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Abstract 

Knowledge of the interactions between target species and their habitat, both spatially and temporally, 

is important for informing management and conservation actions. Here, acoustic telemetry, network 

analysis and spatial conservation prioritization were used to explore spatial and seasonal space use 

and movement patterns of northern pike (Esox lucius), a freshwater fish that also inhabits low-salinity 

areas, such as the coastal brackish lagoons bordered by German islands of Fischland-Darß, Hiddensee, 

Rügen and Usedom in the southern Baltic Sea. It was then assessed to what extent existing spatial 

management and conservation measures in the area were aligned with pike behavioural patterns. Pike 

were primarily resident and showed little movement between different lagoons for most of the year, 

except during the spring spawning season when movement increased markedly. Most of the 

individuals monitored during both spawning seasons showed fidelity to the spawning grounds and 

were observed during both years’ spawning in the same areas. From an administrative standpoint, it 

was shown that the majority of pike remained in the same fishing district throughout the year and that 

existing no-take protected areas were used to varying degrees: in three of them, pike were found all 

year round in higher numbers than expected at random, while many others were used more 

intensively only seasonally. Identification of optimal areas for pike protection showed that while 

existing protection measures cover some areas where pike occurred both year-round and during the 

spawning season, closures of more areas may be necessary to ensure sufficient conservation. 
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1. Introduction  

1.1. Northern pike in Bodden lagoons 

The Baltic Sea is one of the world's largest brackish water bodies, characterized by a strong salinity 

gradient from sea salinity (30 Practical Salinity Units, PSU) in its western part, connected to the North 

Sea, to almost fresh water (2 PSU) in the northeast and some coastal areas (Schubert & Telesh, 2017). 

This gradient has contributed to the development of a unique species assemblage comprising both 

marine and freshwater species (Ojaveer et al., 2010; Olsson, 2019; Reusch et al., 2018; Wennerström 

et al., 2013).  

The northern pike (Esox lucius; hereafter ‘pike’), a large-sized top predator typical of fresh inland 

waters in the northern hemisphere (Craig, 2008), is widely distributed throughout the coastal and 

lagoon waters of the Baltic Sea where salinity not exceeding 18 PSU (Jacobsen et al., 2017; Jacobsen & 

Engström-Öst, 2018; Möller et al., 2019; Skov & Nilsson, 2018; Westin & Limburg, 2002). The Baltic 

coastal areas are a favourable foraging environment for these animals because they provide access to 

marine prey resources, which can foster growth (Nolan et al., 2019). This top predator contributes to 

structuring fish communities by influencing the composition, distribution, and abundance of many 

lower trophic species (Craig, 1996, 2008; Larsson et al., 2015; Ljunggren et al., 2010; Paukert & Willis, 

2003), and is highly valued for human consumption as well as one of the primary sport fishing targets 

in many areas around the world, including the Baltic Sea (Arlinghaus et al., 2018; Craig, 1996; Crane et 

al., 2015).  

In the shallow coastal lagoons of the southern Baltic Sea (also known as ‘Bodden’) bordered by the 

German islands of Fischland-Darß-Zingst, Hiddensee, Rügen and Usedom, pike is of high 

socio‐economic value. Its population is targeted by commercial and recreational fisheries, with the 

latter also benefiting the associated tourism industry (Arlinghaus et al., 2021; Weltersbach et al., 

2021). Historically, commercial fisheries have been the main harvester of pike, although it has never 

had the same economic importance to the region as the exploitation of some other species, such as 

herring or cod (Arlinghaus et al., under review; Schlumpberger et al., 1966). At the same time, the 

large body-size (often over 100 cm) typical for Bodden pike that enjoys a productive brackish 

environment and seasonal presence of marine prey (e.g., herring, Winkler, 1987), has more recently 

made the area very attractive to resident and tourist anglers interested in trophy-sized fish (Arlinghaus 

et al., 2021; Koemle et al., 2021, 2022; Weltersbach et al., 2021).  

In recent decades, substantial declines in pike population abundance were documented in most of the 

assessed areas in the Baltic Sea (Bergström et al., 2022; Jacobsen et al., 2017; Larsson et al., 2015; 
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Lehtonen et al., 2009; Nilsson et al., 2004), including the Bodden lagoons (Möller et al., 2019; van 

Gemert et al., 2022). The decline is associated with a range of environmental factors and 

anthropogenic pressures spanning overfishing (Hansson et al., 2018; Olsson, 2019), eutrophication 

(Larsson et al., 2015; Lehtonen et al., 2009; Winkler, 2002), trophic cascades (Donadi et al., 2017), 

coastal development that resulted in reduced access to spawning grounds and degradation of 

recruitment habitats (Eriksson et al., 2011; Hansen et al., 2019; Larsson et al., 2015; Ljunggren et al., 

2010; Nilsson et al., 2014, 2019), natural predation by seals and cormorants (Bergström et al., 2022; 

Hansson et al., 2018) and by three-spined stickleback on pike eggs and larvae (J. S. Eklöf et al., 2020; 

Eriksson et al., 2011; Ljunggren et al., 2010; Nilsson, 2006; Nilsson et al., 2019), as well as the impacts 

of global climate change (Larsson et al., 2015; Olsson, 2019; Salo et al., 2020). 

Given Bodden pike’s ecological and economic value for the region, there is a need for evidence-driven 

management actions that could improve the stock status and the fishery. A wide range of strategies 

and instruments is available to help in achieving the goals of fisheries management and fish 

conservation (e.g., see Arlinghaus et al., 2016; Hilborn et al., 2022). Choosing an effective policy 

requires a good understanding of each specific case, ideally taking into account both the human use 

and the structure and functioning of the ecosystem, not least the spatial structure of the impacted 

fishery (Hilborn et al., 2004). Yet, there are substantial gaps in understanding the habitat use, 

migration routes and distribution of pike in the Baltic Sea in general (Jacobsen et al., 2017) and in 

Bodden lagoons in particular (Möller et al., 2019; Olsson, 2019).  

Classically, pike is regarded as a sedentary ambush predator, preferring vegetated littoral zones and 

complex structured habitats and having a rather small home range outside spawning migrations (Cook 

& Bergersen, 1988; Craig, 1996, 2008; Diana, 1980; Jacobsen & Engström-Öst, 2018). In the Baltic Sea, 

mark-recapture studies of coastal pike suggest that pike do not move more than 10 km, with most of 

the recaptures appearing within 4-6 km from the release site (Karås & Lehtonen, 1993; Saulamo & 

Neuman, 2002). At the same time, studies in freshwater lakes show that some individuals can be quite 

mobile and utilise all available habitats (e.g., Haugen et al., 2006; Jepsen et al., 2001). It seems that 

pike have a rather flexible life history, with high individual variation in activity (Jepsen et al., 2001; 

Kobler et al., 2009), and display complex spatial behaviour that possibly helps them adapt to different 

conditions by adjusting their habitat use strategy (Haugen et al., 2006; Skov et al., 2018). In this 

regard, Haugen et al. (2006) found an ideal free distribution of pike in a large lake, which means that 

they spread between resource patches in their environment in a way that minimizes competition and 

maximizes adaptability, and thus, in principle, can move long distances along resource gradients. 
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With respect to seasonal activity, there are also mixed and sometimes contradictory findings in the 

literature (Skov et al., 2018). For example, some authors have found an increased movement of pike 

during the winter (Knight et al., 2008; Koed et al., 2006), while others, in contrast, reported decreased 

activity during the colder periods (Cook & Bergersen, 1988; Kobler et al., 2008) or found no significant 

difference (Baktoft et al., 2012; Diana et al., 1977). There is, however, a considerable consensus that 

pike activity is highest during the spawning period in spring, which occurs between March-May (Cook 

& Bergersen, 1988; Skov et al., 2018).  

In the Baltic coastal areas, pike developed three different reproductive strategies. Whereas part of the 

population has undergone local adaptation and can carry out their complete life cycle, including 

reproduction, in brackish conditions (Jacobsen et al., 2017; Larsson et al., 2015; Nordahl et al., 2019; 

Sunde et al., 2022; Tibblin et al., 2015), other individuals either undertake anadromous spawning 

migrations from their brackish feeding grounds to adjacent freshwater tributaries and wetlands 

(Berggren et al., 2016; Engstedt et al., 2010; Larsson et al., 2015; Sunde et al., 2019; Tibblin et al., 

2015) or reside in freshwater throughout the year, only occasionally making forays into brackish areas 

(Birnie-Gauvin et al., 2019). Brackish spawning and anadromy were reported for Bodden pike as well, 

although the anadromous ecotype was rare (Möller et al., 2019, 2021). 

The divergence between these three subpopulations is likely further facilitated by spawning- and 

natal-site fidelity observed in pike (Diaz-Suarez et al., 2022; Laikre et al., 2005; Larsson et al., 2015; 

Miller & Kapuscinski, 1997; Nordahl et al., 2019), who have been shown to undertake seasonal 

migrations to their spawning areas (Craig, 2008; Karås & Lehtonen, 1993; Tibblin, Berggren, et al., 

2016) and travel to distant locations even when suitable spawning sites were available near the areas 

where pike resided most of the year (Koed et al., 2006).  

In this study, acoustic telemetry is used to study the spatial and seasonal aspects of pike behaviour, 

seeking to understand Bodden pike’s space use and movements, including spawning migrations, and 

to examine how they align with existing spatial and temporal management and conservation measures 

in the Bodden lagoons area. In the following sections of the Introduction, the role of spatial behaviour 

and the potential of acoustic telemetry for conservation and management are discussed, focusing on 

the application of novel methods, particularly network theory and spatial conservation prioritization 

analysis. 

1.2. Role of spatial behaviour in conservation and management  

Stock delimitation and understanding of the spatial scale at which species are distributed, i.e., form 

biological units, as well as knowledge of the interactions between target species and their habitat are 
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crucial for developing appropriate fishery management strategies (Begg et al., 1999; Bernard et al., 

2009; Hays et al., 2019; Reiss et al., 2009). Mismatches between biological and management units may 

lead to evolutionary changes in stock productivity and species growth rates (Conover & Munch, 2002), 

as well as to overexploitation of stocks or local depletion with associated ecological and economic 

consequences (Begg et al., 1999; Ying et al., 2011).  

Understanding the spatial and temporal variations in animal behaviour, including space use and range 

size, the timing of migration, dispersal pathways and population connectivity, etc., are essential for 

ensuring the sustainability and robustness of boundaries established for spatial management and for 

maintaining the resilience of the exploited population (Cooke et al., 2022; Fogarty & Botsford, 2007). 

Spatial structure within and connectivity between (sub-)populations play an important role in fish 

stock stability and resilience because it may buffer local and regional environmental perturbations 

and/or overexploitation, e.g., by allowing, in extreme cases of local extinctions, repopulation of 

negatively impacted areas (Berkeley et al., 2004; Bradbury et al., 2008; Hanski & Simberloff, 1997; 

Hilborn et al., 2003; Kerr et al., 2010; Kool et al., 2013; Ruzzante et al., 2006). 

Further, area-based conservation measures are among the popular tools for animal populations 

enhancement. In aquatic systems, they often take the form of area closures for fishing (and 

sometimes other human activities). Well-designed and effective no-take protected areas (PAs) have 

been shown to increase the biomass and size of aquatic animals withing their boundaries (Edgar et al., 

2014). There is, however, an extensive debate on whether such closures result in so-called ‘spillover’, 

export of eggs and larvae and/or movement of juveniles and adults to areas open to fishing (e.g., 

Fogarty & Botsford, 2007), with evidence both supporting (e.g., Abesamis & Russ, 2005; Di Lorenzo et 

al., 2016; Lenihan et al., 2021; Medoff et al., 2022) and disproving (e.g., Fletcher et al., 2015; García-

Rubies et al., 2013; Ovando et al., 2021) the existence of such effects, potentially due to differences in 

a fishery management effectiveness prior to protection (Buxton et al., 2014; Fletcher et al., 2015; 

Hilborn et al., 2004).  

Given that PAs are a spatially explicit management tool, the spatial behaviour of fish plays a significant 

role in the protection effectiveness and exchange dynamics between inside and outside of protected 

regions (Afonso et al., 2009; Lowe et al., 2003; Villegas-Ríos et al., 2021). The degree of protection 

provided by a PA to juvenile and adult fish depend, among other factors, on the amount of time the 

targeted species spend within its boundaries (Villegas-Ríos et al., 2021). Thus, although positive effects 

have also been found for large pelagic and migratory species (e.g., Edgar et al., 2014; Hays et al., 2014; 

Mee et al., 2017), the effectiveness of PAs is expected to be highest for less mobile species or 

individuals (Botsford et al., 2001; Pilyugin et al., 2016). On the other hand, if the target species does 
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not disperse outside a PA, the accumulated biomass is trapped in the reserve and there is little or no 

spillover and, thus, no benefits to the affected fishery (Fogarty & Botsford, 2007). This may lead to 

negative socio-economic consequences and can provoke non-compliance which would make 

enforcement more difficult and expensive, while not guarantee a positive overall outcome for 

protected species if, for example, fishing effort is not reduced but merely redistributed to unprotected 

areas and thereby increases fishing pressure there (e.g., Hilborn, 2016; Hilborn et al., 2004). 

1.3. Acoustic telemetry in conservation and management 

In the past few decades, biotelemetry in general and acoustic telemetry in particular has gained wide 

popularity as a research tool that allows scientists and managers to gain an in-depth understanding of 

various aspects of fish spatial ecology (Brooks et al., 2018; Brownscombe et al., 2022; Cooke et al., 

2004; Crossin et al., 2017). Acoustic telemetry is increasingly being used to track the movements of 

tagged aquatic animals across monitored habitats, allowing the collection of extensive information on 

the animal space use over relatively long periods (Brownscombe et al., 2022; Cooke et al., 2004; Lédée 

et al., 2021; Nathan et al., 2022). The basic principle of acoustic telemetry is as follows: transmitters 

are deployed on the species of interest and a uniquely coded sound pulse emitted by each individual 

can be detected and logged by either mobile hydrophones or by passive receivers placed in fixed 

locations, basically providing information about the occurrence of fish within the monitored area 

(Crossin et al., 2017; Donaldson et al., 2014).  

Telemetry data has great potential to inform many aspects of fisheries and fish habitat management 

(Brownscombe et al., 2019, 2022; Cooke et al., 2016; Crossin et al., 2017; Donaldson et al., 2014; Hays 

et al., 2019; Nguyen et al., 2018). These include defining spatial-temporal distributions of populations 

and the scale of fish space use, locating key movement corridors, identifying management units or 

stocks, determining harvest rates, estimating post-release mortality, and examining the effects of 

environmental factors on the distribution and spatial behaviour that can help develop adaptive 

management strategies (Brooks et al., 2018; Brownscombe et al., 2019, 2022; Cooke et al., 2004; 

Crossin et al., 2017). Besides, telemetry data can give insights into the extent of the species’ space use 

and habitat connectivity, which are important to inform the creation of new aquatic PAs or 

implementation of other area-based management tools, as well as for evaluation of the effectiveness 

of existing ones (Brownscombe et al., 2022; Kramer & Chapman, 1999; Lea et al., 2016; Lennox et al., 

2019). Furthermore, well-communicated telemetry data, for instance, visual fish tracks or delineation 

of areas where species are present or absent, can be very useful in explaining fish movements to 

stakeholders and different user groups in a way that makes evidence more readily accepted, thus 

increasing stakeholder support for management actions (Brooks et al., 2018; Nguyen et al., 2018). 
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1.4. Applications of network theory in acoustic telemetry   

Recently, methods from network theory have been adapted to acoustic telemetry and are now 

frequently used to quantify and visualize movement patterns of aquatic organisms (e.g., Jacoby et al., 

2020; Lea et al., 2016; Lédée et al., 2021; Mourier et al., 2021). Network theory provides a powerful 

suite of tools to deal effectively with very large data sets and to visualise, quantify, and interpret 

complex interconnected systems by treating them as structures consisting of nodes connected by 

edges (Jacoby & Freeman, 2016). At this, nodes are focal units, which can represent individuals or 

physical locations (e.g., receivers in a certain habitat or area). Edges, whether binary (1 or 0, reflecting 

the presence or absence of connection) or weighted (reflecting the strength of connection), may 

capture physical or social interactions and associations between nodes (e.g., the flow of information, 

co-occurrence at the same location, or movement between locations). For example, to construct 

movement networks that help to quantify and visualise the spatial behaviour of organisms, nodes 

would usually represent the locations of acoustic receivers and edges would indicate the transitions of 

tagged individuals between them (Jacoby et al., 2012). Here, what is important, is that such network 

structure accounts not only for the frequency of animal occurrence at a given location, but integrates 

connectivity, reflecting the ways in which animals move between locations (Jacoby et al., 2012).  

