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Abstract  Individual variation in movement is fun-
damental to understanding population structure and 
dynamics in coastal fish. Here, we examine size- and 
sex-specific patterns of movement, spatial connectiv-
ity, and spawning site fidelity in coastal northern pike 
(Esox lucius) within and across years in a spatially 
extensive lagoon network in the southern Baltic Sea. 
We analysed capture–mark–recapture data for 666 
recaptured pike (of 4597 tagged) and acoustic tracking 
data from 318 individuals, spanning total lengths from 
28 to 126  cm. Neither mark–recapture nor telemetry 
data revealed a relationship between individual body 
length and sex, distance between capture and recap-
ture, connectivity, maximum horizontal displacement, 
and among-year spawning site fidelity. Instead, spatial 
connectivity and movement ranges were significantly 
correlated between years and statistically repeatable, 
indicating stable inter-individual variation in move-
ment behaviour independent of body size or sex. These 

patterns point to a population in which movement roles 
are not structured by size or sex, but rather by stable 
individual-level differences in behavioural types. That 
said, events of significant spatial connectivity were 
rare, pointing to local recruitment dynamics within 
lagoons being dominant in coastal northern pike.

Keywords  Ecological connectivity · Population 
connectivity · Mark–recapture · Acoustic telemetry · 
Spawning

Introduction

Connectivity is an important determinant of popula-
tion dynamics, resilience, and effective conservation 
and management in coastal fish, as it affects multiple 
processes such as migration and dispersal, popula-
tion growth, gene flow, and local adaptations (Gido 
et al. 2015; Kool et al. 2013; Schindler et al. 2010). 

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10641-​026-​01894-w.

O. Lukyanova · R. Arlinghaus · F. Dhellemmes 
Department of Fish Biology, Fisheries and Aquaculture, 
Leibniz Institute of Freshwater Ecology and Inland 
Fisheries, Berlin, Germany

O. Lukyanova (*) 
AZTI, Marine Research, Basque Research and Technology 
Alliance (BRTA), Pasaia, Spain
e-mail: olukyanova@azti.es

R. Arlinghaus 
Division of Integrative Fisheries Management, Faculty 
of Life Sciences, Integrative Research Institute 
on Transformations of Human‑Environment Systems, 
Humboldt-Universität zu Berlin, Berlin, Germany

F. Dhellemmes 
Excellence Cluster “Science of Intelligence”, Berlin, 
Germany

F. Dhellemmes 
Center for Adaptive Rationality, Max Planck Institute 
for Human Development, Berlin, Germany

http://orcid.org/0000-0001-7091-7648
http://orcid.org/0000-0003-2861-527X
http://orcid.org/0000-0002-2043-4653
http://crossmark.crossref.org/dialog/?doi=10.1007/s10641-026-01894-w&domain=pdf
https://doi.org/10.1007/s10641-026-01894-w
https://doi.org/10.1007/s10641-026-01894-w


	 Environ Biol Fish         (2026) 109:132   132   Page 2 of 19

Vol:. (1234567890)

Identifying which individuals contribute to connec-
tivity—and how consistently they do so—is there-
fore essential for understanding population ecology 
and managing exploited coastal species. Importantly, 
connectivity is not equivalent to movement distance: 
whereas distance describes only how far an individual 
travels, connectivity reflects whether those move-
ments consistently link spatially separated subpopula-
tions or critical habitats (such as spawning sites), and 
it is this realised linkage (rather than distance per se) 
that governs demographic exchange, gene flow, recol-
onisation of depleted local sites, and subpopulation 
dynamics (Kool et al. 2013; Schindler et al. 2010).

Body size and sex are among the most tractable 
candidate predictors of individual movement and con-
nectivity in fishes. Movement rates tend to increase 
with body size across fish species (Minns 1995; Tam-
burello et  al. 2015), potentially because larger fish 
swim faster and more efficiently (Alexander 2003; 
Ohlberger et  al. 2006), are often in better condition 
(Bernatchez and Dodson 1987), accumulate greater 
spatial experience in locating optimal spawning or 
foraging sites (Rose 1993; Reebs 2001; Webster 
2017), and may be less constrained in their move-
ments due to lower natural predation risk (Lorenzen 
2022). In addition to their substantial contributions 
to offspring production, recruitment, and population 
stability (e.g., Hsieh et  al. 2010; Hixon et  al. 2014; 
Barneche et al. 2018; Kopf et al. 2024; Marshall et al. 
2021), in some species large fish may also function 
as keystone connectors among spatially separated 
spawning grounds (Olsen et  al. 2023). Despite their 
relevance, the movement aspect of size variation 
and the potential impacts of positively size-selective 
mortality typical for fisheries on habitat connectivity 
remain underexplored, even though these factors may 
contribute to understanding why size-truncated stocks 
exhibit greater population fluctuations than those with 
more natural age and size structure (Anderson et  al. 
2008; Hsieh et al. 2010).

The northern pike (Esox lucius Linnaeus, 1758; 
hereafter, pike) is a phytophilic, large-bodied piscivo-
rous freshwater fish (Craig 1996; Skov and Nilsson 
2018), heavily exploited in both commercial and rec-
reational fisheries in a positively size-selective man-
ner (Arlinghaus et  al. 2018). This coldwater species 
(Schlautmann et al. 2026) regularly occurs in coastal 
areas across the Baltic Sea where salinities average 
below 10 PSU (Practical Salinity Unit; Jacobsen and 

Engström-Öst 2018). Pike are annual single-spawn-
ers, i.e., species that reproduce only once during 
the breeding season each year (also known as total 
spawners), with timing varying by latitude between 
February and May (Raat 1988). During spring spawn-
ing, individual females release eggs with groups of a 
few males over a period of at most a few days depend-
ing on temperature fluctuations (Svardson 1949; 
Clark 1950; Raat 1988). Males seem to preferentially 
spawn with larger, more fecund females (Fabricius 
and Gustafson 1958), and larger males were found 
to sire a greater number of offspring in a natural lake 
(Pagel 2009).

In the southern Baltic, pike have diversified into 
ecotypes ranging from brackish residents to anadro-
mous and freshwater subpopulations (Möller et  al. 
2019, 2021; Rittweg et  al. 2024). Previous telem-
etry and mark–recapture studies in the Baltic Sea 
have shown that pike are largely sedentary with lim-
ited home ranges (Karås and Lehtonen 1993; Jacob-
sen et al. 2017; Flink et al. 2023; Dhellemmes et al. 
2023b), forming a spatially structured metapopulation 
across a network of brackish lagoons (Möller et  al. 
2021; Lukyanova et  al. 2024) and interconnected 
rivers (Tibblin et al. 2016; Nordahl et al. 2019). Dis-
persal is generally low outside the spawning season 
but increases significantly prior to and during spring 
spawning, when pike activity and space use increase 
(Diana 1980; Raat 1988; Cook and Bergersen 1988; 
Flink et  al. 2023; Dhellemmes et  al. 2023b; Luky-
anova et  al. 2024). Increases in space use during 
spawning are especially pronounced in coastal sites 
where multiple ecotypes, such as brackish spawn-
ers and anadromous fish (Müller 1986; Tibblin et al. 
2016; Sunde et  al. 2022), co-exist and spawning 
migrations are regularly observed (Flink et al. 2023; 
Lukyanova et  al. 2024). Anadromous fish that for-
age in coastal sites but return to freshwater streams 
for spawning rely on these migrations to recruit 
successfully (Tibblin et  al. 2015, 2016). Yet, fully 
coastal ecotypes have also been reported to engage 
in spawning migrations towards enclosed, sheltered 
bays that are used for spawning (Jacobsen et al. 2017; 
Flink et  al. 2023; Lukyanova et  al. 2024). Move-
ment is therefore central to the reproductive ecol-
ogy of coastal pike, and understanding how it varies 
with body size and sex—and whether it is consistent 
across individuals and years—is relevant to under-
standing population connectivity and the potential 
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consequences of size-selective harvest. Past research 
from freshwater systems has shown that individual 
pike vary systematically in behavioural types, some-
times described as personality (Kobler et  al. 2009). 
Therefore, systematic individual differences in long-
range movement behaviours can also be expected to 
occur in coastal pike.

In pike, as in many other fish species (Minns 
1995), space use is positively correlated with body 
size (Rosten et  al. 2016; Monk 2019; Monk et  al. 
2021). However, such a positive relationship between 
body length and activity or home range size is not 
universally observed (Jepsen et al. 2001; Koed et al. 
2006; Kobler et al. 2008; Dhellemmes et al. 2023b). 
Discrepancies among studies may stem from dif-
ferences in the size gradients studied, local environ-
mental conditions, local ecosystem extent, popula-
tion-specific characteristics, or research methods. 
Additionally, past fishing pressure may play a role, as 
larger, faster-growing, and more active pike are selec-
tively harvested by passive fishing gear, such as gill-
nets or hook-and-line recreational angling (Carlson 
et  al. 2007; Edeline et  al. 2007; Monk et  al. 2021). 
Seasonal context also matters: because pike are gener-
ally sedentary ambush predators for much of the year 
(Diana 1980), size-related differences in movement 
may be most detectable during the spring spawning 
season, when activity is elevated (Raat 1988; Luky-
anova et  al. 2024). Importantly, larger space use or 
longer displacements translate into greater connec-
tivity only if these movements link otherwise sepa-
rate spawning sites or subpopulations; body size 
could therefore scale with movement distance with-
out structuring connectivity, making it important to 
examine the two aspects separately.

Here, we describe size- and sex-specific patterns 
of movement, connectivity, and spawning site fidel-
ity within and among years in a coastal pike popula-
tion inhabiting an interconnected lagoon ecosystem 
of approximately 1200 km2 in the southern Baltic Sea 
(for a review of the study area, see Arlinghaus et al. 
2023a). Drawing on both capture–mark–recapture 
data and multi-year acoustic telemetry, we examine 
how body length and sex relate to individual move-
ment ranges, space use, and connectivity, and we 
also study the consistency of these patterns within 
and across years. Specifically, we test whether (1) 
movement range and connectivity increase with body 
length, such that the largest individuals act as key 

ecological connectors; (2) movement range and con-
nectivity differ between the sexes; (3) among-year 
site fidelity depends on body length or sex; and (4) 
individual differences in connectivity and movement 
are consistent and repeatable across years.

Materials and methods

Study area and telemetry array

Our study was conducted in the southern Baltic Sea, 
in the lagoons and freshwater tributaries bordering the 
islands of Rügen, Hiddensee, Fischland-Darß-Zingst, 
and Usedom in northeastern Germany (Fig. 1). Like 
the rest of the Baltic Sea, the interconnected lagoons 
of the study area are brackish but exhibit substantial 
inter-lagoon variation in average salinity, ranging 
from 2 (oligohaline) to 9 PSU (mesohaline) along a 
northeast-to-southwest gradient, with the most iso-
lated lagoons being the least saline (Arlinghaus et al. 
2023a; Fig. 1).

