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1. Introduction
Global seaweed aquaculture is rapidly expanding (Buschmann et al. 2017) and both the produced biomass as
well as the associated financial value have increased exponentially over the last decades (Food and Agriculture
Organization of the United Nations). Due to their high nutritional value seaweeds have a potential to cover the
increasing protein demand of the world’s population (Van denHoek and Bayoumi 2018). Moreover, seaweed
farming is often regarded as a sustainable form of food production (Hughes et al. 2012; Sondak et al. 2017) as it
can also help in climate change mitigation through the conversion of CO 2 to carbon-rich biomass. Seaweed
production may also contribute to a circular economy by taking up nutrients introduced into the ocean through
rivers and estuaries which can be used for the production of macroalgal biomass.
Seaweeds can not only serve as a food source, but there are also other potential uses for the biomass including
fertilizers, animal feed and cosmetic or medical products (McHugh 2003; Loureiro et al. 2015). Furthermore,
seaweeds have a high potential for the sustainable production of bioethanol and biogas (Adams et al. 2009; Chen
et al. 2015).
Traditionally, seaweed farming has mainly been conducted in Asian countries while the seaweed use in Europe
was based on wild harvesting (Food and Agriculture Organization of the United Nations). However, collecting the
biomass is not always done in a sustainable way, it is challenging in rocky reefs and strongly dependent on the
weather conditions. Furthermore, the harvested biomass is often a mix of species which makes processing
complicated (Hafting et al. 2012). Therefore, during the last decades seaweed aquaculture has also increased in
Europe (Barbier et al. 2019). In the Netherlands, the majority of commercial seaweed production currently takes
place in the Eastern Scheldt but a significant expansion of the Dutch seaweed sector is foreseen offshore in the
Dutch North Sea either in stand-alone cultures or in multi-use settings with other maritime activities (van den
Burg et al. 2013; Jansen et al. 2016).
While the step towards commercial offshore seaweed cultivation will provide a large amount of space suitable
for growing algal biomass, it comes with its own challenges. For instance, the cultivation system has to be able
to withstand harsh environmental conditions (Buck and Buchholz 2004). Furthermore, continuous monitoring of
the seaweed growth and biomass production is very expensive. However, frequent monitoring is not only
necessary in order to assure that the seaweed farm is not being destroyed by other maritime activities, such as
fishing boats, but also to follow the growth of the seaweeds in order to determine the optimal harvesting time.
The latter may not only depend on the amount of biomass, but also on the chemical composition of the
seaweeds. For the processing industry it is desirable to obtain uniform seaweed biomass (Hafting et al. 2012).
However, previous studies have shown that the biochemical composition of seaweeds changes significantly over
the cultivation season (see experiments performed by van der Werf & van der Meer in the North Sea Innovation
lab). If, for instance, seaweed biomass with a specific protein concentration is desired for feed purposes, the
optimal harvesting time should be determined by the protein content.
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In order to enable a continuous monitoring of offshore seaweed farms, it is necessary to develop methods and
techniques that can be used remotely to measure both the growth of seaweeds and the amount of specific
biochemical compounds. These methods should provide real-time data to inform the farmer about what is
happening in the farm without the necessity of direct visits.
In this following report, we present and discuss different methodologies for remote monitoring of the growth
and composition of seaweeds. This study will contribute to the development of offshore seaweed aquaculture
and the information presented here could be of interest for actors of the seaweed sector and policy makers.

2. Methods
A longlist of techniques for remote monitoring of growth and composition of seaweeds was generated by
literature reviews and discussion with the following experts from Wageningen Plant Research:
•

Pepijn van Oort (Agrosystems Research, expert on modelling, WUR)

•

Bert Meurs (Agrosystems Research, expert on nitrogen measurements in terrestrial systems, WUR)

•

Adrie van der Werf (Agrosystems Research, expert on seaweed research, WUR)

•

Ingrid van der Meer (Bioscience, expert of seaweed biochemistry, WUR)

•

Nicola Grasso, Pieter Aalberts, Floor Spaargaren (Marin)

The presented methods are discussed and ranked according to their potential and applicability in offshore
seaweed farms.

