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A B S T R A C T   

Biofouling of different artificial substrates was studied to determine the differences in biofouling assemblages 
among different substrates. However, studies on biofouling on natural substrates like electrolytic carbonated 
ones are lacking. These substrates have a great potential for coral reef restoration in tropical areas and for 
biofilter construction. Thus, this study was developed to examine the colonization of sessile macrofouling in the 
port of Alicante (SE Spain, Western Mediterranean) on two types of substrates: electrolytic carbonated and bare 
steel (as control) over three months of immersion (October 2019–January 2020). The community diversity was 
studied through different biotic parameters and abundance of assemblages, and preference of organisms ac-
cording to their status and functional group (active filter feeders). Univariate and multivariate analyses (PER-
MANOVA and SIMPER) were also applied to examine the differences between carbonate and control substrates. 
The carbonated substrate had a more structured community and higher abundance, recruitment, and diversity 
indexes than the bare steel. Moreover, filter feeders (Porifera, Bivalvia, and Ascidiacea) were more abundant, and 
most of them only appeared in the carbonated substrate. These results show the potential of carbonated struc-
tures as biofilters.   

1. Introduction 

The maritime environment has been recently exposed to novel ma-
terials, and some of which have become new substrates for marine 
biofouling communities (Lin and Shao, 2002; Airoldi et al., 2015; 
Sempere-Valverde et al., 2018). Consequently, studies on biofouling 
communities have also increased (Lin and Shao, 2002; Bulleri, 2005; 
Pierri et al., 2010; Casoli et al., 2014; Lezzi and Giangrande, 2018; 
Trinidad et al., 2019; Giangrande et al., 2020; Muthukrishnan et al., 
2022). 

Various studies noted that the development of coastal biofouling 
assemblages depends on the substrate type; in fact, differences in 
biofouling assemblages were detected within the same study site 
comparing naturally occurring substrates with artificial ones (Brown, 
2005; Vaz-Pinto et al., 2014; Chase et al., 2016). These differences can 
be caused by different factors: i) spatial heterogeneity and diversity of 
microhabitats (Glasby et al., 2007; Megina et al., 2016); ii) surrounding 

water circulation (Bulleri and Chapman, 2010; Rivero et al., 2013); iii) 
physicochemical structures of substrates (Dafforn et al., 2009; Sempere- 
Valverde et al., 2018); and iv) relationship with human activities (Bul-
leri and Chapman, 2010; Rivero et al., 2013). These differences among 
substrates led to the appearance of differences in biofouling assemblages 
among and within artificial and natural substrates in terms of abun-
dance, diversity, community structure, and biotic interactions (Lin and 
Shao, 2002; Bulleri, 2005; Bulleri et al., 2005; Tyrrell and Byers, 2007; 
Chase et al., 2016; Megina et al., 2016; Albano and Obenat, 2019). These 
differences appear in the early stages of colonization and can be main-
tained over time. However, the most frequent cause of differences be-
tween natural and artificial assemblages are the non-indigenous species 
(NIS), which are usually more abundant on artificial substrates (Airoldi 
et al., 2015; Chase et al., 2016; Megina et al., 2016). 

