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A B S T R A C T   

Artificial structures often support depauperate communities compared to natural rocky shores. Understanding 
variation in ecological success across shore types, particularly regarding habitat-forming species or those with 
structuring roles, is important to determine how artificial structure proliferation may influence ecosystem 
functioning and services. We investigated the population structure, sex ratio and reproductive potential of 
limpets on natural shores and artificial structures on Irish Sea coasts. Limpets were generally less abundant and 
Patella vulgata populations were often male dominated on artificial structures compared to natural shores, 
suggesting that shore type may influence these factors. P. vulgata length varied across sites within the Irish Sea 
(nested in coast and shore type) in autumn/winter, as well as temporally across sites along the Welsh coast. There 
was no difference in the proportion of P. vulgata in advanced stages of gonad development across shore types. The 
results suggest that rip-rap artificial structures may provide a habitat comparable to natural shores, however, the 
addition of ecological engineering interventions on artificial structures may allow limpet populations to better 
approximate those on natural shores.   

1. Introduction 

Marine artificial structures, of which a significant proportion are 
hard-substrate coastal defence constructs (i.e., seawalls, breakwaters, 
groynes) (Hall, 2017; Moschella et al., 2005), are proliferating world-
wide in a process termed ‘ocean sprawl’ (Duarte et al., 2013; Evans et al., 
2019; Firth et al., 2016a; Hall, 2017; Heery et al., 2017). For example, 
50% of Italian shores of the northern Adriatic Sea are armoured (Airoldi 
and Bulleri, 2011), 27% of the Japanese coast is protected (Koike, 1996), 
and 10.2% of coastline of Wales and Ireland is covered by coastal 
defence structures (11.5% and 9.1% respectively) (Thompson, 2022). 
Such structures are expected to become more widespread in coming 
years in response to rising sea levels, increasing storm frequencies and 
intensities, and increasing coastal populations (Firth et al., 2016a; 
Mayer-Pinto et al., 2019; Moschella et al., 2005). 

While artificial structures themselves represent ecological habitats 
that can be colonised by marine life, the biological assemblages they 

support are considered depauperate, with reduced biodiversity and 
abundances compared to assemblages on natural rocky shores (Aguilera 
et al., 2014; Bulleri and Chapman, 2004; Chapman, 2003; Firth et al., 
2013b; Moschella et al., 2005). This may be attributed to the location 
and design of artificial structures. Artificial structures are often con-
structed in soft-sediment environments (Firth et al., 2013a) that may 
restrict colonisation by rocky shore species with limited dispersal ca-
pacities (Dethier et al., 2003). These structures, particularly those con-
structed for coastal protection, are often located in areas that experience 
significant wave action leading to sediment scouring/deposition, 
meaning they represent more stressful environments for colonizing 
species (Moschella et al., 2005). Furthermore, the limited availability of 
microhabitats and water retaining features (e.g., grooves and pools), the 
lower topographic complexity, and the use of materials such as concrete, 
the chemistry of which can impact settlement, present further challenges 
for organisms colonising artificial structures (Aguilera et al., 2014; 
Chapman, 1994; Firth et al., 2013b; Natanzi et al., 2021; Sella et al., 
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2018). 
To date, the majority of studies comparing communities across 

artificial structures and natural rocky shores have focussed on differ-
ences in richness, abundance and assemblage structure (Aguilera et al., 
2014; Bulleri, 2005; Bulleri and Chapman, 2004; Chapman and Bulleri, 
2003; Firth et al., 2013b; Lopez, 2019; Pister, 2009), with less attention 
given to the population structure or performance of individual species 
(but see Díaz-Agras et al., 2010; Farrugia Drakard et al., 2021; Drexler 
et al., 2014; Moreira et al., 2006). Given that artificial structures are 
subject to greater levels of disturbance, and competition between in-
dividuals for limited resources (e.g., food and shelter) is believed to be 
greater than on natural rocky shores (Iveša et al., 2010), colonizing 
species likely experience increased physiological stress, which may 
affect the allocation of resources and in turn the productivity and 
viability of populations (Moreira et al., 2006). For example, in the Irish 
Sea, the canopy-forming macroalga, Fucus vesiculosus, is dislodged from 
artificial structures before it reaches its full reproductive potential, and 
while this did not appear to influence coverage, it could do so in future 
years should source populations, likely on surrounding natural rocky 
shores, be replaced with artificial structures (Farrugia Drakard et al., 
2021). Understanding variation in, and the drivers of ecological success 
across shore types, particularly in terms of habitat-forming species or 
those with structuring roles, is important to determine how the prolif-
eration of artificial structures may influence ecosystem functioning and 
services (Aguilera, 2018). Such information can inform coastal man-
agement strategies and enhance ecological engineering interventions 
that aim to modify elements of artificial structures so they may support 
assemblages more analogous to natural rocky shores (Evans et al., 2016; 
Morris et al., 2017; Strain et al., 2018). 

