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ORIGINAL ARTICLE

Diet composition and biomass consumption of harbour seals in Telemark and
Aust-Agder, Norwegian Skagerrak
Maria Sørlie a, Kjell Tormod Nilssenb, Arne Bjørgeb and Carla Freitasb,c

aDepartment of Natural Sciences, University of Agder, Kristiansand, Norway; bInstitute of Marine Research, Bergen, Norway; cMARE, Marine
and Environmental Sciences Center, Funchal, Madeira, Portugal

ABSTRACT
To explore ecosystem dynamics and functions it is vital to obtain knowledge on predator–prey
relations. Harbour seals are piscivorous predators that can come into conflict with fisheries.
Recently, as the Skagerrak and Kattegat population of harbour seals has increased, claims
have emerged that seals are depleting coastal cod populations. The diet of harbour seals in
Norwegian Skagerrak was investigated based on otolith identification from scats. The overall
seal diet included 20 different fish species/groups. The most important prey (combined index
Qi) were haddock/pollack/saithe (32.7%), genus Trisopterus (Norway pout/poor cod/bib,
12.5%), plaice (12.4%) and herring (10.0%). Plaice also had the largest biomass (24.1%).
Gadoids and pleuronectids comprised 88.6% of the diet (combined index Qi) and 87.1% in
terms of biomass. Cod constituted 0.7% (combined index Qi) of the overall diet and 2.3% in
terms of biomass. Fish length estimates showed that seals generally prefer small fish below
minimum allowed landing size. Estimated total amount of fish consumed was 315 tons per
year and was dominated by non-commercial species. Annual cod consumption was an
estimated 7.1 tons, representing 5% of annual cod landings, suggesting that competition
between local fisheries and harbour seals is limited.
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Introduction

An important part of understanding ecosystem
dynamics and functions lies in knowledge of relation-
ships between predators and prey (e.g. Pierce and
Boyle 1991; Staniland 2002; Graham et al. 2011;
Riemer et al. 2011; Ford et al. 2016). These relationships
can be better understood by mapping the diet compo-
sition of predators, which is necessary for sustainable
management of ecosystems (Ford et al. 2016).

Because diets are not always readily discernible for
species in the wild, one can use several available
methods to obtain information on the subject. The
most common method used to identify the prey of pin-
nipeds consists of the identification of otoliths and
other prey remains (e.g. cephalopod beaks, fish
bones, crustacean exoskeletons) in faeces or digestive
tracts. Genetic analyses of faeces, stomach and intesti-
nal contents are also used. Such analyses are especially
useful for identifying prey remains when otoliths are
not available or greatly eroded (e.g. salmonids)
(Jobling and Breiby 1986; Kvitrud et al. 2005; Parsons
et al. 2005; Matejusová et al. 2008). Genetic analyses

can also be used to distinguish between closely
related species that are impossible to separate based
on eroded otoliths alone (Matejusová et al. 2008).
Other available methods for inferring the diet of
marine species include fatty acid analysis of predator
adipose tissues (e.g. Iverson et al. 2004) and stable
isotope analysis of predator tissues (e.g. Tverin et al.
2019).

Harbour seals (Phoca vitulina, Linnaeus, 1758) are
mainly piscivorous predators (e.g. Bromaghin et al.
2012; Ydesen et al. 2014). They inhabit coastal areas
around the northern Pacific and Atlantic oceans (Teil-
mann and Galatius 2018). Between foraging trips
harbour seals return to specific haul-out sites to socialize
and rest with conspecifics, a behaviour called central
place foraging (Geiger et al. 2013; Luxa and Acevedo-
Gutiérrez 2013). Generally, seals spend most of their
time hauled out during daytime and low tide, while
most foraging trips take place at night (Thompson
et al. 1989; Thompson and Miller 1990; Bjørge et al.
1995; Ramasco et al. 2014). Except for females with
pups who seemingly prefer secluded haul-out sites for

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or
built upon in any way.

CONTACT Maria Sørlie miokul@gmail.com Department of Natural Sciences, University of Agder, P.O. Box 422, 4604 Kristiansand, Norway

MARINE BIOLOGY RESEARCH
2020, VOL. 16, NO. 4, 299–310
https://doi.org/10.1080/17451000.2020.1751205

Published online 03 Jun 2020

http://crossmark.crossref.org/dialog/?doi=10.1080/17451000.2020.1751205&domain=pdf&date_stamp=2020-08-19
http://orcid.org/0000-0002-1804-6555
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:miokul@gmail.com
http://www.tandfonline.com/loi/smar20
http://www.tandfonline.com


pupping, choice of haul-out site seems to be related to
proximity to feeding grounds (Thompson et al. 1996).

