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A B S T R A C T   

The northern pike (Esox lucius) has been intensively studied in terms of behaviour due to its relevance to fisheries 
and its importance for structuring fish communities in freshwater ecosystems. However, little is known about the 
behaviour of coastal pike living in brackish lagoons. Freshwater ecosystems, particularly lakes and small rivers, 
are usually finite in space, which can limit the expression of space use as a function of body size and other traits. 
Better understanding the spatial behaviour shown by coastal pike in extended brackish lagoons and its rela-
tionship to body size, sex, season and vulnerability to fishing is an important step to further our knowledge on 
brackish pike populations and can inform management. Here, we present two years of acoustic telemetry data 
acquired on a large sample of coastal pike (n = 210) with an extended size range (480 to 1.210 mm total length) 
inhabiting six interconnected coastal lagoons bordered by the islands of Fischland-Darß-Zingst, Hiddensee, 
Rügen and Usedom in the Baltic Sea (area ca. 1.200 km2). Overall, the space used by coastal pike (50 % and 95 % 
utilization distribution, UD) scaled positively with body size, with larger fish using significantly more space after 
controlling for co-variates, but this effect was mainly observed at the between lagoon level. Within a given 
lagoon, body size scaling of space use was only observed for the 50 % UD of males. We also found the ratio of 50 
% UD on 95 % UD to scale negatively with size, meaning that larger-sized pike used areas out of their core ranges 
more intensively regardless of sex. Space use also differed between seasons, with activity spaces being elevated in 
spring likely due to spawning migrations and increased reproduction-related activity. Study design was an 
important co-variate for our space use proxies, as we collected proportionally more data on pike that used less 
space, but fish recaptured by fisheries did not differ in space use from those that were not recaptured. All space 
use proxies were found to be repeatable, suggesting an influence of pike personalities on their individual spatial 
behaviour. This study provides an updated understanding of spatial behaviour in Brackish water-adapted pike 
and its ties to body size, highlighting how body size in interaction with biotic and abiotic factors drives space use 
patterns.   

1. Introduction 

The northern pike (Esox lucius) is a large freshwater predatory fish 
and an increasingly popular model organism in ecology and evolution 
(Forsman et al., 2015). Broadly distributed in the northern hemisphere, 

pike is also an important species for recreational and commercial fish-
eries (Arlinghaus and Mehner, 2004; Arlinghaus et al., 2021; Lehtonen 
et al., 2009). Because of its relevance to fisheries and adequacy as a 
study model, pike behaviour and population ecology have been exten-
sively studied (Raat, 1988; Skov and Nilsson, 2018; Craig, 1995). 
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Detailed studies on the behaviour of pike have been conducted in 
aquaria and mesocosms (e.g., Nilsson et al., 2006; Skov and Koed, 2004; 
Stålhammar et al., 2012) as well as in lakes and rivers using radio 
telemetry (e.g., Arlinghaus et al., 2009; Jepsen et al., 2001; Kobler et al., 
2008a,b, 2009; Koed et al., 2006; Ovidio and Philippart, 2005; Masters 
et al., 2005), acoustic telemetry (e.g., Laskowski et al., 2016; Monk 
et al., 2020; Somers et al., 2021) and mark-recapture (e.g., Haugen et al., 
2006; Miller et al., 2001; Rosell and Macoscar, 2002). However, pike 
populations are also present in brackish environments, most notably in 
the Baltic Sea (Forsman et al., 2015; Wennerström et al., 2017; Winkler, 
1987). There is limited knowledge on the behaviour of adult pike in such 
oligo- and mesohaline environments (Jacobsen et al., 2017). 

First insights on the spatial behaviour of coastal pike were generated 
through standard mark-recapture methods, which suggested that coastal 
pike rarely moved further than 10 km in the Baltic across Finland and 
Sweden (Karås and Lehtonen, 1993). More recently, biotelemetry work 
in the Swedish Baltic has been completed using data storage tags to 
assess depth and temperature use of coastal pike (Nordahl et al., 2020) 
and passive integrated transponders (PIT) to track anadromous behav-
iour of coastal pike into streams and wetlands (e.g., Tibblin et al., 2015, 
2016). As far as we are aware, only two acoustic telemetry-based studies 
have been completed on coastal pike, both in Denmark, one of which 
documented that fish tagged in a tributary to a lagoon did not use the 
brackish water (Birnie-Gauvin et al., 2019) and the other revealing 
extensive movements from a brackish lagoon to the open coast by a 
fraction of fish tagged in a high salinity lagoon (Jacobsen et al., 2017). 
However, the lack of receiver networks in the open coastline outside the 
core lagoon where the study was conducted (Stege Nor, Denmark) did 
not allow Jacobsen et al. (2017) to quantify the extent of the space used 
by the fish over the course of the year. Generally, adult pike have been 
reported to tolerate salinities up to 15 Practical Salinity Units (PSU; 
Jacobsen and Engström-Öst, 2018; Raat, 1988) and may thus be found 
over a wide range of oligo- to mesohaline conditions outside of enclosed 
lagoons in the brackish Baltic Sea, particularly in the central and 
northern Baltic Sea where salinities are generally lower than in the 
southern Baltic Sea. 

In pike, and in many other fish species, space use has been shown to 
be related to body size (reviewed in Minns, 1995; Rosten et al., 2016). A 
positive relationship of body size with space use that changes 
non-proportionally with increases in the body dimensions (i.e., allo-
metric scaling of space use) can be theorized to emerge from absolute 
metabolism scaling positively but increasing non-proportionally with 
body size (Darveau et al., 2002), so that larger fish may require more 
space to fill their metabolic demand via increased encounter with prey. 
Larger pike are also less likely to be cannibalized or be predated upon, 
which can increase their motivation to roam freely (Haugen et al., 
2006), while smaller conspecifics are often bound to safe(r) littoral 
refuges with low relative movements (Chapman and Mackay, 1984; 
Eklöv, 1997; Grimm and Klinge, 1996). Although positive relationships 
between body size and space use have been reported in pike (Monk, 
2019; Monk et al., 2021; Rosten et al., 2016), there is uncertainty 
regarding the presence and the rate of the scaling. Some work failed 
altogether to relate the space use behaviour to the size of pike (Jepsen 
et al., 2001; Koed et al., 2006). In a meta-analysis across various fish 
species, Woolnough et al. (2009) found the scaling of body size and 
space use to be shallower in rivers than in lakes, a phenomenon that the 
authors attributed to the differences in the waterbody sizes. Specifically 
for pike, Rosten et al. (2016) found the scaling of space use with the mass 
of pike to be larger (with an exponent of 1.08) than expected from 
mass-metabolism relationships (exponent of 0.75) in an English river 
population. Detecting body size effects on space use will be facilitated in 
fish with a large size gradient (i.e., large enough to be able to detect 
differences) in a large study area, given that the expression of space use 
will not be confined by the boundaries of for example small lakes or 
streams (Rogers and White, 2007). 

