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Abstract

:

Analysis of fish behaviour is an effective way to indirectly identify the presence of environmental pollutants that negatively affect fish life, its production and quality. Monitoring individual and collective behaviours produces large amounts of non-linear data that require tailor-suited computational methods to interpret and manage the information. Fractal dimension (FD) and entropy are two groups of such non-linear analysing methods that serve as indicators of the complexity (FD) and predictability (entropy) of the behaviours. Since behavioural complexity and predictability may be modulated by contaminants, the changes in its FD and entropy values have a clear potential to be embedded in a biological early warning system (BEWS), which may be particularly useful in Precision Fish Farming settings and to monitor wild populations. This work presents a review of the effects of a wide range of environmental contaminants, including toxic compounds, cleaning and disinfecting agents, stimulant (caffeine), anaesthetics and antibiotics, heavy metals (lead, cupper, and mercury), selenium, pesticides and persistent environmental pollutants, on the FD and entropy values of collective and individual behavioural responses of different fish species. All the revised studies demonstrate the usefulness of both FD and entropy to indicate the presence of pollutants and underline the need to consider early changes in the trend of the evolution of their values prior to them becoming significantly different from the control values, i.e., while it is still possible to identify the contaminant and preserve the health and integrity of the fish.
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Key Contribution: This paper is a review of recent scientific publications assessing the non-linear analyses of fish behavioural responses to environmental pollutants. All the works indicate the value of fractal dimension and entropy analyses of different types of behavioural responses to detect changes induced by contaminants, underlining the need to consider early changes in the trend of evolution of their values prior to them becoming significantly different from the control values, i.e., before the fish has suffered significant damage.










1. Introduction


An estimated 811 million people are hunger stricken and about 3000 million cannot afford healthy diets [1]. Given the fact that human population is expected to grow from the current 7700 million people to 9700 million by 2050 (United Nations World Population Prospects https://population.un.org/wpp/, accessed on 11 May 2023), the need to sustainably increase food production has become imperative. Seafood (fresh- and seawater organisms, animals and algae) is considered to be a key player to ensure the current and future sustainable supply of healthy and nutritious food [1]. Presently, seafood provides about 17% of worldwide animal protein, but in Asia and some African countries this value is over 50% [1]. Additionally, and given the fragile condition of many wild fish stocks and commercial capture fisheries, most of the seafood supply is expected to come from aquaculture production [1].



However, the aquaculture industry faces serious challenges, such as the unpredictability of production and the need to ensure the health and welfare of the fish [2]. Many of these challenges are caused by climate change [3]; emergent diseases; the overuse of antibiotics and consequent increase in antibiotic resistant pathogens [4]; and the increase in the amount and variety of human drugs, chemical and biological aquatic pollutants (i.e., see [5]), including the worldwide presence of micro and nano-plastics with their associated contaminant load [6,7,8], and the challenges in obtaining raw materials for feed manufacture [9]. In addition, pandemics and wars are adversely affecting the stability of the entire production system.



In response to these challenges, European policy [10] and fish farming industries [9] focused their efforts on favouring resilient and green production systems. A recently published report of the European Innovation Council identifying emerging technologies [11] explicitly lists Environmental Intelligence and Monitoring Systems as relevant areas where innovation is required, and one targeted key area for urgent innovations comprises Early Warning Tools and Precision Farming. The aquaculture industry needs to be resilient according to the definition of the term used in the EC Strategic Foresight Report [12]. Paradoxically, a strong industry needs to be able to forecast the quantity and quality of its production, i.e., it must maintain a production system as predictable and stable as possible. In other words, as close as possible to “an equilibrium condition of steady state or stable oscillation” as defined by Holling [13], and we must keep in mind that production optimization and predictability may not be compatible with fishes’ biological resilience to unexpected challenges.



1.1. Precision Fish Farming


The need for increased and controlled fish production led Føre et al. [14] to introduce the concept of Precision Fish Farming (PFF, also referred to as Intelligent Aquaculture) whose aim is “to apply control-engineering principles to fish production, thereby improving the farmer’s ability to monitor, control and document biological processes in fish farms” [14]. Intensive fish farming includes all life stages: from the production of eggs to the market size fish. The hatchery phase takes place indoors under completely controlled conditions. The subsequent ongrowing can take place in recirculating aquaculture systems (RAS) or in outdoor ponds or cages that must be enlarged to accommodate the increasing biomass as the fish grows. Rearing in outdoor cages is the preferred method for seawater species, where the fish is subject to natural fluctuations of environmental variables and, as mentioned above, to the increasing amount and variety of pollutants that act as stressors and may negatively influence their health and welfare resulting in a poorer quality product [14]. Føre et al. [14] conceptualized PFF as consisting of several cyclical operational processes performed in four phases as depicted in Figure 1 (taken from their paper and reproduced with their permission): phase (1) is observation and phase (2) is interpretation of the fishes’ responses that result in the basis for phase (3), that is, decision making, upon which actions are implemented in phase 4. A similar conceptual framework has been successfully applied to other product manufacturing industries (see references in [14].



Currently, most practices in fish farming operations are performed manually, but a competitive industry and particularly PFF require online, fast and accurate methods to monitor fish behaviour and farming operations, such as biomass monitoring and management of critical operations including feeding, crowding, presence of parasites (see review by [14]), and assessment of fish health and welfare (see reviews [15,16]).



Both Føre et al. [14] and Li et al. [17] present a summary of sensors and monitoring methods commonly used in the aquaculture industry and research (Table 1). Roughly, they can be divided into those based on the analysis of sounds/acoustics [18,19], some of which produce images (i.e., [20]) and the more common methods based on the analysis of video images. Both the sensors themselves and their deployment may influence fish behaviour; for example, acoustic telemetry requires the invasive process of tagging a certain number of fish [19,21], the sonar may influence the fishes’ hearing [22], and the use of recording instruments handled by human or robots have been shown to influence their behaviour [23,24].



Fixed sensors (fixed cameras and passive hydroacoustic sensing) interfere least with the behaviour of the fish. However, the former can only record the fish in a certain region and the latter requires the development of large databases containing specific acoustics fingerprints for each relevant parameter (species, sex, type of behaviour, etc.) as well as the possibility of separately analysing the targeted and the background sounds. Although such databases are already being constructed (i.e., https://fishsounds.net/index.js; https://web.uri.edu/gso/research/fish-sounds/, both accessed on 11 May 2023), the approach is still far away from being practically implemented to monitor fishes.



The leap from the human-based observation, interpretation and operation of the system based on the experience of the fish farmer to the automatic monitoring and control of the facilities, requires the handling and automatic interpretation of the large amount of data for which machine learning, artificial intelligence algorithms and decision support systems are applied (see reviews by [17,25,26,27,28,29]). Computer vision models obtained through the application of intelligent methods have been used to study individual and collective fish behaviour [28,30] and for the detection of pain [31], stress responses [17] and unusual/abnormal behaviours in fish schools [17,27,30,32].




