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Avian carcasses can provide important information on the trophic ecology of birds. Usu-
ally, the number of carcasses available for examination is limited and therefore it is
important to gain as much dietary information per specimen as possible. In piscivorous
birds and raptors, the stomach has been the primary source of dietary information,
whereas the gut (intestine) has so far been neglected as it usually contains only a few
morphologically identifiable hard parts of prey. Molecular approaches have the potential
to retrieve dietary information from the gut, although this has not yet been verified. As
well as identifying the prey, it is important to estimate any secondary predation to avoid
food web errors in dietary analyses. The assignment of accidentally consumed prey is
notoriously difficult regardless of the prey identification approach used. In the present
study, morphological and molecular analyses were, for the first time, combined to maxi-
mize the dietary information retrievable from the complete digestive tract of Great
Cormorants Phalacrocorax carbo sinensis. Moreover, a novel approach based on predator–
prey size ratios was applied to these piscivorous birds to minimize the number of
samples that might contain secondarily predated prey. The stomach contents of the
examined birds were found to provide the most dietary information when morphological
and molecular analyses were used in combination. However, compared with the mor-
phological approach, the molecular analysis increased the number of fish species detected
by 39%. The molecular approach also permitted the identification of fish DNA in the
Cormorant guts. Predator–prey size ratios derived from morphological analysis of fish hard
parts can reduce the incidence of potential confounding influence of secondarily predated
prey by 80%. Our findings demonstrate that a combination of morphological and molecular
approaches maximizes the trophic information retrievable from bird carcasses.

Keywords: gut content analysis, Phalacrocorax carbo sinensis, piscivorous birds, prey identification,
secondary predation.

Examining diet and assessing how it relates to evo-
lutionary and environmental processes is central to
understanding the biology and ecology of birds.
For example, knowing which food sources sustain
birds is vital to protecting endangered species (e.g.
Li et al. 2014), to managing birds species that
either compete for prey with humans (e.g. Ost-
man et al. 2013) or reduce vertebrate and inverte-

brate pests (Paz et al. 2013, Flower et al. 2014)
and more broadly to understanding the role that
birds play in terrestrial and aquatic food webs (e.g.
Mantyla et al. 2011, Green & Elmberg 2014).

The examination of the digestive tracts of dead
specimens is common practice in avian dietary stud-
ies. Digestive tracts can provide a valuable source of
dietary information, including undigested whole
prey remains and indigestible prey hard parts, as
well as macerated, semi-digested prey. Molecular
techniques can be used to identify prey within the*Corresponding author.
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latter sample type and represent an important tech-
nical advance, as analysis of pre-digested pulpy
material usually contains no morphologically identi-
fiable prey remains. In contrast, whole prey speci-
mens and undigested bones can often be identified
to a lower taxonomic level using specific morpho-
logical features. Prey hard parts also offer the
opportunity reliably to estimate prey size and mass
(e.g. Gagliardi et al. 2007, M€arz 2007).

Although the examination of indigestible hard
parts works well for vertebrate prey, usually no
prey remains can be retrieved from soft-bodied and
small prey, such as fish fry, small fish and inverte-
brates (e.g. Barrett et al. 2007, M€arz 2007). Fur-
thermore, hard part recovery rates can vary with
size and between prey species (e.g. Zijlstra &
Vaneerden 1995, McKay et al. 2003) and it can be
difficult to identify prey remains because they are
strongly eroded by digestion and broken (e.g.
Gagliardi et al. 2007, M€arz 2007) or because clo-
sely related taxa cannot be distinguished (e.g. Veld-
kamp 1995a, Suter 1997, Keller 1998, Klein &
Lieser 2005, Stewart et al. 2005, M€arz 2007).
Molecular techniques can overcome many of these
limitations inherent to morphological hard part
analysis, as soft and semi-digested gut content as
well as ambiguous prey hard parts can be identified
(e.g. Alonso et al. 2014, Egeter et al. 2015). How-
ever, the high sensitivity of molecular detection sys-
tems bears the risk of detecting DNA of prey that
was ingested via secondary predation (Sheppard
et al. 2005). Secondary predation occurs when a
secondary predator such as a bird consumes a pri-
mary predatory species that in turn was feeding on
prey that might be mistakenly assigned as being
preyed upon by the secondary predator, leading to
erroneous food web construction. Here, we pro-
pose the novel idea that the relationship between
the size of the hard part prey remains of both the
putative prey and the primary predator can be used
to assess whether the prey is likely to have been
consumed by the primary predator. If the prey is
small enough to be consumed by the primary
predator, secondary predation by birds is a possibil-
ity, but if the prey is found to be too large to have
been consumed by the primary predator, secondary
predation can be ruled out. The rationale of this
approach is that consumers are usually larger than
their prey species (Brose et al. 2006). So if one can
estimate the size of the prey species found in a
bird’s gut sample, the predator–prey size ratios can
be calculated. This in turn enables determination of

those predator–prey combinations that are unlikely
to have occurred due to the prey being too large for
the putative primary predator to have consumed.

