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Abstract: High-resolution multibeam sonar allows estimating movements of pelagic fish schools
at short range. Taking advantage of this methodology, we calculated a Straightness Index (SI) to
quantify the proportion of schools migrating actively from those residents in lagoon channels. This
information enhances our knowledge of both fish school displacements and migration processes,
which are essential to improve our understanding of ecosystem functioning. Most fish schools (65%)
exhibited a SI value demonstrating oriented swimming behavior through the channels displayed by
schools reaching the sea during fall migration. This trend appears as an intrinsic property of school
movements, allowing monitoring of the school migration process in a channel to provide information
for manager vs. fishing regulation measures or lagoon planning. The result strengthens the ‘multi-
transit’ hypothesis, as 35% of schools show sinuous trajectories representative of schools staying in
the channel or displaying high exploratory behaviors. Lastly, the fish school Exploration Swimming
Speed (ESS) was tested as a fishery-independent sampling method to evaluate the proportion of
different fish species monitored using hydroacoustics. This approach demonstrates the interest in
using swimming behavioral characteristics of fish schools for ecological and management purposes.

Keywords: fish displacement; migration; path sinuosity; straightness index; swimming speed;
swimming behavior; fisheries acoustics; hydroacoustics; fish species identification

1. Introduction

Fish movements are involved in a wide range of behavioral processes such as mi-
gration, space use, food searching, and reproduction [1,2]. Multibeam sonars in fisheries
science [3] are usually applied to pelagic fish schools to scrutinize their tridimensional mor-
phology [4–6]. Multibeam sonar observations in shallow waters allow the measurement of
fish school swimming speeds and movements at different temporal scales [7–9], as well
as calculation of the straightness index (SI) [1], which corresponds to the ratio between
net and gross distances patrolled by a school. This index aims to characterize the path
sinuosity of a school for given biological, ecological and social conditions. Moreover, the
SI value could be an indicator of the efficiency for a fish school to orient its movement to
reach a goal (e.g., [1,10,11]). Indeed, in a patchy food environment, foraging behaviors
are often characterized by an increased turning rate and, therefore, by sinuous tracks,
whereas migration behaviors should be more efficient when straight line movements are
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used [12–14]. In this work, we scrutinized the swimming patterns under the assumption
that exploratory and migration behaviors show different trajectories, i.e., zigzag vs. straight
line, respectively. Then, the path sinuosity of schools inferred from SI values is discussed
with reference to the school migration behavior in lagoon channels and its consequences
on school study methodologies using acoustic remote systems.

Otherwise, the fish swimming speed is often a key factor in ecological studies (e.g., [15–17])
and several approaches to measure this metric were experimentally developed in laborato-
ries, water tanks and swim tunnels [18]. In situ, the swimming speed is usually estimated
from electronic and ultrasonic tags on individual fish [19]. Studies of path orientation
on individual fish were carried out using this technology [20]. For studying fish school
velocity, one approach is to use multibeam acoustic systems [8,21,22] but very few studies
are available in the literature, particularly at short range. Due to hydrodynamic constraints,
the sizes of fish are homogeneous in a school [23]. Under this assumption, fish sizes by
species obtained from both fishing data and the Exploratory Swimming Speed (ESS) [9]
of each school estimated by the multibeam sonar tracking method were used to explore
the relationship between school velocity and species. Thus, we proposed a new method to
estimate the relative abundance of different groups of schooling species in a lagoon.

