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Executive summary 

Understanding the impacts of environmental change and human activity on farmed fish can be greatly 

enhanced by using electronic sensors. Indeed, many questions can only be answered through this 

approach. Electronic sensors are significantly improving our understanding of fish behaviour and are 

emerging as key sources of information for improving aquaculture management practices. 

Enhanced environmental (e.g. oxygen, temperature, salinity, pressure) and biological (e.g. behaviour, 

activity, energetic, feeding physiology) sensor data, collected by a network of wireless electronic 

sensors, can provide accurate fine-scale measurements of environmental conditions, fish health, 

welfare and habitat use, average fish size and biomass, thus facilitating predictive modelling of the 

rearing performances and impacts. 

The state of the art and future needs in terms of technologies, accessibility and integration is outlined 

in the present report. 

The real-time wireless communication system and sensor network envisaged for the FutureEUAqua 

large scale demonstration activities will include a cloud platform that communicates wireless 

underwater, based on the technology offered by Real-time aquaculture (www.rtaqua.com). The 

system architecture includes “AquaMeasure” which is a family of compact, submersible environmental 

sensors with underwater and in-air wireless communications. While the “AquaHub” is the core of the 

system deployed in the field and can be easily mounted to existing aquaculture infrastructure or feed 

barges. Utilizing a digital receiver, communications modem and state of the art electronics, the 

AquaHub can support up to 100 AquaMeasure sensors (e.g. temperature, salinity, oxygen, turbidity, 

etc.) within a 500m radius. The AquaHub also supports the detection of signals from the family of 

VEMCO transmitters. Namely the V9AP & V13AP accelerometer pressure tags, which measure the fish 

activity, including swimming speed via tail beat acceleration, mortality through predation, seismic 

blasting, toxic spills, feeding events, spawning activity, nocturnal/diurnal activity, wave action and 

activity responses to changing oxygen, salinity and temperature in the rearing environment. The hub 

supports many telemetry protocols for cloud communications, including Cellular, Wi-Fi and Iridium. 

The wireless hub also supports third party sensors (e.g. weather stations, biomass monitoring, etc.) via 

its auxiliary sensor port and features internal memory for backup purposes. 

In Annex 1 is reported a list of scientific publication, as well as grey literature and websites. 
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Introduction 

The study of aquatic animals (e.g. fish behaviour, condition, physiology) and the farming 

environment presents unique challenges to scientists because of the physical characteristics of 

water. However, scientific studies and efforts have increasingly turned to the use of electronic 

sensors, which have enhanced our knowledge on the performances of the farmed fish and the 

impacts on the surrounding aquatic system. 

In their most basic form, electronic sensors and tags may include radio or acoustic beacons, that 

transmit signals, which can bring specific codes to identify animals, and allow them to be tracked 

using receivers that detect the transmitted signals (Hazen et al. 2012). Basic archival tags must be, 

instead, physically recovered in order to obtain the data. 

Because the strength of radio signals, regardless by the longest wavelengths, rapidly attenuate in 

seawater, acoustic transmissions is preferred for fish tracking in marine environment (Lembo et al. 

2002), while radio transmission is commonly used in freshwater environment. More advanced tags 

incorporate sensors that measure and record a suite of environmental and/or biological parameters 

of fish (Cooke et al. 2016). 

Simple biomass estimators and logging stations, installed on the feeding barge and/or on the cages, 

can give full control over all water parameters and provide the information required to 

monitor/expand the production. Flexible sensors systems are conceived to log oxygen, temperature, 

salinity, sea current, pH, wind and CO2. In addition, sensor and camera systems may provide also 

information for estimating the biomass in the cages and developing reliable fish feeding strategies. 

Understanding the impacts of environmental change and human activity on farmed fish can be 

greatly enhanced by using electronic sensors. Indeed, many questions can only be answered through 

this approach. Electronic sensors are significantly improving our understanding of fish behaviour and 

are emerging as key sources of information for improving aquaculture management practices.  

In WP5 we are committed to develop and test a multiplatform tracking system for simultaneously 

monitoring the activity and physiology of fish, as well as the main parameters of the environment 

where they are farmed, by using a wireless communication system.  

The wireless communication system to monitor the large scale demonstration activities will both 

facilitate effective study design and replication, increasing the accuracy of data standardization, 

processing and interpretation (e.g., Kessel et al. 2014, Huveneers et al. 2016), and providing industry 

with information needed to facilitate health/welfare and optimal management practices. The 

development of training programs and guidelines for data assessment and monitoring, as well as 

data-sharing protocols, will facilitate easier data exchange among database and research groups. 

In the following paragraphs the state of the art and future needs in terms of technologies, 

accessibility and integration is outlined. 
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The state of the art 

An integrated and interdisciplinary approach to monitor the activity pattern and physiological status 

of farmed fish, together with the environmental parameters in situ, will enhance the sustainability 

and profitability of the European aquaculture. 

Enhanced environmental (e.g. oxygen, temperature, salinity, pressure) and biological (e.g. behaviour, 

activity, energetic, feeding physiology) sensor data collected by a network of wireless electronic 

sensors can provide accurate fine-scale measurements of environmental conditions, fish health, 

welfare and habitat use, facilitating predictive modelling (Cooke et al. 2016; Rassaei et al. 2014).  

However, although sensors are widely used in terrestrial applications, their use in the marine 

environment and aquaculture was limited so far by the special attributes of water, the high cost of 

underwater sensors and malfunctions due to the harsh environment. Underwater sensors should 

fulfil certain characteristics in order to increase their use in aquaculture. Preferably, they should be 

of low cost, low maintenance, low-power (if battery powered), robust, waterproof, non-metallic, 

withstand their environment and have no effects on surrounding organisms (Parra et al., 2018). 

Below we provide a state-of-the-art review of the current technologies in relation to a) fish tracking, 

b) environmental monitoring, c) biomass assessing. 

 

Fish tracking 

Accelerometer pressure tags transmit 3D acceleration of fish as they move within the receiver array, 

and also transmit depth data. The fish acceleration signal is measured in terms of m/s-2 and it is a 

vector quantity that is a result of measuring acceleration on 3 

axes (X,Y,Z). This acceleration value can be used as a measure of 

activity of a free ranging animal in nature or captivity. 

Accelerometer tags can be used in a number of applications that 

require any measure of animal activity. Applications may include 

measuring swimming speed via tail beat acceleration, detecting 

mortality through predation, seismic blasting, toxic spills, 

feeding events, spawning activity, nocturnal/diurnal activity, wave action and activity responses to 

changing oxygen, salinity and temperature in the environment. A commercial product is VEMCO 

V9AP & V13AP (https://www.vemco.com/products/v9ap-v13ap-accelerometer/) 

The VEMCO VR2W-180 kHz receiver is cost effective, compact, easy to use, long-lasting and flexible, 

making it ideal for remote, long term monitoring of fish. The 

VR2W-180 kHz is used with the family of 180 kHz transmitters 

(V4, V5 and V9-180 kHz). The V4 and V5 enable to track and 

monitor smaller fish. The introduction of the V9-180 kHz tag 

has expanded  VEMCO’s 180 kHz capability to include longer 

life tags that can be used on larger animals. 180 kHz tags have 

https://www.vemco.com/products/v9ap-v13ap-accelerometer/
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been used widely on a variety of fish species, from salmon smolts to trout and arctic cod, from 

seabass to seabream. 

The VEMCO VR2Tx Acoustic Receiver combines a VR2W receiver with a built in V16-like transmitter 

that allows communications with receivers while still deployed. The VR2Tx maintains all of the 

existing features of the VR2W plus much more. a) Improve VPS (fine scale positioning) results using 

the built in transmitter as a VPS sync tag; b) retrieve receiver status on demand from the surface via 

communications with a VR100 tracking receiver (models -200 and greater) and transponding 

hydrophone; c) monitor health, tilt angle, range, temperature, battery life and memory of deployed 

VR2Tx units; d) monitor number of total detections as well as specific tag IDs with the programmable 

watch table; e) determine which receivers are in range of the VR100 (unit discovery mode); f) locate 

potentially lost VR2Tx units. 

