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Summary 

The harbor seal (Phoca vitulina) is the most abundant marine mammal species in the Wadden 

Sea which plays an important role for marine mammals in terms of resting, nursing and foraging. Due to 

their large body size and their high abundance in the Wadden Sea, seals exert a strong pressure of 

predation on their environment. There are needs to improve the understanding of the trophic behavior 

of seals in the North Sea and in the Wadden Sea, in order to determine spatio-temporal variations of 

their foraging activities and to implement better estimations of their diets into food web models. 

Trophic markers such as stable isotope and fatty acids have been proven to be a reliable method 

for the determination of food resources used by marine mammals, and were used in this study to 

determine the seasonal variation of the diet of the harbor seal from the Sylt-R0m0 Bight (Part I). The 

stable isotopes of carbon give indication about the origin of the food resources and the stable isotopes 

of nitrogen allow determining the trophic level of the consumers, due to a relatively high step-wise 

enrichment along the food chain. In the Wadden Sea, harbor seal is a protected species and seal hunting 

was banned in 1976. Invasive sampling of seals is therefore highly regulated. Thus sampling mostly relies 

on stranded dead animals, encompassing a high proportion of young-of-the-year due to the high 

mortality rate during their first year of life. Because the stable isotope composition of young-of-the-year 

might reflect the lactation and post weaning fast periods, those individuals must be removed from the 

community diet study. In the Chapter 1, the monthly evolution of the 6
15

N and 6
13

C values in tissues of 

young-of-the-years, collected on the coast of the Sylt Island, showed that vibrissae and muscle of 

individuals older than three to four months and five to six months respectively reflect a prey-based diet. 

Those individuals, in addition to adult animals collected on the same coast, were therefore used in 

Chapter 2, to study the seasonal variation of the harbor seal's diet, in term of foraging location (Wadden 

Sea vs. North Sea) and prey items. The results of Chapter 2, revealed two main seasonal trends in the 

diet of harbor seals from the Wadden Sea/North Sea. Indeed, harbor seals change seasonally their main 

feeding location, relying more on coastal (i.e. Sylt-R0m0 Bight) food resources in the warm seasons than 

in the cold seasons, when they migrate to the open North Sea to forage. Furthermore, a shift from a diet 

more strongly influenced by pelagic prey items in spring to a diet of more influenced by benthic prey 

items in summer was observed in both locations (Sylt-R0m0 Bight and North Sea). This change in the 

prey items between spring and summer was confirmed by fatty acid analyses presented in Chapter 3. 

These seasonal variations in both foraging location and prey items are in accordance with the seasonal 

variation of the prey species biomass and abundance, as shown in detail in Chapter 2. 
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Abundance and distribution of harbor seals can have a large effect on the structure and the 

functioning of coastal food webs, and assessing their role in the functioning of ecosystems is a centra 

issue in ecology and management. Ecosystem-based management has been proclaimed as the solution 

needed to improve the efficiency of ecosystem management measures, contrary to single species based 

studies. Ecological Network Analysis (ENA) methodologies were used to assess the seasonal variation of 

the structure and functioning of the Sylt-R0m0 Bight food web, in relation with the presence of top 

predators (e.g. fish, birds and seals; Part II). 

Studies about marine bird and mammal populations are classically based on abundance data, 

which cannot be directly used to study matter or energy flow within ecosystems. Most of the mass 

balanced food web models, including ENA are often based on carbon and the flows are therefore 

expressed in carbon weight per space and time (e.g. mg carbon per m
2 

and per day). In Chapter 4, 

essential relationships between fresh weight and other biomass measures such as carbon content were 

determined for six of the most abundant bird species in the Wadden Sea (Calidris canutus, Limosa 

lapponica, Haematopus ostralegus, Chroicocephalus ridibundus, Larus canus, Anos penelope), and for 

harbor seal. These conversion factors were then used to include harbor seals and updated biomass of 

birds in four food web models (one for each season) of the Sylt-R0m0 Bight (Chapter 5). The 

interpretation of the numerous indices and indicators provided by ENA showed that the Sylt-R0m0 Bight 

ecosystem varies seasonally in food web size, stability and resistance in front of external disturbances 

(Chapter 5). In the warm seasons (i.e. spring and summer), when the biomass of opportunistic predators 

is high, the system is stable, well developed and resistant. The winter season is characterized by a small 

and stable system which is sensitive to external perturbations. The system in fall appears to be in an 

unstable transition state between these two stable periods (i.e. warm seasons and winter), 

characterized by a high excess of primary production and a large unevenness of flows. 

The results from the present study, showed that harbor seals seasonally use the Wadden Sea to 

forage, and that they probably have a structural role in the system, as the presence of opportunistic 

carnivorous species seems to increase the stability and resistance of the Wadden Sea ecosystem. The 

use of ecological network results including top predators, and especially seal species, would improve 

conservation and management measures in the Wadden Sea. 
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Zusammenfassung 

Der Seehund ist der haufigste Meeressauger im Wattenmeer, das diesen Tieren als wichtiges 

Gebiet zur Aufzucht, Ernahrung und als Ruhezone dient. Diese GroBtiere, die in hoher Anzahl im 

Wattenmeer vorkommen, uben einen starken Predationsdruck auf ihre Umgebung aus. Es ist daher 

notwendig, die Ernahrungsweise der Seehunde in Nordsee und Wattenmeer besser zu verstehen um die 

raumlich-zeitliche Variation ihres FreBverhaltens sowie das Beutespektrum dieser Top-Predatoren in die 

Okosystemmodelle zu implementieren. 

Die Analyse stabiler Isotope und Fettsauren als trophische Marker hat sich als gute Methode 

erwiesen, um Nahrungsressourcen van Meeressaugern zu bestimmen. Daher sind diese Marker hier 

angewendet warden, um die saisonale Variabilitat der Nahrung der Seehunde der Sylt-R0m0-Bucht 

aufzuklaren (Teil 1). Das stabile Kohlenstoff-lsotop 13C gibt Hinweise auf die Nahrungsquelle und das 

stabile lSN lsotop ermoglicht die Bestimmung des trophischen Niveaus des Konsumenten, da es uber 

die Nahrungskette stufenweise angereichert wird. Der Seehund steht im Wattenmeer unter Schutz, 

daher ist die Seehundsjagd seit 1976 verboten. Probennahmen van Seehunden sind streng reguliert und 

betreffen uberwiegend angetriebene tote Tiere mit einem hohen Anteil van Jahrlingen, da die Mortalitat 

im ersten Lebensjahr sehr hoch ist. Da die lsotopenzusammensetzung der Jahrlinge stark durch das 

Saugen und die anschlieBende Fastenphase nach der Entw6hnung beeinflusst ist, mussen diese sehr 

jungen Tiere van der Untersuchung der Nahrungsressourcen ausgeschlossen werden. Im Kapitel 1 zeigt 

die monatliche Entwicklung der cSlSN und 613C Werte in Geweben der Jahrlinge van der Sylter Kuste, 

dass Schnurrhaare und Muskelgewebe van Tieren alter als 3-4 Monate beziehungsweise 5-6 Monate 

zeigen, welche Nahrungsquellen sie genutzt haben. Diese lndividuen, die zusatzlich zu den adulten 

Tieren des gleichen Kustenabschnitts gesammelt wurden werden daher in Kapitel 2 betrachtet, um die 

saisonale Veranderung in der Seehundnahrung in Hinblick auf Nahrungsgebiet (Wattenmeer oder 

Nordsee) und -organismen zu untersuchen. Die Ergebnisse aus Kapitel 2 zeigen zwei hauptsachliche 

saisonale Unterschiede im Nahrungsspektrum der Seehunde des Wattenmeeres und der Nordsee . Die 

Seehunde ernahren sich tatsachlich je nach Saison in unterschiedlichen Gebieten, indem sie in der 

warmeren Zeit des Jahres mehr kustennah in der Sylt- R0m0 Bucht fressen, wahrend sie in den kalteren 

Jahreszeiten in die offenen Nordsee wandern und dart ihre Nahrung suchen. Daruber hinaus wurde eine 

Verschiebung van mehr pelagischer Nahrung im Fruhling zu eher benthischen Beuteorganismen im 

Sommer beobachtet, sowohl in der Sylt-R!llm!ll Bucht als auch in der Nordsee. Diese Anderung der 

Nahrungsquellen wurde durch die Fettsaureanalyse bestatigt (Kapitel 3). Die saisonale Veranderung der 
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Nahrungsgebiete und Futterorganismen stimmt uberein mit der saisonalen Variation der Biomasse und 

Abundanz der Nahrungsorganismen, wie in Kapitel 2 detailliert dargestellt wird. 

Die Abundanz und Verbreitung der Seehunde kann groBe Auswirkung auf die Struktur und 

Funktion van Nahrungsnetzen in Kustenokosystemen haben, so dass es eine zentrale Aufgabe fur 

Okologie und Umweltmanagement ist, die Bedeutung fur die gesamter Funktion des Okosystems 

herauszuarbeiten. Ein Umweltmanagement, das auf der Analyse des Okosystems basiert wird als Losung 

angesehen, um die Effektivitat des Management van Okosystemen zu erhohen, im Gegensatz zu einem 

Management, das auf den Studien einzelen Arten beruht. Die Okologische Netzwerkanalyse (Ecological 

Network Analysis ENA) wurde angewendet, um die saisonalen Unterschiede in der Struktur und 

Funktion des Sylt-R0m0-Nahrungsnetzes zu analysieren unter besonderer Berucksichtigung der Top­

Predatoren (wie Fische, Vogel und Seehunde; Teil II der Thesis). 

Untersuchungen der Populationen van Vogeln und Meeressaugern basieren traditionell auf 

Abundanzdaten, die nicht direkt fur die Bestimmung van Stoff- und Energiefluss im Okosystem genutzt 

werden konnen. Die meisten der massen-balanzierten Nahrungsetzmodelle, wie ENA, sind uberwiegent 

Kohlenstoff-basiert und daher sind die Flusse in Kohlenstoffeinheiten pro Gebiet und Zeit ausgedruckt 

(z.B. mg C pro m2 und Tag). In Kapitel 4 werden essentielle Beziehungen zwischen Frischgewicht und 

weiteren Biomasse-Einheiten, wie Kohlenstoffgehalt, fur den Seehund sowie fur die sechs haufigsten 

Vogelarten im Wattenmeer bestimmt (Calidris canutus, Limosa lapponica, Haematopus ostralegus, 

Chroicocephalus ridibundus, Larus canus, Anos penelope). Diese Umrechnungsfaktoren wurden genutzt, 

um den Seehund und die aktuellen Biomassewerte fur die Vogel in die vier saisonalen 

Nahrungsnetzmodelle der Sylt-Romo Bucht einzubauen, jeweils eins pro Saison (Kapitel 5). Die 

Interpretation der verschiedenen Indices und lndikatoren, die aus ENA gewonnen wurden, zeigen, dass 

das Sylt-R!llm!ll-Okosystem sich je nach Jahreszeiten einen Trend zu unterschiedliche GroBe, Stabilitat 

und Widerstandsfahigkeit gegenuber auBeren Storungen zeigt (Kapitel 5). In den warmeren Jahreszeiten 

(Fruhling und Sommer) ist die Biomasse opportunistische Rauber groB, das System ist stabil, gut 

entwickelt und widerstandsfahig. Der Winter ist charakterisiert durch ein kleines, aber stabiles System, 

das empfindlich gegenuber Storungen van auBen ist. Im Herbst ist das System in einem instabilen 

Obergangszustand zwischen den beiden stabilen Perioden van warmen und kalten Jahreszeiten und ist 

durch einen hohen Oberschuss an Primarproduktion und eine starke UngleichmaBigkeit (Uneveness) der 

Flussraten charakterisiert. 
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Die Ergebnisse zeigen, dass sich die Seehunde saisonal im Wattenmeer ernahren und dass sie 

hochstwahrscheinlich eine strukturierende Rolle im System ausuben, das durch die Prasens dieser 

opportunistischen karnivoren Art in seiner Stabilitat und Widerstandsfahigkeit gestarkt wird. Die 

Anwendung van okologischen Netzwerkanalysen, die Top-Pradatoren berucksichtigen, insbesondere die 

Seehunde, wurde Ma8nahmen zum Naturschutz und Management im Wattenmeer verbessern. 
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Preamble 

The Wadden Sea has an important role for marine mammals in terms of resting, nursing and 

foraging. Marine mammals represent the most prominent members among top predators in the marine 

environment. Their abundance and distribution can have a large effect on the structure and the 

functioning of coastal food webs, and assessing their role in the functioning of ecosystems is a central 

issue in ecology and management. 

Harbor seal (Phoca vitulina) is the most abundant marine mammal species in the Wadden Sea. 

Since 1991, a trilateral Seal Agreement has been concluded between Denmark, Germany and the 

Netherlands, under the umbrella of the Convention on the Conservation of Migratory Species of Wild 

Animals (Bonn Convention). One of the main goals of this agreement is to achieve and maintain a 

comprehensive conservation and management of both harbour and grey seal populations in the 

Wadden Sea through common coordinated measures of the responsible authorities. Assessing the role 

and the influence of harbor seals (and grey seals) within the Wadden Sea ecosystem is necessary to 

improve these conservation and management measures. 

Ecosystem-based management is considered as the solution needed to improve the efficiency of 

ecosystem management measures. Ecological Network Analysis (ENA) methodology was developed to 

assess holistically the complex environmental interactions within an ecosystem and consists of a set of 

algorithms allowing the structural and functional properties of an ecosystem to be analyzed. 

During my PhD, I assessed the seasonal diet of harbor seals from the Wadden Sea vs. North Sea 

to evaluate the role of the Wadden Sea in term of foraging location for harbor seals. I then included the 

harbor seal compartment in a food web model of the Sylt-R0m0 Bight, located in the northern Wadden 

Sea, to estimate their influence as top predators on the functioning of the ecosystem. 

The results are presented in the five following chapters divided in two parts. The first part 

(Chapters 1 to 3) is dedicated to the assessment of the harbor seal's diet. The second part (Chapters 4 

and 5) focusses on the food web model construction and the interpretation of the ENA results. Before 

presenting these results, I will first introduce the concept of top down effect in ecosystems and the 

methods used to study the diet of top predators, the concept of ecosystem based management and 

more in detail the Ecological Network Analysis, and some generalities about the Wadden Sea ecosystem. 
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General Introduction 

"Oh mer, nu/ ne connait tes richesses intimes" 

"Oh sea, no one knows your most intimate bliss·" 

8audelaire 



General Introduction 

1. Ecosystem based management

1.1. Ecosystem health concept 

In the current context of increasingly stressed ecosystems due to anthropogenic activities and 

global changes (Doney et al. 2012), holistic solutions are crucial to manage and protect those 

ecosystems (Levin and Lubchenco 2008, Samhouri et al. 2009, Longo et al. 2015). Ecosystem-based 

management has been proclaimed as the solution needed to improve the efficiency of ecosystem 

management measures (Pikitch et al. 2004, Levin and Lubchenco 2008, Levin et al. 2009), contrary to 

single species based studies (Mcleod et al. 2005). These management decisions should be based on 

ecosystem attribute indicators which reflect the aspects of ecosystem structure and function intended 

by the term ecosystem health (e.g. diversity, energy recycling, resilience) (Samhouri et al. 2009). In 

theory, a healthy ecosystem has been defined as meeting five criteria: (1) being able to maintain 

equilibrium within the system (i.e. internal stability), (2) being diverse and complex, (3) being able to 

cope with external disturbances (i.e. stability and resilience), (4) being a growing and developing system, 

and (5) being balanced between the compartments (i.e. high evenness of flows) (Costanza et al. 1992, 

J0rgensen et al. 2010). 

Depending on the ecosystem's "disease" and the management focus, a range of simple to 

complex indicators can be used for ecosystem health assessment (Samhouri et al. 2009, J0rgensen et al. 

2010). For example, these indicators might be (1) the presence or absence of a specific species (e.g. 

endangered species) (J0rgensen et al. 2010), (2) the status of entire trophic levels (i.e. high abundance 

of fish being indicator of good water quality) (J0rgensen et al. 2010), (3) the concentration of chemical 

component or toxins in the blubber stores of coastal resident marine mammals (Bossart 2011), (4) ratios 

of ecosystem processes such as the production versus biomass ratios indicating the development stage 

of an ecosystem (Odum 1969) and (5) holistic indicators reflecting the resilience, connectivity or 

recycling magnitude of an ecosystem (Ulanowicz 2004). 

1.2. Ecological Network Analysis 

In the last decades food web models and ecological networks have become useful tools to 

represent large scale systems encompassing numerous compartments interacting with each other and 
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responding differently to external stressors in marine (Aarnio et al. 1996, Leguerrier et al. 2007, lngs et 

al. 2009, Kaufman and Barrett 2010, Fath 2015) and terrestrial systems (Heymans et al. 2002). Results 

from those models provide significant insight into the fundamental functioning of the ecosystem (Baird 

et al. 2004, Fath 2015) and are very relevant for marine ecosystem management (Samhouri et al. 2009). 

Ecological Network Analysis methodology was developed to holistically assess these complex 

environmental interactions within an ecosystem and consists of a set of algorithms allowing the 

structural and functional properties of an ecosystem to be analyzed (Ulanowicz and Abarca-Arenas 

1997, Ulanowicz 2004, Kaufman and Barrett 2010, Fath 2015). Network analysis has been used for 

instance to study the structural complexity of the ecosystem, the structure and magnitude of the cycling 

of energy and material, the efficiency of energy transfer within the system, the rate of energy 

assimilation and dissipation, the system activity, growth and development and the trophic structure. The 

analytical methodology is reviewed by Ulanowicz (2004). 

To analyze energy flows quantitatively in a food web, it is necessary to define compartments 

and to measure the interactions between these components. A compartment might be a single species, 

a genus, a class or a functional group. The analysis of a food web model is based on empirical data, 

which is obtained by observations or experiments, and depicts a realistic representation of an 

ecosystem (Ulanowicz 2004). To establish a quantitative food web model, biomass, respiration, 

consumption, egestion of all compartments, and energy flows between the compartments and export 

and import of energy or material from adjacent systems are required to be included in the analysis (Fath 

et al. 2007) (Fig. 1). Such models are often based on carbon and the flows are therefore expressed in 

carbon weight per space and time (e.g. mg carbon per m
2 

and per day) (Baird et al. 2004, Fath et al. 

2007). 

1 

prey 

3 

2 '"'''" 0 

4 4 

2 

Fig. 1: Possibilities of energy flows in an ecosystem. 1 = hexogen input (e.g. migration of individuals into 

the system); 2 = exchange between compartments (e.g. predation); 3 = export of material (e.g. 

migration of individuals from the system); 4 = Export of inorganic material (e.g. Loss of C02 du to 

respiration); after Asmus personal communication 
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The output of ecological network analysis provides many indices and system properties of 

natural ecosystems. For example, the indices related to the ascendency provides information about the 

total activity and the organization of a system (Ulanowicz 2004). The Overhead, on the other hand, 

measures the entropy of the system and represents the redundancy and parallel flows in the internal 

and exogenous exchanges (Baird et al. 2004). It is a measure of stability, in the sense of resistance in 

front of external perturbations {Christensen 1995). The sum of these two parameters (i.e. ascendency 

and overhead) represents the development capacity of the system (Monaco and Ulanowicz 1986, 

Christensen 1995, Ulanowicz and Abarca-Arenas 1997). The ascendency and the overhead, relatively to 

the development capacity, are mutually exclusive {Christensen 1995) and a healthy system requires 

adequate amounts of both (Ulanowicz 2004, Fath 2015). Indeed, if the redundancy is too small, in other 

words if the system is too organized and the flows highly specialized, the system appears to be rigidly 

linked and vulnerable to collapse (Ulanowicz 2004). The overhead which plays a role of reserve of 

parallel flows that can adapt in front of perturbations is then not sufficient to maintain the stability of 

the system. On the contrary, if the efficiency (i.e. organization) is too small, the system tends to stagnate 

and cannot develop {Fath 2015). Therefore, a system is sustainable when both ascendency and 

overhead are in appropriate amount. Fath {2015) developed the Robustness index which represents this 

balanced tradeoff between efficiency and redundancy (Fig. 2). 

Robustness 

joofittl, 
Efficiency 

7 Not able to 

Too little redundancy 

� 
V�nerable in front

'\. "\.f p,rt"'batloo, 

Greater resilience <::- c:::> Greater efficiency 

Degree of organization (%) 

Fig. 2: Theoretical curve representing the Robustness (i.e. ability to adapt in from of perturbations) 

versus the degree of organization (i.e. ascendency/development capacity) in a system. The degree of 

organization varies from Oto 100%. After Fath {2015) 
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More than 20 other indices can be calculated with ecological network analysis and reflect the 

structure and functioning of an ecosystem describing the cycling structure and magnitude, the trophic 

structure, the connectivity between the compartments or the flow diversity (Ulanowicz 2004, Borrett 

and Lau 2014). 

2. Top predators in ecosystems

2.1. Top down control and cascading effect 

Top predators in marine environment can have a large effect on the structure and the 

functioning of ecosystems and communities (Estes 1979, Power and Gregoire 1978, Bowen 1997). Large 

predators are expected to exert a strong influence on smaller-bodied mesoconsumers and the species 

that they in-turn consume (Heithaus et al. 2008). For example, depletion or loss of top predators leads 

to a decrease in top-down control. This commonly results in an increase of former prey species and 

competitors followed by a decrease of the prey of the particular species (Lotze et al. 2005). These large 

cascading effects have been detected in an increasing number of studies (Bowen 1997, Borer et al. 2005, 

Frank et al. 2005, Frank et al. 2007). One of the most famous examples is the three level cascade effect 

observed on the Californian coast where the presence of sea otters (Enhydra lutris), predators of the 

herbivorous large sea urchins (Strongylocentrotus franciscanus), permit substantial development of kelp 

beds (Estes and Palmisano 1974, Estes and Duggins 1995). In Canada, Power and Gregoire (1978) led a 

study comparing different lakes. This study concluded that the presence of harbor seals (Phoca vitu/ina) 

was modifying the community structure and the life history traits of fish species, due to predation. 

Studies carried out on coral reefs in the Pacific also showed that top predator removal by fisheries 

resulted in changes in the fish assemblage with an increase of herbivorous in opposition to carnivorous 

species (Friedlander and DeMartini 2002) and it also resulted in cascading changes leading to a shift in 

the benthic community structure from a domination by carbonate accreting reef building organisms to a 

domination by non-reef building organisms (Dulvy et al. 2004). In Western Australia in a sub-tropical 

bay, exclusion-cage experiments revealed that large grazers, such as dugongs (Dugong dugon) and green 

turtles (Chelonia mydas), exert a strong pressure of predation on see-grass beds and associated species, 

which can be mediated by the presence of tiger sharks (Galeocerdo cuvier) that hunt these large 

herbivorous species (Burkholder et al. 2013). The dugongs change their feeding location to avoid their 

predator and migrate to habitat with low-risk of predation. The presence of tiger sharks therefore 
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initiates a behavior-mediated trophic cascade which influences indirectly lower trophic levels (i.e. see­

grass community) (Burkholder et al. 2013). 

However, the role of top predators in structuring the ecosystems is still not well constrained 

(Lesage et al. 2001, Bowen 1997) due to their ecological niches that often exceeds the temporal and 

spatial scales which are used to define community boundaries (Lesage et al. 2001, Tougaard et al. 2003). 

Assessing the role of top predators in the functioning of ecosystems is then a central issue in ecology 

and management (Bowen 1997). 

2.2. Marine mammal diet assessment 

Marine mammals represent the most prominent members among top predators in the marine 

environment (Reijnders and Lankester 1990). Understanding their foraging ecology is critical to evaluate 

how they function within marine ecosystems (Bowen 1997, Iverson et al. 1997) but studies of their 

feeding ecology face a number of inherent difficulties. First, the consumption of prey items often occurs 

below the surface, making direct observations impossible (Iverson et al. 1997). Second, top predators 

are generally very mobile species and their ecological needs often exceed the spatial scales used to 

define community boundaries (Lesage et al. 2001, Tougaard et al. 2003). Third, classical methods for diet 

studies such as gut contents and fecal analyses have biases due to digestion (e.g. loss of soft parts and 

digestion-resistance of hard part) which are not possible to avoid (Iverson et al. 1997) and these 

methods only give a snapshot of the ingested prey items. Finally, marine mammals are often protected 

species and invasive sampling is therefore highly regulated and mostly relies on stranded dead animals 

(Siebert et al. 2006, Lehnert et al. 2007, Siebert et al. 2007, Rijks et al. 2008). In the case of pinniped 

species for example, these sampling encompass a large proportion of yearlings (i.e., animals less than 

one year old) due to the high mortality rate during the first year of life (Reijnders 1976, Harding et al. 

2005), and are therefore unbalanced. 

The use of trophic makers such as stable isotope analyses have been proven to be a reliable 

method for the determination of food resources used by predators (Hobson et al. 1997, Lesage et al. 

2001, Das et al. 2003, Caut et al. 2011). The carbon and nitrogen isotopic composition of consumer 

tissues reflects their assimilated diet (DeNiro and Epstein 1978, Peterson and Fry 1987). Indeed, the 

ratio of heavy isotope versus light isotope of carbon and nitrogen vary among the primary consumers 

(France 1995) and can be followed along the food chain in a relatively predictable way: there is an 
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increase in the carbon-13 content {1
3C/

12
C ratio) and nitrogen-15 content {15N/

14N ratio) in organism

tissues due to selective metabolic loss of carbon-12 (12
() and nitrogen-14 (14N) during food assimilation

and growth (Peterson and Fry 1987). The stable isotope composition of carbon generally reflects the 

origin of food resources. It allows a good discrimination between food resources produced in 

continental areas, those produced in the open ocean, and the ones produced in benthic environments 

(DeNiro and Epstein 1978, Rau et al. 1983, Hobson et al. 1994) (Fig. 3). The stable isotope composition 

of nitrogen is commonly used as an indicator of the trophic position of a consumer, due to a relatively 

high step-wise enrichment (i.e., trophic fractionation factor) between each trophic level (Fig. 3) 

(Peterson and Fry 1987, Fry 1988, Hobson and Welch 1992). 
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Fig. 3: Schematic figure of the use of stable isotope ratios of carbon and nitrogen in marine 

environment. Two simplified food chains are illustrated, both supported by different primary producers: 

oceanic phytoplankton (blue large arrow) and microphytobenthos (orange large arrow). TFF = trophic 

enrichment factors between each trophic level. After Peterson and Fry (1987), France (1995), Hobson et 

al. {1997), Hobson (1999) 
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Isotopic composition reflects the diet of a consumer integrated over a few days (e.g., blood, 

plasma, and liver) or over a few months (e.g., muscle), depending on the metabolic turnover of the 

tissue (Hobson 1995, Vander Zanden et al. 2015). The turnover time of muscle tissues is poorly known 

for large marine mammals. Studies on birds (Coturnixjaponica and Corvus brachyrhynchos) (Hobson and 

Clark 1992) and small mammals (Meriones unguicu/atus) (Tieszen et al. 1983) have shown that turnover 

of muscles has an order of magnitude of a month. Vander Zanden et al. (2015) estimated the isotopic 

half-life of muscle tissue for a mammal with a body mass of 90 kg to be of about two to three months. 

