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The usefulness of acoustic telemetry on the study of movements, interactions, and behaviors has been revealed by many field and laboratory studies. The process of attaching acoustic tags on fish can, however, impact their physiological, behavioral, and growth performance traits. The potential negative effects are still unknown for several species and behavioral attributes. Previous studies have attempted to shed light on the effects of tag implantation on fish, focusing mainly on fish growth and physiological parameters, and one or two behavioral properties mainly on the individual level. However, the effect of this procedure could also be expressed at the group level. This study investigated the short-term effects of dummy and active body-implanted acoustic tags on the group-level swimming performance of adult European seabass (Dicentrarchus labrax) using optical flow analysis. We studied four main swimming performance properties—group speed, alignment (polarization), cohesion, and exploratory behavior. To help in the interpretation of any detected differences, physiological stress-related parameters were also extracted. The results show that the tag implantation procedure has variable effects on the different swimming performance attributes of fish. Group cohesion, polarization, and the group’s exploratory tendency were significantly impacted initially, and the effect persisted but to a lesser extent two weeks after surgery. In contrast, group speed was not affected initially but showed a significant decrease in comparison with the control group two weeks post-surgery. In addition, the physiological parameters tested did not show any significant difference between the control and the treated group 14 days after the onset of the experiment. The findings suggest that the effect of tagging is non-trivial, leading to responses and response times that could affect behavioral studies carried out using acoustic telemetry.




Keywords: collective behavior, swimming performance, aquaculture, biotelemetry, acoustic transmitters, optical flow analysis, stressors, fish welfare



Introduction

Acoustic telemetry has been proven to be a useful tool for the better understanding of biological processes (Hussey et al., 2015; Abecasis et al., 2018; Schwinghamer et al., 2019; Villegas-Ríos et al., 2020). The wild adult chinook (Oncorhynchus tshawytscha) and coho salmon (Oncorhynchus kisutch) were among the first fish species used in such studies (Trefethen, 1956). Since then, acoustic transmitters have been incorporated in studies of a wide range of marine species (Brownscombe et al., 2019; Klinard and Matley, 2020) such as sharks (Espinoza et al., 2021), the salmonid smolt (Huusko et al., 2016), the Atlantic cod (Gadus morhua; Meager et al., 2009), the European seabass (Dicentrarchus labrax; Anras et al., 1997; Stamp et al., 2021), and the gilthead seabream (Sparus aurata; Arechavala-Lopez et al., 2012; Arechavala-Lopez et al., 2021). In addition, studies have benefited from the use of acoustic transmitters (Meager et al., 2009; Brownscombe et al., 2019; Muñoz et al., 2020); for example, studies on fish locomotion (Espinoza et al., 2021), the estimation of energetic costs (Wright et al., 2014; Zupa et al., 2015; Zupa et al., 2021; Alfonso et al., 2021a; Alfonso et al., 2022), residency patterns and habitat usage (Espinoza et al., 2020; Zhang et al., 2020; Lippi et al., 2022; Marques et al., 2022), intra-species/inter-species interactions (Barkley et al., 2020; Lees et al., 2020), feeding behavior (Føre et al., 2011), eco-physiology, and reproductive behavior (Klinard and Matley, 2020). Acoustic telemetry is, therefore, an important tool for behavioral and eco-physiological studies in aquatic environments.

The aquaculture industry has also adopted the use of acoustic telemetry systems, primarily in Atlantic salmon (Salmo salar L.) farming (Føre et al., 2011; Føre et al., 2017; Svendsen et al., 2021). Telemetry-based systems monitor the fish during farm operations to gather knowledge about the species’ responses during crowding and delousing events in commercial sea-cages (Føre et al., 2018; Carbonara et al., 2020) as well as during feeding (Føre et al., 2011). Researchers use acoustic tags to detect changes in the behavior of aquaculture species in relation to environmental conditions caused by the fall overturn, exposure to artificial underwater lights in fully stocked production cages (Ulvund et al., 2021), storm conditions, and feeding variations (Føre et al., 2011). Respective studies on Mediterranean aquaculture species such as the European seabass and gilthead seabream, although few, also exist. Telemetry sensors are explored as a tool for health and welfare monitoring of E. seabass farming (Alfonso et al., 2020a; Carbonara et al., 2021; Alfonso et al., 2022) in assessing optimal stocking density and diet regimes (Begout and Lagardere, 1995; Anras et al., 1997). Furthermore, acoustic transmitters have been used to study the swimming activity, space utilization, response of fish to variations in stocking density (Carbonara et al., 2019), and physiological response of gilthead seabream in aquaculture conditions (Alfonso et al., 2021b; Arechavala-Lopez et al., 2021).

