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Abstract 

Grey mullets (family Mugilidae) are widespread across coastal, brackish, and freshwater habitats, and have supported 
fisheries for millennia. Despite their global distribution and commercial value, little is known about their movement 
ecology and its role in the co-existence of sympatric mullet species. Gaps in knowledge about migratory behav-
iour, seasonal occurrence, and movement scales have also impeded effective management, highlighting the need 
for further research. This study aimed to identify key habitats and timing of grey mullet presence across the Dutch 
Wadden Sea, North Sea, and freshwater areas, and to explore potential behavioral differences between two grey mul-
let species: thicklip mullet (Chelon labrosus) and thinlip mullet (Chelon ramada). Using acoustic telemetry, we tracked 
86 tagged grey mullet over three years (thicklip mullet, N = 74; thinlip mullet, N = 12), combining data from 100 local 
acoustic receivers and the European Tracking Network. Both species were detected in the Wadden Sea from April 
to November, however, thinlip mullet arrived in the Wadden Sea earlier than thicklip mullet (median date = May 16 
vs. June 7). Individual residency in the Wadden Sea lasted a median 97 days for thicklip mullet and 94 days for thinlip 
mullet. Thinlip mullet were also detected by more receivers and over a larger area than thicklip mullet, indicating 
differences in movement behaviour. Both species showed an affinity for receivers near major harbours, with thinlip 
mullet more often detected near fresh water outflows. Seasonal migrations between coastal and offshore waters 
were also observed, with one thinlip mullet returning to freshwater across consecutive years. North Sea detections 
spanned ten months, with a gap during the presumed spawning period (Jan–Feb). Our data suggest that thinlip mul-
let show a preference for deeper gullies while thicklip mullet may spend more time in shallow areas and flooded tidal 
flats. These findings highlight the importance of the Wadden Sea as a seasonal foraging ground and provide insights 
into the migratory patterns of grey mullets.

Keywords  Acoustic telemetry, Animal migration, Coastal ecosystem, Movement ecology, Mugilidae, Dutch Wadden 
Sea, North Sea

Background
Differences in movement ecology can promote niche 
separation and reduce competition among species that 
coexist in the same geographic area—a phenomenon 
known as sympatry [23, 24, 47, 49]. Sympatry is common 
among grey mullets (Mugilidae), a group of bony fishes 
that play a dominant role in coastal and estuarine waters 
across temperate, tropical, and subtropical latitudes in 
both hemispheres [27]. This family is comprised of 71 
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species worldwide, with 8 species occurring in European 
waters of the Northeast Atlantic, Mediterranean, and 
Black Sea [50]. In much of the world, grey mullets sup-
port commercial, artisanal and subsistence fisheries, and 
are cultured in both intensive and extensive aquaculture 
systems. Despite this broad cultural and economic sig-
nificance, ecological knowledge of grey mullets remains 
limited, with research on wild populations confined to a 
relatively small proportion of their total range.

Grey mullets play a specialised ecological role in 
marine, brackish, and freshwater food webs due to their 
unique dependence on detrital material and in particu-
lar, microphytobenthos—a food source exploited by no 
other fishes to such a great extent [27, 55, 65]. Although 
grey mullets are remarkably similar in external appear-
ance, they vary widely in their internal anatomy, envi-
ronmental tolerances, and life history strategies [27]. As 
a group, mullets are highly flexible, with each species 
suited to a particular set of aquatic conditions ranging 
from extremely clear, to highly turbid waters, and indi-
viduals capable of adapting to a wide range of salini-
ties [27, 43]. In some areas, multiple grey mullet species 
coexist, despite occupying highly similar dietary niches 
[10]. Previous studies have cited the importance of both 
trophic niche breadth and differences in osmoregulatory 
capacity in structuring grey mullet communities [20, 22] 
with salinity-driven differences in distribution patterns 
observed both in the aquaculture settings and in the wild 
[19, 21, 43]. The migratory patterns of adult grey mul-
lets also vary both regionally and among species. In the 
Mediterranean, year-round estuarine residency has been 
observed [15], while in more northern regions such as 
Portugal, France, the UK, and the Baltic Sea, a catadro-
mous lifestyle predominates, marked by seasonal migra-
tions between freshwater and estuarine habitats and the 
coastal marine realm [40, 66, 78]. During summer, adult 
mullets in these northern areas concentrate in estuaries, 
brackish lagoons, and freshwater habitats in summer to 
feed [2, 40, 55, 78]. Then in autumn, decreasing photo-
period and temperature trigger downstream migrations 
into estuaries or coastal marine waters for spawning [40, 
51, 55].

Overall, detailed knowledge of the distribution and 
movement ecology of European grey mullets remains 
limited, particularly in marine environments, where few 
telemetry studies have been conducted in only a few dis-
crete locations [2, 5, 44]. The Wadden Sea, the world’s 
largest intertidal area, spanning the coastlines of the 
Netherlands, Germany, and Denmark, is home to three 
sympatric grey mullet species: the thicklip grey mullet 
(Chelon labrosus, hereafter, thicklip mullet), thinlip grey 
mullet (Chelon ramada, formerly Liza ramada, hereafter, 
thinlip mullet), and golden grey mullet (Chelon auratus). 

Among these, the thicklip mullet is the most common in 
this region but has faced dramatic local declines since 
the 1980s, with little evidence of recovery [36, 45, 73]. 
Although small-scale fyke and gill net fisheries target-
ing grey mullets still exist in the Wadden Sea, reduced 
catches have led many commercial fishers to desert the 
practice entirely. For those fisheries that remain, grey 
mullets are targeted in shallow areas close to the shore-
line where individuals are known to aggregate while graz-
ing on algae and benthic prey [56]. Due to their limited 
catchability in typical survey gears (beam trawls, stow 
nets, and fykes), grey mullets have also been underrep-
resented in fisheries surveys in the Wadden Sea [68]. As 
a result, much of the knowledge of their distribution is 
derived from historical records [11, 12] and the experi-
ence of local fishers, primarily catching the then-domi-
nant thicklip mullet. Recent studies have mainly explored 
the diets and trophic ecology of grey mullets in the Wad-
den Sea [56, 57], leaving many movement-related ques-
tions unanswered.

Given the observed declines in the Wadden Sea and 
the need to develop effective management strategies, 
additional studies are essential for understanding the 
large-scale movements and seasonal habitat use of local 
grey mullets [36]. Similar to other northern habitats, grey 
mullet presence in the Wadden Sea varies seasonally, 
with adult catches peaking in early spring as migrants 
enter coastal waters and declining through autumn, 
suggesting the gradual departure of offshore migrants 
throughout the summer [11, 45]. However, whether all 
grey mullet species display similar spatial and temporal 
movement behaviours in this region remains to be seen. 
Evidence from other European habitats indicates differ-
ences in physiology and habitat use among grey mullets, 
underscoring the need for research into how movement 
patterns and space use differ within this diverse taxo-
nomic group [21, 40, 43]. For example, it is unknown 
whether spatial or temporal segregation is present among 
sympatric mullets in the Wadden Sea and how this could 
impact the effectiveness of targeted management actions.

This study uses acoustic telemetry to investigate the 
movement patterns of two sympatric grey mullet spe-
cies—the thicklip mullet and thinlip mullet—within and 
beyond boundaries of the Dutch Wadden Sea. Specifi-
cally, we aim to provide foundational insights into how 
grey mullets use this coastal region, with a focus on its 
role in their full migratory cycle and the identification of 
species-specific differences in movement behaviour. At a 
regional scale, we contextualise the Wadden Sea within 
the migration cycle by examining connections to adja-
cent habitats in the southern North Sea and fresh water. 
We then narrow our focus to the western Dutch Wadden 
Sea, where we aim to define the characteristics of habitat 
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use for each species while disentangling differences in the 
timing of arrival and departure, individual movement tra-
jectories, and overall patterns of mobility and space use.

Methods
Study area
The Wadden Sea is a dynamic coastal habitat with nearly 
50% of its surface area covered by intertidal mudflats and 
the remainder composed of subtidal gullies connected to 
the North Sea [29]. This area encompasses diverse fish 
habitats including salt marshes, shallow littoral zones, 
and deeper sublittoral areas with soft sediment and occa-
sional hard substrates such as oyster and mussel beds [7]. 
Compared to the adjacent North Sea, the Wadden Sea 
is rich in suspended organic matter and silt, creating  a 
highly productive, yet turbid environment [58].

The western Dutch Wadden Sea, bordered by the 
Dutch mainland and a chain of barrier islands, has 
an average depth of only 3.5  m [85] and covers an area 
of ~ 1530  km2 (Fig.  1). It contains three tidal basins—
Marsdiep, Eierlandse Gat, and Vlie—separated by tidal 
divides where flood waters from adjacent inlets converge 
[7] (Fig. 1b). To the south, fresh water inputs from main-
land sluices and the Afsluitdijk—a large barrier built in 
1932 to separate the Wadden Sea and lake Ijsselmeer—
drive broad-scale salinity gradients extending throughout 
the region [58].

Historically, the Wadden Sea has been a key nursery 
and feeding ground for various fish species, particularly 
those that spawn in deeper waters of the North Sea and 
English Channel [73, 74]. However, a combination of 
global warming and human activities, including fisher-
ies, dredging, and resource extraction, have degraded fish 
habitats in both the Wadden and North Seas, contrib-
uting to population declines over the past four decades 
[69, 73]. Furthermore, sea surface temperatures in the 
Dutch Wadden Sea have increased by 1.5 °C over the last 
25 years [71], with potential consequences for fish migra-
tion and distribution [77].

Fish tagging
Grey mullets were captured using gillnets throughout 
the coastal waters of the western Dutch Wadden Sea (see 
Fig.  1 for capture locations). Additional captures were 
obtained from a long-term fyke net survey conducted 
in the Marsdiep Channel [72].

