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General Abstract 

Nowadays, the study of fish behavior requires more sophisticated computer vision 

systems to combine multiple replicates, long experimental periods and in detail 

description of behavioral patterns in discrete steps. In this work, we present the design 

and application of a multi-camera system, together with the required processing and 

analysis software, that offers quantitative and qualitative analysis of fish behavioral 

patterns. It enables the simultaneous monitoring of 9 cameras, under long time 

recordings, with high time accuracy and minimal frame losses. This novel 

contribution to aquacultural engineering also includes image filtering, background 

calculation, object detection and automated recognition of specific behavioral traits. 

Additionally, the system is capable of extracting specific information from alarms 

generated by user-defined parameters. The described system in this thesis successfully 

completed ten successive experiments, monitoring fish activity in tanks, accumulating 

data from almost one full year of recorded experimental period. All trials performed 

within those experiments provided new information on fish specific behavioral 

patterns in aquaculture. Technical and economic performance of the described system 

highlights its potential to be applied in any behavioral study under laboratory-scale 

conditions. 
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Γενική Περίληψη 

H μελέτη της συμπεριφοράς των ψαριών απαιτεί ολοένα και πιο εξελιγμένα 

απεικονιστικά συστήματα υπολογιστών προκειμένου να διασφαλίσει την ταυτόχρονη 

λήψη πολλαπλών τύπων αναλυτικών μετρήσεων της συμπεριφοράς των ιχθύων σε 

διακριτά βήματα, ταυτόχρονες μετρήσεις, σε μεγάλες πειραματικές περιόδους και 

λεπτομερή καταγραφή των συμπεριφορών των ιχθύων σε διακριτά βήματα. Στην 

παρούσα εργασία, παρουσιάζεται ο σχεδιασμός, εκ του μηδενός, ενός συστήματος 

καταγραφής ικανό να διαχειρίζεται πολλαπλές κάμερες ταυτόχρονα (μέχρι 9 

κάμερες), με δυνατότητες ποιοτικής αλλά και ποσοτικής ανάλυσης ποικίλων 

προτύπων συμπεριφοράς ιχθύων, και παράλληλα η εφαρμογή του σε ένα σημαντικό 

αριθμό πειραμάτων μελέτης της συμπεριφοράς ιχθύων. Το σύστημα επιτρέπει την 

ταυτόχρονη παρακολούθηση και των 9 καμερών και την αποθήκευση των δεδομένων 

που αυτές καταγράφουν για μεγάλες χρονικές περιόδους, με υψηλή ευκρίνεια, 

εξαιρετική χρονική ακρίβεια και ελάχιστες απώλειες στιγμιότυπων. Η καινοτόμα 

συμβολή του εν λόγω συστήματος περιλαμβάνει επίσης την δυνατότητα 

φιλτραρίσματος εικόνων (λήψεων) “a la demande”, τον αυτόματο υπολογισμό των 

ακίνητων αντικειμένων στο βίντεο (υποβάθρου) και αφαίρεση αυτών, την αυτόματη 

ανίχνευση αντικειμένων και την αυτοματοποιημένη αναγνώριση ειδικών προτύπων 

(patterns) συμπεριφοράς. Επιπρόσθετα, το σύστημα έχει την ικανότητα να εξάγει 

συγκεκριμένες πληροφορίες από γεγονότα που ανιχνεύονται αυτόματα με βάση 

παραμέτρους που ορίζονται από το χρήστη. Το σύστημα που περιγράφεται στην 

παρούσα διατριβή έχει ολοκληρώσει με επιτυχία 10 διαδοχικά πειράματα διάρκειας 
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30 ημερών, με την παρακολούθηση της δραστηριότητας ιχθύων από 9 δεξαμενές, 

συλλέγοντας δεδομένα συνολικής διάρκειας ενός ολόκληρου χρόνου.  

Πιο συγκεκριμένα το σύστημα χρησιμοποιήθηκε μεταξύ άλλων, στη μελέτη της 

συμπεριφοράς ιχθύων στα παρακάτω πειράματα τα οποία έχουν ήδη δημοσιευτεί. 

Μελέτη των χαρακτηριστικών συμπεριφοράς των ιχθύων έναντι διχτιού διαφορετικής 

κατάστασης (ανέπαφο, με μερικές σπασμένες κλωστές και με τρύπα) (Papadakis et 

al., 2012). Επίδραση της παρεχόμενης ποσότητας τροφής πάνω στη συμπεριφορά των 

ιχθύων στο δίχτυ (Glaropoulos et al., 2012). Χωρική κατανομή των ιχθύων στον 

ιχθυοκλωβό, κάτω από την επίδραση της θερμοκρασίας, ιχθυοφόρτισης, και της 

παροχής τροφής (Neofytou et al., 2013). Συμπεριφορά διαφυγής των ιχθύων κάτω 

από συνθήκες διαφορετικής ιχθυοφόρτισης (Glaropoulos et al., 2012). Μελέτη της 

συμπεριφοράς των ιχθύων πάνω στο δίχτυ, υπό την παρουσία ή όχι μικροφυκών 

(Glaropoulos et al., 2014). Αναλυτική περιγραφή και καταγραφή του πρότυπου 

δαγκώματος και συμπεριφοράς διαφυγής ιχθύων (Papadakis et al., 2014). Μελέτη του 

φαινότυπου της κυριαρχίας που αναπτύσσεται στις κοινωνικές ομάδες των ιχθύων σε 

συνθήκες κράτησης. Μελέτη της συμπεριφοράς των ιχθύων κάτω από την επίδραση 

του φωτός. 

Όλες οι μετρήσεις που πραγματοποιήθηκαν στο πλαίσιο των πειραμάτων οδήγησαν 

στην παραγωγή νέας γνώσης για τα πρότυπα συμπεριφοράς των ιχθύων η οποία ήταν 

εξαιρετικά δύσκολο έως αδύνατο να ληφθεί με την χρήση των ελαχίστων διαθέσιμων 

εμπορικών τεχνολογιών απεικόνισης. Σημαντικό είναι το γεγονός ότι παρά τις υψηλές 

τεχνικές προδιαγραφές του, το κόστος κατασκευής του εν λόγω συστήματος είναι 
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εξαιρετικά χαμηλό, δίνοντας έτσι τη δυνατότητα ευρείας χρήσεως από κάθε 

εργαστήριο ηθολογίας των ιχθύων σε ελεγχόμενες συνθήκες. 
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A. Introduction 

A.1 State of the art 

The investment on computer vision systems along with multiple digital cameras will 

provide essential tools in order to secure/strengthen the optimal rearing/culture 

conditions in aquaculture and thus work towards sustainable role in the industry. In 

the last two decades, animal behavior has been introduced in the field of aquaculture 

research in order to understand how fish respond to and thereafter interact with 

environmental challenges, both individually and as a population. The study of animal 

behavior is an important task to understand the causes, functions, development and 

evolution of animals. Recent advances in remote monitoring allowed the study of 

animal and specifically fish behavior remotely, with non-invasive methods. 

Specifically, it provides essential information on how to promote welfare and in 

general handle animals without creating stress conditions (Huntingford et al., 2006) 

There are several video systems developed and applied specifically for the study of 

fish behavior. Particularly, they can be categorized as:  

 Single camera video recording and algorithms development (Kane et al., 2004, 

Mueller et al., 2006, Salierno et al., 2008);  

 Motion detection (Shao and Xin, 2008, Gersner et al., 2009, Grubich et al., 2008),  

 Object tracking (Stien et al., 2007a, Delcourt et al., 2009, Duarte et al., 2009, 

Papadakis et al., 2012),  

 Posture detection (Pereira et al., 2013, Gomez-Marin et al., 2012)  

 Multiple camera systems allowing 3D object tracking (Straw et al., 2011, Kato et 

al., 1996). 



22 

 

All aforementioned computer vision systems have been widely applied as appropriate 

tools to analyze fish behavior. In detail, (Kane et al., 2004) presented a system that 

enabled the movement analysis of an individual fish, in variables such as velocity, 

total distance travelled, angular change, space utilization, and path complexity, which 

could be used as an indicator for environmentally-relevant stressors. (Mueller et al., 

2006) presented the application of video and acoustic cameras to determine fish 

presence and behavior in large scale infrastructures, enabling also the fish size and 

density estimation in various turbidity levels. (Salierno et al., 2008) presented the 

development of software that allows the video recordings analysis of schooling, 

shoaling and solitary behaviors of the mummichog, Fundulus heteroclitus. (Grubich 

et al., 2008) analyzed the biting behavior of the great barracuda using high-speed 

video (1500 frames/s), showing that prey is impacted at the corner of the mouth 

during capture in an orthogonal position, where rapid repeated bites and short lateral 

headshakes result in cutting the prey in two. (Stien et al., 2007a) described an 

economical and efficient video analysis procedure for registering vertical fish 

distribution in aquaculture tanks, demonstrating that fish start to associate fright 

stressors with learning procedures for feeding purposes. (Delcourt et al., 2009) 

developed a video analysis methodology and software that allowed the multitracking 

of individual unmarked fish behavior in a large fish shoal (up to 100) that enables to 

study the structural and dynamic properties of an animal group. (Duarte et al., 2009) 

used a video system and digital image analysis to assess sole activity, enabling a more 

objective quantification of fish movement. Lastly, (Kato et al., 1996) presented for the 

first time a machine vision system that enabled the 3D position of a single fish 
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moving in an aquarium, enabling the characterization of fish movement through its 

average velocity and directional histogram.  

However, a common problem encountered in those systems, is the significant number 

of lost frames during long recordings, which in some cases is more than 10% of the 

overall time recording, due to the analog video transfer and the asynchronous video 

compression. In addition, the problem of lost frames is linearly related with the 

number of cameras connected to a system, the compression algorithm used and the 

systems’ processing capabilities. Nowadays, the analysis of fish behavior has reached 

a point where time accuracy is an important parameter related to several behavioral 

patterns and their discreet steps (Papadakis et al., 2014). This is a common problem 

that has not been evaluated before, due to the nature of the behavioral studies 

performed. Indeed, the majority of such studies were mostly focused on counting 

events or monitoring in general the overall activity of a fish or population 

(Glaropoulos et al., 2012, Stien et al., 2007a, Papadakis et al., 2013a, Glaropoulos et 

al., 2014). Evolution of these applications was in relation to time accuracy and 

acquisition consistency, since under these characteristics, analysis of fish behavior 

can provide the required knowledge to overcome production problems in aquaculture. 

The present system aimed at video recordings from multiple cameras and for long 

experimental periods. Time accuracy and high acquisition consistency were the major 

objectives of the design, to allow accurate description in discrete steps of fish-specific 

behavioral patterns. System operation was supported by a user-friendly environment 

that can be easily understood and operated by researchers. Further, the acquisition, 



24 

 

processing and analysis software developed particularly for this thesis, allowed the: 

remote observation and control of the system through: 

 Web-server application for remote monitoring and control,  

 DivX algorithm for minimal loss compression of video,  

 Automated extraction of the tank background,  

 Automated fish identification,  

 Automated calculation of fish positioning in the tank,  

 Image analysis of the fish characteristics,  

 Automated identification of specific behavioral traits and alarm triggering 

One of the major advantages of this system is that it saves time for the researcher, as 

the automated identification of behavioral traits extracts only those specific frames 

from the video recordings that contain the related behavioral information and require 

human evaluation. 

A.2 The computer vision system design 

The final version of the computer system designed, aimed to operate and control 9 

cameras (Figure 1) with optimal resolution and acquisition speed. Three individual 

computers were installed, each one responsible for 3 cameras. The computers were 

connected via (USB KVM Switch, CS-64U) to a single monitor, keyboard and mouse. 

Communication between the three computers as well as Internet access was achieved 

by an Ethernet splitter (DGS-1008D, D-Link) and the use of different IP addresses for 

each computer. 
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Figure 1: The computer vision system composed by 3 desktops, 1 monitor, 1 

keyboard/mouse and 9 cameras 

Each computer consisted of a typical processor (Pentium (R) Dual-core 5300 2.6 

GHz, Intel), 4GB of RAM Memory, and 1TB of HDD storage capacity. The on-board 

video processor (H110, Intel) was used, along with the on-board GigE adapter. One 

extra USB 2.0 PCI interface card was installed to connect to the 3 digital CCD 

cameras. The maximum transfer rate of the above protocol is 400Mbit/sec. 

The cameras had HD resolution (1024*768 pixels) and a color depth of 24 bit (C310, 

Logitech). Interfacing with the USB card allowed the transfer of 30 uncompressed 

frames/sec @ HD resolution in color mode. To avoid any frame loss due to the USB 

card interface limitation, the maximum frame rate from each camera should be set to 

10fps. Including the time that the cameras need for control and synchronization the 

preset frame rate was set to 9fps. This resulted to an acquisition of 27frames/sec from 

the 3 cameras in each computer. The cable connecting each camera had a fixed length 

of 3.0m. 

The sensor incorporated was based on a CCD detector allowing imaging across the 

visible and near infrared spectrum (400nm – 1000nm). In order to enable night 
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observations with infrared illumination the cameras’ standard objective lens were 

replaced by a non-coated-to-visible lens. 

The total cost of the system remained very low (1KEuros for cameras, 1KEuros for 

the hardware setup), providing a very cheap but also a reliable and fully operational 

computer vision system for laboratory research. 

A.3 Software design and development 

Software development consists of three applications: the computer vision system 

control application and data acquisition (3X3cams) (Figure 2 left); the development of 

a web server for remote observation of fish behavior; the processing and analysis of 

data acquired (FVA) (Figure 2 right). All above software applications are written in 

LabView programming interface, with an additional use of the Vision Development 

Module (National Instruments). 

 

Figure 2: The computer vision system control and data acquisition application 

(3X3cams) (left); the processing and analysis of data application (FVA) (right). 
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Acquisition application 

The application (3X3cams) first detects the cameras and initializes them so as to 

disable all auto functions (auto white balance, auto gain, auto shutter, etc.). The basic 

parameters are set constant and equal (R, G, B gain, brightness, contrast, shutter 

values, white balance) for all cameras. The above setup keeps the same color space 

representation independently of the tank’s components color differences (water and 

fish). All cameras are set to transfer image data in maximum spatial resolution 

(1024*768), uncompressed in RGB format for optimal image quality. 