A possible explanation for the discrepancy in findings regarding the 

scaling of space use with body size in pike literature may involve the 
ambush-like foraging behaviour of pike, which is often confined to 
hunting from structures (Eklöv, 1997). Sex effects may also explain in-
consistencies in the body size scaling of space use of pike. Pike are 
sexually dimorphic, with females achieving larger body sizes than males 
(Crane et al., 2015; Haugen et al., 2006; Tibblin et al., 2016). After 
controlling for length, in some studies, males have been found to use 
more space than females (in one of two study lakes, Jepsen et al., 2001). 
In this case, the presence of small-bodied males with high space use in a 
sample may blur the expected scaling of space use with body size if sex is 
not controlled for. Other work has shown that female pike might be 
more active than males during the spawning period, with no sex dif-
ferences outside the spawning period (Koed et al., 2006). If sex also 
affects the behaviour of pike, the relationship between body size and 
space use is better studied when controlling for potential sex effects. Sex 
effects on space use may be especially important to understand in 
brackish water pike, because in the Baltic, and notably in the lagoons 
surrounding the islands of Fischland-Darß-Zingst, Hiddensee, Rügen and 
Usedom in Germany, trophy pike (body length > 100 cm in German 
angling culture) are a key target of recreational anglers (Koemle et al., 
2021). Such trophy pike are usually female, and harvest selection on 
body size and/or space use may disproportionally target these key in-
dividuals in the intensively fished lagoons of Rügen and similar 
exploited systems. 

Spatial and temporal variation in the environment may also influ-
ence space use (Andersen et al., 2008; Říha et al., 2021), all adding 
potential confounding effects when investigating body size effects on 
space use. Pike have been shown to use more space in turbid conditions 
than in clear conditions (Jepsen et al., 2001; Vollestad et al., 1986), 
potentially because turbid waters can act as a refuge. Similarly, shallow 
and vegetated habitats have been found to be favoured by pike, serving 
as spawning habitats and refuge (Chapman and Mackay, 1990) and may 
also have a stark effect on space use, with lower movement rates 
documented in more structured lentic habitats (Říha et al., 2021). 
Further, temperature is known to affect pike activity, with spontaneous 
swimming activity in the laboratory being maximal around 19 – 20 ◦C, 
and pike being significantly less active at temperatures below 6 ◦C than 
at temperatures above 9 ◦C (Casselman, 1978). In this case, space use 
can be expected to be lowest in the winter months, but several studies 
have reported similar movements of pike in summer and winter (Baktoft 
et al., 2012; Kobler et al., 2008a), and others suggested that pike use 
more space in the winter months as they search for prey to build their 
gonads (Diana and Mackay, 1979; Kobler et al., 2008a; Lenhardt, 1992). 
Elevated movements have been repeatedly observed during spawning 
time in pike (Cook and Bergersen, 1988; Diana, 1980). But other studies 
did not report such increase in space use in spring, which is the typical 
spawning period for pike in temperate regions (Baktoft et al., 2012; Koed 
et al., 2006). Because some coastal Baltic pike individuals are known to 
perform anadromous spawning migrations from the feeding grounds in 
brackish water to the spawning grounds in streams, wetlands and 
enclosed bays in spring (Engstedt, 2011; Möller et al., 2021; Rothla, 
2015; Tibblin et al., 2015), we may expect space uses to be larger in 
spring. 

Understanding patterns of space use is an important topic in species 
that are fisheries targets. Vulnerability to capture by different fishing 
gears has been theorized to be higher in individuals that use more space 
as they have a higher likelihood of encountering fishing gear, but 
whether selection on space use is positive, negative or not significant 
depends on the type of fishery and the movement behaviour of fishers in 
relation to fish movement (Alós et al., 2012; Lennox et al., 2017; Vil-
legas-Ríos et al., 2017). Positive selection on larger ranges was empiri-
cally documented in pearly razorfish (Xyrichtys novacula) fished by 
anglers near Mallorca, Spain (Alós et al., 2016). This was also observed 
in a lake population of northern pike, where individuals that used more 
space, and correlatedly had greater daily swimming distances, were 
more likely captured by anglers (Monk et al., 2021). In more complex 
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fisheries with multiple gear types and a mixture of protected and open 
areas, support for the hypothesis that fish with higher space use are more 
likely to be captured remains mixed. For example, no selection on space 
use behaviour was found in Atlantic cod (Gadus morhua) in a Norwegian 
fjord (Olsen et al., 2012), and the direction of harvest selection on range 
size in anadromous trout (Salmo trutta) roaming in another Norwegian 
fjord depended on whether the fish were predominantly within a pro-
tected area (positive) or outside a protected area (negative) 
(Thorbjørnsen et al., 2019, 2021). Selection on space use will be espe-
cially pronounced if individuals are consistent in their behaviour (i.e., 
exhibit personality; Olsen et al., 2012; Thorbjørnsen et al., 2021), for 
which there is abundant evidence in adult freshwater pike (Kobler et al., 
2009; Laskowski et al., 2016). 

Here, we study the body size scaling of space use in coastal pike, 
using two years of acoustic telemetry data from 210 individuals (n = 118 
females; n = 92 males) ranging in total body length from 480 mm to 
1.210 mm, tagged in the brackish lagoons surrounding the islands of 
Fischland-Darß-Zingst, Hiddensee, Rügen and Usedom in north-eastern 
Germany in the southern Baltic Sea (Fig. 1). Pike were monitored 
using an array of 140 passive acoustic receivers deployed at fixed lo-
cations in an area spanning over more than 1.200 km2 of interconnected 
brackish water lagoons and major freshwater tributaries (Fig. 1). This 
method allowed for regular position estimates, which may provide more 
accurate measurements of space use than methods involving irregular 
samplings (e.g., manual radio telemetry, which was common in past lake 
studies; e.g., Jepsen et al., 2001; Kobler et al., 2008a, 2008b) (Hanson 
et al., 2007; Nathan et al., 2022). To test whether larger pike used more 
space, we computed utilization distributions (50 % and 95 % probability 
contours) as proxies for space use and expected to find a positive rela-
tionship between space use and pike body size. Further, we expected to 
observe an impact of sex on space use (after controlling for size effects). 
We also expected pike to use different amounts of space across the 

season, with space use being highest in spring corresponding with the 
spawning period. We assumed pike to consistently differ in the amount 
of space they used, and for the space use to be linked to recapture 
probabilities. Finally, because space use scaling with body size is hy-
pothesized to be driven by resource acquisition, we computed the range 
ratio (i.e., ratio between the 50 % and 95 % UD areas), which is believed 
to be linked to foraging as it represents the intensity of activity out of the 
core range (50 % UD; Spiegel et al., 2017). We expected body size to 
scale negatively with the range ratio, as larger fish would use the pe-
riphery of their range more intensely than smaller conspecifics. 

2. Methods 

2.1. Study area 

The study was conducted in lagoons bordered by the islands of 
Fischland-Darß-Zingst, Hiddensee, Rügen and Usedom in North-Eastern 
Germany (Mecklenburg Western Pomerania, 54.41 N, 13.37E, Fig. 1). 
The islands lie in the southern Baltic Sea and are surrounded by brackish 
water lagoons (known in Germany as Bodden, which derive from the 
German word “Boden”, meaning shallow water) that are used by species 
of both freshwater and marine origin (Winkler, 1989). The lagoons are 
shallow, productive ecosystems and oligo- to mesohaline; they show a 
salinity gradient from the more enclosed lagoons which are oligohaline, 
(e.g., lagoons west of the river Barthe (Barther Bodden) and the lagoon 
in the estuary of river Oder (Peenestrom), Fig. 1) to the generally mes-
ohaline lagoons that typically offer salinities of 7–8 PSU year-round (e.g. 
Greifswalder Bodden, Strelasund, Western Rügen Bodden, most of the 
Northern-Rügen Bodden Chain, Fig. 1, Appendix Section A, Table A.1). 
Within the mesohaline lagoons, salinity also somewhat decreases from 
the north-east (Western Rügen Bodden) to south-west (Greifswalder 
Bodden) (Fig. 1, Appendix Section A, Table A.1). The lagoons are 

Fig. 1. Map of the study area, featuring the positions of acoustic receivers and the main lagoons of interest. The study focuses on six different brackish water lagoons 
(Peenestrom = PS, Greifswalder Bodden = GB, North Rügen Bodden chain = NRBC, Western Rügen Bodden = WRB, Barther Bodden = BAT and S = Strelasund). Inset 
shows, in a red square, the position of the study area in relation to Northern Europe. 
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typically shallow (with the deeper and narrower Strelasund linking 
Western Rügen Bodden and Greifswalder Bodden as an exception) and 
vary in trophic state with the more enclosed lagoons (e.g., Peenestrom) 
being eutrophic to polytrophic and thus highly turbid, and the more 
exposed lagoons being mesotrophic to eutrophic and having generally 
clearer water (Appendix Section A, Table A.1). A more comprehensive 
description of the study site can be found elsewhere (Arlinghaus et al., 
this issue). 

