van Heezik & Seddon 1989, Xavier
et al. 2011). Even though fish otoliths resist digestion
because they are made of an aragonite form of

calcium carbonate and otoline (Gon & Heemstra
1990), small otoliths can be digested completely. In a
study of captive little penguins Eudyptula minor,
Gales (1988) found that otolith length and weight
decreased as the resident time in the penguin increased. Van Heezik & Seddon (1989) found that
smaller otoliths were digested faster in yellow-eyed
penguins Megadyptes antipodes. Thus, fish that have
small otoliths can be underestimated in diets. However, careful attention to these biases can reveal
much about the foraging strategies of seabirds. For
example, Spear et al. (2007) recorded stomach fullness, differential digestion of prey, and levels of erosion of otoliths and squid beaks found in seabird
stomachs. They used this to reveal which seabirds
fed nocturnally, the previous day, within the study
area, scavenged, or fed in association with subsurface predators (Spear et al. 2007).

Direct observation
Diet sampling at the breeding colony usually occurs
during the breeding season when seabirds return regularly to feed their growing chicks. From early on, researchers took advantage of the fact that some species
carry prey in their bill. Prey can be identified, the size
can be estimated, and the frequency of delivery to
chicks is easily observed. Pearson (1968) elucidated
the ecological differences amongst 3 species of terns
in this manner. Long-term observations of birds at the
same colony can reveal inter-annual shifts in the prey
base around the colony. For example, Gaston et al.
(2003) observed the fish carried back to chicks by
thick-billed murres Uria lomvia from 1980 to 2002.
They observed a shift from ice-dependent Arctic cod
Boreogadus saida to more boreal species, which was
coincident with the decline in ice around the colony.
Several technological innovations have increased the
efficiency and accuracy of collecting these data. For
example, Larson & Craig (2006) used ‘digiscoping’
(the use of a digital camera held up to spotting scopes
or binoculars) to photograph terns returning with fish
in their bills. These digital photographs allowed them
to estimate size more accurately and identify the prey
and to more easily confer with fish biologists on fish
identification. These data showed that the terns took a
greater diversity of fish than previously known. All
manner of handheld digital recording devices have
been employed to aid in the recording of observations
of food delivery at colonies. For example, as part of a
long-term study of common murres U. aalge on the
Farallones Islands, California, USA, biologists record
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the fish size and species as well as bird identity (from
bands and known nest sites) with hand-held electronic
recorders (Palm Pilot; R. Bradley pers. comm.), and
digital programs are now available for multiple device
types (e.g. HanDbase4, DDH Software).

Analysis of pellets
Some seabirds regurgitate pellets containing the
undigested hard parts of the prey they consumed.
Collection of pellets is a non-invasive way of assessing diets (e.g. Duffy & Laurenson 1983). Harris &
Wanless (1992) analyzed the otoliths from pellets of
European shags Phalacrocorax aristotelis and found
that they relied on an unexpected food source, lesser
sandeels Ammodytes marinus. A major drawback of
using pellets is possible bias. Lindsay & Meathrel
(2008) recorded partially consumed prey and the
prey identified in pellets of Pacific gulls Larus pacificus at several colonies. They found that their estimates of prey consumption based on these indirect
measures greatly underestimated the amount of prey
consumed and were heavily biased towards the large
prey that had hard parts. Nevertheless, using pellets
alone, they were able to identify a wide range of prey
species from diverse taxonomic groups (crabs, mussels, invertebrates, fish, and other seabirds).

Gular pouch, regurgitates, and stomach lavage
Some seabirds (e.g. little auks Alle alle) bring food
back to their chicks in a sublingual gular pouch.
These diet samples can be removed easily with a
finger or a small spoon (e.g. Karnovsky et al. 2003).
Other species readily regurgitate upon capture (e.g.
Cassin’s auklet Ptychoramphus aleuticus and thinbilled prion Pachyptila belcheri), which can then be
collected (e.g. Abraham & Sydeman 2006, Quillfeldt
et al. 2010). Still others swallow their prey into their
stomachs (e.g. penguins, procellariforms, gulls). In
his study of herring gulls Larus argentatus, Hunt
(1972) found that voluntary regurgitations by chicks
gave biased samples due to being incomplete. He
found that by inserting his index finger into the
proventriculus and scooping out the food, he was able
to extract complete diet samples. In addition, these
samples can be extracted through stomach lavage
techniques (e.g. Ainley et al. 2003, Miller et al. 2009,
Neves et al. 2011). Stomach lavage (also known as
stomach flushing or water offloading) involves the introduction of saltwater into the stomach of the bird
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with a tube and then flushing out the contents of the
stomach (Wilson 1984). Stomach lavage has greatly
expanded the understanding of diets of seabirds
that regurgitate food back to chicks and is a great advance over killing birds to examine their stomach
contents (e.g. Volkman et al. 1980) or the use of emetics (Jablonski 1985). While impacts of stomach lavage
may vary with different species, Robertson et al.
(1994) found that Adélie penguin Pygoscelis adeliae
adults did not alter their foraging behavior after
flushing, and their chicks grew normally.

Analysis of guano
Hard parts such as otoliths and squid beaks are
often excreted by seabirds. By sorting through guano,
these can be extracted, identified, and measured, and
the fish and squid component of the diets can be assessed. Because these hard parts can accumulate in
the colony over time, long-term diet shifts can be assessed if different layers of the ornithogenic soil can
be dated. McDaniel & Emslie (2002) were able to assess changes in diets of Adélie penguins over 6000 yr
by measuring otoliths and squid beaks recovered
from different layers of Adélie penguin colonies. Genetic analysis of guano has begun to be used to identify seabird prey. For example, the seasonal transition
from krill diets to myctophids was detected in the
DNA found in macaroni penguin Eudyptes chrysolophus guano (Deagle et al. 2007). Despite the appeal of
this non-invasive technique, several challenges remain; there is often very little amplifiable DNA in
guano, and clone libraries of specific primers of prey
species are currently lacking (Deagle et al. 2007).
Analysis of fecal DNA from captive little penguins fed
known diets revealed that each fish species undergoes
differential digestion, which influences detection in
excreted DNA (Deagle et al. 2010). However, Deagle
et al. (2010) found that digestion rates were constant
across individuals, so there is potential for correction
factors to be developed to estimate quantities of different prey consumed using this technique.

Taxonomy
One of the strengths of traditional diet sampling is
the provision of taxonomic content of the diets examined. However, identifying the prey that are recovered or observed with traditional diet sampling techniques often requires extensive knowledge of the
taxonomy of prey species. As prey are often partially
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digested, this requires knowledge of diagnostic
fragments (e.g. Quillfeldt et al. 2010). Field guides of
many components of seabird prey, such as fish bones
and squid beaks, are available (e.g. Hecht 1987,
Hansel et al. 1988, Xavier & Cherel 2009). The ability
to view and measure prey seen through the microscope on a computer screen allows researchers to
save images and electronically send them to experts
(Reinalda et al. 2010). However, access to taxonomists is often the limiting factor in prey species identification. Worldwide, there has been a decline in the
number of trained taxonomists (Pearson et al. 2011).

direct observations). Therefore, even with known
limitations, consistent application of traditional sampling techniques can provide critical information
when comparing spatial, temporal, and demographic
effects on diet. Recommendations to advance the use
of these techniques include:
(1) Producing photographs and field guides of type
specimens, and sharing these data freely to make the
specialized knowledge of taxonomists more readily
applicable. For example, the work by Xavier & Cherel
(2009) is available without charge from the British
Antarctic Survey.

