
[image: image2.emf]

[image: image3.png]-)

CRAB

COLLECTIVE RESEARCH ON
AQUACULTURE BIOFOULING



[image: image4.wmf]


Contract COLL-CT-2003-500536-CRAB

CRAB

Collective Research on Aquaculture Biofouling

Instrument: FP6 Collective Research Projects

Thematic Priority: Horizontal research activities involving SMEs
Final Activity Report
Reporting period: 20/06/04-19/06/07
Submission date: 13 September 2006
Start date of project:
20/06/04




Duration: 36 months

Table of contents
3Introduction


31. The biofouling problem and CRAB objectives


42. CRAB Consortium and Co-ordinator details


53. Approach


84. Project outcomes


84.1 Biofouling in European aquaculture – seasonality and predictability


8A pan-European baseline


8A standard protocol


9Major biofouling species and groups


10Weight of biofouling


12Dominant species


13Species changes over time


14Impact of temperature, salinity and turbidity


14Short-term fouling and spatfalls


154.2 Biofouling strategies


16Antifouling strategies: general overview


18Cleaning practices


24Antifouling Coatings


32Biological control


34Other antifouling strategies


375. Discussion/conclusions


375.1 Combining knowledge of the biological factors with the different strategies


385.2 Promising strategies & possible future initiatives


406. Dissemination and use


406.1 Introduction


406.2 Exploitable Knowledge and its Use


426.3 Dissemination of Knowledge


42Principal dissemination activities undertaken by CRAB


43Articles in the Aquaculture press


44The web site


44CRAB newsletters


45International workshop at AQUA2006


45Conference presentations and publications


46Regional Training events


46On-line training material/interactive tool for biofouling management


47Biofouling Fact Sheets


47Best Practice Guidelines


476.4 Publishable Results



Introduction
CRAB (Collective Research on Aquaculture Biofouling) is a pan-European initiative that is developing effective biofouling management strategies for the aquaculture industry. This Final Activity Report cumulates and summarises the project activities and results over the full 3-year duration of CRAB. Detailed outcomes are included in the following major project Deliverables: E-Learning Interactive Tool for Management of Biofouling, Best Practice Guidelines to Biofouling and Biofouling Manual, accessible for free through the CRAB website (http://www.crabproject.com). 
CRAB has tested the efficacy of many products and strategies in different waters around Europe. Reference and mention is only made of product types rather than the commercial product name and information is provided on the general appraisal that has been made of those types of product or strategy.
The majority of the photos in this document, and the charts and graphs have been supplied by members of the CRAB consortium and are the property of CRAB.

Where other photos are used, their source is credited in the relevant photo captions.

1. The biofouling problem and CRAB objectives
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The antifouling sector has in recent years undertaken a great deal of research into sustainable alternatives to current toxic antifouling strategies. Virtually none of this work has considered the specific needs and issues related to aquaculture. A great deal of knowledge regarding the management of fouling problems and promising strategies now exists for other industries and there is a clear need to utilise this resource base to develop innovative sustainable approaches to solving the problems within the European aquaculture industry. 
[image: image8.jpg]



Biofouling is a complex and recurring problem in all sectors of European aquaculture. Problem areas include biofouling on INFRASTRUCTURE (Immersed structures such as cages, netting and pontoons; equipment and structures such as pipelines, pumps, filters and holding tanks) and FARMED SPECIES (mussels, scallops, oysters etc). With this in mind the objective of this 3-year project was to develop and disseminate effective biofouling prevention and management strategies for the European aquaculture industry. CRAB evaluated and optimised suitable strategies to combat biofouling in aquaculture. These include biological control (using natural grazers); new materials such as non-toxic antifouling coatings; electrical methods (generating antifouling chemicals such as Cl- or pH shifts) and new shellfish handling and immersion techniques. Training activities were given high priority during the final year. Effective dissemination strategies ensured the outcomes of the project were directly applicable by the aquaculture industry.
A key ambition was to increase the knowledge base of the European aquaculture community. Informing farmers about the importance and extent of biofouling at a local and regional level, combined with effective training in management tools, will give farmers the skills and know-how to make appropriate choices for their farming situation. 

2. CRAB Consortium and Co-ordinator details
The consortium shown in the table below was composed of 4 RTD performers, 4 industry associations (IAG) and 15 small-medium enterprises (SME), including 6 shellfish farms and 5 finfish farms. The project was co-ordinated by Peter Willemsen from TNO Science and Industry (phone +31223638850,  peter.willemsen@tno.nl). 
	
	Contractor
	Short name
used in this

document
	Country
	Type
	Contact person
	Email

	1
	Federation of European Aquaculture Producers
	FEAP
	Belgium
	Association
	Courtney Hough
	courtney@feap.org

	2
	Norwegian Seafood Federation – aquaculture division
	FHL Aquaculture
	Norway
	Association
	Kjell Maroni
	Kjell.maroni@FHL.no 

	3
	Irish Salmon Growers Association
	ISGA
	Ireland
	Association
	Richard Flynn
	richieflynn@ifa.ie 

	4
	European Aquaculture society
	EAS
	Belgium
	Association
	Alistair Lane
	a.lane@aquaculture.cc 

	5
	Aquatt Uetp Ltd
	AquaTT
	Ireland
	SME
	David Murphy
	David@aquatt.ie 
aquatt@aquatt.ie 

	6
	Boris Net Company Ltd
	BNCL
	United Kingdom
	SME
	Donald Fowler
	info@borisnet.co.uk

	7
	Materials Innovation Centre
	MIC
	Netherlands
	SME
	Rik Breur
	Rik.breur@materialsinnovation.nl

	8
	Boemlo Skjell
	BOEMLO
	Norway
	SME
	Eivind Bergtun
	Eivind.bergtun@bomlo.online.no

	9
	Val Akva
	Val Akva
	Norway
	SME
	Jan Erik Hellesø
	jan.helleso@val.vgs.no

	10
	James Newman (Crookhaven fishermans Ass.)
	James Newman
	Ireland
	SME
	Jimmy Newman
	

	11
	Curryglass Enterprises Ltd. 
	Curry
	Ireland
	SME
	Johnny Power
	jpower01@dol.ie
silverkingseafood@eircom.net

	12
	Fastnet Mussels
	Fastnet Mussels
	Ireland
	SME
	Julie MacGuire
	julie.maguire@dommrc.com

	13
	PROMOCIONES MARSAN S.L.
	MARSAN
	Spain
	SME
	Manuel Marhuenda
	promocionesmarsan@yahoo.es

	14
	Cudomar s.l. (until June 2005)
	Cudomar
	Spain
	SME
	-
	-

	15
	Alevines Y doradas SA
	ADSA
	Spain
	SME
	Juan Cebria 
	jcebria.adsa@tinamenor.es

	16
	Viveiros Ana Manjua Unipessoal  Lda
	Viveiros Ana Manjua
	Portugal
	SME
	Ana Figueira Manjua
	viveirosam@netcabo.pt

	17
	Quinta Formosa, Producoes Aquicolas Lda
	Quinta Formosa Lda
	Portugal
	SME
	Ana Margarida Pereira
	quintaformosa@netcabo.pt

	18
	Lakeland Marine Farm Ltd. (from March 2005)
	Lakeland
	United Kingdom
	SME
	Colin Blair
	colin.blair@ecosse.net

	19
	Sagremarisco- viveiros de marisco Lda 
	SGM
	Portugal
	SME
	John Icely
	alicely@mail.telepac.pt

	20
	TNO Netherlands Organization for Applied Scientific Research
	TNO
	Netherlands
	RTD performer
	Peter Willemsen, Glen Donnelly
	peter.willemsen@tno.nl, glen donnelly@tno.nl

	21
	National University of Ireland (Aquac. Devel. Centre, 
Enviromental Res. Inst.)
	UCC
	Ireland
	RTD performer
	John Davenport, Dougie Watson
	j.davenport@ucc.ie

	22
	University of Newcastle upon Tyne (School of Biology)
	UNC
	United Kingdom
	RTD performer
	Jeremy Thomason, Simone Duerr
	j.c.thomason@ncl.ac.uk

	23
	Global Aquafish (until December 2005)
	Aquafish
	Spain
	RTD performer
	-
	-


3. Approach
The CRAB initiative is split into seven different work packages that address the three main pillars of the overall objective. These are:

1. To define the problem of biofouling for the industry in clear economic and scientific terms.
2. To identify and develop promising novel approaches to antifouling.

3. To provide the industry with best practice solutions based on currently available technologies and know-how.

The work packages include the assessment of requirements and selection of strategies (WP1); the development and modification of technology (WP2); laboratory testing (WP3); farm trials (WP4); environmental and economic risk assessment (WP5); dissemination of fouling control guidelines (WP6) and their presentation in local training events in various countries represented by the CRAB consortium (WP7).
WP1 Assessment of requirements & Selection of strategies: In WP1 (led by UCC) desk studies were conducted by UCC, UNC and TNO on biofouling and antifouling in the aquaculture sector. This, together with the development of an end-user questionnaire, provided a good base of knowledge of the biofouling issues and how they affect the industry. Perhaps more importantly the knowledge gained allowed the consortium to structure the remaining WP’s and assisted in targeting appropriate technologies. It also made it possible to define industry requirements of antifouling/biofouling from which to mould the entire project around and to identify the ‘Top 5’ most problematic fouling organisms. 
WP2 Development & modification of technology: The following down-selected strategies were covered in CRAB: 

· Biological control (UCC)

· Materials/coatings (MIC/TNO)

· Enzyme based cleaning treatments (TNO)

· Husbandry and cleaning practices (UCC)

· Electrochemical antifouling (TNO)

· Color (UNC)

Modifying (in WP2) a selection of these strategies and subsequent laboratory (in WP3) and field testing (in WP4) has helped to determine which potentially could find an application within the European aquaculture industry. 
WP3 Laboratory testing: The aim of the laboratory-based programme was to evaluate the performance of selected antifouling strategies from WP2 under controlled conditions in the laboratory. More specifically, the bioassays aim to test the efficacy of selected strategies and prove their concept under controlled conditions, whilst the material testing assessed the effect of biofouling and antifouling strategies on material performance of key aquaculture surfaces under controlled conditions. WP3 was linked to WP2 and WP4 as selected antifouling materials generated in WP2 and tested in WP4, were fed into WP3 for evaluating material properties. The following studies were conducted in this WP: 
Natural grazers (UCC): Trials were conducted to study the effects grazers have on shellfish stock and to look at harmful interactions between stock and control species in a laboratory setting. 