Several studies of harbour seal diet show that they
are generalists with a diverse diet, preying on e.g. clu-
peoids, gadoids, sandeels (Ammodytidae), sculpins and
flatfish (e.g. Pierce et al. 1991; Tollit and Thompson
1996; Bromaghin et al. 2012; Lance et al. 2012; Geiger
et al. 2013; Luxa and Acevedo-Gutiérrez 2013). They
vary their diets according to season and geographical
location, seemingly to prefer the regionally and season-
ally most abundant of both benthic and pelagic species
(e.g. Bromaghin et al. 2012; Lance et al. 2012; Geiger
et al. 2013; Luxa and Acevedo-Gutiérrez 2013;
Schwarz et al. 2018). In some areas, seals seem to
favour a small number of prey species but also sup-
plement their diet with other species (Lance et al.
2012). Changes in foraging grounds between seasons
have been observed, apparently due to winter prey
changing its geographical distribution (Pierce et al.
1991; Thompson et al. 1991, 1996).

Trends in harbour seal diet observed in other parts
of the world have also been seen in Norway, where
they have a varied diet of smaller individuals of both
schooling fish and benthic species (Olsen and Bjørge
1995), such as gadoids, clupeoids, flatfishes, sandeels
and sculpins (Olsen and Bjørge 1995; Berg et al. 2002;
Bjørge et al. 2002a; Andersen et al. 2004; Ramasco
et al. 2017). Regional and temporal variations in diet
have been observed, e.g. seals feeding on herring
(Clupea harengus, Linnaeus, 1758) when the species
becomes seasonally available (Olsen and Bjørge 1995;
Berg et al. 2002; Ramasco et al. 2017).

Harbour seals also prey on commercially important
fish species (e.g. Frost and Lowry 1986; Graham et al.
2011; Bromaghin et al. 2012; Spitz et al. 2015), poten-
tially creating conflicts between seals and humans.
These interactions can be divided into direct and
indirect interactions. Operational interactions are
direct interactions that involve seals e.g. wrecking
fishing gear, feeding on entangled fish or becoming
entangled in gillnets (e.g. Bjørge et al. 2002b). Indirect
interactions may involve seals and humans compet-
ing for the same species (Wickens et al. 1992; Bjørge
et al. 2002a).

The population of harbour seals in Skagerrak and
Kattegat has increased in recent years (Reijnders et al.
2010). The estimated population size in the Norwegian
Skagerrak (Østfold, Vestfold, Telemark, Aust-Agder and
Vest-Agder counties) shows an increase from 350
animals in 1996–1999 to 880 in 2016–2018 (Nilssen
and Bjørge 2018). The present study investigated the
diet of harbour seals along the Norwegian Skagerrak
coast, based on the identification of fish otoliths from

seal scats collected in Telemark and Aust-Agder.
Annual prey consumption was also estimated in
order to elaborate on the role of seals in possible
conflicts with fisheries.

Materials and methods

A total of 121 harbour seal scat samples were collected
between June 2015 and August 2016 from six haul-out
sites (Table I; Figure 1) on the Norwegian Skagerrak
coast (Telemark and Aust-Agder counties). The
sampling sites were small islands and rocks available
to the seals mostly during low tide. Some sites were
in sheltered areas (Ødegårdskilen, Gjesskjæra, Risør
and Askerøy), while others were more exposed to
waves (Knallaren and Ryvingen). Samples were col-
lected in plastic bags and stored at −18°C until
further processing.

Thawed samples were rinsed with water through
nested mesh sieves of 2.0, 1.0 and 0.5 mm. Residue
from each sieve was put in a water basin and otoliths
were collected and stored in 80% ethanol until they
were dried, measured (length and width) with a ruler
and sorted by length and side (left/right). Otoliths
were then identified to the lowest possible taxon
based on Härkönen (1986). This involved pooling
data into groups of species that could not be reliably
distinguished: ‘haddock (Melanogrammus aeglefinus,
Linnaeus, 1758)/pollack (Pollachius pollachius, Linnaeus,
1758)/saithe (Pollachius virens, Linnaeus, 1758)’, ‘genus
Trisopterus’ containing Norway pout (Trisopterus esmar-
kii, Nilsson, 1855), poor cod (Trisopterus minutus, Lin-
naeus, 1758) and bib (Trisopterus luscus, Linnaeus,
1758) and the third group ‘long rough dab (Hippoglos-
soides platessoides, Fabricius, 1780)/witch (Glyptocepha-
lus cynoglossus, Linnaeus, 1758)’. Data from families
with few species and individuals (Cottidae, Labridae,
Gobiidae and Bothidae) were also pooled together at
family level and grouped in ‘other prey’. The groups
‘unidentified Gadidae’ and ‘unidentified Pleuronecti-
dae’ refer to Gadidae and Pleuronectidae otoliths
which were too degraded or otherwise not possible
to reliably identify to species.