2. Materials and Methods

Two 24-h acoustic surveys were carried out consecutively in early autumn inside
two Mediterranean lagoon channels in 1999 (Figure 1). The study area was located in
the south of France (43◦44′ N; 03◦79′ E and 43◦52′ N; 03◦90′ E) in two coastal shal-
low water lagoons (Ingril, 549 ha and Prévost, 380 ha) connected to the sea by a chan-
nel [8]. These two lagoons are part of a series of shallow ponds with similar fish species
communities [9–24]. The common species of these lagoons are Anguilla anguilla, Atherina
boyeri, Dicentrarchus labrax, Sparus aurata, and various mullets (Liza ramada, Liza aurata,
Mugil cephalus, Chelon labrosus) [8,25,26]. Only schooling species were considered in this
work. During the acoustic surveys, cast net samplings were performed in the channel for
fish identification [8]. During this sampling period, the dominant gregarious fish groups
were represented by juveniles of mugilidae (fork length ‘FL1’~7.5 cm), of S. aurata and
D. labrax (mean FL2~13 cm), and the last group was composed of sub-adults of S. aurata,
D. labrax and of several mugilidae species (mean FL3~20 cm) [8], identified by local experts.
Considering the ethical rules on animal welfare, no dissection or experiment was carried
out on fish. These species encountered in lagoons are known to migrate to the sea in au-
tumn for physiological (e.g., decrease in water lagoon temperature) and spawning reasons,
whereas the spring migration to lagoons is considered to be linked to trophic motivations,
lagoons being considered as a nursery for juveniles of several species [27].

A Reson Seabat 6012 multibeam sonar, operating at a frequency of 455 kHz with
a pulse duration of 0.06 ms, was deployed at a fixed position on the channel bank. The
sonar was used in horizontal beaming [8–28] across both lagoon channels, width less
than 25 m (20 m for the Ingril channel and 24 m for the Prévost channel) and 1.5 m
depth (Appendix A). The efficient horizontal angle of echo reception is 90◦ (horizontal
plan: 60 contiguous 1.5◦ beams; vertical angle of 15◦), the sonar resolution was around
45 cm [29]. The sonar detection, i.e., echo traces, allows observing the kinematics of fish
schools [8] over both 24-h surveys. Fish schools showing splitting/merging events were
removed from the analysis to avoid double counting. The total time of continuous school
detection (residence time) is variable due to the loss of school echo traces. Indeed, the
swimming trajectory inside the sonar beams generates the variation in the observation time
between fish schools.

The lowest elementary linear distances (l in meter) were estimated between two consecutive
positions of the geometric center of fish school echo traces on a time interval of 2 s between
consecutive position records. The sum ‘L’ of elementary ‘l’ distances for a given school
corresponds to the gross displacement or path length of this school. Finally, the beeline
distance ‘D’ (in meters) was measured [9] from the starting point (i.e., first detection) to the
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last position of the school in the sonar beams (net displacement). Fish school path lengths
L and beeline distances D were estimated for each school with a minimum of three echo
traces [9] reported from sonar detections.
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Figure 1. (A1) Map of the study area: the two French Mediterranean shallow water lagoons are
located in the same watershed; they are part of a series of shallow ponds, and are both linked to
the sea by a single channel. (A2,A3) On the right, an aerial view of the two lagoons (source: Google
earth), with the channels (circle and zoom) where the sonar system was set up.

To compare the gross to net path lengths, we calculated the straightness index (SI) [1],
which corresponds to the ratio between the net and the gross distances patrolled by a fish
school and computed as the ratio between D and L (SI = D/L). This index ranging between
0 and 1 is a reliable measure of the sinuosity of the path, i.e., a SI close to 1 illustrates directed
movements linked to the efficiency of an orientation mechanism to reach a goal [1,30].
Moreover, the Exploratory Swimming Speed (ESS in m s−1) of each school was estimated
in [9] by dividing the beeline distance D between the starting point to the last point of the
school in the beam with the time interval between these two extreme records of the school
in the sonar beams. Previous processing on the same data set have shown that the distance
values between fish school echo traces were recorded for time intervals ranging from 1 to
8 s (average of 4 s) [9]. ESS mean values were 1.19 m s−1 (standard deviation: σ = 0.77) and
1.34 m s−1 (σ = 0.79) for the Ingril and Prévost channels, respectively; no difference was
found between the Ingril and Prévost channels [9]. These Exploratory Swimming Speed
(ESS) data were compared to the fish lengths by species obtained from fishing data [8] in
order to explore the relationship between school velocity and species.

