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Abstract

Artificial structures cover a considerable part of the Mediterranean coasts. In the Aegean Sea, most studies related to artificial 
structures have focused in vagile fauna on harbours and marinas but little attention has been given to the sessile biota on coastal 
defense structures. The aim of this work was to describe for the first time the shallow subtidal sessile benthos on coastal defense 
structures in Crete (Eastern Mediterranean Sea) in order to identify potential differences in comparison to natural rocky substrates, 
adopting both a taxonomic and functional (i.e. macroalgal structural complexity) approach. Three shallow (1-3 m) localities were 
studied in the north coast and three in the south coast of the island (six localities in total). At each locality, two types of hard sub-
strate were selected: an artificial coastal defense structure (rip-rap) and the nearest natural rocky substrates. The percent cover of 
sessile taxa was calculated using random points counts over photoquadrats (20 x 20 cm). The structure of the assemblage differed 
between artificial and natural habitats. Values of Shannon-Wiener’s diversity index and number of taxa were higher in natural 
substrates. In addition, cover of arborescent macroalgae was lower on artificial substrates. In conclusion, rip-raps do not function 
as surrogates of natural hard substrates in the study area since their shallow subtidal assemblages differ in terms of community 
structure, diversity and functionality. The deficient performance of such artificial structures could be attributed to the combined 
effects of abiotic factors and biotic processes, including substrate nature and roughness as well as differential grazing pressure.

Keywords: Assemblage structure; defense structures; rip-rap; rocky reefs; surrogates; macroalgae; structural complexity.

Introduction

Shoreline urbanization combined with the increase of 
tourist, recreational and commercial activities, result in 
the introduction and proliferation of artificial structures in 
marine coastal habitats worldwide (Bulleri & Chapman, 
2010; Dafforn et al., 2015; Firth et al., 2016a). These 
structures are mostly linked to coastal defense purposes 
against sea-level rise, but also to commercial infrastruc-
tures, protection against coastal erosion and wave action, 
extraction of oil (e.g. offshore platforms), energy gener-
ation (e.g. wind farms) and aquaculture (Bacchiocchi & 
Airoldi, 2003; Dafforn et al., 2015; Firth et al., 2016a 
and references therein). Recently, some eco-engineering 
interventions have been carried out with the purpose of 
increasing or maintaining biodiversity inhabiting such 
structures (see review by Strain et al., 2018). Neverthe-
less, strict or well-defined ecological criteria and man-

agement practices are lacking during the design stage 
or after installation of these infrastructures (Moschel-
la et al., 2005; Firth et al., 2014, Dafforn et al., 2015). 
Their impacts have been largely documented, generally 
concluding that artificial structures do not function per 
se as surrogates of natural habitats (e.g. Bulleri & Chap-
man, 2010; Perkins et al., 2015) due to different habitat 
complexity (e.g. Perkol-Finkel & Benayahu, 2004; Lam 
et al., 2009; Loke et al., 2015; Mercader et al., 2017), 
nature of building materials (e.g. Coombes et al., 2015; 
Sempere-Valverde et al., 2018), surface inclination and 
orientation (e.g. Moreira et al., 2006; Chapman & Un-
derwood, 2011) and even differential grazing pressure 
between artificial and natural habitats (Ferrario et al., 
2016). Consequently, the importance of ecological char-
acterization of these structures and the incorporation of 
ecological criteria in their design should not be neglected 
(Mosquella et al., 2005; Perkins et al., 2015). 
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The European coasts have been highly modified by 
the introduction of artificial structures (Airoldi & Beck, 
2007). In the Mediterranean Sea, the ecological study of 
artificial structures as “hot spots” of biological invasions 
has been particularly prolific, focusing mainly in marinas 
(e.g. Ros et al., 2014; Ulman et al., 2017; Martínez-Laiz 
et al., 2018) or artificial reefs (Fabi et al., 2011; López 
et al., 2016). However, only few studies have compared 
communities of natural hard habitats with coastal defense 
structures (e.g. Gacia et al., 2007; García-Gómez et al., 
2015; Ido & Shimrit, 2015). In the Aegean Sea, most 
studies related to artificial structures have focused in vag-
ile fauna associated with harbours and marinas (Karalis et 
al., 2003; Chintiroglou et al., 2004; Corsini-Foka et al., 
2015; Ulman et al., 2017; Chatzinikolaou et al., 2018; 
Zenetos et al., 2018), aquaculture facilities (Fernán-
dez-González & Sánchez-Jerez, 2017) and artificial reefs 
(Sinis et al., 2000; Lök et al., 2008; Klaoudatos et al., 
2012). Regarding sessile fauna, a recent study in Saron-
ikos Gulf found higher abundances of the cryptogenic 
coral Oculina patagonica over anthropogenic structures 
compared with natural habitats (Salomidi et al., 2013). 