The Thelma Biotel Acoustic Activity Transmitter (https://www.thelmabiotel.com/outputs/activity/) 

contains a 3-axis accelerometer that can register gravity forces and acceleration in the x-, y and z 

directions with very high sensitivity. The activity tag is available down to 7.3 

mm diameter size, with a variety of battery options for different power 

output settings and lifetimes. The tag can register the tilt and roll angle of 

the fish, as well as motion in the forward and lateral directions. These key 

parameters reflect a broad range movement and activity patterns of aquatic 

specimens, that in turn can be used to study behaviour and/or welfare. 

Relevant movements include feeding or spawning behaviour, body tilt 

orientation, rest or activity level, comfort or stress state. The transmitter 

can for example be programmed to detect attacks against a prey, count how many times this 

movement signature is detected during a period of time, and transmit the stored number of detected 

movement signatures wirelessly.  

The Cefas Technology G7 (https://www.cefastechnology.co.uk/products/data-storage-tags/g7/) 

enables to log temperature, pressure and acceleration. In the 

latest design holds a 3-axis accelerometer sensor, which allows 

the user to set the measurement range from ± 2, 4, 8 or 16 g 

at deployment time. An optional 3-axis gyroscope sensor is 

available. It has variable resolution, either 8, 10 or 12 bits. Operates in fresh water and at sea. 

The STAR ODDI logger DST milli-HRT (https://www.star-oddi.com/products/data-

loggers?sensors=heart-rate) monitors simultaneously heart rate and temperature in the fish. The 

data logger has no external wires, which makes it especially simple to implant. It is made of unique 

ceramic housing and epoxy and is hermetically sealed, guaranteeing biocompatibility. The logger is 

ideal for monitoring behaviour and stress response of the fish. The heart rate is derived from a 

leadless single channel ECG. The logger takes a burst measurement of ECG at the set time interval 

and calculates the mean heart rate for each recording. For validation purposes, individual ECG bursts 

can be saved.  

https://www.thelmabiotel.com/outputs/activity/
https://www.cefastechnology.co.uk/products/data-storage-tags/g7/
https://www.star-oddi.com/products/data-loggers?sensors=heart-rate
https://www.star-oddi.com/products/data-loggers?sensors=heart-rate
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The STAR ODDI logger DST centi-HRT ACT simultaneously measures long term heart rate, activity 

and body temperature in the fish. The measuring device has no external wires, which makes it 

especially simple to implant. The logger is hermetically sealed 

for biocompatibility. It is ideal for monitoring behaviour and 

stress response, animal welfare and fish physiology. Looking 

at heart rate and activity together gives the opportunity to 

identify correlation between heart rate and activity in the 

fish. The heart rate is derived as in DST milli-HRT. The DST 

activity loggers measure acceleration in three dimensions, in relation to Earth gravity field. There are 

two modes for sampling, either at a single interval throughout the period or multiple intervals. 

Multiple intervals are especially useful when frequent measurements are needed at certain time 

periods. 

The Lotek coded electromyogram (CEMG2) transmitter (http://www.lotek.com/cemg2-series-emg-

transmitters.htm) represents one of the components of a field-proven system which enables to 

record physiological data from free-swimming fish. Designed to be mounted either externally or 

internally, CEMG2 transmitters measure muscle activity 

using probes inserted into the musculature of the fish. The 

CEMG2 Series provides you with a powerful quantitative 

estimate of the energetic costs associated with physical 

activity. High impedance EMG signals are processed 

through an integrator, digitized and then a coded radio 

sequence is transmitted representing unique identity and 

data. Electromyograms (EMGs) are records of bioelectric potentials that are strongly correlated with 

the strength and duration of muscle contractions. Indeed, EMG values averaged over time can be 

used directly as quantitative indicators of the intensity of fish activity. EMG values can be 

"calibrated" in terms of fish oxygen consumptions measured over periods of spontaneous activity or 

over the same times in swims of selected speeds and durations, by using a swimming chamber. This 

in turn allows to obtain quantitative estimates of the metabolic costs of activity by wild fish, under 

field conditions, and farmed fish. 

MAP-Series acoustic transmitters are designed for operation with Lotek’s unique MAP digital 

encoded telemetry systems. These systems permit the unique 

identification of over 80,000 individual fish. Both ID-only and ID 

plus sensors (temperature, pressure/depth or motion) can be 

simultaneously monitored and recorded. Unique CDMA coding 

permits simultaneous detection of hundreds of co-located 

transmitters at high repetition rates (to 40 transmissions per 

minute). Examples of real-time and/or data-logging applications 

for which MAP-Series coded transmitters are ideally suited are 

species interaction, fine scale 2D and 3D habitat utilization and fish behaviour. 

Fish stress become visible: A new attempt to use biosensor for real-time monitoring fish stress 

https://www.sciencedirect.com/science/article/pii/S0956566314007003?via%3Dihub 

http://www.lotek.com/cemg2-series-emg-transmitters.htm
http://www.lotek.com/cemg2-series-emg-transmitters.htm
https://www.sciencedirect.com/science/article/pii/S0956566314007003?via%3Dihub
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To avoid fish mortality and improve productivity, the physiological conditions including stress state of 

the cultured fish must be monitored. As an important indicator of stress, glucose concentrations are 

monitored using in vitro blood analysis. The physiological processes of fish under environmental 

conditions are harsher in many ways than those experienced by terrestrial animals. Moreover, the 

process of anaesthetizing and capturing the fish prior to analysis may produce inaccurate results. To 

solve these problems, we developed wireless biosensor system to monitor the physiological 

condition of fish (Wu et al., 2015). This system enables artificial stress-free and non-lethal analysis, 

and allows for reliable real-time monitoring of fish stress. The biosensor comprised Pt–Ir wire as the 

working electrode and Ag/AgCl paste as the reference electrode. Glucose oxidase was immobilized 

on the working electrode using glutaraldehyde. We used the eyeball interstitial sclera fluid (EISF) as 

the in vivo implantation site of the sensor, which component concentration correlates well with that 

of blood component concentration. In the present study, we investigated stress due to alterations in 

water chemistry, including dissolved oxygen, pH, and ammonia–nitrogen compounds. Stress 

perceived from behavioural interactions, including attacking behaviour and visual irritation, was also 

monitored. Water chemistry alterations induced increases in the glucose concentration (stress) that 

decreased with removal of the stimulus. For behavioural interactions, stress levels change with 

avoidance, sensory behaviour and activity. We believe that the proposed biosensor system could be 

useful for rapid, reliable, and convenient analysis of the fish physiological condition and accurately 

reflects the stress experienced by fish. 

Monitoring Escape and Feeding Behaviours of Cruiser Fish by Inertial and Magnetic Sensors 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0079392 

A method was developed and applied for monitoring two types of fast-start locomotion (feeding and 

escape) of a cruiser fish, Japanese amberjacks Seriola quinqueradiata (Noda et al., 2013). A data 

logger, which incorporated a 3-axis gyroscope, a 3-axis  accelerometer and a 3-axis magnetometer, 

was attached to the five fish. The escape, feeding and routine movements of the fish, which were 

triggered in tank experiments, were then recorded by the data logger and video cameras. The 

locomotor variables, calculated based on the high resolution measurements by the data logger (500 

Hz), were investigated to accurately detect and classify the types of fast-track behaviour. The results 

show that fast-start locomotion can be detected with a high precision (0.97) and recall rate (0.96) 

from the routine movements. Two types of fast-start movements were classified with high accuracy 

(0.84). Accuracy was greater if the data were obtained from the data logger, which combined an 

accelerometer, a gyroscope and a magnetometer, than if only an accelerometer (0.80) or a 

gyroscope (0.66) was used. 