The application is programmed to acquire a single frame from all connected cameras 

every 111msec, which reflects an acquisition rate of nine (9) frames per second (fps) 

per camera, resulting to a total of 27 fps for every workstation. 

Following acquisition, the software incorporates a multi-cropping algorithm that 

enables the recording of the area of interest (AOI) from each camera, each one 

monitoring a separate tank, for data minimization purposes. User initially defines the 

AOI in each field of view of the 3 cameras, each for one tank. The multi-crop 

algorithm automatically changes the individual AOI size to be the same in all three 

frames, based on the maximum width and height size from the three initially selected 

AOI (Figure 2 left). A new image is formed that contains the 3 AOI, in an array 

formation with one column and three lines. Its final dimensions are resized to 

multiples of 32 to avoid compatibility issues with compression algorithms. A 

freeware compression algorithm (DivX Codec 4.12, DivX Inc.) is used, at high 

quality settings, enabling high compression rates, along with high video quality. The 

resulted image is then saved to the computer’s HDD. The recording frame rate of the 
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video is set to be equal with the acquisition (9 fps). Last, the application calculates the 

overall iteration duration for every circle (described previously) and indicates this on 

the user interface, so as to keep track of possible processor overflow. 

The system is programmed to record data for a full 24h per day. At the beginning of 

the recording, the application creates a video file with a filename based on the date 

and time that recording was initiated. By the end of each day, at 00:00 hours, the 

video file is closed on HDD and a new file is initialized for the new day to continue 

recording. 

Web server for remote observation 

A remote-control system was developed, via a webserver application (Web Publishing 

Tool, LabView) in each computer. Since each computer uses a different IP address, 

the user can individually connect to any of them. Webserver settings were initialized 

to update one image every 1 second to reduce requirements for processor time and 

network capacity. 

Analysis application 

A video file is selected and the filename along with the first frame is displayed in the 

user interface of the (FVA) application. Information related to the video file; total 

video duration (in frames), frame rate per second (fps), frame spatial resolution and 

color bit depth is also shown (Figure 2 right). The video file can be manually scanned 

by selecting the frame number from a control on the user interface. The frame number 

is also controlled by the keyboard’s arrow keys thus the neighborhood frames of the 
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video file can be displayed. Optionally, the application allows the selection of a 

specific time period (starting frame, ending frame) to be further analyzed. 

 

Figure 3: A color video frame (a); a selected color (green) plane (b); the calculated 

background image (c); the selected color plane after background subtraction (d). 

The algorithm checks the color information from the selected video time period 

(Figure 3a). If the video contains color information, each frame is split in 6 color 

image planes (Red, Green, Blue, Hue, Saturation, and Intensity), from two different 

color spaces (RGB, HSI). The user then can select the plane with the best contrast 

between objects and the background (Figure 3b) for the background calculation 

process. In the case of grey-scale videos the application skips the color plane 

selection. Before all mathematical calculations, images are transformed to floating 

point to ensure that no data are lost. 
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Following, FVA provides the option to calculate a background image from the 

selected time periods for background subtraction purposes (Figure 3c). To achieve 

that, the application can average a large number of frames, where any moving objects 

are treated as noise. In the measured experiments this number was 300 frames. The 

calculated background image is then stored in a temporary memory location. Each 

video frame is then processed and background image is subtracted, resulting to an 

image that only contains the moving objects (Figure 3d). An absolute value function 

is then applied to ensure that negative intensity values will be further evaluated. 

Analysis starts with the use of an object detection algorithm (Figure 4). To proceed, a 

number of settings need to be defined initially: the threshold between the background 

and the objects; minimum and maximum object size; to ignore objects touching the 

image border; and finally, the option to fill the resulting holes within objects. When 

these variables are set, objects can then be detected and information related to their 

bounding box as also the center of mass is returned. 

 

Figure 4: The FVA application during execution showing: The settings box, the 

processed frame, the objects detected inside their bounding box and the statistics 

graph. 
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Distances and movement statistics of the detected objects require a reference point. 

This needs to be defined by the user and is called point of interest (POI). From the 

above information the software calculates the distance of the center of mass of each 

object from the POI and stores it to the computer’s memory. Additionally, there is an 

option to restrict the field of view to the area that objects are free to move by defining 

a New Area of Interest for Analysis (AOIA). Considering that the system operates 

with 9 cameras, this action significantly minimizes CPU time requirements. 

Following, the software automatically calculates a number of statistical variables 

(Table 1); the number of objects detected, the position of the center of population 

mass (CPM) in both axis (X, Y) and its distance from the POI, the standard deviation 

and the variance from all object distances. Moreover, based on the frame rate the 

speed of the CPM is also calculated. 

In every frame, an additional algorithm is implemented in the FVA that is monitoring 

the distance between each object’s bounding box and the point of interest. This allows 

the use of an alarm whenever this distance is less than a preset number of 10 pixels. In 

this case, the frame number and the number of objects that fulfill this condition is 

counted and stored to the HDD with an uncompressed image file format (BMP). 

When the previously described settings are complete, the FVA can automatically 

execute the aforementioned procedure within the selected video duration. All results 

are then written automatically to the HDD in a new folder location, named with the 

videos’ filename. When the analysis is completed, the algorithm calculates all the 

aforementioned statistical variables for an average of 9 frames, for all the frames in 

the video, which results to a supplementary analysis for every second. 
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A.4 Experiments performed  

The multi-camera computer vision system was designed following the scope of an 

experimental series that was planned in the laboratory. Particularly, through the EU 

project “Prevent Escape”, the scientific aims were very specific: to understand the 

effect of various parameters, like mesh condition, rearing density, food supply, visual 

conditions, temperature, micro-fouling, and light, on the fish escape behavior. To 

support these studies, the first version of the system (Papadakis et al., 2012) was 

developed based on existing technological specifications, hardware components 

available and project budget. Five experiments were completed with this version of 

the system. The first experiment was to study fish behavioral traits on different 

conditions of the mesh. The second experiment focused on the fish behavior towards 

the mesh versus three feeding conditions (Glaropoulos et al., 2012). The third 

experiment involved the application of the analysis software on video recordings to 

study the effects of temperature, stocking density and feeding conditions on the 

vertical distribution of fish (Neofytou et al., 2013). The fourth study was to 

understand the effect of rearing density on the escape-related behavior of fish in 

experimental conditions (Papadakis et al., 2013a). The fifth and last experiment 

performed with this version of the computer vision system was to understand the 

interactions of fish towards the aquaculture net due to the presence of micro-fouling 

(Glaropoulos et al., 2014). Following the successful application and study of the 

aforementioned parameters on fish behavior, the system was updated to its final 

version as described in A2 section, in both hardware and software to improve 

important characteristics as image quality, time resolution and time accuracy. To 

evaluate the updated system, two successive experiments were performed, involving 
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the study of the net-biting activity and escape behavior of sea bream and sea bass in 

accurate time intervals of 111msec. This resulted to the recording of the detailed 

pattern of fish bite and escape in discrete steps (Papadakis et al., 2014). Following this 

development, two more experiments were performed, named six and seven. The sixth 

one was of great importance because the quality of the recordings enabled the study 

of the fish skin color pattern differentiation which is a major characteristic of the 

establishment of dominance in sea bream groups (Papadakis et al., 2016). The seventh 

experiment involved the behavioral differences of sea bass under dark and light 

environment, which showed the light preference of tank-confined fish (Glaropoulos et 

al., 2018).  

The present PhD thesis provided used state of the art technology to obtain valuable 

new knowledge on specific fish behavioral patterns, largely observed in the 

Mediterranean aquaculture. All the previously mentioned experimental studies were 

completed and published in international peer-reviewed journals. Highlights of this 

published work is presented in the following chapters.  
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1. A computer vision system and methodology for the 

analysis of fish behavior1 

1.1 Abstract 

Behavioral variations of small fish populations are difficult to measure quantitatively. 

To quantify such measurements, a low-cost computer vision system has been 

developed to analyze fish behavior in aquaculture tanks. With this system, 9 tanks can 

be observed simultaneously, enabling the study of one factor, in three triplets for 

further statistical analysis. The system enables the observation of the tanks at all 

times, with the use of a web publishing tool, while it allows the remote control of the 

acquisition to eliminate behavioral variations that might otherwise be caused by 

human presence. Evaluation of the system was achieved by measuring fish interaction 

(inspection and biting) on three different net conditions. Measurements were 

completed in three experimental sets, using stocking density as a stress factor. Results 

clearly demonstrate that the system successfully recorded fish behavior with minimal 

frame loss (< 21 sec in 24 hours), while analysis identified every fish interaction with 

the net. In addition, the measured variations of fish behavior within a single day 

showed no statistical differences. In conclusion, an inexpensive and efficient 

                                                 

1 Vassilis M. Papadakis, Ioannis E. Papadakis, Fani Lamprianidou, Alexios Glaropoulos, Maroudio 

Kentouri (2012). A computer-vision system and methodology for the analysis of fish behavior. 

Aquacultural Engineering, 46: 53-59. 
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computer vision system is presented, assisting in the monitoring and analysis of fish 

behavior. 

Keywords: Fish Behavior; Computer Vision; Movement; Stocking Density; 

Aquaculture Net;  

1.2 Introduction 

Behavioral variations of fish are very sensitive to stress factors (Pratt et al., 2005, 

Miller and Gerlai, 2007, Mancera et al., 2008, Masud et al., 2005), such as changes in 

environmental parameters (Little et al., 1990, Little and Finger, 1990). Furthermore, 

farmed fish are exposed to a larger variety of dynamic and multifactor stress factors 

(Johansson et al., 2006, McFarlane et al., 2004, Huntingford et al., 2006). Studies 

have been completed exploiting fish behavior as an analytical tool for environmental 

risk assessment and their reaction under specific stimulation like chemical stress 

analysis (Steinberg et al., 1995, Kane et al., 2004, Masud et al., 2005), or time spent 

on a specific behavior (Miller and Gerlai, 2007, Pratt et al., 2005). Moreover, it is 

well known that in aquaculture, high stocking density is one of the major causes of 

fish stress (Mancera et al., 2008). 

To measure and quantify fish behavior, many systems have been developed. Video 

recording has been used for the remote observation in real time, and also for the 

offline reproduction of fish activity through video playback (Vogl et al., 1999, Suzuki 

et al., 2003, Kane et al., 2004, Mueller et al., 2006, Stien et al., 2007b, Waggett and 

Buskey, 2007, Grubich et al., 2008, Salierno et al., 2008). One of the major 

advantages of video systems is the fact that no human presence is required close to the 
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experimental area to observe fish behavior. Experiments may last many hours, even 

days, making video systems an invaluable tool in behavioral study of fish. The long 

duration of the recorded video requires equal hours of observation from a person, 

making analysis very hard to be performed. Furthermore, the analysis of fish positions 

in a tank with hand scoring through direct observation results in low spatial and also 

time resolution (Bjerselius et al., 2001, Teather et al., 2001, Wibe et al., 2001).  

Various techniques have been implemented to help automate behavioral studies, each 

one specially designed to answer specific biological questions, showing that a more 

general tool is difficult to develop. Examples show that automated image analysis 

techniques for post processing (Kane et al., 2004, Higham et al., 2005, Park et al., 

2005, Stien et al., 2007b, Grubich et al., 2008, Duarte et al., 2009) or motion analysis 

of fish (Brewer et al., 2001, Grubich et al., 2008) are nowadays obligatory [such as 

the observation of 12 fish individuals in 12 small tanks, and the analysis of their 

random walk (Kane et al., 2004), the video analysis procedure developed to assess the 

vertical fish distribution in tanks (Stien et al., 2007b), or even more advanced motion 

analysis techniques like the image processing system for the quantification of fish 

behavior (Kato et al., 2004)]. Moreover, in the last decade, systems have been 

developed from hand scoring through direct observation, to more intelligent and 

complex systems that can automatically track individuals (Dusenbery, 1985, Ye and 

Bell, 1991, Hoy et al., 1996, Kato et al., 1996, Hoy et al., 1997, Delcourt et al., 2009). 

Although advances in technology allow the design of more sophisticated systems 

(making hardware more simple to control and software more easily developed by non 

programmers) no system has been developed yet to monitor specific behavioral traits 

of fish (such as their willingness to escape). 
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In this work, we describe a digital recording system and a novel analysis algorithm 

that allow the remote study of fish behavior and the fast analysis of specific 

behavioral questions. The system is capable of extracting specific frames from the 

recorded video for further evaluation (such as when behavioral-related fish responses 

occur). The description of the technique and the analysis algorithm is explained. The 

total cost of the system remains very low, allowing widespread implementation. 

Improvements and modifications of the system are discussed. 

Little is yet known regarding the various behavioral patterns of fish. To understand 

fish behavior and to find the major stress factors that alter their reactions, novel 

instrumentation and methods need to be developed. In this study, the interaction and 

behavior of Sparus aurata with an aquaculture net is studied, under various 

conditions, using stocking density as a stress factor. In addition, the variability of their 

behavior during the day is observed, before and after feeding time. We measure the 

time that fish spend inspecting the net, and the number of bites that occur on the net 

surface, as these parameters are strongly associated with the damages reported by fish 

farmers (Norwegian fisheries statistics, 2007; www.preventescape.eu). 

1.3 Methods 

Tank preparation 

Nine parallelogram tanks were used (length: 115 cm, width: 34 cm and water depth: 

40 cm), filled with 100 l salt water (salinity 38 ppt), while the inside surface was 

painted white. The fish were observed through longest side of the tank, made out of a 

5 mm thick glass. Each tank was separated into two regions, 60:40 by volume, using a 
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mesh made out of a white aquaculture net sized 31 x 28 cm with 17 mm hexagonal 

mesh eyes. The mesh was fixed with a blue plastic frame, which fitted perfectly to all 

sides of the tank. The tanks were oriented in a vertical-plane 3x3 array format, with 

tanks separated by 50 cm. 