3. Techniques for growth measurement
In this chapter we describe potential techniques for measuring seaweed growth.

Method 1: Estimating biomass by comparing irradiance inside and outside the farm
The growing seaweed biomass is directly affecting light availability within and below the farm. Quantum sensors
could be deployed on ropes inside and outside of the farm, respectively. Incoming light is measured at both
positions and the ratio between the two measurements could be used as a relative measure for the amount of
biomass on the rope inside of the farm.
Expected difficulties:
1.

The presence of cultivation structures (buoys and lines) is decreasing the light availability inside of the
farm independent of the growing biomass. Therefore, the method needs to be calibrated at t0 before
the biomass is growing. This has to be done at each farm independently.

2.

The optimal depth for the light sensors needs to be determined. If the sensors are deployed below the
farm, little light may be detected. On the other hand, sensors may be covered by the growing fronds
when placed at intermediate depth in the farm.

3.

Sensors are rapidly overgrown by fouling organisms, making measurements unreliable after a certain
amount of time. It is therefore necessary to include an automated cleaning procedure.

3

4.

This method measures the presence of all biomass, i.e. not only the cultivated seaweed, but also wild
seaweeds settling and growing on the cultivation ropes.

5.

A standardized transferrable method has to be developed for reliable monitoring of seaweed farms.

Open questions:
1.

An estimation of the local turbidity is necessary in order to determine the optimal distance between the
reference sensor and the farm.

2.

The sensor-bearing ropes can get entangled during storms or times of high waves which will make the
measurements unreliable. Several sensors should be deployed in the farm and a weight could be added
to the bottom of the ropes in order to keep them vertically. It needs to be determined how many sensors
are necessary to obtain a robust measurement.

Advantages and disadvantages:
1.

This technique is a relative method, as measurements inside and outside of the farm are compared.
Therefore, it could be used even under changing environmental or seasonal conditions.

2.

A difficulty may be the deployment of additional equipment outside the farm, including both risks and
bureaucracy coming along with it.

Method 2: Measure the pull ration changes
When seaweeds are growing, it is expected that the pulling force on the rope will increase directly correlated
with biomass. Force sensors (Fig. 1) are connected to several seeded and non-seeded droppers and the ratio can
be used for a relative estimation of biomass.

Fig. 1: Force sensor for underwater measurements for measuring forces up to 4450N (UDW3, A-Tech instruments Ltd., Canada).

Expected difficulties:
1.

Measuring weight underwater could be difficult due to Archimedes law. However, it could be measured
as a difference in pull when lines are moving in the water column and be expressed relatively as the
ratio between seeded and non-seeded lines.

2.

High wave action will also affect the pulling forces. This has to be considered when interpreting the data.

3.

A standardized transferrable method has to be developed for reliable monitoring of seaweed farms.
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Open questions:
1.

Is current speed underwater dependent of the current only or does wind/storm affect is as well?

2.

What exactly is growing on unseeded droppers, can it be assumed that no kelp is growing there?

3.

The sensor-bearing ropes can get entangled during storms or times of high waves which will make the
measurements unreliable. It needs to be determined how many sensors are necessary to obtain a robust
measurement.

4.

What is the order of magnitude of the forces measured generally and during high currents speed? The
instruments’ measuring range has to be chosen accordingly..

5.

Previous experiments by WMR have shown that mussels are settling in high numbers on seaweed
cultivation ropes. Are amounts of mussels found on the seeded and non-seeded lines comparable?

6.