Networks can be structured in two forms: unipartite, or ‘one-mode’, or bipartite, ‘two-mode’. In 

unipartite networks, all nodes are of the same type; they can be, for instance, individuals in social 

networks (see Croft et al., 2008; Krause et al., 2007) or locations in movement networks (e.g., Jacoby 

et al., 2020; Lea et al., 2016; Mourier et al., 2021). In contrast, bipartite networks contain two types of 

nodes – such as individuals and locations (e.g., Finn et al., 2014) – and model relationships between 

them, showing, for example, which individuals occur at similar locations (Jacoby & Freeman, 2016). 

Network methods allow for the intuitively appealing visualisation of relationships between nodes and 

the formal quantification of a network structure, facilitating the spatial analysis of interactions within 

it and the identification of central players (Jacoby & Freeman, 2016). Visualization of the network 

structure of a movement network, for example, would present a spatially explicit representation of 

movement dynamics, and the obtained network metrics could help to quantify animal space use and 

connectivity. Although network methods' use in management and conservation is still in its early 

stages (Lédée et al., 2021), they have been instrumental in analysing telemetry data to explore habitat 

use patterns and movement pathways of aquatic animals (Elston et al., 2021; Espinoza et al., 2015, 

2021; Heupel et al., 2019), to assess population structure and connectivity (Finn et al., 2014; Lédée et 

al., 2021), to help predicting and avoiding human-wildlife conflicts (Mourier et al., 2021), to inform the 
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design of marine protected areas (Espinoza et al., 2015; Lea et al., 2016; Martín et al., 2020), and to 

enhance their enforcement strategies (Jacoby et al., 2020). 

1.5. Spatial conservation prioritization 

The systematic conservation planning framework was born out of the need for an evidence-based, 

structured and transparent approach to developing landscape management strategies and designing 

area-based conservation measures, primarily protected areas, that effectively meet conservation 

objectives (Margules & Pressey, 2000). Spatial conservation prioritisation is an integral part of the 

framework, where it is used to identify important areas for targeted species or ecological communities 

and then allocate limited resources in the most efficient way to address the conservation goals 

(Kukkala & Moilanen, 2013). Such prioritisation is usually done with a help of decision support tools 

like Marxan (Ball et al., 2009) or, in the R environment, package prioritizr (Hanson et al., 2022). Such 

software helps calculate an optimal spatial design that allows for achieving a certain minimum target, 

e.g., the closure of a predetermined proportion of one or several species’ habitats, under a certain set 

of spatial constraints (Ban & Klein, 2009; Margules & Pressey, 2000). The measure of the importance 

of a given area can be determined based on data on the presence-absence or abundance of species, 

habitat characteristics necessary for the various life stages, or, in the absence of scientific data, expert 

opinion (Dwyer et al., 2019; Margules & Pressey, 2000). The constraints are usually socio-economic in 

nature, such as the costs of acquiring and/or managing areas for conservation, opportunity costs (i.e., 

the cost of foregone benefits from other economic activities in a given area), or any other stakeholder 

interests (Ban & Klein, 2009; Margules & Pressey, 2000). 

Acoustic telemetry provides data on species distributions and densities and therefore has great 

potential for use in spatial prioritization, although its uptake in systematic conservation planning is still 

limited because of some uncertainties about how to integrate telemetry datasets into the framework 

(Dwyer et al., 2019). However, existing studies (e.g., Dwyer et al., 2019; Fuentes et al., 2019; van 

Zinnicq Bergmann et al., 2022) that have used acoustic telemetry data to construct species utilization 

distribution (UD), which then served as input for spatial prioritization analysis, have demonstrated 

how such telemetry data can help shape optimized PAs that maximize protection of important areas 

for the targeted species at a minimal cost. 

1.6. Research objectives 

Given the signs of a decline in the Bodden pike population and its ecological and economic value to 

the region, there is a need for a better understanding of pike's habitat use, migration routes and 

distribution, which would provide the basis for evidence-based management measures that can help 



15 

 

improving population status. The aim of this study is to examine the spatial and temporal dynamics of 

northern pike behaviour in the Bodden lagoons and their freshwater tributaries and, based on this, to 

identify important areas for pike that should be considered when managing and conserving the 

population. The specific objectives were: 

1. To describe the general and seasonal patterns of pike movement and space use in the Bodden 

lagoons and their freshwater tributaries, paying particular attention to spatial behaviour 

during spawning,   

2. To investigate the extent to which existing spatial delineations used for fisheries management 

and conservation, i.e., fishing districts and no-take protected areas, are appropriate for pike, 

given its spatial behaviour,  

3. To develop a set of optimized spatial conservation designs to support decision-making on 

management and conservation of pike populations.  
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2. Study Site  

2.1. Bodden lagoons and adjacent freshwater tributaries 

Shallow coastal brackish lagoons and several freshwater tributaries, which are the focus of this study, 

are located in the southern Baltic Sea near the islands of Fischland-Darß, Hiddensee, Rügen and 

Usedom, Mecklenburg-Vorpommern, Germany (54.405, 13.327; area ca. 1 200 km²; Figure 1). As 

mentioned earlier, they are locally called Bodden (originating from the German word “Boden”, which 

means ground, implying the shallowness of the lagoons), and in this study, they are referred to as 

Bodden lagoons.  

 

Figure 1. Map of the study area, displaying the Bodden lagoons (blue labels) and their main freshwater tributaries (green 
labels; non-exhaustive list). 

Bodden lagoons are characterised by considerable variability in hydrological conditions, including 

salinity, water temperature, Secchi depth, and nutrient concentrations (see more details in Table A1 in 

the Appendix). Most of the Bodden lagoons are shielded from the Baltic Sea by land, but some have a 
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direct connection to it, albeit mostly through relatively narrow channels, except for the Greifswalder 

Bodden which is quite wide open to Baltic waters in its eastern part (Figure 1). On the other hand, 

freshwater from adjacent rivers and streams enters all Bodden ecosystems (Figure 1). As a result, 

there is a pronounced salinity gradient from the northwest (high) to the southeast (low) of the study 

area and from the east (high) to the west (low) of the Darß-Zingst-Bodden chain. Thus, salinity values 

are the highest (8.7 ± 1.1 PSU) in Vitter, Schaproder, and Kubitzer Bodden west of Rügen, lower in the 

Greifswalder Bodden (7.2 ± 0.9 PSU) and lowest in Peenestrom and Stettiner Haff influenced by the 

discharge of the large river Oder (3.2 ± 2.1 PSU) (see more details in Table A1 in the Appendix). All of 

the Bodden lagoons have experienced severe eutrophication for decades due to nutrient runoff from 

agricultural fields, while internal nutrient cycling dynamics contribute to maintaining eutrophic 

conditions in many areas (Paar et al., 2021; Schiewer, 2002, 2008; Schubert & Telesh, 2017). Generally, 

two broad types of lagoons can be differentiated: (1) shallow, hypertrophic and turbid, oligo- to 

mesohaline lagoons (including Kleiner Jasmunder Bodden and Peenestrom), and (2) comparatively 

deeper, less turbid and thus more macrophyte-rich, meso- to eutrophic lagoons (Schaproder and 

Kubitzer Bodden, Greifswalder Bodden, North-Rügen-Bodden chain, Strelasund, Figure 1; see more 

details in Table A1 in the Appendix).  

2.2. Exploitation, management, and conservation of Bodden pike population 

The earliest systematic records of commercial exploitation of pike in the Bodden lagoons date back to 

the end of the 19th century, although most likely pike was fished in the region long before that  

(Arlinghaus et al., under review; Porada, 2009; Winkler, 1989, 1990). In the 20th century, pike became 

a target species in some lagoons, with total commercial catches peaking around mid-century and 

declining since then (Arlinghaus et al., under review; Winkler, 1989, 1990). Following the German 

reunification in 1990, pike became mainly a bycatch species for the majority of coastal commercial 

fishing operations, except for a few devoted pike fishers (van Gemert et al., 2022).  

While commercial fishers' interest in pike has been steadily declining, recreational anglers’ catches of 

pike in the Bodden lagoons were on the rise in the past decades (Arlinghaus et al., 2021, under review; 

van Gemert et al., 2022; Weltersbach et al., 2021). Recent catch reconstruction indicated that since 

the early 2000s, total pike catches by anglers have likely surpassed catches by commercial fisheries, 

making recreational fishing the major form of exploitation of Bodden pike (Arlinghaus et al., 2021; van 

Gemert et al., 2022; Weltersbach et al., 2021). At the same time, in recent years there has been a 

general decrease in total Bodden pike landings, which coincides with a downward trend in the 

population biomass (van Gemert et al., 2022). 
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The recreational fishing sector in Rügen is largely tourism-dominated and generates substantial 

economic value for the region (Arlinghaus et al., 2021; Koemle et al., 2022; Möller et al., 2019; van 

Gemert et al., 2022). An entire industry has developed around this activity, and special guided fishing 

trips are now offered to the various Bodden lagoon areas, especially for pike fishing. The state of 

Mecklenburg-Vorpommern supports these developments and has introduced measures to attract 

non-resident anglers to its coast, offering a short-term tourist fishing license for the region, which can 

be obtained without having to pass the otherwise obligatory German angling examination (Arlinghaus 

et al., under review; Drossel, 2015).  

The exploitation of Bodden pike is subject to a mixture of input (measures affecting effort) and output 

(measures affecting pike removal) regulations (see classification in Arlinghaus et al., 2015). These 

include a minimum length limit of 50 cm (for commercial fisheries, also a minimum gillnet mesh size 

for pike of 100 mm stretched), a daily limit of 3 pikes per person (for recreational anglers only), a  

spawning closure (from March 1 to April 30, although fishers are still permitted to land 10% of pike in 

bycatch) and various area-based conservation measures (described in more detail below). In addition,  

 

Figure 2. Map displaying the fishing districts in the Bodden lagoons around the islands of Hiddensee, Rügen and Usedom. 
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there are gear restrictions that limit the total number of rods or commercial fishing gear used. In 

general, pike fishing mortality in the Bodden lagoons is (and has always been) controlled indirectly 

rather than directly, as would be the case, for example, if annual pike fishing quotas were issued 

(Arlinghaus et al., under review). 

From the spatial perspective, the Bodden lagoons fishery is divided into several fishing districts (Figure 

2), which are used for management, licensing, and statistical reporting of commercial fisheries to State 

Office for Agriculture, Food Safety and Fisheries Mecklenburg-Western Pomerania (Ger. Landesamt für 

Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (LALLF)), the state 

fisheries authority of Mecklenburg-Vorpommern.  

Conservation measures for Bodden fish communities are represented by two types of spatial fish 

reserves: fish sanctuaries where fishing is permanently prohibited (ger. ‘Fischschonbezirke’), and 

spawning sanctuaries with seasonal (April-May) fishery closure (ger. ‘Laichschonbezirke’) (Figure 3). 

Both of these provisions apply to all types of fishing, including both commercial and recreational. 

Neither of these protections was designed specifically for pike, they are rather intended to enhance 

Bodden fish communities as a whole. However, because pike spawn in the spring (March-May), the 

spawning sanctuaries likely provide some protection to the population in addition to the general 

spawning pike fishery closure in March-April.  

There are other area-based conservation measures in the Bodden lagoons, which include two national 

parks (Western Pomerania Lagoon Area and Jasmund), the Southeast Rügen Biosphere Reserve, and 

other small conservation areas, as well as (partially voluntary) restrictions on boating (Figure 3). These 

were not established specifically for fish protection, their designation was motivated by nature 

protection more broadly. Nevertheless, some may provide some protection for pike by directly or 

indirectly restricting fishing, e.g., through bans on motor boating. Thus, in the Biosphere Reserve, for 

example, fishing and angling are not outright forbidden, yet, they are effectively restricted due to 

regulations prohibiting the use of combustion engines and access to the shoreline, which especially 

affects recreational fishing. The Core Zone of the Western Pomerania Lagoon Area national park is also 

effectively closed to recreational fishing, and only a few fishers have permits for commercial fishing in 

this area. In many other conservation areas, there are important exceptions for access to commercial 

fishers, and in some cases there may be exceptions for recreational anglers too, making them 

practically open to one or another form of fishing (Arlinghaus et al., under review). 
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Figure 3. Map displaying the no-take protected areas and other areal-based conservation measures in the Bodden lagoons. 
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3. Materials and Methods 

3.1. Acoustic telemetry 

3.1.1. Receiver array and pike tagging 

A total of 320 adult northern pike (mean total length = 76.3 +- SD 12.3 cm; female=177, male=142, 

unknown=1) were captured in February – March (N=303) and November – December (N=17) of 2020 

(see Figure 4 for capture/tagging locations). Fish were sampled mainly in the brackish water lagoons, 

but also in freshwater tributaries, using a range of methods including rod and reel fishing, fyke nets, 

gillnets, and electrofishing. They were fitted with Lotek acoustic transmitters (N=120, MM-R-16_50 HP 

(approx. 6-year battery life); N=200, MM-R-16_33 HP (approx. 3.5-year battery life), frequency: 69 khz, 

pulse rate: 120 ± 60 seconds, Lotek Wireless Inc., Ontario, Canada). Tagging locations covered all large 

lagoons, specifically Grabow in the Darß-Zingst-Bodden Chain, Schaproder and Kubitzer Bodden, 

Grosser Jasmunder Bodden, Strelasund, Greifwalder Bodden and Peenestrom (Figure 4). Some fish 

were tagged before the spawning time in rivers and streams, in particular in Barthe, Peene, 

Duwenbeck and Sehrowbach, assuming these represented migratory phenotypes that would move to 

brackish feeding grounds and possibly return to the freshwater bodies during the next spawning (i.e., 

anadromous phenotype).  

Pike movements were monitored between March 4, 2020 – November 30, 2021 (21 months), using an 

array of 140 acoustic receivers (Vemco VR2Tx, frequency: 69kHz, MAP-113, Innovasea Systems Inc., 

Massachusetts, U.S.A.) deployed in 2020 and 2021 at 145 different locations across the study area 

(five receivers were moved in 2021; see Figure 4 for receiver locations). The receiver array covered the 

areas that were known to be important to pike fisheries, with more intensive coverage in the western 

and northern Bodden lagoons and lower receiver density in the Greifswalder Bodden and Peenestrom 

(Figure 4). In several narrow links between the lagoons, receivers were deployed in “gate” format, 

allowing for monitoring animal movements between the following areas: Darß-Zingst-Bodden chain 

and Schaproder/Kubitzer Bodden, Schaproder Bodden and North-Rügen-Bodden chain, Kubitzer 

Bodden and Strelasund, Strelasund and Greifswalder Bodden, Greifswalder Bodden and Peenestrom, 

Peenestrom and Stettiner Haff, as well as openings of Greifswalder, Schaproder/Kubitzer, and Vitter 

Bodden to the open Baltic Sea (Figure 4). 

When a tagged fish occurred within the detection range of a receiver, its ID and the date and time 

were recorded. The data was stored on the receivers and downloaded once a year in winter, and 

immediately processed in Fathom (Innovasea Systems Inc., Massachusetts, U.S.A.) to correct for clock 

drift.  
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The fish were tagged, and the receiver array was set up within the BODDENHECHT project (led by 

Berlin Leibniz Institute of Freshwater Ecology and Inland Fisheries (IGB); more details on tagging and 

receiver deployment in Dhellemmes et al., Under review). I was not involved in setting up the array or 

tagging the fish but came in to analyse detection data provided by the research group. The data were 

also filtered from false detections (described in Dhellemmes et al., Under review) before I received it.  