The difference in beeline distances (D), path length (L), Straightness Index (SI) and
Exploratory Swimming Speed (ESS) of schools between both lagoons were tested using
analysis of variance (ANOVA) tests. All the assumptions for the models were previously
checked. If the assumptions were not met, a non-parametric Kruskal–Wallis test was used.
Linear regression models were used to analyze the relationships between the straightness
index and the total time of the school observation or the path length L in the sonar beams.
All statistical tests were performed with R software (R Core Team, 2021; version 3.6.2,
https://www.R-project.org/ (accessed on 16 July 2021)).

3. Results
3.1. Fish School Data Collection

A total of 164 fish schools was analyzed over both 24-h surveys [9], 41 originated
from the Ingril channel and 123 from the Prévost one. The number of sampled school
echo traces reached 621 (n = 174 in the Ingril channel and n = 447 in the Prévost channel).
The residence time in the acoustic beam varies from 2 to 34 s (average of 10 s for both

https://www.R-project.org/
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channels) [9]. No statistical difference (ANOVA, F(1,162) = 0.8469, p-value = 0.359) was
found for the residence time between both channels.

The beeline value (D) of schools ranged between 0.34 and 22.1 m (average = 8.59 m;
SD = 5.04) for the Ingril channel and between 1.57 to 37.1 m (average = 10.7 m; SD = 5.62)
for the Prévost channel [9]. A statistical difference was found for the beeline distances (D)
between channels (ANOVA, F(1, 162) = 4.37, p-value = 0.03815). However, no significant
difference was found for the path length between channels (ANOVA, F (1, 162) = 2.811,
p-value = 0.09553) (Figure 2b).
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Figure 2. (a) The beeline value (D) of fish schools for the Ingril and Prévost channels. A significant
difference (*) was found between D values for channels. (b) However, no statistical difference was
found for the path length (L) between the Ingril and Prévost channels. (c) Straightness index (SI) for
the Ingril and Prévost channels, where no significant difference was found.

3.1.1. Straightness Index

For the Ingril and Prévost channels, SI values for schools ranged from 0.31 to 1
(average = 0.87, SD = 0.20) and from 0.12 to 1 (average = 0.89, SD = 0.16), respectively.
No statistical difference for the SI was found between the Ingril and Prévost channels
(Kruskal–Wallis, 0.50632, df = 1, p-value = 0.4767) (Figure 2c). Similar cumulated frequency
distributions of SI values were found for both lagoons (Appendix C; Figure A4).

A linear significant relationship was found between the SI and the total time of the
school observation in the sonar beams for the Prevost channel (p-value = 0.0127) but with
a low adjusted R-squared (R2 = 0.04). No significant linear relationship was found for the
Ingril channel (p-value = 0.162). Finally, a linear significant relationship was found between
the SI and the path length (L) for the Prevost channel (R2 = 0.25, p-value = 3.36 × 10−9). No
significant linear relationship was found for the Ingril channel (p-value = 0.273) (Figure 3).
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3.1.2. Exploratory Swimming Speed (ESS) of Fish Schools

The scatterplot of ESS values versus the residence time showed the effect of a limiting
factor (Figure 4). This limiting factor suggests maximal speed values of schools for an ori-
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ented path according to the residence time in the beams and regarding the fish community
in concern. The theoretical limits of the observations given by the sampling protocol was
a power trend curve (Figure 4).
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Figure 4. Relationship between the fish school residence time (in seconds) and their exploratory
swimming speed (ESS in m s−1). The scatterplot of ESS values versus the residence time showed the
effect of a limiting factor, highlighted by the bold curve, which represents the theoretical limits (bold
point) of the observations given by the sampling protocol, here a power trend curve of the theoretical
function (see, Appendix D).