2.2. Study species and tagging procedure 

Northern pike have adapted to the waters of the Baltic and can be 
found in brackish waters up to 15 PSU (Jacobsen and Engström-Öst, 
2018; Jacobsen et al., 2017), with some subpopulations known to use 
freshwater tributaries for spawning and migrate there from the brackish 
feeding grounds (Berggren et al., 2016; Sunde et al., 2019). Anadromy 
has also been documented at our study site, but only 7 % of 79 fish 
sampled in the Western Rügen Bodden and in Strelasund right before 
spawning time were found to have freshwater origin (Möller et al., 
2019). 

In collaboration with a handful of fishers and guides and through our 
own sampling, between February 2020 and December 2020 we captured 
pike (N = 316, see Appendix Section A Table A.2 for a breakdown and 
Figure A.1, for the number of pike tagged per month) in our study area. 
Sampling methods included rod and reel fishing, fyke nets, gillnets and 
electrofishing, mainly in the brackish water lagoons, but also a few in 
freshwater tributaries (See Appendix Section A Figure A.2, for capture 
locations and gears). Upon capture, pike were measured (total length, 
nearest mm; mean ± standard deviation (SD) = 764 ± 123, min = 480, 
max = 1.210), weighed (nearest g, mean ± SD = 3.737 ± 2.048, min =
1.272, max = 15.000), externally sex determined (spilling of eggs or milt 
when gently pressing the body cavity or shape of the cloaca; Casselman, 
1974; females=176, males=139, unknown=1) and externally tagged 
(Floy T-bar anchor, Floy Tag & Mfg. Inc., NE, U.S.A.) with a high reward 
of 100 € upon reporting. Our weighing scale had an upper limit at 
15.000 g, but only one fish in the sample was measured at the maximum 
weight. Fish were then implanted with an internal acoustic transmitter 
(N = 120, MM-R-16 50 HP, approx. 6-year battery life, dry weight =
35 g, in-water weight = 18.9 g; N = 196, MM-R-16 33 HP, approx. 
3.5-year battery life, dry weight = 26.7 g, in-water weight = 13.6 g, 
random pulse rate: 60–180 s, Frequency = 69 kHz, MAP-113, Lotek 
Wireless Inc., ON, Canada). We ensured that tag in-water weight was 
always below 2 % of the pike’s body mass, with the lightest pike in our 
sample weighing 1.272 g and receiving a MM-R-16 33 HP tag (2 % of 
1.272 = 25.44 > 13.6 g, Jepsen et al., 2005). The tag implantation 
procedure followed previous work on pike (Hühn et al., 2014). Once the 
tag implantation was completed, pike were released, and we monitored 
their recovery until they swam off. Recovery of the pike usually took 
between 10 and 30 min. 

2.3. Recapture reporting 

We used a participatory recapture database to record recaptures of 
the tagged pike by fishers and anglers. In addition to a unique ID, the 
Floy tags we used to externally mark the fish indicated a web address 
and a telephone number at which recaptures could be reported (www. 
boddenhecht-forschung.de). Using this website, anglers and commercial 
fishers could report the ID of the pike they recaptured as well as the 
capture location, the gear used and the body size. To motivate reports, a 
prize of 100 € was given to anyone who reported an individual pike with 
a transmitter for the first time. We added the pike that we recaptured 
during scientific sampling for the project to this database. In total, 35 
recaptures of our pike were reported, with three different types of gear 
(gillnet, fyke net and angling, with one recapture reported without gear 
information, see Appendix Section A Table A.2 for breakdown). We only 
focused for this paper on whether a pike was recaptured or not and 

disregarded potential gear effects (angling vs. nets) as this would further 
thin the sample size for recaptures. 

2.4. Acoustic receiver network 

Acoustic telemetry receivers (N = 140, VR2Tx, Frequency: 69 kHz, 
MAP-113, Innovasea Systems Inc. DE, U.S.A) were deployed in March 
2020 at 140 locations in an area of approximately 1.200 km2 of water, 
comprising brackish water lagoons and freshwater streams (Fig. 1). 
Having little a priori knowledge on the spatial behaviour of northern 
pike in our lagoons, we created an array of mostly non-overlapping re-
ceivers that covered all major lagoons with a focus on areas that are 
known to be key to pike fisheries (e.g. WRB, BAT, NRBC, Fig. 1). Our 
array was not meant for fine-scale movement analysis but rather as a 
tool to quantify broad movements and connectivity within the areas of 
interest. The receivers were mounted upright on the top of a fiberglass 
pole (approx. 50 cm) embedded into a concrete base (approx. 30 kg). 
The concrete base was attached with a 20 m polyester line (diameter =
1 cm) to a 10 kg anchor. The anchor was deployed first, and its co-
ordinates recorded (Global Positioning System, GPS), then the receiver 
on its concrete base was dropped in the water 15–20 m further, and its 
coordinates recorded. Receivers were retrieved, cleaned, downloaded, 
and their batteries changed in winter 2020 and winter 2021 in collab-
oration with the Institut für Fisch und Umwelt (FIUM), Rostock. Thir-
teen receivers were lost during the study due to high currents and 
shifting substrate or equipment failure (i.e. mounting system damage; 
FIUM, personal communication). In the spring of 2021, five receivers 
were moved from brackish water areas to freshwater streams for a 
concurrent research project on the anadromous behaviour of pike 
(Fig. 1). 

2.5. Detection filtering 

Upon download, the receiver logs (format.vrl) were processed in the 
FATHOM software (Innovasea Systems Inc. DE, U.S.A, https://fathom-
central.com/) to correct for clock drift, then saved as.csv. All further 
processing was done in R (R Core Team, 2022) version 4.0.5. We used 
ATfiltR (https://github.com/FelicieDh/ATfiltR) to filter the data. We 
first trimmed the detections and kept only data that belonged to our 
animals and that was within our deployment window (i.e. between the 
date and time of deployment and the date and time of retrieval, first 
deployment in March 2020, last retrieval in November 2021). We then 
erased detections from tags that were recorded only once on a given 
receiver in a 1 h window (similarly to Kessel et al., 2014). If an indi-
vidual was detected on two different receivers consecutively and the 
time span between detections was shorter than the time the fish would 
have needed to swim between the two receiver locations, the second 
detection was removed (similarly to Kessel et al., 2014; Monk et al., 
2021). To achieve this, we calculated the in-water distance between 
receivers using actel (Flávio and Baktoft, 2021) and used the critical 
speed formula for freshwater fish provided by Wolter and Arlinghaus 
(2003) (Critical speed

(
m.s− 1) = 0.019× Total Length(mm)