Limpets are gastropod molluscs that play an important role in 
structuring natural rocky shore communities where they influence the 
abundance of algae and small sessile organisms through grazing and 
bulldozing (Chapman, 2006; Coleman et al., 2006b; Moore et al., 2007b; 

Safriel et al., 1994). Limpets have also successfully colonised a range of 
artificial structures (Chapman, 2006), although patterns in their abun-
dance appear to be species and context dependent (Bulleri et al., 2005; 
Bulleri and Chapman, 2004; Chapman, 2006; Díaz-Agras et al., 2010; 
Moreira et al., 2006). Investigations into their population structure and 
reproductive potential across natural and artificial environments remain 
limited, although initial research suggests that individuals on seawalls 
are generally smaller (Díaz-Agras et al., 2010) and are more likely to be 
juveniles (Moreira et al., 2006). It has also been suggested that the 
reproductive output of limpets on seawalls may be lower (Moreira et al., 
2006). As such, the proliferation of artificial structures could have sig-
nificant effects on limpet populations, their associated communities, and 
the ecological processes they underpin. 

Along the coastlines of the United Kingdom and Ireland, patellid 
limpets represent an important component of intertidal communities. 
The most widespread species, Patella vulgata Linnaeus 1758, has a range 
extending from Norway to Portugal, while Patella depressa Pennant 
1777, is distributed from Senegal to north Wales and is absent from 
Ireland (Moore et al., 2007a; Southward and Crisp, 1954). Both species 
inhabit stable rocky substratum, including artificial structures, between 
the mid-shore to the shallow sublittoral (Blackmore, 1969; Firth et al., 
2016b; Skewes, 2003). 

P. vulgata can reach lengths of ~60 mm and females are usually 
larger than males (Hill, 2008). As sequential protandric hermaphrodites, 
they switch from male to female with increasing size, usually after 2–6 
years (Ballantine, 1961; Hill, 2008; Orton, 1919; Sundelöf et al., 2010). 
They are broadcast spawners, spawning annually between October and 
January, induced by strong wind and wave action and reductions in sea 
temperature (Blackmore, 1969; Bowman and Lewis, 1977, 1986; Cole-
man et al., 2006a; Moore et al., 2011; Orton et al., 1956). By contrast, 
P. depressa is smaller, reaching approximately 35 mm, and is believed to 
be a gonochoric species (i.e., it does not change sex during its life) with 
spawning occurring between July and September (Borges et al., 2015; 

Fig. 1. Map showing the location of the natural rocky shores (green) and artificial structures (red) selected for investigation.  
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Bowman, 1981; Orton and Southward, 1961). The short-lived, free--
swimming planktonic larvae of both species settles in damp areas on 
rocky substratum (Brazao et al., 2003; Seabra et al., 2020). However, the 
population dynamics and reproductive cycles of both species have been 
found to vary across the UK and Ireland in response to a complex array of 
biotic and abiotic factors (e.g., intra-specific interactions, wave expo-
sure, latitude, temperature) (Baxter, 1983; Borges et al., 2015; Bowman 
and Lewis, 1977; McCarthy et al., 2008; Moore et al., 2011; Morais et al., 
2003). 

Given that environmental conditions on artificial structures are not 
analogous to conditions on natural rocky shores, differences in limpet 
populations across the different shore types are expected. Here we aimed 
to characterise and compare the population structure and reproductive 
potential of patellid limpets on artificial structures and natural rocky 
shores across Irish Sea coastlines. Specifically, we hypothesise that: 

(1) The abundance of P. vulgata and P. depressa is reduced on artifi-
cial structures compared to natural rocky shores;  

(2) The length of P. vulgata is reduced on artificial structures 
compared on natural rocky shores;  

(3) P. vulgata populations on artificial structures are more male 
dominated on artificial structures compared to natural rocky 
shores; and  

(4) There is a reduced proportion of P. vulgata with ‘mature’ gonads 
on artificial structures compared to natural rocky shores. 

Hypotheses 2 to 4 focussed on P. vulgata alone because P. depressa is 
not present along the Irish coast and it is only found in low abundances 
at the sites in Wales, therefore we were unable to measure sufficient 
individuals for length analyses, and we did not want the removal of 
individuals for determining reproductive state to negatively influence 
local populations. 