The northern coast of Crete (Eastern Mediterranean 
Sea, Greece) is greatly affected by urbanization because 
the largest cities and main tourist infrastructures (e.g. har-
bours) of the island are located there (e.g. Chatzinikolaou 
& Arvanitidis, 2016). This has resulted in an increase of 
maritime traffic and the establishment of various types of 
coastal defense structures. In spite of this, there is a lack 
of studies on the impact of these structures on the benthic 
biota. The aim of this work was to study and compare 
for the first time the subtidal sessile benthos on coastal 
defense structures with that of nearby natural rocky sub-
strates around Crete. Our main hypothesis is that the as-
semblage structure and function (in terms of macroalgal 
structural complexity) will differ significantly between 
artificial and natural substrates.   

Materials and Methods

Study area

Crete (Greece) is located between the Aegean and 
Libyan Seas in the Eastern Mediterranean Sea, one of the 
most oligotrophic marine areas (Boetius et al., 1996) and 
among the main hotspots for marine bioinvasions world-
wide (Rilov & Galil, 2009). Six localities around Crete 
(Fig. 1) were studied: three in the north (South Aegean 
Sea) and three in the south (Libyan Sea) coast of the is-
land. Northern localities were Kato Galatas (35.513º N, 
23.964° E), Bali (35.413° N, 24.784° E) and Gournes 
(35.336° N, 25.299° E), while southern localities were 
Hora Sfakion (31.198º N, 24.136º E), Agia Galini (35.094º 
N, 24.689° E) and Tsoutsouros (34.150º N, 25.287º E). 

At each locality, two types of hard substrates were 
sampled in the upper subtidal zone (1-3 m deep): (a) ar-
tificial boulder-like coastal defense structures (hereafter 
“rip-raps”) deployed in marinas more than 10 years ago, 
and (b) nearby natural rock (Habitat type “1170 Reefs” 

according to the EU Directive 92/43/EEC). Natural sub-
strates within each locality were predominantly adjacent 
to rip-raps, except for one locality (Gournes) where the 
only available natural hard substrate was located approx-
imately 1 km away from the rip-raps. The sampled sub-
strates faced North/North-east in the three northern local-
ities and to South in the southern ones. 

Sample collection and processing

Sampling took place in July 2017. At each locality, 
three random sites located tens of meters apart, were 
selected for each substrate type. Within each site, three 
quadrats were photographed using an Olympus TG4 
camera with a Subacqua Helios 1700 focus light. A total 
of 108 photoquadrats were collected (3 photoquadrats * 
3 sites * 2 substrates * 6 localities). Photoquadrats were 
randomly taken while snorkeling at a depth of 1-3 m by 
placing a 20 x 20 cm aluminum square frame (Bianchi 
et al., 2004). At each site, the first quadrat was placed 
at the first available subtidal vertical surface orientated 
seawards. Subsequent quadrats were placed at the first 
available surface at least 3 m away or further. Cover of 
sessile species was measured by spawning 100 random 
points using PhotoQuad software (Trygonis & Sini, 
2012). Sessile taxa that were present in the photoquadrats 
but did not fall below a random point were given an arbi-
trary value of 0.5% cover (Bacchiocchi & Airoldi, 2003; 
Marzinelli et al., 2011; Ostalé-Valriberas et al., 2018). 
Qualitative samples of the main benthic taxa present in 
the photoquadrats were also collected when needed for 
accurate taxonomic identification in the laboratory.

Statistical analyses

Taxa cover percentages were calculated for each pho-
toquadrat, and based on these data, values of three diver-
sity indices were further determined: number of taxa (S), 
Shannon-Wiener’s diversity (H’) and Pielou’s evenness 
(J’). In order to test the null hypothesis of no difference 
in the aforementioned parameters between substrates and 
orientations and among localities and sites, multivariate 

Fig. 1:  Sampling localities in Crete Island. 1: Kato Galatas; 
2: Bali; 3: Gournes; 4: Hora Sfakion; 5: Agia Galini; 6: Tsout-
souros.
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and univariate statistical analyses were applied. 
Four-factor permutational multivariate analysis of 

variance (PERMANOVA) was used to examine the effect 
of substrate type, orientation, locality and small-scale 
heterogeneity (sites within locations) on the structure of 
the sessile assemblage (based on taxa cover percentages). 
Thus, four factors were considered: ‘Substrate’ (Su), a 
fixed factor with two levels (Natural, Artificial); ‘Orien-
tation’ (Or), a fixed factor with two levels (North, South) 
and crossed with Substrate; ‘Locality’ (Lo), a random 
factor nested in Or with three levels for each orientation 
(North: Kato Galatas, Bali, Gournes; South: Hora Sfaki-
on, Agia Galini, Tsoutsouros); and ‘Site’ (St), a random 
factor nested in Su, Or and Lo, with three levels for each 
locality (Site 1, Site 2, Site 3). 