1.2. Contaminants as Stressors Influencing Fish Behaviour


The welfare of the farmed fish is central to all current aquaculture practices [33,34] including PFF. Korte et al. [35] proposed to consider fish welfare based on allostasis (achieving stability through change) rather than the more classical homeostasis [36] which involves mechanisms to keep key physiological variables (such as blood O2 and heart rate) within a narrow optimal range of values. Some well-known parameters that determine optimal allostasis, health and welfare, and for which there are sophisticated sensors, monitoring and control systems commercially available, include oxygen and nitrogen/NH4+ concentrations, temperature, type of feed and feeding rate and time [14,28,37]. Optimal welfare implies that the animals are kept under conditions as close as possible to what is normal for them, even though that is very rarely the case [35]. Too high and too low allostatic loads cause loss of welfare and may even results in death. The study and identification of what normal behaviour of each farmed species is, as well as their optimal housing conditions, are still in its infancy, in large part, due to the difficulty of studying the different species in their natural environments. Regarding stress and stressors, we will follow the definitions proposed by Wendelaar Bonga [38] in which “stress is a condition in which the dynamic equilibrium of an animal is threatened or disturbed as a result of the action of intrinsic and/or extrinsic stimuli”, and stressors are the extrinsic stimuli.



New methods are being developed for the fast screening of known drugs, pesticides, toxins, and microorganisms [39,40,41]. Unfortunately, there are still additional stressors that remain unknown and/or whose real effect is not easily measurable particularly when the net effect is the results of several interacting chemicals in the environment [42]. In the last case, changes in the aquatic organisms’ behaviour have been proposed to serve as Biological Early Warning Systems (BEWS), to monitor the presence of environmental contaminants in water resources [43,44,45] and fish production in aquaculture [14,46,47,48,49].



Heavy metals, pesticides, organic persistent contaminants and a whole range of human and veterinary medicinal and recreational drugs are found in increasing amounts in aquatic (particularly in freshwater) systems (see reviews by [50,51]). In 1983, Steele [52] revised the effects on fish behaviour of some waterborne pollutants (mostly pesticides) at concentrations orders of magnitude lower than those inducing morbidity and mortality and referred to previous works [53] proposing that pollutants affecting basic neurological functions would be particularly interesting, since they would most likely also influence the animal’s behaviour. Indeed, we have shown that the decrease in the Shannon entropy (SE, [54,55]) of the collective behaviour of the European seabass induced by the presence of the neurotoxicant methyl mercury (MeHg+) [49] and modulated by the presence of Se [42], was reflected in the biochemical changes in the antioxidant activities of their livers [56], and likely also by the metabolite profile of their brains (unpublished results using individuals from the experiment mentioned in [49] and shown in Figure 2, albeit not confirmed by subsequent studies). Social stresses have also been shown to modulate the individual and collective behaviours of fishes [46].



Additional reviews documented the effects of toxic agents [57,58] and medicinal drugs [44] on the behaviour of different fish species. Toxic substances altered locomotion, avoidance, escape, attraction and alarm reactions, reproductive and feeding behaviour, parental care and the behaviour of developing fish [57] and personality and cognition [58]. Others, such as antidepressants, antihistamines, beta-blockers, non-steroidal anti-inflammatory drugs and psychiatric, antiepileptic and anticholinesterasic drugs induced changes on boldness, aggression, activity, sociality, feeding rate and reproductive behaviour [44] in a species-specific manner. Notably, psychiatric drugs, antidepressants and antihistamines were found to induce behavioural changes at concentrations close to those found in aquatic systems (ng/L to µg/L) [44,58,59]. Changes induced in the individual locomotor activity (distance travelled, sinuosity and number of bursts) of the zebrafish larva by the toxicants cyanide, rodenticide, and organophosphate led Brodin et al. [44] to propose the use of a zebrafish-monitoring biological system for the risk assessment of drinking water. Suryanto et al. [59] have recently shown that 16 out of 20 different antibiotics tested induced changes on swimming, exploratory and/or locomotor behaviours of zebrafish that were reflected in the FD and permutation entropy values of some behavioural parameters keeping a relationship with the antibiotic’s toxicity.



Fish health is further affected when, along with the known environmental pollutants and drugs, we evaluate the negative effects of the micro- and nanoplastics, the toxic substances they contain and release, and their accumulation into the food webs [8,60,61]. Nanoplastic ingestion through the food web has been shown to damage the brain of fishes and induce diminished exploratory behaviour compared to controls [6].



Anthropogenic noise pollution is another source of stress for fishes that influences the physiology and behaviour of individuals, causing temporary or permanent hearing loss, stress and behavioural reactions to the noises [62] as well as changes in their shoaling behaviour [63], and references therein. In addition, noises made by predator species in the environment may also result in a stress response in both wild and farmed fish. The identification of stressful noises will require passive acoustic monitoring devices to identify, firstly, the normal noises produced by the monitored species as well as the noises causing the stress and, subsequently, the noises the fish produce in response to the stressors.




1.3. Fractal Dimension (FD) and Entropy Properties in Biological Systems


Biological systems are complex systems with an inherent and variable dynamic made up of a large amount of information (signals) generated over time that contain stochastic and deterministic components [64]. Typically, the signals processed are video images or echo sounds produced by observing the animal, but classical observation approaches are not able to appraise the complexity of the systems, particularly in real life situations occurring in complex environments with potentially large backgrounds. The use of alternative techniques, which combine linear and non-linear approaches, and the application of mathematical models and novel algorithms, allow to capture more of the complexity innate to biological systems [65,66].



The FD of a system, which is usually not an integer number, is characteristic of fractal structures, i.e., those that show self-similarity [67]. Entropy, the other non-linear property, describes the degree of predictability/chaoticity of a system [54,55,68]. There are different measurements to estimate the FD and entropy (i.e., Rényi, Shannon, Kolmogorov entropy among others) values of a system.



The FD has a direct relationship with the complexity of the signal analysed (such as movement or sound) [69]. Fractal analysis has been successfully applied to signal processing in many scientific fields, including the recognition of patterns in human speech [70] and walk [71] and in fish swimming [72,73,74]. In 1996, Alados et al. [75] found that the FD of the exploratory behaviour of goats was lowered by stress. The authors explained these results based on the fact that, since stress generally increases energy consumption, it would also lead to a reduction in the FD (i.e., complexity) of their exploratory behaviour. In addition, the authors suggested in the same work [75] that most biological structures and behaviour patterns have evolved to allow the organism to explore its environment or to enhance its tolerance for internal and environmental changes; consequently, natural selection should have increased the complexity in social and behavioural structures, i.e., their FD, to maximum possible levels. Studying the collective behaviour of intelligent agents, Mann et al. [76] postulated the causal entropic principle, according to which agents in a group follow behavioural rules that maximize the entropy of the system. The causal entropic principle was found to be able to predict many social interactions in both human and animal groups. According to those works [75,76], optimally functional biological systems should maximize both their FD and entropy values, while stressors should diminish them.




1.4. Aim of the Work


It is not currently possible to know all the relevant parameters acting as stressors, including environmental pollutants, or how each one of them will, both individually and through their interactions, influence the status of a biological system (at any level of complexity, be it an individual fish, shoal, all fish in a cage or the entire production of farm) at any given time. Adequate monitoring of the fish system, measuring the relevant variables that will allow the farmer to take the correct decisions and acting in time to minimize the effects of the undesirable perturbances, are essential activities within PFF. It is in the cases when the stressor is either unknown or not regularly measured, when changes in non-linear properties of the system, such as its entropy and/or FD, find their optimal practical application.



A review of the effect of other stressors (including tagging/pain, number of fish, positive emotional contagion and fear/anxiety) on the entropy and FD values of individual and collective fish behaviours has been recently published by us [46] and will not be dealt with here. The purposes of this work are (i) to give an overview of recent works reporting the effects of relevant environmental contaminants on the FD and entropy on individual and collective behavioural responses of fish, and (ii) to indicate their potential applications to identify the presence of undesirable environmental contaminants in either fish farming settings or natural populations.





