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ARTICLE INFO ABSTRACT

Handled by B. Morales-Nin Understanding the movement ecology of fish communities is necessary to take effective management actions that
aim to reverse population declines, especially in fish stocks containing sympatric subpopulations with local
adaptations, such as Northern pike (Esox lucius) in the Baltic Sea. We followed the movement and survival of
adult pike for one year by tagging 198 individuals in an estuary (an anadromous subpopulation) as well as in two
neighbouring bays (individuals of unknown origin) with acoustic transmitters. We found that the estuary was
vital in sustaining the local coastal pike stock, that anadromous pike mainly inhabited a coastal area with a
radius of 3 km and aggregated in large numbers in the estuary several months prior to spawning. Management
should thus prioritise to identify, restore, and protect estuaries from exploitation. The two neighbouring bays
demonstrated distinct differences in spatiotemporal aggregations of pike with no aggregations prior to, and
during, spawning in the bay without estuaries. The habitat choice during spawning season suggests that 92% of
pike sampled in the bay adjacent to the estuary belong to the anadromous subpopulation, while 94% of pike
sampled in the neighbouring bay belong to unknown subpopulation(s) of resident brackish spawners. Survival of
tagged pike was 84% and suggest low mortality from fisheries and top predators, which have been proposed as
threats to pike populations in other areas of the Baltic Sea. Together, these results call for management of high
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resolution and highlight the importance of detailed movement data.

1. Introduction

A central challenge to the management of wildlife populations is to
correctly identify how animals are distributed in space and time relative
to life history, abiotic, biotic, and anthropogenic factors (Erisman et al.,
2012, 2017). The effectiveness of management actions, such as a
spatially limited seasonal closure of a fishery (Dunn et al., 2011), will be
highly dependent on correct information on the movement ecology of
the managed stock. Poor information could lead to sub-optimally
designed protected areas and the implementation of management ac-
tions which may favour certain phenotypes/strategies at the cost of
others (Dunn et al., 2011). Obtaining appropriate data of spatiotemporal
distributions require cost-effective tools for long-term monitoring of
habitat utilisation at the levels of species, populations, and management
units. One such solution is acoustic telemetry, a highly modular aquatic
tracking technology which allows for large-scale collaborations within
and among the scientific community and fisheries management
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(reviewed by Brownscombe et al., 2019; Crossin et al., 2017; Nathan
et al., 2022). Acoustic telemetry enables detailed spatiotemporal
tracking on the seasonal movement patterns, mortality events, and
habitat use of individuals and populations.

Coastal ecosystems are under immense anthropogenic pressure
world-wide, and despite positive reports on reversed abundance trends
of fish stocks in large parts of the world (Hilborn et al., 2020), a
considerable share of global stocks are still in poor shape due to recent or
historical overfishing (Hilborn et al., 2020; Jackson et al., 2001; Pauly
et al., 1998). The coastal ecosystem in the semi-enclosed Baltic Sea has
seen drastic ecosystem shifts from dominance of the predatory perch
(Perca fluviatilis) and pike (Esox lucius) to dominance of the meso-
predator three-spined stickleback (Gasterosteus aculaetus) (Bergstrom
et al., 2015; Donadi et al., 2020; Eklof et al., 2020; Eriksson et al., 2011;
Ljunggren et al., 2010; Nilsson et al., 2019, 2004). Since the first reports
of low recruitment of coastal predators along the Swedish coast (e.g.,
Ljunggren et al., 2010; Nilsson et al., 2004), efforts have been devoted to
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act against the negative trends. Pike populations have generally not
rebounded and data from monitoring programs, although limited,
indicate continued negative trends in the central Baltic Sea and a need
for further management actions (Bergstrom et al., 2022; Nilsson et al.,
2019; Olsson, 2019). The identification of fine scale genetic structuring
(Nordahl et al., 2019; Sunde et al., 2022) and local adaptations
(Berggren et al., 2016; Tibblin et al., 2015) in Baltic Sea pike suggest that
management will benefit from acknowledging coastal pike as mixed
assemblages of sympatric subpopulations.

Fish stocks containing sympatric subpopulations with local adapta-
tions require well-informed small-scale ecosystem-based management
(Reiss et al., 2009). Many migratory species show a philopatry to their
spawning sites, a behaviour that reduces gene flow among spawning
areas and enables the formation of genetic population structures akin to
those observed for pike (Nordahl et al., 2019; Sunde et al., 2022).
Subpopulations that are isolated during spawning may still mix outside
the spawning season when they reside in areas where they can be
exploited and managed as a common stock. In such systems, identifying
and protecting the assortment of spawning areas can preserve diversity
and ensure stock stability and resilience to perturbations (i.e., portfolio
effects; Brennan et al., 2019; Schindler et al., 2010). Populations are
especially vulnerable to fishery mortality and other stressors during
periods of aggregation, most notably associated with spawning (Erisman
et al., 2017). Protecting areas in and around spawning areas are thus
intuitive management tools to protect recruitment and safeguard local
spawning stocks from over-exploitations. Yet, complete closure of fish-
eries is not always desirable nor required, as the extent of regulations
need to be balanced against its effects on local fisheries. Finding a
favourable trade-off requires that the distribution of local spawning
stocks is known and how these contribute to local fish stocks.