According to the average sizes of the three groups of migratory gregarious fish sam-
pled by fishing (FL1~7.5 cm, FL2~13 cm and FL3~20 cm), ESS values were divided into
three groups (Figure 5) with an upper limit of ESS by group corresponding to a body
length speed of about 19 Bl s−1. This limit value of 19 Bl s−1 was selected because, for
a school with both a short residence time in the beams and an oriented path (i.e., major part
of the observations in this study), ESS might be considered close to instantaneous speed
values. Considering this limit value, individual fish swimming speeds for the three groups
correspond to ESS values of 1.4 m s−1, 2.5 m s−1 and 3.8 m s−1, respectively.
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Figure 5. Histogram of average Exploratory Swimming Speed of fish schools observed in the Prevost
(black) and Ingril (white) lagoons. Three groups (G1; G2 and G3) might be distinguished at a similar
swimming speed interval (~1.25 m s−1), which were assumed to be related to main migratory
gregarious species: mugilidae juveniles (G1: Fork length ‘FL’ < 7.5 cm), juveniles of Sparus aurata
and Dicentrarchus labrax (G2: FL~13 cm), and G3 composed of sub-adults of several species (mullets,
S. aurata and D. labrax) with an average FL size around 20 cm.

4. Discussion

We used a high-resolution multibeam sonar in horizontal beaming to better understand
the movements of pelagic fish schools during the migration period in shallow waters. Our
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approach demonstrates the interest in using swimming behavioral characteristics of fish
schools for ecological and management purposes.

4.1. Straigtness Index and Fish Migration

If we assume that the oriented swimming behavior corresponds to a certain form of
an active migration (continuous swimming activity), our results estimated that ~65% of
fish schools (Appendix B, Figure A3) exhibited an active migration movement through the
lagoon channels. Up to a threshold value of 0.9 for SI, the school was considered displaying
an oriented swimming behavior. A significant linear relationship was observed between
the path length (L) and the total time in the sonar beam for a given school. Rather than
being dependent of one of the two previous variables considered, this movement pattern
appeared as an intrinsic characteristic of the observed schools since such a general trend of
school movements in both channels was observed regardless of the path length (Figure 3).
Furthermore, as the time of the school observation in the beam depends essentially on
the distance between the school and the beam-emitting source (the sonar transducer), this
rules out the hypothesis of a likely relationship between SI values and the residence time
of schools in the beam. The factor observed in Figure 4 represents the maximum distance
covered by the sonar beam, knowing that it covers a maximum distance of 20 and 24 m
perpendicular to the channels (the width of the lagoon channel at Ingrid and Prevost,
respectively) and therefore (with a sonar opening angle of 90◦) a maximum distance
(parallel to the channel) between 40 and 48 m. Hence, the general pattern observed for
the orientation of school displacements in lagoon channels would be independent of the
sampling protocol.

This estimation is reliable under the hypothesis that schools exhibited this movement
pattern throughout their transfer within the lagoon channels during the fall migration of
mugilidae, sparidae and centrarchidae. Fish schools not having a well-defined migration
behavior regarding their SI value are thus susceptible to be counted several times by
the acoustic system (what has been called the multi-transit hypothesis [8–30]) and thus
overestimate the school passage in the channel. They reached ~35% of analyzed fish schools,
which could represent resident schools in lagoon channels having an exploratory behavior
rather than a migratory one.

No statistical difference was found for the SI values between the two channels. Hence,
we cannot conclude about differences in swimming tracks of the fish species. Nevertheless,
the beeline distance was significantly higher for the Prevost channel than for the Ingril
channel. The path length was also higher for Prevost than for the Ingril channel although
no statistical difference was found between the two channels, which is consistent with the
fact that the SI were close to 1. Even if similar fish species communities were present in both
the Prévost and Ingril channels [9–24], this could be related to a change in abundance of
fish species. Indeed, during the sampling period, the dominant gregarious fish species were
represented by S. aurata and D. labrax and several mugilidae species. According to [8], we
observed that among species that could be detected by the multibeam sonar, D. Labrax was
in higher abundance in the catches during the fall survey (according to catches per unit of
effort values, Figure A4). This result is consistent with the fact that the global school shapes
were significantly different between the lagoons as shown in [8]. Furthermore, based on
these data, 92.4% of the fish could display a migration behavior in fall for both channels,
which is consistent with the SI values. However, further investigations would be required
to establish a link between the fish species discriminations and the sonar detections.

