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Understanding the ecology and behaviour of endangered species is essential for developing effective man-
agement and conservation strategies. We used stable isotope analysis to investigate the foraging behaviour
of critically endangered Mediterranean monk seals (Monachus monachus) in Greece. We measured carbon
and nitrogen isotope ratios (expressed as δ13C and δ15N values, respectively) derived from the hair of
deceased adult and juvenile seals and the muscle of their known prey to quantify their diets. We tested the
hypothesis that monk seals primarily foraged for prey that occupy coastal habitats in Greece. We compared
isotope values from seal hair to their coastal and pelagic prey (after correcting all prey for isotopic dis-
crimination) and used these isotopic data and a stable isotope mixing model to estimate the proportion of
coastal and pelagic resources consumed by seals. As predicted, we found that seals had similar δ13C values
as many coastal prey species and higher δ13C values than pelagic species; these results, in conjunction
with mean dietary estimates (coastal = 61 % vs. pelagic = 39 %), suggest that seals have a diverse diet
comprising prey from multiple trophic levels that primarily occupy the coast. Marine resource managers
should consider using the results from this study to inform the future management of coastal habitats in
Greece to protect Mediterranean monk seals.

Keywords: carbon-13; diet; endangered species; food web; foraging; Greece; isotope ecology; Monachus
monachus; nitrogen-15; seals

1. Introduction

Knowledge of animal ecology and behaviour is of key importance when designing management
and conservation plans for free-ranging species [1–4]. The Mediterranean monk seal (Monachus
monachus; hereafter, monk seal) is the rarest pinniped and one of the most critically endangered
marine mammals on Earth [5]. It is estimated that fewer than 600 individuals survive in three
isolated subpopulations in the archipelago of Madeira and the Cabo Blanco region in the northern
Atlantic Ocean, and in the eastern Mediterranean Sea [6–9]. The largest and most important
population of approximately 300 individuals survives in the Ionian and Aegean seas of Greece
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[8,10]. Small population units can be found also along theAegean and Mediterranean coastal areas
of Turkey [11,12]. Monk seals are primarily threatened by habitat destruction and fragmentation,
and fisheries–seal conflicts (i.e. deliberate killing by fisherman, drowning through accidental
entanglement in fishing gear) [6].

Limited information is available about the behaviour of monk seals. Data indicate, however,
that monk seals rely on suitable coastal caves for resting, pupping, and raising newborns [13,14].
At sea, monk seals are known to travel great distances (e.g. ∼288 km in three months; maximum
straight distance travelled ∼78 km [15]) and dive to depths of ∼200 m to forage [16]. Stomach
content analysis of dead monk seals revealed that they have a heterogeneous diet consisting of
bony fish, cephalopods, and crustaceans [17–21]. In Greece, monk seals are known to forage for
more than 530 prey species (i.e. 50 % Cephalopods, 48 % fish, 1.5 % non-cephalopod molluscs,
0.4 % Crustaceans) [21]; the common octopus (Octopus vulgaris; ∼34 %) and bony fish from the
family Sparidae (∼28 %) being identified in the stomachs of monk seals most frequently [21].
Results from this study [21] and others [20,22] are consistent with the known movement patterns
of six monk seals in Greece [15,16]. Collectively, results from these past studies suggest that
monk seals forage primarily on the continental shelf along the coast.

Although results from past diet studies provide a baseline of foods consumed by monk seals,
they provide limited information about their foraging behaviour. Many foods have been likely
overestimated as diet components because indigestible materials (e.g. cephalopod beaks, crus-
taceans, and fish otoliths) were commonly identified in stomachs, while other foods have been
likely underestimated because their fleshy materials (e.g. meat from snails, mussels, and fish)
were digested [23–28]. In simple terms, current inferences related to the diets of monk seals are
drawn from likely biased samples of undigested foods consumed before seals died [23,29].