Table I. Number of samples and number of otoliths per site.
The location ‘Kragerø’ consists of Knallaren, Ødegårdskilen
and Gjesskjæra.
Location Otoliths Samples

Kragerø 257 45
Risør 149 18
Tvedestrand summer/autumn 234 36
Tvedestrand winter/spring 48 17
Grimstad 69 5
Total 757 121
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Minimum number of individuals (MNI) (Orr et al.
2003) was counted from the side (left/right) with the
greatest number of otoliths from each species/group.
Results are presented using four feeding indices, (i) fre-
quency of occurrence (FOi), (ii) relative frequency
(NUMi) (Hyslop 1980), (iii) percentage biomass (PBi)
and (iv) a combined index (Qi) (Haug et al. 2007):

Frequency of occurrence: FOi = (si/st)∗100,
where si is the number of samples containing species i
and st is the total number of samples;

Relative frequency: NUMi = (ni/nt)∗100,
where ni is the total number of prey category i in all
samples and nt is the total number of individuals in
all prey categories;

Percentage biomass: PBi = (mi/mt)∗100,
where mi is the total mass (kg) of prey category i calcu-
lated using regressions (Härkönen 1986) and mt is the
total mass (kg) of individuals in all prey categories.

Combined index: Qi = FOiPBi
∑p

i=1 FOiPBi
,

where FOi is frequency of occurrence, PBi is percen-
tage biomass, and p is the number of prey groups. The
combined index (Qi) balances out the importance of

smaller prey occurring frequently in the diet vs. larger
prey occurring less frequently (Nilssen et al. 2019).

Samples from Kragerø and Risør were collected in
August 2016 and classified as ‘Kragerø summer’ and
‘Risør summer’. ‘Grimstad spring’ contains data col-
lected in March 2016. Extended data collection in Tve-
destrand made it sensible to pool results according to
seasons. ‘Tvedestrand winter-spring’ contains data
from February to May 2016, while ‘Tvedestrand
summer-autumn’ contains data collected in June
2015, September 2015 and August 2016.

Fish length and weight were calculated using
regressions between otolith length or width based on
Härkönen (1986). No corrections for otolith degra-
dation were made. For the groups haddock/pollack/
saithe, genus Trisopterus, and long rough dab/witch,
we used regressions for the most likely species for
each otolith, before combining the results in the
respective groups. For Gadidae, flatfish (Pleuronectidae
and Bothidae), Cottidae, Labridae and Gobiidae otoliths
with uncertain identification, the regression for the
assumed species was used. If species was unidentified,
the regression for the most abundant species in the
respective location was used.

Annual consumption of fish by harbour seals was
calculated using data on daily fish consumption in
harbour seals (Bjørge et al. 2002a) and numbers from

Figure 1. Harbour seal scat sampling locations in red. Kragerø is located in the county of Telemark, while Risør, Tvedestrand and
Grimstad are located in Aust-Agder.
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the latest seal counts in Telemark and Aust-Agder
(Nilssen and Bjørge 2018), combined with the diet dis-
tribution found in the present study. Bjørge et al.
(2002a) calculated mean daily per capita consumption
to be 1.6, 3.4, 3.8, 5.7 and 5.5 kg of fish for pups, juven-
ile females, juvenile males, adult females and adult
males, respectively. Because data on seal age and sex
were not available in the present study, an average
value of 4 kg as a mean daily per capita consumption
for a generic harbour seal was used.

Harbour seal abundance in Aust-Agder and Tele-
mark has been estimated to be 41 and 175 individuals,
respectively (Nilssen and Bjørge 2018). When assuming
that the available diet samples were representative for
the diet throughout the year, total annual prey con-
sumption for each county (Telemark and Aust-Agder)
was calculated by multiplying 4 kg with 365 days per
year and the seal numbers estimated in each county.
Percentage biomass (PBi) was used to distribute
annual prey consumption to various fish species and
groups.

Estimated annual prey consumption was later com-
pared with total fisheries landings in the same region
using available landings statistics from the Norwegian
Directorate of Fisheries (FD 2018).

Results

Diet composition

Of the 121 scat samples collected, 27 (22%) contained
no otoliths. A total of 757 otoliths from the six sampling
locations were identified to the lowest possible taxo-
nomic level (Table I). A total of 11 fish species and
nine pooled groups were identified to either family or
species in the same family with similar otoliths but
impossible to identify to species due to degradation.
Prey items occurring most frequently (FOi) in the
samples were genus Trisopterus, i.e. Norway pout/
poor cod/bib (33.9%), haddock/pollack/saithe (29.8%)
and whiting (Merlangius merlangus, Linnaeus, 1758)
(25.6%) (Table II).

The most common species and groups in terms of
relative frequency (NUMi) were genus Trisopterus
(27.3%), long rough dab/witch (13.7%) and whiting
(12.7%). Gadoids and flatfishes (families Pleuronecti-
dae) comprised 59.3% and 27.9% of the diet, respect-
ively. Cod (Gadus morhua, Linnaeus, 1758) was only
present in 5.8% of the samples (FOi) and represented
less than 1% of the diet (NUMi) (Table II).

In terms of reconstructed biomass (PBi), plaice (Pleur-
onectes platessa, Linnaeus, 1758) was the most rep-
resented species, accounting for 24.1% of the diet,

followed by haddock/pollack/saithe (19.3%), and
herring (11.1%) (Table II). Pleuronectidae and Gadidae
(both identified and unidentified) accounted for the
majority of the biomass consumed, 49.7% and 37.4%,
respectively. Cod constituted 2.3% of the total
biomass consumed.