 

Figure 4. Map of the study area displaying the positions of the acoustic telemetry receivers and fish tagging locations. Full 

names of the areas: Barthe - Barthe river; BAT - Barther Bodden/Grabow; BRG - Breeger Bodden; BRT - Breetzer Bodden; 

Duwenbeek - Duwenbeek stream; GJB - Großer Jasmunder Bodden; KB - Kubitzer Bodden; KJB - Kleiner Jasmunder Bodden; 

Landowbach - Landowbach stream; P - Peenestrom; Peene - Peene river; RB - Rügischer Bodden; S - Strelasund; SAB - Saaler 

Bodden; SB - Schaproder Bodden; Sehrowbach - Sehrowbach stream; VB - Vitter Bodden; WB - Wieker Bodden. 

3.1.2. Data processing 

Since the average pulse rate of the transmitters used in this study was 120 seconds, any detection of a 

given ID that occurred within 120 seconds of the previous one was regarded as a duplicate and 
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removed. It was assumed that this would reduce the number of detections in locations with a high 

receiver density and would not have a significant effect on connectivity between the areas considered 

for the analysis described below.  

The detection data were aggregated at the daily level so that for each individual fish there was a 

record of daily presence or absence on the array and a list of receivers where they were detected on a 

given day. For each individual, the monitoring period, or days at liberty, was defined as a period 

between the tagging date and the last date for a group, i.e., the latest date when any individual tagged 

at the same location was detected. It was assumed that this approach would help to account for 

differences in receiver coverage and hence variations in the probability of fish being detected. For 

individuals known to be dead (e.g., caught and reported by a fisher), the day they were reported as 

dead was chosen as the last date. The presence on the receiver array was evaluated as a proportion of 

days each pike was detected in the total days at liberty, which reflected the data coverage for each 

fish. 

All data processing and analyses were carried out in R 4.1.2 (R Core Team, 2021). 

3.2. General and seasonal patterns of pike movement and space use in the Bodden 

lagoons and their freshwater tributaries 

3.2.1. Spatial partition: Bodden lagoons, freshwater tributaries, and ‘gates’   

To gain a better understanding of pike's habitat use, migration routes and distribution in the study 

area, the area was divided into 29 different sections, and the receivers located in these sections were 

clustered into corresponding groups. The sections included freshwater tributaries, individual Bodden 

lagoons, and ‘gates’, areas between the lagoons in which receivers were placed more densely (Figure 

5, Table 1). The choice of sections was driven, on the one hand, by environmental differences, as the 

areas differed in environmental gradients, especially in salinity (see Table A1 in the Appendix), and, on 

the other hand, by the geographical designations of the different areas used by Rügen residents, so 

that the findings would be more relevant to stakeholders and easier for them to interpret. In addition 

to this, the ‘gates’ were included as separate sections because in these areas the receivers were 

placed in a much higher density than anywhere else, so the probability of fish being detected on 

multiple receivers within the comparatively small areas was higher. Segregating these areas into 

separate sections allowed corrections to be applied to the relevant metrics and was assumed to 

prevent bias towards these areas (more on this in Chapter 3.2.3).  
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Figure 5. Map showing receivers' attribution to Bodden lagoons, freshwater tributaries, and ‘gates’ (areas between the 

lagoons where receivers were placed more densely). See the full names of the areas in Table 1. 

Table 1. Full names and sizes of Bodden lagoons, freshwater tributaries, and ‘gates’. N receives indicates the total number of 
receivers attributed to each area, without accounting for changes that occurred during the study period (see Figure 4 for info 
on moved receivers). 

Abbreviated 
name 

Full name Area, km2 N receivers 

Bodden lagoons 

BAT Barther Bodden/Grabow 79.31 10 

BRG Breeger Bodden 22.49 5 

BRT Breetzer Bodden  11.42 3 

GB-S Greifswalder Bodden (South)  326.17 6 

GJB Großer Jasmunder Bodden 57.90 8 

KB Kubitzer Bodden 87.87 8 

KJB Kleiner Jasmunder Bodden 24.05 2 

P Peenestrom 149.13 5 

RB Rügischer Bodden/Greifswalder Bodden (North)  191.35 9 
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S Strelasund 38.39 3 

SB Schaproder Bodden 65.67 6 

VB Vitter Bodden 12.08 1 

WB Wieker Bodden 31.50 4 

Gates 

Gate G-KB Gate between Grabow and Kubitzer Bodden 1.44 4 

Gate KSB-BS Gate between Schaproder/Kubitzer Bodden and open Baltic Sea 3.89 4 

Gate VB-WB Gate between Vitter Bodden and Wieker Bodden 2.35 6 

Gate VB-BS Gate between Vitter Bodden and open Baltic Sea 0.57 4 

Gate KB-S Gate between Kubitzer Bodden and Strelasund 7.54 9 

Gate S-GB Gate between Strelasund and Greifswalder Bodden 11.69 9 

Gate GB-P Gate between Greifswalder Bodden and Peenestrom 0.56 9 

Gate GB-BS Gate between Greifswalder Bodden and open Baltic 33.02 12 

Gate P-SH Gate between Peenestrom and Stettiner Haff 3.52 7 

Freshwater tributaries 

Barthe Barthe river 2.74 3 

Duwenbeek Duwenbeek stream 0.28 3 

Landowbach Landowbach stream 0.50 1 

Peene Peene river 10.55 6 

Sehrowbach Sehrowbach stream 0.47 3 

3.2.2. Descriptive statistics 

To explore and describe the overall patterns of Bodden pike movement and site fidelity, several 

characteristics were computed for each individual, namely: 

- Number of visited areas, a total number of visited Bodden lagoons, freshwater tributaries 

and/or ‘gates’, 

- Relative residency, a number of days an individual was detected in each visited area relative to 

the total number of days it was detected, 

- Maximum horizontal displacement, an in-water distance between two most distant receivers 

visited by an individual, 

- Total travelled distance, a sum of all daily transits between the receivers made by an 

individual. 

All these metrics were calculated for the entire study period and seasonally (winter = Dec to Feb, 

spring = March to May, etc.). The data was available for two consecutive years for only three seasons 

(spring, summer, and fall), and only one year of data was available in winter (Dec 2020 – Feb 2021). 

Therefore, to be able to compare the season, two-year averages for spring, summer, and fall were 
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used. All distances were calculated based on ‘in-water’ shortest distance between the receivers 

computed using R package actel (Flávio & Baktoft, 2021)).  

3.2.3. Network analysis 

Network methods were used to examine, quantify, and visualise the spatial behaviour of pike 

throughout the study period, to identify general and seasonal patterns of connectivity and space use, 

and to analyse pike spawning site fidelity. Three approaches were used to meet these objectives: 

movement networks of two types, (1) constructed for the most widely roaming individuals (defined as 

those with the highest maximum horizontal displacement), (2) aggregated for all the tagged pike; and 

(3) a bipartite network to explore spawning site fidelity. All networks were built using R package 

igraph (Csárdi & Nepusz, 2006). 

Movement networks 

Movement networks were created as unipartite undirected networks in which nodes represented 

geographic areas, either singular receiver locations for individual networks or sets of receivers 

grouped according to their location into Bodden lagoons, freshwater tributaries, or ‘gates’ (Figure 5), 

for the aggregated network. Edges in both cases reflected pairs of subsequent detections between the 

areas, that is, transitions made by the animals. The result was a map with spatially explicit networks of 

pike occurrence in and movement between the defined sites.  

Four network metrics were used to quantify the aggregated network, three on the local level, i.e., 

describing individual nodes or edges (node strength, node degree, and edge weight), and one global 

level metric that describes the overall network structure (edge density). Node strength represents the 

total number of detections occurring at each node and provides a measure of occupancy, reflecting 

the amount of time individuals spent in a given location, with higher node strength suggesting 

stronger site fidelity (Barrat et al., 2004; Lea et al., 2016). Node degree is a measure of connectivity, 

defined as the total number of connections of each node to other nodes in the network, which 

indicates how reachable the location represented by that node is (Jacoby et al., 2012). Edge weight is 

another measure of connectivity, but it provides a different characteristic, as it reflects not only the 

presence but also the strength of the connection between a pair of nodes, calculated as the total 

number of internodal transits (Barrat et al., 2004; Jacoby et al., 2012). Edge density represents the 

proportion of edges present in a network, out of the total number of edges possible in it, and, thus, 

describes the overall connectivity within the network (Jacoby et al., 2012).  
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To assess the movement activity of pike and how their movements connected different areas, 

additional analysis and visualisation of edge weight was done using circular plots from the R package 

circlize (Gu et al., 2014). In this part, the aim was to focus specifically on movements (excluding 

repeated detections on one receiver), therefore, a subset of data was used that included only 

apparent movements, i.e., consecutive detections of an individual on two different receivers. Hence, 

when the receivers were grouped together to form nodes, a number of movements occurring within 

each node (as multiple receivers can belong to a single node/area) and between nodes could be 

evaluated.   

To ensure comparability of metrics across the different areas, which had varying receiver coverage as 

well as an unequal number of pike tagged (see Figure 4), adjustments were applied to both node and 

edge metrics. Node strength was weighted by the number of receivers per km² and the mean 

distances between receivers (in water) to account for differences in receiver density, and by the 

number of fish tagged in a given area. Edge weight was adjusted by distance (in water) so that the 

longer transits, i.e., transits between the areas located further apart, were valued higher. All the 

adjustments were applied to monthly metrics and accounted for new receiver deployments or 

additional tagging of pike in Fall 2020, as well as the mortality of tracked fish if their fate was known.  

The network was computed monthly for the entire population. To evaluate seasonal differences, the 

metric values were independently summed across the four seasons (winter = Dec to Feb, spring = 

March to May, etc.). Analogous to the descriptive metrics in Chapter 3.2.2, two-year averages were 

used for spring, summer, and autumn to be able to compare the data between all four seasons, as 

only one year's data was available for winter. To evaluate seasonal changes in connectivity, it was 

tested, using simple linear regression and pairwise comparison by Turkey’s test, whether there were 

significant seasonal differences in overall connectivity (represented by monthly edge density) of the 

network.  

Besides, to test whether the observed patterns of movement differed from random, the observed 

networks were compared to those generated from null models, i.e., randomised movement networks. 

Random networks were constructed as random walks according to the method developed by Lea et al. 

(2016). To create such random walks, the first detection at the first receiver was retained from the 

observed track of each individual. Then a movement distance was calculated based on the time 

elapsed before each next detection and the predetermined swimming speed of the animal. The 

swimming speed of each pike was calculated as 0.019 x Body-Length^0.75 in accordance with Wolter 

& Arlinghaus (2003). For each step of the random walk, 100 receiver stations were selected out of the 

stations that were active on a given day. If at least two of the selected stations fell within the 
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movement distance, then the closest of the first two was selected as the next step in a random track. 

If no selected receiver station met the criteria, then no movement was deemed to occur, and the 

current station was assigned. This procedure was carried on for the whole duration of the track, 

generating a random walk through the receiver array, constrained by the observed detection intervals 

and individual animal characteristics. This was repeated 100 times for each individual, thus producing 

100 random tracks per fish. To test whether empirical individual networks were different from 

random, edge density was derived from the observed individual networks and tested against the same 

metric of respective random networks with a Wilcoxon one-sample signed rank test (Lea et al., 2016). 

In addition, a similar test was done for the node metrics of the aggregated network, created for the 

whole population and with Bodden lagoons, freshwater tributaries, and ‘gates’ as nodes.  

Bipartite networks and community detection during the spawning seasons 

Communities in network theory are groups of nodes that have stronger connections to one another 

than to the other nodes in the network. Applied to telemetry data, community detection algorithms 

can help identify behavioural patterns, such as home ranges of individual fish, or detect groups of fish 

visiting the same receivers (Finn et al., 2014). In this study, network community detection algorithms 

were deployed to identify groups of fish that frequented the same areas during the spawning season 

and to check how consistent these groups were across two years of monitoring.  

To do this, bipartite networks were created with two types of nodes, one representing pike and the 

other representing receivers, while the edges reflected each pike visit to a particular receiver, thus 

creating an individuals-by-location network (Finn et al., 2014; Jacoby & Freeman, 2016). To check 

whether individuals visited the same set of receivers in two consecutive years, i.e., exhibited spawning 

site fidelity, a subset of data was used that included only detections from individuals for whom the 

data were available for both spawning seasons, March-May 2020 and 2021. Further, it was necessary 

to differentiate between the detections in different years, so a corresponding year was added to pike 

IDs in the telemetry dataset (e.g., if there was a detection of pike with the ID BH-90001 in March 2020, 

its ID in the corresponding entry was changed to BH-90001_2020). As a result, each individual formed 

two nodes in the bipartite network, one for each year. This allowed determining whether the 

individuals were included in the same community in both years, i.e., whether they were found mainly 

on the same receivers or on different ones. 

Three different algorithms available in R package igraph (Csárdi & Nepusz, 2006) were applied to 

identify the communities: Multilevel (Blondel et al., 2008), Fast-Greedy (Clauset et al., 2004; Newman 

& Girvan, 2004), and Walk-Trap (Pons & Latapy, 2006). The Multilevel algorithm is a heuristic method 
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that is based on modularity optimization. First, each node is assigned a different community, and in 

every consecutive step, nodes are moved between communities and modularity, the strength of the 

division of a network into discrete modules, is evaluated. When modularity cannot be increased any 

further, each community is collapsed into a single node and the process continues with the merged 

communities (Blondel et al., 2008; Finn et al., 2014). The Fast-Greedy algorithm uses a hierarchical 

agglomerative approach. It initially treats each node as a separate community and iteratively merges 

them in such a way that each resulting community is locally optimal (i.e., increases modularity) until it 

reached the point when the aggregation cannot increase modularity any further (Clauset et al., 2004; 

Newman & Girvan, 2004). The Walk-Trap method performs short random walks through the graph and 

defines the communities as groups of nodes where such walks get trapped. Based on the walks’ 

results, it iteratively merges separate communities in a bottom-up manner like the Fast-Greedy 

algorithm until it reached the maximum modularity (Pons & Latapy, 2006). All three algorithms take 

into account the edge weights, which in this case reflected the number of days an individual was 

detected on a particular receiver.   

To evaluate which community detection algorithm performs best, their modularity scores were 

compared. The modularity score is calculated as the difference between the proportion of edges 

within the detected groups and the expected such proportion if the edges were distributed randomly, 

given the degree (number of edges) of each node (Finn et al., 2014; Griffin et al., 2018; Newman & 

Girvan, 2004).  

3.3. Connectivity and space use in the areas delineated by authorities  

3.3.1. Fishing districts  

To investigate the administrative aspects of pike population management in the Bodden lagoons, the 

division of the study area following the boundaries of the fishing districts was used (Figure 6, Table 2). 

The fishing districts are delineated by the State Office for Agriculture, Food Safety and Fisheries 

Mecklenburg-Western Pomerania (Ger. Landesamt für Landwirtschaft, Lebensmittelsicherheit und 

Fischerei Mecklenburg-Vorpommern (LALLF)) and used for fisheries management, licencing, and 

statistical reporting for commercial fisheries in the region. They generally cover bigger areas than 

individual Bodden lagoons, most of them including several lagoons that are connected to each other 

(i.e., Bodden chains). Freshwater tributaries were not included as they are not formally part of existing 

fishing districts and regulated and managed separately; receivers deployed on them were excluded 

from this analysis. 
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Figure 6. Map showing how receivers are attributed to the fishing districts included in the analysis. 

Table 2. Full names and sizes of the fishing districts included in the analysis. N receives indicates the total number of receivers 

attributed to each area, without accounting for changes that occurred during the study period (see Figure 4 for info on moved 

receivers) . 