Test species 

The system was tested using gilthead sea bream (Sparus aurata), at the Biology 

Department of University of Crete. During the experiment, fish were kept in the 60% 

area of the tank (referred as holding area) and were fed once every day at 14:00. The 

amount of food supplied in each tank was equivalent to 2% of the initial fish-

population biomass in the tank. The food was always introduced on one corner of the 

holding area, to avoid the possible flow of food to the other side of the mesh, due to 

water currents. The weight of each of the selected fish was 25.35 ± 2.27 g, while the 

average length was 12.45 ± 0.44 cm. 

For this experimental protocol, fish tanks were grouped in three triplicates for further 

statistical analysis, each triplicate consisting by the vertical axis of the tanks array. In 

the three triplicates different applied densities were used, classified as low (10 

individuals), medium (15 individuals) and high (20 individuals), respectively. 

Vision acquisition system design 

Nine color digital CCD cameras with manual iris and focus controls were mounted 

opposite from the tanks’ windows, at a distance of 1 m, each one recording a single 

tank. The cameras’ factory lenses were replaced with lenses that had no infrared-cut 

coating, allowing the detectors to acquire more red and infrared light. The cameras 
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were connected via firewire (IEEE1394) protocol to a single desktop computer (CPU 

i7, 6GB RAM, 2TB Hard Disk Drive (HDD)). The required frame rate of the 

recording was set to 3 frames per second. To achieve this acquisition rate, cameras 

were connected on 2 different Firewire - PCI cards (Unibrain), (5 cameras to 1 card 

and 4 cameras to the second card), to exceed the limit of 400 Mbit/sec transfer rate. 

Acquisition was performed with custom made software, written in LabView (National 

Instruments), specially developed for the experiment in the lab. The cameras were 

recording 24 hours a day for the entire duration of each experiment. It should be noted 

that the video recordings are currently black for 12 hours per day, when the lights are 

switched off. We plan to use infrared illumination, which will allow night-time 

observations as well. The recordings of each day (total time 24 h) were automatically 

stopped at 00:00 time and saved as separate files on the computer’s HDD. The 

software then automatically creates a new file and continues saving of the new video. 

All frames from the 9 cameras were acquired sequentially. The total acquisition time 

from all cameras was measured to be lower than 1 ms, while the intermediate time 

until next acquisition was fixed at 333 ms. Following acquisition, the frames were 

combined to a single frame for simultaneous observation and so as to have a single 

video file as an output. MJPEG compression algorithm was used to reduce the huge 

amount of data recorded daily. Recording during the night minimally affect the 

amount of data recorded, since the MJPEG algorithm highly compresses the black 

frames. After completion of each day, video files were remotely transferred, via 

internet to another computer for data analysis, while still running the experiment. 

Real-time observations of the fish behavior in all tanks was also achieved with the use 

of a web-server (LabView, Web Publishing Tool) installed together with the software 
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in order to observe the progress of the experiment without entering the experiment 

room thus avoiding influencing the behavior of the fish. 

The set of experiments 

A total of 405 fish were used in this study, 135 for each experimental set. The 

experimental design was the same among the three experimental sets, while the only 

difference involved the condition of the mesh. 

In the first experiment, an undamaged mesh was placed in each one of the tanks 

separating them into two areas. In the second, the mesh used was slightly damaged, 

having one twine of a centrally located mesh eye cut exactly in the middle. Finally, in 

the third experiment, three adjacent twines were cut forming a tear through which the 

fish could cross and swim to the other side of the mesh. To form a tear of the 

appropriate size, the width of the fish was also measured (average width: 4.0 ± 0.1 

cm, average length of tear created: 4.0 - 4.5 cm). 

The first phase of the experiment was the acclimatization, which lasted four days and 

took place before the beginning of each trial. All fish were placed into the tanks and 

were provided with food in the same quantity and manner as in the rest of the 

experiments. During this phase, the activity of the fish was not recorded. After 

acclimation, the next experimental phase followed where the camera system acquired 

video for a full 24-hour period. In the third experimental phase the analysis of the 

acquired data was involved. The selected day for the analysis was the sixth day after 

acclimatization, since fish were fully acquainted with the environment. Analysis was 

performed for five different time periods, each with duration of 15 minutes, to analyze 

fish behavioral differences within the day. The start of the selected time periods were: 
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at the beginning of the day (8:30), mid-morning (11:00), before feeding time (13:00), 

after feeding time (15:30), and at the end of the day (19:30). Two behavioral variables 

were chosen to be measured, activity close to the net (inspection) and net biting. The 

total inspection time is determined by the total number of frames in which at least one 

fish approaches the net by less than 2 cm, while also facing the net. Net-biting events 

are individually counted. 

Analysis Software design 

All acquired videos were analyzed with the use of custom made software developed 

in our labs, written in LabView. The software initially locates the turning on and 

turning off of the fluorescent lights above the fish tanks. Every frame, before 

processing, is split in its 3 color planes (R, G, and B). The user can select the plane 

that provides the highest contrast between fish and background. In our setup, the 

plane with the best contrast was measured to be the green plane, so it was selected to 

be used for further processing. Subsequently, an automated algorithm averages 300 

frames (100 s), to calculate a clear image of the tanks (background image), seemingly 

with no fish inside. As fish are moving randomly throughout the tank, over 100 s of 

averaging the fish are blurred uniformly, so that the averaging algorithm evaluates 

them as noise, largely eliminating their effect on the “background” image. Every 

frame is analyzed with an image difference algorithm (IMAQ absolute difference, 

LabView) resulting in a background-subtracted image that contains only the moving 

objects of the picture such as the fish and the bubbles from the air-stones inside the 

tanks. The user then selects an area from the image that contains one tank (Figure 5c, 

green area). Additionally, a reference point is selected to provide spatial information 
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of individual fish inside the tank. This reference point was set as the center of the net 

pen that separates the tank in two areas (Figure 5a – Figure 5c, green cross), allowing 

the software to then perform the analysis. Fish are detected within the selected area of 

interest, with a standard object detection algorithm (LabView, Vision). The user then 

sets the algorithm variables (max object size, min object size, threshold) so that the 

fish can be correctly detected as objects. Subsequently, the software detects the 

objects and determines the positions of the center of mass of each objects. The 

horizontal distance of every object center from the reference point is then calculated. 

An extra algorithm is used to check if the distance of any object from the reference 

point is closer than 10 pixels, which occurs for inspection and biting. In this case the 

algorithm extracts the selected tank from the current frame and stores it to the 

computers HDD as a BMP image, for later human observation and evaluation. During 

the analysis, the software detects object the positions and then calculates the distance 

of every object from the reference point. A common averaging algorithm calculates 

the position of the population's mass center. Various statistical variables are 

calculated, such as the total number of fish detected, the horizontal, vertical, and 

average distance and the average speed of the center of mass of the fish population, as 

well as the respective standard deviations of averaged variables. 
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Figure 5: a) selected video frame with no processing, b) processed average frame, 

c) detection of population individuals. 

 

Statistical analysis 

Statistical analysis was performed using SPSS (PASW Statistics 18). To check for 

statistical differences between replicates and differences between the three population 

densities, a nested ANOVA model was used, setting the time that fish spent for 

inspection or the number of bites as the dependent variables, while keeping time 

periods and the population densities as fixed parameters, and each tank from the 

triplicate acts as nested factor within the density. A post Hoc Tukey’s test was used to 
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detect differences between the groups, keeping the significance level >95% (P < 

0.05). 

1.4 Results 

System performance 

The system acquired approximately 259,500 frames resulting in a total size of 29 

Gigabytes of compressed data for every 24 hours of recording, while only losing 61 

frames on average for every 24 hour cycle (which refers to 21 sec). Every resulting 

frame required approximately 10 ms for the cameras to transfer their acquired images 

to the computer, the software algorithm to combine the nine frames to one, the 

standard MJPEG compression to compress the frame, and finally for the computer to 

store the data to the HDD.  

During the analysis of videos (Figure 5a), the normalization image, created after 

averaging, results in a very clear image of the non moving objects of the cameras field 

of view (Figure 5b). The detection algorithm was successful in detecting almost every 

individual (Figure 5c), except from the cases where fish images were overlapping, in 

which case the algorithm detected only one individual. 

For every 15 minutes of video analyzed, statistics were performed related to the 

population center-of-mass positions, as described above. Changes of the movement 

and velocity in both horizontal and vertical axis were observed. In Figure 6 the center 

of population mass horizontal movements are shown together with the standard error 

representing the populations schooling, and with the horizontal velocity alterations of 
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the center of population mass. The total points in the graph represent the total number 

of frames analyzed divided by 15, resulting in 180 points (every point is 5 s). 

 

Figure 6: Top graph represents the center of population mass movement in horizontal 

axis with the standard error; bottom graph shows the velocity alterations from the 

center of population mass. 

Experiment 

The results from all the experiments involving the behavioral characteristics of fish 

are presented in Figure 7. The analysis of the results is described below. 
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Figure 7: Replicate Analysis. Different grammatical symbols indicate the existence 

of statistical differences between stocking groups P < 0.05. The letter n indicates no 

statistical difference. 
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1. Undamaged mesh - First Experiment 

Replicate comparison 

The first part of the analysis was to compare the individual replicates in each triplet 

for significant differences. As stated before, the method used was a randomized block 

design. Significant differences (P < 0.05) on fish inspection were only observed on 

the replicates of the medium density (15 fish). No significant differences were found 

on fish biting between all replicates of the same tests. 

Time comparison 

Behavioral variations between the different time periods were analyzed, under the 

same analysis method. The same behavioral parameters where analyzed (inspection, 

biting). There were no significant differences between the different time periods at 

any treatment, related to the behavioral parameters (P > 0.05).  

Treatment comparison 

Since there were no significant differences between triplets, statistical analysis was 

performed in relation to the three applied densities. Additionally, using all the data 

from the experiment, statistical differences were checked between the different hours 

of the analysis, in relation to the defined behavioral parameters. The test for fish 

inspection showed that there was a significant difference related to the small and 

medium population density (P < 0.01). The test for fish biting showed that there was 

a significant difference related to the small and high population density (P < 0.01). 

2. Mesh with a single cut twine - Second Experiment 

Replicate comparison 
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The same analysis pattern was performed for the second experiment. For fish 

inspection, the replicates related to the medium population density resulted in a 

significant difference (P < 0.01), while the rest of the replicates showed no statistical 

differences. Regarding fish biting no significant differences were found between all 

replicates. 

Time comparison 

There were no significant differences between the different time periods at any 

treatment, related to the behavioral parameters (P > 0.05).  

Treatment comparison 

The test for both behavioral parameter showed that there was no significant difference 

related to the any population density (P > 0.05).  

3. Mesh with a tear - Third Experiment 

Replicate comparison 

In the third experiment, the analysis of fish inspection showed significant difference 

(P < 0.05) only among the replicates in the medium density group. Regarding fish 

biting under the same tests no significant differences were found between all 

replicates (P > 0.05). 

Time comparison 

Similar to the experiments 1 and 2, behavior did not change during the day, as the 

analysis of the different time periods didn’t show significant differences for both fish 

inspection and biting (P > 0.05).  

Treatment comparison 
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The results of the nested ANOVA test showed significant differences between the 

small and medium densities (P < 0.05) related to both behavioral parameters, while 

the rest of replicates showed no statistical differences. 

As results indicate, our system is capable of detecting behavioral alterations caused by 

stress factors. Furthermore there was no significant difference between the time 

periods within the day, implying that the behavioral variations of fish inspection and 

biting on the mesh does not vary within a 24-hour period. 

1.5 Discussion 

Escape events are regarded as a crucial problem for the sustainability of aquaculture 

industry (Jensen et al., 2010). Especially in the Mediterranean Sea, sea bream is 

reported to escape from sea cage installations but its extent still remains unknown 

(Dempster et al., 2007). Furthermore, the increasing demand for maximum 

productivity requires larger fish populations and therefore higher applied stocking 

densities. However, considering the biological habits of sea bream, which tends to 

nibble the aquaculture net and eventually create holes on the net surface [as does the 

Atlantic cod (Moe et al., 2007)], it can be concluded that high stocking density not 

only affects the growth performance of sea bream but also alters species’ behavior 

under captivity. 

The aim of this study is the development of a novel system, based on computer vision 

techniques, to quantify behavioral variations of fish under various stress factors. The 

system was evaluated by using stocking density as a stress factor. As results indicate, 

the system is capable of detecting behavioral variations in very short time responses 
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(333 ms), while only losing very small amount of time on each 24 hour cycle (<21 

sec). The total number of frames lost are due to the time required from the computer 

IO (Input / Output) operations, such as closing one previous file and creating a new 

one at 00:00 hours. Other commercial systems can achieve faster acquisition times, 

however, a significant amount of time is lost. In those systems, frames from each 

camera are stored to a separate file, thus requiring a fast computing system capable of 

handling a large number of concurrent IO operations. The addition of more cameras 

should be considered with caution, as it may increase frame loss. Our system 

combines frames from all cameras into a single frame, which is then written to the 

storage medium, thus resulting in minimum frame loss.  

The significant capabilities of our system make it a suitable tool for testing behavioral 

variations under various stress factors, like chemicals and biological contaminants. 

The system is easily adaptable so that variations in many different behavioral factors 

can be tested for dependence on environmental factors. Based on future technological 

advances, the system will continue to upgrade so that more complex behavioral 

factors will be detected. Software has been developed in a high-level graphical 

programming interface (LabView, National Instruments) enabling fast modifications 

as well as later advances with more complex behavioral parameters. Its detection 

capabilities and the way that data are exported cannot be achieved with existing 

commercial behavioral quantification systems (Ethovision, Behavioquant and Expert 

Vision). The analysis of the data, yields detailed information (such as individual and 

averaged positions, speeds, etc) which can provide further insight into fish behavior. 

For small population sizes, individuals can be tracked continuously. In contrast, for 

large population sizes, only statistical averages of population parameters can be 
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determined, which can provide further information related to specific behavioral traits 

of fish like schooling behavior. In addition the system is remotely controllable and 

can display video data in real time through a web based interface for observations 

around the globe. During analysis of each 15 minute-time period, the time required to 

check the two behavioral parameters (inspection and biting) was around 5 minutes on 

average. In addition, no incident was found to be lost, as it is possible to happen on 

video observations caused by human mistake. That reduced the total time for analysis, 

to less than 30 percent of the total time that video observations would require. 