Overall, the most important prey in the harbour seal
diet, according to the combined index (Qi) were
haddock/pollack/saithe (32.7%), genus Trisopterus
(12.5%) and plaice (12.4%) (Table II). Comparing
biomass (PBi) to combined index (Qi) showed that the
importance of herring, cod, blue whiting (Micromesis-
tius poutassou, Risso, 1827), four-bearded rockling
(Enchelyopus cimbrius, Linnaeus, 1766), hake (Merluccius
merluccius, Linnaeus, 1758), mackerel (Scomber scom-
brus, Linnaeus, 1758), plaice, flounder (Platichthys
flesus, Linnaeus, 1758), dab (Limanda limanda,

Table II. Frequency of occurrence (FOi), relative frequency
(NUMi), percentage biomass (PBi) and combined index (Qi)
for all species and pooled groups. The group ‘other prey’
include the following: Labridae: goldsinny wrasse
(Ctenolabrus rupestris, Linnaeus, 1758), cuckoo wrasse (Labrus
mixtus, Linnaeus, 1758), ballan wrasse (Labrus bergylta,
Ascanius, 1767) and unidentified species from the Labridae
family; Gobiidae: black goby (Gobius niger, Linnaeus, 1758),
painted goby (Pomatoschistus pictus, Malm, 1865), common
goby (Pomatoschistus microps, Krøyer, 1838), Fries’s goby
(Lesuerigobius friesii, Malm, 1874) and unidentified species
from the Gobiidae family; and Bothidae: Norwegian topknot
(Phrynorhombus norvegicus, Günther, 1862) and unidentified
species from the Bothidae family.

Family and species
FOi

(%)
NUMi

(%)
PBi
(%)

Qi

(%)

Clupeidae
Herring (Clupea harengus) 15.7 5.8 11.1 10.0

Gadidae
Cod (Gadus morhua) 5.8 0.9 2.3 0.7
Haddock (Melanogrammus
aeglefinus)/ pollack (Pollachius
pollachius)/saithe (Pollachius virens)

29.8 9.5 19.3 32.7

Whiting (Merlangius merlangus) 25.6 12.7 4.8 7.0
Blue whiting (Micromesistius
poutassou)

3.3 0.5 0.2 0.03

Genus Trisopterus 33.9 27.3 6.5 12.5
Four-bearded rockling (Enchelyopus
cimbrius)

1.7 2.2 0.7 0.1

Unidentified Gadidae 21.5 6.1 3.7 4.5
Merlucciidae
Hake (Merluccius merluccius) 6.6 1.1 0.4 0.2

Pleuronectidae
Plaice (Pleuronectes platessa) 9.1 3.2 24.1 12.4
Flounder (Platichthys flesus) 0.8 0.1 1.0 0.05
Dab (Limanda limanda) 9.1 2.8 4.8 2.5
Lemon sole (Microstomus kitt) 9.1 2.8 6.9 3.6
Long rough dab (Hippoglossoides
platessoides)/witch (Glyptocephalus
cynoglossus)

18.2 13.7 7.3 7.6

Unidentified Pleuronectidae 15.7 5.3 5.6 5.0
Scombridae
Mackerel (Scomber scombrus) 1.7 0.3 0.2 0.02

Other prey 19.8 4.2 1.1 1.3
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Linnaeus, 1758) and lemon sole (Microstomus kitt,
Walbaum, 1792) as prey decreased when using com-
bined index (Qi), while the importance of haddock/
pollack/saithe, whiting, genus Trisopterus and long
rough dab/witch increased (Table II).

Regional and seasonal patterns in diet

Samples were obtained at three locations during
summer (Kragerø, Risør and Tvedestrand) and two
locations in spring (Tvedestrand and Grimstad). In
samples collected during summer in Kragerø, gadoids
were the most important prey group (NUMi), compris-
ing 57.6% of the diet, followed by flatfishes (Pleuronec-
tidae) (38.1%). According to combined index (Qi)
the most important prey in Kragerø was plaice
(55.3%), followed by haddock/pollack/saithe (24.2%)
and dab (7.0%) (Figure 2). In terms of biomass, pleuro-
nectids were the most consumed (69.2%), followed
by gadoids (29.3%). Plaice was the most biomass
consumed species (52.0%), followed by haddock/
pollack/saithe (19.0%), dab (9.5%) and long rough
dab/witch (5.3%).

In Risør also, gadoids (NUMi = 52.3%) and pleuronec-
tids (40.9%) dominated in the diet. Long rough dab/
witch (30.2%) was the most common prey group, fol-
lowed by whiting (18.8%) and genus Trisopterus
(16.8%). In terms of biomass, gadoids and pleuronec-
tids accounted for 48.2% and 38.5% of the diet
accounted for 48.2% and 38.5% of the diet respectively.

Long rough dab/witch (21.1%), haddock/pollack/saithe
(16.6%), whiting (12.6%) and lemon sole (11.2%) were
the species/species groups with the largest biomass
consumed. The most important prey according to com-
bined index (Qi) were long rough dab/witch (28.8%),
haddock/pollack/saithe (19.8%) and genus Trisopterus
(15.3%) (Figure 2).

