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Abstract 
Invasive species are one of the biggest threats to global biodiversity and are associated 

with huge economic costs. The biggest vector for marine invasive species spread is 

shipping, making harbours hotspots for marine invasive species. Concrete is one of the 

main materials used in harbours. Biofouling organisms have been shown to be influenced 

by changes to the surface properties of materials at both species and community level. 

Six types of concrete were selected for study based on their possible ability to reduce 

biofouling by marine invasive species; Portland cement, GGBS, a formliner-altered 

surface, two exposed aggregate surfaces and the first ever hairy concrete surface. Physical 

properties (roughness and mercury intrusion porosity) and chemical properties (XRD, 

XRF and pH) of each type of concrete were categorized. Five harbours were searched 

from Arbroath to North Queensferry on the East Coast of Scotland for invasive species. 

Panels of concrete were deployed at three locations on the East Coast of Scotland for 21-

months. At one location panels were also removed at 4, 7 and 21-months to measure 

colonisation, and deployed from April to August and August to December to explore the 

influence of seasonality. A total of eight invasive species were found in the harbour 

searches and biofouling studies. No type of concrete within this study resisted biofouling 

by marine invasive species after 21-months across all three locations. The invasive 

barnacle Austrominius modestus had significantly lower cover on hairy concretes at two 

locations and exposed aggregate concretes at one location. Changes to the physical 

properties to the surfaces of concrete had more of an influence on biofouling than 

chemical changes. Both micro (sub mm) and macro (mm+) changes to roughness 

influenced biofouling. This study cannot recommend one singular type of concrete for 

the reduction of marine invasive species but presents further quantitative information 

about how biofouling, of both invasive and native species, interacts in the field 

environment with the properties of concrete surfaces. 
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Chapter 1 Introduction to Biofouling, Marine Invasive Species and Ecological 
Engineering  

One of the areas where the disciplines of marine biology and engineering overlap are 

when materials and structures are deployed into the ocean and become colonised by 

marine life, a process called biofouling (Andersson et al., 2009). Biofouling can lead to 

problems with large economic and environmental impacts, such as increased fuel costs 

(Callow and Callow 2002) and invasive species (Williams et al., 2010). The main focus 

of biofouling research has fallen on antifouling paints aimed to remove all biofouling, 

and therefore less focus has fallen on the interaction of biofouling species with the 

material properties of unpainted surfaces. The application of antifouling paints may not 

always be viable option, for example on concrete surfaces in harbours. Furthermore, 

where we alter natural habitats for replacement by structures it may be more ecologically 

beneficial to enhance the surface to encourage biofouling, this field is referred to as 

ecological engineering (Mitsch, 2012).  

However, uncoated surfaces are at risk of biofouling by marine invasive species. Invasive 

species are considered the second biggest threat to global biodiversity (IUCN 2021) and 

cost the UK £1.7 billion annually billion (Defra et al., 2015). Once established a marine 

invasive species can be very costly and difficult to remove, therefore strong emphasis is 

on preventing establishment (Defra et al., 2015). Vectors for spread of non-native species 

in the UK are not predicted to decrease, and with climate change predicted to exacerbate 

the invasive species issue it is important to consider ways to prevent invasive species 

establishing in new areas.  

Ecological engineering has demonstrated that surfaces can be manipulated to alter the 

biofouling species and community (Coombes et al., 2015; Dennis et al., 2018). Therefore, 

manipulation of the material properties of structures deployed into the ocean may provide 

a solution to preventing marine invasive species establishment on uncoated surfaces. This 

may be particularly useful in harbours which are known hotspots of invasive species 

(Ferrario et al., 2017). Concrete is one of the most used materials in the world (Xiao et 

al., 2017, often used within harbours, and can be manipulated to alter physical and 

chemical material properties.  

There are still large gaps in our knowledge within this field which require 

interdisciplinary studies between marine biology and engineering to address. This study 
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presents a truly interdisciplinary study between marine biology and engineering to 

investigate if the modification of concrete surface can reduce marine invasive species.   

Section 1.1 Biofouling 

1.1.1 What is Biofouling?  
Any material that is placed into our oceans has the chance to become biofouled 

(Andersson et al., 2009). Biofouling is the settlement, attachment and growth of marine 

organisms on the surface of materials (Lewis, 1998; Callow and Callow, 2002). 

Biofouling occurs because many sessile marine invertebrates adopt a temporary 

planktonic life stage to allow populations to spread before finding new surfaces to settle 

on (Agostini et al., 2017). The ability of marine biofouling organisms to attach to the 

surface, across phylum, has been very successful due to the shared strategy of producing 

glues (Callow and Callow, 2002). The adaptation of producing and secreting underwater 

glues has led marine biofouling organisms to be able to attach to a wide variety of surfaces 

including natural surfaces, such as rocks, and artificial hard surfaces, such as plastics, 

metals and concrete. It is because of this highly successful ability to attach to surfaces 

combined with high settlement competition, as surface space is highly limited in the ocean 

(Leonard et al., 2017), that it is inevitable that every material in the ocean will experience 

some level of biofouling if left in the sea long enough. 

Marine biofouling organisms can be split into two categories of macro- and microfoulers. 

Microfoulers include organisms that are microscopic such as bacteria, protozoa, fungi, 

diatoms (Marszalek et al., 1979; Callow and Callow, 2002). Macrofoulers include species 

visible with the naked eye, including barnacles, seaweed and anemones (Callow and 

Callow, 2002). Biofouling of a new surface follows a four-stage process of succession 

(Figure 1). When a new surface is introduced into the marine environment a process of 

colonisation occurs where, generally, settlement of microfouling organisms happens first 

followed by macrofouling organisms (Callow and Callow, 2002). The settlement of 

microscopic species leads to a development of a biofilm, which in turn makes the material 

more favourable for macroscopic fouling to settle and inevitably dominate the surface. 

During both microfouling and macrofouling stages, there may be several phases of 

species change with fluctuations in the abundance and diversity of the formed 

community, but eventually a stable climax community will form (Vance, 1988).  
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Figure 1. Typical stages and order of colonisation of a new surface placed into marine environment. 

Despite the overall colonisation order often being consistent, the species that settle, the 

time at which those species settle, and the overall amount of biofouling will vary with 

both abiotic and biotic factors. Abiotic factors that influence biofouling can include 

location, temperature (Spidle et al., 1995), surface energy (Gatley-Montross et al., 2017), 

acidity (Brown et al., 2018), surface orientation (Connell, 1999), substrate colour 

(Dobretsov et al., 2013), surface roughness (Kerr and Cowling, 2003) and surface 

chemistry (Nir and Reches, 2016). Biotic factors that influence biofouling can include 

predation (Hedge et al., 2012) and competition (Leonard et al., 2017), larval supply 

ecology (Clark and Johnston 2005) and inhibition or facilitation by other biofouling 

organisms (Wieczorek and Todd 1998). The influence of each the biotic and abiotic factor 

can vary for each species and these factors can also all interact. The factors that influence 

biofouling are therefore very complex and there is currently no way to predict the 

biofouling communities that will develop on a surface.  

1.1.2 Microfouling vs. Macrofouling 
Literature shows that the microfouling species present may influence the macrofouling 

species that settle (Dobretsov and Qian, 2002). Studies investigating this are often 

conducted under controlled laboratory conditions and often only look at a small number 

of microfouling species influence on an individual macrofouling species, which leads to 

very few species being compared (Mieszkin et al., 2013). In real environments, the 

influencing factors are much more complex, with the microfouling community itself also 

being influenced by abiotic and biotic factors. When these tests are conducted in a marine 

environment it is suggested that other conditions, such as material type, may play a larger 

role in influencing macrofouling settlement than the microfouling community (Sweat et 
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al., 2017). In general, there is a huge lack of literature focusing on how microfouling 

influences the macrofouling community, with the majority of biofouling research 

focusing on micro- and macrofouling separately. Therefore, it is not within the scope of 

this study to address this gap and this thesis focuses on macrofouling. From this point, 

unless mentioned, all references to marine biofouling and marine non-native species are 

referring to macrofouling organisms only.  

1.1.3 Movement of Biofouling Organisms 
The mobile planktonic life stage of sessile marine species allows for the movement and 

distribution of these organisms. This movement is usually limited by currents (Dunstan 

and Bax, 2007), duration of the larval stage (Shanks et al., 2003) and/or a species 

tolerance of abiotic conditions such as temperature (Stuart-Smith et al., 2017). This 

results in species forming natural ranges where they have lived for thousands of years. 

Species can, however, move and establish populations outside their natural ranges. This 

usually occurs with some form of external interference or rapid changes in abiotic 

conditions, allowing for increased movement of the species (Geburzi and McCarthy, 

2018). These interfering factors are referred to as vectors and will be discussed in Section 

1.4. 

Section 1.2 Non-Native Species and Invasive Species 

The establishment of non-native species can cause serious economic and ecological 

issues. When this occurs, the species are referred to as a marine invasive species. Not 

every species living outside its native range will cause significant economic or ecological 

damage once established in a new area (Anton et al., 2019). However, in many instances 

damage has been done, leading to marine invasive species being considered one of the 

largest threats to global biodiversity along with climate change (IUCN, 2021). It is 

estimated that the economic impacts of invasive species in the UK alone is £1.7 billion 

annually (Williams et al., 2010). This section will expand on the ecological and economic 

impacts of marine invasive species, but will first discuss the ability to classify and fully 

record the potential extent of these impacts. 

1.2.1 Classifying a Species as Non-Native 
To class an organism as invasive it must first be classed as non-native, but determining 

this range can be difficult, depending on the length of time a species has been established 

in an environment. Some vectors for transport of marine invasive species, such as 

shipping, have been around for hundreds of years and many species that may be 
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considered ‘native’ have later been determined to have originated from other populations 

around the world (Webb, 1985; Brown and Sax, 2005). This study takes its definition of 

non-native species from the Joint Nature Conservation Committee (JNCC) which defines 

non-native species to be species that have reached the UK from non-European 

populations since the year 1500 (JNCC, 2021). Where a species’ exact origin cannot be 

determined it is defined as ‘cryptogenic’ (Geburzi and McCarthy, 2018).  

1.2.2 Classifying a Species as Invasive 
Once a species is determined to be non-native, research into its effects on the surrounding 

ecology or economy is required. Information on a species’ life history, taxonomy, and 

ecology can come from various different sources including academic research (Allendorf 

and Lunquist, 2003; Rius et al., 2009; Alex Perkins et al., 2013), government reports 

(Defra et al., 2015) and citizen science observations (Delaney et al., 2008). There are 

several databases in place which help to collate this information and the knowledge of 

invasive species experts. On an international level, the Global Invasive Species Database 

(GISD) has been created by the Invasive Species Specialist Group (ISSG), a global 

network of invasive species research specialists, to provide information on known species 

which cause ecological harm and are deemed invasive (ISSG, 2015). This tool has been 

key in informing risk assessments used by the EU to establish the threat from specific 

invasive species. This is done via databases such as the European Network on Invasive 

Alien Species (NOBANIS, 2020) and DAISIE (Inventory of Alien Invasive Species in 

Europe) (Roy et al., 2020), as well as consulting with scientists and expert organisations.   

To help collate this information for non-native species in the UK, the Great British 

Invasive Non-Native Species Strategy (GBNNS) was also set up (Defra et al., 2020). This 

collates knowledge of the 3,224 terrestrial and marine non-native species known in the 

UK and assesses their threat level through risk assessments. The risk assessments are 

undertaken by experts, followed by a process of one person peer review and evaluation 

by a panel of risk assessment experts (Baker et al., 2008). These risk assessments, and 

therefore the decision on whether a species will be classed as invasive, takes into account 

a number of factors. These include how it spreads, the species it may impact, the impact 

on the surrounding environment, how long it will take to spread, what resources it puts at 

risk and whether there are costs associated with actions that must be taken to control it 

(Baker et al., 2008). A matrix system is used, looking at the risk against the likelihood of 

establishment. A full breakdown of the methodology behind these risk assessments is 
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provided by Baker et al., (2008). These risk assessments then provide a list of marine 

invasive species where particular attention and funding can be directed. A total of 193 

terrestrial and marine non-native species deemed to be invasive species have been 

identified in the UK, 39 of these species are marine (Harrower et al., 2021). 24 of these 

39 species were identified to be potential biofouling species and the risk information from 

the Great British Non-Native Species Secretariat (GBNNSS) website (Defra et al., 2020) 

and is collated in Table 1. 

There are still gaps in our knowledge, as there are still some areas of marine invasive 

species research that are lacking. The influence of non-native and invasive organisms 

(terrestrial and marine) may be complex, potentially having effects at the genetic, 

individual, population, community and ecosystem level (Crystal-Ornelas and Lockwood, 

2020). These can all impact a wide variety of ecological factors including hybridization, 

abundance, fitness, diversity, habitat change, production and nutrient availability 

(Crystal-Ornelas and Lockwood, 2020). To determine the full breadth of the impact of 

the introduction of a non-native species baseline information relating to native species 

communities is needed. Ojaveer et al., (2014) points out that the lack of baseline 

taxonomic information, especially throughout Europe, has led to a reduced ability to 

notice changes in biodiversity caused by marine invasive species. Crystal-Ornelas and 

Lockwood’s (2020) study shows a heavy skew of research in the influence on population 

and community, but genetic or individual impacts are much less researched. Crystal-

Ornelas and Lockwood (2020) also highlighted a particular lack of long-term data for the 

impact of marine invasive species, with 50% of 2293 records having only measured the 

impact of invasive species at a single time point. It is therefore possible the impacts of 

non-native species could be underestimated, with focus falling currently on more 

obviously problematic species. It may therefore be best to assume, where possible, that 

any non-native species may cause harm and should be prevented from introduction or 

spread to new environments. From this point onwards invasive, cryptogenic and non-

native species will be referred to as either invasive or non-native interchangeably.  

Section 1.3 Impacts of Marine Invasive Species 

1.3.1 Ecological Impacts of Marine Invasive Species 
The ecological issues of invasive species can be severe. Invasive species were highlighted 

by the International Union for Conservation of Nature (IUCN) (2021) as being one of the 

biggest threats to biodiversity, surpassed only by climate change, which is also a 
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contributing factor to the invasive species issue. Marine invasive species pose a particular 

ecological issue as 12% of the IUCN red list for marine creatures are in some way directly 

affected by marine invasive species, which is much higher than the 6% effected by 

terrestrial and 2% by freshwater (Anton et al., 2019). Marine invasive species ecological 

issues include; habitat modification (Herbert et al., 2016), disease and parasite 

introduction (Lynch et al., 2016), alterations to genetic traits of native species (Braby and 

Somero, 2006) and change to ecosystem function (Lengyel et al., 2009; Theuerkauf et 

al., 2018). The list of threats or potential risks associated with the current 24 biofouling 

marine invasive species given by the Great British Non-Native Species Secretariat can be 

seen in Table 1.  

The marine invasive species already established in the UK are predicted to cause or 

already contribute towards many ecological problems. A common ability of many marine 

invasive species is to recruit and grow fast, enabling many to rapidly occupy a new 

substrate, reduce space for the growth of native species and even overgrow and smother 

native species (Geburzi and McCarthy, 2018). This can lead to direct negative impacts on 

native species if invasive species outcompete them for substrate space. 10 of the 24 UK 

invasive species on the Great British Non-Native Species Secretariat (Table 1) are 

identified as posing a risk of being able to directly outcompete species. Four species (three 

colonial tunicates Botrylloides diegensis, Botrylloides violaceus, Didemnum vexillum, 

one seaweed Agarophyton vermiculophyllum were noted to have the ability to smother or 

overgrow species. Tricellaria inoptata is also known to grow on mussels displacing 

native bryozoans and affecting the surrounding community (Loxton et al., 2017). 

Sargassum muticum is potentially in competition with threatened seagrasses Zostera ssp. 

in the UK (Davison, 2009) (Case Study 2). The ascidian D. vexillum, is one of the worlds 

worst invasive species and known to have smothered and overgrown to large biomass on 

structures and seabeds around the UK (Coutts and Forrest, 2007) and has already spread 

into Special Areas of Conservation (Case Study 1).  

Invasive species can also have large community impacts if the species modifies the 

surrounding habitat. Habitat modification can be defined as the modification, creation or 

maintenance of habitats (Rodriguez, 2006). 10 species listed in Table 1 have the potential 

to modify, or have already modified, the surrounding environment. All three species in 

the case studies demonstrate the significant impact that habitat modification can have on  
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 CASE STUDY 1: Didemnum vexillum (Carpet Sea Squirt) 

About: D. vexillum is a colonial tunicate, with two growth forms, an encrusting growth form and a 
pendulous growth form (Griffith et al., 2009). The country of origin for this species is thought to be 
Japan and since the 1960s it has been able to rapidly spread around the globe (Lambert, 2009). It is 
known to survive from depths of <1 m to 6 m, colonies will die off at salinities lower than 20 psu, with 
optimal salinity at 26 psu to 30 psu and it can survive in temperatures from -2°C to 24°C (McKenzie et 
al., 2017). 

Impacts: This species can overgrow native species on natural and man-made marine structures, 
including on structures associated with aquaculture and shipping. It is one of the most watched for 
marine invasive species, including having been part of a red alert by Defra, Scottish and Welsh 
Governments (Defra et al., 2020) to report any sightings of this species.  

Spread: Currently found in Northeast and west USA, British Columbia, France, Netherlands, Ireland, 
UK, New Zealand and Japan.  

History of Fouling in the UK: D. vexillum was first found in the UK, in Holyhead Marina in Wales in 
2002 (Griffith et al., 2009). Within one month of discovery a working group was formed from 
academics, government advisers and industry. Of particular concern was the spread of this species into 
the Irish Sea, where several Special Areas of Conservation (SAC) and the UK’s most productive mussel 
fishery are located. A three-year eradication programme was undertaken, which involved encapsulation 
of all surfaces in polyvinyl chloride (PVC) bags or sheets and calcium hypochlorite (Sambrook et al., 
2014). In May 2010, no D. vexillum was found, but by September 2010, 50% of the underwater surfaces 
in the harbour had been reinfected with D. vexillum. No further action could be taken until 2012 as 
funding for further removal was difficult to secure. In 2012, the same method was retried but in 
September 2013 D. vexillum populations were still there. In total, an excess of £800,000 was spent 
(Sambrook et al., 2014).  

Further to the fouling in Holyhead marina, D. vexillum has been found at other locations in the UK. A 
single colony in Plymouth Yacht Haven marina in 2008 was found. In 2005, a colony growing on a 
mussels in Barthaven Marina in Devon, was found but was thought to have died off due to rapid influx 
of freshwater into the area which lowered the salinity. However, a large established pendulous growth 
colony  was later discovered in again at that location (Griffith et al., 2009). D. vexillum is now found to 
be at, at least, nine locations on the South coast of England and North Kent coast, Holyhead marina in 
Wales, three locations on the East coast of Northern Island and one South-West coast of Scotland (NBN, 
2022), 

D. vexillum was discovered in Scotland for the first time in 2005 (Beveridge et al., 2011) and in 2016 
was found growing on aquaculture oyster bags in Loch Crenan which is a designated SAC (Cottier-
Cook et al., 2019). It has not yet spread to seafloor or boulders in the area. Although the exact vector 
responsible for introduction cannot be confirmed, there are thought to be two possible vectors. Firstly, 
by an oyster hatchery from Kent, as legislation currently requires that fisheries need only to confirm 
they are disease free but not invasive species free (Cottier-Cook et al., 2019). Alternatively, it could 
have been transferred by local boat activity (Cottier-Cook et al., 2019). Concern now falls on if the D. 
vexillum will spread onto natural habitat in the Loch and threaten the reefs that are protected. Particularly 
concerning is that once established there have been no successful eradication attempts for this species 
anywhere in the world. Under Wildlife and Countryside Act 1982 and Wildlife and Natural Environment 
(Scotland) Act 2011, it is illegal to release invasive species (Cottier-Cook et al., 2019). Therefore, the 
effected oyster facility has worked with the government to put a voluntary Species Control Agreements 
in place and undergo mitigation treatment to try remove D. vexillum without killing the oysters too 
(Cottier-Cook et al., 2019).  
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CASE STUDY 2: Sargassum muticum (Japanese wireweed) 

About: S. muticum is a brown seaweed thought to be native to Japan and the Pacific Ocean, which 
forms a complex habitat when individuals grow together. This species is thought to have been 
introduced into the UK accidently when the Japanese oyster (Magallana gigas) was intentionally 
introduced into UK waters for aquaculture (Critchley et al., 1986). The species can only be found 
down to a few metres sub tidally and one hour of temperature over 26°C will kill the entire individual 
(Davison, 2009). This species can survive at a large range of salinities from 6.8 ppt to 35 ppt (Davison, 
2009) and can grow on solid substrata, both natural and man-made. It is an incredibly fast growing 
seaweed, even under unfavourable conditions S. muticum grows 0.2mm to 0.36 mm a day which is 
several times faster than regular growth of British seaweed species (Davison, 2009). S. muticum is a 
pseudoperenial (Engelen et al., 2015).  

Impacts: S. muticum’s fast growth and ability to biofoul man-made surfaces means it can be a problem 
fouler on intakes, boats, nets, and harbours (Kraan, 2009). But it has not been reported to cause a 
significant impact on the daily running of harbours (Davison, 2009). It also forms large rotting floating 
masses discouraging coastal tourism. The fast growth of S. muticum has contributed to one of the 
fastest global spreads of any marine invasive species (Engelen et al., 2015). These traits have enabled 
S.muticum to be a fierce competitor of native species, and is thought to compete with kelp and seagrass 
in the UK. S. muticum decreases the light and water flow and increases sedimentation compared to 
native Laminara ssp. (Strong, 2003). There is also some concern that S. muticum may also threaten 
seagrass meadows of Zostera ssp., but there are conflicting accounts of the ability of S. muticum to out 
compete seagrass in the UK (Davison, 2009). It is thought that S. muticum may not be able to out 
compete seagrass on loose substrate, but may do so on hard substrate environments, or they may live 
together with little influence (DeAmicis and Foggo, 2015), or out compete species directly (Davison, 
2009). S. muticum has also been observed growing in spaces left when seagrasses die off where re-
colonisation by Z. marina then did not recover (Davison, 2009). 

S. muticum can also modify habitats. It can form complex canopy habitats on mixed substrates, where 
previously this type of habitat was not found. This could be considered a benefit, as this provides 
refuge for a number of species including fish, and epiphytes who settle and live directly on the seaweed 
itself (Davison, 2009). In doing so the biodiversity and primary productivity of habitats have been 
shown to increase. The additional detritus and nutrient availability that the presences of S. muticum 
adds to a habitat, may also be of benefit. In some examples S. muticum has positive impact on 
ecosystem functioning (Strong et al., 2006). 

It is unlikely wild S. muticum will have any economic value from being harvested, due to its high 
water, ash and metal uptake in the wild and it will not be useful for food or fuel (Milledge et al., 2016; 
Flórez-Fernández et al., 2019). It may be useful in providing alginate gels (Florez-Fernandez et al., 
2019). 

History of Fouling in the UK:  Initially S. muticum was discovered on Isle of White in 1973 (Farnham 
et al., 1980). An eradication attempt was started involving hand picking the S. muticum off with many 
volunteers. From June 1975 to October 1975, 26 tonnes of S. muticum were removed  (Farnham et al., 
1980). This method was not effective and was stopped after September 1976. Trawling, cutting, 
suction, herbicide and biological control methods were all trialled to determine if they could eradicate 
the species (Farnham et al., 1980). All were rejected due to the increased likelihood of spreading 
species further by releasing fragments of S. muticum and the species quickly regrew regardless of 
method (Davison, 2009).  In the UK today S. muticum has spread through South and West coast 
England, into Wales, Ireland and Scotland (NBN, 2022).  
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CASE STUDY 3: Magallana gigas (Pacific Oyster) 

About: The Pacific oyster is sessile mollusc that must grow attached to a substrate, whether man-made 
or natural. Breeding is temperature dependent, and this species is unable to spawn if the temperature is 
too low (Herbert et al., 2016). 

History in the UK: The Pacific oyster was first introduced into the UK in the early 1900’s but this 
introduction failed. A second attempt was made by intentionally introducing it into the UK in 1967, to 
mitigate against the dwindling populations of the UK native oyster (Ostrea edulis), which was used in 
harvesting and aquaculture. At the time, due to the cold seawater temperature of the UK it was thought 
that the Pacific oyster could not breed, so there was little risk of spreading outside aquaculture farms. 
However, it is widely agreed that climate change causing a rise in sea temperature led to the spread of 
Pacific oysters in Europe (Wrange et al., 2010). In 1989 and 1990 populations of wild Pacific oysters 
from aquaculture populations were record in the South-West of England (Herbert et al., 2012). From 
this point onwards Pacific oyster has expanded its range in the UK to as far north as Bridlington on the 
East coast of the UK, the full range of the South coast and up to West coast of Scotland and Orkney 
Isles and Northern Ireland (NBN, 2022). 

Impacts: Pacific oysters are a reef forming ecosystem engineers, with the potential to modify habitats. 
Oyster reefs provide many ecological benefits; food for predators, reduced erosion, increased coastal 
protection, providing complex habitat which supports biodiverse communities, biosequestriation and 
water purification (Herbert et al., 2012). The problems associated with these positive benefits of the 
introduced Pacific oysters, are that they may come at the price of negative impacts on native species. In 
the UK Pacific oyster reefs have shown the ability to take over mussel reefs, Sabellaria spinosa reefs 
and Lanice conchilegea reefs, with some replacing up to 95% of the habitat (Herbert et al., 2012). In 
some cases, protected habitats are being replaced. Significant habitat alteration is listed as a significant 
impact in the Habitats Directive (Section 1.7). Also, the reefs that form are made up of sharp shells 
meaning tourism and recreational can be impacted (Herbert et al., 2016). Further details of ecological 
issues are reviewed in Herbert et al., (2016). 

The importation of Pacific oyster spat and oysters for aquaculture has also seen the accidental 
introduction of many marine invasive species in UK and Europe. It its thought that at least 13 species 
of seaweed have been introduced into Europe including; Sargassum muticum, Dasysiphonia japonica, 
Grateloupia turuturu, Colpomenia peregrina which are all now invasive species present in the UK 
(Miossec et al., 2009). This species is also linked to the introduction of seven parasite species (four 
trematoda, one copeoda, one polycheata, one fungi) which now effects several other native mollusc 
species (Goedknegt et al., 2016). For these reasons the Pacific oyster is listed as one of the top 100 
worst invasive species in Europe (Nentwig et al., 2018). 

Economic Value: Pacific oysters are one of the most traded species in the world, and in 2004 were 
valued at $3.305 billion globally (Herbert et al., 2012). In 2007, Pacific oysters brought a gross value 
output of £13.4 million to the UK (Herbert et al., 2012) and 322t valued at £1.5 million in Scotland 
(Munro, 2018). The introduction of this species has provided jobs and boosts to local economy and 
communities, where the decline of native oyster has been seen (Herbert et al., 2012). 
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a community and, worryingly, that marine invasive species in the UK are already doing 

this in a manner which threatens protected habitats. This is particularly concerning as the 

introduction and spread of marine invasive species is predicted to continue to rise (Section 

1.6).  

Although habitat modification may bring both positive and negative impacts, the 

negatives of invasive species almost always outweigh the positives, which is the 

conclusion of Wallentinus and Nyberg’s (2007) review on the influences of non-native 

species as habitat modifiers. One of the main reasons is that habitat modification equates 

to loss of habitat for native communities. As a result, modification of habitats is noted as 

a significant ecological impact by the EU Habitats Directive, and for this reason, reducing 

rates of invasive species introduction must be seen as an important part of conserving 

native biodiversity. This is one of the reasons the Pacific oyster has been recognised as 

one of the 100 worst invasive species in Europe, despite also providing a long list of 

positive traits (Case Study 3). 

Both habitat modification and competition with species can have an effect on the trophic 

food chain and altering ecosystem function. Ecosystem function describes the biological, 

physical and geochemical processes that occur within a community (Manning et al., 

2018). Where introduction of a single species leads to alteration of ecosystem function it 

is likely to have wider-reaching implications. The magnitude of change in ecosystem 

function will vary depending on the species and wider community it is affecting. In 

general, Molnar et al., (2008) found the mean ecological impact score for 329 marine 

invasive species sat halfway between affecting only one species and affecting multiple 

species, suggesting wider ecosystem impact. A review conducted by Anton et al., (2019) 

assessing the ecological impact of 76 marine invasive species found that both primary 

producers and multitrophic assemblages had significantly decreased ecological properties 

caused by marine invasion. Although not all types of organisms, such a herbivores and 

omnivores, were significantly affected, both still experience more negative effects at 

taxonomic (54%) and trophic levels (64%) (Anton et al., 2019). This shows that on some 

level, ecosystem function will probably be altered with the introduction of invasive 

species.  

It is unlikely we know the full impact of both marine invasive species and marine non-

native species, due to the lack of information we have on their impact on surrounding 
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communities, it is therefore likely that their influence is underestimated. The case studies 

presented, have demonstrated the complex and widespread problems that can be 

introduced from just one species. Importantly, the case studies demonstrate across three 

different phyla how attempts to eradicate marine invasive species have all been 

unsuccessful. There is a strong need to proactively stop the establishment and spread 

rather than tackle the issue afterwards. This is both because eradication attempts are likely 

to fail, and the economic costs of such approaches are likely to be much higher than pro-

active measures. 

i  Economic Impacts of Marine Invasive Species 
The effect of invasive species on the economies of countries has been huge. The UK alone 

is thought to have lost £5.4 – 13.7 billion due to invasive species between 1976 and 2019 

(Cuthbert et al., 2021), with the most recent annual estimated cost of £1.7 billion (Defra 

et al., 2015). Invasive species can cause a variety of economic issues across multiple 

commercial, recreational and social sectors around the world, and this has been no 

different in the UK. 

In 2010 a detailed report predicting the economic costs of marine invasive species to the 

UK was conducted by Williams et al., (2010). The largest cost came from shipping, with 

costs of £81,283,000. With an assumed 15% coverage of invasive biofouling on leisure 

boat hulls an estimated £21,367,735 (£1,853,735 for Scotland) is spent annually cleaning 

invasive species off boat hulls. Hull fouling is also an issue within aquaculture, though 

the costs are comparatively small due to the smaller industry compared to commercial or 

recreational shipping, with costs of £721,000. Total invasive species are estimated to cost 

the aquaculture industry £7,145,000 per annum. £864,000 (£304,000 for Scotland) of this 

is from for fouling of shellfish (Williams et al., 2010). Fouling of shellfish can limit their 

size and increase cleaning costs once harvested. Estimated hull fouling costs (Error! 

Reference source not found.) are also likely to be an underestimation as fouling by 

invasive has been reported to be as much as 57% cover (Gollasch, 2002). Furthermore, it 

should be noted that Williams et al., (2010) did not include the money spent on research 

and monitoring of marine invasive species, so it is likely the actual cost would be higher.  
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Table 1. Impacts of 24 biofouling marine invasive species in the UK, taken from the respective species information pages on the Great British Non-Native Species Secretariat  
(Defra et al., 2020), which is the government source for the designation of marine invasive species. No Information Available (NIA) is noted when no information on the impact 
of a species is given but it is known to be classed as a marine invasive species. 

Species Type Scientific Name  Environmental Health and Social  Economic 

Algae Asparagopsis armata • Can dominate upper infralittoral zones up to 
100% cover. 

• Barbs can be a minor 
problem by sticking to 
swimmers clothes in 
water. 

• Can clog fisheries nets during blooms leading to 
economic losses.  

• A benefit is that it can be used in cosmetics. 

Tunicate Asterocarpa humilis  NIA NIA NIA 

Crustacean Austrominius 
modestus 

• Competes with native barnacles and can fully 
displace them in some areas. 

 • Fouling of ships increases fuel. Fouling of ships and 
equipment also increases costs with cleaning. 

Algae Bonnemaisonia 
hamifera 

NIA NIA NIA 

Tunicate Botrylloides diegensis • Can form large colonies and may overgrow pre-
existing sessile communities. 

 • Risk of smothering shellfish and competing for food if 
becomes a fouler of shellfish industry. 

• Increase weight and decreases ease of moving 
underwater lines.   

Tunicate Botrylloides violaceus • Can form large colonies and may overgrow pre-
existing sessile communities.  

• May replace and reduce space for settlement of 
native species. 

 • Risk of smothering and competing for food with 
shellfish if becomes a fouler of shellfish industry. 

• Increase weight and decreases ease of moving 
underwater lines.   

• Can form fist size colonies at risk of blocking intake 
pipes.   

Algae Caulacanthus 
okamurae 

• Modifies upper intertidal habitat by providing 
turf habitat.  

• May displace some native species, but may also 
increase habitat complexity, maintain moisture 
and trap sediment so may increase support for 
native species. 

  

Algae Codium fragile 
subsp.fragile 

• Can displace native seaweeds and be dominant 
canopy forming species altering community 
structure. 

• Can accumulate and rot 
on beaches and cause an 
unpleasant smell. 

• Can smother shellfish beds including scallop beds 
where it can interfere with dredging and harvesting 
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leading to increased cleaning costs, loss of equipment 
and reduces harvest. 

Hydroid Cordylophora caspia • Ability to alter the benthic habitat by forming 
large dense colonies.  

• Competes with native species for food and 
space. 

 • Problem in industrial cooling water system, and clogs 
intake pipes and filters.  

Tunicate Corella eumyota • May have negative impact on abundance of 
shallow-water suspension feeders.  

 • Risk of smothering and competing for food with 
shellfish and fisheries equipment. 

• Can form dense clumps which may pose a risk to 
blocking intake pipes.  

Mollusc Magallana gigas • Can form dense aggregations which alter local 
community, and habitat including some habitats 
protected under European law. These changes 
can have knock on effects up the trophic levels 
to bird populations. 

• Sharp shell of oysters 
can be dangerous to 
humans and stop leisure 
activities in intertidal 
zones. 

• This is the most used bivalve in aquaculture around 
the world so there are large economic benefits, but 
when moves out of fisheries environment may replace 
native oyster or mussel fisheries incurring economic 
losses. 

 

Algae Melanothamnus 
japonica 

NIA NIA NIA 

Tunicate Didemnum vexillum • Can form large colonies and grow over native 
communities up to 95% in some cases. This has 
knock on effects up the trophic levels and 
caused significant alteration to the habitat. 

 • May have impact on shellfish fisheries as they can 
overgrow mussels and aquaculture. 

Algae Agarophyton 
vermiculophyllum 

• Forms algal mats that can smother and 
outcompete native seagrasses. Can modify the 
habitat of intertidal saltmarshes. Can grow to a 
very high biomass and displace native seaweeds 
and settlement of native species on substrate as 
well as increase mortality of those that do settle 
due to low light and oxygen.  

• On soft bottomed shore may increase 
biodiversity by providing a more complex 
habitat.  

• Impacts local nutrient cycling and trophic 
dynamics.  

 • Can foul boat propellers, block cooling intakes and 
damage nets.  

Algae Grateloupia turuturu • Has potential to displace native seaweeds and 
shade surrounding seaweeds having a wide 
ecological effect. 

• Can be a competitor with Chondrus crispus an 
important food source for marine invertebrates 
in winter.  
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Mollusc Mytilopsis 
leucophaeata 

NIA NIA NIA 

Algae Melanothamnus 
harveyi 

NIA NIA NIA 

Algae Sargassum muticum • Fast growing so can outcompete native species 
can reduce biodiversity of native seaweeds. Can 
grow in high density which can increase 
sedimentation and reduce light and change the 
temperature having wide impact on surrounding 
community.  

• Nuisance to swimming, 
sailing, kayaking in 
harbours beaches and 
shallow waters through 
entanglement. 

 

• Biofouls fishing gear and oyster beds.  
• Nuisance in recreational activities may result in 

financial loss. 
• Removal cost for the species also incurs economic 

losses.  

Algae Schizoporella 
japonica 

• Highly competitive for space so can inhibit 
growth of other species. Ability is limited to 
competition for new space as rarely invades 
previously occupied space.  

 • Could become significant fouler of shellfish 
aquaculture reducing commercial value and 
smothering them. 

• May add increased weight and difficulty using 
aquaculture nets ropes and equipment.  

Tunicate Styela clava  • Large organism that can fowl in large clumps.  
• May occupy space previously available for 

native sessile marine invertebrates.  
• Large surface area so may provide surface for 

settlement of other species which may be a 
benefit or problem depending on location. 

 • Can smother and foul shell fisheries and well as ropes, 
moorings, ships and equipment used in the industry.  

Bryozoan Tricellaria inopinata • Can form dense populations so may affect 
abundance and habitat for other native sessile 
invertebrates.  

 • Colonised hulls rapidly increasing need for cleaning.  

Algae Undaria pinnatifida • Can compete for resources and space with other 
native seaweeds. 

 • May foul shellfish increasing cleaning costs.  

Bryozoan Watersipora subatra NIA NIA NIA 
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Table 2. A breakdown of costs with associated activities of biofouling marine invasive species in UK and 
Ireland. Taken and adapted from Williams et al., (2010). 

Reason for Cost  Annual Cost to 
UK (£) 

Annual Cost to 
Scotland (£) 

Biofouling in Aquaculture 864,000 304,000 

Hull Fouling in Aquaculture 721,000  288,000 

Fouling by Sargassum muticum 15,000  

Leisure Craft Hull Fouling 21,367,735 1,853,735 

Commercial Boat Fouling (Hull Cleaning 
Only) 

28,750,000  

Commercial Fouling (Hull Cleaning, Ballast 
Water Treatment and Other Expenses) 

81, 283, 000 9,621,000 

Total  104,250,735 120,667,35 

 

The removal or attempted eradication of invasive species has also incurred direct costs, 

although this is lower than for terrestrial species, as few attempts have been made to 

eradicate species in the UK. This is a result of historical attempts having been expensive, 

time consuming and ultimately unsuccessful. Over £800,000 has been spent in attempts 

to eradicate D. vexillum when first found in Holyhead marina in Wales. This eradication 

attempts ultimately failed (Case Study 3). It is reported by Williams et al., (2010) that 

costs of £15,000 per annum were incurred by attempts to clear 15 beaches in England 

which had become overly fouled by S. muticum. The economic impacts of UK marine 

invasive species are explored further in Table 2. 

There can be economic benefit to the introduction of invasive species. The Pacific oyster 

was introduced deliberately to the UK for economic reasons, to replace the loss of income 

from dwindling native oysters. It is estimated that the species brought in £13.4 billion to 

the UK in 2012 (Case Study 3). Other species, such as harpoon weed Asparagopsis 

armarta may be used in cosmetics (Table 1) and S. muticum has potential to be used for 

the creation of alginate gels (Case Study 2).  
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As discussed above, the high costs associated with marine invasive species makes a strong 

case for stopping their introduction. The following sections will discuss how they can be 

introduced. 

Section 1.4 Vectors of Marine Invasive Species  

The known vectors of marine species have been discussed in several review papers (Bax 

et al., 2003; Geburzi and McCarthy, 2018) and the vectors for the spread of marine 

biofouling species specifically, are summarised in Table 3. 

Of the vectors seen in Table 3, it is known that the main vector for the transportation of 

marine invasive species, including marine biofouling species, outside their natural range 

is via shipping (Molnar et al., 2008). Since 6000 BP the growth of shipping has seen 

human movement across the world’s oceans, with a potential associated spread of species 

(Manchester and Bullock, 2000). Currently, around 90% of global trade is conducted with 

ships (International Chamber of Shipping, 2020). There are two main aspects of shipping 

that allow for shipping to act as a vector for the spread of marine invasive species. Firstly, 

ship hulls provide a hard surface for the attachment of marine organism, where they are 

transported around the world. Secondly, planktonic larvae and mobile species can also be 

transported in the ballast water of ships. The transported species are introduced to new 

locations, which may possess suitable conditions for larval survival, allowing new 

populations of non-native species to become established, even on the other side of the 

world from the species’ natural range. Shipping accounts for the introduction of more 

than half of UK marine invasive: of the 1, 264 species marine non-native species present 

in Europe, 51.9% (671 species) have been directly linked to introduction via shipping 

(Bax et al., 2003; Geburzi and McCarthy, 2018).  
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Table 3. Known vectors for the spread of biofouling marine invasive species, whether in adult sessile stages 
or as planktonic larvae. Taken and adapted from Bax et al., (2003) and Geburzi and McCarthy (2018), 
unless specifically referenced.  

Source Vector 

Commercial shipping Ballast water 

Hull fouling 

Solid ballast 

Aquaculture and fisheries  Discarded nets, trawler parts. 

Transfer of marine species – particularly oysters 
(Davison, 2009) 

Drilling platforms Ballast water 

Hull fouling  

Aquarium  Accidental or intentional release (Padilla and 
Williams, 2004) 

Recreational boating  Hull fouling  

Other recreational activities 
such as diving, kayaking  

Transport on clothing or equipment as part of 
recreational activity  

Floating debris  Natural or man-made floating debris  

Canals Connection of two preciously separate water bodies 
by a human made connection e.g. Suez Canal 

 

In some cases, once an invasive species becomes established in a new area there has not 

been further rapid spread, for example it took seven years for Undaria pinnatifida to 

establish on the shore 200 m away from a marina population (Epstein and Smale, 2017). 

However, shipping can also be involved in extending a species’ range once established in 

a new area, particularly by recreational vessels (Floerl et al., 2005; Marchini et al., 2015). 

Recreational boats have been cited as the most likely vector of the spread of Undaria 

pinnatifida, a highly invasive kelp species into the Plymouth Sound Special Area of 

Conservation (Heiser et al., 2014). Recreational shipping is thought to be one of the 

vectors in the spread of D. vexillum to the SAC in Scotland (Case Study 1).  
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Aquaculture is another vector as boats, the nets and other equipment can act as a surface 

to harbour marine invasive species (Padilla and Williams, 2004; Fletcher et al., 2013; 

Soliman and Inglis, 2018). The majority of invasive species introduced through 

aquaculture have been mobile species with only two of the top 27 alien invasive species 

introduced to Europe via aquaculture being sessile and the Pacific oyster is the only 

biofouling species (Savini et al., 2010). Aquaculture of non-native species can also be a 

direct cause of invasion as observed with the Pacific Oyster (Case Study 3). The 

aquaculture trade practice of shipping oysters to grow elsewhere has led to at least 12 

species of seaweed and an additional 13 other non-native species being introduced into 

Europe (Eno et al., 1997; Davison, 2009; Miossec et al., 2009).  

When it comes to the spread of biofouling non-native species, aquarium culture is thought 

to be less of a threat, as the majority of species introduced from the aquarium trade are 

marine invasive fish (Padilla and Williams, 2004). However, there are still some 

examples of species that have had major effects, such as Caulipera taxifola, released on 

the California coast by the aquarium trade. As a result of this release, over $4 million 

were spent on control measures in just two years from 2000 to 2002 (Padilla and 

Williams, 2004).  

Section 1.5 Rate of Marine Invasive Species Introduction  

Globally, across both terrestrial and marine environments, the spread of species outside 

their native range has been rapidly increasing in the last century, with only fish and 

mammals showing a decline during the last 50 years (Seebens et al., 2017). The number 

of established invasive species per continent is predicted to increase by 36% from 2005 

to 2050 (Seebens et al., 2021). The North Sea has seen one of the highest invasion levels 

globally, as temperate environments are invaded more frequently than hotter equatorial 

regions (Pyšek et al., 2020). In of 2008, 228 marine invasive species had been introduced 

into the North Sea ecoregion (Molnar et al., 2008). This number increased by 1,036 in 

ten years to 1,264 species in 2018 (Geburzi and McCarthy, 2018). There are some 

suggestions the rate of new introduction of marine invasive species has been decreasing 

over the last decade (Tsiamis et al., 2018). Tsiamis et al., (2018) point out that this 

decrease should be viewed with caution due to delays in reporting the data and decreases 

in the rate are likely to be due to a requirement of countries to satisfy obligations set by 

European legislation, and so more frequent reporting is being conducted (Section 1.7). In 

the UK between 1960-1969 around three new marine invasive species were known to 
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have become established, by 2000-2009 this had increased to 24 (JNCC, 2021). In the 

last decade this has increased to 29 invasive species (JNCC, 2021). 

In 2014, an invasive species indicator was created to monitor and assess the risk of 

invasive species in the UK. Since 2017, this has undergone a yearly review. As of 

September 2021, 39 invasive species have been flagged on this Indicator List as a possible 

threat to biodiversity (Harrower et al., 2021). This process has also highlighted the fast-

paced spread of some marine invasive species in the UK. For example, Gracilaria 

vermiculophylla was first documented in 2009 and one decade later is now considered  

well established in some localised areas (Harrower et al., 2021). In 2019 three new marine 

invasive species were also added. The introduction of new species followed by continual 

spread is a typical trend for marine invasion in the UK. A study by Bishop et al., (2015) 

found four new marine invasive species appeared in England between 2004 and 2012, 

with an average increase of 1.6 non-natives per site in five years. Species, such as Corella 

eumyota, which was recorded initially in 2004 at three sites was much more widespread 

around the UK by 2012, being found on the East coast as far and Sunderland and on the 

West coast of Scotland (Bishop et al., 2015c). This fast-paced movement of marine 

invasive species highlights how important regular monitoring is, allowing the full 

distribution to be known.   

Propagule pressure is the amount of non-native larvae/species released into a given area 

and has been shown to have the most significant influence on the success of invasion 

(Lockwood et al., 2005). Therefore, growth of industries that are also vectors in marine 

biofouling spread will also provide a higher chance of marine invasion by increasing this 

propagule pressure. The following section will explore the predicted trend of marine 

invasive species vectors in the future.   

Section 1.6  Future Trends in Vectors and Invasive Species Introduction  

Vectors for spread of non-native species in the UK are not predicted to decrease. The 

amount of shipping over the last century has seen an increase, and this is predicted to 

continue to rise with shipping levels in 2050 being 240-1209% larger than the level of 

shipping in 2014 (Sardain et al., 2019). Currently 95% of all goods that come in or out of 

the UK are transported via shipping (Defra, 2018). Globally, aquaculture has increased 

by 8.6% between 1980 and 2012 (Food and Agriculture Organization of the United 

Nations, 2014; Nadarajah and Flaaten, 2017). Furthermore, aquaculture production may 
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play an increasing role in invasion in the UK. The UK was formerly one of two EU 

countries to increase its aquaculture production since 2000, increasing by 34% by 2014 

(Aranda et al., 2017). 

There are also two major pathways, environmental degradation and climate change, that 

are increasing the success of invasions over time. This study defines pathways as changes 

in environment that alter the success of non-natives species to spread.   

1.6.1  Environmental Degradation and Marine Invasive Species 
One of the major causes of environmental degradation linked to marine invasive 

biofouling is human utilisation of coastal and offshore environments, which is increasing 

on a global scale, with around 70% of the coastline having been modified globally 

(Dafforn et al., 2015a). More people are living near the coast and engaging in coastal 

tourism, which has driven the construction of more harbours, coastal protection, slipways 

etc. Additionally, offshore utilisation of seas by oil rigs, pipelines and offshore windfarms 

is growing (Bulleri and Chapman, 2010). Since 2001, 44% of the coastline of the UK had 

been hardened (Laaksonen, 2012). Since 2015 it is estimated that Europe, US, Asia and 

Australia all have around 50% of their coasts modified (Dafforn et al., 2015a). As well 

as the introduction of the structures themselves, the increased pollution, eutrophication 

and anthropogenic interferences around human inhabited coastlines is also increasing, 

which can have a significant influence on ecosystem health (Häder et al., 2020; Malone 

and Newton, 2020).  

The introduction of structures into the sea has two main impacts relevant for marine 

invasive species success. Firstly, they provide more surfaces for settlement of biofouling 

species (Dafforn et al., 2015a; Dafforn et al., 2015b). New surfaces appear to encourage 

non-native species settlement, in some cases invasive species occupy up to 80% more 

cover on man-made surfaces than natural ones (Dafforn et al., 2012). 

Secondly, they modify the environment around a structure. On a smaller-scale, structures 

occupy the direct space on which they are built. On a larger-scale, the adjacent habitat 

may also be affected by changes such as sand scour (Bulleri and Chapman, 2010). Wider 

regional change may be caused by changes to water flow and local currents which can 

often deteriorate environmental conditions around these structures (Bulleri and Chapman, 

2010). The impact of the introduction of artificial structures on habitats is reviewed by 

Dafforn et al., (2015b). This modification and disturbance of an environment can change 
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conditions, increase the stress and reduce biodiversity which in turn can leave that 

ecosystem open to successful invasion by a non-native species (Occhipinti-Ambrogi and 

Savini, 2003; Bulleri and Chapman, 2010). The introduction of structures is just one 

anthropogenic factor influencing the rate of invasion success, other factors such as 

pollution and nutrient run-off all contribute to a degrading environment. Although the 

effects of the introduction of a structure occurs on a local scale, the construction of man-

made marine and coastal structures is occurring globally, arguably increasing the 

significance of these impacts (Häder et al., 2020; Malone and Newton, 2020).  

An example of this occurring with a biofouling species, is the mussel Brachidontes 

pharaonis, in the Suez Canal which was introduced in 1869. This species was not initially 

classed as invasive because it was in small numbers and controlled by a superior 

competitor, the native mussel Mytilaser sp. (Rilov et al., 2004; Didham et al., 2007). 

Around 1995, with increased habitat degradation, non-native mussel numbers increased, 

and the resulting increased propagule pressure led to a shift in the community being 

dominated by B. pharonis rather than the native species (Rilov et al., 2004; Didham et 

al., 2007). This led to a complete community shift from native species to invasive species 

dominance. Occhipinti-Ambrogi and Savini (2003) concluded that this invasion was the 

result of a combination of a man-made surface being available for the settlement of 

species, in conjunction with degrading environmental conditions. This is also an example, 

of how even though a species may be classed as non-native, over time, it may become 

invasive.  

1.6.2 Climate Change and Marine Invasive Species 

Climate change is affecting ecosystems on a global scale and is predicted to influence 

species invasion in a number of ways (Table 4). Sea levels are rising, increasing the 

number of structures needed to protect coastlines, whilst the need for marine renewable 

energy is driving large-scale construction of off-shore structures for the generation of 

wind, wave and tidal power (Losada et al., 2019; Weiss et al., 2020). Climate change 

increases the severity and rate of major storm events which is predicted to cause more 

damage to marine species (Smith et al., 2017). With less time for ecosystems to recover 

between storm events, they may become more vulnerable to invasion (Smith et al., 2017).  

 

Climate change is also leading to rising sea temperatures, placing many species and 

ecosystems under stress, whilst making areas more hospitable to invasive species that 
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would otherwise have struggled under lower temperatures (Table 4). It is important to 

note that the effect of temperature is likely to influence each species differently. Cockrell 

and Sorte (2013) observed increased growth in the tunicate Botryllus schlosseri as a result 

of increasing sea temperature, but little difference to the tunicate Botrylloides violaceus 

and bryozoan Watersipora subtorquata. Sorte et al., (2010) found seven invasive species, 

(bryozoans and tunicates) showing higher tolerances to warming temperatures than four 

similar native species in their community, predicting the ability of these invasive species 

to be most successful at outcompeting native species with climate change (Sorte et al., 

2010). Miranda et al., (2019) predict that native kelp biomass will increase despite the 

effects of both warming and species invasion. Whilst there is a great deal of uncertainty 

regarding the level of change that will be seen by climate change, models such as that 

developed by Corrales et al., (2018), predict across a variety of taxa, including 

invertebrates and fish, that as temperature increases, invasive species will increase, and 

native species will decrease. Warmer sea temperatures may also enable new areas to be 

suitable for different aquaculture species, increasing aquaculture as a vector for spread 

(Rahel and Olden, 2008). Despite species-specific effects, there is overriding consensus 

that increased sea temperatures caused by climate change will exacerbate the invasive 

species issue.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 25 

Table 4. Predicted effects of climate change that will influence on biofouling marine invasive species. 
Influences on mobile marine invasive species were not included within this table, however, when referring 
to marine invasive species with no mention of mobility these were included. 

Predicted change 
from Climate 
Change 

Impact to Marine Invasive Species Reference 

More structures 
deployed into the 
sea 

• Changes to energy creation to renewable 
• Increase in other structures, such as 

seawalls due to sea-level rise 

(Mainka and Howard, 2010) 

(Rahel and Olden, 2008) 

(Losada et al., 2019) 

(Firth et al., 2013a) 

Changes to 
transport 

• New sea transport routes increase 
invasion 

 

(Hellmann et al., 2008) 

Increased 
temperatures 

• Increase in geographic range 
• Ability to survive at new locations 
• Once established able to better out-

compete native species 
• More aquaculture opportunities may lead 

to more invasion 
• Increased rate of spread once established  
• Changes to trophic interactions 

(Rahel and Olden, 2008) 

(Hellmann et al., 2008) 

(Mainka and Howard, 2010) 

(Corrales et al., 2018) 

(Miranda et al., 2019) 

Changing ocean 
circulation 

• Introduction of new invasive species 
• Further spread of already established 

species  

(Mainka and Howard, 2010) 

 

Warmer winters • Eradication often attempted in winter 
when species die off and less to remove, 
but with predicted warmer winters, less 
die off, more expensive and less success 
of eradication 

(Hellmann et al., 2008) 

 

Increased storms  • Increased invasion (Geburzi and McCarthy, 2018) 

(Hellmann et al., 2008) 

(Smith et al., 2017) 

Increased salinity  • Whether this will increase or decrease 
invasion is unknown but likely to affect it  

(Geburzi and McCarthy, 2018) 
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Section 1.7 Marine Invasive Species Prevention 

With non-native species being one of the largest threats to biodiversity, several legal 

requirements and guidelines have been put in place, both on a global scale and a national 

scale, to try and prevent the establishment of non-native species. 