Most previous dietary examinations of dead
birds have used either molecular or morphological
prey identification methods; a combination of the
two approaches could compensate for their respec-
tive methodological weaknesses and result in a
more detailed picture of a predator’s prey choice
(Casper et al. 2007, Deagle et al. 2007, Tollit et al.
2009, Braley et al. 2010). For example, in a study
of Cory’s Shearwater Calonectris borealis, a combi-
nation of molecular and morphological approaches
improved prey identification and quantification in
stomach content samples (Alonso et al. 2014).
However, the extent to which parts of the diges-
tive tract other than the stomach also contain food
remains that could be identified in dietary analyses
using both molecular and morphological
approaches remains untested.

Here, we assess whether the combination of mor-
phological and molecular analysis improves the diet-
ary information that can be retrieved not only from
stomachs but also from different parts of the gut.
We predicted that combining morphological and
molecular techniques would reveal a wider and
more detailed prey spectrum than when using a sin-
gle approach, and that molecular analysis would be
especially useful in detecting prey in different parts
of the digestive tract. These expectations were tested
by examining the gut contents of carcasses of Great
Cormorants Phalacrocorax carbo, a fish-eating bird
occurring throughout the northern hemisphere. As
Cormorants are viewed as competitors to fisheries,
these birds are legally shot in many countries to
reduce their population densities and their impact
on fish populations (e.g. Harris et al. 2008, Vetemaa
et al. 2010, Marzano & Carss 2012). Hence, car-
casses of Cormorants are available in high numbers
for dietary analyses. The Cormorant carcasses exam-
ined in this study were also used to test the preda-
tor–prey size estimation from prey hard parts to
assess the probability of secondary predation.

METHODS

Origin of Cormorants and sample
preparation

The 35 Cormorants analysed in this study were
obtained from the vicinity of the fish farm of
the Bavarian Environment Agency (LfU) in
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Wielenbach, Bavaria, Germany: 23 individuals
were shot on the River Lech and 12 individuals
were shot at ponds in the fish farm. At the time of
the cull, the following fish species were farmed in
the ponds: Carp Cyprinus carassius, Grass Carp
Ctenopharyngodon idella, Tench Tinca tinca, Asp
Aspius aspius, Pike Esox lucius, Burbot Lota lota and
Pikeperch Sander lucioperca. The Cormorants were
shot during the winter migration period between
October 2011 and April 2013 as a measure to con-
trol and scare off overwintering Cormorants from
those sites, with all required permissions. After
being shot, the birds were collected within 5 days,
depending on how long it took for them to be
washed ashore. Their carcasses were frozen and

brought to the University of Innsbruck, where they
were stored at �28 °C. For further analyses the
birds were thawed and dissected, and the stomach
and the gut were removed and unravelled carefully.
Thereafter, the digestive tract of each bird was
divided into the stomach and the gut, which was
separated into three gut parts of equal length.

Each stomach was cut open and scraping sam-
ples of the undigested fish and of the gastric
mucosa were taken to obtain prey DNA poten-
tially present on undigested fish remains and on
the gastric mucosa of the stomach, respectively.
Approximately 0.5 mL of the recovered tissue was
transferred into 1.5-mL reaction tubes (step 1 in
Fig. 1). The liquid contents of the three gut parts
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Figure 1. Workflow of sample preparation, from the carcass to the results of morphological and molecular gut content analyses.
Grey arrows represent molecular and black arrows the morphological procedures illustrating how the trophic data were generated.
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were squeezed separately into Petri dishes (10 cm
diameter), mixed by stirring with a DNA-free
spatula and then approximately 0.5 mL was trans-
ferred into a 1.5-mL reaction tube (step 2 in
Fig. 1). All samples were frozen at �28 °C for
later molecular analysis.

Molecular analysis

The molecular work generally followed the proto-
col outlined in Thalinger et al. (2015) with some
modifications. For tissue lysis, all samples were
defrosted and 1 mL buffer solution (TES-buffer
and proteinase K (10 mg/mL); 43 : 1, v/v) was
pipetted into each reaction tube. The samples
were vortexed and placed into an incubator at
56 °C for 24 h. Subsequently, the BioSprint 96
robotic platform (Qiagen, Hilden, Germany) was
used for DNA extraction using the BioSprint 96
DNA Blood Kit (Qiagen) in accordance with the
manufacturer’s instructions. For each 96-well
plate, 92 lysates and four extraction negatives
(TES-buffer instead of lysate) were processed. The
extracted DNA, recovered in 200 lL TE elution
buffer, was transferred to 2-mL reaction tubes and
stored at �32 °C.