In Tvedestrand, species richness was high during
summer and autumn (19 species/groups), compared
with spring (10 species/groups). As in Kragerø and
Risør, in terms of relative numerical frequency (NUMi)
gadoids made up the main portion of the diet
(61.1%), followed by flatfishes (20.9%). The most
common species/species groups were genus Trisop-
terus (26.1%), whiting (16.7%) and haddock/pollack/
saithe (11.5%). Cod, whiting, four-bearded rockling,
hake, mackerel, plaice, dab and lemon sole were
present in the diet during summer-autumn, but
absent in other seasons. In terms of biomass, gadoids
and pleuronectids accounted for 42.9% and 41.5% of
the diet of the diet respectively. Haddock/pollack/
saithe (21.1%) had the largest biomass, followed by
lemon sole (16.7%), unidentified pleuronectids
(14.7%) and herring (13.5%). According to combined
index (Qi) haddock/pollack/saithe was the most impor-
tant prey (31.3%), followed by lemon sole (14.4%) and
herring (13.4%) (Figure 2).

In winter-spring, the seal diet changed at Tvedes-
trand. Only 10 species/species groups were present,
where gadoids (haddock/pollack/saithe, blue whiting,

Figure 2. Combined index (Qi) for all species and species groups in harbour seal scat samples in all locations, Kragerø (summer),
Risør (summer), Tvedestrand (summer-autumn and winter-spring) and Grimstad (spring). ‘Norway pout/poor cod/bib’ refer to
genus Trisopterus. ‘Other prey’ includes four-bearded rockling, hake, mackerel, Cottidae, Labridae, Gobiidae and Bothidae.
‘Flatfish’ includes plaice, flounder, dab, lemon sole, long rough dab/witch and unidentified Pleuronectidae.
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genus Trisopterus and unidentified gadoids) in terms of
relative numerical frequency (NUMi) contributed 50%,
pleuronectids 6.3% and all other species/groups
43.8%. The most common species in the diet was
herring (35.4%), followed by genus Trisopterus (27.1%)
and unidentified gadoids (18.8%). Whiting contributed
significantly (16.7%) to the diet in summer-autumn but
was absent in winter-spring. In terms of biomass,
gadoids and pleuronectids accounted for 18.6% and
4.8% of the diet respectively. Herring had the largest
biomass consumed (75.5%), followed by genus Trisop-
terus (7.6%) and unidentified gadoids (7.5%). The
most important prey according to combined index
(Qi) was herring (88.2%), genus Trisopterus (4.5%) and
unidentified gadoids (4.4%) (Figure 2).

Samples from Grimstad were collected during
spring. Only seven species/species groups were
found: herring, cod, haddock/pollack/saithe, whiting,
genus Trisopterus, unidentified gadoids and labrids.
The latter is incorporated in ‘other prey’ for biomass
estimates. Gadoids made up 97.1% (NUMi) of the
diet. Genus Trisopterus was the most common species
group (82.6%), while haddock/pollack/saithe and

unidentified gadoids made up 5.8% each. In terms of
biomass, gadoids and herring comprising 92.7%, and
5.5% of the diet respectively. Haddock/pollack/saithe
had the highest biomass consumed (44.9%), followed
by genus Trisopterus (44.8%) and herring (5.5%).
According to combined index (Qi) the most important
prey was genus Trisopterus (54.0%), haddock/pollack/
saithe (43.3%) and herring (1.3%) (Figure 2).

Fish length and weight

Fish lengths and weights were calculated for all species
in the seal diet. Overall fish length ranged from 12 mm
(bib) to 548 mm (pollack) (Figure 3). Average lengths
varied from 95 mm (Norway pout) (115 mm for
genus Trisopterus as a whole) to 315 mm (flounder)
(Figure 3).

Average fish lengths were smaller than minimum
allowed landing size (MS) for cod, haddock, saithe,
whiting, hake, mackerel, plaice and dab, and higher
than MS for herring, flounder and lemon sole based
on fisheries regulations in Norwegian waters (Lovdata
2005). All cod, whiting, hake and mackerel found in

Figure 3. Length (mm) and weight (g) distribution (median, 25% and 75% quartiles) for fish species found in the harbour seal diet.
Red lines indicate minimum allowed landing size (Lovdata 2005). Grey numbers indicate outliers. Black numbers on right side indi-
cate number of otoliths. (Color online)
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the samples were below MS, while flounder was above
MS. MS was within total length range for herring (93%
of individuals larger than MS), haddock (22%), saithe
(7%), plaice (17%), dab (52%) and lemon sole (81%)
(Figure 3).

Overall fish weights in the seal diet (Figure 3) varied
from 0.3 g (Norway pout) to 1569.6 g (pollack). Average
weights ranged from 6 g (Norway pout) (20 g for genus
Trisopterus as a whole) to 322 g (pollack) (145 g for
haddock/pollack/saithe as a whole). Gadoid weights
varied from 0.3 to 1570 g, pleuronectid weights from
1.5 to 489 g (Figure 3).