The International Maritime Organisation (IMO) requires all vessels to replace 95% of 

their ship ballast water in offshore waters before coming across the boundary of a country, 

which has been shown to significantly reduce the risk of invasive species spread (IMO, 

2011). However, this is largely for marine and freshwater fish species and mobile 

invertebrate species. Marine fouling invasive species are also found on ship hulls, and so 

this approach only makes a small contribution towards mitigating biofouling invasive 

species spread (Bax et al., 2003). Fouling of the hulls of boats creates drag which has the 

effect of increasing fuel costs and emissions. As a result, antifouling paints are frequently 

used (Schultz et al., 2011). This has a side-effect of also limiting invasive species transfer. 

However, due to detrimental environmental effects on non-target species the most 

effective and commonly-used antifouling paint tributlyn (TBT) was banned in 2003. 

Although a large amount of research focus has fallen on producing a non-toxic solution 

to address this issue, no one antifouling paint solution has yet to be as effective as TBT 

(Ciriminna et al., 2015). Furthermore, regardless of antifouling paint type, it is always 

possible for some species to survive in unprotected areas or after the paint has warn away. 

Due to the high cost required to remove a ship and remove fouling organisms, this is not 

done regularly and biofouling species may remain attached to the ship for long periods of 

time (Minchin and Gollasch, 2003; Schultz et al., 2011). Additionally, when a ship is 

cleaned, either within water or out of water, non-native species may be dispersed into the 

water increasing the risk of establishment (IMO, 2011). The IMO have, however, laid out 

guidelines to reduce invasive species spread during maintenance and cleaning. A risk 

assessment is also required to be conducted for cleaning while a vessel is still docked, 

and invasive species spread is a consideration in this (IMO, 2011).  

Furthermore, both the IMO recommend crew and boat masters on ships be trained about 

the risk of invasive species (IMO, 2011) and the GBNNSS (Defra et al., 2020) provide a 

variety of educational resources and a course on biosecurity practices with the aim of 

reducing this problem. Within ‘The Great Britain Invasive Species Strategy’ the 

prevention of establishment is specifically highlighted for marine invasive species, due 

to the logistical issues of monitoring and mitigation of marine invasive species once 
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established, and it is stressed that education and awareness may play a key part in this 

(Defra et al., 2015). 

The UK is legally bound under several international agreements related to stopping the 

introduction of non-native species via any vector. The Bern Convention (Article 112b), a 

legal agreement covering the whole of Europe, puts into place strict measure to control 

the establishment on non-native species. The Convention of Biological Diversity is a 

treaty legally binding countries to create national and regional strategies to conserve 

native biodiversity (Shannon et al., 2020). For other examples of legislation see Table 5.  

Legislation developed under the European Habitats Directive requires that ecosystems 

should not be significantly altered in any way, including by marine invasive species, 

regardless of whether this change is considered positive or negative. The UK follows a 

three-tiered approach focusing first on prevention, secondly on early detection and a rapid 

response to invasion, and followed thirdly by long-term management/monitoring (Defra 

et al., 2015).  

There is currently a gap in the three-tiered approach laid out by the ‘The Great Britain 

Invasive Species Strategy’ (Defra et al., 2015). This approach places emphasis on 

stopping the species from arriving via shipping or stopping intentional release. There are 

currently no methods for preventing settlement and establishment of marine invasive 

species when they arrive via these vectors. This is particularly key for the main vector in 

the spread of marine invasive species, shipping. With 95% of the trade in the UK coming 

from shipping and current methods of antifouling and ballast release shown to be less 

than 100% effective, shipping as a vector for marine invasive species this is not likely to 

reduce without further measures. With biofouling settling on man-made surfaces, this 

study asks the question could it be possible to alter man-made surface to reduce the 

establishment of marine invasive species, once invasive species are introduced by vectors, 

particularly the biggest vector shipping.  

In the remainder of this chapter, the literature will be reviewed to ask if it is possible to 

prepare a surface for the reduced settlement success of marine invasive species. 
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Table 5. Legislation which involves regulations relevant to marine invasive species. Taken and adapted 
from Shannon et al., (2020).  

Scale Document Relevance to Invasive Species 

International 
Legislation 

The Convention on the Conservation 
of European Wildlife and Natural 
Habitats (Bern Convention) 1982 

Aims to conserve native habitats and species 
from the significant threat that invasive species 
pose.  

The Convention on Biological 
Diversity (CBD) 1992 

Requires the prevention of introduction, control 
or eradication of invasive species that threaten or 
cause species, habitat or ecosystems. 

Ballast Water Management (BWM) 
2017 

Global framework for the control and reduction 
of transfer of invasive species via ballast water. 

European 
Legislation 

Council Directive 92/43/EEC on the 
conservation of natural habitats and 
of wild fauna and flora (Habitats 
Directive) 

Must regulate the introduction of non-native 
species in native environment and if necessary, 
prohibit this. 

Water Framework Directive (WFD) 
2000/60/EC 

Maintain good ecological status of waters both 
inland and coastal and recognise invasive 
species as a threat to this. 

Marine Strategy Framework Directive 
(MSFD) 2008/56/EC 

Stop invasive species altering the ecosystem 
adversely and lowering the good environmental 
status of habitats.  

Council Regulation (EC) No. 708/ 
2007 concerning the use of alien and 
locally absent species in aquaculture 

Introduced framework to reduce the impact of 
invasive species used in aquaculture in aquatic 
environment  

Regulation (EU) No 1143/2014 on 
the prevention and management of 
the introduction and spread of IAS 

Action required to take action to prevent adverse 
effects of a set list of species of Union concern.  

National 
(England and 
Wales) 

The Wildlife and Countryside Act 
(WCA) 1981 

Illegal to release or escape of non-native species.  

The Conservation of Offshore Marine 
Habitats and Species Regulations 
2017 

Offense to deliberately introduce invasive 
species into natural habitats. 

The Water Environment (Water 
Framework Directive) (England and 
Wales) Regulations 2017 

Recognise invasive species as reason for water 
bodies failing to meet environmental objectives. 

Marine Strategy Regulations 2010 Keep non-native species at a level which will not 
negatively alter ecosystems.  

The Alien and Locally Absent 
Species in Aquaculture (England and 
Wales) Regulations 2011 

Framework to assess and minimise impact of 
alien species used in aquaculture in an aquatic 
environment. 

The Invasive Alien Species 
(Enforcement and Permitting) Order 
2019 

How to determine criminal acts related to 
invasive species and enforce regulations of 
these. 

National 
(Scotland) 

Wildlife and Natural Environment 
(Scotland) Act 2012. 

Illegal to release or escape of non-native species. 
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Section 1.8 Concrete in the Ocean 

Many materials and structures are placed in our oceans; metals, concrete, plastic, rope 

etc. Man-made surfaces in the sea are known to be places for marine invasive species to 

settle and establish. Marine invasive species can even show preferences for man-made 

materials over natural ones (Chase et al., 2016). Due to the constraints of time and 

resources it is not possible for this study to focus on all materials. Therefore, focus will 

fall on one material, concrete. Concrete was chosen as the choice material for the 

following reasons. 

1.8.1 Importance of Reducing Marine Invasive Species Settlement on 
Concrete 

Concrete is the most used material in the world, including our oceans, with an estimated 

25 billion tonnes of concrete produced in 2016 (Xiao et al., 2017). Concrete is made by 

the addition of water, aggregates and a cementing component which forms a pourable 

mixture (Neville and Brooks, 1987). When the cementing component, of which the most 

commonly used is Portland cement, is mixed with the water in this mixture it begins to 

bind the material together, which hardens over time (Neville and Brooks, 1987). The 

result is a strong material, which can be poured to take the shape of whatever mould the 

concrete mixture is poured into. The ratio and type of the aggregate, cement and water 

can be adjusted to produce a variety of types of concrete. Due to the strength and variety 

of shapes concrete can be poured into, concrete is used ubiquitously throughout the 

oceans, from intertidal slipways to subtidal foundations (Figure 2).  

The construction of marine and coastal concrete structures provides a large rock-like 

surface area for the settlement of biofouling species, including marine invasive species. 

Concrete is one of the main materials used in harbours which are well known hotspots for 

marine invasive species (Ferrario et al., 2017). Due to such a wide use of concrete in our 

oceans, there is also the risk that species which establish on concrete in harbours may be 

able to use other man-made structures made from concrete as stepping stones for further 

spread (Adams et al., 2014). Marine invasive species have been found on concrete 

surfaces, at a variety of depths, locations and structures. A diverse number of phyla, 

feeding type and a mixture of hard and soft fouling marine invasive species have been 

found to settle (Table 6), suggesting concrete is a suitable surface for the settlement of 

potentially most sessile marine invasive species, in many locations of the world.  
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Figure 2. Example uses of concrete in the ocean 

Concrete has two qualities that makes it particularly vulnerable to settlement of marine 

invasive species. Firstly, the significant amount of concrete in our oceans provides a large 

surface area for the settlement of biofouling species. Secondly, concrete also has a long-

intended service life, with hopes of at least 80-years deployment. Concrete structures 

seldom have antifouling paints applied, since this is impractical and uneconomical. 

Because of this, it may be more susceptible to invasion than other materials used in marine 

applications, such as metals. This study will not look at paints as a way to reduce marine 

invasive species settlement. 

This study argues that it is therefore appropriate and necessary to investigate if direct 

changes to the properties of concrete surfaces could reduce marine invasive species 

settlement.  

Section 1.9 Ecological Engineering  

The focus of changing the surface of concrete to influence biofouling has been in the field 

of ‘ecological engineering’. When man-made structures are added into the ocean they 

often support a community with lower biodiversity or species richness (Strain et al., 

2018). This is often seen because man-made surfaces are less complex than native 

habitats, providing one consistent surface only suitable for a few species to grow (Firth 

et al., 2014; Strain et al., 2018; O’Shaughnessy et al., 2020). Ecological engineering 

attempts to reduce some of the impact of the placement of structures into the marine 

environment by altering the surface of concrete to support more biodiversity and enhance 

the resilience of communities (Mitsch, 2012). 
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Table 6. Examples of biofouling studies which mentioned non-indigenous or invasive species (NIS) found biofouling concrete surfaces. The studies presented are selection 
of examples from the literature.   

Paper Location Description of concrete  Number of 
NIS 

Species Species Type 

(Kerckhof et 
al., 2009) 

Belgium 6 concrete windmill, 30 km offshore, 
at depths of 14 m above seafloor  

3 Crepidula sp. 
Elminiuus sp. 
Megabalanus coccopoma 

Mollusc (Limpet) 
Crustacean (Barnacle) 
Crustacean (Barnacle) 

(Neves et al., 
2007) 

Paranagua´ 
Bay Brazil 
 

Submerged concrete in a marina 33 
cryptogenic,  
4 invasive 
species 

Garveia franscicana  
Polydora cornuta  
Amphibalnaus reticulatus  
Striatobalanus amaryllis 

Cnidaria (Hydroid) 
Polychaete (Worm) 
Crustacean (Barnacle) 
Crustacean (Barnacle) 

(McManus et 
al., 2018) 

Plymouth UK  Pontoons 0.5 m depth vertical  5 Tricellaria inoptata 
Watersipora subtorquata 
Bugula netitina 
Botrylloides violaceus 
Austrominius modestus 

Bryozoan 
Bryozoan 
Bryozoan 
Tunicate 
Crustacean (Barnacle) 

(Tan and 
Morton, 2006) 

Singapore and 
Malaysia  

Vertical and sloping surfaces on tidal 
monsoon drains 

1 Mytilopsis sallei  Mollusc (Mussel) 

(Dumont et al., 
2011) 

La Herradura 
Bay, Chile 

Concrete pier in harbour 3 Bugula nertina 
Bugula fabellata  
Ciona intestinalis 

Bryozoan 
Bryozoan 
Tunicate 

(Firth et al., 
2016) 

Irland (Galway 
Bay)  

Intertidal causeway 2 Colomponia peregrina 
Austrominius modestus 

Ocrophyta (Seaweed) 
Crustacean (Barnacle) 

(Bumbeer and 
da Rocha, 
2016) 

Parana, Brazil  Artificial reef, 6km and 15km 
offshore  
 

7 Amphibalanus reticulatus  
Ascidia sydneiensis 
Balanus trigonus 
Carijoa riisei 
Clavelina oblonga 
Myoforceps aristatus 
Perna perna 
Striatobalanus amarylis 

Crustacean (Barnacle) 
Tunicate 
Crustacean (Barnacle) 
Cnidaria (Coral) 
Tunicate 
Mollusc (Bivalve) 
Mollusc (Mussel) 
Mollusc (Bivalve) 

(Morris et al., 
2018) 

Intertidal in 
Sydney 
harbour 
concrete 
flowerpots  
 

Intertidal concrete flowerpots on 
seawall 

6 Botrylloides leachii 
Bugula neritina 
Ciona intestinalis 
Hydroides elegans 
Styela plicata  
Watersipora arcuata. 

Tunicate  
Bryozoan 
Tunicate 
Annelid 
Tunicate 
Bryozoan 
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Table 7. Summary of findings where biofouling studies that physically alter the surface of concrete using microstructural changes analysed and/or discussed material properties in relation to biofouling species or community.  

Study Change to 
surface 

Description of change Type of concrete 
used 

Scale of 
surface 
change 

R Value 
(mm) 

Field Study 

(Coombes et 
al., 2015) 

Control Casted in a steel mould 
with realising fluid 

Marine grade 
concrete (BS 

EN197-1) 

N/A Indicative 
roughness (IR) = 
1.09 (1.31 with 
holes) 

After study time of 1-month: 
• Across two shores significantly more 

barnacles settled on grooved surfaced. 
• Significantly less barnacles settled on 

smooth concrete.  Smoothed Wiped smooth with cloth mm IR (1.12) 
Grooved Wirebrushed surface mm IR (1.52) 
Exposed 
aggregate 

Jet washed until aggregate 
was exposed 

mm IR(1.92) 

(Loke et al., 
2016) 

Simple Pits Evenly spaced drilled 
squares 

Not mentioned Unclear 
(possibly 
cm looking 
from photo 
without 
scale bar) 

Not provided  • Significant difference in molluscs between 
site. 

• No apparent difference in encrusting algae 
assemblage between complex or simple 
tiles.  

Complex Pits Drilled squares of varying 
shape, size and position 

Simple 
Grooves 

Equal spacing circular rings 
drilled into concrete 

Complex 
Grooves 

Uneven sized and spaced 
circular ring drilled into 
concrete 

(Borsje et al., 
2011) 

Fine Not provided (unclear from 
photo) 

Not mentioned Sub-mm Not provided  • Course surface was colonised quicker then 
smooth surface.  

• Less obvious difference between concrete 
types as time continued.  

• Mussels (Mytilus edulis) were only found 
in grooves and holes. 

• All surface rapidly dominated by invasive 
species Austrominius modestus. 

Course Not provided (unclear from 
photo) 

Sub-mm 

Holes Holes of varying sizes in in 
concrete 

mm-cm 

Grooved Grooves of varying width 
in concrete 

mm-cm 

(Hanlon et al., 
2018) 

Grooved 
Pattern 

1cm wide and 1cm deep 
grooves 

1.5:1.5:1 
(sand:shale:Portland 
cement) 
 

cm Not provided  • Significantly more types of species on 
rougher surfaces. 

• Rougher surfaces had no influence on total 
percentage cover or diversity.  

• Invasive barnacle  A. modestus preferred 
settlement on upward facing surfaces. 

(Moschella et 
al., 2005) 

Smooth Smooth Surface  Not mentioned Less than 
1cm 

Not provided  
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Fractured Microcrevices and fractures 
surface  

Less than 
1cm 

• Barnacles significantly more present on 
fractured areas then smooth.  

• Diversity significantly increased with 
higher complexity on the pitted tiles.  

• Sponges, hydroids, ascidians missing on 
smooth panels compared to pitted.  

Pits large 6 large pits (30mm 
diameter, 6mm depth) 

Less than 
10cm  

Pits Small 13 small pits (12 diameter, 
20mm depth) 

Pits Mixed 4 large pits, 4 small pits 
(Perkol-Finkel 
and Sella, 
2014) 

Rough  Addition of a form liner 4 concrete grades,  
1 Portland cement 
control 

Not 
mentioned 

Not provided  • Significant difference in community 
between rough and smooth panels.  Smooth No form liner 

(Firth et al., 
2014) 

Pits Drilled pits (14 mm and 
22mm large and 25mm 
deep) 

Not mentioned cm Not provided • Bryozoans, annelids, ascidians, algae, 
anemone, hydroids, sponges, hydroids and 
barnacles found exclusively in pits.  

• Significant increase in species richness for 
both size pits.  

Grooved Made by dragging trowel 
over wet mortar 

Unclear • No significant difference in richness from 
control or pits. 

Pits Pits made by pushing 
2.5cm diameter stick 2.5cm 
into the wet mortar 

cm • No significant difference in richness from 
control or pits. 
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Table 8.  Summary of findings where biofouling studies that chemically altered the surface of concrete which analysed and/or discussed material properties in relation to 
biofouling species or community. NM = not mentioned. 

 

Reference Description of Change Aggregate Ratio Field Study  
 Water Cement Aggregate Other Results 

 (Perkol-
Finkel and 
Sella, 2014) 

Portland cement (PC) and 5 
different mixtures of 
varying PC with different 
cements, air content and 
add-mixer. All with crack 
prevention 2 mm 
microfibers. 

NM NM NM NM Significantly different seen between mixes and PC 
After 12-months in the following measured variables: 

• Live cover  
• Species assemblage  
• Soft coral vs. hard coral recruitment 
• Chlorophyll concentration 
• Inorganic matter  

There was no significant difference with recruited organic matter. 
Invasive Bugula neritina had significantly different preferences between 
the different blends of concrete. 

(McManus 
et al., 2018) 

Control 9% 
 

17% Sand (27%), Crushed Granite 
(47%) 

N/A • Significantly different native species composition between types of 
concrete. 

• No significant difference of invasive species between types.  
• Austrominus modestus was only found of the GGBS blend. 

Pulverised fly ash (PFA)  13% 4% PFA 
Ground Granulated Blast-
furnace slag (GGBS) 

13% 4% GGBS 

Mixed 9% 4% PFA, 4% 
GGBS 

 (Dennis et 
al., 2018) 

CEM 1 Concrete 33.3% 13.3% Fine aggregate (FA) (20%), 
Course aggregate (CA) 
(33.3%) 

N/A • After 12-months live cover on hemp and shell blends were 
significantly higher than GGBS control. 

• 12 species which were found on Hemp were not found on GGBS, 
including species classed as ecosystem engineers, such as the blue 
mussel. 

• No significant differences between the live cover of hemp and shell.   
• Significant difference in mean total community taxon richness and 

mobile taxon but not sessile taxon.   
• Significant difference in full, sessile and mobile community 

composition between the between hemp and GGBS only.  

GGBS Control 3.99% FA (20%), CA (33.3%) GGBS 
(9.31%) Low Shell FA (20%), CA (24.97%), 

Shells 8.33%) 
Medium shell FA (20%), CA (16.65%), 

Shells (16.65%)  
High Shell FA (20%), Shells (33.3%) 
Low Hemp FA (20%), CA (31.64%), 

Hemp (1.665%) 
Medium Hemp FA (20%), CA (30%), Hemp 

(3.3%) 
High Hemp FA (20%), CA (24.98%), 

Hemp (8.33%)  
(Hanlon et 
al., 2018) 

Replacement of shale with 
oyster shell  

   1.5:1.5:1 
(sand:oyster 
shell:PC) 

• The replacement of shale by shell made no difference to the number 
of species or percentage cover. 

• With roughness and orientation, chemical change had a signification 
difference in the community. 
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The alteration of concrete can be considered at two scales. Macrostructural changes which 

are defined within this study as, changes to the surface which alter the shape of the overall 

structure. Examples include, artificial reefs (Ly et al., 2021), the addition of larger 

projections or indentations such as pools (Hall et al., 2019), and the 10 cm+ projections 

within Perkol-Finkel et al., (2018). Microstructural changes are changes to the surface 

without altering the shape of the concrete structure. This study will focus on 

microstructural changes only, for the following reasons. Firstly, in locations where space 

may be limited, such as harbours, it is more likely a change only influencing the surface 

and not overall shape of a structure will be more widely introduced. Secondly, this study 

aims to reduce invasive species settlement across the entire surface. With macrostructural 

changes it is more likely some areas of the same surface may influence species differently 

(Perkol-Finkel and Benayahu, 2005; Perkol-Finkel et al., 2006). 

Studies which investigated biofouling on microstructural changes to concrete surfaces 

were reviewed. Only literature published before September 2018 was reviewed, as after 

this date a decision on which types of concrete surfaces would be used for this study was 

made (Chapter 2). The changes that can be made to a surface can be split into two 

categories, physical and chemical changes. This study defines a physical change as one 

that occurs due to a change to the moulding (from a typical flat concrete mould) or 

alteration of the surface by other means. A chemical change is defined within this study 

as a change to the components and ratios of components within a mix of the concrete. It 

is acknowledged that chemical changes can alter the physical properties of concrete, such 

as the addition of GGBS which typically also alters the pore size structure alongside 

changes to the chemistry of the material (Bijen, 1996), but these types of changes will 

still be referred to as chemical. The description of these changes found within the 

literature and their influence on biofouling are presented in Table 7 (physical changes) 

and Table 8 (chemical changes). Only two studies Perkol-Finkel and Sella (2014) and 

Hanlon et al., (2018) investigated both physical and chemical changes to the concrete 

together.  

As well as changes directly to the surface of the concrete, sacrificial settlement has also 

been used as a technique to reduce biofouling on concrete. Zazzaro et al., (2018) showed 

less barnacles (Balanus trigonus) settled on aquacultured mussels when they were grown 

close to cement board coated in crude adult extract of B. trigonus.  
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The studies in Table 7 and Table 8 demonstrate that it is possible to significantly influence 

biofouling species and community, by both physical and chemical surface alterations. 

However, there are some limitations. Firstly, compared to the amount of concrete used 

globally, there have been relatively few studies investigating biofouling on 

microstructural changes to concrete. Secondly, within these studies there is a lack of 

quantitative analysis of the changes made to the concrete. Of all the studies investigating 

changes to the roughness of concrete, only one study measured roughness. McManus et 

al., (2018) measured for metal leaching from different types of concrete, but no other 

studies quantified the chemical change made to the surface. This makes it difficult to 

conclude what surface property manipulations caused the difference in biofouling. Also, 

not all studies mentioned testing for compressive strength or if the concrete was made to 

the expected engineering standards. This is especially important with chemical changes 

involving cement replacement, such as Dennis et al., (2018), where strength will be 

impacted. This may mean that the change to concrete cannot be replicated at an industrial 

scale, even if the desired change to the biofouling was observed.  

1.9.1 Is it Possible to Change Concrete to Reduce Marine Invasive Species?  
There are some examples within the studies in Table 7 and Table 8 which demonstrate 

that differences in concrete properties can influence both invasive species and 

community. In McManus et al., (2018) the invasive barnacle Austrominius modestus was 

only found on concrete containing Ground Granulated Blast-furnace Slag (GGBS). The 

invasive B. neritina had significantly different settlement between different types of 

concrete in Perkol-Finkel and Sella (2014). Also, McManus et al., (2018) found that 

whilst native species composition differed between types of concrete invasive species 

richness did not, suggesting that invasive species may interact differently with surfaces 

than native species.  

When the initial literature search was conducted the only study which designed a surface 

change to specifically reduce the settlement of a marine invasive species was Paalvast et 

al., (2012). Paalvast et al., (2012) successfully reduced settlement of the invasive oyster 

(M. gigas) by using lengths of rope, described as being like a ‘hula skirt’, attached around 

poles and pontoons in a harbour. Although successful in stopping M. gigas, Paalvast et 

al., (2012) still found seven other invasive species present on the skirts.  These findings 

suggest it may be possible to alter the surface specifically to make it unfavourable for 
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invasive species, although this may be complex differing for each individual species.  

Furthermore, since the initial literature search which informed the design of the concrete 

used in this study (Chapter 2), two reports have been released investigating ecological 

engineering in marine infrastructure for biosecurity in Australia: Schaefer et al., (2020) 

and Schaefer et al., (2021). These reports included studies investigating the settlement of 

marine invasive species on modified concrete surfaces. Both reports included a literature 

search, which also concluded that there is a large lack of literature investigating surface 

modification to reduce invasive biofouling, but what findings are available suggest it may 

be possible. Schaefer et al., (2020) provided recommendations of how to address this 

literature gap including; investigations into eco-engineering surfaces at different spatial 

scales and seasons, the development of a database of invasive species responses to eco-

engineering design, studies to help understand invasive species responses to material, 

complexity, orientation and light. This study will be able to contribute to many of these 

recommendations. 

These reports also tested different chemical changes and physical concrete modifications 

to explore their influence on invasive species biofouling. These modifications and their 

influence on biofouling are summarised in Table 9. These studies show that, although not 

consistently, modifications to the surface of concrete can have significant influence on 

settlement of invasive species. There was however a lack of quantitative measurement of 

the changes made to the surfaces in Schaefer et al., (2020) and Schaefer et al., (2021) as 

the only chemical analysis of the concrete conducted was measurement of pH.  
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Table 9. Description of the physical and chemical changes made to concrete with Schaefer et al., (2020) and Schaefer et al., (2021) and a summary of the relevant findings in 
relation to biofouling by invasive species.  

Description of Concrete Summary of relevant findings  

Physical Change  Chemical Change  

Black, white and grey concrete tiles 
with both smooth and rough 
(rectangular ridges the length of the tile 
spaced of 500 micrometres apart) 

White tiles did not have oxides, but other 
types did. To compare, additional grey 
concrete panels which had no oxides were 
also tested.   

• Only five of the 19 invasive species did not settle on all types of concrete. 
• Bryozoans appeared to be influenced more with Conopeum reticulum and Tricellaria 

inoptinata only found on black rough tiles and Watersipora arcuta found only on 
smooth concrete. 

• No significant difference in cover between the types of concrete for invasive, native 
or cryptogenic. 

Each surface had different 
combinations of pits with one large (3-
4 cm), two small (1-3 cm) and four 
clusters of protrusions (0.5 cm), for a 
total nine pits and 12 protrusions per 
tile.  

Three mixes:  

• A control, using special purpose 
cement with 2:1:2 ratio of cement, sand 
and course aggregate.  

•  50% replacement of course aggregate 
with <20mm pieces of oyster shell 

• 50% replacement of course aggregate 
with vermiculite 

 

• No difference in community due to concrete properties after 6 weeks. 

After six months: 

• Intertidal height influences ascidian and bryozoan invasive species.  
• Mid-intertidal, complex oyster shell tiles supported significantly more invasive 

species.  
• Flat tiles with vermiculite mix supported more invasive than oyster shell concrete  
• Sea squirt Styela plicata had more cover on oyster tiles than standard concrete and 

more cover on complex than flat tiles – but not significantly.  

Concrete surface that mimics surface 
of rocky reefs 

Addition of crushed oyster shells to 
surface  

Addition of crushed sandstone to the 
surface.  

Ecoblend mix – fly ash and furnace slag • Sandstone had highest mean coverage of invasive species (roughly double oyster and 
control concrete). 

• No significant in cover difference due to material type. 
• No significant difference in invasive species richness or total community richness 

due to material type. 
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Section 1.10 Conclusions 

Globally, marine invasive species cause significant ecological and economic impacts. The 

24 marine invasive species already established in the UK have caused a wide variety of 

economic and ecological issues and have demonstrated rapid spread around the UK once 

established. The rate of introduction and spread of marine invasive species into the UK is 

only predicted to increase, with projected increases in major vector industries, 

environmental degradation and climate change. The UK is already part of an extensive 

list of legal obligations to reduce the established spread and impacts of marine invasive 

species. Despite this, impacts and spread of marine invasion are still being seen. A factor 

in this, is the lack of methods to stop the establishment of invasive species once 

introduced, for example, stopping settlement of marine invasive species propagules. 

Where this technique would be arguably most useful is within harbours, which are hubs 

of marine invasive species, as shipping is the largest vector in the spread of marine 

invasive species. 

Currently, there is no method to reduce the settlement of marine invasive species on man-

made materials in the ocean. However, it has been demonstrated that the physical and 

chemical surface properties of concrete, one of the most used materials in the ocean, can 

be modified to alter biofouling, on both a community and individual species level. 

Although there has been little focus on marine invasive species in ecological engineering, 

the current findings do suggest it could be possible to reduce sessile marine invasive 

species in this manner. However, to achieve this, several major limitations to our current 

knowledge need to be addressed. These include the characterisation of the surface 

properties of concrete in biofouling studies, recording of invasive species settlement 

preferences, and establishing any difference in preference across location and season.   

As the impacts of marine invasive species are only predicted to get worse, it is important 

now more than ever to explore the possibility of manipulating the surface of concrete to 

reduce marine invasive species establishment.  

Therefore this thesis aims to: 

Produce a concrete surface that will reduce the settlement of marine invasive species. 

This will be achieved by the programme of work outlined in Table 10.  
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Table 10. Programme of work for this study 

Phase 1 Provide an up updated account of the marine invasive species 
present on the East coast of Scotland. (Chapter 2) 

• Harbour searches in 5 harbours across the East Coast of Scotland  
• Combined results with National Biodiversity Network (NBN) 

atlas and literature.  

Phase 2 Design and describe the material properties of 6 concrete surfaces 
(Chapter 3)  

• Use literature and ‘fundamental characteristics’ of ecology and 
engineering to inform the design 6 concrete surfaces. 

• Conduct physical (roughness and mercury instruction 
porosimetry) and chemical (pH, X-ray fluorescence, X-ray 
diffraction) analysis on the types of concrete before and after 
deployment.  

Phase 3 Deploy and study the invasive and native species biofouling of on the 
6 types of concrete (Chapter 4) 

• Develop a low-cost method to deploy multiple concrete panels 
under harbour pontoons 

• Deploy concrete into three harbours for 21-months for long term 
biofouling data across multiple locations  

• Deploy concrete into one harbour and remove at 4, 7 and 21-
months to study colonisation. 

• Deploy concrete in April 2019 and August 2019 for 4-months to 
study the difference in the biofouling of deployment at different 
times of the year on biofouling.  

• Statistically analyse biofouling data and compare with material 
properties for each type of concrete.  

Phase 4 Discussion of results and recommendations for future work. (Chapter 
4 and 5) 
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Chapter 2 Marine Invasive Species Harbour Surveys on the East Coast of 
Scotland and an Updated on Recorded Marine Invasive Species 

Section 2.1 Abstract  
With invasive species being one of the biggest threats to global biodiversity, it is 

important to monitor their movement and establishment into new areas. The most 

common way to monitor marine invasive species is by conducting harbour searches, as 

harbours are hotspots for such species. In the UK there is a large disparity between the 

number of harbour searches conducted on the East Coast, which has been searched far 

less, than the rest of the UK. This study searched five locations on the East Coast of 

Scotland for marine invasive species to provide an updated account of their presence in 

this area. All five harbours were largely recreational in purpose, with pontoons. All five 

harbours were host to at least one marine invasive species. A total of seven marine 

invasive species were found to be present in the area. This included the most northernly 

record in the world of the invasive bryozoan Bugula neritina and the first records of 

Bugulina simplex, Bugulina fulva and B. neritina on the East Coast of Scotland. The study 

demonstrates the importance of regular harbour searches to update records, not just for 

monitoring within the UK, but to also to track the global spread of marine invasive species 

northwards. The study also highlights the role of recreational harbours in the possible 

spread of marine invasive species. 

Section 2.2 Current Knowledge of Marine Invasive Species on the East Coast 
of Scotland 

As shipping is the largest vector in the spread of marine invasive species (Molnar et al., 

2008), harbours are often considered hotspots for marine invasive species (Ferrario et al., 

2017). Therefore, the main method for detection and monitoring of biofouling marine 

invasive species are searches of all safely accessible harbour surfaces (Bishop et al., 

2015c; Holmes and Callaway, 2021). This method allows the monitoring of multiple 

harbours across wide geographic locations in a short space of time (Bishop et al., 2015c). 

When conducted regularly at the same location, this technique can be used for the early 

detection of marine invasive species (Bishop et al., 2015c). Early detection is highlighted 

as important with The Great Britain Non-native Species Strategy (Defra 2015).  

There are limitations with this method, with reliance on access, find and identify the 

species which may be more difficult at lower population size or juvenile stags (Brown et 
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al., 2016). Advancements in using Environmental DNA (eDNA) techniques to detect 

marine invasive species have also become more common in recent years and can help 

address survey limitations (Brown et al., 2016; Gargan et al., 2021). eDNA techniques, 

where the DNA that is released (for example through moulting, mucous secretion or 

faeces) by organism into environments, which can be sampled and sequenced to identify 

the organisms (Handley 2015). However, these eDNA techniques are still rarely used in 

comparison to harbour surveys as they too have limitations. These include being 

expensive, although this cost is rapidly reducing (Handley 2015), the need for the species 

DNA to be barcoded databases and issues detecting species present and down to species 

level (Brown et al., 2016).  

Invasive species can also be tracked from observations either from scientists or citizen 

surveys uploaded to sites, such as the National Biodiversity Network Atlas (NBN), where 

photos can be confirmed by an expert, have also been used to track marine invasive 

species spread (Nall et al., 2014).  

Currently, harbours searches still remain the principal methods of biofouling monitoring 

invasive species in the UK and this study will focus on harbour survey methods. Despite 

being the main method there are a large geographic imbalance with regards to where these 

surveys had occurred which was highlighted in Foster et al., (2016) study which collated 

information on all 88 known harbour surveys for non-native species across the UK. There 

are a high number of harbour searches within the South coast of England and West Coast 

of Scotland and very few surveys for the East coast of the UK (Foster et al., 2016). A 

higher percentage of harbours have been searched for invasive species within Scotland, 

66% compared to England at 25%, but even within Scotland there is still much less data 

for the East Coast (Foster et al., 2016). 

The East and South-East coast of Scotland are home to a wide range of important 

ecological communities. For instance, the outer Firth of Forth and St Andrews Bay 

Complex Special Protected Area, Firth of Forth Banks Complex Marine Protected Area, 

the majority of the Firth of Forth and Tay (which are recognised as Ramsar sites), Firth 

of Tay and Eden Estuary and Isle of May are Special Areas of Conservation (SACs) and 

much of the coastal waters are Sites of Special Scientific Interest (Marine Scotland, 2022).  

This current study uses the definition of the South-East and East coasts of Scotland within 
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Nall et al., (2014): the East coast Scottish/English border to Fraserburgh. Within this area 

there are 15 Ports and 53 harbours/marinas, which are used for a variety of industries and 

tourism (Marine Scotland, 2022). With only 6% of surveyed harbours having no marine 

invasive species present (Foster et al., 2016) and recreational harbours/marinas known to 

be an important vector in the spread of marine invasive species (Clarke Murray et al., 

2011), it is important to understand if invasive species are present, and their distribution 

in this area. 

Nall et al., (2014) compiled all published and known unpublished invasive species data 

for Scotland (Table 11). This data was from both harbour surveys and NBN Atlas data. 

Only 8.5% of the records came from both the East and South-East coasts of Scotland. Of 

the 23 known marine invasive species found within Scotland at that time, 10 non-native 

species were recorded and confirmed as present on the East or South-East coasts.  

Table 11. Known marine invasive species records from literature for the South and South-East coast of 
Scotland taken from Nall et al., (2014) and Loxton et al., (2017). 

Phylum Species  Nomenclature  Reference 
Arthropoda Austrominius 

modestus  
(Darwin, 1854) (Nall et al., 

2014) 
Arthropoda Caprella mutica  Schurin, 1935 (Nall et al., 

2014) 
Bryozoa Schizoporella 

japonica 
Ortmann, 1890 (Loxton et al., 

2017) 
Bryozoa Tricellaria inopinata  

 
d’Hondt & Occhipinti 
Ambrogi, 1985 

(Nall et al., 
2014) 

Chlorophyta Codium fragile ssp. 
fragile  
 

(Suringar) Hariot, 
1889 

(Nall et al., 
2014) 

Mollusca Crepidula fornicata (Linnaeus, 1758) (Nall et al., 
2014) 

Ochrophyta Colpomenia peregrina  Sauvageau, 1927 (Nall et al., 
2014) 

Rhodophyta Antithamnionella 
ternifolia  

 (J. D. Hooker and 
Harvey), Lyle 1922 

(Nall et al., 
2014) 

Rhodophyta Asparagopsis armata  
 

Harvey, 1855 
 

(Nall et al., 
2014) 

Rhodophyta Bonnemaisonia 
hamifera  
 

Hariot, 1891 
 

(Nall et al., 
2014) 

Rhodophyta Melanothamnus 
harveyi 
 

Díaz-Tapia and 
Maggs, 2017 

(Nall et al., 
2014) 
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The current study further examined the data for South and South-East coast records 

synthesized by Nall et al., (2014) to split this section of coastline into five distinct location 

categories (Table 12). This was done because the records were made up of small clusters 

of localised studies, with some only searching for individual invasive species. Therefore, 

within the South-East and East coast, the data still varied even on a smaller local scale. 

Examination on an even more local level identified any further survey gaps that needed 

to be filled. Within this area, focus has fallen on records for the southern shore of the Firth 

of Forth. This could both be due to the presence of more invasive species in that location 

requiring more monitoring, the presence of larger industrial harbours around Edinburgh, 

or possibly just more research focus in that area. What was of a concern was the area from 

Montrose to the Northern shore of the Firth of Forth. Firstly, there were no records of 

invasive species for this stretch of coastline since 1981 (Table 12), increasing the 

likelihood that records of marine invasive species in this area were incorrect. Secondly, 

11 of the records were from one search in the 1960s focusing specifically on A. modestus, 

so there were only three records from studies that may have considered more than one 

species. With important ecological areas, such as the outer Firth of Forth and St Andrews 

Bay Complex, located within this region, it highlighted the importance of establishing a 

baseline of up-to-date invasive species data. 

The area was also identified as somewhere logistically possible to conduct the fieldwork 

and deployment of concrete for this study. To do so, it would be important to update this 

baseline data to determine which invasive species might be present. Therefore, it was 

decided that the study should only focus on the area from Montrose to the Northern shore 

of the Firth of Forth. 
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Table 12. Data taken from Nall et al., (2014) for South-East and East Coast of Scotland split into a 
further five geographic locations for record number, recorded and number of invasive species.  

Location 
Start  

Location End Number of 
Records  

Earliest 
Record  

Newest 
Record  

Number of 
Invasive 
Species  

Fraserburgh  Aberdeen  10 1975 2008 4 
Aberdeen  Montrose  10 1960 2008 4 
Montrose  Norther Shore 

of Firth of Forth  
15 
 

1939 1981 3 

Southern 
Shore of Firth 
of Forth  

Scottish/English 
East Coast 
Border 

30 1960 2011 9 

Islands  9 1987 2011 3 
 

A literature search for any updated records published after Nall et al., (2014) for this area 

was conducted. The only further study to examine harbours from Montrose to the 

Northern shore of the Firth of Forth was conducted by Loxton et al., (2017) which 

specifically searched only for Schizoporella japonica at two locations, this species was 

found to be absent from this area, but was present elsewhere on the East coast (Table 11).  

This study aims to provide an updated record of the range of marine invasive species 

within the Scottish East coast area from Montrose to the Northern shores of the Firth of 

Forth. To do so harbours searches for invasive species will be conducted within 

harbours from Montrose to the Northern shores of the Firth of Forth. Records of the 

invasive species found within these searches will then be combined with records of 

invasive species found in NBN since Nall et al., (2014) study to provide an updated 

record of invasive species for this area.  

Section 2.3 Method 

Invasive species searches were chosen as the method to update records of invasive species 

within this study as they are considered the main method of invasive species monitoring 

and could be conducted with low cost. Harbour searches also provided an additional 

benefit over techniques such as eDNA for this study. Within eDNA studies species may 

being detected from outside the harbour through movement in currents (Handley 2015), 

by conducting harbour searches is allowed for comparison with concrete deployment 

studies (Chapter 3).  
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Invasive species searches of five harbours in Scotland were conducted in 2019 (Figure 3, 

Table 13), and three were revisited a year later in 2020 for a second search (Table 14). 

These five harbours were searched because they satisfied the criteria of (a) having 

pontoons in the harbours and (b) permission was obtained from the harbour operators to 

conduct searches. Only harbours with pontoons were selected, due to the lack of access 

to a vessel that would permit searching harbours without pontoons.   

Rapid assessment methods were used to search the harbours, as described in Nall et al., 

(2014), with training obtained from Bishop Group at Marine Biological Association. 

Timed harbour search surveys were not conducted, as there was not enough information 

about the amount of species in each harbour, which meant that an appropriate time could 

not be estimated.  

 

 

Figure 3. Locations of the five harbours where invasive species searches were conducted for this study. 
Image from Google Maps (Google 2021). 

Arbroath

Tayport

St Andrews

Anstruther

North 
Queensferry 
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Table 13. Co-ordinates for the locations of the harbours in which invasive species searches were 
conducted. 

Harbour Location  Longitude Latitude 
North Queensferry  -3.3994776 

 
56.0084775 
 

Anstruther -2.6983989 
 

56.2208985 
 

Tayport -2.8789599 
 

56.4509999 
 

Arbroath -2.5841383 
 

56.5559533 
 

St Andrews  -2.7843057 
 

56.3386807 
 
 

 

 

Before the searches were conducted, a list was created of species to search for. The 

species list from Nall et al., (2014) was used as they were species known to be found in 

Scotland. Also, due to the rapid movement of species, and a trend for marine invasive 

species to spread from South to North within the UK (Harries et al., 2007; Philippart et 

al., 2011), the species within the ‘Identification guide for selected marine non-native 

species’ (Marine Biological Association 2020) was also added to this list (Appendices). 

Additionally, the cryptogenic species B. fulva was included on the basis that Porter et al., 

(2017) included this species alongside other invasive bryozoans: although its exact origin 

is currently unknown, it is likely to be invasive. Despite acknowledging its cryptogenic 

nature, throughout the remainder of this PhD thesis B. fulva will be referred to as an 

invasive species. Other cryptogenic species were not included.   

Taxonomic training was undertaken with Bishop Group at the Marine Biological 

Association in April 2019. This ensured a high level of taxonomic expertise to help 

identify species. In the case that species were not fully covered by the training, namely 

small red seaweeds, literature and taxonomic references were used to study and note 

identifying features before surveys were conducted.  

The same person conducted all the harbour searches and so consistency between searches 

was not a concern. Every safely accessible point of the harbour, including pontoons, 

ropes, buoys and chains, was searched.  The search ended when an entire harbour had 
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been searched and no more marine invasive species could be found. Harbour search times 

were noted for the first search of each site. Where possible, at least one sample organism 

was removed to verify taxonomic identification and take photographs of taxonomic 

features in the laboratory. The specimens were stored in 80% ethanol. 

Table 14. Dates and description of harbours where invasive species searches were conducted across the 
South-East/ East coast of Scotland, UK, including number of pontoon births counted from Google Maps 
images. * Estimated pontoon birth space if pontoons had no finger projections **Estimated Time 

Harbour  Dates 
Searched 

Search 
Time  

Description Number 
of 
Births  

Arbroath  16/9/2019 
02/10/2020 

2h Fully coastal, working and recreational. 
Gated harbour to control tides and 
harbour does not fully dry out.  

56 

Anstruther 18/9/2019 
01/10/2020 

2h 38 
min 

Fully coastal working and recreational 
harbour, no gated water control so drains 
on spring low tides.  

91 and 
25* 

Tayport 23/09/2019 
05/10/2020 

2h 2 min Recreational harbour, where the only 
working boats are chartered vessel for 
tourist trips. Not a gated harbour and 
does not dry out completely on spring 
tides, though it gets very shallow. Large 
freshwater input from Tay River as 
harbour is located with the estuary.  

87 

St Andrews 19/09/2019 **30 
min 

Small recreational harbour with small 
pontoons. Tidal, no gated water control 
dries out most low tides.  

16 

North 
Queensferry 

26/09/2019 26 min Small recreational harbour with eight 
boats and one pontoon made out of wood 
and dries out on low tides. 

8* 

 

Biosecurity measures were followed to ensure no spread between different locations 

could occur. Tools used in the harbour search were disinfected and dried for four days 

before re-use.  

Species were identified using the books and guides listed in Table 15. Where papers were 

also used, they have been referenced. Where species identification may be difficult, the 

was also verified by experts (Table 16) using photographs (Figures 5-12). NBN records 

were then searched to determine if the presence of a species altered its known range (NBN 

Atlas, 2022). Within Nall et al., (2014) records which were ‘out of place’ were checked. 

However, due to the lack of data for the area, it was difficult for this study to verify or 

recognise observations that were ‘out of place’, so this study did not do any further checks 

on NBN records (NBN Atlas, 2022) and were assumed to be correct. Species information 
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from this study, NBN records and data from Nall et al., (2014) were then combined to 

update distribution information for marine invasive species in the area (Figure 4). 

Table 15. Books and references used to identify invasive species. 

Book or Paper Title  Reference 
Seaweeds of Britain and Ireland (Bunker et al., 2017) 
Sea Anemone and Corals of Britain and Ireland (Bowen et al., 2018) 
Sea Squirts and Sponges of Britain and Ireland (Wood, 2013) 
Seasearch Guide to Bryozoans and Hydroids of 
Britian and Ireland 

(Porter, 2012) 

Handbook of the Marine Fauna of North West 
Europe. Second edition 

(Hayward and Ryland, 
2017) 

Cheilostomatous Bryozoa, Part 1: Aetoidea – 
Cribrillinoidea 

(Hayward and Ryland, 
1998) 

Cheilostomatous Bryozoa, Part 1: Celleporoidea (Hayward and Ryland, 
1998B) 

Guide to Early Post-Settlement Stages of Fouling 
Marine Invertebrates in Britain 

(Bishop et al., 2015a) 

Seaweeds of the British Isles, Volume 1 
Rhodophyta, Part 3A Ceramiales 

(Maggs and 
Hommersand, 1993) 

Identification Guide for Selected Marine Non-Native 
Species.  

Marine Biological 
Association (2020) 

 

Table 16. Invasive species which were checked for correct identification by an expert.  

Species  Person Confirmed ID Association 
Tricellaria inoptina Jennifer Loxton Kings College London 
Bugula simplex Jennifer Loxton Kings College London 
Bugula fulva  Jennifer Loxton  Kings College London  
Melanothamnus 
harveyi 

Colin Moore Heriot Watt 

Bugula neritina  Christine Wood  Marine Biological 
Association 

 

To provide a more complete picture of the invasive species present on the East Coast of 

Scotland during this study, the invasive species found on sampled surfaces of the concrete 

panels deployed for the studied described in Chapter 4, were also included. The 

methodologies for these studies are described in Section 4.3.10. 
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Section 2.4 Results 

Seven invasive species were found across five harbours on the East coast of Scotland. 

One additional invasive species was found in Arbroath harbour during the concrete 

deployment field studies (Chapter 4). A breakdown of the features used to compare with 

the literature to confirm the identity of each invasive species are included in Figures 5-

12.  

Every harbour surveyed had at least one marine invasive species present. Three of the 

harbours had only A. modestus and no other marine invasive species. Anstruther had the 

only record of Colopomenia peregrina found within these harbour searches. Arbroath had 

seven marine invasive species present, the most of any of the surveyed harbours. At 

Arbroath, three were only found in 2019 and four were found over at least two years 

(Table 17).  

A. modestus had the most widespread distribution across the studied geographic area, both 

from this study and previous literature (Figure 4). B. neritina, B. simplex B. fulva and T. 

inoptina were only found at Arbroath. C. peregrina and C. eumoyta were not recorded in 

the South or South East by Nall et al., (2014), but C. eumoyta was discovered at two 

locations and C. peregrina at one location within this study, and since 2014 records of 

this species within this area have been added to the NBN Atlas.  
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Table 17. Invasive species presence, indicated by the note of the year found, and absence from the five 
harbours searched. Where an S after a date with bold text is shown, these were not recorded as part of a 
harbour search but instead the species was found present in that year recorded on the sampled surface of 
concrete panels deployed in Arbroath, Anstruther or Tayport, as part of studies to investigate biofouling 
on concrete. (North Q = North Queensferry, St A = St Andrews). 

Phylum  Species and 
Nomenclature  

Arbroath Anstruther Tayport North 
Q 

St A  

Arthropoda Austrominius 
modestus 
(Darwin, 1854) 

2021S 
2019S 

2020 
2021S 

2019 
2020 
2021S 

2019 2019 

Bryozoa Bugulina fulva  
(Ryland, 1960)  

2019 
2020 
2019S 

    

Bryozoa Bugula neritina  
(Linnaeus, 1758) 
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Figure 4. Known presence of invasive species from Montrose to North coast of the Firth of Forth, UK, found 
within this study and other records. Dot indicates presence, where there is a line attached to dot, the presence is 
at the location at the end of the line. Image of map from Google Maps (Google 2021). 
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Figure 5. (A) Full body Bugulina fulva specimen, photograph taken from Porter et al., (2017) which has similar structure and root 
system to (B) found within this study from an invasive species search in harbour on East Coast of Scotland. (C) Scanning electron 
microscope (SEM) image taken from Porter et al., (2017) of branch of a colony (D) Illustration detailing the branch colony, such as 
avicularia, ovicell and spine size, shape and placement taken from (Ryland, 1960) (E) Hook-nosed rostrum SEM image from Porter 
et al., (2017) matching (F) a microscope image of the hooked nose rostrum of a B. fulva specimen found within this study. (G) Branch 
structure of B. fulva individual found within this study with a scale bar of cell from top of ovicells to top of the ovicells of the individual 
bryozoan below matching the size of the cell illustrated in (B), and scale bar measuring the length of avicularia matching the length 
seen in (E). (H) Image showing identification feature of three spines on the outer side of the individual and two spines found on B. 
fulva individuals. Red letters and * indicate photographs taken from this study. Black letters indicate images taken from other sources. 

* 

* 

* 
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Figure 6. (A) Full body colony of Bugulina simplex taken from Porter et al., (2017) which is similar in shape and size to (B) A full 
body B. simplex colony found within this study as an invasive species search in a harbour on the East Coast of Scotland. (C) 
Illustration detailing the placement, size and shape of the structures such as avicularium, spines and ovicells on a branch of a B. 
simplex colony taken from (Ryland, 1960). (D) Branch of a B. simplex colony with scale bar showing size of cell matching size in 
Figure C. (E) SEM Image taken from Porter et al., (2017) of branch of B. simplex colony. (F) SEM image of avicularia of B. 
simplex matching the shape of (G) an avicularium from B. simplex specimen found within this study. Red letters and * indicate 
photographs taken from this study, with black letters indicting photographs taken from other sources. 

* 

* 
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Figure 7. (A) Tricellaria inopinata individual found within an invasive species search of a harbour on the 
East coast of Scotland conducted by this study. (B) Scanning Electron Micrograph image of the structures 
on a branch of a T. inopinata colony, taken from Dyrynda et al., (2000) (C) Close up of zooids on a branch 
of T. inopinata colony with size similar to those shown in Figure D. (D) Detailed illustration of the size and 
shape of structures such as spines, avicularium and differences between non-ovicellate and ovicellate 
colonies, taken from Dyrynda et al., (2000). (E) Outlined and labelled scutum on individual of ovicellate 
T. inoptinata colony found within this study, as well as labelled ovicells and long spine found on outer side 
of zooid. (F) Labelled avicularium on outer edge of zooid on a branch of a colony of T. inopinata found 
within this study. Red letters and * indicate photographs taken from this study, with black letters indicting 
photographs taken from other sources.    

* 

* 

* 
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Figure 8. (A, B, C) Photographs of individual of Bugula neritina found within this study. (D) SEM 
Image taken from Ryland et al., (2011), one of the authors of this paper, Christine Wood, confirmed the 
identification of this (B, C) as B. neritina. This was likely to brown colour variant as the colour had 
faded with storage in ethanol. Red letters and * indicate photographs taken from this study, with black 
letters indicting photographs taken from other sources.    
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Figure 9. (A) Melanothamnus harveyi growing in the wild, taken from Maggs et al., (2011) (B) Full body image of 
M. harveyi individual found in a harbour search on the East Coast of Scotland within this study, which is similar in 
size to specimen in Figure A (C) Image of cells of a branch of an individual of M. harveyi found within this study 
matching the shape of (D) a close up image of M. harveyi, image take from Guiry and Guiry (2020) (E) Image 
showing size of cells and fertilized cystocarps, taken from Maggs et al., (2011) (F) image showing size of cells and of 
cells and procarps of M. harveyi, taken from Maggs et al., (2011) (G and H) Images taken of branches and distinctive 
square shaped cells of individuals of M. harveyi found within this study with scale bars showing cell size similar to 
those shown in Figure E. Red letters and * indicate photographs taken from this study, with black letters indicting 
photographs taken from other sources.    