2. Materials and Methods


The Web of Science and Scopus databases were used for bibliographic searches. The Web of Science provided a much higher number of hits but most of them were not directly related to our targeted subject and the hits that were relevant were also identified in Scopus. The search strings and number of documents found (updated on the 28 April 2023) are listed in Table 2. After reviewing all the documents, we found only 18 dealing with the exact subject of our study, namely the effect on contaminants on the FD and/or entropy analyses of their individual and/or collective behaviours. A summary of the main data and results from the 18 selected publications, sorted according to the type of toxicants, is shown in Appendix A, Table A1. Table A2 of Appendix A shows the effects of contaminants on the tendencies of the FD and entropy values of individual and collective behavioural patterns.




3. Fractal Dimension and Entropy Analyses of Fish Behavioural Parameters


For a practical review on technical issues we recommend the review of [77]. These authors address the challenges encountered when performing 2D and 3D video behavioural tracking as well as the type of computational analyses (Fourier and wavelet transforms, fractal analysis and permutation entropy) and of machine learning techniques (multilayer perceptron, self-organizing map, hidden Markov model and deep learning) with clear potential to assist in the toxicological monitoring of water quality by BEWS.



In our opinion, the most complete work about the use of aquatic organisms (from bacteria, algae, bivalves and fish to multispecies systems) as BEWS for the continuously detection of pollutants in freshwater systems, is the review by Bae and Park [43]. The purpose of those works was to apply BEWS to effectively monitor drinking water, distribution systems and wastewater effluents in contaminated or restored sites worldwide; however, the same principles can be applied to monitoring the environmental conditions in aquaculture settings. For example, most aquatic organisms are sensitive to the presence of residual chlorine in chlorinated drinking water which may reduce their usefulness as BEWS for drinking water, which is usually chlorinated. However, this very sensitivity is an advantage to monitor the water in freshwater aquaculture, which must obviously be chlorine-free. Additionally, although BEWS are not effective to detect human pathogens, they will most likely detect the presence of fish pathogens and parasites, and therefore serve as a good BEWS to monitor fish welfare in fish production. Many of the works mentioned in the review rely on behavioural monitoring which has many advantages but also certain drawbacks since it is difficult to objectively quantify and interpret behavioural data. Such challenge arise due to the non-linearity of behaviours, variation in individual behaviour and the large amounts of data obtained by continuous monitoring. Accordingly, the work also reviews methods used for non-linear signal processing (e.g., permutation entropy, FD, Fourier transform and wavelet transformation) and for the interpretation of the data, including machine learning techniques, for different species. It must always be kept in mind that BEWS integrate the response to all the stressors/chemicals to which the organism is exposed and does not provide qualitative or quantitative information about each of the potentially present pollutants. Consequently, one must combine the implementation of BEWS with chemical monitoring to identify and quantify the potential toxicants. We do not intend to repeat the information of those reviews in this work and the reader is strongly encouraged to refer to them [43,77] for further information.



The potential use of BEWS based on fractal and entropy analysis of fish behavioural parameters has been successfully tested on highly toxic substances at lethal doses [78], common cleaning and disinfecting agents [79,80], stimulants, antibiotics and anaesthetics, [59,81,82], heavy metals [42,49,83,84,85,86,87] and persistent environmental pollutants and pesticides [87,88,89,90]. Most of the organisms on which they have been tested are freshwater model species, such as zebrafish and medaka, but some works use wild captured fish [82], other fish species relevant for aquaculture [42,49,80,85] and freshwater-farmed shrimps [87]. Thus, the selected studies comprehend all the most relevant types of environmental chemical pollutants and a relevant range of species (model fish, fresh and seawater species and species relevant for aquaculture).



3.1. Effects of Exposure to Toxic Compounds and to Cleaning and Disinfecting Agents


Assessment of the exposure of adult Japanese medaka (Oryzias latipes) to lethal doses of potassium cyanide (KCN 10 mg/mL) and phenol (25 mg/mL) in water was carried out by Fukuda et al. [78] measuring the 3D swimming speed and vertical position of the fish, as well as the uniformity of these two parameters estimated by their Shannon–Weaver entropy [55]. Exposure to both toxicants significantly increased the maximum swimming speed but also significantly decreased their median swimming speed. Interestingly, a decrease in the entropy of the vertical position of the fish took place just after 10–30 min exposure to both chemicals and prior to any mortality. Although there were large individual variations, as it is usual in biological systems, the decrease in SE of the system behaved as a useful indicator for the presence of the pollutants.



A potential BEWS for the detection of sublethal concentrations of sodium hypochlorite (NaClO, from 0.001 to 0.005%) in freshwater has been described by Nimkerdphol et al. [79]. These authors used the FD (estimated using a critical exponent method [91]) of the swimming trajectory of individual male zebrafish obtained using two video cameras via 3D coordinate computation with perspective correction (3DCCPC). The biological activity of zebrafish indeed displayed a fractal structure and responded to the presence of the disinfectant: the value of FD of swimming trajectories trended to increase with the pH and the values of the FD of swimming velocities trended to increase with its concentration. Although the pH value always increased as NaClO was added and the experiments were performed under controlled conditions, the pH value itself varied for a given NaClO concentration. This was attributed to possible reactions of the NaClO with water or other compounds, and it would explain why the pH and behavioural responses do not necessary correlate with the concentration of the pollutant. In addition, it may be reasonable to assume that the effects caused on the fish by the pH alone may be different from those caused by the NaClO alone, reflecting on the observed differences in the FD of the responses to the two parameters.



A commonly used detergent (sodium dodecyl benzene sulfonate, SDBS) also induced species-specific changes in the behaviour of three different freshwater species: zebrafish (Danio rerio), Japanese medaka (Oryzias latipes) and red carp (Cyprinus carpio) [80]. The changes affected their swimming trail and speed and their surface behaviour. In addition, the Shannon–Weaver entropy [55] of these parameters deviated from the “norm”. In the three species, the entropy decreased (i.e., their behaviour became less normal) with increasing concentrations of the detergent, but with different sensitivities: zebrafish was the most sensitive species, responding at the lowest concentration, followed by red carp and medaka, which was the most resistant.




3.2. Effects of Exposure to Stimulants, Anaesthetics and Antibiotics


Toxic substances have also been shown to influence the behaviour and responses of aquatic organisms. Ladu et al. [81] used transfer entropy to assess the response of caffeine-treated zebrafish to a replica shoal of zebrafish. The results showed that, while the transfer entropy was always higher from the replica to the alive fish (to be expected, given that the replica does not have the capacity to react to stimulus by itself), the difference was significant only when the fish had been exposed to at least 25–50 mg caffeine/mL and a smaller dose of 5 mg/mL did not elicit a response different from that of the control.



Kane et al. [82] developed a reproducible, reliable system, claimed to be capable of detecting consistent behavioural alterations over time caused by the exposure to sub-lethal doses of contaminants and other stressors. Their system was developed after studying the behaviour of groups of 12 mummichog killifish (Fundulus heteroclitus) by comparing the initial 30 min base-line recording of the fish groups prior to exposure to 60 mg/L of the commonly used aesthetic tricaine methanesulfonate (MS222), with the subsequent recordings of their behaviour during the 90 min post-exposure. The exposed fish displayed significant increases in percent movement, velocity, distance from centre, and relative burst frequency while its FD decreased significantly between the baseline and the subsequent time periods. Angular change and space utilization were not significantly affected. The authors claimed that with additional modifications (including longer recording times, physiological adaptation responses to contaminants and elimination of background noise), the system has the potential to produce quantifiable and automated recordings in real time, suitable to detect and quantify behavioural differences associated with exposure to additional environmental pollutants, including POPs, pesticides, agricultural waste, metals and harmful toxins.