We found according to the beeline distance that fish schools from both lagoons did
not exhibit the same swimming behavior (Figure 2) in the lagoon channels. Such difference
can be linked to the difference observed in fish species composition in the two lagoons
(Appendix C, Figure A4). An alternative explanation for the difference in swimming
behaviors, as seen for the beeline distance of fish schools from both lagoons could be the
presence of resident fish in the lagoon channels. Indeed, we could assume that migratory
fish schools (lagoon towards sea at the studied season) get a straighter displacement than
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the resident ones, which should lead to more exploration of the channels for e.g., trophic
reasons. The absence of difference in the SI could be explained by the fact that the fall
migration started in both channels. Nevertheless, additional information on the migration
of each species is necessary to state such a hypothesis.

4.2. Do Exploratory Swimming Speed Values Can Help to Discriminate Fish Species?

Relative abundances of each size group in the lagoon channels were inferred from
ESS distributions. On this basis, the proportion of each group (G1, G2 and G3) will be 60,
30 and 10% in the Prévost lagoon channel and 68, 20 and 12% in the Ingril one, respectively.
Obviously, further surveys must be carried out to assess the relevance of this remote sensing
approach, which is an interesting independent-fishery sampling method of gregarious fish
communities in shallow-waters, i.e., an alternative method to usual lethal fish sampling
like gillnets or fyke nets. Monitoring fish communities in sensitive zones like Marine
Protected Areas or essential habitats using such methodology is obviously relevant. In
combination with the e-DNA method [31], underwater video observations [32–34], such as
complementary non-invasive approaches, might be used in the future for fish monitoring
to gather diversity, quantification and behavioral knowledge.

To gather our data, the operating system carried out was time consuming (Appendix A,
Figure A1). An automation of working sequences using dedicated software is suitable. As
echo traces were easily identifiable, a discrimination algorithm of useful echoes might be
technically easy to develop [35–37].

5. Conclusions

Combining fish school path sinuosity and exploratory swimming speed will bring
interesting perspectives in ecological studies of pelagic fish schools. First, this information
enhances our knowledge of both fish school displacements and migration processes, which
are essential to improve our understanding of ecosystem functioning and therefore its
modelling at the mesoscale [38,39]. The method is non-invasive and allows monitoring of
the school migration process in a channel to provide information for manager vs. fishing
regulation measures or lagoon planning. Second, the size structure of the fish community
can be inferred from this approach forward as a fishery-independent sampling method.
Thus, it will allow helping decision making for management measures at the seashore.
Third, this kind of information remains rare in the literature but can be applied for other
purposes, e.g., to estimate the fish school coefficient of diffusion in situ at a fine scale. Both
straightness index (SI) and Exploratory Swimming Speed (ESS) should be proposed as
indicators for various purposes: (i) to discriminate fish school species, (ii) characterize their
behavioral motivation (feeding, spawning, and migration), (iii) identify the structure of
the fish community into size groups, and (iv) even bring elementary information on fish
activity rates for fish bioenergetic models.
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Appendix A

Fish school dynamic observations using high-resolution multibeam sonar (according
to [8,9].

The RESON Seabat 6012 multi-beam sonar used for data acquisition emits on 60 contiguous
beams of 1.5◦ each. The efficient horizontal angle of echo receptions is 90◦ with a vertical
angle of 15◦. The sonar frequency was 455 kHz with pulse duration of 0.06 ms; all the
data were continuously stored on video recording supports. The sonar characteristics and
the environmental parameters determine the threshold of the sonar resolution, in our case
45 cm [29]. A preliminary study of acoustic data, intended to quantify the migratory fish
school flows collected from the school echo traces [40,41] count from acoustic imagery, was
performed using the same acoustic equipment in horizontal beaming [8].