Sea bream feeding habits are well documented, focussing on both biological and 

ecological aspects. Sparus aurata is a mobile benthic fish (Suau and López 1976) that 

in nature feeds on decapods (Carcinus sp.), gastropods, bivalves, amphipods, isopods, 

fishes, and errant and sedentary polychaetes (Tancioni et al. 2003; Mariani et al. 

2002; Pitta et al. 2002; Tancioni et al. 1998; Wassef & Eisawy 1985). These feeding 

habits indicate that the type of food preferred by sea bream individuals is located at 

the bottom of the sea in solid substrates and not at the water column. We saw that 

when sea bream individuals are reared in tanks, the change in their living conditions 

does not alter their feeding behavior entirely. As a result, we show that the cultured 

fish express their feeding behavior on the mesh by inspection and biting. In the case 

of sea-cage aquaculture, natural sea substrate is replaced by the cage netting. Our 

results indicate that there is a connection between fish behavior and stocking density 

and/or net condition. In captivity, fish feeding is influenced by stocking density (e.g., 

in trout and seabass), and indirectly by social interactions in species in which 

dominant individuals monopolize the available food (as in salmonids). 
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Many stress factors affect the biochemical and physiological conditions of fish, in 

nature as well as in aquaculture (Uglem et al., 2009). Stocking density is a major 

stress factor that affects fish growth and energetic expenditure (Morgan et al., 1999, 

McFarlane et al., 2004, Salvanes and Braithwaite, 2006, Li and Brocksen, 1977, 

Lefrancois et al., 2001). Escape behavior is closely related to the stocking density 

(Papadakis et al. submitted 2010). For the aquaculture industry it is very important to 

know why and how the fish bite the nets, to develop better materials and avoid the 

escape of fish from the cages that cause economic and ecological damage.  

Compared to previously designed systems, this system can be applied to quantify 

behavioral variations associated with the exposure to any type of chemical stress 

factors (such as toxins and any industrial or agricultural waste). In addition, the 

analysis of behavioral responses can provide information related to the neural and 

mechanical disruption, that result from biochemical and physiological alterations 

(Brewer et al., 2001). Utilizing this methodology, researchers can develop an 

inexpensive way to analyze many behavioral variations under a large variety of stress 

factors, remotely, while eliminating any behavioral interference. 
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2. Sub-second analysis of fish behavior using a novel 

computer-vision system2 

2.1 Abstract 

This work presents an advanced version of a previous computer vision system that is 

appropriate for analyzing more complex fish behavioral traits. The system is capable 

of long-term recording of fish escape and bite behavior in tanks with excellent 

sampling accuracy and a minimum number of frames lost. In addition, the system is 

able to simultaneously record from nine different tanks with nine respective cameras, 

thereby allowing for specific experimental designs for statistical purposes. The 

evaluation of the system's operation and capabilities is achieved under specific 

biological activities in laboratory experimental conditions, with the activities duration 

similar to the system time characteristics. A sub-second analysis resulted in a detailed 

description of the escape and bite patterns of sea bream and bass in discrete steps, 

according to the video sequences. In general, the system was found to be able to assist 

in performing the behavioral studies of farmed fish. The final cost-effective system is 

characterized by long recording periods of high sampling accuracy, multiple digital 

camera acquisitions with high image quality, and state-of-the-art consistency.  

 

 

                                                 

2 Vassilis M. Papadakis, Alexios Glaropoulos, Maroudio Kentouri (2014). Sub-second analysis of fish 

behavior using a novel computer-vision system. Aquacultural Engineering, 62: 36-41. 
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2.2 Introduction 

Remote monitoring of fish behavior can potentially provide essential information 

related to the population status (Johansson et al., 2006, Huntingford et al., 2006, 

McFarlane et al., 2004, Papadakis et al., 2012, Pinkiewicz et al., 2011) without the 

requirement of fish handling, which increases the stress conditions. Video 

technologies (Kane et al., 2004, Mueller et al., 2006, Stien et al., 2007a, Grubich et 

al., 2008, Salierno et al., 2008, Wagget and Buskey, 2007, Papadakis et al., 2012) 

offer an inexpensive and reliable method to monitor and analyze fish behavior. 

Behavioral observation of fish activity requires a tremendous amount of recording 

time to gather multiple measurements of species-specific events. For this purpose, 

many systems have already been developed, focusing on the estimation of the position 

(to successfully detect the fish position) of individuals in two dimensions (Kane et al., 

2004, Mueller et al., 2006, Stien et al., 2007a, Papadakis et al., 2012, Delcourt et al., 

2013, Pinkiewicz et al., 2011). 

 Automated data recording techniques have been developed during the last 

several years that allow for the remote observation of fish behavior in aquaculture 

(Pinkiewicz et al., 2011). In laboratory conditions, the developed technology (Grubich 

et al., 2008, Duarte et al., 2009, Papadakis et al., 2012) successfully recorded and 

automatically analyzed the frequencies of specific behavioral events (number of 

events in a specific time period). As a function of the behavioral type, the sampling 

method is very important, and depends directly on the time scale. A common problem 

that often arises with these systems is the significant number of lost frames in the 

video data, due to the long experimental periods that in turn result in a number of lost 



57 

 

events. In addition, the instability of the quasi-continuous time sampling prevents the 

successful analysis of the related steps of each behavioral pattern, which are very 

short in duration. Furthermore, the number of lost frames in the video recordings has 

never been an important parameter in behavioral studies and has not being calculated 

yet, due to the nature of behavioral analysis (the counting of behavioral events). 

 All previously developed automated methodologies allowed experimenters to 

save time and, most importantly, to free them from their time-dependent perception 

and mistakes due to fatigue. These methods are specialized in recording and analyzing 

specific behavioral traits, primarily focused on the effect of time in many biological 

aspects, including circadian function and behavioral sequences. Furthermore, these 

methods are based on the analysis of the majority of dynamic parameters such as 

speed, acceleration, turning rate and group cohesion variations. In contrast, these 

systems are unable to record over a long time period in combination with a high frame 

rate and high image quality. These methods are too tedious and manually complex to 

allow for automatic detection and measurement of short behaviors, such as biting and 

special flapping of fins, over a long duration. 

 The objective of this development was to enable recordings over long 

experimental periods in combination with a high frame rate and high image quality. 

Enabling such recordings will allow for the accurate and sub-second analysis of the 

behavioral traits without modifying the possibility for extended video recordings from 

nine cameras. To achieve this capability, the system was designed to accurately 

acquire frames in specific time intervals (111 msec) while minimizing the possible 

frame losses in daily recordings. With this system, it is possible to study the 
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differences in a specific behavioral trait in discrete steps and to observe the factors 

that vary over long experimental periods (i.e., starvation). 

2.3 Materials and Methods 

2.3.1 Hardware design 

A computer vision acquisition system was redesigned to operate and record over long 

experimental periods at a high frame rate and high image quality. Three individual 

computers are installed, with each one connected to three cameras. Each computer 

consists of a typical processor (Pentium (R) Dual-core 5300 2.6 GHz, Intel), and 1 TB 

of HDD storage capacity. The on-board GigE adapter is used, while an additional fire-

wire IEEE1394 PCI interface board (Fireboard-Blue, Unibrain) is installed to connect 

to the 3 digital CCD cameras. All three computers are connected via (USB KVM 

Switch, CS-64U) to a single monitor, keyboard and mouse. Communication between 

the three workstations and Internet access is achieved via an Ethernet splitter (D-Link, 

DGS-1008D, 1 Gbit). The total cost remains very low (1000 Euros for the cameras, 

and less than 1000 Euros for all of the computers and related hardware), providing a 

computer-vision system that is very inexpensive, reliable and fully capable of 

operation for laboratory behavior research.  

2.3.2 Software development 

Two main applications (acquisition and processing) were developed to assist the 

system operation. All of the software modules were written via the LabView 

programming interface, with an additional use of the Vision Development Module 

(National Instruments).  
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2.3.3 Acquisition application 

The acquisition application is programed to acquire a single frame from all connected 

cameras every 111 msec. A multi-cropping algorithm enables the recording only of a 

pre-selected area of interest (AOI) from each camera view. A new image is then 

formed that contains only the AOI from the cameras. This approach minimizes the 

size of the image to be stored to HDD that in combination with a compression 

algorithm (DivX 4.12, DivX) minimizes data volume. The system records 24h a day. 

Each day is saved (at 00:00 h) in a separated video file allowing recording for long 

experimental periods (i.e. 1 month). In order to reduce any human disturbance during 

the experiments, a remote control system was developed, via a webserver application 

installed in each computer. The webserver update settings were initialized to provide 

one image every 1 second to reduce the processor time requirements and the network 

capacity. 

2.3.4 Analysis application 

Processing and analysis of the video data are achieved by a software application 

(FVA), which is an advanced version of the algorithms described in (Papadakis et al., 

2012). The application is programmed to accept DivX video files, and the analysis is 

performed in two time intervals (every 111 msec and 1 second).  
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Figure 8: A representative time-dependent analysis of gilthead sea bream biting the 

net. The pattern is described in discrete steps, every 111 msec. 

 The user initially selects the time periods for analysis. Subsequently, the green 

color plane was selected because it had the best contrast between the objects and the 

background. For the first 300 frames of the selected time period, the application 

calculates the background through an averaging algorithm. Every frame of the video 

file is then subtracted by the background image, resulting in a new image containing 

only the moving fish. An object detection algorithm detects the fish and returns the 

total number of fish found, along with the individual framed fish size and position.  

 During the analysis, an alarm occurs when the distance of an individual fish 

from a preset point of interest (POI) is smaller than a critical value (10 pixels). In this 

case, the user must check whether the extracted frame contains information related to 

fish activity. The relevant frames are extracted and stored as BMP images in the 
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HDDs of the computers, to a specific location, with a new folder named by the 

filename of each of the videos. 

2.3.5 Experiments 

The aforementioned computer vision system was evaluated under two successive on-

going experiments that involved the study of the net-biting activity and escape to the 

other compartment of the tank for sea bream and sea bass. Both behaviors were 

selected due to their significance in commercial-scale aquaculture and the potential 

risk for fish escape. In particular, bite activity was studied in the sea bream, a farmed 

species that regularly interacts with fairly damaged nets (Papadakis et al., 2013b). In 

addition, because sea bass rarely exhibit any exploratory behavior on the net pen 

(Papadakis et al., 2013c), the present study only focused on the motivation of fish to 

cross the net tear. Both experiments were performed over 30 days. Such studies 

require both the monitoring in an appropriate time resolution for the selected 

behavioral trait analysis and monitoring over long experimental periods.  

Experimental setup 

The experiments were conducted in nine rectangular cuboid and polyester tanks of 

100 L in volume (length: 115 cm, depth: 40 cm, width: 34 cm), filled with artificial 

sea water (salinity: 38 ppt). The one longest side was replaced by a transparent thick 

glass (5 mm) that allowed for fish observation throughout the experimental period. 

All of the tanks were connected to an external biological filter (EHEIM 20 Watt) for 

water recycling and an air pump for oxygen saturation (> 85%). A pair of fluorescent 

tubes (30 W) was installed over the water surface of each tank (50 cm) to control the 
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illumination of the tank (330 ± 7 lux). The photoperiod was set to 12 h L:12 h D. 

Infrared illumination would be an option to observe fish activity during the 12-h D 

period. According to the experimental protocol, the tanks were split into two 

compartments (50:50% of the tank volume) by a removable net pen (31 cm × 28 cm, 

with a 17-mm mesh eye). A tear that was located centrally on the net pen allowed for 

fish crossings between the compartments of the tank. The tear had an appropriate size 

(5.1-cm height), based on the average fish height (4.0 ± 0.1 cm). The fish were 

confined into the left area of the tanks, and then the system initiated the monitoring 

process. 

Experimental fish 

 A total of 270 fish (2 group × 135 fish) were used in this study. The fish (15 

individuals/tank) were initially left to acclimatize in the tank environment for a period 

of 7 days; during this time, they were fed ad libitum, once every day (commercial 

pellet – Biomar Inicio Plus 1.9). The first experiment was performed with juvenile sea 

bream Sparus aurata (weight: 30.93 ± 1.88 g; length: 13.61 ± 0.44 cm). The second 

experiment was performed with juvenile sea bass Dicentrarchus labrax (weight: 

26.73 ± 1.05 g; length: 13.34 ± 0.25 cm).  

The fish handling was performed under the authority of the Animal Care 

Committee of the University of Crete (protocol #64-14/11/2013). We followed the 

standardized protocol for transferring fish (2 fish in the net) to minimize the risk of 

injuries. 
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2.4 Results  

There was no loss of fish due to mortality or cannibalism throughout the trials. All of 

the fish gained weight at the end of each experiment, clearly indicating the good 

condition of the fish groups. Sea bream interacted with the net pen by biting it, and 

escapes occurred by the time the fish located the net tear. In contrast, sea bass did not 

bite the net pen but immediately escaped, in series, from the beginning of the 

experiment.  

2.4.1 Analysis of fish behavior in discrete steps 

Sub-second analysis of the aforementioned behavioral patterns indicated that 0.62 ± 

0.19 seconds are required for sea bream to recognize and bite the net. In addition, 1.55 

± 0.4 seconds were required for sea bream to recognize a tear on the net pen and to 

cross to the other compartment of the tank. A similar behavior was followed by sea 

bass individuals, with the shorter time of 0.87 ± 0.18 seconds being required to 

complete the escape event. 

2.4.2 Bite pattern 

The average duration for a bite incident was calculated through a total number of 100 

incidents measured in the first experiment. Specifically, the bite pattern lasts 5.6 ± 

1.75 frames (0.62 ± 0.19 s) and is described by the following steps: approach the net 

at a distance less than 16 mm; locate the cut twine; and initiate the bite activity by 

pulling the net, along with the successive changes in body position and posture. In 

Figure 8, the acquired photos are presented along with the related time intervals.  
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2.4.3 Escape pattern 

One hundred escape incidents were counted in both experiments referring to sea 

bream and sea bass escape events. The escape pattern lasts 13.8 ± 4.11 frames (1.55 ± 

0.4 s) for sea bream and 7.9 ± 1.68 frames (0.87 ± 0.18 s) for sea bass. The sea bream 

escape pattern is described (Figure 9) by the following steps: a fish initially locates 

the tear on the net; the fish then moves its body perpendicular to the net; the fish 

initiates crossing by entering its head into the tear; the escape event ends when the 

entire body passes to the other compartment of the tank. 