PERMANOVA was run on a triangular similarity 
matrix derived from Bray-Curtis dissimilarity index of 
square-root transformed data. In cases of small numbers 
of unique permutations, P-values were obtained through 
a Monte Carlo test (Anderson et al., 2008). When sig-
nificant differences for a given factor or interaction of 
factors were detected, the sources of variation were iden-
tified based on Pair-wise comparisons. Additionally, in 
order to test the dispersion among samples for the fixed 
factors Su and Or, a permutational analysis of multivar-
iate dispersions (PERMDISP) was used. No action was 
taken when there was heterogeneity of variances, since 
PERMANOVA is largely unaffected by heterogeneity in 
cases of balanced design (Anderson & Walsh, 2013). 

Multivariate non-metric multidimensional scaling 
(MDS) was also used, along with the Bray-Curtis simi-
larity index to visualize patterns in assemblage structure 
between substrates, orientations and localities. Kruskal’s 
stress coefficient was used to test whether the ordination 
was reliable (Kruskal & Wish, 1978). The data (taxa cov-
er percentages) were square-root transformed.

The contribution of each taxon to the Bray-Curtis sim-
ilarity within each substrate type was determined with the 
SIMPER (SIMilarity PERcentages) analysis.

A four-factor analysis of variance (ANOVA) follow-
ing the abovementioned design was used to examine 
whether the number of taxa, Shannon-Wiener’s diversity 
and Pielou’s evenness differed with substrate type, ori-
entation, locality and sites. Prior to ANOVA, heteroge-
neity of variance was tested with Cochran’s test. Since 
there was heteroscedasticity, Box-Cox routine was ap-
plied in order to estimate the most effective lambda (λ) 
for Box-Cox transformations (xt = (xλ-1)/λ) (Osborne, 
2010). Variances remained heterogenous (p < 0.01) for 
number of taxa, and thus, the level of significance was 
reduced consequently to p < 0.01 to reduce type I errors 
(Underwood, 1997). When ANOVA detected significant 
differences for a given factor, the source of difference 
was identified by applying the Student–Newman–Keuls 
(SNK) test (Underwood, 1981, 1997). 

Since macroalgae were the main ecosystem-engineer-
ing taxon on the studied hard substrates, a two-way ANO-
VA was used to examine whether there were differenc-
es for Su and Or in terms of macroalgal morphological 
complexity. For this reason, macroalgae were assigned 

to two morpho-functional groups, i.e. arborescent and 
non-arborescent taxa. The criterion followed to consid-
er any given alga as arborescent was the capability of 
growing in the vertical axis forming three-dimensional 
branched canopies. Multivariate analyses were conduct-
ed with PRIMER v.6+PERMANOVA package (Clarke, 
1993) and ANOVAs with GMAV5 software (Underwood 
et al., 2002).

Results

A total of 49 taxa were identified, which belonged to 
10 major taxonomic groups: Chlorophyta, Ochrophyta, 
Rhodophyta, Porifera, Cnidaria, Polychaeta, Gastrop-
oda (family Vermetidae), Cirripedia (family Balani-
dae), Bryozoa, and Ascidiacea. Twenty-three out of 45 
taxa identified in natural substrates were macroalgae. 
Rhodophytes were the dominant phylum with five taxa 
(Lithophyllum spp., Jania adhaerens, Peyssonnelia spp., 
Laurencia obtusa and Amphiroa rigida) contributing by 
68.78% to the similarity in natural substrates. On the oth-
er hand, in the studied artificial substrates only 16 out of 
30 identified taxa were macroalgae, with two taxa (the 
rhodophyte Lithophyllum spp. and the filamentous chlo-
rophyte Cladophora spp.) contributing by more than 72% 
to the Bray-Curtis similarity. Regarding metazoans, 22 
taxa were found in natural substrates while only 14 taxa 
in rip-raps, being noteworthy the absence of cnidarians 
and the lower diversity of sponges (7 versus 12 taxa) in 
the latter. Consequently, of the total taxa, 17 were found 
exclusively on natural substrates while only three on rip-
raps (Table 1).  

The three dimensional MDS showed a clear ordination 
of samples according to the habitat type (Fig. 2). Even 
though there was a high dispersion among samples be-
tween substrate types (see PERMDISP in Table 2), PER-
MANOVA results (Table 2) showed significant differ-
ences in assemblage structure between the two substrate 
types but not between orientations. Moreover, significant 
differences were observed for locality and two significant 
interactions between factors were detected, i.e. Su x Or 
and Su x Lo(Or). Pair-wise comparisons revealed that the 
interaction Su x Or was significant between substrates 
within each orientation but not between orientations for 
each level of substrate. Pair-wise comparisons for Su x 
Lo(Or) revealed that at each locality the assemblage dif-
fered between the two substrates except for Tsoutsouros 
(Supplementary Table S1). No significant differences 
were found for small-scale heterogeneity, i.e. among sites 
for each substrate within any given locality.