2. Materials and methods 

2.1. Study location 

Field surveys were conducted from late-2018 to mid-2019 at sixteen 
moderately exposed to exposed sites along the Irish Sea coastlines of 
Wales and Ireland (Fig. 1). Exposure was determined based on wave 
fetch values extracted from Burrows (2020), with exposure generally 
greater at sites along the Welsh coast compared to the Irish coast 
(Appendix A). The sites comprised eight natural rocky shores and eight 
artificial structures. Sites were selected in loose pairs consisting of one 
natural shore and one artificial structure based on geographical prox-
imity and similarity of environmental conditions (e.g., wave exposure, 
aspect; Appendix A). Artificial structures were all >5 years of age and 
were rip-rap coastal defences (i.e., groynes or breakwaters) composed of 
granite boulders, except for Dublin and Dun Laoghaire that were con-
crete seawalls. For all artificial structures, a source population of limpets 
was present within 10 kilometers, which represents the estimated larval 
dispersal capacity of P. vulgata (Hill, 2008). Surveys were undertaken on 
the lower mid-shore, defined as the area between mid-tide line and the 
top of the low shore (i.e., zone of occurrence of Fucus serratus). 

2.2. Population structure 

Limpet density was determined once in Autumn/Winter 2018 
(October–February) and once in Spring (April–May) 2019. Ten 0.25 m2 

quadrats were haphazardly placed on relatively flat (0–45◦) rocky sub-
strate. On seawalls, quadrats were placed in more vertical positions 
(~90◦), and this was mirrored at their corresponding natural sites 
(Appendix A). In each quadrat, limpets were counted and in Wales 
identified as either P. vulgata or P. depressa (note: P. depressa is absent in 
Ireland). The anterior to posterior length of 100 P. vulgata, present in the 

density quadrats and additional haphazardly placed quadrats until the 
required sample number had been achieved, was taken using Vernier 
callipers (to the nearest mm). 

2.3. Sex ratios and reproductive potential 

At each site, ~30 P. vulgata between 25 and 40 mm in length were 
haphazardly collected each month during the reproductive season, from 
October 2018 until February 2019. P. vulgata were deemed to scarce at 
Aberaeron in October/November and December and thus ~20 in-
dividuals were collected to prevent exhaustion of the population. The 
size range selected represents the approximate size range of adult 
P. vulgata whereby gonad development is distinguishable (Moore et al., 
2011). Removed individuals were frozen until processed. To determine 
sex and stage the gonads, individuals were dissected by removing the 
foot to revel the visceral mass. Sex was determined based on gonad 
pigmentation and in cases where it was indeterminable, the individual 
was considered neuter. The gonads of each individual were staged based 
on Orton et al. (1956) and photographed. The anterior to posterior 
length of dissected individual was recorded using Vernier callipers (to 
the nearest mm). Sex and gonad stage was quality assured by two 
qualified marine scientists who independently analysed the dissection 
photographs. Their findings were compared to the laboratory data and 
where discrepancies were identified, data from the photograph analysis 
was used. 

2.4. Gaps in the data sets 

Various circumstances led to partial gaps in the data sets from 
Ireland. Firstly, density data were collected from only three artificial 
structures in Spring 2019. Secondly, P. vulgata length data were not 
collected in Spring 2019. Finally, P. vulgata sex ratio data were not 
collected beyond January 2019. 