Annual prey consumption

The estimated total annual consumption (all numbers
rounded) was 315 tons of fish for all the harbour
seals in Telemark and Aust-Agder (Table III). The most
consumed species/groups were plaice (76 tons total
for both counties), haddock/pollack/saithe (61 tons),
herring (35 tons), long rough dab/witch (23 tons) and
lemon sole (22 tons) (Table III). Estimated total
annual consumption of cod in Telemark and Aust-
Agder was 7 tons, which amounts to ∼5% of the
annual cod landings by commercial fisheries in the
region (Table III).

Discussion

Methods used

Estimation of diet composition in seals using otoliths
and other hard remains in faecal samples is not an
unbiased method. Not all prey species are easily
detected in scat samples, and scat samples only
reflect the diet during a small window of time, specifi-
cally the time between two bowel movements (Broma-
ghin et al. 2012). Seals foraging far from land might
defecate before returning to their haul-out site (Stani-
land 2002). Seals may sometimes only consume soft
parts of fish (‘belly biting’), i.e. not the head with oto-
liths, leaving no discernible traces in the scat (Orr
et al. 2004). However, in harbour seals, which have
been found to prey mainly on small specimens
(Ramasco 2008; Lance et al. 2012; Spitz et al. 2015;
Ramasco et al. 2017), ‘belly-biting’ is not likely to
occur. Fish lacking sagittal otoliths, e.g. dogfish, lam-
preys and skates will not be identified (Bigg and
Fawcett 1985; Pierce and Boyle 1991). Small otoliths,
crustacean remains, etc. might be ingested indirectly
(secondary prey), through the stomach contents of
fish eaten by seals. Remains from small invertebrates
such as molluscs and crustaceans might be incorpor-
ated from the substratum (Pierce and Boyle 1991).

Table III. Annual fish consumption by harbour seals in Telemark and Aust-Agder. Annual commercial fisheries landings of cod,
haddock, saithe and mackerel (FD 2018), and annual consumption of these species by harbour seals as percentages of
commercial fisheries landings (in parentheses) are also given. All amounts in tons. Biomass for Cottidae, Labridae, Gobiidae and
Bothidae is summarized in ‘other prey’. *Pollack not included, as it is not a target species for local fisheries.

Prey items Telemark and Aust-Agder

Seal consumption
Telemark

Seal consumption
Aust-Agder

Total seal
consumption

Fisheries landings
2016

Clupeidae
Herring (Clupea harengus) 28.5 6.7 35.1

Gadidae
Cod (Gadus morhua) 5.8 1.4 7.1 141 (5.1)
Haddock (Melanogrammus aeglefinus)/ pollack (Pollachius
pollachius)/saithe (Pollachius virens)

49.3 11.6 60.9 45* (135.3)

Whiting (Merlangius merlangus) 12.4 2.9 15.2
Blue whiting (Micromesistius poutassou) 0.5 0.1 0.6
Genus Trisopterus 16.5 3.9 20.4
Four-bearded rockling (Enchelyopus cimbrius) 1.8 0.4 2.2
Unidentified Gadidae 9.4 2.2 11.6
Total Gadidae 95.6 22.4 118.0

Merlucciidae
Hake (Merluccius merluccius) 1 0.2 1.3

Pleuronectidae
Plaice (Pleuronectes platessa) 61.5 14.4 75.9
Flounder (Platichthys flesus) 2.6 0.6 3.2
Dab (Limanda limanda) 12.3 2.9 15.2
Lemon sole (Microstomus kitt) 17.6 4.1 21.7
Long rough dab (Hippoglossoides platessoides)/witch
(Glyptocephalus cynoglossus)

18.7 4.4 23.1

Unidentified Pleuronectidae 14.3 3.3 17.6
Total Pleuronectidae 126.9 29.7 156.7

Scombridae
Mackerel (Scomber scombrus) 0.5 0.1 0.7 21 (3.1)

Other prey 2.9 0.7 3.5
Total 255.5 59.9 315.4
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Grellier and Hammond (2005) found that fish
species with larger otoliths have a higher recovery
rate than those with smaller otoliths. A possible
reason for this is that smaller otoliths with a large
surface-to-volume ratio may be completely digested
before recovery (da Silva and Neilson 1985; Christian-
sen et al. 2005), resulting in overestimation of
gadoids in the diet and underestimation of herring
and other prey with fragile otoliths (Jobling 1987). A
study measuring erosion times for herring and
haddock otoliths in acid showed that herring otoliths
could completely dissolve in only 6–7 hours, while
haddock otoliths still retained 90% of their length
after 5 hours immersion (Jobling and Breiby 1986). In
their study, Grellier and Hammond (2005) found that
sandeel otolith recovery rates were higher when the
species was present at the same time as herring,
leading the authors to suspect that meal composition
could affect otolith digestion rate.