Measurements
Stomach contents are often characterized by 2
measures, percent occurrence and average percent
of total contents. Percent occurrence reflects the frequency with which birds consumed a particular
taxon. Average percent of total reflects the average
numerical proportion of each taxon. Another commonly used measure is percent biomass based on wet
weight measurements (e.g. Cherel et al. 2002). Hard
parts such as otoliths, squid beaks, and bones provide identifiable remains and can be included in the
percent occurrence and average percent total measurements but often make up a small fraction of the
wet weight of the prey in the stomach sample. In
some cases, it is possible to use regressions of prey
morphometrics to infer the original size and mass of
the fish or squid consumed (e.g. Cherel et al. 2002).
Diet studies in which comparisons are made among
stomach contents have benefitted enormously from
the application of statistical techniques that allow
for group comparisons. Principal component analysis (PCA) in conjunction with ANOVA allows the
identification of statistically significant differences
amongst groups (e.g. Fig. 1, see also Spear et al.
2007). Distance measures such as multi-dimensional
scaling and cluster analyses provide evidence of
which groups have more similar diets (e.g. Fig. 2).
These techniques can utilize frequency of occurrence, average percent of total, or prey biomass data.

Fig. 1. Principal component analysis (PCA) comparing percent occurrence of prey among 8 combinations of seasons/
species of seabirds foraging in the North Water Polynya.
Prey composition of species groups enclosed in the same
circle were not significantly different (Sidak multiple comparison tests, p > 0.05) BLKI: black-legged kittiwake Rissa
tridactyla; TBMU: thick-billed murre Uria lomvia; LIAK:
little auk Alle alle (Karnovsky et al. unpubl.). Based on data
presented by Karnovsky et al. (2008)

Future directions
Despite the biases in traditional diet sampling,
application of these techniques is the only way that
specific taxonomic information can be known. Collecting samples can often be done with minimal disturbance to the birds (gular pouch contents, pellets,

Fig. 2. Multi-dimensional scaling (MDS) plot based on the
distance matrix derived from a cluster analysis of the percent frequency occurrence of prey that were eaten by the
same species/seasons as in Fig. 1 (Karnovsky & Hunt unpubl.). Based on data presented by Karnovsky et al. (2008)
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(2) Collection and archiving of prey voucher specimens. Many regressions for mass and length of fish
are based on very few fish specimens. Furthermore,
there are still many fish and squid whose otoliths and
beaks are undescribed.
(3) Continued development of the identification of
prey from DNA in feces.

STABLE ISOTOPES
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or spatial patterns in foodweb isotopic signatures
across the oceans (West et al. 2010). Increased use of
captive seabirds raised on known or manipulated isotopic diets has also provided new insights into the
role of physiology and growth on isotopic values in
seabird tissues and into mechanisms controlling the
behavior of isotopes in vivo (Williams et al. 2007).
The recent development of isotopic mixing models
based on Bayesian techniques has contributed greatly
to more robust estimates of dietary inputs that better
propagate known sources of error (Parnell et al. 2010).

Background
From the earliest isotopic analyses of seabird tissues over 20 yr ago (Hobson 1987, Schaffner & Swart
1991), researchers have embraced this approach to
decipher the nutritional ecology of seabirds. There
has been an exponential increase in the use of such
measurements using a variety of seabird and prey
tissues, ranging from temperate (Bearhop et al. 2000,
Hipfner et al. 2010) to tropical (Awkerman et al.
2007, Cherel et al. 2008) and polar regions (Hodum &
Hobson 2000, Hobson et al. 2002a,b, Quillfeldt et al.
2010, Phillips et al. 2011). These investigations followed from earlier use of isotopic analyses of marine
systems (Owens 1987, reviewed by Michener &
Schell 1994). Several authors have provided overviews of the use of stable isotope methods in seabird
investigations (Forero & Hobson 2003, Barrett et al.
2007, Bond & Jones 2009) or more general use of
stable isotope techniques in avian or mammalian
ecology (Inger & Bearhop 2008, Tollit et al. 2010,
Hobson 2011). Here we focus on recent developments and future directions emerging in this rapidly
changing field of study.
The primary use of stable isotopes in seabird ecological studies has been the establishment of trophic
position and region of feeding (e.g. Fig. 3). These
efforts, for the most part, have been based on the
measurement of δ15N and δ13C values of seabirds and
their prey, and are based on the documented isotopic
discrimination between diet and seabird tissues and
knowledge of baseline isotopic signatures in the inshore and pelagic foodwebs used by birds (reviewed
by Bond & Jones 2009). Isotopes of a variety of other
elements (e.g. O, H, S, Hg, Pb, Sr) can be used effectively in marine systems, especially as additional
tracers of source inputs, but these applications are
still relatively infrequent (Rubenstein & Hobson
2004, Hobson 2011). More recently, isotopic measurements have been used to infer migratory movements, connectivity, and seasonal interactions based
largely on increasing delineation of marine isoscapes

Trophic level (TL) and source of feeding
The placement of individuals or populations to
trophic level (TL) using stable isotopes is possible
because the assimilation of elements from one TL to
another involves a reasonably predictable change in
the ratio of heavier to lighter isotopes for several elements. This is due to a variety of physiological processes that ultimately involve rate-limiting steps.
Thus, the identification of these tissue- and elementspecific isotopic discrimination factors is fundamental to the application of the approach. The conversion

Fig. 3. Larus atlanticus, L. dominicanus, and Leucophaeus
scoresbii. Isotopic segregation of 3 sympatric large gulls
from coastal Patagonia, Argentina. OG: Olrog’s gull, KG:
kelp gull, DG: dolphin gull. The figure illustrates the power
of the isotope approach for delineation of communities related to trophic positions and relative use of benthic vs.
pelagic feeding. Gaussian bivariate ellipses based on whole
blood of chicks (after Forero et al. 2004)
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of isotope data to actual TL depends upon the
assumption that we know enough about the isotopic
composition of primary producers (i.e. phytoplankton) at the base of the foodweb of interest, or that we
can identify a key organism in the foodweb of interest whose TL and isotopic value are known. Thus, if
primary producers are considered, we have
TLc = 1 + (δXc − δXp)/ΔTL

(1)

where TLc is the TL of the consumer of interest, δXc is
the isotopic composition of the consumer, δXp is the
isotopic composition of primary producers, and ΔTL
is the average tissue-specific isotopic discrimination
factor between TLs for the marine foodweb of interest. The problem is that we rarely, if ever, are able to
derive an accurate estimate of δXp. This is because
we usually sample particulate organic matter rather
than ‘pure’ phytoplankton. Also, we know that the
isotopic composition of phytoplankton can change
throughout the season depending on sea surface
temperature and nutrient availability (Michener &
Schell 1994, Montoya 2007).
A more practical approach has been to assume that
we can anchor a foodweb to an organism whose TL is
assumed to change little, such as an herbivorous
copepod or any organism at TL 2. In such cases,
we have:
TLc = 2 + (δXc − δXh)/ΔTL

