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1.  INTRODUCTION 

Estuaries and tidal basins around the globe serve 
as nursery areas for fish (Beck et al. 2001, Baumann 
et al. 2009), where adult fish either spawn directly, or 
their larvae drift from further offshore into these 
areas. Larvae and juvenile fish develop here, and 
after reaching a certain stage eventually move off-
shore where they spend the rest of their lives. This 

pattern also occurs in small pelagic fish (SPF) that 
provide the trophic link between zooplankton and 
piscivorous fish, birds and marine mammals. Early 
life stages of SPF, such as Atlantic herring Clupea 
harengus (hereafter herring) and European sprat 
Sprattus sprattus (hereafter sprat), drift from the 
North Sea via tidal inlets into the largest intertidal 
area in the world, the Wadden Sea (Zijlstra 1978, 
Dickey-Collas et al. 2009, van der Veer et al. 2015, 
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Couperus et al. 2016). The Wadden Sea is a system of 
tidal channels and intertidal sand and mud flats, and 
because of its unique properties, it is listed as a 
UNESCO World Heritage site. In the Wadden Sea, 
the biomass of SPF is considered the dominant com-
ponent of the overall fish biomass; yet, the assem-
blage of SPF occurring in the Dutch Wadden Sea has 
hitherto received little research attention (Couperus 
et al. 2016). We lack empirical data concerning, for 
instance, SPF quantity, age, growth and temporal 
migration patterns in this area. Given the central role 
of SPF in the Wadden Sea ecosystem, insight into the 
functioning of the food web has so far been limited 
by this knowledge gap. 

Given their short generation times, tight coupling 
to lower trophic levels, sensitivity to climate variabil-
ity and aggregation behaviour, SPF populations are 
known for significant variations in abundance and 
spatial distribution (Axenrot et al. 2004, Peck et al. 
2021). Particularly in the current era of global climate 
change, where fish populations experience shifts 
in abundance, distribution and phenology (Rijnsdorp 
et al. 2009, Sydeman et al. 2015), the variation of 
occurrence in time and space is increasing even fur-
ther. Therefore, the study of SPF occurrence and be -
haviour requires long-term high-resolution acoustic 
monitoring. However, tidal channels are highly dyn -
amic, and hence complicated to study (Fraser et al. 
2017). Yet, the use of hydroacoustic techniques is the 
only suitable option for long-term continuous moni-
toring at such sites because high-frequency trawling 
is impractical and destructive, while use of cameras 
is impossible due to limited visibility. 

Active acoustic techniques are widely used for 
 continuous monitoring (Klemas 2013, Benoit-Bird & 
Lawson 2016). Recently, the use of bottom-mounted 
echosounders has become more widespread, for ex -
ample to explore vertical migration and swimming 
behaviour of mesopelagic fish (Kaartvedt et al. 2009), 
to assess the impact of noise on SPF around wind-
farms (Kok et al. 2021), to study overwintering sprat 
in a Norwegian fjord (Solberg et al. 2012) and to 
evaluate if a sparse echosounder mooring array 
could accurately produce fish abundance indices (De 
Robertis et al. 2018). In addition, the ecological 
effects of tidal stream turbines on fish behaviour are 
often studied using bottom-mounted echosounders 
(Viehman & Zydlewski 2017, Williamson et al. 2019, 
Scherelis et al. 2020). Solberg et al. (2012) showed 
that a bottom-mounted echosounder has several ad -
vantages: a stable platform, its non-intrusive nature 
and its possibilities for long operation times and large 
data-storage capacity. 

Due to the technical challenges imposed by the 
highly dynamic nature and shallow depth of tidal 
habitats, knowledge on responses of pelagic fish to 
dynamic physical conditions is limited. Although 
most of the Wadden Sea is shallow, with depths typ-
ically below 15 m, the inlets between the barrier 
islands that connect the Wadden Sea to the adjacent 
North Sea are up to 40 m deep. The largest and 
westernmost inlet of the Dutch Wadden Sea is the 
Marsdiep. Herring larvae originating from the Eng-
lish Channel are transported northeast, and a pro-
portion enters the Wadden Sea via this inlet 
(Dickey-Collas et al. 2009). In addition, tidal inlets 
are important as feeding areas for predators, as 
demonstrated by a study of porpoise distribution in 
the Marsdiep (IJsseldijk et al. 2015). The study 
showed that porpoise distribution was driven by 
tidal forces, likely due to the availability of SPF. 
Therefore, gaining knowledge of SPF behaviour 
and occurrence as a major food source in the Wad-
den Sea ecosystem is needed to understand the oc -
currence and behaviour of their predators. Further-
more, insight in the (timing of) vertical distribution 
of SPF in the water column is important for under-
standing feeding patterns and population dynamics 
of surface-feeding seabirds (Baptist & Leopold 2010, 
Dänhardt et al. 2011). Moreover, herring and sprat 
are commercially important species, and their status 
is assessed annually using indices based on surveys 
in the North Sea, conducted during specific periods 
(ICES 2022). However, these seasonally static sur-
veys might not capture phenological changes in -
duced by climate change. 

This study is the first to continuously sample fish 
distribution and current speed in a major inlet into 
the Wadden Sea for an entire year, using a bottom-
mounted autonomous echosounder and a current 
speed profiler, to better understand SPF density, ver-
tical distribution and movement behaviour. The cur-
rent speed data from the mooring were supple-
mented with ferry-borne acoustic Doppler current 
profiler (ADCP) data of the Marsdiep (van der Molen 
et al. 2022). Fish density and vertical distribution 
were investigated for their relation to temporal and 
environmental variables, including date, time of day, 
tidal cycle, wind speed, wind direction and lunar 
cycle. Swimming speed and direction of individual 
fish were compared to speed and direction of water 
currents to study fish swimming behaviour and 
examine how they adapt their direction and speed to 
the surrounding water currents. 

The study had 3 objectives. The first objective was 
to quantify the temporal variability in fish density in 
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the Marsdiep during an entire year and examine its 
relation to environmental factors. Many processes in 
the life cycle of SPF, for instance spawning and life-
stage transitions, are influenced by factors including 
water temperature and prey abundance (Peck et al. 
2013), and therefore are bound to specific time peri-
ods. Hence, coastal areas frequently exhibit seasonal 
utilization patterns by early life stages of fish (Guer-
reiro et al. 2021). For our study area, it is expected 
that juvenile SPF drift and migrate towards the 
coastal zone during spring (Baumann et al. 2009, 
Dickey-Collas et al. 2009, van Walraven et al. 2017), 
where they feed and grow, resulting in the highest 
densities during summer. In autumn, colder Wadden 
Sea temperatures (van Aken 2008) cause the fish to 
migrate towards deeper water, resulting in lower 
abundances during winter. Accordingly, it is ex -
pected that seasonality is the most important predic-
tor for SPF density in the Wadden Sea.  

The second objective was to investigate the tempo-
ral variability in vertical fish distribution. The most 
critical predictor for vertical fish distribution is ex -
pected to be time of day, due to the influence of light 
intensity on feeding, aggregation behaviour and 
predator avoidance (Axenrot et al. 2004, Didrikas & 
Hansson 2009).  

