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Abstract 

The effect of marine species attached on rock mass breakwaters was evaluated on the durability 

of breakwaters against erosion in the Gulf of Oman, Iran. A suit of erosion indicators in rock 

boulders (i.e., chemical dissolution, full deterioration, roundness, exfoliation, lamination, 

fracture) were assessed qualitatively and visually between those materials with biota and those 

with no biota. The results showed that rock boulders with no biota were largely eroded than 

those boulders with attached biota. A significant difference was detected in all erosion 

indicators between rocks with attached biota and those with no biota suggesting that rocks with 

biota were significantly more durable against erosion than those with no biota. The conclusion 

from this study suggests that marine organisms attached to the rock mass breakwaters play a 

key role in the durability of these structures even if they are morphologically less qualified for 

breakwater construction according to the international standards. The findings also suggest that 

Lumachel rock boulders followed by sandstone boulders in the second place are more durable 

and therefore are a better choice for the construction of stable jetties. 

 

Keywords: Bioprotection; Bioerosion; Rock boulders; Erosion; Durability; Ecological 
enhancement. 

 

1. Introduction 

A breakwater is a structure constructed on the 

coast for reducing the intensity of wave action in 

inshore waters and thereby providing safe 

harbourage. The natural rock and concrete, or a 

combination of both, are the main materials forming 

95% or more of all the breakwaters constructed 

(Sciortino, 2010). A variety of natural rocks with 

different sizes and shapes are commonly used as 

armour stone for the construction of breakwaters 

(Mather 1985; Latham 1991; Poole 1991; Erickson 

1993; Smith 1999; Topal and Acir 2004; Latham et 

al. 2006a, b). 

Durability of an armour stone versus severe 

marine environmental conditions is characterized by 
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its physical and mechanical properties (Fookes and 

Poole 1981; Lienhart and Stransky 1981; Dibb et al. 

1983; Clark 1988; Clark and Palmer 1991; Magoon 

and Baird 1992; Lutton and Erickson 1992; Stank 

and Knox 1992; Lienhart 1994, 2003; Latham 1998; 

Ertas and Topal 2006). The engineered/built coastal 

structures are damaging over time by abrasion and 

disintegration of their building armor stones (Ertas 

and Topal, 2008). Therefore, each individual armour 

unit must be capable of resisting the forces driven by 

wave action and must withstand chemical and 

physical deterioration. On the other hand, the erosive 

and or protective roles of biological agents 

colonizing armour stones should not be ignored in 

durability and or deterioration process of armour 

stones (Coombes et al., 2017; Mayaud et al., 2014; 

Naylor et al., 2012; Gómez-Pujol et al., 2007). The 

influence of biological agents in deterioration of 

rocky coastal landforms has been explored 

extensively (Neumann, 1966; Schneider, 1976; 

Torunski, 1979; Trudgill, 1987, Trudgill et al., 1987; 

Trudgill et al., 1987; Spencer, 1988; Radtke et al., 

1997). However, the bioprotective effects of biota on 

engineered/built coastal structures have been rarely 

explored (Coombes et al., 2017;   Mayaud et al., 

2014; Naylor et al., 2012; Gómez-Pujol et al., 2007). 

Man-made coastal structures favor biotic community 

recruitment or colonization by adding new habitats 

and macrohabitats (Masi et al., 2009). Marine boring 

organisms erode calcareous and rock substrates 

mechanically, chemically or by a combination of 

both (Hutchings, 1986; Hutchings et al., 2005; 

Fonseca et al., 2006; Zundelevich et al., 2007). These 

organisms are quite diverse, ranging from algae to 

some types of fungi, foraminiferans, poriferans, 

cnidarians, nematodes, phoronids, bryozoans, 

brachiopods, sipunculids, polychaetes, bivalves, 

gastropods, cephalopods, amphineurans, arthropods, 

echinoids, and fish. Probably the best-known 

bioeroders are bivalves, of which certain species can 

bore into rocks. It is widely accepted that the 

deterioration of the armour stones in the form of 

abrasion and disintegration may cause damage to the 

coastal engineering structures (Ertas and Topal, 

2008). 

A suite of engineering tests has been used to 

assess the durability of the rock fabric, in rock 

armouring, on coastal structures. The tests have been 

adapted to analyse the effects of the physical and 

chemical degradation mechanisms operating in the 

marine environment; in particular the mechanisms 

causing abrasion, fracturing and spalling of the 

armour (Bradbury and Allsop, 2011). The burrowing 

of marine organisms into coral reefs and other 

substrates such as wood, sand, mud, and rocks have 

been widely recognized. However, the effect of 

marine organisms on the durability of coastal 

structures has received hardly the attention it 

deserves from the geologists, biologists, and 

engineers. Therefore, the present study designed to 

evaluate the effect of marine biota on the durability 

of rock mass breakwaters against erosion in Gulf of 

Oman, Iran. In doing so, a suit of erosion indicators 

for rock boulders (i.e., chemical dissolution, full 

deterioration, roundness, exfoliation, lamination, 

fracture) were assessed between those materials with 

biota and those with no biota. In addition, the 

relationships between the type of armour stones, 

erosion type, and biota type were explored. 