Upon capture, individuals were sedated via submer-
gence in an anaesthetic bath containing a solution of 
2-phenoxyethanol (0.04%) and seawater. Once sedated, 
fish were removed from the anaesthetic and meas-
urements (total length; LT) and biological samples (2 
fin clips, 3–4 scales) were taken. Each fish was exter-
nally marked with a Floy tag anchored into the dorsal 

musculature approximately 1  cm ventral to the second 
dorsal fin. Acoustic transmitters (V13-1x, V13AP-1x, 
V16-4x; Innovasea Systems Inc., Bedford, Canada) were 
then implanted in the intracoelomic cavity using a small 
incision on the ventral side, anterior to the anal fins, 
and closed with 2–3 dissolvable polyethylene sutures (for 
tag specifications see Table  S1, Supplementary Mate-
rials). Tagging was performed in accordance with the 
Experiments on Animals Act in the Netherlands and 
approved by the Animal Ethical Commission under per-
mit numbers 2016.D-0041 and 2021.D-0002 (Wagenin-
gen Marine Research).

In the spring and summer months of 2021 (May 12–
July 1) and 2022 (May 6–Sept 14), a total of 125 grey 
mullet were captured in the western Dutch Wadden Sea 
(Fig.  1) and equipped with acoustic transmitters. This 
group was comprised of 106 thicklip mullet, 16 thin-
lip mullet, and 3 golden grey mullet (Table 1). As only a 
single golden grey mullet was detected, the remainder of 
this study focuses on thicklip and thinlip mullet.

Acoustic arrays
This study incorporates detection data from multiple 
receiver arrays in the Wadden Sea and southern North 
Sea, sourced from the European Tracking Network data 
portal (https://​www.​lifew​atch.​be/​etn/) developed by the 
Flanders Marine Institute as part of the Flemish contri-
bution to LifeWatch (see Appendix 1 for individual con-
tributors and array acknowledgements). Receiver stations 
that detected mullet were classified according to three 
regions. First, the Wadden Sea was defined as being 
within the boundaries of the western Dutch Wadden Sea 
and included detections from the projects SWIMWAY 
[34] and RBVV2 [41] (Fig. 1a). Mullet detections in fully 
fresh water were recorded by a single receiver from the 
project Brasem IJM/MM [75] in Lake IJsselmeer (Fig. 1a). 
Lastly, the North Sea included any receivers outside the 
Wadden Sea in the Dutch coastal zone—Apelafico [30] 
and Haringvliet [48], Western Scheldt—ws1 [62], and in 
coastal and offshore Belgian waters—bpns [61], cpodnet-
work [32], FISHINTEL [67], Orstedcod [82], and PelFish 
[31] (Fig. 1c).

In the western Dutch Wadden Sea, this study relied 
primarily on the SWIMWAY array, comprised of 
81–100 receiver stations per 6-month deployment 
period (median = 93) spanning from the Marsdiep 
Channel in the west to the eastern edge of the Vlie 
basin (1529  km2, Fig.  1a). Receivers were checked and 
data downloaded every 6 months due to strong currents 
in much of the array which had the potential to result 
in receiver loss without frequent maintenance. The 
number of active receivers varied throughout the study 
period due to receiver damage, loss, and replacement. 

https://www.lifewatch.be/etn/
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Fig. 1  Locations of acoustic receiver stations in A the western Dutch Wadden Sea and northern Lake IJsselmeer and C the southern North Sea. 
Depth contours of the Wadden Sea indicate the upper limits of zones described by [7], ranging from areas exposed at low tide (salt marsh to low 
littoral) to deep sublittoral areas that are permanently below mean low water spring tide (MLWS) and reach maximum of ~ 40 m depth. B Notable 
locations referred to in the text, including three tidal basins (blue text) and one subregion (Balgzand). Acoustic receiver locations in panels A and C 
encompass multiple acoustic arrays: i) Wadden Sea—SWIMWAY, RBVV2, ii) North Sea—Apelafico, bpns, cpodnetwork, FISHINTEL, Haringvliet, 
Orstedcod, PelFish, ws1, and iii) Fresh water—Brasem IJM/MM. Only receivers with mullet detections are included in panel C. Additional detection 
data were obtained via the database of the European Tracking Network: https://​www.​lifew​atch.​be/​etn/

https://www.lifewatch.be/etn/


Page 5 of 18Edwards et al. Movement Ecology            (2025) 13:2 	

Receivers were deployed via attachment to floating nav-
igational buoys situated in the subtidal gullies and tidal 
inlets across three tidal basins (for detailed descrip-
tion and diagrams see [35]. All receivers were attached 
within 1–2  m of the sea surface with the hydrophone 
oriented toward the seabed. Average midpoint detec-
tion range (149  m high power transmissions [152  dB], 
310 m very high power [160 dB]) and maximum range 
(610 m high power, 890 m very high power) were based 
on range tests conducted in the first year of study [35].

Data analysis
Acoustic detection data were analysed using R software 
[59] and the  packages tidyverse [81], sp [9, 54], and sf 
[53]. Plots were created with ggplot2 [80] and ggspatial 
[33].

Prior to data analysis, false detections were removed 
from the dataset using a series of filters [14]. First, we 
removed all detections occurring prior to tag deploy-
ment, duplicate detections (i.e., detections occurring 
at precisely the same time for a single transmitter), and 
detections occurring within an interval smaller than 
the tag’s minimum transmission delay (Table  S1, Sup-
plementary Materials). Single detections occurring at 
one receiver station within a 24 h period were also clas-
sified as unreliable and were removed. Detections were 
removed from the dataset for individuals identified as 
having died during the study period, either through 
recovery of internal tags or indications from examination 
of individual detection profiles (N = 9; see Supplementary 
Materials for further details). Data from 2024 are shown 
in data summaries but are not included in statistical anal-
yses due to limited sample size (only one fish detected).

Connectivity across aquatic habitats
To reveal broad-scale spatial and temporal patterns in 
fish presence over the full study area, acoustic detections 
were summarised by array across three aquatic regions: 
the Wadden Sea, North Sea, and fresh water. Movements 
connecting receivers across these regions were catego-
rized based on their direction relative to the Wadden Sea 
and visualized for both species.

Patterns of occurrence in the Dutch Wadden Sea
Detections of grey mullets in the Wadden Sea were visu-
ally examined to identify potential hotpots of detection 
for each species. Visualisations include receiver stations 
with no detections, serving as a proxy for fish absence or 
areas of reduced detection efficiency. Receiver stations 
that incurred damage during the deployment period or 
had deployment periods of < 90  d (half of the standard 
6-month period) were excluded. Individual detection 
profiles were also visually examined to highlight varia-
tions in movement behaviour.

Timing and duration of Wadden Sea residence
Arrival and departure times for each tagged fish were 
based on the dates of first and last detection on Wadden 
Sea receivers (Swimway or RBVV2 arrays) in each year. 
As individuals were already present at tagging, arrival 
and departure timing was estimated only for years fol-
lowing tagging, referred to as ‘return years’. Residence 
duration, defined as the time between first and last 
detection, was also calculated only for return years. To 
minimize the inclusion of partial residence periods,—
e.g., during which a fish was detected only while enter-
ing or leaving the array—only individuals with residence 
durations > 5 days were included in the analysis. Median 
residence durations, arrival, and departure dates were 
compared between species and years using Kruskal–Wal-
lis rank-sum tests, suitable for non-normally distributed 
data.

A residency index (RI) was calculated for each fish to 
examine differences in detectability between the two 
species, highlighting potential variations in movement 
behaviour or habitat use during the period of Wadden 
Sea residence. RI was calculated as the number of days 
a fish was detected in the Wadden Sea divided by the 
length of the residence duration [4, 25, 42].

Values close to 1 indicate frequent detection through-
out the residence period, implying the use of areas with 
high receiver coverage. In contrast, values near 0 suggest 

RI =
Ndetection days

Residence duration (days)

Table 1  Tagging data for grey mullets (genus Chelon) tagged in the western Dutch Wadden Sea

Detected fish are those remaining in the filtered dataset

V13AP, V13, and V16 refer to transmitter models from Innovasea Systems Inc. (Bedford, Canada), and are listed with numbers deployed

Species N tagged N detected Capture regions Median 
length (cm)

Length range (cm) V13AP V13 V16

Thicklip 106 74 Balgzand, Eierlandse Gat, Texel, Terschelling 51.5 42.8–69.5 20 79 7

Thinlip 16 12 Den Oever, Harlingen, Kornwerderzand 54.3 40.7–61.2 0 12 5
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reduced detection rates, possibly due to the use of areas 
outside of detection range. When combined with the 
number of stations by which an individual was detected, 
RI also serves as a proxy for relative mobility. High RI 
values associated with high receiver counts may indi-
cate extensive movement within the array, while high 
RI and low receiver counts suggest prolonged residency 
near specific receiver stations. Low RI values may reflect 
the use of areas outside of receiver coverage or limited 
residency within the array area. As such, RI can high-
light inefficiencies in array design in arrays with uneven 
receiver distribution (such as the SWIMWAY array, 
Fig.  1a). Given the numerous biological and methodo-
logical factors involved, RI values should be interpreted 
with care [4].

Space use in the Wadden Sea
Three metrics of space use were used to assess the spa-
tial scale of movements exhibited by tagged individuals 
during their seasonal residence period in the Wadden 
Sea. We first determined the number of unique receiver 
stations by which each fish was detected. Station counts 
were used as a proxy for mobility, where higher station 
counts suggested greater mobility.

Next, the maximum extent of movements within the 
array area was estimated by calculating a Minimum Con-
vex Polygon (MCP) for each individual and tracking year 
as a proxy for the extent of individual space use during 
the summer residence period. This was done by tracing 
the smallest possible polygon around the receiver stations 
used, connecting the outermost stations with interior 
angles less than 180° [42]. Calculated areas were cor-
rected to remove overlap with land and reduce overesti-
mation. It should be noted that this method is a coarse 
estimate of space use that is dictated by array design and 
assumes complete use of all areas within the polygon. For 
our purposes, MCP area was used to estimate the extent 
of individual movements within the area of receiver cov-
erage in the western Dutch Wadden Sea.

Lastly, a local residency index (RIstat) was used to quan-
tify the proportion of detections recorded at each 
receiver station for each tagged fish [4]. This was calcu-
lated by dividing the number of days a fish was detected 
at a specific station in a given year by the total number of 
days it was detected across the entire array. This provides 
insight into the relative importance of each receiver sta-
tion in detecting individual fish.