The third objective was to study the movement 
behaviour (i.e. swimming speed and direction) of 
individual fish in relation to tidal currents. Early life 
stages of many marine fish are unable 
to outswim water currents, but there is 
a significant variation in swimming 
capacity between species and life 
stages (Peck et al. 2012). Critical 
swimming speeds of 0.2−0.9 m s−1 
have been reported for juvenile her-
ring (Moyano et al. 2016); therefore, 
we expected that the swimming capac-
ity of SPF is insufficient to out swim 
the strongest currents in the Marsdiep 
reaching up to 2 m s−1. 

2.  MATERIALS AND METHODS 

2.1.  Study location 

Hydroacoustic data were collected in 
the Marsdiep, the westernmost inlet of 
the Wadden Sea (Fig. 1). The Marsdiep 
is a well-mixed tidal inlet with a sa -
linity of around 30 PSU (Buijsman & 
Ridderinkhof 2007). Here, discharged 

freshwater from Lake IJssel meets water masses from 
the North Sea that are moving north-eastward along 
the Dutch coast. The Marsdiep is about 4 km wide 
and is the deepest inlet of the Dutch Wadden Sea, 
with a maximum depth of over 40 m. The Marsdiep 
seafloor consists of medium-sized sand, with sand 
dunes several metres high (Buijs man & Ridderinkhof 
2007) . The tidal currents in this area are strong, 
reaching a maximum of 2 m s−1, and the average tidal 
range at Den Helder is approximately 1.4 m. Due to 
tidal asymmetry, incoming currents are stronger, 
whereas the duration of outgoing currents is longer 
(Buijsman & Ridderinkhof 2007). 

2.2.  Acoustic data collection 

Data were collected using a bottom-mounted wide-
band autonomous transceiver (WBAT) echosounder 
and an ADCP attached to a stainless-steel frame 
(Fig. 2). The battery powered Simrad EK80 WBATs 
were equipped with a 18° split-beam transducer at 
38 kHz, and a 7° single beam at 200 kHz. Only the 
data collected by the 38 kHz transducer were ana-
lysed for this study. The Nortek 2 MHz Aquadopp 
ADCP collected information on water velocity, tem-
perature, azimuth, pitch and roll. Transducers were 
positioned 0.9 m (i.e. the height of the frame) above 
the sea floor. 
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Fig. 1. Study area: Marsdiep—the westernmost tidal inlet of the Wadden Sea 
located between the island of Texel and the Dutch mainland. Contours depict 
depths (m) below mean sea level, black dots indicate the wideband autono -
mous transceiver (WBAT) locations, and black lines depict a selection of ferry 
crossing trajectories. Insets give an overview of the wider area, zooming in 
from top to bottom. The black dot labelled ‘Malzwin’ indicates the stow-net  

fishing location
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The total deployment period was 12 mo, ranging 
from 18 March 2021 until 20 March 2022, with 7 
revisits for recovery and deployment operations (see 
Table S1 in the Supplement at www.int-res.com/
articles/suppl/m14368_supp.pdf). All moorings were 
deployed within 350 m of location 52° 58.60’ N, 
4° 45.57’ E, where bottom depth varied between 26 
and 29 m. A pilot test was conducted to test the effect 
of WBAT position on acoustic measurements of fish 
density, revealing no significant difference in meas-
ured backscatter between the locations (for details, 
see Text S1 and Fig. S1). WBAT calibration was car-
ried out 1.5 mo before deployment, using a 38.1 mm 
diameter tungsten sphere (Demer et al. 2015); for 
details, see Table S2. 

The WBATs were programmed to transmit pulses of 
256 μs in narrowband mode at a ping interval of 0.4 s 
with a transmission power of 113 W, with the excep-
tion of deployments B and C, where a ping interval of 

0.25 s was used. Wake-up intervals of 1.5 h were used 
with 12 ‘short’ (minimum 72 s) and 4 ‘long’ (16 min) 
measurements per day (referred to as ‘sampling inter-
val’). Statistical analysis showed that any short 
recording would generate the same mean backscatter 
as the longer recordings (see Text S1 for details). 

The ADCP mounted on the frame was pro-
grammed to wake up every 10 min to measure cur-
rent speed and direction. However, it was only able 
to measure the bottom 10 m of the water column. 
Therefore, additional ADCP data from a nearby 
ferry-based time series was used to fill the gaps. This 
ferry-based ADCP dataset consists of measurements 
during crossings with 30 min intervals in the Mars-
diep each day from 06:00 until 21:00 h using 2 Tele-
dyne RD Instruments Workhorse Monitor 1200 kHz 
ADCPs mounted at the front and rear of the ferry 
4.5 m below the sea surface, and measured at 0.5 m 
depth intervals. The data of both ADCPs were com-
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Fig. 2. Acoustic mooring setup shown in (A) side view and (B) top view. The setup includes a WBAT transceiver (a) connected 
to a 38 kHz split beam (b) and a 200 kHz single beam transducer (c), and an Aquadopp acoustic Doppler current profiler (d). 
The dimensions of the frame are indicated in white. (C) Echogram of 2 samples taken on 3 April 2021, to illustrate a typical 
echogram. The y-axis represents the range (m) from the transducer, and the x-axis represents the ping number. The red lines 
indicate the bottom and surface exclusion lines, and the colour represents the volume backscatter (Sv in dB re 1 m2 m−3).  

The yellow objects between the 2 red lines are recorded traces of fish and fish schools

https://www.int-res.com/articles/suppl/m14368_supp.pdf
https://www.int-res.com/articles/suppl/m14368_supp.pdf
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bined and averaged over 100 latitudinal intervals 
along each crossing (van der Molen et al. 2022). The 
sampling locations of the 2 ADCP datasets differed 
by about 2 km. The frame-mounted ADCP data from 
March and April 2021 were compared to the ferry 
ADCP data to evaluate if both produced comparable 
results. A hydrodynamic model simulation using the 
model of Duran-Matute et al. (2014) indicated up to 
0.2 m s−1 faster current speeds at the mooring loca-
tion in the Marsdiep compared to the ferry crossings, 
suggesting a need for correction. A conversion factor 
was derived based on the comparison between the 2 
ADCPs over coinciding measurements in depth and 
time using a least squares fit. Although the ADCP on 
the ferry recorded data throughout the entire cross-
ing, only a subset of profiles corresponding to a 
200 m section at the centre of the inlet was used for 
this study. 

Sea-level height (cm) data were obtained from 
Rijkswaterstaat from measurements in the Marsdiep 
relative to the Amsterdam Ordnance Datum (or 
‘NAP’, http://waterinfo.rws.nl). Furthermore, hourly 
wind speeds and directions for this area were 
obtained from the Royal Dutch Meteorological Serv-
ice (KNMI, https://daggegevens.knmi.nl). 

2.3.  Data collection on fish species composition 
and size 

To help interpret the acoustic observations, fish 
species composition and fish size distribution were 
determined during daytime ship-based stow-net 
fishing in the Marsdiep area at location Malzwin 
(coordinates: 52° 59.22’ N, 4° 55.29’ E, Fig. 1) once a 
month in March, May, June, July, September, No v -
ember and December 2021. Due to bad weather, no 
samples were taken in April, August and October 
2021, and January and February 2022. Stow-net fish-
ing is a passive fishing method using water currents. 
Hence, sampling was done during highest current 
speeds at both incoming and outgoing tide. Due to 
strong winds, only incoming tide was sampled in 
September and December, and only outgoing tide in 
November. The average visibility at the sampling 
location was 0.9 m, the average depth was 5.5 m, and 
the average sampling duration was 44 min. The net 
covered the entire water column, and had a stretched 
mesh size of 20 mm. Although gelatinous organisms 
were also caught, the focus here was solely on fish, 
which were measured to the nearest mm. By using a 
flowmeter (General Oceanics) in front of the net, the 
catch rate per 1000 m3 water was calculated. 