2. Material and Methods 

2.1. Study area and biological sampling 

In 2012, a total of six rock mass breakwaters made 

of three different materials including (1)  Lumachel 

(N= 3, Pozm, Konarak, Ramin), (2) sandstone (N= 1, 

Tiss), and (3) the mixture of  Lumachel and 

sandstone (N= 2, Pasabandar, Beris) were selected 

across the coastal areas of Sistan & Baluchetan 

Province in the north east of  Gulf of Oman (Fig. 1). 

On each breakwater,  a total of 15  immersed (N= 5), 
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semi-immersed (N= 5) and dry (N= 5) rock blocks 

with approximately similar size (0.5 m width×0.7 m 

length×0.5 m height providing 1.9 m
2
 surface area) 

were haphazardly selected for sampling. The studied 

rock blocks on selected breakwaters were exposed 

with relatively identical slope. The leeward and 

seaward sides along with the top surface of each rock 

block were sampled by randomly placing three 

15×15cm quadrats on each surface within which 

density and species richness of marine biota were 

recorded. Attached biota on boulders were gently 

scraped into the bag net (0.05 mm mesh) attached to 

the quadrat using a metal brush and scraper. Bag net 

attached to the quadrat minimized the loss of biota 

due to the wave action. Organisms retained in the 

bag net were preserved in 4% formaldehyde, 

followed by 70% ethanol for further sorting and 

identification where necessary. Organisms were 

counted and identified to species level where 

possible.    

 

 

Fig. 1: The study area and location of studied breakwaters in the north east of the Gulf of Oman 

 

2.2. Assessment of erosion 

The rate of different erosion indicators (i.e., 

chemical dissolution, full deterioration, roundness, 

exfoliation, lamination, fracture) on each rock block 

was visually estimated for immersed, semi-immersed 

and dry blocks    (Fig. 2). Chemical dissolution is the 

process that breaks down rock through chemical 

changes. The deterioration of rocks take place due to 

atmospheric effects by water and humidity, water-

soluble salts and deterioration related to air pollution 

(Killip and Cheetham, 1984; Sandrolini and 

Franzoni, 2006). Roundness denotes degree of 

smoothing due to abrasion of sedimentary particles 

(Wadell, 1932). Exfoliation is a form of mechanical 

weathering in which curved plates of rock are 

stripped from rock below. Lamination is a small-

scale sequence of fine layers (laminae; singular: 

lamina) that occurs in sedimentary rocks. Fracture is 

any separation in a geologic formation, such as a 

joint or a fault that divides the rock into two or more 

pieces. Morphologic specifications and the rate of 

erosion in each breakwater were assessed in rock 50 

blocks with biota as well as in 50 rock blocks with 

no biota. Rock blocks showing each type of erosion 

were counted and the rate of erosion was recorded as 

percentage area of the rock block being eroded by 

the corresponding erosion type. 
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Fig. 2: Different types of erosions recorded on each rock block forming the studied breakwaters. 

 

2.3. Data analysis 

The hypothesis that the rates of different erosion 

indicators were significantly influenced by the type 

of rock block and the presence of biota was tested 

using multivariate two-way ANOVA in SPSS v.21. 

Factors were: (1) type of rock block as fixed factor 

with three levels (i.e., Lumachel, sandstone, the 

mixture of Lumachel and sandstone); and (2) 

presence/ absence of organisms on rock blocks with 

two levels (i.e., blocks with biota, blocks with no 

biota). Pairwise comparisons were tested using 

Student–Newman–Keuls (SNK) test.  Shapiro-Wilk 

test in SPSS v.21 was used to test for homogeneity of 

variances prior to ANOVA and data set on each 

erosion indicator with heterogeneous variances were 
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ARCSIN transformed (Underwood, 1997). While 

transformation was unsuccessful, the analyses were 

accomplished on transformed data by setting the 

significance level at 0.01 (Underwood, 1997). 

Non-metric multidimensional scaling (nMDS) was 

depicted to classify the different type of jetties based 

on erosion indicators. The nMDS were constructed 

based on Euclidean distance similarity matrices of 

the percentage of the area of the rock block subjected 

to different types of erosion. On the basis of 

Euclidean distance similarities, the similarity 

percentages analysis (SIMPER) was applied to the 

percentage rate of erosion indicators, in order to 

allow the separation of every two groups of jetty 

types according to different percentage rate data for 

each erosion type. These analyses were undertaken 

using PRIMER v.6 software (Plymouth Routines in 

Multivariate Ecological Research, Plymouth Marine 

Laboratory, Plymouth, UK) (Clarke and Gorley 

2006). Principle component analysis (PCA) in 

Canoco5 software (Ter Braak and Smilauer, 2002) 

was used to identify the intercorrelation between 

erosion type, biota type, and jetty type. As the 

response variables contained presence-absence data, 

and had a gradient 1.6 SD units long, so linear 

method (PCA) was used by Canoco5. The erosion 

rates were log-transformed to equalize variances 

(Sokal and Rohlf, 1969). The species density data 

were squared root transformed to reduce skewness 

and outliers and approximate normality (Sokal and 

Rohlf, 1969).  