For each receiver station, the median RIstat value was 
calculated across all tagged fish and study years. A visual 
examination of mean RIstat values for all stations was then 

RIstat =
Ndays detected at unique receiver station

Ndays detected in array

used to compare the distribution of fish presence across 
the array for each species. Lower values suggest that 
unique receiver stations provided a small proportion of 
total detections, acting as an indicator of high mobility 
within the array.

For all three metrics of space use, Kruskal–Wallis rank 
sum tests for non-normal data were used to detect dif-
ferences between species and between years within each 
species group. In cases of significance, a Dunn post hoc 
test with a Bonferroni correction was performed to fur-
ther investigate the differences between groups.

Results
Connectivity across aquatic habitats
Of 122 tagged thicklip and thinlip mullet, 86 individuals 
were detected over the three-year study period (May 12, 
2021 to June 23, 2024) resulting in a filtered dataset con-
taining 21,146 detections (Table 2). Detected individuals 
included 74 thicklip and 12 thinlip mullet. Detections 
were recorded across three distinct regions: the western 
Dutch Wadden Sea (85 individuals, 13,018 detections), 
the southern North Sea (29 individuals, 7,751 detec-
tions), and the fresh waters of Lake IJsselmeer (1 individ-
ual, 377 detections) (Table 2).

Fish presence varied seasonally across the Wadden 
Sea, North Sea, and freshwater regions. In the Wadden 
Sea, detections occurred annually from spring to autumn 
(April-November), with occasional forays into fresh 
water in May and June (Fig. 2). A total of 73 thicklip and 
12 thinlip mullet were detected by 90 unique receiver sta-
tions in the western Dutch Wadden Sea between 2021 
and 2024. Most individuals were detected for only one 
year (N = 61), while others were redetected over two 
(N = 19) or three consecutive years (N = 5) (Fig. 2b).

Fish presence in the North Sea spanned ten months of 
the year (March-Dec), showing overlap in timing with 
fish presence in the Wadden Sea (Fig. 2). In this region, 24 
thicklip and 6 thinlip mullet were detected by 61 unique 
receiver stations deployed in the Dutch coastal zone, the 
Western Scheldt, and in Belgian waters (Table 2, Fig. 1c). 
Detections were recorded year-round, except in January 
and February, with peaks in fish presence recorded in 
May (May, median = 3, IQR = 2–4) and again in autumn 
(September and October, median 4–5 fish per month). 
Notably, 93% of North Sea detections were recorded by 
the Haringvliet array, located at an outflow of the Rhine-
Meuse delta (153  km from the Wadden Sea’s centre). 
Detections in this area overlapped with periods of fish 
presence in the Wadden Sea and were associated with 
similar durations of individual residence (Fig. S2, Supple-
mentary Materials). Meanwhile, one array off the Belgian 
coast (bpns, 219–260 km from Wadden Sea) recorded far 



Page 7 of 18Edwards et al. Movement Ecology            (2025) 13:2 	

Table 2  Summary of acoustic detections for thicklip and thinlip mullet (N = 74, N = 12) tagged in the Dutch Wadden Sea and detected 
between May 2021 and June 2024

Distances refer to the distance between array center points relative to the SWIMWAY array

N stations refers to the total number of stations in each array that detected tagged fish. Excluding data from the SWIMWAY and Haringvliet arrays, detection data were 
obtained via the database of the European Tracking Network: https://​www.​lifew​atch.​be/​etn/

Array name Region Distance (km) N fish N stations N detections N Years Months

SWIMWAY​ Wadden Sea 0 85 86 9652 4 April–Nov

RBVV2 Wadden Sea 7 13 4 3366 2 May–Oct

bpns North Sea 250 13 14 414 3 March–June, Aug–Dec

Haringvliet North Sea 153 8 28 7225 2 April–Nov

cpodnetwork North Sea 254 8 5 49 2 Aug–Oct, Dec

ws1 North Sea 215 5 5 29 3 April–May, Aug, Oct

Apelafico North Sea 165 3 3 10 2 Aug–Oct

FISHINTEL North Sea 259 3 4 17 2 April, Oct, Dec

Orstedcod North Sea 219 2 2 4 2 Oct

Brasem_IJM/MM Fresh water 23 1 1 377 2 June–July

PelFish North Sea 261 1 1 3 1 May

Fig. 2  Time and locations of acoustic detections for thicklip mullet (TKM) and thinlip mullet (TNM) tagged and detected in the western Dutch 
Wadden Sea between May 2021 and June 2024. A Number of unique fish detected per week in three regions. B Individual detection profiles 
coloured by region with open circles indicating the date of tagging and release. All transmitter lifespans extend beyond the range of this figure

https://www.lifewatch.be/etn/
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fewer detections, but more unique individuals (N = 13) 
(Table 2).

Movements between the Wadden Sea and North Sea 
were recorded in both directions for both species (Fig. 3). 
Movements from the Wadden Sea to the North Sea were 
recorded for 24 thicklip mullet and 8 thinlip mullet over 
3 years (N = 34 recorded movements). Prior to departure, 
thicklip mullet were last detected in the northeast corner 
of the array and the Marsdiep Channel, while all thinlip 
mullet were last detected in the southwest of the Mars-
diep. In the North Sea, most thicklip mullet were first 
redetected in Belgian waters (71%), with fewer detected 
along the Dutch coast (Haringvliet or Apelafico arrays). 
Thinlip mullet showed a slightly different pattern, with 
equal proportions moving to the Western Scheldt (ws1 
array) as seen in Belgian waters (38% each). Return 
migrations were less frequent (9 thicklip, 5 thinlip), with 
most departures originating from Belgian waters for both 
species (N = 7 and N = 4, respectively) (Fig. 3).

Freshwater detections were limited to a single thinlip 
mullet that was detected by one receiver in the freshwa-
ter harbour of Den Oever in Lake IJsselmeer over two 
consecutive years (Fish ID: TNM08) (Fig.  3). This indi-
vidual made multiple crossings between the Wadden Sea 
and fresh water, entering the lake in May of both years 
and returning to the Wadden Sea in May and June (Fig. 

S3, Supplementary Materials). Fish movements between 
the Wadden Sea and Lake IJsselmeer are constrained 
by the Afsluitdijk and require movement through sluice 
complexes located at Den Oever or Kornwerderzand 
(Fig. 1b).

Patterns of occurrence in the Dutch Wadden Sea
Receiver stations in the Wadden Sea detected between 
1 and 28 individuals over the full study period 
(median = 2.5, IQR = 1–6), with the highest overall num-
bers recorded near Terschelling in the northeastern 
corner of the array and in the Marsdiep Channel to the 
southwest (Fig.  1b, 4). In tagging years (i.e., 2021 and 
2022), peak fish counts were associated with, but not lim-
ited to stations close to tagging sites.

Thicklip mullet were detected across much of the 
array area over all years, regardless of whether tagging 
occurred (Fig.  4). Stations that did not detect thicklip 
mullet (considering only stations with adequate deploy-
ment periods, see Methods) were distributed throughout 
the array area but were often associated with the inner 
reaches of the main tidal gully systems (Fig. 4). Across all 
three years, persistent clusters of detection were located 
in the Marsdeip and Vlie basins (southwestern and 
northeastern gully systems, respectively) and near the 
port of Harlingen.

Fig. 3  Regional connectivity of grey mullet movements between the Wadden Sea, North Sea, and fresh water (Lake IJsselmeer). Nodes represent 
the receiver stations where large-scale movements originated. Edges represent fish movements between regions and are right-hand curved 
from origin to destination
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Thinlip mullet were mostly detected in the southwest 
of the array along the Aflsluitdijk and near a shallow area 
of intertidal flats known as the Balgzand (Fig. 4). Over the 
three years, thinlip mullet were detected by a median 27 
stations per year and in only one of the three tidal inlets 
(Marsdiep) (Fig.  4). Sparse detections were recorded on 
receiver stations in the central and northern portions of 
the array, while many stations throughout the central, 
northern, and northeastern portions of the array did 
not detect any thinlip mullet throughout the three-year 
period.

The local movements of tagged mullet varied widely 
among individuals (Fig.  5). While some individuals 
were detected by only a single receiver station (N = 19) 
or in a single year over the full study period (N = 61), 
others were detected for up to 3 consecutive years 
(N = 5) with a maximum of 19 unique stations in a sin-
gle year (Fish ID: TNM06, 2021; Fig.  5). Thinlip mul-
let were the only individuals to be detected by receivers 
on the outer edges of the Wadden Sea (i.e., North Sea 
shores of Wadden Islands), suggesting movements 
around the North Sea side of the Wadden Islands in 
lieu of transiting via the mudflats and gullies within the 
Wadden Sea (TNM06, Fig.  5). The detection histories 
of thicklip mullet typically had clusters of detections 
in discrete regions of the Wadden Sea, separated by 

vast areas without detected fish presence (e.g., TKM45, 
Fig.  5). This is contrasted by many of the individual 
detection histories of thinlip mullet, where detections 
appeared more contiguous.

Timing and duration of Wadden Sea residence
For both grey mullet species, fish were first detected in 
the Wadden Sea primarily in spring, with last detections 
spread over a broader period from spring to autumn 
(Fig. 6a,c, Table 3). Thicklip mullet returned to the Wad-
den Sea from early May to early July (median = June 
7th), while departure dates spanned from the end of 
June to late October (median = Sept 17th). Thinlip mul-
let arrived from mid-April to late May (median = May 
16th), with departures from late May until mid-October 
(median = August 22nd). Arrival dates differed signifi-
cantly between the two species (χ2 = 4.84, df = 1, p < 0.05), 
meanwhile no difference in departure timing was 
detected (χ2 = 2.39, df = 1, p = 0.12; Fig.  6a). In addition, 
there was no difference in the duration of Wadden Sea 
residence exhibited by returning thicklip and thinlip mul-
let (χ2 = 0.05, df = 1, p > 0.05; Fig. 6c, Table 3). In contrast, 
RI differed significantly between the two species with 
higher values for thinlip mullet (χ2 = 6.88, df = 1, p < 0.05; 
Fig. 6b, Table 3).