In this study, we focus on pike populations on the south-eastern coast
of Sweden, a region that has been in focus of pike management due to
early reports of pike recruitment failures followed by fisheries regula-
tions and habitat restoration projects as a mean of reversing the trend.
Currently, pike exploitation and harvest rates along the southeast coast
of Sweden are mainly from recreational fisheries and are assumed to be
low due to an increased popularity and partly mandatory use of catch
and release (harvest is limited to 3 pike between 40 and 75 cm per
person per day) (Swedish Agency for Marine and Water Management,
2020; Wennerstrom, 2020). The rapid establishment of cormorants
along the Swedish Baltic coast together with increasing numbers of
seals, is perceived as a threat to pike stocks, and actions to decimate
these populations are often requested by local stakeholders (Bergstrom
et al., 2022; Hansson et al., 2018). Pike has indeed been found in the diet
of great cormorants (Phalacrocorax carbo) and grey seals (Halichoerus
grypus) (Hansson et al., 2018; Ostman et al., 2013) but their direct effect
on mortality rates and their indirect effects on habitat utilisation have
yet to be reliably quantified (Bergstrom et al., 2022; Heikinheimo et al.,
2018). With an increased demand for management actions to rebound
pike populations comes an increased need for understanding important
mortality factors, population structures, and habitat use so that miti-
gation strategies stand accurate.

Here, we utilise acoustic telemetry to follow movements of adult
individuals from an estuary that house an anadromous subpopulation as
well as from the recipient coastal pike stock residing within the study
area. By tagging individuals in the coastal bays and monitor their habitat
choice, we aimed to identify the relative importance of freshwater and
coastal spawning habitats for the overall stock of pike in the study area.
For one year of movement, we describe the dynamics around
geographical distribution within the coastal area and report on mortality
events. To that end, we first identified how far individuals from the
anadromous subpopulation move from spawning grounds in the estuary
to their foraging areas and how the distribution of the subpopulation
varies with season. We then investigated the mixing of the anadromous
pike subpopulation with coastal resident pike and their migration be-
tween bays. Finally, we identified when and where individuals are lost
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due to mortality and emigration, as well as when and where aggrega-
tions occur.

2. Material and methods
2.1. Study area and the acoustic telemetry array

The study area encompasses a 20 km coastal stretch in the Baltic Sea
along the southeast part of Sweden centred around the mouth of the
creek Lerviksbacken (<0.5 m/s mean annual discharge, N 57° 04.200'; E
16° 32.260’) that leads up to the wetland Lervik (1.3 km from coast). The
wetland, the creek Lerviksbacken, and its mouth constitute an estuary
and are hence referred to as the estuary. The wetland was restored in
2007 and 2008 to improve pike spawning success and has since then
served as a study area in several projects aiming to evaluate the use-
fulness of wetland restorations as a tool for management of pike (e.g.,
Nilsson et al., 2014). The coastal habitat outside Lervik is a shallow
archipelago with a strongly indented coastline that form environmental
gradients from sheltered bays in the innermost parts to wave-exposed
islands in the outer areas. A 4 km long peninsula separate the study
area in two main bays, here called the adjacent bay and the distant bay
(Fig. 1). The estuary is in the innermost parts of the adjacent bay, while
there are no freshwater creeks or wetlands connected to the distant bay.
The entire area is included in a seasonal fishery closure for pike and
perch during April to May, a fishery restriction that has been in place
since 1998 to protect fish during spawning. The closed season was
extended in April 2021 to include March and the area in the immediate
vicinity (~500 m) of the estuary received an additional protection by a
seasonal closure of all fishing during January to May. But note that these
new restrictions were not in place during the data gathering in this
study.