0.75) to esti-
mate the time a pike would need to go from one receiver to another, 
taking into account the receiver range. Receiver range was estimated 
monthly at six different locations using the internal transmitters of the 
receiver units. These locations were selected because the receiver den-
sities allowed for range estimations and receivers that were not part of 
the range testing were later assigned one of the six calculated ranges 
according to their environmental surroundings (see Appendix Section B, 
Fig. B.1 and B.2 for details on the ranges). The detection range was 
estimated as the maximum distance (in meters) at which at least 50 % of 
emitted acoustic signals were detected. 
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2.6. Monthly utilization distributions 

Utilization distributions (UDs; probability distributions of in-
dividuals’ use of space; Van Winkle, 1975) were calculated monthly for 
each individual using a dynamic Brownian Bridge Movement Model 
(dynBBMM) in the R package move (Kranstauber et al., 2022). To avoid 
unrealistic movements over landmasses, we first processed the telemetry 
data in the package RSP (using default settings; Niella et al., 2020) to 
compute the shortest in-water path between each pair of consecutive 
detections, with a time step of 10 min, a maximum time of 24 h and the 
receiver range set for the “distance” argument. The obtained paths were 
converted to a move object and used for utilization distribution calcu-
lations with the error computed by RSP from the receiver range used as 
dynamic error in the model. Briefly, RSP progressively increases the 
error as positions get calculated further from the receiver of origin, and 
decreases it similarly as positions are calculated closer to the destination 
(see Niella et al., 2020, for more details on error calculations). As the 
time interval between consecutive locations increases, the variance in 
positioning calculated by the dynBBMM becomes progressively large 
and unrealistic (Horne et al., 2007). To avoid such variance inflation of 
the model when pike were undetected, we constrained the variance in 
the dynBBMM anytime a pike had > 24 h of absence from the receiver 
array using the brownian.motion.variance.dyn() function. For the same 
reason and to avoid computation issues, the dynBBMM was only applied 
if positions were available for a fish for a minimum of 8 days in the 
month. Applying this criterion further ensured that the calculated ranges 
were fairly comparable between fish, with a number of days detected 
ranging between 8 and 31 for every fish every month. The landmasses 
were removed from the obtained rasters and their values redistributed to 
all in-water raster cells that contained positive values. 

The size of the 50 % and 95 % UDs were calculated using the fish-
track3d package (Aspillaga et al., 2019). The results are given in km2 and 
represent the size of the core area used by the fish (50 % UD), and the 
extended range (95 % UD). We also computed the range-ratio, which 
represents the pattern of space use within the range, as the ratio between 
the size of the core area (50 % UD) and the extended range (95 % UD) 
(Börger et al., 2008; Spiegel et al., 2017; Webber et al., 2020). Values 
closer to zero indicate bigger differences between the size of the core 
area and the extended range, and values closer to one indicate similar-
ities in the sizes of the core and the range (Spiegel et al., 2017). 

2.7. Maximum horizontal displacement 

To describe pike spatial behaviour in a way that is comparable to the 
mark-recapture study by Karås and Lehtonen (1993), we additionally 
computed the maximum horizontal displacement as the maximum dis-
tance between receivers visited per month for each fish. As the time 
frame between consecutive relocations in Karås and Lehtonen (1993) is 
unclear, we also computed the horizontal displacement for each fish for 
the whole study period. Because our study area is bound by many 
landmasses, calculating the distance between receiver locations “as the 
crow flies” using the haversine formula would not yield realistic results. 
Instead, we used the package actel (Flávio and Baktoft, 2021) to compute 
an in-water shortest distance matrix between our receiver locations. 

2.8. Statistical analysis 

We built three linear mixed models using the nlme (Pinheiro and 
Bates, 2000) library in R. One model had the logarithm (all logarithms 
calculated with base 10; log) of the monthly size of the core area (50 % 
UD, hereafter logUD50) as response variable, another had the log of the 
monthly size of the extended range (95 % UD, hereafter logUD95), with 
the log transformations used to respect the normality assumptions and 
for examining allometric relationships that are expected to be non-linear 
(Rosten et al., 2016). For the third model, the monthly range-ratio (core 
area/extended range) was the response variable. 

To test the body size scaling of space use, we included fish body size 
(log-transformed with base 10) in every model. The length and the 
weight of fish were highly correlated (Pearson’s product-moment cor-
relation, r(421) = 0.94, p < 0.0001, see Appendix Section C). Thus, we 
did not include both variables in the same model. Here, we report the 
models using weight (hereafter logW) as a fixed effect as it is most 
commonly used in studies of body size scaling of space use (e.g. Rosten 
et al., 2016), but the same models for total length (logTL) are available 
in the Appendix (section E). 

There was a significant difference in weight and total length between 
the fish captured and tagged in different lagoons (weight: F5,314 = 7.45, 
p < 0.0001, total length: F5,314 = 8.25, p < 0.0001, see Appendix Sec-
tion C), which could be due to the opportunistic character of our cap-
tures (in terms of sampling locations and sampling seasons) or reflect 
lagoon-body size co-variation. In addition to differences in receiver 
coverage between the lagoons (see Appendix Section B, Fig. B.1 for a 
visualization of the receiver ranges), this potential sampling bias could 
invalidate our estimations of body size scaling of space use with sig-
nificant effects that could possibly be driven by differences in sampling 
effort between the lagoons (e.g., due to varying receiver density) or 
because of systematic environmental differences among the lagoons that 
also affect behaviour (Appendix Section A, Table A.1). We therefore 
added to the models the average of the log body size per sex and per 
lagoon as a fixed effect (hereafter Х logW and Х logTL in Total length 
models Appendix Section E). Doing so allowed us to disentangle po-
tential within lagoon effects from between lagoon effects, with the 
variable logW representing the within lagoon effect (as the addition of 
Х logW in the models controls for any between lagoon effects) and the 
newly added Х logW variable representing the difference in within vs. 
between lagoon effects (see van de Pol and Wright, 2009, for more de-
tails on such within group centring methods). 

Pike are sexually dimorphic; hence we expected body size effects to 
also depend on the sex (Haugen, 2018) and therefore added sex (cate-
gorical: Male, Female; the individual of unknown sex was removed from 
the sample) as an interaction for both body size variables (i.e., logW and 
Х logW). Because some pike in the brackish waters of the Baltic are 
known to take seasonal spawning migrations (Tibblin et al., 2015), we 
added season (categorical: Winter from December to February, Spring 
from March to May, Summer from June to August and Autumn from 
September to November) to the model. We also tested whether the 
seasonality of movements depended on sex by modelling an interaction 
between season and sex. 

To test whether pike that use a specific space are more likely to be 
captured, we added “recaptured” (by anglers or fishers; categorical: yes, 
no) as a fixed effect in the models. We estimated yearly effects by also 
adding year as a fixed effect (categorical: 2020, 2021). 

Our final fixed effect was the proportion of days detected per month 
(

Days detected
Total possible days

)
. Adding this effect allowed us to control for the fact that 

fish spent different amounts of time within range of the array, depending 
on the receiver coverage in the area and on their behaviour (see Ap-
pendix Section B Fig. B.3 for distributions of the amount time detected 
per individual between the lagoons). 

To make the slope of coefficients directly comparable in strength, we 
z-transformed (set to a mean of zero and a standard deviation of one) all 
the continuous fixed effects (i.e. logW and proportion of days detected 
per month, with ХlogW calculated from the z-transformed logW). This 
did not impact the significance of our results, and the same models are 
available without z-scaling in the Appendix (Section D and E) for 
comparison. 