Wireless Biosensor System for Real-Time L-Lactic Acid Monitoring in Fish 

https://www.mdpi.com/1424-8220/12/5/6269 

We have developed a wireless biosensor system to continuously monitor L-lactic acid concentrations 

in fish (Hibi et al., 2012). The blood L-lactic acid level of fish is a barometer of stress. The biosensor 

comprised Pt-Ir wire (φ0.178 mm) as the working electrode and Ag/AgCl paste as the reference 

electrode. Lactate oxidase was immobilized on the working electrode using glutaraldehyde. The 

sensor calibration was linear and good correlated with L-lactic acid levels (R = 0.9959) in the range of 

0.04 to 6.0 mg·dL−1. We used the eyeball interstitial sclera fluid (EISF) as the site of sensor 

implantation. The blood L-lactic acid levels correlated closely with the EISF L-lactic acid levels in the 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0079392
https://www.mdpi.com/1424-8220/12/5/6269
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range of 3 to 13 mg·dL−1 (R = 0.8173, n = 26). Wireless monitoring of L-lactic acid was performed 

using the sensor system in free-swimming fish in an aquarium. The sensor response was stable for 

over 60 h. Thus, our biosensor provided a rapid and convenient method for real-time monitoring of 

L-lactic acid levels in fish. 

Wireless enzyme sensor system for real-time monitoring of blood glucose levels in fish 

https://www.sciencedirect.com/science/article/pii/S0956566308004764?via%3Dihub 

Periodic checks of fish health and the rapid detection of abnormalities are thus necessary at fish 

farms. Several studies indicate that blood glucose levels closely correlate to stress levels in fish and 

represent the state of respiratory or nutritional disturbance. We prepared a wireless enzyme sensor 

system to determine blood glucose levels in fish (Endo et al., 2009). It can be rapidly and 

conveniently monitored using the newly developed needle-type enzyme sensor, consisting of a Pt–Ir 

wire, Ag/AgCl paste, and glucose oxidase. To prevent the effects of interfering anionic species, such 

as uric acid and ascorbic acid, on the sensor response, the Pt–Ir electrode was coated with Nafion, 

and then glucose oxidase was immobilized on the coated electrode. The calibration curve of the 

glucose concentration was linear, from 0.18 to 144 mg/dl, and the detection limit was 0.18 mg/dl. 

The sensor was used to wirelessly monitor fish glucose levels. The sensor-calibrated glucose levels 

and actual blood glucose levels were in excellent agreement. The fluid of the inner sclera of the fish 

eyeball (EISF) was a suitable site for sensor implantation to obtain glucose sample. There was a close 

correlation between glucose concentrations in the EISF and those in the blood. Glucose 

concentrations in fish blood could be monitored in free-swimming fish in an aquarium for 3 days. 

 

 

  

https://www.sciencedirect.com/science/article/pii/S0956566308004764?via%3Dihub
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Swimming performances and energetic expenditure 

The bioenergetics of the target species (muscular activity patterns) can be modelled, based on fish 

mass and swimming speed, to predict i) the mass-specific standard metabolic rate (SMR), ii) the 

active metabolic rate (AMR) and iii) the scope for activity (SFA). The numerical difference between 

AMR and SMR indicates the 

energetic expenditure available to 

support all locomotor and 

physiological activities (SFA). The 

oxygen consumption rate (MO2) 

can be measured during 

exhaustive swimming trials (Ucrit), 

carried out in swimming chambers (https://www.loligosystems.com/swim-tunnel-respirometer-3), to 

estimate the energetic expenditure linked to the different swimming velocities. MO2 can be further 

calibrated, during the Ucrit tests carried out 

in the swimming chamber, with the signals 

transmitted by the tailbeat accelerometer 

tags implanted to the fish, as well as with 

the Electromyograms (EMGs) signal received 

via two pairs of wire electrodes surgically 

implanted in both the red and white muscle 

(Zupa et al., 2015). The calibration gives the 

possibility to correlate each single swimming 

level of the fish, recorded during the 

production cycle, to the oxygen 

consumption rate and, in turn, to a suite of 

activity indexes expressed as the EMGs 

levels and tail beat levels. The best models fitting MO2 as function of the tailbeat and EMGs signals 

allow estimating, at any muscle activity level, the respective energy cost, recognizing more accurately 

a stress-related response (McFarlane et al., 2004; Chandroo et al., 2005; Carbonara et al., 2014). In 

this way, the activity based energetic expenditure can be assessed and, consequently, the fish 

physiological status too, as well as the relative cost of living for fish in their environment. 

 

 

  

https://www.loligosystems.com/swim-tunnel-respirometer-3
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Environmental monitoring 

AKVA group have developed a wireless communications network to send water quality and 

environmental data between pens and barge (https://www.akvagroup.com/pen-based-

aquaculture/camera-sensors/enviro-sensors-/environmental-sensor-system). 

It is a scalable system, from a single cage installation up to an 

entire farm cage setup (up to three sensors connected to each 

cage side unit). The available sensor options are: Oxygen, 

Salinity, pH, Temperature, TDS, Turbidity, Chlorophyll, and Blue 

Green Algae. All data can be viewed, recorded and logged 

within the AKVA connect software 

package, allowing parameter 

thresholds to bet set and 

highlighted. The Akvasmart Enviro 

Sensor Network is designed as a standalone system, therefore does not 

require existing camera systems to function. However, when combined 

with Akvasmart Camera system it centralises your camera and sensor data in an easy to use software 

environment. 

Realtime Aquaculture (http://rtaqua.com/) provides an end-to-end solution for farm environmental 

monitoring, including a cloud platform and innovative sensors that communicate wireless 

underwater. This technology enables data-driven ocean farming where knowledge drives better 

decisions. AquaMeasure is a family of compact, submersible environmental sensors with underwater 

and in air wireless 

communications. AquaMeasure 

wireless sensors are available in 

three different sensors configurations including Salinity, Dissolved 

Oxygen, and a Cyclops-7 compatible POD (Blue Green Algae, 

CDOM/FDOM, Chlorophyll, Turbidity). All AquaMeasure sensors also 

measure temperature and tilt. The AquaHub is the core of the system 

deployed in the field and it detects underwater communication from 

nearby sensors. The hub supports many telemetry protocols for cloud 

communications including Cellular, Wi-Fi and Iridium. The wireless hub 

also supports third-party sensors, like weather stations, via its auxiliary 

sensor port. 

Design and Deployment of Low-Cost Sensors for Monitoring the Water Quality and Fish Behaviour 

in Aquaculture Tanks during the Feeding Process 

https://www.mdpi.com/1424-8220/18/3/750/htm 

The monitoring of farming processes can optimize the use of resources and improve its sustainability 

and profitability. In fish farms, the water quality, tank environment, and fish behaviour must be 

monitored. Wireless sensor networks (WSNs) are a promising option to perform this monitoring. 