(2)

where δXh is the isotopic composition of the obligate
herbivore chosen. However, even in this case, many
‘herbivorous’ zooplankton also ingest micro-zooplankton, thereby blurring the boundaries between
strict herbivores and primary carnivores from an
isotopic perspective.
The first generation of seabird dietary investigations using stable isotopes to determine TL relied
heavily on these models (Hobson & Welch 1992,
Hobson 1993, Hobson et al. 1994, Forero et al. 2004,
Hedd & Montevecchi 2006). This led to an interest in
just how accurate estimates of isotopic discrimination
values were.
Inferring TL and source of feeding from stable isotopes necessitates the use of an accurate diet−tissue
isotopic discrimination factor (e.g. δ15N, δ13C). Dietary
models are based on the application of such discrimination factors between diet and consumer tissues in
a simple arithmetic manner, and sensitivity analyses
have shown the problems that can arise if inappropriate discrimination factors are assumed (Caut et al.
2008a). Fortunately, meta-analyses of data based
on captive studies across a broad range of taxa
have provided reasonable estimates for a number of

marine applications (Kelly 2000, Post 2002) and have
revealed patterns associated with metabolic pathways of voiding nitrogenous waste (Vanderklift &
Ponsard 2003). Bond & Jones (2009) provided a summary of the δ15N and δ13C estimates derived from
captive studies on a variety of tissues (e.g. blood and
feathers). Evans Ogden et al. (2004) provided similar
estimates for a marine-associated shorebird, and
Polito et al. (2009) reviewed isotopic discrimination
factors associated with seabird egg components.
Recent studies have emphasized the importance of
dietary quality and quantity in driving isotopic discrimination in animals, especially for N (Robbins et
al. 2005, Martínez del Rio et al. 2009). These studies
suggest that high-quality diets, namely those providing the most limiting amino acid (AA), result in
lower δ15N values, and attempts have been made to
provide calibration algorithms relating δ15N to diet
quality (Robbins et al. 2005, see also Caut et al.
2008b). These corrections may be useful for omnivores that have access to a wide range of diets of
varying N content. However, seabirds feeding on
marine sources of protein (invertebrates, fish, mammals, birds) almost certainly meet their N requirements adequately through these sources, and we
predict only relatively small effects of diet quality on
seabird isotopic discrimination. Thus, for seabirds,
more interest has been aimed at how other factors
may influence δ15N and δ13C, such as the effects of
growth rate and dietary intake in chicks versus adults,
nutritional stress, and aspects of metabolic routing
also common to other taxa.
Severe catabolism of body proteins, typical of fasting or starvation, increases δ15N values in a variety of
bird tissues (Hobson et al. 1993), and individuals that
have been salvaged from wrecks or oil spills are not
suitable for dietary reconstructions, especially those
involving metabolically active tissues (Sanpera et al.
2008). For healthy wild birds, contrasting diets of provisioning adults and chicks using stable isotope
assays has provided information on adult diets as
well as those of more easily sampled chicks. Using
captive or controlled studies of wild alcids, Williams
et al. (2007) and Sears et al. (2009) demonstrated that
growth rate and amount of food intake of young can
affect tissue δ15N values, independent of diet δ15N
value. While this effect was relatively small (up to
0.7 ‰ in δ15N and ~0.3 ‰ in δ13C), it does reveal
potential sources of variance in isotope ratios of
chicks in wild populations. These authors suggested
that the depletion in tissue δ15N values with growth
rate and reduced dietary intake was due to an increase in N use efficiency. Thus, isotopic conse-
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quences of protein catabolism in fasting birds seems
to be opposite to the effect of more subtle and likely
more natural variation in nutrition and growth experienced by chicks. We also know that growing chicks
will typically have more urea in blood plasma than
adults and that this might depress chick blood δ15N
values (Bearhop et al. 2002). Together, such agerelated effects on chick tissue δ15N values are likely
to bias chick values to be lower than those of adults
with the same diet. Woo et al. (2008) found no dietary
difference between chicks and adult thick-billed
murres Uria lomvia at a low Arctic colony based on
similar blood δ15N values, a conclusion that may need
to be revisited.

Isotopic turnover
Elemental or isotopic turnover determines the period
of integration over which diets contribute to tissue
synthesis. In most dietary studies, we assume that an
organism is in equilibrium with its diet or local food
web, but this may or not be the case, depending on
the movement history of the individual and the tissue
chosen. The most useful estimates of tissue turnover
have been provided by captive experiments in which
birds have been switched from one diet to an isotopically different diet, and patterns of isotopic change in
the tissue of interest are recorded. The resulting patterns of isotopic change in tissues fit an exponential
decay model, and so the half life of a given element
in a tissue can be readily derived (Hobson & Clark
1992). More recently the derived parameter, residency time of an element in tissue, has been used
(Martínez del Rio & Anderson-Sprecher 2008). For
most avian applications, we have a reasonably good
idea of these turnover rates for most tissues of interest, such as blood plasma, blood cells, whole blood,
muscle, and liver. Both growth and catabolic components of tissue turnover rates follow an allometric
relationship, which allows extrapolation to species of
different body mass (Carleton & Martínez del Rio
2005, Martínez del Rio et al. 2009). Seabird researchers can thus estimate isotopic turnover rates
for their species and tissue of interest, although further controlled studies using species of various sizes
are still needed.
A major recent development in our understanding
of isotopic turnover in animals has been provided by
the application of graphical methods previously
designed to trace inputs from individual radionuclides to a mixture. Using this approach, Cerling et
al. (2007) demonstrated that turnover patterns can be
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the result of combined fast and slow turnover pools.
This approach promises greater insight into the physiology of birds in general and metabolic routing in
particular. Further captive diet-switch experiments
that examine origins of specific dietary or endogenous proteins and their relative rates of incorporation
into tissues will be the next generation of turnover
experiments.

Mixing models
In cases where the isotopic composition of dietary
alternatives is known, isotopic mixing models can be
used to estimate the relative proportion that each
contributes to consumers. The key parameter in such
models is the diet−tissue discrimination factor for
each isotope used in the model. Currently, the major
weakness of dietary isotope models is their assumption of perfect mixing of dietary elements. Dietary macronutrients undergo differential routing, but
mixing models do not automatically consider this.
This is a particular weakness of dealing with bulk tissues rather than individual compounds. Thus the
δ15N axis really represents a ‘protein axis,’ since N
only occurs in dietary protein and N atoms end up in
proteins in the consumer. In marine systems, the δ13C
axis, however, can be more difficult to interpret if C
in dietary lipids contributes to consumer proteins and
lipids. Typically, lipids are removed before bulk tissue analyses and are dealt with in separate pathways
(Cherry et al. 2011). Procellariform seabirds that feed
their young prey stomach oils may be a special case
involving much greater transfer of lipid carbon to
body tissues and so may require special consideration when applying stable isotope methods (Thompson et al. 2000, Cherel et al. 2005).
A major breakthrough in the way animal ecologists
deal with isotope mixing models was provided by a
probabilistic approach where there are more isotopically distinct dietary sources than isotopes to provide
a unique mathematical solution (i.e. when the number of sources exceeds the number of isotopes by >1).
This allowed ecologists to define ranges of possible
solutions, information that can also be extremely
valuable (Caut et al. 2008c). The pioneering work of
Phillips & Koch (2002) and Phillips & Gregg (2003)
in isotopic mixing models has been followed by
Bayesian mixing models. A key advantage of these
models is the ability to apply prior knowledge of
diets, based on stomach content data, observation,
or other means. In a Bayesian framework, the use of
informed priors can greatly enhance our ability to
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accurately predict dietary contributions based on
isotope data. In addition, recent models allow a much
better means of dealing with error in dietary estimates, allowing error propagation and ultimately
sensitivity analyses related to key parameters such as
the diet−tissue isotope discrimination factor. Speciesand age-specific discrimination factors should be
used whenever possible because inter- and intraspecific variations in these values can affect model
results (Bond & Diamond 2011). Currently, there are
3 primary (free) software products dealing with isotope-based mixing models. SIAR is based on R and
allows for concentration-dependent mixing models
(Parnell et al. 2010). MixSIR is based on Matlab but at
least until recently did not allow a concentrationdependent option (Moore & Semmens 2008). SISUS
is an extremely user-friendly frequentist-based option (http://statacumen.com/sisus/). Seabird biologists
are exploring the use of these mixing models to
advantage (Votier et al. 2010, Polito et al. 2011).