There are numerous studies comparing biofouling assemblages be-
tween artificial and natural substrates (among others, Anderson and 
Underwood, 1994; Lin and Shao, 2002; Berntsson and Jonsson, 2003; 
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Watson and Barnes, 2004; Brown, 2005; Tyrrell and Byers, 2007; Pierri 
et al., 2010; Sempere-Valverde et al., 2018), but there is still scarce in-
formation about the performance of electrolytic carbonated substrates 
(ECS). ECS formation is a consequence of the application of cathodic 
protection to avoid the corrosion of metals submerged in the marine 
environment (Cox, 1940). During this process, an electric continuous 
current is applied to the metal, promoting an electrolytic process in 
seawater; the salts dissolved in seawater precipitate around the metal 
(cathode), forming a hard carbonated layer made of calcium carbonate 
and magnesium hydroxide (Eickhoff and Shaw, 1948; Hilbertz, 1979; 
Hartt et al., 1984). Consequently, the formed layer has a similar 
composition to naturally occurring rock (Siboni et al., 2009). Hilbertz 
(1979) showed the potential of this material for the construction of 
artificial reefs, but few studies were carried out until the creation of 
Biorock® (Hilbertz and Goreau, 1996). Some studies performed in 
tropical areas with that methodology showed that it enhances the 
recruitment, growth, survival, and resistance of hard and soft corals 
against disturbances (Bakti et al., 2012; Fitri and Rachman, 2012; Gor-
eau, 2012; Goreau and Hilbertz, 2012; Karissa et al., 2012). 

Despite the fact that this methodology is not new, to our knowledge, 
studies on colonization over this material are scarce (apart from the ones 
carried out with corals, see Goreau, 2014). Additionally, the metallic 
structure used in all of them is connected to an electric current, allowing 
the continuous generation of this carbonated layer. Hence, no study has 
previously used a metallic structure already coated with a carbonate 
layer as the initial colonization material (without permanent connection 
to an electrical source). Thus, this study mainly aimed to examine the 
colonization of sessile macrofouling in the port of Alicante (Spain) on 

two substrate types: electrolytic carbonated and bare steel (control). The 
specific objectives were to: i) determine the structure of sessile macro-
fouling communities; ii) investigate the effects of substrates on the 
colonization of species according to their status (native, cryptogenic, 
and NIS); and iii) see whether there are significant differences in the 
sessile macrobenthos community between these two substrates. The 
abundance of filter-feeding guilds on carbonated meshes suggests its 
potential as a bioremediation tool in areas affected by high organic 
charges (aquaculture, ports, and sewage discharges). 

2. Material and methods 

2.1. Study site 

This study was carried out in the Alicante's harbor (SE Iberian 
Peninsula) in the dock n◦ 9 (N38◦ 20′ 09.23″–W00◦ 29′ 05.81″) from 
October 15, 2019, to January 16, 2020. The dock is located in the outer 
quay of the harbor (Fig. 1) and has a muddy bottom with 8 m depth at 

Fig. 1. Alicante's harbor location and ninth dock pier position (white circle). Images adapted from Google Earth.  

Table 1 
Environmental parameters corresponding to the study site during the sampling 
period at 2 m depth.  

Parameters 15/10/2019 16/01/2020 

Seawater temperature (◦C) 23.8 14.2 
pH 8.3 8.1 
Salinity (SPU) 38.9 38.4 
Secchi disc (m) 4.0 3.5  
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the sampling site. Referring to environmental parameters, their varia-
tion is summarized in Table 1. 

2.2. Sampling 

For biofouling colonization, six square steel meshes with 15 cm sides 
were used; three of which were previously subjected to an electrolytic 
process, as in Hilbertz (1979), until a 0.5 mm carbonated layer was 
deposited around them. In this way, three bare steel meshes acted as the 
control treatment, whereas the other three were the carbonated treat-
ment. The meshes were anchored in a horizontal profile, separated 20 
cm from each other. The structure was located 1 m away from the dock 
at 2 m depth on October 15, 2019. After three months of exposure 
(January 25, 2020), they were manually collected, and each mesh was 
placed in a separate bag with seawater to avoid mixing of samples. Both 
sides of these meshes were photographed for further image analysis and 
fixed with 10 % formalin-sea water for at least 48 h. Then, the organisms 
were scraped and identified at the lowest taxon possible (based on World 
Register of Marine Species: https://www.marinespecies.org). Only 
sessile macrofouling taxa were used in this study. The status (native, 
cryptogenic, or NIS) of each identified species was also assessed by NIS 
inventories for the Mediterranean Sea (Zenetos et al., 2010, 2012, 2017; 
Ulman et al., 2017) and specialized databases (World Register of 
Introduced Marine Species WRiMS: http://www.marinespecies.org/in 
troduced/, National Exotic Marine and Estuarine Species Information 
System NEMESIS: http://invasions.si.edu/nemesis/ and European Alien 
Species Information Network EASIN: https://easin.jrc.ec.europa.eu). 