The DNA extracts were screened for fish DNA
using the multiplex PCR systems for European
freshwater fish (Thalinger et al. 2015). This multi-
plex PCR system consists of six molecular assays
targeting the mitochondrial 16S rRNA (16S) and
the cytochrome c oxidase subunit I (COI) genes,
which enables the molecular identification of all
prey fish species potentially consumed by the Cor-
morants. All samples which tested negative after a
first screening with the family-specific multiplex
PCR assay (‘FishTax’) were spiked with ~50 ng of
Perch Perca fluviatilis DNA and retested to check
for the presence of PCR inhibitors.

Morphological analysis

After dissection, the contents of each of the three
gut parts were sieved separately and rinsed with
tap water to remove soft parts and to make the
prey hard parts visible. Undigested fish and fish
parts in the stomach were identified morphologi-
cally and their length was measured. Thereafter,
the stomach material was also sieved, rinsed with
water, and inspected for additional prey hard parts
(step 3 in Fig. 1). Hard parts such as otoliths, pha-
ryngeal teeth, chewing pads and jaws were sorted

out for prey identification. These fish remains were
identified using the identification keys of H€ark€onen
(1986) and by comparing them with fish bone ref-
erence collections provided by Dr Werner Suter
(Swiss Federal Research Institute, Birmensdorf,
Switzerland), Dr Josef Trauttmansdorff (Otto-Koe-
nig Institute, Stockerau, Austria) and the Bavarian
State Collection of Zoology (Munich, Germany).
The sagittae (large otolith) were used for identifi-
cation of non-cyprinids, and pharyngeal bones,
pharyngeal teeth and chewing pads were used for
cyprinid identification. In addition, hard parts such
as lenses and chewing pads were used to estimate
the number of individual fish present in the gut.

The length of the fish prey was either measured
directly on undigested fish or calculated from fish-
bone regressions. For the latter, intact key bones
were measured under a dissecting microscope to
the nearest 0.1 mm and fish lengths were calcu-
lated using regression formulae for sagittae
(H€ark€onen 1986, Emmrich & Duettmann 2011,
Gaye-Siessegger 2014), chewing pads (Veldkamp
1995b, Emmrich & Duettmann 2011), and pha-
ryngeal bones, jaws and praeopercula (Cech 2006,
Emmrich & Duettmann 2011).

To estimate the probability of secondary preda-
tion, the stomachs that contained predatory fish as
well as their potential prey fish species were
selected. In stomachs in which undigested preda-
tory fish and their potential prey were present
next to each other, secondary predation was ruled
out. For the remaining cases only the hard parts of
predatory fish and their potential fish prey were
present. The minimum and maximum sizes of
these fish were calculated using the regression for-
mulae described previously. Within each stomach
sample and for each predator–prey species combi-
nation, the minimum and maximum size ratio
between the putative prey and predator was calcu-
lated. In each case, where the estimated size of
the putative prey fish was smaller than 51% of the
potential piscivorous fish, secondary predation was
deemed possible (Scharf et al. 2000, D€orner &
Wagner 2003).

Data analysis

Wilcoxon signed ranks tests were used to compare
prey detection rates and the mean number of prey
species detected between data generated morpho-
logically and molecularly (non-parametric paired
data; P-value reported only). The mean numbers
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of prey species detected morphologically and
molecularly in the different sections of the diges-
tive tract of all birds (unpaired data) were
compared using Mann–Whitney U-tests (U- and
P-values reported) as well as one-sample t-tests
combined with bootstrapping for 9999 resamples
to generate 95% tilting confidence intervals (TCIs).
All tests were performed with SPSS 12.1 (SPSS
Inc., Chicago, IL, USA), except the calculation
of the TCIs, for which S-PLUS 8.0 (Insightful Cor-
porations, Seattle, WA, USA) was used.

RESULTS

Prey detection using morphological and
molecular analyses

In three (9%) of the 35 Cormorant stomachs sur-
veyed, no prey hard or soft parts were recovered.
In contrast, all guts contained pre-digested soft
material. Only one gut sample contained fish hard
parts (eye lens and an unidentifiable otolith), so
prey identification based on morphological hard
part analysis was only possible for stomach sam-
ples. The morphological analysis of the hard parts
allowed for the identification of 336 individual fish
of 11 species (Fig. 2). Every stomach with visible
prey remains contained hard parts of prey that
allowed calculation of prey number and size. The
average number of individual fish found per

stomach was 11 � 15 sd (range 1–60) with a
mean prey length of 107 � 62 mm sd, ranging
from 35 mm in Perca fluviatilis to 356 mm in
Oncorhynchus mykiss.

Molecular analysis resulted in the identification
of 18 fish species (Fig. 2). Most of the fish species
additionally detected by molecular means were
present in only one bird, shot on the River Lech,
whereas DNA of Anguilla anguilla was amplified
in 25% of the gut samples even though morpho-
logically discernible prey remains of this species
were not recovered in any of the samples. Further-
more, in all but one of the stomach samples in
which no prey hard parts were recovered, fish
DNA was detected. Altogether, fish DNA could
be PCR-amplified in 59% of the gut samples. The
DNA extracts of those samples that did not test
positive in the multiplex PCR system tested posi-
tive with the FishTax assay when spiked with
DNA of P. fluviatilis, suggesting that PCR inhibi-
tion was not a factor in our analyses of diet.