The video recordings were replayed at the laboratory to select the sonar sequences
including fish school echo traces (Figure A1), which correspond to specific detections of
homogeneous continuous responses clearly discriminated on the screen. For both sampling
areas, we were able to observe both mobile and stationary echo traces [9]. Dynamic echo
traces and characteristics of fish school detections were discriminated from fixed bottom
echo traces (Figure A2). In this way, each selected series of sonar images corresponding
to a detection of a school identified by an individual code was stored in a fish school
library. Each separate fish school datum was extracted from the sonar images using the
‘Infobancs’ software [37]. For each fish school, we collected the number of consecutive echo
traces ‘N’, the total time of observation of echo traces within the beam (in seconds) and the
Euclidian position (x; y) of the center of the fish school, defined as the gravity center of the
surface defining the detected biological structure. From this information and scale factor of
observations on the screen [8] we estimated all distances traveled by the fish schools. The
selected time interval was set at one second for the shortest observation, without restriction
in the total time of observation above three seconds.
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Figure A1. Scheme representing the sonar data collection, their treatment, which include several
steps (selection of sonar sequence, digitalization, identification of echo traces on sonar images, data
extraction and then exportation for final analysis on ad hoc software), and their analysis to obtain the
swimming speed measurements.
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Figure A2. Diagram of the experimental set up, showing the sonar beams covering the channel, bank
to bank. On the right, an example of a sonar picture where the dynamic echoes of fish school (inside
the circle, in t1, t2 and t3) were discriminated from the fixed echoes of the bottom (Reprinted with
permission from [9]).
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Figure A3. Cumulative frequency of the fish school net to gross displacement ratio ‘straightness
index’; the schools having a SI above 0.9 (~65% of the schools) were considered to exhibit an oriented
swimming behavior that corresponds to a certain form of active migration. In white, the Ingril lagoon
schools, and in black the Prevost ones.
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Appendix D

Table A1. Raw experimental data used for this study and extracted from [8,9], the Straightness index
(SI) was the Beeline value divided (D) by the Path Length (L), calculated as SI = D/L. Below the
theoretical function of limiting factor to the sampling protocol.

Lagoons Residence Time (s) ESS (m s−1) Beeline Value (D) (m) Path Length (L) (m) Straigthness Index (SI)

Ingril 2 0.777 1.55 1.57 0.988
Ingril 2 1.023 2.05 2.06 0.994
Ingril 2 2.275 4.55 4.57 0.996
Ingril 3 2.615 7.84 8.79 0.893
Ingril 3 1.968 5.90 6.05 0.976
Ingril 3 1.266 3.80 3.85 0.987
Ingril 3 1.897 5.69 5.75 0.989
Ingril 3 2.702 8.11 8.14 0.995
Ingril 3 2.718 8.15 8.16 1.000
Ingril 4 1.657 6.63 6.63 1.000
Ingril 4 1.720 6.88 7.16 0.961
Ingril 5 0.149 0.74 2.12 0.351
Ingril 5 1.022 5.11 7.43 0.688
Ingril 5 1.106 5.53 5.81 0.952
Ingril 5 0.592 2.96 2.96 1.000
Ingril 5 2.009 10.04 10.25 0.980
Ingril 5 0.486 2.43 3.43 0.707
Ingril 6 2.484 14.91 14.91 1.000
Ingril 7 0.048 0.34 1.08 0.313
Ingril 7 0.878 6.14 6.14 1.000
Ingril 7 1.064 7.45 17.20 1.000
Ingril 8 0.785 6.28 7.25 0.867
Ingril 8 2.580 20.64 22.09 0.934
Ingril 8 2.215 17.72 17.72 1.000
Ingril 9 0.836 7.53 7.58 0.993
Ingril 9 0.832 7.49 7.49 1.000
Ingril 9 1.578 14.20 17.51 0.811
Ingril 11 1.076 11.83 13.24 0.894
Ingril 11 0.928 10.21 10.21 1.000
Ingril 12 0.736 8.84 27.92 0.316
Ingril 13 0.525 6.82 6.88 0.992
Ingril 16 0.854 13.66 16.49 0.828
Ingril 16 1.383 22.12 22.12 1.000
Ingril 17 0.498 8.47 16.05 0.528
Ingril 18 0.605 10.90 11.26 0.968
Ingril 19 0.524 9.96 10.15 0.981
Ingril 21 0.639 13.42 13.62 0.985
Ingril 22 0.363 7.99 16.41 0.487
Ingril 23 0.450 10.35 12.70 0.815
Ingril 23 0.473 10.88 11.57 0.941
Ingril 31 0.523 16.22 22.38 0.725