2.3. Data treatment 

Descriptive analysis was carried out to have a holistic overview of the 
initial trend of colonization. Species composition was observed at high 
taxonomic levels (Bryozoa, Hydrozoa, Sabellidae, Serpulidae, etc.), and 
the most abundant species were highlighted. 

To assess the effect of substrates on sessile biofouling assemblages, 
both univariate and multivariate analyses were performed. 

The effect of substrates on community diversity was assessed with 
one-way ANOVA (substrate as fixed factor with two levels: control vs 
carbonated) over different calculated biotic parameters: species richness 
(S), Shannon-Wiener index (H′, e base), Pielou's evenness (J′), and 
abundance (N) measured in organisms/cm2 (for solitary organisms, each 
organism was counted, whereas for colonial organisms, each colony was 
treated as a single organism). Note that all of the abundance measures 
given from this point were assessed in the same way. 

To assess the effect of substrates on biofouling assemblages, PER-
MANOVA (Anderson, 2005) was performed on the matrix based on 
fourth root transformed abundance data of each species/taxa found on 
both substrates, using the Bray-Curtis dissimilarity (Clarke and War-
wick, 2001). PERMANOVA was performed using the same model 
described for ANOVA. The SIMPER procedure was also done to observe 
the species/taxa that contribute more to the differences and to detect the 
typical ones of each substrate, and PERMDISP was conducted to test 
whether these differences were caused by a factor or data dispersion 
(Anderson et al., 2008). In addition, a univariate PERMANOVA was 
performed for each species/taxon determined by SIMPER in order to 
detect weather each one's abundance was significantly different be-
tween substrates. In these cases, a univariate PERMANOVA with 
Euclidean distance was used to avoid the assumption of normality of 
data (Anderson, 2014). In both cases, the p-value was assessed by Monte 
Carlo method as the possible permutations were scarce (Anderson, 
2014). 

Furthermore, to determine the effect of substrates on species colo-
nization according to their status, two-way ANOVA was conducted for 
the abundance of each status, with substrate and status of introduction 
as fixed factors with two (control vs carbonated) and three (native vs 
non-indigenous vs cryptogenic) levels, respectively. These abundances 

were obtained by adding the abundance of every taxon belonging to 
each status together in each treatment (Table 2). Similarly, to see the 
potential of the electrolytic carbonated treatment as a biofilter material, 
all filter feeders belonging to Mollusca, Ascidiacea, and Porifera were 
added together as they are the ones with highest filtration capacity 
(hereafter active filter feeders) and were tested with one-way ANOVA, 
with substrate as a fixed factor (control vs treatment). 

Prior to perform ANOVA normality and homoscedasticity of the data 
were checked. 

Biotic parameters, PERMANOVA, and SIMPER were conducted in 
PRIMERv6 + PERMANOVA software (Anderson et al., 2008), whereas 
ANOVA was conducted in R 4.1.2 (R Core Team, 2021). 

3. Results 

3.1. Taxonomic overview 

After three months (October 2019 to January 2020), 32 different 
taxa (27 to species level) were identified, of which 30 (93.8 %) appeared 
in carbonated meshes, and 15 (46.9 %) were in the control ones 
(Table 2). Bryozoa were the most diverse, while Hydrozoa were the most 
abundant. All taxa were more diverse and abundant in the carbonated 
treatment than in the steel, except for hydrozoans, which were slightly 
more abundant over the steel meshes (Fig. 2). Nonetheless, the abun-
dance and species richness of different taxa had the same trend in both 
substrates, being Hydrozoa and Serpulidae the most abundant taxa, and 
Bryozoa, Mollusca, and Hydrozoa the ones with higher species richness. 