A total of 48 acoustic receivers were deployed in the study area
forming a receiver array that extended approximately 10 km in water
distance to the north and south of the estuary. The array was designed to
track movements of pike within the shallow archipelago (<10 m depth)
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Fig. 1. Study site. Map of the study area in the south-eastern part of Sweden.
The map includes the two bays in which pike were sampled in predefined zones
illustrated as dashed polygons (adjacent bay: A-C and distant bay: D-F). Points
display acoustic receiver locations, diamonds for receivers at the estuary (the
mouth of the creek and the wetland in which anadromous pike were sampled)
and circles for remaining receivers.
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where individuals were assumed to spend most of the time. Two types of
receivers were used, Thelma Biotel TBR 700 L. (n = 33) and Vemco
VR2tx (n = 19), both operating at 69 kHz with configurations that allow
for decoding signals from tags utilising the R64K-protocol. Most of the
array (46 receivers) was deployed in February to June 2020, and the
remaining 2 receivers were deployed July 16, 2020. Receivers were
moored to the bottom with concrete blocks (35 x35x5 cm, 14 kg) and
erected vertically either by being strapped to a steel rod bolted to the
centre of the block, or by the lift of two buoys fastened on the sides of the
receiver and attached to the block by a line. Receivers located in shallow
areas (1-3 m) were marked by a surface buoy while receivers in deeper
waters were connected to a second mooring block via a 10- to 30-meter-
long mooring line that was used to retrieve the receivers.

2.2. Fish sampling

To maximise sample size in analyses of seasonal movement patterns
and spatiotemporal aggregations while avoiding confounding effects
caused by sex differences in movement behaviour, we sampled primarily
female pike. However, we sampled 20 male pike in the estuary to
evaluate sex differences in movement behaviour in the anadromous
subpopulation. Captured individuals were sexed by examining the uro-
genital tract. To reduce the risk of complications due to tagging, we
selected only fish larger than 45 cm in total length that had no critical
injuries. The tag-to-body mass ratio in air ranged from 0.2% to 1.7%
(pike body mass was estimated from length-mass relationship of caught
pike in earlier studies in the area).

Anadromous pike from the Lervik estuary were caught with fyke-nets
in the wetland during the spawning period at 12 sampling events be-
tween March 31 to April 20, 2020 (Fig. 1). We assessed maturity stage
for females by applying a gentle pressure on the abdomen and only fe-
males that were spent or semi-spent were selected to reduce the risk of
jeopardising the reproduction by damaging reproductive organs during
tag insertion. Individuals were kept in retainer slings, sorted into
keepnets and selected to cover a size distribution from 45 to 85 + cm
(details of individual fish in supplemental Tab. s1).

Pike of unknown origins were sampled at the coast by rod and reel
angling with artificial lures from boat in six predefined zones (A to F),
distributed in the adjacent and the distant bay (Fig. 1). Fish were caught
at 24 sampling events between June 8 to October 1, 2020. However, no
sampling was conducted during the warmest summer weeks (July 16 to
September 1) to minimise thermal stress during and after the capture
and tagging procedure. In rare cases of hooking related injuries, fish
were not tagged but released or, if severely injured, euthanised. We kept
caught pike in retainer slings secured to the boat until tagging of an
accumulated catch to make sampling more effective.

The tagging procedure of fish from the estuary was performed at land
just at the edge of the wetland, while tagging of fish sampled at the coast
was performed in the boat. All pike were tagged and released the same
day as they were captured. Each fish was anaesthetised in 40-60 ppm
clove oil (concentration depending on water temperature, clove oil was
first emulsified in ethanol in a 1:9 ratio) in a well aerated tank with
water from the sampling location until they reached complete immo-
bilisation and did not react to handling (Zaikov et al., 2008). Fish were
then placed in a standard orientation on a photo-board with a scale bar
and photographed on the left side with consistent camera distance and
angle. Pictures were used for accurate standard length (from the most
anterior tip of the body to the posterior end of the hypural plate) mea-
surements. The sedated fish were transferred to a V shaped cradle and
recirculating water was pumped over the gills during the rest of the
procedure.

2.3. Tagging

In total, we tagged 198 individuals with acoustic transmitters of
which 80 females (standard length 67.3 + 12.1 cm, mean + s.d.) and 20
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males (standard length 55.7 + 7.3 cm) were from the estuary, 53 fe-
males from the adjacent bay (standard length 62.3 + 8.5 cm) and 45
females from the distant bay (standard length 64.4 + 9.8 cm). Tagging
was conducted by surgically implanting an acoustic transmitter (Thelma
Biotel ID-MP13: diameter 12.7 mm, length 33.3 mm, weight in water
7.1 g, power output 153 dB, random signal delay of 90-150 s at 69 kHz,
expected battery life minimum of 35 months). An additional passive
integrated transponder (PIT) tag (Biomark HDX23, diameter 3.85 mm,
length 23.1 mm) was implanted so that tagged individuals could be
identified with a handheld PIT-tag reader in case of subsequent re-
captures. Surgical instruments and tags were cleaned before each sur-
gery by immersion in a 70% solution of ethanol. Tags were inserted in
the abdominal cavity ventrally and posterior of the left pectoral fin, at
the same incision site, and the incision was closed using two separate
single sutures (Monocryl suture 4-0, FS-2 needle, undyed). After sur-
gery, fish were kept in retainer slings and released following their re-
covery and return to normal locomotor activity.