2.4.  Acoustic data processing 

Processing and visualisation of acoustic backscatter 
data was done using Echoview® 13 (Echoview Soft-
ware). Processing included data calibration, echo gram 
cleaning, individual target detection and tracking. 
The primary cleaning involved the removal of noise at 
the surface caused by wind-induced bubbles. The 
noise boundary was determined by creating lines us-
ing ‘best bottom candidate’ and ‘threshold offset’ algo-
rithms in Echoview, and further editing these lines 
manually. Additional sections affected by other noise, 
such as multiple surface reflections, were masked by 
manual editing (‘bad regions’ in Echoview). This pro-
cedure was applied to the entire dataset until all sig-
nificant noise, spikes, ping dropouts and other bad re-
gions were masked. The first 3 m above the transducer 
were excluded due to transducer nearfield and ringing 
effects (Simmonds & MacLennan 2005). All manual 
steps were carried out by the same person twice to en-
sure consistency. The observed fish data included dif-
ferent kinds of aggregations, such as densely packed 
small schools, layered shoals with varying depth and 
density, individual targets and a few large schools. 
These formations were collectively used to calculate a 
numerical density indicator: volume backscatter (Sv). 
The individual targets were further isolated and iden-
tified by a tracking algorithm to assess the behavioural 
patterns and estimate approximate size of individuals. 
Further data analysis was done using R (version 4.1.0, 
R Core Team 2021) and RStudio (version 1.3.959; 
RStudio Team 2020). 

2.4.1.  Volume backscatter 

After cleaning in Echoview, echo integration values 
were exported using a lower Sv threshold of −65 dB 
re 1 m2 m−3. The exported backscatter, as a proxy 
for SPF density, is considered a quantitative ‘ecolog-
ical unit’, rather than being classified into specific 
species. Jellyfish and ctenophores are present in 
the area, particularly during summer (van Walraven 
et al. 2013, 2015). To avoid any influence from 
their presence on fish density estimates, Sv thresh-
olds were tested ranging from −70 to −50 dB re 1 m2 
m−3. Although stronger thresholds resulted in the 
 re moval of more data points, the resulting patterns 
(e.g. temporal trends and changes in density) re -
mained similar across all tested thresholds, with only 
changes in the absolute numbers as the threshold 
became more stringent (Fig. S2). This additional 
analysis confirmed that the determined threshold of 
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−65 dB successfully captured the main fish densities 
while remaining unbiased by noise and untargeted 
species (such as zooplankton and other gelatinous 
organisms). 

For objective 1, concerning the change in density 
of fish abundance over time, Sv data collected during 
each sampling interval were integrated over the 
water column and treated as 1 sample. For objective 
2, concerning the vertical distribution of fish, Sv data 
were binned into 1 m vertical cells and averaged 
over each sampling interval. The nautical area scat-
tering coefficient (NASC, Maclennan et al. 2002) was 
used as an index for fish density. NASC (m2 nmi−2) 
represents the integrated backscatter (Sv) from the 
observed water column scaled to a square nautical 
mile (n mile) area, commonly used as a proxy for fish 
density in fisheries acoustic surveys. Although NASC 
is normally used for describing fish density in studies 
with a spatial component, it also serves as a standard 
metric of fish density for stationary studies (De 
Robertis et al. 2018). 

2.4.2.  Target tracks 

For objective 3, concerning the individual move-
ment of fish, single targets and target tracks were 
exported including target strength (TS), speed and 
direction. For single target detection, a TS threshold 
of −68 dB re 1 m2 was used (detection settings in 
Table S3). Prior to track detection, school detection 
was performed to create polygons, which were used 
as exclusion masks over the single target echograms 
to eliminate regions potentially containing overlap-
ping multiple individuals (detection settings in 
Table S4). Target tracks were detected automatically 
using the following criteria: a minimum length of 
6  pings, including a minimum of 4 data points (i.e. 
detected single targets), not exceeding a 0.5 m depth 
difference from ping to ping and containing no more 
than 3 consecutive empty pings (detection settings in 
Table S5). These parameters were selected based on 
series of trial-and-error detections followed by visual 
inspections. Subsequently, the detected single tar-
gets and target tracks were exported for the analysis 
of fish speed and direction. Occasionally, the algo-
rithm may erroneously identify detections from sepa-
rate fish as part of the same track, which may result 
in unrealistic speed estimates. To eliminate such 
false detections, the tracks were filtered based on an 
upper fish speed threshold over ground (2.5 m s−1). 
Estimated speeds faster than this were considered 
false and were eliminated. 

2.5.  Data analysis 

2.5.1.  Fish density and vertical distribution 

Two types of models were used to analyse volume 
backscatter in relation to environmental and tempo-
ral variables: generalized additive models (GAMs) 
for fish density analysis and generalized additive 
mixed models (GAMMs) for fish vertical distribution 
analysis. Due to the right-skewed distribution, log-
transformed NASC was used as the response vari-
able in the models. The models were constructed 
using the ‘gam’ and ‘gamm’ functions from the 
‘mgcv’ package in R (version 1.8-40, Wood 2017). 
Data exploration, including outlier detection, assess-
ment of multicollinearity and examination of rela-
tionships between NASC and environmental/tempo-
ral variables, followed the protocol of Zuur et al. 
(2010). The models assumed a Gaussian distribution 
with an identity link function and were visually 
assessed for meeting the assumptions of homogene-
ity of variance and normality of residuals. 

A GAM was used to determine how much variabil-
ity in fish density could be explained by nonlinear 
effects of date, tidal cycle, time of day, temperature, 
windspeed, wind direction and lunar cycle. Tidal 
cycle was defined as time (h) after low water slack 
tide, and lunar cycle was defined as time (h) after full 
moon; the variance inflation factor confirmed that 
these 2 variables were not colinear. Because temper-
ature correlated strongly with date, the former was 
removed from the model. After removing 5% poor-
quality observations due to surface exclusion and 
bad regions, the final dataset comprised 5307 sam-
ples to be included in the analysis. Tidal cycle, time 
of day, wind direction and lunar cycle were included 
using cyclic cubic regression splines, and date was 
included using a cubic spline smoother. Windspeed 
was included as a linear effect. Date and tidal cycle 
were also included as an interaction term using a 
tensor spline. We used a basis dimension (k) of 4 for 
all variables except for date, where we increased k to 
7 to capture the strong seasonal variation present in 
the data. The dredge function in the ‘MuMIn’ (multi-
model inference) package (Bartón 2022) was applied 
for model selection to determine the order of impor-
tance of the explanatory variables based on Akaike’s 
information criterion (AIC, e.g. Burnham & Anderson 
2004). Here, explanatory variables were removed 
from the full model to observe the impact of their 
removal on model AIC. 