* 

* 

* 
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Figure 10. (A) Colpomenia peregrina found during a marine invasive species search in a harbour on the 
east coast of Scotland. This is a hollow seaweed, as can be seen in (B). (C) Photo of C. peregrina in the 
wild, photo taken from (Oakely, 2020) Red letters indicate photographs taken from this study, with black 
letters indicting photographs taken from other sources. 
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Figure 11.(A) Corella eumyota photographed in Arbroath harbour in 2019, with the very characteristic 
gut which curves but does not overlap. (B) Largest early settlement stage of C. eumyota demonstrating 
the same sea squirt body and gut shape taken from (Bishop et al., 2015a).   

 

Figure 12. (A) Austrominius modestus growing on a buoy in Tayport harbour found during an invasive 
species search. Characteristic four growth plates in star shape as seen in (B) an early settlement stage of 
A. modestus taken from (Bishop et al., 2015a). 
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Section 2.5 Discussion  

2.5.1 Invasive Species on the East Coast of Scotland  
Of the 11 invasive species recorded  as being present on the East Coast of Scotland (Table 

11), seven were not previously recorded within the East coast area from Montrose to the 

Northern shores of the Firth of Forth. However, three were previously present within this 

area: A. modestus, C. peregrina and M. harveyi. Additionally, a further five invasive 

species that had previously not been recorded were found within the East coast area of 

Scotland from Montrose to the Northern shores of the Firth of Forth. However, only five 

harbours were searched on the East Coast of Scotland for this study. It is possible that 

other invasive species were present in the area, either in other harbours or deployed 

structures and surrounding natural habitats.  

According to Nall et al., (2014), a species can be described as established if found in the 

same place more than four years after a sighting. However, due to the large time gap of 

over 42 years between previous records and the harbour searches, it was decided not to 

use comparison of this data alone to determine if an invasive species was established. 

This is because it may have been possible for a species to have been introduced at these 

two time points, but not become established. However, data from NBN shows that C. 

eumoyta, C. peregrina and A. modestus also each had a record of being present from 2015 

within the East coast area of Scotland from Montrose to the Northern shores of the Firth 

of Forth and were all found four or five years later within this study (NBN Atlas, 2022). 

Therefore, it is likely that these three species have established populations within the area.  

C. eumyota is known to be able to spread and establish populations quickly: having first 

been recorded in the Northern hemisphere in 2002 in France (Lambert, 2004), it was 

found in 2004 on the southern shore of the UK (Arenas et al., 2006) and has now spread 

around the country with its northern-most range of Orkney (NBN Atlas, 2022). C. 

peregrina has been present in the UK for a much longer period of time, having been 

introduced in the South-East of England in 1907 and spreading across the UK up to the 

Orkney Isles by 1940 (Sweet, 2011). A. modestus was introduced to the UK in 1943 and 

is now widespread throughout (Gallagher et al., 2015). It is, therefore, unsurprising that 

these three species have also become established within the East Coast of Scotland.  

Melanothamnus harveyi has established populations in Orkney (Kakkonen et al., 2019), 

was recorded within the East Coast area, including from Montrose to the Northern shores 
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of the Firth of Forth, in Nall et al., (2014). Therefore, it is not unsurprising for it to have 

been found within this study.  

All of the invasive bryozoans were found in Arbroath harbour. As far as could be 

established, this was the first full invasive species search to be conducted at this location. 

Only B. simplex and B. fulva were found two years in a row with the invasive species 

search, whilst the other bryozoan species were only found during 2019. T. inoptinata was 

also found to be present. When Peterhead and Port Edgar (two harbours on the East coast 

of Scotland) were searched by Cook et al., (2013) this species was not found. No NBN 

records of this species on the East Coast have been found (NBN Atlas, 2022). This species 

has spread rapidly throughout Europe, first being introduced to Italy in 1982, and since 

then has an average spread of 190 km per year (Cook et al., 2013). According to NBN 

records, Kakkonen et al., (2019) and Nall et al., (2014) this is the first East Coast record 

in Scotland for B. simplex, although it was found in Orkney in 2012. This is also the first 

record of Bugulina fulva, though it has been found on the North-East coast of Scotland 

and Orkney Isles (Kakkonen et al., 2019).  

There is mention of B. neritina first arriving in the UK from around 1911 (Ryland et al., 

2011), since then it has spread from the South of England northwards. The ability of B. 

neritina to expand its northern range has been witnessed in the UK, spreading from the 

South coast of England to the Firth of Clyde by 2006 (Ryland et al., 2011; NBN Atlas, 

2022) and now as far north as Arbroath on the East Coast. B. neritina’s northern range 

has also increased on the North American continent and was found in 2015 for the first 

time in South-East Alaska (Jurgens et al., 2018). According to the results of this study 

and consulting NBN records, this is the first Scottish East coast record and Northern-most 

record for both the UK and the world.  

To better be able to determine if the invasive species found within this study are 

established more regular surveys are required. These should be conducted both at more 

harbours/locations around the East coast and be repeated at locations with a gap of less 

than 3-year gap between surveys, which is the recommendation of Bishop et al., (2015c). 

2.5.2 Differences in Marine Invasive Species Between Harbours  
There was noticeably different invasive species richness for each of the harbours 

searched.  
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Harbour size is known to influence the amount of invasive species, as more boat traffic 

provides more opportunities for introduction (Lacoursière-Roussel et al., 2016; Kocaman 

and Jenkins, 2021). The number of pontoon births was used to assess harbour size. North 

Queensferry and St Andrews are small harbours and only had one invasive species 

present. However, this was also the case for Tayport, which is a much larger harbour. 

Also Anstruther, Arbroath and Tayport are similar sized harbours, and the number of 

marine invasive species differed between the sites. Other studies have also not seen a 

direct link between harbour size and invasive species richness. Peters et al., (2014) found 

that the harbour with the highest invasive richness was also one of the smallest in their 

study. This may be due to differences in boat activity, as well as the number of tourist 

boats. Clarke Murray et al., (2014) named this characteristic ‘propulsiveness’: the 

likelihood the boat will leave its ‘home’ harbour for other locations where it may have 

greater opportunity to be biofouled by more/new invasive species. However, there are 

also other factors that may influence this, such as use of antifouling paint (Clarke Murray 

et al., 2014). This study did not have access to information about boat usage and location, 

but it could be a consideration of future studies.  

Another aspect that varied between these harbours was the tidal range. North 

Queensferry, St Andrews and Anstruther all fully drain on some low tides. In doing so, 

this left biofouling species on harbour surfaces exposed to air, which can increase 

temperature and desiccation risk (Hopkins et al., 2016). Different species have different 

tolerances to desiccation, and this could be why species, such as the erect bryozoans, were 

only found within Arbroath - a subtidal harbour. Tidal range influences the amount of 

water flushed out of a harbour each day (Hopkins et al., 2016). Although Tayport does 

not fully drain, there was no gate to stop the tide flow in and out of the harbour. Arbroath, 

however, is a gated harbour, where the gate is used to keep the water level more 

consistent, limiting the extent to which water is exchanged with each tidal cycle. A study 

conducted by Floerl and Inglis (2003) revealed that the design of harbours can influence 

the success of species settlement. This is most likely because, in gated harbours (or 

similar), fewer propagules are exchanged and so propagule pressure remains high in the 

harbour, increasing the probability of settlement success (Lockwood et al., 2005).  

Arbroath was the only gated harbour within the study, which could explain why five more 

invasive species present at this harbour than at Anstruther, the harbour with the next 
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highest invasive species richness. Furthermore, Floerl and Inglis (2003) noted that 

barnacles were the exception to this and were not influenced by water flow. This is 

supported by the results of the present study, as the invasive barnacle A. modestus was 

found in all five harbours.  

There may be another reason why A. modestus was the only invasive species found at all 

five sites.  A. modestus, both as an adults and propagules, has a large salinity tolerance 

and can occupy brackish environments, as well as fully marine waters with a salinity 

range of 15 psu to 40 psu (O’Riordan et al., 2020). The three harbours with only A. 

modestus are located within areas with freshwater influence, Tayport from the River Tay, 

North Queensferry from the River Forth, and St Andrews from the Kinness Burn. 

Arbroath and Anstruther are positioned in fully marine locations (Section 4.3.8) which 

are known to have more invasive species than more brackish locations (Clarke Murray et 

al., 2014; Jimenez et al., 2018; Kocaman and Jenkins, 2021). This could explain why 

there was higher invasive species richness at Arbroath and Anstruther compared to the 

other three sites.  

Furthermore, including records of whether a species was subtidal or intertidal (Nall et al., 

2014) or abundance (Bishop et al., (2015c) or material type might help provide better 

context to the preferences of settlement within and between harbours.  

Section 2.6 Conclusion 

With the consistent trend of marine invasive species increasing their range once 

established within the UK, it is unsurprising that the species found in the harbour searches 

within this study were encountered, as all had been noted to be present within the UK 

previously. It is not possible to know exactly how these invasive species spread further 

once established within the UK as there are many possible biofouling vectors is within 

(Section 1.4). Due to the low number of harbour searches Montrose to the Northern shores 

of the Firth of Forth these species could have been present for much longer that the 

duration of this study. Further harbour searches less than three years apart in the future 

helping to provide more context of if they have become established within this region. 

There may also be more invasive species within this area present in other harbours or 

outside of harbours.  
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This study presents a recent account of the eight marine invasive species present within 

the geographic region of Montrose to the Northern shores of the Firth of Forth. The first 

record of B. simplex, B. fulva and B. neritina on the East Coast of Scotland are presented 

within this study. Of note is the identification of B. neritina present at Arbroath harbour, 

which is the northern most record of this species in the world. 

Invasive species richness varied between harbours. This is likely to be due to a variety of 

factors including harbour design, salinity and boat use. The fact that at least one invasive 

species was in every harbour studied indicates that this area is appropriate as a subject for 

marine invasive species investigations. In particular, the use of Arbroath harbour as the 

main site for study was appropriate due to the higher invasive species richness.  
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Chapter 3 Design, Creation and Categorization of Concrete Surfaces 

Section 3.1 Abstract  
Ecological engineering is a field that aims to reduce the negative impacts often associated 

with the introduction of structures into the marine environment. One way this can be done 

is through the manipulation of surface properties to encourage a biofouling community 

closer to those found on natural shores. Invasive species are known to be more prevalent 

on man-made surfaces than natural ones, but there has been little focus on the design of 

man-made surfaces to specifically reduce biofouling by marine invasive species. This 

study designed and produced six types of concrete surfaces aimed at reducing biofouling 

by marine invasive species. The six types of concrete were modified to have physical and 

chemical modifications, as well as a mixture of both. This included the design of an 

entirely novel hairy concrete surface. All surfaces were successfully designed to be low 

cost, easily implemented by the civil engineering sector, non-toxic and meeting the 

necessary engineering standards. This study presents one of the first attempting to use 

concrete surfaces to reduce marine invasive species.  

Section 3.2 Design Justification for Choosing Modifications for Each  

3.2.1 ‘Fundamental characteristics’. 

To ensure the aims of this study were met, the concept of ‘fundamental characteristics’ 

was used throughout the concrete surface design process. Fundamental characteristics 

were defined within this study as key requirements of the final concrete surfaces that must 

be met and, therefore, were considered during each stage of the design process. 

Fundamental characteristics relating to both engineering and ecological requirements 

were considered.  

i Fundamental Engineering Characteristics 
One of the aims of this study was to design materials that would be compatible with 

engineering applications at an industrial scale. The specific characteristics were chosen 

because they were the studies best estimate of the requirements needed for a desired 

concrete mix to be used at industrial scales. These ‘fundamental engineering 

characteristics’ and the justification for why these were chosen are described below: 

• Economical – the concrete surface must have the potential to be economically 

viable if implemented on an industrial scale. 
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• Easy to implement – only small modifications to normal concrete production 

practices must be considered, to enable concrete producers to implement them 

without major disruption or longer production times. 

• Non-toxic – this will protect non-target species and stop any need for complex 

regulatory compliance procedures. 

• Meet Engineering Standards – this will ensure the concrete is of the same 

quality as existing concrete, thus maintaining the same standards for safety and 

durability.  

 

It was hoped that if all four chosen characteristics were met, then the surface created 

would be able to be implemented within industry.  

Being non-toxic and meeting engineering standards are both characteristics that can be 

quantitatively assessed. Being economical or easy to implement were more subjective 

measurements and would vary depending on engineering practices. Therefore, as a guide 

the thoughts behind the ‘Economical’ and ‘Easy to implement’ characteristics, the 

questions that were asked at each stage of the design process are outlined below. 

The questions asked during this study for the fundamental characteristic ‘Economical’ 

were: 

• Compared to Portland cement concrete, is time and effort to make this concrete 

type significantly longer? 

• Are any additional constituents expensive or difficult to source?  

• Are the materials used able to be bought on the limited budget of this PhD project, 

and therefore - by extension -  unlikely to be too expensive for industry? 

• Can the materials be sourced on a larger scale? 

 The questions asked for the fundamental characteristic ‘Easy to implement’ were: 

• Is there more than one additional step? If so how time-consuming is this? 

• Are additional tools needed?  

• Can tools already used in concrete production be used? 

• Do any additional steps increase the production time of the concrete panels?  
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ii Fundamental Ecological Characteristics 
From Chapter 1 it was clear that there was very limited knowledge regarding whether 

surfaces can be designed for the purpose of controlling marine invasive species. Invasive 

species are known to have individual preferences for settlement on surfaces, much like 

many settling biofouling species (Creed and Paula, 2007; Glasby et al., 2007; Chase et 

al., 2016). At the time of creating these surfaces, there was little-to-no literature to guide 

choices of surface to address specific UK invasive species preferences on concrete, and 

little information on the invasive species that inhabited the harbours used as deployment 

sites for this study (Chapter 2). Therefore, designing a surface targeted at reducing a 

specific invasive species was not an option. 

A question which also needed to be answered to help define the scope of this study is 

whether invasive biofouling species have different settlement preferences to native 

biofouling species. There is no clear answer whether, in general, invasive species 

settlement differs from that of native species. In some cases, invasive species have been 

shown to have a different response at species (Perkol-Finkel and Sella, 2014) and 

community level (McManus et al., 2018), but in others have reacted in the same manner 

as native species (Schaefer et al., 2021). Therefore, both native and invasive biofouling 

species settlement preferences will be investigated to inform surface design choices.  

As a starting point to help inform decisions on how invasive species might be influenced, 

the few studies found within Table 7 and Table 8 were used. These studies, the majority 

of which focus on whole biofouling communities, observe that when a change is made to 

a surface, the settlement of the biofouling species may be influenced by both the surface 

change itself and the surrounding native biofouling community. Other location-dependent 

factors may also influence this, such as pollution (Kenworthy et al., 2018), but taking 

specific location-dependent factors into consideration may not be relevant for the 

deployment of concrete into locations other than the ones used in this study. Therefore, 

they were not considered in the design stage of this study.  Investigation of the extent to 

which a native community influences the settlement and colonisation success of invasive 

species has yielded mixed findings. In some cases, native species have been able to resist 

invasion by a similar invasive species (Stachowicz et al., 1999; Britton-Simmons and 

Britton-Simmons, 2006). In other cases, similar native species have been outcompeted 

(Cacabelos et al., 2013). The presence of another similar native species has even been 
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known to encourage the growth of invasive species to occupy greater cover (Gittenberger 

and Moons, 2011). Others have found that a high diversity of native community reduces 

invasion risk (Stachowicz et al., 1999), whilst others have found the opposite and that 

more diverse communities provide more niches for invasive species to colonize (Corriero 

et al., 2016). Disturbance and free surface unoccupied by native species may also 

influence invasive species colonisation success (Stachowicz, 2001; Altman and 

Whitlatch, 2007).  

The main focus of this study and the main decisions for the types of concrete to be used, 

were based on the changes to the surface properties thought to best decrease invasive 

species settlement and colonisation. However, what was also clear was that the changes 

caused to native species and community also needed to be examined during the study and 

considered at the design stage, as this might influence invasive species settlement and 

colonisation. Therefore, the fundamental ecological characteristics were used to help 

design of each type of concrete. At each design stage, the following questions were asked 

to help inform concrete design:  

• how might native species and communities react? 

• how might native species change influence invasive species settlement and 

colonisation?  

Therefore, for each type of concrete designed within this study, hypothesis are presented 

for both influence on invasive and native species. 

3.2.2 Material Selection and Justification 

As previously mentioned, there are large and broad gaps in our knowledge surrounding 

creating concrete surfaces to reduce marine invasive species settlement and colonisation. 

For this reason, it was recognized that the way in which new types of concrete were 

designed must also be approached in a broad manner, as there was a need to begin to fill 

these gaps. This study was designed to cover a range of different ways to alter the surface 

of concrete. It was also designed to allow for comparisons to be made between these 

surfaces to see which changes were most influential in invasive species reduction.  
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A limit of six concrete surface types was set for the study (Section 4.3.1). Within these, 

it was decided that at least one type of concrete must cover each of the following four 

categories: 

1) A control of ‘typical’ concrete for comparison 

2) A modification exclusively of the chemical characteristics of the concrete  

3) A modification exclusively of the physical characteristics of the concrete surface 

4) A combination of both physical and chemical modifications  

The following section will walk through the process of choosing the six surfaces. To do 

so, the literature found within Table 7 and Table 8 were first examined to determine if the 

methods used were compatible with the ‘fundamental characteristics’ of the study (Table 

18). This was then used as a basis to consider further changes which could be made to 

concrete. Where needed, the literature was explored beyond the scope of the previous 

literature review to investigate materials other than concrete. 
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Table 18. Decisions on whether the methods of relevant literature highlighted within Chapter 1 met the 
‘Industrial Fundamental Characteristics’ set forward for this study. 

Paper  Description of surface change to 
concrete  

Met Fundamental 
Characteristics? 

Relevant Ecological 
Characteristic 

Coombes et al., 
(2015) 

Wiped with smooth cloth Yes Physical change only 
Wirebrushed surface Yes Physical change only  
Exposed aggregate surface produced 
by jet washing 

Yes Chemical and physical 
change  

Loke et al., 
(2016) 

Drilled squares No – drilling too time-
consuming 

X 

Drilled squares of various sizes No – drilling too time-
consuming 

X 

Circular drilled make grooves No – drilling too time-
consuming 

X 

Circular drill makes grooves No – drilling too time-
consuming 

X 

Moschella et al., 
(2005) 

Six large pits (30 x 20mm depth)  Yes Physical change only  
13 small pits (15mm diameter x 
20mm) 

Yes Physical change only 

Four large pits and four small pits Yes Physical change only 
Perkol-Finkel 
and Sella (2014) 

Form Liner in shape of a coral polyp 
texture  

Yes Physical change only 

Varying types of cement and 
admixture 

Yes Chemical change only  

McManus et al., 
(2018) 

Varying levels of admixture Yes Chemical change only 
Fly Ash (FA) Yes Chemical change only 
Ground Granulated Blast Slag 
(GGBS) 

Yes Chemical change only 

FA and GGBS Yes Chemical change only 
Dennis et al., 
(2018) 

Addition of shells into mix at three 
(high medium or low) amounts 

Yes Chemical change 
(which caused 
unmeasured but visible 
physical change to 
surface) 

Addition of hemp fibres to mix in 
three (high medium or low) 
amounts. 

Yes Chemical change only 
(which caused 
unmeasured but visible 
physical change to 
surface) 

GGBS Yes Chemical change  
(Hanlon et al., 
2018) 

1 cm wide and 1 cm deep grooves. 
Replacement of shale in mix with 
shell. 

Yes Physical and Chemical 
Change 

(Firth et al., 
2014) 

Drilled pits (14 mm and 22 mm 
large, and 25 mm deep) 

No – drilling too time-
consuming 

Physical change only 

 Made by dragging trowel over wet 
mortar 

Yes Physical change only 

 Pits made by pushing 2.5 cm 
diameter stick 2.5 cm into the wet 
mortar 

Yes Physical change only 

Zazzaro et al., 
(2018) 

Barnacle spat added to surfaces No – not feasible on 
large scale 

X 

Paalvast et al., 
(2012) 

‘Hula skirt’ rope design on concrete 
pontoons 

No – would not be able 
to add rope on large scale 

X 
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i Surface Type One - a Control Surface 
For a comparison of the success of the other types of concrete, the performance of a 

typical concrete surface acting as a control was studied. The control surface chosen was 

a Portland cement (PC) mix which is the most used concrete type in the world and often 

used in marine concrete. It is not possible to always know the type of concrete used where 

invasive species are known to settle on structures (Table 6), for example within Kerchhof 

et al., (2009) where the biofouling described as growing on ‘concrete foundations. 

However, there is a possibility that surfaces are PC. Many biofouling studies also use PC 

as a control when compared to other types of concrete, such as Perkol-Finkel and Sella 

(2014) and McManus et al., (2018) studies,  which will allow this study to compare and 

build upon this knowledge.  

Hypothesis: 

1) PC concrete will have the highest cover and richness by invasive species 

compared to the other types of concrete  

ii Surface Type Two – Modification of Physical Characteristics   
There are many options available for modifying the surface of concrete that fit within the 

fundamental engineering characteristics previously defined (Table 18). This following 

section will first explore the possibilities of utilizing physical changes to surfaces of 

various materials to influence biofouling from the wider literature, and then the possibility 

of using these approaches to alter concrete surfaces for this study.  

Adding pits, grooves or holes is often an option explored across a variety of materials as 

a means of influencing biofouling. Adding these surface features can be done on a variety 

of scales, nanometres (Schumacher et al., 2008), the micrometre level (Petronis et al., 

2000) to much larger scales such, as drilling holes or grooves with millimetre-scale 

dimensions level such as in Loke et al., (2016), or indenting the surface when the concrete 

is still immature (Firth et al., 2014).  

It is well established that the introduction of surface features such as pits, grooves or holes 

can increase biodiversity and other measurements of community, such as richness, 

regardless of material type, compared to a flat surface (Moschella et al., 2005). For 
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concrete surfaces, this has mostly been explored at a scale of over 1 cm for the purpose 

of ecological engineering, where the focus is on providing a surface that supports more 

biodiverse communities on man-made structures. The objective of these changes, 

therefore, is a change in community rather than individual species. Increasing diversity 

has been linked to increased resistance to marine invasion (Stachowicz et al., 1999; 

Britton-Simmons, 2006).  

Adding surface features, such as pits and grooves, is an inconsistent change across the 

whole surface. It is often noted that the species react differently to the area where the 

surface feature is added compared to the flat surface directly adjacent to this. Moschella 

et al., (2005) found barnacles more abundant in crevices <1 cm than smooth areas next 

to crevices, and barnacles exclusively settled in pits, when there were present in Firth et 

al., (2014). Whalan et al., (2015) found some species of corals and sponges may show 

preference for settlement holes over adjacent flat surfaces, even at a smaller scale of 400 

micrometres. Making >1cm inconsistent surface changes was discounted for this study. 

Instead, ways to produce a consistent microscale modification across a whole surface 

were explored. The possibility of using >1 cm changes to the surface to alter the diversity 

of native communities through species change is explored in the design of other concrete 

types.  

Even smaller scale (<1 cm), changes to the morphology and scale of roughness will not 

influence all biofouling species in the same way (Myan et al., 2013). For example, Cui et 

al., (2013) compared the effect of ridged and pillared surfaces on the settlement of algae. 

One species showed no difference in settlement between the two surfaces, whereas 

another displayed significant differences. This is often related to how larval dimensions 

compare to the dimensions of the surface features. This concept is known as ‘attachment 

point theory’ (Scardino et al., 2008). If the settling larvae are too big for the pit, groove 

or ridge, it may be that the species cannot settle, as the number of suitable attachment 

points are reduced (Petronis et al., 2000; Zhou, 2015). However, if the larvae are smaller 

than the surface feature, it may be possible for them to settle within the feature and grow 

(Carl et al., 2012) or even increase their attachment points by settling along ridge walls 

which allows larvae to have at least two sides of a surface to attach too (Cui et al., 2013). 

Carl et al., (2012) showed mussels had low settlement rate of 45% on smooth surfaces or 

textures with <20 micrometre features, but with textured surfaces of >40 micrometres, 



 

 

73 

there were significantly increased settlement rate (65%). There are vast differences in 

larval size of macrofouling species. One of the smallest macrofoulers Ulva ssp. has a 

larval size of 101 micrometres, whilst barnacle cyprids are 104 micrometres (Zhou, 2015). 

This, therefore, means that a single change to the physical surface of a concrete panel is 

unlikely to have a universal influence on all species. This additionally highlights the need 

to be able to quantify and measure roughness changes at the micrometre scale, as subtle 

changes could significantly influence and change species settlement.  

To add further complexity to this, a review by Myan et al., (2013) into micro-

topographical changes (100 micrometres or less) demonstrates that aspects such as 

symmetry, height/depth, width, length, isotropy and roughness all influence biofouling 

settlement. For example, Petronis et al., (2000) found that riblets were more resistant to 

macrofouling than pyramid shapes in reducing barnacle cyprid settlement, despite both 

having the same surface area and inclination angle. With almost infinite options for 

surface feature shape and size, and thousands of biofouling species that could each be 

influenced differently, scientists have turned to the natural world for ways to decide what 

surface shapes and scales may reduce biofouling, an approach which falls under the term 

‘biomimetics’ (Scardino & de Nys 2011; Bixler & Bhushan 2012). 

Biomimetic surfaces are inspired by the surfaces of living creatures, where some species 

have evolved to resist epibiotic settlement, the equivalent of biofouling on an animal 

surface, as it is unfavourable for species survival (Bers and Wahl, 2004). It is hoped that 

by examining these species, lessons can be learned about surfaces which have evolved to 

be natural antifoulers and scientists can learn how to make surfaces much more repellent 

for all, or some, biofouling species (Bixler and Bhushan, 2012). These natural antifouling 

surfaces result from physical or chemical characteristics, or a combination of both 

(Scardino and de Nys, 2011). 

A range of both terrestrial and marine species have been investigated, which is further 

explored in a review by Scardino & de Nys (2011). With species ranging from sharks to 

insects, and with a vast range of species available to study, the species selected for 

investigation as possible inspiration for biomimetic surfaces have been chosen by 

researchers for specific reasons. Firstly, species have been studied based on a lack of 

epibionts on a surface observed in the wild, such as in Bers & Wahl (2004) study. Bers 
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& Wahl (2004) hypothesised that the species they investigated had naturally evolved a 

surface which is optimal for reducing attachment points. This study investigated the 

influence of the physical surface texture of different shells by deploying resin casts of 

crab (Cancer pagarus), mussel (Mytilus edulis), shark egg cases (Scyliorhinus canicula) 

and brittle star (Ophiura textuata) at sea. C. pagarus surfaces were able to repel fouling 

of barnacle Balanus improvisus for three weeks, but Zoothamnium commune was not 

influenced. M. edulis could repel species settlement for one week, but not after. O. 

textuata and S. canicula showed little influence on biofouling, but some species were 

repelled for some, but not all, weeks of their deployment. The mixed results of antifouling 

ability observed in this study are in line with many biomimetic surface investigations 

which are summarized further in reviews by Scardino & de Nys (2011), Carve et al., 

(2019) and Vellwock & Yao (2021). This demonstrates that, even with biomimetic 

surfaces, the ability to control species settlement varies considerably and is dependent on 

the epibiont organisms present. 

Another way to approach the development of antifouling biomimetic surfaces is to 

consider how physical microtopography influences wettability. Carve et al., (2019) found 

studies relating wettability to microtopography were the most investigated area of 

biomimetic surface development. Wettability is a measurement of the contact angle water 

makes with a surface and indicates how hydrophobic (water-hating) or hydrophilic 

(water-loving) a surface is (Carman et al., 2006). Microtopography is a factor in 

influencing the wettability of a surface, along with surface chemistry. Hydrophilic 

surfaces have been mentioned for their possibility of influencing biofouling but, 

compared to hydrophobic surfaces much less research has been undertaken (Scardino & 

de Nys 2011) and therefore hydrophilic surfaces were not included in the scope for this 

study to explore.  

Superhydrophobic surfaces are defined as surfaces with a contact angle over 150° 

(Horgnies and Chen, 2014) and are hypothesized to work as antifouling surfaces because 

water at the surfaces would be repelled thereby making biofouling larvae attachment 

difficult (Marmur, 2006). Examples of these surfaces include Sharklet AF which was 

inspired by shark skin and has been shown to significantly reduce barnacle settlement and 

Ulva sp. in laboratory experiments (Schumacher et al., 2007; Schumacher et al., 2008). 

However, reviews by Scardino & de Nys (2011) and Carve et al., (2019) both note that 
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studies of this type also have mixed results, with some species reduced, promoted or 

unaffected by wettability. There is also debate regarding the duration over which 

hydrophobicity persists with continual submergence in water, including how wettability 

changes as a result of the formation of biofilms (Huggett et al., 2009). When the influence 

of wettability on bacterial microfouling has been investigated it has been found that 

superhydrophobic surfaces could actually increase biofouling after 3-months (Ukolov et 

al., 2020). Again, this highlights that even biomimetic design routes do not guarantee 

success with regards to limiting biofouling.  

Research has been conducted on the creation of superhydrophobic concrete surfaces, but 

not for the purposes of controlling marine biofouling. Instead, the focus has been on issues 

that arise due to water ingress which can contribute to freeze-thaw damage, chloride 

ingress and other issues which damage the concrete and reduce its lifespan 

(Ramachandran et al., 2015; Al-Kheetan et al., 2018). However, the most common way 

to increase the hydrophobicity of concrete is via surface chemistry. Therefore, the idea of 

chemical changes for hydrophobicity will be considered within the design for chemical 

change (Section 3.2.2iii). Horgnies & Chen (2014) is a study that investigated producing 

a superhydrophic surface by solely physical changes to concrete and with physical and 

chemical changes. Horgnies and Chen (2014) cast concrete into superhydrophobic 

moulds of polydimethylsiloxane (PDMS). The moulds were indented in such a way as to 

create pillars 5 to 10 micron in height and 30 micron apart, and 30 micron in height spaced 

200 micron apart. These microscale physical alterations to the concrete surface were close 

to being classed as superhydrophobic with contact angles of 140° and 143°. Some trials 

also used the addition of a chemical hydrophobic coating to the moulds and these concrete 

surfaces were classed as superhydrophobic with a contact angle of 164° (Horgnies and 

Chen, 2014). The study also found that mix design played an important role in the success 

of replicating the surface of the PDMS moulds on concrete (Horgnies and Chen, 2014). 

This demonstrates that superhydrophobic concrete surfaces can be made. 

The vast majority of the textured surfaces evaluated for their ability to limit biofouling 

were also made using PDMS moulds. There are two main obstacles to using PDMS within 

this project. Firstly, PDMS moulds are not currently used in large-scale concrete 

construction, violating a fundamental characteristic requirement of this project (Pu et al., 

2016). Secondly, there is still a large debate and lack of literature on exactly what 
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microtextures are best. This study felt that this could be a very useful technique if there 

was more specific information about the settlement preferences of invasive species that 

would allow a microtexture to be designed to resist settlement. As, currently, our 

knowledge of this is not at this stage, it would represent a large risk. Therefore, it was 

decided not to modify the physical surface of concrete using PDMS moulds.  

Perkol-Finkel and Sella (2014), took a similar approach to Horgnies and Chen (2014) by 

using a formliner to replicate a coral polyp-like texture, which could be considered a 

biomimetic surface. Although a limitation of this study is a failure to include dimensions 

or a scaled image of the surface, this texture did produce significant changes in biofouling 

community compared to the control.  

Using formliners on concrete surfaces is not a new concept. The Ancient Romans are 

known to have used fabric as formliner and different textile formliners are still being 

adapted for engineering and architectural purposes today (Veenendaal et al., 2011). Of 

particular relevance for this study is the invention in the 1930s of controlled permeability 

formliners (CPF) which have been used to alter the surface layers of concrete (Malone, 

1999). These formliners may be interesting to explore with regards to marine biofouling 

because they consist of a filter on the surface that fine material and water can pass 

through, whose purpose is to allow the surface layers of concrete to have a lower water 

to cement ratio, increasing surface strength and durability (Malone, 1999). For this to 

happen, the formliner itself must have a fine-textured surface to allow particles smaller 

than 10 micrometres to pass through (Malone, 1999). The surface roughness of a CPF-

cast surface was found to be 7.5 micrometres (Schubel et al., (2008), although it was 

noted that in some areas the peaks and troughs of the roughness fell out of the range of 

the measuring device. Visual comparison of optical and scanning electron microscope 

images and roughness profiles in this study show them to look similar to biomimetic and 

PDMS microtextured surfaces, with small gridded, pit, grooves and in some cases 

pyramids.  

An additional benefit of CPF liners with respect to controlling biofouling is that they 

reduce surface blowouts (Shyha et al., 2016). These are small holes that are regularly 

found along concrete surfaces. This will ensure a consistent surface finish and limit the 

formation of sites which could encourage settlement of species. For example, Coombes 
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et al., (2015) stated that barnacles were observed preferably settling and growing in the 

blowout holes of concrete.  

CPF has been in common use since the 1970s and has been used in the creation of large 

structures from piers, bridges, tunnels, dams and buildings (Basheer et al., 2008), and 

therefore satisfies the study’s requirement for modification to be easy to implement. CPF 

has also been proven to perform well with respect to durability in harsher coastal 

conditions (McCarthy and Giannakou, 2002). 

Due to CPF’s ability to produce a micrometre-level consistent microtextured surface and 

proven ability to be both durable and viable from an engineering perspective, this study 

has chosen this avenue to examine the effect of a physically modified surface. Perkol-

Finkel and Sella (2014) appear to be the only previous study to have used a formliner as 

a means of altering marine biofouling. This presents the opportunity to better understand 

this approach and establish whether it has any influence on colonisation by non-native 

species. 

Hypothesis: 

1) A formliner surface will support lower richness and diversity but higher cover of 

these species compared to PC.  

2) Where invasive species are present on a formliner surface they will occupy higher 

cover of these species compared to PC.  

 

iii Surface Type Three – Chemically Modified Only  
Meeting the fundamental ecological and engineering characteristics eliminated a large 

number of options for chemically modifying a concrete surface. Coatings are expensive 

and used to a limited extent for concrete surfaces. Concrete is rarely ever coated in 

antifouling paints as it is not often economic (Alum et al., 2008). This, therefore, 

discounted any surface paints, including all types of antifouling paints (Kavanagh et al., 

2001; Yang et al., 2014). It also discounted exploration of any chemically-induced 

superhydrophobicity of the surface, which is most commonly achieved with concrete 

either by adding nanoparticles via coatings to the surface of concrete (Xu et al., 2021). 

Seeding native barnacle spat onto surfaces in an attempt to encourage native barnacle 
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settlement instead of other potential invasive species, using a method described by 

Zazzaro et al., (2018), was also rejected due to the difficulty in scaling this up to an 

industrial level (Table 18). 

One of the fundamental characteristics of the study required that substances used were 

non-toxic, which was also of concern for this type of surface modification. Following the 

route of utilizing a chemical modification that was not already industrially-established, 

and therefore had not been tested for toxicity, was rejected. Therefore, unlike literature 

investigations into the physical surface modifications, a wider literature search into 

chemical modification used on materials other than concrete was not conducted. 

Within the limitations of the fundamental characteristics, the possible modifications that 

remained available were chemical admixtures and cement replacement. Admixtures are 

substances added to a concrete mix to change or enhance certain features, such as 

consistence or durability. Cement replacements are often used as a means of lowering the 

embodied carbon dioxide of concrete (McManus et al., 2018), but also to tailor the 

properties to suit the function of the concrete in a manner similar to admixtures.  

The previous literature search conducted within Chapter 1 was expanded to include any 

freshwater biofouling research involving admixtures or cement replacements. The use of 

admixtures or cement replacements to control biofouling of terrestrial concrete surfaces 

were not included, as it was thought that results might not be repeatable in an underwater 

environment. The addition of admixtures to reduce the corrosion of concrete due to 

microbial fouling (George et al., 2012) was also not explored due to microbial species 

being outside the scope of this study. The only relevant additional paper not featured in 

Table 18 that the literature search identified was Alum et al., (2008). This study examined 

the effect of additions of zinc oxide, fly ash, copper slag, ammonium chloride, sodium 

bromide, cetyl-trimethyl-ammonium bromide and algaecide to concrete for freshwater 

treatment canals (Alum et al., 2008). Although not analysed statistically, the study found 

that ‘off-the-shelf’, and therefore potentially economically viable, chemicals, such as zinc 

oxide and ammonium bromide could have an algaecidal effect, controlling biofilm and 

algae formation in freshwater. If these substances were to be used within this study or 

used on a large scale, further investigation into regulatory restrictions for marine 

deployment in the UK would be required.  
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There are many other admixtures of cement replacement that are not specific algaecides 

that may have influence over biofouling species within the marine environment. 

Furthermore, an alternative to admixtures is to replace part of the cement in the concrete 

mix with another substance. Perkol-Finkel and Sella (2014) tested five concretes 

containing cement replacements, but also modified with chemical admixtures. 

Unfortunately, the specifics of the replacements are not fully described within the paper, 

but they are broadly defined. Two concrete types were alumina-rich, two others were 

slag-based with the addition of varying quantities of pozzolans, two of the five contained 

an air-entraining admixture and all mixtures contained a high-range water reducing 

admixture. Species assemblages and live cover were both significantly different between 

mix type, and two mixes had significantly higher recruitment of corals (Perkol-Finkel and 

Sella 2014). This demonstrates that cement replacements can have a significant influence 

on the settlement of organisms, both in terms of type and community. However, due to 

the lack of transparency regarding the replacements used, developing a concrete surface 

for this study from the information given is difficult. 

Dennis et al., (2018) added hemp fibre and shell to the surface of concrete and used 

ground granulated blastfurnace slag (GGBS) as a partial replacement of cement. Both 

hemp and shell are inert natural substances which will have no toxicity when used. GGBS 

is one of the most commonly used cement constituents next to PC concrete and comes 

from iron slag, which is a waste product of the steel industry ground into a powder 

(McManus et al., 2018). GGBS is already widely used in the marine environment and can 

even increase durability over typical PC mixes (Kim et al., 2021) and is, therefore, both 

industrially viable and meets the non-toxic fundamental characteristic. The addition of 

both hemp and shell into the surface significantly affected live cover (Dennis et al., 2018). 

Sessile communities, analysed by multivariate analysis, also differed significantly 

between the control and hemp surfaces, as did mean richness (Dennis et al., 2018). 12 

species which were found on the hemp surface were not found on the control, including 

species classed as ecosystem engineers, such as the blue mussel (Dennis et al., 2018). 

Shell had a limited influence on biofouling in comparison to the other two changes to the 

mix in Dennis et al., (2018). Hanlon et al., (2018) also found replacement of shale by 

shell had a limited influence on biofouling, as this change alone made no difference to 

cover, but when combined with different roughness and orientation some significant 
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influence was observed. As there was no comparison to Portland cement concrete within 

Dennis et al., (2018) it was difficult to determine if this is because GGBS concrete is 

unfavourable to biofouling or if hemp is particularly favourable. McManus et al., (2018) 

did, however, find that GGBS concrete had significantly lower native species richness 

than PC concrete. This could suggest that GGBS could be used to reduce the biofouling 

of some species.  

There are also some methodological limitations to the study conducted by Dennis et al., 

(2018). Firstly, they did not follow the standard industrial protocol for concrete 

production as they hand mixed their concrete and only cured for 14 days before 

deployment. No strength testing of the batches was conducted. Furthermore, no analysis 

of any physical or chemical properties of these concrete types were done, so further 

insight into why, for example, hemp and GGBS support different biofouling species 

cannot be made. Another limitation is that surface roughness was not analysed, and 

photographs of each panel type appear to show that these surfaces each had notably 

different roughness characteristics, with the authors even mentioning hemp fibres 

protruding from the concrete surface (Dennis et al., 2018). It may therefore be possible 

that roughness, as well as chemical composition played a role in this study. The study 

does, however, bring to light the interesting relationship between hemp and GGBS, as 

well as the influence of cement replacements, at both a community and species level. It 

may be useful to investigate this further with the production of concrete following 

industrial standards and categorization of the surface properties.  

One study which has gone further than Dennis et al., (2018) in beginning to categorize 

some of the chemical aspects behind differing performance of GGBS, is McManus et al. 

(2018). This study investigated metal leaching of GGBS, Fly Ash (FA) and a mixture of 

both FA and GGBS as a cement replacement. FA is waste from burning coal to generate 

electricity, collected by electrostatic precipitators from the flue gases (McManus et al., 

2018). Compared to the control, fly ash concrete displayed significantly more leaching of 

metals. However, after 672h, metal leaching from concrete with the highest FA content 

was undetectable in seawater. There was not a significant difference in non-native species 

richness of these panels after seven weeks, although there was a significant reduction in 

native species richness. There was a species-specific influence on the invasive barnacle 

A. modestus which was found to be unique to the GGBS and GGBS/FA concrete surfaces 
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and absent from the PC control (McManus et al., 2018). The results suggest that metal 

leaching could play a role in influencing biofouling, although maybe only initially, as 

leaching was not detected after a short time. These findings highlight the need to 

investigate other chemical changes caused to the surface by the replacement of PC, with 

substances like GGBS and FA, in relation to marine biofouling organisms.  

Due to the lack of knowledge about what material properties would influence biofouling 

with changing chemical components of concrete a combination of cement replacements, 

such as GGBS and Fly Ash, was not chosen to be investigated. It was therefore hoped by 

the addition of only one chemical change would help attribute any changes in biofouling 

to the specific chemical change caused by the one component change to the mix.  

Several studies have noted changes in biofouling communities due to the use of GGBS. 

However, only the influence of metal leaching in relation to biofouling has been explored 

with GGBS. As GGBS is one of the most commonly used marine concretes, using this 

substance to change the chemistry of the surface easily meets the fundamental industrial 

characteristics of this study. Although it is acknowledged that other substances such as 

those used by Alum et al., (2008) or hemp or shell as used by Dennis et al., (2018) could 

also meet the fundamental aspect requirements, GGBS was ultimately chosen. 

Hypothesis: 

1) The chemical change caused by the addition of GGBS will alter the native fouling 

community when compared to a Portland cement concrete control 

2) There will be species found whose presence is unique to GGBS surfaces.  

iv Surface Four and Five – Physical and Chemical Modification  
In theory, any of the above modifications to concrete could be used in combination for 

the creation of a physically and chemically modified surface, but there is no previous 

literature to suggest how the combination of these surface types would interact with 

biofouling species. Coombes et al., (2015) also proposed a physical and chemical surface 

modification which has yet to be discussed: the creation of exposed aggregate surfaces. 

Exposed aggregate surfaces are surfaces where the first few mm of the cement at the 

surface is removed, exposing the rock used as aggregate within the concrete. The exposed 

aggregate surface finish has been used widely on various structures for aesthetic appeal. 

Coombes et al., (2015) attempted to use exposed aggregate concrete surfaces to replicate 
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natural shores for increased barnacle recruitment on intertidal concrete structures. More 

barnacles were found on exposed aggregate surfaces after six months (Coombes et al., 

2015).  

This may be of particular interest for this study, because man-made structures, including 

those of concrete, are known to support more non-native species than natural shores. But 

it has been established in the ecological literature that native species have a competitive 

advantage in their natural environment, as they are adapted to their local conditions 

(Byers, 2002). On man-made surfaces this competitive advantage is lost for native 

species, and invasive species whose traits may include fast growth and lack of predators 

are able to gain an advantage over native species. Therefore, this could be an interesting 

avenue to explore to determine if making concrete closer to natural rocky shores could 

reinstate native species’ competitive advantage to reduce invasive settlement.  

However, part of this natural competitive advantage may be that the rocky shore 

ecosystem has already been exposed to factors that require long periods of time, such as 

weathering (Coombes et al., 2015) and the creation of an established community with 

mature native individuals (Scheibling and Gagnon, 2006). Even in natural environments, 

events which cause distress or disturbance can create new space for settlement of invasive 

species, as native species lose their competitive advantage (Byers, 2002). To help 

determine if native species still have a competitive advantage on newly deployed natural 

rock surfaces, the literature was examined for research which deployed both concrete and 

a form of natural rock in parallel to study biofouling (Table 19). 

These studies have demonstrated that in some cases concrete supports significantly more 

invasive species than on natural rocky surfaces (Creed and Paula, 2007; Glasby et al., 

2007; Chase et al., 2016). This effect can vary with location (Burt et al., 2009), species 

(Creed and Paula, 2007) and duration and the time of year the concrete is deployed (Vaz-

Pinto et al., 2014), but such effects are often observed in biofouling studies. Table 19 also 

contains all studies that were identified as containing a comparison of a concrete and rock 

surface, and four of the six studies investigated this in the context of invasive species 

settlement, highlighting that the potential of this idea has been recognised. 
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Table 19. Summary of studies which have investigated deployment of panels of rock and concrete for 
biofouling studies. 

Study  Location  Materials Tested Summary of findings relevant to this study 
Glasby et 
al., 
(2007) 

Sydney 
harbour, 
Australia 

Sandstone  
Wood  
Concrete  

• Significantly more recruitment of invasive 
species on concrete surfaces compared to 
wood or sandstone.  

• Five invasive species were able to settle on 
all three materials.  

• Two invasive species that were found on 
both concrete and wood, were not found on 
sandstone. 

Creed 
and 
Paula, 
(2007) 

Ilha dos 
Macacos, 
Baía da Ilha 
Grande,Brazil  
 

Wood 
Ceramic tiles 
Concrete 
Steel  
Granite 

Investigated two invasive corals only: 
• Tubastraea tagusenis had significantly 

higher density on concrete compared to 
steel or ceramic tile but not granite.  

• There was no significant difference in 
density between the materials for 
Tubastraea coccinea. 

Burt et 
al., 
(2009) 

Dubai, 
United Arab 
Emirates 

Concrete 
Sandstone 
Gabbro 
Granite  
Terracotta  

• At one location only terracotta had 
significantly higher coral recruitment than 
sandstone. 

• Gabbro had significantly higher recruitment 
of sandstone and concrete.  

• Other sites had no significant difference in 
coral recruitment. 

• There was no difference in community 
between different tiles. 

Chase et 
al., 
(2016) 

Lab 
experiment 
based off 
environment 
of South-
Western Gulf 
of Maine 

Concrete 
 
Black high-density 
polyethylene 
(HDPE) 
 
Gray chemical 
resistant type 1 
Polyvinyl Chloride 
(PVC) 
 
Granite.  

Tested cryptogenic/non-native species Ciona 
intestinalis and Botryllus violaceous larval 
settlement 
• B. voliceous settled significantly more on 

concrete than the other materials at 1-3 
weeks and both concrete and HDPE at 5-10 
weeks. 

• C. intestinalis 1-3 and 5-10 weeks settled 
significantly more on HDPE and no 
difference between other materials.  

Guarnieri 
et al., 
(2009) 

South-East of 
Apulia, Italy 

Limestone 
Sandstone 
Granite  
Concrete  

• Biofouling communities on limestone and 
granite was significantly different to 
sandstone and concrete. 

• Surface roughness only had significant 
difference for community at one site.  

Vaz-Pinto 
et al., 
(2014) 

South Coast 
of São 
Miguel, 
Spain 
 

Basalt 
Concrete  
Fibreglass  

• No significant difference in early native 
colonisation. 

• Significant difference in early invasive 
settlement by substratum. Fibreglass and 
basalt had significantly lower non-
indigenous species settlement than concrete. 

• After 12-months natives dominated panels  
• More invasive cover on panels deployed in 

June than in January. 
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All the studies used flat tiles of rock as sample surfaces and only Guarnieri et al., (2009) 

included an additional rougher surface. Guarnieri et al., (2009) found that the rough 

surface made a significant difference to the community at one of the three locations in 

their study. The rougher surface was described as being similar to natural rocky shores in 

the area, but it is unclear how this comparison was made (Guarnieri et al., 2009). Only 

Chase et al., (2016) measured the roughness of the flat tiles used, which was at the 

micrometre scale. The creation of an exposed aggregate concrete surface would modify 

both microroughness, with the surface of the individual rock particles and 

macroroughness in the form of the projecting aggregate particles when compared to a 

conventional concrete surface. 

Macroroughness (>1cm) in particular, can provide a large range in habitat complexity. 

Habitat complexity is a broad term that refers to how heterogeneous habitats are and how 

this heterogeneity provides refuge and microniches for species within that given space 

(Kostylev et al., 2005). Measuring and understanding habitat complexity can involve 

many parameters, with surface area, fractal dimensions and scale influencing the 

complexity of a habitat (Beck, 2000). It is generally agreed that more complex habitats 

will provide the possibility for more species to successfully inhabit that habitat. Areas of 

rocky shores with higher habitat complexity have been significantly linked with higher 

macrofaunal species abundance (Johnson et al., 2003) and number (Kostylev et al., 2005). 

Providing a surface where more species are able to successfully colonize may potentially 

stop domination of a surface by invasive species, with surface area taken up by native 

species. This may also provide greater diversity for ecological engineering purposes 

which would be an additional benefit.  

The studies conducted by Burt et al., (2009) and Guarnieri et al., (2009) were the only 

ones investigating multiple types of natural rock with concrete (Table 19). Rock type can 

have significant influences at a community level, as seen in a study conducted by Green 

et al., (2012), comparing biofouling between sandstone and basalt rock armour. Green et 

al., (2012) did not observe a significant change for the majority of individual species. 

However, Holmes et al., (1997) found that rock type was a significant factor in settlement 

of Balanus balanoides cyprids tested with 15 different rock types. Rock types vary in 

terms of both their surface microroughness and chemistry. By testing not one type of 

exposed aggregate but two, comparisons could be made to determine if the 
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microroughness and surface chemistry of different geological materials also play a 

significant role in comparison to macroroughness change of >1cm from an exposed 

aggregate surface finish. 

This leads to the question of how two different rock types should be chosen. All studies 

in Table 19, except Burt et al., (2009), whose study area had no natural rock type, as it 

was a sand and silt ecosystem, used ‘local’ rock types from the surrounding area. The 

definition of local rock varies between studies, for example Glasby et al., (2007) used 

sandstone because of sandstone reefs less than 1 km away within Sydney harbour, 

whereas Chase et al., (2016) chose granite on the basis that it is the main type of rock 

along the whole South Coast of Maine. On the basis that local rock types might play a 

role in limiting invasive species settlement, further examination of the literature was 

conducted into what ‘local’ might mean in this context.  

The lifespan of the pelagic larvae stage of biofouling organisms can be used to estimate 

distance travelled and therefore helped to set boundaries for the study (Siegel et al., 2003). 

It was also recognized that other factors, such as currents (Wood et al., 2021) would 

impact or change where species settle. However, it was outside the scope of this study to 

consider any other factors, and so larval lifespan was used exclusively as the means of 

estimation.  

The most comprehensive collation of data on average pelagic larval dispersion distances 

was conducted by Shanks (2009), which brought together data on dispersal distances of 

67 marine species. Of these species, 27 were possible biofouling species and, of those, 

55% had a dispersal distance of less than 10 m, 29% 10 m to 1 km, 3% l km to 10 km, 7 

% 10 km to 50 km and 3% 50 km to 100 km (Shanks, 2009). From these 27 species, 40% 

of these results come from experimental estimates, 30% from direct observations in the 

field combined with experimental results, 15% from monitoring invasive species spread, 

and 15% from some form of natural tagging to track the larvae. This shows that, of the 

possible 4000+ biofouling species (Almeida et al., 2007), very little is known about the 

pelagic larval life span of the majority of these biofouling organisms. Furthermore, what 

is known is largely based on estimates and experimental data. This approach is likely to 

be biased towards the study of short larval lifespans, since longer-lived larvae which may 

need to feed are harder to study under laboratory conditions. Therefore, the fact that 
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Shanks’ data indicates the larger proportion of species settle after travelling less than 1 

km may not be representative of the full range of biofouling species covered by this study.  

Therefore, instead of continuing to expand upon Shanks’ (2009) work, to update the 

review with literature from 2009 to present, Marine Protected Area (MPA) design 

guidance was consulted to help provide an appropriate distance. To ensure the success of 

MPAs, they need to remain interconnected with neighbouring habitats to enable 

continued survival and population. Therefore, designing several MPA to be within range 

of each other’s species distances apart would enable different protected areas to help 

support each other’s communities. By collating and analysing data from the literature, 

Metcalfe et al., (2015) put forward recommendations of the size and distance between 

MPAs based on larval dispersal. Recommended distances were 25 to 150 km (Palumbi, 

2003), 10 to 20 km (Shanks et al., 2003), 50 to 100 km (Metcalfe et al., 2015) and 40 to 

80 km (Roberts et al., 2010). Combining these recommendations with Shanks (2009), a 

distance of 50 km was chosen as the definition of ‘local’ for this study.  

The use of exposed aggregate as a means of replicating natural surfaces on concrete meets 

the fundamental characteristics of the project, as aggregate in concrete are usually natural 

stone, and so no additional material needs to be added to the concrete. Whilst exposure 

of the aggregate is a necessary extra step, this is washing the surface before curing which 

is neither a technically challenging or particularly time-consuming addition. To be able 

to explore the relationship of both physical and chemical changes at a microscale 

compared to cm+ variation, it was decided to trial more than one exposed aggregate 

surface using two varieties of local rock chosen from within 50 km of the sites used in 

the study.  

Hypothesis: 

1) Both types of exposed aggregate concrete will have higher diversity, species 

richness and altered community structure than flatter PC, CPF and GGBS 

surfaces  

2) Marine invasive species will occupy less cover than on PC  

3) There will be a difference in both native and invasive species, and the communities 

that settle on exposed aggregate surfaces of different rock-type 
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v Surface Type Six  
Having fully discussed and explored all the options from previous literature in Table 7 

and Table 8, and chosen five surface designs that fit within the fundamental 

characteristics, it was also decided to look at a higher risk and unconventional option for 

the sixth and final concrete type. 

