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Summary
The northern pike (Esox lucius) is a big freshwater fish with a medium lifespan that
also inhabits the oligo- to mesohaline inner coastal lagoons around the island of
Rügen, the so-called “Bodden”. The pike stock in this coastal area is co-exploited by
commercial fishers and recreational anglers. Like most coastal fish stocks, the northern
pike population around Rügen is considered data-poor, and like for many other datapoor fisheries, only data on commercial landings is available. The available landing
data was used to calculate the catch per unit effort (CPUE) based on the number of
boats per area. If CPUE is meant to be used to measure abundance, it is essential to
understand how the environment affects catches. The five environmental variables,
total phosphorus, turbidity, salinity, temperature, and chlorophyll-a were used together
with the commercial CPUE in the empirical dynamic modeling (EDM) framework to
determine if they had a causal effect on catches or not. It was found that for most
areas, total phosphorus and turbidity played a significant role, whereas temperature
was only found to have a causal effect for one area. Because the used CPUE index,
taking the numbers of boats per area as effort index, is rather inexactly the estimated
commercial CPUE was rather not proportional to abundance. Length-based stock
assessment models were used in this case to get better information on the stock status
because they can work with just a fraction of length information on the catch. Besides
information on length-frequencies of catch, length-based stock assessment models
require information on growth, length-weight relationship, natural mortality, and length
at maturation, which were estimated for the pike population in the area. Growth, natural
mortality, and the length-weight relationship were also used to compare the brackish
water pike population with pike coming from freshwater tributaries in the area, showing
that growth was the only factor that differed between freshwater and brackish water
pike. Two different length-based stock assessment models, LBSPR and LIME, were
used to assess the spawning potential ratio (SPR), which was used as a reference
point. The results of the length-based stock assessment showed that the pike stock
around the island of Rügen is not overfished yet. Nevertheless, the stock is in a state
where the first signs of a heavily exploited stock might occur, e.g., growth overfishing.
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1. Introduction

1. Introduction
1.1. Fisheries Stock Assessment
Many fish stocks worldwide are heavily exploited, and most of them remain
unassessed (Britten et al., 2021; Vasconcellos and Cochrane, 2005). The part of the
world’s fisheries that is not assessed yet is believed to be about 80 percent, and while
large unassessed fisheries mostly perform as well as large assessed fisheries, small
unassessed fisheries are often in bad shape (Costello et al., 2012). Due to high costs
and the difficulties in assembling sufficient information for conventional "data-rich"assessment models (e.g., variants of catch-at-age-models), only fish stocks of sizeable
commercial importance are assessed using rigorous stock assessments on an annual
basis (Thorson et al., 2013).
The data-rich stock assessment models that are typically used in industrial, marine
fisheries to assess the status of these more valuable fish stocks require broad
information on the catch, effort, and the composition of weight/length/age, which
should be collected by commercial fishers as well as independent fisheries surveys
(Hilborn and Walters, 1992). Most of this information is unavailable for most of the
world's fish stocks (Prince and Hordyk, 2019).The most common information available
for unassessed fisheries are landing statistics used as a proxy for catch and are
regularly collected by the FAO (Pauly et al., 2002; The State of World Fisheries and
Aquaculture, 2020).
There is a fierce debate on whether catch can indicate stock developments (Pauly et
al., 2013), but data-poor assessment methods can offer solutions if used wisely (Free
et al., 2020). Data-poor stock assessment methods are defined as methods that work
with a minimum amount of data, such as landing time-series or length data (Arnold and
Heppell, 2015; Chrysafi and Kuparinen, 2016). Because essential biological
information (e.g., age structure of catch) is unavailable for most exploited fish stocks,
the demand for data-poor stock assessment methods increases and new approaches
are developing rapidly (Free et al., 2020; Froese et al., 2018; Hordyk et al., 2014).
However, some data-poor methods also require information on reproduction,
population growth, and individual growth. The data-poor models provide management
1
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advice in relative terms. They usually indicate whether a stock's exploitation level
should increase or decrease. The most common data-poor approaches can be divided
into two types, length-based models and production models. The latter assume that
there is compensatory growth and reproduction when a population is reduced by
fishing activity, which means that due to a higher capacity, fish will grow faster, die less
fast naturally, or produce more offspring, resulting in a surplus production that can be
harvested (Dick and MacCall, 2011; Pons et al., 2020; Schaefer, 1957). Production
models can be fitted to catch-only (Free et al., 2020) or catch per unit effort data
(Schaefer, 1954). Thus, catch-based methods are only helpful if a standardized
reporting of catches from an exploited stock is available, which is often not the case in
small-scale, recreational, or inland fisheries (Lorenzen et al., 2016).
As an alternative, length-based stock assessment models are based on size
distributions of samples taken from catches (Kokkalis et al., 2017). In some
applications, only cross-sectional information on the size distribution is needed, which
is very convenient because one could sample a fish stock and its size distribution just
once and use this information to infer stock status. Length is related to age, and the
basic idea is that the size distribution carries information on the mortality exerted on
the stock and the possible egg production (Marshall et al., 2021). In typical applications
of length-based models, the information on length is combined with other life-history
parameters like growth rates, length at maturation, maximum size, and length at first
capture (Chong et al., 2020). The advantage of the length-based stock assessment
models is that they do not require time series on catch records. The data needed to
run these analyses can be acquired from the general catch, fisheries independent
surveys, or fishers (Prince et al., 2015). In many scenarios, the length-based models
perform as good as the catch-based models (Froese et al., 2018; Chong et al., 2019).
Still, the optimal assessment technique will heavily depend on species biology and
available data (Fitzgerald et al., 2018).
The data-poor methods mentioned above are well established in many marine fish
stocks (Shephard et al., 2021). Still, they are rarely used in freshwater environments,
often because fisheries managers are unaware of their transferability and potential
(Lorenzen et al., 2016; Fitzgerald et al., 2018). However, ideas about effective fisheries
management and science should be shared among marine and inland systems and
2
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commercial and recreational fisheries (Cooke et al., 2014; Cooke and Cowx, 2006).
Despite their transferability between inland and marine fisheries, the outcome and
process of data-poor stock assessment should be critically confronted (Lorenzen et
al., 2016). The highly decentralized and diverse nature of inland fisheries makes it
necessary that the methods used in a marine environment are tested and interpreted
before they can be applied in freshwater stocks (Shephard et al., 2021). The same
applies to freshwater fish living in transitional waters, such as northern pike (Esox
lucius) (hereafter pike) living in the brackish water lagoons around Rügen in the Baltic
Sea of north-east Germany.
Especially in coastal areas, fish stocks are co-exploited by commercial, recreational,
or even artisanal fisheries(Kadagi et al., 2021; Lloret et al., 2018). Each of these fishing
sectors has different management objectives. While commercial fishers are more
interested in high biomass regardless of individual fish size, recreational fishers value
a high abundance of trophy-sized fish and a high catch rate (Ahrens et al., 2020;
Arlinghaus et al., 2019). The different objectives of commercial and recreational
fisheries and a general perception of conflict often lead to competition if the same
species is the target by both recreational and commercial fishers (Vogt, 2020). This
competition might limit the supply of the target species, lead to insufficient space in
fishing spots, or overlap in periods of fishing (Kadagi et al., 2021). While recreational
anglers usually use only one type of gear, commercial fishers may use various fishing
gear depending on season, strategy, or licenses (Guyader et al., 2013). Recreational
fisheries are often understudied (Arlinghaus et al., 2019), making it challenging to
address commercial and recreational fishing dynamics. However, it is often argued that
only a tiny fraction of the global catch is harvested by recreational anglers, which is
only accurate when taking a global perspective (Cooke and Cowx, 2004). In developed
countries, recreational fishing, especially in inland and coastal fisheries, often exceeds
the impact of commercial fisheries (Arlinghaus et al., 2021, 2019).

1.2. Study area
The Baltic Sea is one of the biggest brackish water habitats in the world (Reusch et
al., 2018). The only saltwater source is the North Sea, connected to the Baltic Sea
from the west between Denmark and Sweden, adjoining both seas only by narrow
straits. The watershed and its associated freshwater that comes from the east
3
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encompasses 415,023 km2 (Schubert et al., 2011). As a result of these inflows and the
geographic position of the sea, there is a salinity gradient that increases from east to
west and from north to south (Figure 1). Despite the salinity gradient from the west to
the east, the saltwater inflow coming from the North Sea maintains a vertical salinity
gradient because the heavier saltwater sinks in the deep central Baltic basins near the
bottom resulting in a barrier for vertical transport, which leads to low oxygen levels
(Schubert et al., 2010).
The German coastline of the Baltic Sea is 2250 km long and has a very heterogeneous
environment (Baumann and Schernewski, 2012). The north-eastern Baltic coast of
Germany can be described as a spread-out system of lagoons and non-tidal estuaries
(Gröger, Winkler and Rountree, 2007). The lagoons around the island of Rügen are
called Bodden and have some features that confine them from the Baltic Sea. The
Bodden have water temperatures ranging from possible ice coverage in winter to
temperatures over 20 °C in summer. They are also relatively shallow (mean depth =
around 2.5 m) and provide a consistent oxygen supply that prevents mass mortality of
fishes (Winkler, 2002). The Baltic Sea and the Bodden around the island of Rügen are
productive ecosystems, with some lagoons being classified as hypertrophic with
summer cyanobacteria blooms (Schubert, Wasmund and Sellner, 2010). The salinity
gradient in this system usually ranges from oligohaline to mesohaline conditions but
can also rise to polyhaline conditions in dependency of high water levels of the Baltic
sea (Winkler 2002).
The relatively low salinity of the Bodden compared to the Baltic Sea allows for many
freshwater species to thrive and still will enable opportunities for marine species to
inhabit these areas. For instance, the Greifswalder Bodden is a critical spawning area
for the spring spawning Atlantic herring (Clupea harengus). This productive fish area
supports commercial and recreational fisheries and an increasing seal population,
which can be found in some places around the island of Rügen (Larsson et al., 2015;
Reckendorf et al., 2019). Generally, the number of species is relatively low in the Baltic
Sea due to the brackish water (Kraufvelin et al., 2018). The Baltic fish community is
dominated by cod, herring, and sprat, which constitute approximately 95 percent of the
commercial catch of fish (Sparholt, 1994). Still, the Baltic coastal fish communities can
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be dominated by freshwater species like pike, perch (Perca fluviatilis), or pike perch
(Sander lucioperca) (Larsson et al., 2015).

a)

b)

Rügen

Mainland Germany

Figure 1: a) Salinity gradient of the Baltic Sea. Since the North Sea is the only saltwater source, the salinity decreases from
west to east and south to north (www.helcom.fi). b) Map of the island of Rügen and its position in Europe. The map also shows
the freshwater tributaries Peene and Barthe.