Regarding species (Table 2), Hydroides elegans and Obelia dichotoma 
were most abundant, while Bugulina fulva and Conopeum seurati only 
appeared in the control treatment. Moreover, 17 species were recruited 
only in carbonated meshes, of which Waterispora subtorquata and 
Hydroides dirampha were NIS, while Bugula neritina, Ciona intestinalis, 
Diplosoma listerianum, and Styela canopus were cryptogenic. All Asci-
diacea and Porifera species and three Bivalvia species only appeared in 
the carbonated treatment. 

As shown in Table 2, there were 16 native species (59.3 %), 4 NIS 
(14.8 %), and 7 (25.9 %) cryptogenic. Regarding the differences be-
tween the two substrates (Fig. 3a), native species were significatively 
more abundant (P < 0.001; F2,12 = 20.916) than NIS and cryptogenic 
ones; and all of them were more abundant in the carbonated treatment 
(P < 0.05; F1,12 = 5.024). 

The abundance of active filter feeders was significantly higher in the 
carbonated treatment (P < 0.01, F1,4 = 22.14). The mean abundance in 
the carbonated substrate was almost five times higher (Fig. 3b), and 
Porifera and Ascidiacea only appeared in that substrate (Table 2). 

3.2. Biotic parameters 

All biotic parameters were statistically higher in the carbonated 
substrate (S: P < 0.01, F1,4 = 32.33; H′: P < 0.01, F1,4 = 57.8; J′: P < 0.01, 
F1,4 = 24.1), except for the abundance, which was marginally significant 
(P = 0.0571, F1,4 = 7.009) (Fig. 4). In fact, species richness and 
Shannon-Wiener indexes stood out, as their mean values were three and 
two times higher for the carbonated treatment, respectively. The 
dispersion of values was also higher for the steel substrate, particularly 
the abundance. 

3.3. Biofouling assemblages 

The effect of substrate was statistically significant for the abundance 
of biofouling assemblages (PERMANOVA, pseudo-F = 4.5704, p(MC)- 
value P < 0.05). These differences (±70 %) were caused by 14 species 
(Table 3). However, only 9 species showed significant differences for the 
substrate, being Balanus trigonus, Perforatus perforatus, and Filicrisa gen-
iculata typical species on the carbonated treatment; these species 
explained the 22 % of the total differences. Moreover, the dispersion 
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effect was not significant (PERMDISP > 0.05) and the dissimilarity 
among substrates was 51 %, but the similarity within treatments was 
higher in the carbonated one (78.18 % vs 56.67 %). 