The acoustic transmitters can be externally attached (Runde et al., 2022), inserted into the stomach via injection, or surgically implanted into an individual fish depending on the size, species, and objectives of the study (Hussey et al., 2015). Then, acoustic hydrophones or “receivers” deployed in the animal’s environment detect and record the acoustic signals transmitted by any tagged individuals within the detection range of the receivers. In fish acoustic telemetry studies, tags are most frequently implanted surgically into the celomic cavity (Jepsen et al., 2002; Cooke et al., 2011; Cooke et al., 2013).

Fitting a fish with an acoustic tag via intracelomic implantation requires capture, anesthesia, surgery, and release, all of which disturb the animal and can cause stress (Cooke et al., 2011; Walker et al., 2016). Fish under stress primarily activate a cascade of neuroendocrine responses, such as releasing catecholamines and glucocorticoids, and then display a range of physiological reactions (Barreto et al., 2022), e.g. an increased heart rate and the utilization of metabolic energy stores. They can also be influenced in a more systematic way, by affecting the whole-body performance, the fish growth and behavior, e.g. developing unusual swimming patterns (Barton, 2002; Skomal and Mandelman, 2012; Schreck and Tort, 2016; Urbinati et al., 2020). Acoustic telemetry tags may, therefore, influence the physiological, behavioral, and swimming performance attributes of the fish (Frank et al., 2009; McKenna et al., 2021), and these changes could be permanent or temporal, leading to erroneous data (Huusko et al., 2016; Klinard et al., 2018; Daniels et al., 2021; Barreto et al., 2022).

There are numerous studies addressing the impact of tag use and attachment on fish (Bridger and Booth, 2003). A common conception is that a transmitter should weigh less than 2% of the body mass of a fish or 1.25% when in water (Winter, 1983) as heavier tags could affect its swimming performance, growth, survival, and behavior (Winter, 1983; Paukert et al., 2001). Recent studies, however, suggest that this rule need not be strictly followed as it depends on the species and the question of interest (Paukert et al., 2001; Lacroix et al., 2004; Childs et al., 2011). In addition, numerous studies have revealed results that both support (Moore et al., 1990; Bégout Anras and Lagardère, 2004; Loher and Rensmeyer, 2011; Neves et al., 2018) and contradict (Adams et al., 1998; Brown et al., 2006; Svendsen et al., 2021) the idea that the surgery and presence of the tag do not cause changes in the physiology or behavior in different species. The studies vary in experimental duration, the effect on the fish, and the species used. The most studied species is the Atlantic salmon (Adams et al., 1998; Føre et al., 2021), but other species such as the Atlantic cod, European seabass, green sturgeon, European flounder and gilthead seabream have also been selected for investigation (Bégout Anras et al., 2003; Cooke et al., 2011; Montoya et al., 2012; Miller et al., 2014; Neves et al., 2018). There are short-term studies focusing on the first minutes, hours, and days after tag implantation (Lacroix et al., 2004; Montoya et al., 2012; Ammann et al., 2013; Neves et al., 2018; Svendsen et al., 2021), and long-term studies that focus on the effects years after the surgery (Koed and Thorstad, 2001; Childs et al., 2011; Smukall et al., 2019). Furthermore, most studies focus on the effect of the tags on the survival and physiological responses of the fish (Anras and Lagardère, 1998; Morris et al., 2000; Paukert et al., 2001; Bégout Anras and Lagardère, 2004; Childs et al., 2011; Loher and Rensmeyer, 2011; Ammann et al., 2013; Newton et al., 2016; Klinard et al., 2018), and fewer studies that focus on the behavioral and swimming alterations that tagging could cause (Swanberg and Geist, 1997; Adams et al., 1998; Koed and Thorstad, 2001; Zale et al., 2005; Montoya et al., 2012; Perry et al., 2013; Walker et al., 2016; Neves et al., 2018). These mainly test one swimming performance variable such as the speed, vertical distribution, or polarization of the group, or they use a general measure for activity.

Morphological and anatomical variations across fish species and life history stages reinforce the need to evaluate responses to surgical procedures and tag presence. As a wide spectrum of behaviors and swimming performance characteristics could be affected by stressors (Ginnaw et al., 2020), it is important to test tag implantation implications on multiple behavioral attributes, particularly when studying the individual or group movement responses of fish. Such studies are particularly necessary in aquaculture where the behavior of cultured fish under optimal and sub-optimal conditions needs to be determined and welfare indicators and their optimal ranges need to be quantified (Bridger and Booth, 2003).