The results of the four-factor ANOVA for the three di-
versity measures are shown in Table 3. There were signif-
icant differences in number of taxa for substrate, locality 
and their interaction Su x Lo(Or). According to the SNK 
tests, number of taxa was significantly higher in natural 
substrates, and the interaction Su x Lo(Or) revealed that 
number of taxa was higher at every locality, although 
non-significantly at Tsoutsouros (Fig. 3A). With regard 
to the substrate type, the SNK test showed that number of 
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continued

Table 1. Percentage cover for every taxon identified at each locality. Ka: Kato Galatas; Ba: Bali; Go: Gournes; Ho: Hora Sfaki-
on; Ag: Agia Galini; Ts: Tsoutsouros.

Natural substrate Artificial substrate (rip-raps)

Ka Ba Go Ho Ag Ts Ka Ba Go Ho Ag Ts
Phylum Chlorophyta

Class Ulvophyceae

Order Bryopsidales

Family Halimedaceae
   Halimeda tuna (J.Ellis & Solander) 
J.V.Lamouroux
Family Udoteaceae

   Flabellia petiolata (Turra) Nizamuddin

Order Cladophorales

Family Anadyomenaceae

   Anadyomene stellata (Wulfen) C.Agardh

Family Cladophoraceae

   Cladophora spp. 

Order Dasycladales

Family Polyphysaceae

   Acetabularia acetabulum (Linnaeus) P.C. Silva

Order Siphonocladales

Family Valoniaceae

   Valonia sp.
Phylum Ochrophyta

Class Phaeophyceae

Order Dictyotales

Family Dictyotaceae

   Dictyota spp.

   Padina pavonica (Linnaeus) Thivy

   Zonaria sp. 

Order Fucales

Family Sargassaceae 

   Cystoseira spinosa Sauvageau

Order Sphacelariales

Family Sphacelariaceae

   Sphacelaria sp.

Family Stypocaulaceae

   Halopteris scoparia (Linnaeus) Sauvageau
Phylum Rhodophyta

Class Florideophyceae

Order Ceramiales

Family Rhodomelaceae
   Alsidium helminthochorton (Schwendimann) 
Kützing
   Laurencia obtusa (Hudson) J.V.Lamouroux

Order Corallinales

Family Corallinaceae

   Amphiroa cryptarthrodia Zanardini
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Table 1 continued

continued

Natural substrate Artificial substrate (rip-raps)

Ka Ba Go Ho Ag Ts Ka Ba Go Ho Ag Ts
   Amphiroa rigida J.V.Lamouroux
   Ellisolandia elongata (J.Ellis & Solander) 
K.R.Hind & G.W.Saunders
   Hydrolithon farinosum (J.V.Lamouroux) 
Penrose & Y.M.Chamberlain
   Jania adhaerens J.V.Lamouroux

   Lithophyllum spp.

Order Nemaliales

Family Galaxauraceae
   Tricleocarpa fragilis (Linnaeus) Huisman & 
R.A.Townsend
Family Liagoraceae
   Ganonema farinosum (J.V.Lamouroux) 
K.C.Fan & Yung C.Wang
Order Peyssonneliales

Family Peyssonneliaceae

   Peyssonnelia sp.1

   Peyssonnelia spp.
Turf Algae

Phylum Porifera

Class Demospongiae

Order Chondrillida

Family Chondrillidae

   Chondrilla nucula Schmidt, 1862

Order Chondrosiida

Family Chondrosiidae

   Chondrosia reniformis Nardo, 1847

Order Clionaida

Family Clionaidae

   Cliona celata Grant, 1826

   Cliona schmidtii (Ridley, 1881)

   Cliona sp.

   Cliona viridis (Schmidt, 1862)

Family Spirastrellidae

   Spirastrella cunctatrix (Schmidt, 1868)

Order Dictyoceratida

Family Irciniidae

   Ircinia sp.

   Sarcotragus spinosulus (Schmidt, 1862)

Order Haplosclerida

Family Petrosiidae

   Petrosia ficiformis (Poiret, 1789)

Order Poecilosclerida

Family Crambeidae

   Crambe crambe (Schmidt, 1862)
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Table 1 continued

Natural substrate Artificial substrate (rip-raps)

Ka Ba Go Ho Ag Ts Ka Ba Go Ho Ag Ts
Family Hymedesmiidae

   Phorbas topsenti Vacelet & Perez, 2008
Phylum Cnidaria

Class Anthozoa

Order Actiniaria

   Aiptasia mutabilis (Gravenhorst, 1831)

Order Scleractinia

Family Dendrophylliidae

   Balanophyllia sp.

Class Hydrozoa

Order Anthoathecata

Family Pennariidae

   Pennaria disticha Goldfuss, 1820
Phylum Annelida

Class Polychaeta

Order Sabellida

Family Serpulidae

   Serpula spp. 
Phylum Mollusca

Class Gastropoda

Order Littorinimorpha

Family Vermetidae

   Dendropoma cristatum (Biondi, 1859)

   Thylacodes arenarius (Linnaeus, 1758)
Phylum Arthropoda

Class Hexanauplia

Order Sessilia

Family Balanidae

   Perforatus perforatus (Bruguière, 1789)
Phylum Bryozoa

Class Gymnolaemata

Order Cheilostomatida

Family Adeonidae

   Reptadeonella violacea (Johnston, 1847)

Family Bitectiporidae

   Schizomavella sp. 