In March 2020, we deployed an array of 140 acous-
tic telemetry receivers (VR2Tx; frequency, 69  kHz; 
MAP-113, Innovasea Systems Inc., DE, USA) across 
the study area covering 1200 km2 of the total 1600 
km2 lagoon area on German territory (Dhellemmes 
et al. 2023a, Fig. 1). The telemetry array was devel-
oped to gather data on area connectivity over a broad 
spatial scale rather than detect fine-scale movements. 
The array comprised the most important documented 
or suspected spawning sites of pike (Roser et  al. 
2023), both within the lagoons and in major inflowing 
streams and rivers (Fig. 1). Receivers were retrieved, 
downloaded, and redeployed with a fresh battery 
in the winters of 2021, 2022, and 2023, in partner-
ship with the Institut für Fisch und Umwelt (FIUM), 
Rostock, Germany. Over the course of the study, 13 
receivers were lost, and six were relocated to enhance 
coverage in areas of interest. More details on receiver 
deployment are provided in Dhellemmes et  al. 
(2023a).

Fish captures and tagging

The research strategy involved tagging pike across as 
much of the size range of the species as possible (mini-
mum total length for external ID tag = 28.0  cm; mini-
mum total length for internal acoustic tag = 55.7  cm) 
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and throughout all lagoons and most larger freshwater 
streams to observe year-round behaviour, with a par-
ticular focus on the period before and during the spring 
spawning season and across a minimum of two spawn-
ing seasons. Between January 2020 and January 2023, 
we captured 5836 individual pike in collaboration with 
local fishers, angling guides, and through our own sam-
pling. Sampling was non-random across the study sites, 
instead reflecting preferred fishing grounds by coop-
erating fishers and specific lagoons aligned with other 
project objectives (Arlinghaus et  al. 2023a). Capture 

methods included rod and reel fishing, fyke nets, gill-
nets (in cool and cold water where fish can be released 
alive after capture), and electrofishing in the fresh-
water tributaries. Upon capture, pike were externally 
sex-determined (cloacal shape or spilling of gametes 
upon gently pressing the body cavity; females = 2664, 
males = 2509, unknown = 663; Casselman 1974), 
measured to the nearest millimetre (total length in 
cm; mean ± standard deviation (SD) = 73.6 ± 16.1, 
min = 12.6, max = 126.2; Fig.  2a) and weighed to the 
nearest gram (mean ± SD = 2983 ± 1979  g, min = 11.3, 

Fig. 1   Map of the study area, including receiver locations, the 
average salinity gradient, and the pike’s spawning sites. Pike 
spawning site data are taken from Roser et  al. (2023), where 
spawning sites are aggregated from different sources, which 
may agree on the location of a spawning site, leading to an 

overlap in the polygons and a brighter pink colour on the map. 
Italicised black and white labels indicate the different areas. 
DZB, Darß-Zingst Bodden; WRB, Western Rügen Bodden; 
NRB, Northern Rügen Bodden; S, Strelasund; GB, Greifswal-
der Bodden; P, Peenestrom
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max = 17,000). The health of all captured pike was 
assessed visually (i.e., colour, liveliness); healthy indi-
viduals that had not yet been tagged and measured 
more than 28 cm received external ID tags (N = 4597; 
females = 2319, males = 2183, unknown = 95; mean total 
length = 75.2 ± 13.6 SD, min = 28.0, max = 121.0; Fig. 2; 
Floy T-bar anchor, Floy Tag & Mfg. Inc., NE, USA). 
Each tag indicated the web address and phone number 
of the recapture database (www.​bodde​nhecht-​forsc​hung.​
de), through which anglers and fishers could report their 
catch (date, ID, length, gear, and location, i.e., a lagoon 
name) to enter a raffle for fishing-related prizes. Overall, 
17% of the fish were captured and tagged by the research 
team and 83% by cooperating guides and fishers.

Between February and December 2020, we 
selected 318 pike (males = 139, females = 177, 
unknown = 2) to receive internal acoustic transmitters 
(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), with 
300 individuals tagged at the beginning of the spawn-
ing season (February–March). Selection criteria 
included body weight (ensuring that in-water tag 
weight was always below 2% of the pike’s body mass; 
Jepsen et al. 2005), visual assessment of their health 
(lethargic or otherwise damaged pike were excluded), 
and capture location (Table  1). Pike selected for 
telemetry were spread widely across the study area in 
capture locations both in lagoons and freshwater trib-
utaries. They averaged 76.4 cm in total length (± 12.4 
SD; min = 55.7, max = 121.0; Fig. 2b) and 3761 g in 
weight (± 2111 SD; min = 1388, max = 15,000). To 
further motivate reports of captures of telemetry pike 

Fig. 2   Frequency distribu-
tion of total length (cm) 
in our sample. a All pike 
captured for the study 
and b pike equipped with 
acoustic tags. Males (M) 
and females (F) are repre-
sented in blue and purple, 
respectively

Table 1   Capture locations, sex, and total length (in cm) of pike selected for transmitter implantation in 2020

Capture locations can be seen in Fig. 1

Female (mean ± SD; min; max) Male (mean ± SD; min; max) Unknown 
(mean ± SD; 
min; max)

Barthe river 6 (83.1 ± 17.3; 63.6; 115.2) 5 (62.1 ± 1.7; 61.2; 65.1) 0
Beek river 0 2 (67.4 ± 6.0; 63.1; 71.6) 0
Duwenbeek river 1 (77.3) 6 (68.8 ± 4.9; 60.1; 73.0) 0
Darß-Zingster Bodden (DZB) 31 (88.5 ± 10.4; 69.6; 110.5) 9 (72.9 ± 2.9; 68.9; 77.4) 1 (84.1)
Greifswalder Bodden (GB) 17 (70.6 ± 12.9; 58.9; 106.5) 12 (68.3 ± 4.6; 59.1; 74.8) 0
North Rügen Bodden (NRB) 27 (81.0 ± 8.5; 65.6; 96.6) 9 (69.7 ± 6.0; 60.5; 76.2) 0
Peenestrom (P) 26 (81.9 ± 11.7; 67.5; 110.0) 12 (66.7 ± 6.1; 58.6; 79.1) 0
Peene river 14 (73.4 ± 14.1; 56.4; 106.4) 11 (64.3 ± 5.9; 56.3; 73.5) 0
Strelasund (S) 27 (87.9 ± 14.3; 64.0; 121.0) 24 (73.5 ± 4.4; 61.6; 81.5) 0
Sehrowbach river 5 (83.1 ± 3.5; 79.0; 87.0) 8 (67.6 ± 4.7; 61.5; 76.1) 0
Western Rügen Bodden (WRB) 22 (78.3 ± 16.4; 55.7; 120.6) 42 (71.1 ± 5.3; 58.2; 82.4) 1 (74.1)

http://www.boddenhecht-forschung.de
http://www.boddenhecht-forschung.de
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in the database, these pike received a white external 
ID tag, indicating a €100 reward for the first report 
of each individual via our website or phone number. 
The acoustic receivers remained operational until the 
end of February 2023, allowing for the generation 
of up to 3 years of data per individual (Dhellemmes 
et al. 2023b). Upon download, the data were filtered 
for false detections using ATfiltR (Dhellemmes et al. 
2023a, b).

Recapture distance

In the event of a recapture of a tagged pike (from 
our own sampling or via reports in our participa-
tory mark–recapture database by fishers, guides, and 
anglers), we calculated the in-water distance between 
each pike’s initial capture and recapture locations. 
This included recaptures of both externally tagged 
and telemetry-tagged pike. Calculations were done 
using the gdistance package (van Etten 2017), which 
involved creating a transition layer from a shapefile 
of the landmasses around our study area and then 
calculating the shortest path through this layer. This 
was done independently of the capture and recap-
ture dates, encompassing the entire study period. 
The average time between capture and recapture was 
250 days (± 229 days).

Connectivity and maximum horizontal displacement 
based on biotelemetry

We used the telemetry data to calculate connectiv-
ity and maximum horizontal displacement (MHD; 
maximum in-water distance between all detections 
of an individual pike) across two seasonal periods: 
a spring period (“spawning period”, February–May) 
encompassing the broad spawning window observed 
for pike in our study area (Roser et al. 2023), and the 
remainder of the year (“outside of spawning”). Actual 
spawning activity at any given site typically occurs 
over a much shorter window than the full spring 
period but using a broad temporal range allows us to 
assume that any increase in movement metrics due to 
spawning activity will be captured in this time win-
dow in the absence of information regarding the exact 
timing of spawning. We therefore treat our move-
ment estimates during the spring period as indicative 
of spawning-associated movements while acknowl-
edging that they are not exact measures. Choosing 

this temporal split effectively allows us to compare 
a period in which spawning likely happened with 
a period in which it did not and draw conclusions 
regarding spawning migrations when a lack of fine-
scale data prevents us from precisely documenting 
them.

MHD was computed in water using the same tech-
nique as described above for recapture distance. To 
assess connectivity, we constructed movement net-
works as unipartite undirected networks in the igraph 
package (Csárdi and Nepusz 2006; Csárdi et  al. 
2025), with nodes representing the acoustic receiver 
locations, and edges reflecting subsequent detections 
of individuals moving between these locations. Each 
fish was assigned a connectivity score based on the 
number of unique edges detected within the time win-
dow of interest.

Among‑year spawning site fidelity

To assess whether individuals change spawning sites 
among years, we estimated site fidelity in two ways. 
First, we used a binary variable indicating whether 
a pike was detected at the exact same location dur-
ing spawning time across years (yes = 1, no = 0). 
Second, we calculated the Sørensen index (Sørensen 
1948), a metric commonly used in community ecol-
ogy, which describes the overlap between a set of 
data points (here, areas) and can be used to assess site 
fidelity (Lenormand et al. 2021). Sørensen values of 
1 indicate identical area use, and values < 1 indicate 
increasing dissimilarity. Both metrics were calculated 
at two spatial scales: a broad area scale and a finer 
receiver scale (Fig. 1).