2.4. Data analyses

Receiver data were downloaded onto a laptop between June 8 to July
17, 2021. The software R 4.1.1 (R Core Team, 2021) through RStudio
2021.9.0.351 (RStudio Team, 2021) was used for all analyses.
Figures were prepared in R using the ggplot2 package (Wickham, 2016).
One female sampled in the estuary and one female sampled in the
adjacent bay, were not detected after their release likely due to prompt
mortality, and subsequently not included in any analysis, tables, or
figures. Raw acoustic data were initially explored and filtered using the
actel package (Flavio, 2020) to identify and exclude influential and
obvious false detections, i.e., single detections spatially and temporally
isolated at the end of the detection period, and isolated detections which
constituted large jumps over the study area without detections in be-
tween. Not all false detections are apparent, thus telemetry data filtering
require some decision-making and defined tresholds that include a risk
of misidentifying behaviour as false positives and vice versa (Klinard
and Matley, 2020; Villegas-Rios et al., 2020). For example, a continuous
detection pattern can result from stationary behaviour or from a tag
being stationary at the seabed due to mortality (Klinard and Matley,
2020). To distinguish between such outcomes, we assumed fish to be
dead when a tag at the end of its detection period had been stationary on
a single receiver for more than 20 days without being absent longer than
6 h (n = 4). Consequently, identified mortality detections for these fish
were removed back to the day when the continous detections started (a
conservative approach recommended by e.g. Klinard and Matley, 2020).
Fish that die might also cease being detected, for example if removed
from the receiver array due to harvest or predation (Klinard and Matley,
2020). We defined a mortality event to have occurred if the fish had no
detection during the last 10 weeks of study period (n = 31), except for if
the last detection occurred at the edge of the array, then we defined it as
an emigration event, i.e., that the fish left the area covered by the
receiver array (n = 6, information of individual fate in supplemental
Tab. s1). Such discrimination between mortality and emigration might
be biased if fish die at the edge of the receiver array but is still a rec-
ommended method (Villegas-Rios et al., 2020). These definitions as-
sume that the study area was sufficiently covered by acoustic receivers
so that the risk of individuals residing in the area for a longer period
undetected is low. To test this assumption, we analysed the trajectories
of individuals that moved between the two bays and recorded if the
transitions were detected by receivers located between bays. We found
that 40 out of 45 transitions (89 %) between bays were detected by at
least two receivers, indicating adequate receiver coverage.

Movement and coastal distribution of pike sampled in the estuary
was examined by calculating the in-water distance between each
receiver and the receiver at the river mouth in the estuary, using the
distancesMatrix() function in the actel package (Flavio, 2020). First, a
shapefile with a land polygon of the study area was modified to increase
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the width of narrow water channels. Then, the shapefile was converted
into a raster which was used together with coordinates of receivers to
create a transition layer (directions were set to 8, allowing fish to swim
in intercardinal direction) by estimating the least cost paths in water
between receivers.

Maximum migration distance was assessed for individual fish by
taking the in-water distance between the estuary and the receiver each
fish had been detected at that was furthest from the estuary. To test for
differences between sexes in maximum migration distance we used an
ANCOVA model including maximum migration distance as the depen-
dent variable, sex as fixed factor, standard length as a covariate, and the
interaction between sex and length. The Anova() function in car package
(Fox and Weisberg, 2019) was used to assess TYPE III Sums of squares at
an alpha level of 0.05. Seasonal distances between female pike sampled
in the estuary (locations of the receiver that individuals had most
detection at each day) and the estuary were descriptively presented as
weekly (ISO week date, ISO 8601) boxplots with medians, 25th and 75th
percentiles in Fig. 2, and as monthly means and standard deviations (s.
d.) for both sexes in supplemental Tab. s2.

Movement between bays was assessed by identifying the number of
individuals that were detected in the two bays respectively, grouped by
sampling location (Table 1). Further, we assessed the degree of mixing of
the anadromous subpopulation with the coastal resident pike by iden-
tifying the number of individuals from each sampling location that were
detected in the estuary during spawning period 2021, as indicative of
pike originating from the anadromous subpopulation.

Spatiotemporal aggregations were examined bimonthly by identi-
fying the maximum number of female pike detected on a single day at
acoustic receivers in the study area. Analyses were separated for pike
sampled in the estuary (Fig. 3a), adjacent bay (Fig. 3b), and distant bay
(Fig. 3c). Aggregations at the estuary were reported monthly in Table 2
for female pike sampled in the estuary and the adjacent bay.

Disappearances, i.e., interpreted mortality and emigration events,
between the start of the study until the last 10 weeks of the study period
were illustrated on a map by the location of the last appearance in
Fig. 4a. The monthly mortality was calculated as the percentage of
sampled fish that died each month per number of sampled fish alive at
the start of respective month and reported in Fig. 4b. The monthly
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Table 1

Movement between bays and mixing of the anadromous subpopulation with the
coastal resident pike. Number of pike that were detected in each bay grouped by
sampling location. Also, number of pike detected in the estuary during spawning
period 2021 and percentages calculated based on the ratio of individuals alive at
start of spawning period.