Nevertheless, its high cost is slowing the expansion of its use. In this paper, we propose a set of 

sensors for monitoring the water quality and fish behaviour in aquaculture tanks during the feeding 

https://www.akvagroup.com/pen-based-aquaculture/camera-sensors/enviro-sensors-/environmental-sensor-system
https://www.akvagroup.com/pen-based-aquaculture/camera-sensors/enviro-sensors-/environmental-sensor-system
http://rtaqua.com/
https://www.mdpi.com/1424-8220/18/3/750/htm
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process (Parra et al., 2018). The WSN is based on physical sensors, composed of simple electronic 

components. The system proposed can monitor water quality parameters, tank status, the feed 

falling and fish swimming depth and velocity. In addition, the system includes a smart algorithm to 

reduce the energy waste when sending the information from the node to the database. The system is 

composed of three nodes in each tank that send the information though the local area network to a 

database on the Internet and a smart algorithm that detects abnormal values and sends alarms when 

they happen. All the sensors are designed, calibrated, and deployed to ensure its suitability. The 

greatest efforts have been accomplished with the fish presence sensor. 
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Biomass assessing 

Acoustic technology 

Acoustic communication is one of the main communication technologies used in underwater 

environments, due to the ease of sound wave propagation in liquids. Fish detection and size 

measurement using acoustic signals has been used in research to measure fish size of free swimming 

or farmed fish. Using acoustic sensors to measure fish sizes accurately, is severely limited due to how 

inaccurate these measurements inherently are. We present a few commercially products using an 

acoustic system for fish counting and size measurement below: 

The Sound Metrics DIDSON 300 m (http://www.soundmetrics.com/Products/DIDSON-

Sonars/DIDSON-300m) is a dual frequency, high resolution sonar capable of imaging targets up to 30 

meters away. It is primarily used to study the behaviour of fish 

even in opaque waters, but the clarity of its image alone is 

normally not enough to allow for measuring fish size accurately 

for biomass estimation. However, there is research that uses 

one these devices to measure fish size and also their count 

while being transferred from one cage to another while 

minimizing the margin of error. This implementation aims to 

first stabilize the constantly moving background by ways of a 

“phase-only correlation method” and then subtract it from the image altogether. Edge tracing is then 

performed on the fish to obtain segmented images and a Kalman filter algorithm is used to predict 

their movement to avoid re-counting the same ones. Finally, a search is performed in the separated 

images of fish and their body length is obtained by summing the segments of the centerline from 

head to tail (Han et al., 2009). 

The Biosonics Aquaculture Biomass Monitor (https://www.biosonicsinc.com/products/aquaculture-

biomass-monitor/) is a buoy mounted split beam sonar system to ensure no possibility of 

interference with the fish in the cage. It is externally powered, tethered to a power source at all 

times and so it can run continuously. With the help of the 

accompanying software, the process of gathering, storing and 

analysing the data is fully automated so it is, in that sense, a fire 

and forget system requiring no manpower once deployed. 

Its output consists of several types of real-time and daily reports 

including a daily average fish size and also size distribution to aid in 

making more accurate estimates for projected asset value or gauge 

feeding effectiveness. A real-time vertical distribution of fish 

densities report also provides valuable information on the 

behaviours of the fish so that they can be further looked into to find the underlying causes if 

required. One of the more important reports provides warnings for escapement and behavioural 

changes to enable rapid responses towards preventing escapes. Finally, a report detailing every 

separate measurement taken for that day, such as time, depth, fish size and swim speed can be 

http://www.soundmetrics.com/Products/DIDSON-Sonars/DIDSON-300m
http://www.soundmetrics.com/Products/DIDSON-Sonars/DIDSON-300m
https://www.biosonicsinc.com/products/aquaculture-biomass-monitor/
https://www.biosonicsinc.com/products/aquaculture-biomass-monitor/
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generated allowing for the application of different analysis techniques as required aside from those 

the software already provides. 

Infrared beams technology 

Infrared radiation (IR), sometimes called infrared light, is electromagnetic radiation (EMR) with 

longer wavelengths than those of visible light and therefore is generally invisible to the human eye. 

Infrared beam technology has been utilized in aquaculture to detect the presence of fish and 

biomass estimation. The detection is carried out with the use of Infrared (IR) break-beam sensors. 

The concept utilizes an IR emitter on one side that sends out a beam of IR light and an IR receiver on 

the opposite side that is sensitive to that same light. When something that is not transparent to IR 

light, such as fish, passes between the two then the beam is interrupted, and the receiver will 

register the appropriate event. 

Double curtain IR frames utilize the aforementioned IR beams technology to implement a fish 

counting and biomass estimation algorithms. The curtains are hanged in fish cages using simple, 

robust suspension systems. Fish voluntarily swim through them and interrupt a set of infrared light 

beams; their silhouettes are generated, and their sizes are calculated. However, it is unknown 

whether the frame influences the sample of fish swimming through it, thereby introducing a bias into 

the biomass estimation (Zion, 2012). The commercial solutions are: 

 
“Biomass Measurement Frame” (VARD) 

 
“VAKI Biomass Daily” (PENTAIR) 

Stereoscopic imaging technology 

Underwater stereo-video systems are capable of making accurate, precise, non-invasive 

measurements of fish length by analysing the pair of simultaneously captured images. Stereo image 

analysis requires two images of an object from different viewing angles and matching a point in one 

of the images to a corresponding on in the other. The 2D coordinates of that point can then be used 

to estimate its 3D coordinates. Therefore, making 3D measurements comes down to accurately 

identifying and matching pairs of points between the two 2D images (Ruff et al., 1995). In the only 

commercial solution available, a human operator manually locates the feature of interest (in this 

case, the snout and tail of the target). 

Several factors can affect the accuracy of these measurements in a stereo-video system. External 

factors such as visibility (opaque water) and lighting conditions but also factors pertaining to the way 

the system itself was designed. A larger distance between the two cameras allows for measuring 

targets that are farther away from the system but reducing its ability to measure targets that are 

close. 
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To make accurate measurements the stereo-video system must also be calibrated. There are two 

prevalent calibration techniques. In one, a 3D object is used to calculate the system’s parameters 

using a photogrammetric network. In the other a 2D object with a checkered pattern is used instead. 

The central issue for the geometric and statistical strength of the calibration network as a whole is 

that every single image of a 2D object is fundamentally weaker than a single image of a 3D object, 

especially if camera calibration parameters are included in the network solution. Any weakness in the 

network has the potential to increase correlations between individual camera calibration 

parameters, or between camera calibration and photo orientation parameters. These correlations 

can result in unpredictable variations in the camera calibration parameters, which can affect the 

accuracy of measurement estimates. However, the 2D technique is by far easier to use with an 

openly available MATLAB toolbox (Boutros et al., 2015). The effects of target rotation on the 

accuracy of the measurements have been tested and it has been found that rotations of up to 50 

degrees had very little effect (Harvey & Shortis, 1995). 

Optimal measurements are recorded when the body of the target is approximately parallel to the 

focal planes of the stereo pair of cameras (Harvey et al., 2003). 

Future developments in the stereoscopic imaging systems include semi and fully automated systems 

that can facilitate the target selection process. Thus, limiting the need for human interaction for data 

analysis and acquisition. 

Costa et al. (2006) developed an algorithm to extract fish outlines from images and another to 

reconstruct the 3D coordinates of relevant landmarks based on the extracted 2D coordinates. 

Additionally, an empirical algorithm, based on an Artificial Neural Network, was used to correct the 

coordinates obtained from the reconstruction as errors will often occur in real world applications. In 

another study (Costa et al. 2009) an Artificial Neural Network was again used in a semi-automatic 

approach to analyse the stereo-images aiming to maintain the high accuracy of a completely manual 

approach while significantly reducing the required man-hours. 

In a more recent paper (Pérez et al., 2018) the captured images are corrected by means of a 

“Gaussian Mixture-based Background / Foreground Segmentation Algorithm” while at the same time 

fish silhouettes are located. When the targets have been located, a search is made for the image’s 

regions of interest and their length and height is defined. In a final step, the regions are corrected to 

account for the target’s orientation. 

One commercial system that uses a stereoscopic camera system is the Vicass HD Stereoscopic 

camera system (AKVA group). (https://www.akvagroup.com/pen-based-aquaculture/camera-

sensors/camera-systems-/biomass-estimator)  

The camera is placed in a waterproof housing and is powered 

through a cable. The stereo camera imaging is transmitted 

over a wire and the accompanying software processes the 

images and outputs results that are used for biomass 

estimation. The system’s placement is dependent on its 

configured measurement range. Ideally fish should be 

swimming by it at that range and as close to parallel as possible to the focal planes of the cameras. 