Stable isotope analysis (SIA) can be used to estimate the diets of animals over the long term
by relating the isotopes in their tissues to those measured in their foods. Depending on the type
of tissue examined, isotope values may reflect the diet over a period of a few days and weeks
(e.g. blood serum, hair [30]) to years (e.g. vibrissae and bone, [31]). Consumer tissues typically
become enriched in 15N and 13C relative to their prey due to the process of isotopic discrimination
(i.e. small offsets of isotope values between dietary sources and animal tissues due to metabolic
and digestive processes) [32–36]. Nitrogen isotope values (δ15N) derived from consumer tissues
often increase in a predictable fashion at each trophic step [23,29,37–41]. This expected increase
can elucidate the trophic position of consumers and their prey in food webs [33,42–45]. Carbon
isotope values (δ13C), on the other hand, are often used to identify or confirm the diet or foraging
location of consumers because δ13C values can differ for prey that occupy different habitats.
In marine ecosystems, the relative abundance of heavy carbon isotopes (13C) has been used to
distinguish between habitats where phytoplankton is the only source of organic carbon (i.e. pelagic
and offshore habitats) and habitats where macrophytes are a relevant source of organic carbon (i.e.
vegetated onshore coastal habitats enriched in 13C) [46,47]. As a result, δ13C values are generally
higher in the tissues of marine consumers that forage for resources near the coast vs. off-shore
habitats [48].

So far, only one study conducted off the northwest coast of Africa [49] has used SIA to inves-
tigate the diet of the Mediterranean monk seal. The study identified monk seals as a coastal
consumer [49]; however, its results are not necessarily applicable to monk seals in Greece because
theAtlantic Ocean and Mediterranean Sea have different isotopic baselines [49,50], and the demo-
graphic structure [8,9] and behaviour [16,51] of monk seals are also different between regions.

In this study, we used δ13C and δ15N values derived from monk seal hair and muscle from their
prey to test two predictions deduced from the hypothesis that deceased monk seals in Greece
primarily foraged in coastal habitats: (1) seals have similar δ13C values as known coastal prey and
(2) seals have elevated δ13C values when compared to pelagic prey. We also used a stable isotope
mixing model to estimate the diets of seals using these isotopic data.

D
ow

nl
oa

de
d 

by
 [

Pe
nn

sy
lv

an
ia

 S
ta

te
 U

ni
ve

rs
ity

],
 [

W
ill

ia
m

 W
al

te
r]

 a
t 1

3:
07

 0
6 

A
ug

us
t 2

01
4 



334 A.A. Karamanlidis et al.

2. Methods

2.1. Sampling

We used hair samples collected opportunistically from deceased monk seals (n = 23; 11 males, 11
females, 1 unknown sex) in the Ionian (n = 3) and Aegean seas (n = 20) in Greece in 1996–2008
(Figure 1). Isotopes in full length hair will generally reflect the average diet of monk seals over
several weeks [52] because monk seals undergo a well-known moulting cycle that occurs once
per year [53]. We only used hair from adult (n = 19) and juvenile seals (n = 4) that were in a
good dietary condition (i.e. blubber thickness at thorax for adults >5 cm, and juveniles >3 cm)
at the time of their death. We did not sample seals <2 years old because nursing pups feed on
their mothers’ milk, enriching 15N in their tissues [54]. In order to distinguish juveniles from
moulted, lactating pups (due to the absence of characteristic external morphological features), we
estimated the age of juvenile seals by counting growth layer groups in the cementum adjacent to
the root tip using unprocessed longitudinal or transverse sections. The mean age of juveniles was
3.3 years [55]. We distinguished juveniles from adults based on the characteristic differences of
their pelage [53].

Figure 1. Map of Greece indicating the locations where 23 deceased Mediterranean monk seals were sampled in
1996–2008. Shaded areas indicate the four locations where known monk seal prey species were collected in 2008.
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We purchased known coastal and pelagic monk seal foods (n = 73) from three local fish markets
around the Aegean Sea and one research vessel from the Hellenic Centre for Marine Research;
all foods were collected in 2008 within the core distribution of the Mediterranean monk seal in
Greece (Figure 1). We measured the fork length, carapace width, and body mass of one to five
individuals of each species (n = 32). We sampled a 2 × 2 cm piece of white muscle or tentacle
(from cephalopods) from each specimen, rinsing each repeatedly with distilled water. We then
froze all foods until preparation for SIA.