Differences between individuals were accounted for by including fish 
ID as a random effect. Further, we added a first order (i.e. one unit of 
time apart) temporal autocorrelation parameter within individuals to 
the models to account for the non-independence of data points collected 
in consecutive months (Cor(Month|ID); Mitchell et al., 2019). 

The full models were backward simplified using consecutive log- 
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likelihood ratio tests until a most parsimonious model was found. Fit of 
each final model was assessed by plotting the residuals on the fitted 
values and looking for any discernible patterns, if no patterns could be 
seen, fit was considered adequate (Martin et al., 2017). The confidence 
intervals (CI) for each effect in the most parsimonious model was 
computed using the intervals() function in nmle, and the estimates of 
fixed effects were considered significant if their 95% confidence interval 
excluded zero. 

If the random term ID significantly improved the model, we calcu-
lated adjusted-repeatability from the most parsimonious model (R =

σ2
α

σ2
α+σ2

ε 
where σ2

α is the between-individual variance and σ2
ε is the within- 

individual variance, Nakagawa and Schielzeth, 2010) to assess how 
repeatable pike were in their monthly space use. High repeatability can 
be interpreted as evidence of the presence of spatial behavioural phe-
notypes (Hertel et al., 2020). 

2.9. Data availability statement 

All data used for this study has been deposited on the European 
Tracking Network data platform under the project “Bodden_Pike“ 
(https://www.lifewatch.be/etn/). Animal, tag and deployment data is 
immediately available and detection data will be available after an 
embargo period ending in 2024. We included the code used for our 
analysis in the Appendix, section D and E. 

3. Results 

3.1. Sample description 

Following data filtering and UD calculations (see Fig. 2 for an 
example of UDs), the dataset used for this analysis comprised a total of 
210 individuals (92 males, 118 females; see Appendix, Section A, 
Table A.3 for complete breakdown). Monthly sizes of the core area 

spanned from 0.17 to 15.3 km2 at an average of 1.07 km2 (calculated as 
the mean of monthly individual means; Fig. 3. A), and the monthly sizes 
of the extended range spanned from 0.57 to 98.72 km2 for an average of 
6.58 km2 (mean of monthly individual means; Fig. 3. B). Pike had a 
monthly maximum horizontal displacement ranging from 0 to 56.6 km, 
with the average being 3.21 km (mean of monthly individual means; 
Fig. 3. C) and the maximum horizontal displacement during the whole 
study period was of 57.6 km (mean ± SD = 12.1 ± 11.5). The distri-
butions of core areas, extended ranges and horizontal displacement were 
highly skewed, with individuals showing mostly relatively small ranges 
and little horizontal displacements (Fig. 3). 

3.2. Monthly core area size 

The most parsimonious model for size of the core area (logUD50) 
included the interaction between sex and logW, as well as the ХlogW, 
the proportion of days detected and the season (Table 1). The random 
term ID and the temporal autocorrelation parameter were also both kept 
in the final model (Table 1). Recaptured (yes or no) and year were, 
however, dropped from the model, indicating that fish that are captured 
or not had a similar space use and space use did not vary substantially 
across study year. Within lagoons, positive scaling of core area size was 
observed in males, with larger males using more space, while no such 
size-dependency of space use was observed in females (Table 1, Fig. 4. 
A). There was a strong difference in between vs. within lagoon effects 
with the between lagoon effect being stronger than the within lagoon 
effect (Table 2, Fig. 4. A and B). The positive slope of Х logW indicated 
that in lagoons where fish were largest, monthly core areas were largest 
too (Table 1., Fig. 4. B). The proportion of days detected was a negative 
predictor of core area size, with fish with the smallest core areas 
spending the most days within range of the array (Table 2, Fig. 4. C). 
Core areas were largest in spring, with all other seasons not differing 
from one another (Table 2, Fig. 4. D). Repeatability for the size of the 
core area was estimated as 0.39 (p < 0.0001). 

Fig. 2. Example of seasonal 50 (in darker shades) and 95% (in lighter shades) utilization distribution in two males and two females from NRBC. Individuals presented 
here were randomly selected among a list of every individual that had a calculated UD for all seasons (and included individuals with only three seasons of presence, if 
there were not enough fish with four seasons of data). The seasonal home-ranges were calculated as the sum of the monthly ranges available for a given season. 
Examples from the other lagoons are available in the Appendix Section F. 
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3.3. Monthly extended range 

For the extended range (logUD95), the most parsimonious model 
included season, sex, proportion of days detected, and Х logW (Table 1). 
The temporal autocorrelation and the random term also both signifi-
cantly improved model fit (Table 1). Recaptured, logW (within lagoon 
effect) and year were dropped from the model. All body size scaling of 
space use was driven by the between lagoon effect, with larger extended 
ranges being measured in lagoons in which fish were larger at the time of 
tagging (Table 2, Fig. 5. A). At a given weight, male fish had larger 
extended ranges than females, as illustrated by the higher intercept for 
males (Table 2, Fig. 5. A). Fish that had smaller extended range spent 
more time within range of the receivers (i.e. were proportionally 
detected on more days; Table 2). Fish used the most space in spring, with 
no significant differences between the other seasons (Table 2). Repeat-
ability for the size of the extended range was estimated as 0.36 
(p < 0.0001). 

3.4. Monthly range-ratio 

The range-ratio was predicted by both logW and Х logW, by season, 
by sex and by the proportion of days detected, but it did not vary ac-

cording to whether a fish was recaptured and was independent of year 
(Table 1). As before, the temporal autocorrelation term and the random 
effect were both kept in the most parsimonious model (Table 1). Larger 
fish had significantly lower range-ratios, meaning that the differences 
between the size of the core area and the size of the extended range 
increased with the body size of the fish (Table 2, Fig. 5.B). This was true 
at the within and at the between lagoon level, with the between lagoon 
effect being stronger than the within-lagoon level (Table 2, Fig. 5. B and 
C). Males had lower range ratios than females, meaning that their core 
area size made up for a smaller proportion of their extended area size 
(Table 2, Fig. 5. B and C). Fish that spent more time within range of the 
array had higher range ratios (Table 2). The range ratio index was also 
lowest in spring (Table 2). The adjusted repeatability of the range ratio 
was estimated as 0.35 (p < 0.0001). 

4. Discussion 

In this paper, we present two years of acoustic telemetry data on 210 
coastal pike with a large size range that roam in interconnected shallow 
brackish water lagoons of the southern Baltic Sea. We took advantage of 
our large study system (> 1.200 km2) and the broad size spectrum of our 
study animals (ranging from 480–1.210 mm total length) to test the 

Fig. 3. Probability distribution of A) the size of the monthly core area (50 % utilization distribution, UD) b) the size of the monthly extended range (95 % UD) and C) 
the monthly maximum horizontal displacement of pike in our study area. Means are calculated as the means of monthly individual means. 