3. Results 

A total of 252656.7 (individuals/m
2
) of marine 

biota were counted in a total of six jetties. The 

material represented by 12 species belonging to 11 

families, eight classes, and six phyla (Table 1). 

Assemblages were numerically dominated by 

barnacles (i.e., Chthamalus barnesi, Microeuraphia 

permitini, Balanus trigonus) and Lumachel 

(Saccostrea cucullata). 

 

Table 1: Marine species found attached to different types of rock boulders. 

Phylum Class Family Species Boulder type 

Lumachel Sandstone Lumachel and 

sandstone 

Annelida Polycheata  Galeolaria caespitosa  + + - 

Mollusca Bivalvia  Saccostrea cucullata + + + 

 Polyplacophora  Onithochiton quercinus + + + 

 Gastropoda  Thais savignyi + - - 

 Gastropoda  Nodilittorina sp. + - + 

 Gastropoda  Medusafissurella dubia + + + 

Arthropoda Maxillopoda  Chthamalus barnesi + + + 

 Maxillopoda  Microeuraphia permitini + + - 

 Maxillopoda  Balanus trigonus + + + 

 Rhodophyta Florideophyceae Cystocloniaceae + - + 

 Chlorophyta Chlorophyceae Sargassum assimile  + - - 
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The results of multivariate two-way ANOVA 

showed that rock block type and the presence of 

biota on these blocks had significant effects on most 

erosion rates excluding fracture (Table 2). Further 

pairwise comparisons showed that Lumachel jetties 

significantly had less full deterioration, exfoliation, 

and lamination than the jetties made of a mixture of 

Lumachel and sandstone (Fig. 3). Lumachel jetties 

significantly had less roundness and chemical 

dissolution than sandstone jetties and the jetties made 

of a mixture of Lumachel and sandstone (Fig. 3). 

Sandstone jetties significantly had less chemical 

dissolution than the jetties made of a mixture of 

Lumachel and sandstone (Fig. 3). Furthermore, all 

jetties with blocks covered with biota significantly 

had a less chemical dissolution, roundness, 

exfoliation, lamination, and fracture than those 

blocks with no biota (Fig. 2). No significant 

difference was detected in full deterioration of blocks 

covered with biota and those blocks without biota 

(Fig. 4).     

 

Table 2: Summary results of multivariate two-way ANOVA and SNK tests for testing the effects of rock block type 

being used in construction of jetties and the presence of biota on different erosion indicators. 

Source of variation Dependent Variable df Mean Square F P-value 

Jetty type Full deterioration 2 0.004 8.004 0.003 

Exfoliation 2 0.011 23.36 0.000 

Fracture 2 0.001 4.24 0.031 

Roundness 2 0.006 26.49 0.000 

Lamination 2 0.001 12.02 0.000 

Chemical dissolution 2 0.044 77.54 0.000 

Presence of organisms Full deterioration 1 0.004 8.14 0.011 

Exfoliation 1 0.019 39.46 0.000 

Fracture 1 0.005 15.47 0.001 

Roundness 1 0.002 10.36 0.005 

Lamination 1 0.001 11.21 0.004 

Chemical dissolution 1 0.019 33.68 0.000 

Jetty type * Presence of 

organisms 

Full deterioration 2 0.002 4.42 0.028 

Exfoliation 2 0.004 8.19 0.003 

Fracture 2 0.001 4.74 0.022 

Roundness 2 0.001 5.03 0.018 

Lamination 2 0.000 3.84 0.041 

Chemical dissolution 2 0.007 12.85 0.000 
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Fig. 3: The variation of different erosion indicators in Lumachel jetties, sandstone jetties and jetties 

made of mixture of Lumachel and sandstone. 

 

 

 

Fig. 4: The variation of different erosion indicators in rock blocks covered with biota and those without biota. 
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The nMDS ordination of jetties generated by 

erosion indicators is illustrated in Fig. 5. Stress 

values associated with these two-dimensional plots 

were 0.00, revealing that the representation of 

underlying matrices were sound (Clarke and Gorley, 

2006). The nMDS ordination plots formed three 

clear groups based on dissimilarities in erosion 

indicators. According to the SIMPER analysis, 

dissimilarity (average dissimilarity= 39.8%) between 

Lumachel jetties and jetties made of a mixture of 

Lumachel and sandstone mainly was due to the 

difference in chemical dissolution (28.9% of total 

contribution). Likewise, dissimilarity (average 

dissimilarity= 31.4%) between Lumachel and 

sandstone jetties mainly was due to the difference in 

the rate of roundness (29.4% of total contribution). 