Colour experiments with barnacle larvae (UNC): Bioassay based colour experiments using cyprids of the barnacle Balanus amphitrite (provided by TNO) to confirm results of the pre-screening for a different barnacle species. 
Material testing (Aquafish, TNO, BNCL): The approach was to measure basic properties of treated aquaculture infrastructure (netting, trays) before and after immersion trials. 
WP 4 Field trials program: The objective of this WP was 2-fold: 1) to evaluate the biofouling pressure at Europe-wide aquaculture sites as a baseline for other parts of the project, 2) to perform trials to assess WP2 strategy performance in real-time under working conditions. The extensive fouling baseline experiments were successfully run for two full fouling seasons at 10 CRAB fin-fish and shellfish farm sites (Boemlo, ValAkva, Jimmy Newman, Curryglass, Fastnet Mussels, Marsan, ADSA, Quinta Formosa/Viveiros, and SGM). The last inspection was done in May 2006. Data analysis was done by UNC. The outcomes served as a crucial source of information for the Guidelines and Training materials. Additional field experiments were initiated by UNC at SME farms including the development of specific protocols for the SMEs. Pre-screening of coatings and materials was done at several partners sites (MIC, TNO, ADSA and SGM). Advanced testing of spiky and silicone coatings was conducted at SGM, using an adapted assessment protocol to evaluate performance after cleaning. Three silicone coatings were tested on shellfish trays at 2 farm sites (SGM and Bomlo). UCC carried out a shellfish dipping experiment at SGM, shellfish cleaning experiments at Fastnet and net cleaning experiments at Curryglass. 
WP5 Risk Assessment: Environmental and Economic: This WP investigated the environmental and economic risk of the short listed technologies. UCC studied various antifouling strategies and identified health and safety issues involved. The short listed technologies assessed were Biological control, Materials (fouling release coatings) and Cleaning practices (Scrubbing, Disk washers, Jet washing, Net washing machines). It received input through UCC in the form of questionnaire results (all SMEs) and two practical studies (Curry, Fastnet, Newman). The results of the questionnaires and studies were analysed assessing economic effects of existing and tested potential antifouling strategies, e.g. labour, equipment and need for the strategies. Further, it was assessed if any of the strategies had or might have impacts on stock. UCC looked at each short-listed strategy and evaluated their costs to the farmers in relation to their perceived benefit. UCC collected detailed knowledge from consortium partners on the costs involved to allow an understanding of the finances within the aquaculture sector. Cost-benefits of effective antifouling for producers at individual farm level were based on the information returned from questionnaires sent out to SMEs. 

WP6 Dissemination: Fouling Control Guidelines & Recommendations: WP1-5 resulted in a compilation of knowledge about biofouling in the countries covered by CRAB, as well as an appraisal of strategies to reduce its cost and effects. This compilation of information is presented in the format of a Biofouling Manual (AquaTT) and Best Practice Guidelines (EAS/TNO), available through the CRAB website. The Manual covers the fouling species while the Guidelines address the possible strategies available and the research carried out.  

WP7 Training Events: The information from WP1-5 and the output of WP6 was used as the basis for developing training materials (Manual, Guidelines and E-tool) and in the final project year running 4 regional training events targeting industry participants at the managerial and technical level. The workshops highlighted the research findings from the baseline fouling study for the region relevant to the workshop, as well as targeting outcomes of the project to the particular aquaculture sector (fin-fish or shellfish) represented by attendees at the workshop. 

4. Project outcomes
4.1 Biofouling in European aquaculture – seasonality and predictability
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A pan-European baseline

[image: image10.jpg]


From February 2005 to April 2007, partners in the CRAB project monitored biofouling at finfish and shellfish production sites throughout Europe. The following pages contain a summary of the outcomes. A full report of the baseline study, including detailed succession descriptions, has been produced by Dr. S. Dürr, of the University of Newcastle (England), within the CRAB contract. Given the objective, the baseline would allow producers to time strategies (especially cleaning strategies) with short term events (notably spatfalls), but also with accumulated biofouling weight and dominant species, so as to maximise the planning and efficiency of the anti-fouling strategy.

A standard protocol

[image: image11.jpg]


Aquaculture production sites use a wide range [image: image12.emf]of materials (plastics, metals, etc) in various forms (nets, cages, buoys, trays, etc) and biofouling affects these materials in different ways. In order to produce results that were comparable, a standard protocol was designed, based on the use of identical 20x20cm PVC panels, vertically attached to plastic frames, and submerged at a depth of 2m on each site. Each month, standardized photos were taken of the panels and the fouling was periodically weighed. Samples were then sent to the University of Newcastle (England) for analysis. Temperature, salinity and turbidity measurements were also taken. The panels were studied and fouling species were identified and weighed. The photos were analysed using digital image analysis. Short-term studies showed the settlement or recruitment of species, and the long-term study showed their development (succession of the different fouling species) over time.

Summary of the sites used in the development of the baseline 
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	Partner Name
	Location
	Description
	Main species produced

	NORTH
	VAL AKVA
	Mid Norway
	Fjord semi-exposed site, cages
	Salmon

	
	BOEMLO
	South Norway
	Fjord extremely sheltered site, lines, trays
	Oysters

	
	LAKELAND
	West Scotland
	Semi-exposed site, cages
	Salmon

	
	CURRY
	South West Ireland
	Semi-exposed shallow bay site, cages
	Salmonids

	
	FASTNET
	South West Ireland
	Sheltered shallow bay site, rope culture
	Mussels

	
	JAMES NEWMAN
	South West Ireland
	Semi exposed shallow bay site, longlines, trays
	Scallops

	
	MARSAN
	East Spain
	Exposed, longlines, trays 
	Oysters

	
	VIVEIROS QUINTA FORMOSA
	South Portugal
	Intertidal tray culture
	Oysters

	SOUTH
	SAGRES
	South Portugal
	Extremely exposed longlines, bags
	Oysters

	
	ADSA
	Canary Islands
	exposed cage site
	Sea bass 

Sea bream


As can be seen in the table above, the sites are quite representative of the variability seen within European marine aquaculture. The locations of sites have been named so as to differentiate them by geographical region. Some indication is provided on the type of site (exposed, sheltered; fjord, coastal bay, etc). Of the two South Portugal sites, situated in the Algarve, Viveiros & Quinta Formosa is an inter-tidal site, whereas Sagres is continuously submerged. The principal species produced is also provided.
Major biofouling species and groups
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All the biofouling species identified during the study were classified into six major groups, as shown below. Other groups were found, also including mobile species such as starfish and sea urchins at some sites, but the above still represent the main species groupings. These are used as a legend in the graphics that appear in the section on short term fouling and spatfalls. Please note that results are based on two years of data. Yearly and monthly fluctuations are highly likely and would have to be assessed in even longer term experiments. 

The principal species are presented in the CRAB biofouling fact sheets, where more information is provided on their occurrence and general biology.

Weight of biofouling

While the surface area (cover) of fouling is important in aquaculture production - in terms of reduced water flow rates through nets and trays - the weight of the fouling organisms and communities is of course a major factor contributing to the overall impact of biofouling on production and especially on the material and equipment.

· At VAL AKVA (Mid-Norway) the weight increased each year to its highest in autumn, then decreasing to its lowest in late winter. However, weight accumulation each month was rather erratic. At BOEMLO (South-Norway) fouling weight peaked in June and July of each year and was lowest in autumn and winter. At LAKELAND (West-Scotland) weight increased steadily until late spring 2006, then decreased until a gale event in late autumn removed most fouling from the panels. 

· At the South-west-Ireland sites, weight increased steadily at CURRY with 2 decreases in March and August 2006. At FASTNET weight increased each year until October/November followed by a half year plateau and then a further increase. Weight accumulating every month was highest in winter and spring. At JAMES NEWMAN weight increased steadily with only a decrease in June 2006. Since October 2006 the weight showed no further increase.

· At MARSAN (East-Spain) the weight increases and decreases did not follow a pattern - intense grazing may be the cause. At VIVEIROS & QUINTA FORMOSA (South Portugal inter-tidal) weight increased steadily. At SAGRES (South Portugal submerged) weight increased until October 2005 with a rapid decrease afterwards. Until June 2006 there was a slight increase followed by another decrease and rather erratic since then. Accumulated weight was highest in spring and summer, lowest in autumn.

· At ADSA (Canary Islands) the weight increased until March 2006, then slowly decreased.

Weight of fouling was mainly due to the blue mussel Mytilus edulis, the ascidian Ciona intestinalis and kelp species at the northern sites in Norway, Scotland and Ireland. 

At the southern sites in Spain and Portugal weight was mainly due to soft-tube forming amphipods and polychaetes and associated algae. However, the weight is not an issue here, compared to the North.
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The graphs show the huge variability in the wet weight of biofouling measured on the CRAB panels across Europe. The lower graph (James Newman, South West Ireland), has a steady increase reaching a plateau of more than 4.5Kg of wet weight on the 20x20 cm panel after 25 months! This compares with the more variable and ‘peaked’ wet weight development observed in Sagres, South Portugal, (top), where the wet weight oscillates around 20-30g, with an initial peak at 45g. Of course, the principal biofouling species account for this variability. 

Dominant species 

The Table below gives a summary of the main biofouling species for each of the CRAB sites, by location from North to South.
	
	Partner Name
	Location
	Dominant Fouling species

	[image: image16.emf]NORTH
	VAL AKVA
	Mid Norway
	kelps Alaria esculenta and Laminaria sp.

ascidian Ciona intestinalis

blue mussel Mytilus edulis.

	
	BOEMLO
	South Norway
	algae Ectocarpus sp.

bryozoan Watersipora sp.

	
	LAKELAND
	[image: image17.jpg]


West Scotland
	ascidian C. intestinalis

blue mussel M. edulis

kelp Laminaria sp.

	
	CURRY
	South West Ireland
	

	
	FASTNET
	South West Ireland
	 blue mussels Mytilus spp.

	
	JAMES NEWMAN
	South West Ireland
	

	
	MARSAN
	East Spain
	tube-forming amphipods and polychaetes

	
	QUINTA FORMOSA
	South Portugal, intertidal!
	Barnacles Balanus amphitrite, Elminius modestus

crustose coralline algae

oysters

tube-forming amphipods and polychaetes 

	SOUTH
	SAGRES
	South Portugal
	tube-forming amphipods and polychaetes

Enteromorpha sp. and other algae

serpulids Pomatoceros sp. 

barnacles Balanus perforatus

	
	ADSA
	Canary Islands
	tube-forming amphipods

polychaetes

solitary ascidian Pyura sp

colonial ascidians

sponges


Fouling communities between sites were different from each other for most of the months for every site.

The fouling communities at the sites appear to form two major regions: a northern and a southern region. The divide lies between Ireland and Spain. 

The southern region is generally dominated by soft-tube forming amphipods and polychaetes, while the northern region is more diverse and dominance cannot be linked to only one species. In fact, dominant species in the northern region are the blue mussel M. edulis, the solitary ascidian C. intestinalis and kelp species. 

There are two sub-regions in the northern region. The first is the Irish region which is continuously characterised by blue mussels. The second region is the Norwegian/Scottish region which is separated in the first year due to C. intestinalis, but combines with the Irish region in the second year. There are exceptions in both regions. In the northern region, BOEMLO is very different from the other sites being dominated by the brown alga Ectocarpus sp. and the bryozoan Watersipora sp. This is probably due to being a very sheltered site with lower salinity (as low as salinity 28). In the southern region, VIVEIROS & QUINTA FORMOSA is different from the other sites being dominated by crustose coralline algae and barnacles. This is due to being an intertidal site. All other sites are sub-tidal. 