A GAMM was used to analyse the vertical dis -
tribution of fish density in response to nonlinear 
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effects of date, time of day and tidal cycle. The 
water column was divided into samples of 1 m 
height (‘layers’), and since the vertical samples were 
not independent and multiple samples be longed to 
the same sampling interval, we used a GAMM with 
sampling interval as a random effect. After remov-
ing 36% poor-quality observations due to surface 
exclusion and bad regions, the final dataset com-
prised 78 946 samples to be included in the analy-
sis, corresponding to 3571 sampling intervals. The 
NASC dataset contained approximately 1.2% zero 
values; to account for zeros before log-transforming 
the data, they were replaced by the smallest posi-
tive value present, divided by 2. All explanatory 
variables were added to the model as interactions 
with depth. The 4 partial effects (depth, date, time 
of day and tidal cycle) were included individually 
as  well. All interactions were included as tensor 
smoothing splines, with time of day and tidal cycle 
included using a cyclic cubic regression spline, and 
depth and date were included using a cubic spline. 
No model selection was conducted. 

2.5.2.  Fish movement relative to tidal currents 

Fish speed and swimming direction were com-
pared to current speed and direction to study fish 
movement behaviour. Fish speed and swimming 
direction in the horizontal plane were calculated by 
Echoview based on the range, time and angular posi-
tion of subsequent targets belonging to the same fish 
track. Periods of fish tracks that corresponded with 
available ferry ADCP data were selected. Therefore, 
the analysis was restricted to daytime (06:00−21:00 h) 
in the period March until December 2021. 

Data were separated into incoming tide (eastward 
into the Wadden Sea) and outgoing tide (westward 
into the North Sea). Because we were interested 
in the differences in fish swimming behaviour be -
tween the tidal phases, data from slack tides were 
removed by excluding periods with low water speeds 
(<0.5 m s−1). 

We aimed to study fish swimming behaviour and 
examined how fish adapt their direction and speed to 
surrounding water currents. To quantify swimming 
effort, fish speed through water was calculated with 
the following equation: 

                                          (1) 

where vƒw is the fish speed through water, vƒg is the 
fish speed over ground as measured by the echo -
sounder, and vw is the speed of the water current as 

measured by the ADCP, all in m s−1. The sign of vƒg 
specifies whether the fish is directed inward (plus) or 
outward (minus). The multiplication by the direction 
is added to the formula to scale the outcomes, and to 
be able to compare the speeds of the 2 tidal phases. 

Upon initial examination, we observed that most 
fish movements were aligned with the mainstream 
currents in the inlet. To explore how swimming effort 
was affected by currents, we excluded fish move-
ments in non-mainstream directions based on the 
frequency of directed swimming at various azimuth 
angles. Specifically, we eliminated the angles in 
which fish swam less frequently, i.e. less than the 66th 
percentile. Data were binned into 4 m vertical inter-
vals, and we focused on the depth interval 15−19 m, 
one of the well sampled depth bins. Bins at closer 
range to the transducer suffered from the low sam-
pling volume where individual fish were less likely 
tracked (i.e. duration of ensonification in the beam is 
too short). Conversely, in highly expanded beams 
farther away from the transducer, multiple targets 
were more likely to overlap, making it difficult to 
track individual targets. For the seasonal pattern, we 
calculated the median fish speed through water per 
week for both tidal phases. 

A total of 1 198 229 target tracks were detected 
after applying the speed threshold filter. To accu-
rately measure fish speed and exclude jellyfish, we 
applied a TS threshold. To determine the appropriate 
threshold value, we estimated fish size using a TS−
length equation specific to herring and sprat: 

                          TS = 20log10(L) – 67.8                      (2) 

where TS is the target strength (dB), and L is the fish 
length (cm) (Didrikas & Hansson 2004). This allowed 
us to establish which TS values were associated with 
fish in our study area. Based on the multiple TS peaks 
in the fish-tracking dataset, 2 main categories were 
identified: group 1, consisting of clupeid fish (TS 
>−60 dB), and group 2, consisting of gelatinous organ-
isms (TS ≤−60 dB). Therefore, we established a TS 
threshold of −60 dB for the analysis on fish speeds. 
This TS threshold in combination with the depth bin 
threshold resulted in a sample size of 194 628 obser-
vations for studying fish speed over ground. Further-
more, we obtained current speed data from 6536 ferry 
crossings, which we used to match with the fish data, 
resulting in 50 759 samples that enabled us to cal -
culate fish speed through water. In addition, a non-
parametric unpaired Wilcoxon rank sum test was per-
formed to determine whether there was a significant 
difference in the mean fish speed through water be-
tween incoming and outgoing currents. 

vƒw = sign(vƒg) × (vƒg–vw)

7
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3.  RESULTS 

3.1.  Patterns in fish density and catch data 

Fish density in the Marsdiep inlet varied between 
NASC values of 5 m2 (n mile)−2 to a maximum of 
around 100 000 m2 (n mile)−2 (Fig. 3). The variation in 
NASC was particularly high from January 2022 
onwards. The observed NASC values increased 
towards summer, characterized by a first peak 
around June and a second peak in September, fol-
lowed by a decline. 

The results of the fish catches at location Malz -
win in the Marsdiep indicated that Atlantic herring 
was the dominant SPF, followed by European sprat 
(Fig. 4A). From March until June, small clupeid post-
larvae (i.e. <5 cm) were caught, which could not be 
identified to species level and were 
likely a mix of herring, sprat and pil -
chard. Herring and sprat were present 
year-round, with a peak of herring in 
June and July, and a peak of sprat in 
March. Clupeidae (i.e. the family that 
includes herring, sprat and pilchard, 
among others) made up 99% of the 
catches in the Marsdiep, with herring 
accounting for 66.7%, sprat for 23.1% 
and clupeid post-larvae for 9.4%. Other 
species such as smelt Osmerus eper-
lanus, sand eel (Ammodytes spp.), whit-
ing Merlangius merlangus and Nils-
son’s pipefish Syngnathus rostellatus, 
were also observed regularly, al though 
their overall contribution was only ap -
proximately 1%. Therefore, the acoustic 
backscatter, addressed in this study as 
an SPF ecological unit, mostly repre-
sents clupeid species. 

The SPF community in the Marsdiep 
was dominated by small herring and 
sprat, with overall mean sizes of 6.4 
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Fig. 3. Fish density values in the Marsdiep over the course of 
1 year. Black dots show the observed fish density, presented 
as nautical area scattering coefficient (NASC, in m2 nmi−2) 
on a log scale, and the yellow line shows a generalized addi- 

tive model smoother

Fig. 4. (A) Fish catch compositions plotted 
on a log scale; fish are listed in order of de-
creasing abundance. Scientific names of 
the species from top to bottom: Clupea 
harengus, Sprattus sprattus, unidentified 
post-larvae (<5 cm) of the family Clupei-
dae, Osmerus eperlanus, Ammodytes spp., 
Merlangius merlangus and Syngnathus ros-
tellatus. (B) Distribution of size classes (in 
0.5 cm intervals, minimum length 5 cm) 
within the total catch of herring and sprat in 
the Marsdiep inlet (location Malzwin) from 