 

  

https://www.akvagroup.com/pen-based-aquaculture/camera-sensors/camera-systems-/biomass-estimator
https://www.akvagroup.com/pen-based-aquaculture/camera-sensors/camera-systems-/biomass-estimator
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A real-time wireless communication system and sensor network for the 

large scale demonstration activities 

The real time wireless communication system and sensor network envisaged for the FutureEUAqua 

large scale demonstration activities, including a cloud platform that communicate wireless 

underwater, will take into account the technology offered by Real-time aquaculture 

(www.rtaqua.com). This technology enables data-driven ocean farming where knowledge drives 

better decisions. The system architecture is reported below: 

 

The system include “AquaMeasure” which is a family of compact, submersible environmental sensors 

with underwater and in air wireless communications. While the “AquaHub” is the core of the system 

deployed in the field and it detects underwater communication from nearby sensors. The hub 

supports many telemetry protocols for cloud communications, including Cellular, Wi-Fi and Iridium. 

The wireless hub also supports third-party sensors, like weather stations, via its auxiliary sensor port. 

The AquaMeasure DO is a compact, wireless underwater sensor that measures dissolved oxygen 

(DO), temperature and tilt in real time. DO is one of the most important indicators of the aquatic 

ecosystem health. In aquaculture, DO measurements are crucially important in optimizing feeding 

and maintaining healthy fish. DO levels can be affected by numerous variables, such as size of fish, 

net fouling, water temperature, salinity and atmospheric pressure. Levels continuously vary 

throughout a day, so it is crucial that aquaculture farmers measure DO in real time. 

The AquaMeasure SAL is a compact, wireless underwater sensor that measures salinity (SAL), 

temperature and tilt in real time. Salinity is an important measure of water quality as many species of 

fish have different preferendum of salinity. Although changes in salinity are uncommon, greater 

fluctuations are found in areas affected by tidal forces or near a freshwater source. Salinity is also 

used to convert DO saturation measurements into mg/L. 

http://www.rtaqua.com/
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The AquaMeasure Turbidity is a compact, wireless underwater sensor that measures turbidity, 

temperature and tilt in real time. Turbidity is most often a result of suspended particles of solid 

matter in marine environments. Indeed, if water is turbid it appears “cloudy” and increased levels of 

turbidity raise water temperatures, which can be harmful to biomass and affect fish feeding 

behaviour and welfare. Warm water holds less dissolved oxygen than cold, as less light can infiltrate 

waters with greater turbidity. Sudden changes in turbidity can also be an indication that a new 

pollutant source is under development, or entered the water. Real time monitoring of turbidity helps 

ensure that nothing goes unnoticed and can provide greater insights for other parameters. 

AquaCurrent is a cloud-based platform that allows to view and analyse data from the aquaculture 

sites in real time. The software provides a set of continuously evolving analytics tools that allow to 

easily view data, from an intuitive and easy to understand web portal, in a number of format. 

Notifications and alerts allow to receive crucial updates in real time, allowing for a quick passage 

back to AquaCurrent to view the whole picture. This intelligent notification system is made possible 

by leveraging an IFTTT approach that allows for high levels of user customization. AquaCurrent works 

to keep data secure, safe and available. Starting at the dashboard, data is locally stored and then sent 

to a redundant and backed-up AWS database.  

AquaHub is the core of the system deployed in the field and can be easily mounted to existing 

aquaculture infrastructure or feed barges. Utilizing a digital receiver, communications modem and 

state of the art electronics, the AquaHub can support up to 100 AquaMeasure sensors within a 500m 

radius. The AquaHub also support the detection of signals from the family of VEMCO transmitters. 

Namely the V9AP & V13AP accelerometer pressure tags, which measure the fish activity, including 

swimming speed via tail beat acceleration, mortality through predation, seismic blasting, toxic spills, 

feeding events, spawning activity, nocturnal/diurnal activity, wave action and activity responses to 

changing oxygen, salinity and temperature in the rearing environment. The AquaHub supports many 

telemetry protocols for cloud communications, including Cellular, Wi-Fi and Iridium. It is designed in 

a rugged, waterproof housing, that stands up to the rough, open water conditions of remote 

locations. The hub also supports third party sensors (e.g. weather stations, biomass monitoring, etc.) 

via its auxiliary sensor port and features internal memory for backup purposes. 

The system that will measure and estimate biomass in the fish-farm cages, must be designed and 

developed. The envisioned system must provide accurate results in a reliable manner but in a way 

that it will not affect the fish, or interfere with their daily routine, thus, minimizing the installation 

difficulties. The system must be able, after the appropriate calibration, to estimate biomass for 

different kinds of fish (sea-bass, sea-bream, amberjack etc.). 

Technology-wise the system must utilize the strong aspects of the aforementioned state-of-the-art 

systems and try to minimize the need for human presence or interference. It must provide automatic 

and periodic data to the users/experimenters. We will evaluate the possibility of fusing certain 

techniques to increase the accuracy of the system and provide consistent results. Software 

algorithms proposed in research papers will be evaluated and will be applied to test the accuracy of 

the estimation and try to eliminate any errors that will be the result of hardware limitations. 
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The data will be transmitted through a wire on a gateway device place on the surface of the cage and 

will be sent over the internet (4G connection) to a cloud server that will process the data and store 

the results.  

The envisioned end-to-end system architecture is illustrated in the image below: 

 

 

 

  



    

19 

This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under Societal challenge, 

Blue Growth, Grant Agreement No 817737. 

References 
 

Boutros, N., Shortis, M. R., & Harvey, E. S. (2015). A comparison of calibration methods and system 

configurations of underwater stereo‐video systems for applications in marine ecology. Limnology and 

Oceanography: Methods, 13(5), 224-236. 

Carbonara, P., Scolamacchia, M., Spedicato, M. T., Zupa, W., McKinley, R. S. and Lembo, G. (2014) 

‘Muscle activity as a key indicator of welfare in farmed European sea bass (Dicentrarchus labrax, L. 

1758)’, Aquaculture Research, pp. 1–14. doi: 10.1111/are.12369. 

Chandroo, K. P., Cooke, S. J., McKinley, R. S. and Moccia, R. D. (2005) ‘Use of electromyogram 

telemetry to assess the behavioural and energetic responses of rainbow trout, Oncorhynchus mykiss 

(Walbaum) to transportation stress’, Aquaculture Research, 36(12), pp. 1226–1238. doi: 

10.1111/j.1365-2109.2005.01347.x. 

Cooke SJ, Brownscombe JW, Raby GD, Broell F, Hinch SG, Clark TD, Semmens JM. 2016. Remote 

bioenergetics measurements in wild fish: Opportunities and challenges. Comparative Biochemistry 

and Physiology A 202: 23–37. 

Costa, C., Loy, A., Cataudella, S., Davis, D., & Scardi, M. (2006). Extracting fish size using dual 

underwater cameras. Aquacultural Engineering, 35(3), 218-227. 

Costa, C., Scardi, M., Vitalini, V., & Cataudella, S. (2009). A dual camera system for counting and sizing 

Northern Bluefin Tuna (Thunnus thynnus; Linnaeus, 1758) stock, during transfer to aquaculture 

cages, with a semi-automatic Artificial Neural Network tool. Aquaculture, 291(3-4), 161-167. 

Endo H., Yonemori Y., Hibi K., Ren H., Hayashi T., Tsugawa W., Sode K. (2009). Wireless enzyme 

sensor system for real-time monitoring of blood glucose levels in fish. Biosensors and Bioelectronics 

24, 1417–1423. 

Han, J., Honda, N., Asada, A., & Shibata, K. (2009). Automated acoustic method for farmed fish 

counting and sizing during its transfer using DIDSON. In Sixth International Symposium on 

Underwater Technology (pp. 363-368). 