Species changes over time

Changes in the fouling composition and species cover over time were measured in terms of the percentage cover on the CRAB panels and the long-term succession of the community was analysed using special statistical methods (ANOSIM and SIMPER). Two examples of the CRAB sites are provided here. More examples can be found in the Best Practice Guidelines (see www.crabproject.com). 

[image: image18.jpg]


In Mid-Norway (VAL AKVA, below), three periods per year of changing fouling composition changes were observed. In spring, from June to July or May to June, in autumn, from September to October or August to October, and in winter, from November to February. In spring 2005, fouling consisted mainly of Alaria esculenta, Ectocarpus sp., red filamentous algae, Cladophora sp. and barnacles. By autumn the abundance of the ascidian Ciona intestinalis and the blue mussel Mytilus edulis had increased. Over winter, the hydroid Tubularia sp. and the ascidian Ascidiella scabra had recruited. By late spring Laminaria sp., brown filamentous algae and serpulids were also found in the community. Blue mussels increase over the second summer and autumn, whereas the abundance of C. intestinalis decreased.

[image: image19.emf]In West Scotland (LAKELAND, left), there were two periods when the fouling community changed. The first in the first summer from June to August, with the appearance of the ascidian Ciona intestinalis and its rapid increase in percentage cover. The second in summer, as the cover of blue mussels started to increase prior to storm damage in November 2006. 

Impact of temperature, salinity and turbidity

Data on temperature, salinity and turbidity (visibility, indication for algal bloom) was recorded using a standard protocol by the CRAB sites on a minimum monthly basis. This ‘abiotic’ data was compared with the biological fouling community data in a statistical (BIOENV) analysis. 

No correlation between biotic and abiotic data pattern could be found for any site over time.

The lack of correlation may be due to a ‘low resolution’ or the lack of replication of abiotic data. However, locally established communities may be more important in determining the fouling pattern. A better correlation could potentially be established by the use of ‘high resolution’ abiotic data from the relevant agencies and conducting modelling. At the CRAB sites, the water temperature ranged between 3.77 ± 0.35 ºC in South Norway (BOEMLO) in March ’06 and 25.38 ± 0.64 ºC at East Spain (MARSAN) in August ’06. Parallel peaks and troughs of temperature and turbidity were observed at the site in South Portugal (SAGRES), probably indicating upwelling (low temperature, low turbidity) and downwelling events (high temperature, high visibility).

Short-term fouling and spatfalls

Short-term fouling or spatfalls were assessed on a monthly basis for each site. The spatfalls for the major fouling groups, blue mussels, ascidians, hydroids, algae, tubeworms and barnacles, over the two years were combined for every site. Two examples of the CRAB sites are provided here. More examples can be found in the Best Practice Guidelines (see www.crabproject.com).
In general, spatfalls of invertebrate larvae occurred all year round at the southern sites in Spain and Portugal. The further north, the more limited were the spatfalls to certain times of the year. 

Mid and South Norway[image: image20.emf]
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At VAL AKVA, (Mid Norway, top left) algae or diatoms recruited all year, hydroids from April to November, Tubularia sp. from August to October, barnacles in April, May, August. Ascidians recruited from June to August, blue mussels in June, July and October. Serpulids recruited from June to October. At BOEMLO, (South Norway, top right) algae or diatoms recruited all year, hydroids from February to October and in December. Ascidians recruited from July to September, serpulids in October. Asterias rubens recruited in April and May. 

West Scotland
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At LAKELAND, (left) algae or diatoms recruited all year round. Ascidians from January to March and in July and August and October and November. Hydroids recruited in August, September and November to January, Tubularia sp. in August and September. Serpulids recruited in August, September and November. 

4.2 Biofouling strategies

Biofouling is a complex and recurring problem in all sectors of the European aquaculture industry. Considering the low cost margins, current priorities and operating environments, it is vital that low cost, practical methods are found and introduced to control biofouling. This section reviews strategies to reduce the effects of fouling and is largely based on work carried out in CRAB. 

Antifouling strategies: general overview
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The antifouling sector, mainly fulfilling the needs of the shipping industry, has for decades undertaken a great deal of research into developing toxic and to a minor extent non-toxic antifouling strategies. Virtually none of this work has considered the specific needs and issues related to aquaculture. It is esential to use the acquired knowledge from shipping as a base to develop sustainable approaches to reducing the biofouling problem within aquaculture. There are three main principles to antifouling as shown below.
A diverse selection of potentially available antifouling solutions is summarised on the next page. Modifying and field-testing a selection of these strategies has helped to determine which could find an application within the European aquaculture industry. For each strategy, CRAB has developed performance criteria in order to take it through the various test stages. These are linked with a thorough literature review of existing knowledge and currently available technology on the market. The criteria are numerous, and include antifouling efficacy, application methods, coating integrity, durability, economic efficiency, sustainability and compatibility with other methods (details of these criteria are provided in the Best Practice Guidelines).
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Cleaning practices

Information on cleaning techniques and practices applied by the aquaculture industry has been compiled from questionnaires sent out and completed by finfish and shellfish farmers across Europe. Scientific and commercial literature has supplemented the information provided for these techniques, along with further investigations as part of the CRAB project to compare efficiency of some of the main techniques that may be used for cleaning. 
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 Cleaning of shellfish
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MANUAL CLEANING of shellfish (scrubbing and/or brushing) - Of the partners in CRAB, shellfish are manually cleaned at JAMES NEWMAN (South West Ireland), PROMOCIONES MARSAN (East Spain) and SAGRES (South Portugal). Generally this is said to be an easy process but shells can be easily damaged. Effectiveness against fouling can be good but mussels, ascidians and barnacles may be problematic. Manual shellfish cleaning needs to be repeated after up to 26 months for oysters whereas scallops for example are only cleaned when moved from bags to trays. At these sites person hours per annum range between 70 and 2500 (approx. 9% of total person hours). The cost can be up to €15.000 per annum (up to 30% of total costs). In some areas the technique has a negative effect on stock and up to 10% of stock can be lost. This technique results in much less damage and lower mortality than other strategies but is much more labour intensive and so less commercially viable. Manual cleaning can incur high labour costs depending on minimum wage structures in the country of production. 

MECHANICAL CLEANING of shellfish - Mechanical cleaning can involve drum washers or mechanised brushes, often as part of a processing chain before packaging for sale or transport. Losses in terms of mortality or waste can be as much as 20% by weight with further damaged stock reducing the value of the cleaned stock. Long line mussels can have thinner shells than bottom grown mussels and these can be more at risk of breakages during the cleaning process. There have been patents submitted for cleaning machines to cater for thin shelled mussel stock. Of the partners in CRAB, mechanical cleaning of shellfish is carried out at BOEMLO (South Norway), FASTNET (South West Ireland) and PROMOCIONES MARSAN (East Spain). Machines used can be a home-made drums (approx. €5.700), a Cochon brush grader or a high pressure shower. The machines last between 5 and 15 years. Ease of use was rated between very easy and satisfactory however shells can be damaged. 

The effectiveness of mechanical cleaning against fouling is variable as algae and hydroids are easily removed while barnacles and tubeworms are not. 

The procedure needs to be repeated approximately every 8 weeks during the fouling season or just before selling, depending on stock species. Person hours per annum spent on this technique can be up to 500 (5 to 40% of total person hours). Cost per annum ranges between €5.000 and €10.000 (5 to 30% of total costs). Other than for the homemade drum, there can be negative effects on stock and 2 to 20% of the stock can be lost. The homemade drum used for oysters only breaks the edge of the shell which is wanted and therefore not considered as damage. 
HOT WATER IMMERSION - Shells are cleaned in 70°C water at SAGRES (South Portugal). The equipment required for this treatment lasts about 2 years. This technique was rated very easy to use, but damage to the stock species occurs and about 5% of stock is lost. Effectiveness in removing fouling is very good. The procedure is repeated every 4 to 8 weeks. Person hours per annum are approximately 400, cost per annum is €10.000 (together with manual cleaning the total cost for shellfish cleaning at this site is roughly 15% of total costs). 

In one study, hot water treatment at 55°C for 5 seconds was successful in killing fouling organisms and maintained a comparable level of stock mortality to untreated seed stock (2)
HIGH PRESSURE WASHING - High pressure washing of shellfish is an effective technique for removing all types of fouling. As with manual scrubbing it can be quite labour intensive but is limited to use only as part of the pre-sale processing for delicate species such as scallop. With other, hardier, species it can be used periodically during the growing season to reduce fouling levels to try and prevent reduction in growth rates. 

Reports from New Zealand showed mixed success using high pressure cleaning (2). A rotating jet of water was 100% effective (≥ 2000 psi for 2 seconds) in the removal of the kelp seaweed Undaria, a standard high pressure jet was less effective removing only 60 to 90% of fouling depending on pressure and duration. High pressure water jets can be used to enhance mechanical cleaning and has successfully been used with oysters in this way. As stock pass through a rotating drum high pressure water jets help fouling and sediment removal as part of the processing set up.

DIPPING IN FRESHWATER - Mussels are not unduly affected by a two day soak in fresh water. They can be soaked in freshwater at relatively low cost, although the water must be changed to maintain salinity ≤ 1 psu (2). This treatment can most likely be also carried out for oysters, as they can also close fully and live intertidally.

Further benefits are apparent when seed stock is transported between sites as the stock can be soaked to kill fouling organisms on route. This also reduces the risks of unwanted species being transported across regions. 

Mussels are fast growing so it may be best for mussel farmers to use freshwater as an end of season treatment only. This avoids interrupting the growing season. However the technique could be used in other countries, for example Canadian mussels are very thin shelled, so mechanical cleaning is not a viable option. Decomposition of fouling material when soaking in freshwater is likely to produce anoxic conditions to accelerate the effects of freshwater treatment (2).  In addition soaking has been proposed as a control method of juvenile sea stars on mussel lines (3). Although not strictly a fouling organism, predation by sea stars can affect stock mortality. The focus in these studies is on mussels, but its use could be considered for other bivalve species: provided that they are resistant to low salinity! 

DIPPING IN CHEMICAL SOLUTION - A number of different chemicals (acetic acid, hydrated lime, saturated brine or hypochlorite solution) have been used to kill fouling species on shellfish with differing levels of success. These chemical sprays are reported as being more effective against soft bodied fouling species (e.g. ascidians). The duration in acetic acid solution (5% concentration) required to kill hard bodied foulers resulted in 50% mussel stock mortality (4). Acetic acid (5%) spayed on to fouling for 15-30 seconds kills Ciona intestinalis (sea squirt) with no corresponding mortality in mussels or oyster stock (5). Acetic acid was much better than other chemical solutions in this regard. The bivalve shells should be closed, therefore this method can only be used for certain species such as mussels and oysters. Otherwise (such as with scallops) an increased mortality of up to 50% stock mortality is possible (6). Shaking stock before applying the treatment is a useful step to avoid open shells. Fouling is successfully killed by soaking in 4-5% acetic acid solution for 1 minute. If this treatment is used in conjunction with long transportation (roughly 24 hours), it is important to have soaking carried out after transportation or the stock must be rinsed before transportation (4).Removing mussels from lines for washing/spraying increases the effectiveness of the treatment in terms of biofouling mortality but can increase the mortality of the stock as well. As mussels reattach to the byssus threads they are exposed to the residual chemical solution (6).