Of high relevance, due to the current general abuse and misuse of antibiotics, is the work of Suryanto et al. [59], who examined the effect of exposure to 100 ppb of 20 commonly used antibiotics (amikacin, amoxicillin, azithromycin, cefuroxime, ciprofloxacin, doxycycline, erythromycin, gentamycin, norfloxacin, ofloxacin, oxytetracycline, penicillin G potassium salt, streptomycin, sulfamethoxazole, sulfamethazine, sulfapyridine, tetracycline, trimethoprim, tylosin, and vancomycin) on the locomotion complexity of golden zebrafish. From the three-dimensional (3D) video recording of the fish, their swimming movement and direction were analysed using idTracker [92] to identify swimming patterns and responses of the fish to the antibiotics. The FD and entropy of the swimming patterns and responses were calculated as described by Audira et al. [93]. The FD values from the amoxicillin-, penicillin- and tylosin- treated groups were significantly lower than those of the control group. The entropy was also significantly affected in some cases: amikacin, for example, significantly increased the entropy of the behaviour (i.e., induced high randomness in the motion), while oxytetracycline significantly decreased it (the fish moved little and was concentrated in a small area). Principal component analysis (PCA) and hierarchical clustering analysis of the FD and entropy measurements were applied to further examine the relationships between the effects of the antibiotics and revealed that three antibiotics from three different classes (amoxicillin, a lactam; trimethoprim, a sulphonamide; and tylosin, a macrolide) were clustered together and were clearly separated from the control group and the other antibiotics. These three antibiotics also had in common a much higher effect, noticeable even at 1 ppb. Of the 20 antibiotics tested, only azithromycin, cefuroxime, doxycycline and norfloxacin did not cause alterations in the fish’s behaviour at the tested 100 ppb. Thus, even at very small concentrations, most antibiotics may be able to trigger behavioural alterations useful to detect their presence.




3.3. Effects of Exposure to Heavy Metals


The reproductive behaviour of fish presents a long-range self-similar correlation, i.e., it can be considered fractal in nature. Alados et al. [83] showed that fathead minnows (Pimephales promelas) exposed to 0.5 ppm Pb exhibited higher levels of predictability (less complexity) in their reproductive behavioural sequences (i.e., lower FD) but only before secondary sexual characters were evident and not after they were sexually mature. This confirms the successful application of FD to identify the effects of environmental contaminants, but it also indicates that, in addition to the already shown species dependence of the response, the sexual maturity of the fish may be a relevant variable.



Ji et al. [94] analysed the individual and group (n = 4 fish) behavioural responses of medaka (speed, Y-position, stop number, stop duration, turning rate and meandering) as well as their FDs, upon exposure to a low concentration of Cu (1.0 mg/L). They also used the individual responses as training data for a multi-layer perceptron (MLP) artificial neural network (ANN) which revealed an increase in slow- and no-movement responses upon treatment, albeit with a high degree of individual differences. Similarly, the FD (Box counting method) of the responses calculated for individual specimens also decreased consistently after the exposure, although individual differences were still noticeable. The FD of the responses of groups was also significantly lower upon Cu exposure and interestingly, individual variability was larger than inter-group differences. Due to the different kind of information provided by the two methods (MLP and FD), the authors proposed to combine both in real-life situations: MLP analysis for detailed information on explicit response behaviour and FD analysis for a global and more consistent information on the status of the fish.



Eguiraun et al. [49] examined the potential of fractal (calculated according to Higuchi [95], Katz [96] and Katz–Castiglioni [97] and entropy (Shannon [54] and permutation entropy [98]) analyses of the trajectory of the shoal of fish in response to a stochastic event to serve as indicators of 4 μg/L MeHg+ contamination in the water. Katz–Castiglioni FD and particularly, the Shannon entropy (SE) were the most sensitive algorithms to discriminate the responses of the MeHg+-contaminated fish. The intoxicated fish displayed a Katz–Castiglioni FD value slightly higher than the control while the SE in the intoxicated fish and, to a much lower degree, its permutation entropy, were lower than the control group. To perform this experiment, the water of the tanks was not renewed daily, which may have subjected the control fish to an additional degree of stress. This fact made interesting to assess the evolution of the SE during the recovery period after reinitiation of the water circulation [85]. During the 11 days post-exposure, the control group displayed a tendency to increase its SE value. These results can be considered an indication of the fish recuperating when the water flow was reinstated [85]. In contrast, the SE of the MeHg+-treated group did not show a recovery trend; it showed erratic responses with daily fluctuations and lacked a tendency to reach the initial SE values [85]. Exposure of European seabass to 10 μg/L Na2SeO3 only induced a minor decrease in the SE of the schooling response of the fish during a 6 days experimental period [84].



It has been repeatedly demonstrated that Selenium (Se) compounds counteract MeHg+ toxicity [99,100,101,102,103,104,105]. To test whether this protective effect of selenium would reflect on the SE of a MeHg+-treated fish system, Eguiraun et al. [42] fed European seabass different Se:Hg molar ratios and their results did indeed confirm the protective effect of selenium on Hg-induced toxicity. The SE evolution of the fish system showed a tendency to increase during a 14 days exposure to feeds containing molar Se:Hg ratios > 1 (29.6 and 6.6) and a tendency to decrease when exposed to Se:Hg molar ratios < 1 (0.8 and 0.4). It is particularly interesting to note that the results of these non-invasive non-linear measurements agree with those of hepatic biochemical parameters performed on the same fish [56] corroborating the SE tendencies of the fish systems: fish fed molar Se:Hg ratios < 1 grew less, had lower total DNTB- and thioredoxin-reductase (TrxR) activities and lower transcription levels of three redox genes (txn1, txnrd2 and txnrd3) in the liver, than those fed a diet with Se:Hg molar ratio > 1. The results of this study indicated a tendency, and the differences were not significant. The agreement in the trends between the non-linear parameters and the biochemical analysis before the results become significant, and thus significantly affect the health of the fish, confirms the value of the non-linear assessments as warning systems of negative events (toxicity in this case) affecting the fish in the early stages. It is important to stress that none of the results were statistically significant and most likely an external observer would have disregarded them for that reason concluding that the system was working fine. However, we do know that the fish was being intoxicated. Consequently, we wish to emphasize the relevance of considering the trends of evolution of the parameters earlier in their development rather than waiting until the values become statistically significant, when the harm may be irreparable.



The exposure of shoals of 5 zebrafish to a low-dose (50 µg/L) of mercuric chloride (HgCl2) for 24 h was optimally detected by the following school behavioural responses: the entropy of swimming speed, depth during each 3 min interval, and changes in the sum entropy of speed, depth, turning frequency, distance and dispersion [86]. The initial stress response included hyperactivity and aggregation and lasted about 15–20 min to slowly recover and reach pre-exposure levels. The entropy of the swimming speed and of turning, as well as the sum of entropy of five other parameters displayed the same trend: stable values over the unexposed period (albeit with differences between groups), sudden significant increase upon the addition of HgCl2, that lasted about 20 min, and then a fast decrease to low values. The swimming speed, an effective indicator of stress response, was positively correlated to the turning frequency. These phases were similar to those of the time-dependent stepwise behavioural response model proposed by [90] upon exposure of groups of three medaka to six doses of the pesticides (see below).