In bird stomachs, significantly more fish species
were detected molecularly (mean: 2.6 � 1.7 sd
species; maximum six species per stomach) than
morphologically (mean: 1.6 � 1.0 sd species; max-
imum four species per stomach; Fig. 3, Wilcoxon
P < 0.001). In two stomach samples the molecular
methodology permitted identification of the prey
fish to species level, whereas with the morphologi-
cal approach taxonomic identification was possible
to family level only.

In none of the birds did either the morphologi-
cal or the molecular prey detection approach
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Figure 2. Fish species detected in the digestive tracts of dead
Cormorants (n = 35) and their respective detection rate per
bird using morphological or molecular analysis.
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Figure 3. Maximum number of fish species detected in Cor-
morant carcasses (n = 35) examined using morphological or
molecular methodology.
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permit identification of a prey species in the gut
sections that was not already detected in the corre-
sponding stomach sample. The number of
detected prey species decreased significantly from
stomach to the first gut section in samples analy-
sed both morphologically (from mean 1.6 � 1 sd
to 0 species) and molecularly (from mean
2.6 � 1.7 to 0.6 � 0.8 species; U = 170,
P < 0.001; Fig. 4). No significant differences
occurred in the average number of prey species
detected between the first and second gut sections
(morphological analysis: 0 species; molecular
analysis: from mean 0.6 � 0.8 sd to 0.7 � 0.9 sd
species, U = 589.5, P = 0.765), or between second
and third gut sections (morphological analysis: 0
species; molecular analysis: from mean
0.7 � 0.9 sd to 1.0 � 0.9 sd species, U = 498.5,
P = 0.148; Fig. 4).

Estimating the levels of secondary
predation

The DNA of piscivorous fish species (A. anguilla,
P. fluviatilis, Esox lucius, O. mykiss and Salmo
trutta) was detected in 23 of the 35 dissected Cor-
morants, with 19 gut samples containing DNA of
piscivorous fish and their potential prey. Likewise,
hard parts of piscivorous fish were found in 22 of
the Cormorants examined, with 12 stomachs also
containing remains of their potential fish prey.
These remains were used to estimate the size rela-
tionship between the putative predator and prey:
on average the putative prey fish was

60 � 35% sd the size of the potential predatory
fish. In 28 of the 35 stomach samples, secondary
predation could be excluded because either no
potential prey was detected next to the putative
predator or the potential prey size has a ratio of
greater than 51% of its putative predator length.
D€orner and Wagner (2003) found 51% to be the
maximum predator–prey size ratio for Perch when
feeding on Perch and Roach and therefore this
value was taken as a threshold to estimate the
probability of secondary predation.

DISCUSSION

Prey detection in different parts of the
digestive tract

For only one of the 35 Cormorants analysed
were fish hard parts recovered in the gut. This is
not surprising as indigestible prey remains are
usually discarded by regurgitation in carnivorous
bird species (Barrett et al. 2007, M€arz 2007) so
very few hard parts enter the gut and are defe-
cated (Johnson & Ross 1996). Therefore, the gut
content and faeces cannot be used for compre-
hensive morphological diet analysis of these birds.
Nevertheless, the gut content and faeces can pro-
vide valuable dietary information when molecular
methods are applied, even when the stomach
contains no visible hard parts. On average, 61%
of the fish species detected in the stomach were
also detected in at least one of the gut sections.
However, no prey DNA was detected in 41% of
the gut samples. Possibly there was a lack of
amplifiable prey DNA present in the gut because
of prey DNA breakdown. The Cormorants were
collected up to 5 days after death, so DNA
decay caused by microbial and enzymatic activity
in the digestive tract of the birds is likely to have
started. It has also been suggested that substances
that can inhibit PCR can be produced within
decomposing faecal material (Deagle et al. 2005).
This can also apply for the gut contents because
the material is already pre-digested and PCR
inhibitors could be produced by microbes. Inhibi-
tion, however, does not seem to have caused the
lack of PCR-amplification in the negatively tested
Cormorant gut samples, as amplification of
molecular markers was successful when spiked
with Perch DNA. This indicates that these sam-
ples were genuinely lacking prey DNA and thus
true negatives.
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Figure 4. Mean number of prey species detected (�95% tilt-
ing confidence intervals) morphologically and molecularly in
different digestive tract sections of the Cormorant carcasses
(n = 35).
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Prey species detection and prey size

Our study shows that the addition of molecular
tools to the morphological analysis of prey remains
increases the prey spectrum detected in the diges-
tive tracts of Great Cormorants by 39%. This con-
firms results of previous studies on piscivores: for
example, Tollit et al. (2009) detected in faeces of
Steller’s Sea Lions Eumetopias jubatus DNA of
four fish species that left no hard parts in the diet-
ary samples, and Braley et al. (2010) detected 33%
more prey species molecularly than morphologi-
cally in the stomachs of Arrow Squids Nototodarus
gouldi. Casper et al. (2007) found no dietary infor-
mation in 25.9% of faecal samples of Antarctic Fur
Seals Arctocephalus gazella when applying either
the morphological or the molecular approach, but
this was reduced to 9.3% when combining the two
methods.