In the current work, we used single cameras, computer vision techniques, and optical flow analysis to estimate group-level swimming features such as the speed, synchronization (a.k.a polarization), cohesion, and exploratory behavior of adult European seabass. In addition, we applied our methodology to evaluate the short-term effects (two weeks) of surgical implantation of dummy and active acoustic tags on the physiological stress indicators and on the group swimming performance of European seabass. The selection of the experimental duration was based on previous studies that showed recovery of the studied behavioral parameter within the first week of the treatment (Lacroix et al., 2004; Alfonso et al., 2021b). Based on recent studies, we hypothesize that the fish will show variable behavioral responses (Ginnaw et al., 2020).



Materials and methods

The experimental protocol was approved by the Ethics Committee of the IMBBC and the relevant veterinary authorities (Ref Number 32257 09-02-2021) in accordance with legal regulations (EU Directive 2010/63).


Dummy tags - fish collection and preparation

The trial was conducted at the AquaLabs facility of the Institute of Marine Biology, Biotechnology, and Aquaculture (IMBBC), which is certified (EL91‐BIOexp‐04) for fish experimentation. A group of 45 fish of total length 29.92 ± 1.8 cm and weight 297.88 ± 43.5 g was obtained from the institute’s pilot-scale cage farm (Souda Bay, Crete, Figure 1) and transferred to our land-based facilities (to a 5 m3 flow-through rectangular tank of  3.0x3.0x0.6m dimensions) thirty days prior to the experiment to allow for adaptation (T=19 °C, pH=8.0, salinity=36 p s u, DO > 5 and ambient photoperiod). We built dummy acoustic tags, i.e. polyacetal (POM) cylinders of 23.3 mm length, 7 mm diameter, 1.4 g weight in water, and< 2% tag-to-body-weight ratio (Jepsen et al., 2005), inspired by the Thelmabiotel acoustic transmitters (https://www.thelmabiotel.com/, Figure 2B). For our study species (European seabass), we selected the Thelma Biotel 7.3 mm acoustic transmitters that were originally designed for use with salmon smolt and are the appropriate size for our experimental groups. We implanted them into the peritoneal cavity of twenty fish (WDummy=295.7±35.2 g ) on the 8th of March 2021, and used the remaining fish as the control group (Ncontrol= 25, WControll=286.6±40.3 g ). We subjected the fish in both groups to capture, anesthetization, weighing, and blood sampling.




Figure 1 | Timeline of the main steps followed in the experiments of the dummy and active tags.






Figure 2 | Explanatory photographic material about the experimental procedure. (A) Blood sampling, (B) Dummy and active tags used for the experiment, (C) Intracelomic implantation of the tags.





Dummy tags - physiological parameters - blood sampling

The physiological stress indicators of the control and dummy groups were extracted at the beginning (before tag implantation) and the end (before tag removal) of the experiment. We drew blood samples from each group twice (10 fish per group) – on the 8th of March before the tagging procedure (to have a control value to the procedure) and on the 21st of March before the tag removal. The samples were collected from the caudal vessel via heparinized syringes and placed in heparin tubes (Figure 2A). Cortisol, glucose, and lactate levels were measured to estimate acute stress, and hematological indicators (hematocrit and hemoglobin) were determined to detect the potential emergence of chronic stress caused by the procedure. Following the determination of hematological parameters, blood was centrifuged (2,000 g) and plasma was aliquoted and stored at 20°C until analysis. Plasma cortisol was measured using a commercial enzyme immunoassay kit (Cortisol ELISA, DRG® International Inc, Germany). Glucose and lactate were measured by enzymatic colorimetric methods used routinely in the fish physiology lab of University of Crete (GOD/PAP, Biosis, Greece, and LO-POD, Spinreact, Sant Esteve De Bas (GI), Spain, for glucose and lactate, respectively). Hematocrit was measured in capillary tubes after centrifugation in a hematocrit microcentrifuge, and hemoglobin was determined using a commercial kit (Spinreact, Girona, Spain).



Dummy tags - intracelomic implantation

Prior to the surgery, we decreased the volume of the tank to 1 m3 and partially anesthetized the fish with 100 ppm clove oil to facilitate their capture. We then transferred each fish individually to a bucket with water containing 300 ppm clove oil and left it for a few minutes until fully anesthetized. We then measured the total length and weight of each fish and we collected a blood sample (explained above). For tagging, we subsequently placed the fish in a supine position in a V-shaped cavity with an elastic coating (to hold the fish and avoid damaging the protective mucus layer, Figure 2C) and inserted the tag through an incision made along the mid-abdominal line with a scalpel (after being disinfected with alcohol and washed with water) while lifting the fins with forceps to prevent any damage. We inserted the tag at an oblique angle to the fish so that it maintained a horizontal position inside the fish. The incision was closed by suturing between the two sides of the skin with absorbable monofilament sutures (the needle was passed through each side of the incision and closed with a surgeon’s knot) and then covered with betadine for antiseptic purposes. All fish survived the treatment.