Statistical analysis

We primarily focussed on the size-dependency of 
movement metrics and connectivity, with a positive 
size-dependency supporting the assumption that the 
largest individuals act as key connectors between 
spawning sites and lagoon areas. We conducted all 
our analyses in R version 4.3.1 (R Core Team 2023). 
We compared metrics within and outside of the 
spawning season using t-tests. Distance between 
capture and recapture, MHD, and connectivity score 
(both for the spawning season and the rest of the year) 
were each fitted as response variables, with sex and 
total length as fixed effects in an interaction (both 
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in original, untransformed scales). For the distance 
between capture and recapture, we added the time (in 
days) between each capture as a fixed effect. The cap-
ture area of each pike was added as a random effect to 
account for differences in receiver coverage and pike 
captures between the areas. We also added individual 
ID as a random intercept to MHD and connectivity 
models to account for repeated measures of the same 
individuals across years. Connectivity models were 
fitted using Poisson distribution, while MHD and 
recapture distance models were fitted using Gaussian 
distribution.

To assess whether pike behaved in similar ways 
across years, we assessed the consistency and repeat-
ability of pike behaviour by estimating Pearson’s cor-
relations between metrics in one  year and the next, 
and adjusted repeatability (i.e., controlling for the 
effects of area, total length, and sex) for each model 
using the rptR package (Stoffel et al. 2017) with 1000 
bootstraps.

To further our analysis of among-year variation in 
space use, we modelled site fidelity (binary, 0 or 1; at 
both area and receiver levels) and the Sørensen index 
(continuous, 0 to 1; at both area and receiver levels) 
as functions of total length interacting with sex while 
accounting for area and pike ID as random effects. 
Site fidelity was modelled using a Bernoulli distribu-
tion, while the Sørensen index was modelled using a 
beta distribution.

All of our models were constructed in brms (Bürkner 
2017), using four chains of 120,000 iterations each, with 
a thinning interval of 100 and a burn-in of 20,000. We 
used leave-one-out cross-validations based on expected 
log pointwise predictive density (ELPD) based on the 
loo criterion in the loo package (Vehtari et  al. 2017; 
Magnusson et al. 2019) to test whether or not the inter-
action between sex and total length should be left in the 
models. If the difference in ELPD between the models 
was > 4, we estimated their predictive performance to 
differ and used the model with the highest ELPD for 
the analysis. If the difference in ELPD was < 4, models 
were considered similar in their predictive performance, 
and we used the simplest model in our analysis. We 
assessed model fit by visually inspecting the posterior 
chains and considered fit to be satisfactory if no patterns 
could be observed. We interpreted effects as meaningful 
when their 95% credible intervals excluded zero. Pike of 
unknown sex (n = 14 for mark–recapture and n = 2 for 
telemetry) were removed from the analysis.

Visual assessment of spawning season movement and 
site use

For all telemetry pike with an MHD greater than 
10 km during the spawning season, we conducted an 
additional visual inspection of movement patterns. 
This included examining spatial maps of their dis-
placements and plots showing the distance to their 
first detection during the spawning period (see Fig. 6 
for an example). We focussed on the most mobile 
fish, i.e., individuals with broad-scale movements 
(MHD > 10  km), as the spatial resolution of our 
telemetry array was insufficient to detect finer-scale 
movement patterns, and because Baltic pike have 
been observed to undertake spawning-related move-
ments of this magnitude (Karås and Lehtonen 1993; 
Dhellemmes et  al. 2023b). Within each year, we 
assessed whether individuals may have visited multi-
ple spawning sites by identifying distinct peaks in the 
distance-from-first-detection plots (see Fig.  6). We 
classified a movement as a spawning-associated dis-
placement when an individual moved to and tempo-
rarily occupied an area distinct from its non-spawning 
residency area, visible as a sustained directed peak in 
the distance-from-first-detection plot; visits to multi-
ple spawning sites within a year were recorded when 
two or more distinct, temporally separated peaks cor-
responded to spatially distinct receiver clusters. For 
individuals with data spanning multiple years, we also 
examined whether they returned to the same areas 
across years. This analysis did not aim to rigorously 
test hypotheses regarding multi-site spawning, but 
rather to provide additional descriptive observations 
that could inform and guide future studies seeking to 
investigate these behaviours in greater depth.

Results

Mark–recapture

Out of our 4597 tagged fish, 14% (N = 666) individu-
als were recaptured at least once (with 51 pike hav-
ing multiple recaptures). We were able to calculate 
the distance between capture and recapture and had 
total length and sex data for 546 of these. The mini-
mum recorded distance was 0 km, and the maximum 
was 58.6 km, with a mean of 5 km (± 6.2 SD) and a 
median of 2.6 km (Fig. 3a).
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Leave-one-out cross-validations suggested that the 
sex by total length interaction resulted in a poorer 
model fit (difference in expected log pointwise predic-
tive density (ELPD) = −0.6, standard error (SE) = 0.5). 
We found males and females to be similar in their 
intercept (i.e., the average movement distance among 
captures), and neither time between captures nor 
total length influenced the distance between captures 
(Table 2 and Fig. 4).

Connectivity and maximum horizontal displacement 
based on biotelemetry

Out of 318 tagged fish, 92% (N = 292) generated data 
for an average duration of 439  days (time between 
first and last detection, min = 0, max = 1065). After 
removing a pike of unknown sex and those detected 
on only a single receiver, the final sample size was 
N = 242 (females = 133, males = 109). Of those, 53% 
(N = 128) produced data in 2 distinct years, and 20% 
(N = 48) in 3 distinct years. In total, we analysed over 
1.6 million (1,649,010) detections.

Connectivity (taken as the number of network edges 
per pike during a given period) was on average 12.56 
(± 15.67 SD, min = 1, max = 87) during the spawning 
period (February, March, April, May) and 9.45 (± 12.55 
SD, min = 1, max = 63) outside of spawning (Fig. 3b). 
MHD was on average 11.74 km (± 9.61 SD, min = 0.14, 
max = 57.61) during spawning and 10.85  km (± 8.58 
SD, min = 0.14, max = 44.80) outside of the spawning 
period (Fig. 3c). T-tests indicated that connectivity was 
higher during spawning (t = 2.92, p = 0.003), but MHD 
was not (t = 1.28, p = 0.19).

The interaction between body length and sex 
decreased model fit in the case of connectivity dur-
ing spawning and was therefore excluded (connectivity 
spawning ELPD = −11.4, SE = 5.6). In all other cases, 
the inclusion of the interaction did not improve model 
fit, which also led to the exclusion of the interaction term 
(connectivity out of spawning ELPD = −1.1, SE = 4.1; 
MHD spawning ELPD = −0.1, SE = 1.5; MHD out of 
spawning ELPD = −0.2, SE = 1.0). Higher connectiv-
ity and MHD during the spawning time and the rest of 
the year were not explained by body size (Table 3 and 
Fig. 5b, e, h, and k), rejecting the hypothesis of a posi-
tive size-dependent spawning site connectivity. Males 
had higher MHD out of the spawning period (Table 3 
and Fig. 5j), but we detected no other effect of sex on 
movement metrics (Fig. 5 a, d, and g).

Connectivity, both within and outside of the 
spawning season, was well correlated between years 
(within spawning Pearson’s r(143) = 0.52, p < 0.0001; 
out of spawning r(134) = 0.7, p < 0.0001; Fig. 5c and f) 
but had low repeatability at the individual pike level 

Fig. 3   Frequency distribution of the response variables. a Dis-
tance between capture and recapture of individual pike. b Con-
nectivity score during spawning season (February to May) and 
out of spawning. c Maximum horizontal displacement during 
spawning season and out of spawning
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(within-spawning intraclass correlation = 0.06 [0, 
0.19], p = 0.01; out of spawning intraclass correla-
tion = 0.19 [0.08, 0.37], p < 0.0001). MHD within and 
outside of spawning time was also highly correlated 

among years (during spawning Pearson’s r(143) = 0.44, 
p < 0.0001; out of spawning Pearson’s r(134) = 0.43, 
p < 0.0001; Fig.  5i and l) and was strongly repeat-
able at the individual pike level (intraclass correla-
tion = 0.35 [0.2, 0.48], p < 0.0001; out of spawning 
intraclass correlation = 0.26 [0.1, 0.39], p < 0.001).

Among‑year spawning site fidelity

In all four among-year analyses, we dropped the sex 
by total length interaction as it did not improve model 
fit (site fidelity between areas ELPD = −0.8, SE = 0.3; 
site fidelity between receivers ELPD = −1.1, SE = 0.6; 
Sørensen index between areas ELPD = −0.8, SE = 0.5; 
and Sørensen index between receivers ELPD = −0.7, 
SE = 1.1). Across all models, we found no effect of 
either total length or sex on among-year spawning site 

Table 2   Model output for the distance between capture and recapture

No slopes or intercept differences were significant.

Estimate Estimated error Lower 95% cred-
ible interval

Upper 95% 
credible 
interval

Full sample Intercept (taken as sex: female) 0.5 2.39 −4.22 5.28
Sex: male 0.06 0.7 −1.29 1.42
Total length (cm) 0.05 0.03 −0.01 0.11
Time between captures (days) 0.00 0.00 −0.00 0.00

Fig. 4   Distance between consecutive captures as a function of 
sex (a) and total length (b)

Table 3   Model output for the connectivity and maximum horizontal displacement (MHD) based on acoustic telemetry

Significant slopes and significant differences in intercept are highlighted in bold emphases

Estimate Estimated error Lower 95% cred-
ible interval

Upper 95% 
credible interval

Connectivity (spawning) Intercept (taken as 
sex: female)

1.15 0.57 0.06 2.25

Sex: male −0.08 0.15 −0.38 0.22
Total length 0.00 0.01 −0.01 0.01

Connectivity (out of spawning) Intercept 1.29 0.69 −0.02 2.64
Sex: male −0.10 0.18 −0.45 0.25
Total length 0.00 0.01 −0.01 0.02

MHD (spawning) Intercept 11.47 4.71 2.17 20.60
Sex: male 1.28 1.40 −1.45 3.96
Total length −0.02 0.05 −0.12 0.09

MHD (out of spawning) Intercept 10.80 4.51 1.74 19.57
Sex: male 2.61 1.25 0.20 5.02
Total length −0.02 0.05 −0.13 0.08
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fidelity (Table  4). This indicates that although some 
individuals may change spawning sites across years, 
such differences were not explained by body size or sex.

Visual assessment of spawning season movement and 
site use

Out of the 93 individuals with an MHD greater than 
10  km during the spawning season, 83% (N = 77, 
females = 42, males = 33) exhibited pronounced dis-
placement behaviour in at least 1  year, i.e., they 
travelled to areas distinct from their non-spawning 
residency areas, as indicated by clear peaks in dis-
tance-from-first-detection plots (see Fig.  6; Supple-
mentary file 2, Sect. 2 B). Among these, 13% (N = 12, 
females = 5, males = 7; Supplementary file 2, Sect. 2 A) 
visited two different spawning sites in at least 1 year.