With an avid recreational pike fishery, the lagoons around the island of Rügen provide
an example for a co-exploitation of fish in coastal areas. Due to unique foraging
opportunities in the brackish water system, the pike in the Baltic Sea often reaches
trophy sizes (over one meter) and is a praised target for recreational anglers
(Arlinghaus et al., 2021; Karlsson and Kari, 2020). Pike is also exploited commercially,
but it is often considered a bycatch than a target species due to limited marketability in
Germany (Döring, 2000). In 2018 pike just made up 1.4 percent of the revenue of all
landings in the area (LALLF 2018). Recreational fishing may bring relevant income to
regional economies, and some component of the recreational sector is also acting
professionally, especially guides who make a living out of it.
In this context, tourist anglers supporting boat rentals and angling shops in the region
are possibly a critical commercial factor. In the coastal fishery of Germany, commercial
fishing licenses are limitedly available while the recreational licenses are unlimited;
thus, the maximum potential number of fishers varies by year and sector. The
commercial fishers in the area do not have any binding quotas for pike. Commercial
5
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fishers have to simply follow the minimum length limit of 50 cm, seasonal limits, and
gear and area constraints. In contrast, recreational anglers are restricted to the
minimum length limit and a bag limit of three pikes a day, in addition to restrictions in
access to certain areas and the spawning protected seasons. Both sectors can and do
exercise catch and release but also have the potential for bycatch mortality (Arlinghaus
et al., 2021; Hyder et al., 2018). The minimum length limit of 50 cm is enforced for the
entire area. Some protected areas still exist to prevent fishing in areas identified as
spawning grounds and marine protected areas. Protected areas can be divided into
permanent existing ones, like natural protected areas (i.e., national parks), marine
protected areas, and seasonally protected areas, like protected spawning sites
(Küstenfischereiverordnung – KüFVO M-V (2005)). The latter is enforced with
protected seasons from the beginning of March to the end of April to ensure that pike
can spawn undisturbed from fishing activities from either sector. However, due to
inherited fishing rights, some commercial fishers are allowed to catch fish in these
areas. Such systems, where stakeholders have relatively free access but are regulated
within certain limits, are known as "regulated open access" systems (Homans and
Wilen, 1997). Importantly, there is no quota system, so fisheries mortality is directly
managed through size-based harvest constraints with no strict cap on fishing mortality.
Like many other open (or partly open) access fisheries, the lagoon fisheries of Rügen
may produce a tragedy of the commons (Hardin, 1968). Different interest groups use
a shared resource under individualistic incentives, leading to overharvesting the
complete resource (Gordon, 1991, 1954). Recreational anglers, professional guides,
commercial fishers all utilize the same stock. Additionally, the pike is also "used" by
seals and cormorants. Recent stock assessments confirm that the stock has declined
since the 2000s (Van Gemert et al., 2021). Still, it is unclear whether other methods
can verify the catch-only methods applied by these authors (e.g., analysis of CPUE
time series or length-based assessment models). Anglers also complain that the
quality of pike trophy fishery has declined in the last twenty years, suggesting at least
size overfishing (Radomski et al., 2001), and some lagoons seem to have been
suffering from significant pike loss, as indicated by anecdotes from anglers. An open
question is whether these "gut feelings" receive objective support by stock
assessments.
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1.3. The northern pike
Fishes play a central role in the Baltic Sea and help the food webs remain healthy
(Kraufvelin et al., 2018). The Baltic Sea, coastal fish communities, are heavily
dominated by fish species that have a freshwater origin, and the lagoons around
Rügen are no exception (Gröger et al., 2007; Larsson et al., 2015). There have been
multiple observations that fish species such as pike, perch (Perca fluviatilis), ide
(Leuciscus idus), and whitefish (Coregonus spec.) move seasonally from brackish
water to freshwater streams and vice versa but also resident forms that spent their
whole life in brackish water, are found (Engstedt, 2011; Larsson et al., 2015; Möller et
al., 2019).
Among these freshwater species that thrive in the Bodden around Rügen, the pike is
the largest predatory fish that persists in this system. Although the pike is a freshwater
fish, adult specimens tolerate salinities up to 15 PSU (Jacobsen et al., 2007). They can
be found in the Baltic Sea, showing life history variations that adapt them to brackish
water (Möller et al., 2019). Brackish water pike in the Baltic Sea is recruited from
freshwater streams and brackish watersides (Engstedt et al., 2010; Jacobsen et al.,
2017; Westin and Limburg, 2002). Some of the pikes have anadromous life-history
strategies. They use coastal areas as foraging grounds and spawn in freshwater
habitats, similar to salmonids, while other pike subpopulations spend their whole lives
in a brackish water environment (Larsson et al., 2015; Winkler, 1989). Studies from
Sweden showed that 55 percent of the brackish water pike also spawned in brackish
water, while 45 percent showed an anadromous life history strategy (Westin and
Limburg 2002; Engstedt et al., 2010).
Compared to other freshwater fish, the pike is a big and long-living freshwater fish.
With sizes often over one meter, it is a praised catch for recreational angling. The pike
shows a distinctive sexual dimorphism; the female fish grow faster, bigger, and reach
a final length over 130 cm, while the male fish rarely grow over 90 cm (Luna and Torres,
2020). As a top predator, pike can play an essential role in regulating trophic cascades
(Larsson et al., 2015; Venturelli and Tonn, 2006). Since only female fish reach trophy
size (over one meter), they are of particular interest, especially for the recreational
anglers but also vulnerable to the gear used by commercial fishers.
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The effects of salinity have been well studied in marine stenohaline and estuarine
(euryhaline) species, but much less is known about the impact of salinity on fishes of
freshwater origin. There are many differences between marine and freshwater
habitats, like predation risk, feeding opportunities, and osmoregulatory costs (Morita,
2001). Living in isotonic conditions of about 9 PSU is an energetic advantage because
less energy is needed for osmoregulation and can change the energy available for
growth (Altinok and Grizzle, 2001). However, the relationship between growth and the
salinity of an environment is complex and yet not fully understood. A higher growth rate
of freshwater fish living under higher salinity conditions might also result from the
increased productivity of brackish water environments (Olsson et al., 2012). Since
most freshwater fish species' larval and juvenile stages are usually less tolerant to
saltwater, the benefits of living in an isotonic environment mainly apply to adults. While
spawning migration to freshwater streams usually pays off with higher survival rates
for the offspring but a higher mortality rate in the adults due to migration, spawning in
brackish water leads to lower survival rates for the progeny (JØRGENSEN et al., 2010;
Larsson et al., 2015; Möller et al., 2019b). In pike, Westin and Limburg (2002) showed
that the form resident to brackish water had a higher tolerance for higher salinities than
the migratory form.
Catch statistics and catch per unit effort data from the last decades show declining
pike stocks all over the Baltic sea (Nilsson et al., 2004; Ådjers et al., 2006; Jørgensen
et al., 2010; Rohtla et al., 2012). Also, around the island of Rügen, pike catches have
been decreasing since the 1970s (Federal office for Agriculture, Food Safety and
Fisheries Mecklenburg-Vorpommern (LALLF)). However, as elaborated above,
reduced total catches may also be caused by reduced effort and do not indicate a
declining stock. However, the catch-only models by van Gemert et al. (2021) strongly
suggest pike may be growth overfished in the Rügen area. Possible reasons for the
decline of the pike stocks in the Baltic Sea are the loss of spawning habitat and
recruitment failure due to overfishing, but also predation on pike eggs through the
three-spined stickleback (Gasterosteus aculeatus) and seal predation is discussed as
a possible reason (Engstedt, 2011; Hansson et al., 2018; Nilsson, 2006; Nilsson et al.,
2014). Conflicts in fisheries are common and well documented (Hilborn 2007; Quist &
Blomqvist 2020). The declining pike stocks in the Baltic Sea are of particular concern
for the recreational anglers and guides, who perceived commercial fishing activities as
8
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one primary reason for the decline (Arlinghaus et al., 2021). Yet, Arlinghaus et al.
(2021) showed that today anglers remove more pike than cormorant and commercial
fishers together. Some fisher's unusually high catch rates led some of the conflicts to
escalate in the recent past. Since the stocks of the pike around Rügen lack any formal
stock assessment – like most fish stocks without commercial value – the actual status
of the stock remains unknown (for an exception, see van Gemert et al., 2021).

1.4. Research objectives
This thesis provides insight into the stock status and the biology of the pike living in a
brackish water environment around Rügen, which is the primary objective of this work.
Van Gemert et al. (2021) showed the application potential of catch-only models to time
series of harvests. In this thesis, the application of length-based methods to the same
stock will be presented to see if both approaches agree on a basic conclusion as to
the exploitation status of the stock.
Two indicators will be used to assess stock developments, commercial catch per unit
effort data across various Bodden areas and a formal length-based stock assessment.
A secondary objective of the thesis is to present basic biological information (e.g.,
growth, length at maturation, natural mortality) that affects the productivity of pike and
is an input to the length-based stock assessment, specifically growth. Following van
Gemert et al. (2021), it was hypothesized that the pike stock around Rügen is at the
edge of being overfished.

2. Methods
2.1. Data
2.1.1. Commercial catch
The federal office of agriculture, food safety, and fisheries (LALLF) of the German state
of Mecklenburg-Vorpommern (M-V) provided a time series of annual commercial pike
landings from 1976 – 2018. More information on yearly catch from 1969 – 1975 and
1955 – 1968 were extracted from Winkler (Winkler, 1991) and records generated from
9
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annual official fisheries reports from the Institut für Hochseefischerei und
Fischverarbeitung Rostock of the former German Democratic Republic (GDR). As an
index of effort, the number of boats per area was taken from the European Fleet
Register, this data was available from 1991 on. For the years from 1955 to 1991 a
constant commercial effort was assumed, because there was a lack of data for this
period. The area was separated into different districts based on the official fishing
districts by LALLF (Figure 1). The districts are called Peenestrom (2), Greifswalder
bodden (3), Strealsund and Kubitzer Bodden (4), western area and Großer Jasmunder
Bodden (5a/b), Kleiner Jasmunder Bodden (6), and Darss-Zingster Boddenkette
(8a/b).

Figure 2: Fishing districts around the island of Rügen. 2 = Peenestrom, 3 = Greifswalder Bodden, 4 = Strelasund/Kubitzer
Bodden, 5a/b = western area and Großer Jasmunder Bodden, 6 = Kleiner Jasmunder Bodden (KJB), 8a/b = Darss-Zingster
Boddenkette (DZB) (LALLF).

2.1.2. Environmental data
Time series of the five environmental parameters temperature (°C), salinity (PSU),
chlorophyll-a (mg/m3), turbidity (m visibility), and total phosphorus (µmol/l) were
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obtained from the federal office of environment, natural protection, and geology
(LUNG) of the German state M-V. The data were collected at 27 different monitoring
stations in the research area (Figure 2). 6 stations were available in the Darss-Zingster
Boddenkette (DZB), 8 in Greifswalder Bodden, 3 in Kleiner Jasmunder Bodden (KJB),
3 in Strelasund, 6 in the western area of Rügen, including Großer Jasmunder Bodden
(GJB), and 1 was available in Peenestrom. For DZB, Peenestrom, and Greifswalder
Bodden, the environmental data were available from 1970 to 2018. For Strelasund, the
data were available from 1978, for the western area from 1986, and KJB from 1994 to
2018.

Figure 3: Position of the different environmental monitoring stations in the research area.

2.1.3. Pike material
Information about 3,005 pikes was sampled between late spring 2019 and fall 2020.
The fish were caught with gillnets, fyke nets, and by angling in brackish water and with
electrofishing in the two freshwater streams Barthe and Peene. Information about sex
and length was collected on all the fish. Additional details on the weight and maturity
status were collected on 732 of the 3005 fish in pre-spawning season 2020. If the pike
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was mature or not was checked by stripping the fish. About 2900 pike were tagged
with FLOY tags and released. The gonads of 30 female pike were removed, and
weighted. Three egg samples were taken from the gonads, which were weighted, and
the number of eggs was counted.
Information on age was collected on 533 fish. 376 fish came out of brackish water,
and 157 fish came out of freshwater. It was tried to have ten fish per age class.
Scales were used to estimate the age of the fish. Scales are often reported to be not
the best choice for ageing (e.g., Blackwell et al., 2016). In a previous study, otoliths,
cleithrum, metapterygoid bones, and scales were compared, and scales were found
to provide a reasonable age estimate if the reader was experienced with reading pike
scales (see Droll 2020). The scales were sampled with forceps from above the lateral
line anterior to the dorsal fin. They were stored in coin envelopes to dry out and
prepared for ageing later. The air-dried scales were subsequently separated from
each other and soaked in the warm water-detergent solution for about two minutes.
Any remaining mucus or skin was removed by either rubbing the scales between
fingers or with tissue paper. If possible, regrown scales were sorted out. Afterward,
the dry but still flexible scales were placed between labeled glass slides. The
prepared scales were viewed with a stereomicroscope (Leica Wild MZ 8) using
transmitted light through a dark-field attachment. The three best readable scales
were selected, and measurements were taken from the center of the scale to the end
of every annulus and the outermost edge of the scale (Figure 3). The mean of the
measurement of the three scales was taken to back-calculate the length at last ringformation and length-at-age for former years.
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Figure 4: Scale of a pike. The orange line goes from the center of the scale to its outermost part. Orange arrows indicate single
annuli, which were used to estimate the age of the pike. The darker area, marked by a green arrow, was formed when the
juvenile pike switched from a planktivorous diet to a piscivorous diet and should not be confused with an annulus.

2.2. Analysis
2.2.1. Catch per unit effort and environmental data
To compare and describe the pike fisheries across the study area and in different
lagoons, the catch per unit effort (CPUE) was estimated for every site and used as a
rough proxy of relative stock abundance (Richards and Schnute, 1986).