The reason that certain fish species were not
detectable by prey hard part remains in the pre-
sent study is either because they are very small
and therefore get easily digested (e.g. Phoxinus
phoxinus, Gasterosteus spp.) or because the hard
parts only permit identification to the family level.
The molecular analyses help to overcome these
shortcomings, allowing a more complete prey
spectrum to be assessed. Even in two stomach
samples, in which no visible prey content was
found, the molecular analysis detected fish DNA.
This is surprising because these birds must have
digested their most recent prey and regurgitated
its hard parts along with the Cormorant stomach
mucosa (Trauttmansdorff & Wassermann 1995,
Zijlstra & Vaneerden 1995), which should leave
no or very little fish DNA to be detected. The
PCR-amplification of fish DNA from these sam-
ples indicates the high sensitivity of the multiplex
PCR assays applied in our study, in which 25 tem-
plate molecules per reaction were sufficient to
detect the prey (Thalinger et al. 2015). However,
the high sensitivity of these assays also carries the
risk of false positive prey detection: DNA of non-
ingested fish species might stick to the consumed
fish, as both fish types occur in the same environ-
ment (Rees et al. 2014). Detection of such envi-
ronmental DNA (eDNA) of fish in the context of
assessing trophic interactions could lead to food
web errors and an artificially inflated prey spec-
trum of the consumer species. However, compared
with the amount of DNA from truly ingested

prey, the copy number of eDNA should be very
small. Additionally, eDNA rapidly disintegrates
into small fragments in the water (Rees et al.
2014) and thus it is likely to be highly fragmented
when ingested by piscivorous birds. Moreover,
eDNA sticking to the body surface of the predated
fish is probably digested quickly, as it is only pre-
sent in very small amounts and directly exposed to
digestion enzymes. We think that it is unlikely that
eDNA has biased the current findings due to the
reasoning described above, but it seems warranted
for future studies to assess whether and how
strongly the presence of eDNA can affect the out-
come of molecular dietary studies.

Molecular methods enable prey detection at
high specificity and sensitivity but quantification of
ingested food remains difficult (King et al. 2008,
Deagle et al. 2013). At best, the proportion of dif-
ferent prey species can be estimated based on prey
DNA concentrations or number of prey sequences:
this approach has been applied in diet analyses of
perches (Taguchi et al. 2014), pinnipeds (e.g. Dea-
gle & Tollit 2007, Bowles et al. 2011, Deagle et al.
2013) and penguins (Deagle et al. 2010) and cor-
rection factors have been generated to improve
diet estimates based on sequence proportions
(Thomas et al. 2014). In contrast to molecular
techniques, prey hard parts offer a straightforward
way to estimate the number and size of prey indi-
viduals. Although this approach also has its short-
comings, as otoliths can be missing (Johnstone
et al. 1990) or reduced in size due to digestive
erosion, prey hard part remains were measured in
this study to estimate the size of the fish via
regression formulae available for a wide variety of
fish taxa (e.g. H€ark€onen 1986, Gaye-Siessegger
2014).

Secondary predation

In the present study, secondary predation of fish
could be excluded in 80% of the Cormorants
based on the size ratio between the putative
predator and prey calculated from their hard part
prey remains. This allowed us significantly to
reduce the number of instances in which sec-
ondary predation could lead to food web errors in
our dataset. Our results confirm the results of
Blackwell and Sinclair (1995) on Double-crested
Cormorants Phalacrocorax auritus, who found no
significant differences in the size of otoliths
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recovered from regurgitated fish and from fish
stomachs of regurgitated fish. To our knowledge
there is no methodology that could resolve
whether the remaining questionable cases contain
primary or secondary prey for either the morpho-
logical or molecularly generated data. One way to
deal with this problem is either to assume that all
of the prey detected in these samples has been
directly consumed, or to assume the opposite, i.e.
all potential secondarily consumed prey was indi-
rectly predated. Checking whether and how these
opposing assumptions affect the trophic analysis
would help determine whether secondary preda-
tion is an issue that needs to be considered for
data interpretation. Secondary predation can occur
in piscivorous birds and raptors feeding on carnivo-
rous and insectivorous mammals and birds. For
example, M€arz (2007) found that insect remains
in raptors originate from the craw of predated
birds. Estimating the probability of secondary pre-
dation using predator–prey size ratios, as outlined
in this study, would be widely applicable for stud-
ies dealing with vertebrate prey, provided that the
predator consumed the respective hard parts.