Is it true that the ratio between a seeded and unseeded line is independent of the amount of mussels
attached? According to Coulomb's law:

𝐹𝑙𝑖𝑛𝑒 ≤ µ × 𝐹𝑛

Where Fn is the normal force hence m*g
So

𝐹𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒
µ𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒 × 𝑚𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒
=
𝐹𝑢𝑛𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒
µ𝑢𝑛𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒 × 𝑚𝑢𝑛𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒
We assume:
𝑚𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒 = 𝑚𝑢𝑛𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒 + 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠
µ𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒 > µ𝑢𝑛𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒

And hence we expect that the ratio

𝐹𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒
𝐹𝑢𝑛𝑠𝑒𝑒𝑑𝑒𝑑𝑙𝑖𝑛𝑒

grows with increasing biomass.

Advantages and disadvantages:
1.

This is a direct measurement within the farm and no additional structure is needed for measurements
outside of the farm.

2.

The equipment used for this method may be less susceptible to biofouling. Even if organisms settle on
the instrument, it is not expected to affect measurements.

3.

The distance from the sensors to a data collection buoy, and therefore the distance of underwater data
transfer, is relatively short as instruments will be deployed close to the surface.

4.

In a farm design where the droppers are connected to a bottom line (as used in the North Sea Innovation
lab), an application of this method is more complicated.
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Method 3: Measuring the difference in angles between a seeded rope and an nonseeded rope
When ropes are moving in the water column due to wave action or currents, it is expected that the angle between
seeded and non-seeded lines is different. Measuring the angles by a spirit meter or inclinometer (Fig. 2) could be
used as a relative way to determine biomass by comparing seeded and non-seeded ropes. Unseeded ropes are
expected to lie almost horizontally in the water under high current, whereas kelp growth on a rope will lie in the
water column in a different angle.

Fig. 2. OceanTILT inclinometer (OceanTools, UK).

Expected difficulties:
1.

Angles are not constant and will fluctuate not only with currents but also with wave movements. In
order to produce reliable results, several seeded and non-seeded ropes should be compared.

2.

A standardized transferrable method has to be developed for reliable monitoring of seaweed farms.

Open questions:
1.

How many replicates are necessary to provide a robust measurement?

Advantages and disadvantages:
2.

No additional structure is needed for measurements outside of the farm.

3.

The equipment used for this method may be less susceptible to biofouling. Even if organisms settle on
the instrument, it is not expected to affect measurements.

Method 4: Using underwater imagery techniques to estimate the biomass production
Underwater image and video techniques could be used to assess the growth visually. This could either be done
by cameras attached to the cultivation ropes or by autonomous underwater vehicles, such as drones.
Expected difficulties:
1.

Cameras have a high demand of battery life. Continuous energy supply needs to be ensured.

2.

Video techniques produce large data files which need to be transferred underwater.
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3.

Lenses get easily overgrown, making measurements less usable. Thus, an automated cleaning system
needs to be included.

4.

Visibility may be bad under high sediment loads or turbidity.

5.

A standardized transferrable method has to be developed for monitoring of seaweed farms.

Questions to answer:
1.

Immobile cameras: how and where should they be attached on the rope? Should they be facing
horizontally or upwards?

2.

What is the best time point for taking photos/videos, for instance during the turning of the tides as
recommended by Tonk et al. (2019)?

Advantages and disadvantages:
1.

Underwater video techniques provide a direct view on what is happening in the farm.

2.

Numerous models of underwater cameras are available.

3.

This technique could simultaneously be used for other purposes, such as biodiversity assessments.

4.

Cameras have a high energy demand.

Method 5: Sonar
Objects can also be detected underwater using sound. A sonar (Fig. 3) could be deployed inside of a seaweed
farm to obtain a sonar image of the farm and estimate the biomass production. Sonars measure in cones and
need to be located optimally in order to obtain a horizontal view on the seaweed biomass. Multi-beam sonar has
been used previously to map natural kelp forests (McGonigle et al. 2011; Young et al. 2015).