Any chemical application must be carefully considered for safety of work force, along with containment or neutralisation procedures to avoid environmental contamination.
Cleaning of Infrastructure

AIR DRYING of infrastructure - Air-Drying is used by VAL AKVA (Mid Norway), operating a “double net” system. Half the net is pulled out to air dry whilst the other half remains in the water. This is a useful technique as it saves on cleaning costs and reduces fish stress associated with changing nets. However, an experienced team is required to change the exposed area of netting. Ease of use is apparently good, but there can be damages to the netting caused by hooks used to secure the drying area of the raised net.

Effectiveness against fouling is good although in the summer the technique must be repeated every 4 to 8 weeks. Person hours per annum are approximately 50 (1% of total person hours) and cost €1.100 (0.3% of total costs for the site). There can be a negative effect on the stock through stress caused by the decrease in water volume. The technique can be combined with an anti-fouling coating.

The length of exposure time for each half of the net is important and should be taken into account. 

For example in one study, while air drying for 2 days was long enough to kill some algae at 55-85% relative humidity, at higher humidity levels (95% relative humidity) the alga Undaria pinnatifida could survive for more than 8 weeks. Although these results are from drying of the fouling on shellfish it is believed they show applicability to in-situ net drying (2).

Whether any additional cleaning should be applied (e.g. scrubbing or jet washing) could depend on the intensity and type of fouling present. Results from studies carried out as part of the CRAB project suggest little increased benefit of scrubbing after drying for medium levels of soft fouling. 

Where large amounts of hard fouling species are present, scrubbing before drying showed greater reduction in fouling than scrubbing after. It is important to consider that removal of fouling at the site before drying may release live propagules back into the water column. This is less likely after drying.

MECHANICAL CLEANING of infrastructure - Mechanical cleaning can take place either with nets in-situ or when returned to shore. 
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In-situ (netting) - Disk cleaners can be used either from the surface, from a support vessel and supporting structures around the cages, or by divers.
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It is important to limit the use of disk cleaners to times when water flow will take the dislodged fouling material away from the fish inside the cage. Otherwise solid materials disturb the stock and there is increased risk of contact with pathogens associated with micro and macro fouling (e.g. Neoparamoeba pemaquidensis, causative agent of amoebic gill disease in Atlantic salmon (7).
Consideration of the flow direction is important at a farm level, not just for carrying fouling away from the individual cage being cleaned. The released fouling can be carried by currents and resettle on other cages within the farm and contribute to heavier fouling in these areas. This may also affect benthic habitats down current so it is necessary to ensure that no sensitive habitats are nearby.

Mechanical removal does not necessarily result in fouling mortality. 

Some fouling species release propagules on disturbance (e.g. algal species); others may be colonial and when broken up during the cleaning process each piece has the capacity to start a new colony (e.g. hydroids). Aquaculture producers have also reported that algae grows back faster after disk cleaning as it is not removed from the net at the base.
Disk cleaners cannot be used if the production is subject to organic certification. In this case, the standards call for nets to be removed from the site and cleaned appropriately on land.

Of the CRAB partners, disk cleaners are used by CURRY (South West Ireland), LAKELAND (West Scotland) and VAL AKVA (Mid Norway). The disk cleaner can cost initially up to €30 000 and lasts between 3 and 7 years. Ease of use was rated as medium, but nets are not damaged. Effectiveness against fouling is medium as blue mussels and large hydroids might not be removed and this potentially leads to the development of a monoculture of these species. During the fouling season, fouling has to be removed again after 4 or more than 8 weeks. Person hours per annum range from 45 to 160 (0.1 to 10% of total person hours) and cost per annum between €2.000 and €7.400 per site (0.03 to 1% of total costs). There can be a negative effect on the stock as the dislodged material from the water jet of the cleaner can cause stress. The technique can be combined with an antifouling coating. 
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ONSHORE WASHING - Onshore washing of nets is usually carried out using seawater - no detergents or chemical cleaning agents are used. Net repairs, disinfecting and subsequent application of antifouling coatings are combined by some operations into one service. 
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The cost of the hardware makes ownership by individual farms prohibitive. Certain regions (e.g. in Norway & Ireland) have companies that take nets from the farms and clean them or a group of farms join or form a co-operative and purchase a machine between them. 

Of the CRAB partners, net washing machines are used by CURRY (South West Ireland), LAKELAND (West Scotland) and ADSA (Canary Islands). Initial cost ranges from €60.000 for a simple machine up to €1.000.000 for a net washing station, the machine lasts between 5 and 15 years. Ease of use and damage to the material seems to depend on the model and user experience. Nets are dried beforehand and all fouling can be removed. Netting with normal mesh size does not have to be washed again for more than 8 weeks at northern and southern sites, if antifoulant has been applied for a year. 

COMPARISON OF COSTS - The costs of cleaning for 4 fin-fish sites participating in CRAB were compared. They all use one or some of the cleaning methods described above. The costs are summarised below.
Summary of cleaning costs at 4 fin-fish sites participating in CRAB 

	Site
	Cages
	Net surface area (m2)
	Disk Washing
	Machine Washing
	Net drying
	Total
	Cost to clean (per m2)

	ADSA 

(Canary Islands)
	22
	1417
	-
	€151.448
	-
	€151.448
	€4.86

	CURRY 

(SW Ireland) 
	7
	1085
	€1600
	€32.200
	-
	€33.800
	€4.45

	LAKELAND 

(W Scotland)
	8
	1440
	€288
	€50.912
	-
	€51.200
	€4.44

	VAL AKVA 

(Mid Norway)
	5
	1727
	€815
	€12.577
	€3.391
	€16.782
	€1.94


The majority of costs relate to machine washing and the lower annual cost at VAL AKVA may be due to the combination of disk and net drying strategies to limit the use of machine washing to once a year. The labour charge at Val Akva can be up to 5 times that at other sites, yet the practice still reduces overall costs. At least 3 of the sites contract out net washing, again the lowest price for this service featured in Norway (after conversion to Euro currency) and this may be a reflection of the size of the aquaculture industry in that country. 

The costs per m2 in the table also suggest for ADSA, CURRY and LAKELAND (which have the nets washed twice a year) that despite the regional variation between Spain, Ireland and Scotland, the overall cost of this strategy is relatively similar across Europe. 

JET WASHING - This was found to be one of the more effective cleaning strategies in CRAB with regard to labour cost. A simple petrol powered jet washer is relatively inexpensive and can be used from a support boat or on farm cage walkways. Care needs to be taken when using this technique with shellfish infrastructure. Furthermore, some [image: image32.jpg]


species (e.g. scallop) can be adversely affected when cleaning trays with stock inside. Of the CRAB partners, low power washing is used at PROMOCIONES MARSAN (East Spain) only. The low power washer costs about €1.000 and needs replacing after 3 years. Ease of use is satisfactory and there are no damages to the materials. Effectiveness against fouling is deemed satisfactory, algae and hydroids are easily removed, although barnacles and tubeworms are not removed. Trays need to be washed again after more than 8 weeks. Person hours per annum are approximately 350 (20% of total person hours) and cost per annum at this site is €3.500 (10% of total costs). The strategy is not combined with other strategies at the site. There is no negative effect on stock. 

Of the CRAB partners, high power washing is used at JAMES NEWMAN (South West Ireland) only. The high power washer costs about €1.000 and needs replacement after 15 years. Ease of use is very good and there is no damage to the materials. Effectiveness against fouling can be very good if the fouling is at an early stage or very bad after a mussel spatfall as mussels and hard fouling are not removed. Trays need to be washed again after 4 to 8 weeks. 

MANUAL CLEANING (trays) - Of the CRAB partners, trays are manually cleaned by scrubbing at VIVEIROS QUINTA FORMOSA (South Portugal), PROMOCIONES MARSAN (East Spain) and JAMES NEWMAN (South West Ireland). Depending on the site, this method is either very hard or very easy to use. Effectiveness against fouling is good, all fouling can be removed, but there may be problems with calcareous fouling like barnacles and tubeworms. Generally, material is not damaged; however, one site reports damages. Trays are scrubbed between once and 4 to 8 times per year. Person hours per annum needed ranges between 80 and 3,000 (approx. 10% of total person hours). Cost per annum can be up to €36.000. This strategy is not combined with any other strategies and no negative effects on stock are reported. 

Antifouling Coatings
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Biocidal net coatings 
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Most finfish antifouling net coatings currently incorporate Copper Oxide (Cu2O) as the active ingredient. Nearly all commercial net coatings are water-borne (no organic solvents) and have Cu2O as the prime biocide in concentrations up to 20%, often in combination with one or more organic booster biocides such as SeaNine, Zinc pyrithione (=Zinc Omadine) and Dichlofluanid. Nets after manufacture or after servicing are dipped in paint solution for 2-4 hours and dried by machine or air. Uptake of the coating treatment is approximately 1 litre of treatment per kg of net. Treatment can be diluted to allow better penetration into the netting particularly for previously treated nets. Pressure washing or underwater disc cleaning of copper coated netting is not recommended, except as an emergency measure, as the coating can be removed from the netting. 

Treating the netting with an antifouling coating is an important strategy in addition to mechanical cleaning. Biocidal net coatings are still widely used in the industry. These coatings work through the release of a biocide into the seawater that deters and/or kills the fouling.

There are some net coatings that are designed to prevent UV degradation of nylon netting; these are acrylic type coatings and bitumen, usually applied to the top 1m of netting and are not designed to prevent biofouling. 

Only low tech, low cost antifouling paints are used in aquaculture. These coatings are effective for 4-6 months depending on the leaching rate of the biocide(s), water temperature and fouling pressure. Copper based net coatings are not effective against all fouling types as some algae and hydroids can grow on treated netting. 

At present, copper based net coatings are the only cost effective treatment available. This is particularly true for farmers with large cages (70m circumference or more) and located at exposed or high energy locations, where manual, air drying or mechanized cleaning methods are inappropriate. The current cost is approximately 4 Euro per litre paint/kg netting. Cost of treatment varies with location and is likely to increase with the increasing demand for copper as raw material. 

Results from CRAB suggest that cleaning costs can in some cases be roughly halved for netting with a copper treatment.

The release of antifoulants into the marine environment is controlled by local and/or (inter)national waste discharge regulations that are in turn guided by wider environmental quality objectives. Antifouling products including those used for aquaculture fall under the pesticide category and are regulated by a number of bodies such as the Biocides Products Directive EC 98/8/EC http://ec.europa.eu/environment/biocides/index.htm). Biocidal net coatings contain active ingredients and therefore need to obtain approval from the authorities before they can be put on the market. 

Legislative pressure on biocidal antifoulings is increasing but there are no clear indications that copper based products will be prohibited in the near future for aquaculture. 

Servicing stations must strip the copper from the residue from net washing to minimize environmental impact. Farmers should also monitor the copper concentration in sediments around their farms.