This study demonstrates that molecular tech-
niques offer the possibility of detecting prey in
avian carcasses when their stomachs are empty, a
frequent occurrence when examining field-col-
lected birds (Ouwehand et al. 2004, Stewart et al.
2005). Molecular analysis also yields a wider prey
spectrum than morphological analysis of prey
remains. Morphological prey remains are vital for
estimating prey number and size. Furthermore, the
latter enables us to estimate the possibility of sec-
ondary predation based on predator–prey size
ratios and to reduce the instances of potential sec-
ondarily predated prey. Beyond the combination
of molecular and morphological approaches, the
dietary information retrievable from carcasses of
birds could be extended further by including the
analysis of stable isotopes and fatty acids (Inger &
Bearhop 2008, Williams & Buck 2010); these
approaches would enable an assessment of the
long-term diet at a more general level (Traugott
et al. 2013) compared with the time-specific diet
information retrievable from the digestive tract.
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ecology of the Great Cormorant’. We thank Matthias
Ruff from the state fish farm Wielenbach (Germany) for
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the dissections and the members of the Applied and
Trophic Ecology research group as well as two anony-
mous reviewers, the Associate Editor and Rauri Bowie
for valuable discussions and suggestions on the manu-
script.

REFERENCES

Alonso, H., Granadeiro, J.P., Waap, S., Xavier, J.,
Symondson, W.O.C., Ramos, J.A. & Catry, P. 2014. A
holistic ecological analysis of the diet of Cory’s shearwaters
using prey morphological characters and DNA barcoding.
Mol. Ecol. 23: 3719–3733.

Barrett, R.T., Camphuysen, K., Anker-Nilssen, T.,
Chardine, J.W., Furness, R.W., Garthe, S., Huppop, O.,
Leopold, M.F., Montevecchi, W.A. & Veit, R.R. 2007. Diet
studies of seabirds: a review and recommendations. ICES J.
Mar. Sci. 64: 1675–1691.

Blackwell, B.F. & Sinclair, J.A. 1995. Evidence of secondary
predation of fish by double-crested cormorants. Mar. Ecol.
Prog. Ser. 123: 1–4.

Bowles, E., Schulte, P.M., Tollit, D.J., Deagle, B.E. & Trites,
A.W. 2011. Proportion of prey consumed can be determined
from faecal DNA using real-time PCR. Mol. Ecol. Resour.
11: 530–540.

Braley, M., Goldsworthy, S.D., Page, B., Steer, M. & Austin,
J.J. 2010. Assessing morphological and DNA-based diet
analysis techniques in a generalist predator, the arrow squid
Nototodarus gouldi. Mol. Ecol. Resour. 10: 466–474.

Brose, U., Jonsson, T., Berlow, E.L., Warren, P., Banasek-
Richter, C., Bersier, L.F., Blanchard, J.L., Brey, T.,
Carpenter, S.R., Blandenier, M.F.C., Cushing, L., Dawah,
H.A., Dell, T., Edwards, F., Harper-Smith, S., Jacob, U.,
Ledger, M.E., Martinez, N.D., Memmott, J., Mintenbeck,
K., Pinnegar, J.K., Rall, B.C., Rayner, T.S., Reuman, D.C.,
Ruess, L., Ulrich, W., Williams, R.J., Woodward, G. &
Cohen, J.E. 2006. Consumer-resource body-size
relationships in natural food webs. Ecology 87: 2411–2417.

Casper, R.M., Jarman, S.N., Gales, N.J. & Hindell, M.A.
2007. Combining DNA and morphological analyses of faecal
samples improves insight into trophic interactions: a case
study using a generalist predator. Mar. Biol. 152: 815–825.

Cech, M. 2006. Keys of head identification bones of selected
fish species from the Czech Republic’s Ichthyofauna.
Biology Centre CAS, Institute of Hydrobiology, Fish Ecology
Unit of the Department of Fish and Zooplancton Ecology of
the ICH BC AS CR; Cesk�e Budejovice; Czech Republic.

Deagle, B.E. & Tollit, D.J. 2007. Quantitative analysis of prey
DNA in pinniped faeces: potential to estimate diet
composition? Conserv. Genet. 8: 743–747.

Deagle, B.E., Tollit, D.J., Jarman, S.N., Hindell, M.A., Trites,
A.W. & Gales, N.J. 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.

Deagle, B.E., Gales, N.J., Evans, K., Jarman, S.N.,
Robinson, S., Trebilco, R. & Hindell, M.A. 2007. Studying
seabird diet through genetic analysis of faeces: a case
study on macaroni penguins (Eudyptes chrysolophus). PLoS
ONE 2: e831.

Deagle, B.E., Chiaradia, A., McInnes, J. & Jarman, S.N.
2010. Pyrosequencing faecal DNA to determine diet of little

© 2015 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

58 J. Oehm et al.



penguins: is what goes in what comes out? Conserv. Genet.
11: 2039–2048.