their realized ecological niche space. However, if 2
species overlap, then it is less obvious that they
occupy the same ecological niche because different
dietary species (e.g. forage fish) can overlap extensively isotopically. The correct interpretation of isotopic niche changes thus requires a detailed knowledge of the isotopic nature of alternative dietary
items and of how baseline isotopic patterns may
change spatially. This remains a daunting challenge.
A more parsimonious approach is to restrict attention
to so-called ‘trophic niches’ using δ15N measurements, as already discussed (e.g. Hedd et al. 2010),
but again, researchers should always consider the
possibility of variable δ15N baselines in marine isoscapes (e.g. Jaeger et al. 2010b, Jaeger & Cherel
2011). We suggest that seabird researchers more critically consider whether isotopic differences or similarities can always be translated to useful estimates
of dietary or ecological niches.

Marine isoscapes
Isotopic niche
Stable isotope methods can be used to track moveWith biplots of seabird tissue δ15N versus δ13C (e.g.
ments of seabirds or to identify feeding regions, because marine food webs are not isotopically homogeFig. 3), differences in isotopic niche space can be
nous in space and time. This approach has been used
seen. This approach can be extrapolated to multiin terrestrial systems (Hobson & Wassenaar 2008,
dimensional or multi-isotopic niche space (Bearhop
West et al. 2010) and more recently in marine syset al. 2004, Newsome et al. 2007), and allows estimatems (Fig. 4; Graham et al. 2010). Minami & Ogi
tion of niche segregation or overlap among species,
sexes, or age groups (e.g. Forero et
al. 2002, 2005), and potentially, niche
changes seasonally, spatially, or in response to changes in resource availability. This approach is also suited to study
whether populations are comprised of
specialists, generalists, or both (Bearhop
et al. 2004, Layman et al. 2007, Woo et al.
2008). In well constrained systems (e.g.
within an isotopically well defined and
understood marine food web) and where
all of the basic components of isotopic
differences among individuals other
than diet can be accounted for (molt
phenology, isotopic discrimination facδ15N (‰)
8 to 10
tors, periods of isotopic integration), the
6 to 8
12 to 14
isotopic niche concept remains inter<6
10 to 12
esting. However, there are assumptions
that need to be emphasized in any such
Fig. 4. δ15N copepod isoscape of the Bering, Chukchi and Beaufort Seas
approach.
illustrating the often highly structured isotopic nature of marine food
If 2 species, constrained to a given syswebs, which can be used to delineate seabird origins. Isotopic structure
tem, differ in their isotopic niche space,
must be considered when modeling trophic level over large regions (from
Schell et al. 1998)
then it is likely that they also differ in
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(1997) were the first to explore this approach for
seabirds by examining migratory dynamics in sooty
shearwaters Puffinus griseus in the North Pacific.
They noted that tissue δ15N and δ13C muscle values of
immature shearwaters changed in time and space,
and they associated these patterns to regions of the
Pacific with areas of upwelling that were consistent
with the migratory behavior of this species. More
recently, the strong isotopic structure of marine food
webs in the Southern Ocean, which show pronounced depletion especially in 13C with latitude, has
informed the analysis of movements of several species of seabirds once they departed from colonies
(Quillfeldt et al. 2005, 2008, 2010, Cherel & Hobson
2007, Phillips et al. 2009, Roscales et al. 2011). For
Cory’s shearwater Calonectris diomedea diomedea
breeding in the Mediterranean, Ramos et al. (2009a)
provided an analysis of δ15N, δ13C, and δ34S in flight
feathers to reveal a spatiotemporal gradient in molt
sequence which could ultimately be related to movements off western Africa during the non-breeding
season.
The placement of individual seabirds to geographic
regions using marine isoscapes in the absence of
known persistent and major isotopic gradients remains
a daunting task. However, recent research is encouraging. Stable-C isotope values in primary production
are sensitive to ambient water temperature, and δ13C
values in tissues of sessile and migratory marine
animals are well correlated with sea surface temperatures (Barnes et al. 2009, MacKenzie et al. 2011).
This creates the possibility of producing year-specific
marine isoscapes based on remotely-sensed water
temperature. As our understanding of key mechanisms controlling the isotopic composition of primary
productivity increases, our ability to construct marine
isoscapes relevant to seabird studies will increase
(Graham et al. 2010, Barnes et al. 2011). Finally, the
combination of several assays in addition to tissue
isotope values of consumers can result in greater resolution of placement. This was demonstrated by
Gómez-Díaz & González-Solís (2007), who combined
morphological, genetic, stable isotope, and trace
element analyses to assign a suite of pelagic seabirds
to origin.
Our ability to link stable isotope values with locations of birds at sea has been greatly enhanced by the
recent development of spatial tracking devices such
as geolocators (e.g. Jaeger et al. 2010b) or GPS tags
(e.g. Votier et al. 2010). These devices provide information on movement patterns during the nonbreeding season, as the birds move to isotopically
distinct regions while they sequentially replace their
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feathers (e.g. González-Solís et al. 2011). Shorterterm movements during foraging trips in the breeding season can be assessed with the combined use of
tracking devices and stable isotope analysis of a tissue with shorter turnover such as blood (e.g. Rayner
et al. 2010). However, regional marine isoscapes may
not show sufficient structure over regions of interest
to assign foraging locations. For example, seabirds
breeding in the NE Atlantic did not show regionalscale biogeographic differences in stable isotope values despite inter-colony variation in feeding locations (Roscales et al. 2011). A major challenge in
using tracked seabirds as a means of describing
marine isoscapes is the fact that it is still difficult to
tease out the isotopic effects of changes in diet and
changes in baseline isotope values.