March until December 2021
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and 7.3 cm, respectively. The size distributions show 
seasonal variations, with larger individuals (>10 cm) 
being primarily observed in May and October for 
herring, and November and December for sprat 
(Fig. 4B). In June and July, herring of about 5 cm 
dominated the distribution, whereas small sprat 
dominated the distribution in July and September. 
No clear temporal increase in size was observed, as 
small individuals (5−6 cm) were consistently present 
from June until December. In addition to our catch 
data, the length of SPF was estimated from acoustic 
data using the TS distribution. The 
mean TS of detected target tracks 
from March to December showed 3 
distinct peaks (Fig. 5A). The largest 
peak, at −49.5 dB, corresponds to clu-
peid fish measuring approximately 
8.2  cm (Eq. 2). Additionally, smaller 
peaks at −57 and −63 dB were ob -
served. The former peak corresponds 
to clupeid size of about 3.5 cm, while 
the latter peak is probably dominated 
by gelatinous organisms. Minimal 
seasonal variations were observed in 
the primary TS peak, whereas TS val-
ues below −55 dB displayed seasonal 
variations (Fig. 5B). However, in winter, 
a different distribution was observed, 
with the largest peak being −46.5 dB, 
which corresponds to clupeid fish 
measuring approximately 11.6 cm. 

The GAM, which describes factors 
affecting the variability in fish density, 
explained 36.1% of the deviance in 
the NASC data (Model 1 in Table 1). 
All variables were significant (p < 
0.001), highlighting the complexity of 
the system. Model selection showed 
that the 2 partial effects of the interac-
tion term could be removed, as the 
delta AIC was <2. This indicated that 
most of the information was captured 
by the interaction of date and tidal 
cycle, rather than by the factors sepa-
rately. Subsequently, the first environ-
mental variable to be removed from 
the model was lunar cycle, resulting in 
a 40.5 AIC increase. This was followed 
by wind direction (+43.0), windspeed 
(+71.3), time of day (+284.9), and 
finally, the interaction of date and tidal 
cycle (+792.9). These findings suggest 
that the interaction of date and tidal 

cycle was the most influential environmental factor 
driving fish density in the Marsdiep inlet. 

The GAM showed seasonality in fish densities, and 
mean NASC values depend on the phase of the tidal 
cycle (Fig. 6). NASC densities at high water slack tide 
and outgoing tide showed a similar seasonal pat -
tern, with highest NASC values observed around mid-
September. For incoming tide and low water slack 
tide, the peak in NASC was reached around mid-May. 
In general, highest fish densities were observed from 
mid-spring until the beginning of autumn. However, 
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Fig. 5. Mean target strength (dB re 1 m2) of echo traces in the Marsdiep (A) 
over the period March until December 2021, corresponding to the dataset uti-
lized for the movement analysis, and (B) over the period March 2021 until  

March 2022, divided by season
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Model    Model formula                                                               Type           Terms                         EDF               F              p 
 
1             Log(NASC) = α + te(datei × tidei) + s(datei) +             GAM           Date × tidal cycle       10.9             72.3      <0.001 
               s(tidei) + s(timei) + windspeed +                                                     Date                             5.9            139.2      <0.001 
               s(wind directioni) + s(lunar cyclei) + εi                                           Tidal cycle                   1.7              6.0      <0.001 
                                                                                                                         Time                             2.0            146.5      <0.001 
                                                                                                                         Wind speed        −0.006 ± 0.0007a      <0.001 
                εi ~ N(0, σ2)                                                                                         Wind direction            1.9             22.4      <0.001 
                                                                                                                          Lunar cycle                  1.9             21.3      <0.001 
              Full model: 36.1% deviance explained; intercept 6.7 ± 0.04; p < 0.001; εi ~ N(0, 1.262) 

2             Log(NASC) = α + s(depthi) + s(datei) + s(timei) +     GAMM         Depth                           3.0            574.6      <0.001 
               s(tidei) + te(depthi × datei) + te(depthi × timei) +                          Date                             5.8            109.8      <0.001 
               te(depthi × tidei) + β+ εi                                                                   Time                             2.0            167.0      <0.001 
                                                                                                                           Tidal cycle                   1.9             12.6      <0.001 
                β ~ N(0, σ2

sampling interval)                                                                     Depth × date              14.9             70.3      <0.001 
              εi ~ N(0, σ2)                                                                                         Depth × time               8.0             35.6      <0.001 
                                                                                                                          Depth × tidal cycle     7.6            104.9      <0.001 
              Full model: adjusted R2 = 0.22; β ~ N(0, 1.492); εi ~ N(0, 1.572) 

aAs windspeed is included as a non-smoothed linear effect, the values given here represent the estimate of the intercept 
and the standard error

Table 1. Generalized additive model (GAM) and generalized additive mixed model (GAMM) results of the 2 models describ-
ing (1) fish density in the total water column and (2) vertical distribution of fish density. EDF: effective degrees of free -
dom; NASC: nautical area scattering coefficient (m2 nmi−2); α: intercept; te: tensor product interactions; s: smooth function;  

i: sample; ε: residuals; N: normal distribution; σ standard deviation; β: random effect for sampling interval

Fig. 6. Generalized additive model for fish density, presented as log-transformed nautical area scattering coefficient (NASC, 
in m2 nmi−2). Smoothers for (A) the interaction of date and tidal cycle, (B) time of day, (C) windspeed, (D) wind direction and (E) 
 lunar cycle. The dashed lines present the 95% confidence intervals, and different colors in (A) indicate the different phases in 
the tidal cycle: low water slack tide, incoming tide, high water slack tide and outgoing tide. This figure is based on a set of median 
values used for plotting: time = 00:00 h, date = 20 September 2021, tide = 6 (i.e. high water slack tide), windspeed = 50 dm s−1  

(Beaufort ~3), wind direction = 220° (SW, dominant wind direction in the Netherlands) and lunar cyle = full moon
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at low water slack tide, NASC values increased from 
December onwards. In addition, fish densities were 
highest at incoming tide and at high water slack tide 
for most of the year. Furthermore, densities were 
lower during daytime, especially around noon. Wind 
speed and direction both affected fish density, with 
higher windspeeds resulting in lower NASC values. 
The highest NASC values were observed for a wind 
direction of 60°, aligned with the geographical orien-
tation of the Marsdiep. The model showed that the 
highest NASC values occurred around new moon. 

3.2.  Vertical distribution 

The highest fish densities occurred at depths rang-
ing from 7 to 13 m, with variations across temporal 
scales such as daily, seasonal and tidal cycles (see 
Fig. 7 for interactions of temporal variables with 
depth, and Fig. S3 for partial effects individually). 
Rather than displaying all months, we depicted a 
subset of periods: 3 consecutive months in spring 
(March, April, May), the crucial period for fish-eating 
birds, and 2 other periods: the beginning of autumn 
(September) and mid-winter (January). The depth 
distribution pattern varied by season, with the peak 
at around 10 m depth being least pronounced in 
March and most pronounced in January, with inter-
mediate patterns in the other months. Further inves-
tigation into the diurnal variation in fish density 
showed that during the day fish densities were lower 
towards the surface. At night, fish density was higher 

compared to daytime, and fish were more evenly dis-
tributed up to a depth of about 13 m, after which den-
sity declined sharply. Additionally, our results indi-
cate that during outgoing tide fish density was 
relatively uniform over the water column, whereas 
during other phases of the tidal cycle there was a 
clear peak around 10 m. 