Table 1 
Results of the model selection. The full models were set up with the following formula Response~Sex*logW+Sex*Х logW+Sex*Season+Recaptured+Year+proportion. 
of.days.detected+(1|ID)+Cor(Month|ID) and each row of this table indicates which effect was removed to perform the log likelihood ratio test. Bold results indicate 
effects that improved model fit.   

logUD50 logUD95 UD50/UD95 

Variable log Likelihood ratio (DF) P log Likelihood ratio (DF) P log Likelihood ratio (DF) P 

Random ID 50.9 (1) <0.0001 44.8 (1) <0.0001 85.2 (1) <0.0001 
Cor(Month|ID) 86.6 (1) <0.0001 87.07 (1) <0.0001 12.9 (1) <0.001 
Season*Sex 1.2 (3) 0.75 1.06 (3) 0.78 0.5 (3) 0.91 
logW*Sex 4.8 (1) 0.03 1.9 (1) 0.16 0.5 (2) 0.46 
ХlogW *Sex 0.007 (1) 0.93 0.5 (1) 0.47 2.5 (1) 0.11 
No interactions NA NA 5.6 (5) 0.34 3.1 (5) 0.68 
Year 0.001 (1) 0.97 0.07 (1) 0.78 0.4 (1) 0.5 
Proportion of days detected 37.1 (1) <0.0001 34.2 (1) <0.0001 19.1 (1) <0.0001 
Recaptured 2.45 (1) 0.12 0.7 (1) 0.41 0.03 (1) 0.96 
Season 37.7 (3) <0.0001 55.9 (3) <0.0001 36.7 (3) <0.0001 
Sex NA NA 11.06 (1) <0.001 9.06 (1) <0.005 
ХlogW 9.06 (1) 0.002 10.7 (1) <0.005 5.2 (1) 0.02 
logW NA NA 2.87 (1) 0.09 7.4 (1) <0.01  
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Table 2 
Estimates and 95 % confidence intervals of the most parsimonious models for logUD50 (left), logUD95 (middle) and the range ratio (right). The intercept is taken as 
autumn for females. Bold results indicate variables that are significantly different from the intercept, or slopes that differ significantly from zero (i.e. confidence 
intervals do not overlap zero). Continuous fixed effects are z-scaled.   

Log UD 50 Log UD 95 UD 50/UD 95 
variable Estimate [95 %CI] Estimate [95 %CI] Estimate [95 %CI] 

Intercept -0.12 [− 0.17, − 0.06] 0.55 [0.48, 0.62] 0.21 [0.19, 0.22] 
logW -0.0004 [− 0.04, 0.04] NA -0.01 [¡0.02, ¡0.003] 
Sex.male 0.16 [0.06, 0.25] 0.19 [0.07, 0.28] -0.03 [¡0.04, ¡0.01] 
logW:Sex.male 0.10 [0.02, 0.18] NA NA 
ХlogW 0.11 [0.04, 0.19] 0.19 [0.11, 0.28] -0.02 [¡0.03, ¡0.002] 
Proportion of days -0.05 [¡0.07, ¡0.03] -0.07 [¡0.09, ¡0.05] 0.009 [0.005, 0.01] 
Season.Spring 0.07 [0.03, 0.10] 0.12 [0.08, 0.17] -0.01 [¡0.02, ¡0.009] 
Season.Summer -0.04 [− 0.004, 0.03] 0.01 [− 0.03, 0.06] -0.002 [− 0.01, 0.005] 
Season.Winter -0.03 [− 0.08, 0.06] -0.1 [− 0.05, 0.006] 0.005 [− 0.004, 0.01] 
Marginal R2 0.11 0.12 0.10 
Conditional R2 0.47 0.44 0.42  

Fig. 4. Within (A) and between (B) lagoon effects of body weight on the size of the core area. Effect of (C) the proportion of days detected, and (D) the season on the 
core area size. Solid regression lines and darker boxes show significant effects. All continuous explanatory variables are z-scaled to facilitate comparison of slopes. 
BAT: Barther Bodden; WRB: Western Rügen Bodden; NRBC: Northern Rügen Bodden chain; S: Strelasund; GB: Greifswalder Bodden; PS: Peenestrom. 
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body size scaling of space use in an unbounded waterbody. We calcu-
lated the 50 % and 95 % Utilization Distribution (UD) of each pike on a 
monthly basis and tested for body size effects at the within and the 
between lagoon level. In accordance with our expectations, we observed 
space use to scale positively with body size, but the effect differed be-
tween and within the lagoons. The size of the core area (50 % UD) and of 
the extended range (95 % UD) scaled positively with size at the between- 
lagoon level meaning that differences in body size of pike between the 
lagoons partly explained the observed differences in range sizes. Within 
lagoons, the core area size scaled with body size in males, but not in 
females, partially in line with our expectations of sexual dimorphism. 
But no body size scaling of the extended range was observable at the 
within lagoon level. Further, we found the range-ratio (ratio of core area 
size on extended range size) to scale negatively with body size, both 
between and within lagoons implying that bigger pike use the space 
outside of their core area more extensively. When controlling for body 
size, males had higher extended ranges and smaller range ratios than 
females. The amount of space used by pike differed according to the 
season with pike using the most space in spring, in agreement with ex-
pectations, with no differences in the seasonal space use between males 
and females. Fish that had smaller core areas, smaller extended ranges 
and larger range ratios (i.e. the size of their core areas and extended 
range were more similar), were detected more frequently on the array. 
We did not detect differences among captured and uncaptured fish. 
Finally, we found the size of the core area, the size of the extended range 
and the range-ratio to be highly repeatable between months, when 
controlling for temporal autocorrelation, suggesting the presence of 
inter-individual variation in behaviour (i.e. personalities). Overall, 
space use was found to be related to biological variables (sex, body size), 
environmental variables (represented by between-lagoon effects) and to 
methodological variables. 

Space use is predicted to be driven by the size of the waterbody, but 
also by the body size of fish. In Baltic pike, Jacobsen et al. (2017) pro-
vided a first hint of space use scaling with body size with the number of 
days spent outside of their study lagoon correlating positively with pike 
size. We also observed that space use scaled with body size, but the 
scaling was explained in majority by between-lagoon effects: in lagoons 
where we sampled larger pike, we also observed larger core and 
extended ranges, independently of an interaction with sex (i.e., the slope 
of the effect was the same for males and females). This between-lagoon 
effect can be indicative of a co-variance of lagoon ID and average size of 
pike that were tagged or may be caused by environmental variations 
among lagoons, such as variations in salinity, turbidity, water temper-
ature or macrophyte coverage (Jepsen et al., 2001; Říha et al., 2021; 
Vollestad et al., 1986, Appendix Section A Table A.1). We exclude dif-
ferences in the size of lagoons as a reason because the lagoons we studied 
were all large relative to the size of the space used by pike 
(Appendix Section A Table A.1). Besides, all lagoons were fully inter-
connected and pike were thus not bounded by the size of their water-
body of origin. 

When controlling for the between lagoon effects, we found a within 
lagoon effect of body size on core area size in male, but not female pike. 
The expansion of the core area in larger males may be an effect of their 
higher energetic demand (Darveau et al., 2002), with smaller conspe-
cifics being able to sustain themselves within smaller core areas. Our 
work is in agreement with Jepsen et al. (2001), who also reported 
elevated activity by males related to females when body length was 
controlled for. But this energetic explanation for the male effect is not 
fully satisfying as large female pike also have high energetic re-
quirements, perhaps even larger than similar-sized males due to the 
elevated cost of their gonad production (Trudel et al., 2000). However, 
reproductive investment is not limited to gonad production, and males 
may have elevated costs in searching for appropriate spawning places 
especially if this involves agonistic interactions with other males. In 
anadromous species, especially in salmonids, sex-specific differences in 
energy expenditure have been reported, with males having higher 

Fig. 5. Between lagoon effects of weight on (A) the extended range size, and 
(B) the range ratio. (C) Within lagoon effect of body weight on the range ratio. 
Solid regression lines show significant effects. All continuous explanatory var-
iables are z-scaled to facilitate comparison of slopes. BAT: Barther Bodden; 
WRB: Western Rügen Bodden; NRBC: Northern Rügen Bodden chain; S: Stre-
lasund; GB: Greifswalder Bodden; PS: Peenestrom. 