Use of biocidal coatings 

A summary of the advantages and disadvantages of biocidal coatings

	
	Advantage
	Disadvantage

	Availability
	Many products exist, widely available. Mainly copper based.
	

	Applicability
	Existing net treatment infrastructure can be used.
	Waste removal. Waste water cleaning. Careful cleaning and drying is essential prior to net impregnation.

	Performance
	Acceptable.
	Limited to maximum of 1 season. Not sufficiently effective against algae.

	Cost
	Roughly 4 Euro/L per Kg netting.
	Periodic cleaning and re-treatment is required which is costly.

	Health and Safety Implications
	All commercial products are approved for use in Europe.
	Contains biocides which are harmful to the environment and humans. Registration costs are high and are incorporated in market price.


New coating developments
In recent years significant effort has been put into the development of low toxicity or biocide-free antifouling coatings for shipping. Some of these developments are relevant to aquaculture and are summarised here. 

Coatings with low/non-toxic active ingredients - These include coatings based on leaching of low or non-toxic active ingredients. These may be enzymes or natural products (for example furanones from algae, pepper extracts or menthol extracts). Enzymes are potentially very effective in reducing biofouling. However, commercial products have not yet been developed for aquaculture. Field testing of some preliminary candidates in CRAB indicated some potential but more research is needed. There are some products on the market incorporating natural antifoulants but they are rarely used due to high prices. Furthermore, their efficacy is not clear. A selection of non-commercial candidates has been field tested in CRAB. The general outcome is that the performance of these candidates is not very good. It must be remarked that the tested systems are still under development. 

In other marine sectors (shipping/yachts), products are often advertised as "wonder products", but often without reliable supporting data. When transferred to the aquaculture industry, these alternatives are much more costly than current biocidal net coatings.

Well proven, commercial products for netting do not yet exist and a major bottleneck for all new products containing active ingredients is registration, for example through the BPD (Biocidal Product Directive). 

Fouling-release coatings - This type of coating works on the principle that fouling does occur on the surface but due to low bioadhesion is easy to remove. Fouling-release or non-stick coatings have a low surface energy and most products on the market are silicone based. The coatings do not contain active ingredients. The fouling release properties of silicones are mainly attributed to their “non-wettable” surface (water doesn’t form a surface film but rather falls away from the surface (like beads of water on a freshly waxed car). They work, not so much by stopping fouling in the first place- but by reducing adhesion strength so that the organisms are readily attached under flow- e.g. when a ship or boat starts to move in the water. A number of existing silicone products for products were tested in CRAB for performance and applicability in aquaculture. 
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The application of these coatings on flat surfaces such as boat hulls and shellfish trays requires a 3-component system to achieve good adhesion to the substrate. The means that a primer, tiecoat and top coat are needed. However, for nylon netting, the primer and tiecoat are not required. 

It is possible to apply silicone coatings with normal net impregnation procedures (i.e dipping and drying). This was the approach used in CRAB but it should be stressed that for optimum properties the net should be spread when dried to avoid drying in a non-uniform shape. A disadvantage is that the products are solvent based and are supplied as 2- or 3-component products with a limited shelf life. Field testing at several CRAB sites showed that most of the silicone products performed well throughout the 2-year test period: fouling did accumulate on the silicone treated netting, but at a slower rate than non-treated control netting. More importantly, the fouling was easy to remove. 
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Mechanical properties were tested and microscopy gave structural information. It was found that the silicone polymer penetrates the netting fibres on the outside but to a very limited extent on the inner area. For strength and durability, integration with the netting is thought to be very important. This may be an area that paint and perhaps netting manufacturers could work on in the future. Mechanical strength tests of the netting revealed that some ingredients in the silicone paint can actually weaken the netting. Silicone paint is usually in two or three parts: one or two silicone components and the hardener/crosslinker. The hardener was identified to be the main cause for weakening the netting. Different silicone paints were used and generally the netting was only weakened 1 to 9%. This amount may be significant for some applications. 
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As previously mentioned, the silicone coatings used in CRAB were intended for shipping and solid infrastructure. 

Netting is a system which is constantly moving and subjected to high loads and stretching. For example, when lifting and stretching the coated netting, cracks could appear at the intersections or knots. The flexibility of the coating therefore needs to be higher to allow stretching to the limits set by the nylon. 

Clearly for boat hulls this extra flexibility is not necessary and not incorporated in the coating. For netting therefore a specially designed silicone coating is required. As periodic cleaning will still be likely in most areas, the design of a new silicone paint should also play close attention to the cleaning mechanisms that will be used. Issues such as coating integration with the netting and weakening by the hardener must also be considered. 

At present, silicone is a costly alternative to copper based treatment. It is hoped that the higher cost of silicone may be offset against an increased duration between applications or by increasing the life of a coated net. At current costs one application would have to last anywhere between 2 - 10 years, based on copper based antifouling being reapplied every 6 months. However at the moment this seems unlikely considering the cracking in the coating that occurs with loading. Additionally the weakening effect of solvent in the silicone is likely to decrease the nettings useful lifetime. 

Top of the range marine vessel systems have a greater than 5 year expected lifetime (with some intermediate repair of local damage). When applied to netting it is likely that unless great care is taken with cleaning and handling this time period is likely to be reduced. The cracking and brittleness of nets with silicone paint is also likely to have an impact on how silicone coated nets are stored when not in use. Feedback from aquaculture producers suggests that this stiffness or lack of flexibility may increase labour costs in the handling of coated nets during changes or cleaning. Another area that will impact on costs is the adoption of a new strategy by the industry. At present the equipment and procedures are set up for the application of copper based paints and solutions to nets. These are water based compared to silicone, which requires use of a solvent for application. However since silicone is non-toxic, washings from silicone coated nets should not require processing before discharge. 

Until the use of copper based paints is phased out (either at a European or global scale), and there are improved economies of scale in production and supply of alternative coatings, it is unlikely that silicone coatings will be adopted because of their high cost and application issues. 

Silicone fouling-release coatings on shellfish trays - Silicone coatings were also evaluated for use on trays commonly used in the shellfish industry (see below). The silicones coatings were applied through high-pressure paint spraying. Contrary to netting, the full paint system is needed when protecting flat surfaces, i.e. a primer, as silicone tiecoat and finally the silicone top coat. Extensive mechanical data was collected for trays fouled for varying time periods at various sites with different coatings. None of the data suggests any significantly detrimental effects of the fouling or coatings on mechanical properties of the trays. However some silicone coatings after time were found to delaminate from the trays after only a few months use, particularly with abrasive forces.

It might be anticipated that the action of shellfish stock within trays rubbing against tray surfaces with wave or swell movement may remove coatings at a faster rate. It was also noted that the paints do not integrate with the tray materials as intimately as with the silicones.

 SHAPE  \* MERGEFORMAT 



Field testing of shellfish trays coated with silicone based fouling-release coatings showing local delamination of coating. Control tray piece is on the left. 

Cleaning of silicone coated trays can take up to five times less than cleaning of standard trays. However due to the effects of peeling this efficacy decreases with time. However just like the netting the silicone coating applied to the trays was not originally designed for that purpose. On that basis silicone does show potential for use on trays. 
Summary of the advantages and disadvantages of silicone fouling release coatings

	
	Advantage
	Disadvantage

	Availability
	Existing products for shipping can be used
	No commercial products available for aquaculture

	Applicability
	Existing net treatment infrastructure can be used. Only top-coat is needed for nylon netting. Can also be applied to shell fish trays.
	For flat surfaces the system has to be applied in 3 steps: primer, tie coat and top coat. Most products to be used as 2- or 3-component product with limited can life. Sensitive to moisture (careful cleaning and drying is essential prior to dipping).

	Performance
	Fouling is very easy to remove. Expected lifetime: several years.
	Fouling does occur. Prone to mechanical damage.  Some silicones may have detrimental effects on netting properties.

	Cost
	Will last for several years. For netting only the top coat is needed.
	High product cost.

	Health and Safety Implications
	Biocide-free.
	Contains organic solvents.


Spiky coatings - [image: image41.emf][image: image42.emf] 

A spiky coating with protruding "needles" (0,2-2mm) deters certain types of fouling. Although currently not in commercial use, a prototype net product is under test in Turkey (more information can be found at www.micanti.com). In CRAB,  a broad range of fibre types and densities has been developed and evaluated. Coating application is critical and not straight-forward. The substrate is coated with glue, after which the needles are electrostatically charged and fired to the substrate, using a spray gun. The coating makes the net slightly stiff but this can possibly be solved by using a different glue. The fibre coated netting shows highly increased breakage loads (145%) and very similar elongation properties to silicone coated netting.
The outcome of the CRAB field testing was that the coatings were not sufficiently effective to take care of the broad fouling spectrum. However, the coatings do, to some extent, reduce specific types of fouling such as barnacles and tubeworms and are therefore potentially suitable for specific regions or applications. 

Nets treated with spiky coatings are likely to be higher in cost than copper treated netting, although the system is potentially effective for more than 1 season. 

Antifouling coatings based on nanotechnology - The most recent development in antifouling is the application of nanotechnology to protect surfaces against biofouling. The nano-properties of surfaces have a great impact on bioadhesion and biofouling. These properties can be used to design new, biocide-free surfaces with fouling deterrent and/or fouling-release properties. Many of these are currently under development in the European AMBIO project (http://www.ambio.bham.ac.uk). The contractors in this project are taking full advantage of new capabilities of manipulating molecules to develop 'smart' surfaces with antifouling properties. A wide range of concepts are covered, including coatings with carefully controlled nano- and microstructures (left), polymer-based nanocomposites, superhydrophobic/superhydrophilic systems and ‘smart’ or ‘stimulus-responsive’ polymer systems. A wide range of end-uses are envisaged, including aquaculture. No products are expected until approximately 2010, but field testing is scheduled to start in 2008. The systems are not based on active ingredients, so registration will not be required. It is very likely, certainly initially, that product cost will be high. Perhaps a spin off can then be developed specifically for aquaculture. This development could on the long term be delivering the next generation of biocide-free antifoulings. 
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Novel Materials - Instead of treating the netting or trays with an antifouling coating, an alternative strategy is to develop new polymers with inherent antifouling or fouling-release (easy-to-clean) properties and use these polymers as raw materials for the manufacture of netting and trays. The costs of such new materials with effective antifouling properties are currently unknown and will depend on the type of the material. It is most likely that they will be more expensive than current nylon materials. 

AquaGrid (PVC coated Polyester) is a commercial product that replaces normal netting. The product does not have, as shown by CRAB, any inherent antifouling properties. Another product, Netseal, is made from acrylic PVA. The product has no antifouling properties as it’s main purpose is UV protection. Other systems are in a research and development phase. Two examples: 1) in the EU financed SPAN  project, the Atlantic Fisheries College (Shetland, UK) has developed prototype antimicrobial polymeric materials for fish nets (www.nafc.ac.uk/Research/span.pdf); 2) CSIRO (Australia) developed the ‘Aquaculture Smart Oyster Tray’ (trays manufactured from polymers containing slow-release antifouling chemicals) (www.csiro.au). 