On the contrary, mineralized and keratinous tissues, such as vibrissae (Fig. 4), teeth and claws, have the 

great advantage of preserving a time line of stable isotope deposition during their growth period and 

therefore allow retrospective diet studies (Hobson 1995, Ferreira et al. 2011, Carroll et al. 2013, 

Matthews and Ferguson 2015). For example, several studies have revealed that vibrissae provide a 

powerful way to assess diet and foraging location of marine mammals such as elephant seals (Mirounga 

leonine) (Newland et al. 2011), leopard seals (Hydrurga leptonyx) (Hall-Aspland et al. 2005), harp seals 

(Pagophi/us groenlandicus) (Hobson et al. 1996) and sea otters (Enhydra lutris nereis) (Newsome et al. 

2009). Indeed, isotopic composition is archived on a daily basis along a growing vibrissa and remains 

stable over time (Hirons et al. 2001, Zhao and Schell 2004, Chere! et al. 2009). Vibrissae are thus good 

recorders of dietary history, giving precise (few days) and long-term (up to one year) information about 

the food sources used by consumers (Hall-Aspland et al. 2005, Newsome et al. 2009, Newland et al. 

2011). 

Fig. 4: Harbor seal (Phoca vitu/ina) on a sand bank from the Wadden Sea 
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Fatty acids can also be used as trophic markers to assess predator-prey interactions. lipids in 

marine organisms are characterized by their diversity (> 60 types) and high levels of long-chain 

polyunsaturated fatty acids which originate in various unicellular algae and seaweeds (Budge et al. 2006, 

Bowen et al. 2009). Fatty Acids are the largest constituents of lipids and those of carbon chain of 14 or 

longer are often deposited in animal tissue with minimal modification from the diet (Iverson et al. 1997). 

Because a limited number of fatty acids can be bio-synthetized by animals (Cook and McMaster 2002), it 

is possible to distinguish dietary versus non-dietary fatty acids (Iverson et al. 2004). Those fatty acids 

arising only or mostly from the diet (i.e. dietary FAs), also called essential fatty acids (Cook and 

McMaster 2002), are useful tools to study predator foraging ecology, once fatty acid patterns are 

characterized in the potential prey items (Iverson et al. 1997, Iverson et al. 2002). The use of fatty acid 

analysis is relatively new but it has been proved to be a reliable and powerful method to assess the diet 

of marine predators (Kirsch et al. 1998, Iverson et al. 2004, Nordstrom et al. 2008). 

3. The Wadden Sea ecosystem

3.1. An area used by top predators

The present study was conducted in the Wadden Sea (Fig. 5), the largest continuous system of 

intertidal sand and mudflats in the world (Lotze 2007). This sheltered area, adjacent to the fertile waters 

of the North Sea extends along the south-eastern margin of the North Sea from the Netherlands to 

Denmark. The Wadden Sea has been strongly influenced by human activities for centuries (Wolff 2000; 

Lotze et al. 2006, Lotze et al. 2005). Habitat transformation, overexploitation and pollution in the 

Wadden Sea led to the loss or severe depletion of most of its top predators (marine mammals, birds and 

fish) until the early twentieth century (Reise 2005; Erikson et al. 2010; Reijnders et al. 1992; Lotze et al. 

2005). In the nineteen seventies, conservation measures were introduced (Hoffman et al. 2011), such as 

the protection of important breeding, feeding or staging habitats and the prohibition of exploitation and 

hunting (Lotze et al. 2005, Reijnders and Lankester 1990, Smardon 2009). Since the introduction of these 

measures several species of birds as well as the grey and harbor seals have recovered (Lotze et al. 2005, 

Reijnders and Lankester 1990). In 2009, the Dutch and German parts of the Wadden have been declared 

UNESCO World Heritage Site which was extended to the Danish part of the Wadden Sea in 2014. 
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Fig. 5: Map of the Wadden Sea. The names in italics are the three main rivers discharging in the Wadden 

Sea 

The Wadden Sea is of particular importance for several top predator species. For instance, 

migratory birds use this area as a stopover site in spring and fall on their annual migrations between 

southern wintering and northern breeding areas (Meltofte et al. 1994, Scheiffarth and Nehls 1997). 

About 10-12 million birds spend at least a part of their annual life cycle in this area (Scheiffarth and 

Nehls 1997). Furthermore, the Wadden Sea is an important nursery area for juveniles of several fish 

species from the North Sea such as C. harengus, M. merlangus and L. limanda, colonizing the tidal inlets 

and tidal flats in summer (Daan et al. 1990, Polte and Asmus 2006, Tulp et al. 2008, Baumann et al. 

2009). In addition to juveniles, seasonally migrating species such as Osmerus eperlanus and Platichthys 
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f/esus are found in the Wadden Sea. Most of these non-resident species migrate into the coastal zone ·n 

spring and leave in fall, when they go to deeper waters in the North Sea (Tulp et al. 2008). The Wadden 

Sea is also a major habitat for several species of marine mammals (Reijnders et al. 2009). Three 

indigenous species of marine mammals inhabits the Wadden Sea: the harbor seal (Phoca vitulina), the 

grey seal (Halichoerus grypus) and the harbor porpoise (Phocoena phocoena). Today, the population of 

harbour porpoises is stable (Gilles et al. 2009, Reijnders et al. 2009, Jansen et al. 2012) and the 

population of grey and harbour seals is approaching the carrying capacity of the current environment 

(Reijnders et al. 2010, Reijnders et al. 2009). Other species of seals (Pagophilus groenlandicus, 

Cystophora cristata, Pusa hispida and Erignathus barbatus) from arctic regions and cetacean 

(Lagenorhynchus albirostris, Lagenorhynchus ob/iquidens, Balaenoptera spp. and Megaptera 

novaeangliae) from the North Sea are occasional or regular visitors of the Wadden Sea (Reijnders et al. 

2009) which they use to breed and forage (Smardon 2009). 

3.2. Harbor seals in the Wadden Sea 

The harbor seal (Phoca vitulina; Fig. 6) is one of the most common phocid species in the world 

(Berg et al. 2010) whose distribution spreads across North Atlantic and North Pacific in both temperate 

and sub-arctic waters (Hall et al. 1998). Harbor seals are mid-size phocid and they have a mean length of 

170 cm and a mean weigh of 100 kg {Burns 2002). Harbor seals are completely protected and hunting 

this species has been prohibited since 1976 in the whole Wadden Sea {Reijnders et al. 1995). The 

Wadden Sea population of harbor seals increases by average of 9.6% per year since the last epizootic in 

2002 {Reijnders et al. 2009) and the sliding 5 year average growth rate has decreased since 2008, 

suggesting that the harbour seal population might approach the carrying capacity of the area (Reijnders 

et al. 2010, Trilateral Seal Expert Group 2013). In our days, it is, together with harbor porpoise, the most 

abundant marine mammal species (Liebsch et al. 2006) with 26 576 individuals counted on land in 

August 2014 {Galatius et al. 2014). It spreads from Denmark to the Netherlands, with 60.7% of its 

population located along the German coasts {Galatius et al. 2014). 
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Fig. 6: Harbor seal on the Hojer sand bank (Fig. 7, p. 23) in the Sylt-R0m0 Bight 

The Wadden Sea is an important habitat for harbor seals in terms of reproduction (Reijnders et 

al. 2009). Harbour seals use the numerous sand banks regularly exposed at low tide in different bays of 

the Wadden Sea to give birth, rest and molt (Mees and Rijnders 1994). Harbor seals reproduce annually 

and, in the Wadden Sea, the birthing period takes place from beginning of May to middle of June 

(Osinga et al. 2012) followed by a short period of lactation of 24 to 32 days (Muelbert and Bowen 1993, 

Lang et al. 2005). Pups' only source of nutrition until weaning is milk (Bowen 1991). Lactation is over 

when the pups are abruptly weaned and left to begin eating solid food without parental assistance 

(Bonner 1984, Oftedal et al. 1987). Then, the weaned pups undergo a post weaning fast of 4-6 weeks 

during which they rely on their blubber storage (Muelbert and Bowen 1993, Muelbert et al. 2003). 

Harbor seals also use the Wadden Sea at high tide to forage and feed on the abundant food 

stock it provides (Smardon 2009, Reijnders et al. 2010). Harbour seals are opportunistic feeders 

subsisting largely on fish (Mees and Reijnders 1994). One individual consume on average 4 kg of fresh 

weight per day (Berg et al. 2002, Bj0rge et al. 2002). Several studies based on stomach content 

conducted in the North Sea showed a variation in the dominant species in the seal's diet depending on 

the location. Diet studies conducted in the North-Western North Sea (Scotland) found clupeids and sand 

eels as main prey items with gadoids in secondary importance (Pierce et al. 1991, Thompson et al. 1991, 

Thompson et al. 1996, Tollit et al. 1997). On the contrary, in the Southern and eastern North Sea 

(Southwestern North Sea, South East United Kingdom and Denmark), the diet of harbour seals is 
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dominated by gadoids and flat fish with clupeids and sand eel in secondary importance (Harkonen 1987, 

Harkonen and Heide-Jii,rgensen 1991, Brown and Pierce 1998, Hall et al. 1998, Das et al. 2003). Along 

German coasts, in the Schleswig-Holstein area, gadoids (Gadus morhua and Merlangius merlangus) and 

flat fish (Limanda limanda, Platichthysflesus and Pleuronectes platessa) are prominent in the seal's diet 

with Ammodytes tobianus and C/upea harengus in secondary importance (Gilles et al. 2008). Thus, 

harbor seals feed on a large range of prey with the prevalence of some key species, and the 

contributions to the diet of these prey items vary depending on the area, and probably depending on 

the prey availability (Toi lit et al. 1997, Andersen et al. 2007). 

Due to their large body size and their high abundance in the Wadden Sea, seals exert a strong 

pressure of predation on the environment they live in (Bowen 1997, Reijnders et al. 2010). Even if 

harbor seals from the Wadden Sea appear to use the North Sea more than previously expected 

(Tougaard et al. 2003, Reijnders et al. 2005), the pressure of predation they exert on the Wadden Sea 

food resources remains substantial. Consequently, there are needs to better understand the trophic 

behavior of seals in the North Sea and in the Wadden Sea, in order to have better estimations of their 

diets and to determine spatio-temporal variations of their foraging activity. This would permit to include 

them in food web models and therefore better evaluate their influence on the ecosystem. 

3.3. The studied area: the Sylt-Rl6m'6 Bight 

This study was carried out in the Sylt-R0m0 Bight (Fig. 7) (54
°52' - 55

°

10' N, 8
°

20' - 8°40' E) 

which is part of the northern Wadden Sea (Fig. 5). This 404 km
2 

semi-enclosed basin is located between 

the islands of Sylt (Germany) and R0m0 (Denmark; Fig. 5). The tidal range inside the Bight is up to 2 m 

(Martens and Beusekom 2008). The intertidal and subtidal areas cover 134 km
2 and 273 km

2 
respectively 

(Gatje and Reise 1998, Baird et al. 2004). Two causeways connect the islands with the mainland, and 

prohibit any exchange of water with the adjacent tidal basins. The only connection to the North Sea is a 

2.8 km wide deep tidal channel (Lister Deep) between the two islands. Three main tidal gullies (R0m0-

Dyb, H0yer-Dyb and Lister-Ley) are connected by the Lister Deep where the maximum depth of 40.5 m 

below low water level is found (Fig. 7A). 

The Sylt-R0m0 Bight provides shelter for a stable colony of =:400 harbor seals on average in 

summer (2009 to 2015) (Jensen 2015). About 90 newborns in average were counted per year (Jensen 

2015). The abundance drastically decreases in winter, with :::70 animals counted in December 2015 on 
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the sand banks (Jensen, unpublished data). Harbor seals use five sand banks uncovered at low tide as 

haul out sites. These sandbanks are spread in the whole Bight, with the Jordsand and List sand banks 

(Fig. 78) being the most frequented (Jensen 2015). No diet investigation was carried out on harbor seals 

in the Sylt-R0m0 Bight and the use of the Wadden Sea food resources versus North Sea food resources is 

poorly known, although Tougaard et al. {2003) conducted a telemetry study and harbor seals tagged on 

R!llm!ll had longer foraging trip in winter than in summer. 

Fig. 7: Aerial pictures of the Sylt-R0m0 Bight at A- high tide and 8- low tide. The tidal gullies are named 

on picture A, the sand banks used by seals (red circles and ellipses) are displayed on picture B; Map data 

©2016 GeoBasis-DE/BKG (©2009), Google Imagery ©2016 TerraMetrics 

The ecosystem of the Sylt-R0m0 Bight is well studied and network analysis was used in previous 

studies to describe the structural and functional properties of its food web (Baird et al. 2004, Baird et al. 

2007, Baird et al. 2008, Baird et al. 2011, 2012). Focusses were made on habitat characteristics and 

properties (Baird et al. 2007, Baird et al. 2011), differences in dynamics of nutrient flows (i.e. carbon, 

nitrogen and phosphorus) in the food web (Baird et al. 2008, Baird et al. 2011), and potential changes in 

the ecosystem functioning and structure in the last 15 years due to invasive species (Baird et al. 2012). 
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Marine mammals were not included in these previous models and the seasonal variation of the 

structural and functional properties of the Sylt-R0m0 Bight system was never evaluated. 

4. Aims of the study

The general aim of this study is to evaluate the influence of top predators (i.e. harbor seals) on 

the Wadden Sea (i.e. Sylt-R0m0 Bight) food web. This work is divided in five chapters organized in two 

parts. 

The first part contains the first three chapters (Chapters 1, 2 and 3) and is dedicated to the 

investigation of the diet of harbor seals from the Sylt-R0m0 Bight. The first chapter aims at determining 

when isotopic compositions of yearling tissues reflect their foraging in the environment in order to use 

these individuals in community diet studies (i.e. Chapter 2). The second chapter is dedicated to the 

investigation of the seasonal variation of harbor seal's diet in relation to prey availability. Stable isotope 

composition was analyzed in vibrissae for temporal reconstruction and was compared seasonally to prey 

items from the Sylt-R!1lm!1l Bight and from the North Sea, to estimate the proportion coming from one or 

the other location. The third chapter focusses on the diet composition of harbor seals in spring and 

summer in the Sylt-R!1lm!1l Bight. Fatty acid composition of harbor seal muscles and potential prey items 

from the Sylt-R0m0 Bight was analyzed. The prey species were characterized by specific dietary fatty 

acids which were then followed seasonally in the seal's muscles, in order to precise the diet composition 

of harbor seals. 

The second part contains two chapters (Chapters 4 and 5) and focusses on the seasonal 

variation of the Sylt-R0m0 Bight ecosystem structure and functioning, in relation to the presence of top 

predators. Chapter 4 aims at determining the relationships between fresh weight and various biomass 

measures (e.g. fresh weight versus carbon content) for harbor seals and six of the most abundant bird 

species in the Wadden Sea, allowing a better estimation of their biomass when they are included in food 

web models. Chapter 5 is dedicated to the ecological network analysis of the Sylt-R0m!1l Bight and the 

seasonal variation of its food web structure and functioning. 
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PART 

Harbor seal diet 

"re/I me what you eat, and I will tell you what you are" 

8ril/at-Savarin 

"flt Christmas, I no more desire a rose 

rhan wish a snow in !nay's newfangled mirth; 

But like each thing in season grows" 

Shakespeare 
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CHAPTER 1 

Stable isotope composition of harbor seal young-of-the-year 

Stable isotope composition and parasitic infections 

of harbor seal young-of-the-year used as prey-based diet indicators 
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Abstract 

Samplings based on stranded harbor seals (Phoca vitulina) encompass a large proportion of young-of­

the-year, due to their high mortality rate during the first year of their life. We analyzed the temporal 

variation of 613( and 615N values of 28 young-of-the-year to determine from which point in time the

stable isotope composition of muscles and vibrissae is not influenced by lactation or post-weaning fast, 

but by prey-based diet only. The results were compared with the development of trophically 

transmitted parasitic infections. Values of 613( were similar between all life stages of seals. The

difference of 615N values between young-of-the-year and adults decreased over time. Young-of-the-year

615N values of vibrissae became similar to those of adults two to three months after birth, therefore

reflecting a foraged diet. 615N values of muscles took longer to get stable (i.e., four to five months). This

time coincided with increased prevalence of parasitic infections in young-of-the-year, indicating that 

their main food source became fish. 

Key words 

Phoca vitulina, 613( and 615N, trophically transmitted parasites, lactation, post weaning fast, prey-based

diet, Wadden Sea, young-of-the-year 
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1. Introduction

CHAPTER 1 

Stable isotope composition of harbor seal young-of-the-year 

Harbor seals (Phoca vitulina) are top predators subsisting largely on fish (Mees and Reijnders 

1994, Brown and Pierce 1998, Hall et al. 1998). They have a strong role in the functioning of coastal food 

webs (Bowen 1997) and are important indicators of ecosystem health (Reddy et al. 2001, Bossart 2011). 

In the Wadden Sea, harbor seals are one of the most abundant species of marine mammals (Reijnders et 

al. 2009). A major issue in studies about trophic ecology of marine mammals is the collection of samples 

which is mostly opportunistic. In the Wadden Sea, seal hunting was banned in 1976 (Reijnders et al. 

1997) and seals are protected under several national and international Conventions, Agreements and 

Directives (Bonn Convention 1983, Bern Convention 1985, Agreement on the Conservation of Seals in 

the Wadden Sea 1990, EU Habitats Directive 1992). Invasive sampling of seals is therefore highly 

regulated and mostly relies on stranded dead animals (Siebert et al. 2006, Lehnert et al. 2007, Siebert et 

al. 2007, Rijks et al. 2008). Because of the high mortality rate (from 10 to 65%) of seals during their first 

year of life (Reijnders 1976, Harding et al. 2005), these samplings are unbalanced as they encompass a 

large proportion of young-of-the-year (i.e., animals less than one year old) whose diet may still be 

influenced by lactation or weaning fast. 

Harbor seals reproduce annually and birthing takes place between early May and early June 

(Osinga et al. 2012) followed by a short lactation period of 24 to 32 days (Muelbert and Bowen 1993, 

Lang et al. 2005). Milk is the only source of nutrition for young-of-the-year until an abrupt weaning 

(Bowen 1991) when young-of-the-year are left to begin eating solid food without any parental 

assistance (Bonner 1984, Oftedal et al. 1987). The newly weaned young-of-the-year undergo a post 

weaning fast of two to three weeks and they rely on their blubber energy storage for any daily energy 

requirements in the first four to five weeks post weaning (Muelbert and Bowen 1993, Muelbert et al. 

2003). Isotopic composition of tissues of young-of-the-year therefore does not document a prey based 

diet during their first several months of life. 

Stable isotope analyses have been proven to be a reliable method for the determination of food 

resources used by marine mammals (Hobson et al. 1997, Lesage et al. 2001, Das et al. 2003, Caut et al. 

2011). The isotopic composition of consumer tissues reflects their assimilated diet (DeNiro and Epstein 

1978, Peterson and Fry 1987), based on the fact that stable isotopes of carbon give clues about the 

origin of food resources and that stable isotopes of nitrogen allow determining the trophic level of the 

consumers, due to a relatively high step-wise enrichment (i.e., trophic fractionation factor) between 
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each trophic level (Rau et al. 1983, Fry 1988). Several studies carried out on diverse marine and 

terrestrial mammal species showed that the tissues of nursing young-of-the-year are more enriched r: 

15N than those of their mother, due to their reliance on milk (Bocherens et al. 1995, Hobson and Sease 

1998, Jenkins et al. 2001, Polischuk et al. 2001, Newsome et al. 2006). These same studies showed lower 

o
13C values or no difference of isotopic composition between the tissues of nursing young-of-the-year 

and those of their mothers. Regarding predator-prey interaction studies, there is a real need to 

determine when isotopic composition of the young-of-the-year reflects only the isotopic composition of 

their prey; in other words, to determine until when animals are under the influence of lactation or post 

weaning fast to not take these individuals into account in community diet studies. 

Depending on the tissue, isotopic composition reflects the diet of a consumer integrated over a 

few days (e.g., blood, plasma, and liver) or a few months (e.g., muscle) in relation to the metabolic 

turnover of this tissue (Hobson 1995, Vander Zanden et al. 2015). The turnover time of muscle tissues is 

poorly known for marine mammals. Studies on birds (Coturnix japonica and Corvus brachyrhynchos) 

(Hobson and Clark 1992) and small mammals (Meriones unguicu/atus) (Tieszen et al. 1983} showed that 

turnover of muscles has an order of magnitude of a month. Vander Zanden et al. (2015) estimated the 

isotopic half-life of muscle tissue for a mammal with a body mass of 90 kg to be about two to three 

months. On the contrary, mineralized and keratinous tissues, such as vibrissae, teeth and claws, have 

the great advantage to preserve a time line of stable isotope deposition during their growth period and 

therefore allow retrospective diet studies (Hobson 1995, Ferreira et al. 2011, Carroll et al. 2013, 

Matthews and Ferguson 2015). For example, isotopic composition is archived on a daily basis along a 

growing vibrissa and remains stable over time (Hirons et al. 2001, Zhao and Schell 2004}. Vibrissae are 

thus good recorders of dietary history, giving precise (few days) and long-term (up to one year) 

information about the food sources used by consumers (Hall-Aspland et al. 2005, Newsome et al. 2009, 

Newland et al. 2011). 

In parallel to isotopic compositions, marine mammals can be used as bio-indicators for their 

ecology (Amar et al. 1994, Marcogliese 2005) and give insights about their foraging activities (Balbuena 

and Raga 1994, Lafferty et al. 2008}. Indeed, parasitic infections are often transmitted trophically (Abollo 

et al. 1998, Mattiucci and Nascetti 2007}. Harbor seals, as ultimate hosts of trophically transmitted 

endoparasites, are infected from consumption of parasitized invertebrate and fish species (Dailey 1970, 

Hauksson and 61afsd6ttir 1995, Lehnert et al. 2010). The first exposure of young-of-the-year to 
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trophically transmitted parasite species can then be associated with the shift from post weaning fast to 

prey-based diet (Lynch et al. 2011). 

In this paper, the temporal variation of isotopic compositions of two tissues (i.e., muscle, 

vibrissae) from young-of-the-year was determined to estimate when the composition of these tissues is 

not influenced anymore by lactation and post weaning fast. The development of infections from 

trophically transmitted macro-parasites in the gastro-intestinal and respiratory tracts after weaning and 

their prevalence over time were studied and used as indicators of the foraging behavior of young-of-the­

year, to corroborate the results from the stable isotope analyses. The combination of two tools used for 

trophic studies (i.e., stable isotopes, parasitic infection) were therefore used to determine when isotopic 

compositions of muscles and vibrissae reflect the foraging of young-of-the-year in their environment in 

order to use these individuals in community diet studies. 

2. Material and methods

2.1. Sampling of harbor seals

This study was conducted on the Sylt-R0m0 Bight (54
°

52' - 55
°

10' N, 8
°

20' - 8
°

40' E), located in 

the northern Wadden Sea between the islands of Sylt (Schleswig Holstein, Germany) and R0m0 

(Denmark). Thirty three harbor seals (twenty eight young-of-the-year and five adults; Table 1, p. 38) 

were collected along the shore of the Island of Sylt from July 2012 to December 2013 as part of a 

stranding network established on the German coasts of Schleswig-Holstein (Siebert et al. 2006). Detailed 

information on the stranding network is provided by Benke et al. (1998). The sample size (n=33) 

represents =10% of the harbor seal population living in the Sylt-R0m0 Bight in summer (i.e., =400 seals 

on average) (Jensen 2015). All seals were stranded dead or were killed because of serious illness by 

authorized seal hunters affiliated to the authorities of Schleswig-Holstein Wadden Sea National Park. 

Carcasses were stored in plastic bags at -20
°

C until necropsies, which were conducted according 

to the protocol described by Siebert et al. (2007) at the Institute for Terrestrial and Aquatic Wildlife 

Research of the University of Veterinary Medicine, Hannover Foundation. Individuals were sorted in two 

age groups according to their standard length (Maclaren 1993): individuals less than 13 months old (i.e., 

young-of-the-year) and individuals older than 13 months (i.e., adults; Table 1, p. 38). The estimated age 
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of the young-of-the-year (in months) was determined as the number of months between the main birt:; 

period (May to June) (Osinga et al. 2012) and the day of collection (Table 1). 