F. Dhellemmes et al.                                                                                                                                                                                                                            



Fisheries Research 260 (2023) 106560

10

metabolic rates, activity and energy usage (see, for example, Standen 
et al., 2002; reviewed in Hanson et al., 2008). This may be due to males 
gaining a fitness advantage by arriving early at the spawning grounds 
and through fighting to access to females, thereby potentially fertilizing 
more eggs (Gross, 1984). However, we observed no interaction between 
sex and season on the space use of pike, suggesting that males do not 
significantly use more space than females in spring. Alternatively, males 
have be suggested to be more active simply as they have more residual 
energy to spend on activities such as swimming than females who have a 
higher cost of egg production (Jonsson et al., 1997). Finally, these noted 
differences in space use between the sexes may also be driven by 
intersexual resource competition, whereby males and females coexist by 
avoiding competition and specializing in different prey items or 
different foraging strategies (Haugen et al., 2006; Li and Kokko, 2021). If 
the source of the dimorphism is unclear at this stage, our observations 
reemphasize the importance of considering sex effects in fisheries 
research (Hanson et al., 2008). 

We also observed within and between lagoon effects of body size on 
the range ratio, with the ratio decreasing with body size in both males 
and females. Range-ratio has traditionally been linked to foraging, with 
higher indices being linked to more intense use of a small portion of their 
extended range (i.e. more intense use of a small portion of their 95 % 
UD) by individuals, and smaller ones representing more rapid switches 
between different foraging spots within the extended range (95 % UD) at 
longer distances from the core area (50 % UD) by individuals (Spiegel 
et al., 2017; Webber et al., 2020). Our findings can be explained via two 
mechanisms. First, for a given resource patchiness, expanding the 
foraging range outside of the core area may be a way for larger pike to 
meet their energetic requirements. Second, avoiding risk of predation is 
likely to play an important role and affect the size-structure of pike and 
their spatial arrangements (Nilsson, 2006), with specifically the smaller 
individuals needing to balance the benefits of foraging with the risks of 
encountering predators (Pettersson and Brönmark, 1993) and therefore 
reducing the extent of their ranges outside of the core area. This is 
because larger pike are less vulnerable to natural predation (Nilsson and 
Brönmark, 1999, 2000), which can increase their motivation to roam 
freely (Haugen et al., 2006; Skov and Koed, 2004). By contrast, smaller 
conspecifics are often bound to be hiding in littoral refuges (Chapman 
and Mackay, 1984; Grimm and Klinge, 1996), which can increase the 
overlap of the core area and the extended range (leading to higher range 
ratios). These patterns are likely to hold only for the size range we 
tagged, which encompassed adult fish of 48 cm total length and larger. 
In larval and juvenile pike, the smaller conspecifics have been found to 
be displaced from core vegetated refuge areas by superior, typically 
larger conspecifics, leading to largest movement distances found in the 
smallest pike individuals (Skov et al., 2011). We suggest this pattern 
may reverse as the fish grow and the largest fish become freed from 
predation risk. The situation might change if larger predators, e.g. seals 
see their population increase in the study area as seals can be predators 
for larger bodied pike (Bergström et al., 2022). 

Our study provides a valuable update to our knowledge on coastal 
pike behaviour in the Baltic Sea. Using mark-recapture of externally 
tagged pike, Karås and Lehtonen (1993) suggested that 80–95 % of 
Baltic pike across the adult stage do not move more than 10 km and 
generally substantially less (17–100 cumulative percent of pike recap-
tured within 4 km of their point of release depending on the area). By 
contrast, when looking at monthly data, we found pike to travel up to 
56 km in a month, with 49 % of pike having a horizontal displacement 
> 10 km in a least one month of the study (see Appendix Section A), 
indicating either that the fish in the lagoons in Germany move more than 
reported from Sweden and Finland based on mark-recapture data or that 
mark-recapture data severely underestimate the movement rates of pike. 
However, similar to Karås and Lehtonen (1993) the distribution of the 
space use proxies we documented were right skewed with fish only 
periodically showing very high movements, and most pike being rela-
tively stationary in terms of overall space use. The periodicity of large 

movements is further supported by the overall maximum horizontal 
displacement (i.e., over two years) being very similar to the monthly 
maximum (monthly = 56.6 km; overall = 57.6 km). 

Brackish pike are known to take spawning migrations in spring 
(Müller, 1986; Tibblin et al., 2015, 2016; Stott and Miner, 2022), which 
may be the main event leading to periodically elevated movements. We 
found the space use of the pike to be driven by seasons independently of 
sex, with pike using the most space in spring, which coincides with the 
spawning time of pike (Skov and Nilsson, 2018). Further scrutiny of the 
data by month revealed that pike used the most space in April (see 
Appendix section G), supporting the idea that the yearly most elevated 
movement for brackish pike is performed in a relatively short time. Pike 
also had the lowest range-ratios in spring, which indicates an intensifi-
cation of activity outside their core area, possibly indicating the active 
use of spawning areas. As discussed above, range-ratio has often been 
linked to foraging strategies (Genero et al., 2020; Spiegel et al., 2017; 
Webber et al., 2020), but in our study, the low ratios in spring may also 
be explained by individuals taking relatively large spawning migrations 
(Müller, 1986; Stott and Miner, 2022). This observation suggests that 
the range-ratio metric is useful beyond describing differences in 
foraging, and future work should consider that other events, such as 
spawning migrations, may also be aptly captured by this metric. Some 
coastal pike have adapted to spawning in brackish lagoons, as is docu-
mented in the similarly saline Danish populations (Jørgensen et al., 
2010) and for which there is evidence in our study area (Möller et al., 
2021, 2019). Other fish will likely still depend on low salinities for 
successful egg development (Sunde et al., 2018), encouraging the 
maintenance of anadromy in the sexually mature part of the population 
(Engstedt, 2011), which in turn might induce spawning migrations. 
Anadromy and brackish spawning might not be the only spawning 
strategies in our study system, as Birnie-Gauvin et al. (2019) found pike 
that spend the whole year in a Danish freshwater tributary only rarely 
making use of the neighbouring brackish bay. The marked differences in 
space use between the lagoons may in part be due to such distinct 
strategies or to the distance pike must travel to get to the next freshwater 
tributary. For instance, most females in Strelasund (S), Barther Bodden 
(BAT) and the Northern Rügen Bodden Chain (NRBC) were sampled 
further from the nearest tributary than females in the Western Rügen 
Bodden (WRB, see sampling capture location map in the 
Appendix Section A Fig. A.2), potentially explaining their higher space 
use (Figs. 4. B, 5. A and B). Of course, other environmental variables 
might also affect lagoon-specific movement rates, e.g., differences in 
salinity or macrophyte coverage (Říha et al., 2021). 

Despite pike having been described to increase their spatial activity 
in winter (Kobler et al., 2008a), we observed no such effect in our work. 
Our study system is characterized by pulses in availability of mobile 
marine prey in spring, while prey of freshwater origin make up for a 
large part of pike’s diet in other seasons (Winkler, 1987). Roach (Rutilus 
rutilus), a typical prey of pike, has been described to be less active in 
winter (Jacobsen et al., 2004). If this pattern is generalizable to other 
pike prey species, it could explain the lack of increase of space use in 
winter as ambush predation on aggregations of prey fish or on migration 
routes might be sufficient to maintain prey intake without a need to 
increase space use. Other possible reasons include increased problems 
with osmoregulation at low water temperatures in winter (Christensen 
et al., 2017), which may reduce the willingness of pike to move and 
reduce seasonal patterns in home range. But generally, pike is a rather 
low mobility, sedentary species, despite variation in willingness to move 
among individuals, which suggests the presence of spatial personalities 
as revealed in our work and previous studies in pike (Kobler et al., 
2009). 