Compound-specific approaches
The vast majority of stable isotope investigations in
ecological studies have used the isotopic measurement of bulk tissues (e.g. feather keratin, muscle,
lipids, blood). Increasingly, there is interest in the isotopic composition of individual compounds such as
AAs or FAs, which can now be measured through gas
chromatographic isotope-ration mass spectroscopy.
Individual AAs show isotopic discrimination with TL,
while others are invariant. The magnitude of isotopic
discrimination associated with those AAs that do
show TL effects appear to be constant. McClelland &
Montoya (2002) determined that the difference in
δ15N between glutamate and phenylalanine in a consumer was 7 ‰ and could be used to estimate the relative trophic position of the consumer. Popp et al.
(2007) used this approach by measuring δ15N values
of trophic (alanine, aspartic acid, and glutamic acid)
and source (glycine, phenylalanine) AAs in yellowfin
tuna Thunnus albacares to estimate tuna TL:
TL = 1 + (δ15NGlutamic acid – δ15NGlycine)/7

(3)

Should this relationship hold for marine food webs
in general, this compound-specific approach will
form a reliable means of determining trophic relationships and source of feeding in birds and will form
the basis of a second generation of seabird trophic
studies. However, recent investigations by Lorrain et
al. (2009) on the isotopic composition of phenylalanine and glutamate in penguin blood suggest that
the trophic enrichment factor between these AAs
differs from 7 ‰, and more research is warranted.
While the laboratory analysis of individual compounds is involved and expensive, there are some
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key advantages over bulk tissues with the next generation of trophic modeling. Chief among these is
that such compounds often have well defined metabolic pathways that are well understood and which
involve no or well-constrained isotopic discrimination (Evershed et al. 2007). The nature of metabolic
routing of key dietary components strongly suggests
that the current difficulty of high variance related to
isotopic discrimination and routing can be overcome
by adopting an isotopic compound-specific approach
to deciphering animal diets by using stable isotopes
(Federer et al. 2010). For AAs, it is now clear that
some differ little in their δ15N values through food
webs, whereas others change dramatically. This
appears to be unrelated to whether such AAs are
essential or non-essential, but instead likely corresponds to the ease with which they exchange N
during trans-amination events (Wolf et al. 2009). By
evaluating which AAs are variant and invariant in
seabirds, the isotopic measurement of individual AAs
in seabirds and their food webs promises to provide a
much more reliable trophic model. Advantages of the
isotopic analysis of individual FAs is less clear but
likely will relate to the establishment of invariant signatures of source. Moreover, by using FA isotope
analyses, a more quantitative estimate of contributions of sources of primary productivity over the use
of FA analyses alone may be possible (e.g. Budge et
al. 2008).

Other isotopes
We have emphasized here the use of δ15N and δ13C
measurements in seabird dietary studies, but it is
worth considering the potential use of isotopes of
other elements. δ34S measurements have been used
to characterize source of food in a variety of marine
organisms. This isotope can be very useful in segregating pelagic versus inshore or benthic food webs
and is very useful for delineating estuarine versus
marine habitats (Peterson & Fry 1987, Rubenstein &
Hobson 2004, Hebert et al. 2008, Moreno et al. 2010).
Bird feathers are a particularly useful material for
δ34S analysis because they contain high concentrations of this element.
In terrestrial systems, δ2H and δ18O measurements
are especially useful for assigning birds to origins
(Hobson & Wassenaar 2008). It has been assumed
that these isotopes will be less useful in marine systems, where their values relative to the international
standard, Vienna Standard Mean Ocean Water, are
by definition 0. However, isotopes of these elements

are sensitive to temperature and freshwater influences in coastal regions and may prove to be useful
components of marine isoscapes (see Schaffner &
Swart 1991, Ramos et al. 2009b, Hobson et al. 2010).
Finally, there are a host of heavier elements that have
been poorly investigated, but which show promise in
future seabird applications, especially those related
to source of feeding or transport of contaminants.
These include the isotopes of Pb (Stewart & Outridge
2003), Sr (Font et al. 2007, Hobson et al. 2010), and,
more recently, Hg (Point et al. 2011). The improved
availability of analytical instruments like inductively
coupled plasma mass spectrometers will now accelerate research in these areas.

Analytical methods and nomenclature
Differences in analytical approaches may affect
interpretation of isotopic data. Foremost among these
is the issue of lipid extraction of tissues prior to analysis. Since lipids are more depleted in 13C than other
macromolecules, the differential presence of lipids in
tissues can significantly affect tissue δ13C values.
Because lipids are typically metabolically routed
to either lipid stores or to energy production, the
removal of lipids from analyses allows isotopic interpretations based largely on proteinaceous pathways
for most marine consumers without the confounding
factor of variable lipid contents. Some debate over
whether or how to remove lipids has emerged, since
some lipid extraction approaches can result in slight
changes to tissue δ15N values, due to the loss of some
proteins. One solution is to split samples and run half
for δ13C with lipid removal and the other half without
lipid extraction for δ15N measurements. Alternatively, one may use a post hoc correction for differential lipid content based on the elemental C:N ratio
(e.g. Post et al. 2007, Logan et al. 2008, but see Oppel
et al. 2010). Where seabird researchers are particularly interested in tissue δ13C values, a lipid-free δ13C
value will be most useful. Importantly, seabird biologists should be careful when comparing isotope data
among studies that have used different sample pretreatment protocols.
The measurement of δ13C, δ15N, and δ34S in organic
materials is routine, with good agreement among
most laboratories. However, the measurement of δ2H
and δ18O is challenging, due to the fact that there are
no internationally accepted standards for the measurement of non-exchangeable H in organic materials. Some laboratories have gone to great lengths to
address this problem through the development of in-

house standards (Qi et al. 2011), but others have not
paid enough attention to this issue, and researchers
must be careful when comparing data for these elements on organic materials.
The reporting of analytical error associated with
isotopic measurements also varies among authors.
Ideally, researchers will quote both the results of
within-run replicate measurements of appropriate
organic standards that span the range of their
unknowns and are of similar material, as well as the
long-term statistics of these standards over numerous
runs (Jardine & Cunjak 2005). Actual (‰) values of
routine lab standards should be reported. Authors
should refrain from reporting isotope measurements
to more than 1 significant figure, since this is in keeping with actual measurement precision. Further recommendations on data reporting can be found in
Bond & Hobson (in press).

Future directions
The typical lack of taxonomic information on seabird diets that are better evaluated through the use of
stomach content and FA analysis does not detract
from the continued use of stable isotope methods
in seabird ecological studies. Rather, the strengths of
the isotope approach are complementary to these
other approaches. Isotopic assays of tissues within
the same individual provide information on diet that
spans temporal ranges over days to months prior to
sampling. No other technique provides this deep
archival or retrospective capability and, of course,
such methods can be applied to historic (Hobson &
Montevecchi 1991, Hobson et al. 2004, Becker &
Beissinger 2006, Emslie & Patterson 2007, Norris
et al. 2007), as well as contemporary seabird trophic
investigations. Moreover, isotopic ratios integrate
many behavioral and environmental events that ultimately describe the isotope space occupied by an
individual and can be an appropriate means of examining competitive overlap and exclusion among individuals and populations (Bearhop et al. 2004, Newsome et al. 2007, Jaeger et al. 2009). The relative ease
of sampling and laboratory analyses of the common
stable isotopes of C, N, and S, together with the low
cost of analyses, are powerful incentives to use isotopic assays in seabird dietary and ecological investigations. The following are some recommendations to
move this field forward:
(1) Refinement of our understanding of the variance associated with tissue-specific isotopic discrimination factors that link seabirds to their diet. Studies
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can be both field and laboratory based and can evaluate the effects of diet quality, growth stage, fasting,
and environmental variables (Martínez del Rio et al.
2009, Bond & Diamond 2011). Where considerable
doubt remains about the validity of trophic models
based on derived isotopic discrimination factors,
researchers are encouraged to conduct sensitivity
analyses using Bayesian-based mixing models.
(2) Trophic models based on isotopic differences
between isotopically invariant and variant AAs need
to be investigated further (Fig. 5). Continued research on the advantages of δ13C and δ2H analyses of
individual FAs in seabirds and their eggs is also
encouraged (Hobson 2011).
(3) Individual seabirds whose molt origins at sea
have been established through independent means
such as the use of satellite tags or geolocators must
be sampled for isotopic assays. While spatial and
temporal changes in diet need to be considered, the
use of tissues from the tracked individuals will
contribute to ground-truthing of marine isoscapes.
Researchers should investigate isotopic measurements other than the more traditional δ13C, δ15N,
and δ34S assays. However, for those isotopes whose
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Fig. 5. Stable-nitrogen isotope values of individual amino
acids (AAs) and bulk tissues of northern rockhopper penguin
Eudyptes chrysocome moseleyi (s), southern rockhopper
penguin E. c. chrysocome (d), king penguin Aptenodytes
patagonicus (h), and Adélie penguins Pygoscelis adeliae
(M). Source AAs are relatively invariant between trophic
level (TL) and can be used to track variation in baseline isotope food web samples, whereas trophic AAs are enriched in
15
N trophically. The difference between source and trophic
AAs can be used to derive absolute trophic level in seabirds
and other marine consumers (from Lorrain et al. 2009)
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behavior in foodwebs is less certain (e.g. regarding
isotopic discrimination within food webs, metabolic
routing, etc.), emphasis should be placed on controlled studies using captive animals to first establish
basic principles.