Name Full name Area, km2 N receivers 

1 Oderhaff / Stettiner Haff 11.65* 8 

2 Peenestrom / Achterwasser 169.29 10 

3 Greifswalder Bodden 552.42 23 

4 Strelasund 143.35 23 

6 Kleiner Jasmunder Bodden 24.05 2 

5a Gewässer zwischen Hiddensee und Rügen (östlicher Teil) 92.69 16 

5b Gewässer zwischen Hiddensee und Rügen (westlicher Teil) 114.10 20 

8b Darßer Boddenkette (östlicher Teil) 82.58 15 

74 Außenstrand Zingst, Hiddensee und Wittow  4.15* 2 

77 Außenstrand Südostrügen 70.31* 12 

* For this study, only parts of Oderhaff / Stettiner Haff, Außenstrand Zingst and Stettiner Haff, and Außenstrand Südostrügen 
where receivers were present were considered.  
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Some of the methods described in Chapters 3.2.2 and 3.2.3 were used in this section to examine the 

patterns of Bodden pike movement and space use in the existing fishing districts. First, to evaluate the 

extent to which pike moved between different fishing districts, the number of visited districts and a 

relative residency to them (number of days an individual was detected in a district relative to the total 

number of days it was detected) were computed for each pike. The metrics were calculated for the 

entire study period and seasonally (winter = Dec to Feb, spring = March to May, etc.).  

Second, to assess the overall and seasonal connectivity and space use, the movement networks were 

created with the fishing districts as nodes and aggregated pike movements as edges. The same 

network metrics as in Chapter 3.2.3 were used to quantify the network: edge density, node strength, 

node degree, and edge weight, computed monthly for the entire population applying the same 

adjustments as described in Chapter 3.2.3.  

3.3.2. No-take protected areas 

To examine the effectiveness of current spatial conservation measures for pike, two types of existing 

no-take PAs were evaluated: fish sanctuaries (ger. “Fischschonbezirke”) and spawning sanctuaries (ger. 

“Laichschonbezirke”). The other special nature conservation measures were not considered as they 

allowed either commercial or recreational fisheries, while the fish and spawning sanctuaries were fully 

no-take areas. Only PAs in which receivers were present were included in the analysis (Figure 7, Table 

3).  

To assess connectivity and use of the protected areas, movement networks were built, where nodes 

represented individual PAs, fishing districts, and freshwater tributaries (Figure 7). A randomization 

index (Rnd) was calculated for each protected area to evaluate whether it was used more than 

expected at random (Lea et al., 2016). To calculate Rnd, an observed node strength in each PA was 

compared to the corresponding mean of node strengths of the same area in the random networks:  

 

where Oi is the observed and Ri the random metric (Lea et al., 2016).  

Lastly, to evaluate differences in connectivity and use of protected areas during the spawning season 

compared to the rest of the year, their monthly node degree (connectivity) and node strength (use) in 

March-May were compared to the corresponding monthly values during the rest of the year using a 

Wilcoxon rank sum test. 
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Figure 7. Map of the protected areas and fishing districts within which they are located and attribution of the receivers to the 
PAs included in the analysis. PAs are displayed as areas with red boundaries: red – fish sanctuaries (ger. “Fischschonbezirke”), 
blue – spawning sanctuaries (ger. “Laichschonbezirke”). A receiver was assigned to the nearest fishing protection areas if its 
detection range had an overlap with the respective area. Coloured areas and numbers in the background are fishing districts.   

Table 3. Full names and sizes of the protected areas and fishing districts within which they are located. The number of 

receivers indicated for fishing districts in bold shows how many receivers are outside of the protected areas. N receives 

indicates the total number of receivers attributed to each area, without accounting for changes that occurred during the study 

period (see Figure 4 for info on moved receivers). 

N of fishing district 
- Type of MPA 

Full name of fishing district 
- Full name of MPA 

Area, km2 N 
receivers 

1 
- Spawning sanctuary 

Oderhaff / Stettiner Haff* 
                 - Anklamer Faehre 

11.65* 
0.53 

7 
1 

2 
- Fish sanctuary  
- Fish sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 

Peenestrom 
          - "Peenemündung" 
          - Mündungsgebiet Brebowbach 
          - Freesendorfer See 
          - Freester Hock 

                  - Hohendorfer See 

169.29 
0.90 
0.16 
0.66 
0.08 
0.75 

3 
3 
1 
1 
1 
1 

3 Greifswalder Bodden 513.80 8 
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- Fish sanctuary 
- Fish sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 

          - Mündungsgebiet Ryck 
          - Mündungsgebeit Rosengartener Bek 
          - Puddemiener Wiek 
          - Schoritzer Wiek 
          - Wreechener See 
          - Dänische Wiek 
          - Neuensiener See 
          - Selliner See 
          - Zicker See 

                  - Gristower Wiek 

0.27 
0.14 
3.89 
5.22 
0.61 
6,38 
0.71 
1.75 
1.72 
1.02 

1 
1 
4 
1 
1 
1 
2 
2 
1 
1 

4 
- Fish sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 

Strelasund  
         - Der "Bock" 
         - Kubitzer Bodden 
         - Wamper Wiek 
         - Gustower Wiek 

                 - Deviner See 

142.80 
 5.13 
7.30 
1.36 
1.02 
1.27 

15 
6 
4 
1 
1 
1 

5a 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 

Gewässer zwischen Hiddensee und Rügen 
(östlicher Teil)               
                  - Westteil der Litzower Bucht 

          - Breeger Bodden noerdlich der Saalsteine 
          - Mittel- und Syker See 

91.9 
 

0.20 
0.64 
1.44 

12 
 

1 
1 
1 

5b  
- Fish sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 

Gewässer zwischen Hiddensee und Rügen 
(westlicher Teil)           
                  - Der "Libben" 

          - Nordteil des Wieker Bodden 
          - Gewässer zwischen Ummanz und Rügen 

114.17 
 

5.37 
8.43 

15.29 

14 
 

4 
1 
1 

6 
- Fish sanctuary 

Kleiner Jasmunder Bodden 
          - "Nodteil kleiner Jasmunder Bodden" 

24.05 
0.06 

1 
1 

8b 
- Fish sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 
- Spawning sanctuary 

Darßer Boddenkette (östlicher Teil)           
                  - Der "Bock" 

          - Fitt 
          - Barther Strom 
          - Flemendorfer Baek 

82.58 
 5.13 
3.52 
2.63 
0.38 

9 
6 
1 
2 
1 

* For this study, only parts of Oderhaff / Stettiner Haff where receivers were present were considered.  

 

3.4. Spatial conservation prioritisation 

To identify priority areas for improving pike habitat protection in the study area, a set of optimized 

spatial conservation designs were developed which potentially can be used as a support tool for 

decision-making in management and especially conservation of the Bodden pike population. This was 

done using R package prioritizr (Hanson et al., 2022) with Gurobi solver (Gurobi Optimization, LLC, 

2022). The prioritizr package was created to solve conservation problems in a similar manner to 

Marxan (Ball et al., 2009), but it uses a different underlying algorithm that ensures finding cheaper 

optimal solutions in a much shorter time (Beyer et al., 2016; Hanson et al., 2022).  

The prioritizr workflow begins with constructing a conservation planning problem using spatial data 

that specify the planning units, their costs, biodiversity features, and existing management zones (if 

applicable). The problem is then specified with objectives, targets, penalties, constraints, and other 

information, after which the solving algorithm can be used (Hanson et al., 2022). The objective is a key 
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parameter, a property of the solution that should be maximized (e.g., maximum coverage of targeted 

features) or minimized (e.g., minimum cost). Targets can be specified as, for example, a minimum 

quantity of each feature that should be preserved in the solution, or a maximum total area that is 

allowed to be set aside for conservation. Further, constraints can be imposed on the mandatory 

selection of certain planning units (so-called ‘locked-in’ areas, for example, existing PAs), or 

conversely, on the exclusion of certain planning units from a potential solution (‘locked-out’ areas, 

ecluded for ecological or economic reasons).  

Here, the conservation prioritisation exercise was done for the total area of the Bodden lagoons 

monitored by telemetry, i.e., where receivers were deployed (see Figure 4 for receiver locations). It 

was divided into hexagon-shaped planning units (area=35 ha). Planning units overlapping with existing 

no-take PAs were marked as potential locked-in areas. The size of the planning unit was used as a 

substitute for the real cost of the units, as there was no readily available data neither on cost metrics 

relevant for users nor on the cost of buying and/or managing each unit for conservation purposes in 

the context of our study. Vector-based planning unit layer was prepared in QGIS 3.16.8 (QGIS.org, 

2022).  

The conservation features represented the overlaps of activity spaces of pike (utilization distribution 

(UD) overlap). The data on UD of pike was taken from (Dhellemmes et al., Under review). Briefly, the 

UDs during the spawning seasons were calculated using a variance constrained (at 24h) dynamic 

Brownian Bridge Motion Model, in the move package (Kranstauber et al., 2022), on refined shortest in-

water paths calculated using the RSP package (with base parameters, Niella et al., 2020) of the 

individual detection data. For each individual UDs, the raster cells with values superior to 0.95 were 

set to zero, and the rest was set to one. This created for each pike a uniform area representing the UD 

falling within the 95% isopleth. These individual rasters were then summed to produce a new raster 

that represented the overlap in pike, and in which the value of one cell represented the number of 

pike for which this particular cell fell within the 95% UD. This raster was then adjusted for the number 

of released fish in each part of the study area so that a cell value represented the proportion of fish 

tagged in the area which had that cell as part of their 95% UD. This was done to reduce the bias arising 

from differences in the numbers of tagged pike (see Figure 4 for tagging locations).  

Two suites of conservation problems were analysed. One was assessing the whole year protection, it 

included fish sanctuaries as ‘locked-in’ areas, and the conservation feature represented the UD 

overlaps of all tagged pike over the entire study period. The other focused on the spawning season, it 

included both fish and spawning sanctuaries as ‘locked-in’ areas, and the conservation feature here 
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represented the UD overlaps in March-May 2020 and March-May 2021, and thus only included pike 

for which data were available for one or both of these periods.  

For each of the two suites, two set-ups were considered, one that included existing PAs as ‘locked-in’, 

and the other did not, so planning was carried out 'from scratch'. Thus, for a total of 4 different 

problems (two for the whole period and two for spawning), a series of scenarios were tested for 

different conservation targets, ranging from 0 to 100% (in 5% increments) of pike activity space (UD 

overlaps) that must be protected. This was done to assess the relationship between the total size of 

protection and the proportion of pike activity space it would cover, as well as to compare the solutions 

between the two set-ups, with and without accounting for existing protection.  

Further, another set of scenarios was tested for each suite. Here, the proportion of the total Bodden 

area to be protected was pre-defined, and the objective was to secure as much of the pike activity 

space as possible without exceeding these limits (the existing PAs were kept as 'locked-in'). Finally, in 

the last test, the proportion of the total Bodden area to be protected was kept at the current level, but 

the allocation of the areas was driven only by pike distribution, without any ‘locked-in’ units. 
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4. Results 

Out of 320 tagged pike, 296 (92.5%) were detected on the array of 137 receiver stations (out of the 

original 145 locations: 10 receivers were lost and five were moved in 2021, see Figure 4). 24 

individuals (7.5%) were never detected, among those, the largest proportion was tagged in the Peene 

river, with 10 out of 25 individuals tagged there (40%).  

The individuals were on average detected on 70 non-consecutive days (median, Q1-Q3: 26.8-186.0 

days; Table 4) out of an average of 629 days at liberty (about 20.5 months; Q1-Q3: 623-638 days; Table 

4). Pike presence on the receiver array (proportion of days fish was detected in the total days at 

liberty) was highly variable and ranged from 0.2% to 87%, with an average of 13.3% (median, Q1-Q3: 

4.6-32.5%; Table 4).  

Overall, detections for all four seasons were recorded for 149 individuals (47%), whereas others were 

not detected by any receiver in at least one season. The lowest number of individuals was detected in 

winter when data was available only for 165 pikes (52% of tagged; followed by fall, N=218, 68%; 

summer N=220, 69%; with the highest number in spring, N=290, 90%; Table 4). To see if this could 

have been due to seasonal changes in receiver performance, variations in the receivers’ detection 

range per month were checked, but they remained consistent throughout the year (Figure A1 in the 

Appendix). Therefore, the lower detection rates in winter must relate to the reduced presence of 

animals within the detection range of the receivers, likely due to lower overall activity level, whereas 

the increase in detection rate in spring points to increased activity. 

Table 4. Summary of pike presence on the receiver array. N of pike is the number of individuals for which data is available, i.e., 
they were detected on the receiver array at least one day during the study period. Number of days at liberty is the total 
number of days each fish was monitored. Presence on the receiver array is a proportion of days fish was detected in the total 
days at liberty. Seasonal summary values were calculated for all 296 individuals, but N of pike indicates how many individuals 
were actually detected on the receiver array in a respective season.  

 
N of pike  median Q1 Q3 

Number of days at liberty 296 629.0 623.0 638.0 

Number of days 

detected on the 

receiver array 

Overall 296 70.0 26.8 186.0 

Winter 165 2.0 0.0 19.0 

Spring 290 34.0 12.8 63.0 

Summer 220 10.5 0.0 51.2 

Fall 218 11.0 0.0 42.5 

Presence on the 

receiver array, % of 

days at liberty 

Overall 296 13.3% 4.6% 32.5% 

Winter 165 3.3% 0.0% 23.3% 

Spring 290 21.3% 7.6% 38.0% 

Summer 220 6.5% 0.5% 31.5% 

Fall 218 6.6% 0.5% 27.5% 
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Overall, a total of 6 064 249 detections were recorded over the period between March 4, 2020 – 

November 30, 2021. After the removal of the duplicates, the dataset comprised 3 284 441 detections. 

Out of these, only 210 331 (6%) indicated movements, as they were subsequent logs of an individual 

at two different receivers.  

The testing of the individual pikes’ networks against those created with random walks showed that 

each animal’s movements were non-random, as the edge density of the data and random networks 

were significantly different (Wilcoxon one-sample signed rank test, p-value < 0.05). Additionally, the 

non-randomness of the metrics in each network build to explore the various study area partitions 

were tested; all of them were different from random, as node degree and node strength were 

significantly different from the null model in all areas of each network (Wilcoxon one-sample signed 

rank test, p-value < 0.05). 

4.1. Pike movement and space use in the Bodden lagoons and their freshwater 

tributaries 

4.1.1. Descriptive statistics and full-year movement network   

Pike exhibited resident behaviour and high site fidelity. On average, they visited 2 areas during the 

whole study period (median; Q1-Q3: 1-3 areas), and more than a third of the fish were detected in 

only one Bodden lagoon, freshwater tributary, or ‘gate’ (N=117, 37% of all tagged; Figure 8, A). Among 

those, 100 individuals were never observed outside of the area where they were tagged (31%; Figure 

8, A). Besides, even the individuals that were observed travelling outside of their home area, appeared 

to mainly make rather short excursions, while spending most of the time in their main area of 

residence (Figure 8, B). Thus, on average, tagged pike spent 96% of all days on which they were 

detected in their most visited area (median; Q1-Q3: 76-100%), with almost half of fish (N=154, 48%) 

spending there more than 95% of their tracked days (Figure 8, B). Note, that 54 individuals (17%) were 

detected by only one receiver during the entire study period, and it is not possible to say with full 

certainty whether they are residents in the respective areas or not moving because they have died.  
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Figure 8. Scope of use of different areas by pike. (A) The number of areas visited by pike across the Bodden lagoons, 

freshwater tributaries, and ‘gates’ between the lagoons (see Figure 5 for areas specifications). The green line shows the 

number of individuals who were never detected outside of an area where they were tagged (N=100, 31%). (B) Relative 

residency of pike in the areas in which they were detected most frequently, i.e. the number of days an individual was detected 

in its most visited area relative to the total number of days it was detected. The blue line indicates the number of individuals 

that were detected only on one receiver during the whole study period (N=54, 17%). Full-period values are lower than some 

seasonal values because some individuals were not detected in all four seasons.     