In contrast, a sea bass (Figure 10) first locates the net pen, and then initiates the 

crossing by placing its head into the tear; the fish then moves its body to a vertical 

position and continues the crossing, until it appears on the other side of the tank. The 

crossing activity always occurs on a vertical position to the tear for both species. 

 

Figure 9: A representative time-dependent analysis of gilthead sea bream escape 

behavior. The pattern is described in discrete steps, every 111 msec. 
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Figure 10: A representative time-dependent analysis of European sea bass escape 

behavior. The pattern is described in discrete steps, every 111 msec. 

2.4.4 Evaluation of the system 

The computer vision system is very easily operated by end users. The system executes 

automatically with error control for minimization of the human interference. The 

design of the system was focused on the quality and accuracy of the measurements, 

but with emphasis on the minimization of the total hardware cost. 

 The system efficiently operated throughout the experimental periods and 

recorded the fish activity in the tanks. In particular, 60 days in total were recorded by 

the system from all cameras. The requested frame rate exhibited no deviations from 

the originally designed values, resulting in the acquisition of frames every 111 msec ± 

1 msec. The consistency of the system was excellent, as confirmed by the 
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insignificant deviation of the recorded frames from the theoretical calculation (less 

than 21 frames, equivalent to 2.3 seconds, were lost from a total number of 778,378 

recorded frames per day). The success of the alarm algorithm detection was 100% in 

all of the analyzed periods, as confirmed by the relevant extracted frames and the 

human observations. Finally, the recorded image quality was sufficient for the 

analysis of the fish size and the behavior due to its spatial resolution (VGA – 640 × 

480), image contrast between the background and the fish and the quality of the 

compression algorithm (DivX 4.12). In particular, the average fish length in the first 

day was measured to be 74.25 ± 4.38 pixels for sea bream and 72.54 ± 2.95 pixels for 

sea bass, which is in accordance with the actual fish length measurements prior to the 

experiments. Finally, the total size of the recorded data for every 24 h of recording 

was approximately 30 GB. 

2.4.5 Efficiency of the description of behavioral patterns 

The system was able to provide analytical information for bite and escape activity, 

such as the position of fish and the posture of the body for every frame. Furthermore, 

the image quality of the system is sufficient to provide detailed information of the 

morphological characteristics of the fish, such as eyes, mouth and fins. 

 The recording time resolution of 111 msec ± 1 msec was satisfactory to 

describe the behavioral patterns of sea bream and sea bass. In particular, the pattern of 

sea bream escape was documented with 12 frames, while the sea bream bite pattern 

required 8 frames on average. The accuracy of the recording time intervals (1 msec) 

was appropriate for velocity calculations of the fish activity. 
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2.4.6 Experiment  

As the results indicate, our system is capable of detecting sea bream and sea bass 

individuals in tanks. In addition, fish interactions toward the net pen were 

successfully recorded by the acquisition software. Furthermore, the pre-set acquisition 

frame rate allowed for the recording of fish movements through the net tear, without 

any single event being lost. 

2.5 Discussion 

The study of fish behavior can make important contributions to the promotion of 

aquaculture. Behavioral analysis of farmed fish in laboratory conditions is currently 

based on measurements via human eye observations of video recordings and/or tag-

tracking tools. These technologies have been recently evaluated as reliable methods to 

study fish behavior (Kane et al., 2004, Stien et al., 2007a, Delcourt et al., 2013, 

Papadakis et al., 2012, Pinkiewicz et al., 2011). Currently, aquaculture requires more 

complex behavioral studies of farmed species that in turn will provide valuable 

information for future research on fish culture (Delcourt et al., 2009). The described 

system allows scientists to study fish behavior from a few seconds to several months 

of data, always keeping the same sampling resolution and consistency. As a result, the 

researcher has the option to choose the nature of his study and also can be assured that 

the time sampling is always exactly Δt = 111 msec. This consistency allows for the 

comparative study of a number of acquired events in their discrete steps. We expect 

this time resolution to be increased as the technology advances to allow for a more 

detailed analysis in the near future while always keeping the cost low. Moreover, 

there is a gain in analysis time because the user is not required to watch the entire 
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video but only has to evaluate which of the extracted frames is related to a specific 

event. Therefore, using the proposed system, up to 80% of the time was saved for 

escape events and 60% of the time was saved for bite incidents. These behavioral 

traits (in this case, escape and bite) belong to the time region of seconds, thus 

requiring increased time resolution and accuracy to describe the pattern in discrete 

steps. 

 In particular, the escape-related behavior of fish has been documented in 

several studies, concerning species interactions with the aquaculture net pen and 

relevant factors that lure them to cross a net tear (Glaropoulos et al., 2012, Hansen et 

al., 2008, Moe et al., 2007, Jensen et al., 2010, Papadakis et al., 2013c). Automated 

quantification of fish bites and escape events has only been realized by the application 

of specific video monitoring systems. However, the quantification versus time of both 

the escape (0.87 sec) and the bite (0.62 sec) pattern was not sufficient in a previous 

study (Papadakis et al., 2012) due to its time sampling resolution (0.33 sec). 

Therefore, the present system successfully recognized a number of discrete steps in 

the escape and biting patterns (8 and 6 steps, respectively), considering the time 

parameter for the entire duration of each event, while it ensured the consistency and 

accuracy of the time sampling. Such measurements are of great importance in 

aquaculture because they provide the following: when a fish initiates an action; how 

long an event lasts; and, overall, detailed information of the behavior. The acquired 

knowledge could be further applied to commercial-scale aquaculture, assisting the 

monitoring of a fish population inside a cage. Indeed, Atlantic cod (Moe et al., 2007) 

and sea bream (Papadakis et al., 2013b) are common farmed species that exhibit 

exploratory behavior on the cage wall and directly damage the aquaculture net. 
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Therefore, escape risk is further increased, detrimentally impacting the marine 

environment. In contrast, sea bass exhibit high escape activity but no interaction with 

the net. Mitigation of the problem of escape will ensure a more sustainable 

aquaculture industry. 

 The previously designed system (Papadakis et al., 2012) efficiently 

contributed to the automatic counting of incidents of fish escape and net biting. The 

present advanced CV system enables further detailed behavioral studies (Table 1) 

capable of recording juvenile fish movement and posture with higher image quality 

(DivX4.12 vs. Mjpeg compression algorithm) and time resolution (111 msec vs. 333 

msec). This enhanced capability results in a more detailed description of the 

aforementioned patterns versus time (with millisecond accuracy), including time 

intervals and body postures of the confined fish in tanks. In addition, the system 

successfully detected all of the incidents that occurred, giving an alarm for every 

single event. System consistency was appropriate for any behavioral study within its 

time regime because no frame loss was observed during the analysis of the specific 

behavioral traits. Moreover, the consistency of the system was excellent compared to 

that of the previous version due to the minimization of the time lost per day from 21 

seconds to 2.33 seconds. Lost frames were measured to occur at 00:00 hours during 

the video file change. Imaging quality of the recorded video data was improved 

(higher spatial resolution, increased bit depth) due to the new system design (three 

cameras/computer) and the compression algorithm (DivX 4.12). The new multi-

cropping and compression algorithms implemented in this advanced version of the 

CV system helped to keep the size of the recorded data per day to a low value of 30 

GB, similar to the previously designed system, allowing for long experimental periods 
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(> 1 month). Finally, the overall cost of the system remained very low, approaching 

2000 Euros, providing a cost-effective tool for laboratory experiments. 

 

Table 1: A comparison between the new and the previously designed computer vision 

systems. 

 Following this approach, our newly developed Computer Vision System 

enables the long-term observation of fish behavior in in experimental tanks and open 

aquaculture systems. Incorporating algorithms for advanced fish detection, movement 

changes and body shape (Pinkiewicz et al., 2011) could potentially act as an alarm for 

abnormal fish behavior. The detailed description of these specific patterns could 

potentially lead to solutions in many problems encountered in fish culture, from 

hatching (Huse and Skiftesvik, 1990) to the on-growing level.    

2.6 Conclusion 

The newly developed CV system illustrates the new possibilities in behavioral studies 

applied by ethnologists and other behavioral biologists. Particularly in aquaculture, 

this system may increase the essential knowledge regarding specific patterns and may 

overcome problems encountered during any rearing and handling procedure. Future 

developments will focus on the remote, in situ and automated detection of fish 

morphology, movement orientation, and body posture. This technology will bring us 
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one step closer to the fully automated detection of specific behavioral traits, thereby 

saving more time required for analysis. In addition, advances in technology will 

increase the efficiency of such systems while reducing the cost. 
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3. A behavioral approach of dominance establishment in tank-

held sea bream (Sparus aurata L.) under different feeding 

conditions3 

3.1 Abstract 

Dominance is a strong behavior exhibited by farmed species that very often impinge 

on fish growth and welfare. This study presents a behavioral approach of dominance 

by exposing triplicate sea bream tanks over 21 days to three feeding conditions (well-

fed, limited-fed and no-fed) and continuous video recordings. Color pattern 

differentiation was tested as another signal of this behavior in small sea bream 

population. Each tank was stocked with 15 juveniles’ individuals (~30.34 ± 1.7 g), 

while fish were confined to the half volume of the tank via a removable net pen. 

Percentage of dominants per population was found up to 40%, while duration was 

calculated to 53.52 ± 7.44 seconds. The phenotype of dominance is firstly described 

in detail, referring to vertical dark stripes and splayed fins. Dominance behavior is 

further quantified via color pattern differentiation on sea bream body (CDA - Contrast 

of Dominance Appearance). The results demonstrated that the body color of sea 

bream is directly linked to species social hierarchies and also, such variations are 

visual signal of dominance rank inside the population. Fish feeding condition had an 

                                                 

3 Vassilis M. Papadakis, Alexios Glaropoulos, Marsela Alvanopoulou, Maroudio Kentouri (2015). A 

behavioural approach of dominance establishment in tank-held sea bream under different feeding 

conditions. Aquaculture Research, 47:12, 4015-4023. 
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influence on the dominance presence but not on the dominance rank (measured as 

CDA) between fish groups. The quantification of dominance presence is 

demonstrated for the first time in aquaculture, opening new discussions regarding fish 

welfare improvements.  

3.2 Introduction 

Social hierarchies that mostly refer to the relationship between the dominant and the 

subordinate very often impinge on aquaculture production and fish welfare. 

Interactions between dominant and subordinate individuals usually include overt 

behavior and territorial aggression between conspecifics (Ward et al. 2006), which 

consequently exclude the subordinate from access to food (Karplus et al. 2000), space 

(O’Connor et al. 2000) or mate (Paull et al. 2010; Weir et al. 2004) in tanks and sea 

cage installations (Kudoh & Yamaoka, 2004). Consequently, the social state of the 

dominant individual also affects the stability of the entire population, resulting to 

increased stress conditions (Fox et al., 1997). Thereafter, in group-living animals 

(Riebli et al. 2010), such as aquaculture, social hierarchies might have detrimental 

effect on fish production due to a non-equal access of food that consequently leads to 

negative regulation of fish growth before being transferred to offshore facilities 

(Goldan et al. 2003). In parallel with the knowledge upon agonistic behavior, several 

studies have already integrated dominance into a set of characteristics, such as, 

physiological, molecular (Larson et al. 2006; Overli et al. 2004; Riebli et al. 2004) 

and behavioral (Dugatkin, 2001; Dugatkin & Druen, 2004). Particularly for farmed 

sea bream, dominance has been mostly examined under the scope of the growth 

performance (Andrew et al. 2004; Cammarata et al. 2012; Goldan et al. 2003; 
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Karplus et al. 2000), the physiological consequences (stress) and particularly species 

endocrine status during fights for food (Mancera et al. 2008; Montero et al. 2009), 

territory or mate selection. However, all the above studies were mostly focused on 

paired fish model towards mate selection, access to food and territorial defense 

(Castro & Caballero, 1998; Overli et al. 2004). Research should be now focused on 

larger fish population that regularly exist on landing aquaculture facilities and 

evaluate the establishment of dominance, originating from the rearing conditions. 

Monitoring dominance is another option for accessing the problem and 

manipulating fish group in landing aquaculture facilities. Currently, behavioral 

approach of dominance usually referred to several morphological characteristics that 

are present on fish body. Marine species regularly use visual cues as a signal of their 

social rank (Cleveland & Lavalli, 2010; O’Connor et al. 2000). Experiments in Nile 

tilapia and Atlantic salmon have shown that dominant individual has a lighter color 

than the dark subordinate (Luchiari et al. 2007; O’Connor et al. 2000). Gilthead sea 

bream seems to present a different pattern, where the dominant individual shows 

external morphological variations, like splayed dorsal and pectoral fins. Vertical dark 

stripes appeared on sea bream when stressed (Arends et al, 2000). However, color 

pattern differentiation in dominant/subordinate sea bream has not been proven yet, 

though it might also act as another visual cue to prevent from chasing behavior 

between pair of fish and/or small groups.  

 Another interesting issue is that social hierarchies usually follow a multi-

factor behavioral pattern that is directly linked to fish social rank, morphological 

characteristics and specific behaviors. So far, dominance determination has been 
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evaluated in terms of aggressive actions within pairs or populations that eventually 

alphabetically (α, β, γ, etc.) rank dominants and subordinates (Cammarata et al. 2012; 

Cleveland & Lavalli, 2010). Whether an individual can switch color as signal of 

behavior strategy has already been demonstrated in several studies (Korzan et al. 

2008; Maruska & Fernald, 2013). A behavioral approach of dominance based on 

visual clues and computer vision technology is a cheap and effective method to 

monitor and most important quantify the dominance establishment. Therefore, a 

quantification method to efficiently evaluate the dominance level of fish would be 

essential to assist on recommendations to overcome problems derived from various 

factors, such as food, environment, density, etc. that affect fish behavior.  