And, dissimilarity (average dissimilarity= 20.1%) 

between sandstone jetties and jetties made of a 

mixture of Lumachel and sandstone mainly was due 

to the difference in the rate of full deterioration 

(28.5% of total contribution). 

In the PCA (Fig. 6), the first two principal 

components explained 87.6% of the variability in 

biota species abundance. The eigenvalues of PC1 

and PC2 explained 46.4% and 41.3% of the variance, 

respectively. The erosion indicator loadings of full 

deterioration (0.99), exfoliation (0.86), and fracture 

(0.69) in PC1 indicated that high full deterioration 

was coupled with high exfoliation and high fracture, 

which suggested that the jetties made of mixture of 

Lumachel and sandstone, were characterized by high 

rates of full deterioration, and exfoliation. The 

Lumachel jetties were more fractured. The erosion 

indicator loadings of roundness (0.91), chemical 

dissolution (0.87) and lamination (0.66) in PC2 

indicated that high roundness was coupled with high 

chemical dissolution and high lamination, which 

suggested that the jetties made of sandstone boulders 

were characterized by high rates of roundness and 

lamination. The jetties made of a mixture of 

Lumachel and sandstone boulders were characterized 

by high rate of chemical dissolution. Further 

inspection of PCA diagram indicated that the rock 

oysters (Saccostrea cucullata) followed by the 

eyedchiton (Onithochiton quercinus) were mostly 

occurred on rounded and laminated sand stone 

boulders. However, the stones covered by these 

organisms showed less fracture.     
 

 

Fig. 5: Non-metric multidimensional scaling (nMDS) plot of jetties based on Euclidean distance similarity 

matrices of percentage of area of the rock blocks subjected to different types of erosion. 
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Fig. 6: Principal component analysis (PCA) (Axis I and II) made on the loadings of erosion indicators 

(i.e., chemical dissolution, full deterioration, exfoliation, fracture, roundness, lamination) and the scores of the biota 

species in the three different jetty types (i.e., Lumachel, Sandstone, Mixture of Lumachel and sandstone). 

SaccCucl = Saccostrea cucullata, MicrPerm = Microeuraphia permitini, ChthBarn = Chthamalus barnesi, 

BalnTrig = Balanus trigonus, OintQuer = Onithochiton quercinus, ThaiSavg = Thais savignyi, Nodilitt = Nodilittorina, 

MedsDubi = Medusafissurella dubia, Cytoclon = Cytocloniaceae, SargAssm = Saragassum assimile, 

GaleZaes = Galeolaria zaespitosa, ChaeAntn = Chaetomorpha  antennina). 

 

The sea snails (Nodilittorina sp.) followed by the 

triangle barnacles (Balanus trigonus) mostly were 

found on fractured Lumachel boulders. The green 

algae (Chaetomorpha  antennina) were mostly found 

on rock boulders made of a mixture of Lumachel and 

sandstone featuring by chemical dissolution. The 

barnacle (Chthamalus barnesi) mostly occurred on 

rock boulders made of a mixture of Lumachel and 

sandstone featuring by full deterioration and 

exfoliation.  

In contrast to the above-mentioned organisms that 

showed an association with some erosion indicators, 

other organisms comprising tube-building annelid 

fanworms (Galeolaria zaespitosa), 
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Sargassum seaweed (Saragassum assimile), sea snail 

(Thais savignyi), and the barnacle (Microeuraphia 

permitini) mostly occurred in sandstone boulders 

with less exfoliation and chemical dissolution. 

4. Discussion 

Marine species assemblages on studied 

breakwaters regardless of their material type were 

composed of few species. At all breakwaters, much 

of the space on rock boulders was mainly occupied 

by three barnacles (i.e., Chthamalus barnesi, 

Microeuraphia permitini, Balanus trigonus) and rock 

oysters (Saccostrea cucullata). Chthamalus barnesi 

mostly occurred on rock boulders made of a mixture 

of Lumachel and sandstone featuring by full 

deterioration and exfoliation. Microeuraphia 

permitini and Balanus trigonus mostly occurred on 

Lumachel boulders.  The rock oysters occurred on 

rounded and laminated sandstone boulders.  

In general, the results of present study showed that 

rock boulders covered with marine biota were more 

durable than those with no biota. The results from 

present study mirrored those of previous studies. For 

example, Piazza et al. (2005) found that the oyster 

rocks might be responsible for decreasing erosion of 

coastline structures in areas with a low level of wave 

energy. Likewise, Roland and Douglas (2005) found 

that breakwaters with sea plant cover were less 

eroded in areas with high wave energy. Scyphers et 

al. (2011) argued that oyster rocks might play a key 

role in halting and decreasing wave driven energy. 