2.2. Stable isotope analysis

We removed seal hair from the skin and rinsed it in a 2:1 chloroform–methanol solution. We
then rinsed each sample five times with distilled water and air-dried samples for at least one
week. We freeze-dried subsamples of muscle from each specimen; then crushed each sample
with a mortar and pestle, passing the materials through a 500 μm screen to ensure a high-level of
homogenization. We did not extract lipids from food samples because fat content was <1 % [56].
We weighed ∼20 whole hairs (0.8–1.2 mg) from each seal and ∼0.5 mg of muscle from each seal
food into tin cups separately.

The Water Resource Sciences Lab (UBC, Canada) analysed tissue samples using an elemental
analyzer (EA) coupled to an isotope ratio mass spectrometer. Samples were combusted and the
tissue carbon and nitrogen converted to CO2 and N2, which were separated chromatographically
with a Euro EA. Reaction columns contained isotope grade combustion and reduction reagents,
and gases were ultra high purity grade. Ratios of 15N/14N and 13C/12C in the gases were measured
with a Micromass IsoPrime isotope ratio mass spectrometer with standard reference gasses (CO2

and N2), and calibrated to National Institute of Standards and Technology calibration standards
(8547 ammonium sulphate, and 8542 sucrose for 15N/14N and 13C/12C, respectively). Stable
isotope ratios are expressed in delta (δ) notation as parts per thousand or per mil (‰). SIA results
are reported and defined as

δjX = (jX/iX)sample

(jX/iX)standard
− 1, (1)

where jX is the heavier isotope (13C, 15N) and iX the lighter isotope (12C, 14N) in the analytical
sample and international measurement standard [57]; reference standards are Vienna Peedee
Belemnite for C and atmospheric N2 for N. Replicate standard reference materials (valine) were
run at the start and end of the sample run, and after every nine samples. Standard deviations
of 15N/14N and 13C/12C to standard reference materials were 0.49 ‰ and 0.02 ‰, respectively.
Standard reproducibilities for replicate samples (n = 3) of individual prey species and monk seal
fur were 0.1 ‰ and 0.02 ‰ for 15N/14N and 13C/12C, respectively. We did not correct δ13C values
for the Suess effect, as the change in isotope values from the mid-1990s to 2008 was negligible.

2.3. Data analyses

We used a Kolmogorov–Smirnov test and a Levene’s test to check the assumptions that isotope
values for seals and their foods are normally distributed and variances are equal between sample
groups, respectively. We then used either Student’s t-tests or Mann–Whitney U tests to compare
isotope values between seal age classes (i.e. juvenile vs adult), sexes, coastal, and pelagic prey
species, and to test predictions that δ13C values for seal hair are similar to their coastal foods and
elevated in δ13C relative to their pelagic foods (with all foods corrected for isotopic discrimination).
To compare isotope values of seals to their prey, we added mean discrimination factors (�13C =
2.8 ± 0.5 ‰; �15N = 2.7 ± 0.4 ‰) for seal (Harp seals Pagophilus groenlandicus, Common
seals Phoca vitulina, Ringed seals Phoca hispida) hair to the isotope values of each food sample

D
ow

nl
oa

de
d 

by
 [

Pe
nn

sy
lv

an
ia

 S
ta

te
 U

ni
ve

rs
ity

],
 [

W
ill

ia
m

 W
al

te
r]

 a
t 1

3:
07

 0
6 

A
ug

us
t 2

01
4 
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[32,58]. We set all significance tests to α = 0.05 and carried out these analyses using the SPSS
(ver. 15).

We also used the stable isotope mixing model, IsotopeR [59] to estimate the proportions (x̄,
95 % CI) of coastal and pelagic foods in seal diets. We used all discrimination-corrected food data
to conduct this analysis. We applied discrimination factor error to each source (δ13C = 0.5 ‰;
δ15N = 0.4 ‰; i.e. the SD of mean discrimination factors described above) as well as measurement
error to each sample (δ13C and δ15N = 0.2 ‰) to more accurately estimate dietary parameters [59].

3. Results

Monk seal δ13C and δ15N values for hair ranged from −16.4 to −13.8 ‰ and 8.2–13.6 ‰,
respectively (Table 1). We found no differences in isotope values between seal age classes (δ13C:
t = 1.196, P = .245; δ15N: t = 1.731, P = .1) or between sexes (δ13C: t = 0.497, P = .625;
δ15N: t = 0.017, P = .987) (Table 1).