Deagle, B.E., Thomas, A.C., Shaffer, A.K., Trites, A.W. &
Jarman, S.N. 2013. Quantifying sequence proportions in a
DNA-based diet study using Ion Torrent amplicon
sequencing: which counts count? Mol. Ecol. Resour. 13:
620–633.

D€orner, H. & Wagner, A. 2003. Size-dependent predator–prey
relationships between perch and their fish prey. J. Fish Biol.
62: 1021–1032.

Egeter, B., Bishop, P.J. & Robertson, B.C. 2015. Detecting
frogs as prey in the diets of introduced mammals: a
comparison between morphological and DNA-based diet
analyses. Mol. Ecol. Resour. 15: 306–316.

Emmrich, M. & Duettmann, H. 2011. Seasonal shifts in diet
composition of Great Cormorants Phalacrocorax carbo
sinensis foraging at a shallow eutrophic inland lake. Ardea
99: 207–216.

Flower, C.E., Long, L.C., Knight, K.S., Rebbeck, J., Brown,
J.S., Gonzalez-Meler, M.A. & Whelan, C.J. 2014. Native
bark-foraging birds preferentially forage in infected ash
(Fraxinus spp.) and prove effective predators of the invasive
emerald ash borer (Agrilus planipennis). For. Ecol. Manage.
313: 300–306.

Gagliardi, A., Martinoli, A., Preatoni, D., Wauters, L.A. &
Tosi, G. 2007. From mass of body elements to fish
biomass: a direct method to quantify food intake of fish
eating birds. Hydrobiologia 583: 213–222.

Gaye-Siessegger, J. 2014. The great Cormorant
(Phalacrocorax carbo) at lower lake Constance/Germany:
dietary composition and impact on commercial fisheries.
Knowl. Manag. Aquat. Ecosyst. 414/04: 1–12.

Green, A.J. & Elmberg, J. 2014. Ecosystem services
provided by waterbirds. Biol. Rev. 89: 105–122.

H€ark€onen, T. 1986. Guide to the Otoliths of the Bony Fishes
of the Northeast Atlantic. Hellerup: Danbiu ApS.

Harris, C.M., Calladine, J.R., Wernham, C.V. & Park, K.J.
2008. Impacts of piscivorous birds on salmonid populations
and game fisheries in Scotland: a review. Wildlife Biol. 14:
395–411.

Inger, R. & Bearhop, S. 2008. Applications of stable isotope
analyses to avian ecology. Ibis 150: 447–461.

Johnson, J.H. & Ross, R.M. 1996. Pellets versus feces:
their relative importance in describing the food habits of
double-crested cormorants. J. Great Lakes Res. 22: 795–
798.

Johnstone, I.G., Harris, M.P., Wanless, S. & Graves, J.A.
1990. The usefulness of pellets for assessing the diet of
adult Shags Phalacrocorax aristotelis. Bird Study 37: 5–11.

Keller, T. 1998. The food of cormorants (Phalacrocorax carbo
sinensis) in Bavaria. J. Ornithol. 139: 389–400.

King, R.A., Read, D.S., Traugott, M. & Symondson, W.O.C.
2008. Molecular analysis of predation: a review of best
practice for DNA-based approaches. Mol. Ecol. 17: 947–
963.

Klein, B.A. & Lieser, M. 2005. Prey selection by great
cormorants Phalacrocorax carbo at the Lake of Constance.
Vogelwarte 43: 267–270.

Li, D., Ding, Y., Yuan, Y., Lloyd, H. & Zhang, Z. 2014.
Female tidal mudflat crabs represent a critical food resource
for migratory Red-crowned Cranes in the Yellow River Delta,
China. Bird Conserv. Int. 24: 416–428.

Mantyla, E., Klemola, T. & Laaksonen, T. 2011. Birds help
plants: a meta-analysis of top-down trophic cascades
caused by avian predators. Oecologia 165: 143–151.

M€arz, R. 2007. Gew€oll-und Rupfungskunde. Wiebelsheim:
AULA-Verlag.

Marzano, M. & Carss, D.N. 2012. Essential social, cultural
and legal perspectives on cormorant-fisheries conflicts. In
INTERCAFE COST Action 635 Final Report IV, UK: ERC
Centre for Ecology & Hydrology.

McKay, H., Robinson, K.A., Carss, D.N. & Parrott, D. 2003.
The limitations of pellet analysis in the study of cormorant
Phalacrocorax spp. diet. Vogelwelt 124: 227–236.

Ostman, O., Bostrom, M.K., Bergstrom, U., Andersson, J.
& Lunneryd, S.G. 2013. Estimating competition between
wildlife and humans – a case of cormorants and coastal
fisheries in the Baltic Sea. PLoS ONE 8: e83763.