In this study, some organisms comprising tube-

building annelid fanworms (Galeolaria zaespitosa), 

Sargassum seaweed (Saragassum assimile), sea snail 

(Thais savignyi), and the barnacle (Microeuraphia 

permitini) mostly occurred in sandstone boulders 

with less exfoliation and chemical dissolution. This 

finding advocates a ‘bioprotection” notion for these 

organisms. The bioprotective role of higher plants 

has been linked to passively modifying near-surface 

microclimates and the delivery and uptake of 

moisture and deteriorative agents, including salts, to 

the surfaces of building stone (e.g., Hanssen and 

Viles, 2014; Sternberg et al., 2011). Coombes et al. 

(2017) demonstrated that barnacles could function as 

agents of bioprotection by reducing the rates of 

mechanical breakdown on rock and concrete by 

buffering near-surface thermal cycling and reducing 

salt ion ingress. Regarding annelid fanworms, their 

tight packing on rock surface sounds an ideal 

mechanism for coping with large wave forces 

whereby protect the rocks against wave driven 

forces.  In these ways, we highlight the potential role 

of barnacle, seaweed, and fanworm as agents of 

bioprotection. While for some of the biota colonizing 

the rock in the present study, a bioprotective effect 

has been demonstrated (in particular for the 

barnacles, seaweed, and fanworm), but others, such 

as sea snail, play an enigmatic role.  

Among the biota, rock oyster and the eyed chiton 

mostly occurred on rounded and laminated sand 

stone boulders. Yet, the stones covered by these 

organisms showed less fracture. This suggests that 

these organisms might have a bioprotective effect 

that may be driven by their tight packing, their 

capability in reducing the rates of mechanical 

breakdown on a rock, and their wave force 

dispersion morphology. 

Our findings showed that Lumachel jetties 

significantly had less full deterioration, exfoliation, 

and lamination than the jetties made of a mixture of 

Lumachel and sandstone. Likewise, Lumachel jetties 

significantly had less roundness and chemical 

dissolution than sandstone jetties and the jetties made 

of a mixture of Lumachel and sandstone. Sandstone 

jetties significantly had less chemical dissolution 

than the jetties made of a mixture of Lumachel and 

sandstone. These findings suggest that Lumachel 

rock boulders followed by sandstone boulders in the 

second place are more durable and therefore are a 

better choice for the construction of stable jetties. 
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5. Conclusions 

The results of present study showed that 

completely or partially immersed rocks with no biota 

belonged to the groups of very weak and weak rocks 

and by contrast, rocks with biota belonged to the 

groups of average, fortified and very fortified rocks 

although they were markedly eroded. The conclusion 

from this study was that attached marine organisms 

to the rock mass breakwaters play a key role in the 

stability of these structures even if they are 

morphologically less qualified for breakwater 

construction according to the international coastal 

engineering standards. 

Acknowledgements 

The authors are grateful to Eng.  Amir Ghiasvand 

at Rah Sazi va Omran Iran Co. for supporting this 

project. Thanks to two anonymous referees for 

critical review of an earlier version of this 

manuscript. 

References 

Bradbury A, Allsop N (2011) Durability of rock 

armour on coastal structures. Coastal Engineering 

Proceedings 1(20). 

https://doi.org/10.9753/icce.v20.129 

Clark AR (1988). The use of Portland stone rock 

armour in coastal protection and sea defense 

works. Quarterly Journal of Engineering Geology 

and Hydrogeology 21:113-136. 

https://doi.org/10.1144/GSL.QJEG.1988.021.02.0

2 

Clark AR, Palmer JS (1991). The problem of quality 

control and selection of armourstone. Quarterly 

Journal of Engineering Geology and 

Hydrogeology 24: 119–122. 

https://doi.org/10.1144/GSL.QJEG.1991.024.01. 

12 

Clarke K, Gorley R (2006) PRIMER v6: User 

manual/tutorial." Primer-E Ltd., Plymouth 93. 

Coombes MA, Viles HA, Naylor LA, Claudia La 

Marca E (2017) "Cool barnacles: Do common 

biogenic structures enhance or retard rates of 

deterioration of intertidal rocks and concrete?" 

Science of the Total Environment 580: 1034-1045. 

https://doi.org/10.1016/j.scitotenv.2016.12.058 

Dibb TE, Hughes DW, Poole AB (1983). The 

identification of critical factors affecting rock 

durability in marine environments. Quarterly 

Journal of Engineering Geology and 

Hydrogeology 16: 149–161. 

https://doi.org/10.1144/GSL.QJEG.1983.016.02. 

08 

Erickson RL (1993) Evaluation of limestone and 

dolomite armor stone durability from observations 

in the Great Lakes region. In: Rock for Erosion 

Control, ASTM special technical publication 

1177. 

https://doi.org/10.1520/STP15941S 

Ertas B, Topal T (2008) Quality and durability 

assessments of the armour stones for two rubble 

mound breakwaters (Mersin, Turkey). 