Fig. 4  Distribution of acoustic detections for thicklip (N = 74) and thinlip mullet (N = 12) tagged in the western Dutch Wadden Sea and detected 
between May 2021 and October 2023. Open circles represent receiver stations without fish detections for the specified year. Fish were tagged 
in 2021 and 2022, with X’s marking the respective tagging locations for each year
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Space use in the Dutch Wadden Sea
Space use differed between species across all three met-
rics. First, thinlip mullet were detected by significantly 
more unique receiver stations per year than thicklip 

mullet (χ2 = 8.46, df = 1, p < 0.05; Fig.  7a). Per indi-
vidual, the median number of stations per year was 7 
for thinlip mullet (IQR = 4–9) and 4 for thicklip mullet 
(IQR = 2–6). The number of receiver stations per indi-
vidual did not vary significantly between tracking years 

Fig. 5  Examples of acoustic detection histories for two thicklip (Fish ID: TKM45, TKM73) and two thinlip (Fish ID: TNM06, TNM08) mullet tagged 
in 2021 and detected over three consecutive years in the western Dutch Wadden Sea. Tagging sites are denoted by an X
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for either species (thicklip: χ2 = 2.61, df = 1, p = 0.11; 
thinlip: χ2 = 1.29, df = 2, p = 0.52).

This pattern was consistent with minimum convex 
polygon (MCP) area, with thinlip occupying signifi-
cantly larger areas than thicklip mullet (χ2 = 9.37, df = 1, 
p < 0.05; Fig. 7b). The median MCP area for thinlip mul-
let was 268  km2 (IQR = 197–369), compared to 97  km2 
(IQR = 46–199) for thicklip mullet (Fig.  7b,c). No sig-
nificant differences in MCP area were observed between 
tracking years for either species (thicklip: χ2 = 0.05, df = 1, 
p = 0.83; thinlip: χ2 = 0.72, df = 2, p = 0.70). These data 
suggest that thinlip mullet exhibit wider-ranging move-
ments or greater use of gully systems compared to thick-
lip mullet. Conversely, thicklip mullet may utilise smaller 
areas or prefer shallow areas and intertidal flats with 
lower detection probability.

The local residency index, RIstat, revealed differences 
in the frequency of recurrence at unique receiver sta-
tions and the distribution of fish presence for the two 
grey mullet species. RIstat differed significantly between 
species, with higher values for thicklip (median = 0.18, 
IQR = 0.10–0.34) than for thinlip (median = 0.05, 
IQR = 0.02–0.10) (χ2 = 51.88, df = 1, p = < 0.05).

Within each species, median RIstat was calculated for 
each receiver station, revealing differences in the distri-
bution of fish presence throughout the array. For thick-
lip mullet, stations with the highest median RIstat were 
concentrated near three major harbours, located in Den 
Helder in the southwest, on the south shore of Texel, 
and to the east in Harlingen (Fig. 8). For thinlip mullet, 
three receiver stations located near the southwestern 
and northeastern ends of the Aflsuitdijk had the high-
est median RIstat, followed by stations located outside 
the harbours of Harlingen and Oudeschild (Texel), at 
the northeastern edge of the array, and in the Marsdiep 
Channel (Fig. 8).

Discussion
This study used acoustic telemetry to reveal local and 
broad-scale movement patterns of adult grey mullets 
in the temperate waters of the Wadden Sea and south-
ern North Sea. Using an extensive receiver network in 
the western Dutch Wadden Sea—an important coastal 
feeding ground where no prior fish tracking studies have 
been conducted—we compared the migration timing 
and space use of two sympatric grey mullet species for 
the first time in this region. Detection data from receiver 
arrays spanning over 500  km along the Dutch and Bel-
gian coasts (https://​www.​lifew​atch.​be/​etn/) provided 
insights into broad-scale migrations, with repeated visits 
to the Wadden Sea, North Sea, and fresh water. Tagged 
fish were detected in the North Sea over ten months of 
the year, while presence in the Wadden Sea and Lake 

Fig. 6  Seasonal residence of individual thicklip mullet (N = 12) 
and thinlip mullet (N = 6) detected in the western Dutch Wadden Sea 
in subsequent years following acoustic tagging. A Timing of arrival 
and departure as inferred from first and last detections. B Timing 
of individual detections (dots) and residence duration (shaded 
bars). Local residency index (RI) values are displayed to the right 
of each detection profile (RI = N detection days/residence duration). 
Detection profiles are arranged in order of descending RI values

Table 3  Arrival and departure dates, residence duration, and 
Residency Index (RI) for thicklip mullet (N = 12) and thinlip mullet 
(N = 6) tagged in the western Dutch Wadden Sea

Data include only detections recorded in return years and individuals detected 
for a total duration of > 5 days. Median values and interquartile ranges (IQR) are 
shown as day-of-year (DOY)

Species Category Median (DOY) Median date IQR (DOY)

Thicklip Arrival 158 June 7 138–178

Departure 259 Sept 17 243–285

Residence dura-
tion

97 77–124

RI 0.040 0.023–0.104

Thinlip Arrival 135 May 16 131–138

Departure 233 Aug 22 216–257

Residence dura-
tion

94 82–121

RI 0.186 0.129–0.243

https://www.lifewatch.be/etn/
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IJsselmeer was limited to the warmer period from spring 
to autumn, reinforcing their classification as seasonal 
visitors [36, 66]. Within the Wadden Sea, thinlip mullet 
arrived earlier in spring, were detected more frequently 

during the summer residence period, and occupied 
larger areas than thicklip mullet, highlighting differences 
in movement ecology. Thinlip mullet also exhibited a 
stronger association with freshwater outflows along the 

Fig. 7  Annual space use of acoustic-tagged thicklip (N = 36) and thinlip mullet (N = 9) during the summer residence period in the western Dutch 
Wadden Sea. The number of unique stations (A) and area of minimum convex polygons (MCP area) (B) were calculated per individual and year, 
and aggregated by species. Panel C illustrates example individual MCP areas representing the median (darker polygons) and upper (lighter 
polygons) quantile MCP areas for each species. Included individuals were detected in the Wadden Sea for > 5 days at ≥ 3 receiver stations per year

Fig. 8  Median local residency index (RIstat) per acoustic receiver station in the western Dutch Wadden Sea. Data include detections from 2021–2023 
and are grouped by detected species: thicklip mullet (left panel) and thinlip mullet (right panel). Only individuals detected for a period of > 5 days 
in a given year are included
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Afsluitdijk, reflecting their documented affinity for fresh 
water. These findings provide valuable insights into the 
timing and locations of seasonal occurrence, informing 
species-specific management.

Tagged individuals from both species demonstrated 
similarities in large-scale space use, migration routes, and 
winter habitats in the southern North Sea. The observed 
pattern—leaving the Wadden Sea for the North Sea in 
autumn and returning in spring (Fig.  9)—aligns with 
the behavior of other migratory Mugilids, which favor 
coastal and estuarine habitats in warmer months and 
migrate offshore in autumn in preparation for spawning 
[78, 79]. In the North Sea, particularly near the Rhine-
Meuse river mouth (Haringvliet array), grey mullets were 
detected not only during migration, but also throughout 
the summer, overlapping with their summer residence 
period in the Wadden Sea. This seasonal overlap, coupled 
with similar residence durations recorded in both regions 
(Figure S2, Supplementary Materials), suggests that mul-
lets tagged in the Wadden Sea may use this area as an 
alternative summer foraging ground.

While mullet presence was detected across all seasons, 
a lack of detections in January and February suggests 
that tagged fish migrated to locations beyond the reach 
of the included receiver networks (Fig.  9). This absence 
of detections coincides with the presumed spawning 
period for thicklip mullet in European waters (January–
April) [40]. To date, the only known spawning ground for 
this species in the northeast Atlantic is off southwestern 

England near the Isles of Scilly, more than 800 km from 
the Wadden Sea [40]. However, no tagged fish were 
detected by receiver arrays on the UK side of the English 
Channel, despite extensive receiver coverage and equip-
ment compatibility. In contrast, limited data report-
ing or incompatibility in telemetry technologies may 
have impeded the detection of our tagged fish in more 
eastern regions [60], despite reports that the  distribu-
tion of thicklip mullet extends into German and Danish 
waters [66]. While our data cannot confirm whether fish 
tagged in the Wadden Sea migrate to the known spawn-
ing grounds or other habitats beyond receiver coverage, 
the use of data storage tags (i.e., bio-loggers), capable of 
recording high-resolution temperature and depth pro-
files, offers a promising method to identify aggregation 
sites and potential spawning grounds beyond the reach of 
existing receiver networks [36].

European grey mullets exhibit notable differences 
in habitat use, particularly in relation to their occur-
rence in fresh water. Thinlip mullet possess the highest 
osmoregulatory capacity among North Atlantic mullet 
species, enabling them to undertake extensive migra-
tions between freshwater and coastal habitats [2, 3, 43]. 
Reports from various regions, including Portugal, France, 
and Morocco, describe migrations of thinlip mullet 
extending hundreds of kilometres upstream, followed by 
prolonged periods of fresh water residency [3, 6, 51, 52, 
55, 64, 65]. In Portugal’s Tagus river system, thinlip mul-
let also display partial migration, with some individuals 

Fig. 9  Relative monthly presence of acoustic-tagged thicklip (A) and thinlip (B) mullets across three aquatic regions. Coloured bands represent 
the timing and region of fish presence, with band width approximating the relative number of individuals detected in each region and month
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residing year-round in fresh water [51]. Among our 
tagged fish, only one thinlip mullet was detected in fresh 
water. However, the distribution of detections across the 
Wadden Sea array (as indicated by RIstat) suggests that 
thinlip mullet are more drawn to areas of reduced salin-
ity than thicklip mullet. Thinlip mullet were primarily 
detected along the southern edge of the Wadden Sea, 
particularly near the Afsluitdijk’s sluice complexes at 
Den Oever and Kornwerderzand, where freshwater dis-
charges into the Wadden Sea and mixes with the tidal 
saline waters [70]. In contrast, thicklip mullet were more 
evenly distributed across the Wadden Sea, including fre-
quent occurrence near tidal inlets where salinity is closer 
to that of the North Sea [70]. While the small sample 
size for thinlip mullet may explain the lack of additional 
freshwater connectivity, the controlled waterways of the 
Netherlands likely also hindered upstream migration in 
our study area.