Table 1: Date of collection, weight, length, age class and age category of the seals. Young-of-the-year 

refer to individuals from <l to 12 months old; adults refer to individuals older than 13 months 

Seal# Collection date Weight (kg) Length (cm) Age class (month) Age category 

1 24-Jun-12 7.6 83 1-2 young-of-the-year 

2 30-Jun-12 9.0 87 1-2 young-of-the-year 

3 13-Jul-13 9.2 93 2-3 young-of-the-year 

4 16-Jul-12 9.4 85 2-3 young-of-the-year 

5 20-Jul-12 10.2 90 2-3 young-of-the-year 

6 21-Jul-12 11.2 100 2-3 young-of-the-year 

7 22-Jul-12 11.4 95 2-3 young-of-the-year 

8 19-Aug-12 13.0 97 3-4 young-of-the-year 

9 1-Sep-12 12.0 90 4-5 young-of-the-year 

10 8-Sep-12 11.6 90 4-5 young-of-the-year 

11 10-Sep-12 12.4 101 4-5 young-of-the-year 

12 19-Sep-12 11.2 101 4-5 young-of-the-year 

13 30-Sep-12 13.0 97 4-5 young-of-the-year 

14 30-Sep-12 17.4 100 4-5 young-of-the-year 

15 7-0ct-12 12.2 103 5-6 young-of-the-year 

16 10-0ct-12 16.4 104 5-6 young-of-the-year 

17 13-0ct-12 10.6 86 5-6 young-of-the-year 

18 19-0ct-12 15.2 100 5-6 young-of-the-year 

19 13-Nov-13 13.0 100 6-7 young-of-the-year 

20 6-Dec-12 18.2 109 7-8 young-of-the-year 

21 9-Dec-12 20.2 109 7-8 young-of-the-year 

22 9-Dec-12 17.6 109 7-8 young-of-the-year 

23 10-Dec-12 16.4 112 7-8 young-of-the-year 

24 31-Dec-12 15.2 93 7-8 young-of-the-year 

25 31-Dec-12 18.0 104 7-8 young-of-the-year 

26 31-Dec-12 18.4 98 7-8 young-of-the-year 

27 24-Mar-13 19.4 114 10-11 young-of-the-year 

28 29-Mar-13 26.6 109 10-11 young-of-the-year 

29 29-Jul-12 20.0 125 > 13 adult 

30 8-Sep-12 31.4 144 > 13 adult 

31 21-Sep-12 17.6 107 > 13 adult 

32 24-Apr-13 93.0 169 > 13 adult 

33 07-Dec-13 75.8 166 > 13 adult 
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2.2. Samples collection and preparation for stable isotope analyses 

The longest vibrissa of each individual (n=33) was collected in order to cover the longest period 

of growth. Vibrissae were cleaned using soap in an ultrasonic bath for ten minutes and then rinsed four 

times in distilled water. Vibrissae were measured, dried and sliced with a sharp cutter in 1 to 2 mm 

consecutive sections (ranging in mass from 0.8 to 1.5 mg) starting from the proximal end (Chere! et al. 

2009). This represented a trade-off between the number of sections (and hence the temporal resolution 

attainable for the isotopic time series) and the size of the sample (Newland et al. 2011). The number of 

samples analyzed per vibrissa ranged from 18 to 42 depending on its length. 

Muscle tissue was collected on the lower flank of seals (Todd et al. 2010) and samples were kept 

at -20°C until preparation for analysis. Muscle samples were freeze-dried and ground individually into a 

fine powder using a ball mill. Lipids were removed from muscle samples using 5 repeated rinses with 2:1 

chloroform:methanol to avoid the bias due to the depletion in 
13

C in lipids relatively to the diet (Tieszen 

et al. 1983). Samples were then dried at 35
°C and ground again. <'5 1sN analyses were carried out on raw 

samples in order to avoid any potential bias due to delipidation. 

2.3. Stable isotope analyses 

Each piece of vibrissae and homogenized powdered samples was precisely weighed (± 1 µg) and 

was sealed in a tin capsule for stable isotope analyses. Samples were processed on an elemental 

analyzer (Flash EA 1112, Thermo Scientific, Milan, Italy) coupled to an isotope ratio mass spectrometer 

(Delta V Advantage with a Conflo IV interface, Thermo Scientific, Bremen, Germany) at the LIENSs stable 

isotope facility of the University of La Rochelle, France. Results are expressed in the <'5 notation as 

deviation from international standards of known composition (Vienna Pee Dee Belemnite and N2 in air 

for <'513C and 615N values, respectively) following the formula: 6
13C, <'515

N = [(Rsample/Rstandard) - 1) x 10
3
, 

where R is 15N/
14

N, 13
C/12C, respectively. Calibration was performed using certified reference materials 

(USGS-24, IAEA-CH6, -600 for carbon; IAEA-N2, -N0-3, -600 for nitrogen). Analytical precision based on 

repeated analyses of acetanilide (Thermo Scientific) used as an internal standard was <0.15%0 for carbon 

and nitrogen. 
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2.4. Parasite sampling 

Macroscopic parasitic infections were determined semi-quantitatively for each seal during 

necropsy and histopathological examinations. The level of parasitic infection was ranked as following: 

none= no parasites, mild= mild infection, moderate= moderate infection and severe= severe infection 

(Siebert et al. 2001, Lehnert et al. 2014). Moderate and severe infections were combined for analysis in 

this study in order to allow more robust statistic and emphasize global trend. Because parasitic 

infections in harbor seals most often occur in the respiratory (lungs and bronchi) and digestive tracts 

(stomach and intestine) (Lehnert et al. 2007), and the species infecting these organs are assumed to be 

transmitted trophically (61afsd6ttir and Hauksson 1998, Anderson 2000, Lehnert et al. 2010), their r-­

prevalence and level of infection was chosen to be compared to the stable isotope results. Parasite yo 

species usually encountered in the investigated organs of harbor seals from the German Wadden Sea 

are described in Table 2. 

Table 2: Parasites species commonly found in the respiratory (bronchi and lung) and gastrointestinal 
(stomach and intestine) tracts of harbor seals, modified from Lehnert et al. (2007) 

Bronchi, pulmonary 

Respiratory blood vessels 

tract 
Lung 

Gastrointestinal Stomach 

tract 
Intestine 

2.5. Data and statistical analyses 

2.5.1. Vibrissae 

Phylum 

Nematoda 

Nematoda 

Nematoda 

Acanthocephala 

Family Species 

Crenosomatidae Otostrongylus circumlitus 

Filaroididae Parafilaroides gymnurus 

Filaroididae Parofilaroides gymnurus 

Anisakidae 
Pseudoterranova decipiens 

Contracaecum osculatum 

Polymorphidae Corynosoma spp. 

Growth rates used for reconstruction of the temporal variation in isotopic composition of 

vibrissae were 0.78 mm.d-1 from May to September, and 0.075 mm.d-1 from October to April (Zhao and 

Schell 2004). Most of the harbor seals were still alive when beaching and all the carcasses were in good 

state of preservation, so the day of collection on the beach was considered to be the last day of vibrissae 

growth. Stable isotope data along the vibrissae were averaged per month (see Table 3 for sample sizes). 
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The 95% confidence intervals of 6
13

C and of 6
15N values were computed on a monthly basis for the 

young-of-the-year and the adults. The differences of 6
1
3C and 6

15
N values between young-of-the-year 

and adults are expressed as �6
13

C and �6
15

N, respectively. Due to the small sample-size of the adults 

(Table 3), non-parametric procedures were used to achieve more robust statistics. Wilcoxon tests were 

applied to compare vibrissae isotopic compositions of young-of-the-year and adults for each month. 

Table 3: Number of vibrissae used per month for stable isotope analyses 

Month May June July August September October November December 

Adults 2 3 4 3 3 1 1 2 

1ng-of-the-year 12 12 14 15 15 9 6 5 

2.5.2. Muscle 

Non-parametric procedures were used to achieve more robust statistics due to the small sample 

sizes (sample sizes� 10 per month). Kruskal-Wallis tests were applied on isotopic data of young-of-the­

year to test for monthly variations. These tests were followed by multiple pairwise comparisons using 

the Wilcoxon rank sum test. Only months with more than three individuals (i.e., July, September, 

October and December) were used for statistics. 

2.5.3. Prevalence and level of parasitic infection 

The prevalence (i.e., percentage of seals infected by at least one parasite) was computed (Bush 

et al. 1997). For statistical analyses, lungs and bronchi were combined as respiratory tract, and stomach 

and intestine were combined as gastrointestinal tract. The distributions of levels of infection (i.e., none, 

mild and moderate-severe) were compared using Fisher-Snedecor tests. These tests were followed by 

multiple pairwise comparisons using the Fisher rank test applying the Bonferroni correction. 
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3. Results

3.1. Stable isotope composition of vibrissae 

The differences of 6
15

N values between young-of-the-year and adults (i.e., M
15

N) decreaseo 

from 3.8%0 in May to 0.2%0 in August, and then these differences remained very low. The c5
15

N values 

were higher in young-of-the-year than in adults in May (M
15

N= 3.8%0; Wilcoxon test, p-value: 0.009), in 

June (M
15

N: 1.7o/oo; p-value: 0.048) and in July (M
15

N: l.Oo/oo; p-value: 0.061; Fig. lA). Young-of-the-year 

and adults had similar 6
15

N values from August to December (p-values: from 0.330 to 0.570). The 613
C 

values were higher in young-of-the-year than in adults in May (M
13

C: 1.7o/oo; Wilcoxon test, p-value: 

0.009; Fig. lB) and were similar between young-of-the-year and adults from June to December (au 

Wilcoxon tests: p-values: > 0.500; Fig. lB). 
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3.2.Stab/e isotope composition of muscles 

The o
15N values of young-of-the-year decreased with the age of the individuals (Kruskal Wallis 

test, p-value = 0.006). The o
15

N values were the highest in June, just after birth {20.3 ± 0.5%0), decreased 

regularly from July {20.2 ± 0.5%0) to September (18.5 ± 1.3%0; Fig. 2A), and then remained stable after 

September. Muscles of young-of-the-year had similar o
15

N values in individuals collected from 

September, October and December (Wilcoxon rank sum tests, p-values: from 0.490 to 0.560). Muscle of 

young-of-the-year had higher o
15

N values in individuals collected in July than in those collected from 

October to December (Wilcoxon rank sum tests, p-values: from 0.034 to 0.078). The o
13

C values of 

young-of-the-year slightly decreased from June to September (Fig. 28), although this trend was not 

significant {Wilcoxon rank sum tests, all p-values > 0.130). 
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3.3. Prevalence and level of parasitic infection 

Young-of-the-year from June were not parasitized in the gastrointestinal tract (Fig. 3). We 

observed low parasite prevalence in July and August (Fig. 3). The prevalence of parasitic infections 

slightly increased after September although this trend was not significant (Fisher-Snedecor test, p-value 

0.67). From October to March, SO to 60% of young-of-the-year were infected in the gastrointest1na 

tract. About 60% of the adults were infected. 

Young-of-the-year sampled in June, July and August were not parasitized in the respirator) 

tracts (Fig. 3). The prevalence and level of parasitic infections in the respiratory tract started to increase 

significantly in September (Fisher-Snedecor test, p-value: 0.008; Fig. 3). Indeed the prevalence of 

moderate-severe parasitic infections in the respiratory tract was higher in young-of-the-year from 

September to March compared to those from June to August (Pairwise Fisher tests, p-value=0.006). 
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Fig. 3: Prevalence of the different levels of macro-parasitic infection (none, mild, moderate to severe) in 

the gastrointestinal and respiratory tracts of harbor seals. n indicates sample size 
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4.1. When do tissues of young-of-the-year reflect a prey-based diet?

In vibrissae, isotopic compositions of young-of-the-year were similar to those of adults three to 

four months after birthing (i.e., August), demonstrating that young-of-the-year and adults relied on 

similar food sources at this time, and that the isotopic composition of the vibrissae of young-of-the-year 

was then only depicting a diet based on foraging (Jenkins et al. 2001). The beginning of parasitic 

infection in July in the gastrointestinal tract of young-of-the-year confirms that these individuals start to 

forage two to three months after birth. Consequently, both o
15

N and o
13

C values of vibrissae can be used 

for community diet studies three to four months after birth. Due to a possible remaining influence of 

lactation, vibrissae from younger individuals should not be used in studies about community 

trophodynamics. 

In muscles, the stabilization of o
15

N values in young-of-the-year in October, combined with the 

stable o
1
3C values over time, suggests that young-of-the-year older than five to six months (i.e., October) 

have a stable diet, probably based on foraging, although no muscle o
15

N and o
13

C values of adults were 

available for comparison. The increases of prevalence and level of parasitic infections in both respiratory 

and gastrointestinal tracts in September confirm that young-of-the-year are foraging (Muelbert et al. 

2003). This trend is supported by studies investigating age dependency in parasitic infections of 

pinnipeds and cetaceans from different geographic areas where animals post weaning are described to 

become infected when they begin to prey on fish (Borgsteede et al. 1991, Smith and Read 1992, 

Bergeron et al. 1997, Lehnert et al. 2005, 2007, Siebert et al. 2007, Measures 2008). This also underlines 

that the probability of acquiring parasites from prey species increases with the length of the period of 

foraging (Bergeron et al. 1997). The combination of information from parasitic infections and o
15

N 

values implies that isotopic composition of muscles is not influenced anymore by lactation in October 

and that muscles can therefore be used for diet studies five to six months after birth. Muscles from 

younger individuals should not be used in studies about community trophodynamics. 

4.2.Lack of trend in 6
13

C values 

No variation of o 13C values was observed during growth of young-of-the-year, neither in 

vibrissae nor in muscles, as already observed in other species of marine or terrestrial mammals (Hobson 
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and Sease 1998, Jenkins et al. 2001, Newsome et al. 2006). This can be related to the relatively u1. 

trophic fractionation observed for carbon between food sources and consumers {Peterson and Fry 1987, 

Hobson et al. 1996), leading to no visible difference between nursing young-of-the-year and adults due 

to the relatively high inter-individual variation of 6 13
C values. In addition, the lack of differences in 6

13
( 

values might also be related to several other factors. For example, Hobson and Sease {1998) and Jenkins 

et al. (2001) observed respectively lower and similar 6 13
C values in nursing pups in comparison with 

adults. These authors related their results with the high proportion of lipids - depleted in 13
C (Tiesze11 

and Boutton 1989, Hilderbrand et al. 1996) - in milk, likely leading to lower 6
13

C values in milk than in 

other mother tissues (Jenkins et al. 2001, Polischuk et al. 2001). Furthermore, Newsome et al. (2006) 

suggested that tissue 6
13

C patterns over the nursing period depend on the degree of preferential routing 

of carbon from milk lipids versus proteins to tissue synthesis and Matthews and Ferguson {2015) 

hypothesized that the absence of nursing effect on 6
13

C values in beluga whales reflected the direct 

incorporation of dietary lipids into the developing blubber layer of calves. 

4.3. High 6
15

N values and no parasitic infection during lactation 

Young-of-the-year under lactation (i.e., from May to June) had higher 6
15

N values than 

individuals predating on fish. This difference is probably due to the reliance on milk. Indeed, due to 

trophic fractionation, young-of-the-year under lactation are expected to be more enriched in 
15

N than 

their mothers (Bocherens et al. 1995, Hobson and Sease 1998, Jenkins et al. 2001, Polischuk et al. 2001, 

Newsome et al. 2006). Moreover, the young-of-the-year under lactation were not parasitized, 

confirming that they were not exposed to trophically transmitted parasites and that they exclusively 

relied on milk (Bowen 1991). 

4.4. Transition period from the lactation to a prey-based diet 

The gradual decrease of ti615
N between young-of-the-year and adults in vibrissae from May to 

August, and of 6
15

N values in muscles of young-of-the-year from June to October can be related to 

several factors. First, the time period which can be investigated based on the isotopic composition of a 

tissue strongly depends on the turnover of this tissue (Hobson and Clark 1992, Hobson 1995). The 

relatively long gradual shift of 6
15N values observed in muscles of young-of-the-year (from June to 
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October) might be partly explained by the relatively low turnover time of the muscle tissue. Therefore, 

although 6
15N values in young-of-the-year muscle seemingly reflect a prey-based diet in October, these 

individuals very likely already forage in earlier months, as demonstrated with parasite investigations. 

The quicker similarity of 615N values in vibrissae between young-of-the-year and adults (already 

observed 3-4 months after birth) compared to the lag needed for stabilization of the 6 15N values in 

young-of-the-year muscles (observed 5-6 months after birth) is likely related to the short time of 

integration of isotopic compositions in vibrissae (Cherel et al. 2009). 

Second, harbor seal young-of-the-year undergo a post-weaning fast after a short period of 

lactation (Muelbert and Bowen 1993, Lang et al. 2005). Indeed, although young-of-the-year begin to 

forage within a few days when weaned, it takes them several weeks to reach a positive energy balance 

(Muelbert et al. 2003). The relatively higher 615N values of young-of-the-year after weaning in 

comparison to individuals predating on fish might be due to this fasting period of two to three weeks 

(Muelbert and Bowen 1993, Muelbert et al. 2003). Indeed, fasting may also result in an enrichment in 

15N (Hobson et al. 1993), when muscle tissue is catabolized (Polischuk et al. 2001). The same pattern was 

observed by Hobson and Sease (1998) in northern elephant seals (Mirounga angustirostri) which have a 

parental care strategy similar to harbor seals. The absence of infection in the respiratory tract combined 

with the low parasite prevalence and infection level in the digestive tract of young-of-the-year from July 

and August indicates that exposure of young-of-the-year to the infective parasite stages was low. This 

observation confirms that post weaning young-of-the-year have a low exposure to parasitized prey 

species, likely because young-of-the-year rely mainly on their blubber energy storage during the first 

weeks post weaning (Muelbert and Bowen 1993, Muelbert et al. 2003}. The findings from this study 

clearly show that gastrointestinal parasites are the first endoparasites that become established in 

harbor seals after weaning. The subsequent incidence of lung nematodes and the observed increase in 

the levels of parasitic infections in the lungs probably reflect shifting prey preferences or a longer 

somatic migration of larval stages to the respiratory tract. 

Finally, the birth period lasts for one month, from early May to early June (Osinga et al. 2012). 

As a result, from the beginning of June to the beginning of July, the population of young-of-the-year is 

composed by a mixture of weaned individuals and of young-of-the-year still under lactation in June. This 

diversity of life stages in June related to the duration of the birth period might also partly explain the 

gradual decrease of the M
15N in vibrissae and the gradual shift of 6 15N in muscles of young-of-the-year. 
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5. Conclusion

In harbor seals, we estimated the 015
N values of young-of-the-year to be influenced by the

weaning process until three to four months after birth in vibrissae, and five to six months after birth in 

muscle. Tissues of young-of-the-year older than these respective ages can therefore be used in 

community diet studies. The lactating young-of-the-year have higher o
15N values than foraging

individuals in vibrissae and in muscle, whereas 6
13C values are similar. The prevalence of parasitic 

infections in the respiratory and gastrointestinal tracts of young-of-the-year is also a good indicator of 

the foraging behavior, and can be an important biomarker in ecological studies about marine mammals. 

It confirmed that harbors seals are under a prey-based diet about three to four months after birth. 

The maternal influence on isotopic composition of young-of-the-year depends on the analyzed 

tissue, in relation with the turnover, and is also related to the duration of the weaning process. Further 

studies about temporal variations of isotopic compositions in different tissues and species of marine 

mammals would bring useful information to increase the possibilities of using stable isotope analyses in 

young-of-the-year for diet investigations. Among these tissues, a particular attention should be paid to 

inert tissues such as vibrissae, teeth and claws, to have a better temporal resolution of weaning 

processes and foraging behavior of seals, and marine mammals in a larger extent. 
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Abstract 

The Wadden Sea has an important role for marine mammals in terms of resting, nursing and foraging. 

Harbor seal is the most abundant marine mammal species in this area. The use of the food resources of 

the Wadden Sea by seals is not clear, and previous studies showed that this species can travel 

kilometers away from their haul-outs to forage in the North Sea. In this study, we analyzed the stable 

isotopes of vibrissae from 20 dead harbor seals found on the island of Sylt to investigate their diet. The 

predator's carbon and nitrogen isotope compositions were compared to the compositions of different 

potential prey items from the Sylt-R0m0 Bight and from the North Sea in order to study seasonal 

pattern in the diet and in the foraging location. In parallel, seasonal variation of abundance and biomass 

of the potential prey items from the Sylt-R0m0 Bight were studied and compare to their contribution to 

the seal's diet. The results revealed a change in the seal's diet from pelagic sources in spring to a benthic 

based diet in summer, and an increasing use of the North Sea resources in fall and winter in accordance 

with the seasonal variation of the availability of prey in the Sylt-R0m0 Bight. 

Key words 

Phoca vitulina; vibrissae; whisker ; c51
3C ;  c515N; stable isotope; mixing model 
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Marine mammals represent the most prominent members among top predators in the marine 

environment (Reijnders and Lankester 1990). Their abundance and distribution can have a large effect 

on the structure and the functioning of ecosystems and communities (Power and Gregoire 1978, Estes 

1979, Bowen 1997). Assessing the role of top predators in the functioning of ecosystems is then a 

central issue in ecology and management (Bowen 1997). Nevertheless, the role of top predators in 

structuring ecosystems is still not well known (Bowen 1997, Lesage et al. 2001) due to their ecological 

niches often exceeding the temporal and spatial scales which are used to define community boundaries 

(Lesage et al. 2001, Tougaard et al. 2003). 

In the Wadden Sea, harbor seal (Phoca vitulina) is, together with harbor porpoise (Phocoena 

phocoena), the most abundant marine mammal species (Reijnders et al. 2009). The conservation 

measures introduced in the 1970s for marine mammals (Reijnders and Lankester 1990, Lotze et al. 2005, 

Smardon 2009, Hoffmann et al. 2011), and particularly the protection of harbor seals by the hunting 

prohibition started in 1976 for the entire Wadden Sea (Reijnders et al. 1997), allowed its population to 

grow (Reijnders and Lankester 1990, Reijnders et al. 1997, Lotze et al. 2005). Despite two epizootics in 

1988 and 2002 which interrupted the upward trend in population growth sharply (Reijnders et al. 2009), 

the Wadden Sea population of harbor seals increases and might approach the carrying capacity of the 

area (Reijnders et al. 2010), with 26 576 individuals counted on land in August 2014 (Galatius et al. 

2014). Harbor seals' population spreads from Denmark to the Netherlands, with -61% of its population 

located along the German coast (Galatius et al. 2014). The Wadden Sea is an important habitat for 

harbor seals in terms of reproduction (Reijnders et al. 2009, Osinga et al. 2012, Galatius et al. 2014) and 

food resources (Smardon 2009). Harbor seals use the numerous sand banks regularly exposed at low 

tide in different bays of the Wadden Sea to give birth, rest and molt (Drescher 1979). They also use the 

Wadden Sea at high tide to forage on the abundant food stock it provides (Reijnders et al. 2010). 

Harbor seals are opportunistic feeders subsisting largely on fish, although mollusks and 

crustaceans may sometimes form a significant part of their diet (Behrends 1985, Sievers 1989). Several 

studies based on seal stomach contents conducted in the North Sea showed a variation in the dominant 

species in the seal's diet depending on the location, the main prey species being either gadoids and flat 

fish (Harkonen 1987, Harkonen and Heide-J'1)rgensen 1991, Brown and Pierce 1998, Hall et al. 1998), or 

clupeids and sand eels (Pierce et al. 1991, Thompson et al. 1991, Thompson et al. 1996, Tollit et al. 
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1997). Along the German coast, in the Schleswig-Holstein area, gadoids (Gadus morhua and Merfang.-5 

merfangus) and flat fish (Limanda fimanda, Platichthys f/esus and Pleuronectes platessa) are promine­

in the seal's diet with Ammodytes tobianus and Clupea harengus of secondary importance (Gilles et a 

2008). Thus, harbor seals feed on a wide range of prey with the prevalence of some key species. The 

contributions of these prey items to the diet vary depending on the area, and likely depending on the 

prey availability (Toi lit et al. 1997, Andersen et al. 2007). 

Due to their large body size and their high abundance in the Wadden Sea, seals exert a strong 

pressure of predation on their environment (Bowen 1997, Reijnders et al. 2010). Even if harbor seals 

from the Wadden Sea appear to use the North Sea more than previously expected (Tougaard et al 

2003), they might exert a pressure of predation on the Wadden Sea food resources. Consequently, there 

are needs to improve the understanding of the trophic behavior of seals in the North Sea and in the 

Wadden Sea, in order to have better estimations of their diets and to determine spatio-tempora 

variations of their foraging activities. This would allow evaluating their influence on the ecosystems in 

which they live, in order to improve management plans for conservation of seals and of their food 

resources. 

Stable isotope analysis is a powerful tool for determination of food resources used by marine 

mammals (Hobson et al. 1997, Lesage et al. 2001, Das et al. 2003, Caut et al. 2011). This method is very 

complementary to gut content analyses, which have already been carried out on seals from the same 

area (Behrends 1985, Gilles et al. 2008). Gut content and feces analyses give a snapshot of the ingested 

prey items whereas the stable isotope composition provides dietary information integrated over few 

days (e.g., plasma, liver) to few months (e.g., muscle, hair) in function of the differences of metabolic 

activity (e.g., turnover) or growth rate between the tissues (Tieszen et al. 1983). The stable isotope 

composition of carbon in predator tissue reflects the origin of food resources: it allows generally a good 

discrimination between food resources produced in continental areas, those produced in the open 

ocean and the ones produced in benthic environments (DeNiro and Epstein 1978, Rau et al. 1983, 

Hobson et al. 1994). The stable isotope composition of nitrogen is commonly used as an indicator of the 

trophic position of a consumer, thanks to the large trophic fractionation observed for nitrogen between 

each trophic level (Peterson and Fry 1987, Fry 1988, Hobson and Welch 1992). For the present study, 

stable isotope analyses were carried out on vibrissae to determine temporal patterns of diet. Indeed, 

due to daily growth of vibrissae and their metabolic inertia (Hall-Aspland et al. 2005), their isotopic 

composition reflects the diet at the time of their growth (Chere! et al. 2009). Several studies revealed 
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that vibrissae provide a powerful way to assess diet and foraging location of marine mammals such as 

elephant seals (Mirounga leonine) (Newland et al. 2011), leopard seals (Hydrurga leptonyx) (Hall­

Aspland et al. 2005), harp seals (Pagophi/us groenlandicus) (Hobson et al. 1996) and sea otters (Enhydra 

lutris nereis) (Newsome et al. 2009). Zhao and Schell (2004) showed that harbor seal's vibrissae can 

archive ecological changes over a long metabolic period. As a result and knowing their growth rate (0.78 

mm.d-
1 

from May to September and 0.075 mm.d-
1 

from October to April) (Zhao and Schell 2004)

vibrissae segmental isotopic analysis provides an efficient tool for studying foraging ecology of harbor 

seals giving precise (day) and long term (up to one year) information about the history of their food 

resources. 

The present study aims to first estimate the temporal variation of the diet of harbor seals from 

the German Wadden Sea using stable isotope analyses, focusing both on the different type of prey 

items (i.e., trophic groups of prey species) and the different origins of these prey items (North Sea vs. 