Consistent with signs of resident behaviour, the pike moved only over a relatively limited range of 

distances. Their maximum horizontal displacement during the whole study period averaged 9.4 km 

(median; Q1-Q3: 1.4-16.9; Figure 9, A), and the total travelled distance averaged 23.3 km (median; Q1-

Q3: 3.7-75.5; Figure 9, B). While pike did move around the study area, most of the documented 

transitions were local, occurring within the Bodden lagoons or freshwater tributaries, where 70% of 

the movements between different receivers were recorded (Figure 10, B). In the remaining 30% of 

movements that occurred between the areas, the highest proportion of traffic (6.3% of all transits) 

was observed between the geographically close Barther Bodden/Grabow (BAT) and the ‘Gate G-KB’ 

separating it from the nearby Kubitzer Bodden (KB) to the west (Figure 10, B), followed by a link 

between Kubitzer Bodden (KB) and ‘Gate KB-S’ connecting it to Strelasund (S) in the south (5.7%) and a 

link between Breetzer Bodden (BRG) and Großer Jasmunder Bodden (GJB) (2.4%; Figure 10, B). 
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Figure 9. Pike movement during the whole study period and seasonally. (A) Maximum horizontal displacement, a distance (in 

water) between the two most distant receivers visited by an individual. (B) Total travelled distance (in water), a sum of all 

daily transits made by an individual. The blue line indicates the number of individuals that were detected only on one receiver 

during the whole study period (N=54, 17%). 

Despite the low level of inter-area traffic, the network structure showed that pike movement still 

linked most of the Bodden lagoons and freshwater tributaries in the study area as far as geography 

allowed (Figure 10, A). This indicated a fair degree of overall connectivity within the study area, albeit 

these connections were weak: the actual number of movements between all areas averaged only 66 

per month (median, Q1-Q3: 25-107) across the entire network, made by 28 individuals (9% of tagged; 

Q1-Q3: 14-39). 
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Figure 10. Pike movements and presence across the Bodden lagoons, freshwater tributaries, and “gates” between March 2020 – November 2021. (A) A map displaying the network structure of 
the pike movements, where node size corresponds to the total number of detections in each area (node strength) and edge colour represents the frequency of internodal movements (edge 
weight). (B) Circular plot displaying proportions of movements within the areas and between the pairs of areas (the graph displays apparent movements, i.e., consecutive detections on two 
different receivers, either within the areas or between them). (C) Monthly variations in the total number of daily pike detections, or occupancy of the areas/nodes by tagged pike (node 
strength). (D) Monthly variations in connectivity (node degree, a number of other areas connected to each specific location by pike movements). In (B), (C), and (D), colours correspond to the 
node colours in (A); grey areas on the background in (C) and (D) indicate spawning seasons. Full names of the areas (nodes): Barthe - Barthe river; BAT - Barther Bodden/Grabow; BRG - 
Breeger Bodden; BRT - Breetzer Bodden; Duwenbeek - Duwenbeek stream; Gate G-KB - Gate between Grabow and Kubitzer Bodden; Gate KSB-BS - Gate between Schaproder/Kubitzer Bodden 
and open Baltic Sea; Gate VB-WB - Gate between Vitter Bodden and Wieker Bodden; Gate VB-BS - Gate between Vitter Bodden and open Baltic Sea; Gate KB-SB - Gate between Kubitzer 
Bodden and Strelasund; Gate S-GB - Gate between Strelasund and Greifswalder Bodden; Gate GB-P - Gate between Greifswalder Bodden and Peenestrom; Gate GB-BS - Gate between 
Greifswalder Bodden and open Baltic; Gate P-SH - Gate between Peenestrom and Stettiner Haff; GB-S - Greifswalder Bodden (South); GJB - Großer Jasmunder Bodden; KB - Kubitzer Bodden; 
KJB - Kleiner Jasmunder Bodden; Landowbach - Landowbach stream; P - Peenestrom; Peene - Peene river; RB - Rügischer Bodden; S - Strelasund; SAB - Saaler Bodden; SB - Schaproder Bodden; 
Sehrowbach - Sehrowbach stream; VB - Vitter Bodden; WB - Wieker Bodden. 
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There were some individual variations, and although most pikes were sedentary, several were more 

active and travelled quite long distances. For example, four individuals had a maximum horizontal 

displacement of more than 50 km and were detected on multiple receivers across different Bodden 

lagoons and freshwater streams (Figure 11). But at the same time, all four of these pikes spent more 

than half of all the days detected in a single area (indicated by orange ellipses in Figure 11).  

Overall, there were only 14 pikes (4%) that did not exhibit clear area preference as they were 

recorded in multiple locations (lagoons, freshwater streams, or 'gates'), in each of which they spent 

less than 50% of the total tracked days.  

 

Figure 11. Movement networks of four individuals with the highest maximum horizontal displacement (MHD).  

Further, there were some interesting variations among the pike tagged in freshwater bodies that 

seemed to correlate with the size of the respective system. Almost all the fish tagged in the larger 

rivers, Barthe and Peene, were never observed in the open Bodden lagoons, although some have 

visited the mouths of their respective rivers. The only exception here was one individual from the 

Barthe river cohort who was actively utilising Barthe Bodden and Grabow lagoons during all seasons, 

except winter when it was found only back in the river. In contrast, individuals tagged in smaller 

freshwater streams, Duwenbeek and Sehrowbach, exhibited the lowest tagging site fidelity among 

all groups and were all mainly detected in other areas: 65% of pike (15 out of 23) tagged here were 

never detected by receivers neither at their tagging sites nor in other freshwater streams. 

The pike released in Bodden lagoons tended to stay in the lagoons and not enter freshwater bodies. 

There was only one notable exception to this, an individual (ID: BH-90365) tagged in Peenestrom 

moved to Peene river in May 2020, two months after tagging, and since then was only detected in 

the river. 
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4.1.2. Seasonal dynamics  

Monthly dynamics of network metrics showed clear seasonal patterns, indicating a strong increase 

in both the presence of the fish within the receiver array and the connectivity between the various 

areas in spring and to a lesser extent in summer (Figure 10, C, D). This increase in activity coincides 

with the pike spawning season, which typically occurs in spring, around March-May. During other 

periods, especially during late fall and winter (November-February), network metrics dropped to 

markedly lower levels (Figure 10, C, D). Consistent with this, the number of visited areas also 

increased in spring, when on average pike visited 2 areas (median; Q1-Q3: 1-3 areas), while in all 

other seasons this number averaged only 1 area (Figure 8, A). There were still 100 individuals who 

remained resident in one area throughout the year, so the median of 2 visited areas over the entire 

study period reported in Chapter 4.1.1 appears to have been gained by the increased longer-

distance movement of more mobile pike.  

Variations in activity at the monthly level were even more pronounced in seasonal movement 

networks, with structures visibly changing by season (Figure 13). Overall network connectivity more 

than doubled in spring compared to the rest of the year, as revealed by a 131% increase in mean 

monthly edge density (Figure 12; Figure 13, B). Linear regression with monthly edge density (i.e., 

overall network connectivity) as the dependent variable and season as the predictor was significant 

(R2 = 0.69, F (3, 17) = 12.57, p = 0.0001), and pairwise comparison by Tukey’s test showed that the 

edge density was indeed significantly higher in spring than in all other seasons (Table 5, Figure 12).  

 

Figure 12. Seasonal changes in overall connectivity, represented by monthly edge density, in the network of pike movement 

across Bodden lagoons, freshwater tributaries, and ‘gates’. Asterisks mark the significant differences in pairwise 

comparisons (Table 5). 
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Table 5. Coefficients of the simple linear regression testing whether season predicted monthly overall connectivity, 
represented by edge density in the network of pike movement across Bodden lagoons, freshwater tributaries, and ‘gates’.  

contrast estimate SE df t.ratio p.value significance 

Winter - Spring -0.05 0.01 17 -5.30 0.00 *** 

Winter - Summer -0.02 0.01 17 -2.33 0.13  

Winter - Fall -0.01 0.01 17 -1.24 0.61  

Spring - Summer 0.03 0.01 17 3.64 0.01 ** 

Spring - Fall 0.04 0.01 17 4.97 0.00 *** 

Summer - Fall 0.01 0.01 17 1.32 0.56  

The total distance and maximum horizontal displacement were also both markedly higher in spring 

than in other seasons (Figure 9, A, B). The total distance travelled by individuals in three months of 

spring averaged 9.1 km (median of two-year individual means; Q1-Q3: 0.5-24 km), more than three 

times higher than in fall (median=2.8 km) and summer (median=2.6 km), while in winter pike almost 

didn’t move at all (medin=0) (Figure 9, B). The maximum horizontal displacement in spring was 5.9 

km (median of two-year individual means; Q1-Q3: 0.7-12.5 km), whereas in other seasons it was 4-5 

times lower (in fall 1.3 km; in summer 1.1 km; and in winter as low as 0 km; Figure 9, A). Over the 

entire study period, the maximum horizontal displacement was greater than in any single season 

(median=9.4, Q1-Q3: 1.4-16.9; Figure 9, A), suggesting that at least some pike were travelling to 

different sites in different seasons, making their overall displacement higher than seasonal. 

A movement network analysis at the seasonal level confirmed that pike movement activity peaked in 

spring, when traffic in some of them was 1.5-2 times higher than in any other season, while during 

the other seasons it decreased and reached its minimum in winter (Figure 13). Thus, the network 

became overall very fragmented in the winter months, with only a few areas remaining connected 

(Figure 13, A), suggesting even more resident behaviour in the winter months than in the rest of the 

year.  

In spring, the highest increase in the movement was observed between Barther Bodden/Grabow 

(BAT) and ‘Gate G-KB’ (separating Grabow and Kubitzer Bodden) where traffic doubled compared to 

the average in other seasons; besides, the further link between ‘Gate G-KB’ and Kubitzer Bodden 

also increased by 30%. Another corridor with notable gains included the stretch from Kubitzer 

Bodden (KB) to ‘Gate S-GB’ (separating Strelasund and Greifswalder Bodden), where traffic was up 

by 30-50% along all links, but particularly strongly between Kubitzer Bodden and ‘Gate KB-S’ 

(separating Kubitzer Bodden and Strelasund; 81% increase compared to the rest of the year).  

The only decrease in traffic in spring was observed along the route between Barther 

Bodden/Grabow and Barthe river (Figure 13, B): here, remarkably, traffic was highest in winter, and 

no pike movements at all were recorded between these two sites in summer (Figure 13, A, C). 
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Further, there was no connectivity between Greifswalder Bodden (GB-S and RB) and Peenestrom (P) 

in spring and in winter (Figure 13, A, B), and the links that appeared between those areas in summer 

and fall (through ‘Gate GB-P’ and/or ‘Gate GB-BS’; Figure 13, C, D) were rather weak, with only one 

or two fish moving between these areas in each season.  

The number of daily pike detections also increased in spring in almost all areas (see node sizes in 

Figure 13, B) of the network, indicating that fish were also more active within the considered areas 

and not only moving more between them. In fact, in most areas, the number of detections peaked in 

spring, except in Kleiner Jasmunder Bodden (KJB) where it was highest in fall, Vitter Bodden (VB) in 

winter, and in Peenestrom (P) and several Gates – ‘Gate G-KB’, ‘Gate KB-S’, and all three gates 

between the Bodden lagoons and the open Baltic Sea: ‘Gate KSB-BS’, ‘Gate VB-BS’, ‘Gate GB-BS’ –

where detections peaked in summer (Figure 13). 

Greifswalder Bodden and its northern part Rügischer Bodden had the greatest increase in pike 

detections in spring (Figure 13, B). It is important to note, that receiver density was the lowest in 

these lagoons and receivers were only deployed in coastal areas, with none in the middle of the 

lagoon. Thus, while an increase in detections reflected more pike activity along the coastline and in 

small bays (e.g., Zicker See, Schoritzer Wiek, see more in Figure 19, Chapter 4.2.2), it cannot be 

assessed with certainty whether pike also travelled to the open waters of the lagoon. However, the 

very low detection rate during the whole year at the gate between Greifswalder Bodden and the 

open Baltic (‘Gate GB-BS’, Figure 10, A, B), hints that tagged pike were not actively using open water. 

Besides, most of the fish that ever visited it, in fact, only visited the receivers closest to the shore in 

the north (except for one individual that traversed the ‘Gate’ all the way south until ‘Gate GB-P’).  
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Figure 13. Seasonal changes in pike movements and presence across the Bodden lagoons, freshwater tributaries, and 
“gates”. Colours show the differences in metrics compared to the previous season (e.g., winter to fall), where: node colours 
reflect changes in the total number of daily detections in each area (node strength) and colours of the edges reflect the 
change in connectivity between areas (frequency of internodal movements; edge weight). The size of nodes and the edge 
line thickness correspond to the absolute values of respective metrics. Full names of the areas (nodes): Barthe - Barthe river; 
BAT - Barther Bodden/Grabow; BRG - Breeger Bodden; BRT - Breetzer Bodden; Duwenbeek - Duwenbeek stream; Gate G-KB 
- Gate between Grabow and Kubitzer Bodden; Gate KSB-BS - Gate between Schaproder/Kubitzer Bodden and open Baltic 
Sea; Gate VB-WB - Gate between Vitter Bodden and Wieker Bodden; Gate VB-BS - Gate between Vitter Bodden and open 
Baltic Sea; Gate KB-SB - Gate between Kubitzer Bodden and Strelasund; Gate S-GB - Gate between Strelasund and 
Greifswalder Bodden; Gate GB-P - Gate between Greifswalder Bodden and Peenestrom; Gate GB-BS - Gate between 
Greifswalder Bodden and open Baltic; Gate P-SH - Gate between Peenestrom and Stettiner Haff; GB-S - Greifswalder 
Bodden (South); GJB - Großer Jasmunder Bodden; KB - Kubitzer Bodden; KJB - Kleiner Jasmunder Bodden; Landowbach - 
Landowbach stream; P - Peenestrom; Peene - Peene river; RB - Rügischer Bodden; S - Strelasund; SAB - Saaler Bodden; SB - 
Schaproder Bodden; Sehrowbach - Sehrowbach stream; VB - Vitter Bodden; WB - Wieker Bodden. 
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4.1.3. Space use during the spawning season and spawning site fidelity  

A total of 290 (91% of tagged) individuals were recorded by receivers in one or both spawning 

seasons (March-May 2020 and March-May 2021). However, only for 147 (51% of all detected during 

two spawning seasons) of them, the data was available for both years. Among the rest, 31 

individuals (11% of all detected during spawning season) could not have been detected for known 

reasons: 17 of them were known to die before the next spawning (e.g., caught and reported by a 

fisher), and 14 were tagged late, in November-December 2020, and could not have been detected 

earlier. 

Three different behaviour patterns already noted in Chapter 4.1.1 were prominent during spawning. 

They were related to movement between fresh and brackish waters, which were indicative of 

different ecotypes. First, fish tagged in brackish water lagoons remained in the lagoons during both 

spawning seasons, except for only two pikes tagged in Peenestrom that were detected in the Peene 

River (including the individual mentioned in Chapter 4.1.1 that appeared to have permanently 

moved into the river). Two further patterns emerged among the fish tagged in freshwater. On the 

one hand, all individuals caught in the larger rivers, Barthe and Peene, were found in the same rivers 

during both spawning seasons, although some were also seen moving to the mouths of their rivers 

or, in the case of one fish from Barthe, even quite far into open brackish waters of Grabow. On the 

other hand, pike tagged in small streams, Duwenbeek and Sehrowbach, in contrast, were 

predominantly seen in brackish waters during two spawning seasons, with only 5 of them (out of 11 

pikes detected in both spawning seasons, 45%) detected back in freshwater streams during one or 

both spawning seasons.  

The bipartite network, created to analyse whether pike visited the same receivers during the two 

spawning seasons, included 112 receivers and 147 individuals (i.e., those for whom the data were 

available in both years). For each of the individuals, two nodes were created, separately for 2020 

and 2021 (total=294), to test whether they would be assigned the same groups. Community 

detection algorithms were used to define groups of pike visiting the same receivers, and thus, 

potentially spawning in the same areas. Out of the three algorithms that were deployed, Multilevel 

and Fast-Greedy algorithms had the same number of modules and very similar modularity scores, 

with Fast-Greedy being only slightly higher (Table 6).  

A comparison of a community membership of pike revealed that the vast majority of them (109 

individuals, 74% of fish detected in both spawning seasons) were assigned to the same community, 

suggesting consistency among the groups across the years of monitoring and pointing at spawning 

site fidelity of these individuals. Among them, 92 fish (63%) in both years visited or resided in the 
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same areas (Bodden lagoon or freshwater tributary) where they were tagged at the beginning of the 

2020 spawning season. 