The present study considers the color pattern differentiation as a major 

dominance characteristic of sea bream and further provides a more detailed analysis 

on the structure of sea bream dominance under experimental conditions, using 

advanced video recording and analysis as a tool for fish monitoring in tanks. The 

amount of food provided varied among fish group to determine how and when sea 

bream establish a stable pattern of dominance. Results indicate that our method is 

reliable to quantify and evaluate the level of dominance presence in small sea bream 

populations but not limited to. 

3.3 Materials and methods 

3.3.1 Study species 

The study evaluated the dominance behavior that juvenile sea bream (Sparus aurata) 

exhibits in laboratory-scale experiments, with the use of continuous video recording 
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of fish activity. A total number of 135 size-matched juvenile males (weight: 30.34 ± 

1.7 g and length: 13.17 ± 0.33 cm) were provided by the Institute of Aquaculture 

(Hellenic Centre for Marine Research, www.hcmr.gr) and then transferred to the 

aquaculture facilities of the University of Crete. 

3.3.2 Rearing and Maintenance 

Fish were housed in groups of 15 individuals in nine 100 L tanks, where they left to 

acclimatize for a period of five days, prior to the experiment. Sea bream pellets (until 

satiation) were provided, once every day (around 1400 h) at the upper left corner of 

each tank. Tanks were filled with artificial seawater (temperature: 240C; salinity: 

38ppt). Illumination was provided by overhead fluorescent tubes (30 Watt), with 

lights on at 0700 and lights off at 1830 hours. Further, one long side of the tank was 

replaced by a thick transparent glass (5 mm) that allowed fish observation. Prior to the 

experiment, tanks were split to half of the volume (50 l) by a removable net pen 

(polypropylene aquaculture net, 17mm hexagonal mesh eye) and feeding process was 

altered, according to the total initial body weight of fish groups [2% - well fed (FC2), 

1% - limited fed (FC1) and 0% - starvation (FC0)]. The study lasted for 21 days. 

3.3.3 Monitoring fish activity 

Continuous video recording of fish activity was achieved by nine external digital 

cameras (Fire-i, Unibrain), located at a short distance (<1 m) from the proximate glass 

of each tank. Acquisition was running from morning (0700) until afternoon (1830), 

throughout the experimental period, based on the methodology, developed by 

Papadakis et al. (2014). The system provided a sufficient image quality for a clear 

detection of the skin color pattern changes and related postures on sea bream body. 
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3.3.4 Data analysis 

All acquired video recordings were initially processed with the use of Virtual Dub 

(GNU General Public License GPL) to extract selected frames or sequences of frames 

from a video file. 

The first part of the analysis involved into dominance establishment in fish 

groups and it was performed in one frame every three minutes, for all fish groups, 

resulting to an overall number of 3795 screenshots during the study. Dominant 

individuals were recognized by external morphological characteristics (splayed fins) 

and differences on the skin color that referred to vertical stripes across the body, 

starting from the operculum. Only those individuals that clearly presented those 

characteristics and were not angled in respect to our field of view were included in the 

analysis. Secondary behavior like aggression and individual chasing further verified 

dominance appearance within the population. Analysis in frame sequence allowed the 

particular quantification of dominance duration (mean ± SE). Supplementary details 

regarding fish posture and position were also provided. 

The second part of the analysis aimed to measure the degree of dominance in 

30 randomly selected incidents per feeding condition. Sequences of related frames 

were extracted from the acquired video files and further analyzed by image analysis 

techniques (ImageJ, National Institute of Health, USA). All extracted frames were in 

a proper angle to side view from the system before analysis. Starting the analysis, the 

selected frame is split into its color parameters. In this case the red channel presented 

the best contrast between the pigmented stripes and the skin color. Following, a line 

profile algorithm starting from the snout and ending to the tail fin, calculated the 
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intensity variations across the fish body. This line had a thickness of 3 pixels to 

average the spatial intensity variations and provide a better signal to noise ratio. The 

intensity profile clearly shows where the stripes exist in a peak-valley distribution. 

The valleys represent the black stripe pattern.  

The system properly recognized “peaks” and “valleys” that referred to 

different colored areas on sea bream body. We define a new parameter, contrast of 

dominance appearance (CDA) calculated from the line profile (Figure 11) on the fish 

surface where the dominance stripes appear. This is a reliable method to measure the 

dominance level, since the level of ambient light does not affect CDA. 

 

(CDA) = [(Intensity max – intensity low) / (Intensity max + intensity low)],  

 

where, intensity max refers to the average Gray value of the two “peaks” that 

disclose each “valley” of the image. 
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Figure 11: Line profile of pixel intensity variations on the fish surface. The dotted 

square includes the area where the dominance stripes appear. Color pattern 

differentiation and particularly dark vertical stripes are demonstrated in “peak-valley” 

distribution. 

All valleys recognized by the system referred to the total number of existing 

vertical stripes on the fish body. The level of dominance is calculated by all CDA 

index extracted from each stripe on the body, starting from the operculum. The social 

rank of the individual is evaluated in terms of the CDA index and the number of 

recognized stripes after the operculum. No-recognized stripes are also considered as 

zero values. 

3.3.5 Statistical analysis 

Figures for dominance quantification were created in ImageJ and data analysis of the 

experiment was performed in SigmaStat software version 4.0, (Systat Software Inc., 

2010). Data were treated group-wise (n=3). Two-way ANOVA examined differences 

in the overall number of dominants that were recognized in the three feeding groups 

throughout the trial. One-way ANOVA tested differences between each one of the 

vertical stripes observed in thirty fish per feeding condition. 90 randomly selected 

individuals (30 per FC) throughout the experimental period (approximately 1 fish day-

1) were statistically tested (Two-way ANOVA) to assess differences for each CDA 

index of the vertical stripes. Food deprivation or potential starvation during the study 

was found to have no significant difference. Normality tests (Shapiro-Wilk test) were 

performed so as to control the distribution of the data. All Pairwise Multiple 

Comparison Procedures were tested using Tukey Test. The level of significance was 



81 

 

set at 5% (P<0.05). In all mean values, standard deviation (SD) and error (SE) were 

calculated. 

3.3.6 Ethical Note 

The experiment was carried out under the commitment of the Animal Care 

Committee of the University of Crete (protocol #64-14/11/2013). The standardized 

procedure was followed to ensure no fish mortality or injury during fish transferring 

to tanks (2 fish in the net). Fish were also under continuous supervision during the 

study to ensure no incidence of mortality or cannibalism. In addition, no injury was 

observed due to contests between dominant and subordinate individuals. Lastly, at the 

end of the experiment, fish were quickly euthanized by over-anaesthetizing with 

overdose of 2-phenoxyethanol (1 ml l-1) to ensure brain death; fish were left for an 

extra 10 min until they stopped reacting visibly to physical stimuli. 

3.4 Results 

3.4.1 Dominance behavior 

A total number of 17163 dominant events were measured in all tanks during 21 

experimental days. Up to six dominant individuals were counted in a tank (15indiv./ 

tank), a number that is referred to the 40 % of the entire fish population. In addition, 

the average duration of a dominance incident was calculated to be 53.52 ± 7.44 

seconds. Exceptionally in a single case, one fish individual appeared dominant for a 

total time period of 17 minutes. This particular case of dominance (excluded from the 

analysis), also known as territory defense, occurred at the left bottom of the tank, 
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where food was provided daily. In general, territorial dominants were mostly found at 

this area of the tanks. 

3.4.2 Dominance characterization 

All sea bream dominants presented a characteristic phenotype of vertical 

darkish stripes in specific points of sea bream body, starting from the operculum and 

the splay of the dorsal and pectoral fins (Figure 12). Pigmentation was completed 

within a few frames (~5 frames or 444 msec). In parallel with morphological and 

color differentiation, intense swimming activity and overt behavior against 

subordinates clearly demonstrated the dominant individuals inside the population. 

CDA was measured by the pigmentation of these stripes (phenotype) and was found 

to be independent of the feeding regime. In addition, CDA of the operculum was the 

one that mostly identified the social rank of dominants, while ranged to 0.63 ± 0.05 

(Figure 13). In addition, up to six vertical stripes apart from the operculum were 

mostly found in all dominant individuals. All stripes had a significantly lower CDA 

index that ranged to 0.14 ± 0.04. A seventh stripe was rarely found in few dominance 

cases in FC2 group but this extra seventh stipe did not significantly (P > 0.05) alter 

the social rank of the individual, as measured by the CDA index. There was no 

significant difference on the CDA index of each vertical stripe between feeding 

conditions (Figure 13). Food supply had any influence neither on the formation nor 

the color intensity of the vertical stripes. Analysis of an agonistic behavior between 

two dominants revealed differences (P < 0.05) on the CDA index of the operculum 

and the relative vertical stripes of two fish (Figure 14). Dominant alpha was the left 

individual (CDA operculum = 0.48) as compared to dominant beta (CDA operculum 
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= 0.37). In addition, the dominant alpha had seven vertical stripes instead of four that 

were measured in the dominant beta. 

 

Figure 12: Two examples of dominance presence within small sea bream population. 

Dominant sea bream are distinguished by dark vertical stripes across their body, 

starting from the operculum. Also, stretched dorsal and pectoral fins further indicate 

fish dominance. 

 

Figure 13: Comparative analysis for CDA index of the vertical stripes between 

feeding conditions. 
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Figure 14: Image analysis of a fight incident between two dominant fish. A yellow 

line across the fish body indicated the intensity measurements. Dark vertical stripes 

are represented by “valleys” on the image analysis graph, separately for every fish). 

3.4.3 Dominance versus feeding condition 

Dominant individuals were present from the beginning of the experiment. However, 

an established pattern related to fish feeding condition was only observed after the 

17th experimental day. Sea bream exhibited a bimodal pattern in tanks, with higher 

dominance presence early and late within the day, while fewer presents close to the 

feeding time. Fish dominance varied between groups, with higher (P < 0.05) numbers 

in FC1 group during the early hours (3hrs) in the morning (Figure 15). The absence of 

food on the FC0 group, gradually decreased dominance motivation throughout the 

day (Figure 15). There was no change on the slope of dominance from early morning 

time period up to the feeding time, with no significant differences between groups. 

Dominance presence was minimal during the feeding time in all fish groups, which 

coincided with human presence in the experimental area and preparation to deliver 

food. A notable exception was at the feeding time, where no dominant fish was found 
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at FC1 group. After feeding time, the dominance presence pattern was altered, with a 

positive slope for the FC1 and FC2 fish groups. There was no change on FC0 group, 

being lowest by the end of the day. Moreover there was a significant difference on the 

dominance presence between FC1 and FC2, with higher (P < 0.05) numbers at FC1 

group, by the end of the day (Figure 15). 

 

Figure 15: Dominance presence within the day between the three feeding conditions. 

Number of dominance incidents found referred to the average number ± SE of 

dominant individuals throughout the experimental period. 

3.5 Discussion 

The present study demonstrates that farmed sea bream exhibits specific 

morphological characteristics on the body and the skin, in this case those splayed 

pectoral and anteroposterior fins and dark stripes across the skin, as visual signals of 

dominance behavior. Those characteristics were clearly visible during the trials; 



86 

 

though fade at the presence of food. Sea bream dominants were observed in all fish 

groups. Social hierarchies can be easily established in small groups of S. aurata 

(Goldan et al. 2003; Karplus et al. 2000; Montero et al. 2009). The size of the 

population (15 indiv.) seemed to have no influence on dominance establishment, as 

compared to a related study, where dominance was observed in 10 small-size sea 

bream (Goldan et al. 2003).  

This is the first report of sea bream dominance quantification, based on body color 

pattern differentiation. Up to now, the visible pattern changes on the skin of sea 

bream have been referred to stress conditions (Arends et al., 2000) and in relation to 

social hierarchies (Pavlidis & Mylonas, 2011), but never evaluated and studied 

before. The defined CDA index seems to be an efficient method to quantify the 

dominance level on fish body, since the level of ambient light does not affect it. The 

number of these stripes is the visible characteristics of such behavior and is kept 

constant (max found stripes = 7) in all calculations. Moreover, through the CDA 

parameter it is possible to measure the dominance ranking of a fish in real time 

enabling the study of social hierarchies and their effect on fish behavior. Skin color 

changes on sea bream act as another visual signal of dominance behavior, similar to 

several marine species, like Arctic charr (Hoglund et al. 2000), cichlid (Korzan et al. 

2008) and grey triggerfish (Cleveland & Lavalli, 2010). Such studies in Atlantic 

salmon revealed the opposite phenotype, since it is the subordinate individual that 

averts potential fights with the dominant via body color changes (O’Connor et al. 

2000). 
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Alter to darken body color, sea bream exhibited a signal of dominance 

appearance and defense of its territory in the tank. During the first days of the study, 

dominance presence can be strongly associated with the new conditions in tanks. In 

general, unfamiliar environmental conditions on fish either in nature or captivity have 

been linked to dominance establishment. The persistence of dominance presence 

throughout the study was probably driven by fish urge to access food or to exploit 

more space in tanks, which has been also reported in tank’s confined sea bream under 

food deprivation (Glaropoulos et al. 2012) or elevated fish density (Papadakis et al. 

2013). It can be assumed that fights between dominant and subordinate were 

primarily established for territorial defense inside the tank, since no extra food was 

provided within the day. Exceptionally, at well-fed group, the accumulated energy 

was sufficient over fish motivational strength (dominance) for more food.  

3.5.1 Dominance versus feeding condition 

Sea bream dominance pattern in tanks was strongly influenced by the initial 

acclimatization period, in a way that all fish groups had accumulated energy to cope 

with the altered feeding conditions throughout the experiment. Thereafter, a 

prolonged food deprivation period (17 days) in the present study was required for FC1 

group to establish a repeatable dominance pattern during the day. This time period 

was needed from fish to spend the accumulated energy from acclimatization. Related 

studies in the African catfish Clarius gariepinus and sea bream showed similar 

results, in a way that a gradual reduction in food availability resulted to an increase in 

territorial behavior, the number of aggressive acts (Martins et al. 2008) and escape 

behavior (Glaropoulos et al. 2012), relatively.  
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Higher motivation to dominance presence early in the morning is explained by 

the biology of sea bream that along with red sea bream (Pagrus major), a relative 

order species, regularly exhibit diurnal foraging behavior and thus are more active in 

the light than dark period of the day (Angeles Esteban et al. 2003; Sanchez et al., 

2009). The present results are different from those observed in Sanchez et al. (2009), 

where sea bream locomotor activity increased just before mealtime and gradually 

decreased after meal until darkness. However, that study examined the locomotor 

activity of sea bream in relation to several stress variables. Dominance has not been 

related to locomotor activity but it is also influenced by environmental stimuli or con-

specific interactions, while human presence is definitely opposite to such behavior. 