During the literature search in Chapter 1, the only study found that actively set out to 

reduce coverage by an invasive species, and did so successfully was Paalvast et al., 

(2012). This study covered poles in ‘hula skirts’ made with 55 to 167 cm long, and 6 mm 

thick, pieces of rope. And also covered pontoons with multiple types of ‘hula skirts’ made 

with 150 cm long ropes of both consistent length and varying lengths and three rope 

densities of 16, 32 and 64 ropes per m2. The aim of Paalvast et al., (2012) was to increase 

harbour biodiversity whilst decreasing settlement of the invasive Pacific oyster M. gigas. 

Their study used a reference pole as a control surface which was colonized by Pacific 

oyster spat during the study but no M. gigas was found on pontoon or pole hulas. A 

limitation of this study is that, although a reference surface was included there was no 

quantitative or statistical analysis of this surface only a record of M. gigas presence. 

Despite the success in stopping M. gigas settlement, eight other invasive species were 

observed. Succession was still observed on hula pontoons and poles (Paalvast et al., 

2012). An estimate of the difference in biomass on with hula skirts compared to those 

without was 4.4-11.4 times higher, respectively (Paalvast et al., 2012). The study also 

achieved the aim of increasing the abundance of species: both pontoon and pole hula 

skirts supported a high abundance of species, with 24 species being observed.  

Although the study involved the introduction of ropes placed over structures, and, 

therefore, does not meet the fundamental industrial characteristics of this study, it does 

propose an interesting concept: that fibrous projections at a surface can provide 

unfavourable conditions for an invasive species. One of the reasons this study may have 

worked for M. gigas and not for the other invasive species is size. Adult M. gigas are 

typically large in comparison to the eight other invasive species identified by Paalvast et 

al., (2012). Paalvast et al., (2012) hypothesised that this species would struggle to find 

attachment points on the thin ropes. This is not dissimilar to the ideas surrounding 

attachment point theory discussed previously. Therefore, scaling down this idea to a finer, 
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hair-like surface creates the possibility of influencing settlement of smaller species. This 

led to further investigation of hairy surfaces in relation to marine biofouling.  

Based on this study’s literature search, only two other studies have ever analysed the use 

of ‘hairs’ for influencing biofouling. Wan et al., (2013) explored rex rabbit, domestic 

rabbit and sheep fur as antifouling surfaces on glass slides in a laboratory experiment with 

the microfouling species Chlorella sp. and Nannoclopsis maritima and Ulva sp. 

zoospores. They found that all three types of hairy surface significantly decreased 

settlement in static water, and that length of hair did not influence antifouling ability. In 

dynamic water conditions it was found that the hairy surfaces’ ability to control fouling 

was significantly enhanced, and under these conditions the length of fibre did influence 

performance, with longer hairs being more effective. Kirillova et al., (2016) used artificial 

‘Janus’ particles which create nanoscale hair-like protrusions from a surface and tested 

the resulting surface against the marine bacterial species C. marina both in static and 

dynamic water. Under both conditions, significantly less bacterial adhesion occurred.  

No hairy concrete surface has ever been produced, and therefore it would be an entirely 

novel area to research. From the literature there is reason to believe a hair-like projections 

from the surface may alter the ability of species to settle on a surface, including invasive 

species. The reasons for this may include size of uninterrupted surface for attachment 

Paalvast et al., 2012) or changes to near-surface dynamic water conditions (Wan et al., 

2013). Furthermore, the addition of fibrous surface may increase the area for settlement 

increasing biomass and biodiversity compared to flat concrete and steel structures 

(Paalvast et al., 2012). Therefore, where initially surfaces may repel fouling of biofouling 

larvae, where studies such as Wan et al., (2013) have shown the ability of fibrous surface 

to repel species at larval sizes, however overtime the eventual successful colonisation 

fibrous surfaces may then produce more biodiverse communities useful for eco-

engineering purposes as seen in Paalvast et al., (2012).  

There is no methodology established to create a hair-like concrete surface. However, 

Dennis et al., (2018) mentioned the protrusion of hemp fibres from the surface of concrete 

made by partial replacement of cement with hemp. It was acknowledged that, due to the 

novelty of the approach, at this stage it could not be determined if the production of hairy 
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concrete would be compatible with concrete standards, but this issue was explored fully 

when developing a methodology for creating such a surface.  

Hypothesis: 

1) Hemp concrete surfaces will have reduced cover, richness, and diversity at the early 

stages of colonisation (4 months) compared to the other types of concrete, but this 

will diminish with time. 

Section 3.3 Method for the Creation and Characterisation of the Concrete 
Types 

 

3.3.1 Panel Shape and Design 
The panel design process will not be covered in this section as it was reliant on the design 

of the frame which deployed the panels. The process and justification of frame design, 

and therefore also panel design, is covered Section 4.3.1. But for context, a brief picture 

and brief description are provided within this section (Figure 13). 

i Panel Description 
The panel surface was 150 mm × 150 mm × 75 mm. A panel had two tubes running 

through the middle from one 75 mm × 150 mm panel side to the other. Ropes could be 

threaded through the tubes for attachment to the frame. Further details of the justification 

of the panel design including surface size and thickness are given in Section 4.3.4. 
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Figure 13. Digital representation of concrete panel size in mm and shape. 

3.3.2 Concrete Mix Design 
All concrete mixes were designed using the Building Research Establishment design 

method for normal concrete mixes (Marsh et al., 1998) (Table 20). The mixes were 

designed to have a target strength of 25 MPa and slump was designed to be 75 mm for 

PC mixes. The aggregate and cement sources are shown in Table 20. 

Table 20. Mix ratios for all aggregates used to create the six different types of concrete 
used in this study to make 1m3 of concrete. 

Concrete 
Type 

Amount of composition kg/m3 
Cement Water Sand 10mm 

Aggregate 
20mm 
Aggregate 

GGBS Hemp 
Fibre 

Admixture 

PC and 
ZEM 

320 195 679 385 771 0 0 0 

GGBS 171 190 695 394 789 140 0 0 
Sandstone 321 225 677 384 768 0 0 0 
Whinstone 321 225 677 384 768 0 0 0 
Hemp 316 195 679 385 771 0 3 0 

 
A small amount of water was added to each mix, in addition to the amount of water stated 

in Table 20, to account for the water absorption by dry aggregate. The amount of water 

added was calculated using guidance and closest possible equipment to methods 

described in EN 1097-6 (British Standards Institution, 2013). 
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An initial test batch for each concrete type was prepared to ensure the mix design was 

correct. A slump test was then also conducted to check the mix had the correct consistence 

and that no obvious human error had been made. Average slump value for the first few 

batches of each mix were recorded and averaged to provide a value for expected slump 

(Table 22). 

 
Table 21. Sources of each aggregate type used to make the six types of concrete used in 
this study. NA = not applicable/was not used in the mix. U = Unknown 

  Aggregate Type 
  Cement Sand 10mm 

Aggregate 
20mm 
Aggregate 

GGBS Hemp 
Fibre 

C
on

cr
et

e 
T

yp
e 

PC and 
ZEM 

Hanson 
High 
Strength 
52.5 
Cement 
 

Cotside 
Quarry, 
Arbroath 

Hatton Mill Quarry 
 
 

NA NA 

GGBS U NA 
Sandstone Defind Stone, Pitairlie 

Quarry 
NA NA 

Whinstone Geddes Group, 
Ardownie Quarry 

NA NA 

Hemp Hatton Mill Quarry 
 

NA East 
Yorkshire 
Hemp 

 

Table 22. Average slump for the initial few batches of each type of concrete mix and the standard error 
seen around the slump. SE = Standard Error 

Concrete Type Slump (mm) SE 
PC and ZEM 76 7.24 
GGBS 39 2.80 
Sandstone 125 5.67 
Whinstone  107 10.32 
Hemp 59 9.54 

 
 
 
 
 
 
 
 
 
3.3.3 Making Each Type of Concrete  

i Portland Cement 
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All aggregates were fully dried before use. The volume required for each mix was then 

calculated and the resulting amount of each material was measured according to the mix 

proportions in Table 20, with an additional 10% to account for waste during the mixing 

process. Sand, 10 mm and 20 mm aggregates were then added to the concrete mixer 

(Croker Cumflow RP50XD) with half the measured water. These were mixed for two 

minutes and then left with the lid closed for a further eight minutes to allow for the 

absorption of water into the aggregate. The cement products and the remaining water were 

then added and mixed for a further two minutes. The edges of the concrete mixer were 

then scraped to ensure any unmixed aggregates on the side were included, and mixing 

resumed for one minute.  

The slump of the concrete was then tested using a slump cone test, BS EN 12350-2 

(British Standards Institution, 2019). The slump cone was filled to a third of capacity with 

concrete and then tamped with a steel rod 25 times to the bottom of the cone, ensuring 

the concrete was fully compacted. The next third of the cone was then filled and tamped 

again 25 times, with the rod only going into the concrete to the depth of the top of the 

previous layer. This was repeated for a further layer until the cone was filled and the top 

gently trowelled flat. The slump cone was then removed, and the slump was measured by 

recording the distance from the top of the cone to the top of the concrete. The concrete 

from the slump test was then returned to the mixer and hand mixed back into the batch. 

The moulds were then filled in two stages, allowing the concrete to be compacted more 

effectively. The mould was filled halfway (around 37 mm height) then vibrated and filled 

fully to a height of 75 mm and vibrated until all bubbles had come to the surface and the 

concrete had a glossy sheen. For each batch, an additional two 100 mm × 100 mm × 100 

mm cubes were also produced for strength testing. The moulds were then covered in wet 

hemp cloth to be kept in a moist environment, demoulded the following morning around 

18 hours later, and placed into 20°C water baths to cure for a period of 28 days. All panels 

for the deployment of concrete in April 2019 were removed at 28 days from the water 

bath and wrapped in cling film to reduce carbonation with air until a few days before 

deployment. This was due to the large amount of concrete panels that were required to be 

made for this deployment and some panels had to be stored in air for some time after 28 

days to enable space for other panels to cure. All other types of concrete were kept in the 

water bath until a few days before deployment and, when removed, kept in air before 
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deployment, due to the shorter period between the end of curing and deployment (Figure 

14)  

ii  Ground granulated blast-furnace slag concrete (GGBS) 
The process for creating GGBS concrete panels was exactly as described for PC, except 

that 40% by mass of the PC was replaced with GGBS (Figure 15). 

Figure 14. Surface of Portland cement concrete panel (150 mm × 150 mm). Surface wetted to provide 
better definition. 
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iii Exposed Aggregate Surfaces 
One aspect of the study was to create concrete surfaces which reflected the surface 

properties of local rocky shores by using aggregate made from local rocks. This was 

achieved by producing an exposed aggregate finish. This study determined that the areas 

where local geology should be examined were the coastlines 50 km north and south of 

the chosen harbour locations (Figure 16) (Section 3.2.2.) 

To determine what the local bedrock types were, the British Geological Survey (BGS) 

map (British Geological Survey, 2018) of ‘The Geology of Britain’ at a 1:50 000 scale 

was used. A 50 km line was superimposed between the furthest point on water above and 

below the sites where concrete was deployed. This meant that the geology was established 

from Montrose to Dunbar and as far west as the Forth Road Bridge. Two levels of 

Figure 15. Surface of ground granulated blast-furnace slag concrete panel (150 mm × 150 mm). 
Surface wetted to provide better definition. 
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information on geology are provided by the BGS on a map: a bedrock geology description 

that appears on the map viewer and additional ‘further details’. The further details section 

provides more information, such as chemical features and colour descriptions. However, 

at the time of accessing these forms some information was incomplete. Therefore, the 

geological descriptions used in this study were taken from the description of ‘most 

common geology’ which appeared on the map viewer.  The description of most common 

geology was then also checked against BGS geological map codes to make sure that each 

individual rock mentioned was categorized into the correct group.  

 

 

Figure 16. White line shows areas 50 km above and below deployment sites and therefore area where the 
geology on British Geological Survey maps (British Geological Survey, 2018) was recorded to gather the 
local geology in this area of East Coast of Scotland, UK. Image taken from Google Earth (2018). 

 

The distance of the coastline was measured by producing a digital transect on Google 

Earth (Google Earth 2018) by visually matching up the BGS map to the Google map 

(Figure 17). The transect followed the coastline, taking into consideration large outcrops 

or bays, but smoothing out smaller deviations in the coastline edge. Any geology marked 

from the land edge to 5 km out to sea was noted as an individual entry. If multiple rock 

types were found lying parallel to the shore line in an area, each rock type distance was 
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measured separately. The lengths of the geological segments were compiled in km and 

ranked from highest to lowest in Table 23. 

 

 

 

 

 

 

 

Figure 17. (Top) Transects drawn around coastline for geology in Google Earth, based on geology 
described by the British geology survey at a scale of 1:50 000 of an area around Craighead, Scotland, 
with each colour representing a different bedrock geology (bottom).  

 



 

 

97 

Table 23. The total distances in km of coastline occupied by the identified most common geology as 
described by the British Geological Society from Montrose to Dunbar on the East Coast of Scotland, UK.  

 
Distance 
(km) 

Most Common Geology as described by British Geological Society  

7.35  Sandstone, Siltstone and Dolomitic Limestone 
5.83  Sandstone, Siltstone and Mudstone 
3.94   Basaltic Lava and Basaltic Tuff 
3.81  Limestone, Argillaceous Rocks and Subordinate Sandstone, 

Interbedded 
3.35  Quartz-microgabbro 
3.073  Conglomerate 
2.78  Limestone 
2.46  Tuff and Agglomerate 
2.24   Sandstone and Mudstone 
2.00  Analcime-microgabbro, Olivine 
1.35  Basalt 
1.01  Pyroclastic-rock, Basaltic 
0.97  Sandstone 
0.93  Basalt, Olivine-clinopyroxene-microphyric 
0.93  Sandstone And [subequal/subordinate] Argillaceous Rocks, 

Interbedded 
0.74 Black to grey mudstones, grey siltstones and white, grey and pink 

sandstones with thin beds of grey argillaceous limestones and 
dolostone (cementstone), and algal-rich black to grey oil-shales with 
some lapilli-tuff beds 

0.71  Microgabbro 
0.71  Basaltic-rock, Plagioclase-macrophyric 
0.45  Basalt, Plagioclase-olivine-clinopyroxene-macrophyric 
0.40  Sandstone and Seatearth 
0.35  Mugearite 
0.35  Basaltic-andesite 
0.32  Lamprophyre 
0.19  Tuff, Basaltic 
0.16  Olivine-basalt 
0.16  Sandstone And Conglomerate, Interbedded 
0.16  Basalt And Microgabbro 
0.16  Basanite 
0.16  Granitic-rock 
0.16  Tuff 
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From this list, sandstone and whinstone (an alternative term for basalt, commonly used 

by the aggregate industry) were chosen due to their abundance, different geological rock 

types and because they could be sourced from local quarries.  

Sandstone offcut blocks were acquired from Pitairlie quarry (Figure 18). These blocks 

were then dried for a minimum of 24 hours, and then broken with a sledgehammer to 

small chunks of rock. These chunks were then placed into a jaw crusher to reduce them 

down to maximum sizes of 21 mm and 10 mm. They were then passed through sieves to 

obtain the 10-20 mm and 5-10 mm size fractions needed for concrete production. 

Whinstone was acquired already graded to 10-20 and 5-10 mm aggregate sizes from 

Ardownie quarry. 

 

 

Figure 18. Sandstone block offcuts sourced from Pitairlie quarry, Scotland. 

Sandstone is a sedimentary rock. The sandstone used in the study was removed from the 

Dundee flagstone formation, where the rock is layered in bands of two different colours, 

green and purple. 
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The whinstone was a dark igneous basaltic rock taken from the Ochil Volcanic formation. 

Samples of both colour types of sandstone, plus whinstone were analysed using X-ray 

diffraction (XRD) and X-ray fluorescence spectrometry (XRF) analysis (methodologies 

for this are described in Section 0). This enabled further description of the mineral 

composition (Table 24)  and chemical (Table 25) composition of the rock types used in 

this study.  

Table 24. Mineral composition of the two different aggregates used for Sandstone and Whinstone types 
of concrete from analysis by X-ray powder diffraction.  

Mineral Aggregate 
Whinstone Green 

sandstone 
Purple 

sandstone 
Calcite 2.5 10.2 6.0 
Quartz 10.4 39.5 43.9 
Anorthite 16.8 3.7 0.0 
Albite 31.7 27.1 14.4 
Hematite 1.6 0.0 1.4 
Vermiculite 9.3 0.0 0.0 
Pigeonite 6.4 0.0 0.0 
Lizardite 3.4 0.0 0.0 
Phlogopite 0.4 0.0 0.0 
Sodalite 5.1 0.0 0.0 
Nepheline 1.9 0.0 0.0 
Magnetite 1.6 0.0 0.0 
Cristobalite 1.0 0.0 1.8 
Tridymite 0.0 0.0 0.0 
Fayalite 4.6 0.0 0.0 
Pseudobrookite 2.4 0.0 0.0 
Hornblende 1.0 0.0 0.0 
Muscovite 0.0 15.0 11.4 
Clinochlore 0.0 4.4 9.4 
Sanidine 0.0 0.0 11.6 
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Table 25. Chemical composition of the two different aggregates used for Sandstone and Whinstone types 
of concrete from analysis by X-ray fluorescence spectrometry. 

 
Material 

Whinstone Green sandstone Purple sandstone 
CaO 5.03 4.53 2.74 
SiO2 59.04 59.74 63.18 
Al2O3 17.28 13.64 13.52 
Fe2O3 5.43 4.91 5.54 
MgO 4.49 4.78 3.57 
TiO2 1.05 0.80 0.73 
P2O5 0.42 0.18 0.17 
MnO 0.04 0.08 0.07 
Na2O 3.96 2.11 2.10 
K2O 2.42 3.38 3.58 
SO3 0.03 0.02 0.02 
Cl 0.01 0.01 0.01 

 
 

To create the panels for the exposed aggregate concrete types, the method to produce PC 

panels was followed with the adjustments discussed below.  

Sucrose is known to retard the setting of Portland cement. Therefore, this substance was 

used as an agent to produce an exposed aggregate finish.  

Paper was soaked in a sugar solution. Four concentrations of sucrose solution were 

trialled: 87.5 g, 175 g, 350 g and 700 g per 1000 ml of water. The sucrose was dissolved 

with tap water in a glass beaker. The solution was stirred until all the sucrose had 

dissolved. The solution was then poured into a tray where 150 × 150 mm of paper squares 

were soaked until saturated. This paper was then hung to air dry. When dry, the paper 

was placed at the bottom of an oiled mould and 100 mm × 100 mm × 100 mm concrete 

cubes were made, using the method described for the PC concrete (Figure 19) (Section 

3.3.3i). When the cubes were demoulded at around 18 hours after mixing, the surface was 

scraped with a wire brush and rinsed in tap water until no more concrete could be removed 

from the surface.  
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All concentrations of sucrose produced an exposed aggregate surface. The most 

concentrated sucrose solution was chosen, as it exposed the maximum amount of 

aggregate, when compared visually to the other surfaces (Figure 20). When this method 

was trialled on larger panel sizes of 150 mm × 150 mm × 75 mm required for the field 

study it worked well, producing two different concrete types (Figure 22, Figure ). 

 

 

Figure 20. Trial of exposed aggregate surfaces made on 100 mm × 100 mm × 100 mm concrete blocks, 
where paper was soaked in four sugar solutions of 87.5, 175, 350, 700 g per 1000 ml. 

Figure 19. 150 mm × 150 mm paper soaking in sucrose solution (left), then left to dry (middle) and placed at 
the bottom of oiled concrete moulds (right) to create the exposed aggregate finish used in this study. 
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Figure 22. Exposed aggregate Sandstone concrete panel (150 mm × 150 mm). Surface wetted 
to provide better definition. 

Figure 21. Exposed aggregate Whinstone concrete panel (150 mm × 150 mm). Surface wetted 
to provide better definition. 
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iv Hairy Concrete (Hemp) 
To produce a ‘hairy’ finish to the concrete panel surface, a suitable fibrous material 

needed to be selected.  Any artificial fibres, such as plastics were disregarded from the 

study, as this may increase plastic fibre pollution, and work against the goal of any 

concrete created for this study being non-toxic.  

Basalt fibres were initially trialled as a 1% fibre replacement of cement (by mass) which 

was added with cement products during mixing. This did not produce a fibrous surface. 

Hemp fibres were then trialled. Hemp fibre properties in concrete have been described by 

Li et al., (2006) and Zhou et al., (2017). Hemp has also been used previously in several 

concrete biofouling studies, allowing for comparison (Dennis et al., 2018; McManus et 

al., 2018).  

Hemp fibres were sourced from East Yorkshire Hemp Company, UK. Fibres were both 

added as a direct addition to the surface of the concrete and as a 1% (by mass) replacement 

of cement. A 1% replacement level was chosen as this was enough of a replacement that 

fibres were seen consistently throughout the mix, and it was therefore hoped that, if the 

concrete was rough at the surface, some hemp fibres would extend beyond this surface. 

This was observed by Dennis et al., (2018), albeit with a much higher proportion (25%) 

of replacement of cement by hemp fibres. Adding Hemp as a cement replacement will 

influence the strength, which was not measured in Dennis et al., (2018) study. It was not 

possible within the time frame of this study to explore how cement replacement with 

hemp fibres alters the properties of concrete. Therefore, the present study did not use the 

same high proportion of hemp, on the basis that the focus of using hemp in concrete was 

to produce a fibrous surface finish, not to act as a replacement for cement or aggregate. 

Fibres used as a cement replacement were cut haphazardly at varying lengths between 5 

– 40 mm and added to the concrete mixture with cement by feathering out the fibres to 

reduce clumping.  

Several techniques for cutting and applying hemp fibres directly to the surface were 

trialled (Table 26). The use of Gaffa tape to apply the fibres, as well as placing them 

directly on the fresh concrete surface were both successful, but due to the additional time 

required for the Gaffa tape method, adding hemp fibre to the surface was chosen. 
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Table 26. Three trialed methods of producing a hairy concrete surface using Hemp concrete fibres and 
descriptions of each methods success. 

Trial Method 
Name 

Description Visual 
description of 
result  

Success? 

Gaffa Tape Gaffa tape was placed with the 
sticky side facing where the 
concrete would be poured. Hemp 
fibres were then stuck to this 
sticky Gaffa tape surface and 
concrete panel was created as per 
the usual method. When the 
concrete panel was demoulded a 
scraper was used to gently release 
the hemp fibres from the surface 
(Figure 22).  

Consistent 
hemp fibre 
surface on 
concrete 
surface. 

Yes 

Addition to surface Hemp fibres were placed on the 
bottom of the oiled mould by 
feathering out the hemp fibres to 
reduce clumping and concrete 
panel until the metal mould 
underneath could not be seen 
(Figure 23). The concrete panel 
was then created as per the usual 
method. When the concrete was 
demoulded a scraper was used to 
gently release the hemp fibres 
from the surface and the surface 
washed under the tap (Figure 22). 

Consistent 
hemp fibre 
surface on 
concrete 
surface. 

Yes 

Exposed Aggregate Sugar soaked paper was used to 
place at the bottom of the 
concrete block and hemp fibres 
placed on top the paper. The 
concrete panel was then created 
as per the usual method. When 
demoulded the panel was brushed 
to expose any of the hemp fibres 
found within the concrete mixture 
(Figure 22).  

Exposed 
aggregate 
finish, with 
very little  
cement 
exposed, 
therefore none 
too few hemp 
fibres exposed.  

No 
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Figure 22. (Left) Hemp fibres placed directly on surface (middle) Sugar paper used to expose surface of 
concrete block with hemp fibres placed on top (right) Gaffa tape placed on bottom of mould with hemp 
placed on sticky surface. 

To determine the length of fibre which gave the ‘hairiest’ results, further trials were 

conducted.  Several lengths of hemp fibre were tested: 10, 20 and 40 mm. Fibres were cut 

and then feathered over the surface of the concrete until the surface was completely 

covered. The concrete panels were then made using the usual method. Once demoulded, 

a scraper was used to gently agitate the surface whilst being rinsed under a tap (Figure 

24). For panels using both 20 and 40 mm fibre lengths, the fibres only covered the edges, 

and the centre of the panels remained bare (Figure 23). Surfaces which used 10 mm hemp 

fibres produced visually consistent ‘hairiness’ across the whole surface, with minimal 

Figure 21. Hemp fibres feathered on bottom surface of concrete mould until no metal could be seen 
underneath. 
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patchiness (Figure 23). 10 mm fibres were therefore chosen to be used in the study (Figure 

25).  

As far as this study is aware there are no standard methods to measure the hairiness of 

planar surface and so no measurement of surface hairiness was taken within this study. 

However, Roquer-Beni et al., (2020) suggested some measurement techniques for 

hairiness in insects that may be relevant, such as hair density or the hair length. These 

measurements techniques may be useful to further describe any variations seen between 

different panels of Hemp concrete and also comparisons with other hairy surfaces.  

 

Figure 23. (top left) 40 mm hemp fibres (top middle) 20 mm fibres (top right) 10 mm hemp fibre surfaces 
on 100 mm × 100 mm concrete surfaces. (bottom). Consistently hairy finish on 10 mm hemp fibre 
concrete surface taken from a side-on view of the panel. 
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Figure 24. (Left) 100 mm × 100 mm hemp concrete surface directly after demoulding (right) the same 
surface after agitation of the surface using a scraper to free the fibres from the surface. 

 

Figure 25. Hemp concrete panel (150 mm × 150 mm). Surface wetted to provide better definition. 

 



 

 

108 

 

 

v   Form Liner Surface (ZEM) 
ZemDrain controlled-permeability formwork (CPF) liner was acquired from the 

MaxFrank company. This particular CPF liner was chosen due to its wide use (Walraven 

and Stoelhorst, 2008) and the claim by the manufacturer that ZemDrain reduces growth 

of microorganisms and algae (MaxFrank, 2019). The ZemDrain liner was cut to 150 mm 

× 150 mm squares and stuck using the sticky backing provided with the formliner to the 

back of 150mm x 150mm MDF boards which were placed into the bottom of the mould 

with the ZemDrain surface facing towards where the concrete would be poured. Concrete 

panels were then made in the same way as described for PC concrete. When the concrete 

was demoulded, the liner was pulled off the surface and the concrete was placed in the 

water bath for curing (as described for PC) (Figure 28).  Each square of ZemDrain liner 

was only used once for consistency, although the manufacturer advised it can be used 

multiple times (MaxFrank, 2019). 
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Figure 26. ZEM concrete panel (150 mm × 150 mm). Surface wetted to provide better representation of 
surface look underwater. 

3.3.4 Pre-Characterization of Concrete 

i Concrete Strength Testing 
All batches made throughout this study had their compressive cube strength measured to 

ensure batch consistency and that each batch was strong enough to withstand deployment. 

The target mean strength of the concrete base mix for PC was aimed to be 25 MPa, which 

is strong enough for most marine concretes. Two 100 mm × 100 mm × 100 mm concrete 

blocks were produced for each batch of concrete made and strength was tested after 28 

days of curing. A cube crushing machine (MATEST DIGITEC C180N) was used to test 

the strength of the concrete at a loading rate of 0.4 MPa/s in accordance with BS EN 

12390-3 (British Standards Institute 2019). The strengths of the first few initial batches 

of each of the types of concrete were recorded and used to to create a typical average 

strength for each type of concrete ( 
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Table 27) which all batches were then compared against to ensure they were of similar 

strength.  

Table 27. Average strength and standard error for the six different types of concrete used in this study. 

Concrete Type Average Strength MPa SE 
PC and ZEM 30.69 0.82 
GGBS 25.31 0.29 
Whinstone 29.42 0.44 
Sandstone 27.44 0.62 
Hemp 26.78 0.34 

 

ii Porosity 
Concrete is a highly porous material, and properties of concrete therefore have a strong 

relationship to pore structure. Mercury intrusion porosity (MIP) is the standard method 

for measuring the porosity of concrete (Ma, 2014). MIP involves forcing mercury which, 

due to its high surface tension is a non-wetting liquid and will only fill the pores of 

concrete at high pressure. This can be used to measure pore size, volume and diameter 

(Abell et al., 1999) (Equation 1). 

𝑃 =
−4𝛾 cos 𝜃

𝑑  

Equation 1. Relationship between capillary diameter and pressure for mercury intrusion porosity testing 
taken from Abell et al., (1999). P = pressure. 𝛾 = surface tension of the liquid. 𝜃 = contact angle of the 
liquid. d = diameter of the capillary. 

For each type of concrete one panel was used to obtain two cores used for MIP testing.  

The panel was randomly selected from panels not used in deployment, as this test is a 

destructive process. A 7 mm core was taken out of the concrete using a coring drill. Solid 

cores, rather than granular specimens were chosen for MIP analysis, as these were more 

likely to retain the original pore structure (Ma, 2014). To determine where the cores 

would be taken from, a horizontal line was drawn across the center of the panel 75 mm 

from the top and bottom of the concrete panel. Cores were taken along this line 50 mm in 

from the edge of both sides of the concrete panel.   

Before MIP, cores were fully dried in a vacuum oven at 45°C overnight. MIP analysis 

was tested on a Quantachrome Poremaster, which can measure pore size between the 

range of 950 and 0.0064 micrometres. This analysis involved two stages of testing, an 
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initial lower pressure test followed by a higher pressure analysis. Pore sizes of  above and 

below 10 micron were recorded and used to measure total porosity. Pore diameter was 

also measured.  

Where possible, two cores were analysed. Only one core was analysed for the PC and 

ZEM concretes. This was due to long lasting mechanical problems the machine 

experienced during this thesis which left it out of operation for long periods of time.  

iii Roughness 
Typically, there are two main scales at which roughness can be measured: micro-

roughness (sub mm) and macro-roughness (mm+). These categories are distinguished 

between due to the different approaches that are required to study a surface at these 

varying scales. This study investigated both micro- and macro-roughness of concrete 

surfaces where possible. At both scales, Ra was taken to represent the roughness, as it is 

the most common industry standard (Equation 2). 

𝑅! ≈
1
𝑛/

|𝑧"|
#

"$%

 

 

Equation 2. Ra equation taken from Santos & Júlio (2013). n = number of individual 
measurements and 𝑧𝑖 is the amplitude of measurement.  

 There is no standard way of measuring the roughness of a concrete surface. Concrete 

surfaces used within this study also posed additional challenges due to the obvious 

differences in the scale of roughness between the panels, with some varying less than 1 

mm, such as PC and GGBS, and others varying by more than 10 mm, such as Whinstone 

and Sandstone. In 2013 Santos & Júlio reviewed the 16 known methods to measure 

surface roughness of concrete. A literature search was conducted to identify any 

developments or new methods to measure a concrete surface since 2013. With the 

exception of an expansion of techniques to gain 3D images, including acquiring images 

from other devices such as CT scanners (Pundir and Anciaux, 2021), no other new 

methods were found. Advances in some of the techniques reviewed by Santos & Júlio 

(2013) have been made.  Sadowski et al., (2021) reviewed the top five techniques deemed 

most useful for the surface analysis of concrete (using a transducer, light microscope, 

laser beams, 3D scanning and laser triangulation). Many of these methods, such as 3D 



 

 

112 

laser scanning (Hoła et al., 2015), lay outside of the budget for this project as the 

equipment was not readily available. Other methods such as the sand patch test (Garbacz 

et al., 2006), although easy and cheap to conduct was discounted due to lack of 

quantitative detail. Some other methods were not considered as they were destructive 

methods, which was not useful for this study as comparisons of the panel surfaces before 

and after deployment was required. Ultimately, the decision of which equipment was used 

to measure roughness was based on how the equipment that was available in the Concrete 

Technology Unit at the University of Dundee could be adapted or used for this purpose.   

A profilometer was used to measure changes in the surfaces microroughness (Surftronic 

Duo). Using this method was, however, limiting, as micro-roughness was only able to be 

measured for the PC, GGBS and ZEM concrete surface types, as the profilometer had a 

vertical range of 40 micrometres. The other types of concrete had peaks and troughs on a 

mm scale and, therefore, had to be excluded from measurement in this way. Whilst it is 

acknowledged that exploring SEM (Garbacz et al., 2006) or laser scanning (Tonietto et 

al., 2019) could have been a way to measure very small areas of micro-roughness for all 

types of concrete but due to expense and time restrictions they were not explored.  

The micro-roughness of the PC, GGBS and ZEM panels was measured over four square 

areas each comprising one quarter of the total area. The outer 5 mm was not included in 

the roughness sample area due to possible edge effects. Random co-ordinates of 5 mm 

lines were produced, two horizontally and two vertically to account for any differences 

in orientation. The profilometer runs a stylus across the transect for a given length, 

measures the height of the surface, and from this calculates the Ra values. If the random 

co-ordinates overlapped at any point with a previous transect, a new random co-ordinate 

was chosen to ensure there was no overlap between the lines. This was repeated for all 

four quarters ensuring a capture of the spread of a whole panel. Ra for the whole panel 

was calculated from an average of all these values. 

Using a scanning technique to generate a 3D image of a surface and calculating the 

roughness by computer analysis is a widely used method for measuring macro-scale 

roughness. Methodologies for roughness measurement have been outlined for a wide 

variety of purposes, including soil (Milenkovic et al., 2015), surfaces after laser cladding 

(Przestacki et al., 2015), ceramic blocks (Tonietto et al., 2019), and additive 
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manufacturing machinery (Klingaa et al., 2020). In most methodologies, a similar 

sequence is followed: scanning, rendering of a digital 3D representation of the surface, 

and then digital analysis of that surface to calculate roughness.  

It was decided to use a micro-CT scanner to capture a 3D scan of the concrete surface, as 

a benefit highlighted in Gockel et al., (2019) is that CT scanning can be used to capture 

surfaces of a relatively large area compared to some other techniques. With this technique 

there was also a possibility to give a detailed (possibly sub-mm level) analysis of surface 

(Klingaa et al., 2020). CT scans have previously been used successfully to measure 

various aspects of concrete material roughness (Fisco and Sezen, 2013). As well as 

roughness, CT scanning can also be a non-destructive method to acquire many more 

characteristics of concrete specimens, both within and on the surface of the specimen. A 

full review of capabilities of CT scanning for concrete property analysis was conducted 

by du Plessis & Boshoff (2019). 

Full sized 150 × 150 × 75 mm concrete panels were scanned in a Nikon XTH225ST CT 

scanner. The concrete panels used in this study were close to the largest size of object 

able to be scanned by this CT scanner. The panels were placed diagonally at an angle to 

try and limit the distance the X-ray beam had to travel through the concrete as it rotated 

which was hoped to improve image quality. As X-rays pass through the object being 

studied, some will be partially absorbed, but different parts absorb different amounts. The 

amount absorbed can be measured by a detector. The object is rotated in very small 

increments, allowing a full 3D image of the object to be built-up.  

The 3D rendered image of the scans were compiled by the software (VG Studio MAX 

3.3). The surface and quality of the scans were judged by visually inspecting each scan. 

Due to the size of the concrete panels that were scanned, a consistent error in every scan 

was noticed, which was that the middle of panels was blurry. The dimensions at which 

this blurriness occurred on the panel was different for each scan which meant that areas 

that were useable for surface roughness analysis needed to be individually selected for 

each panel through visual assessment of the surface. Because of this, running automated 

or coded analysis of roughness through an STL file, such as the methodology seen in 

studies such as Klingaa et al., (2020), or exploring other software to analyse the roughness 

directly from the 3D point cloud, such as conducted by van Pham & Vo (2020), was 
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discounted. It was decided that the simplest way to ensure that only unblurred portions of 

the images were analysed was to calculate roughness from the visual profiles within the 

VG Studio MAX software rather than point cloud data.  

The blurriness in the middle of the panel was not the only issue to be faced during the 

process of measuring the roughness of concrete panels in this study. Another major 

challenge was the technological and software limitations that were faced during the 

pandemic, which could not easily be fixed or altered due to limited access to university 

facilities at that time. Therefore, options of exploring using Image J plugins such as 

TopCap (Garbout et al., 2018) to measure visual surface profiles were not explored due 

to long technological delays that were experienced. Therefore, the following 

methodological approach was chosen, on the basis that it was a feasible way to gain 

roughness measurements with limited resources. 

The area of the panel that was deemed useable (usually either side of a blurry middle 

section) was identified and these dimensions measured. The area 5 mm from the edge of 

the panels was also not included in the space used for measuring the roughness due to 

possible edge effects. To ensure a representative sample of roughness was obtained, two 

sets of three transects on opposite ends of the panel surface spaced equal lengths apart 

were measured (Figure 27).  This was conducted for both horizontal and vertical transects. 

From these six transects, one horizontal and one vertical transect was randomly chosen 

from each end. Thus, a total of four transects of 140 mm length were used for 

measurement. This was repeated for three panels of each concrete type. This study did 

not investigate the number of transects that would be able to provide the precise 

representation of the roughness of the entire concrete panel. This was due to the time-

intensive processes required, and the maximum number of transects possible within the 

timeframe of the PhD.  
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Figure 27. Diagrammatic example of where the typical blurry area in the middle of a concrete panel in 
this study was from a CT scan, and how the horizontal transects either side were place. 

Along the transect, screenshots of the surface were taken after magnifying the image to 

the point where the image scale was 4.5 mm (Figure 29). This level of magnification was 

chosen because this was the most detailed view of the surface where it was still possible 

to easily judge the interface between the concrete and the background. The screenshots 

were then exported into Procreate (Savage Interactive Pty Ltd., 2021) where they were 

stitched together (Figure 29). The concrete surface was then straightened by eye, and a 

grid with a spacing of 0.5 mm superimposed on the image (Figure 29). A grid spacing of 

0.5 mm was chosen after exploration of the variation in Ra score with spacing distance 

(Figure 28). The transect replicates with wider spaced increments between measurement 

points had a lower Ra with continual increase in Ra with the maximum measurement 600 

points. 600 measurement points per transect was the maximum investigated in this study 

as this was extremely time consuming and it was realised that taking these many 

measurements would not be feasibly possible for all panels. A moving average trendline 

was used to identify the point at which Ra first showed signs of stabilisation. This occurred 

at 300 measurements (Figure 28), which equates to a grid spacing of 0.5 mm.  
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Figure 28. Roughness of the same transect from the same concrete panel with different number of 
measurement points along the transect and the corresponding Ra in mm. Trendline of the moving average. 

Points were marked on the image where gridlines intersected the surface and the marked 

image was exported into Image J. They were added in the same way a profilometer would 

work in that it would only register the higher value if points overlapped. For example, in 

Figure 29E, there is an overhang, on the gridline there is a point on the concrete surface 

at the top of the overhang and also below it. In such cases the top measurement was 

always taken. If necessary, during this process, the image exposure was also increased by 

the Photos App (Apple Inc., 2021) to help make the visual difference between the 

concrete and the background clearer to see (Figure 29). The marked image was then 

imported into Image J where the scale was calibrated to the image size. The multi-measure 

tool was then used to place points along the surface where the 0.5 mm interval marks 

were drawn on the surface. From this x and y co-ordinates of these points could be 

exported into Excel.   

In Excel, the y coordinates were corrected to make sure there was no gradient in the 

measured plane for the Ra calculations (Valikhani et al., 2021). This was done by fitting 

a linear equation to the data of the line and then subtracting this equation from the data.  

No control or comparison to other Ra roughness techniques was used in this study to 

assess the accuracy of the Ra measurement for the methodology used for various  reasons. 

Firstly, there would be no appropriate techniques in the scope of this study to compare 

against. Secondly, it was anticipated that any error deriving from the methodology would 

be of a similar magnitude across all concrete types and still allow meaningful comparison. 

Furthermore, the lack of a means of checking the accuracy of macroscale surface 

roughness is a problem not unique to this study, as highlighted by Gockel et al., (2019). 
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Figure 29. (A) Screengrabs from VG Studio MAX 3.3 software. (B) Print screens stitched together in 
Procreate. (C) An example of altering the contrast if needed to help define the edges of the concrete and 
the background. (D) A section of a concrete surface that has had a grid overlaid at 0.5 mm intervals and 
where the grid crosses the top of the concrete surface profile a mark has been made. (E) An example of 
how when a grid mark could have more than one point at which it interacts with the surface of the 
concrete only the highest point on the surface was measured demonstrated in the red circle.  
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The roughness from both the CT scanned data and the profilometer data was then 

statistically analysed using the software R Studio (R Core Team, 2021), with all 

statistical results reported to 2 decimal places. All statistical results were 

recorded as significant is the p-value was 0.05 or lower.  An Analysis of Variance 

(ANOVA) with Ra as the response modelled as a function of Concrete Type. The 

behaviour of the residuals was examined to check for normality and constancy of 

variance (Zuur et al., 2010). If these assumptions were not satisfied then Box-

Cox transform with the package ‘MASS’ (Venables and Ripley, 2002) was used 

to inform the best transformation. If residuals still did not meet the requirements 

of normality, then a non-parametric Kruskal-Wallis model was undertaken.  

iv Chemical Analysis by X-Ray Fluorescence and X-Ray Diffraction  
X-ray fluorescence (XRF) and powder X-ray diffraction (XRD) were chosen for the 

chemical analysis of concrete, as they are the two methods yielding the most useful 

information: elemental composition and mineral analysis, respectively. 

For each type of concrete, one panel that was not to be used for deployment was randomly 

selected to have a 4.5 cm core taken from its centre. As much concrete as was needed 

from the core was then broken off with a geology hammer and ground into a fine powder 

using a percussion mill and pestle and mortar. The exception to this was ZEM, which had 

the same mix as PC, and therefore only PC panels were characterized to represent the 

chemical characteristics of both.  

For XRF analysis the powder was placed into a 35 mm diameter aluminium cup and 

placed in a press at 75 MPa for 15 minutes and then a further 10 minutes at 150 MPa. 

This created a smooth surface required for analysis in the Panalytical Zetium 2·4 W X-

ray fluorescence spectrometer. XRF works by using X-rays to excite and displace 

electrons in the atoms of the substances being tested. The atoms become unstable and 

another electron moves to replace the lost one. When this happens, X-rays are released 

with each chemical element having a characteristic wavelength whose intensity can be 

measured and used to determine the elemental composition of the substance.  

For powder XRD analysis, 5% by mass of corundum (Al2O3) was added and mixed evenly 

throughout the powdered sample. This powdered mixture was then packed into a sample 

holder and analyzed in Siemens D5000 diffractometer using a Cu-Kα source at 40 mA 40 
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kV. XRD works by illuminating the specimen with X-rays whose angle of incidence 

relative to the specimen progressively increases. At angles characteristic of the crystal 

structure of the substances present, X-rays will be scattered from the sample and detected 

by a detector on the opposite side of the specimen to the X-ray source. The resulting 

pattern of peaks is characteristic of each crystal structure present and by analyzing these 

patterns the crystalline substances in the sample can be identified and an estimate of 

composition made using a technique known as Rietveld refinement. Some of the 

substances present in materials such as concrete may be non-crystalline, in which case a 

distinct pattern is not observed. To establish how much non-crystalline material is present, 

and hence the quantities of crystalline compounds present, the corundum internal standard 

is added.  

Reitveld refinement analysis was then conducted on the XRD sample files. Files are 

loaded into the software MAUD (Lutterotti et al., 2007) which displays a profile of data 

points with peaks. A series of known phases of crystalline materials thought to be within 

the specimen are then loaded into the model. These were visually compared to the XRD 

sample and more profiles of substances added until the combined peaks of all the known 

phase peaks of substances together roughly match the XRD sample. Reitveld refinement 

analysis was then run with the commands free backgrounds, free scale pars and free basics 

pars to enable the model to perfectly fit the profile peaks to the data. Once this model had 

run the peaks were visually analysed to ensure a good fit. If the fit was not adequate, the 

possibility of the presence of other compounds was considered and new compound 

structures added to the model, if necessary. Additionally, in some cases, correction for 

preferred orientation of crystals within the sample was required. From the model data the 

percentage of each of the crystalline substances and the percentage of non-crystalline 

substances were calculated by the software. These percentages were reported and used 

for any statistical analysis in this study.  

v . pH 
There are many different ways to measure the pH of concrete, at topic explored further in 

a review by Behnood et al., (2016). It was decided to follow the methodology described 

by Räsänen & Penttala, (2004), as it is deemed a simple and effective method.  

Fragments from the core taken for XRD and XRF analysis were crushed and ground to a 

powder. This powder was mixed at a ratio of 1:1 by mass with distilled water in a plastic 
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container and mixed on an IKA MS3 digital shaker at 250 rpm for a total of 15 minutes. 

The pH was then measure with a Hanna handheld pH meter and recorded.  

3.3.5 Choice of Concrete Characterisation Tests 
 
The tests chosen to categorize the surface of the types of concrete in the study were 

informed both by the literature which highlighted properties, such as roughness, that 

may influence biofouling as well as the typical tests conducted on concrete carried 

out for engineering analysis, for example Mercury Intrusion Porosimetry (MIP).  

 

Wettability was one aspect highlighted within the literature to influence biofouling 

(Carve et al., 2019) that was not investigated. Wettability was not included as there 

is some debate as to whether wettability influences settlement when submerged for 

long periods of time (Huggett et al., 2009). Also, measurement of wettability would 

not be possible for all concrete types as it requires a flat surface. As all types of 

concrete could not be measured, and this study was time-limited, this time was spent 

on characterisation tests that could measure all the surfaces used. 

 

3.3.6 Post-Deployment Analysis of Concrete 
Three panels of each concrete type were CT scanned before deployment in Arbroath for 

a total of 21-months. After deployment and species identification in the laboratory, the 

panels were cleaned with an abrasive sponge and water to remove all soft fouling 

organisms and rescanned in the same way as previously described. Due to time 

limitations, there were no comparison with unscraped and scraped deployed surfaces. 

Therefore, this study cannot determine if the scraping and removal of biofouling from the 

surface of the concrete altered the roughness of the panel surface.  A visual comparison 

of the panels before and after deployment were made for any signs of biodeterioration. 

No differences could be noted, and so this was not explored any further.   

XRD, XRF and MIP measurements were made on both undeployed panels and panels 

that had been deployed in Arbroath harbour for 21-months. The panels were cleaned with 

a scraper, abrasive sponge and water to remove all biofouling organisms before analysis. 

The panels used were randomly selected from deployed panels which were not used for 
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CT scanning, as the process was destructive. Exactly the same methodologies as 

described above were followed for these panels.  

Section 3.4 Concrete Characterisation Results 

3.4.1  Chemical Properties  

i XRF Pre-Deployment  
Table 28 shows the results of elemental chemical analysis conducted on the concrete 

samples prior to deployment, with the major elements typically encountered in concrete 

expressed as oxides. Silicon dioxide made up the majority of the chemical composition 

of all concrete types, followed by calcium oxide.  

The three most abundant elements from Table 28 were selected to graphically 

demonstrate the chemical differences between the types of concrete. The elemental 

compositions of both the exposed aggregates and GGBS were the most different from 

each other, demonstrated by the distance of their points on the ternary diagram in Figure 

30. There is also a separation between PC/ZEM and Hemp and the exposed aggregate 

concretes and GGBS.  GGBS was much more alumina and calcium oxide-rich, whilst 

both exposed aggregate concretes were more silica rich.   
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Table 28. Elemental composition in percentage by X-ray fluorescence for the six types of concrete before 
deployment in this study. The compounds known to be of interest to this study are highlighted in bold. Any 
elements with composition less than 0.01% have been removed or reported as 0.00. 
 
  Concrete Type 
 

 
PC/ZEM GGBS Hemp Sandstone Whinstone 
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MgO 2.23 2.91 1.59 3.65 3.30 
Al2O3 9.64 10.26 7.49 11.57 11.20 
SiO2 39.03 49.49 36.32 47.95 41.70 
P2O5 0.13 0.13 0.16 0.13 0.30 
SO3 1.57 1.01 1.58 0.82 0.70 
K2O 1.48 1.66 0.98 2.656 1.36 
CaO 27.32 17.23 21.81 15.62 11.31 
TiO2 0.85 0.66 0.43 0.76 0.59 
Na2O 1.14 1.56 1.00 1.32 1.96 
Fe2O3 5.50 3.77 3.61 5.47 4.27 
Cl 0.05 0.03 0.04 0.03 0.01 
Cr 0.01 0.01 0.01 0.02 0.01 
Pb 0.00 0.00 0.01 0.00 0.00 
Ni 0.01 0.00 0.00 0.01 0.00 
Cu 0.01 0.01 0.01 0.01 0.00 
Zn 0.01 0.01 0.01 0.01 0.01 
Rb 0.01 0.01 0.01 0.01 0.01 
Sr 0.03 0.03 0.04 0.02 0.05 
Zr 0.02 0.02 0.03 0.02 0.03 
Ba 0.04 0.04 0.03 0.04 0.03 
MnO 0.09 0.09 0.06 0.09 0.05 
Ce 0.04 0.00 0.00 0.00 0.02 
W 0.00 0.00 0.00 0.00 0.01 
Co 0.01 0.01 0.00 0.00 0.00 
Nd 0.02 0.00 0.00 0.00 0.00 
Pr 0.02 0.00 0.00 0.00 0.00 
Total 89.26 88.94 75.22 87.53 76.92 
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ii XRD Pre-Deployment  
31 crystalline minerals were identified across the six concrete types (Table 29). Albite, 

quartz and calcite were then the only three minerals to appear in all six types of concrete. 

11 minerals were present exclusively in the whinstone concrete (anorthite, cristobalite, 

fayalite, lizardite, nepheline, phlogopite, pseudbrookite, sodalite, tridymite, muscovite 

and 123ermiculite). Three minerals were also present in all materials except the whinstone 

concrete (portlandite, sanidine and vaterite). The sandstone concrete contained two 

minerals, brucite and chlorite, that did not appear in any other type of concrete. Pargasite 

and penninite appeared in all non-exposed aggregate concrete surfaces.   

 

 

 

 

 

Figure 30. Turney diagram for three oxides found within the six different types of concrete.  
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Table 29. Crystalline minerals in percentage by X-ray diffraction for the six types of concrete before 
deployment in this study.  
  

Concrete Type   
PC/ZEM GGBS Hemp Sandstone Whinstone 

Mineral 
Type 

Albite 5.6 2.5 4.8 4.4 5.1 
Anorthite 0.0 0.0 0.0 0.0 3.7 
Brucite 0.0 0.0 0.0 0.1 0.0 
Calcite 2.5 0.6 5.6 2.8 2.6 
Calcium 
Aluminate 
Monocarbonate 

0.0 0.1 0.2 0.0 0.0 

Chlorite 0.0 0.0 0.0 2.5 0.0 
Cristobalite 0.0 0.0 0.0 0.0 1.5 
Fayalite 0.0 0.0 0.0 0.0 1.1 
Friedel’s salt 0.1 0.0 0.0 0.0 0.0 
Hematite 0.0 0.0 0.0 0.3 0.9 
Lizardite 0.0 0.0 0.0 0.0 1.5 
Magnesite 0.6 0.0 0.0 0.0 0.0 
Magnetite 0.0 0.0 0.0 0.0 0.2 
Muscovite 3.9 3.7 2.4 3.6 0.0 
Nepheline 0.0 0.0 0.0 0.0 1.7 
Pargasite 3.0 1.2 2.3 0.0 0.0 
Penninite 1.2 0.9 0.5 0.0 0.0 
Phlogopite 0.0 0.0 0.0 0.0 0.7 
Portlandite 1.5 0.0 2.1 0.1 0.0 
Pseudobrookite 0.0 0.0 0.0 0.0 0.6 
Pyroxene 0.0 0.0 0.0 0.0 1.0 
Quartz 15.3 10.5 14.3 13.5 3.0 
Sanidine 5.1 2.1 3.9 2.6 0.0 
Sodalite 0.0 0.0 0.0 0.0 1.7 
Tridymite 0.0 0.0 0.0 0.0 0.5 
Vaterite 1.9 1.4 2.5 1.1 0.0 
Vermicullite 0.0 0.0 0.0 0.0 2.9 
Wustite 0.4 0.01 0.8 0.0 0.0 

 Non-crystalline 59.0 76.9 60.6 69.1 72.0 
 

iii pH 
The pH of all the types of concrete were very similar ranging from 11.9 – 12.2 (Figure 

31). The minimum pH value of 11.9 was for Sandstone and Hemp, and the highest value 

was 12.2 for GGBS.  
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Figure 31. Average pH for six concrete types (with the pH of PC and ZEM being taken from the same 
measurement) before deployment. Values above bars is the average pH for each type of concrete ± 
Standard Error bars. 

3.4.2 Physical Properties  

i Roughness 
An ANOVA test conducted on square root-transformed data showed a significant 

difference in the roughness of the different types of concrete (F = 54.47, df = 5, 12, p = 

<0.01) (Figure 32) when measured with the CT scanning method. GGBS, ZEM and PC 

had low Ra values with a roughness of 0.54 being the highest recorded for a PC concrete 

panel. There was no significant difference between the roughness of the GGBS, ZEM and 

PC panels, but all three types of concrete were significantly different from the Hemp, 

Sandstone and Whinstone (Table 30). There was no significant difference between Hemp, 

Sandstone and Whinstone concretes. The difference between these two groups of panels 

was quite large with a 0.70 difference between the highest PC panel roughness and the 

lowest Whinstone roughness.  