Dummy tags - video recording and maintenance

Immediately after the handling, we returned the fish to a smaller tank (0.5 m3) until complete recovery, and then the treated group and the control group were placed into two different tanks (of 5 m3 volume each) reaching a stocking density of 1.2 Kg/m3 for the treated group and 1.5 Kg/m3 for the control group. We recorded behaviors in both tanks (from the top point of view) using fixed IP cameras (see the ‘camera setup and calibration’ and ‘data extraction and analysis’ sections) for a period of two weeks (08 March – 21 March 2021). We fed the fish once daily at around 12:00 and siphoned the tanks every two days (maintenance days). We commenced behavioral analysis on the second day after the surgery (i.e. after the experimental conditions, including the water transparency, in the tanks were set), excluding the maintenance days as this procedure could temporally impact fish behavior (Lacroix et al., 2004; Alfonso et al., 2021b).



Active tags - intracelomic implantation of active Thelma Biotel acoustic tags

In order to test the repeatability of our observations, we took advantage of a second trial in which a group of fish was implanted with active tags and monitored in a net pen cage. Hence, we monitored their behavior before transfer to cages in a set up similar to that of the dummy group (Figure 1). The tagging procedure was repeated using active acoustic tags in a group of 24 fish of total length 32.17 ± 6.4 cm and weight WActive= 398.2 ± 73.3 g , with a similar origin and procedure as the previous group. The stocking density during the recording period was 1.9 Kg/m3 . We implanted the transmitters (Thelma Biotel 7.3 mm diameter, 23.2 mm length, 1.8 g weight in water, and< 2% tag-to-body-weight ratio; Gruen and Huang, 2001) into the peritoneal cavity of the fish on the 26th of April 2021. All fish survived the treatment. After the surgery, we returned the fish to their tank and recorded their activity using the same camera set-up as above for a 2-week period (26 April – 10 May 2021). During this period feeding was realized once per day at around 12:00, and maintenance activities (siphoning the tanks) every two days. To avoid any potential additional stress, we did not draw blood samples from the fish.



Camera set-up and calibration

For both experiments, the cameras were positioned at the same height above both tanks and pointed downwards (at a 90° angle with the surface) to the center of the tank. The cameras captured 6 fps and acquired frames of 1280 x 720  resolution (pixels) (HIKVISION DS-2CD1623G0-IZS). Before analyzing the collected images, the cameras were calibrated.

Single-camera calibration involves the estimation of intrinsic parameters (focal length, optical center or principal point, pixel size) to correct lens distortion and sea water refraction (Gruen and Huang, 2001; Hartley and Zisserman, 2004). In this study, geometrical calibration was applied using a pattern with known distances (chessboard). The calibration was conducted above water for the tanks after capturing a sufficient number of chessboard images. The cameras were calibrated using the OpenCV library in Python and the resulting parameters used to correct the extracted video frames.



Data extraction and analysis

We developed custom-made routines that can extract swimming performance attributes using OpenCV and Python and we applied them on consecutive ten-minute videos between 08:00 and 19:00 each day. The analysis was performed for three days – the 3rd, the 11th, and the 14th day – per trial (no maintenance of the tanks took place on those days). More specifically, four main variables were extracted, i.e. the group speed, the group polarization, the relative tank area the group covers, and the group’s exploratory tendency.

Group polarization and speed were extracted using optical flow analysis (Lucas and Kanade, 1981; Farnebäck, 2003). Initially, a K-Nearest Neighbors background subtractor was applied to segment each frame, i.e. to distinguish between the moving fish (foreground) and the static environment (background), and the segmented image was used as a mask for the next step. Next, optical flow analysis was performed using Farnebäck’s dense optical flow from OpenCV to track each pixel in the image for the consecutive time frames (Farnebäck, 2003). The velocity vector for each pixel at each time step was estimated, and Median and Gaussian filters were applied to smooth the speed and the direction values and remove errors. Next, the extracted mask image containing the position of the fish was applied to the vector image to exclude irrelevant background motion, and the average group speed and direction were extracted. In addition, group polarization, which describes the alignment of the group, was calculated from the following equation (Tunstrøm et al., 2013):

 

where ui is the unit direction of pixel i , and  Op takes values between 0 (no alignment on average) and 1 (all fish are aligned).

The relative tank area (in percent) covered by the group in each timeframe was estimated and used as a measure for the cohesiveness of the group (MacGregor and Ioannou, 2021). To calculate it, the segmented contours corresponding to the fish were merged into a larger contour and its convex hull extracted.