We found that isotope values for prey muscle were different between coastal and pelagic prey
(δ13C: W = 37.000 P < .001; δ15N: t = 2.780; P = .007; Table 2, Figure 2). As predicted, we
found that δ13C values for seal hair were similar (W = 687.000 P = .797) to their known coastal
foods and elevated in δ13C relative to their known pelagic foods (when all foods were corrected
for isotopic discrimination) (δ13C: t = 7.410, P < .001; Figure 2).

Table 1. Carbon (δ13C) and nitrogen (δ15N) isotope values derived from the hair of
deceased Mediterranean monk seals from Greece, 1996–2008.

Sampling date Sex Reproductive state δ13C (‰) δ15N (‰)

02/02/1996 Female Adult −14.0 9.6
24/09/1997 Male Adult −14.4 10.4
06/05/1998 Male Adult −15.8 9.9
22/08/1999 Female Adult −14.2 9.6
15/04/1999 Female Adult −15.3 8.2
02/06/1999 Female Adult −15.6 9.3
10/08/2000 Female Adult −16.4 10.8
21/02/2000 Male Juvenile −14.7 9.4
20/04/2000 Male Juvenile −15.2 9.5
07/05/2002 Male Adult −15.1 11.3
24/01/2002 Male Juvenile −14.8 8.2
28/11/2002 Male Juvenile −15.3 9.4
18/05/2003 Male Adult −15.3 10.6
12/10/2004 Female Adult −14.7 10.9
17/12/2005 Male Adult −14.7 9.1
01/06/2005 Unknown Adult −14.9 10.2
19/05/2006 Female Adult −14.5 8.3
27/01/2006 Male Adult −15.5 11.6
31/05/2007 Female Adult −14.4 9.9
19/09/2007 Female Adult −15.1 9.5
03/07/2007 Male Adult −13.8 11.0
27/02/2008 Female Adult −14.2 10.8
04/09/2008 Female Adult −14.7 13.6
Mean ± SD −14.8 ± 0.6 10.0 ± 1.2
Female (N = 11)
Mean ± SD −14.8 ± 0.7 10.0 ± 1.4
Male (N = 11)
Mean ± SD −14.9 ± 0.5 10.0 ± 1.0
Adult (N = 19)
Mean ± SD −14.8 ± 0.6 10.2 ± 1.2
Juvenile (N = 4)
Mean −15.0 ± 0.2 9.1 ± 0.6
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Table 2. Carbon (δ13C) and nitrogen (δ15N) isotope values derived from the muscle of known Mediterranean monk seal
prey from Greece in 2008. The means and standard deviations (SD) of isotope values are provided when more than one
sample was measured.