𝑈=

𝐶
𝐸

where U is the catch per unit effort, C is the total commercial catch in tons per year,
and E is the effort in the form of commercial vessels in the area.
In order to reliably use CPUE as a measurement of stock abundance, understanding
how the environment affects the CPUE is important, as the environment may affect
stock abundance and thereby the CPUE trend. The five different environmental
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variables total phosphorus, turbidity, temperature, salinity, and chlorophyll-a were used
to assess their effect on commercial CPUE. Specifically, in pike, it is known that
phosphorus and turbidity play a significant role in the dynamics of populations (Grimm
and Backx, 1990; Haugen and Vøllestad, 2018). Chlorophyll-a rates are dependent on
the phosphorus levels and influence the turbidity of an area. It was reported that waters
with high chlorophyll-a levels lead to broader distribution in young pike (Haugen and
Vøllestad, 2018). Temperature affects the individual growth and activity, as well as pike
population dynamics and structure (Haugen and Vøllestad, 2018; Vindenes et al.,
2014) and thus have a severe effect on the catches of commercial fishers. Salinity was
also included in the analysis since it is one factor that is different from most pike
habitats, and there is a lot of disagreement among fishers and anglers if salinity
influences the catch of pike. To check for correlation between CPUE and the different
environmental variables under additional time lags, correlograms of Pearson's
correlation coefficient were made for every individual lagoon and the whole research
area.
To determine if the variable showed just correlation or a causal relationship between
the commercial CPUE and the environmental variables phosphorous, turbidity,
chlorophyll-a, salinity, and temperature methods from the empirical dynamic modeling
(EDM) framework (Sugihara et al., 2012) were used. EDM is a non-parametric
framework for modeling nonlinear dynamical systems. It is based on the mathematical
theory of reconstructing manifolds from time series data (Takens, 1981).
As a fundamental first step for EDM, the embedding dimension or dimensionality (E)
was estimated for the CPUE data for every individual Bodden and the pooled data of
the whole area with the simplex projection. The system’s dimensionality refers to the
number of interacting processes that generate the deterministic component of a timeevolving system. Thus, can the estimate of dimensionality be taken as an index of a
system’s complexity (Sugihara and May, 1990). To perform the simplex projection, the
time series usually gets divided in half. One half is used as a library dataset (X), and
the other half is used as a prediction dataset (Y). Because the time series dataset on
commercial CPUE was relatively short, leave-one-out cross-validation was used on
the dataset instead of dividing the dataset into two halves. The simplex projection is a
nonparametric analysis in state space. To find the optimal embedding dimension (E)
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for the data, the simplex projection was carried out using different values for E and
comparing the correlation coefficient (r) of both. The embedding dimension showing
the highest correlation (r) was used for further analysis.
Because nonlinearity is the main requirement for the evaluation under methods from
the EDM framework, one crucial concern for analyzing the time series data is the
differentiation between linear stochastic systems and nonlinear dynamical systems.
The nonlinearity of a system can be quantified by S-map analysis ("sequential locally
weighted global linear map") (Sugihara, 1994). The S-map analysis fits local linear
maps to describe the dynamics. If the forecast or prediction skill substantially improves
as 𝜃 increases, it indicates the presence of nonlinear dynamics.
To test for causality between the CPUE and the different environmental parameters,
convergent cross-mapping (CCM) was used. CCM is a cross-mapping algorithm that
tests for causation between a pair of variables in dynamical systems. The algorithm
predicts the current quantity of one variable using another variable. If the two variables
are causally linked, the cross-mapping between them is "convergent". The
convergence means that the cross-mapping skill (r) is improving with an increasing
library size.
Multiple linear regression was performed on the environmental variables that showed
a causal relationship with the commercial CPUE data for the individual areas and the
pooled data, to see whether the relationship between CPUE and environment is rather
positive or negative. A time lag was applied to the environmental data based on the
correlograms the lag showing the highest correlation was used.
The time lag showing the highest correlation was also applied to the environmental
data about phosphorus and turbidity for all areas and a locally weighted linear
regression (LOESS) (James et al., 2013) was fitted to the data to check if high
commercial CPUE data corresponded to a certain level of total phosphorus or turbidity.
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2.2.2. Production characteristics of Bodden pike
To assess the status of a stock, fundamental parameters have to be estimated first.
Length-based stock assessment models require information about the length-weight
relationship, information from the von Bertalanffy growth function, the length where 50
and 95 percent of the stock are mature, and information about the natural mortality.
Not only can these parameters be used to assess the status of a stock, but also to
compare the characteristics of one stock with the characteristics of another. For this
study, we compared the condition, growth, and natural mortality from pike living in
brackish water with the same parameters from pike coming from the connecting
freshwater streams around Rügen.
2.2.2.1. Condition and Length-Weight Relationship
To compare the condition of fish coming from freshwater and brackish water, the
length-weight relationship was estimated. The length-weight relationship of most fish
species can be described as a power function,
𝑊 = 𝛼𝐿!
where W is weight, L is length; a is a constant, and b is an exponent, usually between
2.5 and 4.0 (Pope and Kruse, 2007).

For an easier analysis with linear regression, the allometric data were logarithmically
transformed. Based on the ordinary least-squares regression model (yi = b0 + b1xi + e)
the power function from above becomes:

𝑙𝑜𝑔"# (𝑊) = 𝛼 + 𝛽(𝑙𝑜𝑔"# 𝐿)
where L is the independent variable (xi) and W is the dependent variable
(corresponding to the response (yi)), 𝛼 (b0) is the y-intercept (log10 scaling), and 𝛽 (b1)
is the slope of the line.
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The least-square regression coefficients estimated from the log-transformed data were
used to compare the relative condition of brackish and freshwater fish. To test for any
differences in the regression lines, an analysis of variance (ANOVA) was used. The
ANOVA can control for the effects of a differing size range.
2.2.2.2. Mass - Fecundity
The mean weight per egg was calculated using the weight and number of eggs taken
from the three gonad samples. The mean weight per egg was then used to estimate
the number of eggs per female by dividing the mean weight per egg through the weight
of the gonad. To determine if the relationship between body mass and the number of
eggs is isometric, hypoallometric, or hyperallometric, a linear model was fitted to
logarithmically transformed data of length and number of eggs:
𝑦 = 𝛽# + 𝛽" 𝑥 + 𝜀
where y is the dependent variable (number of eggs), x is the independent variable
(body mass), b0 the intercept, and e a random error component. If the coefficient of
regression equals 1, then isometry is indicated. If the coefficient is greater or smaller
than 1, it shows hyper- or hypoallometry, respectively (Shingleton et al., 2008).

2.2.2.3. Growth
To identify the length of the pike at the formation of the last annulus and also to backcalculate the length at former ages, especially for ages 1 and 2 which were
underrepresented in our sample, the Fraser-Lee model was used (Lee, 1920):

𝐿$ =

𝑆$
(𝐿 − 𝑐) + 𝑐
𝑆% %

where c is the length of the pike at scale formation, LC is the length at capture, SC is
the radius of the scale at the capture, and Si is the radius of the annulus.
The growth of the pike was modeled using a Bayesian approach with JAGS (Plummer,
2003) to the von Bertalanffy growth function (VBGF):
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𝐿& = 𝐿' (1 − 𝑒 )*(&)&! ) )
where Lt is the mean length-at-age t and K, L¥ and t0 are parameters to be estimated.
K is the (Brody) growth coefficient showing how quickly the function approaches L¥. L¥
is the asymptotic length, and t0 is the y-intercept representing the length at t = 0 used
for model fitting. The Bayesian model was used with 50,000 iterations and different
priors (Tab. 1 and 2) coming from FishBase (FishBase, 2021) and a meta-study by
Ryple (2012). The priors were used to calculate mean values and standard deviation
for each of the three parameters:
Table 1: Priors for female pike

Linf

K

t0

Locality

Reference

49.55

0.250

-0.010

Koviljski (Serbia)

Budakov (1993)

130.30

0.039

-0.772

Mogan Lake (Turkey)

Benzer (2016)

162.76

0.089

-0.291

Lake Trasimeno (Italy)

Lorenzoni et al. (2002)

114.64

0.085

-1.009

Italy

FishBase (2021)

160.28

0.069

-0.515

Italy

FishBase (2021)

106.00

0.300

-0.100

Windermere (England)

Frost and Kipling (1959)

99.50

0.220

-0.001

Coastal Eurasia

Rypel (2012)

89.67

0.250

0.036

Mainland Eurasia

Rypel (2012)

85.84

0.250

-0.100

North America

Rypel (2012)

81.60

0.279

-0.230

Lentic North America

Rypel (2012)

83.07

0.243

-0.340

Lotic North America

Rypel (2012)

103.86

0.167

-0.600

Lentic Eurasia

Rypel (2012)

97.19

0.216

-0.320

Lotic Eurasia

Rypel (2012)
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Table 2: Priors male pike

Linf

K

t0

Locality

Reference

71.7

0.17

-0.23

Kallavesi (Finland)

FishBase (2021)

71.9

0.18

-0.37

Kallavesi (Finland)

FishBase (2021)

75.0

0.238

-0.18

Windermere (England)

Frost and Kipling (1967)

100.4

0.083

-1.32

Venetia (Italy)

Persson et al. (2006)

73.1

0.409

-1.15

St. Marys (US)

O’Connor et al. (2017)

To compare the outcome of the VBGF for the different pike populations, the growth
performance index (Pauly and Munro, 1984) was calculated from the growth coefficient
K and the maximum mean length L¥:
𝜙 - = 𝑙𝑜𝑔"# 𝐾 + 2𝑙𝑜𝑔"# 𝐿'
It reflects the growth rate of a fish per unit of length. The higher the index is the better
is the growth of a stock.
2.2.2.4. Maturation
The length-based stock assessment requires information on the length where 50 and
95 percent of the pike stock is mature. To estimate these values, a logistic regression
model was fitted to maturity and length data:
𝑝
log @
B = 𝛼 + 𝛽" 𝑋
1−𝑝
where 1 – p is the probability of being immature and x is the total length. The logistic
regression is used in maturity analysis to model the log probability of being mature as
a function of length. To find the length at which 50 or 95 percent of the fish reached
maturity, the equation to fit the linear regression was solved for X.
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2.2.2.5. Natural Mortality
The natural mortality rate (M) is extremely difficult to estimate. Based on Then et al.
(2015), six different models were used to estimate the natural mortality (M) (Table 3).
All methods are commonly used in fisheries science. The method after Pauly required
information on the asymptotic length L¥, the growth coefficient k, and optionally the
mean temperature (T) of the system can be included. The models after Hoenig require
information about the maximum age (tmax). The highest age observed was 14 years
which is also the highest age listed for many studies on Fish Base (2021) and was
used as the maximum age in this study. The mortality models one-parameter k and
two-parameter K after Beverton and Holt (1959) and Ralston (1987) require just the
growth coefficient (k) from the von Bertalanffy growth function.
Table 3: The estimation approaches for predicting natural mortality (M).

Model name

Formula

Study

Pauly

log(𝑀) = 𝑎 + 𝑏 log(𝑘) + 𝑐 log(𝐿' ) + 𝑑 log (𝑇)

Pauly (1980)

Pauly w/o Temp.

log(𝑀) = 𝑎 + 𝑏 log(𝑘) + 𝑐 log (𝐿' )

Pauly (1980)

Hoenig

log(𝑀) = 𝑎 + 𝑏 log (𝑡./0 )

Hoenig (1984)

Hoenig NLS

1
𝑀 = 𝑎𝑡./0

Then et al. (2015)

One-parameter K

𝑀 = 𝑎𝑘

Beverton & Holt (1959)

Two-parameter K

𝑀 = 𝑎 + 𝑏𝑘

Ralston (1987)

Pauly: a = -0.066, b = 0.6543, c = -0.279, d = 0.4634; Hoenig: a = 1.717, b = -1.01; Hoenig NLS: a = 4.899, b = 0.916; One-parameter K: a = 1.692; Two-parameter K: a = 9.098, b = 1.55

2.2.3. Length-based stock assessment
2.2.3.1. Selectivity
Most stock assessment models were developed for fish stocks that are targeted by
trawling and purse-sein gear. Therefore, these models assumed logistic or knifeshaped selectivity for the fishing gear. Mark and recapture data were used to check
the selectivity by gear. As a first step, the mark and recapture data were divided into 5
cm length bins, and the number of recaptures was divided by the number of marked
pike to get the probability of recapture. To determine if the data showed an asymptotic
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s-shaped, or a dome shaped pattern, an "exponential logistic" model by Thompson
(1994) was fitted to the data:

𝑆(𝑥) = @

𝑐
1 − 𝛾 2 𝑒 32(!)0)
B@
B L
M
1−𝛾
𝛾
1 + 𝑒 3(!)0)

where a, b, g are all positive constants, and c is a catchability parameter which is the
exploitation rate multiplied by the reporting rate (U*r), where reporting rate is assumed
to be equal for all length bins.
2.2.3.2. Length-based spawning potential ratio
The LB-SPR package (Hordyck et al., 2015) and the LIME package (Rudd and
Thorson, 2018) were used for the length-based stock assessment. Both models can
be used to estimate the spawning potential ratio (SPR). The models require length
(frequency) data and life history information about length at 50 percent and 95 percent
maturity (L50, L95), length-weight relationship (a, b), natural mortality (M), asymptotic
length (L¥), and the coefficient of growth (K). The models were used with different
mortality estimates to check the influence of natural mortality on the SPR. The growthbased estimators by Pauly (1980) and maximum-age-based estimators by Hoenig
(1983, 2015) (see Table 3) were recommended by Then et al. (2015) and were used
for the length-based stock assessment of this study.
The SPR is the proportion of annual egg production under harvest compared with the
annual egg production of an unfished stock:

𝑆𝑃𝑅 =

𝑇𝑜𝑡𝑎𝑙 𝐸𝑔𝑔 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛4$5678
𝑇𝑜𝑡𝑎𝑙 𝐸𝑔𝑔 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛9:;$5678

The risk of occurring recruitment overfishing starts to increase significantly for SPR <
0.3, and overfishing can occur in populations with SPR ≤ 0.35 but also SPR < 0.5 may
lead to long-term changes in the community structure that might lead to apparent
depensatory declines in recruitment (Moreau and Matthias, 2018; Walters and Kitchell,
2001; Walters and Martell, 2005).
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Like many other assessment models, LBSPR is based on some (simplifying)
assumptions. The model assumes (1) that the fish stock is in equilibrium, that (2)
natural mortality (M) and growth rates are constant, (3) the length at each age are
normally distributed around a mean length-at-age value, (4) that selectivity and
maturity follow a logistic curve. LIME takes the same assumption except that it does
not assume the stock to be in equilibrium. However, part of the data used for the
assessment was collected with gear that typically shows a dome-shaped selectivity
curve (i.e., gillnets), and the data collected by angling has an unknown selectivity. For
other species like eel (Anguilla anguilla), yellow perch (Perca flavescens) s-shaped
selectivity curves were reported for fyke nets (Bevacqua et al., 2009; Kraft and
Johnson, 1992). Fyke nets have been reported to be a very effective sampling method
for pike, especially in springtime (Kuparinen and Lehtonen, 2018) and might also have
a s-shaped selectivity.
Sample sizes of the length data differed a lot among the different gear types. The
highest number of samples was 1038, and the lowest was 117. To check if sample
size affected both models, a normal distributed dataset with 1000 values, a mean of
81, and a standard deviation of 12 was generated, and a subset of 100 random
samples was taken. Both datasets were used to run the LB-SPR and LIME models.
2.2.4. Data and software availability
All analysis was performed in R (R Core Team, 2021). The rEDM package (Park et al.,
2021) was used to analyze the data using the empirical dynamic modeling framework
methods. To calculate the spawning potential ratio the LBSPR package (Hordyk, 2021)
and LIME package (Rudd 2021) were used.
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3.1. CPUE as an index of pike abundance and relationships to environmental
factors
3.1.1. General overview of pike CPUE and yield
The commercial catch per unit effort (CPUE) data, measured in metric tons per boat
for the whole area from 1955 to 2018, revealed a negative trend of the pike landings
for the commercial fisheries pooled across all brackish lagoons over the entire study
area of all lagoons located between Hiddensee, Rügen, and Usedom (Fig. 5). The
declining CPUE can be interpreted as a measure of relative abundance, suggesting
that the pike stock in the study area is declining over time. As the boat index is just a
rough index of abundance and no detailed effort data on pike are available for the
commercial fishery of Rügen, the direct proportionality of CPUE and stock size remains
unsure.