Sampling n n n n n
location initially detected detected alive detected at
sampled at at distant during estuary
adjacent bay spawning during
by period spawning
period
Adjacentbay
Q zone A 12 12 0 11 11 (100 %)
Q zone B 21 21 2 10 10 (100 %)
Q zone C 19 19 2 16 13 (81 %)
Distantbay
Q zone A 15 3 15 11 2 (18 %)
Q zone B 16 0 16 14 0 (0 %)
Q zone C 14 1 14 10 0 (0 %)
Estuary
Q 79 76 5 74 71 (96 %)
? 20 20 5 19 18 (95 %)

mortality parameter was thus adjusted for mortality, as well as the
addition of fish sampled in August, September, and October. Number of
pike alive at the start of spawning season was reported in Table 1.

3. Results

3.1. Movement and seasonal distribution of the anadromous
subpopulation

Pike sampled in the estuary were detected at the edge of the receiver
array, both north and south. In total, five females and two males
migrated more than 8 km from the estuary and by that more than 10 km
from the sampling location in the wetland. On the contrary, three fe-
males never left the estuary. The maximum distance from the estuary
that pike were detected differed depending on sex and body size
(ANCOVA, effect of sex: Fj 94 = 5.23, P = 0.024; effect of body length:

Fig. 2. Coastal distribution of female pike
sampled in the estuary. Weekly distribution of
the distance to the estuary for female pike
sampled in the estuary. The solid lines within
the boxes indicate medians, the boundaries of
the box indicate 25th and 75th percentiles, and
the whiskers below and above extends from the
box to the lowest or largest value no further
than 1.5 * the inter-quartile range, respectively.
Data beyond the end of the whiskers are plotted
individually as point outliers with transparency
to visualise overlapping data. Coloured back-
ground and annotation illustrate seasons of the
year for the actual area and period of interest,
as defined afterward based on periodic average
daily temperatures by the Swedish Meteoro-
logical and Hydrological Institute (2022).
Dashed vertical line illustrates the shift between
year 2020-2021.
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Fig. 3. Spatiotemporal aggregations of female
pike. Bimonthly maps of maximum number of
female pike detected on a single day at acoustic
receivers in the study area as a percentage of
initially sampled pike in each sampling loca-
tion. Analyses are separated for pike sampled in
the estuary (a), n=79), adjacent bay (b),
n = 52) and distant bay (c), n = 45). Yellow to
red colours indicate aggregations of fish. The
radius of the circles is set to 500 m to show
estimated detection ranges under ideal condi-
tions without physical boundaries (as reported
by acoustic telemetry manufacturers). Re-
ceivers is displayed only if a minimum of two
fish have been detected on a single day and the
map is cropped according to displayed
receivers.

Seasonal aggregations at the estuary. Monthly minimum, maximum and median number of unique female pike detected per day at the receiver located at the mouth of

the Lervik creek in the estuary grouped by sampling location.

Sampling location 2020 2021

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May
Estuary (n = 79)
min 6 2 0 0 1 5 7 9 5 11 15 12
median 9 7 2 10 14 24 16 40 42 16
max 13 14 8 10 10 18 25 33 32 49 58 22
Adjacent bay (n = 52)
min 2 2 3 4 2 4 15 8
median 3 7 12 17 22 12
max 6 12 13 19 17 22 28 19

F1,04 = 2.57, P = 0.112; effect of interaction: F; g4 = 6.29, P = 0.014).
Females migrated in average 3.6 + 1.9 km (mean + s.d.) whereas males
migrated 3.9 + 2.6 km. Male body size had a positive effect on

migration distance while female size was less influential (supplemental

Fig. s1).

Weekly distributions of the distance between anadromous pike
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Fig. 4. a) Mortality and emigration map. Map of the study area showing the location of acoustic receivers that was last to detect one or more disappeared pike.
Number of disappearances in the outskirts of the array is interpreted as emigration events and reported on white background, while disappearances inside the array is
interpreted as deaths and reported on grey background. b) Monthly mortality rate. Bar plot showing monthly mortality as the percentage of sampled fish that died
each month per number of sampled fish alive at the start of respective month (this number is shown for respective month on top of the figure).

individuals and the estuary reveal that females from the subpopulation
was most dispersed during summer and early autumn, more specifically
between week 23-44, 2020 (Fig. 2). During most of this period, 50% of
the tagged females resided 1-3 km from the estuary, while 75% of fe-
males resided less than 1 km from the estuary throughout large parts of
late autumn, winter, and spring. Both female and male pike resided
furthest away from the estuary during June to November (supplemental
Tab. s2). Females were on average closest to the estuary during April
(0.4 + 1.0 km) while males were closest in March (0.5 + 1.8 km) and
May (0.5 £ 1.5 km).