In our study, repeated movements of a sole thinlip 
mullet between the Wadden Sea and Lake IJsselmeer 
likely occurred via the Den Oever sluice complex of the 
Afsluitdijk, which operates under a Fish Friendly Man-
agement Regime to facilitate fish migration [39]. In the 
Netherlands, grey mullets are frequently observed in 
large numbers in freshwater canals, however, connec-
tions between fresh and coastal waterways are almost 
entirely controlled by dams, pumping stations, and 
sluices, which restrict fish passage [39, 76, 83, 84]. Frag-
mentation caused by artificial barriers likely limits thinlip 
mullets migration and, in cases where partial migration 
occurs, may contribute to separation between upstream 
and coastal contingents. Research in other fragmented 
river systems have revealed the importance of freshwater 
access for thinlip mullet [46, 52, 55]. Expanding tagging 
efforts to include more individuals from both freshwater 
and marine habitats could provide valuable insights into 
population connectivity and the efficacy of fish-friendly 
sluice management strategies. Such efforts, alongside 
continued monitoring of artificial fish passages and sluice 
gates using technologies like PIT tags (passive integrated 
transponders) or acoustic telemetry (e.g., RBVV2 array) 
would clarify the role of freshwater habitats for thinlip 
mullets. This monitoring could also enhance knowledge 
of fishway efficacy, particularly at sites like the Afsluitdijk, 
where new fishways are currently under construction.

In the Dutch Wadden Sea, both thicklip and thin-
lip mullet were seasonally present between April and 
October, aligning with peak water temperatures and 
primary productivity in this shallow coastal environ-
ment [18]. The migration timing of thinlip mullet dif-
fered slightly between the Wadden Sea and other 
European habitats. In Spain and Portugal, thinlip mul-
let begin their upstream migrations in March/April, 

reaching a peak in July/August [1, 3, 52, 55, 65], and 
return downstream from autumn through early win-
ter (Nov–Feb) [2, 40], much later than observed in our 
study. For thicklip mullet, limited data suggest peak 
spawning occurs from January to April [40], potentially 
aligning with our observed migration timing. However, 
tagged thicklip mullet arrived earlier and departed later 
than those caught in the historical NIOZ fyke sam-
pling survey, conducted since the 1960s in the Wadden 
Sea’s Marsdiep Channel [11, 77]. Differences in timing 
could be due to incomplete receiver coverage and low 
detection efficiency in the Wadden Sea’s tidal inlets 
[35], which may have resulted in missed detections for 
tagged fish entering and exiting the system.

The observed disparities in station count and area size 
between thicklip and thinlip mullet likely reflect eco-
logical differences in their space use and movement pat-
terns within the Wadden Sea. Thinlip mullet may exhibit 
greater mobility and a broader spatial range, resulting 
in more frequent detections across a larger number of 
receivers. Alternatively, the distribution of receiver sta-
tions—primarily in deeper tidal inlets and gullies—may 
have influenced the observed detection patterns. It was 
necessary to deploy receivers in deeper areas to avoid 
exposure at low tide, but this may have biased detections 
toward fish frequenting these habitats, potentially over-
looking individuals with a preference for shallow coastal 
zones and mudflats outside of detection range. If our 
results are indeed a reflection of deployment location, 
this could point to behavioural differences between the 
two species, with thinlip mullet spending more time in 
deeper waters and thicklip mullet preferring to use shal-
low areas where they cannot be detected. Individual tra-
jectories of thicklip mullet also support this hypothesis, 
showing broad spacing between clusters of detections, 
which could indicate undetected movements through 
shallow areas while traversing the Wadden Sea.

Classical niche theory provides a framework for 
understanding the behavioural differences observed 
between these closely related species. Niche partition-
ing, for example through dietary or spatial segregation, 
reduces competition and facilitates the stable coexist-
ence of closely related species [23, 24, 47, 49]. Dietary 
segregation in particular, is considered one of the most 
important factors promoting diversity and defining the 
structure of fish communities [13, 28, 38, 63]. For exam-
ple, in coral reef systems, complementary feeding behav-
iours allow complex algal-dependent fish communities 
to exist [8, 16, 17, 37]. In grey mullets, sympatry relates 
to both dietary specialisation (based on preferred sedi-
ment grain sizes and feeding times) as well as high prey 
abundance, which prevents competitive exclusion even in 
cases of dietary overlap [10, 20].



Page 15 of 18Edwards et al. Movement Ecology            (2025) 13:2 	

Differences in grazing habitat and preferred grain sizes 
have yet to be established for thicklip and thinlip mul-
let in the Wadden Sea. However, as seen in African and 
Mediterranean estuaries [10, 20], the high summer pro-
ductivity in the Wadden Sea may allow redundancy in 
local feeding behaviours. Furthermore, stable isotope 
analysis has revealed slight variations in diet among the 
grey mullet species occupying the Dutch Wadden Sea, 
hinting towards potential dietary segregation. Thicklip 
mullet were found to occupy a higher trophic level (2.3) 
than golden (2.1) and thinlip mullet (2.0) [56]. These die-
tary differences, along with variations in osmoregulatory 
capacity, could explain the observed differences in spatial 
distribution for thicklip and thinlip mullet and indicate 
niche separation. The Wadden Sea encompasses a vari-
ety of intertidal and subtidal habitats, including mus-
sel and oyster reefs, seagrass beds, and sandy or muddy 
substrates with varying grain sizes [7, 26]. Future studies 
seeking to unravel potential differences in habitat use and 
dietary segregation should consider incorporating such 
features of spatial heterogeneity.

Conclusions
This study represents the first detailed comparison of 
the movement ecology of thicklip and thinlip mullet in 
temperate European waters. These findings enhance our 
understanding of the migratory behaviours of these two 
sympatric species, refining the timing and duration of 
seasonal presence across coastal, offshore, and freshwater 
habitats. Notably, these results provide the first evidence 
of recurrent movements between the Wadden Sea and 
adjacent regions. Within the Wadden Sea, we uncovered 
differences in the seasonal timing of arrival, detection 
frequency, and spatial extent of space use between the 
two species.

This study faced limitations resulting from the design 
of the SWIMWAY acoustic array, which provides incom-
plete coverage of the study area due to challenging envi-
ronmental conditions and complex bathymetry. Missed 
detections in the tidal inlets may have influenced esti-
mates of arrival and departure times. Meanwhile, the 
placement of receiver stations in subtidal waters might 
have biased detections toward individuals favoring 
the gully systems over tidal flats. Future research into 
the space use of tagged fish in the Wadden Sea should 
employ analytical methods that can account for unequal 
detection probabilities due to receiver placement.

To further explore the processes underlying these 
behavioural differences, future studies should investigate 
spatial variation in environmental factors such as salinity 
and sediment grain size. This could reveal whether niche 
partitioning through dietary segregation or physiological 

adaptations supports the coexistence of these grey mullet 
species.

Overall, our findings offer valuable insights for future 
study design and could guide management strategies 
aimed at enhancing the resilience of European grey mul-
lets in the Dutch Wadden Sea.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40462-​024-​00528-z.

Additional file 1.

Additional file 2.

Acknowledgements
This research made use of data sourced from the European Tracking Network 
data portal (https://​lifew​atch.​be/​etn/), developed by the Flanders Marine 
Institute as part of the Flemish contribution to LifeWatch. This study made use 
of data from several projects, including: Wadden Tools – Swimway Wadden 
Sea (SWIMWAY) (https://​www.​vliz.​be/​en/​imis?​module=​datas​et&​dasid=​8030), 
Van Hall Larenstein: Vissen voor verbinding (RBVV2) (https://​www.​vliz.​be/​en/​
imis?​module=​datas​et&​dasid=​7822), Brasem IJM/MM: Brasem Ijsselmeerge-
bied (https://​www.​vliz.​be/​en/​imis?​module=​datas​et&​dasid=​6391), Acoustic 
Ecology of Pelagic Fish Communities (APELAFICO) (https://​www.​vliz.​be/​en/​
imis?​module=​datas​et&​dasid=​7858), Haringvlietdam—Rhine-Meuse Delta 
Acoustic Network (https://​www.​vliz.​be/​en/​imis?​module=​datas​et&​dasid=​
8639), LifeWatch observatory—Permanent acoustic receiver network in the 
Western Scheldt; Array 1: Between Breskens & Vlissingen (https://​www.​vliz.​be/​
en/​imis?​module=​datas​et&​dasid=​5844), LifeWatch observatory—Permanent 
acoustic receiver network in the Belgian Part of the North Sea bpns (https://​
www.​vliz.​be/​en/​imis?​module=​datas​et&​dasid=​5843), cpodnetwork (https://​
www.​vliz.​be/​en/​imis?​module=​datas​et&​dasid=​6550), Fisheries Innovation for 
sustainable SHared INTerchannEL resources (FISH INTEL) (https://​www.​vliz.​
be/​en/​imis?​module=​datas​et&​dasid=​7881), Orstedcod (https://​www.​vliz.​be/​
en/​imis?​module=​datas​et&​dasid=​6716), and PelFish: Sustainable economic 
carriers in Flemish coastal fishing communities post-Brexit (https://​www.​vliz.​
be/​en/​imis?​module=​datas​et&​dasid=​8373). For help with the SWIMWAY array, 
special thanks go to Rijkswaterstaat personnel, Arjen Ponger, and crews of the 
Terschelling and Waddenstroom vessels, as well as to Hans Verdaat, Olvin van 
Keeken, and the staff and students of Wageningen Marine Research and NIOZ. 
For their fishing expertise, we thank Jan Geertsema, Barbara Rodenburg, and 
their crew, Niels Brevé of Sportvisserij Nederland, and the NIOZ fyke team, 
including Anieke van Leeuwen, Dennis Mosk, Robert Twijnstra, and Luc de 
Monte. Finally, thank you to Gala van der Meer, Samantha Popma, and Sofia 
Mayorga Paz for assistance in the field, and to the journal editor and anony-
mous reviewers for their valuable feedback.

Author contributions
All authors contributed to the conceptualization of the study, provided criti-
cism for the data analyses, and reviewed and edited the manuscript. JEE, HVW, 
and AIB conducted fieldwork associated with fish tagging and data recovery. 
JEE wrote the original draft.