Figure 5: Pike catch per unit effort (CPUE, t per commercial fishing boat) from the 1950s to 2018. The data and a fitted linear
model as trendline (red) show an overall decline in the pike landings for the whole area (data from LALLF).
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Catch and boat data for individual lagoons were available from 1992 to 2018 after the
German reunification. The time series CPUE data showed an increasing trend for
CPUE at Darss-Zingster Bodden chain (DZB), Strelasund, and Peenestrom and a
decreasing trend for the lagoons west of Rügen, the Großer Jasmunder Bodden (GJB),
and Kleiner Jasmunder Bodden (KJB) as well as Greifswalder Bodden (GB) southeast of Rügen (Fig. 6). The same trends were also observed for total catch (t) and yield
(kg/ha) (Fig. 7 and 8).
Descriptive data on mean CPUE and total and areal yield (normalized by ha) by lagoon
areas are summarized in Table 1. The largest mean CPUE (in t of pike per fisher boat)
for the period 1992 to 2018 was found in the Strelasund with 1.54 tons per boat, while
the lowest CPUE was found in the Peenestrom area with 0.05 tons per boat and the
DZB with 0.07 and the GB with 0.09 t of pike per boat on average. This indicates a
much lower pike stock in the Peenestrom, DZB, and GB compared to the Strelasund
and the lagoons west of Rügen, including GJB over the study period and on average
(see also the y axis in Fig. 6). In terms of overall relevance as a generator of pike
landings for human consumption, the different lagoons also varied in importance, as
revealed by an analysis of the total annual landings of pike. With an annual average
yield of 31.4 tons of pike from 1992 to 2018, absolute average total landings per year
were highest in the lagoons west of Rügen (e.g., Kubitzer Bodden, Schaproder
Bodden, including GJB), while total pike yield in the generally small Strelasund was
only as half as large (15 t) (Tab. 4). Over the study period from 1992 to 2018, the
lagoons of the DZB showed the lowest average annual landings in the region (6.3 t on
average per year).
When relating commercial yield to the area (i.e., ha), one can generate an indication
of the general productivity of the different lagoons for pike. The areal yield of kg pike
per hectare was also the highest in the western lagoons with 1.3 kg/ha on average,
closely followed by the Strelasund (11.1 kg per ha). The lowest productivities for pike
were found in the more eutrophied DZB chain and the Peenestrom, with GB in between
(Tab. 4).
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Figure 6: CPUE (t/boat) of pike for the different lagoons. For the period from 1992 to 2018. Linear models were fitted to the
data as trendlines.

Figure 7: Catch (in t) of pike for the different lagoons. For the period from 1992 to 2018. Linear models were fitted to the
data as trendlines.
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Figure 8: Yield (in kg per ha) for pike for the different lagoons. For the period from 1992 to 2018. Linear models were fitted
to the data as trendlines.

Table 4: Mean annual CPUE, absolute yield, and areal yield with standard deviation (SD) for 1992 to 2018. The color scale goes
from dark blue over yellow to red, with red indicating high values and blue indicating low values.

Area

CPUE
(t/boat)

SD
(CPUE)

Catch
(t)

SD
(Catch)

Yield
(kg/ha)

SD
(Yield)

DZB

0.07

0.03

6.30

2.06

0.72

0.24

WestGJB

0.27

0.16

31.40

21.00

1.33

0.89

KJB

0.13

0.09

1.79

0.94

0.73

0.38

Strelasund

1.54

1.60

15.00

6.73

1.11

0.50

Greifswalder

0.09

0.04

23.80

16.10

0.31

0.31

Peenestrom

0.05

0.02

6.87

2.32

0.20

0.15

3.1.2. Development of the environment in the lagoons
A summary of the five different environmental variables water temperature, salinity,
chlorophyll-a, phosphorous, and turbidity for the six different lagoon areas between
1992 and 2018 are shown in Figure 9 as annual means. The average yearly
temperature was similar for all areas. The annual mean salinity for the whole area
ranged from 3.5 to 9.3 PSU. The highest salinity was found in the Strelasund and the
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western lagoons, including GJB; the lowest salinities occurred in the Peenestrom due
to the influence of the river Oder. For salinity KJB, DZB chain, and GB ranged in
between. At a mean of 140 µg/l and 110 µg/l, respectively, KJB and the DZB chain
showed the highest total phosphorus (TP) rates among the different research areas.
The annual mean TP concentration for the area ranged from 27 µg/l in Strelasund to
260 µg/l in the KJB. Corresponding with the high TP concentrations in both regions,
the chlorophyll-a rates were also the highest in the DZB chain and KJB, which are the
most eutrophicated lagoons. The mean annual chlorophyll-a rates ranged from 7.72
mg/m3 in the Strelasund to 121.30 mg/m3 in the Kleiner Jasmunder Bodden. Due to
the high phosphorous levels water clarity in the Kleiner Jasmunder Bodden and DarssZingster Boddenkette was rather small. The mean water clarity was 0.43 m in the
Kleiner Jasmunder Bodden and 0.57 m in DZB chain. Greifswalder Bodden showed
the highest water clarity with a mean value of 1.58 m.
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Figure 9: The graphs are showing the different environmental variables temperature (A), salinity (B), total phosphorous (C),
chlorophyll a (D), and water clarity (E) for the Darss-Zingster-Boddenkette (DZB), Greifswalder Bodden, Kleiner Jasmunder
Bodden (KJB), Peenestrom, Strelasund, and for the western Bodden including the Großer Jasmunder Bodden (WestGJB)
between 1992 and 2018.

More extended time series per lagoon from the 1970s to 2018 were available for most
of the five different environmental variables and are represented in Figures 10 to 14.
The mean annual temperature increased in all lagoons over time, indicating clear
evidence for warming. In the western lagoons and Strelasund, the trendline showed a
higher temperature increase than in the other lagoons. Salinity showed a slightly
decreasing trend for all the lagoons, except for Peenestrom, where the mean salinity
increased over time. The reduced trend for salinity was relatively small (under 1 PSU)
in most areas. Total phosphorus concentration was decreasing in all areas. The most
significant decrease was found in Kleiner Jasmunder Bodden and Peenestrom, which
had high initial phosphorus concentrations. Chlorophyll-a concentrations showed small
decreasing trends for most areas, except Darss-Zingster Boddenkette, where the
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chlorophyll-a concentration showed a slightly decreasing trend. Water clarity
decreased marginally for most locations except Peenestrom, where water clarity
increased somewhat.
Strelasund and the western area had the highest yield of kilogram pike per hectare.
Both sites were very similar concerning their environmental parameters. Compared
with other places, they had relatively high salinities (8 - 9 PSU), low total phosphorus,
and chlorophyll-a concentrations, corresponding to that high water clarity.

Figure 10: Mean temperature per year for Darss-Zingster Boddenkette (DZB), Greifswalder Bodden, Kleiner Jasmunder Bodden
(KJB), Peenestrom, Strealsund, and the western area including Großer Jasmunder Bodden (WestGJB). A linear model was fitted
to the data as a trendline (grey).
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Figure 11: Mean salinity per year for Darss-Zingster Boddenkette (DZB), Greifswalder Bodden, Kleiner Jasmunder Bodden (KJB),
Peenestrom, Strealsund, and the western area including Großer Jasmunder Bodden (WestGJB). A linear model was fitted to
the data as a trendline (grey).

Figure 12: Mean total phosphorus per year for Darss-Zingster Boddenkette (DZB), Greifswalder Bodden, Kleiner Jasmunder
Bodden (KJB), Peenestrom, Strealsund, and the western area including Großer Jasmunder Bodden (WestGJB). A linear model
was fitted to the data as a trendline (grey).
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Figure 13: Mean chlorophyll a per year for Darss-Zingster Boddenkette (DZB), Greifswalder Bodden, Kleiner Jasmunder Bodden
(KJB), Peenestrom, Strealsund, and the western area including Großer Jasmunder Bodden (WestGJB). A linear model was fitted
to the data as a trendline (grey).

Figure 14: Mean water clarity per year for Darss-Zingster Boddenkette (DZB), Greifswalder Bodden, Kleiner Jasmunder Bodden
(KJB), Peenestrom, Strealsund, and the western area including Großer Jasmunder Bodden (WestGJB). A linear model was fitted
to the data as a trendline (grey).
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3.1.3. Connecting pike CPUE and environmental variables
For most areas, environmental data were available from the 1970s until 2018, while
data on landings and the rough index of commercial effort (boats) reached back to the
1950s for the whole area. Data on CPUE for separate lagoons were available from
1992 to 2018.
Correlograms of the different environmental parameters variables that are supposed
to directly or indirectly affect pike recruitment, survival, or growth (e.g., temperature,
salinity, TP or Secchi-depth as indicators for eutrophication and visibility) with pike
CPUE as an index of abundance indicated that each environmental variable had a
characteristic correlative pattern that varied with the time lag (immediate up to 10 years
lagged) that was using the correlations (Fig. 15). Lagging was used to indicate delayed
effects on the catchable stock, for example, through environmental influences on
recruitment, which would only become noticeable in the catch once the pike has been
recruited to the fishery. To examine the full range of possibilities, time lags up to ten
years were tested. The degree of correlation was considered high when the coefficient
of correlation was between ± 0.5 and ± 1, moderate when the coefficient was between
± 0.30 and ± 0.49, and low when the coefficient was under ± 0.29.
Turbidity and phosphorus showed a moderate positive correlation with CPUE and a
similar pattern under different time lags for the pooled data. Salinity showed a low
negative correlation with CPUE regardless of the time lag, and temperature showed a
moderate negative correlation with a time lag of four years. Chlorophyll-a was not
available for the whole time series and was therefore excluded from the pooled data.
Phosphorous had a positive correlation with CPUE in areas with low or medium
phosphorous levels (e.g., the western areas or Peenestrom) and a negative correlation
at locations where high phosphorous levels occurred (DZB). KJB had high
phosphorous levels and showed a positive correlation, slowly decreasing with higher
lags. Chlorophyll a showed a similar pattern to phosphorous, with less correlation.
Turbidity had a high positive correlation without any lag in the KJB and Peenestrom
but a relatively low correlation in the remaining areas regardless of the lag.
Temperature mostly had a low degree of correlation with CPUE among the regions
except for Strelasund, where the temperature was positively correlated with CPUE and
a lag from 1 to 4 years. Salinity had a moderate positive correlation in most areas.
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Strealsund and the western area were lagoons with relatively high salinities compared
to the other areas. In the western area, salinity had a moderate correlation with CPUE
without any time lag. Also, in the Strelasund area, salinity had a moderate positive
correlation with CPUE after a time lag of 3 years. A high degree of correlation between
CPUE and salinity – the highest among all lagoons - was found in the Peenestrom
area with a time lag of three years.
Total phosphorus and water clarity were the environmental variables that produced the
highest degree of correlation (positive or negative) in all areas. Other variables had a
low or moderate degree of correlation. This was best visible also in the pooled data
where TP and water clarity had a positive and moderate correlation with pike CPUE,
and temperature a slightly less strong, but negative correlation across all time lags,
with salinity having a positive but weaker correlation. Variation among individual
lagoons was strong. Some lagoons showed a high degree of correlation with certain
variables but only a low degree of correlation in other lagoons. For instance, the
temperature had a high positive degree of correlation for Strelasund after a lag of four
years but had relatively low degrees of correlation for all other areas.
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Figure 15: The different graphs show the correlation of CPUE of pike (commercial fisheries) with total phosphorous,
temperature, salinity, chlorophyll-a, and turbidity and how the correlation changes with an additional time lag in different
lagoon fisheries and for the pooled data.
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Further steps on the empirical dynamic modeling were needed to understand better
the supposed cause-and-effect structure among the environmental factors and the pike
stock. The EDM framework is established on a multidimensional representation of
system dynamics, which is also called embedding. As a first step, it is needed to
determine the embedding dimension. The embedding dimension is the number of
independent variables needed to reconstruct the attractor, i.e., determine the system's
dimensionality. To determine the embedding dimension, the Simplex projection was
used. The Simplex projection (Fig. 16) for the optimal embedding dimension (E) for the
empirical dynamic modeling showed that the pooled CPUE data and the CPUE data
from the DZB had an embedding dimension of 1. By contrast, CPUE data from
Greifswalder Bodden, Strelasund, and KJB had an embedding dimension of three. In
contrast, CPUE data from the western area of Rügen and GJB had an embedding
dimension of 9. Commercial CPUE data from Peenestrom just had six data points and
was therefore excluded from the analysis.