3.2. Migration between bays and mixing of the anadromous
subpopulation with coastal resident pike

There were migration events between bays performed by pike from
all sampling locations (Table 1). Approximately 10 % of pike sampled in
the estuary and 8 % of pike sampled in the adjacent bay visited the
distant bay at some point during the study period. Comparably, 9 % of
pike sampled in the distant bay visited the adjacent bay. Spawning in the
estuary 2021 occurred between March 30 to May 27, according to the
earliest and latest detection at the receiver inside the wetland. Per-
centages of fish detected in the estuary during this period differ
considerably between sampling locations (Table 1). 96 % of survived
females and 95 % of males sampled while spawning in the estuary 2020
was detected in the estuary during spawning 2021, indicating very high
site fidelity. 92 % (81-100 % depending on zone) of pike sampled in the
adjacent bay was detected in the estuary at this time, suggesting that the
bay during sampling period was inhabited by pike originating pre-
dominantly from the anadromous subpopulation. On the contrary, only
6 % (0-18 % depending on zone) of pike sampled in the distant bay was
detected in the estuary at spawning time which suggest that the bay was

inhabited largely by fish of other origin.

3.3. Spatiotemporal aggregations

Female pike tagged in the estuary and the adjacent bay exhibited
analogous movement dynamics and aggregated primarily in the estuary
at the mouth of the creek (Fig. 3ab). Aggregations at the estuary started
long before spawning period, in November, and was at largest in April
(Table 2). The dynamics of spatiotemporal aggregations of female pike
differed considerably between the adjacent and the distant bays. In the
former, pike aggregated in winter and spring in the estuary located in
the innermost bay whereas in the distant bay aggregations of pike were
generally less clear and the distribution of individuals more fragmented
throughout the bay also during spawning season in spring (Fig. 3c). If
anything, the largest aggregation of pike in the distant bay was during
autumn, when individuals aggregated in the innermost parts of the bay,
rather than spring.

3.4. Mortality and emigration

A total of 37 pike were considered lost during the study period since
they ceased being detected at least 10 weeks earlier than the end of the
study. A few (n = 6) pike were last detected at the edge of the receiver
array and were categorised as emigrated (Fig. 4a). However, most
(n = 31) lost pike were last detected inside the array and thus cat-
egorised as deceased. Both female and male pike sampled at the estuary
had an annual survival estimate of 94 %, while females sampled at the
coast had an estimated survival of 74% over the study period (tracked
for 8-10 months). Monthly mortality rates varied between 0 % and 4 %
(Fig. 4b).
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4. Discussion

National and regional fisheries management have been struggling for
30 years to understand and reverse population declines of pike along the
southeast coast of Sweden. Implemented fisheries regulations and
habitat restorations has been ambitious but still not successful (Nilsson
et al., 2019). For evaluation and improvement of ongoing pike man-
agement, information on population distributions and key life-history
events is required (Larsson et al., 2015). We followed the movement
pattern of Baltic Sea pike by tagging adult pike both in an estuary during
spawning (i.e., from an anadromous subpopulation) as well as in adja-
cent coastal areas (from unknown origin) with acoustic transmitters.
This demonstrated how an anadromous pike subpopulation distribute
and contribute to the coastal stock of pike, and that the two adjacent
bays diverge in spatiotemporal dynamics. We also show that anadro-
mous pike aggregate in large numbers in the estuary several months
prior to the spawning, and that the annual survival of adult pike is
surprisingly high and suggest low mortality from fishery and top pred-
ators. These results and the following discussion highlight how man-
agement of ecologically complex Baltic Sea pike stocks need to be
dynamic and with high resolution.

To mitigate the negative development of Baltic Sea pike there is an
ongoing trend to restore anadromous spawning habitats by recon-
structing vegetated wetlands, often referred to as pike factories (Larsson
et al., 2015). Such management has proven locally successful by
boosting reproduction and emergence of juveniles (Nilsson et al., 2014)
and by increasing adult pike abundances nearby (Tibblin et al., un-
published results). However, the ability to produce a significant result
on larger scale depends on how the improved populations distribute and
mix with the coastal pike stock. Previously studied Baltic Sea pike
generally disperse less than 3-5km, and the dispersal distance is
believed to depend on the distances between spawning and feeding
areas (Karas and Lehtonen, 1993). Maximum dispersal distances at
10 km in our study demonstrate that a single wetland restoration mays, if
successful, positively influence 20 km of coastal fish community. How-
ever, like previously shown, most pike from the anadromous subpopu-
lation generally inhabited a smaller area, 75% of sampled females
resided within 3 km from the estuary during summer when dispersal
was greatest (Fig. 2). This suggests the effects of specific population
improvements to be primarily local and calls for widespread restoration
programs to counter pike declines in a Baltic perspective.