Family Schizoporellidae

   Schizobrachiella sanguinea (Norman, 1868)
Phylum Chordata

Class Ascidiacea

Order Aplousobranchia

Family Didemnidae

   Didemnum sp.

Grades of blue represent average cover: < 5% 5-10% 10-25% 25-40% > 40%
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taxa was significantly higher in natural substrates of Bali 
compared to Gournes. In the south, natural substrates of 
Hora Sfakion and Agia Galini had higher number of taxa 
than Tsoutsouros. No differences were found in the num-
ber of taxa in artificial substrates among localities except 
for Kato Galatas where number of taxa was significantly 
higher compared to Gournes. Values of H’ differed sig-
nificantly for the substrate factor; SNK tests showed that 
H’ values were higher in natural substrates. Also, a signif-
icant interaction Su x Lo(Or) was detected for H’. SNK 
tests (in the same way than for number of taxa) showed 
that H’ values in natural substrates were higher at every 
locality except for Tsoutsouros (Fig. 3B). Regarding 
Pielou’s evenness, communities over natural substrates 

were more evenly distributed than on artificial substrates 
(Fig. 3C). In accordance with SNK tests results, this was 
explained by the significant differences found only at 
Bali and Gournes.

According to the SIMPER, seven species contributed 
to 81.12% of the similarity for natural substrates while 
only three species accounted for 81.78% of the similarity 
in artificial substrates (Fig. 4). 

Ten taxa found in this study were considered as ar-
borescent macroalgae, i.e. Amphiroa cryptarthrodia, A. 
rigida, Cystoseira spinosa, Dictyota spp., Ellisolandia 
elongata, Ganonema farinosum, Halopteris scoparia, 
Jania adhaerens, Laurencia obtusa and Tricleocarpa 
fragilis. Coralline macroalgae of the genus Lithophyllum 

Fig. 2: Three dimensional MDS plot for sessile benthic assemblages. Each spot represents a replicate sample. Grey symbols: 
natural substrates; Black symbols: artificial substrates.

Fig. 3: Average values of three diversity indexes (A: number of taxa, B: Shannon-Wiener’s diversity, C: Pielou’s evenness) for 
artificial and natural substrates at each locality. a, b denotes significant sources of variation detected by SNK through four-factor 
ANOVA. ** p<0.01; *** p<0.001.
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dominated on both artificial and natural substrates (Ta-
ble 1). Consequently, average cover of non-arborescent 
algae was higher at every locality compared with arbo-
rescent taxa. However, average arborescent macroalgae 
cover was higher in natural (29.15 % ± 3.58, mean ± SE) 
than in artificial (12.08 % ± 2.12, mean ± SE) habitats 
and thus the ratio non-arborescent/arborescent algae was 
higher on artificial substrates (Fig. 5). ANOVA results 
confirmed those differences (Table 4). 

Discussion

Shallow subtidal hard bottoms have been scarcely in-
vestigated in Crete, apart from some studies focusing on 
qualitative bionomic descriptions (Pérès & Picard, 1958), 
specific taxa (Poursanidis et al., 2016; Katsanevakis et 
al., 2017) or macrofaunal vagile assemblages (Chatzi-
georgiou et al., 2012; Poursanidis et al., 2019). This 
work constitutes, therefore, the first quantitative compar-
ative description of the shallow subtidal sessile benthos 
between artificial (rip-raps) and natural hard substrates 
in the area. The results supported our initial hypothesis 
and showed that rip-raps do not function as surrogates 
of natural hard substrates in the area since (1) the sessile 
assemblage was significantly different to that on natural 
rocky bottoms, (2) rip-raps supported fewer taxa and (3) 
had a significantly lower cover of habitat-forming arbo-
rescent macroalgae.

In shallow subtidal rocky bottoms, where light is not 
a limiting factor, macroalgae are expected to form a ma-
jor component of sessile benthos, playing such important 
roles as nutrient cycling and ecosystem engineering, thus 
providing habitat for a broad range of organisms (e.g. 
Crooks, 2002; Ólafsson, 2017). Our study showed that 
macroalgae, and particularly rhodophytes, were the dom-
inant taxa in natural substrates; on the contrary, macroal-
gae diversity was much lower on rip-raps. Indeed, rhodo-
phytes have been previously reported as the dominant 
macroalgal taxon in shallow waters of Greece (Lazaridou 
et al., 1997). The species composition of the studied nat-
ural hard substrates was similar to that described from 
moderately exposed subtidal hard substrates in the Aege-
an Sea (Orfanidis et al., 2005) and light-demanding hard 
bottoms in the Mediterranean Sea (e.g. Boudouresque, 
1971; Ballesteros, 1993). 