Of the fish with multi-year data (N = 62), 84% 
(N = 52) were recorded visiting a location during a 
spawning season distinct from where they resided the 
rest of the year, indicating migratory behaviour. Among 
these migrants, 65% (N = 34; 20 females, 14 males; 
Supplementary file 2, Sect. 1 B) returned to the same 
spawning area for at least 2 years, with 7% of migrants 
(N = 4; 2 females, 2 males; Supplementary file 2, 
Sect. 1 A) recorded repeatedly using two distinct spawn-
ing sites across different years (for example, see Fig. 6).

Discussion

In this study, neither mark–recapture nor telemetry 
data indicated higher connectivity or broader move-
ment ranges in larger coastal northern pike of either 
sex during or out of the spawning season, except for 
males exhibiting higher maximum horizontal dis-
placements (MHD) outside spawning. Site fidel-
ity and repeated area use among years were also 

independent of size and sex in all analyses. At the 
individual level, however, connectivity and move-
ment ranges during the spawning season were highly 
correlated between years and repeatable, as was con-
nectivity outside the spawning season. Our additional 
visual inspection of the 93 most active individuals 
(MHD > 10 km; 29% of all tagged fish) further sup-
ported this consistency, with many returning to the 
same spawning area across years. A minority of 13% 
of these wide-roaming individuals visited multiple 
spawning sites within a single season, with no appar-
ent sex- or size-based differences.

The individual consistency in movement behaviour 
observed in our study indicates consistent, repeat-
able differences in movement behaviour in adult 
pike, independent of body size or sex. Such repeat-
able among-individual variation is broadly consistent 
with the concept of behavioural types or ‘personal-
ity’. Although our results stray from the five major 
personality axes proposed by Réale et  al. (2007), 
they are consistent with more recent work calling for 
individual variation to be quantified statistically in 
any trait, including movement (Hertel et  al. 2020). 
These observations about the presence of systematic 
individual variation in behaviours align with prior 
research on pike in our study area (Dhellemmes et al. 
2023b) and in other study systems and life stages 
(Kobler et al. 2009; McGhee et al. 2013; Laskowski 
et  al. 2016; Pasquet et  al. 2016; Monk et  al. 2021; 
Cittadino et al. 2024). Previous work has also shown 
that the behavioural consistency in pike is unrelated 
to body length (Kobler et  al. 2009; Nyqvist et  al. 
2012; Laskowski et  al. 2016). More broadly, while 
some general patterns in pike and other esocids’ spa-
tial behaviour have been identified, marked variability 
in movement ecology persists both within and among 
populations (Skov et al. 2018; Hessenauer et al. 2021; 
Cittadino et al. 2024), pointing to the importance of 
individual-level differences as one of the sources of 
this variance.

The absence of size- and sex-dependent move-
ment range and connectivity in coastal pike reported 
here is in contrast with studies showing the tendency 
of movement rates and dispersal to increase with 
body size in multiple species as ecologically diverse 
as Pacific lamprey, herring (Slotte 1999; Hess et  al. 
2014), Atlantic salmon (Jonsson et  al. 1991), brown 
trout (L’Abée-Lund 1991), and American shad (Glebe 
and Leggett 1981). Evidence in pike itself is mixed: 

Fig. 5   Scatter plot of the raw data for our response variables 
during the spawning period (February to May; a, b, c, g, h, and 
i) and for the rest of the year (d, e, f, j, k, and l) as a func-
tion of sex and total length and from one year as a function 
of the next. Connectivity during spawning and for the rest of 
the year is not explained by sex (a and d) or size (b and e), but 
individuals are consistent across years (c and f), although not 
repeatable during spawning. Maximum horizontal displace-
ment (MHD) during spawning is not explained by sex (g) or 
size (h), but males have higher MHD out of spawning (j). Indi-
viduals are consistent and repeatable in MHD across years (i 
and l). Estimates and credible intervals are shown on (j)

◂
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some studies document positive size–movement rela-
tionships (e.g., Kobler et al. 2008; Monk et al. 2021; 
Rosten et  al. 2016), while others do not (e.g., Dhel-
lemmes et al. 2023b; Jepsen et al. 2001; Koed et al. 
2006). Notably, some studies found that the positive 
size-activity relationships depended on environmen-
tal conditions, e.g., turbidity (Andersen et  al. 2008) 
or habitat complexity (Říha et al. 2021). This context-
dependency suggests that pike possess considerable 
behavioural flexibility, allowing them to adapt their 
behaviour to increase fitness, rather than body size 
dictating it. Generally, even though a pike is tradition-
ally regarded as a sedentary ambush predator (Diana 
1980), it displays considerable variability in spatial 
behaviour, both within and among populations, across 
the wide range of habitats it occupies (Harvey‐Lavoie 
et al. 2016; Skov et al. 2018; Somers et al. 2021; Cit-
tadino et al. 2024).

Male pike were found to display higher MHD than 
females outside of the spawning season, when con-
trolling for body size, in agreement with Jepsen et al. 
(2001) in one of two study lakes, but disagreeing with 
Koed et al. (2006) in a river population. Notably, this 
difference did not extend to the spawning season, 
suggesting that both sexes travel similar long-range 
distances to reach spawning grounds. The observa-
tion that males may use more space than females is 
in agreement with past studies conducted in our study 
area (Dhellemmes et  al. 2023b). Movement differ-
ences between the sexes may be due to the cost of 

gamete production being lower for males than for 
females (Jonsson et al. 1997), resulting in males hav-
ing more residual energy to dedicate to movements. 
They may also be driven by intersexual competition 
for resources, with males and females specialising in 
different foraging strategies, or due to sexual dimor-
phism in size, which could mean that smaller males 
are under greater risk of cannibalistic or other types 
of predation, motivating greater displacements in the 
search for safe refuges (Haugen et al. 2006, 2007; Li 
and Kokko 2021).

The absence of size- and sex-dependent connectivity 
during spawning suggests that larger pike are unlikely 
to function as key connectors among spawning areas, 
contrary to what was recently documented for other 
coastal species, such as the Atlantic cod in Norwegian 
fjords (Olsen et al. 2023). Although both species show 
strong spawning site fidelity (see Skjæraasen et  al. 
(2011) for cod; Miller et al. (2001) and Tibblin et al. 
(2015) for pike), this difference likely reflects funda-
mental contrasts in reproductive biology. Atlantic cod 
is a batch spawner that releases eggs repeatedly across 
multiple sites over weeks to months (Kjesbu 1989; 
Roney et  al. 2018). Therefore, larger, more fecund 
females may benefit from visiting multiple spawn-
ing locations as a spatial bet-hedging strategy (Olsen 
et al. 2023). Pike, on the other hand, are total spawners 
that deposit adhesive eggs onto submerged vegetation 
typically within a single day (Lindroth 1946; Svardson 
1949; Fabricius and Gustafson 1958; Billard 1996), 

Table 4   Model output for the indices of site connectivity among-year as a function of body size and sex

No slopes or intercept differences were significant.

Estimate Estimated error Lower 95% cred-
ible interval

Upper 95% 
credible interval

Site fidelity (area level) Intercept (taken as 
sex: female)

−0.53 1.77 −3.96 3.05

Sex: male 0.07 0.49 −0.87 1.06
Total length 0.02 0.02 −0.02 0.06

Site fidelity (receiver level) Intercept 1.27 2.28 −3.20 5.75
Sex: male −0.25 0.58 −1.43 0.87
Total length −0.04 0.03 −0.10 0.02

Sørensen index (area level) Intercept 1.52 0.68 0.19 2.83
Sex: male −0.09 0.19 −0.45 0.28
Total length 0.00 0.01 −0.01 0.02

Sørensen index (receiver level) Intercept 1.25 0.79 −0.31 2.80
Sex: male −0.21 0.23 −0.66 0.26
Total length −0.01 0.01 −0.03 0.01



Environ Biol Fish         (2026) 109:132 	 Page 13 of 19    132 

Vol.: (0123456789)

which removes any within-season fitness benefit of 
moving among spawning sites and likely explains the 
absence of size-dependent connectivity in pike. Con-
sistent with strong natal site fidelity in pike (Miller 
et al. 2001; Tibblin et al. 2015, 2016), we also found no 
evidence for size-dependent among-year site switch-
ing in our system. This suggests that, in total spawners, 
spatial bet-hedging may instead operate through indi-
vidual variation, intraspecific evolution of reproduc-
tively isolated ecotypes (e.g., brackish residents, ana-
dromous individuals, and freshwater residents; Rittweg 
et al. 2024; Roser et al. 2023), and the development of 
a long spawning season lasting up to 2 months (Pagel 
et al. 2015; Arlinghaus et al. 2023b).

That said, our exploratory visual inspection of the 
most widely roaming individuals suggested that some 
(13%, five females and seven males) visited multiple 

putative spawning sites within a single season, with 
several (4%, two females and two males) doing so 
repeatedly across years (e.g., Fig.  6). While total 
spawning biology likely constrains within-season spa-
tial bet-hedging in pike, these observations suggest the 
possibility cannot be entirely excluded. Importantly, 
though, the spawning site switching was unrelated to 
body length, remaining consistent with individual-level 
rather than size-structured movement. Using oviduct 
transmitters and other tagging technologies could help 
to gain more precise estimates of spawning time and 
location for bony and cartilaginous fish (Sulikowski 
and Hammerschlag 2023; Gardner and Höök 2024), 
including pike (Pierce 2004).

Beyond reproductive biology, we speculate that 
the lack of size-dependent space use (Dhellemmes 
et  al. 2023b) and spawning site connectivity (this 

Fig. 6   Map of detections (left) and distance from the first 
detection for pike BH-90099, an 88-cm female, in 2020 and 
2021. In both years, the pike makes a brief visit to the south 
(blue receivers), followed immediately by a visit to the north 
(yellow receivers). This movement pattern may indicate visits 

to different spawning sites, although actual spawning behav-
iour cannot be confirmed with our technology. In 2020, the 
pike travelled both slightly farther south and farther north 
compared to 2021, suggesting possible use of different areas 
between years
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study) in the Rügen coastal pike population may also 
partly reflect past behaviour-selective harvesting. 
Far-roaming larger phenotypes and their underlying 
genotypes may have been systematically removed in 
decades of intensive harvesting in the study area (van 
Gemert et  al. 2022; Arlinghaus et  al. 2023b; Roser 
et al. 2025), gradually altering the population’s phe-
notypic and genetic composition, and eliminating 
individuals with a tendency to move a lot before and 
during spawning. The study area has been intensively 
harvested by small-scale commercial and recrea-
tional fisheries for more than a century (Arlinghaus 
et al. 2023b; Radinger et al. 2026), which is sufficient 
time for the evolutionary impacts of harvesting to 
manifest in pike (Matsumura et  al. 2011). Both gill-
nets (Carlson et  al. 2007; Edeline et  al. 2007) and 
recreational angling gear are known to target not 
only larger individuals but also those with elevated 
space use, which often have higher fitness in the 
wild (Monk et al. 2021). In the study region, the so-
called pre-spawn gill-net fishery actively targets pike 
in spawning aggregations in bays (Arlinghaus et  al. 
2023b), exploiting their increased activity levels and 
migration into sheltered spawning bays (Flink et  al. 
2023). It is conceivable that the largest individuals 
and those with the longest migration distance have 
been selectively removed from the population, eras-
ing the potential for size-dependent movements to be 
revealed in the current time.