Fig. 3: Sonar camera ARIS explorer 3000 and image example (Soundmetrics, US).

Expected difficulties:
1.

Images may be difficult to interpret by eye.

2.

The sonar needs to be stabilized to make sure that the axis stays horizontally in order to ensure the
comparability of measurements.

3.

The relative orientation of the kelps and the farm design affect how much can be seen on sonar images.
It is likely that all kelp fronds are oriented in the same direction due to currents which needs to be
considered for data analysis.

4.

Sonar has a high energy demand and large data files need to be transferred. The sonar could be directly
attached to a buoy for broadcasting the data in order to avoid expensive and complicated underwater
data transfer.
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5.

A standardized transferrable method has to be developed for monitoring of seaweed farms.

Open questions:
1.

How can the sonar be mounted in a stable way? If images are skew the data interpretation and
comparison will be difficult.

2.

What is the difference between single and multibeam sonar and which is best to use for seaweed farm
monitoring?

Advantages and disadvantages:
1.

There is a considerate amount of literature available investigating on monitoring of wild kelp
populations using this technique.

2.

Sonar devices have a higher spatial coverage than video cameras, especially in turbid waters like the
North sea.

3.

Commercially available sonar cameras produce detailed images of the surroundings (e.g.
http://soundmetrics.com).

Method 6: LiDAR
LiDAR (Light Detection and Ranging) uses a high-frequency light pulse and interprets the return time of the beam
for area estimation. This method could be used in a similar way as sonar to estimate seaweed biomass.
Expected difficulties:
1.

Light cannot travel efficiently in water. This can be a problem especially in turbid waters.

2.

The LiDAR needs to be stabilized to make sure that the axis stays horizontally in order to ensure the
comparability of measurements.

3.

The relative orientation of the kelps and the farm design affect how much can be seen on LiDAR images.
It is likely that all kelp fronds are oriented in the same direction due to currents which needs to be
considered for data analysis.

4.

LiDAR has a high energy demand and large data files need to be transferred. The sonar could be directly
attached to a buoy for broadcasting the data in order to avoid expensive and complicated underwater
data transfer.

5.

A standardized transferrable method has to be developed for monitoring of seaweed farms.

Open questions:
1.

What distances can be measured by LiDAR within a seaweed farm?

2.

Is LiDAR a useful tool in turbid waters?

Advantages and disadvantages:
1.

Different light sensors can be deployed simultaneously, providing a wide range of data.

2.

Applicability in the turbid North Sea is unsure.
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Method 7: Aerial imagery techniques
Satellite images or aerial digital multispectral imaging systems (DMSC) taken by drones or aircrafts can be used
to estimate seaweed biomass from above. This method is mainly suitable for floating seaweed biomass and has
been used to map wild seaweed populations (Fig. 4, Uhl et al. 2016). Its applicability for seaweed farms has yet
to be tested.

Fig. 4. True colour images obtained by a hyperspectral AisaEAGLE system on an aircraft. Images of (a) selected flight stripes and (b) kelp
detected by an algorithm (Uhl et al. 2016).

Expected difficulties:
1.

The visibility of the seaweed farm on aerial images has to be assessed. It is not clear whether seaweeds
cultivated on vertical ropes are visible on aerial images.

2.

Satellite images: The visibility on satellite images depends strongly on the weather. Unfavourable
weather conditions could make the images useless for biomass estimation. Furthermore, the temporal
resolution of the satellite images may be too low. For instance, the temporal resolution of Landsat 7 is
16 days, which may not be frequent enough for continuous monitoring.

Questions to answer:
1.

Are seaweed farms visible on aerial and satellite images?

2.

If so, what is the optimal altitude for aerial DMSC?

Advantages and disadvantages:
1.

Satellite images are easily accessible and multispectral images can not only provide information on the
biomass, but also on the seaweed health.

2.