FATTY ACIDS
Background
FAs comprise the majority of lipids found in all
organisms. Their great diversity, conservation of
structure during digestion, biochemical restrictions
to synthesis and modification, and in some cases
unique origins among plants and animals, have
fostered research ranging from elucidating phylogenetic patterns in metabolism and biosynthesis to
determining food web structure in complex marine
ecosystems. Several reviews provide extensive background on the origins, structure, analysis, and use of
FAs in tracing trophic relationships (Dalsgaard et al.
2003, Iverson et al. 2004, Budge et al. 2006, Iverson
2009, Tollit et al. 2010). We focus on the most recent
advances and new directions, as well as challenges
to further developing these techniques.
All FAs are composed of chains of carbon atoms
with associated hydrogen atoms, most commonly in
even-numbered straight chains of 14 to 24 carbons
with 0 to 6 double bonds, with a terminal methyl
(-CH3) end and a terminal carboxyl (-COOH) end.
Double bonds are usually separated by a single
methylene group (CH2, i.e. methylene interrupted),
and thus FAs are named by their carbon number : number of double bonds and location (n-x) of the
double bond nearest the terminal methyl group (the
position of which is conserved), with all other double
bond positions known to occur accordingly (e.g.
18:3n-3). In rare cases, FAs can also be non-methylene interrupted and are named instead with each
double bond position indentified by Δ relative to the
carboxyl end (e.g. 20:2Δ5,11). The array of FAs in
marine ecosystems is complex, with about 70 FAs
routinely identified in any given organism or tissue
(Iverson 2009). Several characteristics of FAs and
their storage patterns make them very useful tracers
of predator diets and marine foodweb structure (e.g.
Cook 1996, Budge et al. 2006, Iverson 2009).
(1) Organisms are limited in their ability to biosynthesize, modify chain length, and introduce double
bonds in FAs. Most biosynthesis of unique FAs occurs
in primary producers and ectothermic consumers at
the bottom of the food chain, whereas limitations in

these processes are most pronounced with increasing
phylogenetic order, culminating in endothermic, nonruminant vertebrates. Additionally, the propensity in
endotherms, such as seabirds, for modifying FAs,
even if the capacity exists, is greatly reduced when
FAs are abundant, such as in prey inhabiting marine
ecosystems.
(2) Unlike dietary proteins and carbohydrates, which
are completely broken down during digestion, FAs
are generally not degraded unless used immediately
for energy. Instead, FAs are released from ingested
lipid molecules (principally dietary triacylglycerols
[TAG] but also wax esters [WE] from some prey), and
are taken up into adipose tissue and reintegrated into
TAG for storage in a conservative manner.
(3) Animals have a large capacity to store fat,
which can be subsequently or alternately mobilized
for short- or long-term energy demands. Thus,
ingested FAs bioaccumulate in predator fat stores,
principally adipose tissue. Thus, sampling predator
fat storage reservoirs allows examination of the integration of FA ingestion over time.
In seabirds, the key lipid reservoirs and those most
directly influenced by diet are adipose tissue and, in
procellariiforms (e.g. albatrosses, shearwaters, fulmars, petrels), also stomach oils. Adipose tissue
represents the integration of FAs from diet over time,
after having undergone digestion and some metabolic processing. In contrast, stomach oils are produced from recent prey lipids ingested via a unique
anatomical and physiological process (Roby et al.
1989), and have not been digested and have undergone minimal metabolic processing (Wang et al.
2007, Richoux et al. 2010). Although dietary FAs
can also be isolated from blood, overall blood FA
component is dominated by FAs produced endogenously, unless the bird has very recently (i.e. within
hours) consumed a meal. In the latter case, the FAs
from diet are carried for a short time in portomicrons
(large triglyceride-rich lipoproteins) prior to uptake
by tissues, which must be isolated from the other
blood lipids to examine dietary FA intake from the
last meal only (e.g. see Cooper et al. 2005).

Qualitative approaches to
investigation of foraging patterns
FAs can be used to study trophic relationships and
food webs of seabirds in several ways, with interpretations depending on the tissue sampled. The most
common approaches — and with the longest history by
far — are using FAs qualitatively or semi-quantita-
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tively to examine empirically determined differences
among predators in levels of specific FAs or in complete arrays of FAs (FA signatures; Iverson 1993),
which indicate differences in diet(s) among individuals, populations, and species. Additionally, if something is known about unique or unusual FA characteristics or ratios of specific FAs in certain prey, it may
then be possible to attribute the predator differences
to consumption of specific prey, especially if there is
other evidence available from traditional diet analyses
(e.g. stomach contents) or from stable isotope information. Specific FAs have been referred to as ‘biomarkers’ for distinguishing certain food sources, e.g. by
differentiating primary producers and bacteria, indicating certain primary consumers such as copepods,
identifying markers of carnivory, or distinguishing terrestrial versus marine sources (e.g. Fig. 6; reviewed by
Dalsgaard et al. 2003, Budge et al. 2006, Iverson 2009).
While unusual levels of certain FAs or ratios among
FAs can sometimes be attributed to only 1 or a few
prey types and thus indicate their importance in the
diet of a consumer, this possibility is rare in higher TL
predators such as seabirds. FAs originating at the
base of the food web become ubiquitous throughout
higher levels, and as TLs increase, the ability to use a
single FA or ratio of FAs to trace feeding to a specific
food type is greatly reduced. Thus, in higher predators such as seabirds, there are few ‘biomarker’ FAs,
which by definition should be unique to only a single
or several prey items and traceable directly to con-