Sylt-Rl1lml1l Bight). The probability to be part of the seal's diet is then related to the seasonal patterns of 

the prey species' biomass and abundance. 

2. Material and Methods

2.1. Ethic Statement

In the Wadden Sea area, harbor seals are protected under the Annex II of the Convention on 

Migratory Species of Wild Animals, also called Bonn Convention (1983), and particularly since 1991 

under the protection of the Trilateral Seal Agreement between Denmark, Germany and the Netherlands 

(Agreement on the Conservation of Seals in the Wadden Sea 1990). In addition, they are protected 

under Annex Ill (protected fauna species) of the Convention on the conservation of European wildlife 

and natural habitats (Bern Convention 1985). The harbor seal is also listed in the Annexes II and V of the 

EU Habitats Directive (1992) (consolidated version 2007) on the conservation of natural habitats and of 

wild fauna and flora. Harbor seals are classified with least concern in the regional red list for Germany 

(Federal Agency for Nature Conservation and Germany 2009) and in the European red list (International 

Union for the Conservation of Nature and Natural Resources and IUCN 2012). All seal samples were 

taken in accordance with these protection measures. Samples were collected as part of a harbor seals 

stranded network, established on the German coast of Schleswig-Holstein after the 1988/1989 Phocine 

Distemper Virus epidemic (Benke et al. 1998). All stranded seals were found dead or were killed because 
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of serious illness by authorized seal hunters affiliated to the authorities of Schleswig-Holstein Wadde· 

Sea National Park. 

The sampling of prey species from the Sylt-R0m0 Bight were part of a monthly fish monitori"g 

supervised by the Alfred Wegener Institute since 2006. No endangered prey species were used in this

study. All caught fish, squid and shrimp individuals were measured (length and weight) on board as fast 

as feasible for biomass and abundance survey, and have been returned to the wild after being held 1n 

water. The individuals sampled for stable isotope analyses were rapidly killed and stored in a freezer or 

board. The individuals of prey species from the North Sea were collected for stable isotope analyses 

among catches of a professional shrimp trawler from the island of R0m0. 

2.2.Study site 

The Sylt-R0m0 Bight (54°52' - 55°10' N, 8°20' - 8°40' E) is part of the Wadden Sea, which extends 

along the south-eastern margin of the North Sea from the Netherlands to Denmark. This 404 km2 sem1-

enclosed basin is located between the islands of Sylt (Germany) and R0m0 (Denmark; Fig. 1). Two 

causeways connect the islands with the mainland, and prohibit any exchange of water with the adjacent 

tidal basins. The only connection to the North Sea is a deep tidal channel between the two islands. The 

tidal range inside the Bight is up to 2 m (Martens and Beusekom 2008). The Sylt-R0m0 Bight provides 

shelter for a stable colony of = 470 ± 97 harbor seals on average in summer (2009 to 2012) (Jensen 

2015). Harbor seals use five sand banks uncovered at low tide as haul out sites. These sandbanks are 

spread in the whole Bight, with the Jordsand and List sand banks (Fig. 1) being the most frequented 

(Jensen 2015). 
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Fig. 1: Location and map of the Sylt-R0m0 Bight. Maps created using ArcGIS� 10 Esri software. Sylt­

R0m0 Bight map data courtesy of the Schleswig-Holstein's Government-Owned Company for Coastal 

Protection, National Parks and Ocean Protection - National Park Authority, Tanning. 

2.3. Prey samples 

Fish biomass and stable isotope samples were measured and collected from the catches of fish 

monitored monthly from 2008 to 2013 in the Sylt-R0m0 Bight (Fig. 1). 

2.3.l. Sampling for fish biomass and abundance 

Sampling for biomass and abundance of the prey species took place monthly from 2010 to 2012 

at eight stations in the Sylt-R0m0 Bight (Fig. 1) to provide a representative geographical coverage of the 

area. Two hauls were carried out at every station: one in the water column and one at the bottom, each 

for 15 minutes at an average speed of approximately 1 m.s-
1
. Sampling was carried out using a 17 m long 

mini bottom trawl, also designed to be deployed for pelagic fishing. The mouth of the net was up to 7 m 

in width and 3 m in height. Mesh size measured 32 mm in the wings, 16 mm in the mid part and 6 mm in 
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the cod end. Fish, shrimps and squids were identified to the species level, measured to the nearest 

O.Scm and counted. Fish biomass was estimated using the following length-weight relationsh ip

WW = a x lb , with WW: wet weight in g, l: length in cm, and a and b: constants calculated by f()( 

Pockberger (2015) every species sampled during the fish monitoring in the Sylt-R0m0 Bight. Catch per 

unit of effort (CPUE), i.e., the number (CPUEn) or biomass (CPUEm) of fish caught per hour of sampling, 

was calculated using the following equations: CPU En
= I,n/t and CPU Em

= I,m/t, with n: numbero' 

individuals,m: biomass of individuals (g) and t: fishing time (hour). The number of individuals was 

summed by group of prey items (see section 2.5 Data and statistical analyses). 

2.3.2. Sampling for stable isotopes of prey 

Potential prey species of harbor seals (i.e., fish, shrimps and squids) were sampled in the Sylt· 

R0m0 Bight and in the North Sea in order to determine their difference in stable isotope composition 

between these two areas. Potential prey species from the Sylt-R0m0 Bight were sampled seasonally 

from April 2008 to November 2009 (Kellnreitner et al. 2012) and from January to November 2013. 

Potential prey species from the North Sea were collected from May to September 2013 by a 

professional shrimp trawler. The opening size of the net was 5 meters and mesh size was 20 mm. Three 

individuals from the most abundant size-class of each species were collected, measured to nearest 0.5 

cm and then stored at -20°( for further analysis. 

2.4. Sampling for stable isotopes of seals 

Twenty three harbor seal carcasses in good state of conservation were collected from June 2012 

to February 2014 along the coastline of the Sylt Island. This sampling represents about 5% of the 

population of harbor seals in the Sylt-R0m0 Bight during summer (470 individuals on average) and 

encompasses the totality of stranded adults and most of the stranded young-of-the-year older than 3-4 

months collected by the seal's hunter on the Sylt coast during this period. Necropsies were conducted 

on the carcasses at the Institute for Terrestrial and Aquatic Wildlife Research (ITAW) of University of 

Veterinary Medicine Hannover Foundation, according to the protocol described by Siebert et al. (2007). 

Until necropsy, the carcasses were stored frozen in plastic bags at -20°C. The age (older than 2 years vs.

young-of-the-year) was estimated according to the length. The estimated age of the young-of-the-year 
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( 11 months) was determined as the number of months between the main birth period (May to June) 

(Osinga et al. 2012) and the day of collection (Table 1). 

Table 1: sex, finding date and age of the twenty three sampled harbor seals 

seal ID sex finding date age 

1 m 29-Jul-12 13-14 months

2 m 8-Sep-12 > 2 year

3 m 21-Sep-12 > 2 year

4 f 30-Sep-12 3-4 months

5 m 30-Sep-12 3-4 months

6 m 7-0ct-12 4-5 months

7 f 10-0ct-12 4-5 months

8 m 13-0ct-12 4-5 months

9 m 19-0ct-12 4-5 months

10 m 6-Dec-12 6-7 months

11 9-Dec-12 6-7 months

12 f 9-Dec-12 6-7 months

13 f 10-Dec-12 6-7 months

14 f 31-Dec-12 6-7 months

15 f 31-Dec-12 6-7 months

16 f 31-Dec-12 6-7 months

17 f 24-Mar-13 9-10 months

18 m 29-Mar-13 9-10 months

19 f 24-Apr-13 > 2 year

20 m 12-Jul-13 > 2 year

21 m 13-Nov-13 5-6 months

22 m 13-Nov-13 5-6 months

23 f 11-Feb-14 > 2 year

To evaluate the similarity between vibrissae originating from the same animal, two different 

vibrissae were collected on seals #1 (adult) and #4 (yearling) (i.e., four vibrissae in total). The R2 of the 

linear regression between the two vibrissae from a same individual were calculated to verify the 

similarity between stable isotope compositions and growth rate. We observed a very good similarity 

between 2 vibrissae from a same individual for both 6
13

C and 6
15

N values (6
13

C: seal #13: R
2
=0.804, seal 
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#29: R2= 0.975; 615N: seal #13: R2=0.991, seal #29: R2= 0.944; Appendix 1, p. 85). The longest mystaci.,

vibrissae were sampled for each individual in order to cover the longest period of growth. 

2.5. Preparation and analysis of stable isotope samples 

Prey samples were freeze-dried and ground individually to a fine powder using a ball mill. Whole 

eviscerated individuals were analyzed. To avoid the bias due to presence of CaC03 from fish bones, 

samples for 61
3C analyses were acidified using 1 mol.L·1 hydrochloric acid, then dried at 60°C and ground

again (Bunn et al. 1995, Pinnegar and Polunin 1999). 615N analyses were carried out on raw samples in

order to avoid any potential bias due to acidification. 

Harbor seal vibrissae were cleaned using soap in an ultrasonic bath for 10 minutes and then 

rinsed 4 times in distilled water. Vibrissae were measured, dried and sliced with a sharp cutter in 1 to 2 

mm consecutive sections (ranging in mass from 0.8 to 1.5 mg) starting from the proximal end (Chere! et 

al. 2009). This represented a trade-off between the number of sections (and hence the temporal 

resolution attainable for the isotopic time series) and the size of the sample (Newland et al. 2011). The 

number of samples analyzed per vibrissae varied from 18 to 42 depending on its length. 

Each piece of vibrissae and homogenized powdered samples of prey were precisely weighed(± 1 

µg) and were sealed in a tin capsule for stable isotope analyses. Samples were processed on an 

elemental analyzer (Vario Microcube, Elementar, Germany) coupled to an isotope ratio mass 

spectrometer (lsoprime 100, lsoprime, UK). Results are expressed in the o notation as deviation from 

international standards (Vienna Pee Dee Belemnite for 61
3C and N2 in air for 615N) following the formula:

0
1
3C or 015N = [(Rsamp1e/Rstandardl - 1] x 103, where R is 1

3C/12C or 15N/14N isotopic ratios. Calibration was

performed using certified reference materials (IAEA-C6, IAEA-N2, for nitrogen). Analytical precision 

based on repeated analyses of glycine (p.a. Merck, Germany) used as an internal standard was <0.15%0 

for carbon and nitrogen. 
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Fish prey species were grouped following three trophic groups (Table 2): 

planktivorous/piscivorous, benthivorous/piscivorous and benthivorous, as described in Froese and Pauly 

(2014}. The planktivorous/piscivorous group is represented by pelagic species (e.g., C. harengus, A. 

tobianus} living in the water column and feeding on zoo- and phyto-plankton and/or small fishes. The 

benthivorous/piscivorous group comprises benthopelagic species (e.g., M. merlangus, L. limanda, 

Myoxocephalus scorpius} living partly in the water column but foraging on the seafloor. These species 

are feeding on crustacean, mollusks and polychaetes, but also on small fishes and cephalopods (Froese 

and Pauly 2014}. The benthivorous group consists mainly of demersal species (e.g., Pomatoschistus 

minutus, P. p/atessa} living on the seafloor and feeding on small crustaceans, mollusks, polychaetes, fish 

eggs (Froese and Pauly 2014} and, for some groups, on amphipods (Oh et al. 2001}. Due to its 

anadromous behavior, Osmerus eperlanus was treated separately than the benthivorous/piscivorous 

group, although it feeds on shrimps, small crustaceans and small fishes (Froese and Pauly 2014). Only 

squid species belonging to the genus Loligo were found. 

Table 2: Groups of species used as prey items in the Sylt-R0m0 Bight (for biomass and stable isotope 

analyses} and in the North Sea (for stable isotope analyses). 

Planktivorous/ piscivorous Benthivorous/piscivorous Strictly benthivorous 

Ammodytes tobianus Ciliata muste/a *** Agonus cataphractus 

Atherina presbyta * Gadus morhua *** Crangon crangon 

Belone be/one Gasterosteus aculeatus ** Pleuronectes platessa 

Clupea harengus Limanda limanda Pho/is gunnel/us ** 

Cyclopterus lumpus * Merlangius merlangus Pomatoschistus 

microps 

Hyperoplus lanceolatus Myoxocephalus scorpius ** Pomatoschistus 

minutus 

Scomber scomber * Platichthys flesus ** So/ea so/ea 

Sprattus sprattus Spinachia spinachia ** Zoarces viviparus 

Trachurus trachurus * Syngnathus rostellatus ** 

* species not sampled for stable isotope analysis.

** species only sampled in the Sylt-R0m0 Bight for stable isotope analysis. 

*** species only sampled in the North Sea for stable isotope analysis. 
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The seasonal biomass and abundance of trophic groups were similar between the years 2010 

2011 and 2012 (Kruskal Wallis rank sum test: Planktivorous/Piscivorous, all p-values > 0.11 for biomass 

and > 0.10 for abundance; Benthivorous/Piscivorous, all p-values between> 0.33 for biomass and> 0.26 

for abundance; Benthivorous group, all p-values > 0.13 for biomass and all p-values > 0.10 for 

abundance}. Therefore, the seasonal biomass and abundance of groups of prey items were averaged per 

year in order to have a more robust data set representing the seasonal availability of prey for harbor 

seals. 

The stable isotope compositions of trophic groups from the Sylt-R0m0 Bight were similar 

between years of sampling among seasons (Kruskal Wallis rank sum test for ouc

Planktivorous/Piscivorous, all p-values > 0.19 ; benthivorous/piscivorous, all p-values > 0.40; 

Benthivorous group, all p-values > 0.15; 0. eperlanus, p-value > 0.05; Kruskal Wallis rank sum test for 

o
15N: Planktivorous/Piscivorous, all p-values > 0.62; benthivorous/piscivorous, all p-values > 0.08; 

Benthivorous group, all p-values > 0.05; 0. eperlanus, p-value > 0.70}. As a result, the stable isotope 

compositions of the different trophic groups were averaged on a seasonal basis for the construction of 

seasonal mixing models (see section 2.7. mixing models}. 

2.6.2. Trophic fractionation factors

613
C and o15N values are expressed as means, generally followed by standard deviations. As a

net result of isotopic discrimination (i.e. , the differential behavior of the stable isotopes during 

biochemical or physico-chemical reaction}, the stable isotopic composition of a consumer is general� 

different than those of its potential prey. Such difference, called trophic fractionation factor (TFF) is the 

net result of all fractionations occurring during metabolism and enrichment is generally observed in 

heavier isotopes of consumer tissues compared to those of its preys. Isotopic composition of prey and 

predators was compared considering the trophic fractionation factor values in vibrissae from Hobson et 

al. (1996): TFF 613
( = 3.2%0 and TFF o15N = 2.8%0. Little is known about the variability of TFFs among

tissue, species and individuals for marine mammals. For this study, we used 0.8%0 and 0.1%0 as standard 

deviation for the TFFs of 6
13

( and o15N, respectively, in vibrissae as described in Lesage et al. (1999) for

hairs, a keratin tissue comparable to vibrissae. 

2.6.3. Temporal reconstruction of vibrissae 

Growth rates used for reconstruction of the temporal variation in stable isotope composition of 

vibrissae were 0.78 mm.d·
1 

from May to September, and 0.075 mm.d·
1 from October to April (Zhao and
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Schell 2004). Most of the harbor seals were still alive when beaching, therefore the day of collection on 

the beach was considered to be the last day of vibrissae growth. Most of the sampled seals were 

emaciated and therefore probably starving in the last days of their life. However due to the inertia of 

this tissue (Hall-Aspland et al. 2005), once grown, the stable isotope composition of vibrissae is not 

modified with time (Zhao and Schell 2004, Chere! et al. 2009). Nevertheless, to avoid potential bias due 

to particular feeding behavior or fasting before the death, we removed the sections of vibrissae of 

potentially starving animals corresponding to the last days of their life from the data set. We thus 

considered that the vibrissae sections used in this study reflected the stable isotope composition of 

normally feeding individuals. 

In order to exclude the potential influence of lactation and post weaning fast on the stable 

isotope composition of young-of-the-year (Bocherens et al. 1995, Hobson and Sease 1998, Jenkins et al. 

2001, Polischuk et al. 2001, Newsome et al. 2006), we examined the monthly evolution of the 6
15

N and 

6
13

C values of vibrissae sections of young-of-the-year and adults from May (i.e. month of birth of young­

of-the-year) to December (Appendix 2, p. 87; Chapter 1). Both 6
15

N and 6 13C values of vibrissae sections 

corresponding to young-of-the-year older than 2-3 months were similar to those of adults (Wilcoxon 

test, all p-values > 0.1, Appendix 2, p. 87; Chapter 1). Therefore, the sections of the vibrissae of young­

of-the-year corresponding to months before September were removed for data analyses and sections of 

the vibrissae of young-of-the-year corresponding to months from and after September were kept for the 

analyses in order to use only yearling's vibrissae reflecting the same stable isotope composition as 

adults. 

The temporal moving mean of 6
13C and 6

15
N values, taking in account all vibrissae data 

corresponding to15 days on either side of the central value (30 days in total), was calculated in order to 

smooth out the short term and inter-individual variability of isotopic composition, and highlight the 

monthly trends. An example of the data treatment of 4 vibrissae is detailed in Appendix 3, p. 89. 

Seasonal variation of isotopic composition covering the period from March 2012 to February 2014 was 

divided into the four following intervals and then studied. Spring: March to May (n=4), summer: June to 

August (n=5), fall: September to November (n=16) and winter: December to February (n=9). 

2.6.4. Statistical analyses 

Non-parametric procedures were used to achieve more robust statistics in case of non­

independence of data within series (e.g., two seasons along the same vibrissae) or small sample size 
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(sample size� 10). Kruskal-Wallis tests were applied on isotopic data in order to compare the differe-:� 

groups of prey items and to test for seasonal isotopic variations. These tests were followed by multiole 

pairwise comparisons using the Wilcoxon rank sum test. When data were independent and sample size 

was 2: 10 (prey items from the Sylt-R0m0 Bight), ANOVA followed by Tukey HSD tests were applied. 

2.7. Mixing models 

Relative contributions of the different prey trophic groups (isotopic sources) from the Sylt-R0m0 

Bight and from the North Sea, to the harbor seal diet were estimated by running the SIAR (Stable 

Isotope Analysis in R) mixing model (Parnell et al. 2010) using cS1
3C and cS1sN values. In the model

individual harbor seal isotope ratios were used while for prey species, means and standard deviations 

were entered. Trophic fractionation factor values were 3.2 ± 0.8o/oo for cS1
3C and 2.8 ± O.lo/oo for cS15N.

Four seasonal mixing models (i.e., spring, summer, fall, winter) were built to study seasonal 

changes of harbor seals food resources. These models were built using the seasonal mean isotopic 

values of each vibrissa as predator values (spring: n=4, summer: n=S, fall: n=16, winter: n=9), and the 

isotopic values per season of the different groups of prey items. For prey items, the yearly average was 

used when sample size was too small (n < 3; i.e., benthivorous/piscivorous group in winter and 0. 

eperlanus in summer for the Sylt-R(l)m(I) Bight; planktivorous/piscivorous, benthivorous/piscivorous and 

benthivorous groups in spring and winter for the North Sea). 

The models were run for 500 OOO iterations and the first 50 OOO iterations were discarded. 

Credibility intervals (Cl) of 0.95, 0.75 and 0.25 were computed. Cl is a contiguous interval that contains a 

specified proportion of the posterior probability (Edwards et al. 1963). For example, if the upper 0.95 Cl 

is A and the lower 0.95 Cl is B, the contribution value has 95% chance of lying between A and B. 

3. Results

3.1. Seasonal variation of the fish biomass and abundance in the Sylt-Rf!Jmf!J Bight

In the Sylt-R(l)m(I) Bight, a strong seasonal pattern was observed in the CPU Em with low values in

winter (83 g.h-1) and much higher values in summer 411 g.h-1 (Fig. 2A). In all seasons, the CPUEm were

largely dominated by planktivorous/piscivorous species in the Sylt-R0m0 Bight (Fig. 2A), ranging from 45 
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g.h·1 (54.2% of the total biomass (TB)) to 321 g.h·1 (78.2% of the TB). Second highest CPUEm is

represented by Loligo spp. in spring (27 g.h·1, 13.0% of the TB), and is equally spread between 

benthivorous/piscivorous and benthivorous species in summer (42 g.h·1, 10.0% of the TB and 30 g.h·1, 

7.3% of the TB, respectively), fall {26 g.h·1, 15.1% of the TB and 31 g.h·1, 18% of the TB, respectively) and 

winter (19 g.h·1, 22.9% of the TB and 15 g.h·1, 18.3% of the TB, respectively). The proportion of 0. 

eperlanus CPU Em increased in summer compared to other seasons, but remained still low (15 g.h·1, 4% of 

the TB; Fig. 2A). 
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Fig. 2: CPU Em in g (A) and CPUE0 
(B) of the different groups of fish, shrimp and squid species per seasons. 

Fish species are grouped as planktivorous/piscivorous (PlankPisc), benthivorous/piscivorous (BenthPisc), 
or strictly benthivorous (StricBenth) 

The highest CPUE0 were recorded for planktivorous/piscivorous in spring (SO ind.h.1
) and

summer (139 ind.h.1; Fig. 28, p.69) whereas benthivorous species were the most abundant in fall (43 

ind.h'1) and winter (14 ind.h·1). The second most abundant groups were benthivorous species in spring 

and summer, and planktivorous/piscivorous species in fall (Fig. 28, p.69). In winter, the second most 

abundant groups were both planktivorous/piscivorous and benthivorous/piscivorous species in 

equivalent importance (Fig. 28). 
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3.2. Stable isotope composition of prey species 

3.2.1. Sylt-R0m0 Bight 

In the Sylt-R0m0 Bight, 613C values of potential prey items ranged from -23.5%0 (0. eperlanus) to

-11.lo/oo (P. p /atessa; Appendix 4, p. 91). On a yearly basis, planktivorous/piscivorous species and Loligo

spp. were significantly more 1
3C-depleted than 0. eperlanus, benthivorous/piscivorous, benthivorous 

species, and benthivorous species were more 1
3C-enriched than benthivorous/piscivorous species

(Tables 3 and 4, Fig. 3, p.72). 615N values of potential prey items ranged from 12.2o/oo (C. harengus) to 

21.1%0 (M. merlangus). The benthivorous/piscivorous species and 0. eper/anus had the highest 615N 

values, followed in decreasing order by benthivorous species, planktivorous/piscivorous species and 

Lo ligo sp (Tables 3 and 4, Fig. 3, p.72). The five groups of prey items (planktivorous/piscivorous, 

benthivorous/piscivorous, benthivorous, Loligo, and 0. eper/anus) were then well differentiated by their 

613C and/or 615N values in the Sylt-R0m0 Bight (Tables 3 and 4, Fig. 3, p. 72}. 

3.2.2. North Sea 

In the North Sea, the 613C values of the prey items ranged from -22.6 %0 (Sprattus spratt us) to· 

14.7 %0 (Crangon crangon; Appendix 4, p. 91). On a yearly basis, planktivorous/piscivorous species were 

the most 13C-depleted followed in increasing order by benthivorous/piscivorous species and

benthivorous species (Tables 3 and 4; Fig. 3, p.72}. The 615
N values ranged from 13.7 o/oo (P. platessa) to 

18.0 %0 (Ciliata mustela). The benthivorous/piscivorous species were more enriched in 15N compared to 

the planktivorous/piscivorous and benthivorous species (Tables 3 and 4; Fig. 3, p. 72). As a result, as in 

the Sylt-R0m0 Bight, the three groups of prey items from the North Sea (planktivorous/piscivorous, 

benthivorous/piscivorous and benthivorous) are well differentiated owing to their isotopic compositions 

(Fig. 3). 

3.2.3. Comparison of prey species between the Sylt-R0m0 Bight and North Sea 

The comparison between stable isotope composition of prey items in the Sylt-R0m0 Bight and 

the North Sea revealed that prey items from each trophic group were significantly more 13C-depleted in 

the North Sea than in the Sylt-R0m0 Bight (Wilcoxon rank sum tests, p-values: 

Planktivorous/piscivorous: 0.012, benthivorous/piscivorous: < 0.001, benthivorous: < 0.001; Fig. 3, p. 

72). However, the planktivorous/piscivorous group in the Sylt-R0m0 Bight had similar stable isotopic 

composition to the benthivorous and benthivorous/piscivorous groups in the North Sea. Between the 

Sylt-R0m0 Bight and North Sea, no difference of 615N values was observed for groups of prey (Wilcoxon 
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rank sum tests, p-values: planktivorous/piscivorous: 0.576, benthivorous/piscivorous: 0.799, 

benthivorous: 0.383; Fig. 3, p.72). 