Using drones or aircraft may be very expensive.
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4. Techniques to measure chemical compounds
In this chapter we describe potential techniques for measuring biochemical compounds of seaweed.

Measuring nitrogen content of seaweeds
In many cases, the nitrogen content can be directly correlated to other compounds of interest. For instance,
protein content of seaweeds is estimated by using the nitrogen-to-protein conversion factor of 5 (Angell et al.
2016). In Ulva sp., also other compounds such as ash, starch or fiber can be correlated with the nitrogen content
(pers. comm. A. van der Werf). However, this correlation has not been observed in Saccharina latissima.
Monitoring the protein content could be of interest when seaweed is used as food or feed. Additionally, an
estimation of the ash content could be interesting, as high amounts of ash reduce the efficiency of extraction
procedures (Milledge et al. 2014). As these compounds have been shown to vary significantly over the growth
period (pers. comm. A. van der Werf), monitoring them could help to choose the most suitable harvesting time
point depending on which end product is desired.

Method 8: Measuring nitrogen content by hyperspectral imaging
The nitrogen content of grass and other terrestrial crops can be measured using hyperspectral imaging. Light
reflectance of the crop is measured between 400 and 1000 nm.
Expected difficulties:
1.

Hyperspectral imaging is expected to be difficult underwater, especially in turbulent water. In order to
overcome this problem seaweed could be lifted out of the water mechanically.

Open questions:
1.

Is it possible to use hyperspectral imaging techniques underwater?

Advantages and disadvantages:
1.

This method gives a direct insight into the biochemistry of the seaweed biomass.

2.

Measuring the nitrogen content with this method is less expensive than performing chemical analysis.

Method 9: Measuring nitrogen content by fluorescence sensors
Fluorescence sensors are often used to study crop physiology, but can also be used to determine the nitrogen
content. Chlorophyll molecules absorb energy at a given wavelength, whereas part of the energy is dissipated by
light emission at longer wavelengths. This amount can be measured as fluorescence emission.
Expected difficulties:
1.

Fluorescence measurements under water are more difficult than on land. However, the Water-PAM
(Waltz, Germany) could be tested for this purpose.

Open questions:
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1.

How reliable are underwater fluorescence measurements?

Measuring other chemical compounds of interest
Next to nitrogen, there are other chemical compounds that could be interesting to monitor. For instance, the cell
walls of seaweeds contain gelling polysaccharides of commercial interest, such as alginate, agar or carrageenan.
Next to food products, these polysaccharides are also used in the biomedical field and tissue engineering
(Venkatesan et al. 2017). Polysaccharide content in seaweeds is determined by complex extractions protocols in
laboratories (Barros et al. 2013; Schiener et al. 2014; Ganesan et al. 2015) and to our knowledge no sensors for
measuring polysaccharides are available so far.
Another interesting compound to monitor is iodine. The iodine content in kelps can quickly exceed the upper
limit of 600 µg/day set by the European Food Safety Authority. In order to assure a possible application of the
seaweed biomass for food or feed, iodine content could be monitored over the entire growth period. Iodine
content can be measured by isotope dilution inductively coupled plasma mass spectrometry (ICP-MS, Haldimann
et al. 2005) or inductively coupled plasma-optical emission spectrometry (ICP-OES, Schiener et al. 2014).
Furthermore, colorimetry is used to determine iodine content in water samples (Dunn et al. 1993). To our
knowledge, no sensors exist for measuring iodine in plant or seaweed tissue, but if a technique could be
developed it would be of interest for the seaweed industry.
Next to polysaccharides and iodine, also the presence of contaminants, such as heavy metals, can prevent the
use of seaweeds as food or feed. Arsenic is introduced into the oceans via natural and anthropogenic sources
(Chilvers and Peterson 1987). It is present in seawater in inorganic compounds and marine organisms take it up
and convert it into organic compounds (Ronan et al. 2017). The long-term uptake of inorganic Arsenic compounds
can have serious health effects on the human body whereas the organic forms are not considered as toxic for
the human body (Hughes et al. 2011). Concentration of inorganic arsenic is usually determined by high
performance liquid chromatography coupled with mass spectrometry (HPLC, Ronan et al. 2017) or dynamic
reaction cell mode (DRC, Ratcliff et al. 2016), but recently also a field kit has been developed for this purpose
based on a simple extraction method and selective volatilisation (Bralatei et al. 2017). If this method can be
further automized, it would represent a useful tool for remote monitoring of the inorganic arsenic content in
seaweed cultivated in offshore farms.