Funding
Funding for this study was provided by Waddenfonds, Rijkswaterstaat, the 
provinces of North Holland, Friesland, and Groningen, and the Dutch Ministry 
of Agriculture, Nature, and Food Quality as part of the Waddentools Swimway 
Wadden Sea project. Funding bodies were responsible for facilitation of ship-
based fieldwork necessary for our data collection.

Availability of data and materials
The datasets generated by the authors during the current study are archived 
and published in the NIOZ Digital Archiving System. Additional detection 
data were sourced from the database of the European Tracking Network data 
portal: (https://​www.​lifew​atch.​be/​etn/), developed by the Flanders Marine 
Institute as part of the Flemish contribution to LifeWatch.

https://doi.org/10.1186/s40462-024-00528-z
https://doi.org/10.1186/s40462-024-00528-z
https://lifewatch.be/etn/
https://www.vliz.be/en/imis?module=dataset&dasid=8030
https://www.vliz.be/en/imis?module=dataset&dasid=7822
https://www.vliz.be/en/imis?module=dataset&dasid=7822
https://www.vliz.be/en/imis?module=dataset&dasid=6391
https://www.vliz.be/en/imis?module=dataset&dasid=7858
https://www.vliz.be/en/imis?module=dataset&dasid=7858
https://www.vliz.be/en/imis?module=dataset&dasid=8639
https://www.vliz.be/en/imis?module=dataset&dasid=8639
https://www.vliz.be/en/imis?module=dataset&dasid=5844
https://www.vliz.be/en/imis?module=dataset&dasid=5844
https://www.vliz.be/en/imis?module=dataset&dasid=5843
https://www.vliz.be/en/imis?module=dataset&dasid=5843
https://www.vliz.be/en/imis?module=dataset&dasid=6550
https://www.vliz.be/en/imis?module=dataset&dasid=6550
https://www.vliz.be/en/imis?module=dataset&dasid=7881
https://www.vliz.be/en/imis?module=dataset&dasid=7881
https://www.vliz.be/en/imis?module=dataset&dasid=6716
https://www.vliz.be/en/imis?module=dataset&dasid=6716
https://www.vliz.be/en/imis?module=dataset&dasid=8373
https://www.vliz.be/en/imis?module=dataset&dasid=8373
https://www.lifewatch.be/etn/


Page 16 of 18Edwards et al. Movement Ecology            (2025) 13:2 

Declarations

Ethics approval and consent to participate
Fish tagging was performed in accordance with the Experiments on Animals 
Act in the Netherlands and approved by the Animal Ethical Commission 
under permit numbers 2016.D-0041 and 2021.D-0002 (Wageningen Marine 
Research).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 October 2024   Accepted: 28 December 2024

References
	1.	 Almeida PR (1989) Biologia e Ecologia de Liza ramada (Risso, 1826) 

(Pisces; Mugilidae), no Estuário do Tejo [Final degree report]. Faculty of 
Sciences of the University of Lisbon.

	2.	 Almeida PR. Estuarine movement patterns of adult thin-lipped grey 
mullet, Liza ramada (Risso) (Pisces, Mugilidae), observed by ultrasonic 
tracking. J Exp Mar Biol Ecol. 1996;202(2):137–50. https://​doi.​org/​10.​1016/​
0022-​0981(95)​00162-X.

	3.	 Almeida PR, Costa MJ, Moreira F, Assis CA, Costa JL, Gonçalves J. Liza 
ramada (Risso, 1826) (Pisces: Mugilidae) no estuário do Tejo. Um recurso 
subaproveitado. Publ Avulsas Do INIP. 1992;17:155–78.

	4.	 Appert C, Udyawer V, Simpfendorfer CA, Heupel MR, Scott M, Currey-
Randall LM, Harborne AR, Jaine F, Chin A. Use, misuse, and ambiguity 
of indices of residence in acoustic telemetry studies. Mar Ecol Prog Ser. 
2023;714:27–44. https://​doi.​org/​10.​3354/​meps1​4300.

	5.	 Arechavala-Lopez P, Uglem I, Sanchez-Jerez P, Fernandez-Jover D, Bayle-
Sempere JT, Nilsen R. Movements of grey mullet Liza aurata and Chelon 
labrosus associated with coastal fish farms in the western Mediterranean 
Sea. Aquac Environ Interact. 2010;1:127–36. https://​doi.​org/​10.​3354/​aei00​
012.

	6.	 Arne P. Contribution à l’étude de la biologie des muges du Golfe de 
Gascogne. Rapp P-V Réun Commn Int Explor Scient Mer Méditerr. 
1938;11:77–113.

	7.	 Baptist MJ, van der Wal JT, Folmer EO, Gräwe U, Elschot K. An ecotope 
map of the trilateral Wadden Sea. J Sea Res. 2019;152:101761. https://​doi.​
org/​10.​1016/j.​seares.​2019.​05.​003.

	8.	 Bellwood DR, Choat JH. A functional analysis of grazing in parrotfishes 
(family Scaridae): The ecological implications. In M. N. Bruton (Ed.), Alter-
native life-history styles of fishes. Netherlands: Springer; 1990. pp. 189–214. 
https://​doi.​org/​10.​1007/​978-​94-​009-​2065-1_​11

	9.	 Bivand RS, Pebesma E, Gómez-Rubio V. Applied spatial data analysis with 
R. New York: Springer; 2013.

	10	 Blaber SJ. The food and feeding ecology of Mugilidae in the St. Lucia lake 
system. Biol J Linn Soc. 1976;8(3):267–77.

	11.	 Boer P. De andere harder. Levende Nat. 1971;74(3):62–5.
	12.	 Boer P. De Harders Chelon labrosus en Liza ramada bij’t Horntje—Texel. 

Zool Bijdr. 1975;17(2):22–8.
	13.	 Brandl SJ, Casey JM, Meyer CP. Dietary and habitat niche partitioning in 

congeneric cryptobenthic reef fish species. Coral Reefs. 2020;39(2):305–
17. https://​doi.​org/​10.​1007/​s00338-​020-​01892-z.

	14.	 Brownscombe JW, Griffin LP, Morley D, Acosta A, Boucek R, Adams AJ, 
Danylchuk AJ, Cooke SJ. Spatial-temporal patterns of permit (Trachinotus 
falcatus) habitat residency in the Florida Keys, USA. Environ Biol Fishes. 
2023;106(2):419–31. https://​doi.​org/​10.​1007/​s10641-​022-​01332-7.

	15.	 Brusle J. Sexuality and biology of reproduction of grey mullets. In: Aqua-
culture of grey mullets. Vol. 26. Cambridge University Press; 1981. pp. 
94–154

	16.	 Burkepile DE, Hay ME. Herbivore species richness and feeding comple-
mentarity affect community structure and function on a coral reef. Proc 

Natl Acad Sci. 2008;105(42):16201–6. https://​doi.​org/​10.​1073/​pnas.​08019​
46105.

	17.	 Burkepile DE, Hay ME. Feeding complementarity versus redun-
dancy among herbivorous fishes on a Caribbean reef. Coral Reefs. 
2011;30(2):351–62. https://​doi.​org/​10.​1007/​s00338-​011-​0726-6.

	18.	 Cadée GC, Hegeman J. Primary production of the benthic microflora liv-
ing on tidal flats in the dutch wadden sea. Neth J Sea Res. 1974;8(2):260–
91. https://​doi.​org/​10.​1016/​0077-​7579(74)​90020-9.

	19.	 Cardona L. Effects of salinity on the habitat selection and growth perfor-
mance of mediterranean flathead grey mullet Mugil cephalus (Osteich-
thyes, Mugilidae). Estuar Coast Shelf Sci. 2000;50(5):727–37. https://​doi.​
org/​10.​1006/​ecss.​1999.​0594.

	20.	 Cardona L. Non-competitive coexistence between Mediterranean 
grey mullet: evidence from seasonal changes in food availability, niche 
breadth and trophic overlap. J Fish Biol. 2001;59(3):729–44. https://​doi.​
org/​10.​1111/j.​1095-​8649.​2001.​tb023​76.x.

	21.	 Cardona L. Habitat selection by grey mullets (Osteichthyes: 
Mugilidae) in Mediterranean estuaries: the role of salinity. Sci Mar. 
2006;70(September):443–55.

	22.	 Cardona L, Hereu B, Torras X. Juvenile bottlenecks and salinity shape grey 
mullet assemblages in Mediterranean estuaries. Estuar Coast Shelf Sci. 
2008;77(4):623–32.

	23	 Chase JM, Leibold MA. Ecological niches: linking classical and contempo-
rary approaches. Chicago: University of Chicago Press; 2003.

	24	 Chesson P. Mechanisms of maintenance of species diversity. Annu Rev 
Ecol Evol Syst. 2000;31:343–66. https://​doi.​org/​10.​1146/​annur​ev.​ecols​ys.​
31.1.​343.

	25.	 Cochran JEM, Braun CD, Cagua EF, Campbell Jr MFC, Hardenstine RS, 
Kattan A, Priest MA, Sinclair-Taylor TH, Skomal GB, Sultan S, Sun L, Thorrold 
SR, Berumen ML. Multi-method assessment of whale shark (Rhincodon 
typus) residency, distribution, and dispersal behavior at an aggregation 
site in the Red Sea. PLoS One. 2019;14(9):e0222285. https://​doi.​org/​10.​
1371/​journ​al.​pone.​02222​85.

	26.	 Compton TJ, Holthuijsen S, Koolhaas A, Dekinga A, ten Horn J, Smith J, 
Galama Y, Brugge M, van der Wal D, van der Meer J, van der Veer HW, 
Piersma T. Distinctly variable mudscapes: distribution gradients of inter-
tidal macrofauna across the Dutch Wadden Sea. J Sea Res. 2013;82:103–
16. https://​doi.​org/​10.​1016/j.​seares.​2013.​02.​002.

	27	 Crosetti D, Blaber SJ. Biology, ecology and culture of grey mullets (Mugili-
dae). Boca Raton: CRC Press; 2015.

	28.	 da Silva JC, Gubiani ÉA, Neves MP, Delariva RL. Coexisting small fish 
species in lotic neotropical environments: evidence of trophic niche 
differentiation. Aquat Ecol. 2017;51(2):275–88. https://​doi.​org/​10.​1007/​
s10452-​017-​9616-5.