Table 3: 613C and 6
15

N values (mean ± standard deviation) of the different groups of prey items in the 

Sylt-R0m0 Bight and the North Sea; n: sample size 

Planktivorous/piscivorous Benthivorous/piscivorous Benthivorous Loligospp. Osmerus eperlanus 

6 C 

Sylt-Rl!mf Bight -18.6 ± 1.3 %o -17.1 ± 1.6 %o -15.9 ± 1.7 %o -19.0 ± 0.7 %o -16.5 ± 2.8 o/oo

n = 141 n = 118 n=177 n = 15 n = 20 

Horth Sea -20.3 ± 1.4 %o -18.8 ± 1.3 %o -18.1 ± 1.4 'Yoo

n=5 n = 23 n = 33

16.0 ± 1.0%o 16.8 ± 1.3 %o 16.4 ± 0.9 'Yoo 14.0 ± 1.0 Yoo 17.4 ± 1.0 %o 

n = 141 n = 118 n = 177 n = 15 n = 20 

Horth Sea 15.8 ± 0.5 %o 16.8 ± 0.8 o/oo 16.2 ± 1.0 %o 

n=5 n = 23 n = 33 

Table 4: Summary of Tukey tests following ANOVAs (for the Sylt-R!llm!ll Bight) and Wilcoxon rank sum 

tests following Kruskal Wallis tests (for the North Sea) between the different groups of prey items. Fish 

species are grouped as planktivorous/piscivorous (PlankPisc), benthivorous/piscivorous (BenthPisc), 

strictly benthivorous (StricBenth) 

Sylt-R!llm!II Bight North Sea Sylt-R!ilm!il Bight North Sea 

p-value Comparisons of means p-value Comparisons of means p-value Comparisons of means p-value Comparisons of means 

... <0.001 PlankPisc < BenthPisc 

... <0.001 PlankPisc < StricBenth 

... <0.001 PlankPisc < 0. eperlanus 

... <0.001 Loligo spp. < BenthPisc 

... <0.001 Loligo spp. < StricBenth 

... <0.001 Loligo spp. < 0. eperlanus 

... <0.001 BenthPisc < StricBenth 

•·• a risk< 0.001

•• 0.008 PlankPisc < StricBenth 

0.077 PlankPisc < BenthPisc

Q 0.086 BenthPisc < StricBenth

••• < 0.001 PlankPisc < BenthPisc 

••• < 0.001 Loligo spp. < BenthPisc 

0.069 StricBenth < BenthPisc 

< 0.001 PlankPisc < 0. eper/onus 

••• < 0.001 Loligo spp. < 0. eperlanus 

•• 0.002 StrictBenth < 0. eperlanus

•• 0.002 PlankPisc < StricBenth

••• < 0.001 Loligo spp. < StrictBenth 

••• < 0.001 Loligo spp. < PlankPisc 

• 0.047 PlankPisc < BenthPisc 

2 0.072 StricBenth < BenthPisc 

•• a risk< 0.01 • a risk < 0.05 2 a risk< 0.10 
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3.3. Stable isotopic composition of vibrissae 

On a seasonal basis, the vibrissae were significantly more 13C-depleted in spring (-16.1 ± 0.4 %. 

n=3) than in winter (-14.8 ± 0.5 %0, n=9), fall (-15.0 ± 0.6 o/oo, n=16) and summer (-14.7 ± 0.6 o/oo, n=S 

Wilcoxon sum rank tests, all p-values < 0.001; Fig. 3). The mean 615
N value of vibrissae was equal to 1s.1

± 1.1 %0. For 615N values the same seasonal trend was observed as for 613C, with significantly lower 615N 

values in vibrissae in spring (16.7 ± 1.2 %0) than in winter (19.2 ± 0.4 %0), fall (19.1 ± 0.9 %0) and summer 

(19.0 ± 0.6 %0; Wilcoxon rank sum tests, all p-values < 0.001; Fig. 3). 
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Fig. 3: Mean stable isotope compositions of the groups of prey items (error bars show standard 
deviations) compared to the moving mean of seal vibrissae per season. The shaded areas represent the 

isotopic range per season including all standard deviations from each value of the moving mean. 

Theoretical stable isotope values of prey foraged by seals were computed with TFFs of 3.2 %0 and 2.8%o 

for 613C and 615N, respectively. Fish species are grouped as planktivorous/piscivorous (PlankPisc), 

benthivorous/piscivorous (BenthPisc), strictly benthivorous (StricBenth). 
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3.4. Seasonal variation of the harbor seal's diet 

CHAPTER 2 
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In every season, the cS
1
3C values of the theoretical prey items were calculated by subtracting the

trophic enrichment factor from the vibrissae values and ranged between those of the prey items from 

the North Sea and the Sylt-Rfllmfll Bight (Fig. 3). In spring, cS15N values of theoretical prey items were

much lower than in other seasons and were close to those of the Loligo group (Fig. 3). 

At both locations (i.e., Sylt-Rfllmfll Bight and North Sea), planktivorous/piscivorous had a high 

contribution to the diet in spring (Cl 95 from 0% to 26% and from 2% to 31%; Fig. 4, p. 74). In the Sylt­

Rfllmfll Bight Loligo spp. had the highest contribution to the diet in spring {Cl 95 from 1% to 31%). In 

summer, benthivorous/piscivorous species (Cl 95 from 1% to 28% in the Sylt-Rfllmfll Bight and from 0% to 

27% in the North Sea) and benthivorous species (C 195 from 1% to 26% in the Sylt-Rfllmfll Bight and from 

0% to 26% in the North Sea) dominated the diet. 0. eperlanus had the second highest contribution in 

the Sylt-Rfllmfll Bight in summer (Cl 95 from 3% to 26%; Fig. 4). 
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Fig. 4: Contributions per season of the different trophic groups of prey items to diet of seals. 

Contributions were computed by the SIAR mixing model. Higher and lower values of the 95% credibility 

intervals {Cl) are shown for each trophic group and each season. Fish species are grouped as 

planktivorous/piscivorous {PlankPisc), benthivorous/piscivorous (BenthPisc) or strictly benthivorous 

(StricBenth). 

In fall and winter, the order of contribution of the group of prey items from the Sylt-Rfllmfll Bight 

differed from the contribution of these groups from the North Sea (Fig. 4). In the Sylt-Rfllmfll Bight, 

planktivorous/piscivorous had the highest contribution in fall (Cl 95 from 1% to 29%) and in winter (Cl 95 

from 0% to 27%) together with 0. eper/anus (from 1% to 27%). In the North Sea, 
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planktivorous/piscivorous, benthivorous/piscivorous and benthivorous had a relatively high contribut10r. 

with a dominance of benthivorous/piscivorous in fall {Cl 95 from 5% to 32%) and a dominance 01 

benthivorous/piscivorous (Cl 95 from 1% to 29%) and planktivorous/piscivorous (Cl 95 from 3% to 28'1

in winter (Fig. 4, p. 73). 

4. Discussion

4.1. Large seasonal variation of prey species availability in the Sylt-R9'm9' Bight

Fish abundance observed in the Sylt-R0m0 Bight was dominated by planktivorous/piscivorous

and benthivorous species followed by benthivorous/piscivorous species. Biomass was also dominated by 

planktivorous/piscivorous species in the Sylt- R0m0 Bight, mostly C. harengus and A. tobianus. 

The seasonal patterns of biomass and abundance of fish observed in the Sylt-R0m0 Bight are in 

accordance with the life cycle of several species, as already observed in the Wadden Sea and North Sea 

by other authors (Daan et al. 1990, Polte and Asmus 2006, Tulp et al. 2008, Baumann et al. 2009). In the 

Sylt-R0m0 Bight, biomass and abundance of fish are at their maximum in summer and minimum in 

winter. This temporal pattern is caused by two main reasons. First, the Wadden Sea is an important 

nursery area for juveniles of several fish species from the North Sea such as C. harengus, M. mer/angus 

and l. limanda colonizing the tidal inlets and tidal flats in summer (Daan et al. 1990, Polte and Asmus 

2006, Tulp et al. 2008, Baumann et al. 2009). Second, in addition to juveniles, seasonally migrating 

species are found in the Wadden Sea. Most of these non-resident species migrate into the coastal zone 

in spring and leave in fall, when they go to deeper waters in the North Sea (Tulp et al. 2008). As a result, 

the Sylt-R0m0 Bight can provide a much higher amount of food resources to seals in summer than in 

winter. 

Some seasonal patterns are observed between the different trophic groups of prey species, 

which affect their availability to seals. Indeed, planktivorous/piscivorous species (e.g., C. harengus and 

A. tobianus) dominate the biomass in the Sylt-R0m0 Bight but their abundance is high only in spring and

summer. This indicates the presence of small sized individuals in spring and summer in contrast to 

relatively large individuals in fall and particularly in winter. This observation is in accordance with the 

high abundance of post larvae of C. harengus found in April and May by Dickey-Collas et al. (2009) in the 

German Bight. 
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Benthivorous species have the highest abundance in fall and winter, which is mainly due to the 

high amount of C. crangon in these seasons (88% and 80% of the biomass of benthivorous species, 

respectively). The biomass and abundance of benthivorous species increased in summer in the Sylt­

RPmlZI Bight. This is related to: (1) the recruitment period of P. minutus and P. microps (del Norte­

Campos and Temming 1994) and (2) the settlement of P. platessa juveniles in April (Mahe et al. 2006) 

fo1 owing offshore spawning in January and February (Daan et al. 1990). 

The abundance of benthivorous/piscivorous species (e.g., M. merlangus, L. limanda) decreased 

from summer to fall while the total biomass remained stable. This indicates the presence of juveniles 

from benthivorous/piscivorous species in summer in accordance to the spawning period of M. 

merlangus and L. limanda from February to May (Daan et al. 1990). The highest biomass of M. scorpius 

was observed in winter. This might be explained by the spawning from December to February when the 

adults are mobile and are therefore more easily caught with a trawl net (Luksenburg et al. 2004). G. 

morhua had also its highest biomass in winter which corresponds to the concentration of the juveniles in 

shallow water during their first winter, as observed along the coasts of Denmark, Germany and the 

Netherlands (Heessen 1993). 

Little is known about the seasonal distribution of Loligo spp. in the Wadden Sea, but the 

biomass peak observed in the Sylt-R121m121 Bight in spring is in accordance with their seasonal migration 

from the English Channel to the North Sea (Mahe et al. 2006). 

4.2. Coastal vs. offshore gradient in stable isotope composition of prey items 

In the Sylt-R121m0 Bight, prey species showed a classical gradient of 1
3C-enrichment, from

planktivorous/piscivorous species (-18.6%0) and Loligo spp. (-19.0%0) - revealing, by their low 61
3

( 

values, an influence of pelagic food resources (Pierce et al. 1994) - to benthivorous/piscivorous (-17.1%0) 

and strictly benthivorous (-15.9%0) species being more influenced by benthic food resources (Table3). 

This gradient is related to the 1
3
C-depletion of planktonic compared to benthic algae (France 1995,

Heckey and Hesslein 1995). The presence of small sized pelagic fish and cephalopods in the diet of M. 

merlangus (Daan et al. 1990, Hislop et al. 1991), the main benthivorous/piscivorous species, might 

explain the lower 6
13

C values of this group in comparison with benthivorous species (e.g., 

Pomatoschistus spp., P. platessa and Zoarces viviparus), feeding only on benthic macrofauna (del Norte­

Campos and Temming 1994, Rijnsdorp and Vingerhoed 2001). 
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The 6
15N values of the prey species in the Sylt-R0m0 Bight encompassed a large range, fror-

12.2 to 21.1%0, demonstrating that the considered species covered several trophic levels {Peterson anc 

Fry 1987). The low 615N values of Loligo spp. (14.0%0) suggest that these prey species have a lowe· 

trophic level than the other groups of potential prey items (from 16.0%0 to 17.4o/oo), which is in contrast 

to stomach content observations showing that Loligo spp. prey on fish, crustacean, polychaetes and 

other cephalopods (Pierce et al. 1994). However, the 615N values calculated for squids from the Atlantic 

Ocean (11.31 ± 2.06%0) and from temperate coastal and shelf areas (11.1 ± 2.lo/oo) by (Navarro et al. 

2013), and measured in Lo/igo spp. from the North Sea (12.9%0) (Jennings et al. 2002) are even lower 

than those from the Sylt-R0m0 Bight (14.0o/oo). These low 615N values suggest that trophic enrichment 

factors in Loligo spp. are lower than those in fish, maybe due to different metabolic processes. 

In the North Sea, the same benthic vs. pelagic gradient was observed for the 6
13

C values of 

benthivorous, benthivorous/piscivorous and planktivorous/piscivorous species as in the Sylt-R0m0 Bight 

and can be explained in a similar way. Although the difference between planktivorous/piscivorous and 

benthivorous groups was not significant, the 6
15

N values followed the same trend as in the Sylt-R0m0 

Bight, with a 15N-enrichment from planktivorous/piscivorous to benthivorous and to 

benthivorous/piscivorous. 

On a spatial scale, an inshore-offshore pattern was observed between the prey items in the Sylt­

R0m0 Bight and the ones in the North Sea. The prey species from the North Sea were predominantly 

influenced by oceanic food resources, while prey species in the Sylt-R0m0 Bight were strongly 

influenced by benthic food resources (Hobson et al. 1994, Hobson 1999, Le Loc'h et al. 2008). A similar 

inshore-offshore gradient of 613
C values was observed by Le Loc'h et al. (2008) in the Bay of Biscay. 

4.3. Influence of pelagic prey species to the seal's diet in spring compared to summer 

Temporal variations of o13C values indicate a shift from a diet more strongly influenced by 

pelagic prey items in spring to a diet of more benthic prey items in summer (France 1995, Heckey and 

Hesslein 1995). This change is observed in both locations, the Sylt-R0m0 Bight and the North Sea. In 

spring, the much lower o15N values of seals are close to those of Loligo spp. As a result, it is very like� 

that seals forage more intensely on Loligo spp. during this season. In spring and summer, a smaller 

number of individuals were included in the data analysis compared to fall and winter. Indeed, the 

young-of-the-year were not old enough to forage throughout the year, and their stable isotope 
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composition, which was influenced by lactation and weaning periods, was not included in the data 

analysis in spring and summer. 

Nevertheless, the seasonal variation in the harbor seal's diet observed in spring and summer is 

in accordance with studies by Brown and Pierce (1998), Hall et al. (1998), Andersen et al. (2007) and 

Berg et al. (2002) conducted in the southern North Sea. They show a high occurrence of pelagic species 

in spring (e.g., C. harengus and A. tobianus) and an increase of gadoids (e.g., M. merlangus) and flat fish 

(e.g., P. platessa, So/ea so/ea, P. flesus) in seals gut contents in summer. This shift can be explained by a 

change in the availability of fish species (Tollit et al. 1997, Brown and Pierce 1998, Berg et al. 2002). In 

the Sylt-R0m0 Bight, the high contribution of planktivorous/piscivorous and Latigo species to seals diet 

in spring coincides with the highest contribution of these two groups to the fish biomass in the Sylt­

R0m0 Bight, particularly the seasonal peak of Lo/igo spp .. 

4.4. Harbor seals as benthic feeders 

Although the biomass and abundance of planktivorous/piscivorous species remain very high in 

summer, highest contribution of benthivorous species to seals diet are observed in this season, when 

biomass and abundance of these species show their maximum in the Sylt-R0m0 Bight. This confirms 

the opportunistic behavior of harbor seals foraging on one of the most abundant prey species in the sea, 

but not necessarily on the most abundant one (Tollit et al. 1997). Furthermore, the higher consumption 

by seals of benthivorous/piscivorous and benthivorous species when they become more available in 

summer confirms that harbor seals are primarily benthic feeders (Tougaard et al. 2003). This 

observation is supported by the results of gut content analysis conducted in the Wadden Sea in 

Schleswig Holstein, in which flat-fish (benthivorous/piscivorous and benthivorous) and gadoids 

(benthivorous/piscivorous) were observed as main prey items (Behrends 1985, Sievers 1989, Gilles et al. 

2008). Furthermore, Harkonen (1987) showed that along the Danish coast of the North Sea, harbor seals 

consume the most abundant gadoid (benthivorous/piscivorous) species but do not feed on several other 

species of fish that are also numerous in this area. 
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4.5. Higher use of the North Sea resources in fall and winter 

In fall and winter, outputs of the SIAR mixing models describe that harbor seals have a d et 

mostly based on pelagic species in the Sylt-R0m0 Bight and/or on benthic species in the North Sea. "'"he 

very low biomass observed in the Sylt-R0m0 Bight during these seasons particularly in winter, suggests 

that the contributions of Sylt-R0m0 Bight food sources were overestimated by the SIAR modets. 

Furthermore, gut content studies of North Sea harbor seals found gadoids (e.g., M. merlangus, G 

morhua) as main prey items in fall and winter (Brown and Pierce 1998, Hall et al. 1998, Berg et al. 2002, 

Andersen et al. 2007). This is in accordance with the high contribution of benthivorous/piscivorous from 

the North Sea in fall and winter (5% to 32% and 1% to 29% respectively). Harbor seals might forage more 

in the North Sea than in the Sylt-R0m0 Bight in these seasons. This hypothesis is supported by telemetry 

studies showing that seals tagged on the R0m0 Island show strong seasonal variations in foraging 

behavior, with significantly longer foraging trips to the North Sea in winter independently of the age or 

the sex of the animals (Tougaard et al. 2003). Furthermore, Jensen (2015) counted in the Sylt-R0m0 

Bight about 80% less adult seals in December than in August. This decrease of seal abundance in the 

bight in winter support the hypothesis that seals might use more of the North Sea food resources in this 

season. A better knowledge about the stable isotope compositions of prey items from the North Sea and 

their seasonal and spatial variations would give a better understanding of foraging behavior of seals in 

the North Sea. 

In summary, harbor seals might use the food resources of the Sylt-R0m0 Bight and the North 

Sea in similar amounts in spring and summer with a shift from a pelagic based diet in spring to a benthic 

based diet in summer in both locations, whereas in fall and winter they probably forage more in the 

North Sea, seemingly on benthic influenced species. 

78 



5. Conclusions

CHAPTER 2 

Harbor seal's diet and prey availability 

In this study, we observed resource changes and spatial changes. Indeed, a higher influence of 

pelagic food resources is evident in the harbor seal's diet in spring whereas the diet is dominated by 

benthic food resources in summer, fall and winter. Furthermore, harbor seals might use more food 

resources of the Sylt-R0m0 Bight in spring and summer compared to fall and winter when the biomass 

of prey items is relatively low. Thus, the Sylt-R0m0 Bight has an important role as a foraging area for 

harbor seals in addition to its function as a resting and nursery area. The use of the Bight as a foraging 

area by a large colony of harbor seals might have a seasonal and relatively strong influence on the food 

web of the Sylt-R0m0 Bight, particularly in spring and summer, when the seal abundance and the 

contribution of Sylt-R0m0 Bight food resources to their diet are highest. 

These results also highlight the necessity of much more detailed studies about temporal and 

spatial variations of marine mammal diets. For example, a potential competition of seals with fisheries 

for commercial species might strongly depend on seasons and location. Vibrissae can be used as very 

good recorders in marine mammal trophodynamics. Therefore, additional studies on growth rate of 

vibrissae are needed to precise the correspondence between the vibrissae length and the time scale. 

Furthermore, the combination of diet studies based on trophic markers such as stable isotopes with 

telemetry survey would be very valuable for management issues about highly mobile species such as 

harbor seals. 
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Appendix 1: c5
13

C (filled circles and triangles) and c515N (open circles and triangles) values along the 

ength of two vibrissae from an adult (circles) and two vibrissae from a young-of-the-year (triangles). The 

total length (mm) of each vibrissa is expressed in the legend in between parentheses. Information about 

both individuals is displayed in Table 1, p. 63. 
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Appendix 2: mean values and standard deviations of harbor seals adults and young-of-the-year, 

difference between the mean value of young-of-the-year and the mean value of adults (�c5
15

N and 

hc5
13

C), results of the non-parametric Wilcoxon tests comparing the values of young-of-the-year and 

adults per month for c5
15N and o13C. Data in bold, corresponding to vibrissae from adults and section of 

vibrissae from young-of-the-year from and after September (older than 3-4 months), were used in this 

study. 

Months May June July August September October November 

gage of young-of-the-year 
<l 0-1 1-2

[months) 
2-3 3-4 4.5 5-6

16.0 ± 0.1 18.0 ± 1.1 18.9 ± 1.4 19.8 ± 1.0 19.1 ± 0.8 19.0 19.0 

""year 19.8 ± 0.8 19.7 ± 0.8 19.9 ± 0.8 20.0 ± 0.9 19.3 ± 1.0 18.8 ± 0.9 19.3 ± 0.6 

3.8 1.7 1.0 0.2 0.2 0.3 0.3 

t p-value 0.009 ** 0.048 * 0.0612 0.332 0.574 

-16.6 ± 0.2 -15.2 ± 1.2 -15.0 ± 1.1 -14.4 ± 0.2 ·14.9 ± 0.5 -14.S -14.5

�year -14.9 ± 0.6 -15.1 ± 0.6 ·15.0 ± 0.7 ·14.8 ± 0.6 -15.0 ± 0.7 -14.9 ±0.6 ·15.0 ± 0.6

1.7 0.1 0.0 0.4 0.1 0.4 0.5 

t p-value 0.009*** 0.978 0.71 0.551 0.813 

• a risk < 0.05 • a risk< 0.10 
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Appendix 3: Reconstruction of temporal variation of carbon isotopic composition along vibrissae of two 

ac.i 1ts (seals ID 1 and ID 19; Table 1, p. 63) and two young-of-the-year (seals ID 11 and ID 18; Table 1, p. 

63. 
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• 
• • 

• • 

9 Dec 2012 

• o13C values from and after September
o13C values from May to August 

OSeal ID 18(10cm) 

+ o13C values from and after September
o13C values from May to August 

Base 

• 
• 

• 
29 Mar2013 • 

24 Apr 2013 

All vibrissae were treated in this manner for both Carbon and Nitrogen stable isotope ratios and were 

included in the moving mean for seasonal variation study. 

Correspondence Time/Length: The growth rates used for reconstitution of temporal variation were 0. 78 

mm.d·1 from May to September, and 0.075 mm.d·1 
from October to April (Zhao and Schell 2004). The

time period covered by all vibrissae together goes from March 2012 to April 2013. 

Young-of-the-year from May to September: the c5
13C and c515

N values of young-of-the-year corresponding 

to the periods of time from May to September were not taking in account in the analyses for the diet 

study to avoid bias due to the influence of lactation and post weaning fast periods (Personal Data). 
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Appendix 4: 6
1
3C and 6

15
N values (mean ± standard deviation) of the prey items species from the Sylt­

R0mo Bight and the North Sea. n: sample size. These data were collected from April 2008 to November 

2009 (Kellnreitner et al. 2012) and from January to November 2013 (present study). 

Sylt-R!llm!ll Bight North Sea 

trophic group species d13C(%o) d15N (%o) n trophic group species d13C (%o) 

Ammodytes tobianus -19.0 ± 1.2 16.0 ±0.9 38 planktivorous/ Hyperoplus lanceolatus -19.8 ± 0.9

Belone be/one -17.0 ± 1.1 16.5 ±0.6 7 
piscivorous 

Sprattus sprottus -21.0 ± 2.2
planktivorous/ 

piscivorous Clupea harengus -18.8 ± 0.4 16.0 ± 0.7 54 Ciliata muste/a -18.2 ± 0.4

Hyperop/us lanceo/atus -18.4 ± 1.6 16.0 ± 1.3 14 Benthivorous/ Godus morhua -18.4 ± 0.5

Sprattus sprattus -18.3 ± 1.9 15.8 ± 1.1 28 
piscivorous 

Limanda limanda -20.0 ± 1.0 

Gasterosteus aculeatus -18.9 ± 1.4 16.9 ± 0.6 9 Merlangius merlangus -18.4 ± 1.3 

Limonda limondo -16.9 ± 0.6 16.6± 1.0 18 Agonus cataphractus -16.8 ± 0.1

Benthivorous/ Mer/angius merlangus -17.1 ± 1.9 16.8 ± 1.3 36 Crangon crangon -17.3± 2.2 

piscivorous 
Myoxocephalus scorpius -15.6 ± 0.6 17.1 ± 1.0 17 Pomataschistus micraps -19.1 

Strictly 
Platichthys flesus -16.2 ± 1.3 16.2 ± 1.7 8 benthivorous Pomatoschistus minutus -17.9 ± 0.2

Syngnathus rostellotus -17.6 ± 1.0 16.8 ± 0.6 30 Pleuronectes plotessa -19.9±0.9

Agonus cataphractus -15.9 ± 1.6 17.2 ± 0.9 19 Soleo so/ea -18.5 ± 0.7 

Crongon crangon -16.1 ± 1.2 16.1 ± 1.3 9 loarces viviparus -17.8 ± 0.6 

Pho/is gunnellus -16.6 ± 2.8 17.0 ± 1.0 9 
Strictly 

benthivorous Pomotoschistus microps -14.1 ± 1.6 17.0 ± 1.0 21 

Pomotoschistus minutus -16.9 ± 1.0 16.5 ± 0.4 42 

Pleuronectes p/atessa -15.7 ± 1.8 15.8 ± 0.5 61 

Zoorces viviparus -15.6 ± 1.6 16.7 ± 0.6 16 

loligo sp. -19.0 ± 0.8 14.0 ± 1.0 15 

Osmerus eperlanus -16.5 ±0.9 17.4 ± 0.7 20 
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d15N (%o) n 

16.2 ± 0.1 3 

15.2 ± 0.1 2 

17.6 ± 0.6 2 

17.7 ± 0.3 3 

15.6 ± 0.2 6 

16.9 ±0.4 12 

17.4 ± 0.2 3 

16.2 ± 0.7 6 

15.0 1 

16.3 ± 0.1 5 

14.7 ± 0.7 6 

16.4 ± 0.8 3 

16.8 ± 0.5 9 
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Abstract 

Knowledge about the foraging ecology of marine mammals is crucial to understand their influence on 

food webs and to improve ecosystem management measures. But their diet is difficult to investigate 

with classical methods. Fatty acid composition was recently proved to be an efficient tool to determine 

predator's diet. In this study, fatty acid composition of muscles of harbor seals (Phoca vitulina) and their 

potential prey species from the Sylt-R0m0 Bight were analyzed to assess seasonal variation of the seal's 

diet. Prey species were well characterized by their level in specific dietary fatty acids which showed 

seasonally variation in the seal's muscles. The fatty acid composition of the seals suggested a shift in 

their diet, more influenced by Clupea harengus and Ammodytes tobianus in spring and by Pleuronectes 

platessa and Osmerus eperlanus in summer. 

Key words 

Fatty acid composition; Wadden Sea; harbor seals, muscle tissue, prey species, diet, seasonal variation 
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Harbor seal (Phoca vitulina) is one of the most abundant marine mammal species in the Wadden 

Sea (Reijnders et al. 2009, Siebert et al. 2012) and they subsist largely on fish (Harkonen 1987, Harkonen 

and Heide-J0rgensen 1991, Brown and Pierce 1998, Hall et al. 1998, Siebert et al. 2012), although 

mollusks and crustaceans may represent a significant part of their diet (Behrends 1985, Sievers 1989). 

Although harbor seals can travel more than 100 kilometers away from their haul outs to forage in some 

seasons (Tougaard et al. 2003, Reijnders et al. 2005), they might exert a relatively strong pressure of 

predation on the Wadden Sea food resources, particularly in spring and summer (de la Vega et al. 2016) 

(Chapter 2). Understanding the foraging ecology of harbor seals is critical to evaluate how they function 

within ecosystems (Bowen 1997, Iverson et al. 1997). Better knowledge about food resources of harbor 

seals at the species level would allow their influence on the Wadden Sea ecosystem to be more precisely 

evaluated and conservation and management measures to be improved. 