The coastal pike stock along the southeast coast of Sweden are
composed of locally adapted subpopulations, both anadromous and
resident brackish spawners, with strong genetic differences (Berggren
et al., 2016; Engstedt et al., 2010, 2014; Nordahl et al., 2019; Sunde
etal., 2018a, 2018b, 2019; Tibblin et al., 2016). Managing such complex
fish communities is challenging and knowledge about the fine scale
dynamics of the systems is needed to accurately understand population
distributions for identification of management units and to preserve
adaptive diversity. We found that the bay outside the estuary (i.e., the
adjacent bay) was inhabited almost exclusively (92 %) by pike that later
visited the estuary during spawning season (Table 1). This result in-
dicates that the bay, approximately 15 km? in size, mainly consist of
individuals from the anadromous subpopulation and stress how vital the
estuary is in sustaining the adjacent coastal fish community. Conversely,
the distant bay was with few exceptions (6 %) inhabited by pike from
unknown subpopulation(s) (Table 1). The ecotype of these fish is un-
certain, but they are likely to be resident brackish spawners since there
are no nearby freshwater habitats and most pike stayed in the distant
bay during spawning period (Fig. 3c). The ratio of migrating freshwater
to resident brackish spawners is known to differ considerably between
coastal areas in the Baltic Sea and is likely to depend on the character-
istics of nearby spawning areas. Otolith microchemistry studies on Baltic
Sea pike have reported freshwater origin from 6 % around the island of
Riigen, Germany (Moller et al., 2019) to 82 % in Matsalu bay, Estonia
(Rothla et al., 2012). Our results suggest similar distinct differences in
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ratio between ecotypes, however in this study on a very fine spatial
scale.

Movement behaviour of pike varies with season and monitoring
studies have reported diverse and unpredictable seasonal patterns be-
tween pike populations from different habitats (e.g., Baktoft et al., 2012;
Kobler et al., 2008a, 2008b; Nordahl et al., 2020). For example, a recent
study on Baltic Sea pike found a continued activity pattern in winter
during daytime but reduced activity during nights compared to summer
(Nordahl et al., 2020). Pike in a small temperate lake reduced their
swimming activity during winter (Kobler et al., 2008b) but at the same
time dispersed over greater areas and utilised larger home ranges
compared to summer (Kobler et al., 2008a). Our study shows distinct
seasonal coastal distribution of the anadromous subpopulation. In-
dividuals were spatially most distributed during summer and autumn,
while throughout winter and spring fish aggregated within 1 km from
the estuary (Fig. 2 and supplemental Tab. s2). This behaviour was also
apparent in analysis of seasonal aggregations in which females sampled
in the estuary and in the adjacent bay accumulated at the receiver
located in the innermost bay at the mouth of the creek in the estuary
during winter and spring (Fig. 3ab and Table 2). Strikingly, females from
the distant bay had completely different seasonal dynamics and became
less aggregated in the innermost bay during the same period (Fig. 3c).
The cause of such diverse movement behaviour and phenology among
pike residing in two neighbouring bays is important for generalisation
but for us unfortunately unknown. It is unlikely that predation pressure
or food availability differ significantly between bays and if fish seeks less
exposed environment during winter there are plenty of sheltered areas
in both bays. However, it is plausible that the diverse dynamics is caused
by an attraction to the estuary, for example due to lower salinity or
distinct reproductive behaviour as hypothesised for pike performing
overwintering in a Western Baltic lagoon (Jacobsen et al., 2017). Whilst
the adjacent bay is inhabited by anadromous pike that aggregates over
winter around the estuary that serves as spawning ground for thousands
of adult pike, it appears like resident brackish spawners are dispersed all
over the distant bay during both winter and spawning season, suggesting
not one but several coastal spawning areas. Regardless of the cause for
the differences, detailed knowledge about spatiotemporal distributions
is essential for accurate and effective local management and our results
highlight how diverse such dynamics are in coastal pike.