Ouwehand, J., Leopold, M.F. & Camphuysen, K.C.J. 2004.
A comparative study of the diet of Guillemots Uria aalge and
Razorbills Alca torda killed during the tricolor oil incident in
the south-eastern North Sea in January 2003. Atl. Seabirds
6: 147–164.

Paz, A., Jareno, D., Arroyo, L., Vinuela, J., Arroyo, B.,
Mougeot, F., Jose Luque-Larena, J. & Antonio Fargallo,
J. 2013. Avian predators as a biological control system of
common vole (Microtus arvalis) populations in north-western
Spain: experimental set-up and preliminary results. Pest
Manag. Sci. 69: 444–450.

Rees, H.C., Maddison, B.C., Middleditch, D.J., Patmore,
J.R.M. & Gough, K.C. 2014. The detection of aquatic
animal species using environmental DNA – a review of
eDNA as a survey tool in ecology. J. Appl. Ecol. 51: 1450–
1459.

Scharf, F.S., Juanes, F. & Rountree, R.A. 2000. Predator
size–prey size relationships of marine fish predators:
interspecific variation and effects of ontogeny and body size
on trophic-niche breadth. Mar. Ecol. Prog. Ser. 208: 229–
248.

Sheppard, S.K., Bell, J., Sunderland, K.D., Fenlon, J.,
Skervin, D. & Symondson, W.O.C. 2005. Detection of
secondary predation by PCR analyses of the gut contents of
invertebrate generalist predators. Mol. Ecol. 14: 4461–4468.

Stewart, D.C., Middlemas, S.J., Gardiner, W.R., Mackay, S.
& Armstrong, J.D. 2005. Diet and prey selection of
cormorants (Phalacrocorax carbo) at Loch Leven, a major
stocked trout fishery. J. Zool. 267: 191–201.

Suter, W. 1997. Roach rules: shoaling fish are a constant
factor in the diet of cormorants Phalacrocorax carbo in
Switzerland. Ardea 85: 9–27.

Taguchi, T., Miura, Y., Krueger, D. & Sugiura, S. 2014.
Utilizing stomach content and faecal DNA analysis
techniques to assess the feeding behaviour of largemouth
bass Micropterus salmoides and bluegill Lepomis
macrochirus. J. Fish Biol. 84: 1271–1288.

Thalinger, B., Oehm, J., Mayr, H., Obwexer, A., Zeisler, C.
& Traugott, M. 2015. Molecular prey identification in Central
European piscivores. Mol. Ecol. Resour. DOI: 10.1111/1755-
0998.12436

Thomas, A.C., Jarman, S.N., Haman, K.H., Trites, A.W. &
Deagle, B.E. 2014. Improving accuracy of DNA diet
estimates using food tissue control materials and an
evaluation of proxies for digestion bias. Mol. Ecol. 23: 3706–
3718.

© 2015 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

Prey detection in dead birds 59

http://dx.doi.org/10.1111/1755-0998.12436
http://dx.doi.org/10.1111/1755-0998.12436


Tollit, D.J., Schulze, A.D., Trites, A.W., Olesiuk, P.F.,
Crockford, S.J., Gelatt, T.S., Ream, R.R. & Miller, K.M.
2009. Development and application of DNA techniques for
validating and improving pinniped diet estimates. Ecol. Appl.
19: 889–905.

Traugott, M., Kamenova, S., Ruess, L., Seeber, J. &
Plantegenest, M. 2013. Empirically characterizing trophic
networks: what DNA-based methods, stable isotope and
fatty acid analyses offer. Adv. Ecol. Res. 49: 177–224.

Trauttmansdorff, J. & Wassermann, G. 1995. Number of
pellets produced by immature cormorants Phalacrocorax
carbo sinensis. Ardea 83: 133–134.

Veldkamp, R. 1995a. Diet of cormorants Phalacrocorax carbo
sinensis at Wanneperveen, the Netherlands, with special
reference to bream Abramis brama. Ardea 83: 143–155.

Veldkamp, R. 1995b. The use of chewing pads for estimating
the consumption of cyprinids by cormorants Phalacrocorax
carbo. Ardea 83: 135–138.

Vetemaa, M., Eschbaum, R., Albert, A., Saks, L., Verliin, A.,
Juergens, K., Kesler, M., Hubel, K., Hannesson, R. &
Saat, T. 2010. Changes in fish stocks in an Estonian
estuary: overfishing by cormorants?. ICES J. Mar. Sci. 67:
1972–1979.

Williams, C.T. & Buck, C.L. 2010. Using fatty acids as dietary
tracers in seabird trophic ecology: theory, application and
limitations. J. Ornithol. 151: 531–543.

Zijlstra, M. & Vaneerden, M.R. 1995. Pellet production and
the use of otoliths in determining the diet of cormorants
Phalacrocorax carbo sinensis – trials with captive birds.
Ardea 83: 123–131.

Received 19 June 2015;
revision accepted 3 November 2015.

Associate Editor: Arjun Amar.

© 2015 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

60 J. Oehm et al.