Figure 16: Simplex projection results show the optimal embedding structure for every area and the pooled data. The line's
peak indicates the optimal embedding dimension, a multidimensional representation of a system's dynamics.
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The results for the S-map analysis for the possible presence of nonlinearity for the
CPUE of pike (Fig. 17) showed that the forecasting skill (⍴) was decreasing with higher
nonlinearity (q) for the western area and Greifswalder Bodden. Thus, both sites are
best described with linear methods because it is not possible to reconstruct a
reasonable mechanistic model of a linear system. CPUE data from the Darss-ZingsterBoddenkette, Greifswalder Bodden, Strelasund, Kleiner Jasmunder Bodden, and the
pooled CPUE data showed some increase of the forecasting skill (r) with increasing
nonlinearity (q) and are therefore suitable to be used in the convergent cross-mapping.

Figure 17: S-map results to distinguish nonlinear dynamical systems from linear stochastic systems. The parameter theta
indicates the degree of linearity and provides an index of sate dependance. The plots show that the Greifswalder Bodden and
the western area, including the Großer Jasmunder Bodden (GJB), are best described by linear methods, while the DZB, the
Kleiner Jasmunder Bodden (KJB), and the pooled data are best explained by nonlinear methods and are therefore suitable to
be used in convergent cross-mapping.

The convergent cross-mapping (CCM) applied to DZB, Strelasund, KJB, and the
pooled data showed the level of an assumed causal relationship between the
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environmental variables and the pike CPUE (Fig. 17). To indicate a causal relationship
between the CPUE and the environmental variables, in convergent cross-mapping, the
prediction skill (r) needs to increase with a larger library size. Libraries are the
collection of data points used for cross-mapping. If the relationship between variables
is truly causal, the predictive skill will converge with the library size. In the DZB, CCM
revealed likely causation between total phosphorus and the commercial CPUE. This
showed that they interacted in the same dynamic system and increasing TP levels
reduced pike CPUE in the DZB, as shown before. For KJB and the pooled data,
turbidity had the most considerable causal effect on CPUE, but also phosphorous
played a role. For Strelasund, CCM only found causation between temperature and
CPUE. No causality was found between salinity and CPUE. The CCM helped
investigate if parameters and CPUE that had a high correlation also had a causal
relationship. Chlorophyll-a, for instance, had a relatively high negative correlation after
a time lag of one year in the Darss-Zingster Boddenkette. Yet, CCM revealed no causal
relationship between CPUE and chlorophyll-a in DZB, KJB, and Strelasund. The other
way around is can the correlograms be used to determine if the parameter that had a
causal effect on CPUE was negatively or positively correlated. Total phosphorus had
a causal impact on CPUE on most sites. The correlograms showed that in areas with
a high level of total phosphorus, CPUE was negatively correlated and positively
correlated in areas with medium to low total phosphorus levels.
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Figure 18: Application of convergent cross-mapping to test for causality of interactions between pike as reflected in CPUE and
the environmental variables chlorophyll-a, phosphorus, salinity, temperature, and turbidity. The time series for chlorophyll-a
did not reach far enough back to include it in the analysis of the pooled data.

Results of the multiple linear regression are represented in Table 5. For DZB, the
correlation between commercial CPUE of pike and TP was highly significant and
indicated that for 1 µmol/l (31 µg/l) phosphorus, the CPUE decreases 18 kg per boat
on average per year. KJB showed a high significance for turbidity, indicating that an
increasing Secchi depth by 1 m results in an increased CPUE by about 52 kg pike per
boat. The linear regression for the data from Strelasund was not significant for
temperature. TP was significant for the pooled data; it showed that by increasing the
phosphorus level 1 µmol/l, the commercial CPUE increased 1.7 kg per boat on average
per year.
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Table 5: Results of regression for DZB, KJB, Strelasund/Kubitzer, and the pooled data with total phosphorus, turbidity, and
temperature. Different lags were used for the regression based on the highest correlation in Figure 9.

Mean total phosphorus

DZB

KJB

-0.018 ***

0.013

0.017 *

(0.004)

(0.009)

(0.007)

0.521 ***

0.024

(0.094)

(0.016)

Mean turbidity

Mean temperature

Strelasund

Pooled data

-0.589
(0.721)

N

26

25

26

40

R2

0.406

0.667

0.027

0.357

logLik

66.781

38.697

-48.628

80.003

-127.561

-69.394

103.256

-152.007

AIC
*** p < 0.001; ** p < 0.01; * p < 0.05.

A locally weighted linear regression (LOESS) was fitted to turbidity and TP data in
relation to the commercial CPUE, respectively, for all areas combined (Fig. 19). The
turbidity data showed a peak at about 1.2 m of water clarity. The LOESS fitted to the
showed a declining curve which found its minimum at about 90 µg/l TP. According to
Haugen and Vøllestad (2018), the highest relationship between TP and CPUE is
between 15 and 20 µg/l TP in shallow lakes.
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Figure 19: Phosphorus and turbidity and its relationship to the commercial CPUE (t/boat), per area. Based on the correlograms
(Fig.9), the highest correlation lag was applied to the data. A locally weighted linear regression (LOESS) was fitted to the data.

3.2. Biological Basis of Population-Productivity in Bodden pike
3.2.1 Length-Weight Relationship
Length-mass data from pre-spawning samples of the pike in the lagoons and tributaries
were used to derive length-weight relationships using log-transformed input data.
Pooled across sexes, pike sampled in brackish water (n = 675) revealed a b-exponent
of the length-mass relationship of 3.11, and the beta coefficient for pike originating
from freshwater (n = 57) was 3.18. Both values indicated positive allometry for pike. avalues were 0.0036 for freshwater and 0.0045 for brackish water (Fig. 20 A, B). The
linear model for the logarithmically transformed data had an R2 value of 0.9396 for the
fish originating from brackish water and 0.975 for the fish coming out of freshwater.
The p-values for both fresh- and brackish water were highly significant (p < 0.001).
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Figure 20: Relationship between length and weight for pike originating from freshwater (FW) and brackish water (BW). The
first two graphs A and B, show the original data (A), regression lines, and the logarithmically transformed data (B) with a base
of 10. Information on the former length-weight relationship was available through Hegemann (1955). The data shows mean
values per length and the minimum and maximum weight found for the length (C) for 689 pike. The data were logarithmically
transformed, and a linear model was fitted to the transformed data (D). The historical data was compared to the recently
sampled pike coming from brackish water lagoons (BW) and freshwater tributaries (FW) of the study area (E).

The analysis of variance (ANOVA) showed that there was no statistically significant
difference (F(0.823), p = 0.36) between freshwater and brackish water pike. Thus,
there is not enough evidence to conclude that there is a difference in slopes in the
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weight-length relationship between pike from brackish habitats and freshwater, and
hence their condition is similar.
Information on the length-weight relationship in the past was available through a study
by Hegemann (1955). The study contained the mean weight and minimum and
maximum weight per size (Fig. 20 C, D). A linear model was fitted to the logarithmically
transformed data. The R2 was 0.99, and the p-value indicated that the model fitted to
the data was highly significant (p < 0.001). The a-value was 0.004, and the b-exponent
was 3.11. Compared to the recent data, the pike from 1955 seemed to have less weight
per length. The pike used in the study by Hegemann (1955) were collected from April
to October, in the post-spawning season, while the pike for this study were collected
pre-spawning and during spawning season, making the results hard to compare. The
ANOVA showed no difference between the historical data and the data that came from
pike from the freshwater tributaries (F(1.018), p = 0.315). Also, no difference was found
between the historical length-weight data and the length-weight data from the pike out
of the brackish lagoons (F(0.285), p = 0.594).

3.2.2. Weight-Fecundity Relationship
The relationship between weight mass (g) and the number of eggs can be found in
Figure 21. The regression coefficient was 1.12, indicating hyperallometry for pike in
our research area, and the intercept of the logarithmically transformed data was 1.01.
The linear model fitted to the data was significant (p > 0.05), and the R2 was 0.75.
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Figure 21: The graph shows the relationship between pike mass (g) and the number of eggs. The data were logarithmically
transformed, and a linear model was fitted to the transformed data.

3.2.3. Growth
The posterior distributions of the three parameters of the von Bertalanffy growth model
depending on the habitat of capture are shown in Figure 22. Trace plots and posterior
distributions of the parameters can be found in the appendix. The mean results of the
brody growth coefficient (k), the asymptotic length (L∞), t0, and, s which represents the
standard deviation (i.e., individual error) around the von Bertalanffy growth model for
female and male fish caught in brackish water and freshwater are presented in Table
6. Comparing the fish from different habitats showed that pike caught in brackish water
reached higher average terminal lengths and had higher average growth rates
(approximate from k) than fish from freshwater tributaries draining into the lagoons.
Female fish that lived in brackish water showed with 3.37 the highest growth
performance index (f'), followed by female pike coming from freshwater streams
(3.15). Male pike's highest growth performance index was found with males from
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brackish water (3.15), while males from freshwater had the lowest growth performance
index (2.87).

Figure 22: Fitted von Bertalanffy growth model for female and male pike originating from brackish water (BW) and freshwater
(FW), respectively.
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Table 6: Mean von Bertalanffy growth parameter estimates with 95 % credible intervals (in parentheses), and the growth
performance index (f') for female and male pike coming from brackish and connected freshwater streams.

Brackish lagoons
Parameter
k

L¥

t0

s
f'

Freshwater tributaries

Female

Male

Female

Male

0.17

0.15

0.17

0.14

(0.13 – 0.20)

(0.13 – 0.18)

(0.11 – 0.23)

(0.10 – 0.19)

118.33

97.37

103.05

71.55

(108.14 – 129.05)

(86.49 – 108.83)

(85.29 – 123.33)

(59.20 – 85.11)

-0.509

-0.669

-0.520

-0.626

(-0.83 – -019)

(-0.96 – -0.39)

(-0.99 – -0.06)

(-1.04 – -0.23)

10.790

4.046

11.529

3.537

(9.88 – 11.74)

(3.51 – 4.60)

(9.91 – 13.27)

(2.92 – 4.19)

3.366

3.153

3.246

2.868

Mean length-at-age data were available from older studies for the ages from 1 to 6
(Fig. 23). The oldest study was from 1958, and the most recent one was from 2004.
Compared with older studies, the mean length-at-age of this study was right between
the older studies for the first four years and then declined, and finally was the lowest
one at the age of 6.
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Figure 23: Comparison of mean length at age for this study with historical data coming from Hegemann (1958), from Falk
(1965/67), from Junker (1986) for Greifswalder Bodden (GB) and Peenestrom (PS), and Dorow (2004). The standard
deviation was included for the data of this study.

Information about pike growth in a global context was available through a meta-study
by Rypel (2012). The study compared the growth of female pike that came from lentic
and lotic habitats in Europe and North America (Fig. 24, Tab. 7). The pike from this
study that came out of freshwater tributaries showed a similar growth pattern as the
European pike from lentic and lotic habitats and similar growth performance indices.
Female pike that came out of the brackish lagoons also showed a higher average
terminal length (L¥) and a higher growth performance index than pike from Europe and
North America. The pike from North America showed, in general, smaller growth
patterns than the other pike.
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Figure 24: Comparison of female pike from brackish lagoons (BW) and freshwater tributaries (FW) of the study site with female
pike from Rypel's (2012) meta-study from lentic and lotic systems in Europe and North America (dashed lines).

Table 7: Parameters of the von Bertalanffy growth function (L¥, k, and t0) and the growth performance index (f') from Rypel's
(2012) meta-study for Euorpean and North American (NA) habitats.

Parameter

Lentic Europe

Lotic Europe

Lentic NA

Lotic NA

k

0.167

0.216

0.279

0.243

L¥

103.85

97.19

81.60

83.07

t0

-0.6

-0.32

-0.23

-0.34

f'

3.26

3.31

3.27

3.22

3.2.3 Length at Maturation
Estimates of the lengths at which 50 percent and 95 percent of the pike population is
mature were 37.6 cm (L50) and 38.8 cm (L95) for female pike. L50 was estimated
using logistic regression at 19.6 cm for male pike and L95 at 24.5 cm (Figure 25, Tab.
8).
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Figure 25: Results of the logistic regression fitted to length and maturity data of female (A) and male (B) pike. The points
where 50 and 95 percent of the population are mature are indicated by dashed lines.