Despite occasional elevated movements, pike showed overall rather 
localized space use given the extensive nature of the lagoon ecosystems. 
For instance, the monthly core area size was only on average 1.08 
± 0.88 km2, with all monthly space use metrics being positively skewed. 
The space used by pike in our study was still substantially greater than 
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the average extended ranges reported from small lakes (e.g., mean 
extended range = 0.036 km2 in winter and 0.014 km2 in summer in 
Kobler et al., 2008a) and for rivers (home range = 0.1 km2, Rosten et al., 
2016, monthly average extended range in our study = 6.58 km2). 
However, comparing space use in small lake with space use in a large 
system is not very useful, as the absolute range is expected to scale with 
the size of the waterbody in fish (Woolnough et al., 2009). Indeed, in a 
large network of interconnected lakes (ca. 7.500 ha), muskellunge (Esox 
masquinongy, a relative of E. lucius) ranging from 813 to 1.346 mm total 
length were found to have an extended range averaging 6.12 km2, which 
is more in line with our observations from the lagoons (calculated using 
minimum convex polygons; Diana et al., 2015). 

We found the range-ratio (along with all other range metrics) to be 
highly repeatable after controlling for body size and sex. This indicates 
that some individuals are consistently more likely to forage outside of 
their core areas, likely representing proactive phenotypes and others less 
likely to do so, representing reactive phenotypes (Laskowski et al., 2016; 
Monk et al., 2021; Nyqvist et al., 2012). The field of animal personality 
(i.e. consistent individual differences in behaviour) has long been 
guided by a framework recommending the study of five traits measured 
in standardized captive assays (Réale et al., 2007). This common 
framework has allowed for the accumulation of knowledge on this 
phenomenon and the growth of the research field. More recently, 
research has started advocating for a broader definition and the 
expansion to any behaviour (Dingemanse and Wright, 2020), normal-
izing research on “spatial-personalities” or “spatial-behaviour types” in 
free-ranging animals (Alós et al., 2019; Hertel et al., 2020; Spiegel et al., 
2017). Our work suggests, unsurprisingly, that pike have spatial 
behavioural phenotypes, thereby extending previous knowledge on the 
presence of activity-based personalities in wild pike populations (Kobler 
et al., 2009). 

When spatial behaviour is repeatable, particular behavioural phe-
notypes may be more likely harvested than others, creating selection 
pressures and potentially influencing the evolution of behaviour to-
wards the least harvested phenotypes (Alós et al., 2019; Arlinghaus 
et al., 2017). In this context, we did not find differences in the size of the 
space used by fish that were recaptured and by fish that were not. This 
may be because the number of fish recaptured was too low (~10 % of all 
fish) to allow for the quantification of an effect, but also because fishing 
selection on space use depends on many different factors including gear 
encounter (Alós et al., 2012; Monk et al., 2021), fisher behaviour (Alós 
et al., 2012) and time spent inside protected zones (Thorbjørnsen et al., 
2019, 2021). Our study area presents intricate area-based regulations, 
made of situational (e.g. that may apply only to anglers, but not fishers), 
temporal (e.g. that target only the spawning season) and spatial (i.e. one 
national park, a biosphere reserve and multiple small conservation 
areas) limitations to fishing that can provide varying degrees of pro-
tection to pike, of fisher behaviour (e.g. shore vs boat fishing) and of 
gear encounter probabilities across space and through time (Arlinghaus 
et al., 2021). This complexity may prevent the quantification of selective 
recapture tendencies on particular space use behaviours. 

In passive telemetry, where stationary acoustic receivers record the 
presence of animals that swim within their range from fixed locations, 
array design (i.e., positions of the receivers in the study area) is a 
particularly important consideration and will affect space use estimates 
(Heupel et al., 2006). We used a multi-purposed array which presented 
differences in receiver coverage between the lagoons and did not allow 
for high-resolution quantification of space use. As a result of our low 
receiver densities, we were more likely to collect data on the least mo-
bile individuals that were within receiver reach, as illustrated by 
negative slopes between the size of the ranges and the proportion of days 
detected in the array. The inclusion of this effect in the model allowed us 
to control for differences in detection rates between fish, increasing 
confidence in our results despite this sampling bias. But balanced sam-
pling effort should remain a major consideration when designing future 
telemetry studies. Array design will depend on the study question, on the 

budget (i.e. number of receivers available) but also on prior knowledge 
on the spatial behaviour of the target species. Our results provide the 
first estimates of the areal space use to expect in Baltic pike and can thus 
support future research efforts that aim to use similar technologies on 
these pike populations. 

In conclusion, we found the body size scaling of space use to differ at 
the within- and at the between-lagoon level using a sample of pike 
tagged in coastal areas of the Baltic Sea. Space use scaled most strongly 
at the between-lagoon level suggesting that in places where fish were 
bigger, fish also used more space, indicating potential inter-lagoon 
environmental and sampling differences as drivers for the relationship. 
Within lagoon effect were more subtle and showed sexual differences 
with space use being driven by body size only in male pike. This 
dimorphism may suggest that male pike have higher energetic re-
quirements, different movement strategies linked to reproduction, or 
different foraging specialization to evade intersexual or intrasexual 
competition. Our study provides a baseline to understand the spatial 
behaviour of pike in the Baltic Sea and demonstrates the importance of 
teasing apart within and between area effects in interconnected envi-
ronments, such as the Bodden lagoons. 
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pour l′Exploration De. la Mer. 190, 125–132. 

Wolter, C., Arlinghaus, R., 2003. Navigation impacts on freshwater fish assemblages: the 
ecological relevance of swimming performance. Rev. Fish. Biol. Fish. 13, 63–89. 

Woolnough, D.A., Downing, J.A., Newton, T.J., 2009. Fish movement and habitat use 
depends on water body size and shape. Ecology of Freshwater Fish 18 (1), 83–91. 
https://doi.org/10.1111/j.1600-0633.2008.00326.x. 

F. Dhellemmes et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref101
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref101
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref101
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref102
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref102
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref102
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref103
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref103
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref103
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref103
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref104
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref104
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref104
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref105
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref105
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref106
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref106
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref107
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref107
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref107
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref108
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref108
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref108
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref109
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref109
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref109
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref109
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref110
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref110
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref110
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref111
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref111
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref111
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref112
http://refhub.elsevier.com/S0165-7836(22)00337-X/sbref112
https://doi.org/10.1111/j.1600-0633.2008.00326.x

	Body size scaling of space use in coastal pike (Esox lucius) in brackish lagoons of the southern Baltic Sea
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Study species and tagging procedure
	2.3 Recapture reporting
	2.4 Acoustic receiver network
	2.5 Detection filtering
	2.6 Monthly utilization distributions
	2.7 Maximum horizontal displacement
	2.8 Statistical analysis
	2.9 Data availability statement

	3 Results
	3.1 Sample description
	3.2 Monthly core area size
	3.3 Monthly extended range
	3.4 Monthly range-ratio

	4 Discussion
	Ethics statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix Supporting information
	References