Fig. 6. Aethia pusilla. Copepod fatty acid (FA) biomarkers
(mean ± SE) in adipose tissue from adult least auklets in the
2003 and 2004 breeding seasons on St. Paul Island, Alaska
(USA). The high levels of these biomarkers in early June of
both years indicate that copepods had been abundantly
available for several weeks. By July in both years, the decline
in these FAs was consistent with the relative timing of the decline of copepods documented in each year, and illustrates
the sensitivity of FA signatures to changes in diet, which indicate environmental changes. Data from Springer et al. (2007)
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suming that prey. Although it may be easier to trace
diet items using marker FAs or ratios in seabirds that
feed on primary consumers (e.g. least auklets, Fig. 6)
than in piscivores, there may still be the problem of
most prey items sharing a similar suite of FAs (albeit
at differing levels, depending on the prey type and
species). However, in the unique case of procellariiforms, another compound at the whole lipid level
can be used as a type of biomarker. Only certain prey
species synthesize and store FAs in WE rather than as
TAG, and in some ecosystems, WE may be confined
to only 1 or a few prey species (e.g. copepods, myctophids). Since procellariiform stomach oils have not
undergone digestion, the presence of WE can be
used as confirmation of consumption of those prey
species that make WE, and also provides the opportunity to examine different time scales of dietary
integration by comparing with FAs in adipose tissue
TAG, which represent consumption over a longer
time frame (Wang et al. 2007, Iverson 2009).
Despite the various limitations discussed above,
evaluating variation in FAs and FA signatures among
individuals and populations of seabirds remains a
promising, qualitative, way to investigate trophic
interactions and to detect dietary differences. Differences in FA patterns among individuals and populations translate directly to differences in dietary
intake, even if that dietary intake is not fully elucidated. For instance, FAs have been used in such
qualitative or semi-quantitative ways to investigate
spatial and temporal differences in foraging patterns
as well as to confirm general resource use of a number of seabird species (e.g. Dahl et al. 2003, Connan
et al. 2005, Iverson et al. 2007, Käkelä et al. 2007,
2010, Springer et al. 2007, Karnovsky et al. 2008,
Williams et al. 2008, Wang et al. 2009, Ronconi et al.
2010). When such FA patterns are used in combination with other diet information (e.g. direct observation, stomach contents, stable isotopes), results are
compelling (e.g. Connan et al. 2007, Iverson et al.
2007, Springer et al. 2007, Karnovsky et al. 2008,
Ronconi et al. 2010). This qualitative use of FAs provides valuable information that is likely not possible
to obtain otherwise, but, it will generally not allow
specific interpretation of seabird diet composition.

Quantitative estimation of diets
The existence of clearly distinguished patterns of
FAs (FA signatures) among different prey species or
types in a given ecosystem (e.g. Budge et al. 2002,
Iverson et al. 2002, Piche et al. 2010), combined with
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the understanding that FAs are predictably deposited in predator adipose tissue, raises the possibility of quantifying diets by determining the most
likely mixture of prey signatures that could account
for the predator’s FA signature. This is the area of
greatest current interest and innovation (Iverson
2009). Quantitative FA signature analysis (QFASA;
Iverson et al. 2004) is a first-generation statistical tool
developed to determine the weighted mixture of
prey species FA signatures that most closely resembles that of the predator’s FA stores, thereby
inferring its diet. With comparable underpinnings,
QFASA is in principle similar to mixture models
developed for stable isotopes (e.g. Phillips & Koch
2002, Phillips & Gregg 2003). Assuming appropriate
sampling of predator and prey lipids (reviewed by
Budge et al. 2006, Iverson 2009), QFASA proceeds by
applying experimentally derived weighting factors
(calibration coefficients, CCs) to individual predator
FAs to account for the effects of predator metabolism
on FA deposition. It then takes the average FA signature of each prey species (or group), and estimates
the mixture of prey signatures that comes closest to
matching that of the weighted predator’s FA stores
by minimizing the statistical distance between that
prey species mixture and the weighted predator FA
profile. Lastly, this proportional FA mixture is weighted
by the fat content (i.e. relative FA contribution) of
each prey species to estimate the proportions of each
prey in the predator’s diet (Iverson et al. 2004).
The use of CCs to account for imperfect mixing of
all ingested prey FAs into adipose tissue due to
metabolism effects in the predator overcomes some
of the problematic assumptions of complete dietary
mixing as in the early isotopic mixing models (see
‘Stable isotopes: mixing models’). CCs are determined from captive validation studies in which a
predator consumes a single diet over a period long
enough for complete FA turnover, assuming then
that the FA signature of the predator’s lipid stores
will resemble the diet FA signature as much as possible and any differences can be attributed to metabolic processing of individual FAs. To date, seabird
adipose tissue CCs have been estimated in chicks of
common murres and tufted puffins Fratercula cirrhata and in adults of Steller’s eiders Polysticta stelleri, spectacled eiders Somateria fischeri and yellowlegged gulls Larus michahellis (Iverson et al. 2007,
Williams et al. 2009, Wang et al. 2010, Käkelä et al.
2010). Although the CCs estimated from the various
studies share many similarities (including some similarities with CCs determined for marine mammals;
Iverson 2009), it is not yet known whether differences

are due to species, age (adult versus chick), feeding
regime, and/or study effects. Additionally, while CCs
are critical to the accurate performance of QFASA,
they remain a relatively simple mathematical attempt
to describe potentially complex biochemistry. Thus,
further captive validations will be extremely useful in
advancing this aspect of QFASA. Additionally, Wang
et al. (2007) proposed the possibility of using stomach
oil FAs in procellariiforms to estimate adipose tissue
CCs in the same individuals if on long-term constant
diets (i.e. using stomach oil as proxy for prey), since
little to no metabolic processing appears to have
occurred. Alternatively, Wang et al. (2007) suggested
the potential for using stomach oil FAs directly without CCs to estimate recent diet using QFASA.
Besides CCs, perhaps the next most important
issue to using QFASA is building an appropriate and
comprehensive prey database and sampling all species sufficiently to allow quantitative evaluation of
within- and between-species variability to confirm
the ability to reliably differentiate prey species in the
QFASA model (e.g. Iverson et al. 2004, Budge et al.
2006, Iverson 2009). Depending on the ecosystem
and logistics, this can be a daunting task. Additionally, depending on the complexity of the array of prey
species and shared ecology, it is unlikely that all individual species in an ecosystem can be differentiated
from one another based on their FA signatures. Thus,
the onus is on the researcher to make decisions based
upon empirical evidence, testing, and evaluation of
potential confounding of prey species and which
species to include, exclude, or group based on ecological equivalence and taxonomy (e.g. Piche et al.
2010). This is also where the use of multiple tools in
diet analyses can be extremely informative (see also
‘Future directions’ below).
The other issues that remain important for interpretation of seabird diets using FA signatures include which FA subset should be used in the QFASA
model. Not all FAs provide information on diet, and
certainly FAs that provide no link to diet should be
removed (see Iverson et al. 2004). Beyond that, the
FA subset to use will also depend on accuracy of
measurements and confidence in trace FA measurement, as well as reliability with which CCs for specific FAs are measured. Secondly, a better understanding is needed of the time frames of FA turnover
in fat stores and thus the time frame of dietary history
they represent. Several controlled studies have been
conducted that begin to address this in seabirds
(Williams et al. 2009, Wang et al. 2010). However,
how these time fames differ during periods of fat storage versus high-energy use is not known. The pre-
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cise time frame of food consumption that stomach oils
represent is also unclear. Despite these issues, QFASA
estimates of diet have now been validated in captive
common murre and red-legged kittiwake Rissa brevirostris chicks and adult Steller’s and spectacled
eiders in diet trials involving relatively simple diet
mixtures (3 to 5 prey species; Iverson et al. 2007,
Wang et al. 2010). Although, in principle, diet estimates using QFASA versus stomach content analyses
would not be expected to be identical, given the different time frames they represent and other methodassociated biases, the comparison of both can prove
informative and has served as validation of QFASA
in free-ranging adult common murres, thick-billed
murres, red-legged kittiwakes, and black-legged
kittiwakes involving a complex ecosystem-wide mixture of prey species (Fig. 7; Iverson et al. 2007).