4. Discussion 

The carbonated substrate had higher species richness, Pielou's 
evenness, and Shannon-Wiener diversity. These results agree with other 
studies in which substrates similar to electrolytic carbonated ones (e.g., 
concrete and natural rock) had higher biological diversity values than 
steel (Brown, 2005; Ushiama et al., 2016; Albano and Obenat, 2019). In 
addition, although no significant differences were found for species 
abundance, the results are similar to the studies of Neves et al. (2007) 
and Albano and Obenat (2019), in which calcareous substrates (con-
crete) had a higher abundance of organisms than other substrate types 
because concrete surfaces are similar to the natural rocks. Moreover, this 
also agrees with the studies of Anderson and Underwood (1994) and 
Ushiama et al. (2016), which showed that the steel had a lower 
recruitment rate than the concrete. Lin and Shao (2002) used different 
steels as recruitment substrates, highlighting the cathodically protected 
steel, which was based in the same method as our carbonated material, 
but the steel they used was not coated with a calcareous layer. However, 
there were no significant differences in species richness between their 
substrates. Hence, this suggests that cathodically protected steel is not 
enough to enhance the recruitment as the electrolytic carbonated sub-
strate does. Moreover, regarding the species composition of each sub-
strate assemblages, differences were found also among them. This fact 
agrees with other studies (Brown, 2005; Lezzi and Giangrande, 2018; 
Lezzi et al., 2018; Sempere-Valverde et al., 2018) in which these dif-
ferences in biofouling assemblage composition appeared during the first 
three months of immersion. As was stated in the introduction, the 
development of epifaunal communities is regulated by different and 
complex factors, so these differences between the materials are difficult 
to elucidate. However, it is known that colonization process starts with 
the formation of a biofilm, which is a biological film made by small 
organisms such as diatoms, bacteria, and other microalgae (Jenkins and 
Martins, 2010). In this regard, roughness of the substrates appears to be 
an important factor that increases the colonization process of the ma-
terials for this biofilm organism (Hayek et al., 2022) and, therefore, for 
the following macrofouling organisms. In addition, the first stage of 
colonization is dependent on larval availability, substrate preferences, 
and inter- and intraspecific interactions (Osman, 1977). Thus, the dif-
ferences found in this study, can be caused by the roughness of the 
material together with the physicochemical composition of it, which are 
the mainly differences among them. However, more specific studies are 
required in order to ascertain which is or are the real causes of the dif-
ferences as the species composition of each assemblage are the result of a 
complex interaction between the substrate properties and species spe-
cific settlement criteria and propagule availability (Brown, 2005). 
Moreover, as a consequence of ecological succession, this difference in 
biofouling assemblages among substrates could disappear, as it is shown 
in Bulleri (2005) after 24 months and Obaza and Williams (2018), or 
they may be maintained, reaching different endpoint communities 

Table 2 
Average of all recorded species for each substrate and their status of introduc-
tion. Abundance is measured in organisms/cm2 for both solitary and colonial 
organisms.  

Taxa Status of 
introduction 

Steel Carbonated 

Calcarea 
Leucetta solida (Schmidt, 1862) Native 0.00 ±

0.00 
0.01 ± 0.01  

Hydrozoa 
Obelia dichotoma (Linnaeus, 1758) Native 2.86 ±

1.48 
2.91 ± 0.08 

Clytia hemisphaerica (Linnaeus, 
1767) 

Native 0.33 ±
0.32 

0.33 ± 0.32 

Bougainvillia muscus (Allman, 
1863) 

Native 0.43 ±
0.75 

0.25 ± 0.29  

Sabellida 
Hydroides dirampha Mörch, 1863 NIS 0.00 ±

0.00 
0.01 ± 0.01 

Hydroides elegans (Haswell, 1883) NIS 0.48 ±
0.35 

1.67 ± 0.76 

Parasabella langerhansi 
(KnightJones, 1983) 

Native 0.00 ±
0.00 

0.02 ± 0.02 

Spirobranchus triqueter (Linnaeus, 
1758) 

Native 0.00 ±
0.00 

0.03 ± 0.02  

Cirripedia 
Amphibalanus amphitrite (Darwin, 

1854) 
Cryptogenic 0.04 ±

0.02 
0.27 ± 0.11 

Balanus trigonus Darwin, 1854 NIS 0.01 ±
0.01 

0.58 ± 0.17 

Perforatus perforatus (Bruguière, 
1789) 

Native 0.01 ±
0.01 

0.28 ± 0.16  

Bivalvia 
Anomia ephippium Linnaeus, 1758 Native 0.00 ±

0.00 
0.01 ± 0.01 

Hiatella arctica (Linnaeus, 1767) Native 0.05 ±
0.09 

0.12 ± 0.05 

Mytilidae sp. – 0.01 ±
0.01 

0.21 ± 0.06 

Veneridae sp. – 0.00 ±
0.00 

0.03 ± 0.03 

Ostreidae sp. – 0.00 ±
0.00 

0.02 ± 0.03 

Cardiidae sp. – 0.01 ±
0.01 

0.05 ± 0.03  

Bryozoa 
Bugula neritina (Linnaeus, 1758) Cryptogenic 0.00 ±

0.00 
0.01 ± 0.01 

Bugulina calathus (Norman, 1868) Native 0.00 ±
0.00 

0.04 ± 0.05 

Bugulina flabellata (Thompson in 
Gray, 1848) 