12.2 11.95 12.05 11.90 12.00 
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In terms of micro-scale roughness, there was a significant difference between the three 

types of concrete ZEM, GGBS and PC when measured with a profilometer (Kruskal-

Wallis: H = 145.78, df = 2, p = <0.01) (Figure 33). Post-hoc Dunn test revealed that all 

three concrete types were significantly different from each other (GGBS-PC, p = <0.01) 

(GGBS – ZEM, p = <0.01), (PC-ZEM, p = <0.01). ZEM was the roughest of these types 

of concrete. 

 
Table 30. Output from post-hoc pairwise comparisons of an ANOVA testing roughness Ra values to 
panel type by Tukey HSD testing. Statistically significant results are in bold with a star.  

 PC GGBS ZEM Hemp Sandstone Whinstone 
PC x      
GGBS 1.00 x     
ZEM 0.96 1.00 x x   
Hemp <0.01* <0.01* <0.01* x   
Sandstone <0.01* <0.01* <0.01* 0.90 x  
Whinstone  <0.01* <0.01* <0.01* 0.58 0.99 x 

 

Figure 32. Average Ra in mm taken using CT scanning for the roughness of the six types of concrete. ± 
Standard Error bars. Concrete types with the same colour dots have no significant difference, but different 
types of concrete with different coloured dots have significantly different roughness. 
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ii Porosity 
Figure 37 shows the pore size distributions of the concrete panels obtained using mercury 

intrusion porosimetry, whilst Figure 38 is a cumulative plot of these distributions. 

Sandstone has the highest total porosity of any type of concrete. The peak pore size was 

around 0.12µm. The amount of pores at this size was much higher than the other types of 

concrete, but both Hemp and Whinstone have peaks at a similar pore size. Sandstone and 

Whinstone had very similar cumulative porosity curves, with the majority of the pore size 

being between 0.1 and 0.01 µm. All types of concrete had the largest amount of pores 

between this range of pore sizes. However, there were noticeable differences for the other 

concrete types compared to Sandstone and Whinstone. 

GGBS had the finest porosity, with a peak pore diameter of 0.07µm, with the amount of 

pores between 0.01 and 0.1µm also high compared to Sandstone, Whinstone and Hemp. 

PC and ZEM both had the smallest peaks, as a result of also having the lowest total 

porosity (Figure 34). These two types of concrete were the only two to show a pattern of 

Figure 33. Average Ra in micrometres values for the roughness measured by using a profilometer 
of the three types of concrete with flat surfaces. ± Standard Error bars. Presence of a dots 
represents significant differences to the other two types of concrete. 
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two peaks between the 0.01 and 0.1 µm pore size range. The first and largest peak was at 

a slightly smaller pore size than Sandstone or Whinstone, but a larger pore size than 

GGBS. The second small peak occurred at. A pore size 0.013 µm for PC, and 0.01 µm 

for ZEM. This second peak is reflected in Figure 36 by a steeper gradient in this range 

compared to the other types of concrete. 

Hemp had the largest proportion of larger pore diameters than other types of concrete, 

shown by the decreasing trend in the cumulative graph between the 100-10 µm graph, 

which is not seen in most of the other concrete types. ZEM also shows a slight decrease 

at this pore size, but the majority of the decline happens around 10 µm where there is a 

steep decline before plateauing again until a pore size of 0.1 µm.  

 

Figure 34. Average Total Porosity by percentage for the six types of concrete. ± Standard Error bars. 
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Figure 35. Pore diameter by -dV/dllogd for samples of six type of concrete. 

 

Figure 36. Culminative pore diameter by -dV/dllogd for samples of six types of concrete. 
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3.4.3 Comparison of Concrete Before and After Deployment 

i XRF 
PC had the largest number of elements whose presence declined after 21-months of 

deployment (Table 31). SiO2 increased after deployment in all types of concrete except 

GGBS, which decreased by 5.19%. CaO decreased by 5.68% and 0.38% in PC and 

Sandstone, respectively and increased in all other concrete types after deployment. TiO2, 

Al2O3 and MgO all decreased in PC and ZEM and increased in all other types of concrete.  

ii XRD 
Whinstone saw the most reduction in the percentage of minerals, with 11 minerals 

reducing in the percentage composition after 21-months deployment (Table 32). Calcite 

decreased in all types of concrete except GGBS and ZEM after deployment. Albite 

increased in all types of concrete except Sandstone and Whinstone. Quartz decreased in 

PC, GGBS and Hemp and increased for the other three types of concrete. 

Table 31. Elemental composition in percentage by X-ray fluorescence for the six types of concrete before 
deployment and after 21-months deployment in Arbroath harbour, UK. Green mark indicates an increase, 
and a red mark indicates a decrease. Any elements with composition less than 0.01% have been removed 
or reported as 0.00. 
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Table 32. Crystalline minerals in percentage by X-ray diffraction for the six types of concrete before 
deployment and after 21-months deployment in Arbroath harbour, UK. Green mark indicates an increase, 
and a red mark indicates a decrease. 

 

iii Porosity  
For ZEM and PC the peak in porosity increased post-deployment and shifted to peak at a 

smaller pore size (Figure 37). All other types of concrete did not have a large peak at one 

particular pore size but all saw an increase in smaller pores. This is reflected in cumulative 

graphs in Figure 38, where for all post deployment curves, the curves no longer invert as 

the curve declines.  
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Figure 37. Pore diameter by -dV/dllogd for samples of six types of concrete before and after 
deployment into Arbroath Harbour, UK for 21-months.  
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Section 3.5 Discussion 

3.5.1 Panel Design  
Six types of concrete were designed and produced, partly informed by the literature 

reviewed in Chapter 1. All six of these concretes were designed following industrial 

standards and guidelines to ensure they could be repeated by any other studies or within 

the concrete industry. The strength of the concrete was designed to be 25 MPa to ensure 

strength and durability for marine deployment. Although, the five types of concrete that 

were not the control were lower in strength than the control, all concrete mixes met that 

Figure 38. Culminative pore diameter by -dV/dllogd for samples of six types of concrete before and after deployment into 
Arbroath Harbour, UK for 21-months. 
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target (Table 20). The consistence measured using the slump test, of each mix was 

different. For the purposes of this study, the consistence was suitable, but mixes with 

lower slump, especially GGBS and Hemp, might need alteration if higher consistence is 

required.  

3.5.2 Meeting the Industrial Fundamental Aspects 

PC, ZEM and GGBS and exposed aggregate concrete were all concrete types whose use 

is established in concrete production practice. Therefore, they met the fundamental 

industrial characteristics of this project.  

The change of aggregate for the exposed aggregate concretes should also be considered 

for industrial viability. The two aggregate types chosen for this study were Whinstone 

(Basalt) and Sandstone. Whinstone is one of the most commonly used aggregates due to 

its high strength and low porosity (Piasta et al., 2018). Therefore, this aggregate type is 

used widely in industry and meets the ‘industrial fundamental aspects’. Compared to 

Whinstone as an aggregate, using sandstone is less common as it typically has lower 

compressive strength and lower elastic modulus than Whinstone aggregate concretes 

(Piasta et al., 2018; Yang et al., 2020). However, sandstone concrete aggregates are still  

used in construction (Yang et al., 2020). Therefore, this concrete also meets the ‘industrial 

fundamental aspects’ for this project.  

This study successfully created an entirely novel type of concrete: Hemp concrete with a 

hairy surface. To the author’s knowledge, a hairy concrete surface has never been 

produced before. The addition of 10 mm Hemp fibres to the mould surface was used to 

produce a consistently hairy surface. Hemp was also included within the concrete mixture 

itself, although how much this added to the hairiness of the surface is not clear, and it is 

likely that the majority came from the layer added to the mould surface. The hairy surface 

could be recreated on any concrete surface, without any need for a change to the 

proportions of the concrete mix. The ease of being able to produce this hairy surface meets 

the fundamental industrial characteristics of the project.   

It should be noted that there is some debate in the literature about the best way of using 

hemp fibre in concrete. Two procedures have been suggested to prepare hemp concrete 

that were not followed within this study. These are the use of a binder and the alkali 

treatment of hemp fibres before being added to the concrete. Lime binders are often used 
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with hemp concrete, as it reduces issues caused by sugars in the fibres which can slow 

the setting of cement (Jami et al., 2019). However, lime does not develop as much 

strength as cement and there are ongoing studies trialling various substances which can 

be used in conjunction with lime in hemp concrete to increase strength, covered in more 

detail by Jami et al., (2019). 

The presence of hemp in concrete generally leads to a reduction in strength, and hemp 

concrete has not been deemed suitable for use as a load-bearing material limiting its 

possible applications (Jami et al., 2019). One of the few studies that have examined using 

hemp in PC concrete without lime actually observed an increase in strength. Chauhan & 

Chauhan (2013) measured compressive strength on reinforced concrete with at 0.25, 0.5 

and 0.75% hemp fibre replacement and found a 25% increase in strength at 0.5%. Their 

study argues hemp fibres can be used for economical construction. Sedan et al,. (2008) 

showed that hemp fibres up to a 16% of the volume of the mix can improve the flexural 

strength of concrete, but decrease the Young’s modulus and compressive strength. 

Another property enhanced by the presence of hemp fibre is fracture energy, which Merta 

& Tschegg (2013) demonstrated could be increased by 70% due to the fibres acting as an 

efficient means of stress transfer. There was a slight decrease in compressive strength 

compared to the control.  

A decrease in strength was observed in this study, rather than an increase as seen in other 

studies (Sedan et al., 2008; Ramadevi and Shri, 2015). This could be because this study 

did not pre-treat hemp concrete fibres in anyway. It has been noted that there is weaker 

bonding between fibres and concrete without treatment (Sedan et al., 2008). Chauhan & 

Chauhan (2013) pre-treated hemp fibres before putting them into concrete. Studies such 

as Wang et al., 2021) have used a number of treatments, the most common being soaking 

in 6% sodium hydroxide for 48h. Sedan et al., (2008) observed a 94% increase in the 

flexural strength of hemp fibre-reinforced cement paste with alkali treatment compared 

to cement paste alone. There is no mention of pre-treatment by Merta & Tschegg (2013) 

which still reported hemp fibres increasing concrete fracture energy. Within this study 

the fibres were not treated due to the additional steps required, which would add time and 

cost to the creation of this concrete. Additionally, no attempt was made to separate hemp 

fibres from wooden shives, which are present amongst the fibres for this reason. There is 
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thought to be little to no difference in properties of concrete using shives and hemp 

together (de Bruijn et al., 2009). 

The present study used a very low amount of hemp fibre within the concrete, and did not 

observe any significant loss in the concrete properties tested, meeting the requirements of 

the fundamental industrial characteristics. Despite the large amount of research conducted 

recently, hemp concrete (where the fibres are mixed into the concrete itself), is still not at 

the stage at which it could be used in large-scale construction. Until further research is 

conducted, it is the recommendation of this study that hemp-based hairy surfaces should 

be fabricated via an addition of fibres at the surface only. 

Hemp is carbon neutral and cement replacement can help reduce the carbon footprint of 

concrete (Coombes et al., 2015; Jami et al., 2019). It was not within the scope or 

timeframe for this study to explore different amounts of hemp replacement, but this is 

often explored within eco-engineering.   

3.5.3 Roughness 

The macroscale of PC, GGBS and ZEM were significantly different in roughness to 

Hemp, Sandstone and Whinstone when roughness was analyzed by CT scanner. This 

shows the clear divide between materials which had microscale surface changes only (PC, 

GGBS and ZEM) compared to studies with both micro- and macroscale changes. A 

limitation of this study was the lack of ability to measure both microscale changes and 

macroscale changes on surfaces possessing both features. This is, however, not 

exclusively a limitation of this study (Santos and Júlio, 2013). 

Using the CT scanning method , which had a resolution of 0.5 mm , GGBS, PC and ZEM 

did not appear significantly different. However, when measured at a finer scale using a 

profilometer, there were significant differences between all three of these types of 

concrete. ZEM was, unsurprisingly, the roughest of the three surfaces, as the ZEMDrain 

formliner is microtextured. This will enable comparison of PC with ZEM, to investigate 

how microscale differences in roughness influence biofouling. In comparison to the 

difference between PC and ZEM, the roughness of GGBS and PC were more similar. 

However, GGBS did have a significantly higher roughness than PC. This was not 

intended, as it was desirable for these two surfaces not to differ in terms of roughness to 

allow chemical differences to be compared. This difference in microroughness could 
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derive from the lower consistence of the GGBS mix, as a lower fluidity may impact how 

well concrete compacts against the mould surface (Ma and Wang, 2018). This difference 

was not realized until microscale roughness measurements were conducted, and so it was 

not possible to change the consistence of the GGBS mix to explore this possibility further 

(Myan et al., 2013). It was anticipated that such a small change in roughness would have 

less impact on biofouling than when compared to ZEM, enabling the influence of 

microtexture to still be examined.  

The same macroscale roughness measurements found that the roughness of the two types 

of exposed aggregate concrete was not significantly different. The present study also 

hoped to explore if differences in roughness of the different rock types at the microscale 

influence biofouling. However, this study was unable to measure the microscale 

roughness of these surfaces. This was due to the uneven nature of the exposed aggregate 

surfaces and the limitation that profilometer measurements could only be conducted on a 

5 mm, flat surface. Qian & Meng (2017) used an optical 3D microscope to compare the 

micro-roughness, Ra, of red sandstone and basalt and found, to a 90% confidence level, 

that the roughness was significantly different. Although a significant difference between 

the roughness of the rocks used in our study cannot be assumed, it is important to also 

still consider that that differences in microroughness may still be influencing biofouling. 

In future using 3D optical microscopes to measure the microroughness at a much finer 

level would be worth pursuing as an option to enable comparison of concrete surfaces 

with large variations in roughness.  

The high roughness of the Hemp surface was an unplanned side-effect of the method used 

to produce the hairy surface. Placing the fibres on the concrete surface had the effect of 

creating an uneven, rough-textured surface. This roughness was also the least consistent 

between panels, demonstrated by the larger standard error bars in Figure 32. Therefore, 

when examining the influence of a hairy surface on the biofouling, it will also be 

important to consider whether differences in biofouling are, in fact, related to differences 

in roughness.  

It is also acknowledged that some additional methodological problems, that may not have 

been experienced in other studies, were encountered when measuring roughness. The 

main issue was blurriness in parts of the CT image caused by the size of the concrete 
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block. In future, it is recommended that smaller panels are made specifically for scanning 

if biodeterioration is not being examined. This would enable the use of point cloud images 

to be digitally analysed, potentially increasing accuracy, saving time and allow much 

more of the area of the surface to be measured for roughness (Klingaa et al., 2019). Whilst 

the method created for this study was successful in being able to measure the 

macroroughness to a scale of 0.5 mm, it was time consuming, potentially less accurate, 

and more open to human error, and is therefore not recommended unless absolutely 

necessary.  

3.5.4 Durability  

PC concrete had the lowest total porosity, although the porosity of ZEM was also low. 

GGBS had a smaller peak pore size than the other concretes. When comparing GGBS to 

PC a finer pore structure is typical of GGBS which usually has refined porosity relative 

to PC concrete (Bijen, 1996). Having a smaller pore size in concrete is a beneficial 

property, as this can increase durability of the concrete. Porosity of concrete deployed 

into the marine environment is particularly important, because of the higher risk of 

chloride ingress and corrosion of steel reinforcement.  

Chloride levels in the concrete specimens increased for all concrete types during the 

deployment period, but PC had the smallest percentage increase. The three types of 

concrete with the highest total porosity had the highest increase in Cl after deployment. 

Whinstone concrete increased by 5,300%, Hemp by 3, 275% and Sandstone by 1,200%.  

The high Cl ingress in Hemp is explained by Hemp having a higher proportion of larger 

pores than PC, ZEM and GGBS, making Cl ingress easier (Figure 36). Fibres are known 

to increase rates of Cl ingress. However, Sappakittipakorn and Banthia, (2012) found that 

the free Cl in the concrete is reduced as Cl can chemically combine with the fibre. 

Therefore, corrosion may be less of a risk in hemp fibre concretes despite higher Cl. 

Differences between PC, ZEM and GGBS with exposed aggregate concrete is not 

surprising due to the different aggregates that were used.  The fact that Whinstone has a 

larger Cl ingress than Sandstone is surprising, as Sandstone is typically a more porous 

material (Yang et al., 2020). GGBS did not show a typical decrease in the Cl ingression 

despite having smaller pores with an increase of 1,600% compared to PC with a 980% 

increase in chloride. It is possible that these variations come from a methodological 

difference it was not possible in this study to precisely control the distance away from the 
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surface within the core at which the sample for chemical analysis came from. Samples 

taken from the core closer to the panel surface will have a higher chloride ingress than 

further into the surface. Depth profile measurements (Machner et al., 2022) might be used 

in future studies to determine if this was the case.  

For every type of concrete the peak pore size of the concrete before and after deployment 

shifts to finer pore size distributions. This may be the result of Cl ingress (Liu et al., 

2014). The XRD results indicate the appearance of Friedel’s salt during deployment. 

Friedel’s salt forms when hardened cement comes into contact with chlorides in salt 

water. This can change the pore structure of the concrete (Liu et al., 2014). It is also likely 

that the decrease in pore size is, at least partly, simply the result of continued hydration 

of cement.  

Overall, no signs of deterioration of concrete were observed within this study. The higher 

Cl levels in the exposed aggregate and Hemp concrete types should be noted. Chloride 

ingress is of most concern where steel reinforcement is present, since it increases the risk 

of corrosion (Nolan et al., 2021). It is proposed that further evaluation of the suitability 

of exposed aggregate and Hemp concrete surfaces used in conjunction with reinforced 

concrete should be conducted in future.  

3.5.5 Chemistry 

Unsurprisingly, the different types of concrete shared similarities in chemical 

composition, which was to be expected as each type of concrete contains common 

ingredients but with varying proportions (Table 28). However, when examining the most 

abundant elements within the concrete in Figure 30, there are obvious differences in the 

chemistry between certain types of concrete.  

The concrete types most different to PC are GGBS, Sandstone and Whinstone. This is, 

again, not surprising as GGBS itself has a lower CaO content and higher MgO, SiO2 and 

Al2O3 (Swaroop et al., 2013) than PC. This is reflected in the differences between the 

chemical analyses of GGBS and PC in this study (Table 31). The chemistry of PC 

compared to Sandstone and Whinstone was different due to the differences between the 

aggregate types used. The exposed aggregates and GGBS were the most different. 
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This study was particularly interested in the mineralogical differences between the two 

types of exposed aggerates. Differences include the presence of chlorite in the Sandstone 

concrete, the presence of anorthite in the Whinstone concrete, and the absence of 

muscovite in the same material. Characterisation of chemical and mineral compositions 

was conducted on the basis that differences may help explain variation in biofouling 

between these concrete types.  

With the exception of Cl ingress, there were no major differences in the chemical makeup 

of the different type of concrete before and after deployment. Due to the porous nature of 

concrete, it is expected that some substances will leach or react with other constituents or 

substances in the environment.  

No biodeteration was observed during the study, and so any investigations into possible 

changes to the chemistry and mineralogy due to biofouling was not investigated any 

further at this stage.  

Section 3.6 Conclusions 

Six types of concrete were successfully designed in-line with pre-defined fundamental 

characteristics, and made in accordance with engineering standards. This approach means 

that it is highly likely that the concrete types developed will not present a problem in 

scaling-up for concrete construction purposes. The study has produced an entirely novel 

hairy concrete surface via the introduction of hemp fibres at the concrete surface. 

Roughness, porosity and chemical composition of all six types of concrete were measured 

before and after deployment, allowing relationships between these characteristics and 

biofouling settlement to be established.  
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Chapter 4 Biofouling Studies and Discussion  

Section 4.1 Abstract 
The biofouling species and community observed growing on a surface can be influenced 

by many factors including location, surface properties, time of deployment, length of 

deployment and type of structure. Due to the complexity of these variables, biofouling 

studies must be designed to incorporate or consider as many of these factors as possible. 

This study tested six types of concrete, over three locations for 21-months. For one 

location the colonisation of the biofouling community was monitored at 4, 7 and 21- 

months and two seasonal time periods from April to August 2019 and August to 

December 2019. Both invasive and native species and community are explored in relation 

to the surface properties of the six types of concrete. Physical changes, at both 

microroughness (<1mm) and macroroughness (>1mm) scales, had more influence on 

biofouling for both invasive and native species than chemical changes. The invasive 

barnacle A. modestus had significantly lower cover on hairy concrete at two locations and 

exposed aggregate concrete types at one location. Significant and consistent increases in 

diversity or richness on the five surfaces compared to the control PC were not observed, 

therefore further adaptation of these surface for ecological engineering purposes may be 

required.    

Section 4.2 Introduction  

4.2.1 Concrete Within Harbours  
Harbours are hubs for marine invasive species (Bishop et al., 2015c; Holmes and 

Callaway, 2021) as shipping is the largest vector for their spread (Molnar et al., 2008). 

As concrete is also one of the main materials used within harbours, this study chose to 

deploy the different types of concrete into harbours to investigate marine invasive species 

settlement and colonisation. There are, however, many uses of concrete in harbours; the 

main two uses are for harbour walls and floating pontoons. Even within the same harbour, 

these different surfaces will provide different conditions for biofouling species which can 

influence both invasive species and native communities.  

Harbour walls are fixed surfaces and will be subject to different conditions at varying 

depths. Light will decrease with wall depth and shading is known to influence biofouling 

(Glasby, 1999). In tidal harbours some parts of the harbour wall may be exposed to air at 

low tides, and biofouling organisms will be at risk of desiccation. Desiccation in intertidal 
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areas often leads to zonation of biofouling communities, with each zone defined by the 

time the species can survive being exposed in air (de Mesel et al., 2015; Hopkins et al., 

2016). On intertidal harbour walls tidal differences in the intensity of the disturbance by 

waves may also be seen (Chapman and Bulleri, 2003). Therefore, if biofouling of 

harbours walls are to be studied, trials at multiple depths should be considered.  

Floating pontoons will experience different condition to fixed sea walls as they remain 

floating at the surface of the water. Differences in factors such as light, salinity and 

turbulence can cause difference in the biofouling (Dafforn et al., 2009). Leclerc et al., 

(2020) found the percentage cover increased by over 70%, and richness by around 35% 

on floating structures when compared to fixed. Floating pontoons have been shown to 

support significantly more invasive species than fixed shallow surfaces and floating and 

fixed surfaces deeper in the water column (Dafforn et al., 2009). There were, however, 

variations in preference at species level with some invasive species preferring fixed over 

moving and vice versa (Dafforn et al., 2009). Connell (2000) found that position in a 

harbour was more influential than material type used. Therefore, it is important to either 

design a study to focus on one type of harbour structure or have enough statistical 

replicates to allow for a full comparison between the two types of locations. 

Another consideration is orientation. Harbours walls are vertical surfaces and pontoons 

have both vertical and horizontal sides. Different biofouling species can have preferences 

for orientation, and this is known to have significant influence on biofouling (Rius et al., 

2010; Mizrahi et al., 2014; Siddik et al., 2019). The different sides of pontoons have been 

shown to have significantly different biofouling communities (Connell, 1999). Vertical 

surfaces have been shown to have increase richness and cover of invasive species 

compared to horizontal (Dafforn et al., 2012)  

Also, compared to other ecologically engineered surfaces there is limited literature 

exploring ecological engineering on pontoons (O’Shaughnessy et al., 2020). 

O’Shaughnessy et al., (2020) provided guidance on ecological engineering for many 

types of structures, including breakwaters, seawalls, piers, pilings and embankments, but 

was unable to do so for pontoons due to this literature gap.  

Due to the increased chance of having invasive species settle on vertical floating 

pontoons, this study chose to focus on deployment with pontoon-like configurations. It is 
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hoped that this will help in addressing the literature gap of eco-engineered surface on 

pontoons. Fixed structures were not considered, due to limited resources which may have 

made testing at multiple depths difficult. For the same reason only one orientation was 

chosen to be studied.  To be able to deploy concrete on floating pontoons, a method of 

deployment had to be investigated.  

4.2.2 Deployment Methods for Concrete Panels 
The typical methodology for studying biofouling relationships with a particular surface 

is the creation of a frame containing a series of panels, made of the desired testing 

material, which is deployed at study sites. The majority of panel-based biofouling studies 

have focussed on settlement on metals (Venugopalan and Wagh, 1990; Vedaprakash et 

al., 2013; Want et al., 2017), timber (Pati et al., 2015), glass (Phang et al., 2009) or 

plastics (Berntsson and Jonsson, 2003; Want et al., 2017), which requires a frame design 

that accommodates both thin and/or lightweight materials. Few studies have focussed 

solely on the deployment of concrete panels, despite it being one of the most commonly 

used materials in the marine environment (Fernández and Pardob, 2013). For field studies 

concrete panels are required to be thicker than the materials listed above for two reasons. 

Firstly, concrete is weak in flexure, and a very thin panel would be vulnerable to fracture, 

particularly in a marine environment. Secondly, concrete contains particles of aggregate 

whose maximum diameter can be as large as 40 mm, and is typically 20 mm, meaning 

that a certain thickness is required to accommodate these particles.  This increased 

thickness means that a frame for concrete panels needs to have a greater mass than the 

frames typically used for panels made from other materials. 

During ecological engineering studies, methodologies for the deployment of concrete 

have been proposed. However, methodologies for these studies have largely involved the 

deployment of large, subtidal concrete structures (Ido and Shimrit, 2015) or deployment 

of panels into intertidal zones (Coombes et al., 2015; Dennis et al., 2018; Evans et al., 

2021). To conduct these studies requires access to equipment such as a crane (Perkol-

Finkel et al., 2018) or scuba divers (Ido and Shimrit, 2015), both of which are likely to 

be costly and require an access route such as a rocky shore or a boat. These methodologies 

do not provide a solution where multiple concrete panels need to be studied in restricted 

spaces or with a limited budget.  Deploying frames of panels to study biofouling on 

current and novel concrete formulations will provide the ability to study both biofouling 
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and concrete surface characteristics in detail. It is important for a low cost, reproducible 

frame, which also allows simple deployment, to be developed for this purpose.   

Previous biofouling studies have studied metal, timber, ceramic and plastic panels 

deployed in harbours (Terlizzi et al., 2000; Pope et al., 2008; Vedaprakash et al., 2013) 

on PVC frames, or rope ladders (Pati et al., 2015), with six or more panels per frame. 

These methodologies prove that cheap and lightweight options are available for 

biofouling panel deployment for many other materials, whilst maintaining a sufficient 

number of panels to provide the required statistical representativeness for biofouling 

studies in the limited space of a harbour. A variety of methods have been used to deploy 

multiple concrete panels into harbours. However, these methods have shown notable 

compromises to experimental design, when compared to the biofouling studies using 

other materials. Relini et al., (1998) used a horizontal rack to hold two cubes (150 × 150 

× 200 mm) of concrete in place under a pontoon. Despite this being a low-cost approach, 

which permitted easy deployment, the amount of concrete analysed was compromised, 

potentially introducing issues with regards to subsequent statistical analysis when 

comparing different types of concrete. Bullard et al., (2010) used a PVC frame to deploy 

one panel of concrete and one panel of PVC, which becomes an issue when comparing 

multiple types of concrete and is potentially limited by the number of free attachment 

points in a harbour. One study that included multiple panels of concrete on a wooden 

frame, McManus et al., (2018), compromised on the size of the biofouling panels (20 × 

20 × 150 mm), making them much smaller than the 100 × 100 mm planar surface area 

usually used for studies. Hanlon et al., (2018) hung a series of single panels at different 

depths by passing a knotted rope through a hole in the middle of the panels. This meant 

that only one panel of concrete was tested at each depth and reduced the uninterrupted 

surface area of the panel for biofouling studies.  

Many studies have avoided the use of a frame, directly installing panels. Perkol-Finkel et 

al., (2018) installed large panels (1.5 × 0.8 m) on harbour walls, but this methodology 

needed large amount of harbour wall space and also required crane work, adding expense 

and creating logistical difficulties. Glasby (2000) secured panels to an artificial reef 

created within a harbour, where panels (150 × 150 mm) were attached to PVC backing 

and aluminium bars anchored to the artificial reef (Glasby, 2000). This method is limited 

to large, deep harbours where space is available to create an artificial reef. Panels have 
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been deployed by being drilled into harbour walls (Ushiama et al., 2019), which may not 

be possible in all locations, leads to permanent damage to the walls, requires the use of a 

boat and will not work for testing in non-tidal harbours. It is clear a deployment technique 

for multiple concrete panels is still needed.  

4.2.3 Ecological Design Considerations for Biofouling Studies 
With the deployment of surface for biofouling studies there are also other important 

ecological factors that should be incorporated into the study design. 

Firstly, as established within Section 2.5.2, different harbours may have different invasive 

species and biofouling communities. Therefore, even if harbours are geographically 

close, one harbour may not represent how biofouling on surfaces in other harbours will 

be influenced (Loke et al., 2016; Hopkins et al., 2016). Therefore, where possible, 

multiple locations should be considered.  

There are also three main time-related factors that may influence biofouling; length of 

deployment, stage of biofouling community succession, and the time of year that the 

surfaces are deployed.  The typical changing succession of a community is described in 

Section 1.1.1. This change means that when removing the community for study at one 

time point it may not be representative of the final community or the community at other 

time points (de Mesel et al., 2015). Biofouling communities typically have a dynamic 

community for at least the first three years (Khalaman, 2001) and within harbours a stable 

‘climax community’ may never be reached due to continual disturbance events (Krone et 

al., 2013). Biofouling studies are rarely able to continue until a climax community is 

reached and the length of long terms deployment is limited by funding and time. 

However, it is generally assumed that studies where it is possible to record biofouling 

after 12+ months of deployment and therefore encompass a full year of growth through 

all seasons, is useful. However, due to the dynamic nature of the biofouling communities 

it is also important to consider the species that different types of surfaces support during 

succession. To conduct such successional studies where the biofouling species are 

recorded at regular time periods can help provide information on how a species is 

removed (Sahu et al., 2011). The time of which surfaces are deployed also can influence 

biofouling, as different species spawn at different times of the year (Kerckhof et al., 1200; 

Lindeyer and Gittenberger, 2011; Vaz-Pinto et al., 2014; Want et al., 2017). Therefore, 

deployment in different seasons may enable a fuller picture of the community that may 
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form and help guide decisions of when may be best to deploy surfaces to reduce marine 

invasive species settlement.  

This study aimed to develop a low-cost frame to enable the deployment of multiple types 

of concrete. It also conducted multiple types of biofouling studies; long-term, seasonal 

and colonisation study-types across multiple locations. The findings of these studies were 

then analysed with respect to the surface properties measured in Chapter 3, and the 

findings discussed. 

Section 4.3  Method 

4.3.1 Frame Design  

i Constraints for the Design of the Frame  
Several logistical aspects acted as constraints and were considered before designing the 

frame. Firstly, the length of the frame was limited to the width of a pontoon (1.2 m). The 

depth was limited to the distance from the water surface to the bottom of the existing 

floating pontoon structures, on the basis that any greater depth created the risk that the 

pontoons could potentially contact the seafloor at low tide. 

The size and weight of the frame was limited to a weight that could be safely lifted to 

elbow height by two people according to the Health and Safety Executive (1992) 

guidelines, which was established as being 32 kg. It was also recognised that it would be 

necessary to leave some margin in frame weight to allow for mass gained due to saturation 

with water and development of biomass during the study. A minimum of 100 × 100 mm 

uninterrupted surface area was chosen for the panels to allow sufficient space for 

biofouling organisms to settle and grow. 

Additionally, it was required that, when submerged, the panels were all suspended at the 

same height, with the surfaces to be studied aligned vertically. Finally, the frames needed 

to be sufficiently robust to survive the storm conditions often experienced over the winter 

months on the East coast of Scotland. 

ii Weight and Cost 
The weight and cost of the frame was used to help evaluate the success of each iteration 

of frame design. The cost of making the concrete panels was not included in this cost-

analysis. Panel weight was based on the average weight of the six types of concrete being 
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trialled in the study for which the frames were designed. The weights of the hosepipe and 

rope used were also average values obtained from multiple measurements on identical 

lengths of these materials. All other weights were calculated by weighing an individual 

item (Table 33). Items were brought in between January 2018 to April 2019 from trade 

outlets and costs include current UK VAT.   

Table 33. Breakdown of the key design parameters for each of the frames created within this study. 

Frame Sampleable 
surface 
area on 
panel 
(mm2) 

Dry weight of 
frame 
(kg) 

Do the panels 
hang vertically in 
water? 

Number 
of people 
needed to 
deploy 
frame 

Cost (£) 

1 100 8.26 No 2 9.87 
2 100 10.00 No 2 9.94 
3 150  11.73 Yes  2 19.43 
4 150 28.05 Yes 2 38.85 
5 150 25.60 Yes 2 29.53 

 

4.3.2 Iterations of the Frame Design  

The various iterations of the frame design are shown in Figure 39, and discussed below. 

i Frame Design One 
150 × 150 mm panels were chosen to allow space for holes to be added through the front 

of the panel for attachment, whilst keeping 100 × 100 mm of uninterrupted surface for 

sampling. At a width of 150 mm, six panels could be deployed to fit under the 1.2 m 

maximum width. Panel weights were kept as low as possible, with a thickness of 25 mm 

to accommodate a maximum aggregate size of 20 mm. Rope (Nylon Rope, 9.5 mm) was 

threaded through the panels with hosepipe (Hozelock Ultramax) between the ropes to stop 

the rope fraying. When suspended from the ropes, the frame displayed bowing in the 

centre, meaning that the panels were not at the same height. For this reason, Frame 1 was 

rejected.  

ii Frame Design Two 
Frame Two followed a similar design to Frame One but included a PVC pipe (Polyplumb 

PVC pipe 22 mm OD) and used cable ties for attachment (7.5 mm). Frame Two displayed 

very little bowing and was therefore trialled in a harbour environment. When tested in the 
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harbour, the concrete blocks were not vertical in the water. From this, it was determined 

that a greater mass was required to cause the panels to hang vertically (Figure 40A). 

iii Frame Design Three 
As additional holes for attachment through the front of the panel could not be added 

without reducing the area available for study, the panel was redesigned to be thicker to 

accommodate holes running underneath the studied surface (3.3.1). This gave an even 

larger surface area for biofouling. To hold the additional weight of the panels, a thicker 

more durable uPVC pipe (16 bar, 50 mm) was used. However, during field testing, the 

additional panel weight was not enough for the panels to hang vertically. Also, during 

deployment it was noted that the frame was difficult to deploy, as panels easily slipped 

from their positions (Figure 40B). 

iv Frame Design Four 
For Frame Four, an additional hole was added to the bottom of the panels to allow them 

to be tied onto a bar at the bottom to further secure them and help with the ease of 

deployment. The bar was also filled with concrete to increase its weight, causing it to act 

as ballast to keep the frame sitting vertically in the water. A field deployment showed the 

frame could be deployed and would sit in the desired position in the water (Figure 40C). 

However, it was noted that the additional weight of the bar anchor made the frame 

difficult to manoeuvre. 

4.3.3 Final Frame Design  

A lighter and cheaper material was chosen for the pole that was used for Frame Four to 

increase ease of lifting and decrease the frame cost. The frame material was made out of 

two lengths of acrylonitrile butadiene styrene (ABS) tubes (FloPlast solvent weld waste 

pipe, 40 mm) cut to 1.2 m, with two holes drilled into the top frame pole, one at each end 

of the pole 20 mm from the end and 15 mm wide. Rope was used to tie the concrete 

together with one rope running through all concrete panels on the top section and another 

running through all concrete on the bottom section. A clove hitch knot was tied either 

side of the concrete panels, used to both secure them and space out each panel. Hosepipe 

was also passed through the holes of the concrete blocks with the rope, to reduce fraying 

between the block and the rope. 2.4 m of rope was left at either side at the top of the 

frame, to be used to tie onto the pontoon. The bottom rope was tied into two handles 

where any excess rope was removed, and the ends melted to ensure no fraying. Additional 
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straight handles joining the top pipe and bottom pipe together were created by tying rope 

through the two holes at either end drilled through the pipe. This allowed for easier 

handling and manoeuvring and stopped the rope and panels slipping from the end of the 

frame (Figure 42). 

4.3.4 Final Panel Design 

Steel cube moulds 150 × 150 × 150 mm were used to make the concrete panels. PVC pipe 

(Polyplumb PVC Pipe 22 mm OD) was cut to 150 mm, the ends deburred and covered 

with masking tape. The pipe was then glued with superglue (Loctite Powerflex) to the 

edges of the mould, 25 mm from the bottom face of the mould and left for a few seconds 

to set (Figure 41). Concrete was then poured to the point where it covered the pipes, 

vibrated to remove air bubbles from the mixture, then the mould was filled to a depth of 

75 mm, and vibrated again until no more air bubbles could be seen to be released and the 

surface had a glossy finish. This depth was chosen on the grounds that it gave a distance 

of at least 25 mm from the concrete surface to the holes created by the pipe, which was 

deemed adequate to prevent panel failure due to stresses from the ropes (Figure 41). The 

concrete was left to cure for 12 hours in a moist environment covered by saturated wet 

hemp. The concrete was then demoulded and the panel was cured fully submerged in 

water at 20°C for 28 days.  
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Figure 39.  Four frame design iterations with six concrete blocks of 150 x 150 mm front surfaces. Red 

line = 150mm.  
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Figure 40. (A) Frame One - deployment which led to panels floating in water as they were too light (B) 
Frame Two - deployment which had displacement of panels away from the PVC pipe. (C) Frame Four - 
trialled which hung vertically in the water column (D) Final Frame - deployed on a pontoon in Anstruther 
harbour, UK. 
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Figure 41. (A) Digital representation of the panel dimensions (B) Steel mould with two pipes used to 
make the hole through the panel stuck on with superglue and ends sealed with masking tape. (C) Side 
view of a panel after being demoulded with masking tape punctured where the tubes go through the 
concrete.  
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Figure 42. (A) Labelled photo of frame (B) Diagram of the dimensions of the frame.  

4.3.5 Deployment and Retrieval Protocol  

Initial field trial tests where one frame was deployed in Arbroath, Anstruther and Tayport 

harbour during winter from 22nd January 2019 to 8th March 2019, were conducted to 

determine if the frames could survive the stormier winter conditions. The height of the 

frames was adjusted to sit level 210±30 mm from the water surface. Frames were placed 

so that side of the panel with the surface was always facing away from any concrete 

pontoons that in some cases were sitting directly behind them. Cable ties were added 

around the knots on the mooring to help ensure they were not untied. Hosepipe was placed 

where the rope met the pontoon edge to reduce fraying.  
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All three frames survived in as-new condition over the initial deployment period and the 

frame design was used for all further frames used in this study.  

4.3.6 Deployment  

Frames were deployed under pontoons for the long-term study took at three locations, 

Arbroath (Figure 43),   Tayport (Figure 44) and Anstruther  (Figure 45). The number of 

replicates (number of frames), harbour location and time of retrieval are shown in Table 

34.  

Table 34. Date of deployment and retrieval of frames from the specified locations and study they were 
used for. Number of frames deployed is also included. 

Date Deployed Date 
retrieved 

Location Number 
of frames 

Study Names  

8/4/2019 12/01/2021 Arbroath 6 Long-term 
(21-months) 

8/4/2019 05/01/2021 Tayport 6 Long-term 
(21-months) 

9/4/2019 13/01/2021 Anstruther 6 Long-term 
(21-months) 

8/4/2019 26/11/2019 Arbroath 6 Colonisation 
(7-months) 

8/4/2019 15/08/2019 Arbroath 5 Colonisation 
(4-months) and 
Seasonal 
(Deployment 1) 

15/08/2019 4/12/2019 Arbroath 5 Seasonal 
(Deployment 2) 

05/12/2019 01/07/2021 Arbroath 6 Colonisation 
(Deployment 3) 

 

For some studies this was there was a slight rounding up to the closest month and in others 

it was rounded down. The concrete was removed as close to the desired target month as 

possible, but due to the limited ‘weather-windows’ available particularly when retrieval 

was within winter, this had to be under- or over-shot on some occasions.  
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Figure 43. Arbroath harbour with positions where frames were deployed on the pontoon fingers 
illustrated with a red line. Image from Google Maps (Google, 2021) 

 

Figure 44. Tayport harbour with frame locations indicted with a red line. Image from Google Maps 
(Google, 2021) 
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Figure 45. Anstruther harbour with area where frames were initially deployed with red line and area 
where due to dredging the frame had to move to in March 2020 in yellow. Image from Google Maps 
(Google, 2021) 

4.3.7 Problems During Deployment  

i Dredging  
At Anstruther dredging of the seafloor of harbour occurred around March 2020. For this 

process, the finger pontoons that the frames were attached to were removed which meant 

that the frames could not remain in the same position. To avoid being destroyed or lost, 

the frames were moved on the 16th March 2020 to the area marked in yellow on Figure 

45 which had already been dredged and placed under the main pontoons, in case the finger 
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pontoons needed to be removed again. These frames were scheduled to be removed from 

the harbour two weeks after this move. However, issues with Covid-19 pandemic 

restrictions meant that the frames remained in these positions much longer than planned.  

In January 2021 dredging was also scheduled on short notice for Tayport harbour. 

Relocating frames to another position was not an option for this location. Therefore, on 

5th January 2021 these frames were removed. The frames located within Arbroath and 

Anstruther were removed slightly later on the 13th and 14th of January, respectively, as 

the logistics of getting the panels in from the other harbours in the continuing pandemic 

climate were navigated. In ideal conditions, removal would not have occurred in January, 

as some species are known to die back in winter months (Section 4.7.2). 

ii Covid-19 Pandemic  
The Covid-19 pandemic had a large impact on the length of deployment and collection 

of the concrete panels in this study. Originally, frames were supposed to be removed in 

the first week of April 2020. As well as the ongoing travel and social restrictions that 

stopped removal of the panels, ethanol, used to preserve the panels once removed, was 

unavailable for some time after restrictions started to be lifted. Other preservation 

techniques were considered but were rejected on Health and Safety grounds. Ethanol was 

not available in suitable volumes until late 2020, and, therefore, this study was unable to 

retrieve the panels until January 2021.  

Furthermore, the final replicate of the seasonal study which was deployed from December 

2019 and planned to be retrieved in the first week of April 2020 was unusable, as the 

deployment exceeded the 4-month deployment period that made them comparable to the 

previous deployments.  

iii Frame Loss 
Only one frame was lost during the entire study. This was lost as part of the frames which 

were deployed in Arbroath harbour from April for 4-months. One side became untied, 

leaving the frame hanging vertically in the water, rendering it unusable. No sign of 

damage to the frame was seen, and it was most probably caused by human error in tying 

knots or outside interference whilst deployed.  
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4.3.8 Conditions During the Deployment 

i Temperature and Light  
Calibrated HOBO MX2202 Pendant MX Water Temperature/Light data loggers were 

deployed in all three harbours over the course of the deployment to measure water 

temperature and light. The logger at Tayport was lost during deployment, and so no data 

was collected for this harbour.  

Various technical problems and some delays in getting the sensors deployed meant that 

at no harbour were the conditions of the entire 21-month deployment of panels fully 

recorded, but what was recorded is presented in Figure 46 and Figure 47. Biofouling also 

inhibited light recordings. It is thought that almost immediately after settlement barnacles 

settled on the light sensor at Arbroath. This was noticed and cleaned off in August, where 

some light data was recorded before much lower levels were once again observed. The 

regular drops in temperature observed at Anstruther compared to Arbroath demonstrate 

the points at which the panels were exposed to air at very low tides.  

ii Salinity 
A seawater refractometer (HANNA H196822) was used to take salinity measurements on 

field visits. Only one reading was able to be collected at Tayport which was 24 ppt on 

23rd September 2019.  

A previous survey conducted at Anstruther (Galbraith et al., 2013) recognised that this 

area was fully saline. It is assumed due to the geographic position and community found 

in Arbroath harbour it is fully saline. The closest salinity measurement, other than these 

mentioned measurements is from Stonehaven, where Scottish Coastal Observatory take 

regular measurements which is reported to be a fully saline environment (Marine 

Scotland, 2021).  

 



 

 

159 

  

 

Figure 46. Recording of temperature (top) and light (bottom) at Arbroath harbour from 8th April 2019 to 
12th December 2019.  
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Figure 47. Recording of temperature (top) and light (bottom) at Anstruther harbour from 17th September 
2019 to 16th March 2020.   
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4.3.9 Retrieval and Storage  
Once a frame was removed from the water at a harbour, the individual panels were 

removed. This took around 15 minutes per frame. Once the panels were removed from 

the frame they were labelled with a piece of waterproof paper and were photographed on 

an Olympus Tough TG-5 camera, with and without a quadrat. The quadrat is described 

further in Figure 48. The label was then attached to the panel with a plastic bag and six 

panels were added to a 33L plastic box (Really Useful Boxes) and covered with seawater. 

Ice blocks were also added to keep the organisms cool and a large pinch of crushed 

menthol crystals was added as a relaxant for sea squirts which would help preservation in 

ethanol. The panels in the boxes were then driven back to the University of Dundee where 

the seawater was drained and disinfected before being disposed of. Eight panels were then 

stored in each 33 L container and 9 L of 50% ethanol solution was then added to the 

containers to preserve species for analysis.  

4.3.10 Biofouling Identification  

i Measurement of Biofouling Cover 
The focus of this research is the interaction of biofouling species with different types of 

concrete surface. Therefore, the main method chosen to quantify biofouling in this study 

was to record only the surface area where parts of the organism were attached to the 

surface of the panel, by estimating the percentage cover. Epibionts were only recorded if 

they were invasive species. Recording the percentage cover of species, rather than 

adopting a point count system, such as in Tamburri et al., (2020), was chosen as it was 

important to include all species which may be missed out if they settled away from a 

sampling point. From previous experience/advice from biofouling researchers it was 

suspected that the cover on the panels in these study locations was likely to be low with 

few epibionts, making this an appropriate recording method. 

The total surface area of each panel that was sampled was 140 mm x 140 mm. The outer 

5 mm around the entire edge of each panel was ignored to ensure edge effects were not 

included in the analysis (Figure 48). A quadrat was used to help ensure consistency when 

recording percentage cover. The quadrat measured the 5 mm from the edge of the panel, 

with a 140 mm × 140 mm clear square indicating the sample area, with 100 smaller 14 

mm × 14 mm squares within this to mark smaller areas to help estimate cover (Figure 

48).  
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Panels were placed in water, to assist the identification process, as it enabled the 

biofouling organisms to be spread out in water (Figure 48). Twin LED lights 

(LCD11WYR AMScope) were used to ensure good lighting of the panel surface (Figure 

48). Panels were sampled in quarter sections of the panel to help more accurately estimate 

the percentage cover of each species type. Some large individuals, such as larger 

barnacles and sea squirts, could be identified by eye, and where possible, to speed up 

identification process, their percentage cover was estimated for each quarter of the 

quadrat. To ensure identification and inclusion of smaller organisms, a digital microscope 

(DinoLite AM7915MZTL) was then used to systemically search the entire panel surface 

area at a magnification around 40-45×. Digital microscope software (DinoCapture 2.0) 

was used to view and take photos of species. In the case of small individuals on panels, 

the cover of the organisms was estimated for one 14 mm × 14 mm square (i.e. 15% of 1% 

of the panel which was later converted to 0.15% of 100% of the panel).  All percentage 

cover values were then combined to make the final total of the whole panel area.  

An additional cleaning stage had to occur for panels from Anstruther and Tayport due to 

a large amount of silt that had settled on the panel surface making identification 

impossible without removal. A pipette was used to gently squeeze water over the panel 

surface and clear the sediment. 

There was limited time to study each of the panels as storage in 50% ethanol solution 

slows decay, but does not halt it. Therefore some compromises were made in the level of 

identification for some biofouling organisms. Where possible, all fauna were identified 

down to species level. Where this was not possible, the lowest taxonomic level was 

chosen or in some cases where there was little in the way of identifying features, a 

descriptive name was given. With seaweed identification, due to the complexity, overall 

small size of the seaweeds and time restraint all native seaweeds were grouped into the 

three categories of Phaeophyceae (brown seaweed), Rhodophyta (red seaweed) and 

Chlorophyta (green seaweed). Seaweeds were only identified down to species level if it 

was suspected to be an invasive seaweed. If the species turned out not to be invasive, it 

was grouped into its corresponding group listed above. Correct invasive species 

identification was checked with experts (Table 16). 
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Figure 48. (Left) Biofouling panel identification set up, with a panel submerged in water with quadrat 
placed on top to show sample area. A digital microscope held in place by a burette stand connected to a 
computer and monitor to view the image of the surface. LED lights illuminate the surface to enable clear 
inspection of the surface. (Right) Submerged biofouling panel and quadrat with edges, sample area, one 
quarter and one percent of panel demonstrated.   

ii Accuracy with Estimation  
Because determination of cover was based on estimation, it was recognised that it could 

not be entirely accurate. As all the panels were analysed by the same person, the estimates 

were likely to be consistent. To quantify how accurate the cover recordings for this study 

were, the cover estimations were compared to digital measurements of cover obtained 

directly from photographs of panel surfaces made using the image analysis program 

Image J (Schneider et al., 2012). Due to the small size of the majority of species present, 

it was not possible to measure total cover by this method. Therefore, two larger and 

clearly-visible species, B. schlosseri and Spirobranchus spp., were chosen. Photos of the 

whole panel surface, and each quarter with the quadrat were taken, prior to cover 

estimation and species identification in the laboratory (Figure 49). These photos were 

used to digitally measure the area occupied by the two species. Each were recorded for 
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three panels after a 21-month deployment length at Anstruther and compared to the 

estimated cover (Table 35).  

 

Figure 49. (Left) One quarter of Hemp panel with Botryllus schlosseri on the panel surface. (Right) An 
example of B. schlosseri once outlined to record area in the software Image J 2.0. 

Table 35. Estimation made during panel processing compared with digital measurement of the percentage 
cover repeated for three panels and the difference between these values.  

 Spirobranchus spp.  B. schlosseri 
Panel Estimation 

(%) 
Digital 
Measurement 
(%) 

Difference 
(%) 

Estimation 
(%) 

Digital 
Measurement 
(%) 

Difference 
(%) 

1 0.45 0.62 -0.17 4.8 6.88 -2.08 
2 0.35 0.48 -0.13 4 4.45 -0.45 
3 1.1 0.76 0.34 13.7 16.34 -2.64 
  Average 

Difference 
0.01  Average 

Difference 
-1.72 

 

Five of the six measurements taken were underestimates of the digitally determined cover. 

An average of 0.01% difference was seen for recordings of Spirobranchus spp., and an 

average of -1.72% was seen for B. schlosseri. The difference in estimations could be due 

to the larger cover of B. schlosseri, potentially introducing further error. If larger cover 

did induce further error in estimation, the small size of the majority of individuals found 
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in this study would mean cover would likely be closer to the accuracy seen with the 

smaller Spirobranchus spp. Both results, however, indicate that estimated values are 

likely to be a reasonably accurate representation of cover. 

On many of the panels numerous very small seaweeds, whose cover averaged less than 

0.035 mm2 in area, were found. The size and number of these small seaweeds made 

estimation of the surface area they directly occupied on the panel difficult to record. It 

was too time-consuming to measure each individual strand of the seaweed, so cover was 

often estimated as the cover per quarter, or where only small clusters remained from 14 

mm × 14 mm section. To be able to consistently estimate cover more successfully, the 

small gaps between the seaweed as well as the seaweeds was also included in the 

estimation of cover. The blue marks in Figure 52 give an illustrated example of how the 

space in-between the seaweeds were also included in the final percentage cover. It was 

noted this technique would lead to overestimation when recording these seaweeds.  

To quantify how much over-estimation was made three 14 mm x 14 mm squares from 

three panels had the actual seaweed cover measured using DinoCapture 2.0 (AnMo 

Electronics Corporation, 2019) software and compared to visual estimation of the cover. 

A circle was drawn at the base of the small seaweeds and the software calculated the 

surface area of the circle (Figure 52). The total attachment area was then compared to the 

total estimated surface area to establish the difference. Due to difficulty measuring all 

seaweeds on more textured surfaces, the three panels for analysis were randomly selected 

from ZEM, GGBS or PC panels from the panels deployed for 21-months at Arbroath. 

From this, it was identified that cover was, on average, overestimated by 10.9% (Table 

36). 

Table 36. Estimated percentage cover (E) compared to digitally measured percentage cover (D) for three 
14mm x 14mm squares on three different panels. The average difference between these scores are then 
given. 

Panel  Square 1 Square 2 Square 3 Average 
Difference 

 E D E D E  D  
1 15% 3.45% 25% 4.16% 15% 5.64% -13.9% 
2 12% 3.06% 17% 2.08% 10% 1.74% -10.7% 
3 9% 1.40% 10% 4.53% 15% 3.77% -8.102% 
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Figure 50. (A) Graphic representation of a quarter of a panel with even coverage of seaweed (B) Graphic 
representation of denser and patchier percentage cover where cover was estimated per seaweed is 
represented by grey lines, and the area estimated represented in blue. This is then zoomed in on to show 
how the small gaps in between the seaweed were included. (C) Graphic representation of the three 
squares chosen for digital analysis. (D) Actual image of measuring the base of the seaweeds by drawing a 
circle at the base of the seaweed and measuring the area in the software DinoLite 2.0. 
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i. Diplosoma spp. Identification  

Diplosoma sp. are a group of colonial ascidians found on the panels at all three sites within 

this study. Diplosoma sp. are known to quickly disintegrate after removal from the water 

and during transportation and, therefore, must be recorded as soon as possible after 

removal from the water. It was not possible to identify the Diplosoma sp. cover directly 

in the field, as time was limited. Therefore, on location at the harbour photos were taken 

of the panels with the quadrat. These photos were used to later estimate the cover of this 

species. All other species were identified in the laboratory.  

iii Dead Shells  
On many of the panels, dead barnacle shells and dead S. lamarcki tubes were noted. In 

particular, on the 21-month panels dead shells made up a large proportion of the occupied 

space on the surface. Due to the prevalence of dead shells, and the fact that barnacle shells 

remain on the surface after barnacle death, and the likely influence this would have on 

new settling species, it was decided that a record of the cover of dead shells would also 

be noted in a separate cover category to living individuals of that species. Where these 

were included in some statistical analysis they are stated in Section 4.3.11. 