An experiment performed on Antarctic fur seals (Arc-
tocephalus gazella, Peters, 1875) showed that only ∼26%
of otoliths from fish fed to seals were recovered in faeces
(Staniland 2002). Missing otoliths were presumed
eroded, fragmented or having remained in the
stomach, showing that faecal sampling does not
provide a complete assessment of the seal diet.
Length and weight distributions estimated from otolith
size are usually underestimated due to degradation of
otoliths during the digestion process (Staniland 2002).
Ethanol may also erode otoliths, and as otoliths in the
present study were stored in 80% ethanol between
extraction from scat samples and identification, this
may have led to further underestimation of prey size
and biomass, although to an uncertain degree.

In order to map the diet of e.g. pinnipeds as accu-
rately as possible it would be preferential to combine
scat sampling with other methods. Molecular genetic
methods using different types of DNA and PCR tech-
niques may be useful in estimating diet composition
and identifying prey items not detected by other
means. DNA analyses of harbour seal scats in Iceland
identified a higher number of prey species compared
with morphological identification (Granquist et al.
2018). However, these techniques may also identify
DNA from secondary prey, thereby complicating
interpretations of results.

Despite these issues, scat sampling is still a valid
sampling method suitable for estimating the diet com-
position in harbour seals.

Estimation of annual prey consumption based on
calculations of prey biomass also has its limitations
and biases, after taking into consideration those of
scat sampling and other diet estimation methods.

Because there are several parameters to consider (e.g.
population size, age groups, sex ratio, total consump-
tion of each prey species, metabolic rate, energy
density of prey and relative importance of each prey
species; Nilssen et al. 2019), each with their own
assumptions and limitations, no estimate will be com-
pletely accurate. As an example, in this study prey con-
sumption is likely overestimated because seals may eat
less per day than the assumed 4 kg during the pupping
and moulting seasons. Still, methods used in the
present study can result in an overview of annual
prey consumption and relative importance of each
prey species.

Feeding ecology

The present study shows that harbour seals in Aust-
Agder and Telemark have a varied diet consisting of
fish species from nine fish families: Clupeidae,
Gadidae, Merluccidae, Cottidae, Labridae, Gobiidae,
Scombridae, Bothidae and Pleuronectidae. This is con-
sistent with findings in other areas (e.g. Rae 1973;
Pierce et al. 1991; Bowen and Harrison 1994; Andersen
et al. 2004; Herreman et al. 2009; Bromaghin et al. 2012;
Luxa and Acevedo-Gutiérrez 2013; Scharff-Olsen et al.
2019). In a similar study in Østfold, eastern Skagerrak,
genus Trisopterus dominated the harbour seal diet
with 84.9% (NUMi) in 1990 and 52.7% in 1991. Sandeels
constituted 21.9% (NUMi) of the diet in 1991. Other
species and groups had only minor contributions to
the diet (Olsen and Bjørge 1995). Diet studies of
harbour seals in Skagerrak and Kattegat identified
several of the same species as in the present study,
where the most abundant species were cod, lemon
sole, herring, sandeel sp., poor cod, long rough dab,
whiting and Norway pout (Härkönen 1987; Aspholm
et al. 1995). We found that gadoids were the most
common prey in all locations and seasons, which was
similar to those studies. Interestingly, the contribution
of cod in the harbour seal diet was small in the
present study. Genus Trisopterus was the most
common prey in all areas except for Risør, where
whiting dominated among the gadoids.

In terms of relative numerical frequency (NUMi),
gadoids and flatfish dominated the diet and the most
common species were Norway pout/poor cod/bib
(genus Trisopterus), long rough dab/witch and
whiting. The distribution is different from frequency
of occurrence (FOi). The most common species group
remains genus Trisopterus. However, the following
species/species groups in descending order are
haddock/pollack/saithe, whiting and unidentified
gadoids. These species and groups occurred often in
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the samples but were not necessarily preyed upon in
large numbers. FOi was higher than NUMi in all but
one species, four-bearded rockling, suggesting that
harbour seals in the study area did not specialize on
a few selected fish species. Rather, as has been
reported in previously mentioned studies (Pierce
et al. 1991; Tollit and Thompson 1996; Bromaghin
et al. 2012; Lance et al. 2012; Geiger et al. 2013; Luxa
and Acevedo-Gutiérrez 2013), their diet appears to be
diverse and varied, with high species richness. The
switch to a large proportion of herring in winter-
spring at Tvedestrand (NUMi = 35.4%) may indicate a
preference for herring when this species becomes
available in the area. As herring is an energy-rich
species, this switch in diet could be part of the seals’
strategy to meet energy requirements during the
winter months. Alternatively, it supports the theory
that harbour seals are opportunists that feed on the
available and most abundant species in different
seasons. Such switches in diet are found in other
areas, e.g. in the Danish Limfjord (Andersen et al.
2007), Moray Firth (Pierce et al. 1991; Thompson et al.
1991), the Salish Sea (Luxa and Acevedo-Gutiérrez
2013), the San Juan Islands (Lance et al. 2012),
Oregon (Brown and Mate 1983), St. Andrews Bay (Shar-
ples et al. 2009) and the Porsangerfjord (Ramasco et al.
2017).