Individuals assigned to different groups were partly found at different receivers in different years, 

but even then, the areas were still close to each other, e.g., some fish were observed more in 

Kubitzer Bodden one year and in Schaproder Bodden the next.  

Table 6. Summary statistics for different community detection algorithms applied to pike bipartite graph. Modularity is a 
measure of the strength of the division of a network into discrete modules. 

Community detection algorithm Modularity score Modules detected 

Multilevel 0.7558 15 

Fast-Greedy 0.7762 15 

Walk-Trap 0.7231 34 

4.2. Connectivity and space use in the areas delineated by authorities  

4.2.1. Fishing districts 

The number of pike detected on receivers deployed in fishing districts was 278 (87% tagged), which 

is less than the total number of fish detected (N=296) because receivers in freshwater tributaries 

were not included in this analysis and some individuals were observed only in these areas, without 

ever entering the brackish waters of fishing districts. 

The predominant resident behaviour, described in Chapter 4.1.1, became more pronounced when 

analysed with fishing districts as spatial units, which is not surprising, as they represent a coarser 

spatial resolution, typically covering larger areas than individual Bodden lagoons and most 

comprising several lagoons. Pike almost did not move between the fishing districts (Figure 14, B). On 

average, only 16 transitions (median, Q1-Q3: 10-28) between the areas occurred per month across 

the whole network, done by 12 individuals (Q1-Q3: 7-18; 2% of tagged), although they still linked 

most of the areas as allowed by geography, even if these links were weak (Figure 14, A, B). 

Consistent with the results in Chapter 4.1.1, when pike did move (i.e., when an individual was 

consequently detected on two different receivers within or between the areas), they have mostly 

done it for shorter distances inside the fishing districts, where as many as 96% of observed 

movements took place, with more than a half (54%) of such intra-area movements taking place in 

Strelasund (N 4) fishing district, which includes, apart from Strelasund itself, also Kubitzer Bodden 

lagoon (Figure 14, B).  



48 

 

 

Figure 14. Pike movements and presence across the fishing districts between March 2020 – November 2021. (A) A map displaying the network structure of the pike movements, where node 
size corresponds to the total number of detections in each area (node strength) and edge colour represents the frequency of internodal movements (edge weight). (B) Circular plot displaying 
proportions of movements within the areas and between the pairs of areas (the graph displays only apparent movements, i.e., consecutive detections on two different receivers, either within 
the areas or between them).  (C) Monthly variations in node strength (a total number of daily detections), or occupancy of the area by tagged pike. (D) Monthly variations in node degree, 
which represents connectivity, as it is a number of other areas connected to each specific location by pike movements. In (B), (C), and (D), colours correspond to the nodes’ colours in (A); grey 
areas on the background indicate spawning seasons. Full names of the areas (nodes): 1 - Oderhaff / Stettiner Haff, 2 - Peenestrom / Achterwasser, 3 - Greifswalder Bodden, 4 - Strelasund, 6 - 
Kleiner Jasmunder Bodden, 74 - Außenstrand Zingst, Hiddensee und Wittow, 77 - Aussenstrand Südostrügen, 5a - Gewässer zwischen Hiddensee und Rügen (östlicher Teil), 5b - Gewässer 
zwischen Hiddensee und Rügen (westlicher Teil), 8b - Darßer Boddenkette (östlicher Teil). 
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More than half of the individuals resided in only one fishing district (N=186, 69% of 278 detected; 

Figure 15, A), 158 of them in their tagging district (57%; Figure 15, A). However, even the individuals 

that were observed travelling to other fishing districts (N=92, 33%), mainly made only short 

excursions there, while spending 85% of the time in their main fishing district (median, Q1-Q3: 72-

95%). Overall, out of all pike detected within fishing districts, 75% (N=209) spent more than 95% of 

all days they were observed in one fishing district (Figure 15, B). 

 

Figure 15. Scope of use of different fishing districts by pike. (A) The number of fishing districts visited by pike. The Red line 

shows a number of individuals who were never detected outside of a fishing district where they were tagged (N=159, 50%). 

(B) Relative residency of pike in the fishing districts in which they were detected most frequently, i.e., the number of days an 

individual was detected in the most visited fishing district relative to the total number of days it was detected. The blue line 

indicates a number of individuals that were detected only on one receiver during the whole study period (N=54, 17%). Full-

period values are lower than some seasonal values because some individuals were not detected in all four seasons. 

Monthly dynamics of fishing area network metrics followed the same pattern as in Chapter 4.1.1, 

with an increase in both fish presence within the receiver array and connectivity between different 

areas in spring and a drop in winter, which was even stronger here (Figure 14, C, D). In line with this, 

seasonal networks showed that the connectivity between fishing districts was completely lost during 

winter, with the sole exception of the link between Peenestrom / Achterwasser (2) and the northern 

tip of Oderhaff / Stettiner Haff (1) (Figure 17, A). In contrast, the amount of traffic across all edges, 
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except the links to Außenstrand Südostrügen (the same area as ‘Gate GB-BS’ in Chapter 4.1.1), 

peaked in spring (Figure 17, B). Indeed, in spring, the highest number of pike (N=69, 25% of 278 

detected) were observed to make at least one transition between the fishing districts, followed by 

summer (N=28, 10%), fall (N=22, 8%), and reaching the minimum in winter (N=2, 1%) (Figure 15, A).  

Overall network connectivity increased by 208% compared to the rest of the year (Figure 16). Linear 

regression with monthly edge density (i.e., overall network connectivity) as the dependent variable 

and season as the predictor was significant (R2 = 0.69, F (3, 17) = 12.46, p = 0.0001) and pairwise 

comparison by Tukey's test showed that connectivity in spring was significantly higher than in all 

other seasons, except summer (Table 7, Figure 16) likely due to the increase of use of the ‘gate’ 

between Greifswalder Bodden and open Baltic Seas that falls within the Außenstrand Südostrügen 

fishing district (Figure 17). 

 

Figure 16. Seasonal changes in overall connectivity, represented by monthly edge density, in the network of pike movement 

across fishing districts. Asterisks mark the significant differences in pairwise comparisons (Table 7). 

Table 7. Coefficients of the simple linear regression testing whether season predicted monthly overall connectivity, 
represented by edge density in the network of pike movement across fishing districts.  

contrast estimate SE df t.ratio p.value significance 

Winter - Spring -0.12 0.02 17 -5.16 0.00 *** 

Winter - Summer -0.08 0.02 17 -3.35 0.02 * 

Winter - Fall -0.03 0.02 17 -1.16 0.66  

Spring - Summer 0.04 0.02 17 2.21 0.16  

Spring - Fall 0.09 0.02 17 4.89 0.00 *** 

Summer - Fall 0.05 0.02 17 2.68 0.07 . 
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Figure 17. Seasonal changes in the Fishing districts network structure. Colours show the differences in metrics compared to 
the previous season (e.g., winter to fall), where: node colours reflect changes in occupancy in each area (node strength, or a 
total number of detections) and colours of the edges reflect the change in connectivity between areas (edge weight, or 
frequency of internodal movements). The size of nodes and the edge line thickness correspond to the absolute values of 
respective metrics (node strength and edge weight in a given season).Full names of the areas (nodes): 1 - Oderhaff / 
Stettiner Haff, 2 - Peenestrom / Achterwasser, 3 - Greifswalder Bodden, 4 - Strelasund, 6 - Kleiner Jasmunder Bodden, 74 - 
Außenstrand Zingst, Hiddensee und Wittow, 77 - Außenstrand Südostrügen, 5a - Gewässer zwischen Hiddensee und Ruegen 
(oestlicher Teil), 5b - Gewässer zwischen Hiddensee und Ruegen (westlicher Teil), 8b - Darßer Boddenkette (oestlicher Teil). 
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4.2.2. No-take protected areas 

Movement network built with PAs and fishing districts as nodes showed that connectivity and use of 

no-take PAs (fish sanctuaries and spawning sanctuaries) by pike varied both spatially and seasonally 

(Figures 18, 19).  

The randomisation index, a comparison of the movement and space use of the observed animals 

and their random counterparts, showed that in most PAs, pike were present less than would have 

been expected at random during the whole study period (Figure 18, A; Table 8). The only three areas 

which were used more than expected at random throughout the year were spawning sanctuaries 

Hohendorfer See, Zicker See, and Gewässer zwischen Ummanz und Rügen (Figure 18, A; Table 8), 

indicating that they might be of higher importance for pike, even though at the moment they are 

only closed for fishing seasonally, in April-May.   

Consistent with the general increase in pike activity in spring described in Chapter 4.1.2, connectivity 

increased in half of the monitored protected areas (N=16, 52%; see highlighted nodes in Figure 18, 

B; Table 7; Wilcoxon rank sum test of monthly node degree during the spawning season against 

monthly node degree in the rest of the year, p-value <0.05). Two areas, Fitt and Freesendorfer See, 

in contrast, became disconnected in spring (Figure 18, B), but the difference was not statistically 

significant (Wilcoxon rank sum test, p-value=0.2 and 0.3 respectively) because the links to these 

areas were very weak or even absent also in some of the months outside the spawning season in 

March-May.   

The use of many protected areas increased in spring as well, with a statistically significant change 

observed in half of the monitored protected areas (N=16, 52%; Figure 19, B; Table 8; Wilcoxon rank 

sum test of monthly node strength during the spawning season against monthly node strength in the 

rest of the year, p-value <0.05). These were mostly the same areas where the increase in 

connectivity was documented (Table 8). The greatest increase in use was in spawning sanctuaries 

Wamper Wiek, Gustower Wiek, Kubitzer Bodden, Zicker See, Puddemiener Wiek, and fish 

sanctuaries "Peenemündung" and Der "Bock" (Figure 19, B). 

In four areas, fish sanctuaries Der "Libben", "Nodteil kleiner Jasmunder Bodden", and spawning 

sanctuaries Neuensiener See, Selliner See, the number of daily pike detections, in contrast, 

decreased in spring, suggesting that they were used less during the spawning than during the rest of 

the year, with the biggest drop in Selliner See (Figure 19, B). 
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Figure 18. Maps displaying the structure of the pike movements network across protected areas and fishing districts to which they belong: (A) average of all months outside the spawning 

season; (B) average during the spawning season. Nodes representing fishing districts and freshwater tributaries have a fixed size, while the size of the nodes representing protected areas 

corresponds to the mean of the monthly number of detections in each area (node strength). Nodes with a statistically significant increase in connectivity (node degree; Wilcoxon rank sum 

test, p-value <0.05) are highlighted with a red outline. Edge colour represents the average frequency of internodal movements (edge weight). 
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Figure 19. Maps displaying the (A) areas that were used by real pike more than their random counterparts throughout the year (calculated using a randomisation index) and (B) areas where 
there was a statistically significant increase in use (node strength) during spawning season (Wilcoxon rank sum test, p-value <0.05). 
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On the level of fishing districts, the most notable increase in both the use and connectivity of 

protected areas was recorded in the Strelasund fishing district (4), where all monitored areas 

showed statistically significant growth (Table 8). Besides, there was an increase either in use or 

connectivity or both in 7 out of 10 of the protected areas in the Greifswalder Bodden fishing district 

(3). In contrast, none of the protected areas in the Darßer Boddenkette (östlicher Teil) (8b) showed a 

significant increase in any of the metrics during the spawning period, with the sole exception of the 

Der "Bock" fish sanctuary shared between this district (8b) and Strelasund (4). Also, the only 

protected area in the Kleiner Jasmunder Bodden fishing district (6), "Nodteil kleiner Jasmunder 

Bodden", saw a decrease in use in spring. In all other fishing districts, at least half of the monitored 

protected areas were used significantly more during the spawning than in other seasons (Table 8).  

Table 8. Randomisation index and comparison of the protected areas’ use (node strength) and connectivity (node degree) 
during the spawning season and in the rest of the year. Rnd is a randomisation index, the mean percentage difference 
between the observed node strength values (reflecting the use of an area) and the same metric values from the randomly 
generated networks (n=100 per pike). The areas with significant changes in use (node strength) and connectivity (node 
degree) by pike during the months of spawning season were detected (Wilcoxon rank sum test, p-value <0.05), are shown 
with the asterisks: increase in green, decrease in purple. The areas are grouped by the fishing districts they belong to.  

N of fishing district Full name of fishing district 

Rnd 

Statistical significance 
of changes during the 

spawning season,  
increase/decrease  

- Type of MPA - Full name of MPA Use 
Connectiv

ity 

1 Oderhaff / Stettiner Haff*       

- Spawning sanctuary - Anklamer Faehre -41.8 * * 

2 Peenestrom       

- Fish sanctuary  - "Peenemuendung" -60.8 ***   

- Fish sanctuary - Mündungsgebiet Brebowbach -16.1     

- Spawning sanctuary - Freesendorfer See -99.8     

- Spawning sanctuary - Freester Hock -27.3  * 

- Spawning sanctuary  - Hohendorfer See 64.1  * 

3 Greifswalder Bodden     

- Fish sanctuary - Mündungsgebiet Ryck -98.8 * * 

- Fish sanctuary - Mündungsgebeit Rosengartener Bek -48.9 *  

- Spawning sanctuary - Puddemiener Wiek -92.6 *** *** 

- Spawning sanctuary - Schoritzer Wiek -89.9  * 

- Spawning sanctuary - Wreechener See -59.9   

- Spawning sanctuary - Dänische Wiek -99.5 * * 

- Spawning sanctuary - Neuensiener See -85.6 **  

- Spawning sanctuary - Selliner See -86.5 *  

- Spawning sanctuary - Zicker See 326.2 **  

- Spawning sanctuary  - Gristower Wiek -97.7 * * 

4 Strelasund      

- Fish sanctuary - Der "Bock"  -93.7 ** *** 

- Spawning sanctuary - Kubitzer Bodden -48.7 *** *** 
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- Spawning sanctuary - Wamper Wiek -3.0 ** ** 

- Spawning sanctuary - Gustower Wiek -41.7 * ** 

- Spawning sanctuary  - Deviner See -97.9 *** *** 

5a 
Gewässer zwischen Hiddensee und Rügen 
(östlicher Teil) 

      

- Spawning sanctuary  - Westteil der Litzower Bucht -80.2  * 

- Spawning sanctuary - Breeger Bodden nördlich der Saalsteine -79.1 *  

- Spawning sanctuary - Mittel- und Syker See -0.3   

5b  
Gewässer zwischen Hiddensee und Rügen 
(westlicher Teil) 

      

- Fish sanctuary  - Der "Libben" -93.4 *   

- Spawning sanctuary - Nordteil des Wieker Bodden -95.8 ** ** 

- Spawning sanctuary - Gewässer zwischen Ummanz und Rügen 143.3  ** 

6 Kleiner Jasmunder Bodden       

- Fish sanctuary - "Nodteil kleiner Jasmunder Bodden" -44.0 *   

8b Darßer Boddenkette (östlicher Teil)       

- Fish sanctuary  - Der "Bock" -93.7 ** *** 

- Spawning sanctuary - Fitt -99.7     

- Spawning sanctuary - Barther Strom -46.0     

- Spawning sanctuary - Flemendorfer Baek -73.2     

 

4.3. Spatial conservation prioritisation 

The results of the spatial prioritisation analysis demonstrated that existing protected areas partially 

cover key pike habitats, especially during spawning. Fish sanctuaries closed to all types of fishing 

throughout the year, currently protect about 5% of pike activity space, while occupying about 3% of 

the area monitored by telemetry, i.e., where receivers are deployed (Figure 20; see Figure 22 for the 

area coverage). In spring, during the spawning season, existing protection by both fish and spawning 

sanctuaries reaches about 25% of pike activity space, while covering about 16% of the area 

monitored by telemetry (Figure 21; see Figure 23 for the area coverage). Important to note, that the 

spawning sanctuaries are currently closed to fisheries only in April-May, whereas the increase in pike 

movement activity was observed to start already in March (Figure 10, C, D). There is also a general 

ban on pike fishing in March-April, which does not, however, provide complete protection, as 

landing of 10% of pike in bycatch is still allowed. 