Biological control

At present there are few, if any, examples of biological control in place in the aquaculture industry at large. Several studies have shown the benefits of biocontrol in reducing fouling on infrastructure and stock animals, resulting in increased growth, quality and survival of the stock species. Such benefits may help to shorten the culture period for the stock species, thereby reducing costs to the industry. However, evidence to date has been anecdotal or from limited experimental observations, as opposed to large scale trials. 

It is thought that grazing animals may have potential for controlling biofouling - not just on infrastructure (cages, nets, trays etc) but also of shellfish stock.

The periwinkle (Littorina littorea) has been shown to increase oyster growth rates by 30% by controlling the algal fouling on infrastructure, thereby maintaining water exchange and food supply. However, non-algal foulers require predatory control such as crabs, the benefits of which were happened upon by accident in 1978. Crabs were shown to reduce fouling by 76-79% in oyster culture, resulting in stock growth increases of 10-60% and shell quality improvements. The dogwhelk (Nucella lapillus) has also been utilised within bivalve culture, reducing the presence of mussels and increasing stock survivorship. Even fish have been employed to control ascidians in bivalve culture trays and for sea-lice and net fouling in salmon farming. The use of predatory species requires care as they may have the potential to predate on the stock.
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Urchins have been successfully used to control fouling on both infrastructure and shells within suspended bivalve culture. Some studies have shown a 74% reduction of fouling on infrastructure and a 71% fouling reduction on the shells of the stock themselves (including the reduction of barnacles and tube worms).

Studies within CRAB initially set out to identify the most suitable grazer for shellfish culture. These Studies initially looked at the gastropod snail (Monodonta lineata) and the urchin (Paracentrotus lividus), which were incorporated within scallop tray culture at three different grazer densities (2, 5 and 10 per tray) at a site in SW Ireland. The initial pilot study during the 2005 fouling season showed promising results; highlighting urchins, at the lowest study density (2 animals per tray), as being more efficient at keeping fouling in check than gastropod grazers of any of the three study densities.

From this initial study, a density of two urchins per tray was selected for a full trial incorporating scallop stock during the 2006 fouling season. The early results for this portion of the study have been less positive and it appears that the filtering effect of the stock species is in itself a major control of fouling organisms to the interior of the culture trays. However, this does not appear to affect the fouling on the exterior of the trays – meaning that the tray stacks still require regular cleaning.

The incorporation of grazers into scallop culture in the CRAB field trials was conducted in conjunction with a laboratory behavioural study in order that the relationship between grazers and shellfish could be assessed. This is very important as it would be beneficial for grazers to prevent fouling on the stock species as well as on the aquaculture infrastructure itself. However, any damage by the grazers on the stock is obviously unwanted and requires to be studied in order that successful deployment of grazers within the sector can be guaranteed not to affect the stock. Thus far the behavioural relationship between all grazers and stock species (scallop and oyster) has been shown to be benign in nature. Scallops were apparently able to define the differences between the tube-feet of grazing urchins and the tube-feet of predatory sea-stars. Therefore, it was shown that the use of grazers should not negatively impact on the health and well-being of the stock species in culture. Urchins have been found to control fouling very well on fish cages, but do need protection from exposure to storms etc.

Wrasse have been used to reasonable effect and there is an added benefit with fish farming from wrasse feeding on sea-lice and other parasites of stock. However, wrasse can also bite/nip stock animals when feeding on lice, which can decrease presentation value, increase stress and susceptibility to disease, therefore decreasing survival and increasing mortalities. Also they need structures included at the bottom of cages for shelter and over-wintering. Additionally a fishery for wrasse is required as large numbers of wrasse are needed and often need to be replenished annually. At this time it is unclear if is this is an economically sustainable option. There is the potential with animals of commercial value as grazers to gain economically from their use, selling them on after a season’s growth.

The use of grazers to control biofouling is still in its infancy and progress to an economically viable method of fouling control and removal may yet be some way off. However, it is likely that future trends within the industry will be ‘environmentally friendly’ in nature – a category into which biocontrol fits. 

This trend will benefit and accelerate research into the potential use of biocontrol techniques of fouling control. There are unquestionably benefits to the use of grazers as anti-fouling agents; however these are likely to be dependant on the culture species, the biocontrol species, the culture method and the density of grazers utilised. Therefore, site-specific studies need to be carried out in order that the appropriate balance is achieved.

Other antifouling strategies

In addition to the strategies covered in the previous sections, a number of other strategies have been briefly covered in CRAB (summarised below). These methods are only being used locally or are under development. 

Enzyme technology to remove biofouling from shellfish

A novel method to reduce the effects of biofouling on shellfish is to use food-grade enzymes to remove biofouling from shellfish. The hypothesis is that enzymes degrade the bioadhesive (glue) and weaken the attachment of biofouling to shellfish. This would facilitate the cleaning process prior to further processing. 

Enzymes are potentially very powerful in degrading the adhesive between the fouling organism and the substrate, but work carried out in the CRAB project has indicated a number of potential bottlenecks. 

In laboratory experiments mussels and glass slides fouled with adult barnacles were dipped in solutions of enzymes. The selected enzymes, proteases, had in a previous EC funded project been defined as powerful agents against barnacle and algal fouling (8). The effect of the treatment on barnacle adhesion was quantified through barnacle shear adhesion force measurements. The result was not promising: the tested enzymes did not significantly reduce the adhesion between adult barnacles and mussel shells. Fouling organisms are generally firmly attached to shellfish, and penetration of the enzyme between the biofouling and shellfish is a likely bottleneck. Other bottlenecks were also defined. Firstly, there are many different fouling organisms that need to be removed from shellfish; each has its own bio-adhesive, which means that a mixture of (expensive) enzymes would be needed to do the job. Secondly, the possible effects of the enzyme treatment on the stock needs to be taken into account with regards to toxicology, shell colour and taste. The tested enzymes were found to be toxic to the mussels in the CRAB experiments. 
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Left: mussels and glass slides fouled with barnacles, immersed in solutions of enzymes (proteases). Right: quantifying the effect of the enzymes on bioadhesion through barnacle shear adhesion force measurements (ASTM method D5618-94).
Colour 

Another interesting approach is to take advantage of the antifouling effect of certain colours. The CRAB researchers conducted a literature review about spectral sensitivity of marine larvae, followed by laboratory and field tests to determine the effect of colour on biofouling. [image: image48.jpg]
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The colours black, white, dark blue, light blue, green, yellow and red were tested in a randomised design. Colour as property of materials was tested in a lab experiment and in the field. Settlement preferences of the barnacle Semibalanus balanoides were assessed at University Marine Station Millport, Scotland, in April 2006. The result here showed settlement of the barnacle species was higher on black or red than on dark blue, green, yellow or white. The results of the laboratory tests largely agree with this. Some of the findings correspond to earlier studies (9,10). Taking into account the tested specific colours and top coats only, any antifouling coating other than silicone or any material that is used on the farm should be preferably dark blue, green, yellow or white to reduce fouling. Black or red should be less preferred colours based specifically on the colours tested. It should be also be noted that colour of the substratum only has an effect on settlement on a surface that is preferred for settlement (sticky surface) but not on a surface that is not susceptible for settlement (non-stick surface; silicon).
Colours that reduce fouling may be dark blue, green, yellow or white. Colours that increase fouling may be black and red. However, further research is needed. 

At present the use of black trays and nets is widespread in the aquaculture industry. The presence of copper in the antifouling paints often gives a characteristic red/brown colour; these were the colours preferentially chosen by barnacles over the others that were tested. The black trays are cheapest but if white or light blue trays resulted in reduced levels of fouling with lower cleaning costs, then the extra cost may be warranted. This is a consideration that could be included to increase the effectiveness of future coatings and materials. The colour approach is most likely not sufficiently effective by itself but useful in combination with other strategies (e.g. give a fouling-release coating a minimum fouling colour). 

Electrochemical antifouling

A final antifouling strategy that has been evaluated in the CRAB project is the use of electrochemical principles to deter/kill fouling. There are basically four approaches: local and in-situ generation of antifouling agents such as chlorine or hydrogen peroxide through hydrolysis of seawater, pH shifts localized at the surface, surface charge and Formation of gas flow (bubbles). A major advantage is that such a system could be switched on and off depending on the need. Electricity as an antifouling strategy is used in water intake pipes of cooling systems in the form of low voltage or pulsed electric fields. CRAB trials under semi-field conditions established proof of concept for aquaculture. The approach was to obtain a local generation of high/low pH through application of low voltage electric fields. 

Electrochemical antifouling has promise for the future but is not yet used in aquaculture. 

The approach is potentially possible for net cages when using a conductive substrate such as metal structures or nylon with conductive coatings or with conductive threads incorporated in the fibres. With current technology this is feasible, but it needs to be taken up by the industry especially raw material and net producers.
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5. Discussion/conclusions
5.1 Combining knowledge of the biological factors with the different strategies
Farmers should use knowledge of biofouling season and plankton/spatfall monitoring to anticipate and plan net changing and the cleaning of culture equipment.

Removing infrastructure during major fouling spat fall periods - At present the resolution of the baseline data and spatfall patterns is monthly, with limited quantitative data to suggest which months might be more heavily fouled in terms of abundance or percentage cover. Information from the CRAB baseline does suggest this strategy would be more practical in higher latitudes, where there is more seasonality to the annual pattern of spatfalls, compared to lower latitudes where spatfalls are not periodic and the accumulated fouling mass remains relatively low by comparison. The timing of net placement or changes is important to avoid main foulers. Farms will often stock in the autumn and then change nets come spring or early summer when fish get larger. There is potential here to co-ordinate net changes for shortly after major spatfall events. Then there is less risk of nets becoming heavily fouled soon after immersion, allowing for longer between cleaning. Again the baseline data suggests this may be more relevant to farms located at higher latitudes.
Lowering infrastructure to minimize settlement levels - Since it is not feasible to remove bivalves for any great length of time, other techniques to avoid fouling need to be considered. In this scenario lowering trays or mussel lines out of surface waters, which have been found to contain greater numbers of larvae of many fouling species before settlement, can decrease the fouling pressure on infrastructure and stock. This has been shown to work in studies with scallops. There was no detrimental effect on mortality by suspending trays lower in the water column and fouling levels were reduced. However, so too was the growth rate due to lower levels of food (phytoplankton) further away from surface waters. A possibility here may be to lower trays and stacks for months that are identified as having heavy fouling and then raise them back closer to the surface during periods of low fouling pressure to maximize growth rates.

Culture gear can also be lowered to the bottom to make use of natural predators to control fouling. In Nova Scotia, to combat Ciona intestinalis fouling, gear had been lowered to the bottom to allow predation by the rock crab Cancer irroratus. In the Nova Scotia situation it was important to time retrieval of gear to avoid stock predation by starfish.

Regular cleaning (has to be balanced out in relation to the need to reduce handling of stock) to prevent poor stock health and improve growth – i.e. sponges and mussels can anchor scallops to the base of the tray so they cannot move to avoid predators or one another, therefore leading to increased stress. Thinning of mussels (and all other bivalve stock species) regularly to increase health, growth and yield of stock – dropping of lines to prevent secondary settlement and/or trays at maximum times of settlement i.e. trays suspended on long-lines do not get covered in mussels. Regular oyster bag turning (more during fouling season) assists in reducing fouling and helps oyster growth.