Several limitations should be noted. First, we inferred 
the connectivity among spawning sites by analysing 
movement metrics during the key spawning period 
known for pike, without observing exactly where and 
when individual pike spawned. However, our receiver 
array broadly covered the most important known spawn-
ing sites (Fig.  1; Roser et  al. 2023), making our study 
likely robust for assessing long-range movement patterns. 
Second, given our array design, we were unable to track 
fine-scale behaviours during spawning site selection, and 
size-dependent micro-level site selection, and associated 
size-dependent differences in activity (e.g., Lucas 1992) 
may still occur on local scales. The telemetry system we 
used was not designed to resolve fine-scale movements. 
Future studies focussing on specific lagoons and using 
biologgers and micro-transmitters inserted into the ovi-
duct, capable of direct spawning site detection, will be 
necessary to determine whether pike of different lengths 
choose particular spawning sites and connect them 
through localised movements within specific lagoons.

To conclude, this study demonstrates that individual 
behavioural consistency, rather than body size or sex, 
is the primary driver of movement, spatial connectiv-
ity, and spawning site fidelity in coastal northern pike 
across a southern Baltic lagoon network. These find-
ings align with a growing body of evidence that stable 
individual-level variation, broadly consistent with the 
concept of animal personalities or behavioural types, is 
an important feature of pike population ecology. This 
behavioural structuring of connectivity carries mean-
ingful conservation and management implications. 
Because the individuals that generate connectivity form 
a consistent, wide-ranging minority distributed across 
the full-size range and both sexes, rather than being 
concentrated in a predictable size or sex class, man-
agement strategies focussed solely on protecting large 
individuals will not necessarily preserve the full spec-
trum of movement behaviours within the population. 
Standard harvest regulations, such as size restrictions 
for harvesting large fish, are therefore unlikely on their 
own to effectively protect the connectivity processes 
that underpin metapopulation dynamics and gene flow 
in coastal pike. This does not diminish the importance 
of conserving large individuals, given their high social 
value (e.g., high angler preference for catching trophy-
sized pike; Koemle et  al. 2022) and fecundity-related 
benefits of large females (Ahrens et al. 2020). For popu-
lation resilience and long-term persistence, however, 
our findings point to a broader set of priorities. Because 
connectivity depends on the movements themselves 
rather than on the fish that happen to be large, conserva-
tion should protect and restore the network of spawning 
and foraging habitats, and the migration corridors link-
ing them, on which the metapopulation depends. In the 
same vein, incidental capture of wide-ranging individu-
als may be useful to be reduced—for example, through 
spatio-temporal restrictions on passive gear, such as 
the pre-spawn gill-net fishery that targets spawning 
aggregations in selected sheltered bays—so that the 
behavioural types responsible for connectivity are not 
selectively removed. In addition, it is recommendable 
to foster ecotypic and behavioural biocomplexity across 
the full metapopulation and its constituent river and 
coastal systems—a diversity increasingly recognised 
as critical for sustaining resilience and long-term fish-
eries productivity (Schindler et  al. 2010). Ultimately, 
recognising that connectivity is carried by behavioural 
type rather than body size or sex shifts the conserva-
tion priority from protecting large fish to safeguarding 
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the conservation of diversity of movement behaviours 
and the habitat network sustaining it, assuming that this 
conserves and restores the long-term resilience of the 
metapopulation. That said, our data on overall limited 
connectivity in the studied population also underscore 
the local nature of coastal pike recruitment (Lukyanova 
et  al. 2024), which demands local-level conservation 
action embedded in a wider network of lagoons,  con-
sistent with the pronounced among-lagoon variation in 
fishing and natural mortality recently documented in 
this system (Radinger et al. 2026).

Acknowledgements  First, we thank the European Union 
and the State of Mecklenburg-Vorpommern, Ministry of 
Agriculture and Environment, for funding our project via the 
European Maritime and Fisheries Fund (grant/award numbers 
MV-I.18-LM-004 and B730117000069; BODDENHECHT). 
We thank the project leaders (Mr. Blume) and administrators 
(Mr. Bachmann) at the Ministry, as well as our collaborators 
at the Landesforschungsanstalt für Landwirtschaft, Institut 
für Fischerei (C. Kühn), for their immense support. This pro-
ject would not have been possible without the involvement 
of the Institut für Fisch und Umwelt (FIUM) in Rostock, in 
particular P. Möller, who organized the receiver downloads. 
We also thank the Wasserstraßen- und Schifffahrtsamt (WSA) 
Stralsund for approving the geographical location of our 
receivers in the study area. We thank the Angler Association 
of Mecklenburg-Vorpommern for authorizing sampling via 
electrofishing in the freshwater rivers. We thank the Lande-
samt für Landwirtschaft, Lebensmittelsicherheit und Fis-
cherei Mecklenburg-Vorpommern (LALLF) for approving 
our sampling methods, including the animal care protocol 
for tagging (Aktenzeichen 7221.3-1-052/19). We thank the 
Staatliches Amt für Landwirtschaft und Umwelt Vorpom-
mern (StALU) for granting us access to Nature Conservation 
Areas, the Nationalparkamt Vorpommern for granting tempo-
ral access to national parks, and the Biosphärenreservatsamt 
Südost-Rügen for granting access to the biosphere reserves. 
Extensive field research was conducted to obtain our data, 
and we thank H. Hansen, C. Monk, and J. Droll for their con-
tributions to the early phases of the project, D. Niessner for 
coordinating the fisher and angler recapture reports, P. Roser 
for curating the pike capture database, and the Innovasea field 
team for their support in the installation and maintenance of 
the telemetry system. Further, we thank the whole “Bodden-
hecht” team for the field support during data collection and 
for inspiring discussions as well as the reviewers for their 
constructive feedback.

Author contribution  O.L.: Writing - Original Draft, Writing 
- Review & Editing, Conceptualization, Methodology, Soft-
ware, Validation, Formal analysis, Investigation, Data Cura-
tion, Visualization. R.A.: Writing - Review & Editing, Con-
ceptualization, Methodology, Resources, Supervision, Project 
administration, Funding acquisition. F.D.: Writing - Review & 
Editing, Conceptualization, Methodology, Software, Valida-
tion, Formal analysis, Investigation, Data Curation, Visualiza-
tion, Supervision. 

Funding  Open Access funding enabled and organized by 
Projekt DEAL. The European Union and State of Mecklenburg-
Vorpommern, Ministry of Agriculture and Environment, via the 
European Maritime and Fisheries Fund (grant/award numbers 
MV-I.18-LM-004 and B730117000069; BODDENHECHT).

Data availability  Telemetry data are available in the Euro-
pean Tracking Network repository: Dhellemmes F, Arlinghaus 
R (2021) Boddenhecht telemetry dataset. https://​marin​einfo.​
org/​id/​datas​et/​7859. Mark-recapture data are available from the 
authors upon reasonable request. 

Declarations 

Ethics approval and consent to  participate  The research 
was completed following German legislation for animal 
experimentation, approved by Landesamt für Landwirtschaft, 
Lebensmittelsicherheit und Fischerei MecklenburgVorpom-
mern—Veterinärdienste und Landwirtschaft—under grant no. 
7221.3-1-052/19.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Ahrens RNM, Allen MS, Walters C, Arlinghaus R (2020) Sav-
ing large fish through harvest slots outperforms the clas-
sical minimum-length limit when the aim is to achieve 
multiple harvest and catch-related fisheries objectives. 
Fish Fish 21:483–510. https://​doi.​org/​10.​1111/​faf.​12442

Alexander RM (2003) Principles of animal locomotion. Prince-
ton University Press, Princeton

Andersen M, Jacobsen L, Grønkjær P, Skov C (2008) Tur-
bidity increases behavioural diversity in northern pike,  
Esox lucius  L., during early summer. Fish Manag Ecol 
15:377–383. https://​doi.​org/​10.​1111/j.​1365-​2400.​2008.​
00635.x

Anderson CNK, Hsieh C, Sandin SA et  al (2008) Why fish-
ing magnifies fluctuations in fish abundance. Nature 
452:835–839. https://​doi.​org/​10.​1038/​natur​e06851

https://marineinfo.org/id/dataset/7859
https://marineinfo.org/id/dataset/7859
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/faf.12442
https://doi.org/10.1111/j.1365-2400.2008.00635.x
https://doi.org/10.1111/j.1365-2400.2008.00635.x
https://doi.org/10.1038/nature06851


	 Environ Biol Fish         (2026) 109:132   132   Page 16 of 19

Vol:. (1234567890)

Arlinghaus R, Alós J, Beardmore B et al (2018) Recreational 
piking – sustainably managing pike in recreational fisher-
ies. In: Skov C, Nilsson PA (eds) Biology and ecology of 
pike, 1st edn. CRC Press, Boca Raton, FL, pp 288–336

Arlinghaus R, Braun M, Dhellemmes F et  al (2023a) BOD-
DENHECHT: Ökologie, Nutzung und Schutz von 
Hechten in den Küstengewässern Mecklenburg-Vorpom-
merns. Berichte des IGB, Band 33. Leibniz-Institut für 
Gewässerökologie und Binnenfischerei, Berlin

Arlinghaus R, Rittweg T, Dhellemmes F et al (2023b) A syn-
thesis of a coastal northern pike (Esox lucius) fishery and 
its social-ecological environment in the southern Baltic 
Sea: implications for the management of mixed commer-
cial-recreational fisheries. Fish Res 263:106663. https://​
doi.​org/​10.​1016/j.​fishr​es.​2023.​106663

Barneche DR, Robertson DR, White CR, Marshall DJ (2018) 
Fish reproductive-energy output increases disproportion-
ately with body size. Science 360:642–645. https://​doi.​
org/​10.​1126/​scien​ce.​aao68​68

Bernatchez L, Dodson JJ (1987) Relationship between bioenerget-
ics and behavior in anadromous fish migrations. Can J Fish 
Aquat Sci 44:399–407. https://​doi.​org/​10.​1139/​f87-​049

Billard R (1996) Reproduction of pike: gametogenesis, gamete 
biology and early development. In: Craig JF (ed) Pike: biol-
ogy and exploitation. Chapman & Hall, London, pp 13–43