	29.	 de Jonge VN, Essink K, Boddeke R. The Dutch Wadden Sea: a changed 
ecosystem. Hydrobiologia. 1993;265(1–3):45–71. https://​doi.​org/​10.​1007/​
BF000​07262.

	30.	 Debusschere E, Hubert J, Berges B, Muñiz C, Reubens J, Demuynck J, 
Deneudt K, Slabbekoorn H. Acoustic Ecology of Pelagic Fish Communi-
ties (APELAFICO), 2023. https://​marin​einfo.​org/​id/​datas​et/​7858

	31.	 Debusschere E, Muñiz C, Reubens J, Casals D, Conings B, Deneudt K. PelF-
ish: Sustainable economic carriers in Flemish coastal fishing communities 
post-Brexit. 2023. https://​marin​einfo.​org/​id/​datas​et/​8373

	32	 Debusschere E, Reubens J, Hernandez F, Deneudt K, Institute FM. 
LifeWatch observatory data: acoustic receivers data from the permanent 
Cetacean passive acoustic sensor network in the Belgian part of the 
North Sea. Sci Data. 2023. https://​doi.​org/​10.​14284/​639.

	33.	 Dunnington D. ggspatial: Spatial data framework for ggplot2 [R]. 2023. 
https://​CRAN.R-​proje​ct.​org/​packa​ge=​ggspa​tial

	34.	 Edwards JE. Wadden tools—Swimway Wadden Sea. 2021. https://​marin​
einfo.​org/​id/​datas​et/​8030

	35.	 Edwards JE, Buijse AD, Winter HV, Bijleveld AI. Gone with the wind: envi-
ronmental variation influences detection efficiency in a coastal acoustic 
telemetry array. Anim Biotelem. 2024;12(1):21. https://​doi.​org/​10.​1186/​
s40317-​024-​00378-x.

	36.	 Edwards JE, Buijse AD, Winter HV, van Leeuwen A, Bijleveld AI. A multi-
scale tracking approach for conserving large migratory fish in an open 
coastal environment. Estuar Coast Shelf Sci. 2024;301:108737. https://​doi.​
org/​10.​1016/j.​ecss.​2024.​108737.

	37.	 Fox RJ, Bellwood DR. Niche partitioning of feeding microhabitats 
produces a unique function for herbivorous rabbitfishes (Perciformes, 

https://doi.org/10.1016/0022-0981(95)00162-X
https://doi.org/10.1016/0022-0981(95)00162-X
https://doi.org/10.3354/meps14300
https://doi.org/10.3354/aei00012
https://doi.org/10.3354/aei00012
https://doi.org/10.1016/j.seares.2019.05.003
https://doi.org/10.1016/j.seares.2019.05.003
https://doi.org/10.1007/978-94-009-2065-1_11
https://doi.org/10.1007/s00338-020-01892-z
https://doi.org/10.1007/s10641-022-01332-7
https://doi.org/10.1073/pnas.0801946105
https://doi.org/10.1073/pnas.0801946105
https://doi.org/10.1007/s00338-011-0726-6
https://doi.org/10.1016/0077-7579(74)90020-9
https://doi.org/10.1006/ecss.1999.0594
https://doi.org/10.1006/ecss.1999.0594
https://doi.org/10.1111/j.1095-8649.2001.tb02376.x
https://doi.org/10.1111/j.1095-8649.2001.tb02376.x
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1371/journal.pone.0222285
https://doi.org/10.1371/journal.pone.0222285
https://doi.org/10.1016/j.seares.2013.02.002
https://doi.org/10.1007/s10452-017-9616-5
https://doi.org/10.1007/s10452-017-9616-5
https://doi.org/10.1007/BF00007262
https://doi.org/10.1007/BF00007262
https://marineinfo.org/id/dataset/7858
https://marineinfo.org/id/dataset/8373
https://doi.org/10.14284/639
https://CRAN.R-project.org/package=ggspatial
https://marineinfo.org/id/dataset/8030
https://marineinfo.org/id/dataset/8030
https://doi.org/10.1186/s40317-024-00378-x
https://doi.org/10.1186/s40317-024-00378-x
https://doi.org/10.1016/j.ecss.2024.108737
https://doi.org/10.1016/j.ecss.2024.108737


Page 17 of 18Edwards et al. Movement Ecology            (2025) 13:2 	

Siganidae) on coral reefs. Coral Reefs. 2013;32(1):13–23. https://​doi.​org/​
10.​1007/​s00338-​012-​0945-5.

	38.	 Gerking SD. Feeding ecology of fish. Amsterdam: Elsevier; 2014.
	39.	 Griffioen AB, van Keeken OA, Hamer AL, Winter HV. Passage efficiency and 

behaviour of sea lampreys (Petromyzon marinus, Linnaeus 1758) at a large 
marine–freshwater barrier. River Res Appl. 2022;38(5):906–16.

	40.	 Hickling CF. A contribution to the natural history of the English grey mul-
lets [pisces, mugilidae]. J Mar Biol Assoc UK. 1970;50(3):609–33. https://​
doi.​org/​10.​1017/​S0025​31540​00049​14.

	41.	 Huisman J, van Rijn J, da Graça T. Van Hall Larenstein: vissen voor verbind-
ing. 2021. https://​marin​einfo.​org/​id/​datas​et/​7853

	42.	 Kraft S, Gandra M, Lennox RJ, Mourier J, Winkler AC, Abecasis D. Resi-
dency and space use estimation methods based on passive acoustic 
telemetry data. Mov Ecol. 2023;11(1):12. https://​doi.​org/​10.​1186/​
s40462-​022-​00364-z.

	43.	 Lasserre P, Gallis JL. Osmoregulation and differential penetration of two 
grey mullets, Chelon labrosus (Risso) and Liza Ramada (Risso) in estuarine 
fish ponds. Aquaculture. 1975;5:323–44.

	44.	 Le Pichon C, Coustillas J, Zahm A, Bunel M, Gazeau-Nadin C, Rochard E. 
Summer use of the tidal freshwaters of the river Seine by three estuarine 
fish: coupling telemetry and GIS spatial analysis. Estuar Coast Shelf Sci. 
2017;196:83–96. https://​doi.​org/​10.​1016/j.​ecss.​2017.​06.​028.

	45.	 Leijzer TB. Kennisdocument diklipharder Chelon labrosus (Risso, 1827) 
(Kennisdocument 17; p. 36). Sportvisserij Nederland; 2006.

	46.	 Lemonnier A. Volet poissons migrateurs 2015–2021: dynamique de la 
population de Mulet porc (Chelon ramada) dans le bassin versant de 
la Vilaine–2019. Etablissement Public Territorial Du Bassin de La Vilaine 
(EPTB). 2019;39.

	47.	 Mayfield MM, Levine JM. Opposing effects of competitive exclusion on 
the phylogenetic structure of communities. Ecol Lett. 2010;13(9):1085–93. 
https://​doi.​org/​10.​1111/j.​1461-​0248.​2010.​01509.x.

	48.	 Meijer zu Schlochtern MP, Brevé N. Haringvlietdam—Rhine-Meuse Delta 
acoustic network. 2023. https://​marin​einfo.​org/​id/​datas​et/​8639

	49.	 Michalko R, Pekár S. Niche partitioning and niche filtering jointly mediate 
the coexistence of three closely related spider species (Araneae, Philo-
dromidae). Ecol Entomol. 2015;40(1):22–33. https://​doi.​org/​10.​1111/​een.​
12149.

	50.	 Nelson JS. Fishes of the world. Amsterdam: John Wiley & Sons; 1984.
	51.	 Oliveira JM, Ferreira T. Abundance, size composition and growth of a 

thin-lipped grey mullet, Liza ramada (Pisces: Mugilidae) population in an 
Iberian River. Folia Zoologica-UZPI (Czech Republic), 1997;46(4). https://​
agris.​fao.​org/​search/​en/​provi​ders/​122644/​recor​ds/​64775​d175e​b437d​
dff77​03ab

	52	 Ordeix M, Pou-Rovira Q, Sellares N, Bardina M, Casamitjana A, Solà C, 
Munné A. Fish pass assessment in the rivers of Catalonia (NE Iberian 
Peninsula). A case study of weirs associated with hydropower plants and 
gauging stations. Limnetica. 2011;30(2):0405–26.

	53	 Pebesma E, Bivand R. Spatial data science: with applications in R. New 
York: Chapman and Hall/CRC; 2023.

	54.	 Pebesma E, Bivand RS. Classes and methods for spatial data: the sp pack-
age. R News; Citeseer. 2005. https://​CRAN.R-​proje​ct.​org/​doc/​Rnews/

	55.	 Pereira E, Quintella BR, Lança MJ, Alexandre CM, Mateus CS, Pedro S, Belo 
AF, Rato AS, Quadrado MF, Telhado A, Batista C, Almeida PR. Temporal 
patterns of the catadromous thinlip grey mullet migration in freshwater. 
Ecohydrology. 2021;14(8):e2345. https://​doi.​org/​10.​1002/​eco.​2345.

	56	 Poiesz SSH, Witte JIJ, van der Veer HW. Only a few key prey species fuel 
a temperate coastal fish food web. Mar Ecol Prog Ser. 2020;653:153–66. 
https://​doi.​org/​10.​3354/​meps1​3472.

	57.	 Poiesz SSH, Witte JI, van der Meer MT, van der Veer HW, Soetaert KE. 
Trophic structure and resource utilization of the coastal fish community 
in the western Wadden Sea: evidence from stable isotope data analysis. 
Mar Ecol Prog Ser. 2021;677:115–28.

	58.	 Postma H. Hydrography of the Dutch Wadden Sea. Arch Néerl Zool. 
1954;10(4):405–511.

	59.	 R Core Team. R: a language and environment for statistical computing 
[Computer software]. R Foundation for Statistical Computing. 2023. 
https://​www.R-​proje​ct.​org/

	60.	 Reubens J, Aarestrup K, Meyer C, Moore A, Okland F, Afonso P. Compat-
ibility in acoustic telemetry. Anim Biotelem. 2021;9(1):33. https://​doi.​org/​
10.​1186/​s40317-​021-​00253-z.