The curves of the relationship between the total size of the additional protection and the proportion 

of pike activity area it would cover showed that with a relatively small expansion of the fishing 

closures, much can be achieved in terms of protection of the pike population. For example, to 

protect 30% of the pike activity space throughout the year, only about 2% of the additional area, 

given that it is an area identified as among the most used by the population, would need to be 

closed to fishing, with total closure increasing from 3 to 5% (Figure 20, right). 
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For both cases, full-year and spawning protection, the amount of area required to protect a given 

proportion of the pike activity area was consistently lower if done 'from scratch', without regard to 

existing protected areas (Figures 20, 21). For instance, to protect 30% of pike throughout the year, 

only about 2.5% of the total area would be needed (vs. 5% when the existing protection is included; 

Figure 20), whereas protecting 30% during spawning would take about 2% of the total area, vs. 

16.5% with the existing protection (Figure 21). This is not surprising, however, as the existing 

protected areas were never tailored to protect specifically pike but were designed to enhance the 

entire fish community in the Bodden lagoons.   

Locations persistently prioritised for protection in all scenarios included parts of the existing 

spawning sanctuaries Gewässer zwischen Ummanz und Rügen and Zicker See, parcels of areas in 

Peenestrom, and Werderbucht in the western part of Grabow lagoon, which is already partially 

protected as it lies within the Core Zone of the Western Pomerania Lagoon Area National Park 

(Figures 22, 23, see Figure 3 in Chapter 2.2 for existing spatial protection measures). The selection of 

the parts of the mentioned partial no-take PAs supports the previous results (Figures 18, 19; Table 

7), underlying the importance of these areas for pike both throughout the year and during spawning.  

In the ‘rearrangement’ scenario for protection during the whole year, none of the existing fish 

sanctuaries, except a small area Mündungsgebiet Brebowbach in Peenestrom, were selected (Figure 

22). Some of them (e.g., Der "Bock"), however, were selected in the ‘rearrangement’ scenario for 

spawning protection, indicating that they might serve as spawning grounds and/or migration 

corridors for pike in spring. This scenario also highlighted the importance of several sites in 

Peenestrom, Kubitzer, Wieker, Breeger, Großer Jasmunder, and Greifswalder Bodden lagoons, 

where only part of the highlighted sites is currently closed to fishing in April-May (Figure 23). 
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Figure 20. The ratio between the total size of the additional protected areas, closed to all types of fishing throughout the 
year, and the proportion of pike activity space it would cover. The total area on the x-axis is the total area monitored by 
telemetry, i.e., where receivers were deployed (see Figure 22 for the area coverage and Figure 4 for receiver locations). 
The proportion of existing protected areas is given based on spatial units used for the spatial prioritisation analysis and is 
a little higher than in reality, as the units were coarse and did not correspond to the exact boundaries of existing protected 
areas. 

 

Figure 21. The ratio between the total size of the additional protected areas, closed to all types of fishing in spring (currently 

April-May), during the spawning, and the proportion of pike activity space it would cover. The total area on the x-axis is the 

total area monitored by telemetry, i.e., where receivers were deployed (see Figure 23 for the area coverage and Figure 4 for 

receiver locations). The proportion of existing protected areas is given based on spatial units used for the spatial 

prioritisation analysis and is a little higher than in reality, as the units were coarse and did not correspond to the exact 

boundaries of existing protected areas.  
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Figure 22. Examples of spatial prioritisation analysis solutions for pike full-year protection. Four scenarios show priority 
areas for fisheries closures if the protected area increased to 6% (A), 10% (B), or 15% (C) of the total area of Bodden 
lagoons, or if the existing 3% were rearranged to optimise them for pike protection (D). The total area analysed is the area 
monitored by telemetry, i.e., where receivers were deployed (see Figure 4 for receiver locations). The proportion of existing 
protected areas is given based on spatial units used for the spatial prioritisation analysis and is a little higher than in 
reality, as the units were coarse and did not correspond to the exact boundaries of existing protected areas. 
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Figure 23. Examples of spatial prioritisation analysis solutions for pike spawning protection. Four scenarios show priority 
areas for fisheries closures if the protected area increased to 20% (A), 25% (B), or 30% (C) of the total area of Bodden 
lagoons, or if the existing 16% were rearranged to optimise them for pike protection (D). The total area analysed is the 
area monitored by telemetry, i.e., where receivers were deployed (see Figure 4 for receiver locations). The proportion of 
existing protected areas is given based on spatial units used for the spatial prioritisation analysis and is a little higher than 
in reality, as the units were coarse and did not correspond to the exact boundaries of existing protected areas.    
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5. Discussion 

Knowledge of the interactions between target species and their habitat, both spatially and 

temporally, is important for informing management and conservation actions (Brownscombe et al., 

2022; Cooke et al., 2004, 2022; Hays et al., 2019). Here, acoustic telemetry was used to examine 

spatial and seasonal aspects of northern pike behaviour in Bodden lagoons and freshwater 

tributaries of the German islands of Fischland-Darß, Hiddensee, Rügen and Usedom in the Southern 

Baltic Sea, seeking to understand pike space use and movements, including spawning migrations. On 

this basis, it was assessed to what extent existing spatial management and conservation measures in 

the area were aligned with pike behavioural patterns. 

One key result was that Bodden pike were primarily resident and showed little movement between 

different lagoons for most of the year, except during the spawning season in spring when movement 

increased markedly. Most of the individuals (84%) monitored during both spawning seasons showed 

fidelity to the spawning grounds and were observed during both spawning seasons in the same 

areas. From an administrative standpoint, it was shown that the majority of pike (69%) remained in 

the same fishing district throughout the year and that existing no-take protected areas were used to 

varying degrees: in three of them, pike were found year-round in higher numbers than expected at 

random, while many others were used more intensively only seasonally. Further, identification of 

optimal areas for pike protection showed that while existing protection measures cover some areas 

where pike occur both year-round and during the spawning season, closures of more areas may be 

necessary to ensure sufficient conservation. 

5.1. Pike movement and space use in the Bodden lagoons and their freshwater 

tributaries 

Bodden pike exhibited a dominant resident behaviour within a given habitat type (either brackish or 

freshwater) and strong fidelity to their ‘home’ area (Bodden lagoon, freshwater tributary, or ‘gate’ 

they inhabited or visited most frequently) where they were found on average 96% of all days they 

were detected (median; Q1-Q3: 76-100%), with a third of individuals (N=100, 31% of tagged fish) 

never observed outside of the area where they were tagged. Maximum horizontal displacement 

during the whole study period averaged 9.4 km (median; Q1-Q3: 1.4-16.9), indicating the prevalence 

of very localised movements, especially given the size of the interconnected lagoon system that 

covers a total of almost 1 200 km² with individual lagoon sizes ranging from ca. 10 to 500 km². There 

were, however, some individual variations, and several fish were more active and travelled relatively 
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long distances, some exceeding 50 km, but even these individuals still spent most of the time in only 

one lagoon, making only relatively short excursions to other areas. They must have, nevertheless, 

contributed to overall connectivity in the study system, as most of the Bodden lagoons and 

freshwater tributaries were linked by pike movement as far as geography allowed, albeit these 

connections were weak. A sharp increase in overall connectivity was observed in spring (131%), 

during spawning season, which seems to have been driven by a longer-distance movement of the 

more active part of the population, whereas 31% of the tagged fish (N=100) remained sedentary 

throughout the whole study period.  

Overall strong fidelity to their ‘home’ area observed in Bodden pike is consistent with the classical 

view of pike as a sedentary predator that has a rather small home range (Cook & Bergersen, 1988; 

Craig, 1996, 2008; Diana, 1980). The high fidelity of both sedentary and more active individuals to 

one main area is generally in agreement with the study in the Baltic coastal areas of Finland and 

Sweden by Karås & Lehtonen (1993), who reported most of the recaptures appearing within 4-6 km 

from the release site in the mark-recapture study. However, Bodden pike showed a much greater 

range of movements, with an average of 9.4 km, while a handful of individuals even travelling more 

than 50 km, whereas Karås & Lehtonen (1993) documented that migrations above 10 km were 

exceptional. Such difference might be due to the use of different methods, telemetry vs. mark-

recapture, with telemetry having more chances of detecting apparently infrequent long-distance 

movements, but might also indicate that pike in the Bodden lagoons travel more and further away.  

Bodden pike exhibited dominant resident behaviour within a given habitat type. Thus, fish tagged in 

Bodden lagoons tended to stay in the lagoons without entering freshwater, suggesting that they are 

fully adapted to live and reproduce in brackish conditions, which was previously shown by several 

studies from other Baltic coastal regions (Jacobsen et al., 2017; Larsson et al., 2015; Nordahl et al., 

2019; Sunde et al., 2022; Tibblin et al., 2015), as well as Bodden lagoons (Möller et al., 2019, 2021). 

On the other hand, space use of pike tagged in freshwater seemed to vary according to the size of 

the respective system: most of the fish tagged in the larger rivers, Barthe and Peene, were never 

observed in the open Bodden lagoons, although some visited the mouths of their respective rivers, 

similar to findings from Denmark (Birnie-Gauvin et al., 2019); but smaller streams, Duwenbeek and 

Sehrowbach, did not host a resident population and fish tagged there were mainly detected in 

brackish areas, which suggests their anadromy, similarly to reports from smaller streams in Sweden 

(Engstedt et al., 2014; Tibblin, Forsman, et al., 2016). 

At the level of inter-lagoon environmental variation, e.g., size, salinity, turbidity, etc., there was not 

an equally strong indication that these differences influenced the movement of pike between areas, 
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probably because such variation is less pronounced among most brackish-water areas. However, 

where the differences were substantial, most notably between more saline Greifswalder Bodden 

(7.2 ± 0.9 PSU) and much less saline Peenestrom (3.2 ± 2.1 PSU), the connection was among the 

weakest in the network and only appeared seasonally, in summer and fall. This level of movement 

might be underestimated because the receiver density in the southern Greifswalder Bodden was the 

lowest in this study, but it might also indicate the very low exchange between the two areas. Thus, 

another study in the region, by Möller et al. (2021), reports genetic differentiation between pike 

from Greifswalder Bodden and Peenestrom despite their geographical proximity and absence of 

physical barriers to movement, suggesting that divergence is rather driven by physiological dispersal 

barrier related to pike subpopulations’ salinity tolerance.  

In spring, there was a notable increase in Bodden pike activity, e.g., the overall connectivity more 

than doubled (131% increase), the total travelled distance was more than three times higher than in 

other seasons, and maximum horizontal displacement was 4-5 times higher. This is in agreement 

with the consensus that pike activity is highest during the spawning period, around March-May 

(Cook & Bergersen, 1988; Skov et al., 2018), which was also documented for pike inhabiting brackish 

waters (Müller, 1986; Tibblin et al., 2015; Tibblin, Forsman, et al., 2016). The elevated level of 

movement was observed throughout the entire spring, from March to May, and it may therefore be 

worth considering adjusting management measures, in particular the pike spawning fishery closure 

that currently takes place in March and April. From a conservation perspective, it would be advisable 

to extend this closure into May, when increased movement activity, likely related to the ongoing 

spawning migration, still continues. Besides, the project team also observed unspawned pike in the 

lagoons in two field seasons in May. 

Greifswalder Bodden and its northern part Rügischer Bodden had the greatest increase in pike 

detections in spring. Here, however, it is important to note, that receivers in these areas were only 

deployed in coastal areas, with none in the middle of the lagoon. Thus, while an increase in 

detections reflected more pike activity along the coastline and in small bays, especially in Zicker See 

and Schoritzer Wiek, it cannot be assessed with certainty whether pike also travelled to the open 

waters of the lagoon. But a very low detection rate during the whole year at the gate between 

Greifswalder Bodden and the open Baltic suggests that tagged pike were not actively using open 

water. And most of the fish that ever visited it, in fact, only visited the receivers closest to the shore 

in the north. Besides, it is suggested that open pelagic environments act as dispersal barriers for 

pike, probably due to their preference for macrophytes and structured habitats (Nordahl et al., 

2019). 
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For most of Bodden pike (109 individuals, 74% of fish detected in both spawning seasons) there 

were indications of spawning site fidelity, the behaviour often described in pike (Craig, 2008; Miller 

& Kapuscinski, 1997), including studies in the Baltic Sea (e.g., Diaz-Suarez et al., 2022; Laikre et al., 

2005; Larsson et al., 2015; Nordahl et al., 2019). Three different behaviour patterns already noted 

earlier were also prominent during spawning. They were related to movement between fresh and 

brackish waters, which are indicative of different ecotypes. First, the vast majority of fish tagged in 

brackish water lagoons remained in the lagoons during both spawning seasons, indicating that they 

spawned there, similar to reports from a telemetry study in a comparable Danish lagoon (Jacobsen 

et al., 2017). On the one hand, almost all individuals caught in the larger rivers, Barthe and Peene, 

were found in the same rivers during both spawning seasons, although some were also seen moving 

to the mouths of their rivers, which is similar to another study from Danemark by Birnie-Gauvin et al. 

(2019). But pike from smaller streams, Duwenbeck and Sehrowbach, that were tagged during the 

spawning season 2020, in March, were later mainly detected in brackish areas, indicative of 

anadromy, which is well documented for pike in many Baltic Sea studies (e.g., Engstedt et al., 2010; 

Larsson et al., 2015; Tibblin et al., 2015).  

In winter, pike exhibited more sedentary behaviour than in all other seasons and the movement 

network became very fragmented, with only a few areas remaining linked. To rule out a technical 

reason for this, such as seasonal differences in receiver performance, variations in the receivers’ 

detection range per month were checked, but they remained consistent throughout the year. 

Therefore, the lower overall detection rates in winter (only 52% of tagged fish were detected by 

receivers) and the lowest record of movements must relate to the reduced presence of animals 

within the detection range of the receivers, likely due to lower overall activity level, although it may 

also be influenced by the fact that data was available only for one winter (while two years of data 

are available for other seasons). Previous research showed somewhat contradictory observations of 

pike movement in winter: while some studies have found an increase in movement activity (Knight 

et al., 2008; Koed et al., 2006), others have reported decreased activity (Cook & Bergersen, 1988; 

Kobler et al., 2008) or found no significant difference (Baktoft et al., 2012; Diana et al., 1977). This 

variability may be associated with high individual variations in activity and may be due to the 

adaptability of pike to different environmental conditions by their ability to adjust the habitat use 

strategies (Jepsen et al., 2001; Skov et al., 2018). In the Boddel lagoons, there may be environmental 

reasons for this reduction in activity levels, such as the availability of prey, as mobile marine prey in 

other seasons contribute heavily to the diet of pike (Winkler, 1987), or biological reasons, such as 

increased problems with osmoregulation at low water temperatures (Christensen et al., 2017). 
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Despite the predominant resident behaviour and a rather low level of inter-area traffic, the network 

structure showed that pike movement still linked the Bodden lagoons and freshwater tributaries in 

the study area as far as geography allowed. This indicated a fair degree of overall connectivity within 

the study area, albeit these connections were weak. It seems that the connectivity was gained 

through the movement of a more active part of the population, while about a third of tagged fish 

(31%, N=100) remained sedentary throughout the study period. Such movement patterns hint at 

individual variations in home range and activity levels, consistent with the previous findings 

suggesting that pike may exhibit complex spatial behaviour and display activity-based personalities, 

with some individuals being more active, while others less likely to move around a lot (Jacobsen et 

al., 2017; Jepsen et al., 2001; Kobler et al., 2009; Monk et al., 2020).  