The most important factor in managing biofouling remains the same in all locations. It is the possibility to accurately predict the occurrence of fouling episodes, such as mussel spat fall.

5.2 Promising strategies & possible future initiatives

The CRAB project has three combined dimensions:

1) The scientific approach to develop new/improved biofouling control strategies

2) The management approach through the SME’s to demonstrate and improve existing biofouling control strategies

3) The learning approach through demonstration and/or testing methods

Underlying these dimensions is the scientific baseline study, creating knowledge about the aquaculture biofouling community around Europe. The tate-of-the-art of antifouling strategies has also been presented along with CRAB appraisals of these strategies. 
Key messages

· Biofouling persists as a significant practical and economic barrier to the development of competitive aquaculture and there is a need for cost effective, sustainable solutions to the fouling problem. 

· While the CRAB project has not been able to come up with complete solutions, it has shown that potential for improvement exists.

· The large difference in the cost of biofouling control around Europe, and even from SME to SME inside a particular country, underlines this need for focus on improvements. 

· Cleaning, through various methods, is the most widely used strategy in many countries, and is either carried out by the company itself, or by specifically trained companies contracted by producers. 

Promising short term strategies

· Silicones are a promising technology, but bottlenecks still exist before wide availability may be envisaged. New materials such as silicone based fouling-release coatings most likely have to be used in combination with mechanical cleaning and/or early warning systems. 
· The colour approach is most likely not sufficiently effective by itself but useful in combination with other strategies (e.g. give a fouling-release coating a minimum fouling colour).

· Biological control has shown promise and could certainly be attempted on a low level trial basis by farmers. It may be that in some locations the environment is suitable for grazer use.

Potential long-term strategies and barriers

· No biocide-free alternatives to copper-based coatings are currently available, however promising developments have been identified, particularly silicone. 

· New systems containing active ingredients (biocides or systems based on natural products) that have been developed specifically for the aquaculture sector are not likely to appear due to registration costs.  However, those that are developed for the general maritime transport sector and are also find applications in aquaculture.

· Nanotechnologies are promising, and there are many new approaches being developed, though certainly not specifically for the aquaculture industry. The major benefit is that no active or biocidal ingredients are required and hence no registration costs are required. The techniques and technology are largely in their infancy, hence efficacy and costs are far from optimum. However for the future there are high expectations. 

· For electrochemical antifouling, proof of principle has been shown. The limitation in CRAB and the remaining challenge is scaling up for real life applications such as fishnet cages. The associated costs however may make it an unlikely approach. 

Ongoing research

· Ongoing research projects in the area of antifouling such as ONR www.onr.navy.mil and AMBIO (www.ambio.bham.ac.uk ) are addressing some of the above-mentioned issues. These are specifically silicones: their cost, application, constraints and mechanical strength). 

Information sharing

To maintain the momentum created by CRAB, the following initiatives are proposed:

· The CRAB web site has made considerable progress in making good examples of “European best-practise biofouling control” from different farms and different species widely available. It should now be built upon and regularly updated with new knowledge and experience.

· A European network of scientific institutions working with aquaculture biofouling research and/or marine biofouling in general should be established. 

· Respecting the strong competition between both industrial SME’s and research institutions to find THE solution to marine biofouling, a European conference on marine biofouling should be promoted – and possibly organized by the European Aquaculture Society, with the support of the Federation of European Aquaculture Producers and the European Mollusc Producers Association. This conference will focus on cooperation and joint initiatives to achieve the desired goal.

6. Dissemination and use
6.1 Introduction

The CRAB Description of Work lists several important deliverables for the European aquaculture sector:

· Biofouling Manual (Deliverable 21)

· Best Practice guidelines for Biofouling (D22)
· Recommended and proven biofouling reduction strategies for protecting aquaculture infrastructures and cultured organisms (D25)

· Confirmation of the socio-economic benefits of fouling control strategies within the European marine aquaculture industry and a brief overview of the potential for the selected strategies in other sectors (D26)

· E-Learning Interactive Tool for Biofouling management D23)

· Training Materials (D29)

This Plan for Using and Disseminating Knowledge (D28) covers the networking and other actions required by the consortium partners, as well as information on the monitoring of dissemination. Training events at a regional level are the key to transfer of the knowledge developed by CRAB.
6.2 Exploitable Knowledge and its Use

The CRAB project has produced certain Deliverables that have a potential for use in terms of increasing our knowledge about aquaculture biofouling at a European level.

CRAB has addressed two principal areas of biofouling:

1. Monitoring the biofouling problem at fish and shellfish sites around Europe

2. Assessing commonly used and new strategies for biofouling control 

In this respect, CRAB has not produced ready-to-use new products or technologies, although it has shown potential new uses for materials such as silicone based fouling-release coatings and has demonstrated proof of principle for electrochemical, natural grazers and colour solutions as potential antifouling strategies. 

Many of the contractual deliverables of CRAB are confidential or for restricted circulation. These include various protocols designed for other partners in the CRAB consortium – notably on the methodology for the monitoring of biofouling at their sites. Protocols were also established for standardised handling and reporting of data within the project, as well as to adapt recognised (scientific) methodology for material testing and assays. They also included the main elements of the Biofouling Best Practice Guidelines, the Biofouling Manual and E-Learning Interactive Tool for Biofouling management that are the main publishable results of CRAB. This information has been produced for wide dissemination as a PDF file (available from www.crabproject.com), as a web-based interactive training resource, and as a CD rom.
The results obtained by CRAB are owned by the IAGs in the consortium. The Consortium Agreement clearly defines the process by which new knowledge is managed and used.

With regard to the general use of non-protected knowledge: 

· Primary exploitation is by aquaculture producers using the new guidelines and management recommendations to improve farming practice and make informed choices.

· Application of the outcomes in other sectors is being promoted when relevant or appropriate.

· Partners are continuing to seek exploitation opportunities within their sectors.

· Training tools are being made available free to a global audience through the CRAB web site, as well as to targeted users (including education establishments) in Europe as hard copies and CDs. These tools are available in English and in Spanish.

Antifouling management strategies investigated in CRAB

Some of the CRAB strategies have, as summarised below, been shown to be potentially applicable in the aquaculture industry. However, further development is required for most strategies before full-scale implementation in the industry is possible. 

Biological control - Principle: Use natural grazers to prevent fouling of, or remove biofouling from, aquaculture infrastructure and/or stock. There are unquestionably benefits for the use of grazers. Though there are many variables such as culture species, the biocontrol species, the culture method and the density of grazers utilised. Grazers can be potentially cultured and sold after use. Further work is needed to ascertain appropriate stocking densities, and then accurate assessment of the potential cost vs. benefit can be made. 

Materials/coatings - Principle: Use biocide-free coatings or other materials with antifouling or fouling-release properties to protect aquaculture infrastructure. Silicone based fouling-release coatings have been identified as promising biocide-free antifouling coatings for aquaculture. The primary benefit is their ease of cleaning which has been very clearly proven. Current limitations are cost, durability (in terms of cracking), delamination occurrence on trays, roughly double weight for coating netting and some farmers may find the increase in stiffness a problem. Some solvents were also found to weaken the netting. Most if not all of the problems occur because existing silicone paints were used from the shipping industry (the requirements are quite different). It is therefore recommended  that producers  work together to design a new application-specific silicone based coating or system.  
In addition some promise was demonstrated by ‘spiky coatings’ to resist fouling from some fouling species but not all. Coating application is critical and not straight-forward. Breakage strength of the netting can dramatically increase but there is some stiffening of the netting. None of the other coatings trialled were considered effective.

Electrochemical antifouling - Principle: Use electrical/ electrochemical concepts to keep aquaculture infrastructure free from biofouling. Proof of concept for aquaculture was obtained in CRAB, but upscaling was unfortunately not feasible within the CRAB timeframe and budget. It is thought to be potentially possible for aquaculture when using a conductive substrate such as metal structures or nylon with conductive coatings or with conductive threads incorporated in the fibres. With current technology this is feasible, but it needs to be taken up by the industry especially raw material and net producers.

Colour - Principle: Use colour of the substratum to help deter biofouling (infrastructure).

Results showed that settlement of barnacle species was higher on black or red than on dark blue, green, yellow or white. This is significant because these colours are very commonly used in aquaculture. Colour only seemed to have an effect on adhesion to surfaces that do not have inherent antifouling properties. The colour approach is most likely not sufficiently effective by itself but useful in combination with other strategies (e.g. give a fouling-release coating a minimum fouling colour).

6.3 Dissemination of Knowledge
Principal dissemination activities undertaken by CRAB

The Table summarises the principal dissemination activities undertaken by CRAB over the full duration of the project. 

	Dates
	Type


	Type of audience
	Countries addressed
	Size of audience
	Partner responsible /involved

	June 05
	Articles in Aquaculture Press 
	General public
	Worldwide
	5000 estimated circulation
	TNO, EAS

	2006
	Posters
	General 
	Worldwide
	2000
	AquaTT

	2006
	Flyers
	General
	Worldwide
	2000
	EAS

	Ongoing
	www.crabproject.com
	Higher education
	Worldwide
	
	TNO

	2006/

2007
	Newsletters
	General
	Worldwide
	
	EAS

	May 06
	Exhibition stand
	Industry ( International aquaculture sector )
	Worldwide
	3250 visitors from 44 countries
	EAS/TNO/AquaTT/UCC/UCN/ MIC/BORIS

	May 06
	International workshop (2)
	Industry and science (international aquaculture sector
	Worldwide
	
	EAS/TNO/AquaTT/UCC/UCN/ MIC/BORIS

	Ongoing
	Conference presentations and publications (see www.crabproject.com for details)
	Scientific community
	European and Worldwide
	Varied
	RTD partners

	Spring 07
	Regional Training events
	Aquaculture producers
	Norway, Spain, Portugal, Ireland
	50
	AquaTT/TNO/UCC/UCN and partners in countries

	June 07
	On-line training material/interactive tool for biofouling management
	General
	Worldwide
	unknown
	AquaTT

	June 07
	Biofouling Fact Sheets
	General
	Worldwide
	2000 hard copy
	AquaTT

	June 07
	Best Practice Guidelines
	Aquaculture Producers
	Europe
	Estimate 1500 users
	EAS with input from all major partners


Articles in the Aquaculture press

Articles on the CRAB initiative were produced early in the project, to raise awareness of the project. Notably, a leading sector publication, Fish Farming International, has published two articles on CRAB. The article material, as well as the newsletters (see below), have been sent to contacts within the aquaculture and marine technology sectors. These include:

Aquaculture

· Aquaculture Europe magazine and EAS website

· FEAP and Aquamedia (website and newsletters)

· AquaTT and “Training News” newsletters

· Fish Farming International (UK, monthly newspaper)

· Fish Farmer (UK,bimonthly magazine)

· Fish Farming Today (UK monthly newspaper)

· Aquafilia (France, bimonthly magazine)

· EUROFISH Magazine and web site

· Ruta Pesquera (Spain, bimonthly magazine)

· Europa Azul (Spain, bimonthly magazine)

· Mar (Spain, monthly magazine)

· Ingeniería Naval (Spain, monthly magazine)

· Mis Peces (Spain, website; http://www.mispeces.com )

· Apromar (Spain, website and newsletters; http://

 HYPERLINK "http://www.seafood_today.com" 
www.apromar.es )

· Observatorio Español de Acuicultura (Spain, website and newsletters; http://www.observatorio_acuicultura.org)  

· Seafood Today (website and newsletters; http://

 HYPERLINK "http://www.seafood_today.com" 
www.seafood_today.com) 

Marine Technologies / Fouling

· The Marine Technology Society (http://www.mtsociety.org/)

· http://www.marinescienceandtechnology.com/
· IMAREST http://www.imarest.org/default.asp
· Glasgow Marine technology Centre  http://www.eng.gla.ac.uk/marine/index.htm
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The web site

The web site http://www.crabproject.com focuses on the e-learning resources that CRAB has generated. It also contains the newsletters, publications and other non-confidential project information. Details of the consortium partners and links to their web sites are also visible. A photo section is also included and a partners-only access intranet has also been developed, where confidential project documents, administrative and financial guidelines are available.