Bürkner P-C (2017) brms: an R package for Bayesian multi-
level models using Stan. J Stat Softw 80(1):1–28. https://​
doi.​org/​10.​18637/​jss.​v080.​i01

Carlson SM, Edeline E, Asbjørn Vøllestad L et al (2007) Four 
decades of opposing natural and human‐induced artificial 
selection acting on Windermere pike (Esox lucius). Ecol 
Lett 10:512–521. https://​doi.​org/​10.​1111/j.​1461-​0248.​
2007.​01046.x

Casselman J (1974) External sex determination of northern pike, 
Esox lucius Linnaeus. Trans Am Fish Soc 103:343–347

Cittadino S, Tarkan AS, Aksu S et  al (2024) Individual vari-
ability in the movement ecology of Northern pike Esox 
lucius in a highly connected wetland system. Aquat Sci 
86:105. https://​doi.​org/​10.​1007/​s00027-​024-​01124-4

Clark CF (1950) Observations on the spawning habits of 
the northern pike, Esox lucius, in Northwestern Ohio. 
Copeia. https://​doi.​org/​10.​2307/​14379​09

Cook MF, Bergersen EP (1988) Movements, habitat selec-
tion, and activity periods of northern pike in Eleven Mile 
Reservoir, Colorado. Trans Am Fish Soc 117:495–502. 
https://​acade​mic.​oup.​com/​tafs/​artic​le-​abstr​act/​117/5/​495/​
78919​08?​redir​ected​From=​fullt​ext

Craig JF (ed) (1996) Pike: biology and exploitation, 1st edn. 
Chapman & Hall, London

Csárdi G, Nepusz T (2006) The igraph software package for 
complex network research. InterJournal, Complex Sys-
tems 1695

Csárdi G, Nepusz T, Traag V et  al (2025) igraph: network 
analysis and visualization in R. https://​doi.​org/​10.​5281/​
zenodo.​20471​759

Dhellemmes F, Aspillaga E, Monk CT (2023a) ATfiltR: a solu-
tion for managing and filtering detections from passive 
acoustic telemetry data. MethodsX 10:102222. https://​
doi.​org/​10.​1016/j.​mex.​2023.​102222

Dhellemmes F, Aspillaga E, Rittweg T et  al (2023b) Body 
size scaling of space use in coastal pike (Esox lucius) in 

brackish lagoons of the southern Baltic Sea. Fish Res 
260:106560. https://​doi.​org/​10.​1016/j.​fishr​es.​2022.​106560

Diana JS (1980) Diel activity pattern and swimming speeds of 
northern pike (Esox lucius) in Lac Ste. Anne, Alberta. 
Can J Fish Aquat Sci 37:1454–1458. https://​doi.​org/​10.​
1139/​f80-​187

Edeline E, Carlson SM, Stige LC et al (2007) Trait changes in a 
harvested population are driven by a dynamic tug-of-war 
between natural and harvest selection. Proc Natl Acad 
Sci USA 104:15799–15804. https://​doi.​org/​10.​1073/​
pnas.​07059​08104

Fabricius E, Gustafson K (1958) Some new observations on 
the spawning behaviour of the pike, Esox lucius L. Inst 
Freshwater Res Rep Inst Freshw Res Drottningholm 
29:102–107

Flink H, Tibblin P, Hall M et al (2023) Variation among bays in 
spatiotemporal aggregation of Baltic Sea pike highlights 
management complexity. Fish Res 259:106579. https://​
doi.​org/​10.​1016/j.​fishr​es.​2022.​106579

Gardner ST, Höök TO (2024) Efficacy of a novel reproductive 
tag to index spawn timing. Can J Fish Aquat Sci 81:348–
353. https://​doi.​org/​10.​1139/​cjfas-​2023-​0332

Gido KB, Whitney JE, Perkin JS, Turner TF (2015) Fragmen-
tation, connectivity and fish species persistence in fresh-
water ecosystems. In: Closs GP, Olden JD, Krkosek M 
(eds) Conservation of freshwater fishes. Cambridge Uni-
versity Press, Cambridge, pp 292–323

Glebe BD, Leggett WC (1981) Latitudinal differences in 
energy allocation and use during the freshwater migra-
tions of American shad (Alosa sapidissima) and their life 
history consequences. Can J Fish Aquat Sci 38:806–820. 
https://​doi.​org/​10.​1139/​f81-​109

Harvey‐Lavoie S, Cooke SJ, Guénard G, Boisclair D (2016) 
Differences in movements of northern pike inhabit-
ing rivers with contrasting flow regimes. Ecohydrology 
9:1687–1699. https://​doi.​org/​10.​1002/​eco.​1758

Haugen TO, Winfield IJ, Vøllestad LA et al (2006) The ideal 
free pike: 50 years of fitness-maximizing dispersal in 
Windermere. Proc R Soc B 273:2917–2924. https://​doi.​
org/​10.​1098/​rspb.​2006.​3659

Haugen TO, Winfield IJ, Vøllestad LA et  al (2007) Density 
dependence and density independence in the demogra-
phy and dispersal of pike over four decades. Ecol Mon-
ogr 77:483–502. https://​doi.​org/​10.​1890/​06-​0163.1

Hertel AG, Niemelä PT, Dingemanse NJ, Mueller T (2020) A 
guide for studying among-individual behavioral variation 
from movement data in the wild. Mov Ecol 8:30. https://​
doi.​org/​10.​1186/​s40462-​020-​00216-8

Hess JE, Caudill CC, Keefer ML et  al (2014) Genes predict 
long distance migration and large body size in a migra-
tory fish, Pacific lamprey. Evol Appl 7:1192–1208. 
https://​doi.​org/​10.​1111/​eva.​12203

Hessenauer J-M, Harris C, Marklevitz S et al (2021) Seasonal 
movements of muskellunge in the St. Clair – Detroit 
River system: implications for multi-jurisdictional fisher-
ies management. J Great Lakes Res 47:475–485. https://​
doi.​org/​10.​1016/j.​jglr.​2020.​12.​006

Hixon MA, Johnson DW, Sogard SM (2014) Boffffs: on the 
importance of conserving old-growth age structure in 
fishery populations. ICES J Mar Sci 71:2171–2185. 
https://​doi.​org/​10.​1093/​icesj​ms/​fst200

https://doi.org/10.1016/j.fishres.2023.106663
https://doi.org/10.1016/j.fishres.2023.106663
https://doi.org/10.1126/science.aao6868
https://doi.org/10.1126/science.aao6868
https://doi.org/10.1139/f87-049
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1111/j.1461-0248.2007.01046.x
https://doi.org/10.1111/j.1461-0248.2007.01046.x
https://doi.org/10.1007/s00027-024-01124-4
https://doi.org/10.2307/1437909
https://academic.oup.com/tafs/article-abstract/117/5/495/7891908?redirectedFrom=fulltext
https://academic.oup.com/tafs/article-abstract/117/5/495/7891908?redirectedFrom=fulltext
https://doi.org/10.5281/zenodo.20471759
https://doi.org/10.5281/zenodo.20471759
https://doi.org/10.1016/j.mex.2023.102222
https://doi.org/10.1016/j.mex.2023.102222
https://doi.org/10.1016/j.fishres.2022.106560
https://doi.org/10.1139/f80-187
https://doi.org/10.1139/f80-187
https://doi.org/10.1073/pnas.0705908104
https://doi.org/10.1073/pnas.0705908104
https://doi.org/10.1016/j.fishres.2022.106579
https://doi.org/10.1016/j.fishres.2022.106579
https://doi.org/10.1139/cjfas-2023-0332
https://doi.org/10.1139/f81-109
https://doi.org/10.1002/eco.1758
https://doi.org/10.1098/rspb.2006.3659
https://doi.org/10.1098/rspb.2006.3659
https://doi.org/10.1890/06-0163.1
https://doi.org/10.1186/s40462-020-00216-8
https://doi.org/10.1186/s40462-020-00216-8
https://doi.org/10.1111/eva.12203
https://doi.org/10.1016/j.jglr.2020.12.006
https://doi.org/10.1016/j.jglr.2020.12.006
https://doi.org/10.1093/icesjms/fst200


Environ Biol Fish         (2026) 109:132 	 Page 17 of 19    132 

Vol.: (0123456789)

Hsieh C, Yamauchi A, Nakazawa T, Wang W-F (2010) Fishing 
effects on age and spatial structures undermine popula-
tion stability of fishes. Aquat Sci 72:165–178. https://​doi.​
org/​10.​1007/​s00027-​009-​0122-2

Jacobsen L, Engström-Öst J (2018) Coping with environments: 
vegetation, turbidity and abiotics. In: Skov C, Nilsson 
PA (eds) Biology and ecology of pike. CRC Press, Boca 
Raton, FL, pp 32–61

Jacobsen L, Bekkevold D, Berg S et al (2017) Pike (Esox lucius 
L.) on the edge: consistent individual movement patterns 
in transitional waters of the western Baltic. Hydrobiologia 
784:143–154. https://​doi.​org/​10.​1007/​s10750-​016-​2863-y

Jepsen N, Beck S, Skov C, Koed A (2001) Behaviour of pike 
(Esox lucius  L.) >50 cm  in a turbid reservoir and in a 
clearwater lake. Ecol Freshw Fish 10:26–34. https://​doi.​
org/​10.​1034/j.​1600-​0633.​2001.​100104.x

Jepsen N, Schreck C, Clements S, Thorstad E (2005) A brief 
discussion on the 2% tag/bodymass rule of thumb. In: 
Spedicato MT, Lembo G, Marmulla G (eds) Aquatic 
telemetry: advances and applications. Proceedings of the 
fifth conference on fish telemetry held in Europe. Ustica, 
Italy, 9-13 June 2003. FAO/COISPA, Rome, pp 255–259

Jonsson N, Hansen LP, Jonsson B (1991) Variation in age, size 
and repeat spawning of adult Atlantic salmon in relation 
to river discharge. J Anim Ecol 60:937. https://​doi.​org/​
10.​2307/​5423

Jonsson N, Jonsson B, Hansen LP (1997) Changes in proxi-
mate composition and estimates of energetic costs during 
upstream migration and spawning in Atlantic salmon Salmo 
salar. J Anim Ecol 66:425. https://​doi.​org/​10.​2307/​5987

Karås P, Lehtonen H (1993) Patterns of movement and migra-
tion of pike (Esox lucius L.) in the Baltic Sea. Nord J 
Freshw Res 68:72–79

Kjesbu OS (1989) The spawning activity of cod, Gadus 
morhua L. J Fish Biol 34:195–206. https://​doi.​org/​10.​
1111/j.​1095-​8649.​1989.​tb033​02.x