The GAMM showed that all tested variables had a 
significant effect (p < 0.001) on NASC (Model 2 in 
Table 1). The adjusted R2 of the model was 0.22. Val-
idation confirmed that the model assumptions were 
met, although the replacement of zeroes with half of 
the observed minimum NASC values created some 
unwanted patterns in the residuals. The small num-
ber of replacements meant that the interpretation of 
the model was not compromised. 

3.3.  Individual target tracks: fish movement 
related to current speed 

Current speeds ranged between 0 and 2 m s−1 
(Fig. 8A). The main current directions were 30° and 
210°, representing incoming and outgoing tides, 
respectively. The absolute fish speed over ground 
ranged between 0 and 2.5 m s−1, with 1.3 m s−1 
(4.7 km h−1) being the absolute mean calculated over 
the full study period (Fig. 8B). The mean directions 
estimated by the tracked targets aligned well with 
the main current directions, with an approximate 
deviation of only 10°, suggesting that the fish orient 
themselves to the direction of the current flow. 
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Fig. 7. Generalized additive mixed model showing the vertical distribution of fish, presented as log-transformed NASC (m2 
nmi−2), with depth (m). Smoothers for the interactions of depth with (A) date, (B) time of day and (C) tidal cycle. The dashed 
lines present the 95% confidence intervals, and different colors indicate different months of the year (A), noon or midnight (B) 
and phases of the tidal cycle (C). This figure is based on a set of median values used for plotting: time = 12:00 h, date = 20 Sep-
tember 2021, tide = 0 (i.e. low water slack tide). Due to surface interference, there are no data for the upper 2 m. The smoothers  

of the partial effects can be found in Fig. S3
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Fish speed through water revealed swimming be -
haviour in relation to the current. A positive speed 
indicated swimming with the current, a zero value 
indicated swimming against the current to maintain 
position, and a negative speed indicated movement 
in the opposite direction of the current. During both 
tidal phases, fish typically swam with the current and 
had a positive speed through water (Fig. 8C). Incom-
ing currents resulted in significantly faster fish 
speeds through water compared to outgoing cur-
rents, with means of 0.42 and 0.18 m s−1 respectively 
(W =117961711, n1 = 23980, n2 = 23532, p < 0.001). 
Negative fish speeds through water were observed 

more frequently during outgoing currents. Further-
more, fish speeds through water were highest during 
summer months (Fig. 8D). 

4.  DISCUSSION 

4.1.  Patterns in fish density related to fish catches 

The scope of this study was to study temporal vari-
ability in SPF density, vertical distribution and move-
ment behaviour in a major tidal inlet of the Wadden 
Sea. The highest fish densities were observed from 
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Fig. 8. (A) Water current speed and direction and (B) fish speed over ground and direction. The length of each ‘spoke’ represents 
the frequency of directions, and the colours indicate the speed (m s−1). (C) Distribution (boxes show minimum, 1st quartile, median, 
3rd quartile and maximum) of fish speed through water (m s−1) at outgoing and incoming tide. Asterisks indicate a significant dif-
ference in fish speed through water between outgoing and incoming current (Wilcoxon rank sum test, W = 117 961 711, n1 = 23 980, 
n2 = 23 532, p < 0.001). (D) Median fish speed through water (m s−1) over the season, split between outgoing and incoming tide; 
only data points that include >100 individual tracks are displayed. Data from March until December 2022 of depths between  

15 and 19 m
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mid-spring until the beginning of autumn. Catch 
data from location Malzwin suggest that this increase 
can be attributed to the movement of juvenile her-
ring and sprat from the North Sea into the Wadden 
Sea. Interestingly, no clear temporal increase in size 
was observed, which would be expected if a single 
cohort was present and exhibited growth over time. 
Furthermore, herring in March and May were larger 
compared to June and the remainder of the year, 
when the distribution was dominated by herring 
measuring 5−6 cm. This suggests that juvenile her-
ring from multiple origins pass through the Marsdiep 
at different times in the year and that the Marsdiep 
is a suitable habitat for the small size classes of 
 clupeids. 

In the North Sea, 4 large herring spawning compo-
nents have been described based on their spawning 
ground and timing. The Orkney-Shetland compo-
nent spawns first in August/September, followed by 
the Buchan and Banks component in September/
October, and the Downs component spawns latest in 
December/January (Payne 2010). A modelling study 
showed that larvae of Downs herring drift from the 
English Channel north-eastward before arriving in 
the Wadden Sea after mid-April, although annual 
variation in timing and abundance is high (Dickey-
Collas et al. 2009). The size distribution of herring in 
the Marsdiep indicated a new year-class entering in 
June, potentially corresponding to juvenile Downs 
herring. However, the observed increase in density 
already started in April, but the size of herring (7−
8 cm) was too large to be attributed to juvenile 
Downs herring (Heath et al. 1997). Hence, this indi-
cates the involvement of another spawning compo-
nent. Furthermore, the presence of small individuals 
later in the year suggests the possibility of yet 
another batch of herring arriving. These individuals 
do not necessarily have to belong to one of the large 
components mentioned above, but may belong to 
smaller coastal stocks, which are known to be pres-
ent in the whole North-East Atlantic. Hence, it 
remains unclear which specific herring spawning 
components use the Wadden Sea for their juvenile 
stages, necessitating future studies utilizing tech-
niques such as DNA discrimination (Kongsstovu et 
al. 2022, Bekkevold et al. 2023). Instead of the Wad-
den Sea being an area where herring of a certain 
spawning component grow up, the results indicate 
that it is a suitable area for herring of a certain size 
range that may originate from different spawning 
components. Additionally, the increase in NASC can 
be partly explained by migration of juvenile sprat. 
Adult sprat have a longer spawning period that typi-

cally ranges from March to August, but that can 
begin as early as January in the English Channel 
when the temperature threshold of 6°C is reached, 
and progressively later in more north-eastern areas 
such as the German Bight (Alshuth 1988, Baumann 
et al. 2009). 

The seasonal fish density pattern was influenced 
by the phase of the tide. The primary peak around 
mid-May was mostly driven by high fish densities at 
low water slack tide and incoming tide. Fish densities 
were higher at night, similar to Scherelis et al. (2020), 
which may be due to the presence of larger size 
classes, nocturnal species (Maes et al. 1999, Didrikas 
& Hansson 2009) or small-scale migration, both hori-
zontally and vertically. 

No other recent studies have conducted year-long, 
high-temporal-resolution monitoring of pelagic fish 
in the Wadden Sea. Rademaker et al. (unpubl. data) 
modelled weekly catches of herring in the Marsdiep 
during spring and autumn based on fyke observa-
tions at the southern tip of Texel to study herring 
movement into the Wadden Sea. They found that, 
during the past 39 yr, the time of year was the most 
important factor affecting herring catches, alongside 
lunar illumination and relatively low water tempera-
tures in the North Sea. The highest captures were 
recorded consistently between July and October, 
which is similar to our findings, although over time 
there has been a relative increase in catches earlier 
and a relative decrease in captures later in the year, 
indicating a small shift in phenology. Also, Couperus 
et al. (2016) found the highest fish densities at incom-
ing tide during their surveys in May and October in 
the Marsdiep. 