Table 8: Length at 50 and 95 % maturity for male and female pike with bootstrapped 95 % confidence intervals in
parentheses It was not possible to calculate a CI for the logistic regression for males.

Sex
Female
Male

L50 (cm)

L95 (cm)

37.56

38.82

(33.63 – 39.51)

(35.49 – 40.96)

15.11

22.25

3.2.4 Natural mortality
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The results of comparing the estimated instantaneous natural mortality rate of brackish
water and freshwater habitats with published empirical mortality models based on the
von Bertalanffy growth function parameters and the mean water temperature of the
lagoons and streams are shown in Table 9. Only models that take environmental
and/or growth parameters were used to estimate natural mortality in order to compare
the natural mortality for the different environments. Due to similar growth coefficients
(K) among the different groups, the estimated natural mortality rates did not show a
considerable variation between pike coming from freshwater tributaries and brackish
water of the lagoons. The natural mortality rate was, on average, around 0.25 per year.
Table 9: Instantaneous natural mortality rates (per year) estimated with different models for female and male pike
originating from brackish and freshwater.

Brackish water
Model name

Freshwater tributaries

Female

Male

Female

Male

Pauly

0.248

0.245

0.247

0.249

Pauly w/o Temp.

0.230

0.228

0.240

0.244

One-parameter k

0.281

0.254

0.281

0.244

Two-parameter k

0.355

0.331

0.355

0.321

Mean

0.248

0.245

0.247

0.249

3.4. Length-based stock assessment of the Bodden pike stock
Finally, the biologically input data were used in length-based stock assessments.

3.4.1. Selectivity
To estimate selectivity, marc-recapture data of the Bodden pike were used. 264 of
2912 marked pike were recaptured by angling, 50 with gillnets, and 30 with fyke nets,
within about 17 months (Fig. 26). From comparing the length of recaptured fish with
the length of the marked fish, indications for gear selectivity were derived, as this
information is critical for interpreting length-based stock assessments.
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Figure 26: Histograms of marked (A) and recaptured (B) pike, separated by gear.

The exponential logistic model fitted to the mark and recapture data showed that for
gillnets the selectivity curve had rather a dome-shaped form whereas for angling gear,
selectivity was best represented by an asymptotic s-shaped curve. The number of
reported recaptures was too small to estimate selectivity for fyke nets (Figure 27).
Based on this finding, the decision was taken to exclude the fish caught by gillnets and
just use length information from fish caught by angling and fyke nets.
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Figure 27: Selectivity estimates for angling gear (A), gillnets (B), and fyke nets (C). Angling gear shows an s-shaped
selectivity, while gillnets show a dome-shaped selectivity. For fyke nets, the number of reported recaptures was too low to fit
a model. Of 2912 marked individuals, 184 were recaptured by angling, 50 with gillnets and 30 with fyke nets.

3.4.2. Length-based stock assessment outcome
Length frequencies for the different fishing gears are represented in Figure 28.
Spawning potential ratio (SPR) as a concept only makes sense for female fish.
Therefore, only length data of female pike were included in the analysis. 1038 pike
were caught by angling; the mean length for angling was 81.5 cm (sd = 14.73 cm). 289
pike were caught with fyke nets. The mean size for them was 79.4 cm (sd = 11.22 cm).
117 pike were caught with gillnets. The mean length among them was 70.0 cm (sd =
10.61 cm).
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Figure 28: Length composition data for angling gear and fyke nets. The histograms show the density.

The natural mortality estimated with the most common methods for the input of the
length-based stock assessment can be found in Table 10. The methods after Hoenig,
taking into account only the maximum age (tmax), had higher values than the mortality
models after Pauly, which use the growth parameters L∞, K, and the mean
temperature. With a natural mortality rate of 0.248, Pauly's model produced the lowest
value, including the mean environmental temperature. The natural mortality rate
estimated with Hoenig NLS was about 60 percent higher than the mean of the
remaining natural mortality rates. The mortality rate estimated with Hoenig NLS
seemed unreasonably high was therefore excluded in any further analysis. The other
biological life-history traits necessary to apply the LIME and LBSPR stock assessment
models were taken from part 3.2.1., Table 6, and Table 7; they can be found
summarized in Table 11.
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Table 10: Results of the different natural mortality models with the resulting M/k value.

Model name

M

M/k

Pauly

0.25

1.494

Pauly w/o Temp.

0.23

1.384

Hoenig

0.30

1.805

Hoenig NLS

0.44

2.631

Mean

0.30

1.828

Table 11: Parameters that were used to run the length-based stock assessment models.

Parameter
Length-Weight relationship a

0.0045

Length-Weight relationship b

3.107

L¥

118.33

k

0.166

L50

37.56

L95

38.82

Four different M/k estimates (without Hoenig NLS) were used together with lengthfrequency data collected by angling and fyke nets, as well as pooled data from fyke
nets and angling. High natural mortality rates resulted in high SPR rates, and low
natural mortality rates resulted in lower SPR estimates for both models (Figure 29).
For fyke nets and the pooled data, both models estimated ratios that were close
together; LIME usually estimated the SPR slightly lower than the LBSPR, except for
the length data collected by angling, where LIME estimated SPRs that were about 25
percent lower than the estimated SPR from the LBSPR model. Pooled length data from
angling and fyke nets resulted in higher SPRs than SPRs calculated individually for
angling and fyke nets.
SPR estimated for length data collected with different gear, and the pooled data
showed that the stock is not overfished, but in a state where the demographic of a
population changes due to fishing and might lead to compensatory declines in
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recruitment. As an exception, LIME estimated very low SPR for the angling data, which
would indicate an overfished population where recruitment fishing already occurred.

Figure 29: Results of the length-based analysis. The graph shows the spawning potential ratio (SPR) calculated with the
LBSPR and LIME model with different estimated mortality rates estimated with three models and the mean of the four
models. The SPR was estimated for pike that was caught by angling (A), with fyke nets (F) or pooled data (P). The dashed
line at the 0.5 SPR indicates a level where long-term changes in the community structure might appear. The dashed line at
an SPR of 0.35 indicates a level where the population is overfished.

The SPR for the simulated data with sample size n = 100 and n = 1000 (similar to the
highest and lowest number of data points in our data) (Figure 30) showed that the
LBSPR model estimated the same rate for both sample sizes (0.62) but had a larger
confidence interval for the smaller sample size. As before, LIME estimated spawning
potential rates lower than LBSPR. LIME estimated a lower rate (0.54) for the smaller
sample size than for the bigger sample size (0.57). Like in LBSPR, a smaller sample
size led to a greater confidence interval, but LIME generally produced smaller
confidence intervals than the LBSPR model.
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Figure 30: Comparison of the SPR calculated by the LBSPR and LIME model for a sample size of n = 100 and n = 1000.

4. Discussion
This thesis aimed to provide an insight into the stock status and the biology of the
northern pike. For this, three components were used: the commercial CPUE and length
information of catches were used to assess the status of the stock, while the biological
components necessary to run the length-based analysis were used to get an overview
of pike in brackish water and possible differences to pike living in freshwater.
It was shown that the CPUE for the whole area declined from 1955 to 2018. The
commercial CPUE data on pike from 1992 to 2018 was available for individual lagoons
and showed that the CPUE was not falling for the whole area. The commercial CPUE
did decline in this period in the western region, KJB, and Greifswalder Bodden. Over
the same period, commercial CPUE increased in DZB, Strelasund (with Kubitzer
Bodden included), and Peenestrom. The same trend was also seen in total catch and
yield per ha.
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The length-based stock assessment revealed that the pike stock in the brackish
lagoons around the research area is in a state where growth overfishing can occur, but
the stock is not overfished yet. When a stock is fished at the point where growth
overfishing occurs then fish are harvested at an average size that is smaller than the
size that would produce the maximum yield per recruit and might lead therefore to
changes in recruitment (Shakouri et al., 2010; Walters and Martell, 2005). The
biological parameters necessary to run the length-based stock assessment gained
insight into the biology of the pike that inhabited the transitional waters around Rügen
and showed if there were differences between the pike that inhabit the brackish water
lagoons and the pike from the surrounding tributaries. Most of the biological values did
not differ much between brackish water and freshwater, except growth. Pike originating
from brackish water showed higher growth rates and a larger asymptotic length than
pike from freshwater.