Class Family Species Group N δ13C (‰) SD δ15N (‰) SD

Actinopterygii Citharidae Citharus linguatula Coastal 1 −15.1 14.4
Actinopterygii Congridae Conger conger Coastal 1 −14.9 12.1
Actinopterygii Gobiidae Gobius geniporus Coastal 1 −13.6 14.9
Actinopterygii Labridae Coris julis Coastal 1 −15.9 13.6
Actinopterygii Mullidae Mullus barbatus Coastal 5 −15.1 0.7 13.2 0.9
Actinopterygii Mullidae Mullus surmuletus Coastal 4 −15.2 1.2 10.5 2.7
Actinopterygii Phycidae Phycis blennoides Coastal 1 −15.2 15.3
Actinopterygii Phycidae Phycis sp. Coastal 1 −15.8 9.7
Actinopterygii Scorpaenidae Scorpaena porcus Coastal 1 −14.5 9.8
Actinopterygii Scorpaenidae Scorpaena scrofa Coastal 1 −15.3 13.6
Actinopterygii Scorpaenidae Scorpaena notata Coastal 1 −14.7 14.6
Actinopterygii Serranidae Serranus hepatus Coastal 1 −14.6 14.6
Actinopterygii Serranidae Serranus cabrilla Coastal 2 −16.0 0.2 11.1 0.9
Actinopterygii Sparidae Diplodus annularis Coastal 1 −13.6 10.1
Actinopterygii Sparidae Pagellus acarne Coastal 1 −15.9 14.3
Actinopterygii Sparidae Pagellus erythrynus Coastal 1 −13.3 13.5
Actinopterygii Sparidae Oblada melanura Coastal 1 −15.7 11.0
Actinopterygii Sparidae Sarpa salpa Coastal 1 −16.8 11.9
Actinopterygii Sparidae Pagrus pagrus Coastal 3 −12.7 0.7 15.3 0.6
Actinopterygii Sparidae Boops boops Coastal 5 −16.0 0.4 11.1 2.6
Actinopterygii Sparidae Diplodus sargus sargus Coastal 4 −13.8 1.3 10.6 0.3
Cephalopoda Loliginidae Loligo vulgaris Coastal 4 −14.2 0.4 16.9 0.4
Cephalopoda Octopodidae Eledone moschata Coastal 5 −15.1 0.5 11.5 2.4
Cephalopoda Octopodidae Octopus vulgaris Coastal 4 −12.3 0.3 12.8 1.0
Cephalopoda Sepiidae Sepia officinalis Coastal 4 −15.0 0.4 9.8 0.4
Malacostraca Penaeidae Penaeus kerathurus Coastal 4 −15.7 0.3 11.2 0.2
Malacostraca n.a Crab Coastal 3 −15.0 0.1 12.8 0.2
Actinopterygii Centracanthidae Spicara maena Pelagic 2 −17.2 0.5 9.7 0.6
Actinopterygii Carangidae Trachurus trachurus Pelagic 4 −16.2 0.2 11.7 0.5
Actinopterygii Centracanthidae Spicara smaris Pelagic 4 −16.4 0.1 8.4 0.5
Actinopterygii Centracanthidae Spicara flexuosa Pelagic 1 −15.9 13.2
Actinopterygii (x̄, 25 species) 49 −18.0 1.2 9.1 2.2
Cephalopoda (x̄, 4 species) 17 −17.0 1.2 9.9 2.9
Malacostraca (x̄, 2 species) 7 −18.1 0.4 9.1 0.8
Coastal species (x̄, 27 species) 62 −17.5 1.2 9.6 2.3
Pelagic species (x̄, 4 species) 11 −19.2 0.4 7.6 1.7

Figure 2. Carbon (δ13C) and nitrogen (δ15N) isotope values of Mediterranean monk seals (1996–2008) and their known
coastal and pelagic prey items sampled in Greece in 2008. All prey were corrected for isotopic discrimination (see text
for details).
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338 A.A. Karamanlidis et al.

Figure 3. Proportional contributions (expressed as marginal posterior distributions) of coastal and pelagic prey in seal
diets estimated at the population (black) and individual-level (gray) by IsotopeR [59].

IsotopeR estimated, on average, that 61 % (CI = 39–79 %) and 39 % (CI = 21–61 %) of seal
diets were derived from coastal and pelagic sources, respectively (Figure 3).

4. Discussion

Results from this study confirm that Mediterranean monk seals from Greece foraged primarily
for coastal prey before they died. In particular, the results of our δ13C analysis indicate that monk
seals commonly forage in benthic and reef-associated habitats along the coast throughout the
year. We also found that nitrogen isotopes values varied (range of ∼5 ‰) among seals in the
eastern Mediterranean Sea, suggesting a diverse diet derived from multiple trophic levels. These
results are in accordance with the current information available about the species in the eastern
Mediterranean Sea [10,13,21]. This information, however, is limited and originated mainly from
studies of stomach content analysis of dead individuals, which have fundamental methodological
biases.

Stable isotopes have been used in past studies to investigate intrapopulation niche variation and
foraging strategies [60–62]. Differences in the ecological niches and foraging strategies between
both sexes and age classes have been well documented in several pinniped species: southern
elephant seals (Mirounga leonina) [63,64], Antarctic fur seals (Arctocephalus gazella) [65], and
northern fur seals (Callorhinus ursinus) [66]. In this study, we found no significant differences
in δ15N and δ13C values between juveniles and adults and between females and males; similar
isotope values among seals indicate that seals forage for similar prey, albeit in different relative
proportions (the latter causing the observed variation in their isotope values) [67].