Härkönen (1987) found mackerel to constitute only a
very small part of the harbour seal diet in Skagerrak and
Kattegat, even though it is a commercially important
species in this area, which is similar to findings in the
present study where only two individuals of mackerel
were identified in the diet. Härkönen (1987) suggested
that the species was either avoided by harbour seals
or that they were simply not able to catch them; possibly
the energetic cost is higher than the gain. This could
suggest that harbour seals select their prey and are
not simply opportunists. Mackerel otoliths also have a
high surface-to-volume ratio and could therefore be
less represented in scat samples (da Silva and Neilson
1985) due to a high degree of erosion.

Sandeels were not identified as a part of the harbour
seal diet in the present study, as they have been in
others (e.g. Härkönen 1987; Sharples et al. 2009; Gran-
quist et al. 2018).

A study comparing stomach contents and faeces as
indicators of harbour seal diet in Alaska found fragmen-
ted parts of salmonids in seal stomachs, suggesting
that ‘belly biting’ occurred (Pitcher 1980). However, a
more recent study on grey seals (Halichoerus grypus,
Fabricius, 1791) found no cod DNA in seal stomachs
where they did not also find cod otoliths, suggesting
that ‘belly-biting’ is uncommon in the studied area

(Stenson et al. 2013). Harbour seals prefer smaller
prey (Ramasco 2008; Lance et al. 2012; Spitz et al.
2015; Ramasco et al. 2017), which they tend to
swallow whole, therefore it is unlikely that ‘belly-
biting’ is present in this species.

Harbour seal prey consumption and fisheries

Total fish lengths were estimated from otolith measure-
ments and ranged from 12 mm (bib) to 548 mm
(pollack) with averages ranging from 95 mm (Norway
pout) to 315 mm (flounder). For more than half the
species measured (herring, haddock, saithe, plaice,
dab and lemon sole), MS (minimum allowed landing
size) was within the calculated length range. In three
of these species (herring, dab and lemon sole) more
than 50% of individuals were larger than MS.
However, even the largest individuals consumed of
cod, whiting, hake and mackerel were smaller than
the MS. For these species, it was shown that harbour
seals prefer smaller fish than the sizes exploited by
fisheries.

Other studies have also shown a preference for
smaller fish in harbour seals (Ramasco 2008; Lance
et al. 2012; Spitz et al. 2015; Ramasco et al. 2017).
Fish taken by harbour seals in Limfjord, Denmark,
were smaller than the specimens taken by fisheries,
suggesting minimal competition between seals and
fisheries (Andersen et al. 2007). However, harbour
seals did consume large individuals of herring, at the
same sizes that were targeted by the fishery, but the
amount consumed by the seals was six times lower
than the fishery take (Andersen et al. 2007).

Studies on grey seal diet have found that they prey
on fish of varying sizes. A study in eastern Canada
reported a mean prey length of 20.4 cm and the
majority of prey were <35 cm (Hammill et al. 2007),
while in the Baltic median fish length was 19.8 cm
and ∼70% of estimated prey size was 15–25 cm (Lund-
ström et al. 2007). However, a recent study on grey
seals along the Norwegian coast found their diet con-
sisting generally of small gadoids (mean 10–15 cm),
which generally reflects the fish fauna in the
researched area. The estimated grey seal consumption
of cod was 2598 tons, ∼6–7% and 0.5–1% of the annual
catches for coastal cod and Northeast Arctic cod,
respectively (Nilssen et al. 2019). These numbers
show that any direct competition between grey seals
and fisheries in Norway is likely happening at a very
low level.

No salmonids were identified in the harbour seal
diet in the present study. In US and Scottish waters, sal-
monid remains were found in only 5–10% of harbour
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seal samples using molecular genetic techniques (Orr
et al. 2004; Kvitrud et al. 2005; Matejusová et al.
2008). A study in Iceland found no salmonids in scat
samples using molecular genetic methods, despite
salmon being present in estuaries with harbour seals
(Granquist et al. 2018). It has been suggested that
lack of salmonids in the harbour seal diet could be
due to low abundance compared with other prey
species (Middlemas et al. 2006).

Harbour seals in Aust-Agder and Telemark con-
sumed ∼315 tons fish per year, mostly non-commercial
species (Table III). The total annual amount of cod con-
sumed by harbour seals in these counties was 7 tons, or
5% of the annual fisheries landings (Table III). These
numbers suggest that competition between local
fisheries and harbour seals occurs at a relatively low
level. Assuming all unidentified gadoids in the
present study were cod, the annual consumption of
this species would be ∼19 tons, or 14% of the annual
cod landings by the commercial fisheries in that
region. It should be noted that in addition to commer-
cial fisheries, recreational fisheries also take cod, maybe
as much as commercial landings in some areas (Kleiven
et al. 2016). Therefore, the proportion of cod consumed
by harbour seals relative to total landings by fisheries
may be even lower. Our findings suggest that
harbour seals do not constitute a serious direct compe-
tition with local fisheries along the Norwegian Skager-
rak coast, and that predation by seals does not
constitute an important factor in preventing the recov-
ery of the depleted coastal cod stocks.
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