2.5. Data analyses 

Population structure and reproductive potential data were analysed 
using univariate permutational analysis of variance (PERMANOVA) in 
PRIMER [v.7.0.13] with PERMANOVA+ (PRIMER-E Ltd, Plymouth, UK) 
(Anderson et al., 2008) and were based on the Euclidean distance of 
untransformed data. To test for differences in the density of P. vulgata, a 
four-way PERMANOVAs (with 9999 unrestricted permutations of raw 
data) was conducted with Coast (fixed; Wales or Ireland), Type (fixed; 
natural or artificial), Time (fixed; autumn/winter or spring), Site 
(random; nested in Coast and Type) and their interactions as factors. To 
test for differences in the density of P. depressa in Wales, a three-way 
PERMANOVA (with 9999 unrestricted permutations of raw data) was 
conducted, with Type (fixed; artificial or natural), Time (fixed; 
autumn/winter or spring), Site (random; nested in Type) and their in-
teractions as factors. To test for differences in the length of P. vulgata, 
two three-way PERMANOVAs (with 9999 unrestricted permutations of 
raw data) were conducted to ensure a balanced design. Firstly, the 
length of P. vulgata between natural rocky shores and artificial structures 
across the Irish Sea was assessed with Coast (fixed; Wales or Ireland), 
Type (fixed; natural or artificial), Site (random; nested in Coast and 
Type) and their interactions as factors. Secondly, the length of P. vulgata 
between natural and artificial structures along the Welsh coastline over 
time was assessed with Type (fixed; natural or artificial), Time (fixed; 
autumn/winter or spring), Site (random; nested in Coast and Type) and 
their interactions as factors. To investigate differences in the number of 
P. vulgata in advanced stages of gonad development (i.e., gonad stage 4 
and 5), a four-way PERMANOVA was conducted with Coast (fixed; 
Wales or Ireland), Type (fixed; natural or artificial), Month (fixed; 
October/November, December, January), Site (random; nested in Coast 
and Type) and their interactions as factors. 
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Analyses of P. vulgata density were repeated excluding Dublin to 
better balance the design, and analyses of P. vulgata density, length, and 
the number of individuals in mature stages of gonad development were 
repeated excluding vertical quadrats (i.e., seawalls at Dublin and Dun 
Laoghaire and the corresponding natural rocky shores at Sutton and 
Seapoint) to account for the influence of gradient. Due to the similarity 
of the findings, results including Dublin and other vertical quadrats are 
provided in the main text and results of analyses on the reduced data sets 
are given in Appendix B-D. For each PERMANOVA, type III sum of 
squares were calculated. The PERMDISP routine was used to assess the 

homogeneity of dispersion around the centroid for each main factor. In 
the case of significant differences in dispersion, the significance 
threshold of the factor was assessed at a more conservative level (p <
0.01). Where this did not occur, significance was considered at p < 0.05. 
Where the number of unique permutations in the PERMANOVA was 
considered low (i.e., <5000), the reported p-values represent those from 
Monte Carlo tests. Pairwise post hoc PERMANOVAs were performed 
where significant effects were detected. 

To investigate differences in the sex ratio of P. vulgata, the statistical 
software R [v.3.6.0] (R Core Team, 2021) was used. A binomial gener-
alized linear model (GLM) was applied using the ‘glm’ function of the 
‘stats’ package to the proportion of male to female individuals. Coast 
(Wales or Ireland), Type (natural or artificial) and Month (Octo-
ber/November, December, January, or February), and their interactions 
were factors included in the model. It was not possible to include Site as 
a factor in the GLM due to model overparameterization, however a 
generalized linear mixed-effects model (GLMM) was run using the 
‘glmer’ function of the ‘lme4’ package (Bates et al., 2015) on a reduced 
data set (February data were excluded to balance the design across the 
Irish Sea) including all initial factors plus a random intercept for Site to 
determine whether Site influenced the results. The GLMM was repeated 
excluding vertical quadrats (i.e., seawalls at Dublin and Dun Laoghaire 
and the corresponding natural rocky shores at Sutton and Seapoint) to 
account for the influence of gradient, however due to the similarity of 
the findings, results including vertical quadrats are provided in the main 
text and results of the analysis on the reduced data set is provided in 
Appendix E. To test for differences in the length of P. vulgata involved in 
the sex ratio analysis, a linear mixed-effects model (LMER) was applied 
using the ‘lmer’ function of the ‘lme4’ package (Bates et al., 2015). Sex 

Table 1 
PERMANOVA for the density of Patella vulgata between natural rocky shores and 
artificial structures along Irish Sea coasts. Significance was assessed as p < 0.05 
except when PERMDISP revealed significant differences in within-group 
dispersion between levels of a particular factor, in which case significance was 
conservatively assessed as p < 0.01. Significant values are indicated in bold. 
Underlined values identify main factors with significant differences in within 
group dispersion.  