Prevost 2 3.068 6.14 6.44 0.953
Prevost 2 2.187 4.37 4.58 0.955
Prevost 2 1.886 3.77 3.82 0.988
Prevost 3 2.259 6.78 8.23 0.824
Prevost 3 1.515 4.54 4.96 0.915
Prevost 3 1.851 5.55 5.73 0.969
Prevost 3 2.854 8.56 8.56 1.000
Prevost 3 1.001 3.00 3.00 1.000
Prevost 3 1.619 4.86 4.86 1.000
Prevost 3 3.012 9.04 9.04 1.000
Prevost 3 3.637 10.91 11.13 0.980
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Table A1. Cont.

Lagoons Residence Time (s) ESS (m s−1) Beeline Value (D) (m) Path Length (L) (m) Straigthness Index (SI)

Prevost 4 0.391 1.56 2.76 0.568
Prevost 4 0.789 3.15 5.03 0.627
Prevost 4 1.093 4.37 6.78 0.645
Prevost 4 0.493 1.97 2.63 0.748
Prevost 4 0.819 3.28 3.95 0.829
Prevost 4 3.774 15.10 17.86 0.845
Prevost 4 3.692 14.77 15.90 0.928
Prevost 4 0.515 2.06 2.20 0.938
Prevost 4 1.801 7.20 7.67 0.939
Prevost 4 1.046 4.19 4.37 0.958
Prevost 4 1.700 6.80 7.05 0.964
Prevost 4 1.998 7.99 8.06 0.991
Prevost 4 1.043 4.17 4.20 0.993
Prevost 4 3.083 12.33 12.41 0.993
Prevost 4 1.721 6.88 6.91 0.996
Prevost 4 2.596 10.38 10.42 0.997
Prevost 4 0.580 2.32 2.53 0.916
Prevost 5 0.564 2.82 3.75 0.753
Prevost 5 1.426 7.13 7.51 0.949
Prevost 5 0.958 4.79 4.90 0.978
Prevost 5 0.906 4.53 4.63 0.980
Prevost 5 1.968 9.84 9.99 0.986
Prevost 5 1.904 9.52 9.64 0.987
Prevost 5 1.235 6.18 6.22 0.993
Prevost 5 2.506 12.53 12.19 1.000
Prevost 5 1.387 6.93 9.04 0.767
Prevost 6 2.269 13.61 14.20 0.959
Prevost 6 1.109 6.65 6.75 0.986
Prevost 6 1.942 11.65 11.82 0.986
Prevost 6 2.337 14.02 14.05 0.998
Prevost 6 1.676 10.06 10.06 1.000
Prevost 6 1.557 9.34 9.34 1.000
Prevost 6 3.256 19.54 19.54 1.000
Prevost 6 0.826 4.96 4.96 1.000
Prevost 7 1.663 11.64 20.41 0.570
Prevost 7 1.602 11.21 18.57 0.604
Prevost 7 1.870 13.09 20.28 0.646
Prevost 7 1.898 13.28 19.62 0.677
Prevost 7 1.914 13.40 18.76 0.714
Prevost 7 1.512 10.58 14.82 0.714
Prevost 7 0.826 5.78 6.81 0.850
Prevost 7 0.685 4.80 5.27 0.911
Prevost 7 1.244 8.71 9.07 0.959
Prevost 7 1.834 12.84 15.49 0.829
Prevost 7 1.739 12.17 13.44 0.905
Prevost 7 2.265 15.86 17.28 0.918
Prevost 7 1.220 8.54 8.79 0.971
Prevost 7 1.987 13.91 13.97 0.996
Prevost 8 2.096 16.77 19.20 0.873
Prevost 8 0.610 4.88 4.92 0.992
Prevost 8 0.478 3.82 3.84 0.996
Prevost 8 1.064 8.51 8.54 0.997
Prevost 8 1.052 8.42 8.43 0.998
Prevost 8 1.385 11.08 22.30 0.497
Prevost 8 1.895 15.16 15.95 0.950
Prevost 9 0.518 4.66 5.33 0.874
Prevost 9 0.382 3.44 3.77 0.914
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Table A1. Cont.