Then, the convex hull area was calculated and divided by the total area of the tank (relative area). The relative area of the group was divided by the number of fish of each group and multiplied by the same number (N = 24), so that the relative group area is comparable between the groups (we assumed that fish overlaps and occlusions were not common, and if they occurred, they did not last for more than ~3−4  frames). Smaller values (closer to zero) indicate more cohesive groups, and larger values the opposite.

The exploratory tendency, i.e. the spatial preference of the group, was expressed in how often the group visited each tank site, and was calculated as follows: First, the video frame was analyzed to distinguish between the background pixels and the fish pixels (using the K-Nearest Neighbors background subtractor as above). If fish were present at a tank site represented by pixel i , the pixel took the value Ii = 1 ; otherwise the pixel took the value Ii = 0 . The exploration of the group at each site i for N time frames was then defined as:

 

In addition, the relative position of the group to the center of the tank (Ctank ) at each timeframe t  was calculated as:

 

where,   is the group center at timeframe t. As the fish are moving in a confined environment, the distance from the center approaches 0 if the group explores the whole tank while being less cohesive. The distance will be different from 0 if the fish explore the tank in a cohesive group. Heatmaps of the relative distance were then created to test if the fish groups showed a specific preference in the tank or visited all the tank sites.



Data analysis

Before testing any behavioral response to tag implantation, feeding activity (i.e. feed consumption) during the trial period was analyzed. Then, to test the effect of tagging on the physiological parameters of the control and the treated groups, one-way ANOVA was implemented using the Sigma Stat 3.1 statistical package (Systat Software, Inc., San Jose, CA, USA) followed by Tukey’s multiple comparison tests. Before each ANOVA test, data were analyzed for normality using the Kolmogorov–Smirnov test, and for homogeneity of variance using Levene’s test. When the previous assumptions were not followed, data were log-transformed before analysis (lactate). The assumption of homogeneity of variance was not met by the hemoglobin data, and they were analyzed with non-parametric ANOVA on ranks (a.k.a Kruskal-Wallis) test (Sigma Stat 3.1).

To detect differences in the cohesion between groups, we applied Kruskal-Wallis tests on our data in R (R version 4.2.0; R Core Team, 2018) as normality criterion was not met. Kruskal-Wallis tests were also used for the comparison between the control and treated groups for the polarization and the speed variables. After Kruskal-Wallis test gave significant results, we run Pairwise Wilcoxon Mann-Whitney Rank Sum Test to compute group pairwise differences. We also used R for our graphical presentation of the results.




Results


Weight and feeding differences between groups

The control and dummy group did not show significantly different weights (χ2 statistic: 0.6, p-value = 0.4). However, the weight of active group differed significantly from both, the control and the dummy group (χ2 statistic: 31, p-value< 0.001). In addition, in both treatments, i.e. the dummy and active, the treated groups did not differ in their consumption rate from the control group two weeks after surgery, and the apparent per capita normalized feed consumption rate (as feed weight per body weight) was approximately 0.8% per day .



Physiological stress indicators

Plasma glucose concentrations (mean ± SEM) did not present statistically significant differences between groups (3.9 ± 0.3 mmol l-1, 4.2 ± 0.4 mmol l-1, and 4.5 ± 0.3 mmol l-1 for the control of the 1st and 14th day and the dummy of the 14th day, respectively) (F2,36 = 1.1, P-value = 0.35, a = 0.05, Figure 3).




Figure 3 | Plasma concentrations (mean ± SEM) of (A) cortisol, (B) glucose and (C) lactate of the control group in the 1st day (08 March 2021) and the control (N=25 fish) and dummy (N=20 fish) two weeks later (21 March 2021). Different letters indicate statistically significant differences between the groups (P< 0.05).



Plasma lactate concentrations (mean ± SEM), in contrast, present statistically significant differences, with the control group of the 1st day showing lower concentrations than the 14th day and the control and dummy groups (2.6 ± 0.2 mmol l-1, 5.8 ± 0.5 mmol l-1, and 4.6 ± 0.5 mmol l-1, respectively) (F2,36 = 26.0, P = 0.35, a< 0.001, Figure 3). There was no significant difference between the control and treated group on the 14th day of the trial however.

Plasma cortisol concentrations (mean ± SEM) were elevated in all groups (776.1 ± 30.8 ng ml-1, 712.6 ± 58.1 ng ml-1, and 799.3 ± 42.5 ng ml-1 for the control on the 1st and 14th day and the dummy on the 14th day, respectively) with no statistically significant differences (F2,35 = 0.96, P = 0.3, a = 0.05, Figure 3).