Source of variation df Pseudo-F p Unique permutations 

Coast = C 1 3.4594 0.0906 9813 
Type = Ty 1 5.2695 0.0432 9863 
Time = Ti 1 0.1502 0.7151 9838 
C x Ty 1 2.0377 0.1796 9830 
C x Ti 1 8.7055 0.0122 9816 
Ty x Ti 1 0.7164 0.4189 9842 
Site (C x Ty) 12 12.647 0.0001 9921 
C x Ty x Ti 1 7.5342 0.0191 9843 
Ti x Site (C x Ty) 11 1.9178 0.0393 9914 
Res 279    
Total 309     

Fig. 2. Mean density of Patella vulgata (±1 standard error) in autumn/winter and spring on natural rocky shores (light grey) and artificial structures (dark grey) along 
Irish Sea coasts. n = 10 × 0.25 m2 quadrats per site per time period. 
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was given as a factor and random intercepts were given for Coast, Type, 
Month and Site. The fit of each model was assessed by examining 
Quantile-Quantile (QQ) plots of residual values. For all models, type II 
sums of squares were calculated using the ‘Anova’ function of the ‘car’ 
package (Fox and Weisberg, 2019). Post hoc Tukey adjusted compari-
sons were generated using the ‘lsmeans’ function of the ‘emmeans’ 
package (Lenth, 2020) when significant effects were detected. All graphs 
were produced using the ‘ggplot2’ package (Wickham, 2016). 

3. Results 

3.1. Population structure 

Patella vulgata density exhibited small-scale variability with signifi-
cant temporal variation across the sites (nested in coast and shore type; 
Fig. 2; Table 1). Pairwise post hoc comparisons revealed that temporal 
differences were most pronounced at five sites (Aberystwyth, Kilmore 
Natural, Seapoint, Sutton, Rosslare Artificial), of which the majority 
were natural rocky shores along the Irish coast. There was also signifi-
cant temporal variation in density between shore types across Irish Sea 
coasts (Fig. 2; Table 1). These differences were most pronounced in 
Wales where irrespective of the time period, densities were greater on 
natural rocky shores (12.8 ± 1.0 individuals per 0.25 m2) compared to 
artificial structures (2.9 ± 0.4 individuals per 0.25 m2; Fig. 2). The same 
pattern, however, was not mirrored along Irish coasts, where irre-
spective of the time period, densities on natural rocky shores were 
comparable to those on artificial structures (14 ± 1.1 and 12.9 ± 1.2 
individuals per 0.25 m2 respectively; Fig. 2). Differences across shore 

types as a main factor, however, were only significant when vertical 
quadrats were included in the analysis (Table 1; Appendix B). 

Patella depressa occurred at lower densities than P. vulgata along the 
Welsh coast of the Irish Sea (Fig. 2; Fig. 3). While a tendency for greater 
densities on natural rocky shores (2.4 ± 0.5 individuals per 0.25 m2) 
compared to artificial structures (0.4 ± 0.2 individuals per 0.25 m2) was 
observed (Fig. 3), this was not statistically significant (Table 2). Instead, 
P. depressa density showed significant temporal variation across the sites 
(nested in shore type; Table 2). Greatest densities were observed at all 
sites (where present) in spring (2.5 ± 0.5 individuals per 0.25 m2) 
compared to autumn/winter (0.3 ± 0.1 individuals per 0.25 m2; Fig. 3) 
and pairwise post hoc comparisons revealed the most pronounced 
temporal differences occurred at the natural shores of Borth Natural and 
New Quay. 

The length of P. vulgata varied across sites within the Irish Sea 
(nested in coast and type), and temporally across sites along the Welsh 
coast (Fig. 4; Table 3). At the majority of Welsh sites (6 of 8), length was 
greater in spring compared to autumn/winter (Fig. 4), however pairwise 
post hoc comparisons revealed that temporal differences in length were 
only significant at five sites (of which three were natural shores). Despite 
a tendancy, particularly in autumn/winter, for larger individuals on 
artificial structures in Wales, there was no significant difference in the 
length of P. vulgata across shore types in Wales (Fig. 4; Table 3b). During 
autumn/winter, the length of P. vulgata appeared to be greater at sites 
along the Irish coast compared to the Welsh coast, particularily in 
respect to artificial structures, however, there were no significant dif-
ference in length between shore types across Irish Sea coasts (Fig. 4; 
Table 3a). Differences in length across shore type as a main factor, were 
not significant over time along the Welsh coastline, nor were they sig-
nificant across the Irish Sea in autumn/winter when vertical quadrats 
were excluded from the analysis (Table 3; Appendix C). 

3.2. Sex ratio and reproductive potential 

The proportion of male to female P. vulgata varied significantly be-
tween artificial and natural shores as the reproductive season pro-
gressed, with variation most apparent on natural shores (Fig. 5; Table 4). 
The variation across shore types remained significant when vertical 
quadrats were excluded from the analysis (Appendix E). Pairwise post 
hoc comparisons revealed that in all months in Ireland, the male to fe-
male ratio was significantly greater on artificial structures compared to 
natural shores. In addition, irrespective of shore type, the proportion of 
males was always greater in Ireland compared to Wales (Fig. 5). In Wales 
however, sex ratios exhibited a more complex pattern, with little dif-
ference in the male to female ratio observed in October/November and 
February. While in December the male to female ratio was significantly 

Fig. 3. Mean density of Patella depressa (±1 standard error) in autumn/winter and spring on natural rocky shores (light grey) and artificial structures (dark grey) 
along the Welsh coast of the Irish Sea. n = 10 × 0.25 m2 quadrats per site per time period. Zero values represent an absence of P. depressa, not an absence of data. 