Harvey, E., & Shortis, M. (1995). A system for stereo-video measurement of sub-tidal organisms. 

Marine Technology Society Journal, 29(4), 10-22. 

Harvey, E., Cappo, M., Shortis, M., Robson, S., Buchanan, J., & Speare, P. (2003). The accuracy and 

precision of underwater measurements of length and maximum body depth of southern bluefin tuna 

(Thunnus maccoyii) with a stereo–video camera system. Fisheries Research, 63(3), 315-326. 

Hazen EL, Maxwell SM, Bailey H, Bograd SJ, Hamann M, Gaspar P, Goldey BJ, Shillinger GL. 2012. 

Ontogeny in marine tagging and tracking science: Technologies and data gaps. Marine Ecology 

Progress Series 457: 221–240. 



    

20 

This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under Societal challenge, 

Blue Growth, Grant Agreement No 817737. 

Hibi K., Hatanaka k., Takase M., Ren H., Endo H. (2012). Wireless Biosensor System for Real-Time L-

Lactic Acid Monitoring in Fish. Sensors 12, 6269-6281. 

Huveneers C, et al. 2016. The influence of environmental parameters on the performance and 

detection range of acoustic receivers. Methods in Ecology and Evolution 7: 825–835. 

Kessel ST, Cooke SJ, Heupel MR, Hussey NE, Simpfendorfer CA, Vagle S, Fisk AT. 2014. A review of 

detection range testing in aquatic passive acoustic telemetry studies. Reviews in Fish Biology and 

Fisheries 24: 199–218. 

Lembo G, Spedicato MT, Økland F, Carbonara P, Fleming IA, McKinley RS, Thorstad EB, Sisak M, 

Ragonese S. 2002. A wireless communication system for determining site fidelity of juvenile dusky 

groupers Epinephelus marginatus (Lowe, 1834) using coded acoustic transmitters. Hydrobiologia 483: 

249–257. 

McFarlane, W. J., Cubitt, K. F., Williams, H., Rowsell, D., Moccia, R., Gosine, R. and McKinley, R. S. 

(2004) ‘Can feeding status and stress level be assessed by analyzing patterns of muscle activity in free 

swimming rainbow trout (Oncorhynchus mykiss Walbaum)?’, Aquaculture, 239(1–4), pp. 467–484. 

doi: 10.1016/j.aquaculture.2004.05.039. 

Noda T., Kawabata Y., Arai N., Mitamura H., Watanabe S. (2013). Monitoring Escape and Feeding 

Behaviours of Cruiser Fish by Inertial and Magnetic Sensors. PLoS ONE 8(11). 

Parra L., Sendra S., García L., Lloret J. (2018). Design and Deployment of Low-Cost Sensors for 

Monitoring the Water Quality and Fish Behaviour in Aquaculture Tanks during the Feeding Process. 

Sensors, 18(3), 750. 

Parra, L., Lloret, G., Lloret, J., & Rodilla, M. (2018). Physical sensors for precision aquaculture: A 

Review. IEEE Sensors Journal, 18(10), 3915-3923. 

Pérez, D., Ferrero, F. J., Alvarez, I., Valledor, M., & Campo, J. C. (2018, May). Automatic measurement 

of fish size using stereo vision. In 2018 IEEE International Instrumentation and Measurement 

Technology Conference (I2MTC) (pp. 1-6). IEEE. 

Ruff, B. P., Marchant, J. A., & Frost, A. R. (1995). Fish sizing and monitoring using a stereo image 

analysis system applied to fish farming. Aquacultural engineering, 14(2), 155-173. 

Zupa W., Carbonara P., Spedicato M.T., Lembo G. (2015) - Modelling swimming activities and 

energetic costs in European sea bass (Dicentrarchus labrax L., 1758) during critical swimming tests. 

Marine and Freshwater Behaviour and Physiology 48(5): 341-357.  

Zion, B. (2012). The use of computer vision technologies in aquaculture–a review. Computers and 

electronics in agriculture, 88, 125-132. 

Wu H., Aoki A., Arimoto T., Nakano T., Ohnuki H., Murata M., Ren H., Endo H. (2015). Fish stress 

become visible: A new attempt to use biosensor for real-time monitoring fish stress. Biosensors and 

Bioelectronics, Volume 67, P. 503-510. 



    

21 

This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under Societal challenge, 

Blue Growth, Grant Agreement No 817737. 

Annex 1 
 

Pubmed: search by topics 

Da Silva, L. F. B. A. et al. The Role of Temperature, Ammonia and Nitrite to 

bioluminescence of Aliivibrio fischeri: Towards a new sensor for aquaculture. in Proceedings 

of the Annual International Conference of the IEEE Engineering in Medicine and Biology 

Society, EMBS (2018). doi:10.1109/EMBC.2018.8513283 

Sun, F. et al. A Genetically Encoded Fluorescent Sensor Enables Rapid and Specific 

Detection of Dopamine in Flies, Fish, and Mice. Cell (2018). doi:10.1016/j.cell.2018.06.042 

Wilson, S. M., Hinch, S. G., Eliason, E. J., Farrell, A. P. & Cooke, S. J. Calibrating acoustic 

acceleration transmitters for estimating energy use by wild adult Pacific salmon. Comp. 

Biochem. Physiol. - A Mol. Integr. Physiol. (2013). doi:10.1016/j.cbpa.2012.12.002 

Abel, T., Ungerbock, B., Klimant, I. & Mayr, T. Fast responsive, optical trace level ammonia 

sensor for environmental monitoring. Chem Cent J 6, 124 (2012). 

Algera, D. A. et al. Cortisol treatment affects locomotor activity and swimming behaviour of 

male smallmouth bass engaged in paternal care: A field study using acceleration biologgers. 

Physiol Behav 181, 59–68 (2017). 

Almeida, S. A. et al. Rapid automated method for on-site determination of sulfadiazine in fish 

farming: a stainless steel veterinary syringe coated with a selective membrane of PVC serving 

as a potentiometric detector in a flow-injection-analysis system. Anal Bioanal Chem 401, 

3355–3365 (2011). 

Bailleul, F., Vacquie-Garcia, J. & Guinet, C. Dissolved Oxygen Sensor in Animal-Borne 

Instruments: An Innovation for Monitoring the Health of Oceans and Investigating the 

Functioning of Marine Ecosystems. PLoS One 10, e0132681 (2015). 

Bouyoucos, I. A., Suski, C. D., Mandelman, J. W. & Brooks, E. J. Effect of weight and 

frontal area of external telemetry packages on the kinematics, activity levels and swimming 

performance of small-bodied sharks. J Fish Biol 90, 2097–2110 (2017). 

Brewster, L. R. et al. Development and application of a machine learning algorithm for 

classification of elasmobranch behaviour from accelerometer data. Mar Biol 165, 62 (2018). 

Brijs, J. et al. The final countdown: Continuous physiological welfare evaluation of farmed 

fish during common aquaculture practices before and during harvest. Aquaculture 495, 903–

911 (2018). 

Broell, F., Burnell, C. & Taggart, C. T. Measuring abnormal movements in free-swimming 

fish with accelerometers: implications for quantifying tag and parasite load. J Exp Biol 219, 

695–705 (2016). 



    

22 

This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under Societal challenge, 

Blue Growth, Grant Agreement No 817737. 

Broell, F. et al. Accelerometer tags: detecting and identifying activities in fish and the effect 

of sampling frequency. J Exp Biol 216, 1255–1264 (2013). 

Brownscombe, J. W., Lennox, R. J., Danylchuk, A. J. & Cooke, S. J. Estimating fish 

swimming metrics and metabolic rates with accelerometers: the influence of sampling 

frequency. J Fish Biol 93, 207–214 (2018). 

Brownscombe, J. W. et al. The influence of water temperature and accelerometer-determined 

fight intensity on physiological stress and reflex impairment of angled largemouth bass. 