Hematocrit mean ± SEM values were 43.0 ± 1.3%, 49.0 ± 1.2%, and 44.1 ± 1.8% for the control on day 1 and day 14 and the dummy on the 14th day, respectively, with the control group on the 14th day presenting statistically significant higher values than the 1st day (F2,34 = 4.2, P = 0.02, a = 0.05, Figure 4).




Figure 4 | Hematologic indicators (mean ± SEM). (A) Hematocrit and (B) hemoglobin concentrations of the control group on the 1st day (08 March 2021) and the control (N=25 fish) and dummy (N=20 fish) two weeks later (21 March 2021). Different letters indicate statistically significant differences between the groups (P< 0.05).



Hemoglobin concentrations (mean ± SEM) did not present statistically significant changes between the groups (6.9 ± 0.1 g dL-1, 7.5 ± 0.5 g dL-1, and 6.8 ± 0.4 g dL-1 for the control of the 1st and 14th day and the dummy of the 14th day, respectively; H2 = 1.0, P = 0.6, a = 0.05, Figure 4).



Cohesion

Both treated groups, i.e. dummy and the active, were significantly more cohesive than the control group on the third day post-surgery as they covered only 10 and 15% of the total tank area, respectively in contrast with the 20–30% coverage of the control group (χ2 statistic: 43.4, p-value< 0.001; Dummy p-value< 0.001; Active p-value< 0.001; Figure 5). The treated groups also statistically differed among themselves, with the dummy group being significantly more cohesive than the active group (p-value = 0.004). The cohesion decreased 11 days post-surgery for all the groups, but the differences between the control group and the treated group persisted (χ2  statistic: 42.2, p-value< 0.001; Dummy p-value< 0.001; Active p-value< 0.001) while the treated groups had the same cohesion (p-value = 0.6). The cohesion further decreased 14 days post-surgery for the treated groups. For the control group, however, the cohesion decreased between day 3 and day 11 while a slight, but significant, increase was observed between days 11 and 14. The differences between the control and the treated groups also persisted (χ2  statistic: 43.3, p-value< 0.001; Dummy p-value< 0.001; Active p-value< 0.001). In addition, both treated groups increased the area they covered fourteen days after the surgery (from ~10% to 20% for the dummy group and from ~15% to 28% for the active group) and remained similarly cohesive (p-value = 0.2).




Figure 5 | Boxplots showing the group cohesion expressed as the relative area covered (in percent) by the control (N=25 fish), dummy (N=20 fish), and active group (N=24 fish), on the 3rd, the 11th, and the 14th day of the experiment. Black horizontal lines indicate the median values. Lower values indicate a higher cohesion. Statistically significant differences between treatments (groups) on each sampling (day) are indicated with different letters and between samplings for each treatment with different numbers.





Exploratory tendency

The exploratory tendency of the tagged groups was initially very limited as the fish stayed in one of the tank’s corners, staying away from areas where there was the possibility of human presence (Figure 6). As fish were very cohesive at the beginning of the experiment, the distance between the group’s center and the center of the tank differed significantly, and the limited group exploratory tendency is represented by the asymmetry in the heatmap of Figure 6. As time progressed and the group cohesion decreased (see Figure 5), the group started covering the whole tank, and the group center did not differ from the center of the tank (the peak at the center of the two-dimensional distribution is at around (0, 0) distance from the tank center, Figure 6). In the first days after treatment, the dummy group showed a preference toward the left corner of the tank while the active group showed a preference for the right side. In contrast, the control group explored the whole tank from the first days of the experiment. Gradually, the exploratory tendency recovered for both the dummy and active groups, and in contrast to group cohesion, fish showed a recovery in their exploratory tendency 11 days after implantation. Two weeks after the surgery, fish explored all the tank sites equally.




Figure 6 | Heatmaps showing the distance of the group center from the center of the tank for the control group (top row, light green, N=25), the dummy group (middle row, dark green, N=20), and the active group (bottom row, N=24) for the 3rd, the 11th, and the 14th day of the experiment. The intensity of the color indicates higher number of occurrences.





Swimming performance

The tagged fish (both with dummy and active tags) showed a strong polarization initially, i.e. three days after surgery, reaching up to 0.9 correlation in their direction (Polcontrol= 0.5 ±0.2, Poldummy= 0.6 ±0.2, Polactive= 0.6 ±0.2,   Figure 6). Eleven days after the surgery, polarization decreased, and the treated groups reached the same polarization level, which was also significantly different from the control group (χ2=72.4, p−value<0.001 ). The polarization decreased further fourteen days after surgery (Polcontrol= 0.3 ±0.2, Poldummy= 0.41 ±0.2, Polactive= 0.3 ±0.2 ), remaining significantly different between the control and the treated groups (χ2=17.4, p−value<0.001 ). Three days after surgery, the average speed did not differ significantly between groups   Figure 7). Eleven days after the surgery, all groups showed a decrease in speed without significant differences between the groups (χ2=3.3, p−value<0.19 ). In contrast, group speed decreased and differed between the control and the treated groups fourteen days post-surgery, indicating a delayed response to the implantation procedure  . Between the treated groups, the active group was slower.