Future directions
The original QFASA model of Iverson et al. (2004)
is a first-generation mixing model, which explicitly
incorporates information on predator metabolism
and prey fat content into the statistical estimation
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procedure. As stated above, the current model has
several absolute requirements, which need to be
further evaluated and verified. In addition to these
issues are those of the evolution, refinement, and
improvement of the QFASA model. The following
include recommendations in advancing the use of
FAs to understand seabird diets.

Further evaluation of QFASA model components
(1) Prey FA catalogues or ‘libraries’ are required for
the modeling of any predator diet, but these cannot
just be collections of prey that are blindly included in
model estimations. Prey FA signatures not only differ
across species, but can also vary within species over
spatial and temporal scales or within demographic
groups such as in juveniles and adults that have
different feeding patterns (e.g. Iverson et al. 2002).
This variation must be investigated to determine the
actual effect on diet estimates using QFASA and
hence the creation of appropriate within or among
prey species separations or groupings. Additionally,
given the onerous task of building any prey database
for a given predator, collaboration among researchers

Fig. 7. Diet estimates of free-ranging common and thick-billed murres (COMU, TBMU) and red- and black-legged kittiwakes
(RLKI, BLKI) (n = 235) in the Bering Sea using quantitative fatty acid signature analysis (QFASA) modeled on 161 prey representing 15 species, in comparison with stomach content analysis in the same individuals (mean ± SE). Only prey species
appearing in diet estimates are presented. Reproduced from data in Iverson et al. (2007)
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to develop a global reference database of prey FA
signatures across different studies that span different
ecoregions and time scales would greatly aid the
advancement and use of QFASA.
(2) Further captive validation studies to determine
CCs across species continue to be of paramount
importance. The outputs of the QFASA model are
extremely sensitive to the CCs used and a better
understanding or refinement of the effects on CCs of
species, age (i.e. adults versus growing chicks), and
diet (e.g. high versus low fat; prey with widely different FA signatures) would improve the application
of QFASA to estimating diets. Such studies will also
be important for improving determination of the time
frame that estimated diets represent in seabirds.
(3) Finally, through the above-mentioned further
captive validation studies, a refinement in determination of the most appropriate FA subsets to use in
QFASA will improve the accuracy of diet estimates.

Advanced FA mixing models
The current QFASA model provides point estimates of diet, using average prey FA signatures,
with the large amount of variability in prey FA profiles captured using a bootstrapping procedure to
compute standard errors for diet composition
vectors (Iverson et al. 2004). In subsequent work,
Stewart (2005) developed a means to produce
interval estimates of diet, exploring alternative
ways to summarize prey by random sampling and
re-sampling, and also exploring a means of estimating goodness of fit with compositional data.
However, in both methods, no other prior information was incorporated in the mixing models. Most
recently, effort has been focused on developing a
Bayesian approach to the mixing model, which
allows for incorporation of prior information on diet
composition and prey FAs when available and, perhaps more importantly, gives an accurate account
of uncertainty (Blanchard 2011). Additionally, it
allows diet estimations to be made at both the population level as well as with the individual predator.
The Bayesian method provides more accurate diet
estimations when using synthetic data sets. However, in real predators, the multicollinearity of prey
FAs — that is, where prey species have similar FA
compositions — remains an issue (Blanchard 2011).
Strategies for dealing with this issue are discussed,
but clearly, explicitly incorporating more prior information from other sources should improve the
accuracy of diet estimates.

FA-stable isotope-specific analyses
As discussed previously, like FAs, stable isotope
signatures are transferred in largely predictable
ways from the diet to the predator. But isotopically
distinct dietary sources do not always exist and there
can also be multicollinearity in prey FAs among species. To deal with such issues in both methods, the
possibility of coupling the analysis of FAs and stable
isotopes should be a new frontier in elucidating diet.
That is, by analyzing the stable isotopes of individual
FAs, we may better be able to trace FA patterns to
prey at various TLs and perhaps incorporate such
information into various mixing models. This was
demonstrated in a preliminary study by Budge et al.
(2008), which allowed the use of mass balance calculations to estimate the contributions of ice algae
versus water-column phytoplankton to sequentially
higher TLs, culminating in seabirds and marine
mammals. This accomplishment could not have been
possible using FA signatures alone. Given the success of this attempt to trace carbon sources from the
very bottom to the very top of a food web, it should be
possible to use such a combination of techniques to
answer more simple questions in differentiating direct
prey species of seabird predators.

CONCLUSIONS
While each of the 3 techniques for determining
seabird diets and ecological position can be used on
its own, when they are applied in combination, oftentimes the limitations inherent in each of the techniques can be overcome. For example, traditional
stomach content analysis can be used to validate
shifts in diets determined from stable isotope or FA
analysis. Likewise, stable isotope and FA analysis
can be used to confirm dietary patterns suggested by
stomach content findings. Karnovsky et al. (2008)
found that little auks shift their TL up in the fall; their
FAs then resembled the signatures of black-legged
kittiwakes, and their stomach contents included prey
that were found only in those species at that time of
year. In a similar fashion, Connan et al. (2010) combined all 3 techniques to reveal that provisioning
Tasmanian short-tailed shearwaters Puffinus tenuirostris feed in Antarctic waters (stable isotope analysis) on myctophids (FA) when self-feeding, which is
in contrast to the euphausiid-dominated diets they
collected for chicks.
A significant challenge in combining several
analytical techniques to examine seabird diet and
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the source of feeding clearly is the statistical
integration of disparate information. Currently,
Bayesian and likelihood methods of examining this
question seem best suited to the use of probabilistic
models. Such approaches will allow the use of
informative priors to guide model estimates. For
example, stomach content data can be used to
inform stable isotope and FA model estimates
(Moore & Semmens 2008). Likewise, Polito et al.
(2011) found that Bayesian isotope mixing models
could not estimate the fish component of penguin
diets accurately without incorporating the results
of stomach content analysis. They used the estimates of the relative contribution of specific fish
species with similar TLs to refine their 2-source
isotopic mixing model. Application of stomach content analysis alone underestimated the biomass
contribution of fish to the penguin diets, which
were better assessed using stable isotope analysis.
Their study showed how integrating the 2 methods
greatly enhanced their ability to quantify penguin
diets through the use of Bayesian mixing models
(Polito et al. 2011).
In addition to enhancing understanding of shifts
in oceanographic conditions through the study of
seabird diets, these data are critical for the development of conservation strategies for seabirds. For
example, Ramos et al. (2011) were able to predict
how management strategies would impact different
colonies of yellow-legged gull Larus michahellis,
through an inter-colony comparison of stable isotopes in feathers. Critically endangered Balearic
shearwaters Puffinus mauretanicus showed geographic variation in stable isotopes of feathers,
which gave support for particular foraging areas to
become Marine Protected Areas (Louzao et al.
2011). Maranto et al. (2011) used FA biomarkers to
identify the colony origins of terns killed at inland
dams as part of a lethal control program meant to
protect juvenile salmonids. Their results showed
that the birds feeding at the dams were not of local
origin so extirpation of the colony closest to the dam
would not be effective in protecting salmonids
(Maranto et al. 2011).
We are confident that the next decade will see the
formal development of such multiple-technique
approaches to seabird dietary studies within a strong
analytical framework. More and more, we are also
witnessing the use of multiple tools together to
answer fundamental questions related to diet and
source of feeding. Rather than relying on a single
tool, such studies provide a ‘weight of evidence’
approach to dietary investigations.
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