5. Modelling seaweed growth and composition based on
environmental measurements
Based on the kelp growth model developed by Broch et al. (Broch and Slagstad 2012; Broch et al. 2019),
environmental conditions could be measured in a seaweed farm to calculate biomass production and
biochemical contents.
The inputs of the model are temperature, light radiance, nitrogen concentration in the water and current speed,
at point (x,y,z,t). These parameters can be measured within a seaweed farm by sensors deployed in replicates.
The outputs of the model are wet and dry weight as well as carbon and nitrogen content in the tissue at a point
(x,y,y,t). These values can be calculated based on the data collected by the sensors.
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Expected difficulties:
1.

Sensors are rapidly overgrown by fouling organisms, making measurements less reliable. It is therefore
necessary to develop an automated cleaning procedure.

2.

Feeding sensor data into the model has to be automated.

Questions to answer:
1.

What are the spatial and temporal resolutions used for the model?

2.

At which depth should the sensors be deployed? If sensors are deployed on the bottom, a majority of
light is already absorbed by the biomass growing above, but the data could also be used for biomass
estimation (see description of method 1).

3.

How vulnerable is the model towards a lack of data? How useful is the data if one of the data sources is
lost?

Advantages and disadvantages:
1.

As the data deriving from this method is based on modelling and not on direct measurements, it may
be less appealing for farmers.

2.

All necessary sensors exist already and the method could be tested easily.

3.

As a side effect of the measurements, biomass could be estimated by the light sensors (see method 1)
if they are deployed in a reasonable way.

4.

The underwater data stream has to be set up for a high number of sensors, which makes the system
expensive and vulnerable.

6. Challenges of working in salt water under offshore conditions
6.1: Data transfer
Transferring data collected by the sensors through the water to the land is not possible on long distances and
therefore has to be established via the air. A possible solution could be to send the data from the sensors to a
local buoy which can then broadcast the information to the land. The information from the sensors could either
be transferred by cables or underwater communication using sound. It is to be investigated which system is more
robust and reliable.
Data transfer via cables: Underwater cables are commercially available (for instance by Leoni special cables
GmbH, Germany) which can transfer up to 6kV, data, and resist pulling up to 100 kN. The risk of using underwater
cables is that they could be destroyed by the rough offshore conditions or maritime activities which will disrupt
data transmission until the cable is replaced.
Wireless data transfer: Underwater information can also be transmitted through radio signal or acoustic signals
(see comparison in Table 1). In both cases the amount of data that can be transferred is relatively small.
There is a trade-off between the amount of data transmitted and the energy use of the sensor; if the sensor
needs to process the data to some extent, for instance averaging over a day, then less data needs to be
transferred, but the sensor itself uses more energy.
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Table 1: Comparison of distance and error by radio and acoustic signals.

Distance

Radio
50 to 500m (Heideman et al. 2006)

Sound
Between 100m and 1000km, the longer the
distance the smaller the bandwidth (Akyildiz 2005).
larger propagation delay about 5 times larger than
radio

Errors

smaller delay

Others

when frequency is low, antennas must be
large

6.2: Corrosion
Corrosion is a threat for instruments deployed in seawater, especially for moving instrument parts. Therefore, it
is recommended to use instruments especially built for the deployment in seawater which are made of corrosionresistant material. The corrosion on unprotected steel in the Dutch North Sea is up to 0.18mm per year (Momber
2011). Since the instruments are only deployed for a few months during the cultivation season and can be well
maintained and cleaned between cultivation periods, corrosion is not seen as a major challenge for remotemonitoring.