4.3.11 Statistical Methodology  
All analyses were conducted using the software R Studio (R Core Team, 2021). All 

statistical results are reported to two decimal places. All statistical results were recorded 

as significant if the p-value was 0.05 or lower. The variables for the statistical models 

described below are defined in Table 37. 

Table 37. Definitions of the variables used within the statistical models of this study 

Variable Description 

Cover Percentage cover of the biofouling species (or lowest taxonomic 

group possible) or community on the panel. 

Concrete Type Which type of concrete the panel was. 

Frame The frame which the panel was deployed on. 

Location The harbour where the panel was deployed. 

Time The deployment period that concrete panel was deployed into.  
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i Cover Studies  
All invasive species cover, total panel cover and selected individual species (or lowest 

identified taxonomic group) were analysed for the long-term harbour cover studies.  

Model Structure 

A series of models were tested to determine the best model for each analysis. Initially a 

general linear model, in the form of an Analysis of Variance (ANOVA) was constructed, 

with Cover as the response, modelled as a function of Concrete Type and Location, 

together with their interaction, and Frame nested within Location as an additional factor. 

If Frame was insignificant it was removed from the model. If the interaction term between 

Concrete Type and Location was insignificant, the interaction term was removed, and the 

main effects were retained in the model. If the model did not converge to a solution, then 

this was also used as a justification to remove Frame or any interaction terms from the 

model. Akaike Information Criterion (AIC) values were used to select the final model, 

and post-hoc analysis was conducted using the Tukey HSD function to reveal between 

which pairs of concrete the significant difference was found.   

Model validation 

The behaviour of the residuals was examined to check for normality and constancy of 

variance (Zuur et al., 2010) in each case. If these assumptions were satisfied the next 

analysis stage was to conduct a beta-regression to compare models. If the model 

assumptions were violated, transformation of the response was carried out before this 

stage. 

Transformation 

If there were zeros in the data transformations of the response were undertaken using the 

Yeo-Johnson function of the ‘bestNormalize’ package (Peterson, 2021). If no zeros were 

in the response then the Box-Cox transform with the package ‘MASS’ (Venables and 

Ripley, 2002) was used.  

Beta regression 

For the data to meet the requirements of a beta regression analysis all values of zero were 

changed to 0.0001 (or with some very low cover data sets, 0.00001). All the data was then 

divided by 100. Beta regression analysis was run according to the same model structure 

as above, as was model validation. To conduct the beta regression, the package ‘betareg’ 
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(Cribari-Neto and Zeileis, 2010) was used. Pseudo R2 (for beta regression) and Adjusted 

R2 (for ANOVA) values were used to compare the explanatory power of the models and 

choose between ANOVA or beta-regression if the residuals for both met the requirements 

of normality.  Post-hoc analysis was conducted with the ‘emmeans’ package (Lenth, 

2021).  

Splitting of the data by location 

After model selection, if Location was found to be significantly different, then the 

analysis of the influence of concrete type was conducted by splitting the data to look at 

each Location separately. The data was split to allow comparisons of the different 

concrete types within each harbours without the influence of Location as a variable, 

because the type of concrete was the main focus of the study. This analysis followed the 

same modelling process as described above, but with the removal of Location as a factor.  

ii Analysis of Diversity  
𝐷 = 1		–	(∑(𝑛/𝑁)2 

Equation 3. Simpsons Diversity Index (D) where, n = Percentage cover of individual 

species and N = total percentage cover of all native species present which were found 

with over 1% cover on at least one panel and all invasive species. 

Species diversity is a measure of the number of species compared to all species present 

in a given community. Only species that were present over 1% of the panel on at least 

one of the panels across the compared data were used for diversity analysis. Invasive 

species were included regardless of the amount of cover, as they were key to the study.   

iii Analysis of Species Richness 
Species richness is a measure of the number of species. Richness was taken from faunal 

species only, and all seaweeds were omitted as they were not identified down to species 

level. The invasive seaweed Melanthropsis harveyi, despite having been identified down 

to the species level, was also omitted for consistency. Faunal organisms that could not be 

identified down to species were, however, included, as it was likely they were the same 

species seen on the panels and evaded full identification simply due to their small size. It 

should be noted that there may be a possibility of some underestimation of species 

richness in these cases.  
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For the count data for species richness the same model structure was used as with cover, 

but using a Poisson generalised linear model (GLM) structure. Poisson GLMs were run 

with and without the log link function. AIC values were then used to select the best model. 

Model validation was conducted as described above.  

iv  NMDS 
Non-metric multidimensional scaling (NMDS) was used to assess the difference between 

the biofouling community across the different types of concrete. NMDS produces a 

dissimilarity matrix, where the dissimilarity of pairwise comparisons between 

communities of different types of concrete are ranked.  

For analysis by NMDS only species having over 1% cover on at least one panel were 

used. The package ‘vegan’ (Oksanen et al., 2020) with the method ‘Bray’ was used to 

produce the NMDS data and plotted using the ‘ggplot2’ package (Wickham, 2016). To 

enable NMDS results to remain consistent the set.seed() function was set to 999 iterations. 

The number of principal components the model was fitted was automatically calculated 

by the package for each model when run. To determine statistical significance of the 

NMDS distance matrix, an analysis of similarity (ANOSIM) was run using the package 

‘vegan’ (Oksanen et al., 2020). If a significant difference was seen, a pairwise general 

analysis of similarities (ANOSIM) tests were conducted comparing all concrete types 

with one another.  

v Colonisation Study 
The statistical methods for the time study were the same as for the harbour location study, 

with the following exceptions. The variable Time was used instead of Location. Frame 

was not investigated as a variable in this analysis, due to inconsistencies with the position 

of frames between each stage of the study. As Frame is not a focal variable for this study, 

it was deemed better to omit it. 

Unlike the long-term study, for total cover and NMDS analysis, the cover of dead shells 

were omitted, because they were not recorded at the 4-month or 7-month time intervals.  

vi Seasonal Study  
The analysis was run by the previously explained methodology, but without Frame or 

Location as variables. If there was both a significant difference between Time and Panel 
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Type, the data comparing the results between each deployment time were run individually 

for each type of concrete to tell where the difference was.  

vii Principal Component Analysis 
A single value (an average where there were multiple measurements) for each of the 

surface property measurements (taken from CT-scanned roughness measurements, XRF, 

mercury instruction porosity and pH (Chapter 3) were input into the Principal Component 

Analysis (PCA). This average value was taken and repeated for each entry as the 

measured concrete properties from Section 3.3.4 represent every block of concrete made 

in the same way within this study. All species found biofouling over 1% cover on at least 

one panel were included in the PCA analysis, as well as all invasive species regardless of 

the cover. Only data from the 21-month deployed study was included in the PCA analysis.  

PCA was run using the prcomp() function. A scree plot was then generated to determine 

how many principal components would be most appropriate to plot on a biplot using 

package ‘ggplot2’ (Wickham, 2016). 

Section 4.4 Results of the Harbour Location Study  

4.4.1 Non Native Species  
 

Across the three harbours, two non-native species, A. modestus and Corella eumyota were 

observed biofouling on the panel surfaces after 21-months of deployment.  

i Austrominus modestus  
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The barnacle A. modestus, was observed in all three harbours and was present on every 

type of concrete in two out of the three harbours (Figure 53). There was a significant 

difference in the cover of A. modestus across the panel types regardless of location (Beta 

regression: Pseudo R2 = 0.71, df = 5, p = 0.02). Post-hoc testing could not reveal between 

which concrete types this significant difference was found.   

 

The cover of A. modestus on the concrete was also significantly different between 

harbours (Beta regression: Pseudo R2 = 0.71, df = 2, p = <0.01). Post-hoc tests showed 

that the cover at Arbroath was significantly less than both Anstruther (p = <0.01) and 

Tayport (p = <0.01). There was no significant difference in the amount of A. modestus 

observed between Anstruther and Tayport (p = 0.86).  

As the location was shown to significantly influence cover of A. modestus, the influence 

of concrete type was further explored separately for each location. At Arbroath there was 

no significant difference in the cover of A. modestus between the concrete types (Beta 

regression). However, there was a significant difference in the cover of A. modestus 

between concrete types at Tayport (Beta regression: Pseudo R2 = 0.50, df = 5, p = <0.01) 

Figure 53. Average total percentage cover by the non-native barnacle Austrominius modestus on six 
types of concrete panels at Arbroath, Anstruther and Tayport harbour after deployment for 21-months 
from April 2019 to January 2021. 
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(Table 38) and Anstruther (Beta regression: Pseudo R2 = 0.41, df = 5, p = <0.01) (Table 

39). The frames that the panels were located on were also a significant factor with respect 

to the cover of A. modestus in Tayport (Beta regression: Pseudo R2 = 0.50, df = 5, p = 

<0.01) and Anstruther (Beta regression: Pseudo R2 = 0.41, df = 5, p = <0.01). 

In all three harbours the cover of A. modestus on ZEM was higher compared to the other 

the types of concrete, having the highest cover in Anstruther and Arbroath, and second 

highest in Tayport. Within Anstruther harbour the cover of A. modestus was significantly 

higher on ZEM than every other type of concrete (Table 39). At Tayport ZEM, PC and 

GGBS all had significantly higher cover of A. modestus than Sandstone, Whinstone and 

Hemp concrete panels (Table 38). The cover seen on Hemp, Sandstone or Whinstone was 

low across the harbours and never reached an average of over 1.1, 1.4, and 1.2% 

respectively, at any harbour.   

Table 38. Output from post-hoc pairwise comparisons from a beta regression analysis for the percentage 
cover of Austrominimus modestus on six types of concrete panels after being deployed in Tayport 
harbour, UK, for 21-months from April 2019 to January 2021. Significant results shown in bold with *. 

 PC ZEM GGBS Sandstone Whinstone Hemp 
PC x x x x x x 
ZEM 0.30 x x x x x 
GGBS 0.09 0.10 x x x x 
Sandstone <0.01* <0.01* <0.01* x x x 
Whinstone <0.01* <0.01* <0.01* 0.84 x x 
Hemp  0.04* <0.01* <0.01* 0.45 0.98 x 

 

 

 

Table 39. Output from post-hoc pairwise comparisons from a beta regression analysis for the percentage 
cover of Austrominimus modestus on six types of concrete panels after being deployed in Anstruther 
harbour, UK, for 21-months from April 2019 to January 2021. Significant results shown in bold with *. 

 PC ZEM GGBS Sandstone Whinstone Hemp 
PC x x x x x x 
ZEM 0.02* x x x x x 
GGBS 0.10 <0.01* x x x x 
Sandstone 0.99 <0.01* 0.10 x x x 
Whinstone 0.96 <0.01* 0.10 1.00 x x 
Hemp  0.05* <0.01* 0.09 0.16 0.20 x 

 

i Corella eumyota 
The sea squirt C. eumyota was only observed on panels in Anstruther harbour and with 

very low cover, less than 0.5% of the panel (Figure 54). The sea squirt was not observed 
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on PC, ZEM or GGBS surfaces and was found only on Hemp, Sandstone and Whinstone 

surfaces. Of the two exposed aggregate concretes, Sandstone on average was observed to 

have 0.17% more cover on average compared to the other exposed aggregate concrete, 

Whinstone. There was no significant difference found between cover of C. eumyota and 

concrete type (Beta regression: Pseudo R2 = 0.24, df = 5, p= 0.81). 

 

 

Figure 54. Average total percentage cover by the non-native sea squirt Corella eumyota on six types of 
concrete panels at Anstruther harbour after deployment for 21-months from April 2019 to January 2021. ± 
Standard Error bars. 

ii Invasive Epibionts 
There were only four occurrences of non-native species settling and living on another 

species rather than a concrete surface (Table 40).  

Table 40. The invasive species (epibiont) that settled on surface of another living organism (basibiont) 
which was attached to the surface of a concrete panel, with the panel type and harbour location after 21-
months of deployment. 

Harbour Panel Basibiont  Epibiont 
Tayport ZEM Balanus crenatus Austrominius modestus 
Tayport ZEM Balanus crenatus Austrominius modestus 
Anstruther  Sandstone Semibalanus balanoides Austrominius modestus 
Anstruther  ZEM Semibalanus balanoides Austrominius modestus 
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4.4.2 Total Biofouling Community  
After 21-months deployment, across the three locations, 27 faunal species from seven 

phyla and macroalgae from the three phylum groups of Chlorophyta, Rhodophyta and 

Ochrophyta, were observed growing on the panels (Table 42).  

i Total Cover 
A generalised linear model data revealed there was no significant difference between total 

biofouling cover seen on different types of concrete regardless of location (ANOVA: F = 

1.49, df = 5, 100, p = 0.20). But there was a significant difference in cover seen on panels 

between the harbours (ANOVA: F = 15.10, df = 2, 100, p = <0.01). Panels in Tayport 

harbour had significantly higher cover than Arbroath (p = <0.01) and Anstruther (p = 

<0.01). There was no significant difference in the cover between Arbroath and Anstruther 

(p = 0.97). In two of the sites, Tayport and Arbroath, PC had the highest total cover of all 

the types of concrete and was second highest in Anstruther. The lowest cover varied 

across sites, with GGBS having lowest cover in Anstruther, Hemp in Arbroath and ZEM 

in Tayport (Figure 55). 

 

 

 

Figure 55. Average total percentage cover by all fouling organisms on six types of concrete panels at the 
three locations of Arbroath, Anstruther and Tayport harbour after deployment for 21-months from April 
2019 to January 2021. ± Standard Error bars. Back dots represent statistical significance. 
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 As location had a significant influence on cover, further comparison of panel type for 

each individual harbour was undertaken. There was no significant difference in the total 

cover between different panel types at Arbroath (Beta regression: Pseudo R2 = 0.01, df = 

5, p = 0.43). However, total cover did significantly differ between the types of concrete 

in Anstruther (Beta regression: Pseudo R2 = 0.5, df = 5, p = 0.03). The only significant 

difference was between Whinstone and GGBS ( Table 41). There was also a significant 

difference in the cover seen on panels on different frames (Beta regression: Pseudo R2 = 

0.5, df = 5, p = <0.01). Within Tayport harbour there was a significant influence of frame 

on total cover (Beta regression: Pseudo R2 = 0.51, df = 5, p = <0.01) but no significant 

difference between the concrete types (Beta regression: Pseudo R2 = 0.51, df = 5, p = 

0.18). 

 Table 41. Output from post-hoc pairwise comparisons from a beta regression analysis of total percentage 
cover of biofouling on different types of concrete after being deployed in Anstruther harbour, UK, for 21-
months from April 2019 to January 2021. Significant results shown in bold with *.  

i  Phylum Level 
Of the 10 phyla observed biofouling the panels, eight were present on at least one panel 

with more than 1% cover in Arbroath, with the phylum Porifera and Rhodophyta 

occupying less than 1% cover.  In Tayport, eight phyla were observed over 1% cover on 

at least one panel, with Mollusca and Porifera observed at less than 1% of panel cover. In 

Anstruther, seven phyla were observed with cover on at least one panel with the three 

phyla Rhodophyta, Porifera and Mollusca only occurring in low percentages under 1% 

cover.  

The most dominant phyla varied across the locations, with Ochrophyta being the 

dominant in Arbroath, Cnidaria in Tayport and Chordata in Anstruther (Figure 56). When 

looking at the cover by fauna only, Tayport and Anstruther were dominated by species in 

two phylum: Chordata and Arthropoda in Anstruther and Arthropoda and Cnidaria in 

Tayport (Figure 57). Of note, in Anstruther, ZEM exhibited a much lower level of fouling 

by Chordata than on the other type of concrete and cover by the phylum Arthropoda was 

 PC ZEM GGBS Sandstone Whinstone Hemp 
PC x x x x x x 
ZEM 0.99 x x x x x 
GGBS 0.10 0.39 x x x x 
Sandstone 1.00 0.99 0.13 x x x 
Whinstone 0.97 0.68 <0.01* 0.94 x x 
Hemp  0.91 1.00 0.63 0.94 0.43 x 
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much larger (Figure 57).  In Arbroath a more equal split between cover on four phyla: 

Mollusca, Chordata, Arthropoda and Annelida occurred. 

In Tayport and Anstruther all phylum above 1% cover were found on each concrete type. 

In Arbroath, the anemone, (Table 42) that was recorded made up the only species in the 

phylum Cnidaria and was observed only on both exposed aggregate surfaces and Hemp 

surfaces. The remaining phyla found in Arbroath with an average cover above 1% were 

all found on every type of concrete.  
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Table 42. Species list with present or absence for the six types of concrete panels at three locations Arbroath (X), Tayport (T) and Anstruther (A) after 21-months of 
deployment from April 2019 to January 2021. 

Phylum Class Authority  Species PC GGBS ZEM Sandstone Whinstone Hemp 
Non-native Species 

Arthropoda  Thecostraca  (Darwin, 1854) Austrominius modestus X T A     T A X T A        T A      T A X T A 

Chordata Ascidiacea Traustedt, 1882 Corella eumyota                   A        A      A 
Native Species 
Cnidaria  Anthozoa   Anemone    X X X 
Annelida  Polychaeta Blainville, 1818 Spirobranchus sp X T A X T A X T A X T  A X T A X T A 
Arthropoda Thecostraca  Bruguière, 1789 Balanus crenatus X T X T X T X T X T X T 
Arthropoda Malacostraca  (H. Milne Edwards 1830) Crassicorophium bonellii     T A X T     T     T     T T 
Arthropoda Thecostraca (Linnaeus, 1767) Semibalanus balanoides X T A X T A X T A     T  A X T A X T A 
Arthropoda Thecostraca  (O.F. Müller, 1776) Verruca stroemia X T A X    A X    A     T  A X T A X    A 
Bryozoa  Gymnolaemata (Linnaeus, 1767) Conopeum reticulum     T     T     T     T     T    T 
Bryozoa Gymnolaemata (Moll, 1803) Cryptosula pallasiana         A        A        A          A        A       A 
Chlorophyta    Green Native X T A X T A X T A X T A X T A X T A 
Chordata Ascidiacea (Müller, 1776) Ascidiella aspersa X   X      A X X 
Chordata Ascidiacea Müller, 1776 Ascidia conchilega     X  
Chordata Ascidiacea (Pallas, 1766) Botryllus schlosseri X    A        A X    A X      A X A X   A 
Chordata Ascidiacea (Linnaeus, 1767) Ciona intestinalis X X X X X X 
Chordata Ascidiacea  Macdonald 1859 Diplosoma sp. X    A X    A X X      A X T A X   A 
Chordata Ascidiacea Alder, 1863 Molgula socialis        A        A        A          A A       A 
Chordata Ascidiacea Molina, 1782 Pyura spp.             A A       A 
Cnidaria Hydrozoa (Forsskål, 1775) Clava multicornis         A         A         A          A        A       A 
Cnidaria Hydrozoa (Linnaeus, 1758) Obelia geniculata         A         A         A          A        A       A 
Cnidaria  Hydrozoa  (Forbes, 1848) Phialella quadrata     T     T     T     T     T    T 
Mollusca Bivalvia (Linnaeus, 1758) Heteranomia squamula X    A X    A X A X T   A X T A X    
Mollusca Bivalvia (Philippi, 1844) Modiolula phaseolina         T  
Mollusca Bivalvia (Linnaeus, 1758) Modiolus modiolus         T  A     T A    T 
Ochrophyta    Brown Native  X T A X T A X T A X T   A X T A X T A 
Porifera Calcarea (Fabricius, 1780) Grantia compressa        A         A        A          A        A A 
Porifera Demospongiae Burton, 1930 Halichondria (Halichondria) 

bowerbanki  
    T      T T 

Porifera  Calcarea  Bowerbank 1864 Leucosolenia sp        A        A X    A          A        A X    A 
Porifera Calcarea (Fabricius,1780) Sycon ciliatum         A         A          A        A A 
Rhodophyta    Red Natives X T X T A X T X T X T X T A 
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Figure 56. Average total percentage cover by the macroalgae and faunal phylum observed biofouling on average 
more than 1% of the sampled surface area on at least one panel of the six concrete panel types at the three harbour 
locations Arbroath (top), Tayport (middle) and Anstruther (bottom) after 21-months of deployment.   
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Figure 57. Average total percentage cover by the faunal phylum observed biofouling on average more 
than 1% of the sampled surface area on at least one panel of six concrete panel types at the three harbour 
locations Arbroath (top), Tayport (middle) and Anstruther (bottom) after 21-months of deployment.   
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ii Species Diversity 
There was a significant difference in diversity between differences in concrete type 

between harbours (Beta regression: Pseudo R2 = 0.40, df = 10, p = <0.01) (Table 59). 

When comparing different types of concrete within the same harbour only Tayport was 

has significantly different diversity between the different types of concrete (Figure 58). 

At Tayport ZEM had a significantly higher diversity that Sandstone (p = 0.03) and 

Whinstone (p = <0.01), and PC had a significantly higher diversity that Whinstone (p = 

0.01).  

 

  

Figure 58. Simpsons Diversity score for by all faunal biofouling organisms on the six types of concrete 
panels at the three locations of Arbroath, Anstruther and Tayport harbour after deployment for 21-months 
from April 2019 to January 2021. ± Standard Error bar. Circles of the same colour demonstrate that a 
significant difference with the type of concrete where circles of the same colour located. Only significance 
between concrete in the same harbour is shown and not between types of concrete in different harbours.  

i Species Richness 
Arbroath had the lowest average species richness across all types of concrete, at 4.72 ± 

0.32 (Standard Error), whilst Anstruther had the highest, at 7.89 72 ± 0.47 (Standard 

Error) (Figure 59). There was no significant difference in types of concrete regardless of 

location (Poisson GLM: H=10.91, df = 5, p = 0.05) but there was significantly different 

species richness seen for location (Poisson GLM: H = 34.78, df = 2, p = <0.01). Post-hoc 

tests showed that all three harbours had significantly different richness between the 
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locations (Anstruther and Arbroath, p = <0.01, Anstruther and Tayport, p = <0.01, 

Arbroath and Tayport, p = 0.02).  

At Tayport and Arbroath, PC and Whinstone both had the highest species richness. 

Whinstone and Sandstone had the highest species richness at Anstruther. Due to the 

significant difference across location, differences in species richness between concrete 

types was further explored for each individual harbour. There was a significant difference 

between the species richness and concrete type at Anstruther harbour (Poisson GLM: H 

= 14.67, df = 5, p = <0.01). Sandstone and Whinstone were the only types of concrete 

whichhad significantly different richness to other types of concrete and both had 

significantly higher species richness than ZEM and GGBS (Table 43).  

There were no significant differences in species richness due to the concrete type (Poisson 

GLM: H =1.21, df = 5, p = 0.43) or frame (Poisson GLM: H = 10.367, df = 5, p = 0.07) 

at Arbroath. Concrete type also did not significantly influence species richness at Tayport 

(Poisson GLM: H = 1.30, df = 5, P = 0.94).  

Table 43. Output from post-hoc pairwise comparisons of six types of concrete panels from Poisson 
generalised linear model for species richness for six types of concrete panels at Anstruther harbour after 
21-months of deployment. Significant p-values are in bold with a *. 

 PC ZEM GGBS Sandstone Whinstone Hemp 
PC x x x x x x 
ZEM 0.95 x x x x x 
GGBS 0.95 1.00 x x x x 
Sandstone 0.51 0.01* 0.01* x x x 
Whinstone 0.51 0.01* 0.01* 1.00 x x 
Hemp 1.00 0.94 0.95 0.50 0.50 x 
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Figure 59. Average Species Richness for by all faunal biofouling organisms on the six concrete types at 
the three locations of Arbroath, Anstruther and Tayport harbour after deployment for 21-months from April 
2019 to January 2021. ± Standard Error bars 

i Community Analysis by Non-Metric Multidimensional Scaling  
In the NMDS plots (Figure 60) all three harbours showed a large overlap suggesting the 

communities between each panel type were largely similar after 21-months of 

deployment. In Arbroath, communities between panels seem more distinct with less 

spread suggesting more consistent communities across individual panels of the same type 

of concrete when compared to the other harbours, although Hemp, ZEM and PC are also 

tightly clustered in Tayport.  

Within Arbroath harbour, ZEM, GGBS and PC are clustered to the right of the graph 

compared to Hemp, Sandstone and Whinstone. However, there was still a large overlap. 

Sandstone supported the most distinct community compared to the other types of concrete 

at Anstruther indicated by the overlap with other types of concrete (Figure 60). The most 

dissimilar to Sandstone was ZEM, in which the 95% confidence interval only slightly 

overlap. ANOSIM analysis revealed no significant differences between the communities 

at this location (ANOSIM: R = -0.01, p = 0.61). 

Within Anstruther harbour, analysis revealed there were significant differences seen 

between the communities on the different types of concrete (ANOSIM: R = 0.22, p = 
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<0.01). Communities on ZEM are significantly different to those on Sandstone, 

Whinstone and Hemp. Communities on GGBS were also significantly different from 

Whinstone and Hemp (Table 44). PC was also significantly different from Hemp (Table 

44). The remaining four types of concrete showed similar communities with clustering in 

the middle and no distinguishable patterns were evident (Figure 60). No other significant 

differences between the types of concrete were seen (Table 44). Out of all the locations, 

the clustering for Sandstone and Whinstone was also the broadest, suggesting less 

consistency between the communities growing across panels of those types of concrete.  

At Tayport Whinstone and Sandstone are grouped together in the top right corner of the 

plot, but still with a lot of overlap with the other panel types (Figure 60). The other types 

of concrete all overlap, with GGBS having a very broad scatter of points showing a more 

variable community between the panels and PC showing a tight grouping of points and 

therefore higher consistency between the community observed on the panels. There were 

no significant differences between the communities observed on the different concrete 

types (ANOSIM: R = 0.00, p = 0.42). 

Table 44. Pairwise ANOSIM R and p values for the biofouling communities growing on the six different 
concrete types that were deployed at Anstruther for 21-months. Bold and * indicates significance. 

 PC ZEM GGBS Sandstone Whinstone 
ZEM R=0.14 

p=0.09 
x x x x 

GGBS R=0.05 
p=0.59 

R=0.03 
p=0.37 

x x x 

Sandstone R=0.05 
p=0.31 

R=0.50 
p =<0.01 * 

R=0.10 
p=0.20 

x x 

Whinstone R=0.19 
p=0.06 

R=0.62 
p=<0.01 * 

R=0.26 
p=0.04 * 

R=0.07 
p=0.27 

x 

Hemp R=0.36 
p=0.03 * 

R=0.80 
p=<0.01* 

R=0.28 
p=0.04 * 

R=0.09 
p=0.72 

R=0.00 
p=0.39 

 

i Species Level 
No single species was the dominant species in all three harbours, but B. schlosseri, S. 

lamarcki, Balanus crenatus, and Semibalanus balanoides were all in the top five most 

dominant species in two of the three harbours (Figure 61, Figure 62, Figure 63).  
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Phiallela quadrata had the highest cover of any species on every panel type at Tayport 

and had consistently high cover across all concrete types, with no significant difference 

in cover between the different types of concrete (Table 45).  

Not all species occupied similar cover across all panel types. Both species of barnacle, 

Balanus crenatus and S. balanoides, were most dominant on GGBS, PC and ZEM, with 

statistically significant differences in the cover of these species between the types of 

concrete (Table 45). However post-hoc analysis could not reveal between which types of 

concrete this this difference was significant.  

At Tayport, Whinstone had low cover and all species, with the exception of P. quadrata, 

had the lowest or second lowest cover compared to the other types of concrete (Figure 

61).  All five species were able to occupy a high cover on GGBS, which was the concrete 

type with the third highest cover for Conopeum reticulum and P. quadrata, second highest 

for B. crenatus and highest for Crassicorophium bonelii and S. balanoides (Figure 61).  

Table 45. Statistical output for beta regression analysis of percentage cover for the top five most dominant 
species present on six types of concrete panels and frame the panels were deployed on after 21-months 
deployment at Tayport harbour from April 2019 to January 2021. Significant p-values in bold with star. 

 

 

 

 

Species Variable Pseudo R2 H df p 
Balanus crenatus  Concrete Type 0.34 9.28 5 <0.01* 

Frame 0.34 16.67 5 <0.01* 
Crassicorophium 
bonelii 

Concrete Type 0.03 0.37 6 1.00 

Conopeum reticulum 
      

Concrete Type 0.36 7.50  6 0.07 
Frame 0.36 0.57 5 0.45 

Phialella quadrata 
      

Concrete Type 0.41 6.77 5 0.24 
Frame 0.41 16.88 5 <0.01* 

Semibalanus 
balanoides 
      

Concrete Type 0.62 12.155 5 0.04* 
Frame 0.62 20.972 5 <0.01* 
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Figure 60.  Non-metric Multi-dimensional Scaling of the percentage cover of all species across panel types 
at Arbroath (top), Tayport (middle) and Anstruther (bottom) after 21-months of deployment from April 
2019 to January 2021. Lines represent 95% confidence intervals for each type of concrete.  
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At Anstruther three of the five most dominant species (B. schlosseri, S. balanoides and 

Spirobranchus sp.) showed significant differences in the cover on different concrete types 

(Table 46). The cover of Spirobranchus sp. was noticeably higher on Whinstone than 

other concrete types, especially GGBS. However, in this case, post-hoc testing could not 

identify between which types of concrete had a significant difference. Similarly, to 

Tayport, S. balanoides had significantly higher cover on ZEM than Whinstone, Sandstone 

and ZEM (Table 48). Hemp also had significantly lower cover of S. balanoides than 

GGBS and PC (Table 48). For B. schlosseri GGBS and ZEM were similarly low in cover 

whilst the cover on the other concrete types were noticeably higher. Both GGBS and ZEM 

had significantly lower cover than Whinstone (Table 47). Clava multicornis showed very 

similar cover across all types of concrete. Molgula socalis shows less fouling on GGBS 

and ZEM compared to other types of concrete. There was no significant differences 

between cover and concrete types for both these species (Table 46).  
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Figure 61. Average total percentage cover of the top five most dominant species observed biofouling six 
types of concrete panels after 21-months deployment at Tayport harbour from April 2019 to January 2021. 
± Standard Error bars. 
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Table 46. Statistical output for beta regression analysis for the top five most dominant species present on 
six types of concrete panels after 21-months deployment at Anstruther harbour from April 2019 to 
January 2021. (Beta-reg = Beta regression Analysis, YT Anova = data transformed by a Yeo-Johnson 
package then tested with a generalised linear model in the form of an ANOVA, P = Pseudo R2, A = 
Adjusted R2). Test chosen based on normal residuals and highest Pseudo R2 or Adjusted R2 value.  

 

 

Table 47. Output from post-hoc pairwise comparisons of six types of concrete panels from a beta 
regression analysis of total percentage cover of Botryllus schlosseri in Anstruther harbour after 21-months 
of deployment. Significant p-values are in bold with a *. 

 PC ZEM GGBS Sandstone Whinstone Hemp 
PC x x x x x X 
ZEM 1.00 x x x x x 
GGBS 1.00 1.00 x x x X 
Sandstone 0.68 0.56 0.71 x x X 
Whinstone 0.04 0.02* 0.04* 0.45 x X 
Hemp  0.80 0.68 0.83 1.00 0.32 x 

 

Table 48. Output from post-hoc pairwise comparisons of six types of concrete panels from a beta 
regression analysis of total percentage cover of Semibalanus balanoides in Anstruther harbour after 21-
months of deployment. Significant p-values are in bold with a *.  

 PC ZEM GGBS Sandstone Whinstone Hemp 
PC x X x x x X 
ZEM 0.16 X x x x x 
GGBS 1.00 0.23 x x x X 
Sandstone 0.76 <0.01* 0.66 x x X 
Whinstone 0.59 <0.01* 0.48 1.00 x X 
Hemp  <0.01* <0.01* <0.01* 0.17 0.27 x 

 

 

Species  Type of 
Analysis 

Type of 
R2 

 
R2 

H or F 
Value 

df p 

Botryllus schlosseri Beta-reg P 0.44 H = 19.66 5 <0.01* 
    Frame Beta-reg P 0.44 H =32.00 5 <0.01* 
Clava multicornis Beta-reg P 0.16 H =3.96 5 0.55 
Molgula socialis YT Anova A 0.34 F = 0.60 5, 

25 
0.70 

    Frame YT Anova A 0.34 F = 4.93 5, 
25 

<0.01* 

Semibalanus balanoides Beta-reg P 0.62 H =40.14 5 <0.01* 
    Frame Beta-reg P 0.62 H =40.14 5 <0.01* 
Spirobranchus sp.  Beta-reg P 0.37 H =18.36 5 <0.01* 
    Frame Beta-reg P 0.37 H =16.90 5 <0.01* 
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Figure 62. Average total percentage cover of the top five most dominant species observed biofouling six 
types of concrete panels after 21-months deployment at Anstruther harbour from April 2019 to January 
2021. Dots of the same colour, and different shape but the same colour, indicate statistical significance 
between those types of concrete. ± Standard Error bars.  

 

Of the six dominant species in Arbroath harbour only one, Heteroamina squamula 

showed significant differences in cover between the concrete types (Table 49). Both ZEM 

and GGBS had significantly higher cover than Sandstone, Whinstone and Hemp panels 

(Table 50).  
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As seen for the relationship for Tayport, Heteroamnia squamula, and B. crenatus 

occupied the highest levels of cover on the three concrete types GGBS, PC, and ZEM. B. 

schlosseri was not observed on GGBS panels at all, and very low cover of 0.15% on only 

one panel of the six was observed on ZEM. With the exception of Diplosoma sp., the 

cover of species on PC remained consistently high. For all other species much more 

variation between cover on different types of concrete was seen (Figure 63).  

Table 49 Statistical output for beta regression analysis for the top five most dominant species biofouling 
six types of concrete panels after 21-months deployment at Arbroath harbour from April 2019 to January 
2021. Significant p values in bold with *.  

Species Variable Pseudo R2 H df p 
Balanus crenatus Concrete Type 0.13 2.79 5 0.73 
Botryllus schlosseri ConcreteType 0.24 3.65 5 0.60 
Ciona intestinalis Concrete Type 0.43 9.33 5 0.10 

Frame 0.43 27.60 5 <0.01* 
Diplosoma sp. Concrete Type 0.09 1.016 5 0.96 
Heteranomia squamula Concrete Type 0.40 35.48 5 <0.01* 

Frame 0.40 16.68 5 <0.01* 
Spirobranchus lamarki Concrete Type 0.12 2.94 5 0.71 

 

Table 50 Output from post-hoc pairwise comparisons of six types of concrete panels from a beta 
regression analysis of total percentage cover of Heteroamnia squamula in Anstruther harbour after 21- 
months of deployment. Significant p-values are in bold with a *. 

 PC ZEM GGBS Sandstone Whinstone Hemp 
PC x x x x x X 
ZEM 0.78 x x x x x 
GGBS 0.74 1.00 x x x X 
Sandstone 0.08 <0.01* <0.01* x x X 
Whinstone 0.13 <0.01* <0.01* 1.0 x X 
Hemp  0.33 0.02* <0.01* 0.92 0.99 x 
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Figure 63. Average total percentage cover of the top five most dominant species observed biofouling six 
types of concrete panels after 21-months deployment at Arbroath harbour from April 2019 to January 2021. 
Dots of the same colour, and different shape but the same colour, indicate statistical significance between 
those types of concrete. ± Standard Error bars. 

Section 4.5 Colonisation Study  

4.5.1 Invasive Species 
A total of five invasive species from four phylum were observed growing on the concrete 

panels over 21-months of deployment in Arbroath harbour (Figure 64). No single species 

was present on every type of concrete or appeared growing on the same type of concrete 

at all three timepoints used in the study. Only five of the six types of concrete had an 
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invasive species growing on them on over the 21-months, with Whinstone having no 

invasive species present at any time point (Figure 64). There were no significant 

differences in the cover of any invasive species over time (Table 51).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The average species richness of invasive species present on the concrete panels was low, 

with an average of less than 0.16 ± 0.04 Standard Error  across all concrete types. The 

highest richness observed was for Sandstone at the 4-month time point, but by 21-months 

this had decreased to zero (Figure 65). Hemp and PC were the only types of concrete to 

Figure 64. Average total percentage cover of the five marine invasive species observed biofouling six 
types of concrete panels at 4, 7 and 21-months of deployment in Arbroath Harbour from April 2019 to 
January 2021. ± Standard Error bars. 
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have invasive species present at all three time points (Figure 65), although they were not 

the same species at each time point (Figure 64). ZEM was the only type of concrete to 

increase in average richness of invasive species over the 21-month period. The differences 

in the species richness between the different types of concrete were not statistically 

significant (Poisson GLM: H = 1.74, df =5, p = 0.88) and did not significantly differ over 

time (Poisson GLM: H = 0.36, df = 1, p = 0.55).  

Hemp had the highest total cover by marine invasive species over the entire 21-months, 

followed by PC and ZEM (Figure 66). Overall, the total cover was very low, covering on 

average of 0.3% of the surface.  

Table 51. Statistical output of beta-regression analysis for invasive species cover on different types of 
concrete over three time periods of 4, 7 and 21-months in Arbroath harbour in Scotland, UK. 

Species Variable Pseudo R2 H df  p  
Austrominius modestus Panel type 0.04 0.19 5 1.00 

Time 0.04 0.19 1 0.67 
Bugula neritina Panel Type 0.05 0.20 5 1.00 

Time 0.05 0.06 2 0.97 
Bugulina fulva  Panel Type 0.07 0.18 2 1.00 

Time 0.07 0.09 5 1.00 
Corella eumyota Panel Type 0.08 0.51 5 0.99 

Time 0.08 0.30 2 0.86 
Melanothamnus harveyi Panel Type 0.05 0.25 5 1.00 

Time 0.05 0.23 2 0.89 
 

 

Figure 65. Average species richness of the five marine invasive species observed biofouling six types of 
concrete panels at 4, 7 and 21-months of deployment in Arbroath harbour from April 2019 to January 2021. 
± Standard Error bars. Grey lines mark change of seasons.  

Summer Autumn Winter Spring Summer Autumn Winter 
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Figure 66. Combined total percentage cover of all five marine invasive species recorded biofouling across 
all six types of concrete over 4, 7 and 21-months of deployment in Arbroath harbour from April 2019 to 
January 2021. 

4.5.2 Total Biofouling Community  
 

i Phylum Level  
 A total of 22 biofouling fauna from seven phylum were observed over the period of the 

21-months of deployment, as well as seaweeds from the three phylum, Ochrophyta, 

Rhodophyta and Chlorophyta (Table 52). 

After 4-months of deployment, seaweeds in Ochrophyta and Chlorophyta phylum 

initially dominated all surfaces expect Sandstone, where species in the phylum Chordata 

dominated. After 4-months of deployment species in the phylum Chordata dominated all 

concrete types. Ciona intestinalis was the overall most dominant species within the 

phylum Chordata across all three time points. After 21-months seaweeds were dominant 

again, but Chlorophyta cover was much lower than seen at 4-months, and species in the 

Ochrophyta phylum dominated (Figure 67.).  
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i Total Cover 
The total cover on all the panels at each time point was significantly different (Beta 

regression: Pseudo R2 = 0.15, df = 2, p = 0.03). Post-hoc testing showed that there was a 

significant increase in cover from 4 to 7-months (p = 0.03), but no other significant 

changes between 4 and 21-months (p = 0.06) and 7 and 21-months (p = 0.93). 

PC and Whinstone were the only two types of concrete to increase in cover over every 

time increment (Figure 68). All other types of concrete increased from 4 to 7-months, but 

then Hemp, Sandstone, ZEM and GGBS decreased in cover from 4 to 21-months. The 

lowest cover was seen at 4-months on Hemp with less than 1% average total cover. At 

three months, GGBS and Sandstone were the concrete types with the highest biofouling 

cover. Total cover remained high for Sandstone, having the second and third highest cover 

at 7 and 21-months respectively. But PC was the type of concrete with the highest cover 

at 7 and 21-months (Figure 67). There were no significant differences in total biofouling 

cover between the concrete types (Beta regression: Pseudo R2 = 0.15, df = 5, p = 0.11).  
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Table 52. Species list with present or absence for the six types of concrete panels at three time points of 4, 7 and 21 months in Arbroath harbour, Scotland. Presence of a 
number indicates month which was recorded as present on the panel. 

Phylum Class Authority Species PC GGBS ZEM Sandstone Whinstone Hemp 
Non-native Species 
Arthropoda  Thecostraca  (Darwin, 1854) Austrominius modestus        21 4        21 4          21 
Bryozoa Gymnolaemata (Ryland, 1960) Bugulina fulva    4   
Bryozoa Gymnolaemata (Linnaeus, 1758) Bugula neritina      7  4   
Chordata Ascidiacea Traustedt, 1882 Corella eumyota 4  4    7  4, 7 
Rhodophyta Florideophyceae (Bailey) Díaz-Tapia 

& Maggs, 2017 
Melanothamnus harveyi     7         7 

Native Species 
Cnidaria  Anthozoa   Anemone            21         21         21 
Annelida  Polychaeta Blainville, 1818 Spirobranchus sp 4, , 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 
Arthropoda Thecostraca  Bruguière, 1789 Balanus crenatus 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 
Arthropoda Malacostraca  (H. Milne Edwards 

1830) 
Crassicorophium 
bonellii 

4 4,     21  4 4 4 

Arthropoda Thecostraca (Linnaeus, 1767) Semibalanus balanoides    7,  21 4, 7, 21 4, 7, 21 4 4,     21 4, 7, 21 
Arthropoda Thecostraca  (O.F. Müller, 1776) Verruca stroemia         21         21         21          21         21 
Chlorophyta    Green Seaweeds 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 
Chordata Ascidiacea (Müller, 1776) Ascidiella aspersa 4, 7, 21 4, 7 4, 7 4, 7, 21 4, 7, 21 4, 7, 21 
Chordata Ascidiacea Müller, 1776 Ascidia conchilega      7     7  4,     21  
Chordata Ascidiacea (Pallas, 1766) Botryllus schlosseri 4, 7, 21 4, 7 4, 7, 21 4, 7, 21     7, 21 4, 7, 21 
Chordata Ascidiacea Milne Edwards, 1841 Botrylloides        7   
Chordata Ascidiacea (Linnaeus, 1767) Ciona intestinalis 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 
Chordata Ascidiacea (Müller, 1776) Clavelina lepadiformis 4 4 4 4, 7  4 4 
Chordata Ascidiacea  Macdonald, 1859 Diplosoma sp. 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 
Chordata Ascidiacea Forbes, 1848 Molgula spp.      7     7 4, 7       7 
Mollusca Bivalvia (Linnaeus, 1758) Heteranomia squamula         21     7, 21 4, 7, 21     7, 21     7, 21     7, 21 
Ochrophyta    Brown Seaweeds 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 4, 7, 21 
Porifera Demospongiae (Montagu, 1814) Dysidea fragilis        7    
Porifera  Calcarea  Bowerbank, 1864 Leucosolenia sp           21           21 
Porifera Calcarea (Ellis and Solander, 

1786) 
Leucosolenia botryoides 4, 7 4, 7 4, 7 4, 7     7     7 

Rhodophyta    Red Native Seaweeds  4, 7, 21 4, 7, 21  4, 7, 21  4, 7, 21  4, 7, 21 4,  7, 21 
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Figure 67. Average total percentage cover by the macroalgae and faunal phylum observed biofouling on 
average more than 1% on at least one panel of the six types of concrete panels at 4 (top), 7 (middle) or 21- 
(bottom) months in Arbroath harbour between April 2019 to January 2021.  
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Figure 68. Average total percentage cover of all biofouling species and attached shells observed growing 
on six types of concrete panels at 4, 7 and 21-months of deployment in Arbroath harbour from April 2019 
to January 2021. ± Standard Error bars. Grey lines mark change of season.  

ii Species Richness 
The highest average species richness observed across this study was 6.20 ± 0.92 Standard 

Error on Hemp after 4-months, which was also the concrete type with the lowest cover at 

that time. Over time the average species richness of Hemp decreased to level similar to 

ZEM, Sandstone and GGBS (Figure 69). Five of the six types of concrete showed a drop 

in species richness from 4 to 7-months, but the magnitude varied considerably: PC only 

underwent a 0.79% decrease, whereas Sandstone underwent a decrease of 28.16%. ZEM 

was the only type of concrete where richness increase over this interval and had the 

highest species richness at 7-months (5.83%). From 7 to 21-months, Hemp, GGBS an 

ZEM all decreased in richness, whilst the remaining concrete types increased. The largest 

increase seen was from Whinstone, which went from having the lowest species richness 

at the 7-months to having the highest at 21-months. Overall, there was no significant 

difference in species richness between concrete types (Poisson GLM: H = 1.74, df = 5, p 

= 0.89) or between different time points (Poisson GLM: H = 0.36, df = 1, p = 0.55).  

Summer Autumn Winter Spring Summer Autumn Winter 
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Figure 69. Average species richness of all faunal species observed biofouling six types of concrete at 4, 7 
and 21-months of deployment in Arbroath harbour from April 2019 to January 2021. ± Standard Error bars. 
Grey lines mark change of seasons seen over deployment. 

iii Diversity 
Sandstone consistently had the lowest diversity score over the three time periods. The 

type of concrete with the highest diversity score was different at each time point, with 

GGBS having the highest after 4-months of deployment, PC after 7-months and ZEM 

after 21-months (Figure 70). Each of the concrete types showed varying relationship with 

diversity over time. Sandstone, Whinstone and PC increased in diversity from 4 to 7- 

months and then decreased from 7 to 21-months. The diversity of the communities on 

Hemp steadily decreased at all time points after 4-months of deployment. ZEM and 

GGBS decreased from 4 to 7-months and then increased from 7 to 21-months (Figure 

70). Despite these differences, there was no statistically significant difference in the 

relationship between diversity for each type of concrete over time and this interaction 

between these variables was removed from the model. There was also no significant 

change in the diversity over time (Beta regression: Pseudo R2 = 0.02, df = 2, p = 0.97)) or 

between concrete types (Beta regression: Beta regression: Pseudo R2 = 0.02, df = 5, p = 

0.13).   

 

Summer Autumn Winter Spring Summer Autumn Winter 
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Figure 70. Simpsons Diversity Index of all faunal species observed biofouling six types of concrete panels 
at 4, 7 and 21-months of deployment in Arbroath harbour from April 2019 to January 2021. ± Standard 
Error bars. Grey lines mark change of seasons. 

 

iv Community Analysis by Non-Metric Multidimensional Scaling  
After 4-months deployment, the biofouling communities on all panel types overlapped 

suggesting very similar communities regardless of concrete type (Figure 71). There was 

no significant difference between the communities on different concrete types after 4-

months of deployment (ANOSIM: R = 0.07, p = 0.32). The most tightly-clustered of these 

was PC, suggesting the most consistent community across all panels of that concrete type. 

The most distinct community is arguably Whinstone at this time point with the least 

overlap.  

After 7-months the communities were still very similar across the types of concrete and 

all types overlap. However, when compared to the communities at 4-months, they were 

more distinct (Figure 71). The biofouling community growing on PC panels was more 

varied than seen after 4-months, as were GGBS and Hemp after 7-months. GGBS in 

particular had  a wide confidence interval, suggesting the most variation in the biofouling 

Summer Autumn Winter Spring Summer Autumn Winter 
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community. There was no significant difference between the communities on different 

panel types after 7-months of deployment (ANOSIM: R = 0.02, p = 0.32).    

After 21-months of deployment there was still a large overlap seen between the concrete 

types, but more distinction between the communities than after 7-months (Figure 71). 

After 21-months ZEM panels are tightly-clustered to the left of the NMDS plot, with 

Sandstone most tightly-clustered to the right with very little overlap suggesting the 

communities on these panels are different. The other type of exposed aggregate concrete, 

Whinstone also overlaps less than the other remaining concrete types, but noticeably more 

than Sandstone. There was no significant difference between the communities on 

different concrete types after 21-months of deployment (ANOSIM: R = 0.01, p = 0.57).    

 
4.5.3 Species Level  
To explore how colonisation by individual native species is influenced by different types 

of concrete, six native species over the three time points were chosen. The species chosen 

were one of the top five highest for cover for at least one time point (Figure 72). 

Cover by an individual species was usually low: with the exception of C. intestinalis, no 

species occupied over 2.95% cover at any time point. C. intestinalis growing on the 

Sandstone had the highest cover of any species which peaked with an average cover of 

20.13% after 7-months. C. intestinalis was the only species to have the highest cover on 

the same type of concrete, Sandstone, at all three time points. Cover by C. intestinalis did 

significantly change over time (Table 53) and a significant increase from 4 to 7-months 

(p = <0.01) and significant decrease from 4 to 21-months (p = <0.01). However, there 

was no significant difference in cover from 4 to 21-months (p = 0.97). The only other 

species to exhibit a significant change over time was Heteroamonia squamula which 

showed a different pattern in cover, with cover increasing 7 and 21-months on every type 

of concrete. This was not a significant increase between 4 and 7-months, but was a 

significant increase from both 4-months (p = <0.01) and 7-months (p = <0.01) to 21-

months.  
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Figure 71. Non-metric Multi-dimensional Scaling of the percentage cover of all species across panel types at 4 
(top), 7 (middle) and 21-months of deployment in Arbroath Harbour from April 2019 to January 2021. Circles 
represent 95% confidence intervals.  
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The remaining four species did not show the same consistency in pattern between all 

concrete types as C. intestinalis and H. squamula. 

Ascidiella aspersa growing on Whinstone showed a continually increasing cover over 

time, whereas all other types of concrete saw a decrease in cover after 7-months. 

Spirobranchus sp growing on PC after 7-months showed a noticeably higher increase in 

percentage cover compared to the other concrete types. A similar relationship was 

observed for H. squamula and Diplosoma sp, with ZEM and GGBS in particular, 

increasing after 7-months and having the highest cover at 21-months with PC following 

as third highest for both. The total cover of the barnacle Balanus crenatus, was much 

higher on ZEM, at 4-months, at 2.8% ± 1.50 Standard Error cover, than the other types of 

concrete which all had a much lower average cover between 0.02-0.46%. The cover of B. 

crenatus on ZEM then had a steep decrease from 4 to 7-months, with all other types of 

concrete, except GGBS and Whinstone, decreasing.  All types of concrete had an increase 

in B. crenatus from 7 to 21-months, but the amount of fouling observed between different 

types of concrete was different. Again, PC, GGBS and ZEM had the highest cover, with 

PC having the highest, at 2.75% ± 2.35 Standard Error . Sandstone had the lowest cover, 

at 0.09% ± 0.05 Standard Error. There was no significant differences in cover due to 

concrete type or over different time points for A. aspersa, Spirobranchus sp, Diplosoma 

sp., or B. schlosseri (Table 53).  

Only two species to have a significant difference in cover due to panel type: B. crenatus 

and H. squamula. Post-hoc tests could not reveal between which types of concrete the 

difference was for H. squamula. For B. crenatus, ZEM was significantly higher in cover 

than Sandstone and Whinstone (Table 54).  
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Table 53. Statistical output of analysis for percentage cover of six native species for both the different 
types of concrete panels and over three time periods of 4, 7 and 21-months in Arbroath harbour in 
Scotland, UK. Test chosen based on normal residuals and highest Pseudo R2 or Adjusted R2 value. 

Species Test Variable Pseudo 
R2/Adjusted 
r2 

Chi /F df  p  

Ascidella aspersa Beta 
regression 

Concrete 
type 

0.11 4.22 5 0.52 

 Time 0.11 1.19 2 0.55 
Balanus crenatus  YJ Anova Concrete 

type 
0.19 5.22 5, 94 <0.01* 

YJ Anova Time 0.19 1.97 2, 94 0.15 
Botryllus schlosseri Beta reg Concrete 

type 
0.14 5.36 5 0.37 

 Time 0.14 0.50 1 0.48 
Ciona intestinalis YJ anova Concrete 

type 
0.05 1.79 5, 94 0.12 

YJ Anova Time 0.05 41.80 2, 94 <0.01* 
Diplosoma sp. Beta 

regression 
Concrete 
type 

0.15 6.87 5 0.23 

 Time 0.15 56.25 2 0.08 
Heteroamnia 
squamula 

Beta reg Concrete 
type 

0.54 17.99 5 <0.01* 

 Time 0.54 56.25 2 <0.01* 
Spirobranchus 
lamarcki 

Beta reg Concrete 
type 

0.11 0.90 5 0.57 

 Time 0.11 4.89 2 0.09 
 

 

Table 54. Output from post-hoc pairwise comparisons of six types of concrete panels from transformed 
data in a generalised linear model for percentage cover of Balanus crenatus on six different types of 
concrete panels deployed across three different time periods of 4, 7 and 21-months in Arbroath harbour, 
UK, from April 2019 to January 2021. Significant p-values are in bold with a *. 