4.1. CPUE as an index of pike abundance and relationships to environmental
factors
4.1.1. Catch per Unit Effort (CPUE)
The commercial CPUE data used in this study were the total catch in metric tonnes
divided by the number of boats. This kind of CPUE data is called raw or nominal CPUE
(Maunder et al., 2006; Maunder and Punt, 2004). In most cases, raw CPUE is not
proportional to abundance over the whole area or exploitation history. If CPUE is not
proportional to abundance, it is either in a state of hyperstability or hyperdepletion
(Hilborn and Walters, 1992). Hyperstability means that the CPUE is higher than the
actual abundance of a stock. It appears when the search for fish is highly effective and
catches are not decreasing, even if the population is declining. Harley et al. (2001)
showed that hyperstability is very common and occurs with most commercial fisheries.
However, the pike fishery in the lagoons around Rügen is mainly based on passive
gear like fyke nets or gillnets placed in designated areas not involving active search.
Gillnets are the dominant gear among commercial fishers (Meyer and Krumme, 2021)
which pike might be able to see and avoid (Pierce et al., 1994). Thus, the CPUE of the
commercial catch of pike might be hyperdepleted, and the abundance of pike is
possibly higher than the CPUE might suggest. With improving fishing gear (e.g.,
stronger, or more translucent nets) the relationship between abundance and CPUE
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might have changed over time and more recent catches are hard to compare with
historical catches. Therefore, remains the real relationship between CPUE and
abundance unclear.
The commercial fisheries around the island of Rügen show the characteristics of smallscale fisheries with targeting a mix of species and using different gears and boats,
which makes it difficult to assess the status of a single stock from CPUE alone.
Contrary to single-species fisheries, where CPUE generally shows linear and
proportional declines with increasing effort, multi-species fishery behaves non-linearly
(Castello et al., 2011). Before the German reunification, commercial fishers were
helped by the East German (GDR) government with the guaranteed price-per-unitweight (Döring et al., 2020), therefore it was desirable to catch pike. Nowadays, due
to limited marketability, pike is more considered a by-catch. Thus, commercial fishers
usually target more valuable species than pike, representing another possible bias for
the CPUE data (Okamura et al., 2018).
Another factor affecting the reliability of (commercial) CPUE data is illegal, unreported,
and unregulated catches (IUU). Information on IUU catches for the German part of the
Baltic Sea is available through Zeller et al. (2011), showing that the reconstructed catch
was 28 percent higher than the reported catch from 2000 to 2007. It is unknown if this
also applies to Rügen's inner coastal lagoons and pike catches, which do not have a
binding quota. Still, it should be of concern that IUU catches exists and that commercial
catches could be higher than reported. Length-based stock assessment models can
offer a solution because they can work with the length information of just a fraction of
the catch.
4.1.2. Connecting pike CPUE and environmental variables
Five different environmental variables were checked for their effect on the commercial
CPUE. The variables were turbidity, total phosphorus, salinity, temperature, and
chlorophyll-a. The six different lagoons showed different characteristics for these
environmental variables. Thus, the correlograms made for the individual lagoons and
the pooled data showed different patterns for the five different environmental variables
among the six different areas.
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The findings of the convergent cross mapping showed that the environmental
variability had a detectable effect on the pike population dynamics in the brackish
lagoons around Rügen. A causal relationship between phosphorus and CPUE was
found in DZB, KJB, and the pooled data. KJB and the pooled data also showed a
causal relationship between commercial CPUE and turbidity. The Strelasund CCM
detected a causal relationship between temperature and commercial CPUE.
Total phosphorus (TP) strongly influences the carrying capacity of aquatic systems and
is therefore considered a key constraining factor for the system's productivity
(Schindler 1974). But in their study, including 29 pike populations in Wisconsin and
Minnesota, Pierce et al., (2003) found only weak support for the lake productivity
affecting the individual growth and population structure. A factor dependent on
eutrophication is the underwater vegetation, which has proven to play an essential role
in pike ecology. It was reported that the pike biomass is maximized at TP levels
between 15 and 20 µg/l where macrophyte coverage is still well expressed, as water
becomes more turbid with increasing TP levels, and at higher TP levels the pike stocks
are have been found to decrease (Haugen and Vøllestad 2018). For the lagoons, mean
TP levels per year for the period from 1992 to 2018 ranged from 27 to 260 µg/l, while
90 percent of the data was found between 42 and 166 µg/l, and TP levels were
therefore outside of the optimal area for maximum biomass, even in the lagoons in the
western part of Rügen. This part can also be considered to be eutrophic but offers
abundant pike populations. However, higher CPUE rates were found with lower TP
rates across the study area. In the polytrophic DZB, declining pike stocks have been
linked to high levels of eutrophication in the 1970s and 1980s, which led to visibilities
of only a few cm and collabses of underwater vegetation. This increased eutrophication
favored pikeperch (Sander lucioperca) over pike as a dominant predator (Winkler and
Debus, 2006). The shift from pike and perch to pike perch, better suited to forage in
turbid water and do not rely on macrophytes, is supported when a waterbody changes
from mesotrophic to eutrophic by limnological literature (Lewin et al., 2014; Persson et
al., 1991). Besides the effect on the macrophytes, a high primary production firstly
increases the production at the base of the food web. Therefore, eutrophication initially
brings more nutrients and elevates the availability of prey. Due to changed agricultural
practice, especially with the reunification of Germany, TP levels are consistently
decreasing in the area (Eriksson et al., 2013; Isermann, 1990), which was also seen
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in this thesis. Through lowering TP levels, highly eutrophicated areas could become
more suitable for pike in the future, and pike catches did increase over the last 20 years
in DZB and Peenestrom in connection with decreasing TP levels.
Even if the primary production of coastal ecosystems is also dependent on TP, nitrogen
(N) and its limitation play a more critical role in the primary production of marine
environments(Paerl, 1985). In estuarine environments, however, TP and N both control
the primary production of the system (Paerl et al., 2004). Therefore, N could also play
a significant role for the pike population in the lagoons of the study area. Unfortunately,
nitrogen levels were not available through the measuring stations of the state of
Mecklenburg-Vorpommern. Future studies could try to assess the impact of nitrogen
on the pike and other fish populations in the lagoons around the island of Rügen.
A causal relationship between turbidity and commercial CPUE was found for the
pooled data and KJB. The highest CPUE was located with a visibility of about 1.2 m.
High phosphorus levels may lead to a more turbid environment due to a higher
phytoplankton production, and areas with high phosphorus levels indeed show low
visibility rates. However, turbidity can also be influenced by non-biotic factors such as
sediments. Pike are visually oriented predators and might benefit from clearer water
areas, whereas less visibility might make it easier for pike to actively hunt prey fish
instead of ambushing them. Multiple studies on the effects of turbidity on pike
populations are available (Andersen et al., 2008; Nilsson et al., 2009; Salonen et al.,
2009). In a study including four lakes in the southeast of Norway, Vøllestad et al. (1986)
found that pike populations were bigger in lakes with higher turbidity and the fraction
of the pike population foraging pelagically increased with higher levels of turbidity.
Besides the use of pelagic areas, higher turbidity levels have also been proven to lead
to more activity, with increasing body size (Andersen et al., 2008; Chapman and
Mackay, 1984). Besides the benefits for the population size, which might lead to higher
catches for the fishers in these areas, more turbid water might make it harder for the
pike to see and avoid fishing gear like gill nets and the lines of recreational anglers.
Fyke nets should be relatively unaffected by the visibility of the surrounding water
because they lead the fish inside a trap. Another effect of turbidity was observed in
pike larvae. While in clear water, pike larvae hide in vegetation. If a predator is present,
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more turbid water pike larvae will not seek shelter as long as the visual stimulus is
lacking (Lehtiniemi et al., 2005).
Water temperature affects pike's population dynamics and structure through individual
growth (Vindenes et al., 2014). Despite its vast effect on population dynamics, a causal
relationship between commercial CPUE and the water temperature was only found in
Strelasund (with Kubitzer Bodden). Generally, the different lagoons did not differ much
among their yearly mean temperature. With 5.2, 6.5, and 4.7 t/boat, respectively,
Strelasund had high CPUE rates in the years 2012, 2013, and 2014. These high CPUE
rates appeared with higher yearly mean water temperatures, but a similar trend was
not observed in other regions. What distinguishes the Strelasund from the other
lagoons is its depth, which has its maximum at 17 m (Reinicke, 2005). It is well known
that pike inhabits deeper zones with colder water when temperatures are rising
(Casselman, 1978; Pierce et al., 2013; Vasilakopoulos et al., 2020). But since only the
yearly CPUE rate is available, this relationship remains unclear.
Salinity did not have a detectable effect on the commercial CPUE. Pike adapted to
brackish conditions in the lagoons around Rügen can tolerate salinities up to 18 PSU
(Möller et al., 2019). The highest mean salinity per year found with the environmental
dataset was 9.7 PSU in the western area of Rügen, which is also the main area for
pike fishing. Locally higher salinities of 15 PSU and above are possible, especially in
areas where the lagoons are directly connected to the Baltic sea. In general, the high
salinity levels are more concerning for eggs and larval pike, which can react sensitively
to higher levels of salinity (Sunde et al., 2018).
EDM has been proven to work successfully with small datasets of less than 30 data
points, but it improves with more data available (Chang et al., 2017). But a long time
series alone is not a guarantor for reconstructing dynamics (Munch et al., 2020). One
limitation of this thesis was that the commercial CPUE was only available at an annual
scale, making it necessary to use annual means of the environmental variables.
Variables such as temperature or salinity might fluctuate widely over time and with
different seasons. Thus, seasonal effects on the CPUE might remain undetected. For
future investigations on the impact of environmental variables on the CPUE, it would
be beneficial to have at least seasonal data on CPUE available.
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4.2. Biological Basis of Population-Productivity in Bodden pike
The five different biological life-history parameters, length-weight relationship, weightfecundity, growth, length at maturation, and natural mortality, were estimated not only
to run the length-based stock assessment but also to compare the brackish water pike
stock to freshwater populations to see if a life history in brackish water has advantages
compared to pike that inhabit freshwater systems. For this comparison, the lengthweight relationship, growth, and natural mortality were used. Both stock assessment
models do not require information on the weight-fecundity relationship. Still, if hyperor hypoallometry is not accounted for in an SPR based stock assessment, the result
might not be very reliable.
4.2.1. Length-Weight relationship
The length-mass data collected from pre-spawning pike in spring 2020 showed no
difference between pike coming from brackish and freshwater. Also, no difference was
found between the recent length-mass data and historical data from the 1950s
(Hegemann, 1955). The main difference between the recent and the historical data
was that the historical data was collected in the post-spawning season of the year,
from April to October. In contrast, the data from 2020 was collected from February to
April, in the middle of the spawning season. Female pike will be significantly heavier
during spawning season than outside spawning season due to the accumulation of
eggs. The pike used to compare the length-weight relationship between freshwater
and brackish water was caught in the same period, making them generally
comparable. However, the freshwater pike used for the comparison were caught in
tributaries connected to the brackish lagoons. Due to natal homing, it is possible that
anadromous pike that spent most of their life in brackish water and spawns in
freshwater are among the freshwater fish. Möller et al. (2019) showed that most
brackish water pike in the region spent their whole lives under brackish conditions. This
indicates that the freshwater sample might not be too heavily affected by anadromous
fish moving into freshwater streams for spawning. However, the study just examined
pike from the western area of Rügen. In other regions of the Baltic Sea, anadromous
pike can make up to 50 percent of the coastal pike stocks (Larsson et al., 2015), which
might be a source of possible bias when comparing the length-weight relationship of
freshwater and brackish water pike during spawning season.
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4.2.2. Weight-Fecundity relationship
The data on weight and number of eggs per fish showed hyperallometry for the pike
inhabiting the brackish lagoons around Rügen, indicating that the number of eggs
increases disproportionally with body size and, therefore, larger female pike contribute
relatively more to the recruitment of the stock than smaller females. The sample size
used to examine the weight-fecundity relationship was relatively small (n = 21). For
simple linear regression, it is advisable to use a sample size n ≥ 25 (Jenkins and
Quintana-Ascencio, 2020). Regardless of the small sample size, might the trend
showing hyperallometry in pike might be correct since it was revealed that the
assumption for hyperallometry holds true for most fish stocks, as shown in Barneche
et al.(2018). The study exclusively contained marine fish, but from 342 species, only 5
percent showed isometric or hypoallometric scaling, indicating that hyperallometry is
relatively abundant among fishes. In former studies, pike has been reported to show
isometric increases in fecundity with increasing weight (Frost and Kipling, 1967). But
more recent work suggested that the number of eggs might grow on a hyperallometric
scale with increasing weight (Edeline et al., 2007). Additionally, Kotakorpi et al. (2013)
showed that the heavy exploitation of pike results in higher maternal investment
(weight and number of eggs). Future investigations in the region could contribute more
information on the relationship between weight and fecundity in pike.
4.2.3. Growth
The von Bertalanffy growth model showed that pike coming from freshwater and
brackish water reach different asymptotic sizes. The brackish water pike from the
lagoons around Rügen showed a larger asymptotic size and a growth performance
index than pike from freshwater. Compared to other populations from Europe and
North America, the female brackish water pike reaches a larger asymptotic size. The
pike caught in the freshwater tributaries showed similar growth to other European pike
populations. Compared to historical age-at-length data of pike from the same area, the
pike from this study showed a similar length at age compared to the first four years but
was smaller than the mean length from the historical data from the fifth year onward.
Growth can be influenced by several biotic and abiotic factors fluctuating on spatial
and temporal scales (Rypel, 2012). Brackish water pike that grows bigger than inland
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water fish are also known from other regions of the Baltic Sea (Larsson et al., 2015;
Nilsson et al., 2014; Sunde et al., 2018). Higher growth rates were also observed for
perch (Perca fluviatilis) and pikeperch inhabiting the brackish waters of the Baltic Sea
(Ložys, 2004). The five most important factors in the study area that possibly lead to
higher growth rates are food resources, density, salinity, temperature, and (in
connection to temperature) growing degree days.
As mentioned before, the lagoons around the island of Rügen are productive
ecosystems that provide food resources of marine and freshwater origin. Especially
herring (Clupea harengus) swarms that move to their spawning grounds in spring and
fall offer a nutrient-rich diet and have been proven to be present in the diet of pike
(Winkler, 1987). It was shown before that the form of prey fish could affect the growth
of pike (Nilsson & Brönmark 2000). Fusiform fish with a slender body morphology, such
as herring, roach (Rutilus rutilus), and perch, are prevalent in the inner coastal lagoons
around Rügen (Thiel et al., 2005; Winkler, 1987) and are beneficial for pike growth.
This could also explain why pike in North America have lower growth rates than their
European conspecifics; since North American pike often inhabit bluegill sunfishdominated systems (who are more humped shaped). A more humped shape body form
increases the handling time for pike which is resulting in a higher risk of losing prey.
Moreover increases a longer handling time exposure to predation and cannibalism
(Nilsson and Brönmark, 2000). Herring stocks in the eastern Baltic Sea are suffering
from reduced reproductive success due to warmer winters induced by climate change
(Polte et al., 2021). A reduced abundance of herring swarms might be a possible
reason why older pike grow not as fast as pike did in former times (Fig. 23).
Another factor affecting pike growth is the density of the pike stock (Arlinghaus et al.,
2009; Lorenzen and Enberg, 2002; Pierce et al., 2003). High population densities can
reduce the growth rate through two mechanisms. First, a high abundance of pike might
lower the availability of prey for individual pike; this was empirically documented for
pike younger than a year (Gres et al., 1996) and also in adult pike (Edeline et al., 2007;
Lorenzen and Enberg, 2002; Pierce et al., 2003). Secondly, the fear of cannibalism
forces the pike into a refuge and away from foraging, causing density-dependent
growth declines due to social stress (Edeline et al., 2010). Pike are vulnerable to
cannibalism until they reach a size of about 50 cm (Haugen et al., 2007). All lagoons
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are big eutrophic ecosystems with potentially a high carrying capacity, resulting in a
higher-than-average growth rate. Density-dependent stunting is mainly described for
North American pike populations in heavily vegetated recruitment-rich lakes (Diana,
1987). However, density dependence growth in pike also means that some exploitation
by fishing might be beneficial and necessary to maximize the expression of maximal
body growth (Ahrens et al., 2020).
Salinity is another factor that can influence the growth of pike. Both marine and
freshwater fish spend energy on osmoregulation because they are either hyper- or
hypotonic to their environment (Evans et al., 2005). In brackish water, especially at
salinities of about 9 PSU, less energy needs to be allocated for osmoregulation and
can be reallocated for growth (Altinok and Grizzle, 2001). Interestingly, the lagoons in
the western area of the island, which are considered good pike fishing grounds,
showed a mean salinity of about 9 PSU. Overall, salinity was relatively stable among
all areas but showed a weak decreasing trend over the whole time. Thus, the influence
of salinity on growth may have been stable over time.
Temperature is a critical factor for growth in pike. The optimum water temperature for
growth was found to be between 19 and 21 °C (Casselman, 1996). This optimal
temperature is often exceeded in many shallow water bodies during midsummer,
causing a reduction in the rate of food consumption (Casselman, 1996). The lagoons
in the research area reach temperatures over 21 °C in mid and late summer. However,
the reduced rate of food consumption might not affect the whole population in the same
way. Berggren (2021) argued that the optimal temperature for growth in pike could
decrease with increasing body size like in other fish species (e.g., cod (Gadus morhua)
or turbot (Scopthalmus maximus)). If this is found to be true in pike it could offer,
together with climate change, a possible explanation of why older pike individuals had
a lower mean size than pike of the same age sampled decades earlier, as climate
change has led to a higher yearly mean temperature and also warmer summers which
resulting in higher water temperatures (Høyer and Karagali, 2016; Neumann, 2010).
Nonetheless, larger pike with lower optimal temperatures can quickly move to deeper
and colder areas. Another consequence of climate change are shorter and warmer
winter periods (Polte et al., 2021), resulting in a higher number of growing degree days.
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Age estimates of this study were exclusively based on scales. Scales of pike are hard
to read, need very experienced readers, and potentially underage pike, which would
lead to higher growth rates estimates (Frost and Kipling, 1959; Oele et al., 2015; Quist
and Isermann, 2017). A previous study on different ageing structures (Droll, 2020) in
the area showed that otoliths for brackish water pike produced the most agreement
among readers and also produced a high agreement with inexperienced readers,
matching the findings of other studies (Blackwell et al., 2016; Oele et al., 2015). Other
more reliable ageing structures in pike are the cleithrum and the metapterygoid bone
(Casselmann, 1996). To obtain these structures and otoliths however, the pike needs
to be killed, which can cause conflicts with recreational fishers, who are hesitant to kill
trophy-sized pike.
To estimate parameters for the VBGF, a representative sample of length from each
age-class is needed. Still, a severe problem of many growth studies is that big and
small fish are often underrepresented due to the selectivity of sampling gear or their
abundance (Schueller et al., 2014; Taylor et al., 2005). Also, in this thesis, especially
age 1 and 2, pike were underrepresented. To enhance the sample size of these ages,
size-at-age was back-calculated from older fish. A possible source of bias for backcalculation is the Rosa-Lee phenomenon (Lee, 1920). It says that when backcalculating big, old fish, they show slower growth rates than younger fish that offer
higher growth rates. This is often induced by gear selectivity. The current study tried
to minimize this effect by back-calculating big old fish and medium and smaller-sized
fish. A Bayesian VBGM with priors of different growth studies on the pike was used to
reduce the impact of gear selectivity. Still, showed the pike coming from brackish water
a higher growth rate and a higher asymptotic size than pike from the freshwater
tributaries and also compared to other pike populations in Europe and North America.