We have found only one work on the non-linear responses of crustaceans (freshwater shrimps Macrobrachium jelskii) to heavy metals [87]. None of the parameters used by Tenorio et al. [87] to examine their locomotor behaviour (detailed below, since the shrimps were also exposed to the pesticide delmethrin) was affected by a 96 h of exposure to a low concentration, 10 μg/L of HgCl2. However, the locomotor behaviour of the shrimps displayed a multifractal nature based on its generalized dimensions spectrum (Dq calculated according to [106]) for up to the first 4 h of exposure to HgCl2. The treated shrimps had the highest Dq value, significantly higher at 4 h with a subsequent decrease in its value.



It must be borne in mind that these results are not directly comparable to those of Eguiraun et al. [49] or of Huang et al. [86] mentioned above and in which exposure to MeHg+ did induce changes in the SE of the fish trajectory. The differences between the works can be attributed to the use of different concentrations and/or type of mercuric compounds with known different toxicity mechanisms [107] as well as to the use of different species.




3.4. Effects of Exposure to Pesticides and to Persistent Organic Environmental Pollutants


The above-mentioned work on shrimps exposed to HgCl2 [87] also studied their responses to low concentrations of the pesticide deltamethrin (0.15 μg/L). This contaminant did induce changes in the track length, speed and D2P as well as in the fractal (estimated via both box counting and information entropy methods) and multifractal (generalized dimensions spectrum [106]) dimension behaviours of the shrimps’ locomotion behaviour after a minimum exposure of 72 h. This exposure consistently reduced the FDs, counted via the box counting method, and the information entropy values with respect to the control and HgCl2 treated groups, matching the diminished spatial complexity in the locomotion of treated shrimps.



The effects of environmental pollutants on Japanese medaka were reported in two papers by Nakayama et al. [88,89]. In the first work [88], the authors studied the behaviour of pairs of male medaka fish fed tributyltin (TBT, 1 µg/g body weight (bw) per day) or polychlorinated biphenyls (PCBs, 1 µg/g bw per day, no specific compound is mentioned in the paper), or TBT+PCBs (1 µg/g bw of each chemical per day), or a pollutant-free diet (control) during 3 weeks. No mortality or apparent morphological alterations were observed during the exposure period. The general behaviour of the fish (resting, swimming in a straight line and swimming in circles) was assessed via a 2D Image Tracking Analyzer that traced the swimming trajectory of the medaka every 1/3 s and was used to estimate the mean swimming velocity and the position of the fish. From those data, the SE (i.e., the probability that a male was present in a certain area) was calculated to analyse positional dispersion patterns. After the 3 weeks exposure period, none of the toxicant-containing diets had a significant effect on the fishes’ swimming velocity, but PCBs frequently altered swimming behaviour to produce patterns suggestive of hyperactivity and TBT increased the entropy of the fish’s position. The higher entropy in the TBT-treated fish with respect to the controls indicated a loss of their preference for a given swimming area, i.e., an increase in the unpredictability of their position. Thus, both toxicants affect the general behaviour of mature male medaka but in different manners.



In their second work [89], the researchers also used Japanese medaka but they added PCB Kanechlor 400 to the feed at 3% of bw and up to 125 µg/g feed during 3 weeks. They studied several parameters of the collective behaviour of groups of three sexually immature fish as well as the FD of the trajectory of the groups (to characterize its straightness) and the FDs of swimming velocity and turning angle (to quantify the time-series variation). Fish exposed to the PCB displayed altered schooling behaviour, including a shortened schooling time and also increased (i) the frequency of change of the behavioural patterns in the school, (ii) the disintegration of schools and (iii) the frequency of collision between individuals. These results confirm the authors’ previous suggestion [88] of hyperactivity induced by PCBs. The FDs of the swimming trajectory and turning angle increased significantly but only in the group exposed to the highest concentration of the PCB. Analysis of the schooling behaviour in groups (n = 6) made up by mixing three treated fish and three control fish revealed that Kanechlor 400-exposed medaka influenced the behaviour of the unexposed fish in the same school [89]. This result is particularly interesting and resembles those of Burbano Lombana et al. [108] who showed, using transfer entropy analysis, the directional behavioural contagion (positive emotional contagion) elicited by Citalopram-treated zebrafish onto non-treated conspecifics in the same group.





4. General Discussion


Direct comparison of the results from the reviewed works is not straightforward due to not only the differences in the species, size/age, sexual maturity and sex of the animals used but also due to the experimental set-ups. As summarized in Table A2, some works measured the behaviours of fish individually placed in tanks, others the individual behaviours of fish in groups (usually of only two or three individuals) and some measured the collective behaviours of groups of fish with also a variable number of individuals (from three to eighty-seven). In addition, the response of the fish to the stressors and contaminants must surely be influenced by the personality traits of the individuals themselves [109,110,111,112,113,114,115]. Therefore, experiments on the individual responses of fish, particularly when performed also on individually housed fish must be interpreted with care. The personality of the individuals must surely also influence the response of the group. In fact, the only work studying both individual behaviour in groups and the behaviour of the group demonstrated that the responses of the group displayed less variability that those of individuals [94]. Moreover, based on the results by Eguiraun et al. [48], most of the fish in these published works were probably subjected to the additional stressor of either being alone or in small groups, regardless of their individual personalities. Thus, for BEWS implementation, the use of collective behaviour of groups of fish should probably be selected among those behaviours that rely more heavily on the presence of the contaminant and less on the individual character of each fish. This is particularly important for most farmed fish species, which are gregarious in nature and cultivated in large schools.



The only case when a contaminant did not change the value of a parameter was the Katz FD of MeHg+-treated seabass, but that was due to an issue with the Katz algorithm. A problem with that algorithm had previously been reported and it was eliminated when the Castiglioni’s correction was implemented [42]. Another important issue in the usefulness of FD or entropy parameters is the relevance of exclusively considering statistically significant differences. Obviously, significant differences between contaminated and non-contaminated fish indicate a stronger effect of the contaminant on the fish system, but the lack of statistical significance, particularly when a clear trend is showing up, must not be discarded. Moreover, it can be considered as a really early warning system when it starts to change and measures the incipient fish responses [42,56,88,89]. Waiting until a difference becomes significant may imply allowing the system to go over values where it may be unable to recuperate swiftly, or not be able to go back to desirable levels at all. In addition, we hypothesize that behavioural changes chemically induced on a subgroup but reflecting on the entire group (demonstrated by the emotional/behavioural contagion induced by fish whose behaviour has been changed upon exposure to chemical substances, such as Kanechlor 400 [89] and Citalopram [108]), and reflected by control, unexposed fish) will likely be less evident (i.e., changes in the FD or entropy values of the system would be smaller) than those of a group in which all the fish had been contaminated, further underlining the need to consider early changes in the trends of evolution of non-linear behavioural parameters values.



When using changes in the FD or entropy values of behavioural fish response parameters upon exposure to contaminants, what is more important than whether their values increase or decrease (which will depend on the type of response, physiological/behavioural response) is the fact that they do change, i.e., an indication of an abnormality being introduced in the system. Indeed, the response of fish systems to the simultaneous exposure to more than one stressor is neither synergistic nor linear, but complex and non-linear [42,48,53,88]. In addition, the use of FD or entropy to identify particular contaminants is not recommended, as has been previously stressed [42,43]. Thus, alterations in FD or entropy must never be considered as indicators of a given contaminant, but only of the fact that something unexpected is affecting the fish. It is then when the farmer should first halt the harvesting of those fish (which may be contaminated, for example) and initiate a process to identify the stressor, which in addition to the chemical ones addressed by this work, may also be social or physical in nature as shown in [46].