Artificial substrates are often subjected to important 
levels of disturbance (Airoldi & Bulleri, 2011). These 
artificial habitats are usually characterized by low bio-
diversity (Odum, 1985), where usually a few opportu-
nistic species thrive (Orfanidis et al., 2003; Dafforn et 
al., 2009). This is the case of Cladophora spp., which 

Table 2. Results of PERMANOVA test with Substrate (Su), 
Orientation (Or), Locality (Lo) and Site (St) factors for the 
total assemblage structure (taxa cover percentages) based on 
Bray-Curtis dissimilarity index of square-root transformed 
data. MS: mean square; p: level of significance; df: degrees of 
freedom; n.s.: not significant; * p<0.05; ** p<0.01.

Source of variation df MS Pseudo-F p
Su 1 23104 5.5842 *
Or 1 9908.9 0.94008 n.s.
Lo(Or) 4 10541 10.275 **
Su x Or 1 15281 3.6934 *
Su x Lo(Or) 4 4137.4 4.0331 **
St (Su x Lo(Or)) 24 1025.9 1.2002 n.s.
Residual 72 854.75
Total 107
PERMDISP (Su) F = 4.42 p = 0.045*

(Or) F = 3.03 p = 0.115
Pair-wise tests Levels of factor (Or)
Su x Or Natural: North = South

Artificial: North = South
Levels of factor (Su)
North: Natural ≠ Artificial
South: Natural ≠ Artificial

Table 3. Results of the four-factor ANOVA for number of taxa (S), Shannon-Wiener’s diversity (H’) and Pielou’s evenness (J’). 
MS: mean square; p: level of significance; df: degrees of freedom; n.s.: not significant; * p<0.05; ** p<0.01; *** p<0.001.

Number of taxa (S) Shannon-Wiener diversity (H’)   Pielou’s evenness (J’)
Source of variation df MS F p MS F P MS F p
Su 1 36.0901 24.28 *** 5.9786 27.25 ** 0.5669 25.77 **
Or 1 0.9997 0.49 n.s. 0.0964 0.15 n.s. 0.0045 0.03 n.s.
Lo(Or) 4 2.0266 5.96 ** 0.6289 8.84 *** 0.1625 3.44 *
St (Su x Lo(Or)) 24 0.3402 0.72 n.s. 0.0711 1.16 n.s. 0.0437 1.58 n.s.
Su x Or 1 0.0318 0.02 n.s. 0.2383 1.09 n.s. 0.1039 4.72 n.s.
Su x Lo(Or) 4 1.4864 4.37 ** 0.2193 3.08 * 0.1039 0.47 n.s.
Residual 72 0.4705 0.0615 0.0300
TOTAL 107
Cochran’s test 0.4085 0.0998 0.1281

** n.s. n.s.
Transformation Box-Cox (λ=0.3555) Box-Cox (λ=0.2548) Box-Cox (λ=0.2021)
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show tolerance to environmental disturbances (e.g. Peck-
ol & Rivers, 1995; Orfanidis et al., 2001; Salomidi et al., 
2016), and presented higher cover percentages on the 
studied rip-raps compared to natural substrates. In fact, 
opportunistic species could outcompete other species on 
hard substrates, thus resulting in fewer number of species 

than in natural habitats (Bacchiocchi & Airoldi, 2003).
It is noteworthy that 17 taxa were exclusively found 

on natural hard substrates while only three were found 
as exclusive on artificial ones (Table 1), including the 
cryptogenic species Ganonema farinosum (Verlaque et 
al., 2015; Zenetos et al., 2018) that was recently reported 
to be widely distributed in Crete Island (Gerovasileiou et 
al., 2017). Moreover, some species found exclusively on 
natural hard substrates in the study area (e.g. Thylacodes 
arenarius and Cystoseira spinosa) have been proposed as 
bioindicators of good environmental status within mon-
itoring schemes under the Marine Strategy Framework 
Directive (MSFD) (WoRMS Editorial Board, 2018). 
They are also considered in some ecological indices, such 
as CARLIT (Ballesteros et al., 2007). In addition, C. spi-
nosa is included in the list of endangered or threatened 
species (Annex II) of the Barcelona Convention (1996). 