Native 0.00 ±
0.00 

0.01 ± 0.02 

Bugulina fulva (Ryland, 1960) Cryptogenic 0.02 ±
0.02 

0.00 ± 0.00 

Conopeum seurati (Canu, 1928) Native 0.01 ±
0.02 

0.00 ± 0.00 

Cradoscrupocellaria bertholletii 
(Audoiun, 1826) 

Native 0.00 ±
0.00 

0.04 ± 0.05 

Cryptosula pallasiana (Moll, 1803) Native 0.00 ±
0.00 

0.01 ± 0.01 

Filicrisia geniculata (Milne 
Edwards, 1838) 

Native 0.01 ±
0.01 

0.80 ± 0.38 

Schizoporella errata (Waters, 1878) Cryptogenic 0.03 ±
0.05 

0.31 ± 0.11 

Turbicellepora magnicostata 
(Barroso, 1919) 

Native 0.01 ±
0.01 

0.07 ± 0.01 

Watersipora subtorquata 
(d'Orbigny, 1852) 

NIS 0.00 ±
0.00 

0.02 ± 0.02   

Table 2 (continued ) 

Taxa Status of 
introduction 

Steel Carbonated 

Ascidiacea 
Ciona intestinalis (Linnaeus, 1767) Cryptogenic 0.00 ±

0.00 
0.01 ± 0.01 

Diplosoma listerianum (Milne 
Edwards, 1841) 

Cryptogenic 0.00 ±
0.00 

0.03 ± 0.05 

Polyclinidae sp. – 0.00 ±
0.00 

0.01 ± 0.02 

Styela canopus (Savigny, 1816) Cryptogenic 0.00 ±
0.00 

0.01 ± 0.02  
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(Lezzi and Giangrande, 2018). Hence, it is unclear which path will these 
early colonizers follow during the succession process, and more im-
mersion time is required to elucidate it. 

All active filter feeder taxa appeared on the carbonate substrate with 
greater abundance than on steel. Among them, Ascidiacea and Porifera 
stand out as they have high filtration rates (e.g. Styela spp., Fiala- 

Médioni, 1978; Stuart and Klumpp, 1984; Draughon et al., 2010). 
Therefore, the fact that the carbonated substrate could be able to recruit 
this type of organisms to greater extent gives it a high potential as a 
material for the construction of biofilters. 

Referring to typical species, cirripedes were a characteristic of the 
electrolytic carbonated substrate in biofouling assemblages. This 

Fig. 2. Graphical representation of: a) mean species richness; and b) mean abundance of each taxa in the two substrates. Bars: standard error.  

Fig. 3. Abundance of organisms in different substrates: a) according to their status; b) active filter feeders. Bars: standard error.  
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matches with Eashwar et al. (1985, 1995) and Ushiama et al. (2016), 
who concluded that calcareous organisms, principally cirripedes, were 
more abundant in cathodically protected metals and calcareous mate-
rials, respectively. Moreover, as cirripedes and many other hard-bodied 
organisms were more abundant on the carbonated treatment, this will 
result in a larger colonization surface area as their bodies could also act 
as one. So that, these results indicate that these differences can be 
intensified over time as more substrate is being generated by this type of 
organisms. 