5. Conclusions and Perspectives


Taking all the above considerations into account, we conclude that probably both FD and entropy parameters applied to the collective animal behaviour will serve best to implement BEWS to detect abnormalities, including the presence of contaminants, particularly in fish farms following an intelligent aquaculture/PFF approach for on-line monitoring and control of the production. On the other hand, there are a few algorithms to compute the FD and the entropy of systems. The particular FD or entropy algorithm which is optimal for a given practical application must be tested and selected for that particular set up. Furthermore, in our opinion, more than one technique should be implemented, given the unexpected nature of the contaminants and that the response of a given system may vary according to the contaminant. Finally, the most difficult part (particularly from a technical point of view) to implement this kind of BEWS is to achieve a good, reliable signal (from either video images, or echo sounds of RIFs) to be further processed. Once the signal is good and reliable, the application of one or several algorithms on the same signal should be easier to implement. Consequently, it should be possible to obtain a wealth of valuable information from the same raw data with marginal extra input in computing cost.



We believe the implementation of non-linear methods of monitoring to control fish farming is already being used in the present and that further interesting developments will take place in the near future. We are also of the opinion that for farm control purposes, the monitoring of the collective behaviour will be more useful than the monitoring of individuals, even if they are in the shoal. This is because, as mentioned, the individual character will modulate the individual response while the farmer is probably more interested in obtaining information about the status of the entire production than about the status of the selected tag-carrying fish. As indicated above, the most challenging part of the work is to obtain a clear, reliable signal, i.e., the raw data of the collective behaviours of the fishes. A substantial amount of effort needs to be put towards this activity as a first step to continue with the monitoring and interpretation of the SE and entropy data.
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Table A1. Summary of the main findings of the 18 publications studying the application of fractal dimension and entropy-based methods to the fishes’ behavioural responses with potential to serve as BEWS in aquaculture. FD, fractal dimension; SE, Shannon entropy.






Table A1. Summary of the main findings of the 18 publications studying the application of fractal dimension and entropy-based methods to the fishes’ behavioural responses with potential to serve as BEWS in aquaculture. FD, fractal dimension; SE, Shannon entropy.





	
Reference

	
Species

	
Method

	
Subject of the Study

	
Main Findings






	
Review Papers




	
[43]

	
Review paper. Bacteria, algae, Daphnia, bivalves, fish and multispecies systems.

	
The methodology followed to perform the review is not stated.

	
Review of behavioural monitoring and computational methods as potential BEWSs to monitor drinking water. Continuous detection of many pollutants for effective water quality monitoring and management.

	
The authors review several computational and mathematical methods that have been widely used to study the structural characteristics of behavioural changes. The methods include algorithms for signal processing (e.g., permutation entropy, fractal dimension, Fourier transform and wavelet transformation) and for interpretation, i.e., machine learning (e.g., multilayer perceptron, self-organizing map, and hidden Markov model).




	
[77]

	
Review paper. Addresses examples with many different species.

	
The methodology followed to perform the review is not stated.

	
BEWS—Review paper of the technical issues involved in 2D and 3D video tracking of fish and the computational analyses (Fourier and wavelet transforms, fractal analysis and permutation entropy) and of machine learning techniques (multilayer perceptron, self-organizing map, hidden Markov model and deep learning) with clear potential to detect abnormal behavioural patterns and toxicological monitoring.

	
Video tracking methods need to be improved for reliable, real-life toxicity monitoring. All the computational and machine learning analyses considered have shown acceptable results to detect abnormal behaviours induced by toxic substances.




	
Toxic compounds, cleaning and disinfecting agents




	
[78]

	
Japanese medaka

(Oryzias latipes)

	
Three-dimensional (3D) video recording of the fish and calculation of their speed, vertical position in the test chamber and the Shannon–Weaver entropy [55] of both parameters.

	
Testing the entropy of swimming behavioural parameters of individual adult fish for the early detection of lethal doses of cyanide (KCN 10 mg/mL) and phenol (25 mg/mL) in water.

	
There were large individual differences. A significant decrease in the entropy of vertical position of the fish was noted after 10–30 min exposure to the toxicants and prior to any mortality.




	
[79]

	
Zebrafish (Danio rerio)

	
FD of the swimming trajectory of individual fish in a tank via 3D coordinate computation with perspective correction (3DCCPC), carried out using two video cameras.

	
Individual male behavioural responses of zebrafish to different sublethal concentrations of sodium hypochlorite.

	
The FD of the swimming trajectories trended to increase with increasing pH (i.e., increasing sodium hypochlorite concentration).




	
[80]

	
Zebrafish (D. rerio), Japanese medaka (Oryzias latipes) and red carp (Cyprinus carpio).

	
Quantification of swimming behavioural changes induced upon exposure to a common detergent (sodium dodecyl benzene sulfonate, SDBS) by three parameters: swimming trail, swimming speed, surface behaviour and their uniformity assessed by their Shannon–Weaver entropy.

	
Assessment of the uniformity of individual fish swimming behavioural responses to different concentrations of SDBS.

	
The entropy of the three species decreased (i.e., their behaviour became less “normal”) with increasing concentrations of the detergent, but with different sensitivities: zebrafish was the most sensitive species, responding at the lowest concentration, followed by red carp and medaka, which was the most resistant.




	
Stimulants, anaesthetics and antibiotics




	
[81]

	
Zebrafish (D. rerio)

	
The interaction between the fish and a replica by transfer entropy.

	
Effect of caffeine on the interaction between individual zebrafish and a replica of a shoal of conspecifics.

	
The transfer entropy was always higher from the replica to the fish but only in fish exposed to at least 25–50 mg caffeine/mL the difference was significant.




	
[82]

	
Mummichog killifish (Fundulus heteroclitus)

	
Velocity, total distance travelled, angular change, percent movement, space utilization, and path complexity (FD).

	
In-tank modelling of alterations in individual fish behaviour exposed to contaminants and stresses of the system, namely a reference toxicant (tricane methanesulfonae (m-aminobenzoic acid ethyl ester methansulfonate, MS222)

	
Development of a remotely controlled transportable system to detect sublethal stress- and contaminant-induced behaviour in fish.




	
[59]

	
Golden zebrafish (D. rerio)

	
3D video recording, idTracking the trajectories and analysis of swimming, exploratory behaviour, fractal dimension and permutation entropy of the behavioural data, and PCA and hierarchical clustering of the FD and entropy data.

	
Analysis of the effects on the behaviour of fish in shoals of seven adult and mixed-gender fish after exposure to 20 antibiotics from eight classes.

	
Only azithromycin, cefuroxime, doxycycline and norfloxacin did not cause alterations in the fish behaviour at the tested 100 ppb. All other antibiotics did cause changes in behaviour. Amoxicillin, trimethoprim, and tylosin caused alterations even at 1ppb.




	
Heavy metals (Pb, Cu, Hg) and selenium (Se)




	
[83]

	
Fathead minnows (Pimephales promelas)

	
Video recording their behaviour, calculating four individual specific reproductive behaviours and their fractal dimension.

	
Effect of the exposure of immature male–female pairs to sub-lethal concentrations of Pb on their individual specific reproductive behaviour.

	
Exposure induces less complexity (lower FD) in the fishes’ behavioural sequences, but only prior to secondary sexual characters being evident.




	
[94]

	
Medaka

(O. latipes)

	
Video recording of individual and group (n = 4) responses (speed, Y-position, stop number, stop duration, turning rate and meandering) their multi-layer perception and FD. and their upon exposure to Cu 1 mg/L.