March 2022 recordings showed more extreme fish 
densities compared to March 2021, suggesting large 
annual variation. Such variation is expected because 
herring experience high variability in recruitment 
(Payne et al. 2009, Burbank et al. 2023), for instance 
due to interannual variations in year-class strength 
(Nash & Dickey-Collas 2005) and fluctuations in 
larval transport resulting from variations in hydro -
dynamical circumstances (Dickey-Collas et al. 2009). 
Collecting long-term continuous information on the 
early life stages of SPF could contribute to fisheries 
management of herring and sprat in the North Sea. 
By identifying interannual changes in juvenile abun-
dance and timing, it could provide crucial informa-
tion on variation in recruitment and year-class 
strengths, additional to existing indices based on 
research vessel surveys carried out in specific peri-
ods of the year (ICES 2022). Continuous monitoring 
is especially relevant for capturing changes in the 
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timing of migration and nursery use. Phenological 
shifts due to temperature changes have been re -
ported for a wide range of taxa, including fish larvae 
(Asch 2015) and zooplankton (Heneghan et al. 2023). 
Experiments on Downs herring demonstrated faster 
development in warmer waters, and lower fertiliza-
tion and hatching rates (Toomey et al. 2023). Given 
the expected increase in sea surface temperature, it 
is crucial to closely monitor potential shifts in timing 
to inform fisheries management. 

4.2.  Patterns in vertical distribution of fish 

Our study showed extensive temporal variation in 
the vertical distribution of fish. We expected that 
time of day would be the primary driver of vertical 
fish distribution. That was indeed confirmed, but 
tidal cycle and seasonality also significantly affected 
the vertical distribution. Our findings are consistent 
with those of Williamson et al. (2019), who reported 
that the tidal cycle has an impact on the vertical dis-
tribution of the SPF community in Scotland. 

Herring and sprat are known to exhibit diel vertical 
migration (DVM) in several regions, with individuals 
schooling at deeper depths during daylight hours, in 
shallower depths after dawn and before dusk, and 
becoming more dispersed during darkness (Blaxter & 
Parrish 1965, Nilsson et al. 2003, Solberg & Kaartvedt 
2017, Whitton et al. 2020). However, there are also 
cases of juvenile herring exhibiting an inverse DVM 
pattern, where they move to shallower depths to 
evade predators that follow a DVM pattern (Jensen 
et al. 2011). Although small schools were frequently 
observed (see example in Fig. 2), we did not often 
observe the formation of large schools in this area, 
which might explain why we did not observe DVM 
behaviour as clearly as theory describes. Yet, we 
noticed that the fish tended to swim at greater depths 
during the day and became more dispersed at night. 
This observation is in line with results of an acoustic 
mooring study on pelagic fish in a shallow (±20 m) 
coastal bay in the Baltic Sea, where the median 
depth of fish was 10.7 m by day and 4.8 m by night 
(Didrikas & Hansson 2009). In addition, our findings 
of highest fish densities between 7 and 13 m are sim-
ilar to those of a daytime ship-based acoustic survey 
in the Marsdiep (Couperus et al. 2016). The reason 
for not observing large schools remains unclear, but 
it could be attributed to the dynamic environment 
and high turbidity. Turbidity has a negative effect on 
prey capture (Ortega et al. 2020), which may reduce 
the need for fish to hide in vast schools. 

Several hypotheses have been proposed to explain 
the vertical distribution of fish, including food avail-
ability, predator avoidance and bioenergetics (Cardi-
nale et al. 2003). In the case of the Marsdiep, the 
water column is usually vertically well-mixed due to 
wind and strong tidal currents (Buijsman & Rid-
derinkhof 2007). Hence, we do not expect food avail-
ability, salinity or water temperature to be the main 
driving factors of vertical fish distribution. Instead, 
predator avoidance may play a significant role, as 
fish tend to avoid swimming near the surface to 
evade diving birds, such as terns (e.g. Sandwich tern 
Sterna sandvicensis: Baptist & Leopold 2010; com-
mon terns S. hirundo: Dänhardt & Becker 2011) and 
gulls (e.g. lesser black-backed gull Larus fuscus: 
Baptist et al. 2019). Our findings of lower densities of 
fish towards the surface during daytime support this 
hypothesis. Meanwhile, the probability of prey cap-
ture by terns is also affected by water transparency 
(Baptist & Leopold 2010), which was not considered 
in our analysis. Furthermore, terns and gulls typically 
dive to relatively shallow depths (e.g. lesser black-
backed gulls dive within 0.6 m of the sea surface; 
Baptist et al. 2019). Unfortunately, our method did 
not cover the zone specifically relevant for diving 
seabirds. Therefore, future studies should aim to 
sample as close to the surface as technically possible 
and include turbidity as a covariate to better under-
stand the relationship between visual predators and 
the distribution of SPF. 

4.3.  SPF use the Marsdiep as a gateway to the 
Wadden Sea 

The direction and speed of currents in the Mars-
diep are primarily governed by tides. Currents reach 
high speeds through the inlet and consequently exert 
significant control over the movement of fish in the 
area. Our study showed that fish tended to swim with 
the current, rather than trying to maintain their geo-
graphical location by swimming into the current. 
This is consistent with our expectation, as swimming 
against a strong current requires higher energy 
expenditure and results in a higher metabolic cost. 
Interestingly, during outgoing tide, fish showed a 
significantly lower speed through water compared to 
incoming tide. The high positive fish speeds through 
water observed during incoming tide probably indi-
cate the migration of juvenile herring and sprat 
towards the Wadden Sea. Conversely, the lower fish 
speeds and frequent negative values during outgo-
ing tide suggest that fish resist, and at times swim 
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against the current, when pushed out of the Wadden 
Sea. This swimming behaviour may indicate that SPF 
try to remain within the Wadden Sea because it is a 
more preferred nursery area than the nearby North 
Sea. Together with the observation of higher fish 
densities during incoming tide throughout most of 
the year, this suggests that the Marsdiep inlet serves 
as a gateway to the Wadden Sea for SPF. 

In the dynamic environment of the Marsdiep, mean 
fish swimming speeds of 0.42 m s−1 during incoming 
tide and 0.18 m s−1 during outgoing tide were ob -
served. These values are slightly higher than those 
reported for juvenile herring in Himmerfjärden Bay 
in the Baltic Sea (Sweden), which ranged from 0.1 to 
0.26 m s−1 (Didrikas & Hansson 2009). The observed 
higher fish swimming speeds during summer months 
may likely be attributed to higher water tempera-
tures, which affect the metabolism of cold-blooded 
fish significantly (Beamish 1978). In addition, it is 
plausible that changes in fish community, such as 
species composition and size, resulted in different 
swimming capabilities, which consequently resulted 
in seasonally different swimming speeds. 

Combining continuous data on fish density and 
swimming behaviour across tidal phases suggests 
that SPF mainly immigrate into the Wadden Sea via 
this inlet. However, to study whether there is 
indeed a net influx of SPF into the Wadden Sea, the 
acoustic setup needs to be extended to cover multi-
ple inlets, preferably at different positions within a 
single inlet as well. A probable hypothesis is that 
the prevailing north-eastward current in the adja-
cent North Sea causes SPF to enter the Wadden Sea 
through the Marsdiep, and exit through the easterly 
inlets. A WBAT array in multiple inlets is needed for 
a more comprehensive understanding of SPF migra-
tion  patterns. 