More abundant and diverse NIS were observed on the carbonated 
substrate. This contrasts with other authors (Airoldi et al., 2015; Chase 
et al., 2016; Megina et al., 2016), who detected more NIS on steel over 
calcareous materials. The NIS here detected are the typical ones of port 
areas in the Mediterranean Sea highlighting Balanus trigonus, Hydroides 
dirampha, H. elegans, Styela canopus and Watersipora subtorquata (Airoldi 
et al., 2015; Ulman et al., 2017; Giangrande et al., 2020). However, this 

study showed an opposed trend in which NIS have a preference for the 
carbonated treatment, which it is supposed to act as a natural substrate. 
In addition, although the presence of NIS is higher in this substrate than 
in steel, we do not have to forget that native ones are more abundant too, 
so this recruitment and settlement trend of species, including the non- 
indigenous ones, is thanks to the similarity of this substrate to natural 
rock (Glasby et al., 2007; Neves et al., 2007; Siboni et al., 2009). In fact, 
this similarity to natural rock is also the cause of having a more diverse, 
stable, and complex biofouling community, as well as the reason of 
finding differences among substrates in the biofouling assemblages and 
why they are more similar within treatments. 

Many artificial structures have been developed in the marine envi-
ronment to address with the degradation they are suffering, being arti-
ficial reefs the most used ones as it stated in the introduction. In this 
regard, many studies used artificial reefs as a mitigation tool for aqua-
culture cages since biofouling organisms are mainly filter feeders, 

Fig. 4. Boxplot on different diversity indexes measured. Bars: standard error.  
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allowing the reduction of organic matter in the system (Angel et al., 
2002; Gao et al., 2008; Aguado-Giménez et al., 2011). The main material 
used in artificial reefs construction is concrete, as many others have 
negative impacts on marine habitats, although concrete is not an 
exception (Müllauer et al., 2015; Dennis et al., 2018; McManus et al., 
2018). As it has been seen, the electrolytic carbonated substrate not only 
has a higher recruitment of filter-feeder organisms, but also the ones we 
define as active filters. In addition, it has a diverse and developed 
community after 3 months of immersion and it recruits more hard 
bodied organisms which leads to an increase of available space for other 
species. Furthermore, contrary to concrete, this substrate is lighter and 
easier to handle, so using electrolytic carbonated substrates will make 
the operational process easier and reduce the weight of reefs (Bohnsack 
and Sutherland, 1985; Baine, 2001; Burt et al., 2009), as well as it makes 
the process of transport and settlement cheaper. Moreover, unlike con-
crete, the electrolytic carbonated substrates do not have any negative 
impact on the marine environment as they do not release any substances 
from them. Taking all said into account, the potential of this material for 
the construction of artificial reefs for restoration of hard bottom com-
munities and for their use as mitigation tool of aquaculture wastes and 
wastewater discharges is huge. In fact, as this substrate is formed in a 
mesh, the water circulation is higher than in other types of structures, so 
it will possibly enhance the filtration capacity of biofouling community 
settle in this material. 

To conclude, during the first stages of colonization, the electrolyti-
cally carbonated substrate had higher: i) abundances (for all types of 
organisms and active filter feeders); ii) diversity indexes (H′ and J′) and 
species richness; and iii) structuration and development of biofouling 
assemblages. Thus, the higher diversity indexes in the carbonated sub-
strates at the same period could indicate that this substrate needs less 
time than steel to have a more structured and developed community. 
Furthermore, being able to recruit more hard bodied organisms such as 
cirripedes, bivalves and solitary ascidians, will potentially increase the 
settlement area for new organisms, allowing the recruitment of more 
filter feeders which would act as biofilters. However, as it has been said, 
further studies and more immersion time is needed in order to clarify 
how the succession process will continue and if these differences among 
substrates and trends will sustain in time. 

Funding 

This study forms part of the ThinkInAzul program and was supported 
by Ministerio de Ciencia e Innovación with funding from European 
Union NextGenerationEU (PRTR-C17.I1) and by Generalitat Valenciana 
(THINKINAZUL/2021/014). 

CRediT authorship contribution statement 

Alejandro Carmona-Rodríguez: Formal analysis, Investigation, 
Writing – original draft. Carlos Antón: Methodology, Investigation, 
Writing – review & editing. Miguel Ángel Climent: Conceptualization, 
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