 PC ZEM GGBS Sandstone Whinstone Hemp 
PC x x x x x X 
ZEM 0.59 x x x x x 
GGBS 1.00 0.40 x x x X 
Sandstone 0.07 <0.01* 0.14 x x X 
Whinstone 0.18 <0.01* 0.31 1.00 x X 
Hemp  0.93 0.12 0.99 0.46 0.72 x 
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Figure 72. Average percentage cover of seven species found to be in the top five dominant species for total 
percentage cover on six types of concrete panels at 4, 7 and 21-months of deployment in Arbroath Harbour 
from April 2019 to January 2021. ± Standard Error bars. Grey lines mark change of seasons seen over 
deployment; the first line marks the change from summer to autumn. 
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Section 4.6 Seasonal Deployment Study 

4.6.1 Biofouling by Marine Invasive Species  
In total, five marine invasive species were found growing on panels deployed across the 

two deployment periods starting in April 2019 and August 2019. Four invasive species 

were observed growing on the concrete panels at each time period (Figure 73). Three of 

these were observed during both deployment periods, whilst A. modestus was only found 

growing on panels deployed in April, and M. harveyi was only found growing on panels 

deployed in August. M. harveyi was the only species to show a significant difference in 

cover between the two deployment periods (Table 55). Whinstone was the only type of 

concrete to have no marine invasive species growing on the surface of panels deployed 

in April. Whinstone did however, have M. harveyi growing on the panels deployed in 

August. PC and Hemp both had no marine invasive species present on the panels deployed 

in August. C. eumyota had a higher cover when deployed in April than in August. With 

the exception of C. eumyota growing on ZEM, no other species was found growing on 

the same type of concrete between the two seasonal periods (Figure 72). There were no 

significant differences between the cover for each invasive species with respect to the 

type of concrete (Table 55).  

Table 55. Statistical output of analysis for cover of six invasive species on panels of six types of concrete 
deployed for 4-months starting in April 2019 and August 2019 in Arbroath harbour UK. (Beta-reg = beta 
regression analysis, YT ANOVA = Yeo-transformed ANOVA). Test chosen based on normal residuals and 
highest Pseudo R2 or Adjusted R2 value. X = Pseudo R2 recording not required. 

Species Test Variable Pseudo 
R2 

Chi /F df  p  

Austrominius 
modestus 

YT- 
ANOVA 

Concrete Type X 0.83 5, 47 0.55 

 Time X 1.54 1, 47 0.22 
Bugula netitina Beta-reg Concrete Type 0.08 1.11 5 0.95 

 Time 0.08 0.66 1 0.42 
Bugulina fulva Beta-reg Concrete Type 0.09 1.11 5 0.95 

 Time 0.09 0.66 1 0.42 
Corella eumyota ANOVA Concrete Type X 0.88 5, 47 0.50 

 Time X 1.05 1, 47 0.31 
Melanothamnus 
harveyi 

ANOVA Concrete Type X 1.45 5, 47 0.22 
 Time X 7.33 1, 47 <0.01* 

 

Total percentage cover by marine invasive species on any type of concrete was extremely 

low, with an average cover never reaching over 0.2%. Hemp had the highest cover by 

invasive species in the April deployment, but no marine invasive species were found on 

Hemp panels deployed in August (Figure 76). 
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Figure 73. 5 marine invasive species found biofouling on panels of six types of concrete deployed for 4-
months in April 2019 and August 2019 in Arbroath harbour UK. ± Standard Error bars. 

Total cover by marine invasive species was similar for all other types of concrete and 

there were no significant differences between total cover by invasive species for each type 

of concrete (Beta Regression: Pseudo R2 = 0.09, df = 1, p = 0.95) or between the two 

different deployment periods (Beta Regression: Psuedo R2 = 0.09, df = 1, p = 0.95) 

(Figure 74). Average species richness of invasive species was highest on Sandstone in 

April and ZEM in August (Figure 75). There was no significant difference in the Yeo-
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Johnson transformed invasive species richness with respect to concrete type (Poisson 

GLM: H = 4.06, df = 5, p = 0.54) or time (Poisson GLM: H = 0.48, df = 1, p = 0.49).  

Figure 74. Average total percentage cover by any marine invasive species found biofouling on panels of 

six types of concrete deployed for 4-months in April 2019 and August 2019 in Arbroath harbour UK. ± 

Standard Error bars. 

 

Figure 75. Average species richness by any marine invasive species found biofouling on panels of six types 
of concrete deployed for 4-months in April 2019 and August 2019 in Arbroath harbour UK ± Standard 
Error bars. 
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4.6.2 Total Biofouling Community 
In both the April and in August deployment periods, 20 species were identified biofouling 

the concrete panels (Table 56). 16 of those remained the same across both periods with 

A. modestus and S. balanoides only present during the April deployment period. Bugulina 

flabellata and M. harveyi were both only present in the August deployment. The species 

found in both deployment periods were from eight phyla.  

i Cover, Richness and Diversity 
The average cover on panels remained with average cover of 16% ± 1.70 Standard Error 

for all types of concrete (Figure 76). Hemp had the lowest average cover in April, and the 

second lowest cover in August: only 0.01% more coverage than PC which had the lowest 

cover in August (Figure 76). There were also notability smaller standard error bars for 

Hemp, showing a more consistent total cover across replicate panels. No consistent 

pattern was seen in average cover between the two deployment periods regardless of 

concrete type. Three types of concrete, GGBS, Hemp and Whinstone, had higher cover 

after April deployment compared to August.  The remaining types of concrete had lower 

cover after April deployment compared to August. However, for all concrete types, both 

average species richness and average diversity were lower after deployment in April 

compared to August (Figure 77, Figure 78. ). There was no significant difference in the 

cover between both time periods regardless of concrete type (Beta regression: Pseudo R2 

= 0.09, df = 1, p =  0.76) or between the types of concrete (Beta regression: Pseudo R2 = 

8.22, df = 5, p = 0.14). 

The reduction in diversity from April deployment compared to the August (Figure 78). 

There was a significant difference in diversity with respect to the type of concrete between 

each time period (Beta regression: Pseudo R2 = 0.36, df = 5, p = <0.01) (Table 60). To 

further identify what this difference was, each individual type of concrete was compared 

for both deployment periods. Both GGBS (p = <0.01) and ZEM (p = <0.01) had 

significantly lower diversities when deployed in August than April. There was no 

significant differences between the diversity of different concrete types deployed at the 

same time (Table 60).  

Richness was analysed with a Poisson GLM with a link-log function and was significantly 

higher for the April deployment period compared to August (Poisson GLM:  H = 13.19, 
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df = 1, p = <0.01), but there was no difference in species richness seen across the concrete 

types (Poisson GLM: H = 1.12, df = 5, p = 0.95).   

 

 

Figure 76. Average total percentage cover by all species found biofouling on panels of six types of concrete 
deployed for 4-months in April 2019 and August 2019 in Arbroath harbour UK. ± Standard Error bars. 
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Table 56. All species found biofouling on panels of six types of concrete deployed for April to August 2019 (1) and August to December 2019 (2) in Arbroath harbour UK. 

 

Phylum Class Authority Species PC GGBS ZEM Sandstone Whinstone Hemp 
Non-native Species 
Arthropoda  Thecostraca  (Darwin, 1854) Austrominius modestus         1         1           
Bryozoa Gymnolaemata (Ryland, 1960) Bugulina fulva      2  1   
Bryozoa Gymnolaemata (Linnaeus, 1758) Bugula neritina      2  1   
Chordata Ascidiacea Traustedt, 1882 Corella eumyota 1  1  2     1 
Rhodophyta Florideophyceae (Bailey) Díaz-Tapia & 

Maggs, 2017 
Melanothamnus harveyi         2     2    2    2     

Native Species 
Annelida  Polychaeta Blainville, 1818 Spirobranchus sp 1  2  1 1  2 1 2 1 1  2 
Arthropoda Thecostraca  Bruguière, 1789 Balanus crenatus 1 1 2 1 1 1 1 
Arthropoda Malacostraca  (H. Milne Edwards, 1830) Crassicorophium bonellii 1 1  1 1  2 1 
Arthropoda Thecostraca (Linnaeus, 1767) Semibalanus balanoides      1 1 1 1 1 
Bryozoa Gymnolaemata (Thompson in Gray, 1848) Bugulina flabellata    2      
Chlorophyta    Green Seaweeds 1 2 1 2 1  2 1  2 1  2 1  2 
Chordata Ascidiacea (Müller, 1776) Ascidiella aspersa 1 1 2 1  2 1  2 1  2 1 
Chordata Ascidiacea Müller, 1776 Ascidia conchilega    2            2 1     2 
Chordata Ascidiacea (Pallas, 1766) Botryllus schlosseri 1 2 1 2 1  2 1  2     2 1  2 
Chordata Ascidiacea Linnaeus, 1767 Ciona intestinalis 1 2 1 2 1  2 1  2 1  2 1  2 
Chordata Ascidiacea (Müller, 1776) Clavelina lepadiformis 1 1 1 1 1  2 1 
Chordata Ascidiacea  Macdonald, 1859  Diplosoma sp. 1 2 1 2 1  2 1 1  2 1  2 
Chordata Ascidiacea Forbes, 1848 Molgula spp.     2    2    1  2      2    
Mollusca Bivalvia (Linnaeus, 1758) Heteranomia squamula     2 1      2  
Ochrophyta    Brown Seaweeds 1 2 1 2 1  2 1  2 1  2 1  2 
Porifera Calcarea (Ellis and Solander, 1786) Leucosolenia botryoides 1 2 1 1  2 1  2    2    
Rhodophyta    Red Native Seaweeds 1 2 1 2   1  2  1  2  1  2   1  2   
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Figure 77. Average species richness by all faunal species found biofouling on panels of six types of 
concrete deployed for 4-months in April 2019 and August 2019 in Arbroath harbour UK. ± Standard Error 
bars. 

 

 

Figure 78. Average Simpsons Diversity score by all faunal species found biofouling on panels of six types 
of concrete deployed for 4-months in April 2019 and August 2019 in Arbroath harbour UK. ± Standard 
Error bars. 
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i Community analysis by Non-Metric Multidimensional Scaling  
There is some overlap in the communities across the two time points shown in the NMDS 

plots in Figure 79, and there was a significant difference between the communities during 

the deployment in April and August (ANOSIM: R = 0.59, p = <0.01). Due to this, the 

influence of concrete type on communities was investigated separately for each 

deployment period. There was very little difference in the community formed between 

the different concrete types in each of the deployment periods, with large overlaps in 

NMDS plots (Figure 80). No significant difference existed between the biofouling 

communities between types of concrete in either April (ANOSIM: R = 0.07, p = 0.11) or 

August deployments (ANOSIM: R= -0.04, p = 0.72). 

 

Figure 79.  Non-metric Multi-dimensional Scaling of the percentage cover of all species growing on six 
types of concrete panels over two different 4-month deployment periods each beginning in April 2019 
and August 2019. Circles represent 95% confidence intervals for the percentage cover of the biofouling 
communities for each deployment period. 
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Figure 80. Non-metric Multi-dimensional Scaling of the percentage cover of all species across panel 
types over two 4-month deployment periods which were deployed in April 2019 (top) and August 2019 
(bottom) on six types of concrete panels. Circles represent 95% confidence intervals for the percentage 
cover on each type of concrete panel. 

i Species Level 
Seven species occupied at least 1% cover on at least one panel during the two deployment 

periods (Figure 81). C. intestinalis was found on every concrete type for both time points. 

Only brown and green seaweed behaved similarly, although native seaweeds were 

excluded from the analysis, since they were not identified to species level. C. intestinalis 

had the highest cover of any species for both deployment periods, in both cases on 

Sandstone.  
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Only two species showed significant differences with respect to concrete type, both were 

sea squirts, C. intestinalis and Diplosoma sp (Table 57). As time was also a significant 

influence, to investigate where these differences lay, further testing was conducted 

individually for each deployment. 

There was significant difference in the cover of Diplosoma sp between different concrete 

types for the April deployment period (Beta Regression: Pseudo R2 = 0.28, df = 5, p = 

0.02). Post-hoc testing could not reveal which concrete types were significantly different. 

There was no significant difference in the cover of Diplosoma sp. on different types of 

concrete for the August deployment (Beta regression: Pseudo R2= 0.35, df = 5, p = 0.15).  

With further analysis for each deployment period, the type of concrete had no significant 

influence on C. intestinalis cover for the April (Beta-regression: Pseudo R2 = 0.26, df = 

5, p = 0.38) or August deployment (Beta regression: Pseudo R2 = 0.11, df = 5, p = 0.78). 

For four of the seven species, the deployment period caused a significant change in their 

cover across all types of concrete (Table 57). With the exception B. schlosseri, the April 

deployment had significantly higher settlement than the August deployment on all 

concrete types. 

Variation was observed in the cover of different species with concrete type. Leucosolenia 

botryoides was not observed growing on Hemp panels during either deployment. The 

highest cover of this species was observed on GGBS on concrete deployed in April, but 

it was entirely absent from GGBS concrete deployed in August.  

A. aspersa was observed on all concrete types deployed in April, but was not present on 

Hemp or PC panels deployed in August. The highest average cover observed by this 

species was on Whinstone on concrete deployed in April. Much lower cover was observed 

on concrete deployed in August. 

B. schlosseri was observed on all concrete deployed in August, except Whinstone in 

April. With the exception of Hemp and ZEM, cover of B. schlosseri was higher on panels 

deployed in August than those deployed in April.  

Cover by brown seaweed was higher on every concrete type deployed in April than those 

deployed in August. With the exception of the GGBS panels, this was also the case for 
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green seaweeds and Diplosoma sp.. Diplosoma sp. was observed on every type of 

concrete in both time periods, with the exception that no Diplosoma sp. was observed on 

Sandstone deployed in August.  

Table 57.  Statistical output for Beta-regression analysis for seven native species found biofouling on 
panels on six types of concrete deployed for 4-months in April 2019 and August 2019, with at least 1% 
cover on at least one panel in Arbroath harbour UK. (Beta-reg = Beta regression Analysis, YT-ANOVA = 
data transformed by a Yeo-Johnson package then tested with a generalised linear model in the form of an 
ANOVA). Test chosen based on normal residuals and highest Pseudo R2 or Adjusted R2 value. 

Species Variable Test Pseudo 
R2 

Chi /F df  p  

Ascidia aspersa Panel type Beta-reg 0.14 H=2.62 5 0.76 
Time Beta-reg 0.14 H=0.88 1 0.35 

Ascidia conchilega Panel Type Beta-reg 0.07 H=0.21 5 1.00 
Time Beta-reg 0.07 H=0.14 1 0.70 

Balanus crenatus Panel Type YT-ANOVA X F=2.19 5, 47 0.07 
Time YT-ANOVA X F=28.83 1, 47 <0.01* 

Ciona intestinalis Panel Type Beta-reg 0.26 H=5.39 5 0.03* 
Time Beta-reg 0.26 H=14.38 5 <0.01* 

Botryllus schlosseri Panel Type Beta-reg 0.30 H=4.12 5 0.53 
Time Beta-reg 0.30 H=13.60 1 <0.01* 

Diplosoma sp Panel Type Beta-reg 0.34 H=13.27 5 0.02* 
Time Beta-reg 0.34 H=9.07 1 <0.01* 

Leucosolenia 
botryoides 

Panel type Beta-reg 0.08 H=0.69 5 0.98 
Time Beta-reg 0.08 H=0.00 1 0.95 
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Figure 81. Seven native species found biofouling on panels on six types of concrete deployed for 
4 months in April 2019 and August 2019, with at least 1% cover on at least one panel in Arbroath 
Harbour UK. ± Standard Error bars. 
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4.6.3 Biofouling and Surface Properties  
The physical and chemical features of each type of concrete were explored with respect 

to their relationship to the biofouling community that developed after 21-months of 

deployment.  

The data from Arbroath harbour was processed and fitted to 28 principal components, the 

first four of which explained 57.1% of variance (Figure 84). Anstruther was split into 28 

principal components and the first four explained 53.3% (Figure 83) of the variance and 

Tayport was split into 27 with the first four explaining 59.2% (Figure 84). The first four 

principal components from each site were chosen to be plotted on a biplot, as the 

remaining principal components were noticeably lower and, therefore, unlikely to provide 

further insight. The fact that no more than 59.2% of the variance could be explained 

through the first four principal components suggests that other factors not considered 

within this study also played a role. 

At Arbroath, when comparing principal components one and two, there is a difference 

between PC and ZEM compared to the exposed aggregate concretes which was on 

opposite sides of the plot. The exposed aggregate concretes were more strongly associated 

with various chemical constituents, whereas PC and ZEM are strongly associated with 

barnacle species, Spirobranchus sp. and Heteroamnia sp. and anticorrelated with Ra. 

Sandstone and Whinstone are also more distinct from each other, than ZEM and PC, 

reflected in their associations with different elements. This is more clearly seen where 

principal component three is plotted against four, where consistently across all three sites 

Whinstone and Sandstone are located at opposite sides of the graph. In particular, K2O, 

which is always associated with Sandstone and negatively correlated with Na2O and P2O5 

which is associated with Whinstone.  

At Arbroath, within the biplot comparing principal component one and two, the sea squirt 

C. intestinalis was positively correlated with MgO, K2O, Al2O3, Na2O and SiO2, whereas 

another sea squirt, B. schlosseri, was negatively correlated with these and C. intestinalis. 

When comparing principal components one and two at Anstruther, Sandstone was more 

strongly associated with the sea squirts Molgula ssp. and Ascidiella ssp whereas 

Whinstone was more strongly associated with C. eumyota.  
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Considering principle components 1 and 2 for Arbroath and Tayport, all barnacle species 

are grouped in manner indicating positive correlation with each other, and negative 

correlation with Porosity and Ra. There were more associated with PC, ZEM than the 

other types of concrete. A similar relationship was seen at Anstruther for principal 

components 1 and 2. However, there is a closer association of A. modestus to ZEM and 

S. balanoides to PC. For principal components 3 and 4 in Arbroath, A. modestus showed 

as not correlated to the other barnacle species, although the low cover of A. modestus at 

Arbroath means that this association should be viewed with less certainty compared to 

the other harbours. Throughout the principal component plots, A. modestus is often 

associated with native barnacles.   

A consistent feature of the principal component 1 and 2 plots for all sites is the distinct 

separation of Hemp from the other panels, and a lack of association with any variables. 

This suggest another, uncharacterised factor may play a role in the defining the 

performance of the hemp surface.  

Similarly, throughout all the principal component comparisons GGBS was distinct from 

the other types of concrete. But not often strongly associated with any species but was 

consistently strongly associated with Fe2O3 and TiO2 in the comparison between principal 

components one and two across all harbours.  
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Figure 82. Principal Component Analysis for the biofouling community at Arbroath after 21-months of 
deployment in relation to the physical and chemical measured surfaces variables for the six types of 
concrete within this study. (Top) Principal Components 1 and 2 (Bottom) Principal Components 3 and 4. 
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Figure 83. Principal Component Analysis for the biofouling community at Anstruther after 21-months of 
deployment in relation to the physical and chemical measured surfaces variables for the six types of 
concrete within this study. (Top) Principal Components 1 and 2 (Bottom) Principal Components 3 and 4. 
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Figure 84.  Principal Component Analysis for the biofouling community at Tayport after 21-months of 
deployment in relation to the physical and chemical measured surfaces variables for the six types of 
concrete within this study. (Top) Principal Components 1 and 2 (Bottom) Principal Components 3 and 4. 



 

 

224 

Section 4.7 Discussion 

 

4.7.1 Invasive Species  

i Invasive Barnacles  
No type of concrete within this study resisted biofouling by marine invasive species after 

21-months across all three locations. And no type of concrete significantly reduced 

biofouling by marine invasive species consistently across sites. However, this study was 

able to produce three surfaces that significantly reduced the settlement of the marine 

invasive species, A. modestus, when compared to typical PC surfaces: Hemp at Tayport 

and Anstruther and both exposed aggregate concretes at Tayport. This significant 

reduction was not consistent across all three locations and can only be related to those 

individual harbour sites.  

Hemp concrete had significantly less cover of A. modestus than on PC surfaces, at both 

Tayport and Anstruther after 21-months of deployment. Exactly how the hairiness of the 

surface influenced settlement of species within this study is somewhat unclear. After 4-

months of deployment, no Hemp fibres on the surface were visible. This suggests that the 

hairiness of the surface could have initially influenced settlement, but at some point 

within the 4-month period it decomposed to a point that meant any influence was unlikely. 

Although not statistically significant, during both deployments for the seasonal study 

Hemp had noticeably lower total cover with very small error bars, suggesting consistent 

reduction in biofouling. This could suggest that the hairiness of the hemp surface could 

have some influence on biofouling initially on early settlement but due to the lack of 

fibres found on the surface after initial deployment length (4-months) the fibrous nature 

of the surface would not then influence biofouling once those fibres were lost.  

Since many marine species have seasonal settlement periods, species which only spawn 

and settle in spring, close to the initial deployment of the concrete, would have been more 

likely to have been influenced by the hairs on the surface of Hemp concrete. However, 

the hairy surface of Hemp was unlikely to fully hinder settlement for A. modestus and 

might even hinder native settlement. Compared to native species A. modestus has a much 

longer settlement season. S. balanoides are thought to settle within a shorter period from 

March to April and B. crenatus from April to May, whereas A. modestus settles from May 
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to October (Crisp, 1958). At Arbroath harbour there was no significant difference in the 

relationship of cover at 4, 7 and 21-months for the native barnacle B. crenatus on Hemp 

surfaces compared to the other types of concrete. It is therefore unlikely that the hairs 

influenced barnacle settlement. Further investigation into the durability of hemp surfaces 

and timeline of fibre degradation in the field is required to fully investigate the level of 

the influence of hairy surfaces on biofouling.  

For A. modestus settlement, the roughness of the surface of the Hemp concrete may play 

a more important role. Sandstone, Whinstone and Hemp were significantly rougher than 

PC, GGBS and ZEM (Section 3.3.4iii). At both Tayport and Anstruther, the three rougher 

surfaces had the lowest cover of A. modestus. This difference was significant at Tayport, 

but at Anstruther only ZEM had significantly higher settlement than the rougher surfaces 

of Sandstone, Whinstone and Hemp. Hemp also had significantly lower biofouling than 

PC. It may be that, as Hemp was the roughest of the three types of concrete it had more 

of a consistent influence on settlement across both harbours. The presence of hemp will 

also change the chemical environment on the surface. The addition of hemp was small, 

and so modification of the inorganic chemistry of the cement matrix would have been 

negligible. However, the release of organic compounds from the hemp cannot be ruled 

out. Nonetheless, it seems most likely that the differences are predominantly down to 

differences in macro-scale roughness.  

There have been limited studies specifically into the influence of roughness on A. 

modestus settlement. Firth et al., (2021) found there was significantly less settlement of 

A. modestus than on natural vertical rocky shore than on smooth rock seawalls. This study 

found the opposite, with smoother panels having less settlement than exposed aggregate 

surfaces. A different approach to examining macroscale topographical changes was 

examined by Bracewell et al., (2012) who examined the relationship between 

topographical complexity of cast iron human sculptures deployed on Liverpool beach and 

A. modestus settlement. There was no significant difference on sections with more varied 

topography, for instance the face, compared to smoother sections, front of the lower leg. 

These results do not support the findings of this study, but are not directly relatable as 

different materials were studied, with a more qualitative measure of topographical 

changes. However, these studies do highlight the limited literature on settlement 
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preference of this invasive species, and more research is required to help put the findings 

of this study in context for what may be observed in other locations.  

Barnacles has been much more widely researched in terms of their settlement preferences. 

This is partly because barnacles are often one of the least desirable biofouling species, 

since they increase the roughness of surfaces which, especially for boats, can cause 

unwanted issues such as increased fuel costs (Holm, 2012). However, it is also because 

barnacles are well known to have settlement preferences and possess the ability to actively 

choose where they want to settle. Cyprids, the settlement stage of a barnacle, can even be 

observed searching a surface for the most appropriate place to settle, producing a semi-

permanent glue that leaves footprints as they search (Guo et al., 2014). 

ii Barnacle Settlement Preferences  
In general, it is often thought that the rougher the surface the more likely a barnacle will 

settle (Prendergast et al., 2008; Prendergast et al., 2009; Zazzaro et al., 2018). For 

multiple species, studies have found barnacles prefer rougher surfaces. For example, B. 

trigonus (Zazzaro et al., 2018) and Chthamalid ssp (Coombes et al., 2015). Moschella et 

al., (2005) found, for roughness changes less than 1 cm, barnacles were significantly more 

abundant in small crevices than flat surfaces. Coombes et al., (2015) found concrete 

wiped to be smoother than the typical surface finish, had the lowest number of barnacle 

recruits and significantly higher recruitment on exposed aggregate concrete, grooved 

concrete and a conventional control concrete. There was, however, no significant 

difference between the control and exposed aggregate concrete which had similar 

numbers of cyprid recruits (Coombes et al., 2015), which reflects what was observed at 

Anstruther with A. modestus. 

There have also been studies that have observed the opposite effect, often when 

examining roughness on the micro-scale. S. balanoides was found by Hills and Thomason 

(1998) to exhibit lower settlement on rougher (<4.0 mm) surfaces than smooth. Berntsson 

et al., (2000) found that consistently across depth, location and month, B. improvisus 

settlement reduced by 82% on microtextured surfaces compared to smooth control 

surfaces. As well as roughness, microtextural shape was also important. The presence of 

pyramids and riblets on the surface had significantly less fouling by B. improvisus, but 

riblets were more resistant to fouling than pyramids. Surface profile height within the 

scale 20-100 µm was found to reduce B. improvisus settlement on polydimethylsiloxane 
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surface (Petronis et al., 2000). Within this study, A. modestus cover at Anstruther on ZEM 

was significantly higher than PC and GGBS. This suggests that the introduction of 

microroughness to a concrete surface significantly influenced settlement of this invasive 

species, but in the opposite way compared to B. improvisus settlement in other studies. 

Barnacles were strongly associated with both PC and ZEM in many of the comparisons 

for the principal component analysis, with very limited differences seen between PC and 

ZEM. A. modestus appeared more strongly associated with ZEM in the comparison of 

principal components one and two for Anstruther and principal components three and 

four for Arbroath. However, because micro-roughness was not included within the PCA 

analysis, these results will therefore not reflect the full surface differences between PC 

and ZEM surface.  

Furthermore, this study was not able to fully categorize the surface change made by 

placing a ZEM form liner onto the surface. In future, the use of methods such as SEM to 

examine microtexture and surface height could prove useful to understand why the ZEM 

surface may promote settlement of A. modestus.  

However, examination of cyprid size and shape may provide insight into whether these 

parameters influence settlement through application of attachment point theory. A. 

modestus larvae are known to be around the size 450 to 646 micrometres in length and 

212 to 273 micrometres in width (O’Riordan et al., 2020). A. modestus larvae are a similar 

size to V. stromeia although a different shape, and smaller than S. balanoides and 

described as distinctly smaller than B. crenatus (Knight-Jones and Waugh, 1949). With 

differing sizes and shapes of settling cyprids, it is surprising that all the species show the 

same preference for ZEM. Again, a greater understanding of the dimensions and shape of 

the ingrained pattern, not just Ra, is required to understand this, and determine how the 

micro-texture of ZEM influences fouling.  

One of the reasons that the ZEM formliner was chosen was that it reduced the occurrence 

of a physical surface characteristic anticipated to influence settlement: blowholes (Shyha 

et al., 2016). Barnacles are known to preferentially settle in the holes (Coombes et al., 

2015). Therefore, it was expected that less barnacle settlement might be observed on the 

ZEM surface. However, the opposite was observed. This suggests that a consistent micro-

texture across a surface was more influential than intermittent changes in roughness 
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caused by blowholes. A lack of blowholes was consistently observed on the ZEM surface, 

although, in future, quantification of this number may be useful to determine if size or 

number influences settlement.  

iii Chemical Changes and Barnacle Settlement  
In terms of barnacle settlement, no significant differences were observed between the 

GGBS and PC concrete for A. modestus, S. balanoides or B. crenatus, despite the three 

most abundant oxide components in the concrete being the most different for GGBS. At 

Tayport, GGBS was the surface with the highest cover of A. modestus, higher even than 

ZEM. However, high levels of barnacle settlement on GGBS was not observed at 

Anstruther. McManus et al., (2018) found that A. modestus was exclusive to concrete 

panels containing GGBS, which was not seen in this study.  However, McManus et al., 

(2018) used GGBS as a 24% replacement of cement. This study used almost double this 

amount, and so the difference in the result may be due to the larger chemical change. The 

chemical changes associated with the replacement of Portland cement with GGBS, higher 

MgO, SiO2 and Al2O3, appear with little correlation to barnacles in the biplots of principal 

components one and two for Tayport. Higher settlement of barnacles on GGBS have been 

observed by Natanzi et al., (2021). In some cases, GGBS concrete had significantly higher 

abundance of barnacles than Portland cement. In Natanzi et al., (2021) concrete with 

plasticizer had significantly higher barnacle abundance than without. This study cannot 

present a definitive answer to why barnacles were more abundant on GGBS at Tayport 

than at other sites and the above-mentioned studies. It may be down to biological 

competition or other factors.  

The other comparison of chemical composition that can be made between concrete types 

is between the two exposed aggregate concretes, whose compositions were notably 

distinct from each other and the other concrete types. Sandstone and Whinstone had very 

similar levels of barnacle fouling across the difference species, suggesting that the 

similarity in the macroroughness between these two concrete types, and not any 

difference in chemistry or geological micro-roughness, was the largest contributing factor 

to the influence of barnacle settlement.  

iv Seasonal Deployment and Barnacles  
No A. modestus was found on panels in Arbroath deployed in August and significantly 

more B. crenatus was found biofouling on panels deployed in April than August. B. 
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crenatus was absent with the exception of a very small amount of cover on GGBS. 

Because barnacles have specific seasonal settlement periods, if materials are deployed 

after this, it is unlikely they will be found on the surfaces. Want et al., (2021) found that 

barnacles were completely absent from panels deployed from March until June in Orkney 

because they were deployed after settlement season for barnacles at this location. Without 

annual removal of materials during the barnacle settlement season each year, it is unlikely 

that barnacles could be kept off surfaces completely. Further investigation into seasonal 

studies which are deployed within different seasons and removed after at least a full year 

would help to provide better context. 

v Should Concrete be Tailored to Specifically Remove A. modestus? 
The invasive barnacle A. modestus has been recorded as present on the East coast of 

Scotland since the 1960s (Nall et al., 2014) and was present within all three harbours in 

this study. Despite being a warm water species which originated in the South-West 

Pacific, this has not stopped A. modestus from establishing in the UK near its northern-

most range. A. modestus has become established around the entire British Isles after its 

accidental introduction in the 1950s (O’Riordan et al., 2020). Although often more 

prevalent on artificial surfaces, A. modestus has established on natural rocky shores 

(Gallagher et al., 2015). It may not always be the most dominant species and the most 

common barnacle in the UK, S. balanoides, is able to out-compete it (Gallagher et al., 

2015). However, in some locations it has become the dominant barnacle species (Lawson 

et al., 2004). Furthermore, a lag period before dominance is often observed with invasive 

species and has been witnessed with A. modestus. A. modestus has been shown to be able 

to take advantage of milder winters, where it is able to utilise its longer breeding seasons 

and quicker maturity to dominate the shore in the space of a few years, despite being in a 

community for 50 years without dominating (Gallagher et al., 2015). With the predicted 

warming of UK waters (Dieterich et al., 2019), the domination by A. modestus is likely 

to increase. It may therefore be beneficial to keep exploring ways to reduce this species, 

if it is likely to become an increased issue.  

Barnacles are also an unwanted fouler of boats and so their presence in harbours is not 

always welcome. This study found that in some locations rougher surfaces can 

significantly reduce fouling by both invasive barnacles and native barnacles. If the desire 

is to reduce invasive and native barnacle settlement, using form liner modified concrete 
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surfaces similar to ZEMDrain is not recommended. In contrast with other studies, it is 

recommended that, if lowering barnacle cover is desirable, creating a rougher surface, 

such as an exposed aggregate or Hemp surface, is likely to be more effective. 

There are also benefits to biofouling by barnacles. Barnacles are known to be a natural 

barrier to protecting concrete in the marine environment from chloride ingress (Lv et al., 

2022). This can increase the durability, lifespan and need for repair, ultimately reducing 

the carbon footprint of harbour infrastructure. The reduction of native barnacles also 

conflicts with ecoengineering goals to increase biodiversity. Barnacles are important 

pioneer species, often acting as ecosystem engineers making surfaces more habitable for 

numerous other species (Coombes et al., 2015).  

A. modestus is also already well-established throughout the UK (NBN Atlas, 2022). 

Although this study argues that measures should still be in place to continue to try and 

reduce/discourage the spread of marine invasive species, the costs and benefits of doing 

so need to be considered carefully.   

vi Invasive Sea Squirts 
In contrast to A. modestus’ preference for flatter surfaces, the invasive sea squirt C. 

eumyota was only observed on the three rougher panels at Anstruther. This observation 

was not statistically significant, most probably due to the low cover of this species on the 

panels. C. eumyota was also found on ZEM and PC panels in Arbroath during 

colonisation studies. At Anstruther C. eumyota was more strongly associated with 

Whinstone than any other type of concrete in the comparison on principal components 

one and two. Although this study could not find any literature examples investigating C. 

eumyota settlement in relation to roughness, it is known to settle on a wide variety of 

surfaces including shallow wave energy devices (Nall et al., 2017), marine pontoons in 

harbours (Kenworthy et al., 2018), artificial reefs (Herbert et al., 2017) and natural shores 

(Collin et al., 2010). C. eumyota is known to be present in the area of the East coast of 

Scotland, both in harbours and on rocky shores.  

vii Cover of Corella eumyota  
The very low amount of C. eumyota seen within this study is not always typical of C. 

eumyota in other locations. C. eumyota has been known to smother species, form clumps 

which block pipes and has encroached into habitat space of native species (Bishop, 2019). 
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Dauvin et al., (2021) found that C. eumyota had become the dominant fouling taxa after 

one year deployment on concrete artificial reef blocks in France, and remained dominant 

for four years (Dauvin et al., 2021). The low dominance of C. eumyota within this study 

could be from low propagule pressure from within the harbours.  Within the invasive 

species searches, C. eumyota was also only found in 2019 and not in 2020, despite C. 

eumyota being found on panels a year later in January 2021. This could be reflective of 

the fact that C. eumyota larvae typically settle within a few minutes, so do not travel far 

(Collin et al., 2010). Typically, this would mean an established population within a 

harbour would be required for propagules to be able to settle on harbour surfaces. 

However, C. eumyota is also able to self-fertilize, which enhances a species’ chances of 

spreading, despite this short larval period. Self-fertilization means that the introduction 

of just one adult individual on the bottom of a boat in spawning season has the possibility 

to form a new population in a new area (Collin et al., 2010).  

Another reason C. eumyota may not have always been found in all harbour searches is 

that it was not possible to search many of the horizontals surfaces of a harbour, such as 

ship hulls and under pontoons. In natural habitats C. eumyota have been found most 

abundant on rocky shores in clumps under ledges or rocks and boulders (Collin et al., 

2010), although C. eumyota has also been noted as abundant on vertical concrete surfaces 

of artificial reefs (Herbert et al., 2017). This study only examined vertical pontoon 

surfaces and was not able to examine the horizontal surfaces under pontoons during 

harbour searches. Further studies also examining horizontal surfaces may provide a better 

in insight into the settlement preference of C. eumoyta, as well as any other species that 

prefer horizontal settlement. To help get a better picture of the invasive community within 

a harbour where horizontal surfaces are not reachable, small horizontal panels could be 

deployed which can be removed and inspected whenever a harbour is searched.  Regular 

searches of harbours at multiple times of the year, noting rough estimates of quantities of 

invasive species, could also help determine if communities are established within a 

harbour location or recurringly transported in. This would help provide more context to 

biofouling studies.  

viii Role of Corella eumoyta in Successional Communities  
At Arbroath, C. eumyota was present on four types of concrete (Hemp, PC, Sandstone 

and ZEM) after 4 and 7-months of deployment. However, they were present at very low 



 

 

232 

levels of cover, and were not present after 21-months. The low cover could be due to the 

above-mentioned reasons explored for Anstruther. However, it could also be due to the 

individuals of C. eumyota recorded being juvenile individuals. C. eumyota is known to 

be able to spawn for six months through summer (Lambert, 2004; Bishop, 2019) and the 

individuals on the concrete after 4-months and 7-months could have still been juveniles.  

There may then be several reasons why, after 21-months of deployment C. eumyota was 

no longer observed on the panels, despite those panels being deployed at a time when C. 

eumyota were known to have been able to settle within that location. Some species show 

seasonal changes in abundance, and some sea squirts species are known to ‘die-back’ in 

winter and reduce in abundance (Loureiro et al., 2021). There is no definitive answer as 

to whether this is the case for C. eumoyta. However, it is mentioned by el Nagar et al., 

(2010) that more individuals were noticed in surveys in February than in summer months. 

Therefore it may be unlikely that C. eumyota numbers decrease in winter.   

Other biological factors, such as competition or predation, may have removed the species 

once settled. At Arbroath, compared to Anstruther a large proportion of the community 

was made up of native sea squirts, notably Ciona intestinalis. The fast growth and large 

size of C. intestinalis is known to quicky dominate communities (Caputi et al., 2015). 

However, it is unlikely that this species outcompeted C. eumyota. Firstly, because overall  

cover of panels at Arbroath was relatively low, around 35%, there was still space to settle 

without competition. Secondly, C. intestinalis was the dominant species at 7-months but 

was no longer dominant after 21-months. This change is probably due to the seasonal 

reduction in abundance this species undergoes during winter (Caputi et al., 2015). It 

would therefore be expected that if C. intestinalis was in competition with C. eumyota, 

then more C. eumyota might be seen in winter if does not undergo this same seasonal 

change. 

It may also be due to predation. Ascidians are known to be particularly vulnerable 

compared to other groups of biofouling organisms to predation (Giachetti et al., 2020). 

Loureiro et al., (2021) found that solitary ascidians are particularly vulnerable to 

predation when compared to colonial sea squirts and reach their highest abundance when 

predators are excluded from biofouled panels. Leclerc et al., (2020a) also found this. 

Giachetti et al., (2019) found that invasive sea squirts biofouling in ports were less likely 
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to become dominant in a community with predation. Although there has been no specific 

literature investigating this, this study poses the question, could C. intestinalis have 

provided protection against predation to C. eumyota? C. intestinalis is relatively large in 

size and protrudes far from the surface. C. intestinalis had low cover in January 2021 and 

potentially this reduced cover could make C. eumyota more visible and accessible for 

predation from the surface. This study did not examine the influence of predation, but this 

would potentially be a valuable area for future research.   

Due to the low cover of C. eumyota observed, this study can give no recommendation to 

the settlement preferences of C. eumyota. This is a species which has been demonstrated 

to become quickly widespread on both natural shores and harbours (Collin et al., 2010; 

el Nagar et al., 2010) with possible ecological and economic consequences (Bishop, 

2019). Continued studies focusing on a surface to reduce settlement of C. eumyota could 

have both ecological and economic importance (Bishop, 2019). These studies should, 

however, also consider orientation, predation and interaction with other ascidian 

biofouling species to further understand the context of how much the surface will alter 

biofouling over other factors. Laboratory settlement trials were attempted as part of the 

present study. Although these were unsuccessful possible methodology for future studies 

to trial this are presented (Appendices). This may help determine the baseline for how sea 

squirts react to surface change which can then be compared to field trials to determine the 

difference seen with predation and interaction with other biofouling organisms.  

The longer-term study was conducted to attempt to provide the closest idea of what a 

typical established community would look like for each type of concrete. However, this 

approach only provides an insight into a community at a specific time of year and at a 

dynamic point within the succession of a biofouling community. As the aim of this study 

was to produce a surface to resist biofouling by invasive species for the entire time the 

surface is in the sea, investigating the presence of invasive species at regular intervals 

during succession is also important.  

Only one invasive species was identified after removal from Arbroath harbour in January 

2021 and was present with low cover. During the entire colonisation study, five invasive 

species were identified on the concrete. In the colonisation study, there were no 

statistically significant differences in invasive species cover between any type of 
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concrete. Over the entire course of deployment Hemp had the highest cover of marine 

invasive species followed by PC and ZEM. 

All cover by marine invasive species was extremely low. This was partly due to some 

individuals being juvenile. In general terms, there are two peak settlement seasons for 

biofouling species within the UK: around Spring and early Autumn, although this is also 

species-dependent (Want et al., 2017). The deployment periods of 4 and 7-months used 

within this study would have given species a chance to settle and grow to an identifiable 

size, whilst still potentially being juvenile. Also of note is that settlement periods display 

annual variation and will be influenced by variable factors such as temperature (Krone et 

al., 2013). This study had no previous recorded data of typical peak settlement periods 

for the area, and so it is also possible that settlement was earlier or, most probably, later 

than expected. Low cover was also due to the type of invasive organisms found. For 

instance, the seaweeds and erect bryozoans were often larger organisms with small 

attachment points, and, therefore, small areas of cover.  

There are other biofouling measurement techniques, such as counts, which might have 

provided further information regarding abundance with low cover. However, as larger 

amounts of cover were expected to be encountered during the longer-term studies, 

estimation of cover was chosen as the measurement type. Furthermore, it is still 

recommended that estimation of percentage cover is used as a metric in such studies, since 

it is likely to provide useful information relating to surface interactions of species. 

However, if relatively few species are recorded, and if not unreasonably time-consuming, 

counts should also be noted.   

ix Sandstone vs Whinstone 
There were no significant differences between the cover of invasive species on Sandstone 

and Whinstone. Schaefer et al., (2021) found that on concrete with Sandstone rock 

embedded on the surface had the highest cover of invasive species, around double on 

Portland cement concrete or oyster shell covered concrete, but this difference was not 

significant. As also found within this study, these differences were not significant and 

therefore they could just be down to chance. 

Despite the lack of statistically significant relationships between any of the concrete types 

and invasive species cover in the succession study, it should be noted that at no point 



 

 

235 

during the succession study was an invasive species ever observed on Whinstone. In 

contrast, three different invasive species settled on Sandstone. One species, M. harveyi, 

was seen growing on Whinstone from August to December 2019 in the seasonal study. 

Despite the lack of significant differences, it is still a result worth exploring further. 

Schaefer et al., (2021) found concrete with Sandstone rock embedded on the surface had 

the highest cover of invasive species, around double the cover found on Portland cement 

concrete or oyster shell-covered concrete, but this difference was not significant.   

There was no significant difference in macro-roughness between the exposed aggregate 

concretes. However, 11 minerals were found within Whinstone surfaces that were not 

found in any other types of concrete, a result of the presence of the Whinstone aggregate 

itself. Biplots of principal component analysis did show distinction between Whinstone 

and Sandstone panels, mainly associated with chemical differences. In particular, 

principal components three and four across all three locations revealed Whinstone and 

Sandstone were split directly opposite each other on the plots, suggesting strong anti-

correlation with K2O and MgO, associated with Sandstone, and Na2O and P2O5, 

associated with Whinstone. These chemical differences could potentially explain 

differences observed between these two types of concrete. When examining differences 

between Sandstone and Whinstone with respect to native species cover across all 

locations after 21-months of deployment, and the colonisation and seasonal studies at 

Arbroath, there is only one instance where there may have been a significant difference 

between Whinstone and Sandstone. After 21-months deployment at Anstruther harbour 

there was a significant difference between the cover of S. lamarcki with respect to 

concrete type. Although post-hoc tests did not reveal between which types of concrete, 

cover was highest on Whinstone with Sandstone having lower cover. This difference is 

of sufficient magnitude that the error bars do not overlap, which indicates that this could 

be the significant difference. Furthermore, when principal components one and two were 

compared for Anstruther, S. lamarcki was strongly associated with Whinstone. Schaefer 

et al., (2021) found that Hydroides spp., which is also a type of serpulid polychaete, 

occupied twice as much cover on darker surfaces than lighter ones. The influence of 

colour on settlement is further discussed below. This difference was also only observed 

at one location as S. lamarcki cover between Sandstone and Whinstone was similar at 

Arbroath. There are other examples of notable species differences between Whinstone 
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and Sandstone. At Arbroath, cover of C. intestinalis after 21-months was higher than 

Whinstone. Also, after 21-months deployment at Anstruther, cover of B. schlosseri on 

Sandstone was much higher than Whinstone, but this was not observed at the other 

location, at Arbroath B. schlosseri cover was higher on Whinstone. At Tayport, C. bonellii 

had higher cover on Sandstone and less on Whinstone. At Anstruther C. eumyota was 

more strongly associated with Whinstone than Sandstone in the comparison of principal 

components one and two. 

Many of these differences involved ascidian species. The differences observed in ascidian 

settlement could be due to differences in their preferences for colour of the surfaces. Ells 

et al., (2016) found significantly higher densities of C. intestinalis on black and grey 

surfaces than coloured (blue, red, green) or white surfaces. They also observed that B. 

schlosseri cover was significantly lower on white surfaces compared to coloured or dark 

surfaces. Whinstone appears dark underwater whereas, sandstone appears lighter 

(Holmes et al., 1997). Preference for darker colours could explain the higher cover of 

ascidian species at some locations in this study. This influence is not likely to extend 

across all invasive or native biofouling organism as Schaefer et al., (2020) found no 

significant difference in cover between black, white and grey concrete tiles for non-

native, native and cryptogenic communities. Colour was not quantitively measured within 

this study, but could be explored in future. Other differences could be due to different 

biological factors such as predation, previously mentioned, which were not examined 

within this study.  

Green et al., (2012) found similar findings to this study, with mostly no significant 

difference between species on basalt and sandstone, with occasional exceptions which 

were never consistent across location or time. They did find that, in all scenarios, 

barnacles settled more on basalt than sandstone (Green et al., 2012). This study did not 

find this and found total cover by barnacles higher on Whinstone at Arbroath but not 

Tayport and Anstruther. Furthermore, there were species-specific differences too with B. 

crenatus highest at Whinstone for Tayport and Arbroath, but S. balanoides was higher on 

Sandstone at Anstruther. Barnacle settlement preferences have been studied across 15 

different rock types by Holmes et al., (1997). Basalt was found to have a low specific 

heat capacity which increased mortality of barnacle cyprid settlement (Holmes et al., 

1997). Grain size of rocks can also have a significant influence on barnacle settlement: 
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basalt is a finely-grained rock leading Holmes et al., (1997) to suggest that this was one 

reasons they found significantly more barnacle settlement. Further investigation into the 

differences between grain-size between the rocks used for exposed aggregate surfaces in 

relation to biofouling differences may be worthwhile.  

Considering the biofouling communities on Whinstone and Sandstone, they are very 

similar. Species richness after 21-months across the three locations was similar, with 

Whinstone having the higher richness at Arbroath and Tayport, and little difference 

between the two surfaces at Anstruther. Schaefer et al., (2021) also found no difference 

in taxa richness between concrete surfaces embedded with sandstone and Portland cement 

surfaces. Diversity between these concrete types after 21-months was not significantly 

different. However, there was a noticeable difference between the diversity between these 

two concrete types within the colonisation study, as Sandstone had a consistently lower 

diversity at evert time point compared to Whinstone. As the diversity of Sandstone was 

lower than all types of concrete, it will be discussed in Section 4.7.2iii. Green et al., 

(2012) did not find any consistent differences in the community of biofouling species 

between Whinstone and Sandstone, with only isolated instances with respect to time and 

location where they were significantly different. This supports the conclusion that 

differences between the geology of exposed aggregate concrete do not have a strong 

influence at a community level.  

It may be difficult to determine exactly what properties of different rock surfaces 

influence biofouling. A review of how natural geology influences rocky shore ecology 

conducted by Caldwell et al., (2009) highlights how factors such as mineral composition, 

microroughness, biofouling community, competition, currents and other factors are all 

likely to influence the community and species settlement, but often confound each other. 

This means being able to distinguish exactly what influence each of these have may not 

be possible. As Sandstone and Whinstone surfaces were made to replicate natural 

surfaces, studies of natural shores with different geology could provide more context. 

However, this aspect was not investigated, due to difficulties in drawing conclusions 

when comparing across locations, and also because comparison of long-term established 

communities and newly deployed surfaces is likely to be of limited meaning.   
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Where exposed aggregate concrete with different rock types was used no statistically 

significant differences were seen.  The macro-roughness of an exposed aggregate surface 

may prove more important, leading to very similar communities between the two surfaces 

compared to the other types of concrete. 

x Invasive Erect Bryozoans  
There was no significant differences in the cover of any invasive erect bryozoans within 

this study, and cover for these species was very low.  

Both B. neritina and B. fulva were found on Sandstone panels deployed from April to 

August 2019 and GGBS panels deployed from August to December 2019. B. neritina was 

also found on GGBS panels after 4 and 7-months of deployment from April 2019 at 

Arbroath. Schaefer et al., (2021) found that, four species of bryozoans were selective 

about the type of concrete they settled on in their study, which investigated two 

roughnesses across black, white and grey colours. Hickling et al., (2022) found B. neritina 

and other erect bryozoan species, B. flabellata and Bugula turbinata, had higher cover on 

exposed aggregate concrete which also had a microsilica addition to the mix. B. neritina 

and B. turbinata were also found on concrete which contained an alkali-activated GGBS 

binder, but in lower amounts than the exposed aggregate concrete, with no individuals 

found on the standard cement concrete control (Hickling et al., 2022). Although the 

concrete types used by Hickling were not the same as this study, it does reflect a similar 

pattern. Of particular note was that no erect bryozoans were found on standard cement 

concrete. Hickling et al., (2022) did not perform any chemical analysis on the concrete 

which may have enabled further comparisons between their study and this study.   

Compared to the settlement of other invasive species, much more is known about the 

physical settlement preferences of B. neretina. This is probably because it has a short 

settlement period with larvae settling in under an hour (Dahms et al., 2004). Additionally, 

their settling behaviour can easily be observed due to their size, making them ideal for 

laboratory studies. Bugula ssp. spores are even able, like barnacles, to use temporary 

adhesive glue to attach, search, dislodge and then research the settlement site if 

unfavourable (Keough, 1984). The increased settlement on exposed aggregate surfaces 

aligns with findings that B. neritina prefers to settle at the base of structures. Trials are 

often conducted with 90-degree ridges, which leads to increased survival (Walters and 

Wethey, 1991; Walters and Wethey, 1996). The influence of the nature and scale of 
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surface texture on settlement has also been investigated for B. neritina, and it was 

established that small pits, 2 mm deep, were settled in less compared to large pits of 5 

mm depth, which Walters and Wethey (1996) suggested was because deeper pits provided 

a better refuge. Although exposed aggregate concretes would unlikely form the exact 90-

degree angle that has been explored within these other studies, the protrusion of aggregate 

from the surface is likely to be close to this. It may also explain why, despite being a 

rougher surface, there were no erect bryozoans found settling on Hemp panels as there 

were no refuge areas. 

Other factors are also known to influence settlement of B. neritina such as light, water 

flow, time the surface has been exposed to seawater (Walters et al., 1999) and the nature 

of any biofilms present (Dobretsov and Qian, 2006). The role of biofilm is not covered 

within this study and the limitation of this is discussed further in Section 5.3. Predation 

has also shown to significantly lower cover of B. neritina (Dumont et al., 2011). In some 

cases, a six to ten fold decrease in cover by marine invasive species which were exposed 

to predation occurred, including Bugulina spp. (Dumont et al., 2011) and predation could 

have influenced the cover of invasive erect bryozoans within this study.  

Much less is known about the settlement preferences of the cryptic species Bugula fulva. 

It is known to settle in marinas (Kakkonen et al., 2019) and floating renewable devices 

(Nall et al., 2017) and therefore being present on concrete within this study is not 

surprising. 

xi Melanothamnus harveyi 
Within this study M. harveyi was observed growing on GGBS, ZEM, Sandstone and 

Whinstone panels deployed in August 2019 for 4-months. This species was found 

growing on the other two types of concrete Hemp and PC, after deployment for 7-months 

from April 2019. No significant differences between the concrete types were observed in 

any study and this species was able to settle across all types of concretes deployed. 

Similarly, little is known about the settlement preferences of M. harveyi. This is a small 

red seaweed, which is usually now identified through genetic analysis (Wolf et al., 2018; 

Sánchez-Velásquez et al., 2021). In doing so, recording what type of surfaces the species 

settle on is not recorded because it cannot be fully identified until after genetic analysis. 

Also, in some cases, M. harveyi cannot be distinguished from Melanothamnus japonica, 

which is noted at one of the top ten fastest spreading invasive red algaes (Sánchez-
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Velásquez et al., 2021). Much more focus is currently being placed on using genetic 

analysis to track the fast increase in geographic range of this species, to gain a better 

understanding of the possible mechanisms of spread (Wolf et al., 2018; Sánchez-

Velásquez et al., 2021). For this species, shipping is unsurprisingly thought to be the main 

vector, therefore there is a need to employ approaches that may discourage settlement in 

ports (Wolf et al., 2018; Sánchez-Velásquez et al., 2021).  