Lagoons Residence Time (s) ESS (m s−1) Beeline Value (D) (m) Path Length (L) (m) Straigthness Index (SI)

Prevost 9 0.693 6.24 6.46 0.966
Prevost 9 1.370 12.33 12.56 0.982
Prevost 9 2.610 23.49 27.38 0.858
Prevost 9 1.560 14.04 14.80 0.949
Prevost 9 2.061 18.55 19.00 0.976
Prevost 10 1.693 16.93 17.20 0.985
Prevost 10 0.450 4.50 4.52 0.994
Prevost 10 1.300 13.00 13.00 1.000
Prevost 10 1.489 14.89 17.79 0.837
Prevost 10 1.942 19.42 20.28 0.957
Prevost 10 1.253 12.53 12.91 0.970
Prevost 10 0.941 9.41 9.42 0.999
Prevost 10 1.330 13.30 13.30 1.000
Prevost 11 0.572 6.29 7.53 0.836
Prevost 11 0.857 9.43 9.66 0.976
Prevost 12 1.078 12.93 14.70 0.879
Prevost 12 0.829 9.95 10.05 0.990
Prevost 12 0.773 9.27 10.63 0.872
Prevost 12 1.725 20.70 20.70 1.000
Prevost 12 1.067 12.81 12.81 1.000
Prevost 13 0.682 8.87 10.09 0.879
Prevost 13 1.093 14.20 14.37 0.988
Prevost 13 0.704 9.15 9.21 0.994
Prevost 13 0.349 4.54 6.12 0.742
Prevost 13 0.883 11.48 13.94 0.823
Prevost 13 0.816 10.61 12.20 0.870
Prevost 13 1.362 17.71 27.67 0.640
Prevost 14 1.054 14.75 14.74 1.000
Prevost 14 1.409 19.73 19.78 0.997
Prevost 15 0.700 10.50 10.80 0.972
Prevost 15 0.967 14.51 15.60 0.930
Prevost 15 1.112 16.68 18.49 0.902
Prevost 16 0.612 9.78 13.11 0.747
Prevost 16 0.491 7.85 7.86 1.000
Prevost 16 0.784 12.55 16.09 0.780
Prevost 16 0.815 13.05 13.70 0.953
Prevost 16 1.208 19.33 13.34 1.000
Prevost 16 0.881 14.10 16.81 0.839
Prevost 17 0.951 16.17 16.19 1.000
Prevost 18 0.853 15.35 16.02 0.958
Prevost 18 2.063 37.13 42.24 0.879
Prevost 19 1.124 21.36 21.97 0.972
Prevost 20 0.245 4.91 7.26 0.676
Prevost 21 0.283 5.94 50.83 0.117
Prevost 21 0.229 4.81 37.74 0.127
Prevost 22 0.823 18.11 24.29 0.746
Prevost 25 0.644 16.10 16.11 1.000
Prevost 27 0.746 20.13 20.10 1.000
Prevost 27 0.672 18.14 20.85 0.870
Prevost 29 0.549 15.92 16.09 0.990
Prevost 33 0.419 13.83 15.86 0.872
Prevost 33 0.482 15.89 17.28 0.920
Prevost 34 0.301 10.24 27.84 0.368
Prevost 34 0.241 8.19 10.47 0.782
Prevost 34 0.497 16.90 18.11 0.933
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Table A2. Assuming that fish can only be tracked over a maximum distance of 40 m (e.g., fish passing
along the bank opposite to the sonar bank, i.e., where it was immersed) and setting an obvious limit
constraint at ESS < 5m s−1 (above which swimming speed was not biologically realistic in our case
study) and a Residence time ≥ 1 s, the theoretical function is as follows (maximum distance (m) of
the sampling protocol divided by the residence time (s)).

Residence time (s) 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

ESS (m s−1) 20.0 10.0 6.7 5.0 4.0 3.3 2.9 2.5 2.2 2.0 1.8 1.7 1.5 1.4 1.3 1.3 1.2 1.1 1.1 1.0
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