Environmental Geology 53: 1235–1247. 

https://doi.org/10.1007/s00254-007-0712-z 

Ertas B, Topal T (2006) Comparison between site 

performance and index properties of the 

armourstones in two harbours. In: Engineering 

geology for tomorrow’s cities, Proceedings of 10th 

International congress IAEG 2006, Nottingham, 

Paper No: 326, 7p. 

Fonseca EA, Dean H, Cortes J (2006) Non-colonial 

coral macro-borers as indicators of coral reef 

status in the south Pacific of Costa Rica. Revista 

de Biologia Tropical 54(1): 101-115. 

https://doi.org/10.15517/rbt.v54i1.13977 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                            11 / 14

https://doi.org/10.9753/icce.v20.129
https://doi.org/10.1144/GSL.QJEG.1988.021.02.02
https://doi.org/10.1144/GSL.QJEG.1988.021.02.02
https://doi.org/10.1144/GSL.QJEG.1991.024.01.%2012
https://doi.org/10.1144/GSL.QJEG.1991.024.01.%2012
https://doi.org/10.1016/j.scitotenv.2016.12.058
https://doi.org/10.1144/GSL.QJEG.1983.016.02.%2008
https://doi.org/10.1144/GSL.QJEG.1983.016.02.%2008
https://doi.org/10.1520/STP15941S
https://doi.org/10.1007/s00254-007-0712-z
https://doi.org/10.15517/rbt.v54i1.13977
http://jpg.inio.ac.ir/article-1-592-en.html


Shahbazi et al. / Marine epibiota increase durability of rock mass breakwaters against… 

50 

Fookes PG, Poole AB (1981) Some preliminary 

considerations on the selection and durability of 

rock and concrete materials for breakwaters and 

coastal protection works. Quarterly Journal of 

Engineering Geology and Hydrogeology 14(2): 

97-128. 

https://doi.org/10.1144/GSL.QJEG.1981.014.02.

03 

Gómez-Pujol L, Stephenson WJ, Fornós JJ (2007) 

Two-hourly surface change on supratidal rock 

(Marengo, Victoria, Australia). Earth Surface 

Processes and Landforms 32: 1–12. 

https://doi.org/10.1002/esp.1373 

Hanssen SV, Viles HA (2014) Can plants keep ruins 

dry? A quantitative assessment of the effect of soft 

capping on rainwater flows over ruined walls. 

Ecological Engineering 71: 173–179. 

https://doi.org/10.1016/j.ecoleng.2014.07.028 

Hutchings PA (1986) Biological destruction of coral 

reefs — a review. Coral Reefs 4(4): 239–252. 

https://doi.org/10.1007/BF00298083 

Hutchings P, Peyrot-Clausade M, Osnorno A (2005). 

Influence of land runoff on rates and agents of 

bioerosion of coral substrates. Marine Pollution 

Bulletin 51: 438–447. 

https://doi.org/10.1016/j.marpolbul.2004.10.044 

Killip JR, Cheetham DW (1984). The prevention of 

rain penetration through external walls and joints 

by means of pressure equalisation. Building and 

Environment 22: 81–91. 

https://doi.org/10.1016/0360-1323(84)90033-7 

Latham JP (1991) Degradation model for rock 

armour in coastal engineering. Quarterly Journal 

of Engineering Geology and Hydrogeology 24: 

101–118. 

https://doi.org/10.1144/GSL.QJEG.1991.024.01. 

11 

 

Latham JP (1998) Assessment and specification of 

armour stone quality from CIRIA/CUR (1991) to 

CEN (2000). In: Advances in Aggregates and 

Armourstone Evaluation, ed. JP Latham. The 

Geological Society, Engineering Geology Special 

Publication 13(1): 65–85. 

https://doi.org/10.1144/GSL.ENG.1998.013.01.06 

Latham JP, Mulen JV, Dupray S (2006a). Prediction 

of in-situ block size distributions with reference to 

armourstone for breakwaters. Engineering 

Geology 86: 18–36. 

https://doi.org/10.1016/j.enggeo.2006.04.001 

Latham JP, Mulen JV, Dupray S (2006b). The 

specification of armourstone gradings and EN 

13383 (2002). Quarterly Journal of Engineering 

Geology and Hydrogeology 39: 51–64. 

https://doi.org/10.1144/1470-9236/05-025 

Lienhart DA (1994) Durability issues in the 

production of rock for erosion control. In: 

Proceedings of the 1st North American Rock 

Mechanics Symposium on Rock Mechanics, 

Models, and Measurements, Challenges from 

Industry, Balkema, Rotterdam, 1083–1090. 