Further, increase of dominance presence after meal might be related to non-adequate 

feeding or territory defense, as explained previously. 

Furthermore, the absence of any food access up to the feeding time caused a 

gradual reduction on the dominance presence, where a few dominance events were 

mostly driven by better tank exploit. An increase at dominance level of FC2 group 

slightly delayed after feeding time due to the fact that differences at the intake 

between dominants and subordinates individuals are minimized at adequate food 

supplies (McCarthy et al. 1992). Food distribution can also affect the establishment of 

social hierarchies among fish populations. When food is given in a specific single 

point of the tank that can result in the monopolization by the dominant. Reversely, 

distribution of food into a larger area reduces this monopolization (Ryer & Olla, 

1995). The above statement could partially explain the distribution of all dominants at 

the left bottom of the tanks, where food was provided once every day during the 

study.  
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To conclude, sea bream dominance involved into morphological changes and 

color differentiation as visual signals of this behavior. Quantification of dominance 

presence in tank-held fish and the establishment during feeding procedure could 

contribute to the design of suitable diets thus avoiding non-regulate access to feed. 

Therefore, attention should be given to in-land facilities, such as hatcheries and 

broodstock tanks, where sea bream is usually held in smaller populations. 

Establishment of social hierarchies at this production level may result to a non-equal 

distribution of food that in turn results into negative regulation of fish growth, while 

in some cases even injuries and high mortality. 
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4. Behavioral Differences in Tank-Held European Sea Bass 

under Dark/Light environment4 

4.1 Abstract 

The study investigated the behavior of European sea bass (Dicentrarchus labrax), in 

laboratory-scale conditions and controlled light environment. Fish were confined in 

tanks that had been previously split into two equal compartments. A tear on the net 

allowed fish to freely moved between the two compartments. An extra net frame, 

placed above tanks altered light environment to: (1) Illuminated Holding Area – 

Shadow Escape Area, (2) Shadowed Holding Area - Illuminated Escape Area and 3) 

Illuminated Holding Area - Illuminated Escape Area, as control condition, for a 

period of 13 days. Sea bass showed a strong preference to the illuminated 

compartment of the tank, from the beginning of the trials. Crossings to the shadowed 

compartment were regular but always followed by a reverse action to the illuminated 

area. In addition, they occurred in series of 7 individuals. Reverse crossings to the 

initial shadowed compartment were rarely observed throughout the experiment, even 

if fish had to suffer starvation. Behavioral results regarding sea bass light preference 

may have essential implications in marine biology and aquaculture, including species 

domestication as well as manipulation via artificial light. 

                                                 

4 Alexios Glaropoulos, Vassilis M. Papadakis, Maroudio Kentouri (2018). Behavioural differences in 

tank-confined European sea bass under dark/light environment. Journal of Aquaculture & Marine 

Biology, 01/2018, DOI: 10.15406/jamb.2018.07.00179. 
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4.2 Introduction 

Light is an important abiotic factor that has been associated with fish biology and 

behavior. Most fish depends on their vision system to perform activities such as 

foraging (Meager et al., 2010) and breeding (Luchiari et al., 2006). Particularly, 

biorhythms have been related to feeding time, either in nature or aquaculture as well 

as under restricted feeding conditions (Lopez-Olmeda et al., 2009). In recent years, 

artificial light has been introduced in both fisheries (Marchesan et al., 2005) and 

aquaculture (Bui et al., 2013) towards attraction to specific areas and population guide 

for manipulation and avoidance of unfavorable conditions (Oppedal et al., 2001, Vera 

and Migaud, 2009).   

European sea bass (Dicentrarchus labrax) is a commercial interest species in 

the Mediterranean (Benhaim et al., 2013), with several studies involved into 

behavioral variations due to light alterations. Up to now, such studies have been 

mostly involved feeding behavior towards on-demand technology (Sanchezvazquez et 

al., 1995, Rubio et al., 2003), growth and survival of larvae (Villamizar et al., 2011). 

In parallel, fisheries studies have not clarify species preference to certain light 

intensities (Marchesan et al., 2005). Sea bass tended to continuously swim around a 

light source, but neither attracted nor inhibited by the light source. Light spectra may 

also have an influence on sea bass response to light attraction (Vera et al., 2010), 

which has already been proven for Atlantic salmon to specific spectra of submerged 

artificial light (Stien et al., 2014).  

Preference for a certain environment indicates fish ability to discriminate in 

between different conditions (Bayarri et al., 2002, Kozak et al., 2009) via specific 
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behavioral strategies. Such studies have been widely performed in a variety of farmed 

species in a way to promote animal welfare. Particularly, studies in caged Atlantic 

salmon (Oppedal et al., 2011) and cod (Noble et al., 2005) have already shown that 

this species can alter its vertical distribution looking for optimal conditions but also, it 

can be vertically guided in the cage environment via artificial light (Juell and 

Fosseidengen, 2004). Such studies demonstrate the potential of artificial light to 

promote fish welfare (Oppedal et al., 2001), disease avoidance (Frenzl et al. 2014) 

and sexual maturation (Korsoen et al., 2013). Mediterranean aquaculture lacks of such 

studies that may put one step further on a more sustainable industry. 

Such studies highlight the significance of light on culture protocols that 

promote fish welfare and growth performance. Indeed, though feed still remains 

available at the bottom of the tanks, feed utilization under dark/light environment is 

yet to be examined. Moreover, the effect of light should be further investigated into 

offshore farming facilities, where limited visual contact to pellets through the water 

column might be caused of low illumination level (Rubio et al., 2003). 

The present study investigated (1) the preference of this species to illuminated 

or dark environment and (2) whether light condition is linked to feed utilization in 

experimental conditions. The experiment was performed in tanks under fully 

controlled conditions, where fish were able to express preference between illuminated 

and shadowed areas. Such studies are essential, since they promote welfare conditions 

for early domesticated species in aquaculture. However, they could further suggest 

light as another option to manipulate Mediterranean species in any field of the 
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aquaculture production, a widely used technology in Atlantic salmon culture (Juell et 

al., 2003, Oppedal et al., 2001, Bui et al., 2013). 

4.3 Materials and methods 

4.3.1 Experimental set up 

The study was conducted at the aquaculture facilities at the University of Crete, 

Greece. Nine laboratory-scale parallelogram tanks (100lt) were stocked with 15 size-

matched (length 115 cm, depth 40 cm, width 34 cm) European sea bass 

(Dicentrarchus labrax) each. Fish were left to adapt the tank environment for a period 

of seven days, under food satiation conditions at 14.00 every day. Photoperiod in the 

experimental area was set to 12L: 12D by means of two 30 W fluorescent tubes 

positioned 30 cm from the upper side of the tanks. Lamps were not dimmed but 

switch on/off in a fixed time period.  

Prior to any experiment, all tanks were split into two equivalent compartments 

(50 l) by a removable net pen (white polypropylene net, 17 mm hexagonal mesh 

opening) fixed in a plastic frame (31 x 28 cm) that was fitted tightly to the bottom and 

the two sides of the tank. A tear (5.1 cm height) located centrally on the net pen, 

allowed fish to cross between the compartments of the tank. All fish group were held 

to the left safe zone of the tank, where food was always provided. The other tank 

compartment was the escape area, with no food access. Light involved plastic, black 

color frame that was placed above tanks to differentiate them in three (x3) 

combinations of illumination conditions 1) Illuminated Holding Area (IHA) - 

Shadowed Escape Area (SEA), 2) Shadowed Holding Area (SHA) - Illuminated 
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Escape Area (IEA) and 3) Illuminated Holding Area (IHA) - Illuminated Escape Area 

(IEA) as control condition. Light intensity in every tank compartment was measured 

with a Lux meter (EXTECH INSTRUMENTs, L825251), and was 330 ± 7 lux in the 

illuminated area and 8 ± 2 lux in the shadowed area. The experiment lasted 13 days, 

where all fish could freely swim within the tank compartments through the net tear.  

4.3.2 Fish swimming activity 

Sea bass swimming activity was observed via nine external color digital CCD 

cameras (Fire-i, Unibrain), placed in front of each tank, recording continuously from 

8.00 until 20.00 o’clock daily (Papadakis et al., 2012). The cameras’ acquisition rate 

was set to 9 frames per second (fps). Night observation was no performed since the 

parameter under consideration (illumination condition) was not valid during the night. 

4.3.3 Fish and light condition 

All acquired video data were analyzed with the use of custom-made software 

(Papadakis et al., 2014), written in LabView (National Instruments). The analysis was 

focused on the crossings through the net tear - both from the holding to the escape 

area and reversely, the duration of each event and the time spent on each compartment 

of the tank. 

 The first experimental day was fully analyzed and the exact number and time 

of all crossings were reported. Fish reacted to the sudden change in light intensity, 

after having spent seven days of acclimatization period, where no light level occurred 

in tanks This analysis was restricted only to the first day, no fish remained in the SHA 

by the end of this day. We assume that learning was neglible during this first day. 
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After the first day, sea bass were mostly aggregated to the illuminated areas of each 

tank. Therefore, for the remainder of the experimental days (day 2 to 13), a different 

approach was followed for the analysis of behavior. Five time periods of 15 minutes 

each within the day (starting at times: 9:00 early morning - 11:00 morning - 13:30 

before feeding time - 15:30 after feeding time - 18:00 late afternoon) were selected so 

as to analyze crossing activity under different illuminated areas and thus species 

preference to light.  

4.3.4 Water quality variables  

Water temperature (24 ºC), salinity (38ppt) and oxygen saturation (> 85%) remained 

stable during the experiment. In addition, the concentrations of nitrite and ammonia 

were less than 0.3 mg l-1 and 1.5 mg l-1 respectively.  

4.3.5 Statistical analysis 

Data analysis statistics performed in SIGMASTAT software (statistical package; 

Systat Software, San Jose, Calif). Fish were not individually tagged or recognizable. 

Data were treated group-wise (n=3). Overall crossing activity during the first day 

between light conditions and within tanks was assessed via two-way ANOVA. A 

three-way ANOVA for the remaining 2-13 days determined differences in crossing 

activity for each light condition, tank and time period within the day. T-tests 

evaluated differences in crossing activity between the five time periods of the day. 

Normality tests (Shapiro-Wilk test) were performed so as to control the distribution of 

the data. All Pairwise Multiple Comparison Procedures were tested using Tukey Test. 

Pearson correlation tests examined differences on growth performance indexes at 
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different light conditions. The level of significance was set at P < 0.05. For all mean 

values, standard error (SE) was calculated. 

4.4 Results 

4.4.1 European sea bass response to the experimental design 

Sea bass crossings occurred in all tanks. However, differences in the illumination 

level were linked to species behavior in tanks and particularly on the time spent at 

each tank compartment.  

When both light conditions (light/dark) existed in tanks, fish distribution 

significantly altered between tank compartments (Figure 16). Fish from IHA- group 

slowly and continuously passed in and out the illuminated area but mostly (in duration 

and time) remained to the illuminated tank compartment. This arose from the 50% of 

the population that remained in this compartment by the end of the first day. The first 

passage to the dark compartment occurred on this group, approximately five minutes 

that the experiments started. In contrast, sea bass from SHA- group gradually (within 

4 hrs) moved to the illuminated area of the tank and remained there up to the end of 

the day (Figure 16). In general, sea bass responded to different illumination level by 

moving on the illuminated compartments.  
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Figure 16: Variations of fish population confined into the holding area of the tank 

until the end of the first experimental day. Measurements are formatted as mean value 

± SE, for the three light conditions. 

Fish crossings differed between light conditions (q > 14.7, P < 0.05), with 

over 80% of SHA- group population had moved to the IEA compartment. During the 

first experimental day, sea bass showed an equal distribution among the two 

compartments in the control condition, with only few crossings in and out the 

illuminated area. In fact, this group was mainly distributed in the bottom of the tanks, 

formatting a strong schooling behavior. There was neither a change in fish 

distribution before and after the feeding time (Figure 16). A clear pattern was easily 

observed on fish activity that involved crossings in series of two up to seven 

individuals. Mean crossing duration was 0.87 ± 0.18 seconds. 
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Figure 17: Number of crossings that occurred from day 2 to day 13 of the 

experiment, in the three light conditions. Data are presented as mean value ± SE. 

Statistically significant differences are indicated with an asterisk. 

4.4.2 The effect of altered light condition on sea bass crossing behavior 

Under different illumination level in tanks (days 2-13), number of crossings was 

higher (P < 0.05) from illuminated to shadowed compartments (18 crossings 15min-1) 

as compared to the reverse condition (2 crossings 15min-1), but always followed by 

the reverse crossing to the illuminated area (Figure 17a). Crossings did not 

significantly differ within the day (10 crossings 15min-1, on average), but they were 

twice higher (P < 0.05) after the feeding time (Figure 18a). Time interval between in 
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and out of the illuminated area was measured to be 8 seconds, on average. Significant 

differences were also found between the second and third day (F > 2.23, P > 0.05) as 

compared to the remaining experimental days (Figure 17a). In general, fish in IHA- 

group were mostly aggregated (80 % of the population) to the illuminated area of the 

tank by the end of each experimental day. Conversely, crossing activity was almost 

absent (<3 events day-1) in the SHA- group during the study (Figure 17b). Though 

food supply continued at the SHA- group regardless the population level, crossings 

rarely observed until the fifth day (Figure 17b), but fish were all aggregated to higher 

illumination level (IEA). Random tests on video recording at the feeding time 

revealed remains of uneaten pellets at the bottom of the tank that clearly confirmed 

fish unwillingness to return to the shade. Some crossings started more frequently after 

the sixth day, while were mostly occurred after feeding time (Figure 18b), indicating 

weakened light preference at food deprivation. However, crossing activity up to the 

end of experiment remained significantly lower compared to the relative at IHA- 

group and control group (Figure 17b). Correlation analyses between growth 

performance indexes and light condition indicated higher SGR (r = 0.5, P < 0.05) and 

FCR (r = 0.2, P < 0.05) index at IHA- group. Ultimately, the control condition 

maintained a strong schooling behavior inside the tanks, while fish performed 

crossings during the experiment (Figure 17c) but also particularly (q > 0.09, p < 0.05) 

after feeding time (Figure 18c). During the experiment, fish distribution was even 

(55-45 %) between the two compartments of the tank. 
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Figure 18: Time-dependent crossing activity of sea bass individuals in five time 

periods of a day. Data are presented as mean value ± SE. Statistically significant 

differences are indicated with an asterisk. 