Another reason the settlement preferences or M. harveyi are less well-known is that it is 

a common epiphytic species (Jones and Thornber, 2010). This study did not find M. 

harveyi as an epiphyte. However, there was very rarely an individual of seaweed observed 

typically large enough to be settled on during this study. The only epibiotic invasion 

exhibited was within this study, A. modestus was able to grow on other species of 

barnacle, which is not an uncommon occurrence, as barnacles have a hard shell which is 

readily settled on. Invasive epibionts or epiphytes, as well as biofouling cascades, were 

not observed as being an issue in this study (Gutiérrez and Palomo, 2016).  

M. harveyi was the only species in this study to significantly differ in cover over time. 

This study found it exclusively on concrete deployed in August and was not found 

biofouling on concrete deployed in April until 7-months after deployment in this summer 

period. A peak in M. harveyi abundance in Autumn was also noted in Yamamoto et al., 

(2013). It is therefore likely that M. harveyi settles sometime between September to 

December. Originally it was planned to deploy another set of panels from December 2019 

to March 2020 which would have enabled determination of when M. harveyi settlement 

season may have ended, but due to the pandemic this was not possible. M. harveyi was 

not found during the 21-months of deployment. This can be explained by M. harveyi’s 

seasonality, as this species is known to rapidly reduce in abundance in winter (Yamamoto 

et al., 2013). Other reasons could be due to grazing pressure as M. harveyi abundance has 

been linked to snail abundance (Jones and Thornber, 2010).   

xii Best Time to Deploy Concrete to Reduce Invasive Species 
Settlement 

There was no difference in total cover or species richness of invasive species found when 

deployed in April or August for 4-months. A. modestus was only found on panels 

deployed in April, M. harveyi was found only on panels deployed in August and the other 

three species, B. neretina, B. fulva and C. eumyota were found at both time periods. Four 
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of the five species were found on GGBS and Sandstone, which were the most prevalent 

types of concrete to find marine invasive species on, but there were no significant 

differences for the species between concrete type. Furthermore, all but one species was 

not present 21-months later in the more established community, which may be due to 

retrieving the concrete in January (Section 4.7.2iv), predation or other unmeasured 

factors. Therefore, it was not possible to recommend a specific time for deployment or 

type of concrete for deployment that was more or less successful for reducing the 

settlement of invasive species.  

 

4.7.2 Total Biofouling Community  

i Influence on Native Species  
After 21-months of deployment across the three harbours, there were no significant 

differences in their cover between the different types of concrete for the majority of the 

species. With the exception of B. schlosseri, which was absent from GGBS panels in 

Arbroath, every native species occupying over 1% cover on at least one panel, settled on 

every type of concrete. Three species, however, did have significant differences in cover 

between types of concrete after 21-months: at Anstruther B. schlosseri and S. balanoides 

and at Arbroath H. squamula. Where these species were also found at other locations, no 

significant differences were observed. For all three of these species, the GGBS, ZEM and 

Sandstone concretes all differed significantly in cover compared to at least one other type 

of concrete, and ZEM and Sandstone were significantly different to each other for all 

three species.  

From the PCA analysis, there were no similarities between these types of concrete in 

terms of the measured physical or chemical properties. The three species for which 

significant differences were observed are also very different. All three are from different 

phylum. S. balanoides and H. squamula are considered pioneer species (Want et al., 

2021), but B. schlosseri is known to be a secondary settler (Gittenberger and Moons, 

2011). Therefore B. schlosseri is more likely to be influenced by the wider community 

which altered the nature of the panel during deployment. Biofouling communities on 

ZEM and Sandstone panels at Anstruther were also significantly different, demonstrating 

a difference at community level. However, this was not consistent across location and this 
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study is unable to suggest an explanation for the significantly different cover of these 

species across these types of concrete.  

ii Difference in the Biofouling Community Seen Between Locations 
All three harbours also had different species richness to each other. All three harbours 

within this study also presented different conditions to each other (Section 2.5.2). 

Differences in community between biofouling locations, even in relatively close 

proximity to each other, is not uncommon (Herbert et al., 2017; Susick et al., 2020). This 

is because of the complex factors that influence settlement which can include larval 

supply (Lockwood et al., 2005), currents (Floerl and Inglis, 2003), artificial structure 

density (Susick et al., 2020) differences in boat usage (Clarke Murray et al., 2011) and 

salinity (Kinsella and Crowe, 2016; de Castro et al., 2018). 

One of the characteristics that differed between the harbours, which is known to influence 

sessile marine communities, is the risk of desiccation (Hopkins et al., 2016; Loke et al., 

2016). Desiccation often has a strong influence on species survival, as some species are 

unable to cope with being out of water and some have adapted different degrees of 

tolerance and can survive for periods of time exposed to the air during a tidal cycle. Early 

life stages can be particularly vulnerable and there is large variation in the length of time 

species can survive out of water. For example, juvenile Ciona spp. (sea squirt) can survive 

up to eight hours out of water, but juvenile Mytilus spp. (mussel) can survive for 24 hours 

(Hopkins et al., 2016). In this study, notably higher number of species were found 

exclusively at one harbour: eight at Anstruther, an intertidal harbour, compared to only 

two at Arbroath and three at Tayport, both subtidal harbours. Typically, richness and 

diversity are usually higher in subtidal communities. For example, in concrete Vertipools 

installed on seawalls, 15 species were found living on the outside of the pool but 24 

species were living in the submerged part of the pool (Hall et al., 2019).  

Desiccation, however, may not be the main cause of the differences observed in this study, 

as the panels at Anstruther were still submerged for the majority of the time. For five of 

the six types of concrete, diversity was higher in Anstruther than the other two harbours. 

Another factor that can influence a community is disturbance. Disturbance can alter the 

typical succession of a community which can influence the diversity (Nall et al., 2017). 

Anstruther harbour was dredged during the deployment, which could be classed as a 

disturbance event. It is also likely that the difference in diversity may, therefore, be linked 
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to larval supply and other unmeasured factors. The influence of these unmeasured factors 

might also be quite large. Using PCA, the first four principal components only explained 

59.2% of the variance are Tayport, 53.3% at Anstruther and 57.1% at Arbroath.  

iii Differences in the biofouling community between different types of 
Concrete Types . 

It was hypothesised that biofouling communities on exposed aggregate concrete might 

display higher diversity and richness, but this was mostly not observed. Natural 

communities or studies with natural rock are typically seen to have higher biodiversity 

and richness compared to concrete (Moschella et al., 2005; Firth et al., 2013b). The 

succession of communities has also been demonstrated to be different on rock versus 

concrete (Loke et al., 2016). Although at Tayport the exposed aggregate surfaces did have 

higher diversity than ZEM, these surfaces never had a significantly higher biodiversity, 

richness or different community than the PC control. Furthermore, except for Anstruther 

and Whinstone at Arbroath, the exposed aggregate concrete types had lower diversity 

than PC, and the lowest diversity of all types of concrete at Tayport. Sandstone 

consistently had the lowest diversity of all of the types of concrete at all three time points 

in the colonisation study at Arbroath. There was no significant difference in this finding 

compared to other types of concrete, and no clear relationship of roughness influencing 

diversity change over the course of the colonisation study. Schaefer et al., (2021) found 

sandstone embedded on a concrete surface, compared to Portland cement concrete, did 

not significantly change taxa richness. Additionally, studies have found that in early 

biofouling communities which were deployed for a year (Burt et al., 2009) or 17-months 

(Creed and Paula, 2007), that geology did not influence biofouling richness. Loke et al., 

(2016) found that communities on granite had a lower species richness than Portland 

cement, reflecting what this study observed.  

The lack of biodiversity on rougher exposed aggregate surfaces was, nonetheless, 

surprising, as the more variable surface they should, in theory, be able to support a more 

diverse range of species (Johnson et al., 2003; Kostylev et al., 2005). There are two main 

considerations from this finding. Firstly, this study did not investigate how accurately the 

exposed aggregate surfaces replicated natural rocky shores. Therefore, expecting 

biofouling communities to behave similarly to natural shores might have been an 

unrealistic expectation. Future investigations could deploy exposed aggregate panels next 
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to cleared areas on natural Whinstone and Sandstone shores. This would enable 

investigation into how community settlement differs on truly natural surfaces compared 

to concrete exposed aggregate surfaces.  

Secondly, if roughness on its own was the only measure of increasing diversity, it would 

be expected that the roughest surface Hemp would also have significantly different 

diversity, which it did not. How changing the roughness of a surface influences biofouling 

is complex. Just measuring the Ra of a surface may not be the best way to fully categorize 

this type of surface characteristic. This conclusion was also reached by Coombes et al., 

(2015) which also deployed exposed aggregate surfaces and found pitted and grooved 

surfaces had a higher species richness, despite having a lower Ra.  

Furthermore, the changes in roughness for this study were consistent across the entire 

surface of the panel when compared to changes in studies, such as Loke et al., (2016), 

Borsje et al., (2011) or Hayek et al., (2021), which used flat surfaces containing a variety 

of pits and grooves or surface textures. These provide multiple different spaces on a 

surface where the different settlement preferences of different species may be met. 

Providing more variation of the types of changes in roughness on the surface may be able 

to provide a more diverse community than the types of concrete used within this study.  

Although there was limited influence of roughness on the biofouling community after 21-

months of deployment, when looking at colonisation at a species level, there were 

possible differences. Ido and Shimrit (2015) noted within their study that biofouling 

communities changed differently over time depending on how rough or smooth panels 

were. Rougher panels exhibited an increase in species over time, whereas smooth panels 

did not undergo any shift in community at 3, 6, 12 and 22-month intervals. Although this 

was not observed in this study at a community level, at species level some differences in 

cover were observed between rougher and smoother surfaces. Diplosoma sp., H. 

squamula, Spirobranchus ssp. and B. crenatus all occupied greater cover on smoother 

surfaces after 21-months. Furthermore, for these species, the increase in cover on the 

flatter surfaces appeared to be steeper over time than rougher surfaces. This contradicts 

the findings of Ido and Shimrit (2015). However, only H. squamula had significant 

differences in the cover over time and between types of concrete and so this influence 

was only slight.  
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iv Removal of the Concrete in January  
The species encountered in this study are known to be typical opportunistic pioneer 

species. Want et al., (2021) identified the pioneer species within their study to be 

calcareous tube worms (Spirobranchus triqueter), bryozoans (Cellepora hassalli), saddle 

oysters (Anomia ephippium), hydroids (Ectopleura larynx) and tube-forming amphipods 

(Jassa falcata). Although the same species were not found within this study, the same 

types of organisms were observed., with the exception that Want et al., (2021) did not 

observe any barnacles. Want et al., (2021) stated that was the result of their deployment 

missing the barnacle settlement season.  Barnacles are typical biofouling pioneer species 

(Coombes et al., 2015) which were observed within this study too.  

The presences of sea squirts within the community provides some evidence that 

communities were becoming more established (Lindeyer and Gittenberger, 2011). 

Typically, as a community develops the community diversity and richness will increase 

with time (Krone et al., 2013), until a climax community is reached after which there is 

little change in the community and diversity. However, when examining the change in 

diversity and richness at 4, 7 and 21-months in Arbroath, no significant differences were 

observed. Typically, this result would reflect a community which has reached its climax, 

but this is unlikely. Communities will often remain dynamic with cycles through different 

dominant species changing over time, for often at least the first three years of deployment 

(Khalaman, 2001). However, in some cases this development can be much longer (Vance, 

1988). Disturbance events can also trigger further succession and delay or stop 

communities reaching climax communities. This is particularly common on man-made 

structures as disturbances can be frequent (Krone et al., 2013).  

Therefore, it is more likely that the results observed in this study do not follow the typical 

trend of seeing an increase in the diversity and/or number of species over time due to the 

removal of the frames in January. Many biofouling species, including some ascidians 

(Lindeyer and Gittenberger, 2011), erect bryozoans and seaweeds, are known to have 

seasonal cycles (Vance, 1988; Kerckhof et al., 2010) and can ‘die-off’ or become much 

less abundant. Therefore, the community and species examined in this study at 21-months 

may not be representative of the community during the rest of the year. It is difficult to 

determine exactly how representative this community is without a more established 

summer/autumn community for reference. Similarly to this study, Lindeyer and 
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Gittenberger (2011) found that biofouling communities were more similar in winter than 

spring as many species had died back. In future, studies to investigate the biofouling and 

diversity should, if possible, be removed in Autumn, before winter, but after sufficient 

time for growth in summer to be able to develop a clearer understanding of the full 

biofouling community on each type of concrete. 

v Chemical Changes Influence on Community  
Chemical differences between concrete types had a limited influence on the biofouling 

communities. The main differences in composition existed between the exposed 

aggregate concretes, as well as the PC and GGBS concretes. At no point in time was the 

nature of settlement on the two exposed aggregate concretes significantly different, and 

this was also the case when comparing PC and GGBS.  

However, the three elements that were the most abundant in the concrete mixes differed 

notably between the GGBS and the exposed aggregate concretes. GGBS had significantly 

lower richness compared to Whinstone and Sandstone at Anstruther. Both PC and GGBS 

displayed significantly higher diversity compared to the Whinstone at Tayport after 21-

months of deployment. However these differences were not consistent across location, 

and varied with exposed aggregates having higher richness at one location but lower 

diversity at another. It is therefore more likely that other factors were responsible for this 

difference.  

The limited influence of the chemical composition of concrete surfaces has been observed 

in other studies. Dennis et al., (2018) did not find significant differences in mean richness 

between hemp, shell and GGBS-containing panels. Hemp panels supported increased 

diversity compared to GGBS, which is not true of this study, where Hemp always had 

lower diversity. However, the percentage replacement of cement with hemp by Dennis et 

al., (2018), was higher than this study. Ido and Shimrit (2015) found no significant 

difference in full community between chemical changes, although the differences in 

chemistry were not fully described. However, in all cases these mixes were always higher 

in richness than the control (Ido and Shimrit, 2015). McManus et al., (2018) found that 

concrete in which Portland cement had been partially replaced with either GGBS and/or 

fly ash displayed a significant difference in community, which was not the case in this 

study. Becker et al., (2021) found no significant difference in communities growing on 

concrete containing different cements, including Portland cement and blast furnace slag 
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in a German port. Hartanto et al., (2022) studied a range of different rock surfaces, 

including two types of sandstone, and found similar succession and no significant 

differences with 9 groups / species of seaweed. Although the species of algae were not 

identified in the present study, the overall results were similar. Hayek et al., (2021) 

concluded that chemical changes were outweighed by any physical changes to the surface, 

which in their investigation took the form of a biomimetic pattern on the concrete surface. 

Interestingly, Hayek et al., (2021) monitored biofouling with regular photographs from 

43 to 133 days, which a similar length of time as the first period recorded in this study, 

4-months. After 73 days, Hayek et al., (2021) observed that differences between 

communities on concrete with different chemical compositions ended, whilst community 

differences between concrete with different physical characteristics remained throughout 

the study. Given that concrete is a material with a long-intended service life, if chemistry 

has such a short influence on biofouling, focus on physical changes may be more 

important to maintain longer-term influences. 

vi Seasonal Deployment Influence on Community 
It is also important to remember that the results of both the long-term study and 

colonisation study are within the context of being deployed in April. If the panels were 

deployed at other times of the year, the biofouling community on the panels will have 

likely been different due to the different settlement seasons of biofouling species 

(Kerckhof et al., 2010; Vaz-Pinto et al., 2014; Lindeyer and Gittenberger, 2011; Want et 

al., 2017). This is reflected within the seasonal study. Four of the seven native species 

found with over 1% cover on the panels had significantly different settlement between 

August and April. Species richness across all types of concrete was significantly lower 

when deployed in August instead of April. The diversity across all types of concrete was 

also lower when deployed in August instead of April, but only significantly with GGBS 

and ZEM surfaces. If the aim of this study was to produce more biodiverse surfaces, then 

deployment in April over August would clearly be a better option for these locations. 

However, this is a short-term study, and longer deployment may help determine whether 

this effect lasts, because over time communities typically become more similar (Lindeyer 

and Gittenberger, 2011).  
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vii Cover on Different Types of Concrete  
Increasing the biodiversity of a biofouling community may not always be the main focus 

of a biofouling study. Potentially a reduction of all biofouling might be the most 

appropriate, for example where it could reduce hull fouling and the associated issues with 

this including high fuel and cleaning costs. Only at Anstruther was there a significant 

reduction in the cover of panels after 21-months with GGBS having significantly less 

biofouling than Whinstone. Substrate not having a significant difference on settlement 

was also found within Vaz-Pinto et al., (2014) study after 12-month deployment.  But this 

is likely to vary with location and/or material, as Dennis et al., (2018) found that live 

cover did differ after 12-months deployment and that live cover was significantly higher 

on concrete with cement replaced with hemp and shell than GGBS. Also, at Arbroath and 

Tayport PC had the highest cover and at Anstruther the only other type of concrete that 

had more cover was Whinstone. Live cover differed between materials within Burt et al., 

(2009) but control concrete panels had higher coverage than Sandstone tiles. Therefore, 

if reduction in biofouling cover is the desired effect, then potentially other options than 

typical PC may be most useful.  

Section 4.8 Conclusion  

The conclusion of this study will be covered in Chapter 5.  
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Chapter 5 Conclusion and Recommendations  
To conclude, the results of this study will firstly be directly compared to the hypothesised 

outcomes from Section 3.2.2. These comparisons are followed by a summary of the main 

findings from the study, practical implications of this study and suggestions for future 

research.   

5.1.1 Comparison to hypotheses 
Hypothesis are in bold and italics.  

i PC Hypothesis 
PC concrete will have the highest cover and richness by invasive species compared to 

the other types of concrete  – this hypothesis was rejected 

PC concrete did not have the highest cover by marine invasive species, compared to all 

other types of concrete. However, the PC concrete surface did have significantly higher 

amounts of A. modestus than Sandstone, Whinstone at one location, and Hemp panels at 

two locations. PC did also have the second highest amount of total cover of invasive 

species in the colonisation study. This study was not able to produce a surface which 

consistently and significantly reduced all invasive species cover compared to typical 

Portland cement concrete. At no point in this study did PC have the highest invasive 

species richness than the other types of concrete.  

ii ZEM Hypothesis 
A formliner surface will support lower richness and diversity but higher cover of these 

species compared to PC – this hypothesis was rejected.  

At Tayport the diversity of the community on ZEM panels was significantly higher than 

the exposed aggregate concretes. At no point was the diversity of ZEM significantly 

different to PC or richness significantly different to any other type of concrete.  

However, several species (the barnacles A. modestus, B. crenatus and S. balanoides, the 

flat oyster species, H. squamula, and sea squirt B. schlosseri) settled significantly more 

on ZEM surfaces than other types of concrete after 21-months of deployment. Although 

this was not consistent across locations and where post-hoc testing was possible it was 

shown that these. differences were not with PC.  
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Where invasive species are present on a formliner surface they will occupy higher cover 

of these species compared to PC. – this hypothesis was rejected.  

This study found that cover of the invasive barnacle A. modestus was significantly higher 

on the ZEM surface compared to all other types of concrete at one harbour and 

significantly higher than three types of concrete at another harbour. However, no other 

invasive species displayed significantly different cover on ZEM compared to other types 

of concrete. Therefore, suggesting that most invasive species found it neither favourable 

or unfavourable.  

iii GGBS Hypothesis 
The chemical change caused by the addition of GGBS will alter the native fouling 

community when compared to a Portland cement concrete control – this hypothesis was 

rejected. 

Repeatedly throughout the study GGBS did have notably different interactions with 

biofouling organisms at both a species and community level. These included; 

• The cover of barnacles across this study remained high on GGBS, and in some 

cases cover was significantly higher compared to exposed aggregate and Hemp 

surfaces.  

• Although not statistically significant, erect bryozoans were found more often on 

GGBS than other types of concrete.  

• Four of the five invasive species seen settling within the colonisation study were 

found on GGBS.  

• Where native species had significantly different cover between types of concrete 

after 21-months deployment, this difference existed between the GGBS concrete 

and at least one other type of concrete.  

• GGBS had significantly different diversity to Hemp in the April 4-month 

deployment and at Tayport had significantly different diversity and richness to 

the exposed aggregate concretes at Anstruther after 21-months of deployment.   

• At Anstruther the total cover on GGBS was significantly lower when compared 

to Whinstone, which was the only significant difference in total cover seen at any 

harbour after 21-months of deployment.  
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• The community on GGBS significantly differed to Whinstone and Hemp at 

Anstruther. 

• GGBS also had significantly different amounts of settlement between the two 

deployment periods in the seasonal study. The only other type of concrete to also 

display a difference was ZEM.  

 

The numerous differences observed for GGBS compared to other concrete surfaces would 

suggest that the distinct chemical composition of GGBS did influence both invasive and 

native species fouling at both a species and community level. However, these changes 

were never significantly different to PC, and so the findings are only relevant when 

looking at GGBS as an option compared to the other types of concrete surfaces studied.  

There will be species found whose presence is unique to GGBS surfaces. – this 

hypothesis was disproven. 

C. eumyota was never observed biofouling GGBS panels, but every other invasive species 

observed during the study was found on GGBS at some point. GGBS may therefore be 

less favourable to C. eumyota and discourage settlement of this species. However, the 

difference was never significant and cover by C. eumyota was always low, making this 

conclusion uncertain.  

B. schlosseri was not found on the GGBS surface in Arbroath harbour. This was the only 

type of concrete where one of the top five or six most dominant biofouling species 

observed in this harbour was not found on every type of panel. However, at Anstruther, 

B. schlosseri was found on all types of concrete, and GGBS had the highest cover of all 

the concrete types. In both Anstruther and Tayport harbour with every other species 

biofouled all types of concrete. Therefore, the characteristics of the GGBS surface did not 

prevent any species settling.  
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iv Exposed Aggregate Concretes  
Both types of exposed aggregate concrete will have higher diversity, species richness 

and community than flatter PC, CPF and GGBS surfaces – this hypothesis was rejected. 

It was expected that rougher surfaces would consistently have higher diversity and species 

richness. This was not the case. Throughout the majority of the study, flatter surfaces had 

higher diversity than rougher surfaces.  The diversity of the exposed aggregate surfaces 

was never significantly higher than PC, and for the majority of the time, PC had a higher 

diversity. But at Anstruther, both exposed aggregate concretes had significantly higher 

species richness than ZEM and GGBS. Although not significant, Sandstone always had 

the lowest diversity at 4, 7 and 21-months of deployment at Arbroath. Whinstone never 

had the highest diversity at either the 4, 7 or 21-months deployments.  

Not included within this hypothesis was a species-specific influence which was observed. 

In particular, barnacles were found significantly less on the exposed aggregate surfaces 

than the flatter surfaces at two locations. Therefore, surface roughness would appear to 

be more influential at a species level than at a community level. 

Marine invasive species will occupy less cover than on PC – this hypothesis was rejected.  

There was no significant difference in invasive species cover between the exposed 

aggregate concretes and PC. However, Sandstone and Whinstone both had less total cover 

of invasive species during the colonisation study. Of note, Whinstone had no fouling by 

marine invasive species. Cover by A. modestus after 21-months was always lower on 

exposed aggregate concretes. However, this was not the case for other invasive species: 

C. eumyota did not settle on PC, but did settle on the exposed aggregate surfaces. This 

also varied with seasonal deployment: PC had higher cover by invasive species on panels 

deployed in April for 4-months, but in August exposed aggregate concrete had higher 

coverage. However, due to a lack of significance this hypothesis was rejected.  

There will be a difference in both native and invasive species, and the communities that 

settle on exposed aggregate surfaces of different rock-type – this hypothesis was 

rejected. 

Communities were always very similar for the two exposed aggregate concretes and the 

majority of species invasive and native species were found present on both Sandstone and 

Whinstone. 
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v Hemp 
Hemp concrete surfaces will have reduced cover, richness, and diversity at the early 

stages of colonisation (4-months) compared to the other types of concrete, but this will 

diminish with time.– this hypothesis was rejected.  

There was no significant difference in the total cover, diversity, richness between Hemp 

and any other surface after 21-months at any harbour location. However, at Anstruther 

Hemp had significant different community to PC, ZEM and GGBS.  

Hemp did have significantly lower cover of the marine invasive species A. modestus, 

when compared to PC in this study at two harbours after 21-months deployment.  This 

demonstrated Hemp concrete’s ability to significantly limit cover of an invasive species, 

although this was not consistent across all three locations. The Hemp surface also had 

significantly lower S. balanoides and H. squamula cover, but no other differences in 

species cover were observed. Therefore, although Hemp demonstrated the ability to limit 

cover of some species for longer time periods than early colonisation stages (4-months). 

5.1.2 Conclusion of the main findings of this study  
This study designed and tested six types of concrete with the aim of reducing marine 

invasive species settlement and colonisation. These surfaces were created by changing 

surface properties known to influence biofouling species and communities, including 

changing both the micro- and macro-roughness and chemical composition. Exposed 

aggregate surfaces were produced to determine if the competitive advantage often seen 

by native species on natural rocky shore communities could be replicated on a concrete 

surface. The study also produced the first ever hairy concrete surface. All of the types of 

concrete met industrial and ecological requirements that were set at the beginning of the 

study, ensuring they could be easily implemented by industry and were non-toxic.  

The differences in biofouling on the six types of concrete were analysed across three 

harbours on the East Coast of Scotland for 21-months. At one location further 

investigation into the colonisation of a community at intervals during these 21-months, 

and the difference due to deployment in different seasons were investigated. These field 

studies were possible, and successful, due to the development of a low-mass and low-cost 

frame which allowed many panels to be deployed for variable lengths of time in different 

locations.  
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No type of concrete within this study completely resisted being biofouled by marine 

invasive species, and no consistent changes at community or species level were observed 

across all locations. The results of this study both demonstrate the complexity of 

producing a material which alter the biofouling community, and reduce the settlement by 

invasive species. However, a finding of  note is that when compared to PC, exposed 

aggregate concretes had significantly less settlement by the marine invasive species A. 

modestus at one harbour, and Hemp had significantly less settlement at two harbours. 

This demonstrates that for a specific location modifications to concrete surfaces can 

significantly reduce settlement of an invasive species but this may not be consistent across 

multiple locations.  

Characteristics of the modified concrete surfaces were measured quantitatively. Including 

within the study design surface modifications that were either a single physical or 

chemical change, or a combination of both, enabled conclusions to be drawn regarding 

why differences were found between biofouling communities growing on different 

surface types. Of note was barnacles’ preference for surfaces with low macro-roughness, 

but higher micro-roughness, evidenced by preferential settlement on formliner-textured 

surfaces. In comparison, differences in the chemical composition of concrete had much 

less apparent influence on biofouling. The influence of the addition of hairs to the surface 

of concrete was inconclusive and requires further investigation into the durability of the 

hemp fibres in the marine environment. Also further exploration into the influence of a 

hairy concrete surface, whether with hemp fibres or other materials. 

In the absence of longer-term data which could potentially have been obtained from 

characterisation of summer biofouling communities, there were some limitations to the 

conclusions that could be drawn in this study, due to circumstances requiring the removal 

of the frames in January 2021. This may have contributed to unexpected low biodiversity 

and richness observed on exposed aggregate surfaces after 21-months of deployment 

compared to PC surfaces. However, it may simply be that these surfaces do not promote 

richly-diverse communities.  

Whilst the emphasis in this research has been on discouraging invasive species settlement, 

an additional application of modified concrete surfaces would be for ecological 

engineering purposes to increase diversity of man-made surfaces. All of the types of 
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concrete examined in this study employed a single modification over the whole surface. 

Previous studies into this topic have tended to introduce multiple surface characteristics 

on the same surface such as adding pits, grooves, flat surfaces and multiple textures. 

These studies seem to have been more successful at increasing biodiversity. None of the 

six types of concrete within this study were able to consistently increase biodiversity or 

richness of biofouling communities.  

The invasive species searches in harbours on the East coast of Scotland, conducted as part 

the study, indicate that there is an increasing number of the marine invasive species that 

are probably established within the area. Like much of the UK, this is only predicted to 

rise in the future, highlighting the need to come up with new solutions, such as designing 

surfaces to resist marine invasion. This study cannot recommend one single type of 

concrete for the reduction of marine invasive species, based on its findings. For instance,  

where a hairy surface had the most success at reducing A. modestus, it had the highest 

cover by marine invasive species during the colonisation study.  

Instead, the value of this study lies in the generation of quantitative information regarding 

how biofouling at both a species and community level interacts in a field environment 

with the surface properties of concrete. It is also an example of how a study can be truly 

interdisciplinary, combining best practices from marine biology and engineering to work 

together to address gaps of knowledge in the literature. Biofouling studies can often be 

time-consuming with a high risk of failure. However, the study has hopefully 

demonstrated that there is much still to be learnt from these investigations. It is an 

example of how we can view the materials we place in the sea from both an engineering 

and marine biology perspective and start to learn how to design materials in a manner that 

produces more environmentally beneficial biofouling. With more research being 

conducted which measures surface properties and full communities of biofouling on 

concrete, the areas of further work suggested by this study, and more, will begin to be 

addressed.  If future research can build upon the results presented in this thesis, then more 

successful outcomes in increasing diversity of man-made surfaces in the ocean, and 

reduction in the spread of marine invasive species, will be realised.  
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Section 5.2 Practical Implications of this Study  

This study implemented engineering ‘fundamental characteristics’ into the design of these 

concrete surfaces with the hope that any of the types of concrete surfaces produced as 

part of this study could also be used for industrial applications. The inclusion of this from 

the early stages of the study, alongside ecological ‘fundamental characteristics’, 

demonstrates that the need to consider the material properties of industrial marine for 

more beneficial biofouling is considered to be important. Therefore, the following section 

will provide some recommendations of the future practical implications of this study. 

Firstly, this study recommends adopting a similar methodology where both engineering 

and ecological ‘fundamental characteristics’ are incorporated into the material design 

process. Each project’s ‘fundamental characteristics’ should be drawn from the most 

recent industrial practices, specific requirements of that industry, the relevant literature 

and consultation with engineers and marine biologists. This is particularly important for 

the study of biofouling where, in comparison to how many materials we place in the 

ocean, our knowledge of biofouling and material properties is lacking. Having a project 

that meet the requirements for meaningful data collection for both disciplines can help 

fill that gap in the knowledge.  

Secondly, this study demonstrates the complexity of biofouling and the many factors 

which may influence biofouling. The locations studied were geographically close and still 

some differences between the biofouling locations were witnessed. Due to the complexity 

of biofouling field studies are required and cannot be replicated by laboratory trials. Field 

studies can be time consuming and require at least 12 months to provide a better reflection 

of longer-term data. This time, however, is still much less than the expected 50+ year life 

of a concrete structure and therefore a much quicker way to generate data initially. It is 

this studies recommendation, that if considering deploying concrete into the environment 

to carry out trials of different surfaces in the desired deployment location to understand 

more about the possible biofouling communities. In doing so a more informed choice to 

a concrete which may provide a more diverse community, but one with less invasive 

species, could be considered. 

This study also demonstrates we are not yet at the stage to produce a surface to reduce or 

stop biofouling by marine invasive species. However, this does highlight how an 
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industrial scale study which could measure both physical and chemical material 

properties of the concrete deployed and study the long term biofouling would provide 

very beneficial information to advance these areas of research. Therefore, this study 

would highly recommended incorporating interdisciplinary biofouling study alongside an 

industrial project deploying concrete. Ideally this study would be involved from the start 

so could help inform the ‘fundamental characteristics’ and carry out an initial trail of 

concrete before decisions on concrete used in the final deployment were made, as well as 

long term biofouling monitoring.  

Section 5.3 Recommendations of Future Work  

Throughout this discussion, where necessary, recommendations for further research have 

been suggested. These have included, further investigation into the durability of hemp 

fibres and other ways to produce a hairy surface and investigation into the influence of 

predation on invasive species presence and cover. Where possible it is also important to 

consider deployment within different seasons over a longer deployment period than used 

within this study. Investigations into how other measurements of physical surface change, 

such as topography and shape influences biofouling in comparison to Ra.  

However, there are some additional points which need addressing which are discussed 

further in this section.  

i Porosity, Roughness and Biodegradation  
Porosity and roughness were positively correlated between the first and second principal 

components of the PCA analysis and similar in terms of how they interacted with the 

biofouling community, across all harbours. This is probably partly because the Sandstone 

and Hemp panels had the highest total porosity and roughness. Whinstone had the fourth 

highest total porosity, and GGBS the third. However, GGBS also differs from the other 

types of concrete in terms of possessing finer porosity. Due to this, the possibility exists 

that porosity, as well as roughness, influenced biofouling, whereas the emphasis in this 

discussion was on roughness. It was decided to focus on roughness, as this is documented 

as influencing macrofouling.  

Examining the relationship between porosity and biofouling is a common approach in the 

field of biodeterioration, where organisms may either provide protection (Lv et al., 2015) 

or contribute to more rapid deterioration. Studies have also looked into how porosity 
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influences settlement and growth of microorganism communities (Tran et al., 2012). The 

influence of porosity of concrete on the settlement preferences of macrofouling species 

has not been specifically studied. This is not surprising because, although porosity is an 

important parameter to determine if the durability of concrete is being compromised, it is 

a feature of the volume of concrete, rather than its surface. It may, therefore, have limited 

relevance with regard to species at the surface. Concrete pores are mainly on the scale of 

micrometres, and where interaction does occur, it is likely to be with microorganisms 

sufficiently small to interact with them. This is demonstrated by Harilal et al., (2020) who 

found that porosity could influence biofilm formation and this is turn could then influence 

macrofouling. As microfouling was out of the scope of this study, the choice was made 

to focus on the influence of roughness over porosity. It is acknowledged that there may 

be more complex and unknown relationships between porosity and macrofouling. 

ii Microfouling  
One of the factors most likely to influence macrofouling not investigated was 

microfouling. It is known that microfouling is the first stage of biofouling, and, in-turn, 

influences the settlement of macrofouling species (Hayek et al., 2021). However, at the 

time of the initial experiment design, it was outside the scope of the study to investigate 

this, and generally it is typical practice, due to methodological limitations, not to integrate 

the investigation of both micro- and macrofouling into one study. However, since 2018 

when the design decisions for this study were set, there have been more studies which 

have investigated micro- and macrofouling simultaneously. This study did not conduct 

an extensive search of the literature around this topic, but instead will report some relevant 

examples.  

Methodologies have been developed to better link microfouling, concrete properties and 

macrofouling. For instance, Harilal et al., (2020) used denaturing gradient gel 

electrophoresis, to identify diversity of bacterial communities, and infrared thermography 

and 3D confocal micrographs, to visualise biofilms at concrete surfaces, alongside 

recording macrofouling. By combining these techniques, the researchers were able to 

determine that biofilm features such as thickness, and concrete characteristics such as 

water / cement ratio, pH and roughness contributed to a new cement type, HPGC, having 

lower macrofouling biomass.  
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At some points throughout this study and other studies, such as Dennis et al., (2018), 

GGBS concrete had noticeably different biofouling compared to other types of concrete,  

although this was not consistently observed. Natanzi et al., (2021) observed that GGBS 

surfaces had significantly more diatoms within the microfouling community. It is 

conceivable that the differences observed with GGBS in the present study, could derive 

from differences in microbiofilm composition. Hayek et al., (2021) also observed 

significantly more bacterial biofilm on concrete with GGBS cement (CEMIII) and, also, 

with a biomimetic rough surface. Therefore, it is likely that each of the types of concrete 

within this study could have had a different influence on biofilm colonisation which in 

turn could account for some of the differences observed with macrofouling.  

Another aspect not considered within this study which could have implications for fouling 

was noted by Hayek et al., (2021). When examining both micro- and macrofouling they 

determined that some formwork release oils and curing agents significantly inhibited 

bacterial biofilm formation for the 28-day period over which microfouling was 

monitored. They determined that biodegradable oil did not significantly affect 

microfouling (Hayek et al., 2021). This could be an area of further consideration for future 

studies.  

iii Representation of the wider community 
 Within a harbour, concrete is used for multiple types of structures, including other 

vertical surfaces, such as harbours walls, and horizontal floating pontoon surfaces, which 

were not investigated. Both orientation (Glasby and Connell, 2001; Rius et al., 2010) and 

whether a surface is fixed or floating (Connell, 2001; Glasby and Connell, 2001; Leclerc 

et al., 2020b; Giangrande et al., 2021) is known to significantly influence biofouling, 

including marine invasive species settlement (Mizrahi et al., 2014). To gain a clearer 

picture of how the types of concrete studied may be biofouled throughout the whole 

harbour, deployment of static harbour wall panels and floating panels with multiple 

orientations would be useful. If static harbour walls are investigated, especially in an 

intertidal harbour, these experiments should be conducted at different depths as factors 

such as desiccation (de Mesel et al., 2015; Hopkins et al., 2016), wave disturbance 

(Chapman and Bulleri, 2003) and light (Glasby, 1999) are known to influence biofouling 

differently at different depths.  
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Position within the harbour may also be important. Kenworthy et al., (2018) found that 

there are significant differences in the community of harbours that are found on outer and 

inner pontoons. This is hypothesised to be linked to pollution which is more likely to 

build up within the inner points of the harbour and could reduce fouling (Kenworthy et 

al., 2018). Alongside this, areas where there is less water flow could have higher 

propagule pressure from species already established within the harbour, as the water is 

less mixed (Kenworthy et al., 2018). In the case of the harbours used within this study, 

placement was also based on a search of the harbour to determine if areas of the harbour 

had more, less or different fouling. Within Arbroath harbour, the majority of the positions 

where frames could be fixed to pontoons were used.  The deployment positions were 

chosen randomly, by placement at random pontoons, but in future random placement by 

number generation may help ensure a truly random mix. Furthermore, at Tayport and 

Anstruther the entire harbour did not have frames distributed evenly throughout, so in this 

case may be less of a representation of the whole harbour biofouling community than at 

Arbroath. Nonetheless, where statistically possible, ‘Frame’ was run as a variable in the 

statistical analysis, and in only a few instances was it a significant factor in biofouling. 

This suggests that the position of the frames was likely to have only had a small influence. 

A way to possibly determine if different settlement was seen within harbours would be to 

deploy small PVC biofouling panels at multiple locations around the harbour for the same 

amount of time, even if for a short period, to establish with more confidence the influence 

of location for each specific harbour.  

 

iv Other areas in the UK to test this surface 
This study was able to update records of invasive species for the East coast of Scotland 

and found more species than previously thought in the area through harbour searches. 

With this, enough marine invasive species were considered to be present to be able to 

conduct the study. The number of invasive species found within the harbour is similar to 

some other locations in the UK, such as South Wales (Holmes and Callaway, 2021). 

However, there are areas of the UK where invasive species are more prevalent, such as 

the South-West coast of England, where 11 species have been found in a single harbour 

(Bishop et al., 2015b). In future, conducting similar studies in areas with higher invasive 

species numbers might allow for more information on the settlement preferences of a 
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wider variety of invasive species to be added. The focus of such studies could also be 

locations where there are particularly problematic invasive species, such as D. vexillum 

(Sambrook et al., 2014; Cottier-Cook et al., 2019). Focusing on a species known to have 

large economic and ecological consequences could provide a more immediate practical 

use, if a surface was found to be effective.  

This reasoning could also extend to testing these surfaces in other parts of the world, not 

limited to UK fouling. 

v Pandemic and Boat Travel 
The influence of boat traffic was not fully investigated within this study. Other studies 

have investigated boat travel distances and antifouling and cleaning practices to gain a 

better picture of the risk of invasion or biofouling in specific harbours (Foster et al., 

2016). This was not critical to this study, and so was not conducted. However, an 

unforeseen area where this would have been useful to add context to the findings was the 

Covid-19 pandemic and associated restrictions. During this time, around a 51% median 

reduction in global boat traffic was observed (March et al., 2021). It is also therefore 

assumed that at Arbroath, Anstruther and Tayport less boats travelled into the harbours, 

and that travel was more likely to be limited to local journeys. It would potentially have 

been useful to examine whether this reduction in boat traffic could have contributed to 

the lower invasive species richness seen after 21-months of deployment. Records of travel 

and further investigation of typical biofouling before the restrictions might have helped 

provide further understanding on how atypical boat use influenced biofouling. 

vi Use of laboratory settlement studies to help inform surface design 
Fieldwork trials are time-consuming studies, often running for over a year. Additionally, 

there are risks associated with the loss of experimental materials through human activities 

and weather. Throughout the discussion of the present study, uncertainty regarding 

whether a result is due to the settlement preference of a species or influence from other 

biological factors, such as predation has been raised. This is a particular issue in regard 

to the invasive species found biofouling on concrete within this study as there was a lack 

of knowledge about settlement preferences for these species. Laboratory studies can be 

used to provide shorter-term settlement preference data for species, without potentially 

confounding biological or other location-related variables (Phang et al., 2009; Chase et 

al., 2016). These studies may not be possible for all species, but for some they can be 
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conducted over the course of a few days (Phang et al., 2009; Gabilondo et al., 2013; 

Chase et al., 2016). Therefore, it could be useful to include laboratory trials of species as 

part of the design process for a material. Each type of material could be tested for the 

settlement preference, with the material that shows the greatest resistance to invasive 

species fouling selected and adapted to try enhance this performance further. When tested 

in the field, it would firstly, have a greater chance of invasive species resistance and, 

secondly, the approach would allow for the effects of external factors to be understood 

with greater certainty.   
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Appendices 

Table 58. Species list used for all harbour searches 

Species  Common Name Location  
Seaweeds 

Sargassum muticum Wireweed  
Undaria pinnatifida Wakame  
Asparagopsis armata Harpoon weed  
Grateloupia armata Devils tongue weed  
Caulacanthus okamurae/ustulaus Pom-pom weed  
Bonnemaison hamifera Hookweed  
Heterosiphonia japonica Siphoned japan weed  
Chrysymenia wrightii Golden membrane weed  
 Colpomenia peregrina Oyster thief  
Codium fragile fragile Green sea fingers  
Melantothamnus harveyi   

Other 
Celtodoryx ciocalyptoides Cauliflower sponge  
Diadumene lineata Orange striped anemone  
Mnemopsis leidyi American comb jelly  
Ficopomatus enigaticus Trumpet tube worm  

Molluscs 
Magallana gigas Pacific Oyster  
Ensis directus American jack knife clam  
Crepidula fornicata Slipper limpet  
Rapana venosa Veined rapa whelk  
Urosalpinx cinerea American drill oyster  
Aulacoya atra   

Bryozoans 
Bugula neritina  Ruby bryozoan  
Tricellaria inoptina  Tufty buff bryozoan  
Watersipora substrata Red ripple bryozoan  
Schizoporella japonica Orange Ripple bryozoan  
Bugula simplex   
Bugula fulva   

Crustaceans 
Austrrominius modestus Darwins barnacle  
Amphibalanus amphrite Striped barnacle  
Caprella mutica Japanese skeleton shrimp  

Sea Squirts 
Corella euymota Orange tipped sea squirt  
Asterocarpa humilus  Compass sea squirt  
Styela clava Leathery sea squirt  
Botrylloides violaceus Orange cloaked sea squirt  
Botrylloides diegenesis  Orange tipped sea squirt  
Didemnum vexillum  Carpet sea squirt  
Perophora japonica    
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Laboratory Trials of Corella eumyota Settlement on the Concrete Surfaces  

The invasive species found biofouling on concrete may be influenced not only by the 

changes made to the surface of concrete, but also by biotic factors such as competition 

(Caputi et al., 2015) and predation (Leclerc et al., 2020a). This may mean that a species 

prefers a certain surface, but this may not be noticed if the species is heavily predated on 

and removed. By presenting larvae of invasive species to the different types of concrete 

within this study in a controlled laboratory environment, the settlement preferences can 

be studied in absence of external biological influences. Field and laboratory studies can 

then be compared to deduce the level of influence biological factors could potentially 

have had on the result of the field study. For this reason, a laboratory trial was designed 

to test the settlement of invasive species on the six concretes already trialled within the 

field. 

Method 

i. Training  

During this study training with the Bishop Group at the Marine Biological Association 

(MBA) in Plymouth, UK, was undertaken on invasive species identification and 

biofouling settlement studies within the laboratory. The Bishop Group are well renowned 

for expertise in this area, and their guidance was used to help select species which were 

amenable for spawning in a laboratory. One species was chosen to initially be trialled in 

a laboratory study, and, if time allowed, the study would be expanded.  

ii. Determining the Invasive Species for the Trial 

To reduce the biosecurity risk of transferring invasive species from further locations, only 

invasive species which could be taken from the local area were considered. C. eumyota 

was known to be present in the harbours Anstruther and Arbroath (Chapter 2). Also C. 

eumyota had already been found growing on the concrete panels in Arbroath harbour 

within the field studies (Figure 85), allowing for the desired comparisons between 

laboratory and field results. A rocky shore (Castle Sands, St Andrews) was also searched 

for C. eumyota to find additional individuals for the trial.  

C. eumyota had been successfully spawned in a laboratory environment (Lambert et al., 

1995) and was known to spawn and settle within a time frame (24 hours to spawn, 11 
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hours to settle) that allowed for laboratory studies (Lambert et al., 1995). Furthermore, 

the size of the larvae was also taken into consideration. Settlement trials are typically 

conducted on glass, as clear surfaces are easy to examine under a microscope. It was 

recognised that concrete as an opaque surface, would be much harder to locate spores on. 

C. eumyota larvae are 0.3 mm to 0.5 mm, which is considered a large larval size, giving 

the best opportunity at seeing the settled larvae (Bishop et al., 2015a). With discussions 

with Bishop Group it was also thought that the spawning season of Corella euymota 

would align with when the laboratory study was planned to run in October 2019. 

From the literature, the presence of enough individuals in the local area to conduct a trial, 

as well as consultation with Bishop Group at the MBA group, C. eumyota was selected 

as an appropriate species to use for settlement studies.  

 

 

Figure 85. Corella eumyota growing on concrete panel in Arbroath harbour, UK. 
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iii. Tank Design Trial 

Concrete Design 

Due to the small size of invertebrate larvae, using the 150 mm × 150 mm × 75 mm blocks 

of concrete would provide an unfeasible area of surface to search. Therefore, the concrete 

blocks were redesigned to be as close to the standard samples size of a microscope slide 

as possible without compromising the surface quality. The trial also provided the 

opportunity to study the influence of orientation (Rius et al., 2010) on settlement choices, 

which could not be investigated within the field study, and so producing a surface with 

multiple sides was investigated.  

Metal concrete moulds (5 cm × 5 cm) were used to form the specimens. Concrete mixes 

were prepared using the same mix proportions and aggregates as described in Section 

3.3.2, and poured into the moulds. All concretes were able to be successfully replicated 

at a smaller scale in these moulds, with the exception of the Hemp concrete surface. Due 

to amount of Hemp needed to be placed on the surface of the mould before concrete was 

poured in, there was not enough room in the smaller moulds to replicate the surface 

(Figure 86). The moulds were then vibrated until the whole mould had an even covering 

of concrete. A K’NEX clip (‘K’NEX Clip with Hole End, Purple’) was then placed 

vertically in the top of the mould and the concrete was left for 24 hours before 

demoulding. The concrete blocks were then moved to a curing tank for a minimum of 28 

days.   
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Figure 86.  Failed attempts at producing a Hemp concrete surface within smaller moulds 

iv. Tank Set Up 

The set up and running of the tank study was designed around the guidance from the 

Bishop Group at the MBA. Six tanks were used as a means of providing sufficient 

replicates for statistical analysis, whilst also ensuring a suitable number of adult C. 

euymota individuals were likely to be obtainable from the field. 

Six tanks (24L Pets at Home Kids Aquarium with Filter Tank) were used in the trial. The 

sides of the tank were lined with acetate sheets to enable them to be removed from the 

tank and examined closely under the microscope for any individuals settling on the sides 

instead of the concrete. One block of each type of concrete was placed in each tank and 

hung from a frame made out of K’NEX parts (K’NEX Rod 54mm Blue and K’NEX 

Connector 4-way 3D Silver) (Figure 87), using fishing line to hold the frame level and in 

place (Figure 87, Figure 89).  

 Figure 87. Six trial concrete blocks attached to trial of K’NEX frame. 
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How close the concrete blocks were from the C. eumyota individual might have 

influenced the settlement. Therefore, the position of each of the types of concrete within 

the study were chosen with a random number generator and a ‘Position’ variable was 

planned into the statistical analysis. Two aerators were connected diagonally at either side 

of the tanks to help ensure circulation and limit ‘Position’ as an influencing factor (Figure 

88). Aerators also provided the necessary oxygenation of the water for the survival of the 

sea squirts.  

v. Running the Trial  

Two visits were taken to St Andrews on 18th and 19th of October 2019 to collect 12 

individuals of C. eumyota. Individuals were collected if they were over 2 cm long, to 

maximise the probability of them being sexually mature. Individuals were gently removed 

from the surface, or removed on shells if possible, to maximise the number of spawning 

larvae that remained inside the individual and the organism was not stressed, to ensure 

survival.  

The individuals were be placed in a small 150 ml tub filled with seawater and sealed. 

They were then placed into a coolbox, which contained iceblocks and a temperature 

probe. The temperature in the coolbox was maintained at seawater temperature to ensure 

survival of the organisms during transport.  

The six tanks were thoroughly rinsed and dried twice to remove any contaminants from 

the surface that might stress the sea squirts. The tanks were then placed in a controlled 

temperature room, set to match the sea temperature at the time (12.5°C). The six tanks 

were filled with 20L of artificial seawater (35.5psu). The concrete was added a few days 

before the trial and left in the tanks to acclimatise due to the possibility of pH changes 

due to the alkalinity of the concrete surface. 2L of were replaced each day to help keep 

the pH of the water close to the desired value. The pH was measured daily and more water 

was replaced, if necessary, to keep the pH stable around 8.1. 
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Figure 88. (Left) A labelled top down view of the tank layout. (Right) Picture of the same layout of the 

actual tank. 

Once the collected sea squirts were returned to the lab, the sea squirts were the moved 

into a separate artificial seawater tank (Seamix Seawater) (35.5psu), where all organisms 

were placed, fed and left to acclimatise overnight. The laboratory had no windows, and 

was completely enclosed. However, the tanks were all kept in light; C. eumyota is thought 

to spawn at dawn and keeping them in constant light allowed their spawning cycle to be 

disrupted until they were in the tanks with the concrete. The organisms were fed with 

Varicon Iscochrysis Instant algae mix. A 1 ml of Isochrysis mix was diluted into 100 ml 

of seawater and 20 ml of that solution was placed in each tank twice daily.   

After acclimatization, two C. eumyota individuals were placed into each tank, fed, and 

the trial started. The trial lasted seven days. Once the sea squirts were in the tanks the 

water temperature was adjusted slowly to go to 15°C over a period of 24 hours, which is 

the temperature they spawn at according to Lambert et al., (1995). The seven day period  

allowed a day for raising the temperature, a few days for spawning which should occur 

within 24 hours of hitting 15°C (Lambert et al., 1995) and then a few days for the settled 

Airator 

Airator 
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spores to grow in size from 0.3 mm to 0.55+ mm to give a greater chance of seeing the 

spores (Bishop et al., 2015). After the trial had ended, the sea squirts were disposed of 

following appropriate waste management practices and the tank was sterilized before 

disposal. 

 

 

Figure 89. (Top) Top down view of the six tank set up. (Bottom) Side view of tank, with the five types of 

concrete hanging and two sea squirts places in the tank. 
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vi. Spotting Settled Larvae 

Physical examination by eye and by microscope (Dinolite AM7915MZTL) was used to 

determine if and how many settled spores were present. The stain Eosin was also used to 

try highlight spores (0.5% aqueous solution, 0.4 ml hydrochloric acid and 100 ml distilled 

water).  

Results 
10 of the 12 sea squirts survived for the entire length of the trial, determined by handling 

sea squirts at the end of the trial, two were disintegrating, whilst the other remained firm 

and the siphons of the sea squirts were moving to feed. At least one sea squirt remained 

alive in every tank. Despite the survival of the majority of the individuals, no individuals 

spawned in the tanks. Both concrete and acetate sides, as well at the surface of the water 

were thoroughly examined for larvae. Both the acetate and concrete were also rinsed in 

the Eosin stain to try and enhance the visibility of any spores on the surface, and none 

could be found. Due to all individuals failing to spawn over the trial it was deduced that 

it was likely that this trial occurred out of spawning season for this species. It was 

suggested to hold off the study until early spring/summer 2020 and try different times 

throughout the season to determine when C. eumyota spawned within this area. However, 

due to the Covid-19 pandemic, this was not possible, and this study was not able to be 

repeated. 

A successful methodology was devised to produce small concrete cubes of five of the six 

types of concrete within this study for a biofouling settlement trial. In addition, a 

laboratory set up for settlement of the sea squirt Corella euymota on concrete was 

developed. Whilst spawning was not observed, the approach to keeping C. eumyota alive 

in proximity to the concrete was successful. Therefore, future research should attempt to 

replicate this approach, but at different times of year to establish the spawning time within 

Scotland.  
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Table 59. Output from a beta-regression for Simpsons Diversity for six types of concrete (P = PC, G = GGBS, Z = ZEM, W = 
Whinstone, S = Sandstone, H = Hemp) across three harbour locations (Anstruther, Arbroath and Tayport). * indicates a significant 
difference in diversity between two types of concrete deployed into the same harbour.  

 

 

Table 60. Output from a beta-regression for Simpsons Diversity for six types of concrete (P = PC, G = GGBS, Z = ZEM, W = 
Whinstone, S = Sandstone, H = Hemp) across deployed for 4-months in April and August 2019 at Arbroath harbour.  * indicates a 
significant difference in diversity between two types of concrete deployed at the same time, or a significant difference in the diversity 
on the same type of concrete when comparing between the two deployment periods.  

 