Table 2 
PERMANOVA for the density of Patella depressa between natural rocky shores 
and artificial structures along the Welsh coast of the Irish Sea. Significance was 
assessed as p < 0.05 except when PERMDISP revealed significant differences in 
within-group dispersion between levels of a particular factor, in which case 
significance was conservatively assessed as p < 0.01. Significant values are 
indicated in bold. Underlined values identify main factors with significant dif-
ferences in within group dispersion. MC represents where the reported p-value 
relates to a Monte Carlo test due to a low number of unique permutations.  

Source of variation df Pseudo-F p Unique permutations 

Type = Ty 1 3.5565 0.1105 (MC) 23 
Time = Ti 1 5.2317 0.0136 9774 
Site (Ty) 6 7.4151 0.0001 9949 
Ty x Ti 1 2.5206 0.1312 9728 
Ti x Site (Ty) 6 5.2865 0.0001 9958 
Res 144    
Total 159     
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greater on natural shores compared to artificial structures, and in 
January the reverse pattern was observed (Fig. 5). Irrespective of other 
factors, female P. vulgata were significantly larger than the males (38.49 
± 0.32 mm and 34.70 ± 0.24 respectively; χ2

(1) = 36.738, p < 0.001). 
The proportion of P. vulgata in advanced stages of gonad develop-

ment varied significantly across Irish Sea coasts and monthly sampling 

points (Table 5). Pairwise post hoc comparisons revealed that the 
greatest disparities between Welsh and Irish coasts occurred in October/ 
November and January (Fig. 6). Gonad development peaked during 
October/November along Irish coasts where almost 50% of the popu-
lation were in advanced states of gonad development (i.e., stage 4 and 5) 
(Fig. 5). A peak in gonad development was less apparent along the 
coastline of Wales, but likely occurred in either October/November or 
December (Fig. 6). However, the proportion of P. vulgata in advanced 
states of gonad development was consistently lower on Welsh coasts, 
where <10% of the P. vulgata population were in advanced stages at any 
point in time (Fig. 6). Despite mature individuals generally comprising a 
greater proportion of the population on artificial structures compared to 
natural rocky shores (19.4% and 11.3% respectively), shore type was 
not a significant driver of this difference, including when vertical 
quadrats were omitted from the analysis (Table 5; Appendix D). 

4. Discussion 

This study revealed significant spatio-temporal variation in the 
population structure, sex ratio and reproductive potential of limpets on 
natural shores and artificial structures within the Irish Sea, suggesting 
that local environmental conditions are important influencers on limpet 
assemblages. Differences between shore types in terms of the density, 
length and sex ratio of limpets suggests that the structure of populations 
is also influenced by whether limpets are located on natural rocky shores 
or artificial structures, although these patterns were not consistent be-
tween Irish Sea coastlines. Limited temporal variation in limpet density 
on artificial structures further suggests that the elements controlling 
these factors persist year-round. While a lack of difference in length and 
the proportion of individuals with mature gonads indicates that drivers 
other than the habitat in which they are located are important. Here we 
suggest potential drivers of the observed differences and highlight the 

Fig. 4. Mean length of Patella vulgata (±1 standard error) in autumn/winter and spring on natural rocky shores (light grey) and artificial structures (dark grey) along 
Irish Sea coasts. n = 100 individuals per site per time period. 

Table 3 
PERMANOVA for the length of Patella vulgata between natural rocky shores and 
artificial structures across the Irish Sea (a.) and between timepoints along the 
along the Welsh coast of the Irish Sea (b.). Significance was assessed as p < 0.05 
except when PERMDISP revealed significant differences in within-group 
dispersion between levels of a particular factor, in which case significance was 
conservatively assessed as p < 0.01. Significant values are indicated in bold. 
Underlined values identify main factors with significant differences in within 
group dispersion.   