Kobler A, Klefoth T, Arlinghaus R (2008) Site fidelity and sea-
sonal changes in activity centre size of female pike  Esox 
lucius  in a small lake. J Fish Biol 73:584–596. https://​
doi.​org/​10.​1111/j.​1095-​8649.​2008.​01952.x

Kobler A, Klefoth T, Mehner T, Arlinghaus R (2009) Coexist-
ence of behavioural types in an aquatic top predator: a 
response to resource limitation? Oecologia 161:837–847. 
https://​doi.​org/​10.​1007/​s00442-​009-​1415-9

Koed A, Balleby K, Mejlhede P, Aarestrup K (2006) Annual 
movement of adult pike (  Esox lucius  L.) in a lowland 
river. Ecol Freshw Fish 15:191–199. https://​doi.​org/​10.​
1111/j.​1600-​0633.​2006.​00136.x

Koemle D, Meyerhoff J, Arlinghaus R (2022) How catch uncer-
tainty and harvest regulations drive anglers’ choice for 
pike (Esox lucius) fishing in the Baltic Sea. Fish Res 
256:106480. https://​doi.​org/​10.​1016/j.​fishr​es.​2022.​106480

Kool JT, Moilanen A, Treml EA (2013) Population con-
nectivity: recent advances and new perspectives. 
Landscape Ecol 28:165–185. https://​doi.​org/​10.​1007/​
s10980-​012-​9819-z

Kopf RK, Banks S, Brent LJN et al (2024) Loss of Earth’s old, 
wise, and large animals. Science 387:eado2705. https://​
doi.​org/​10.​1126/​scien​ce.​ado27​05

L’Abée-Lund JH (1991) Variation within and between rivers in 
adult size and sea age at maturity of anadromous brown 

trout, Salmo trutta. Can J Fish Aquat Sci 48:1015–1021. 
https://​doi.​org/​10.​1139/​f91-​119

Laskowski KL, Monk CT, Polverino G et al (2016) Behaviour 
in a standardized assay, but not metabolic or growth rate, 
predicts behavioural variation in an adult aquatic top 
predator Esox lucius in the wild. J Fish Biol 88:1544–
1563. https://​doi.​org/​10.​1111/​jfb.​12933

Lenormand M, Pella H, Capra H (2021) Animal daily mobility 
patterns analysis using resting event networks. Appl Netw 
Sci 6:7. https://​doi.​org/​10.​1007/​s41109-​021-​00353-y

Li X, Kokko H (2021) Sexual dimorphism driven by inter-
sexual resource competition: why is it rare, and where to 
look for it? J Anim Ecol 90:1831–1843. https://​doi.​org/​
10.​1111/​1365-​2656.​13487

Lindroth A (1946) Zur Biologie der Befruchtung und Entwicklung 
beim Hecht. Rep Inst Freshw Res Drottningholm 24:1–173

Lorenzen K (2022) Size- and age-dependent natural mortality  
in fish populations: biology, models, implications, and  
a generalized length-inverse mortality paradigm. Fish  
Res 255:106454. https://​doi.​org/​10.​1016/j.​fishr​es.​2022.​ 
106454

Lucas MC (1992) Spawning activity of male and female pike, 
Esox lucius L., determined by acoustic tracking. Can J 
Zool 70:191–196. https://​doi.​org/​10.​1139/​z92-​029

Lukyanova O, Dhellemmes F, Dennenmoser S et  al (2024) 
Combining biotelemetry and genetics provides comple-
mentary insights relevant to the management and con-
servation of a freshwater predator (Esox lucius) living 
in brackish lagoons. Aquat Sci 86:77. https://​doi.​org/​10.​
1007/​s00027-​024-​01090-x

Magnusson M, Andersen M, Jonasson J, Vehtari A (2019) 
Bayesian leave-one-out cross-validation for large data. 
In: Chaudhuri K, Salakhutdinov R (eds) Proceedings of 
the 36th international conference on machine learning. 
PMLR, pp 4244–4253

Marshall DJ, Bode M, Mangel M et  al (2021) Reproductive 
hyperallometry and managing the world’s fisheries. Proc 
Natl Acad Sci U S A 118:e2100695118. https://​doi.​org/​
10.​1073/​pnas.​21006​95118

Matsumura S, Arlinghaus R, Dieckmann U (2011) Assessing 
evolutionary consequences of size-selective recreational 
fishing on multiple life-history traits, with an application 
to northern pike (Esox lucius). Evol Ecol 25:711–735. 
https://​doi.​org/​10.​1007/​s10682-​010-​9444-8

McGhee KE, Pintor LM, Bell AM (2013) Reciprocal behav-
ioral plasticity and behavioral types during predator-prey 
interactions. Am Nat 182:704–717. https://​doi.​org/​10.​
1086/​673526

Miller LM, Kallemeyn L, Senanan W (2001) Spawning-site 
and natal-site fidelity by northern pike in a large lake: 
mark–recapture and genetic evidence. Trans Am Fish Soc 
130:307–316. https://​acade​mic.​oup.​com/​tafs/​artic​le-​abstr​
act/​130/2/​307/​78913​05?​redir​ected​From=​fullt​ext

Minns CK (1995) Allometry of home range size in lake and 
river fishes. Can J Fish Aquat Sci 52:1499–1508. https://​
doi.​org/​10.​1139/​f95-​144

Möller S, Winkler HM, Klügel A, Richter S (2019) Using oto-
lith microchemical analysis to investigate the importance 
of brackish bays for pike (Esox lucius Linnaeus, 1758) 
reproduction in the southern Baltic Sea. Ecol Freshw 
Fish 28:602–610. https://​doi.​org/​10.​1111/​eff.​12478

https://doi.org/10.1007/s00027-009-0122-2
https://doi.org/10.1007/s00027-009-0122-2
https://doi.org/10.1007/s10750-016-2863-y
https://doi.org/10.1034/j.1600-0633.2001.100104.x
https://doi.org/10.1034/j.1600-0633.2001.100104.x
https://doi.org/10.2307/5423
https://doi.org/10.2307/5423
https://doi.org/10.2307/5987
https://doi.org/10.1111/j.1095-8649.1989.tb03302.x
https://doi.org/10.1111/j.1095-8649.1989.tb03302.x
https://doi.org/10.1111/j.1095-8649.2008.01952.x
https://doi.org/10.1111/j.1095-8649.2008.01952.x
https://doi.org/10.1007/s00442-009-1415-9
https://doi.org/10.1111/j.1600-0633.2006.00136.x
https://doi.org/10.1111/j.1600-0633.2006.00136.x
https://doi.org/10.1016/j.fishres.2022.106480
https://doi.org/10.1007/s10980-012-9819-z
https://doi.org/10.1007/s10980-012-9819-z
https://doi.org/10.1126/science.ado2705
https://doi.org/10.1126/science.ado2705
https://doi.org/10.1139/f91-119
https://doi.org/10.1111/jfb.12933
https://doi.org/10.1007/s41109-021-00353-y
https://doi.org/10.1111/1365-2656.13487
https://doi.org/10.1111/1365-2656.13487
https://doi.org/10.1016/j.fishres.2022.106454
https://doi.org/10.1016/j.fishres.2022.106454
https://doi.org/10.1139/z92-029
https://doi.org/10.1007/s00027-024-01090-x
https://doi.org/10.1007/s00027-024-01090-x
https://doi.org/10.1073/pnas.2100695118
https://doi.org/10.1073/pnas.2100695118
https://doi.org/10.1007/s10682-010-9444-8
https://doi.org/10.1086/673526
https://doi.org/10.1086/673526
https://academic.oup.com/tafs/article-abstract/130/2/307/7891305?redirectedFrom=fulltext
https://academic.oup.com/tafs/article-abstract/130/2/307/7891305?redirectedFrom=fulltext
https://doi.org/10.1139/f95-144
https://doi.org/10.1139/f95-144
https://doi.org/10.1111/eff.12478


	 Environ Biol Fish         (2026) 109:132   132   Page 18 of 19

Vol:. (1234567890)

Möller S, Winkler HM, Richter S, Bastrop R (2021) Genetic pop- 
ulation structure of pike (Esox lucius Linnaeus, 1758) in the  
brackish lagoons of the southern Baltic Sea. Ecol Freshw  
Fish 30:140–149. https://​doi.​org/​10.​1111/​eff.​12571

Monk C (2019) Mining the behavioural reality of fish-fisher 
interactions to understand vulnerability to hook-and-line 
fishing. PhD Thesis, Humboldt-Universität zu Berlin

Monk CT, Bekkevold D, Klefoth T et  al (2021) The battle 
between harvest and natural selection creates small and 
shy fish. Proc Natl Acad Sci USA 118:e2009451118. 
https://​doi.​org/​10.​1073/​pnas.​20094​51118

Müller K (1986) Seasonal anadromous migration of the pike 
(Esox lucius L.) in coastal areas of the northern Bothnian 
sea. Arch Hydrobiol 107:315–330

Nordahl O, Koch‐Schmidt P, Sunde J et al (2019) Genetic dif-
ferentiation between and within ecotypes of pike (Esox 
lucius) in the Baltic Sea. Aquat Conserv 29:1923–1935. 
https://​doi.​org/​10.​1002/​aqc.​3196

Nyqvist MJ, Gozlan RE, Cucherousset J, Britton JR (2012) 
Behavioural syndrome in a solitary predator is independ-
ent of body size and growth rate. PLoS ONE 7:e31619. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00316​19

Ohlberger J, Staaks G, Hölker F (2006) Swimming efficiency 
and the influence of morphology on swimming costs in 
fishes. J Comp Physiol B 176:17–25. https://​doi.​org/​10.​
1007/​s00360-​005-​0024-0

Olsen EM, Karlsen Ø, Skjæraasen JE (2023) Large females 
connect Atlantic cod spawning sites. Science 382:1181–
1184. https://​doi.​org/​10.​1126/​scien​ce.​adi18​26

Pagel T (2009) Determinants of individual reproductive suc-
cess in a natural pike (Esox lucius L.) population: a 
DNA-based parentage assignment approach. Master 
Thesis, Humboldt-Universität zu Berlin, Lebenswissen-
schaftliche Fakultät

Pagel T, Bekkevold D, Pohlmeier S et al (2015) Thermal and 
maternal environments shape the value of early hatching 
in a natural population of a strongly cannibalistic fresh-
water fish. Oecologia 178:951–965. https://​doi.​org/​10.​
1007/​s00442-​015-​3301-y

Pasquet A, Sebastian A, Begout ML et al (2016) First insight 
into personality traits in northern pike (Esox lucius) lar-
vae: a basis for behavioural studies of early life stages. 
Environ Biol Fish 99:105–115. https://​doi.​org/​10.​1007/​
s10641-​015-​0459-4