6.3: Biofouling
Biofouling on sensors, housing or support structures is often considered as a limiting factor in ocean monitoring
(Delauney et al. 2010). A large number of organisms is involved in the biofouling process (Fig. 5, Yebra et al. 2004)
and many parameters affect the speed and type of biofouling. During productive periods (so called blooms),
biofouling can develop very rapidly in seawater and affect data quality within less than 2 weeks (Lehaitre and
Compère 2008). As the shift in data is usually continuous, detecting a drift in measurements can be difficult.
Biofouling organisms are especially problematic for optical and electrochemical sensors and can render
measurements entirely unusable (Delauney et al. 2010). Commercially available techniques to prevent biofouling
are presented here.

Fig. 5: Biofouling on a marine sensor deployed for 30 days in the North Sea close to Helgoland (Delauney et al. 2010)
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Wipers or scrapers
Wipers are already included in a number of oceanographic instruments and can be custom-adapted to other
instruments. They can be operated by batteries and the wipe interval determines the battery life. For instance,
wipers by Zebra Tech Ltd. (Fig. 6) can work in a one hour interval for over four months on battery. Wipers work
efficiently as long as they are in a good physical condition, but the wiper mechanics needs to be robust enough
to withstand harsh environmental conditions. Furthermore, wipers cannot be used for sensors with highly
complex and delicate surfaces.

Fig. 6: Underwater housing with hydro-wiper (Zebra Tech Ltd., NZ)

Chemical biocides
Bis(tributylin)oxide (TBT) has been applied as an agent against biofouling, but this compound has a deleterious
effect on the marine environment and should therefore no longer be used. Copper is also used to protect
oceanographic sensors by preventing cell division of the fouling organisms. Furthermore, chlorination has been
suggested for biofouling protection. Bleach is applied in fresh water monitoring, whereas electrolysis chlorination
is for instance used for ferry box instruments. Electrolysis can be performed on a restricted area and little energy
is necessary (Delauney et al. 2010).

UV
Ultraviolet light is an environmental friendly way to reduce biofouling and prevent an accumulation on the critical
sensor surface. Commercially available UV antifouling devices, such as the UV Xchange (Fig. 7, Seabed BV, NL),
are reliable and easy to attach to instruments like cameras and sensors. They work on a range of up to 10cm.
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Fig. 7: UV antifouling device (UV XChange, Seabed BV, NL)

Ultrasonic
The use of ultrasonic prevents the settlement of biofouling organisms. The system needs to start on a clean
surface and must operate without disruptions. Thus, a continuous energy supply is needed for this method. Once
biofouling has started ultrasonic instruments are not a useful tool to remove it but growing speed can be
decreased (information provided by Lamers Systems Care, NL , https://lscare.nl/working-principle-

ultrasonic-anti-fouling/).

7. Ranking of methods according to defined criteria
In the discussion with Ingrid van der Meer and Adrie van der Werf it was pointed out that a remote monitoring
of biochemical content of seaweeds is not advising at this moment due to a lack of information about the
potential market for seaweed biomass and about seasonal changes of biochemical compounds in offshore grown
seaweeds. It is not expected that seaweed will be the future source for extracted proteins, since the extraction
process from seaweed biomass is inefficient due to high amounts of polysaccharides (pers. comm. Ingrid van der
Meer). Furthermore, it has been shown for kelps from the North Sea Farm that protein content may not directly
correlate with nitrogen content, which makes it very challenging to estimate the protein content based on the
nitrogen-to-protein conversion factor. Ingrid van der Meer considered polysaccharides to be among the more
interesting compounds to obtain from seaweeds. Adrie van der Werf pointed out that seaweeds can enhance
productivity of terrestrial crops, but the active compound(s) have not been determined yet and can therefore
not be targeted specifically in monitoring programs. Overall, it was concluded that biomass monitoring is of larger
interest at this moment than monitoring of biochemical compound.
The realisation of data transfer was not taken into account for the ranking of the methods. Most methods are
dependent on the underwater transfer of data and it has not been decided yet during this phase of the project
how the transfer should and could be realised.
Finally, costs were not taken into account since a realistic estimation for the different methods was not possible.
The methods were ranked according to the following criteria:
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Robustness:
1.