Source of 
variation 

df Pseudo- 
F 

p Unique 
permutations 

a. Coast = C 1 3.8790 0.0793 9805 
Type = Ty 1 6.5681 0.0249 9838 
C x Ty 1 2.8670 0.1081 9932 
Site (C x Ty) 12 32.191 0.0001 9917 
Res 1584    
Total 1599    

b. Type = Ty 1 5.9209 0.0510 
(MC) 

35 

Time = Ti 1 4.1387 0.0898 9776 
Site (Ty) 6 66.362 0.0001 9931 
Ty x Ti 1 2.8125 0.1409 9803 
Ti x Site (Ty) 6 12.212 0.0001 9933 
Res 1584    
Total 1599     
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importance of further research to fully understand the mechanisms 
responsible for differences in limpet population structure and func-
tioning, particularly between artificial structures and natural rocky 
shores. Such information can benefit marine management strategies and 
inform eco-engineering interventions. 

4.1. Population structure 

In general, artificial structures support communities with lower 
abundances of individuals (Aguilera et al., 2014; Bulleri and Chapman, 
2004; Chapman and Bulleri, 2003; Gacia et al., 2007), which is partic-
ularly important in regards to organisms such as limpets that have 
important structuring and functioning roles (Chapman, 2006; Coleman 
et al., 2006b; Safriel et al., 1994). As expected, and in line with findings 
for other gastropods (Nucella lapillus; Thompson, 2022), limpet densities 

Fig. 5. Monthly sex ratios of Patella vulgata populations on natural shores and artificial structures along Irish Sea coasts (n sites = 8 per country). n of individuals 
sampled per site per month varied between 18 and 38 in Wales and was always 30 in Ireland. 

Table 4 
Analysis of deviance (Type II) for the proportion of male to female Patella vulgata 
determined through (a.) GLM and (b.) GLMER (i.e., site as random intercept) 
models. Significant values (p < 0.05) indicated in bold.   

a. Likelihood-ratio chi-square 
test 

b. Wald chi-square test 

Source of variation df χ2 p df χ2 p 

Coast (C) 1 94.16 < 0.001 1 39.91 < 0.001 
Type (Ty) 1 16.72 < 0.001 1 9.84 0.0017 
Month (M) 3 14.14 0.0027 2 9.92 0.0069 
C x Ty 1 12.94 < 0.001 1 6.50 0.0107 
C x M 2 4.26 0.12 2 3.79 0.15 
Ty x M 3 16.95 < 0.001 2 15.83 < 0.001 
C x Ty x M 2 4.18 0.12 2 4.61 0.09  
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were generally lower on artificial structures compared to natural rocky 
shores within the Irish Sea, although this pattern was more clearly seen 
on shores along the Welsh coastline. This difference may be driven, 
in-part, by the lack of availability of microhabitats on artificial struc-
tures (Aguilera et al., 2014; Chapman, 1994; Firth et al., 2013b; Strain 
et al., 2018). For example, P. depressa preferentially settles in pools 
(Borja et al., 2004; Evans, 1947, 1957) that are often absent on artificial 
structures (Aguilera et al., 2014; Chapman, 1994; Firth et al., 2013b). 

However, microhabitats can develop over time due to weathering, 
meaning the age of an artificial structure could influence the density of 
organisms observed, with older, potentially more heterogeneous struc-
tures, more likely to support densities comparable to natural shores 
(Bulleri and Chapman, 2010; Hall, 2017). While structure age was not 
considered within our analyses, it is important to note that all the arti-
ficial structures were >5 years of age, which is when most species have 
settled and begun to establish themselves (Pinn et al., 2005), and they 
had been colonised by perennial species with a similar size structure, 
which is indicative of natural shore succession (Chapman and 

Fig. 6. Monthly variation in the proportion of Patella 
vulgata with gonads in advanced stages of develop-
ment (i.e., stage 4 and 5) on natural rocky shores 
(light grey) and artificial structures (dark grey) along 
Irish Sea coasts. Zero values represent an absence of 
gonads in mature stages, not an absence of data. In 
February, there were no P. vulgata in advanced stages 
of gonad development along the Welsh coast and no 
data were available for the Irish coast. n of in-
dividuals sampled per site per month was between 18 
and 38 in Wales and was always 30 in Ireland.   

Table 5 
PERMANOVA for percentage of Patella vulgata in advanced stages of gonad 
development on natural rocky shores and artificial structures along Irish Sea 
coasts. Significance was assessed as p < 0.05 except when PERMDISP revealed 
significant differences in within-group dispersion between levels of a particular 
factor, in which case significance was conservatively assessed as p < 0.01. Sig-
nificant values are indicated in bold. Underlined values identify main factors 
with significant differences in within group dispersion.  