4.4.  Study limitations on fish movement behaviour 

The analysis on fish movement behaviour focused 
primarily on daytime observations due to the avail-
ability of the ferry ADCP data. Most SPF are visual 
feeders, so fish swimming speed and direction rela-
tive to the currents may differ at night when fish are 
presumably less active (Didrikas & Hansson 2009). 
Additionally, during daytime, SPF tend to form 
schools or swim nearer to each other (Blaxter & Par-
rish 1965), making it difficult to acoustically detect 
individual tracks. To prevent false detections in fish 
aggregations (i.e. consisting of multiple fish), all 
school-like echo traces were initially masked from 

the data before using the automatic algorithm to 
detect single targets and target tracks. This approach 
ensures the reliability and objectivity of the detected 
tracks. However, the inability to detect individual 
tracks within aggregations potentially introduced a 
bias towards free-swimming objects, which may not 
provide a representative sample of the entire fish 
community. Consequently, it was necessary to under-
stand what portion of observed targets could be 
gelatinous organisms and to subsequently exclude 
them. Therefore, we classified targets based on the 
TS distribution and calculated corresponding fish 
sizes (Eq. 2). Since the swim bladder contributes sig-
nificantly to the TS, the TS−length equation cannot 
accurately estimate the size of fish larvae lacking 
a  swim bladder. The peak in the TS distribution at 
−63 dB is likely caused by jellyfish and ctenophores, 
and therefore we excluded gelatinous organisms 
using a TS threshold of −60 dB. The main candidate 
species for this gelatinous group, as also observed in 
our stow-net catches, are Mnemiopsis leidyi, Pleuro-
brachia pileus, Aurelia aurita, Cyanea spp. and Rhi-
zostoma octopus (van Walraven et al. 2013, 2015, van 
Walraven 2016). In absence of reported TS values for 
these specific species, we assumed their TS values to 
be in the range of other jellyfish species reported in 
the literature (Brierley et al. 2004, De Robertis et al. 
2018, Yoon et al. 2018). 

The dominant length of clupeids in the Marsdiep 
based on the mean TS was 8.2 cm, which is about 1−
2 cm larger than the catch data showed. This varia-
tion could be attributed to several factors, including 
the specific TS−length equation applied, the 11 km 
distance between the sample locations, the catcha-
bility of the net and limited availability of catch sam-
ples compared to the continuously available TS sam-
ples. However, both catch data and the TS analysis 
consistently indicated the dominance of small fish in 
the area without clear size progression over time, 
and generally larger fish during winter. 

The location of the acoustic fish observations by 
the WBAT and the current measurements by the 
ferry ADCP were approximately 2 km apart. Al -
though this distance may be negligible on an 
oceanic scale, it could impact the accuracy of the 
established relationships due to the dynamic topo -
graphy of the Wadden Sea and its inlet structure. 
This analysis comparing the speed and direction of 
currents with fish movement provides a general 
overview based on averages of large numbers of 
observations. However, the approach may have 
masked finer features. Future studies could investi-
gate fish speed and direction at different phases of 
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the tidal cycle and at various depths, considering 
the fluctuation of current speeds caused by shear 
stress. This could provide insights into whether SPF 
in the Marsdiep use selective tidal transport (i.e. 
migrations in synchrony with the tidal cycle, Gibson 
2003). Future studies could also consider discrimi-
nating between species and sizes, for instance using 
multiple frequencies (Demer et al. 1999) or physics-
based scattering models (Yoon et al. 2021), and in -
corporating fish tilt and the effect of pressure on 
swim bladder shape and compression (Gorska & 
Ona 2001, Ona 2001). 

4.5.  Use of continuous echosounders in dynamic 
tidal inlets 

We describe the fish density patterns in the Mars-
diep based on measurements over a relatively small 
surface area: the diameter of the WBAT beam at the 
surface is around 7.5 m. Yet, by conducting a small 
pilot experiment with 4 WBATs, we showed that 
although the measured area of 1 echosounder is 
small, it still provides an accurate signal for a larger 
area. This finding is in line with a previous study by 
De Robertis et al. (2018), who found that deploying 3 
bottom-mounted echo sounders at the right location 
can provide an index of abundance comparable to a 
spatial survey. Unfortunately, our setup did not allow 
for sampling the bottom 4 m, and due to surface 
interference and air entrainment, the top 2 m were 
also absent. This means that if fish were distributed 
close to the surface or bottom during certain periods, 
they would not be representatively picked up by our 
equipment. While acoustic sampling near the surface 
is technically limited, future studies could incorpo-
rate the use of multiple instruments concurrently, 
both upward and downward looking, to include the 
bottom portion. 

The initial intention of this study was to collect data 
until June 2022. Unfortunately, the echosounder sys-
tem became unusable after March 2022, being 
buried under the sand due to fast-moving sand 
waves of over 4 m height, illustrating the highly 
dynamic nature of the area. We recommend using 
this setup in tidal inlets, but our study indicates that 
local dynamic circumstances can complicate its 
implementation, and the exact location and retriev-
ing system (either free standing or moored to e.g. a 
buoy) should be adjusted to local circumstances. 
After an initial trial and error phase, this method can 
be highly cost-effective. While it required a substan-
tial time investment to accumulate the essential 

experience, both in the field and in the analysis, we 
see opportunities to automate aspects of the analysis, 
such as data cleaning. If specific tasks in the process 
can be automated, this method has the potential to be 
an efficient option for continuous monitoring, poten-
tially replacing, or at least adding to, costly ship-
based surveys. 

5.  CONCLUSIONS 

The Marsdiep is a complex tidal inlet, where multi-
ple factors govern the abiotic circumstances and 
hence affect fish occurrence. Date, time of day, tidal 
cycle, wind and lunar cycle were all important factors 
for explaining the variation in either density or verti-
cal distribution of SPF. Our analyses indicate that the 
Marsdiep inlet serves as a migration gateway for SPF 
moving from the North Sea into the Wadden Sea, 
particularly for juvenile herring and sprat. We 
observed a clear seasonality with a peak in fish den-
sity from mid-spring to early autumn. The presence 
of small juveniles from June until December suggests 
that Clupeids from multiple spawning components 
pass through the Marsdiep at different times in the 
year. Fish were typically distributed between 7 and 
13 m depth during daytime. At night, fish were more 
evenly distributed up to a depth of 13 m, below 
which their density declined sharply. Fish swimming 
behaviour was primarily driven by currents, yet we 
observed more resistance against the current during 
outgoing tide. This suggests that fish are trying to 
remain in the Wadden Sea, supporting the hypothe-
sis that the Wadden Sea serves as nursery area for 
SPF. Furthermore, we demonstrated that our acoustic 
mooring setup is effective for collecting high-quality 
continuous time series data on fish density, vertical 
distribution and swimming behaviour in dynamic 
tidal inlets. This study showed that continuous 
acoustic data on SPF can enhance the understanding 
of the local ecosystem. Additionally, by identifying 
densities and conditions of juveniles of commercial 
species, it could also contribute to fisheries manage-
ment on a regional scale by detecting (inter)annual 
changes in juvenile abundance and timing, aiding in 
the understanding of recruitment variability and 
year-class strengths. 
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