4.5 Discussion 

The present study indicates preference of tank-held European sea bass to illuminated 

areas. Sea bass preferred light than dark environment, either remaining or moving 

towards there. However, the continuous crossing activity from the illuminated to 

shadowed areas of the tank suggests that the motivational strength to light preference 

might be subjected to innate species behavior, regarding species biology (Volcaert et 

al., 2008) and particularly remarkable swimming activity (Pickett and Pawson, 1994). 
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Sea bass light preference might open new discussion on species-specific behavior 

during domestication period. 

The results of the first experimental day clearly demonstrate the significance 

of light as an abiotic driver to sea bass swimming behavior. Sea bass from IHA-group 

presented a bimodal distribution pattern, moving in and out the dark compartment of 

the tank during the study. Both tank exploitation was necessary against undesirable 

fish density or species biology that is characterized by an elongate body size (Volcaert 

et al., 2008) and a remarkable swimming activity (Pickett and Pawson, 1994). Intense 

crossing activity had also been described in laboratory-caged sea bass (Papadakis et 

al., 2013c), where crossing in series of several individuals were observed through the 

net tear. The continuous crossing activity during the study is likely to either search for 

food or tank exploitation, while comes in agreement with similar results in fisheries 

study with other species (Marchesan et al., 2005), where mackerels, tuna as well as 

other species tended to move in and out of the illuminated field driven by feeding 

motivation. Significantly higher number of crossings after the feeding time in all fish 

groups might suggest that fish swimming and feed intake is unaltered from the 

illumination level. In the present study, sea bass mostly mainly aggregated to the 

illuminated compartment of the tank. However, the presence of the net pen and the 

small volume of the tank might have resulted to a more complicated behavior. 

The sudden creation of shade on the SHA-group is likely to act as an acute stimulus 

that increased crossing activity, which also coincides with the previous 

acclimatization period of fish under the same light environment. The decision to 

instantly move towards illuminated areas of the tank was probably driven by the 
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intense schooling behavior, which is well-known species characteristic (Malavasi et 

al., 2004) that ensures lowered predation, energetic advantages and favorable 

conditions. Sea bass individuals from this group were not motivated to reverse 

crossings in the dark compartment, even though they have to starve. Uneaten pellets 

that were regularly present at the dark left bottom of the tanks further indicated fish 

preference to higher illumination level. Sea bass avoidance to lower illumination level 

should be further investigated in commercial-scale aquaculture, since light overruling 

to feed could be deleterious for a sustainable aquaculture. 

Other motivational factors, which are also known to overrule fish behavior in 

tanks, are for example, food supply (Sneddon, 2003) and fish density (Papadakis et 

al., 2013a). Indeed, food deprivation in such studies resulted to different behavioral 

strategies from Atlantic halibut and sea bream, probably driven by search for food. 

Though, in such studies, sea bream required up to15 days (Glaropoulos et al., 2012) to 

alter its behavior, in the present study sea bass initiated a few crossings in the 

shadowed compartment after 5 days. The intense crossing particularly at the feeding 

time food suggests that the motivational strength of food might be unaltered by light 

condition. 

In conclusion, the present study indicates that sea bass exhibit light preference 

in tank environment. In addition, under laboratory conditions, light might overrule 

feed utilization. Nevertheless, future research should be focused on different light 

intensities or light regimes and the potential behavioral effect on caged sea bass. For 

example, studies in fisheries have already shown species attraction by shorter 

wavelength lights (Marchesan et al., 2005). In parallel with fisheries, related studies 
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have already shown promising results for salmon manipulation (Juell and 

Fosseidengen, 2004) and pathogen avoidance (Bui et al., 2013) through guidance in 

different swimming depths.  

Instant light preference of tank-confined European sea bass might have further 

implication to commercial-scale aquaculture via submerged fixed or moving artificial 

lights. Controlling caged sea bass population using artificial lights, based on species 

preferences, could provide efficient operations tool that promote fish welfare and 

general growth and production. 
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B. General Discussion 

In this work we demonstrated the design of a system and methodology to assist 

studies of fish behavior in experimental tanks. With this system, researchers have a 

cost-effective video recording apparatus to record long experimental periods (>1 

month) from 9 cameras, in high time accuracy (<1msec) and with a time interval of 

111msec. The design of the computer vision system resulted to an efficient tool that 

successfully operated in 10 successive experiments (Glaropoulos et al., 2012, 

Papadakis et al., 2012, Papadakis et al., 2014, Glaropoulos et al., 2014, Papadakis et 

al., 2013a) each with a duration of 30 days. Such behavioral studies raised the time 

parameter as a major factor related to fish behavioral aspects. Time resolution was 

adequate/sufficient to describe, for the first time, the bite and escape pattern of fish 

under specific stress conditions in precise time intervals. This allowed biologists to 

understand the individual steps of each pattern, the time duration of each step, and the 

speed that fish individuals can achieve to complete an event. Comparing our design 

with the existing video recording systems in the market illustrates some important 

features. Existing video recording systems, allow the user to monitor fish activity for 

a period of time and manually count the number of events. However, they present 

high frame loss and low image quality, a disadvantage that is increased as the number 

of cameras used increases.  

B.1 Acquisition 

The system design of 3 computers allowed maximum acquisition rates at 9 fps from 

every camera. This rate was limited by the processor requirements for compression, 
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display and storage processes. Particularly, for acquisition rates at 10 fps per camera, 

the processor was operating close to 95% resulting in to approximately 8K lost frames 

every 24 Hours (which totals to 15 minutes lost). At 9 fps the processor was working 

at 86% with minimal frame loss, while the rest 14% of processor time kept the 

operation of the system safe for unexpected system tasks initiated by Windows OS. 

Of course, all OS task execution was set to be manual and to request user permission 

for initiation. Furthermore, the nature of the experiments that were carried out with 

this system did not require higher time resolution than 9 frames per second. In 

contrast, we implemented an algorithm for averaging 9 frames, resulting to an 

analysis for every one second to better suit our scientific questions. 

Data files were changed every day at 00:00 hours in order to keep the file size small. 

Our tests showed that the use of a single file for the whole experimental period (30 

days) resulted to a very large file (77 GB), making it difficult to process and 

manipulate. Additionally, in the unlikely case of a corrupted file, it is very difficult to 

recover the video. With the daily change of file, experimental periods can be extended 

to the maximum capacity of the HDD size (i.e. 1 TB HDD size is sufficient to store 

over 1 year of data).  

As it is described on chapter 2.4, the maximum number of lost frames measured 

during acquisition was found to be 21 frames (equivalent to 2,3 sec). This is possible 

due to the time required for the video file change at 00:00h, and the uncontrolled 

processes running by the operating system. 

Cameras’ auto functions were disabled to keep the color coordinate system 

representation constant. This was important to avoid automated white balance 



107 

 

compensation due to possible water color changes (under algae development) and/or 

illumination conditions (light bulb lifetime) throughout the experimental days.  

The cable length connecting the cameras could act as a limiting factor to this system, 

since the maximum possible length of this is 3 m. To extend the system capabilities 

for acquisition distances longer than 3 m additional electronic equipment should be 

used (one repeater every 3 m). 

Long time recordings require a lot of disk space, making experiments that could last 

over a month very difficult to store. For this reason, a freeware compression algorithm 

(DivX Codec 4.12, DivX Inc.) is used enabling high compression rates, along with 

high video quality. The use of DivX 4.12 compression algorithm is free and provided 

a small size video file that was stored at the HDD. This allowed a maximum 

acquisition capacity of approximately 393 days, in our 1TB HDD of storage space. 

Other compression algorithms like H.264 would provide theoretically better quality 

and compression ratios (Lambert et al., 2006). Unfortunately, in this case we faced 

compatibility issues with LabView programming interface that could not be solved by 

us nor National Instruments. Compression ratio was measured to be 290.15. This is 

significantly higher than the common compression ratio of DivX algorithm that is 

close to 150. This can be explained by the system recording even when lights were 

switched off (natural photoperiod), and video images were black. DIVX algorithm 

records the differences between two successive frames, which in this case are 

minimum, resulting to an increased compression ratio. Since night period is 12H/24H 

the expected compression ratio is doubled. Video recording was allowed to continue 
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for all 24H, to enable future recording with infrared light illumination. For this 

reason, cameras’ video lenses were replaced with non-coated-to-visible lenses. 

The system was preset not to allow any updates and/or any operating system 

processes that could affect the overall operation of the acquisition process minimizing 

the frame losses during the experimental period.  

The remote observation module successfully operated for all experiments allowing 

monitoring through the cameras with a ratio of 1 cropped image per second. In each 

computer, the iteration duration was found to be 10 ± 1msec with a relevant processor 

requirement for this task at 14% ± 2%. 

B.2 Analysis 

To proceed with the analysis of the videos, the user initially defines a specific time 

period. In the experiments analyzed by the system, different time periods were used 

based on the specific behavioral questions requested each time. Time duration for 

analysis varied from 15minutes up to a full day. In all cases the system performed 

successfully resulting to the extraction of related data.  

A total number of more than 1000 different analyses tests were performed and each of 

that required the background to be calculated. Background calculation was tested for 

different number of averaged frames, starting from 150 up to 400 frames. At the range 

of 200-250 traces of objects still remained. After 250 averaged frames, objects were 

not visible, indicating that an average of 300 frames could be safely used for analysis. 

Background is calculated in the beginning of each video (once every day) so as to 

avoid differences in the absorption (various biological factors) of the water in tanks 
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and/or possible camera movements. In the present experiments the color plane 

selected for analysis and background calculation was the green, since it was providing 

the best contrast between background and surface characteristics. In the case of very 

slow moving objects, background calculation should include a very large number of 

frames. In a different approach, object contour extraction methods for advanced 

object detection could be implemented (Van Hertem et al., 2013). 

The calculated background normally is subtracted from each video frame. In our case 

due to fish movements and light source position, reflection from fish body can vary 

from being darker of brighter than the background (specular reflection). For this 

reason, a background differentiation algorithm was used (subtraction and then 

absolute value) to ensure that no objects are lost. The differentiation algorithm 

resulted in a significantly enhanced image. The resulting image was clear from 

background information and only objects were visible. Background appeared black 

with intensity values <10. Objects were visible with intensity values starting at 10 up 

to 252. This allowed the object detection algorithm to operate efficiently with a very 

low threshold value of 12. 

In order to reduce the CPU time required for analysis, the system provides the option 

to select a smaller area of interest than the actual video size, where objects are located 

and confined. In addition, the user has the option to set a specific point of interest that 

in turn defines a reference point to extract specific statistical calculation of the 

detected objects. 

In addition, the properly defined variables of the object detection algorithm allow the 

selective analysis based on the experimental needs. Particularly, whether the objects 
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are allowed to touch the borders of the area of interest, or to distinguish two objects 

close to each other, is a matter of setting the variables accordingly. In example the 

threshold value defines the overall size of the bounding box for the objects. A higher 

threshold value reduces the bounding box size due to the higher contrast closer to the 

center of the object. The software then visualizes the result of the object detection 

algorithm by executing the video and displaying the image map of only the detected 

moving objects along with the bounding box and center of mass of each object. 

Furthermore, advanced algorithms for object detection are currently under 

development and testing, which can take advantage of simple calculations per particle 

along with parallel processing capabilities (Tawab et al., 2014). 

The reference point of interest (POI) that has been previously defined by the user 

enables the possibility to trigger an alarm event when the position of an object gets 

close to that. The sensitivity of this alarm is defined by the distance (in pixels) that the 

bounding box or the center of mass of each object detected has from the POI. This 

alarm algorithm successfully detected all objects (100%) close to the POI. All 

corresponding frames (100%) were extracted and saved to the HDD. A number of 30 

video cases under analysis were double crossed by human observation looking for 

both successful and missed alarms (>1000 alarm incidents). There were neither any 

missed alarms found, nor any faulty alarms detected. 

The extracted statistics on the movement of the objects is important since it allows 

further analysis on specific scientific questions such as distribution, velocity, position 

and reaction to various stimuli. Thus, the user has the possibility to create and test 

various models for behavioral studies like learning in high time resolution. 
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B.3 Evaluation of the system 

The present operated system surpassed our expectations to describe in detail specific 

behavioral patterns of farmed fish, like biting the net and crossing through net tear 

(Glaropoulos et al., 2012, Glaropoulos et al., 2014, Papadakis et al., 2013a, Papadakis 

et al., 2014, Papadakis et al., 2012). The compression algorithm and the acquisition 

frame rate were appropriate to ensure minimum frame loss and also provided good–

quality images, where fish were clearly pictured in the tanks. 

Through the analysis process, the software algorithm successfully detected every 

single fish alarm and properly extracted all frames related to net biting and cross 

events. Further, the 1msec time accuracy of the system and 9fps acquisition frame rate 

resulted to the time-dependent analysis of fish activity in several discrete steps 

(Papadakis et al., 2014). 
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C. General Conclusions 

Study of fish behavior in the detail presented in this thesis, opens new research 

horizons in the field and promotes alternative management measures to overcome 

several problems encountered in aquaculture. Indeed, automated computer vision 

systems could further focus on specific behavioral traits, like animal identification 

and posture during a specific activity, Last, based on higher camera resolutions and 

CPU capacity in order to go one step further on the detection of body characteristics 

in discrete steps. 
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