Conserv Physiol 2, cou057 (2014). 

Chang, C. C., Saad, B., Surif, M., Ahmad, M. N. & Md Shakaff, A. Y. Disposable E-Tongue 

for the Assessment of Water Quality in Fish Tanks. Sensors (Basel) 8, 3665–3677 (2008). 

Chen, Y., Yu, H., Cheng, Y., Cheng, Q. & Li, D. A hybrid intelligent method for three-

dimensional short-term prediction of dissolved oxygen content in aquaculture. PLoS One 13, 

e0192456 (2018). 

Chen, Y., Zhen, Z., Yu, H. & Xu, J. Application of Fault Tree Analysis and Fuzzy Neural 

Networks to Fault Diagnosis in the Internet of Things (IoT) for Aquaculture. Sensors (Basel) 

17, (2017). 

Clark, T. D. et al. Simultaneous biologging of heart rate and acceleration, and their 

relationships with energy expenditure in free-swimming sockeye salmon (Oncorhynchus 

nerka). J Comp Physiol B 180, 673–684 (2010). 

Coffey, D. M. & Holland, K. N. First autonomous recording of in situ dissolved oxygen from 

free-ranging fish. Anim. Biotelemetry 3, 47 (2015). 

Cooke, S. J. et al. Remote bioenergetics measurements in wild fish: Opportunities and 

challenges. Comp Biochem Physiol A Mol Integr Physiol 202, 23–37 (2016). 

Endo, H. et al. Wireless enzyme sensor system for real-time monitoring of blood glucose 

levels in fish. Biosens Bioelectron 24, 1417–1423 (2009). 

Endo, H. et al. A needle-type optical enzyme sensor system for determining glucose levels in 

fish blood. Anal Chim Acta 573–574, 117–124 (2006). 

Fernandes, M., Amorim, J., Vasconcelos, V. & Teles, L. O. Resilience assessment of a 

biological early warning system based on the locomotor behavior of zebrafish (Danio rerio). 

Env. Sci Pollut Res Int 23, 18858–18868 (2016). 

Garcia-Magarino, I., Lacuesta, R. & Lloret, J. ABS-FishCount: An Agent-Based Simulator of 

Underwater Sensors for Measuring the Amount of Fish. Sensors (Basel) 17, (2017). 

Hibi, K., Hatanaka, K., Takase, M., Ren, H. & Endo, H. Wireless biosensor system for real-

time L-lactic acid monitoring in fish. Sensors (Basel) 12, 6269–6281 (2012). 



    

23 

This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under Societal challenge, 

Blue Growth, Grant Agreement No 817737. 

Jiang, D. et al. A novel screen-printed mast cell-based electrochemical sensor for detecting 

spoilage bacterial quorum signalling molecules (N-acyl-homoserine-lactones) in freshwater 

fish. Biosens Bioelectron 102, 396–402 (2018). 

Kawabata, Y. et al. Use of a gyroscope/accelerometer data logger to identify alternative 

feeding behaviours in fish. J Exp Biol 217, 3204–3208 (2014). 

Kleinhappel, T. K. et al. A method for the automated long-term monitoring of three-spined 

stickleback Gasterosteus aculeatus shoal dynamics. J Fish Biol 84, 1228–1233 (2014). 

Komeyama, K. et al. Measuring the swimming behaviour of a reared Pacific bluefin tuna in a 

submerged aquaculture net cage. Aquat. Living Resour. 24, 99–105 (2011). 

Kuan, G. C. et al. Gold-nanoparticle based electrochemical DNA sensor for the detection of 

fish pathogen Aphanomyces invadans. Talanta 117, 312–317 (2013). 

Kuklina, I., Kouba, A. & Kozak, P. Real-time monitoring of water quality using fish and 

crayfish as bio-indicators: a review. Env. Monit Assess 185, 5043–5053 (2013). 

Lear, K. O., Gleiss, A. C. & Whitney, N. M. Metabolic rates and the energetic cost of external 

tag attachment in juvenile blacktip sharks Carcharhinus limbatus. J Fish Biol 93, 391–395 

(2018). 

Lee, M. A. et al. Implanted Nanosensors in Marine Organisms for Physiological Biologging: 

Design, Feasibility, and Species Variability. ACS Sens 4, 32–43 (2019). 

Li, F., Wei, Y., Chen, Y., Li, D. & Zhang, X. An Intelligent Optical Dissolved Oxygen 

Measurement Method Based on a Fluorescent Quenching Mechanism. Sensors (Basel) 15, 

30913–30926 (2015). 

Li, X. et al. A 3D approximate maximum likelihood solver for localization of fish implanted 

with acoustic transmitters. Sci Rep 4, 7215 (2014). 

Lin, B., Xu, J., Lin, K., Li, M. & Lu, M. Low-Cost Automatic Sensor for in Situ Colorimetric 

Detection of Phosphate and Nitrite in Agricultural Water. ACS Sens (2018). 

doi:10.1021/acssensors.8b00781 

Makiguchi, Y., Sugie, Y., Kojima, T. & Naito, Y. Detection of feeding behaviour in common 

carp Cyprinus carpio by using an acceleration data logger to identify mandibular movement. J 

Fish Biol 80, 2345–2356 (2012). 

McPartlin, D. A., Lochhead, M. J., Connell, L. B., Doucette, G. J. & O’Kennedy, R. J. Use of 

biosensors for the detection of marine toxins. Essays Biochem 60, 49–58 (2016). 

Mitamura, H. et al. Vertical movements of a Mekong giant catfish (Pangasianodon gigas) in 

Mae Peum Reservoir, Northern Thailand, monitored by a multi-sensor micro data logger. 

Zool. Sci 24, 643–647 (2007). 



    

24 

This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under Societal challenge, 

Blue Growth, Grant Agreement No 817737. 

Mitson, R. B., Storeton-West, T. J. & Pearson, N. D. Trials of an acoustic transponding fish 

tag compass. Biotelem Patient Monit 9, 69–79 (1982). 

Noda, T., Kawabata, Y., Arai, N., Mitamura, H. & Watanabe, S. Monitoring escape and 

feeding behaviours of cruiser fish by inertial and magnetic sensors. PLoS One 8, e79392 

(2013). 

Parra, L., Sendra, S., Garcia, L. & Lloret, J. Design and Deployment of Low-Cost Sensors for 

Monitoring the Water Quality and Fish Behavior in Aquaculture Tanks during the Feeding 

Process. Sensors (Basel) 18, (2018). 

Parra, L., Sendra, S., Garcia, L. & Lloret, J. Design and Deployment of Low-Cost Sensors for 

Monitoring the Water Quality and Fish Behavior in Aquaculture Tanks during the Feeding 

Process. Sensors (Basel) 18, (2018). 

Payne, N. L., Taylor, M. D., Watanabe, Y. Y. & Semmens, J. M. From physiology to physics: 

are we recognizing the flexibility of biologging tools? J Exp Biol 217, 317–322 (2014). 

Shi, P., Li, G., Yuan, Y. & Kuang, L. Data Fusion Using Improved Support Degree Function 

in Aquaculture Wireless Sensor Networks. Sensors (Basel) 18, (2018). 

Sykes, P. J., Stryhn, H., McClure, C. A., Brooking, C. L. & Hammell, K. L. Evaluation of 

external operculum loop tags to individually identify cage-cultured Atlantic halibut 

Hippoglossus hippoglossus in commercial research trials. J Fish Biol 80, 2267–2280 (2012). 

Takase, M., Murata, M., Hibi, K., Huifeng, R. & Endo, H. Development of mediator-type 

biosensor to wirelessly monitor whole cholesterol concentration in fish. Fish Physiol Biochem 

40, 385–394 (2014). 

Takase, M. et al. Carbon nanotube enhanced mediator-type biosensor for real-time monitoring 

of glucose concentrations in fish. Anal Bioanal Chem 403, 1187–1190 (2012). 