The high level of home area fidelity and presence of only weak connectivity among the areas suggest 

that the Bodden pike population may exhibit a spatial structure of metapopulation consisting of a 

patchwork of local subpopulations that are linked by relatively rare dispersal events (Hanski & 

Simberloff, 1997). Besides, pike has been shown to exhibit ideal free distribution (Haugen et al., 

2006), which means that they spread between resource patches in their environment in a way that 

minimizes competition and maximizes adaptability, and thus, in principle, would move along 

resource gradients and thus provide gene flow between the areas. If this is true for the Bodden pike 

population, and if the relatively low levels of inter-lagoon movement are sufficient, then this spatial 

structure may provide some level of overall population resilience, e.g., in case of localised 

disturbances and/or extinctions, the affected area can be recolonised by dispersal, even if only by a 

few individuals (Hanski & Simberloff, 1997). However, the extent to which this applies Bodden pike 

remains unclear and needs further investigation, as even more mobile individuals still predominantly 

exhibited high fidelity to a single lagoon, freshwater tributary, or ‘gate’, where they stayed most of 

the time and made only brief excursions to other areas, with only a handful of fish not showing a 

strong home-area preference (N=14, 4%). 

5.2. Connectivity and space use in the areas delineated by authorities  

5.2.1. Fishing districts 

Analysis of the movement of pike between and within fishing areas demarcated by the fisheries 

authority of the state of Mecklenburg-Vorpommern was driven by the need to determine the extent 

to which different subpopulations within defined areas mix and thus whether fishing pressure 

and/or possible overfishing of a subpopulation in one area could potentially be replenished by pike 

migrating from other areas.  
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Pike’s predominant resident behaviour became more pronounced when analysed with fishing 

districts as spatial units, which is not surprising, as they represent a coarser spatial resolution, 

typically covering larger areas than individual Bodden lagoons and most comprising several lagoons. 

This implies that the pike stock units likely do not spatially exceed the designated fishing districts’ 

boundaries, but rather, some fishing districts may contain several subpopulations. This creates a risk 

of unbalanced harvesting within a particular fishing district, e.g., if only a portion of it is fished, which 

would put a disproportionate amount of pressure on pike that reside there. Besides, a potential lack 

of mixing between the different parts of the population might make the repopulation of negatively 

affected areas very slow, if at all. However, the analysis of the genetic population structure of pike in 

Bodden lagoons by Möller et al. (2021) did not show a strong genetic differentiation between the 

lagoons, unless there was a sharp environmental difference between the areas (salinity). Indeed, this 

study shows that although the overall connectivity between the fishing districts was weak, pike 

movements still linked most of the areas as allowed by geography, suggesting some level of mixing 

between the subpopulations, and potentially implying that replenishment through ideal free 

distribution reported in pike by Haugen et al. (2006) might contribute to the resilience of the overall 

Bodden pike population. But it would require further and perhaps longer-term research to assess 

how fast and how far redistribution of pike could happen. 

5.2.2. No-take protected areas 

Selective use of existing no-take protected areas (PAs) by pike varied considerably: in some, pike 

were detected throughout the year, while in others, only seasonally. Generally, pike were present in 

most protected areas less than would be expected at random during the whole study period, with 

the only exception of Hohendorfer See, Zicker See, and Gewässer zwischen Ummanz und Rügen 

spawning sanctuaries. This suggests that these areas might require special attention as they are of 

particular importance to Bodden pike, even though at the moment they are only closed for fishing 

seasonally, in April-May.  

The use and/or connectivity of most protected areas increased in spring, during the spawning 

season, implying that they provided a certain level of protection for migrating and spawning pike. 

The majority of protected areas in the lagoons are spawning sanctuaries, closed to fishing only in 

April-May, and since the increased activity in pike associated with spawning migration was already 

recorded in March, the population could likely benefit if protection of the identified sanctuaries 

were extended to March. Thus, seasonal protection in spring and early summer was shown to 

benefit the pike population at the Swedish Baltic coast, where spawning closure of small bays 

increased pike abundance measured by catch per unit effort (CRUE), although it might have also 
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been that protection affected rather a catchability of pike that were not otherwise exposed to 

fishing (Eklöf, 2021). In any case, if further closures, even interim ones, are to be considered, they 

should be implemented with great caution, as they may lead to adverse socio-economic 

consequences and may not benefit the wider pike population if the overall fishing effort will shift 

elsewhere and increase pressure on non-protected areas (e.g., Hilborn, 2016; Hilborn et al., 2004; 

more on this in Chapter 6).  

Besides, while this study showed an increase in the use of many PAs during spawning, the potential 

for spillover is not fully clear, given the overall predominantly sedentary behaviour of pike and the 

generally weak level of movement between protected and unprotected areas. However, it is 

important to note that the presented connectivity estimates were rather conservative, as for many 

PAs the closest receiver was deployed quite far away. In an attempt to compensate for this, the 

network edge values were adjusted by distance, i.e., longer links were rendered more prominent, 

but still, given the small range of movements exhibited by most pike, many shorter distance 

transitions could not be recorded. But as such, given the overall presence of movement between 

protected and unprotected areas, even when it is weak, and the ideal free distribution of pike 

(Haugen et al., 2006), it is conceivable that once abundance increases within a location closed to 

fishing, pike will begin to emigrate to other areas, where competition for resources is lower. Further 

investigation is needed to establish with certainty whether such spillover mechanism works.   

5.3. Spatial conservation prioritisation 

Results of the spatial prioritisation analysis conducted to determine the most important pike activity 

areas and the level of their protection showed that the existing PAs partially cover the key areas 

used by pike, both throughout the year (5%, while covering about 3% of the area monitored by 

telemetry) and, to a greater extent because of the temporary closures, during the spawning season 

(25%, while covering about 16% of the area monitored by telemetry). It was also shown that even 

with a relatively small expansion of the fishing closures, much can be achieved in terms of the 

protection of the pike population. For example, to protect 30% of the pike activity space throughout 

the year, only about 2% of the additional area would need to be closed, if the selection of this area is 

informed by data on pike home ranges and density, with total closure increasing from 3 to 5%. 

The results of spatial prioritization analysis, however, should not be taken as a perfect recipe for 

developing a spatial conservation strategy for pike, but be seen as only a decision support tool that 

can facilitate negotiations between stakeholders and regional authorities (Margules & Pressey, 

2000). This caution is especially important due to the presence of some uncertainties and 'blind 
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spots', as pike presence data is ultimately tied to the locations where receivers were installed and, 

besides, could have been affected by the differences in the number of tagged pike in different areas. 

To mitigate the impact of the latter, the data was adjusted by the number of fish released in each 

part of the study area. However, gaps in receiver coverage remain a limiting factor which likely 

makes the results conservative. For example, although part of the Gewässer zwischen Ummanz und 

Rügen spawning sanctuary, which is prioritised for protection in all scenarios, does have high pike 

densities throughout the year, it is impossible to assess whether other parts of this sanctuary also 

serve as an important pike habitat, as there were no receivers there. In addition, as most fish were 

tagged shortly before or during spawning, and given the fidelity of pike to spawning sites, the areas 

selected as prioritised for spawning protection are likely to be limited to those that have been 

sampled. However, more sites are probably used for spawning by different sub-groups and their 

precise identification requires further research.  

Nevertheless, given the presence of different reproductive adaptations (brackish-adapted, 

anadromous, and freshwater residents) and previous evidence for genetic divergence in pike within 

relatively small areas (Diaz-Suarez et al., 2022; Möller et al., 2019), it is important to ensure 

sufficient protection of pike subpopulations as well as their spawning grounds. Maintaining and 

enhancing spatial genetic diversity is crucial for adaptation to changing environmental conditions 

and long-term species persistence (Diaz-Suarez et al., 2022; Frankham, 2005; Hellmair & Kinziger, 

2014; Reusch et al., 2005). In this respect, the results presented here have provided some clues as to 

how to optimise spatial management measures for pike, and the areas identified, such as Gewässer 

zwischen Ummanz und Rügen, Zicker See, parcels of areas in Peenestrom, and Werderbucht, should 

be subject to special attention if such measures are to be implemented.  

5.4. Methodological discussion 

In this study, acoustic telemetry data were analysed by applying both more traditional (e.g., 

calculation of relative residency and maximum horizontal displacement) and novel methods such as 

network theory and spatial conservation prioritization. This enabled efficient analysis, visualization, 

and interpretation of a large telemetry dataset and aided in addressing the study objectives. The 

traditional methods provided descriptive statistics on pike average site fidelity and movement 

patterns. The movement network approach helped not only to quantify overall connectivity and 

space use in the study area, but also to track pike movement activity throughout the year and to 

identify seasonal changes in it. The use of a bipartite network and community detection analysis was 

tested to identify recurring behaviour, in this case, spawning site fidelity. Spatial conservation 
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prioritization aided in evaluating the effectiveness of existing conservation measures for pike and 

allowed the development of an evidence-based proposal to expand seasonal closures to improve 

pike population status.  

There were several limitations associated with variations in receiver coverage and unequal numbers 

of pike tagged in different areas. To compensate for them, several adjustments were applied to the 

analyzed metrics, which included the number of receivers per km², the average distance between 

receivers, and the number of fish tagged. This approach, although proven to be effective, 

nevertheless led to another trade-off: the network node strength metric of areas with very low 

receiver density, especially Greifswalder Bodden, was probably somewhat overestimated due to 

such adjustment. It did, nevertheless, reflect a relatively high proportion of detections that occurred 

there, but since the receivers were only deployed along the shore, little can be said about the use of 

open lagoon by pike, although there were indications that pike preferred coastal and bay areas and 

local fishers and guides also reported that they rarely catch pike in the open lagoon waters. This did 

not have a significant effect on the reported results, however, as node strength was used primarily 

to track seasonal dynamics in the same areas, and not for between-the-areas comparison.  

Further, due to the low density of receivers in some areas, it might be, that less mobile individuals 

were somewhat overrepresented in the data because they were probably more likely detected than 

more active fish. Besides, 17% of individuals (N=54) were detected by only one receiver during the 

entire study period, and it is not possible to say with full certainty whether they are residents in the 

respective areas or not moving because they have died. This might have rendered the results on 

movement activity and connectivity between the areas conservative, and further research would be 

needed for a more precise assessment.    
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6. Conclusions, implications, and future research  

Findings reported here contribute to the understanding of space use and connectivity patterns of 

northern pike in the southern Baltic Sea and show that such patterns should be carefully considered 

when developing optimal conservation and management strategies, especially for designing 

protected areas and seasonal fishery closures.  

Pike inhabiting brackish lagoons and their freshwater tributaries in the German islands of Fischland-

Darß, Hiddensee, Rügen and Usedom were primarily resident, showed little movement between 

different lagoons for most of the year, except during spawning season, and exhibited strong fidelity 

to their spawning grounds, which implies a potential vulnerability of weakly connected parts of the 

population to local disturbances, such as overfishing or environmental perturbations. Besides, it 

implies that subpopulations likely do not spatially exceed the designated fishing districts’ 

boundaries, but rather, some fishing districts may contain several groups, which may render a risk of 

unbalanced harvesting, and might require special attention of managers to locations where pike 

exposed to the greatest fishing pressure. Consequently, this creates a risk of reducing the diversity 

and biocomplexity of the population, which might have negative consequences for its overall 

resilience to environmental change (e.g., Hilborn et al., 2003). In terms of spatial conservation 

measures, it was shown that existing no-take protected areas were used to varying degrees: in three 

of them, pike were found all year round in higher numbers than expected at random, while many 

others were used more intensively only seasonally. It was also shown that even with a relatively 

small expansion of protected areas, either fully or partially (seasonally) closed to fishing, much can 

be achieved in terms of protection of pike population. 

Such area-based conservation measures can play an important role in maintaining the population, 

especially given pike’s rather sedentary behaviour, but, ideally, a comprehensive management 

scheme is needed that includes a combination of different tools, which may include, but should not 

be limited to, protected areas (e.g., Arlinghaus et al., 2016; Hilborn et al., 2022). Furthermore, in 

general, the introduction of new protected areas or expansion of existing seasonal restrictions 

should always be well thought out and implemented with caution, as poorly designed closures can 

lead to adverse socio-economic impacts and/or conflicts, that might provoke non-compliance and 

make enforcement difficult and expensive, but also lead to uncertain overall outcomes for protected 

species if, for example, fishing effort is redirected to unprotected areas and thereby increases fishing 

pressure there (e.g., Hilborn, 2016; Hilborn et al., 2004). It is crucial to ensure proper communication 

with stakeholders and their involvement in the policy development and implementation process to 

safeguard equity and compliance with management and conservation measures (Brooks et al., 2018; 
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Hays et al., 2019). Here, visual evidence of fish movements derived from acoustic telemetry studies 

has been shown as an effective communication tool (Brooks et al., 2018). Besides, a multi-species 

approach may be required if new closures are to be considered in the Bodden lagoons, as such 

closures will affect not only the pike fishery but also the harvest of other species that are more 

important than pike to some stakeholders, particularly commercial fishers, and further closures 

could have strong negative impacts on them.  

Finally, more research is needed to better understand some of the observations reported here. 

Further data will be required to establish with certainty whether and how fast mixing and 

recolonisation can occur in the lagoons through the ideal free distribution reported in pike, either in 

an experimental setting (see Haugen et al., 2006) or by observation of, for example, affected areas, 

such as Kleiner Jasmunder Bodden, which recently experienced mass mortality of fish. Moreover, 

further investigation of existing no-take protected areas and their potential for spillover could be 

facilitated by an additional telemetry study with the development of a receiver array design tailored 

to this question. In addition, more precise identification of spawning grounds is needed, as well as a 

study of juvenile pike habitat, which is crucial for pike recruitment (Haugen et al., 2007). And lastly, 

more research is needed to determine how the shift in the Baltic Sea ecosystem (e.g., Österblom et 

al., 2007) and the effects of global climate change are affecting pike in particular and the ecosystems 

of Bodden lagoons as a whole, which has direct implications for the entire ecological communities 

inhabiting them. 
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Appendix 

Table A9. Annual mean hydrochemical conditions from 2010 to 2020 (data source: LUNG). Full names of the areas: BAT – 
Barther Bodden, WRFB – West-Rügen-Boddens chain, NRB – North-Rügen-Bodden chains, KJB – Kleiner Jasmunder Bodden, 
S – Strelasund, GB – Greifswalder Bodden, P – Peenestrom/Achterwasser. The macrophyte coverage represents expert 
judgement at the time of study as there is no objective data. Values after ± represent standard deviations. Adopted from 
Arlinghaus et al. (Under review) 

 

Parameter BAT WRBC NRBC KJB S GB P 

Area (km²) 59.8 231 132.9 26.5 47.6 540.1 181.9 

Mean depth (m) 2.0 1.8 3.5 NA 3.9 5.8 2.6 

Max depth (m) 16.5 7.6 10.3 NA 16.0 13.5 16.0 

Catchment area 

(km2) 
1,578 NA 312 NA 238 665 5,772 

Water temperature 

(°C) 
11.5 ± 6.6 11.6 ± 6.7 12.5 ± 6.5 11.9 ± 6.8 11.9 ± 7 11.7 ± 6.8 11.9 ± 6.7 

Salinity (PSU) 8.3 ± 1.6 8.7 ± 1.1 8.3 ± 1 5.1 ± 1.1 7.8 ± 1.1 7.2 ± 0.9 3.2 ± 2.1 

Secchi depth (m) 1 ± 0.8 1.9 ± 0.8 1.4 ± 0.7 0.4 ± 0.1 1.4 ± 0.6 1.7 ± 0.8 0.7 ± 0.5 

Total phosphorus 

(µg/l) 
1.8 ± 0.7 40 ± 19.6 56.1 ± 35.1 102.6 ± 34.6 49.1 ± 18.7 45.8 ± 21.1 98.3 ± 58.1 

Chlorophyll a 

(mg/m3) 
27.7 ± 19.6 7.9 ± 6.9 16.8 ± 12 82.7 ± 40.7 15 ± 9.1 14.6 ± 13.6 63.6 ± 48.1 

Submerged 

macrophytes 
Low-absent Medium 

Medium-

high 
Low-absent 

Low-

medium 

Low-

medium 
Low-absent 
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Figure A24. Receiver range estimations. (A) Location of the receivers, displaying the range category and diameter of the 

range. Receiver range was estimated monthly at six different locations (where receiver density was high) using the internal 

transmitters of the receiver units. All receivers for which range could not be estimated (i.e. not enough neighbouring 

receivers within range) were later attributed to one of the 6 range categories according to their environmental 

surroundings. (B) Mean and standard deviation range per month per category of habitat. Adopted from Dhellemmes et al. 

(Under review)  
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