Pierce RB (2004) Oviduct insertion of radio transmitters as a 
means of locating northern pike spawning habitat. N Am J 
Fish Manag 24:244–248. https://​doi.​org/​10.​1577/​M02-​185

Radinger J, Riepe C, Koemle D et al (2026) Integrative spatial 
assessment of status and trends in a commercial–recrea-
tional coastal fishery for northern pike, with implications 
for management. Mar Coast Fish 18:vtag013. https://​doi.​
org/​10.​1093/​mcfafs/​vtag0​13

Raat AJP (1988) Synopsis of biological data on the northern 
pike (Esox lucius Linnaeus, 1758). In: FAO Fisheries 
Synopsis 30. p 177. FAO, Rome

R Core Team (2023) R: A language and environment for statis-
tical computing

Réale D, Reader SM, Sol D et  al (2007) Integrating animal 
temperament within ecology and evolution. Biol Rev 
Camb Philos Soc 82:291–318. https://​doi.​org/​10.​1111/j.​
1469-​185X.​2007.​00010.x

Reebs S (2001) Influence of body size on leadership in shoals 
of golden shiners, Notemigonus crysoleucas. Behav 
138:797–809. https://​doi.​org/​10.​1163/​15685​39017​53172​
656

Říha M, Gjelland KØ, Děd V et  al (2021) Contrasting struc-
tural complexity differentiate hunting strategy in an 
ambush apex predator. Sci Rep 11:17472. https://​doi.​org/​
10.​1038/​s41598-​021-​96908-1

Rittweg TD, Trueman C, Wiedenbeck M et  al (2024) Vari-
able habitat use supports fine-scale population differ-
entiation of a freshwater piscivore (northern pike, Esox 
lucius) along salinity gradients in brackish lagoons. 
Oecologia 206:275–292. https://​doi.​org/​10.​1007/​
s00442-​024-​05627-7

Roney NE, Oomen RA, Knutsen H et  al (2018) Temporal 
variability in offspring quality and individual reproduc-
tive output in a broadcast-spawning marine fish. ICES J 
Mar Sci 75:1353–1361. https://​doi.​org/​10.​1093/​icesj​ms/​
fsx232

Rose GA (1993) Cod spawning on a migration highway in 
the north-west Atlantic. Nature 366:458–461. https://​
doi.​org/​10.​1038/​36645​8a0

Roser P, Dhellemmes F, Rittweg T et  al (2023) Synthesiz-
ing historic and current evidence for anadromy in a 
northern pike (Esox lucius L.) meta-population inhabit-
ing brackish lagoons of the southern Baltic Sea, with 
implications for management. Fish Res 263:106670. 
https://​doi.​org/​10.​1016/j.​fishr​es.​2023.​106670

Roser P, Radinger J, Feldhege F et al (2025) Getting scarce 
and lure shy: impacts of recreational fishing on coastal 
northern pike (Esox lucius) abundance, size struc-
ture and vulnerability to angling. Fish Manag Ecol 
32:e12769. https://​doi.​org/​10.​1111/​fme.​12769

Rosten CM, Gozlan RE, Lucas MC (2016) Allometric scal-
ing of intraspecific space use. Biol Lett 12:20150673. 
https://​doi.​org/​10.​1098/​rsbl.​2015.​0673

Schindler DE, Hilborn R, Chasco B et  al (2010) Population 
diversity and the portfolio effect in an exploited species. 
Nature 465:609–612. https://​doi.​org/​10.​1038/​natur​e09060

Schlautmann C, Arlinghaus R, Hering D et al (2026) A meta-
analysis on environmental triggers of spawning migra-
tions reveals a new classification of thermal guilds in 
European freshwater fishes. Fish Fish 27:478–495. 
https://​doi.​org/​10.​1111/​faf.​70063

Skjæraasen JE, Meager JJ, Karlsen Ø et  al (2011) Extreme 
spawning-site fidelity in Atlantic cod. ICES J Mar Sci 
68:1472–1477. https://​doi.​org/​10.​1093/​icesj​ms/​fsr055

Skov C, Nilsson PA (2018) Biology and ecology of pike. 
CRC Press, Boca Raton, FL

Skov C, Lucas M, Jacobsen L (2018) Spatial ecology. In: 
Skov C, Nilsson PA (eds) Biology and ecology of pike. 
Taylor and Francis, Boca Raton FL, USA

Slotte A (1999) Effects of fish length and condition on 
spawning migration in Norwegian spring spawning 
herring (Clupea harengus L.). Sarsia 84:111–127. 
https://​doi.​org/​10.​1080/​00364​827.​1999.​10420​439

Somers CM, Goncin U, Hamilton S et  al (2021) Chasing 
northern pike under ice: long-distance movements 
following catch-and-release ice angling. N Am J Fish 
Manag 41:1341–1350. https://​doi.​org/​10.​1002/​nafm.​
10638

https://doi.org/10.1111/eff.12571
https://doi.org/10.1073/pnas.2009451118
https://doi.org/10.1002/aqc.3196
https://doi.org/10.1371/journal.pone.0031619
https://doi.org/10.1007/s00360-005-0024-0
https://doi.org/10.1007/s00360-005-0024-0
https://doi.org/10.1126/science.adi1826
https://doi.org/10.1007/s00442-015-3301-y
https://doi.org/10.1007/s00442-015-3301-y
https://doi.org/10.1007/s10641-015-0459-4
https://doi.org/10.1007/s10641-015-0459-4
https://doi.org/10.1577/M02-185
https://doi.org/10.1093/mcfafs/vtag013
https://doi.org/10.1093/mcfafs/vtag013
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1163/156853901753172656
https://doi.org/10.1163/156853901753172656
https://doi.org/10.1038/s41598-021-96908-1
https://doi.org/10.1038/s41598-021-96908-1
https://doi.org/10.1007/s00442-024-05627-7
https://doi.org/10.1007/s00442-024-05627-7
https://doi.org/10.1093/icesjms/fsx232
https://doi.org/10.1093/icesjms/fsx232
https://doi.org/10.1038/366458a0
https://doi.org/10.1038/366458a0
https://doi.org/10.1016/j.fishres.2023.106670
https://doi.org/10.1111/fme.12769
https://doi.org/10.1098/rsbl.2015.0673
https://doi.org/10.1038/nature09060
https://doi.org/10.1111/faf.70063
https://doi.org/10.1093/icesjms/fsr055
https://doi.org/10.1080/00364827.1999.10420439
https://doi.org/10.1002/nafm.10638
https://doi.org/10.1002/nafm.10638


Environ Biol Fish         (2026) 109:132 	 Page 19 of 19    132 

Vol.: (0123456789)

Sørensen T (1948) A method of establishing groups of equal 
amplitude in plant sociology based on similarity of spe-
cies and its application to analyses of the vegetation on 
Danish commons. Biol Skrifter/kongelige Danske Viden-
skabernes Selskab 5:1

Stoffel MA, Nakagawa S, Schielzeth H (2017) rptR: repeat-
ability estimation and variance decomposition by gen-
eralized linear mixed-effects models. Methods Ecol 
Evol 8:1639–1644. https://​doi.​org/​10.​1111/​2041-​210X.​
12797

Sulikowski JA, Hammerschlag N (2023) A novel intrauter-
ine satellite transmitter to identify parturition in large 
sharks. Sci Adv 9:eadd6340. https://​doi.​org/​10.​1126/​
sciadv.​add63​40

Sunde J, Yıldırım Y, Tibblin P et  al (2022) Drivers of neu-
tral and adaptive differentiation in pike (Esox lucius) 
populations from contrasting environments. Mol Ecol 
31:1093–1110. https://​doi.​org/​10.​1111/​mec.​16315

Svardson G (1949) Note on the spawning habits of Leucis-
cus erythrophthalmus L., Abramis brama L. and Esox 
lucius L. Report of the Institute of Freshwater Research, 
Drottningholm 29, 102–107.

Tamburello N, Côté IM, Dulvy NK (2015) Energy and the scal-
ing of animal space use. Am Nat 186:196–211. https://​doi.​
org/​10.​1086/​682070

Tibblin P, Forsman A, Koch-Schmidt P et al (2015) Evolution-
ary divergence of adult body size and juvenile growth 

in sympatric subpopulations of a top predator in aquatic 
ecosystems. Am Nat 186:98–110. https://​doi.​org/​10.​
1086/​681597

Tibblin P, Forsman A, Borger T, Larsson P (2016) Causes and 
consequences of repeatability, flexibility and individual 
fine-tuning of migratory timing in pike. J Anim Ecol 
85:136–145. https://​doi.​org/​10.​1111/​1365-​2656.​12439

van Etten J (2017) R package gdistance: distances and routes 
on geographical grids. J Stat Softw 76:21. https://​doi.​org/​
10.​18637/​jss.​v076.​i13

van Gemert R, Koemle D, Winkler H, Arlinghaus R (2022) 
Data-poor stock assessment of fish stocks co-exploited 
by commercial and recreational fisheries: applications to 
pike Esox lucius in the western Baltic Sea. Fish Manag 
Ecol 29:16–28. https://​doi.​org/​10.​1111/​fme.​12514

Vehtari A, Gelman A, Gabry J (2017) Practical Bayesian 
model evaluation using leave-one-out cross-validation 
and WAIC. Stat Comput 27:1413–1432. https://​doi.​org/​
10.​1007/​s11222-​016-​9696-4

Webster MM (2017) Experience and motivation shape leader–
follower interactions in fish shoals. Behav Ecol 28:77–
84. https://​doi.​org/​10.​1093/​beheco/​arw133

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.1126/sciadv.add6340
https://doi.org/10.1126/sciadv.add6340
https://doi.org/10.1111/mec.16315
https://doi.org/10.1086/682070
https://doi.org/10.1086/682070
https://doi.org/10.1086/681597
https://doi.org/10.1086/681597
https://doi.org/10.1111/1365-2656.12439
https://doi.org/10.18637/jss.v076.i13
https://doi.org/10.18637/jss.v076.i13
https://doi.org/10.1111/fme.12514
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1093/beheco/arw133

	Individual behavioural differences, not body size or sex, structure spatial connectivity in coastal northern pike (Esox lucius) in the southern Baltic Sea
	Abstract 
	Introduction
	Materials and methods
	Study area and telemetry array
	Fish captures and tagging
	Recapture distance
	Connectivity and maximum horizontal displacement based on biotelemetry
	Among-year spawning site fidelity
	Statistical analysis
	Visual assessment of spawning season movement and site use

	Results
	Mark–recapture
	Connectivity and maximum horizontal displacement based on biotelemetry
	Among-year spawning site fidelity
	Visual assessment of spawning season movement and site use

	Discussion
	Acknowledgements 
	References