The sessile benthic assemblage on rip-raps had fewer 
taxa and lower values of diversity (H’), suggesting that 
those support a poorer and more homogeneous assem-
blage than natural rocky reefs. The construction of coast-
al defense infrastructures (e.g. rip-raps and seawalls) has 

Taxa Av. Sim. % Contrib. %
Group Natural 42.93

1  Lithophyllum spp. 16.96 39.50
2  Jania adhaerens 4.16 9.68
3  Peyssonnelia spp. 3.89 9.06
4  Cladophora spp. 2.70 6.30
5  Cliona viridis 2.59 6.04
6  Laurencia obtusa 2.36 5.50
7  Amphiroa rigida 2.17 5.04

Total = 81.12
Group Artificial 47.66

I  Lithophyllum spp. 29.30 61.47
II Cladophora spp. 5.47 11.48
III Cliona viridis 4.21 8.83
IV Peyssonnelia spp. 3.33 7.00

Total = 88.78
Fig. 4: Results of SIMPER analysis. Taxa that contributed less than 5% to the total similarity are not shown. Histograms repre-
sent contributions (bars, left axis) and cumulative contributions (grey line, right axis) for the taxa indicated with natural numbers 
(Group Natural) or Roman numerals (Group Artificial).

Fig. 5: Average cover (%) of arborescent and non-arborescent 
algae on artificial and natural substrates. The ratio non-arbo-
rescent/arborescent is also shown. Error bars represent standard 
deviation (SD).

Table 4. ANOVA test with Substrate (Su) and Orientation (Or) 
factors for arborescent algae cover percentages. Due to hetero-
scedasticity, level of significance was reduced to p<0.01 to re-
duce type I error. MS: mean square; p: level of significance; df: 
degrees of freedom; n.s.: not significant; * p<0.01.

Source of 
variation df MS Pseudo-F p

Su 1 7862.6134 19.098 *
Or 1 368.5208 0.522 n.s.
Su x Or 1 1629.4468 3.56 n.s.
Residual 104 458.0262
Total 107
Cochran’s-test * 
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been previously identified as a “driver of global biotic 
homogenization” (see review in Firth et al., 2016a) which 
is defined as the process under which communities be-
come more uniform in terms of number of taxa, similarity 
of functions and genetic diversity (McKinney, 2006). 

Differences in assemblage structure between natural 
and artificial substrates were clearly portrayed by the 
MDS ordination. In fact, natural substrates were pooled 
together and separated from artificial ones indicating 
that the substrate type has a major role in structuring 
sessile benthos. Multivariate analyses (Supplementary 
Table S1) highlighted higher variability among localities 
than among sites within a given locality, indicating that 
local populations could have been established depend-
ing on the local variability of environmental conditions 
(e.g. Tofts & Silvertown, 2000). Although variability is 
usually larger at small spatial scales in shallow rocky 
coasts (Fraschetti et al., 2005), our results suggest higher 
variability at a broader scale (among different localities, 
tens of kilometers away); this contrasts with other stud-
ies for Mediterranean rocky beds with canopy-forming 
macroalgae (Dal Bello et al., 2016). Our results might 
be explained because depth, wave exposure, age and in-
clination of hard substrates was similar in all sites within 
localities in an effort to ensure comparability. Neverthe-
less, statistically significant differences were still found 
between artificial and natural substrates.

Differences of artificial versus natural hard substrate 
assemblages are mainly related to habitat complexity, 
wave exposure, age of the substratum, dispersal potential 
of propagules and larvae, substrate inclination and orien-
tation (e.g. Glasby & Connell, 2001; Firth et al., 2016b; 
Ushiama et al., 2016), herbivory (Forrest et al., 2013; 
Ferrario et al., 2016), roughness and nature of building 
materials (e.g. Coombes et al., 2015; Cacabelos et al., 
2016; Sempere-Valverde et al., 2018). The sampling de-
sign considered in our study eliminated potential con-
founding effects due to some factors (e.g. wave exposure, 
inclination and dispersal of propagules and larvae), thus 
allowing more rigorous conclusions with regard to the 
examined factors. 

So far, it is uncertain how many years are needed for 
artificial structures to hold a “climax community” or to 
determine if that is even possible. Some authors have es-
timated that it takes between 5 and 20 years for artificial 
structures to reach climax communities (Hawkins et al., 
1983; Pinn et al., 2005; Coombes, 2011) while others 
suggest that low crested structures (like the ones studied 
here) never become natural climax communities (Gacia 
et al., 2007) or that incomplete succession could be a per-
sistent stable state (Ferrario et al., 2016 and references 
therein). The taxa which were exclusively found on nat-
ural substrates in the study area reproduce by releasing 
spores or larvae to the water column, being capable of 
colonising nearby hard substrates within the immersion 
time of the studied artificial substrates (>10 years). Thus, 
we believe that the immersion time of the artificial sub-
strates was not a major factor structuring the communi-
ties in the present study.