	61.	 Reubens J, Hernandez F, Deneudt K. LifeWatch observatory—permanent 
acoustic receiver network in the Belgian Part of the North Sea. VLIZ Flan-
ders Marine Institute—platform for marine research. 2017a. https://​www.​
vliz.​be/​en/​imis?​module=​datas​et&​dasid=​5843

	62.	 Reubens J, Hernandez F, Deneudt K. LifeWatch observatory—permanent 
acoustic receiver network in the Western Scheldt; Array 1: Between 
Breskens & Vlissingen. 2017b. https://​marin​einfo.​org/​id/​datas​et/​5844

	63.	 Ross ST. Resource partitioning in fish assemblages: a review of field stud-
ies. Copeia. 1986;1986(2):352–88. https://​doi.​org/​10.​2307/​14449​96.

	64.	 Rossignol M. Notes sur les Muges des Côtes marocaines. Ann Biol 
Copenh. 1951;8:89–90.

	65.	 Sauriau P-G, Robin J-P, Marchand J. Effects of the excessive organic 
enrichment of the Loire Estuary on the downstream migratory patterns 
of the amphihaline grey mullet Liza ramada (Pisces, Mugilidae). In: 
changes in fluxes in estuaries implications from Science to management. 
Olsen & Olsen, Fredensborg

	66.	 Schaber M, Marohn L, Petereit C, Schroeder JP, Zumholz K, Hanel R. 
Newcomers in the Baltic Sea: an attempt to trace the origins and wherea-
bouts of thicklip grey mullet Chelon labrosus. Fish Sci. 2011;77(5):757–64. 
https://​doi.​org/​10.​1007/​s12562-​011-​0384-1.

	67.	 Sheehan E, Couturier L, Hawkes L, Hooper T, Horton T, Laurans M, Muñiz 
C, Reubens J, Stamp T, Witt M, Woillez M. FISHINTEL: fisheries innovation 
for sustainable shared interchannel resources (FISH INTEL). VLIZ Flanders 
Marine Institute—Platform for Marine Research. 2021. https://​www.​vliz.​
be/​en/​imis?​module=​datas​et&​dasid=​7881

	68.	 Tulp I, Bolle LJ, Dänhardt A, de Vries P, Haslob H, Jepsen N, Scholle J, van 
der Veer HW. Fish. Wadden sea quality status report 2017. Wadden Sea 
Ecosystem, 9; 2017. http://​cwss.​www.​de/​TMAP/​Qsr99/​Qsr99.​html

	69.	 Tulp I, Bolle LJ, Rijnsdorp AD. Signals from the shallows: In search of com-
mon patterns in long-term trends in Dutch estuarine and coastal fish. J 
Sea Res. 2008;60(1–2):54–73. https://​doi.​org/​10.​1016/j.​seares.​2008.​04.​004.

	70.	 van Aken HM. Variability of the salinity in the western Wadden Sea on 
tidal to centennial time scales. J Sea Res. 2008;59(3):121–32.

	71.	 van Aken HM. Variability of the water temperature in the western Wad-
den Sea on tidal to centennial time scales. J Sea Res. 2008;60(4):227–34. 
https://​doi.​org/​10.​1016/j.​seares.​2008.​09.​001.

	72.	 van der Meer J, Witte JI, van der Veer HW. The suitability of a single inter-
tidal fish trap for the assessment of long-term trends in fish and epiben-
thic invertebrate populations. Environ Monit Assess. 1995;36(2):139–48. 
https://​doi.​org/​10.​1007/​BF005​46786.

	73.	 van der Veer HW, Dapper R, Henderson PA, Jung AS, Philippart CJ, Witte JI, 
Zuur AF. Changes over 50 years in fish fauna of a temperate coastal sea: 
degradation of trophic structure and nursery function. Estuar Coast Shelf 
Sci. 2015;155:156–66.

	74.	 van der Veer HW, Koot J, Aarts G, Dekker R, Diderich W, Freitas V, Witte 
JI. Long-term trends in juvenile flatfish indicate a dramatic reduction in 
nursery function of the Balgzand intertidal, Dutch Wadden Sea. Mar Ecol 
Prog Ser. 2011;434:143–54.

	75.	 Van Keeken OA. Brasem IJM/MM: Brasem Ijsselmeergebied. 2020. https://​
marin​einfo.​org/​id/​datas​et/​6391

	76.	 van Keeken OA, van Hal R, Winter HV, Tulp I, Griffioen AB. Behavioural 
responses of eel (Anguilla anguilla) approaching a large pumping station 
with trash rack using an acoustic camera (DIDSON). Fish Manag Ecol. 
2020;27(5):464–71. https://​doi.​org/​10.​1111/​fme.​12427.

	77.	 van Walraven L, Dapper R, Nauw JJ, Tulp I, Witte JI, van der Veer HW. Long-
term patterns in fish phenology in the western Dutch Wadden Sea in 
relation to climate change. J Sea Res. 2017;127:173–81. https://​doi.​org/​10.​
1016/j.​seares.​2017.​04.​001.

	78.	 Walsh A, Reay P, O’Halloran J, Cahill K. The growth of grey mullet in a rural 
and urbanized Irish estuary. J Fish Biol. 1994;45(5):889–97.

	79.	 Whitfield AK. Ecological role of Mugilidae in the coastal zone. In: Biology, 
ecology and culture of grey mullets (Mugilidae). Oxfordshire: CRC Press 
Taylor and Francis; 2016. p. 324–48.

	80.	 Wickham H. ggplot2: Elegant graphics for data analysis. Springer-Verlag. 
2016. https://​ggplo​t2.​tidyv​erse.​org

	81.	 Wickham H, Averick M, Bryan J, Chang W, McGowan L, François R, Grol-
emund G, Hayes A, Henry L, Hester J, Kuhn M, Pedersen T, Miller E, Bache 
S, Müller K, Ooms J, Robinson D, Seidel D, Spinu V, Takahashi K, Vaughan 
D, Wilke C, Woo K, Yutani H. Welcome to the tidyverse. J Open Sour Softw. 
2019;4(43):1686. https://​doi.​org/​10.​21105/​joss.​01686.

https://doi.org/10.1007/s00338-012-0945-5
https://doi.org/10.1007/s00338-012-0945-5
https://doi.org/10.1017/S0025315400004914
https://doi.org/10.1017/S0025315400004914
https://marineinfo.org/id/dataset/7853
https://doi.org/10.1186/s40462-022-00364-z
https://doi.org/10.1186/s40462-022-00364-z
https://doi.org/10.1016/j.ecss.2017.06.028
https://doi.org/10.1111/j.1461-0248.2010.01509.x
https://marineinfo.org/id/dataset/8639
https://doi.org/10.1111/een.12149
https://doi.org/10.1111/een.12149
https://agris.fao.org/search/en/providers/122644/records/64775d175eb437ddff7703ab
https://agris.fao.org/search/en/providers/122644/records/64775d175eb437ddff7703ab
https://agris.fao.org/search/en/providers/122644/records/64775d175eb437ddff7703ab
https://CRAN.R-project.org/doc/Rnews/
https://doi.org/10.1002/eco.2345
https://doi.org/10.3354/meps13472
https://www.R-project.org/
https://doi.org/10.1186/s40317-021-00253-z
https://doi.org/10.1186/s40317-021-00253-z
https://www.vliz.be/en/imis?module=dataset&dasid=5843
https://www.vliz.be/en/imis?module=dataset&dasid=5843
https://marineinfo.org/id/dataset/5844
https://doi.org/10.2307/1444996
https://doi.org/10.1007/s12562-011-0384-1
https://www.vliz.be/en/imis?module=dataset&dasid=7881
https://www.vliz.be/en/imis?module=dataset&dasid=7881
http://cwss.www.de/TMAP/Qsr99/Qsr99.html
https://doi.org/10.1016/j.seares.2008.04.004
https://doi.org/10.1016/j.seares.2008.09.001
https://doi.org/10.1007/BF00546786
https://marineinfo.org/id/dataset/6391
https://marineinfo.org/id/dataset/6391
https://doi.org/10.1111/fme.12427
https://doi.org/10.1016/j.seares.2017.04.001
https://doi.org/10.1016/j.seares.2017.04.001
https://ggplot2.tidyverse.org
https://doi.org/10.21105/joss.01686


Page 18 of 18Edwards et al. Movement Ecology            (2025) 13:2 

	82.	 Winter HV. ORSTED COD project. 2021. https://​marin​einfo.​org/​id/​datas​et/​
6716

	83.	 Wright GV, Wright RM, Bendall B, Kemp PS. Impact of tide gates on 
the upstream movement of adult brown trout, Salmo trutta. Ecol Eng. 
2016;91:495–505. https://​doi.​org/​10.​1016/j.​ecole​ng.​2016.​02.​040.

	84.	 Wright GV, Wright RM, Kemp PS. Impact of tide gates on the migration of 
adult European Eels, Anguilla anguilla. Estuar Coast. 2015;38(6):2031–43. 
https://​doi.​org/​10.​1007/​s12237-​014-​9931-1.

	85.	 Zimmerman JTF. Mixing and flushing of tidal embayments in the western 
Dutch Wadden Sea part I: distribution of salinity and calculation of mixing 
time scales. Neth J Sea Res. 1976;10(2):149–91. https://​doi.​org/​10.​1016/​
0077-​7579(76)​90013-2.

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

https://marineinfo.org/id/dataset/6716
https://marineinfo.org/id/dataset/6716
https://doi.org/10.1016/j.ecoleng.2016.02.040
https://doi.org/10.1007/s12237-014-9931-1
https://doi.org/10.1016/0077-7579(76)90013-2
https://doi.org/10.1016/0077-7579(76)90013-2

	Seasonal coastal residency and large-scale migration of two grey mullet species in temperate European waters
	Abstract 
	Background
	Methods
	Study area
	Fish tagging
	Acoustic arrays
	Data analysis
	Connectivity across aquatic habitats
	Patterns of occurrence in the Dutch Wadden Sea
	Timing and duration of Wadden Sea residence
	Space use in the Wadden Sea

	Results
	Connectivity across aquatic habitats
	Patterns of occurrence in the Dutch Wadden Sea
	Timing and duration of Wadden Sea residence
	Space use in the Dutch Wadden Sea

	Discussion
	Conclusions
	Acknowledgements
	References