Most pinnipeds are top predators and studies about their feeding ecology face a number of 

inherent difficulties. First, the consumption of prey items occur below the surface making direct 

observations impossible (Iverson et al. 1997). Second, top predators are often very mobile species and 

their ecological needs often exceed the spatial scales used to define community boundaries (Lesage et 

al. 2001, Tougaard et al. 2003). On a methodological basis, classical methods for diet studies, such as gut 

contents and fecal analyses have biases due to digestion (e.g. loss of soft parts and digestion-resistance 

of hard part) which are not possible to avoid (Iverson et al. 1997) and these methods only give a 

snapshot of the last ingested prey items. Stable isotope analyses have been shown to be useful to 

identify trophic relationships between prey and predators (Hobson and Welch 1992, Hall-Aspland et al. 

2005, Newsome et al. 2006), but this method rarely allows the prey items to be distinguished at a 

species level and often leads to conclusions based on groups of prey items (e.g. benthic vs. pelagic prey) 

(de la Vega et al. 2016) (Chapter 2). 

The use of FA analysis has been proved to be a reliable and powerful method to determine the 

food sources of marine mammals (Kirsch et al. 2000, Iverson et al. 2004, Nordstrom et al. 2008). Lipids in 

marine organisms are characterized by their diversity (> 60 types) and high levels of long chain and 

polyunsaturated fatty acids (PUFAs) which originate in various unicellular and seaweeds (Budge et al. 

2006, Bowen et al. 2009). Fatty Acids (FAs) are the largest constituent of lipids and those of carbon chain 

of 14 or longer are often deposited in animal tissue with minimal modification from the diet (Iverson et 
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al. 1997, Kirsch et al. 2000). Because a limited number of FAs can be bio-synthetized by animals (Coo 

and McMaster 2002), it is possible to distinguish dietary versus non-dietary FAs (Iverson et al. 200! 

Those FAs arising only or mostly from the diet (i.e. dietary FAs), also called essential FAs (Cook anc 

McMaster 2002), are useful markers to study predator foraging ecology, once fatty acid patterns are 

characterized in the potential prey items (Rouvinen and Kiiskinen 1989, Pond et al. 1995, Iverson et a 

1997, Kirsch et al. 1998, Raclot et al. 1998, Iverson et al. 2002). 

The reflection of the diet by the FA composition is more or less accurate depending on the tissue 

analyzed (Budge et al. 2006). Blubber is classically used in marine mammal dietary studies (Iverson et al. 

1997, Kirsch et al. 1998, Iverson et al. 2004, Budge et al. 2006, Nordstrom et al. 2008). Indeed, adipose 

tissues contain a high amount of non-structural lipids (i.e. lipids used as energy source), which have a 

high turnover and therefore mirror changes in the diet of the predator (Budge et al. 2006). On the 

contrary, muscle tissue contains more structural FAs which have low turnover and would therefore be 

less influenced by recent dietary lipid intake (Iverson et al. 2004, Budge et al. 2006). However, in some 

cases, phocid seals rely on lipids as energy source (i.e. non-structural lipids) in muscles (Pearson 2015). 

Indeed, strong seasonal variations of the blubber thickness can be observed in phocid seals (Bowen et 

al. 1992, Atkinson 1997). During these fasting periods, lipids are mobilized from the blubber as energy 

supply to the muscles (Trumble et al. 2010) and energy intake from predation is probably metabolized 

directly by muscle tissue. Furthermore, it has been shown in Weddell seals (Leptonychotes weddel/iij 

that the level of polyunsaturated fatty acids (i.e. dietary FAs) in muscles were consistent with dietary 

source (Trumble et al. 2010). 

The aim of this study is to determine the food resources used by harbor seals originating from 

the Wadden Sea. In this aim, we first characterized the FA composition of the potential prey items of 

harbor seals from the Sylt-R(l)m(l) Bight and identified the dietary FAs being the most distinguishing 

factors. Second we determined the FA composition of harbor seal's muscles on a seasonal basis. Third, 

we related the seasonal variations of the dietary FAs in the prey species to possible seasonal changes in 

the seal's diet. 
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The Sylt-R0m0 Bight (54
°

52' - 55
°

10' N, 8°

20' - 8
°40' E) is a semi-enclosed basin from the 

Wadden Sea, located between the islands of Sylt (Germany) and R0m0 (Denmark) (see Fig. 1, p. 61 in 

Chapter 2). Two causeways connect the islands with the mainland, and prohibit any exchange of water 

with the adjacent tidal basins. The only connection to the North Sea is a deep tidal channel between the 

two islands. The Sylt-R0m0 Bight provides shelter for a stable colony of:: 400 harbor seals on average in 

summer (2009 to 2012)(Jensen 2015). Harbor seals use five sand banks uncovered at low tide as haul 

out sites. These sandbanks are spread in the whole Bight, with the Jordsand and List sand banks (see Fig. 

1, p. 61 in Chapter 2) being the most frequented (Jensen 2015). 

2.2. Sampling of potential prey items 

Seven species determined by de la Vega et al. (2016} as potential prey items of harbor seals 

(Table 1} were sampled from March to October 2013 among the catches of a fish monitoring occurring 

monthly in the Sylt-R0m0 Bight. Details of the fish monitoring can be found in de la Vega et al. (2016} 

(Chapter 2). Three to ten individuals (Table l} from the most abundant size-class of each species were 

collected per season, measured to nearest mm and then stored in aluminum foil at -80
°C for further 

analysis. 

Table 1: Number of individuals pooled per aliquot for fatty acid analysis, for each species and each 

season 

Species Spring (mar/apr) 

Osmerus eperlanus 10 

Ammodytes tobianus 5 

Clupea harengus 6 

Pleuronectes platessa 10 

Pomatoschistus minutus 10 

Merlangius merlangus 

Crangon crangon 

Summer (jul/sep} 

3 

10 

10 

10 

10 

10 

10 
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Fall (oct) 

3 

10 

10 
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2.3. Seal sampling 

Twelve harbor seals were collected from June 2012 to July 2013 along the coastline of the Syi 

Island {Table 2, p. 98). All seals were stranded dead or were killed by a shot to the head by authorized 

national park rangers because of serious illness. The age of the individuals {young of the year versus

adults) was estimated according to their standard length {Maclaren 1993). The age of the young of the 

year (in months) was determined as the number of months between the main birth period (May to 

June) (Osinga et al. 2012) and the day of collection (Table 2). All individuals were older than five to six 

months and were assumed to have a prey-based diet (de la Vega et al., submitted). Necropsies were 

conducted on the carcasses at the Institute for Terrestrial and Aquatic Wildlife Research (ITAW) of 

University of Veterinary Medicine Hannover Foundation, according to the protocol described by Siebert 

et al. (2007). Until necropsy, the carcasses were stored frozen in a plastic bag at -20°C during few weeks. 

Because most of the sampled individuals were starving before death, we assumed that muscle 

tissue might contains high level of lipids in the form of energy source (Pearson 2015) and therefore 

reflect a recent diet (Trumble et al. 2010). Therefore, muscle tissue was sampled on the lower flank 

(Todd et al. 2010) on each seal for fatty acid analyses. Samples were kept in aluminum foil at -80°C until 

preparation for analysis. 

Table 2: Individual characteristics of seals sampled for fatty acid analysis 

ID Sex Weight (g) Length (cm) Sampled date Age (month) 

seal 1 m 20 125 29 jul. 2012 > 13

seal 2 m 31.4 144 8 sep. 2012 > 13

seal 3 m 17.6 107 21 sep. 2012 > 13

seal 4 f 13 97 30 sep. 2012 4-5

seals m 17.4 100 30 sep. 2012 4-5

seal 6 m 12.2 103 7 oct. 2012 5-6

seal 7 m 15.2 100 19 oct. 2012 5-6

seal 8 f 18 104 31 dee. 2012 7-8

seal 9 f 18.4 98 31 dee. 2012 7-8

seal 10 m 26.6 109 29 mar. 2013 10-11

seal 11 f 19.4 114 24 mar. 2013 10-11

seal 12 m 75,8 166 12 jul. 2013 > 13
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All samples were freeze-dried and ground into a fine powder with a ball mill. The samples were 

stored at -80°C under nitrogen in glass tubes until analyses. Samples of prey items (i.e. fish and shrimp)

were prepared per season (i.e. spring, summer and fall) by pooling an equal amount of powder of 3 to 

10 individuals. Each seal sample was analyzed individually. 

Lipids were extracted, according to Folch et al. (1957), as modified by Iverson (1988). Each 

sample was extracted 3 times with mixtures of chloroform:methanol (1:2, 2:1 and 4:1, v/v). The samples 

were split in two phases by adding a volume of 1% NaCl solution. The lower layer containing the lipids 

was collected and the water removed with dry sodium sulfate. These extracts were stored in the dark at 

-26°C. Total lipids were then quantified with a flame ionization detector (FID) (latroscan THlO Mk Ill

latron Laboratories). Five replicates were measured for each extract. Lipids were trans-methylated by 

acid catalysis at 60°C for 4 hours in H2S04-methanol (4%, w/v) reagent (Christie, 1984) and toluene (10%,

v/v). Known volumes of internal standard (21:0 and 23:0, 1 mg.L"1) were added before trans-methylation

to quantify the FA methyl esters (FAM Es). Samples were washed with 10% NaCl solution and extracted 

with a solution of 80:20 hexane:methyl tert-butyl esther (MTBE) (v:v). FAMEs purification was done in 

two steps with a HPLC fitted with semi-preparative columns. The first column (100 mm length, 10 mm 

internal diameter, Puriflash Si-CN 60µm phase) separated the semi-polar compounds like pigments from 

the non-polar compounds including FAMEs with a polarity gradient from 0.010 to 0.614, based on 

hexane:dichloromethane:methanol mixtures. The second column (250 mm length, 10 mm internal 

diameter, Uptosphere Si-CN 5mm phase) separated hydrocarbons, wax or sterol esters from FAM Es with 

a polarity gradient from 0.010 to 0.121 based on hexane:MTBE:acetone mixtures. The collected FAMEs 

were quantified by FID as for total lipids. FA compositions were determined using a gas chromatograph 

(GC-6890N, Agilent Technologies) equipped with an automatic sampler and a J&W DB-23 capillary 

column (Length: 60 m, Internal diameter: 0.25 mm, film: 0.25 µm). Operating conditions were as 

follows: injector in split mode (1/20 to 1/40) at 240 ·c, 1 ml injected; detector FID at 260 °C; carrier gas: 

'iydrogen in constant flow mode at an average linear velocity of 30 cm.sec·1; linear temperature gradient 

from 100 to 240°C at l°C min·1. Identification of FAMES was performed by comparing relative retention

times with those of known standard mixtures: 37-FAME Mix, 26-BAME Mix, PUFA-1 and PUFA-3 

(Supelco, Sigma Aldrich Chemicals). Equivalent chain lengths (Christie, 1988) were used as an aid in peak 

localization and identification. Each FAME area was corrected from the corresponding FID response 
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factor (Bannon et al., 1986} and from the difference in weight between the FAME and its correspona �g 

free FA. 

2.5. Data and statistical analyses 

FA results are expressed as the percent of each FA relative to the sum of all identified FAs. On, 

FAs with proportions higher than 1% in prey item or harbor seal samples were used in the data analysis. 

FA biomarkers were identified from published literature. 

The 15:0, 17:0, 18:l(n-7} and 19:l(n-8} acids are commonly associated to bacteria markers 

(Mayzaud et al. 1989, Scribe et al. 1991, Galois et al. 1996, Volkman et al. 1998, Najdek et al. 2002) 

These FAs were therefore summed and used in the following sections as "bacteria FAs". 

The prey species per season were compared on the basis of their FA composition using 

multivariate principal component analysis (PCA}, performed with the R statistic software and the ade4 

package (Dray and Dufour 2007}. Prior to PCA, the percentage values of the FAs were transformed 

logarithmically to level out the large numerical differences between FAs (Dalsgaard et al. 2003. 

Andersen et al. 2004}. For trophic relation assessment between prey items and harbor s eals, 

characteristic groups of FAs were assigned to one group or species of prey items, according to the 

results of the PCA. 

These FAs characterizing the prey species were graphically compared to the mean FA seasona' 

composition of harbor seals. The seasons were defined as followed. Spring: March and April; summer: 

July and September; fall: October and December. 

3. Results

3.1. FA summary

Twenty different FAs with relative proportions higher than 1% were identified in prey item 

and/or harbor seal samples (Appendices 1, p. 116-117 and 2, 120-121). These FAs represented about 

90% of both prey species and harbor seal fatty acid composition. 

The predominant FAs, in both prey items and harbor seals, were the 16:0 (16.1% in prey species 

and 13.3% in seals), 18:l{n-9) (9,7% in prey species and 17.2% in seals}, 22:6(n-J} (16.1% in prey species 

100 



CHAPTER 3 

Seasonal shift in harbor seal's diet assessed with fatty acid analyses 

and 5.2% in seals), 20:5(n-3) (12.9% in prey species and 4.3% in seals), 18:0 (5.0% in prey species and 

10.5% in seals), 20:4{n-6) (2.4% in prey species and 8, 7% in seals) and 16:l(n-7) (4.4% in prey species 

and 4.0% in seals). These FAs accounted from 57.9% (Pleuronectes platessa - fall) to 77.6% (Osmerus 

eperlanus - summer) of the FAs in the prey species, and from 55.6 to 69.3% of the FAs in harbor seals 

(Appendices 1, p. 116-117 and 2, 120-121). 

The bacteria FAs, dominated by the 18:l(n-7), represented about 6% and 7.5% of the total FA 

composition of prey species and harbor seals respectively (Appendices 1 and 2, p. 116-117 and 120-

121). 

3.2. Prey species 

3.2.1.Fatty acid composition of the different prey species 

16:0 and 24:l(n-9) occurred in high amount in Clupea harengus (= 17.2% and = 1.4% 

respectively), Ammodytes tobianus (= 20.0% and = 1.6% respectively), and Merlangius merlangus (19.2% 

and 2.0% respectively) compared to the other prey species in every season (Appendix 1, p.116-117). 

Furthermore, 22:6(n-3) dominated the fatty acid composition of C. harengus in every season (=20% of 

total FAs) and 18:0 had the highest amount in Merlangius merlangus (9.2 %). 20:4(n-6), 22:5(n-3), 

22:3(n-3) and 22:3(n-4) occurred in high amount in the benthic species i.e. P. p/atessa (4.1%, 3.1%, 1.2% 

and 0.7%, respectively), Pomatoschistus minutus (3.8%, 3.8%, 1.7% and 0.9%, respectively), and 

Crangon crangon (3.0%, 2.9%, 1.0% and 0.7%, respectively), in comparison to the pelagic species in 

every season (Appendix 1, p.116-117). Additionally P. p/atessa was characterized by high amount of 

20:l(n-7) (2.6%) and 20:l(n-9) (>1%) in summer and fall and C. crangon had the highest level of 20:5(n-

3) (17.0% in summer and 19% in fall; Appendix 1, p.116-117). The FA composition of 0. eperlanus was

dominated by the 18:l(n-9) which represented about 20% of the total FAs (Appendix 1, p.116-117). 

20:5(n-3) was found in high amount (= 13%) in every species, although it was in a higher proportion in C. 

crangon (> 17%; Appendix 1, p.116-117). 

3.2.2.Grouping of prey species based on their fatty acid composition 

PCA was applied to explore the similarities and dissimilarities in the FA composition of the prey 

species. The two first axes of the PCA explained 54.2% of the variability in the FA composition (Appendix 

3a, p.123) and cluster the species into four groups (Fig. 1, p.103). The gradient along axis 1 separated 
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the species into two groups according to the main distinguishing FAs: Pelagic species, i.e. c. harengus 

and A. tobianus were both characterized by high amount of 16:0, and 24:l(n-9), and benthic species .. e 

P. minutus, P. platessa and C. crangon were correlated to 22:S(n-3), 22:3(n-4), 20:4(n-6), 22:S(n-3) aric

bacteria FAs (Fig. 1). The axis 2 separated A. tobianus from C. harengus which had higher amount 0t 

22:G(n-3) and P. platessa was distinguished from both P. minutus and C. crangon by its high amount 0t 

14:0, 16:1(n-7), 18:4(n-3), 20:1(n-7) and 20:1(n-9) (Fig. 1). 

The variances in the FA composition of M. merlangus and 0. eperlanus were mostly explained by 

the axes 3 and 4 (Appendix 3b, p.123), representing 12.9 and 10.1% of the total variance, respective� 

(Appendix 3a, p.123). M. merlangus was distinguished on the axis 3 by its high amounts of C18:0 and O. 

eperlanus was characterized on the axis 4 by high amount of C18:1n-9 and C18:2n-6 (Appendix 3b and c. 

p.123). High amount of C20:Sn-3 was related to C. crangon in fall on the axis 3 and to C. harengus in

spring on the axis 4 (Appendix 3b and c, p.123). Except for C. harengus, most of the variance of the pre­

cited species and FAs were explained by the axes 3 and 4 (Appendix 3b and c, p.123). 

As a result, each of the prey items was clearly defined by a characteristic FA composition (Fig. 1 

and Appendix 3, p.123). The 15 most contributive of these characteristic FAs (Appendix 3c, p.123) are 

displayed in Table 3, where they are grouped under the species or a group of species that they are 

characterizing. This order will be used in the following sections for comparison of seal's FA composition. 

Table 3: FAs characterizing a group or a species of prey items according to the PCA results, listed under 

the group or species that they are characterizing 

A. tobianus C. harengus P. p/atessa

16:0 

22:l(n-9) 

22:6(n-3) 

24:l(n-9) 

20:S(n-3) 

(spring) 
14:0 

16:l(n-7) 

18:4(n-3) 

20:l(n-9) 

P. minutus

20:4(n-6) 

22:3(n-3) 

22:3(n-4) 

22:S(n-3) 
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C. crangon M. merlangus 0. eperlanus

18:0 18:l(n-9)

18:2(n-6)

20:S(n-3) 
(fall) 
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Axis 1 (37.2%) 

P. platessa 
summer 

Bacteria 

22:S{nsl) 

P. platessa 22:3{n-4) 
spring 

�22:3(n·3) 

C. crangan 
fall P. mi�utusJ 

l0:4(n-6) 

sprmg 

P. minutus 
summer 

C. crangon 
summer 

Fig. 1: Principal component analysis plot based on the logarithmic transformation of the FA composition 

of the prey species. Projection of variables (i.e. FAs) on axes 1 and 2 are represented by the arrows. The 

percentage of variance explained by each axis is given between parentheses along the axes 

3.3. Harbor seals 

3.3.1.FA composition of harbor seals 

The FA composition of harbor seal's muscles was dominated by the 18:l(n-9) and the 16:0 

representing about 17% and 13% of the total proportion of FAs respectively, followed by the 18:0, the 

20:4(n-6) and the bacteria FAs (each ::::: 10% of the total FAs; Appendix 2, p.120-121). The 20:S(n-3), the 

22:6(n-3) and the 16:l(n-7) constituted each about 5% of the total FAs. 

3.3.2.Seasonal trend in FA composition of harbor seals 

FAs abundant in C. harengus (22:6(n-3) and 20:S(n-3)), A. tobianus (22:6(n-3)) and M. merlangus 

(18:0; Table 3, p. 102) were in higher amounts in seal tissue in spring than in summer (Fig. 2A, Band C). 
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Some FAs abundant in C. harengus, in A. tobianus (24:l(n-9); Fig. 2A) and in M. merlangus (18:0; Table 3, 

p. 102), but also in C. crangon (20:S(n-3); Table 3, p. 102) were found in relatively high amount in seal

muscles in fall compared to summer (Fig. 2A, BC and F). In summer, the FA composition of the seals was 

characterized by relatively high amount of FAs abundant in 0. eperlanus (18:l(n-9) and 18:2(n-6)) and P. 

platessa (16:l(n-7), 18:4(n-3) and 20:l(n-9); Fig. 20 and E). No trend was observed for FAs characterizing 

P. minutus (20:4(n-6), 22:3(n-3), 22:3(n-4) and 22:S(n-3); Fig. 2F).
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Fig. 2: Seasonal variation (mean and standard deviation) of the relative proportions (%) of FAs in harbor 
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4. Discussion

4.1. Characterization of the prey species
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The high amounts of 24:l(n-9) in C. harengus and A. tobianus can be related to their diet as 

24:l(n-9) is bio-synthetized by copepods (Dalsgaard et al. 2003) which is the main food source of C. 

arengus and A. tobianus (Froese and Pauly 2014). Furthermore, the 22:6(n-3) is synthetized by 

flagellates (Mayzaud et al. 1989, Ramos et al. 2003, Kelly and Scheibling 2011), which are important food 

source of copepods, in turn fed by C. harengus and A. tobianus. The FA composition of these two fish 

spec,es (i.e., C. harengus and A. tobianus) therefore clearly confirm that they rely of pelagic food 

resources all year long. 

The benthic species P. platessa, P. minutus and C. crangon had lower amounts of 24:l(n-9) and 

22:6(n-3), confirming that they are much less relying on pelagic resources that A. tobianus and C. 

harengus. The relatively high amount of 20:4(n-6) and 22:S(n-3) in P. platessa, P. minutus and C. crangon 

confirm their position of top consumers (Dalsgaard et al. 2003, Kelly and Scheibling 2011, Monroig et al. 

2013), as their diet is mostly based on crustaceans, mollusks and annelids (Froese and Pauly 2014). 

Indeed, mollusks can elongate the 18:2(n-6) and the 18:3(n-3) into the 20:4(n-6) and the 22:S(n-3) 

respectively. These FAs therefore can be accumulated in fish tissues (Hall et al. 2006, Kelly and 

Scheibling 2011, Ezgeta-Balic et al. 2012, Monroig et al. 2013), as fish cannot biosynthesize or modify 

these FAs (Hall et al. 2006, Kelly and Scheibling 2011). Crustaceans also convert the 18:2(n-6) and the 

18:3(n-3) into the 20:4(n-6) and 20:S(n-3} (Hall et al. 2006, Kelly and Scheibling 2011). The FA 

composition of C. crangon might then be coming from biosynthesis of these FAs by the organisms 

tnemselves, from their diet which consists partly of small mollusk species (Froese and Pauly 2014) or 

from the grazing of benthic diatoms, as diatoms contain high amounts of 20:S(n-3)(Lebreton et al. 2011). 

The high amounts of 14:0 and 16:l(n-7) in P. platessa which are synthetized by diatoms 

Mayzaud et al. 1989, Galois et al. 1996, Volkman et al. 1998, Kelly and Scheibling 2011) might be 

explained by their diet based on lungworms and bivalves (Baird et al. 2004). Lugworms rely on benthic 

d'atoms (Baird et al. 2004, Lebreton et al. 2011), as well as bivalves such as small cockles (Kang et al. 

1999). In addition, the an important feeding of P. platessa on cockles could explain the high amount of 

20: l(n-9) which can be elongated by bivalves from the 18:l(n-9) (Dalsgaard et al. 2003, Ezgeta-Balic et 

al. 2012). 
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0. eperlanus FA composition was characterized by a high amount of 18:l(n-9) in spring and

summer. This might be related to the anadromous behavior of this species and to its annual spawning 

migration into rivers from February to May (Kottelat and Freyhof 2007). Indeed, 18:l(n-9) can be found 

in high amounts in fresh water chlorophycae (Ahlgren et al. 1992). Furthermore, the characterization of 

O. eperlanus by the 18:2(n-6) which is typical of vascular plants (i.e. saltmarshes and terrestrial plants) 

(Galois et al. 1996, Kharlamenko et al. 2001, Kelly and Scheibling 2011), also suggests an influence of 

continental food resources on this species. In addition, these two FAs (i.e. C18:1n-9 and C18:2n-6) are 

indicators of omnivory and carnivory (Dalsgaard et al. 2003, Petursdottir et al. 2008, Ezgeta-Balic et al. 

2012) and can be found in high amounts in zooplankton (Zhukova and Kharlamenko 1999, Kharlamenko 

et al. 2001) which is in accordance with the diet of 0. eperlanus (Froese and Pauly 2014). 

M. merlangus was distinguished from the other species by a high amount of 18:0 which is highly

ubiquitous (Lebreton et al. 2011). The lack of particular marker for this species might be due to its 

reliance on consumers from both pelagic and benthic systems, as M. merlangus has a bentho-pelagic 

behavior. Indeed, M. merlangus feed on crustacean, mollusks and polychaetes, but also on small fish 

feeding in the water column (Froese and Pauly 2014). 

Thus, the prey species were well differentiated by their FA composition in accordance with their 

origin (i.e., benthic vs. pelagic, continental vs. marine) and/or their diet. Particularly, benthic prey 

species were distinguished from pelagic prey species by their FA composition. 

4.2. Reliability of the method 

4.2.1.Which FAs are reliable trophic markers? 

In monogastric predators (i.e. non-ruminant) such as marine mammals, the largest contributor 

to the FA composition is the direct deposition of FAs issued from their diet (Iverson et al. 1997, Iverson 

et al. 2002, Budge et al. 2006). However, other processes can modify the FA composition between the 

ingestion and the deposition in tissues (Budge et al. 2006). Mammals are capable of elongating the 

carbon chain of saturated FAs (SATs) and mono-saturated FAs (MUFAs) by two carbon units (Budge et al. 

2006). For example, 16:0 might be modified after consumption to 18:0. The high amount of 18:0 in the 

seal's muscles observed in this study might then come partly from elongation process and would 

therefore not reflect the diet. Another significant modification process is the chain shortening (Budge et 

al. 2006). For example, mammals can shorten 22:1 and 20:1 isomers coming from prey items, into 18:1 
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isomers (Budge et al. 2006). Therefore, the high amount of 18:l(n-9) in seals observed in this study 

might come from prey species which are rich in 20:l(n-9) and 20:l(n-7). However, these two FAs were 

found in very low amount (==1%) in comparison to 18:l(n-9) (> 10%) in the prey species, suggesting that 

18:l(n-9) in the seal FA composition comes at least partly from the diet. 

FAs in predators can also arise from de novo synthesis (Budge et al. 2006). For example, 

!Tlammals are capable to biosynthesize 16:0 when the animals are under a low-fat diet (Budge et al. 