Lienhart DA (1998) Rock engineering rating system 

for assessing the suitability of armourstone 

sources. In: Advances in Aggregates and 

Armourstone Evaluation, ed. JP Latham. The 

Geological Society, Engineering Geology Special 

Publication 13(1): 91–106. 

https://doi.org/10.1144/GSL.ENG.1998.013.01.08 

Lienhart DA, Stransky TE (1981) Evaluation of 

potential sources of riprap and armor stone - 

methods and considerations. Environmental and 

Engineering Geoscience 18(3): 323-332. 

https://doi.org/10.2113/gseegeosci.xviii.3.323 

Lutton RJ, Erickson RL (1992) Problems with 

armor-stone quality on Lakes Michigan, Huron, 

and Erie. In: Durability of Stone for Rubble Mound 

Breakwaters. American Society for Civil 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                            12 / 14

https://doi.org/10.1144/GSL.QJEG.1981.014.02.03
https://doi.org/10.1144/GSL.QJEG.1981.014.02.03
https://doi.org/10.1002/esp.1373
https://doi.org/10.1016/j.ecoleng.2014.07.028
https://doi.org/10.1007/BF00298083
https://doi.org/10.1016/j.marpolbul.2004.10.044
https://doi.org/10.1016/0360-1323\(84\)90033-7
https://doi.org/10.1144/GSL.QJEG.1991.024.01.%2011
https://doi.org/10.1144/GSL.QJEG.1991.024.01.%2011
https://doi.org/10.1144/GSL.ENG.1998.013.01.06
https://doi.org/10.1016/j.enggeo.2006.04.001
https://doi.org/10.1144/1470-9236/05-025
https://doi.org/10.1144/GSL.ENG.1998.013.01.08
https://doi.org/10.2113/gseegeosci.xviii.3.323
http://jpg.inio.ac.ir/article-1-592-en.html


Journal of the Persian Gulf (Marine Science)/Vol. 8/No. 30/ December 2017/14/39-52 

51 

Engineers, New York, pp. 115–136. 

Magoon OT, Baird WF (1992) Durability of armor 

stone for rubble mound structures. Durability of 

Stone for Rubble Mound Breakwaters pp. 3–4. 

Masi BP, Macedo IM, Zalmon IR (2009) Benthic 

community zonation in a breakwater on the North 

Coast of the State of Rio de Janeiro, Brazil. 

Brazilian Archives of Biology and Technology 

52(3): 637-646. 

https://doi.org/10.1590/S1516-

89132009000300016 

Mather RP (1985). Rock for breakwater construction 

in Western Australia-its availability and influence 

on design. Engineering Geology 22: 35–44. 

https://doi.org/10.1016/0013-7952(85)90036-5 

Mayaud JR, Viles HA, Coombes MA (2014) 

Exploring the influence of biofilm on short term  

expansion and contraction of supratidal rock: An 

example from the Mediterranean. Earth Surface 

Processes and Landforms 39: 1404–1412. 

https://doi.org/10.1002/esp.3602 

Naylor LA, Coombes MA, Viles HA (2012) 

Reconceptualising the role of organisms in the 

erosion of rock coasts: A new model. 

Geomorphology 157–158: 17–30. 

https://doi.org/10.1016/j.geomorph.2011.07.015 

Neumann AC (1966) Observations on coastal 

erosion in Bermuda and measurements on the 

boring rate of the sponge, ClionaLampa. 

Limnology and Oceanography 11: 92–108. 

https://doi.org/10.4319/lo.1966.11.1.0092 

Piazza BP, Banks PD, La Peyre MK (2005). The 

potential for created oyster shell reefs as a 

sustainable shoreline protection strategy in 

Louisiana. Restoration Ecology 13(3): 499-506. 

https://doi.org/10.1111/j.1526-100X.2005.00062.x 

Poole, A.B., 1991. Rock quality in coastal 

engineering. Quarterly Journal of Engineering 

Geology and Hydrogeology, 24: 85–90. 

https://doi.org/10.1144/GSL.QJEG.1991.024.01. 

09 

Radtke G, Hofmann K, Golubic S (1997). A 

bibliographic overview of micro- and macroscopic 

bioerosion. Courier Forschungsinstitut 

Senckenberg 201: 307–340. 

Roland RM, Douglass SL (2005) Estimating wave 

tolerance of Spartina alterniflora in coastal 

Alabama. Journal of Coastal Research 21: 453–

463. 

https://doi.org/10.2112/03-0079.1 

Sandrolini F, Franzoni E (2006). An operative 

protocol for reliable measurements of moisture in 

porous materials of ancient buildings. Building 

and Environment 41: 1372–80. 

https://doi.org/10.1016/j.buildenv.2005.05.023 

Schneider J (1976). Biological and inorganic factors 

in the destruction of limestone coasts. 

Contributions to Sedimentary Geology 6: 1–112. 

Sciortino JA (2010). Fishing harbour planning, 

construction and management. FAO Fisheries and 

Aquaculture Technical Paper. No. 539. Rome, 

FAO. 2010. 337p. 

Scyphers SB, Powers SP, Heck KL Jr, Byron D 

(2011). Oyster reefs as natural breakwaters 

mitigate shoreline loss and facilitate fisheries. 