Seasonal spring aggregations linked to spawning is well known in
Baltic Sea pike (e.g., Kards and Lehtonen, 1993; Larsson et al., 2015),
here we demonstrate continuous seasonal accumulation with high res-
olution. We found apparent aggregation at the estuary already in
November, four months prior to spawning and just before arrival of
meteorological winter (Fig. 2, Fig. 3ab and Table 2). There were days in
November when 25-30 % of individuals sampled in the estuary were
detected at the receiver at the mouth of the creek and the proportion
detected on the location gradually increased each month until spawning
(Table 2). This demonstrate that the estuary is exceptionally important
to a very large proportion of the pike that reside in the archipelago of
this coastal area during summer and autumn. Pike fishing in Sweden is
popular during late winter and spring since large numbers of pike
aggregate in shallow waters and thereby become easily accessible.
However, it is during periods of such aggregation that the risk of
over-exploitation of local stocks is greatest, especially when aggrega-
tions are related to spawning. The entire Kalmar Sound, southeast of
Sweden, has been included in a seasonal fishery closure for pike and
perch during April to May since 1998 to protect fish while spawning and
the closure was extended in 2021 to include March. Temporary pro-
tection of fish aggregations has been highlighted as particularly mean-
ingful to help rebuild declining stocks, this is partly because the spatial
limitation of such protection allows monitoring and management ac-
tions to be scaled down, while benefits can apply to entire stocks
(Erisman et al., 2017). On April 1, 2021, numerous smaller areas, mainly
estuaries, along the southeast coast of Sweden, became complete or
seasonally protected to safeguard fish stocks of various species (Swedish
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Agency for Marine and Water Management, 2021). The estuary of our
study is one of these areas and the coast in the immediate vicinity
(~500 m) of the mouth of the creek is currently protected between
January 1 to May 31 from all fishing activity to protect perch and pike.
The data presented here support the importance of protecting estuaries
that house anadromous pike and suggest that seasonal protections could
be extended to capture also overwintering fish. However, management
actions discussed here concern only fishing activities, management
would gain from also considering stressors such as other types of
exploitation, eutrophication, boat traffic, and natural predation in es-
tuaries and other hotspots.

We evaluated the fate of sampled individuals to estimate annual and
seasonal mortality rates. Unfortunately, the study design did not allow
differentiating between natural mortality, fishing mortality or predation
events. The estimated mortality rate during the study period was how-
ever low compared to Baltic Sea pike (Berggren et al., 2022), only 6% for
both female and male pike sampled in the estuary and 26 % for female
pike sampled in the bays. This suggests that the current mortality
pressure on adult pike from fisheries and natural predators in the area is
minor, although the pattern of pike that rarely utilised foraging habitats
in the outer archipelago may point to a behavioural response to altered
predation pressure from seals (Bergstrom et al., 2022). The observed
differences in mortality rate between pike sampled in the estuary and at
the coast is somewhat puzzling considering that they shared a common
coastal habitat (Fig. 3abc) and as pike sampled in the adjacent bay likely
stem from the same subpopulation as fish sampled in the estuary. The
result may be due to differences in site-specific sampling methods and
water temperatures, i.e. pike sampled in the estuary were caught in
spring using fyke-nets, while pike sampled at the coast were caught by
rod and reel during summer and early autumn, which may have
impacted long term survival rates. Alternatively, angling may have
specifically targeted individuals with certain phenotypes, such as pro-
active pike (Monk et al., 2021), that are more vulnerable to predation
and thus suffered higher mortality rates. Or the observed differences
between the two groups may, simply, be due to chance. Monthly mor-
tality rates fluctuated between 0 % and 4 %, with none to low mortality
during summer and a small peak in January (Fig. 4b). By comparing the
location of aggregations with the position of mortality events (Fig. 3abc
and Fig. 4a) it appears like mortality followed the distribution of in-
dividuals without being overrepresented in any area. A large cormorant
nesting colony inhabits the adjacent bay in our study area. Whilst cor-
morants rarely eat adult pike, predation on smaller individuals have
been proposed to locally reduce adult stocks (Ostman et al., 2013).
Nevertheless, the anadromous pike subpopulation in our area is thriving
and the estimated population census size has increased from less than
1000 individuals during the period 2006-2009 (Tibblin et al., 2016) to
approximately 3000 individuals in 2020 and 2021 (unpublished data)
indicating that the colony do not constrain the subpopulation to any
major degree. Recent studies on declining Baltic Sea pike populations
estimate substantial pike removals, by seals in Stockholm archipelago
(Bergstrom et al., 2022) and by commercial and recreational fishers in
the Riigen area (van Gemert et al., 2022). The variation between areas in
key mortality factors and mortality rate emphasises the complexity and
need of high-resolution management.

In conclusion, our results demonstrate the importance of an estuary
for the local fish community as the main spawning area for almost the
entire pike stock in the adjacent bay, but also as a habitat with dense
aggregations of overwintering pike, a dynamic not observed in the
distant, but neighbouring, bay without an estuary. These results
emphasise the importance of detailed knowledge about spatiotemporal
movement and life-history events for accurate management of coastal
fish stocks. Acoustic telemetry can, as demonstrated here, provide such
information with high-resolution. Management should prioritise to
identify, protect, and restore estuaries housing anadromous pike. The
significant differences in movement dynamics and population structures
on fine spatial scale for Baltic Sea pike, calls for local, but widespread,
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adaptive management plans to reverse population declines. However,
acoustic studies spanning environmental gradients and different habi-
tats would be required to determine causes for diverging dynamics and
mortality factors across Baltic Sea, and thereby allow for effective
ecosystem-based management also on larger scale.
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