The Biofouling Manual, Best Practice Guidelines and other public deliverables are accessible through the website. 

CRAB newsletters

During the last part of the project, CRAB produced three newsletters, targeted at a wide audience. The newsletters were distributed by all partners and posted on the CRAB web site.
Exhibition stand at AQUA2006

Accompanying the workshop below, CRAB representatives presented the project at the exhibition, which welcomed 3250 visitors from 44 countries. 

International workshop at AQUA2006

An International workshop was held at the occasion of the AQUA2006 event in May 2006, organised by the European Aquaculture Society and the World Aquaculture Society. 

The workshop, entitled “Towards European Best Practice in Aquaculture Biofouling” looked to create a discussion forum by addressing each of the two main areas of CRAB (fouling on infrastructure and fouling on cultured organisms), with a short presentation from an RTD partner and an SME partner.  A total of 34 participants from 19 countries attended the workshop. Analysis of organisation name showed that attendance was split 44% from industry (including industry associations), 44% from science and education and 12% from government institutions. The high number of countries represented in the workshop showed the level of international interest in the CRAB initiative. Sharing experiences and the challenges that the CRAB consortium faces in terms of the success of the initiative, show that European initiatives such as CRAB are useful as a model for cooperation in other countries and regions. A workshop summary report was posted at the CRAB web site. 

A second international seminar, organised by AquaTT at the Aquaculture International exhibition in Glasgow, UK and also in May 2006, addressed various aquaculture and fisheries presentations, generally linked to issues related to aquaculture management, the environment and governance. The seminar included two presentations on the CRAB initiative.
Conference presentations and publications 

CRAB partners have presented scientific work on the baseline and the strategies appraisal at various European and World events. These are detailed in the table below. The material used in these presentations is being prepared for peer-review publication in relevant scientific journals.

	Date
	Event
	Location
	Presentation

	August 2005
	Aquaculture Europe 2005
	Trondheim, Norway
	Keynote lecture: Biofouling in Aquaculture (Contribution of CRAB towards economic and environmental sustainability in European marine aquaculture) 

	October 05
	Xth Spanish National Aquaculture Congress
	Valencia, Spain
	Reduction of  biofouling in European aquaculture – the CRAB approach 

	March 06
	HAVBRUK 2006
	Bergen, Norway
	General CRAB poster 

	May 06
	AQUA2006
	Firenze, Italy
	Fouling and antifouling in aquaculture – a review

	May 06
	AQUA2006
	Firenze, Italy
	Patterns of recruitment and development of biofouling at European aquaculture facilities

	May 06
	AQUA2006
	Firenze, Italy
	Fouling remediation through the use of grazers in shellfish aquaculture

	May 06
	Aquaculture International
	Glasgow, UK
	General CRAB presentation 

	May 06
	Aquaculture International
	Glasgow, UK
	Aquaculture Biofouling – Best Practice 

	July 2006
	13th International Congress on Marine Corrosion and Fouling
	Rio/Brazil
	Stereological analysis of Biofouling (poster)

	July 2006
	13th International Congress on Marine Corrosion and Fouling
	Rio/Brazil
	Fouling and Antifouling in Aquaculture – A Review

	July 2006
	13th International Congress on Marine Corrosion and Fouling
	Rio/Brazil
	Patterns of recruitment and development of Biofouling at European aquaculture facilities

	July 2006
	13th International Congress on Marine Corrosion and Fouling
	Rio/Brazil
	Fouling remediation through the use of grazers in shellfish Aquaculture


Regional Training events

In Year 3, regional workshops were organised in Norway, Spain, Portugal and Ireland. These workshops allowed practical demonstration and hands-on training of some fouling control technologies and the management support tools. They also allowed good exchange of information on the content of the CRAB guidelines, and how it could be improved.

The main objective was to present an overview of the CRAB project with an emphasis on the research outcomes and their relevance to farmers. Key biological and physical parameters that can help predict biofouling events were reviewed and presented in conjunction with a case study on a local farm which is experiencing similar biofouling problems to participants. Advice on how to measure and interpret these parameters along with practical biofouling management techniques was given with a strong emphasis on the most cost effective methods. This advice was presented in the context of a decision tree to show farmers how to select an appropriate strategy to reduce the negative effects of fouling. Each participant will be provided with a manual containing overviews of all biofouling species and technologies, products, and strategies for managing biofouling in the form of a CD-rom produced by the consortium containing the eLearning Interactive Tool for Management of the Biofouling Manual and the Best Practice Guidelines through the local organiser at the end of the project. 

On-line training material/interactive tool for biofouling management

AquaTT has used its expertise in teaching materials to turn the content of the Best Practice Guidelines results into user-friendly stepwise tools guiding producers through their options when assessing what biofouling prevention they should use. This also includes clear information on the biology of biofouling organisms (see Fact Sheets, below) as well as a decision tree, helping visitors to the site navigate easily to the most relevant material for their particular activity and site.

Biofouling Fact Sheets

The fact sheets are available on the web site and as hard copy, for aquaculture producers. They include detailed information on the biology of biofouling species encountered throughout Europe, as well as information on control methods. The Biofouling Manual was produced in a laminated, loose ring bound format for ease of use in a working environment. The contents are also available from the eLearning section of the CRAB Project website (www.crabproject.com), in both English and Spanish. 
Twenty five fact sheets, split into 5 main groups or organisms, were produced in total, based on the most common fouling species associated with aquaculture across Europe.

Best Practice Guidelines

See the next section for detailed information on this specific document. 
6.4 Publishable Results

Title: European Best Practice in Aquaculture Biofouling

Description: Information targeted at producers of finfish and shellfish in marine locations throughout Europe. The guidelines include the following sections and sub-sections:

1. About CRAB

a. The Biofouling problem


b. European Collective Research

c. Assessing strategies

d. This document

2. Biofouling in European aquaculture – seasonality and predictability

a. A pan-European baseline

b. A standard protocol

c. Major biofouling species and groups

d. Weight of biofouling

e. Dominant species

f. Species changes over time

g. Impact of temperature, salinity and turbidity

h. Short-term fouling and spatfalls

i. Mid and South Norway

ii. West Scotland

iii. South West Ireland

iv. East Spain

v. South Portugal Canary Islands
3. Biofouling strategies

a. Antifouling strategies: general overview

b. Cleaning practices

i. Cleaning of shellfish

ii. Cleaning of Infrastructure

c. Antifouling Coatings

i. Biocidal net coatings

ii. New coating developments

iii. Novel materials


d. Biological control

e. Other antifouling strategies

i. Enzyme technology to remove biofouling from shellfish


ii. Colour

iii. Electrochemical antifouling

f. Combining knowledge of the biological factors with the different strategies

4. Promising strategies & possible future initiatives

5. The CRAB consortium

6. Annex 1 - CRAB performance criteria for antifouling strategies

7. Annex II -The CRAB protocol for measuring antifouling at your site

This information has been produced for wide dissemination as a PDF file (available from www.crabproject.com), as a web-based interactive training resource, and as a CD rom. The material is available in English and Spanish.

Possible market applications: The guidelines are designed as a support tool for aquaculture producers, as well as for information on the nature of European biofouling for all interested parties. The protocols developed in CRAB may be useful for future research studies in this area, and are published as annexes to the guidelines.

Collaboration sought or offered: CRAB partners (information and contacts published on the CRAB web site) are open to collaboration in the areas of non-confidential information exchange, training and consultancy services.

Intellectual Property Rights: None have been applied for, following agreement within the CRAB consortium.

Contact Details: 
CRAB Co-ordinator, Mr Peter Willemsen

TNO Science and Industry

PO Box 505, 1780 AM Den Helder, Netherlands.

www.tno.nl, E-mail: peter.willemsen@tno.nl
Scientific publishable results

New to the state-of-the-art are the outcomes of the following CRAB studies:

1. Development and evaluation of a wide range of materials and coatings. 

2. Investigation of the use of several other strategies to protect aquaculture infrastructure and stock: natural grazers, electrochemical antifouling, husbandry and cleaning practices, and colour. 

3. Evaluating the effect of antifouling treatments such as coatings and biofouling on aquaculture materials (such as netting and trays). 

4. Pan-European fouling study at 11 aquaculture sites within the consortium. 

5. Cost/benefit analysis and Risk assessment of short-listed antifouling strategies.

The CRAB RTD partners, together with specific SMEs are planning to publish these results in scientific, peer-reviewed journals. 



A net washing machine (from Norway).





Left; a basic disk washer. Middle; a disk washer used from a supporting vessel. Right; a disk washer used by a diver





A selection of machinery used in the cleaning of shellfish 





Figure 7 - Technologies and strategies to combat biofouling on submersed surfaces (after Willemsen 2005 (1))
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Setting up the panels at an Irish mussel farm.





Overview of the biofouling baseline sites








Biofouled rope and buoy 





 Biofouled mussels





A copper net treatment facility





Left and middle: Fouling does occur on non-stick or fouling-release coatings but can easily be removed. Right: application of silicone fouling-release coatings is through dipping.





Field testing of nylon netting coated with silicone based fouling-release coatings. Images were taken after two years immersion at SAGRES (South-West Portugal). 





Scanning Electron Microscope (SEM) images of nylon netting treated with silicones. The silicone coating is clearly visible between the fibres.





Left: Nylon netting on a roll, ready to be used for net production. Middle: detail of a blue fibre coating on nylon netting. Right: fish net cage treated with blue fibre coating.





Examples of nanostructure coatings developed by TNO in the AMBIO project. The effectiveness against biofouling is determined by the size and distribution of the surface structures. Broadly speaking; Left: anti-algal. Middle: anti-barnacle. Right: anti-bacterial. 





Sea Urchins on the net of a fish net cage





Design of the colour lab experiments conducted in coated plastic petri dishes. Dots represent settled barnacles.





Left: set-up of CRAB experiments at TNO with electrochemical antifouling. Right: nylon rope protected through pulsed electric fields. 
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