2006). Again, the percentage of 16:0 was high in the potential prey items (> 16%) and the high amount 

of this FA in seals is likely coming partly from their diet. A limited number of fatty acids can be bio­

sy'1thetized by animal (Iverson et al. 2002) and FAs can be distinguished between dietary and non­

d etary FAs (Iverson et al. 2004). For instance, 18:2(n-6), 20:4(n-6), 20:S(n-3), 22:G(n-3) and 24:l(n-9), 

which were found in high amount in the seal muscles in this study are arising in predator FA composition 

strictly from the diet (Iverson et al. 2004). On the contrary, the Bacteria FAs are not good indicators of 

�t,e diet because they can reflect the presence of bacteria in the predator gut flora (Iverson et al. 2004). 

4.2.2.ls muscle tissue reliable to study the diet? 

The presence of strictly dietary FAs (e.g. 18:2(n-6), 20:4(n-6), 20:S(n-3), 22:6(n-3) and 24:l(n-

9ll(lverson et al. 2004) in harbor seal's muscles from this study suggest that the FA composition of 

muscle tissue reflects the sears diet, which is in accordance with the results of Trumble et al. (2010) 

who showed that polyunsaturated FAs level in muscles of Weddell seals were consistent with the level 

in their prey items. 

Some differences were nonetheless observed between pinnipeds blubber, which is classically 

used for marine mammal diet studies (Iverson et al. 1997), and muscle FA composition (Henderson et al. 

1994, Durnoford and Shahidi 2002). Indeed, 14:0, 16:l(n-7) and 20:l(n-9) which were found in high 

amounts in P. p/atessa in this study were clearly in higher amount in blubber than in muscles in harbor 

seals (Durnoford and Shahidi 2002) but were similar between these two tissues in Monk seals 

( 'v1onachus monachus) (Henderson et al. 1994). At the contrary, 16:0, 20:S(n-3), 22:6(n-3) and 24:l(n-9) 

Vwhich were abundant in C. harengus and A. tobianus, were slightly lower in blubber than in muscle in 

both harbor and monk seals (Henderson et al. 1994, Durnoford and Shahidi 2002). 18:0 and 20:4(n-6) 

were in very low amount in blubber in comparison with muscle tissue in both previously cited studies 

(Henderson et al. 1994, Durnoford and Shahidi 2002). This suggests that these FAs in muscles might not 

reflect the diet and might accumulate in muscle due to other factors than energy supply. 18:l(n-9) and 
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18:2(n-6) were found in similar amount in both muscle and blubber with 18:l(n-9) dominating the total 

FA composition in both tissues (Henderson et al. 1994, Durnoford and Shahidi 2002), which was also the 

case in muscles in this study. 

Although the potential differences in the FA composition of muscles and blubber in harbor seals 

do not allow direct correlation between seat's muscle and prey species (Iverson et al. 2004), dietary FAs 

(e.g. 18:2(n-6), 20:4(n-6), 20:S(n-3), 22:6(n-3) and 24:l(n-9)) observed in this study in muscle tissue likely 

come from the diet. However, the bad nutritional status of most of the sampled harbor seals might 

restrain general conclusions to be extrapolated to the whole seal community, and further studies about 

tissue metabolism and processes leading to FA deposition in muscles should be done to enhance the 

results of this study. Nevertheless, relative seasonal comparison of seal muscle FA compositions might 

bring consistent indications about the prey species influencing the seal's diet. 

4.3. Shift in the seal's diet between spring, summer and fall 

The FA composition of the seat's muscles suggests a higher influence of pelagic prey species in 

their diet in spring than in summer. Indeed, the higher amount of the 22:6(n-3) in spring than in 

summer indicates that C. harengus, A. tobianus and likely other pelagic species represent a larger part of 

the seal's diet in this season. The high contribution of C. harengus in the diet of seal in spring is 

confirmed by the relatively high amount of the 20:S(n-3) in this season. This is in accordance with the 

high abundance of C. harengus juveniles in the Wadden Sea bights in spring (Dickey-Callas et al. 2009). 

As de la Vega et al. (2016) suggested that Loligo spp. largely contributes to the diet of seals in spring, it 

would be of interest to also precise the role of these prey species based on their FA composition. 

The 18:2(n-6) and 18:l(n-9), abundant in 0. eperlanus, the 18:4(n-3), 20:l(n-9) and 16:l(n-7), 

abundant in P. platessa were in higher amounts in summer in seals than in spring and fall. This suggests 

that these two prey species have high contributions to the seat's diet in this season. This is consistent 

with the settlement of P. platessa in the Wadden Sea bight in April (Mahe et al. 2006) and the return of 

0. eperlanus in coastal areas after its annual spawning migration into rivers from February to May

(Kottelat and Freyhof 2007), leading to an increase of this species availability in these species in 

summer. 
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In fall, the 24:l(n-9) abundant in C. harengus and A. tobianus was in high amount in seals, 

sJggesting that their diet was more influenced by pelagic prey items in this season than in summer. 

=urthermore, the highest amount of the 20:S(n-3) and 22:3{n-4) observed in seals indicates that C. 

c:-angon represents a large part of the seal's diet in fall. This is in accordance with the extremely high 

abundance of C. crangon in the Sylt R0m0 Bight in this season de la Vega et al. (2016). 

Therefore, the FA composition of seal suggests a shift in the diet between spring, summer and 

fall, with individuals more influenced by pelagic prey species in spring and fall, and by benthic prey 

species in summer. This seasonal variation is in accordance with the findings of the study from de la 

Vega et al. (2016) conducted in the Sylt R!llm!ll Bight and the studies by Brown and Pierce {1998), Hall et 

a . (1998}, Andersen et al. (2007) and Berg et al. (2002) conducted in the southern North Sea. Indeed, 

these authors showed a high contribution of pelagic species in spring (e.g., C. harengus and A. tobianus) 

and an increase in the contribution of benthic species (e.g. P. platessa) in the diet of seal's in summer. 

5. Conclusion

The fatty acid analyses highlighted that harbor seal from the Sylt R0m0 Bight are characterized 

oy a seasonal shift of their diet, going from a higher contribution of pelagic species (e.g. C. harengus and 

A. tobianus) in spring to a higher contribution of benthic species (e.g. P. platessa and 0. eperlanus) in

summer. This study also provided indication of high contribution of C. crangon in the seal's diet in fall. 

-i,ese results confirm the need of more detail studies about temporal variations of harbor seal's diet, to 

improve and refine protection management measures. Furthermore, increasing the sampling size of 

harbor seals and their potential prey species in further studies about fatty acid composition would 

definitely strengthen the conclusions. Indeed it would improve the characterization of the prey species 

based on their FA composition and therefore precise their contribution to the diet. A greater number of 

sampled adult individuals would probably reduce the inter-individual variations and allow stronger 

conclusions. Furthermore, additional studies comparing blubber and muscle tissues should be carried 

out to confirm the possibility to use FA composition of muscles in diet studies. This would also allow 

mixing models such as QFASA to be used for quantitative determination of the seal's diet. 
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Appendix 1: Relative proportions (%) of fatty acids in potential prey species of harbor seals from the 

Sylt R!llm(ll Bight for the different sampling seasons. Lines in bold correspond to the dominant fatty acids 

(> 4%). Lines in italic correspond to the fatty acids from bacteria and summed as "bacteria FAs" 

A. tobianus C. harengus M. merlangus 0. eperlan.:s 

FA spring summer spring summer fall summer spring surr-

14:0 3.6 3.5 1.6 1.9 3.3 0.7 2 2.2 

15:0 0.8 0.7 0.6 0.4 0.8 0.6 0.5 0.5 

16:0 22.2 17.9 16.5 16.7 18.3 19.2 14.S 163 

16:l(n-7) 9 5 3.6 3.4 4.8 2 7 6J 

16:4(n-l) 0.1 0.1 0.3 0.1 0.1 0.3 0.2 O.! 

17:0 0.7 0.7 0.5 0.4 0.6 1.2 0.5 0.6 

18:0 5.2 4.8 3.6 4 4.5 9.2 3.2 3.9 

18:l{n-7) 3.7 2.9 3.7 2.7 3.2 4.4 3.9 45 

18:l(n-9) 7.8 8.9 8.5 10.9 7.8 12.3 19.6 211 

18:2(n-6) 0.3 0.2 0.1 0.1 0.3 0.6 0.6 0.2 

18:4(n-3) 1.5 2.3 0.7 1.2 3 0.1 0.3 0.7 

19:l(n-8) 0.1 0.1 0.1 0.1 0.1 0.3 0.2 0.3 

20:l(n-7) 0.6 1 0.5 0.5 0.3 0.8 0.8 0.5 

20:l(n-9) 0.7 0.6 0.4 0.4 0.4 0.7 0.4 0.5 

20:4(n-6) 0.9 1.4 1.6 0.6 1.1 2.3 2.6 1.7 

20:5(n-3) 11.5 13.6 12.3 9.1 11.2 6.7 10.6 12 

22:3(n-3) 0.4 0.5 0.5 0.3 0.5 0.4 0.6 0.5 

22:3(n-4) 0.3 0.4 0.2 0.2 0.3 0.7 0.8 0.d

22:5(n-3) 0.9 2 1.1 1.1 1.1 1.2 1.7 1.6 

22:6(n-3) 13.3 19.1 23.5 19.6 24.6 13.4 16.S 15.S

24:l(n-9) 2 1.1 1.3 1.4 1.4 2 1 0.5 

bacteria (Sum of 

15:0, 17:0, 18:l(n-7), 5.5 4.7 5.1 
19:l(n-8)) 

3.8 4.8 6.9 5.3 6.2 
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P. minutus

FA spring summer fall 

14:0 1.1 1.3 1.2 

15:0 0.6 0.7 1 

16:0 12.9 15.4 13.4 

16:l(n-n 4.3 3.8 4.3 

16:4(n-1) 0.4 0.1 0.2 

17:0 0.5 0.8 1 

18:0 4.9 6.3 5.2 

18:l{n-7) 4.2 3 4.3 

18:l(n-9) 7.4 6.2 7.9 

18:2(n-6) 0.4 0.4 0.3 

18:4(n-3) 0.1 0.3 0.2 

19:l(n-8) 0.2 0.2 0.4 

20:l(n-7) 0.5 0.4 1.1 

20:l(n-9) 0.6 0.3 0.9 

20:4(n-6) 4.3 3.4 3.7 

20:S(n-3) 11.9 12.1 12.8 

22:3(n-3) 1 1.1 0.6 

22:3(n-4) 1.7 2 1.3 

22:S(n-3) 4.1 4.1 3.2 

22:6(n-3) 19.2 18 14.9 

24:l(n-9) 0.4 0.5 0.4 

bacteria (Sum of 

15:0, 17:0, 18:l(n-7), 5.8 5.2 7 
19:l(n-8)) 
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P. platessa C. crangon

spring summer fall summer fall 

1.3 1.7 3.8 0.8 1 

0.8 1.2 1.3 0.8 1 

12.6 14.6 13.8 16.5 15.7 

1.8 6.2 5.1 0.7 2.5 

0.6 0.1 0.1 0.1 0 

0.6 1.1 1 1.3 1.4 

5 4.5 5.4 6 4.2 

2.8 5.4 3.8 4.7 3.7 

7.3 6.9 6.7 8.4 7.4 

0.1 0.7 0.4 0 0.1 

0.4 1.2 2.1 0.2 0.3 

0.4 0.6 0.4 0.4 0.4 

1 2.6 2.6 1.4 0.3 

1.1 1.3 1 0.5 0.5 

4.6 2.7 1.8 3.9 1.9 

14.3 15.8 14.9 17 19.8 

0.7 0.8 0.5 0.8 0.5 

1.3 1 1.3 1.1 1 

4.2 3.7 4.4 2.2 3.8 

14.3 7.5 10.1 15.3 13.3 

1.5 0.3 0.3 0.5 0.1 

4.8 8.9 7.2 7.6 6.8 
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Appendix 2: Relative proportions (%) of fatty acids in harbor seals from the Sylt R0m0 Bight. lines·. 

bold correspond to the dominant fatty acids (>4%). Numbers in italic correspond to the fatty acids fror:i 

bacteria and summed as "bacteria FAs" 

14:0 

15:0 

16:0 

16:l(n-7) 

16:4(n-l} 

17:0 

18:0 

18:l{n-7) 

18:l(n-9} 

18:2(n-6} 

18:4(n-3} 

19:ln-8 

20:l(n-7} 

20:l(n-9) 

20:4(n-6) 

20:5(n-3} 

22:3(n-3) 

22:3(n-4) 

22:5(n-3} 

22:6(n-3) 

24:l(n-9} 

bacteria (Sum of 15:0, 

17:0, 18:l(n-7), 19:l(n-8}} 

seall 

0.6 

0.3 

13 

2.7 

1.1 

0.4 

9.2 

3.9 

19.1 

3.3 

0 

0.6 

0.1 

4.3 

6.1 

3.4 

0.1 

0.2 

1 

3.7 

0.9 

5.3 

seal2 

0.7 

0.2 

16.1 

4.3 

0.4 

0.6 

12.7 

5.4 

21.7 

1.2 

0 

0.4 

0.5 

0.6 

7.8 

2.7 

0.1 

0.5 

1.7 

3.1 

0.5 

6.9 

seal3 seal 4 seals seal6 

0.8 0.5 1.2 0.4 

0.2 0.2 0.3 0.2 

9.7 11.7 13.5 13.3 

5.1 5.8 8.4 2.8 

0.5 1.2 0.7 0.9 

0.5 0.4 0.5 0.5 

6.8 10.5 8.9 12.1 

6.4 6.6 5.8 4.6 

23.7 16.3 17.6 14.8 

1.4 2.2 0.9 0.9 

0.2 0.1 0.1 0.1 

0.8 1.1 0.7 0.8 

1.1 0.3 0.4 0.3 

2.8 0.8 0.8 0.3 

7.6 11.3 6.2 11.7 

3 4.5 5.2 7.2 

0.2 0.2 0.2 0.3 

0.7 0.5 0.6 0.6 

3.9 1.7 4 3.2 

5.2 4.1 5.3 7.3 

0.6 0.4 0.7 0.3 

8.2 8.6 7.6 6.4 
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(14:0 

(15:0 

C16:0 

C16:ln-7 

C16:4n-1 

(17:0 

C18:0 

ClB:ln-7 

C18:ln-9 

C18:2n-6 

C18:4n-3 

C19:ln-8 

C20:ln-7 

C20:ln-9 

C20:4n-6 

C20:Sn-3 

C22:3n-3 

C22:3n-4 

C22:Sn-3 

C22:6n-3 

C24:ln-9 

bacteria (C15:0, Cll:O, 

ClB:ln-7, C19:1n-8) 

seal7 seals 

0.3 0.7 

0.1 0.3 

8.7 14.6 

3.6 3.1 

0.8 0.5 

0.4 0.6 

9.4 13.1 

5.1 5.9 

13.6 14 

1.2 0.1 

0 0 

1 0.6 

0.2 0.3 

0.3 0.6 

10.6 10 

4.3 3.6 

0.2 0.2 

0.9 0.9 

1.8 2 

5.3 3.9 

0.5 3.2 

6.8 7.7 
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seal9 seallO sealll seal12 

1.2 0.4 0.4 0.9 

0.3 0.2 0.2 0.2 

16.4 10.8 16.1 14.7 

5.4 4.1 0.8 3.7 

0.5 0.9 1.1 0.9 

0.6 0.4 0.6 0.3 

10.4 10.8 15.5 7.8 

5.7 6.8 5.3 6.8 

19.7 14.9 13.6 18.3 

0.9 1.8 0 0.3 

0.1 0 0.1 0.1 

0.6 1.1 1.2 0.9 

0.6 0.4 0.6 0.4 

0.8 0.7 0.9 0.6 

6.4 15.1 3.9 8.8 

3.8 5 6.1 3.2 

0.2 0.2 0.1 0.3 

0.5 0.5 0.2 0.8 

3.1 1.9 2.8 4 

4.5 4.5 8.3 7 

0.7 0.4 0.5 0.6 

7.6 8.8 7.6 8.4 
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Appendix 3: Results of the PCA; a- Repartition of the total inertia between the four first axes; b­

Repartition of the inertia between prey species, per axis; c- Repartition of the inertia between FA per 

axis; in b- and c-, contributions are in % and the signs are the signs of the coordinates; Values in bold 

represent the largest part of the inertia explained for each species (a) and each FA (b) 

Axis 1 Axis 2 Axis 3 Axis 4 

Repartition of the total inertia between axis 

Contribution (%) 37.2 17.0 12.9 10.1 

Contr. Cum.{%) 37.2 54.2 67.1 77.2 

Repartition of the inertia between prey species per axis 

A. tobianus - spring 59.9 17.5 -5.8 2.0 

A. tobianus - summer 40.6 10.8 0.0 14.6 

C. harengus - spring 57.3 -12.8 9.7 2.7 

C. harengus - summer 78.7 -1.8 0.7 1.2 

C. harengus - fall 76.6 0.0 4.6 0.0 

M. merlangus - summer 0.9 -10.0 -80.3 -2.3

0. eperlanus - spring 3.7 0.0 3.3 -67.2

0. eperlanus - summer 15.8 0.1 11.1 -20.8

P. minutus - spring -47.4 -11.7 1.9 -17.0

P. minutus - summer -19.9 -18.8 3.2 -6.7

P. minutus - fall -77.7 0.7 -1.4 -5.9

P. platessa - spring -27.6 -1.3 -3.6 10.4

P. platessa - summer -40.2 51.6 -0.8 -0.1

P. platessa - fall -21.6 65.8 0.1 1.6

C. crangon - summer -29.6 -25.8 -1.1 26.7

C. crangon - fall -21.2 -6.5 31.8 6.8

Repartition of the inertia between FAs per axis 

14:0 29.83 50.49 7.33 0.03 

16:0 51.82 -0.07 -8.32 4.33 

16:l(n-7) 12.88 42.59 4.85 -30.5

18:0 -8.86 -3.27 -57.69 3.46

18:l(n-9) 14.71 -2.35 -0.37 -27.76

18:2(n-6) -0.01 22.68 -10.1 -54.73

18:4(n-3) 28.16 45.91 9.07 6.97

20:l(n-7) -21.36 35.02 14.64 2.65

20:l(n-9) -21.01 40.35 -18.61 2.51

20:4(n-6) -74.37 -6.84 -1.54 -2.77

20:5(n-3) -28.97 4.61 34.81 24.6

22:3(n-3) -51.3 -2.78 1.63 -4.64

22:3(n-4) -85.75 -0.46 -0.14 -2.36

22:S(n-3) -79.8 1.61 4.77 0.04

22:6(n-3) 31.71 -36.53 8.13 -0.36

24:l(n-9) 52.08 -1.85 -25.99 0.00

Bacteria (15:0, 17:0, 19:l(n-8), 
-49.97 7.09 -4.40 0.05 

18:l(n-7)) 
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Abstract 

Top predators are relevant indicators of the ecological status of a system and can have a high impact on 

food webs. But top predators are difficult to include in network analyses because their biomass in ash. 

free dry weight or carbon content is missing. Regression equations were determined for the 

relationships between fresh weight and dry weight, ash free dry weight, carbon and nitrogen contents 

respectively for six of the most abundant bird species in the Wadden Sea (Calidris canutus, Limoso 

lapponica, Haematopus ostralegus, Chroicocephalus ridibundus, Larus canus, Anos penelope) and harbor 

seals (Phoca vitulina). The relationships for all species were interpreted as linear through the origin. 

Carbon content vs. fresh weight ratios for birds ranged from 0.16 ± 0.01 to 0.22 ± 0.02. Carbon content 

vs. fresh weight ratio was 0.17 ± 0.02 on average for harbor seals. This work highlights that the biomass 

of top predators was often over- or underestimated in previous studies. The determined conversion 

factors will be useful for future studies to generate more realistic food web models. 

Keywords 

Sea birds, harbor seals, biomass measures, weight to weight conversion, %C, food web modelling 
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In the last decades, food web models and ecological networks have become useful tools to 

describe the functioning of large and complex ecosystems encompassing numerous compartments 

,nteracting with each other and responding differently to external stressors (lngs et al. 2009). In many 

studies, network analyses have been used to define ecosystem properties. These properties include the 

ecosystem structural complexity, the structure and magnitude of the cycling of energy and material, the 

efficiency of energy transfer within the system, the rates of energy assimilation and dissipation, the 

trophic structure, the system activity, growth and development (Baird et al. 2004). Results from these 

models provide significant insights into the fundamental functioning of the ecosystem (Baird et al. 2004) 

and are very relevant for the management of marine ecosystems (Sam houri et al. 2009). 

Abundance and distribution of top predators, such as sea birds and marine mammals, can have 

a large influence on community structures and on the functioning of the ecosystem they live in (Baird et 

al. 1985, Bowen 1997, Moreira 1997). As a corollary, they are good indicators for ecosystem's health 

(Furness and Camphuysen 1997, Reddy et al. 2001, Bossart 2011). Therefore, there is an increasing need 

to include marine birds and mammals in ecosystem models, especially in studies about trophodynamic 

to have a better understanding of food web functioning, allowing improvement of management plans 

for conservation. 

Studies about marine bird and mammal populations are classically based on abundance data 

(Reijnders et al. 1997, Brasseur et al. 2013, Markert et al. 2013, Galatius et al. 2014, Mandema et al. 

2015), which cannot be directly used to study matter or energy flow within ecosystems (Dumont et al. 

1975). These abundance data can be converted to fresh weight values using average individual weight 

corresponding to the studied species. But the use of fresh tissue might lead to large approximations in 

the organic matter weight, as body water content can vary between taxa. The fresh weight is therefore a 

bad proxy for biomass comparison. In ecological studies it is a common practice to use standardized 

biomass units (e.g. dry weight, ash free dry weight, carbon content) allowing comparison of different 

species biomass from different locations or periods of time (e.g. seasons, years). Most of the mass 

balanced food web models such as ECOPATH with ECOSIM (Bradford-Grieve et al. 2003, Leguerrier et al. 

2007, Pinkerton et al. 2010) and especially ecological network analyses (Baird et al. 2004, Scharler and 

Baird 2005, Fath et al. 2007, Baird et al. 2012, Saint-Beat et al. 2013) also rely on these consistent and 

standardized biomass units (e.g. dry weight, ash free dry weight, carbon content). 
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Although a large database of conversion factors from fresh weight to standardized biomass units 

is available for macrobenthic invertebrates (Rumohr et al. 1987, Ricciardi and Bourget 1998a}, to our 

knowledge, no such database exists for marine birds and mammals. As a result, including top predators 

in ecosystem models is very difficult. It is associated with a high degree of uncertainty and relies on large 

approximations that might bias the model outputs. 

The aim of this study was to determine relationships useful for modeling between fresh weight 

(FW} and dry weight (DW}, FW and ash free dry weight (AFDW}, FW and carbon content (CC} and FW 

and nitrogen content (NC}. These relationships were determined for six of the most abundant bird 

species in the Wadden Sea (Blew et al. 2013) (Calidris canutus, Linnaeus, 1758; Limosa lapponica, 

Linnaeus, 1758; Haematopus ostralegus, Linnaeus, 1758; Chroicocephalus ridibundus, Linnaeus, 1766; 

Larus canus, Linnaeus, 1758; Anos penelope, Linnaeus, 1758), and for harbor seal (Phoca vitulina, 

Linnaeus, 1758), one of the most abundant marine mammal species in this area (Reijnders et al. 2009). 

2. Material and methods

Carcasses of birds and seals were collected along the shore of the eastern German Wadden Sea, 

between the coastal city Busum in the South and the island of Fohr in the North (Fig. 1). Only fresh 

carcasses which did not show any noticeable signs of starvation or diseases were selected for this study. 
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Fig. 1: Location and map of the study area. The circles and triangles refer to the locations where 

carcasses of birds and seals were respectively found 

Seventeen birds from six different species (C. canutus, H. ostralegus, L. lapponica, C. ridibundus, 

L. canus, and A. penelope) were collected by a network of volunteers. Three individuals were collected

for each species, except for A. penelope for which only two birds were available. Most individuals died 

due to collision with lighthouses or cars (Table 1, p.132). Carcasses were stored frozen in plastic bags at -

20 °c until preparation for analyses. Each individual was unfrozen and grinded entirely using a kitchen

cutter (RCKC-6000, Royal Catering, 750 watts) in order to get a homogenized mixture composed of all

the tissues. Four subsamples were collected from each grinded individual: three for determination of

f'resh weight (FW), dry weight (OW) and ash free dry weight (AFDW), and one for carbon content (CC)

and nitrogen content (NC) analyses.
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Table 1: Species, date of collection, total fresh weight of individuals, season and cause of death of the 

birds 

Species# 

C. canutus 1

C. canutus 2

C. canutus 3

L. /apponica 1
L. /apponica 2

L. /apponica 3

H. ostra/egus 1

H. ostralegus 2

H. ostralegus 3

C. ridibundus 1

C. ridibundus 2

C. ridibundus 3

L. canus 1

L. canus 2

L. canus 3

A. pene/ope 1

A. penelope 2

Date of collection 

41h Apr. 2014 

21'1 Sep. 2014 

i
h Jui. 2014 

2"d Apr. 2004 
201h Mar. 2007 

251
h Jan. 2007 

2"d Jun. 2014 

271h Mar. 2014 

271
h Apr. 2009 

271
h Sep. 2013 

131h Sep. 2013 

3'd Jun. 2012 

61h May. 2013 

41h Jui. 2014 

171h Nov. 2006 

151
h Jan. 2002 

11 th Nov. 2007 

Total fresh Weight (g) Season Cause of death 
114.8 Spring Unknown 
119.5 Autumn Unknown 
108.6 Summer Unknown 
246.2 Spring Lighthouse collision 
270.5 Spring Lighthouse collision 
299.2 Winter Lighthouse collision 
464.7 Summer Unknown 
371.7 Spring Unknown 
501.3 Spring Unknown 
231.7 Autumn Lighthouse collision 
198.5 Autumn Unknown 
150.1 Summer Unknown 
521.1 Spring Unknown 
332.4 Summer Vehicle collision 
442.0 Autumn Vehicle collision 
777.5 Winter Lighthouse collision 
795.7 Autumn Lighthouse collision 

Three harbor seals were collected in 2015 (Table 2) as part of the stranding network established 

along the German coasts of Schleswig-Holstein (Benke et al. 1998, Siebert et al. 2006). Carcasses were 

stored frozen in plastic bags at -20 °C until necropsies, which were carried out according to the protocol 

described by Siebert et al. (2007), at the Institute for Terrestrial and Aquatic Wildlife Research of the 

University of Veterinary Medicine, Hannover Foundation. The different tissues were dissected and 

weighed (± 0.1 g). The contribution of each tissue to the total fresh weight was determined for each 

individual. Two subsamples were collected from each tissue and each individual: one for determination 

of FW, DW, AFDW and one for determination of CC and NC. 
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Table 2: Seal ID, Date of collection, total fresh weight of individuals, age status, length and gender of the 

,,ree sampled harbor seals 

Seal# Date of collection Total Fresh Weight (g) Age status Length (cm) Gender 

Phoca vitulina 1 3'd Jun. 2015 83800 Adult 180 Female 

Phoco vitulina 2 151h Jun. 2015 85400 Adult 173.S Male 

Phoco vitulina 3 1 st Aug. 2015 16200 Juvenile 96.S Female 

The FW of each subsample of birds and seals was measured to the nearest 0.1 mg. Subsamples 

were dried in an oven at S0°C until constant weight and the OW was measured (± 0.1 mg). Each 

subsample was then burned in a furnace at soo·c for 5 hours, cooled down in a desiccator and ash 

weight was measured (± 0.1 mg). AFDW was determined by subtracting the ash weight from the DW. 