PLoS ONE 6(8): e22396. 

https://doi.org/10.1371/journal.pone.0022396 

Smith MR (1999). Stone: Building stone, rock fill 

and armourstone in construction. The Geological 

Society. Engineering Geology Special Publication 

No.16. 

https://doi.org/10.1144/GSL.ENG.1999.016.01.07 

Sokal RR, Rohlf FJ (1969). Biometry. 2
nd

 edition. 

WH Freeman and Co., San Francisco, 859 P. 

Spencer T (1988). Coastal biogeomorphology. In: 

Biogeomorphology. Blackwell: Oxford, UK, 1988, 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                            13 / 14

https://doi.org/10.1590/S1516-89132009000300016
https://doi.org/10.1590/S1516-89132009000300016
https://doi.org/10.1016/0013-7952\(85\)90036-5
https://doi.org/10.1002/esp.3602
https://doi.org/10.1016/j.geomorph.2011.07.015
https://doi.org/10.4319/lo.1966.11.1.0092
https://doi.org/10.1111/j.1526-100X.2005.00062.x
https://doi.org/10.1144/GSL.QJEG.1991.024.01.%2009
https://doi.org/10.1144/GSL.QJEG.1991.024.01.%2009
https://doi.org/10.2112/03-0079.1
https://doi.org/10.1016/j.buildenv.2005.05.023
https://doi.org/10.1371/journal.pone.0022396
https://doi.org/10.1144/GSL.ENG.1999.016.01.07
http://jpg.inio.ac.ir/article-1-592-en.html


Shahbazi et al. / Marine epibiota increase durability of rock mass breakwaters against… 

52 

pp. 255–318. 

Stank KR, Knox JW (1992). Service records of 

Chicago district breakwater stone and how these 

relate to test results. Durability of Stone for Rubble 

Mound Breakwaters pp. 95–114. 

Sternberg T, Viles H, Cathersides A (2011). 

Evaluating the role of ivy (Hedera helix) in 

moderating wall surface microclimates and 

contributing to the bioprotection of historic 

buildings. Building and Environment 46: 293–297. 

https://doi.org/10.1016/j.buildenv.2010.07.017 

Ter Braak CJ, Smilauer P (2002) CANOCO 

reference manual and Cano Draw for Windows 

user’s guide: Software for canonical community 

ordination (version 5.02), Ithaca, USA: 

Microcomputer Power. 

Topal T, Acir O (2004) Quality assessment of 

armourstone for a rubble mound breakwater 

(Sinop-Turkey). Environmental Geology 46: 905–

913. 

https://doi.org/10.1007/s00254-004-1102-4 

Torunski H (1979) Biological erosion and its 

significance for the morphogenesis of limestone 

coasts and for nearshore sedimentation (Northern 

Adriatic). Senckenbergiana Maritima 11: 193–

265. 

Trudgill ST (1987). Bioerosion of intertidal 

limestone, Co. Clare, Eire—3. Zonation, process 

and form. Marine Geology 74: 111–121. 

https://doi.org/10.1016/0025-3227(87)90009-0 

Trudgill ST, Crabtree RW (1987). Bioerosion of 

intertidal limestone, Co. Clare, Eire—2. 

Hiatellaarctica. Marine Geology 74: 99–109. 

 https://doi.org/10.1016/0025-3227(87)90008-9 

Trudgill ST, Smart PL, Friederich H, Crabtree KW 

(1987). Bioerosion of intertidal limestone. Marine 

Geology 74: 85–98. 

https://doi.org/10.1016/0025-3227(87)90007-7 

Underwood AJ (1997). Ecological experiments: 

Their logical design and interpretation using 

analysis of variance. Cambridge University Press, 

Cambridge, 504 P. 

Wadell H (1932). Volume, shape, and roundness of 

rock particles. The Journal of Geology 40: 443-

451. 

https://doi.org/10.1086/623964 

Zundelevich A, Lazar B, Ilan M (2007). Chemical 

versus mechanical bioerosion of coral reefs by 

boring sponges-lessons from Pione cf. vastifica. 

Journal of Experimental Biology 210: 91–96. 

https://doi.org/10.1242/jeb.02627         

 

Shahbazi et al. / Marine epibiota increase durability of rock mass breakwaters against… 

Journal of the Persian Gulf (Marine Science)/Vol. 8/No. 30/ December 2017/14/39-52 

Journal of the Persian Gulf 

(Marine Science)/Vol. 8/No. 30/ December 2017/14/39-52 

 

 

 

 

 

 

 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            14 / 14

https://doi.org/10.1016/j.buildenv.2010.07.017
https://doi.org/10.1007/s00254-004-1102-4
https://doi.org/10.1016/0025-3227\(87\)90009-0
https://doi.org/10.1016/0025-3227\(87\)90008-9
https://doi.org/10.1016/0025-3227\(87\)90007-7
https://doi.org/10.1086/623964
https://doi.org/10.1242/jeb.02627
http://jpg.inio.ac.ir/article-1-592-en.html
http://www.tcpdf.org