	
Effect of the exposure to sub-lethal concentrations of Cu on individual (MLP and FD) and collective (FD) behavioural parameters to assess their usefulness to detect the contaminant.

	
Exposure induces less complex behaviour and significantly decreases the FD in both groups and individual behaviours but the response is more consistent when analysing groups of fish.




	
[49]

	
European seabass (Dicentrarchus labrax).

	
The FD and SE of the trajectory following the response to a stochastic event of fish treated with MeH+ 4 μg m/L for 9 days.

	
Changes in the shoals’ behaviour in response to an event (FD and SE) upon exposure to MeHg+ in the water.

	
The Katz–Castiglioni FD and particularly the SE were the most sensitive algorithms to discriminate the responses of MeHg+-contaminated fish, indicating a potential value to develop a non-invasive method for the identification and quantification of behavioural differences.




	
[85]

	
European seabass

(D. labrax)

	
SE of the schooling behaviour during recovery after exposure to MeHg+ 4 μg m/L for 9 days.

	
Quantification of the changes in the shoals’ behaviour by its SE, after exposure to MeHg+ in the water.

	
During the 11 days post-exposure period, the SE of the control fish trended to increase, while the SE of MeHg+-treated fish did not show a recovery trend.




	
[84]

	
European seabass (D. labrax)

	
SE of the shoaling and schooling behaviour after exposure to (Na2SeO3) 10 μg/L for 6 days.

	
Changes in the shoals’ behaviour (by SE) upon exposure to sodium selenite (Na2SeO3) in the water for 6 days.

	
The SE of the schooling response of the exposed group was only slightly lower than that of the control group.




	
[42]

	
European seabass (D. labrax)

	
SE of the video recorded trajectory of the shoal of fish fed with Se:Hg molar ratios of 29.5, 6.6, 0.8 and 0.4 for 14 days.

	
Testing the effect of feeding the fish different molar Se:Hg ratios on the SE of their trajectory.

	
The basal SE of fish fed with molar Se:Hg > 1 trended to increase. The basal SE of fish fed with molar Se:Hg < 1 tended to decrease.




	
[86]

	
Zebrafish (D. rerio)

	
Video recording of school behavioural responses and calculation of the Shannon–Weaver entropy of eight parameters after a 24 h exposure to a low dose (0.05 mg/L) of mercuric chloride (HgCl2).

	
Analyses of linear and non-linear measurements of the collective behaviour of exposed fish.

	
The use of eight parameters (the entropy of swimming speed, depth during each 3 min interval, and changes in the sum entropy of speed, depth, turning frequency, distance and dispersion) was optimal to detect low levels of the HgCl2 in 15–20 min.




	
[87]

	
Freshwater shrimps (Macrobrachium jelskii)

	
Video recording of individual shrimps’ behaviour in groups of three animals, exposed to HgCl2 10 μg/L.

	
Testing whether mathematical (linear parameters) and non-linear (fractal, information entropy and multifractal parameters) methods applied to video tracking of shrimps exposed to HgCl210 μg/L can adequately describe changes in their locomotion behaviour.

	
None of the methods detected the effect of a 96 h exposure to 10 μg/L mercuric chloride on either linear or non-linear locomotion parameters.




	
Pesticides and persistent environmental pollutants




	
[87]

	
Freshwater shrimps (Macrobrachium jelskii)

	
Video recording of individual shrimps’ behaviour in groups of three animals, exposed 0.15 μg/L of the pesticide deltamethrin.

	
Testing whether mathematical (linear parameters) and non-linear (fractal, information entropy and multifractal parameters) methods applied to video tracking of shrimps exposed to 0.15 μg/L of the pesticide deltamethrin can adequately describe changes in their locomotion behaviour.

	
72 h of exposure to 0.15 μg/L of deltamethrin altered the values of some linear (e.g., the track length) and non-linear (fractal dimension (box counting or information entropy) and multifractal analysis) parameters of their locomotion behaviour.




	
[88]

	
Japanese medaka

(O. latipes)

	
Resting, swimming (in a straight line and in circles) and SE of individual fish placed in pairs in the tanks and exposed to tributyltin (TBT), polychlorinated biphenyls (PCBs), or a mixture (at 1 µg/g bw/day) of each for 3 weeks.

	
Changes in the behaviour of individual fish reflected in the SE of the mean swimming velocity and the position of individual fish estimated from data on the resting, swimming in a straight line and swimming in circles.

	
PCBS induced swimming patterns consistent with hyperactivity and TBT increased the entropy of fish’s position.




	
[89]

	
Japanese medaka

(O. Latipes)

	
Video recording of the swimming trajectories of medaka fed (at 3% of bw) the PCB Kanechlor-400 during 3 weeks in doses up to 125 µg/g feed.

	
Effects of Kanechlor-400 on the collective behaviour of groups of three sexually immature of fish and in groups of mixed-treated and untreated fish. Analysis of the fractal dimension of the trajectory and the fractal dimensions of swimming velocity and turning angle.

	
Kanechlor-400 induced a shortened schooling time, increased frequency of behavioural pattern change changed, disintegration of schools and increased the frequency of collisions (hyperactivity). When mixed in the same group, Kanechlor 400-exposed medaka influenced the behaviour of unexposed fish in the same school. FDs of the swimming trajectory and turning angle significantly increased but only in the highest PCB-exposed group.
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Table A2. Effects of contaminants on the tendencies of the Fractal dimension and entropy values of individual or collective behavioural patterns. FD, fractal dimension; SE, Shannon entropy.
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Reference

	
Toxicant

	
FD/Entropy

	
Individual/Collective Behaviour

	
Modification upon Exposure






	
Fractal dimension analyses




	
[79]

	
Sublethal NaClO and pH

	
FD of swimming trajectories and FD of swimming velocities.

	
Individual

	
The FD of the trajectories increased with pH while the FD of the velocities increased with NaClO.




	
[89]

	
3 weeks exposure to the PCB Kanechlor-400 in the feed (3% of body wt and doses up to 125 µg/g feed).

	
Effects of Kanechlor-400 on the several parameters of collective behaviour of groups of three sexually immature of fish. The fractal dimension of the trajectory and the fractal dimensions of swimming velocity and turning angle.

	
Collective (n = 3 immature fish)

	
The FDs of the swimming trajectory and turning angle increased significantly, but only in the highest PCB-exposed group.




	
[87]

	
Up to 96 h exposure to HgCl2 (10 μg/L).

	
Track length, speed and D2P as well as the non-linear fractal dimension, box counting or information entropy and multifractal analysis methods.

	
Individual behaviour in groups (n = 3)

	
The multifractal nature of locomotion was initially significantly higher in HgCl2-treated fish. It decreased later to the same values as the control. Other parameters did not change.




	
[82]

	
MS222

	

	
Individual

	
The FD decreased.




	
[83]

	
Exposure to 0.5 ppm Pb

	
FD of specific reproductive behaviours.

	
Individual behaviour in groups (n = 2)

	
The FD decreased (decreased the complexity of the behavioural reproductive sequences) but only before secondary sexual characters were evident.




	
[94]

	
Cu, sublethal

	
FD (individual and group) of speed, Y-position, stop number, stop duration, turning rate and meandering.

	
Individual and collective (n = 4)

	
The FD decreased for both individual and collective responses.

The FD of group responses were less variable than those of individual fish.




	
[87]

	
Up to 96 h exposure to deltamethrin (0.15 μg/L).