For CC and NC, subsamples were freeze-dried and grinded into a fine powder using a ball mill. An 

amount of each powder was precisely weighed (± 1 µg) and sealed in a tin capsule. CC and NC were 

measured using an elemental analyzer (Flash EA 1112, Thermo Scientific, Milan, Italy) at the LIENSs 

stable isotope facility of the University of La Rochelle, France. Acetanilide (Thermo) and peptone (Sigma­

Aldrich) were used as standards for CC and NC calibration. 

Relationships between FW and DW, AFDW, CC and NC respectively were plotted for bird species 

and for each seal tissue. These plots were then made for entire seal individuals taking into account the 

mass proportions of each tissue in FW. Missing data for some tissues were estimated by assuming that 

the proportion of the weight of missing tissue is the same as in Phoca vitufina 1 {Table 6, p. 139). 

The regression equations for FW and DW, AFDW, CC and NC respectively were calculated for all 

individuals of bird species combined, for the seal tissues and for entire seals. 
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3. Results and discussion

3.1.Birds 

3.1.1. Relationships among biomass measures 

The regression equations of all measured bird individuals revealed linear relationships that pass 

through the origin between FW and DW, AFDW, CC and NC respectively (Fig. 2, Table 3) and represented 

93% (i.e. FW versus CC) to 98% (i.e. FW vs. DW) of the variation of the measured data points (i.e. R2, 

Table 3). Therefore, these equations allow the use of ratios between the different biomass measures 

and give confidence to extrapolation to heavier and lighter bird species. 

The ratios FW vs. DW (FW/DW), FW vs. AFDW (FW/AFDW), FW vs. CC (FW/CC), FW vs. NC 

(FW/NC), DW vs. CC (DW/CC), AFDW vs. CC (AFDW/CC) and DW vs. NC (DW/NC) were then calculated 

for each replicate of birds to verify the homogeneity of the mixture. 
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Fig. 2: Relationships between FW and DW, FW and AFDW, FW and CC, FW and NC for all bird species 

combined. The regression equations are shown in Table 3 

134 

c;
, 

' • 

A
 N
 a 

... '-
n

o
 

... g)
 

w
 

~
 c 

g)
 

·-I>
 

• 
I>

 

... "
-

D
 

...
 

D
 

""' ... 



Chapter 4 

Weight to weight conversion factors 

Table 3: Regression equations and R2 for relationships between FW and DW, FW and AFDW, FW and CC, 
FW and NC for all bird species combined, for Blubber-skin, Muscle and Bone of seals, and for entire seals 

Birds 

Regression equation R
2 

Entire individual DW(g) = 0.3953 x FW(g) 0.98 

Seals 

AFDW(g) = 0.3378 x FW(g) 0.97 
CC{g) = 0.1807 x FW(g) 0.93 
NC{g) = 0.0371 x FW{g) 0.95 

Blubber-skin DW(g) = 0.5522 x FW(g) 
AFDW(g) = 0.538 x FW(g) 
CC{g) = 0.3274 x FW(g) 

I 
NC{g) = 0.0291 x FW(g) 

Muscle DW(g) = 0.2821 x FW(g) 
AFDW{g) = 0.2699 x FW(g) 
CC{g) = 0.1295 x FW(g) 
NC{g) = 0.0391 x FW(g) 

Bone DW(g) = 0.4576 x FW(g) 
AFDW(g) = 0.3328 x FW(g) 
CC{g) = 0.1617 x FW(g) 
NC{g) = 0.0453 x FW(g) 

0.97 
0.96 
0.92 
0.80 

1.00 
1.00 
0.99 
0.95 

0.99 
0.97 
0.95 
0.87 

Entire individual DW(g) = 0.3396 x FW(g) 1.00 
AFDW(g) = 0.3029 x FW(g) 
CC{g) = 0.1617 x FW(g) 
NC{g) = 0.0453 x FW(g) 

3.1.2. Homogeneity of replicates in bird individuals 

0.98 
0.95 
0.87 

The intra-individual standard deviations of ratios varied from <0.01 (L. lapponica 3} to 0.05 (C. 

canutus l} for DW/FW and from <0.01 (C. canutus 2) to 0.06 (C. canutus 1) for AFDW/FW (Table 4, p.

136). The bird mixture was therefore considered to be homogeneous and representative of the whole 

individual in terms of body tissue composition, thanks to the very small standard deviations between 

replicates of a same individual. This grinding method is consequently appropriate for biomass estimation 

studies in birds. 
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Table 4: DW/FW, AFDW/FW, CC/AFDW, CC/FW and NC/FW ratios for birds; mean per individual : 
standard deviation (n=3) is shown for DW/FW and AFDW/FW 

Species# DW/FW AFDW/FW 

C. canutus 1 0.42 ± 0.05 0.36 ± 0.06 

C. canutus 2 0.37 ±0.01 0.31 ± <0.00 

C. canutus 3 0.39 ± 0.01 0.33 ± 0.01 

L. /apponica 1 0.44 ± 0.01 0.40 ± 0.02 

L. /apponica 2 0.41 ± 0.02 0.37 ±0.01 

L. lapponica 3 0.43 ± <0.00 0.39 ± 0.01 

H. ostralegus 1 0.45 ± 0.02 0.39 ± 0.01 

H. ostralegus 2 0.46 ± 0.01 0.40 ± 0.01 

H. ostralegus 3 0.40±0.01 0.34 ± 0.01 

C. ridibundus 1 0.38 ±0.02 0.31 ± 0.01 

C. ridibundus 2 0.37 ± 0.01 0.31 ± 0.01 

C. ridibundus 3 0.42 ± 0.01 0.35 ± 0.01 

L. canus 1 0.34 ± 0.02 0.30± 0.01 

L. conus 2 0.37 ±0.02 0.31±0.01 

L. canus 3 0.42 ± 0.01 0.37 ±0.01 

A. penelope 1 0.39 ± 0.03 0.30 ± 0.02 

A penelope 2 0.38 ±0.01 0.33 ± 0.01 

3.1.3. Conversion factors of bird species 

CC/AFDW 

0.34 

0.37 

0.34 

0.48 

0.44 

0.48 

0.42 

0.46 

0.40 

0.36 

0.34 

0.35 

0.40 

0.33 

0.41 

0.32 

0.41 

CC/FW NC/FW 

0.16 0.04 

0.17 0.04 

0.16 0.04 

0.23 0.04 

0.20 0.04 

0.23 0.04 

0.22 0.04 

0.24 0.04 

0.18 0.04 

0.17 0.05 

0.15 0.05 

0.17 0.05 

0.16 0.03 

0.15 0.04 

0.20 0.04 

0.16 0.03 

0.18 0.04 

The DW/FW ratios (mean per species± standard deviation) ranged from 0.38 ± 0.04 {L. canus) to 

0.44 ± 0.03 (H. ostralegus), the AFDW/FW ratios ranged from 0.32 ± 0.01 (A. pene/ope) to 0.38 ± 0.04 (H. 

ostralegus) and the CC/FW rations ranged from 0.16 ± 0.01 (C. canutus) to 0.22 ± 0.02 (L. /apponica; 

Table 5). The bird species were then constituted of 16% to 22% of carbon (gC.100gFw·1). This is higher 

than the value of 10% used by Bradford-Grieve et al. (2003) and the value of 4% used by Leguerrier et al. 

(2007) for sea birds in general (Table 5). These authors probably underestimated the bird biomass in 

their models. On the contrary, Saint-Beat et al. (2013) and Baird et al. (2004) used a CC/FW ratio of 0.30 

(Asmus, personal communication; Table 5), higher than the one measured in this study. As a result, 

these authors probably overestimated the biomass of birds in their models, and therefore the role of 

birds in the studied systems. Scharler and Baird (2005) used a CC/AFDW ratio of 0.50 estimated by 

Melusky (1989), which is in accordance with the CC/AFDW ratios found in this study ranging from 0.49 ± 

0.05 (C. canutus) to 0.57 ± 0.03 (L. lapponica; Table 5). 
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NC/FW ratios ranged from 0.03 ± <0.01 {A. penelope) to 0.05 ± <0.01 (C. ridibundus; Table 5). 

Studying ecosystem and food web structures using nitrogen as proxy is not common yet, although some 

nitrogen-based models have been constructed (Baird et al. 2011). Nitrogen plays an important role in 

primary production of marine ecosystems being either accumulated in systems such as seagrass beds 

(Asmus and Asmus 2000), or being a limiting factor (Vitousek and Howarth 1991). The results of this 

study of the nitrogen content of top predators will be useful data for the construction of future 

nitrogen-based ecosystem models. 

Table 5: DW/FW, AFDW/FW, CC/FW, CC/DW, CC/AFDW, NC/FW, NC/DW ratios (mean ± standard 

deviation) for various bird, mammal, macrozoobenthos, and fish taxa. Results from this study are 

displayed in bold 

i:ecies DW/FW AFDW/FW CC/FW CC/OW CC/AFDW NC/FW NC/DW References 

C. canutus 0.39 ±0.03 0.33 ± 0.03 0.16 ± <0.01 0.41 ± 0.03 0.49 ± 0.05 0.04 ± <0.01 0.11 ± 0.01 present study 

L/apponica 0.43 ± 0.02 0.38 ± 0.02 0.22 ± 0.02 0.52 ± 0.03 0.57 ± 0.03 0.04±<0.0l 0.09 ± 0.01 present study 

H. ostra/egus 0.44±0.03 0.38 ± 0.04 0.21 ± 0.02 0.49 ± 0.03 0.56 ± 0.03 0.04 ± <0.01 0.10 ± <0.01 present study 

C .ridibundus 0.39 ± 0.03 0.32 ± 0.02 0.16 ± 0.01 0.42 ± 0.02 0.51 ± 0.03 0.05 ± <0.01 0.13 ± <0.01 present study 

L canus 0.38 ±0.04 0.33 ±0.04 0.17 ±0.03 0.44±0.04 0.51 ± 0.03 0.04 ± 0.01 0.10 ± 0.01 present study 

A.penelope 0.39 ±0.01 0.32 ± 0.01 0.17 ± 0.02 0.44±0.05 0.52 ± 0.02 0.03 ± <0.01 0.09 ± 0.01 present study 

All birds 0.40 ±0.03 0.34 ± 0.04 0.18 ±0.03 0.45 ± 0.05 0.53 ± 0.04 0.04 ± 0.01 0.10 ± 0.02 present study 

Bradford-Grieve et al. 
All birds 0.10 

(2003) 

All birds 0.04 Leguerrier et al. (2007) 

Baird et al. (2004), Saint-
All birds 0.30 

Beat et al. (2013) 

All birds a.so
Melusky (1989), Scharler 

and Baird (2005) 

P. vitulina 0.34± 0.02 0.30 ± 0.04 0.16 ± 0.02 0.47 ± 0.01 0.53 ± 0.02 0.05 ± <0.01 0.10 ± <0.01 present study 

Bradford-Grieve et al. 
seals 0.10 

(2003) 

Pinkerton and Bradford-
seals 0.35 0.15 

Grieve (2008) 
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Table 5 continued: DW/FW, AFDW/FW, CC/FW, CC/DW, CC/AFDW, NC/FW, NC/DW ratios (mean± 

standard deviation) for various bird, mammal, macrozoobenthos, and fish taxa. Results from this study 

are displayed in bold 

Species DW/FW AFDW/FW CC/FW CC/OW CC/AFDW NC/FW NC/DW Refl!leaQi 

�acrozoobenthos 0.58 Gatje and P.a.; 

Polychaeta 0.14 0.38 
Cauffope allll11,: 

(2005! 

0.20 0.16 
RJCCianlo •"1 b, 

(� 

0.18 0.13 Rumol-, :r. 

Oligochaeta 0.17 
Cauffope aril'°"' 

(200'i.i 
Gastropoda 

0.09 0.11 
Cauffopeard"°" 

(including shells) (2005i 
0.09 Rumohq!F 

Bivalvia 
0.09 0.06 

Cauffope a-.lrtt 
(including shells) (lOOSa 

0.06 
Riccardi a"1 bi 

ll99St 
0.07 Rumohr[1F1 

Crustacea 0.21 0.43 
Cauffope ana...., 

llOOSa 
0.20 0.15 Rumohrl:F 

sh 
Pelagic/Planktivorous 

0.16 
Greenstreet etill. 2 

(e.g. Clupeids, Sand eel) Heath 120C' 

Pelagic/Piscivorous Greenstlftt et• 1! 
0.18 

(e.g. mackerel species) Heath '2X', 

Demersal/Piscivorous Greenstlftt en 
0.10 Heath 1200' (e.g. Gadoids) 

Demersal/Benthivorous Greenstreetm," 
(e.g. flat fish species) 

0.11 Heath 120:', 

Gadus marua 0.19 ± 0.01 0.14 ± 0.01 

Platichthys flesus 0.19 ± 0.01 0.16 ±0.01 Unpublished o.:a' 

Pleuronectes platessa 0.17 ± 0.01 0.13 ±0.01 
long term rror01 

Alfred Wegener ,,s. 
Clupea harengus 0.20 ± 0.05 0.16 ± 0.04 Wadden Sea Sia:<> 

Ammodytes tobianus 0.21 ± 0.01 0.17 ±0.01 

�rrestrial mammals 
Guinea pig 0.37 ± 5.6 0.03 ±0.4 0.09 ± 1.9 Pace and Ratntu<' 

Rat 0.36 ± 0.02 0.04 Pace and R,tJ,tt., 

Rabbit 0.29 ±0.04 0.03 Pace and Ratr.:tll 

Dog 0.41 ± <0.01 Pace and Rati!lllt;-

Cat 0.34 0.03 Pace and Ratl':M1 1 
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3.2.Seals 

3.2.1. Body composition 
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Blubber-skin tissue made the highest contribution to the total fresh weight of harbor seals, and 

represented on average 40.4 ± 11.5% (from 29.4%, Phoca vitulina 2 to 52.3%, Phoca vitulina l; Table 6). 

The next highest contributions to total fresh weight were Bone (23.4 ± 7.7%) and Muscle (17.8 ± 6.0%). 

All the other tissues represented less than 4% of the total fresh weight (Table 6). 

Table 6: Fresh weight of each tissue (g) and contribution of each tissue to total fresh weight (%) for the 

three sampled harbor seals 

Phoco vitulina 1 Phaca vitulino 2 

Sampled tissues Fresh weight (g) % Fresh weight (g) % 

Blubber-skin 43800.0 52.3 25100.0 29.4 

Muscle 14000.0 16.7 20600.0 24.1 

Bone 14600.0 17.4 17800.0 20.8 

Blood 1026.9 1.2 

Liver 3111.0 3.7 2412.0 2.8 

Lungs 1153.0 1.4 1774.0 2.1 

Pancreas 144.7 0.2 121.1 0.1 

Heart 381.0 0.5 561.0 0.7 

Kidney 355.2 0.4 434.7 0.5 

Spleen 221.8 0.3 186.S 0.2 

Stomach-oesophagus 980.S 1.2 1188.0 1.4 

Intestine 1496.0 1.8 

Reproductive system 1320.0 1.6 116.9 0.1 

Brain 210.0 0.3 201.6 0.2 

3.2.2. Relationships among biomass measures in seal tissues 

Phoca vitulina 3 

Fresh weight (g) % 

6400 39.S 

2000 12.4 

5200 32.1 

SOO 3.1 

631 3.9 

25 0.2 

160 1.0 

127 0.8 

59 0.4 

145 0.9 

310 1.9 

10 0.1 

The regression equations for each of the tissues revealed linear relationships passing through 

the origin between FW and DW, AFDW, CC and NC respectively. The relationships between the biomass 

measures and the regression equations were shown only for the tissues which contribute the most to 

total fresh weight (Blubber-skin, Muscle and Bone; Fig. 3, p. 140 and Table 3, p. 135). These equations 

represented a high percentage of the measured data points variation, ranging from 80% (i.e. FW vs. NC) 
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to 97% (i.e. FW vs. OW} for Blubber-skin, from 95% (i.e. FW vs. NC) to 100% (i.e. FW vs. OW and AFD\\ 

for Muscle and from 87% (i.e. FW vs. NC) to 0.99% (i.e. FW vs. OW) for Bone (i.e. R2
, Table 3, p. 135J.

Therefore, ratios between the different biomass measures for the seal tissues can be used. 

Blubber-skin 
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Fig. 3: Relationships for between FW and OW, FW and AFOW, FW and CC, FW and NC for Blubber-skin (A 

to D}, Muscle (E to H), and Bone (I to L) of harbor seals. The regression equations are shown in Table 3, 
p. 135

3.2.3. Conversion factors of seal tissues 

The DW/FW ratios (mean ± standard deviation) of seal tissues ranged from 0.22 ± 0.04 

(Intestine) to 0.55 ± 0.17 (Blubber-skin}, the AFDW/FW ratios ranged from 0.21 ± 0.03 (Intestine) to 0.54 

± 0.18 (Blubber-skin}, the CC/FW ratios ranged from 0.10 ± 0.02 {Intestine) to 0.33 ± 0.15 (Blubber-skin) 

and the NC/FW ratios ranged from 0.02 ± 0.01 (Brain) to 0.06 ± 0.05 (Spleen; Table 7). Blubber-skin had 

the highest OW/FW ratio (Table 7), suggesting a low water content. This is consistent with the 
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oredominance of hydrophobic lipids in blubber which are stored in low water content (Pearson 2015).

The highest AFDW/FW and CC/FW values were also observed in Blubber-skin suggesting a higher organic

Matter and carbon content than in the other tissues, which can be explained by the large amount of 

ong chain fatty acids containing 14 to 24 carbons in blubber (Kakela et al. 1995, Iverson 2009). Brain and 

Blubber-skin tissues had low NC/FW ratios (0.02 ± 0.01 and 0.03 ± 0.02, respectively), indicating low 

nitrogen content, which is in accordance with the high lipid content in those two tissues (Henderson et 

al. 1994). Indeed, most lipids do not contain nitrogen {Mc Mahon et al. 2013). To summarize, fatty 

tissues, and especially blubber tissue, clearly showed differences in its ratios compared to the other 

tissues. 

Table 7: Mean and standard deviation of DW/FW, AFDW/FW, CC/FW and NC/FW ratios of the different 

seal tissues 

Tissue DW/FW AFDW/FW 

Blubber-skin 0.55 ± 0.17 0.54 ± 0.18 

Muscle 0.28 ± 0.01 0.27 ± 0.01 

Bone 0.46 ± 0.06 0.33 ± 0.04 

Blood 0.27 ± 0.08 0.26 ±0.08 

Liver 0.28 ± 0.05 0.26 ±0.05 

Lung 0.27 ± 0.03 0.25 ± 0.03 

Pancreas 0.24 ± 0.02 0.22 ±0.01 

Heart 0.24 ± 0.02 0.23 ± 0.02 

Kidney 0.24 ± 0.01 0.23 ±0.01 

Spleen 0.24 ± 0.01 0.23 ±0.01 

Stomach-oesophagus 0.25 ±0.02 0.24 ± 0.03 

Intestine 0.22 ± 0.04 0.21 ± 0.03 

Reproduction system 0.24 ± 0.02 0.23 ± 0.02 

Brain 0.23 ±0.02 0.22 ± 0.02 

3.2.4. Conversion factor for entire seals 

CC/FW NC/FW 

0.33 ± 0.15 0.03 ± 0.02 

0.13 ± 0.01 0.04 ±<0.00 

0.16 ±0.03 0.05 ± 0.01 

0.14 ± 0.04 0.04 ± 0.01 

0.13 ± 0.02 0.03 ±0.01 

0.13 ± 0.02 0.04±<0.00 

0.11 ± 0.01 0.03 ± <0.00 

0.12 ±0.01 0.03 ± <0.00 

0.12 ± 0.01 0.03 ±<0.00 

0.12 ± <0.00 0.06 ± 0.05 

0.12 ± 0.01 0.04 ±0.01 

0.10 ±0.02 0.03 ± <0.00 

0.11 ± 0.01 0.03 ± <0.00 

0.12 ±0.01 0.02 ± 0.01 

The ratios for entire individuals, calculated taking in account the body composition of each 

animal, were 0.33, 0.35 and 0.38 for FW/DW, 0.28, 0.32 and 0.36 for FW/AFDW, 0.15, 0.17 and 0.19 for 

FW/CC and 0.03, 0.04 and 0.04 for FW/NC for Phoca vitulina l, 2 and 3 respectively. The average values 
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for entire seal individuals are displayed in Table 5, p. 137-138. The carbon content of each entire animal 

found in this study (15%, 17% and 19%) was higher than the value of 10% assumed by Bradford-Grieve 

et al. (2003) (Table 5, p. 137-138), who probably underestimated the biomass of seals in their model. 

Pinkerton and Bradford-Grieve (2008) used 15% for carbon content of fresh weight which is in the order 

of magnitude of the findings from this study (Table 5, p. 137-138). 

Using these total ratios, the total DW, total AFDW, total CC and total NC of each entire seal 

individual were estimated. The relationships between total FW and total DW, total AFDW, total CC and 

total NC were respectively plotted (Fig. 4) and the corresponding regression equations were computed 

(Table 3, p. 135). These regression equations showed linear relationships that pass through the origin 

between total FW and total DW (R
2 
= 0.99), total AFDW (R

2 
= 0.98), total CC (R

2 
= 0.99) and total NC (R2 =

0.99) respectively (Fig. 4; Table 3, p. 135). This allows the use of ratios as conversion factors for entire 

seal individuals. 
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Fig. 4: Relationships between FW and DW, FW and AFDW, FW and CC and FW and NC for entire harbor 

seal individuals. The regression equations are shown in Table 3, p. 135 

However, these total ratios must be applied with caution to other studies. Indeed, fatty tissues 

(e.g. Blubber-skin) in harbor seals were clearly characterized by specific conversion factors differing from 
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�ose of other tissues (Table 7, p. 141). This observation implies that variations of the blubber 

=ercentage in the body composition would lead to variations of the conversion factors for whole 

dividuals. For pinniped species which undergo huge fasting periods during the reproduction and the 

moft (Bowen et al. 1992, Atkinson 1997), ratios calculated for each tissue should be preferentially used 

, relation with the body composition, and particularly the percentage of body fat. The percentage of 

blubber in phocid seals can be estimated using the following equation determined by Ryg et al. (1990): 

%8 = 4.44 + 5693 x (L x d) -;- FW with %8 = % of blubber contribution to total FW, l = the 

standard length of the seal individual, d = the dorsal blubber thickness and FW = the total FW of the 

·ndividual.

3.3. Comparison with other taxa 

Conversion factors for birds and seals, calculated in this study, were comparable to terrestrial 

vertebrates (Table 5, p. 137-138). The DW/FW ratios of birds and seals were similar to those measured 

for terrestrial mammal species (i.e. rodent species and rabbits, Table 5, p. 137-138) (Pace and Rathbun 

1945), suggesting similar body water content. On the other hand, DW/FW ratios measured in this study 

were clearly higher than those measured in macrozoobenthos taxa (Rumohr et al. 1987, Gatje and Reise 

1998b, Ricciardi and Bourget 1998a, Cauffope and Heymans 2005b) and fish species (Greenstreet et al. 

1997) (Table 5, p. 137-138), suggesting lower water content in birds and seals. This difference might be 

related to variations in fat content between the taxa, as fat content is negatively correlated to water 

content (Friedrich and Hagen 1994). Water content of fish can represent up to 90% of the FW (Dunajski 

1980, Friedrich and Hagen 1994) and the typical hydrostatic skeleton of invertebrates (Chapman 1958) 

also implies high body water content that might also represent up to 90% of the FW (Block 2003). On 

the contrary, seals have a large proportion of total body weight as fat (Table 6, p. 139), possibly related 

to their high DW/FW ratio (Table 7, p. 141). Furthermore, the presence of keratinous tissue (e.g. claw, 

hair, feather) - characterized by low water content (10% to 12%) (Taylor et al. 2004) - in birds and 

mammals might also be responsible for their higher DW/FW ratios. The CC/FW and CC/DW ratios found 

in this study were higher than the values measured for polychaetes, crustaceans and fish (Table 5, p. 

137-138), but the small number of available values makes comparisons inconclusive. To summarize, the

conversion factors from FW to other biomass measures may vary widely among different taxa and global 

values should therefore be avoided or carefully applied. 
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4. Conclusion

This study provides new and essential data about the relationships among biomass parameters 

and weight conversion factors of top predators, allowing a gap to be filled in ecosystem and food web 

modelling studies. The relationships between fresh weight and other biomass measures are linear and 

through the origin for birds and seals. The carbon content of sea birds ranged from 16 ± <0.1% to 22 = 

2% of the fresh weight. The mean carbon content of seals was 16 ± 2% of the fresh weight. Blubber 

tissue of seals had higher DW/FW, AFDW/FW and CC/FW ratios than the other tissues. Further 

measurements are necessary to cover a larger number of species and investigating the effect of 

seasonal variation in body fat content on biomass conversion regressions is an important issue to 

address. This will allow better estimation of the influence and the role of marine birds and mammals on 

the ecosystems they live in. 
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