Figure 7 | (A) Two-dimensional density plots showing the covariance of the two swimming performance variables, i.e. the average speed and the group polarization, for the different tested groups, i.e. for the control group (a, d, g), the dummy group (b, e, h), and the active group (c, f, i), and for three different days post-surgery, i.e. day 3 (a, b, c), day 11 (d, e, f), and day 14 (g, h, i). (B) Violin plots of the group polarization (a) and the group speed (b) for the different treatments (the dummy, the active group, and the control group) and for the three different days. Statistically significant differences between treatments (groups) on each sampling (day) are indicated with different letters and between samplings for each treatment with different numbers.






Discussion

In the current work, the short-term effects of acoustic tag implantation on the group-level swimming performance of European seabass were presented using dummy and active transmitters. The group-level swimming performance attributes studied here were affected differently by the implantation and showed distinct recovery responses, enhancing our initial hypothesis and the previous findings (Ginnaw et al., 2020) that the effect of stressors, in our case tag implantation, on different behavioral attributes is variable. Studies that will test the effect of tagging on multiple behavioral and swimming performance attributes and will define recovery times should be, therefore, carried out for a wide range of different species. These studies could be used as reference for future experiments studying the swimming patterns of tagged individuals and could help to infer correct conclusions on the behavior of the population. None of the physiological parameters differed significantly between the control and the dummy group fourteen days after surgery, indicating that any detected difference in the swimming performance of the group should not be attributed to acute stress levels.

The elevated cortisol concentrations can be explained by the sampling procedure, the decreased water volume in the tank during fish capturing (and the time needed to decrease the volume), netting, air exposure, and the transfer of each fish into a bucket for complete anesthesia. European seabass is known to be highly responsive to acute stress compared to other species (Fanouraki et al., 2011), and the maximum cortisol values are observed 30–60 min after the stressor. It is quite probable that due to the sampling procedure and its duration the cortisol concentrations were “saturated”, i.e., close to the maximum possible. The “saturation” in the cortisol values may mask potential differences in basal cortisol level between the control and the dummy group, so further studies are required to examine differences in the physiological parameters. Similar studies on the effect of tagging on the physiological responses of the European seabass and the gilthead seabream found no difference in the physiological levels between the first and the ninth day in the control and dummy groups (Montoya et al., 2012; Alfonso et al., 2020b). In addition, other studies on different species reported no differences in the physiological parameters tested between the control and the tagged fish (Moore et al., 1990; Loher and Rensmeyer, 2011).

Group cohesion was negatively impacted i.e. the treated groups remained more cohesive than the control group for the duration of the experiment and did not recover 14 days post-surgery. Preliminary studies for longer time periods showed that cohesion remains low even 20 days after the surgery (our unpublished data). Previous studies on the effect of different stressors on different behavioral characteristics demonstrated that group cohesion can be significantly affected, i.e. increased (Neo et al., 2018; Kleinhappel et al., 2019; Cerqueira et al., 2021) or decreased (Sadoul et al., 2017; Hayes et al., 2019; Alfonso et al., 2020a) depending on the applied stressor. The increased shoal cohesion measured in the current study can act, therefore, as a response mechanism to stress caused by the tagging procedure (Martins et al., 2012). Although other stressors related to the husbandry practice during the trial (oxygen concentration, for example) may have had an additional effect, the actual conditions of the rearing that were similar for all the groups (DO always above 60% of saturation, low stocking density of fish, etc.) did not allow the assumption that changes in cohesion were related to any other additional stressor apart from the actual tagging procedure. During the experiment, groups became less cohesive as time progressed, and the effect size was smaller between the treatments. Therefore, longer studies are required to examine if a further decrease will lead to the minimization of the effect or if the effect of the treatment on group cohesion will persist.

In contrast with cohesion, group exploratory tendency was initially affected by the tagging process, but it gradually recovered, i.e. two weeks after the surgery, the fish were visiting all tank sites. To our knowledge, there are no analogous telemetry studies on the effect of tag implantation on exploratory behavior. However, in acute stressor studies, changes in the exploratory behavior of fish showed that the exploratory tendency increased under the application of the stressors, in contrast with our finding (Bégout Anras and Lagardère, 2004; Archard et al., 2012). On the other hand, Cerqueira et al. (2021) showed that other stressors, such as confinement, decreased the exploratory tendency of the group and it is therefore reasonable to conclude that the effect on the exploratory tendency depends on the applied stressor.