Number of components

2.

Vulnerability to corrosion

3.

Vulnerability to biofouling

Reliability:
4.

Direct or derived measurement

5.

Need for ground-truthing

Other criteria:
6.

Availability of offshore robust measure equipment

7.

Expected difficulty of data analysis

8.

Dependence on the farm design

9.

Distance of underwater data transfer

10. Number/severeness of assumptions made

We scored all the methods according to this criteria. Criteria 4 and 9 were considered as especially important.
The question whether the measurement is direct or derived is important to convince farmers of the usefulness
and reliability of the chosen method. The distance for underwater data transport is important as this point is
seen as a major challenge when it comes to implementing the methods. Therefore, the score of these two criteria
was weighted double. Finally, the number of assumptions made (10) was found most the critical and important
criterion because it defines how realistic the success of a chosen method is. The score of this criterion was
therefore weighted triple. All scores are presented in Table 2.
Based on our analysis we propose to further investigate and test the following four methods:
•

Sonar (score: 31)

•

Measuring the pull changes (score: 28)

•

Underwater cameras (score: 28)

•

Model (score: 24)

Although aerial imagery received a high score in our ranking, we propose not to investigate this method further,
as it is very unsure whether kelp biomass cultivated under water is visible from above, even under moderate
weather conditions. Furthermore, the low temporal resolution of satellite images prevents frequent monitoring
of a farm.
Sonar and LiDAR received the same score, however, as sounds travels better through water, in particular the
turbid water of the North Sea, we consider sonar the better method for biomass assessments. Sonar is also well
developed for underwater observations.
The model did not receive a high score but we propose to consider it anyway since all sensors are available on
the market. It could be tested easily during one cultivation season by logging the data without real-time data
transmission.
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Table 2: Ranking of longlisted techniques according to defined criteria. Number of components: many = 1, some = 2, few = 3. Vulnerability to corrosion and biofouling: high = 1, intermediate = 2, none = 3. Direct vs.
derived measurement: derived = 1, direct = 2. Need for ground-truthing: a lot = 1, intermediate = 2, none = 3. Availability: not available = 1, available =2. Data analysis: difficult = 1, challenging = 2, easy = 3. Dependence
on Farm design: a lot = 1, not =2. Distance of underwater data transfer: long = 1, intermediate = 2, short = 3. Number/severeness of assumptions: high = 1, intermediate = 2, low = 3. The criteria direct vs. derived
measurement and distance of underwater data transfer were weighed double (see p. 15). The number/severeness of assumptions was weighed triple (see p.15).

Irradiance
Pull
Angle
Underwater
imagery
Sonar
LiDAR
Aerial
imagery
Model

No. of
components
2
2
2
2

Corrosion

Biofouling
1
3
3
1

Direct vs.
derived
2
4
4
4

Groundtruthing
1
1
1
2

3
1
2
2

2
2
3

2
2
3

1
1
3

4
4
4

1

2

1

2

Availability
2
1
1
1

3
3
1
1

Farm
design
2
1
1
2

1
1
1

2
2
2

2
2
1

3

2

3
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Data
analysis

Data transfer
distance

Assumptions

Sum

4
6
6
4

6
6
3
9

24
28
24
28

2
2
2

6
6
6

9
6
3

31
28
28

2

2

6

24
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