	
Track length, speed and D2P as well as the non-linear fractal dimension (estimated via box counting and information entropy) and multifractal analysis methods.

	
Individual behaviour in groups (n = 3)

	
The fractal and multifractal dimensions of the behaviour decreased after 72 h of exposure.




	
Fractal and Entropy analyses




	
[59]

	
Acute exposure to 20 antibiotics from 8 families.

	
FD and entropy of the swimming trajectory of the collective response.

	
Collective (n = 7)

	
The FD decreased upon exposure to amoxicillin, penicillin and tylosin (the most effective antibiotics). Permutation entropy decreased with oxytetracycline and increased with amikacin.




	
[49]

	
MeHg+ 4 μg /L

	
The Higuchi FD [96], Katz FD [97] Katz- Castiglioni FD [98] and SE [54] and Permutation entropy [99] of the trajectory following the response to a stochastic event of fish intoxicated with MeHg+ in the water.

	
Collective (n = 81, 41)

	
Upon exposure to MeHg+, the Higuchi FD suffered a small decrease.; Katz FD no change and Katz–Castiglioni FD trended to increase; the SE clearly decreased and permutation entropy showed only a small decrease.




	
Entropy analyses




	
[81]

	
Caffeine up to 50 mg/mL

	
Transfer entropy between a zebrafish to a replica shoal of zebrafish.

	
Individual

	
The transfer entropy from the replica to the alive fish increased.




	
[88]

	
3 weeks exposure to tributyltin (TBT), polychlorinated biphenyls (PCBs), or a mixture (at 1 µg/g bw/day of each chemical).

	
The SE of the mean swimming velocity and the position of individual fish estimated from data on the resting, swimming in a straight line and swimming in circles behaviours of individual fish.

	
Individual behaviour in groups (n = 2)

	
The SE of TBT- and PCB-treated fish increased, only the former did so significantly.




	
[85]

	
11 days recuperation after exposure to MeHg+ 4 μg /L

	
SE of the control and MeHg+ exposed fish groups, stressed by halting the water flow during the experiment in both tanks.

	
Collective (n = 26 and n = 19)

	
The SE trended to increase in control fish group and to decrease slightly in the treated group.




	
[42]

	
14 days exposure to feeds containing Se:Hg molar ratios > 1 (29.6 and 6.6) and <1 (0.8 and 0.4).

	
SE of the shoaling (basal) and schooling (response) behaviours of the group of fish.

	
Collective (n = 7)

	
The basal SE of fish fed with molar Se:Hg > 1 trended to increase. The basal SE of fish fed with molar Se:Hg < 1 trended to decrease.




	
[86]

	
24 h exposure to HgCl2 (50 μg/L mg/L).

	
Eight parameters (the entropy of swimming speed, depth during each 3 min interval, and changes in the sum entropy of speed, depth, turning frequency, distance and dispersion) was optimal to detect low levels of the contaminant in 15–20 min.

	
Collective (n = 5)

	
Shannon–Weaver entropy displayed stable values over the pre-exposure period, a sudden significant increase upon the addition of HgCl2 for 15 min and then a fast decrease to low values.




	
[78]

	
Lethal concentrations of phenol and KCN.

	
SE of the vertical position of the fish.

	
Individual

	
The SE decreased with increasing amounts of toxicant.




	
[80]

	
Detergent SDBS

	
Shannon–Weaver entropy of swimming trail and speed and their surface behaviour.

	
Individual

	
The Shannon–Weaver entropy decreased with increasing concentrations of the detergent with species-specific sensitivities: zebrafish was the most sensitive of the three, followed by red carp and medaka.




	
[84]

	
Na2SeO3, 10 μg/L, 6 days

	
SE of the schooling responses of control and treated groups.

	
Collective (n = 76)

	
The SE of the treated group was only slightly lower than the SE of the control.
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Figure 1. Cyclical representation of Precision Fish Farming (PFF) where operational processes are divided into four phases: Observe, Interpret, Decide and Act. The inner cycle represents the present state-of-the-art in industry, with manual actions and monitoring, and experience-based interpretation and decision-making. The outer cycle illustrates how the introduction of PFF may influence the different phases of the cycle. Figure credits: Andreas Myskja Lien, SINTEF Ocean. Taken from Føre et al. [14] with permission from the authors. 
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Figure 2. Partial least squares-discriminant analysis (PLS-DA) of spectra from HR 1H-NMR analysis from perchloric acid extracts of European seabass brains that were untreated (black dots), treated for 6 days with 10 µg/L of Na2SeO3 followed by 2 weeks in seawater (blue dots), pretreated with 10 µg/L of Na2SeO3 (6 days) followed by 2 weeks of exposure to MeHg+ (4 µg/L) (orange dots) and fish exposed for 2 weeks to 4 µg/L MeHg+ (red dots). Each dot corresponds to one fish and the color corresponds to the treatment as explained above and in the figure. The broken line’s circles represent the 95% of confident bounds for each group of the same treatment. The same color code has been used for the samples and the circles. Unpublished results. HR H1NMR analyses, by courtesy of Dr Daniel Padro (Molecular Imaging Unit, CICBiomaGUNE, Donostia, Spain). 
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Table 1. Summary of the most common sensor types and monitoring methods used in aquaculture production and research. Taken from Føre et al. [14] according to CC BY Licence. For further information on additional applications of the sensors please refer to the original publication.
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	Sensor Type
	Sensor Implementation
	Animal Behavioural Variables
	Information Level





	Sonar
	Single-beam sonar
	Biomass depth distribution within beam
	Group



	Sonar
	Split-beam sonar
	Biomass depth distribution
	Individual-based group



	Sonar
	Multi-beam sonar
	Movement dynamics (position, and speed) within beam
	Group



	Hydroacoustic Telemetry
	Individual fish tags
	Biomass depth distribution
	Individual



	Passive hydroacoustic sensing
	Hydrophone
	Movement dynamics (position, and speed) within entire cage volume
	Group



	Camera
	Surface camera
	e.g., depth, position, acceleration and spatial orientation
	Group



	Camera
	Feeding camera (submerged)
	Sound emitted from fish population, general soundscape
	Individual-based group



	Camera
	Stereo camera (submerged)
	Surface activity (jumping/splashing)
	Individual-based group
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Table 2. Search strings used in the Scopus database and number of hits on 28 April 2023.
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	Query
	Documents





	(TITLE-ABS-KEY (entropy) AND TITLE-ABS-KEY (fish) AND TITLE-ABS-KEY (“biological warning system” OR bws))
	5



	(TITLE-ABS-KEY (entropy) AND TITLE-ABS-KEY (fish) AND TITLE-ABS-KEY (“biological early warning system” OR bews))
	3



	(TITLE-ABS-KEY (fish AND behav*) AND TITLE-ABS-KEY (fractal* OR entropy))
	147



	(TITLE-ABS-KEY (aquacult*) AND TITLE-ABS-KEY (fractal* OR entropy))
	94



	(TITLE-ABS-KEY (“Fish behavio*”) AND TITLE-ABS-KEY (entropy))
	12



	(TITLE-ABS-KEY (“Fish behavio*”) AND TITLE-ABS-KEY (fractal))
	10



	(TITLE-ABS-KEY (“collective behaviour” OR “collective behavior”) AND TITLE-ABS-KEY (fish) AND TITLE-ABS-KEY (welfare OR stress* OR health OR disease))
	25



	(TITLE-ABS-KEY ((collective AND behavio*) AND fish) AND TITLE-ABS-KEY (contaminant* OR welfare OR stress* OR health OR disease))
	62
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