Group speed was not affected by the tag implantation initially as there were no significant differences in the speed between the control and treated group but showed a significant decrease in comparison with the control group, fourteen days post-surgery, in the dummy and the active group. This delayed response may be indicative of a chronic stress response. Most studies that test for the effect of tag implantation on fish speed use different species (such as the Atlantic salmon and the gilthead seabream), different experimental durations, and an implicit measure of group speed such as activity and the critical swimming speed. Although these studies are not easily comparable with the current one, they are discussed for a better understanding of the differences observed. Thus, in a study of Montoya et al. (2012), the locomotor activity of gilthead seabream was used as an implicit measure of fish speed to test for the effect of tag implantation, and there were no statistically significant differences with respect to baseline activity levels observed during the week prior to surgery, a result that enhances our findings too. Other studies on the effects of tag implantation on the swimming performance focus on the critical speed of fish (Moore et al., 1990; Lacroix et al., 2004; Brown et al., 2006; Walker et al., 2016; Alfonso et al., 2022), an individual measure of metabolic performance that cannot be easily compared to the group swimming speed studied here. However, some of these studies found no significant differences between the control and the treated group (Moore et al., 1990; Brown et al., 2006; Alfonso et al., 2022), while others found a lower critical swimming speed of the tagged individuals that recovered 7 days after surgery (Lacroix et al., 2004). The variation in responses could be attributed to the species-specific response of the tagging procedure.

All groups in this study were initially synchronized in motion (i.e., they showed high polarization) and their polarization decreased gradually. The dummy group remained significantly more polarized two weeks after surgery, while the active group was less polarized than the control group. In both trials, the effect of tagging on polarization decreased over time but persisted even 20 days after the surgery (unpublished data). There are few studies on the effect of tag implantation on group polarization. Studies on the effect of other stressors on the shoal performance of model collective species (such as the three-spined stickleback fish, Gasterosteus aculeatus, and the Eurasian minnow, Phoxinus phoxinus) suggest that fish tend to move in higher synchrony after a stressor is applied regardless of the stressor and time scale. For example, Short et al. (2020) showed that the fish were significantly more aligned for 3 min after a sound stressor was turned on, and the difference between treatment and control was greatest during the first 20 s of the application of the stressor.

Consistent differences between the control and treated groups were found for all swimming performance attributes at the beginning of the experiment, except for group swimming speed. Group speed seemed to be unaffected by the surgery at the beginning of the experiment and remained at similar levels for the control and the treated groups during the whole experimental period for the dummy treatment. In contrast, for fish with active tags, speed was significantly different as time progressed, leading to significantly lower speeds than the control group. As demonstrated earlier, there is a statistically significant difference in the size between the group tagged with the active transmitters and the other two groups. It would be therefore reasonable to assume that the increased size of the fish in the active group could explain the decreased group speed in the active group. However, if this difference would be attributed to the size difference, we would expect it to appear from the beginning of the experiment. In contrast we showed that the speed did not differ initially. In addition to that, previous studies on body size-speed relationship (e.g., Bellwood and Fisher, 2001; Cano-Barbacil et al., 2020) suggest that we do not expect significant variations in the speed for a size difference of 2-3 cm. Another possible explanation for the inconsistency seen in the responses between the treated groups could be the expected group-level variation that emerges from the individual-level variability (MacGregor and Ioannou, 2021) as the results presented here refer to the response of one group of fish and are not averages of multiple groups. As group-level behavioral patterns can emerge from the characteristics of individuals within groups, as predicted by theory and experimental results (Romey, 1996; Couzin et al., 2002; Farine et al., 2017; Jolles et al., 2017), consistent behavioral differences between groups should emerge (Jolles et al., 2018) that could also partially explain the differences seen in the current study.

Acoustic telemetry has proven to be a very useful tool that enables scientists to study animal movement and interactions at a spatio-tempotal resolution that was almost impossible to achieve previously. The accumulated knowledge on fish movement and fish interactions can also provide a large database for aquaculture that could be used to classify movement patterns under different contexts, determine baseline behaviors, detect fish welfare indicators, and quantify their optimal ranges. These steps can then help improve management plans for fish in the wild and for aquaculture. The responsibility for better management and the improvement of fish welfare requires the assurance that tagging fish with acoustic transmitters has a minimal effect on the swimming performance attributes of interest. The current study showed that the effects can vary depending on the performance attribute studied, and that European seabass groups need more than 14 days after surgery to recover most of their performance attributes. Longer studies with multiple groups and different performance attributes are required to better estimate the recovery times.
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