Tanaka, H., Takagi, Y. & Naito, Y. Swimming speeds and buoyancy compensation of 

migrating adult chum salmon Oncorhynchus keta revealed by speed/depth/acceleration data 

logger. J Exp Biol 204, 3895–3904 (2001). 

Van Deurs, M. et al. Using accelerometry to quantify prey attack and handling behaviours in 

piscivorous pike Esox lucius. J Fish Biol 90, 2462–2469 (2017). 

Vinepinsky, E., Donchin, O. & Segev, R. Wireless electrophysiology of the brain of freely 

swimming goldfish. J Neurosci Methods 278, 76–86 (2017). 

Wang, C., Li, Z., Pan, Z. & Li, D. A High-Performance Optoelectronic Sensor Device for 

Nitrate Nitrogen in Recirculating Aquaculture Systems. Sensors (Basel) 18, (2018). 

Wu, H. et al. Fish stress become visible: a new attempt to use biosensor for real-time 

monitoring fish stress. Biosens Bioelectron 67, 503–510 (2015). 



    

25 

This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under Societal challenge, 

Blue Growth, Grant Agreement No 817737. 

Wu, H. et al. Real-time fish stress visualization came true: A novel multi-stage color-

switching wireless biosensor system. Biosens Bioelectron (2018). 

doi:10.1016/j.bios.2018.09.042 

Xu, D., Lv, Z., Zeng, H., Bessaih, H. & Sun, B. Sensor placement optimization in the artificial 

lateral line using optimal weight analysis combining feature distance and variance evaluation. 

ISA Trans (2018). doi:10.1016/j.isatra.2018.10.039 

Yonemori, Y., Takahashi, E., Ren, H., Hayashi, T. & Endo, H. Biosensor system for 

continuous glucose monitoring in fish. Anal Chim Acta 633, 90–96 (2009). 

Yoneyama, Y. et al. Wireless biosensor system for real-time cholesterol monitoring in fish 

‘Nile tilapia’. Talanta 80, 909–915 (2009). 

Young, A. H., Tytler, P. & Holliday, F. G. New developments in ultrasonic fish tracking. 

Proc R Soc Edinb Nat Env. 75, 145–155 (1976). 

 

Grey literature / websites 

https://www.akvagroup.com/home 
https://nofima.no/en/nyhet/2016/05/smarter-sensors-for-higher-food-quality/ 
https://www.nanalyze.com/2018/06/benefits-aquaculture-iot-technology/ 
http://www.eglobalmark.com/wp-content/uploads/2018/06/2018-06-IoT-for-Aquaculture-4.0.pdf 
http://ag.alltech.com/en/blog/8-digital-technologies-disrupting-aquaculture 
https://www.iot-now.com/2018/02/22/77471-controlling-fish-farms-water-quality-smart-sensors-
iran/ 
https://www.iot-now.com/2018/02/07/76476-robots-lasers-tackling-high-salmon-murder-rates-
norway/ 
http://ijssst.info/Vol-17/No-31/paper28.pdf 
https://www.matec-
conferences.org/articles/matecconf/pdf/2018/23/matecconf_icesti2018_01030.pdf 
http://jardcs.org/papers/v9/3034.pdf 
https://www.japantimes.co.jp/life/2019/01/05/food/buoys-fisheries-aquaculture-join-internet-
things/ 
https://www.toyota-tsusho.com/english/press/detail/180821_004238.html 
https://enaca.org/?id=977 
https://www.computer.org/csdl/proceedings/iacc/2017/1560/00/07976809.pdf 
https://www.iadb.org/en/news/internet-things-improve-productivity-and-sustainability-trout-
aquaculture-peru 
https://www.the-iot-marketplace.com/libelium-thing-lorawan-smart-fish-farming-solution-kit 
https://news.microsoft.com/en-my/2018/08/29/ai-and-fish-farming-high-tech-help-for-a-sushi-and-
sashimi-favorite-in-japan/ 
http://www.biomar.com/en/global/articles/news/boosting-the-aquaculture-business-to-the-next-
level/ 
https://globenewswire.com/news-release/2018/08/21/1554450/0/en/SHM-Selects-RTI-s-
Connectivity-Framework-for-the-First-Global-Aquaculture-Industrial-IoT-Platform.html 
http://agri.ckcest.cn/ass/NK006-20170911001.pdf 



    

26 

This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under Societal challenge, 

Blue Growth, Grant Agreement No 817737. 

https://www.nutreco.com/en/News/Press-releases/nutreco-takes-share-in-iot-start-up-eruvaka-to-
help-shrimp-farmers-increase/1576519 
http://www.libelium.com/fish-farm-monitoring-in-vietnam-by-controlling-water-quality-in-ponds-
and-tanks/ 
http://www.iaeng.org/publication/WCECS2017/WCECS2017_pp42-46.pdf 
https://inventas.no/en/project/seasmart/ 
http://www.marketresearchblog.org/2018/12/05/aquaculture-meets-iot-a-unison-that-would-
transform-the-fish-farming-industry/ 
https://ijabe.org/index.php/ijabe/article/viewFile/1486/pdf 
http://www.medaid-h2020.eu/index.php/2017/09/08/aquaculture-key-player-feeding-the-planet/ 
https://www.aphrdi.ap.gov.in/documents/Trainings@APHRDI/2018/2-
feb/machine%20learning/Smt.%20Chaitanya%201.pdf 
https://ccafs.cgiar.org/news/swimming-towards-adaptation-climate-smart-aquaculture 
https://www.hatcheryinternational.com/recirc/smart-farm-3302 
https://www.tandfonline.com/doi/full/10.1080/23311916.2018.1542576 
https://www.was.org/easonline/AbstractDetail.aspx?i=8644 
https://www.ysi.com/applications/aquaculture 
https://www.sojitz.com/jp/news/docs/170808e_03.pdf 
https://eruvaka.com/ 
https://www.ibm.com/case-studies/the-seafood-innovation-cluster-hybrid-cloud-fish-farming 
https://sciworthy.com/implanting-sensors-in-fish-to-monitor-their-stress-levels-in-the-wild/ 
https://www.hindawi.com/journals/js/2018/1060987/ 
https://oceanfrontierinstitute.com/research/novel-sensors-for-fish-health-and-welfare 
https://www.sciencedirect.com/science/article/pii/S092540051631262X 
https://sites.psu.edu/ist110pursel/2018/11/18/sensors-put-in-fish-to-monitor-stress-levels/ 
https://geminiresearchnews.com/2016/08/robot-vision-helps-detect-diseases-and-keep-fish-
healthy/ 
https://thenewstack.io/eel-like-aquatic-robots-use-living-sensors-zero-water-pollution/ 
https://www.utwente.nl/en/eemcs/bios/research/electrochemicalsystems/growing-fish/ 
https://animalbiotelemetry.biomedcentral.com/articles/10.1186/s40317-015-0086-z 
https://www.bio-logging.net/ 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2679933/ 
https://stud.epsilon.slu.se/10662/1/arvennorling_t_170831.pdf 
https://www.ncbi.nlm.nih.gov/pubmed/28160132 
https://www.ncbi.nlm.nih.gov/pubmed/26592370 
https://avmajournals.avma.org/doi/full/10.2460/ajvr.75.4.402?url_ver=Z39.88-
2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%3Dpubmed& 
http://www.fao.org/docrep/018/i3325e/i3325e10.pdf 
http://blog.worldfishcenter.org/2017/11/aquaculture-a-climate-smart-innovation-to-feed-the-
world/ 
https://www.aquaculturealliance.org/advocate/fish-farmers-drones-health-feed-monitoring/ 
https://www.seafoodsource.com/news/aquaculture/drones-making-waves-in-aquaculture 
http://www.fao.org/fishery/technology/aquaculture/en 

 

 