The foraging strategies of pinnipeds are controlled by a number of factors, such as differences in
physiology [68,69], energetic requirements, development, learning, or prey preferences [67]. The
complex, yet generally similar diets of seals, as suggested by isotopic analysis, implicate two main
factors that may play a significant role in their foraging behaviour. First, the marine environment
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throughout Greece, when compared to the oceanic environments most pinnipeds live and breed
in, is relatively uniform in its bathymetry and diversity of species. Second, Mediterranean monk
seals, especially breeding females and their pups spend a large portion of the year on land (due to
their extended lactation period) in suitable coastal caves [12,13]. This may last up to five months
and is the longest of any phocid species [70,71]. During this time, nursing females are likely
restricted by duration, and therefore distance, of their foraging trips by their pups’ fasting abilities
[72]. Due to the mating system and the social structure of Mediterranean monk seal populations
several juveniles and the dominant adult males that also use these suitable caves [73] are likely
to forage in areas close to the suitable pupping caves as well. The use of these coastal caves in
the eastern Mediterranean Sea occurs mainly during the pupping season in autumn and winter
[13,74], and little is known about habitat use and the activity patterns of the species on land or at
sea during the rest of the year. Hair from monk seals in Greece will likely reflect the diet of the
species during the limited time when the new fur is grown and therefore is not suitable for seasonal
dietary comparisons. In order to test more comprehensively for seasonal differences in monk seal
diets in Greece, we recommend a longitudinal diet analysis of seal vibrissae or the collection and
analysis of a variety of metabolic tissues with different isotopic turnover rates [32]. In particular,
isotope values from segments of vibrissae could be compared among seals to understand their
seasonal diets.

Foraging behaviour of seals is controlled largely by the diving capabilities and physiology of
individuals, which in turn are related to the size of the animal [68,69]. Despite marked differences
in their external appearances [75], differences in size between female and male adult Mediter-
ranean monk seals are small [73], which may also partially explain their similar diets. If this
hypothesis were true, however, we should have observed a significant difference in diet between
juvenile and adult seals. Interestingly, data from diving studies on rehabilitated juvenile monk
seals indicate that they too are capable of diving to depths of 200 m [16], a depth that includes
most of the major prey identified during stomach content analysis [20,21]. Although we cannot
disregard the possibility of adult monk seals being capable of diving to greater depths, the avail-
able dive and foraging data in the eastern Mediterranean Sea indicate that this is not necessary
for the species as all energetic requirements appear to be provided by foraging in areas shallower
than 200 m in the highly productive sub-littoral zone.

5. Conclusions – management and conservation implications

SIA was used for the first time in the eastern Mediterranean Sea to investigate the diets of Mediter-
ranean monk seals. Although it is currently impossible to reconstruct the diets of seals by taxa
using carbon and nitrogen isotope data (because some prey of different taxa have similar iso-
topic signatures [76]), we were able to test predictions related to their general foraging patterns.
Stable isotope values derived from monk seal hair are consistent with a diet composed primarily
of coastal prey in the eastern Mediterranean Sea. In addition, the results of the study indicated
that adult female and male, and juvenile and adult monk seals have similar diets. These find-
ings have two important implications for this critically endangered species. First, the increased
use of marine coastal areas, in combination with the intensive use of coastal caves, dictate the
need for a wide-ranging and systematic protection of the coastal ecosystems through the creation
of a functional network of marine protected areas. As a coastal consumer, Mediterranean monk
seals have negative interactions with coastal fishermen [77]. This calls for the implementation of
effective management measures to mitigate such interactions. The effective protection of coastal
habitats and the proper mitigation of human–seal conflicts have been identified in the ‘National
Strategy and Action Plan for the Monk Seal in Greece 2009–2015’ and the ‘Action Plan for the
mitigation of the negative effects of monk seals–fisheries interactions in Greece’ as among the
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top conservation priorities for the protection of Mediterranean monk seals in Greece [57,78].
Considering the critically endangered status of the Mediterranean monk seal these conservation
priorities should be implemented as soon as possible.
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