4.2.4. Length at maturation
The length at which 50 and 95 percent of the females of the stock were mature was
37.6 cm and 38.8 cm, respectively. The size where 50 and 95 percent of the male pike
stock were mature was 15.1 cm and 22.2 cm, respectively. Based on the information
from the VBGM, it takes about two years for a female pike to mature and about 1 or 2
years for a male pike. It also shows that the minimum length limit of 50 cm is sufficiently
large to allow the pike to spawn at least once before they possibly are harvested.
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Because it is hard to sample small fish in brackish water habitats, the sample size for
immature individuals was relatively small for female and male pike. Only nine immature
female pike and seven immature males were caught during the sampling. Larger
sample sizes of immature fish have the potential to change the results of the logistic
regression.

4.2.5. Natural mortality
The natural mortality rate (M) was estimated with the empirical models taking into
account the parameters of the von Bertalanffy growth model and/or the mean water
temperature or the maximum age. The maximum age (tmax) for this study was taken
from the highest observed age in the samples, which was 14 years for female pike and
12 years for males, which is not necessarily the actual maximum age and relatively
unsure. Different maximum ages were reported in the literature. Kippling (1983)
observed ages ranging from 2 to a maximum of 18 years in Lake Windermere. In
another older study, Frost and Kippling (1967) reported the age of a 17-year-old pike
and two 16-year-old males in Windermere. Overall, the maximum age of pike can vary
considerably depending on environmental condition and habitat, between 5 and 25
years (Raat, 1988). In different studies, reported natural mortality rates from Lake
Windermere were around 0.3 yr-1 (Craig, 2008; Haugen et al., 2007; Langangen et al.,
2011). Natural mortality rates estimated with the methods after Pauly (1980) showed
a similar result and the one-parameter-k model. The classical approach after Hoenig
resulted in a natural mortality rate of exactly 0.3 yr-1, and the Hoenig NLS showed a
mortality rate of 0.44 yr-1. Then et al. (2015) suggested using the Hoenig NLS if tmax is
known and the method after Pauly without temperature if not, which should also be
considered when choosing one of the models for stock assessment. Because the
actual maximum age of pike in the research area remains unsure, the mortality rates
estimated with the methods by Pauly should be preferred. Additionally, to get a
mortality rate of 0.3 yr-1 with the Hoenig NLS model, the tmax needs to be 21 years.

4.3. Length-based stock assessment of the Bodden pike stock
The results of the length-based stock assessment showed that the pike stock around
Rügen is not overfished yet. But the stock is currently in a state where long-term
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community structure changes, like growth overfishing, might occur. The findings of van
Gemert et al. (2021) based on the catch-only models (COMs) offered similar results.
However, in medium-lived species, like pike, length-based stock assessment models
are less biased than COMs (Pons et al., 2020). LBSPR and LIME both estimated
similar SPR values for the fyke net and pooled data. LIME usually estimated the SPR
slightly lower than LBSPR, except for the angling data where LIME estimated SPR
values 23 percent lower than the LBSPR model. Studies comparing both models under
different scenarios, like exploitation levels, harvest scenarios, or depletion, are
available (Chong et al., 2020; Pons et al., 2020). Chong et al. (2020) showed that
LBSPR stayed stable at different exploitation levels while LIME showed bias when the
stock was over or underexploited. Different sample sizes did not affect the LBSPR
model, but LIME showed higher SPR rates with increased sample size. In general,
LBSPR is presumed to be more reliable than LIME, especially with only one year of
data available, since LIME improves with more yearly data available (Chong et al.,
2020; Rudd and Thorson, 2018).
One concern of the length data collected by different gears was the selectivity. Both
models work under the assumption of a logistic-shaped selectivity curve (Hordyk et al.,
2014; Rudd and Thorson, 2018). A logistic type selectivity was found for the angling
gear and was assumed for fyke nets. Gillnets showed a dome-shaped selectivity,
which was also expected for this type of fishing gear (Kuparinen et al., 2009). Like in
many other inland and small-scale fisheries, gillnets are the dominant gear used in the
lagoons around Rügen (Meyer and Krumme, 2021). Using the LBSPR and LIME model
for length-data collected with gear with a dome-shaped selectivity will lead to
underestimated SPR because the not retained large fish will be assumed to have
already been caught. For angling gear, LIME assumed an SPR that was vastly lower
than the SPR estimated by LBSPR for the angling gear and the SPR estimated by both
models for fyke nets. The SPR is a function of the estimated fishing mortality and the
selectivity curve. It is possible that LIME estimated the selectivity curve more to the left
than LBSPR did, which would lead to the assumption that more less mature fish were
caught and resulting in a lower SPR. However, the gear used in small-scale fisheries
mostly shows a dome-shaped selectivity curve, additionally are small scale fisheries
rarely assessed and most fish stock exploited by them are in bad shape. Therefore,
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length-based stock assessment models accounting for dome-shaped selectivity in
catch are needed.
Both models, LBSPR and LIME, do not account for possible hyperallomerty in fish and
the isometric size-fecundity relationship is the standard assumption in stock
assessments (Walters and Martell 2004). Marshall et al. (2021) found that not including
the relationship between mass and fecundity can end in biased SPR results. The study
analyzed 32 exploited stocks and revealed that under the assumption of isometry, the
SPR was 22 percent higher on average than under the premise of hyperallometry. This
bias might lead to management reference points that are too high and can lead to
possible overexploitation of the stock. Because hyperallometry was also found for the
pike stock around the island of Rügen the SPR values estimated by both are possibly
higher than the actual SPR.

5. Conclusion and implications
The pike fisheries around Rügen are vital to the recreational fishing sector (Arlinghaus
et al., 2021) and contribute little to the commercial fishing sector by revenue and catch
(Arlinghaus et al., 2021). Commercial CPUE showed a declining trend from the 1950s
to 2018. CPUE data for individual lagoons was available from 1992 to 2018 and
showed that not all areas had a declining tendency. Aside from fishing, changes in
abundance can also be influenced by the environment. Phosphorus was detected to
have a causal relationship on commercial CPUE in DZB, KJB, and the pooled data.
Turbidity had a causal effect on the commercial CPUE in KJB, and the pooled data
and temperature were found to have a causal effect in Strelasund. All different lagoons
can be considered eutrophic, but high phosphorus rates are not necessarily bad for
pike because they increase the ecosystem's productivity. This high productivity is
possibly the reason for higher growth rates compared to pike originating from
freshwater.
The pike stock in the lagoons around Rügen is not overfished yet but in a state in which
first signs of overfishing like growth overfishing might occur; this is conform with the
finding of van Gemert et al. (2021). The results of the length-based stock assessment
are just a "snap-shot" of the current situation, but together with declining CPUE rates,
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it is necessary to be cautious. The COMs used in van Gemert et al. (2021) also showed
a declining trend for the pike stock. To stop the decreasing trend of the stock, fishing
mortality needs to be reduced. Several management strategies for the reduction of
fishing mortality are available. In general management strategies are divided in input
and output regulations (Bellido et al., 2020). Output regulations manage the outcome
of the fishery such as size limits or bag limits. Whereas input regulations regulate the
fishing effort going into the fishery, for instance through temporal and/or spatial
closures, fishing seasons, or capacity. Because commercial and recreational fishers
have different management objectives, it is hard to find common ground. A strategy
that is favored among anglers is the harvest slot. Ahrens et al. (2020) showed that the
harvest slot is highly effective when the management goal is to have a higher
abundance of trophy-sized fish, but only if hyperallometry is present. If the relationship
between weight and fecundity is isometric, a minimum length limit is equally effective.
Hyperallometry seemed to be present in the pike population around Rügen; therefore,
preserving large female fish could help stabilize the population. Implementing a harvest
slot should be relatively easy even with commercial fishers because gillnets already
have a dome-shaped selectivity. Fyke nets trap pike alive, allowing the fisher to release
big individuals. About 60 percent of recreational anglers already practice catch and
release angling (Arlinghaus et al., 2021; Weltersbach et al., 2021), especially with
trophy-sized pike. Preserving large female fish can not only be achieved through a
harvest slot but also through marine protected areas (MPAs). MPAs increase the size
of fish in it by about 28 percent on average (Lester et al., 2009), and because
hyperallometry of fish is often not considered, their potential was often underestimated.
Especially in pike, it was shown before that MPAs positively affect the abundance and
individual size of a pike stock (Edgren, 2005). However, for the ongoing success of the
later selected management strategy, stakeholders need to be involved in the
implementation (Crandall et al., 2019).
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Appendix

Appendix 1: Residuals for the logarithmically transformed length-weight data for freshwater (A) and brackish water (B).
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Appendix 2: Traceplots for the four parameters L¥, k, t0, and sigma of the VBGF for female pike originating from brackish
water.
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Appendix 3: Posterior distribution for the four parameters L¥, k, t0, and sigma of the VBGF for female pike originating from
brackish water.

Appendix 4: Traceplots for the four parameters L¥, k, t0, and sigma of the VBGF for male pike originating from brackish
water.
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Appendix 5: Posterior distribution for the four parameters L¥, k, t0, and sigma of the VBGF for male pike originating from
brackish water.

Appendix 6: Traceplots for the four parameters L¥, k, t0, and sigma of the VBGF for female pike originating from freshwater.
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Appendix 7: Posterior distribution for the four parameters L¥, k, t0, and sigma of the VBGF for female pike originating from
freshwater.

Appendix 8: Traceplots for the four parameters L¥, k, t0, and sigma of the VBGF for male pike originating from freshwater.
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Appendix 9: Posterior distribution for the four parameters L¥, k, t0, and sigma of the VBGF for male pike originating from
freshwater.
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Appendix 10: Spawning potential ratio (SPR) estimated with the LIME and LBSPR model for angling gear (A), fyke nets (F),
and pooled data (P). The ratios were estimated with different mortality models.

Model

Gear

Mortality

SPR

L-CI

U-CI

LBSPR

A

Pauly

0.50

0.47

0.53

LBSPR

A

Pauly w/o Temp

0.46

0.43

0.49

LBSPR

A

Hoenig

0.63

0.59

0.67

LBSPR

A

Mean

0.53

0.50

0.56

LBSPR

F

Pauly

0.47

0.41

0.52

LBSPR

F

Pauly w/o Temp

0.43

0.37

0.48

LBSPR

F

Hoenig

0.57

0.50

0.63

LBSPR

F

Mean

0.49

0.43

0.54

LBSPR

P

Pauly

0.57

0.53

0.61

LBSPR

P

Pauly w/o Temp

0.52

0.49

0.56

LBSPR

P

Hoenig

0.69

0.64

0.74

LBSPR

P

Mean

0.60

0.55

0.64

LIME

A

Pauly

0.27

0.22

0.32

LIME

A

Pauly w/o Temp

0.24

0.20

0.28

LIME

A

Hoenig

0.36

0.30

0.42

LIME

A

Mean

0.29

0.24

0.34

LIME

F

Pauly

0.45

0.41

0.49

LIME

F

Pauly w/o Temp

0.41

0.37

0.45

LIME

F

Hoenig

0.55

0.55

0.56

LIME

F

Mean

0.47

0.44

0.50

LIME

P

Pauly

0.53

0.49

0.56

LIME

P

Pauly w/o Temp

0.48

0.45

0.51

LIME

P

Hoenig

0.64

0.60

0.68

LIME

P

Mean

0.55

0.52

0.59
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Appendix 11: Parameter for the selectivity curves for angling gear and fyke nets.

c

𝛼

𝛽

𝛾

Angling

0.13891090

0.0772062

77.97133

0.000077687

Gillnet

0.02091122

0.2861682

60.13173

0.064558347

Gear
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