Different substrate inclination (i.e. vertical versus 

horizontal surfaces) has been shown to affect small-scale 
variability on artificial substrates (Glasby, 2000; Ush-
iama et al., 2016). In this study, all examined surfaces 
were vertical in order to minimize heterogeneity linked 
to different surface inclination. Exposure to sunlight has 
been found to have more determinant effects on epibiotic 
assemblages compared to surface inclination (see Glasby 
& Connell, 2001). Nevertheless, in our study there were 
no significant differences between northern and southern 
localities. In addition, the entire coastline of Crete be-
longs to the same biogeographical area (the South Aege-
an ecoregion) and there is high connectivity between the 
north and south sides due to the interconnection of cy-
clonic and anticyclonic gyres by currents and jets (Theo-
charis et al., 1999). All in all, and given that the sampled 
artificial structures in our study were adjacent to natural 
hard substrates, thus facilitating the potential nourish-
ment of rip-raps (Gacia et al., 2007), it is improbable 
that poor larval or propagules dispersal limits the estab-
lishment of assemblages on rip-raps. On the other hand, 
their settlement could be affected by other factors such as 
nature of building materials and roughness (Coombes et 
al., 2015; Ido & Shimrit, 2015; Sempere-Valverde et al., 
2018) or ecological processes, such as grazing, predation 
and competition (Foster et al., 2003; Bulleri, 2005; Mar-
zinelli et al., 2011; Ferrario et al., 2017). 

Besides the differences in assemblage composition 
and diversity, the cover of habitat-forming arborescent 
macroalgae was significantly lower in rip-raps, thus po-
tentially generating differences in ecosystem function-
ing. These species can modify the community structure 
(Benedetti-Cecchi et al., 2001; Maggi et al., 2009) by 
providing new habitat and shelter (Boudouresque, 1971; 
Cheminée et al., 2017) and facilitating the establishment 
of propagules and larvae (Arenas et al., 2006; Bulleri, et 
al., 2009). In addition to the increase of habitat complexi-
ty, they constitute an important source of primary produc-
tion, supporting rich vagile biota, such as fish (Thiriet et 
al., 2016; Cheminée et al., 2017).

In natural habitats, coexistence of arborescent and en-
crusting taxa on macroalgal communities is common since 
encrusting species are usually tolerant to overgrowth (Ai-
roldi, 2000; Bulleri, 2006); this coexistence was observed 
in the studied natural substrates while rip-raps exhibited 
a shift towards non-arborescent algae. This might be ex-
plained by different grazing pressures between habitats. 
Indeed, grazing has been identified as relevant in shap-
ing macroalgal assemblages (Underwood & Jernakoff, 
1984; Coleman et al., 2006; Tsirintanis et al., 2018). For 
instance, Ferrario et al. (2016) reported higher grazing 
pressure in artificial structures in comparison to natural 
ones in the North Adriatic Sea. First, isolated artificial 
structures over soft bottoms would probably be subjected 
to higher grazing pressure compared to large rocky reefs 
due to the greater concentration of potential grazers in 
the only available, artificial rocky substrates (Ferrario et 
al., 2016). In our case, Gournes had rip-raps settled over 
soft bottoms approximately 1 km away from the near-
est natural rocky shore. Second, the higher diversity and 
abundance of palatable algae in natural habitats results in 
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a share-out of grazing pressure among targeted algae spe-
cies. In accordance with this hypothesis, the most abun-
dant arborescent species of the study area (Jania adhaer-
ens, Laurencia obtusa and Amphiroa rigida) were absent 
from rip-raps. However, apart from Gournes, rip-raps in 
other localities were adjacent to natural hard substrates. 
Therefore, a different grazing pressure across localities 
from highly motile herbivores such as certain fishes is 
rather unlikely. Nevertheless, the invasive crab Percnon 
gibbesi (H. Milne Edwards, 1853) was abundant in all 
sampling localities in the boulder-like rip-raps (authors’ 
personal observations, Fig. 6). Percnon gibbesi has been 
described as a herbivorous species, mostly feeding on ar-
ticulated Corallinaceae and Sphacelariaceae (Deudero et 
al., 2005; Puccio et al., 2006), possibly exerting this way 
a differential grazing pressure. Katsanevakis et al. (2010) 
also measured higher densities of this crab in boulder-like 
habitats near marinas. Therefore, it is likely that the intro-
duction of highly heterogeneous artificial structures for 
coastal defense purposes could facilitate the establish-
ment of some non-indigenous species. The potential im-
pact of such introductions should be considered in future 
management practices for deployment of coastal defense 
structures, especially in marine areas highly susceptible 
to biological invasions.  

In conclusion, the composition and diversity of shal-
low subtidal sessile assemblages on rip-raps suggest that 
these artificial structures do not function as surrogates of 
natural hard substrates in the study area, considering both 
a taxonomic and a functional approach. The deficient per-
formance of this artificial habitat could be attributed to 
a combination of co-occurring abiotic and biotic factors 
such as the nature and roughness of the building material 
as well as differential grazing pressure. We suggest that 
future constructions should apply ecological criteria con-
sidering various materials (e.g. Sempere-Valverde et al., 
2018) and novel designs (Ostalé-Valriberas et al., 2018) 
which could match the particular scenario of the Cretan 
coast. Further research for the ecological characteriza-
tion of these structures is critical in order to improve our 
knowledge in support of better management practices, 
under the framework of green engineering, in coastal and 
marine infrastructure of the Eastern Mediterranean Sea. 
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