Source of variation df Pseudo-F p Unique permutations 

Coast = C 1 23.777 0.0012 9690 
Type = Ty 1 3.0402 0.1096 9665 
Month = M 2 8.265 0.0008 9966 
C x Ty 1 0.7345 0.3994 9686 
C x M 2 7.8055 0.0014 9953 
Ty x M 2 0.28329 0.7665 9958 
Site (C x Ty) 12 1.4948 0.1816 9939 
C x Ty x M 2 0.47128 0.6427 9966 
Res 24    
Total 47     
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Underwood, 1998; Farrugia Drakard et al., 2021), making them rela-
tively comparable to the adjacent rocky shores. However, future ana-
lyses would benefit from incorporating information on the age of 
artificial structures alongside quantifications of topographic complexity. 

Limited microhabitat availability on artificial structures also means 
organisms may be exposed to greater wave action and predation, thus 
are at increased risk of dislodgement/mortality (Aguilera et al., 2014; 
Firth et al., 2013b). Similar work within the Irish Sea revealed that the 
macrophyte, Fucus vesiculosus, is dislodged at greater rates on artificial 
structures compared to natural rocky shores (Farrugia Drakard et al., 
2021). It could be postulated that the lower densities of limpets on 
artificial structures may result from increased dislodgement rates in 
these environments. The exposure of the Welsh coast to the prevailing 
west and south-westerly winds (Mayes, 2013) is also likely to strengthen 
wave action and increase scour, particularly on artificial structures, 
further increasing dislodgement/mortality and enhancing differences in 
abundance across shore types. While the lack of clear difference between 
shore types along the Irish coast may relate to the more sheltered nature 
of these sites. 

Another factor that may explain the lower density of limpets on 
artificial structures is the crevices separating rip-rap boulders which 
present a physical barrier to the movement of limpets (Díaz-Agras et al., 
2010), with individuals confined to specific boulders potentially expe-
riencing elevated competition for resources, which if scarce, could result 
in mortality and declines in abundance. Separating these competing 
hypotheses, however, requires further experimentation. 

Comparably to density, the length of P. vulgata (in autumn/winter) 
varied significantly across shore types, with larger individuals often 
found on artificial structures. The challenging environmental conditions 
experienced on artificial structures are believed to increase the physio-
logical stress of colonising organisms, potentially influencing their 
productivity and/or viability (Moreira et al., 2006). Our results suggest 
that this may be the case for P. vulgata in the Irish Sea, whereby in-
dividuals on artificial structures achieve greater lengths, potentially in 
order to achieve a larger foot size and reduce the risk of dislodgement in 
these more challenging environments (Vasconcelos et al., 2021; Vieira 
and Bueno, 2019). However, it is important to note that shore type as a 
main factor did not influence the length of P. vulgata in Wales (where all 
sites constituted rip-rap breakwaters), nor did it significantly influence 
P. vulgata density and length across the Irish Sea when sites where 
vertical quadrats were surveyed were excluded from the analysis. This 
suggests, like others (Glasby and Connell, 2001), that gradient may also 
influence the structure of marine assemblages, although further research 
is required to determine whether gradient, or potentially a lack of water 
retaining features on more vertical substrates, influences limpet 
populations. 

The results also revealed significant temporal variation in P. vulgata 
length across sites along the Welsh coast, with the most pronounced 
differences occurring on natural shores. While it has not been possible to 
determine the underlying drivers of this variability, it could be due, in 
part, to migratory behaviour coupled with exposure to wave splash 
(Hobday, 1995), although further targeted research is required to sup-
port this. 

4.2. Sex ratio and reproductive potential 

Along the Irish coast, male P. vulgata outnumbered females on both 
natural shores and artificial structures which is not uncommon for this 
species, or limpets in general (Baxter, 1983; Blackmore, 1969; McCarthy 
et al., 2008; Sousa et al., 2017). Such a ratio can benefit broadcast 
spawning species such as P. vulgata by reducing the risk of sperm limi-
tation and increasing fertilisation success (Hodgson et al., 2007; Metaxas 
et al., 2002). The greater proportion of males observed on artificial 
structures, particularly in Ireland, may be indicative of high dis-
lodgement/mortality rates on artificial structures resulting in fewer in-
dividuals surviving the two to six years required to transition to females 

(Ballantine, 1961; Hill, 2008; Sundelöf et al., 2010). Although this is not 
reflected in the data from Wales, where we postulate that wave action 
and thus dislodgement is greater than in Ireland. 

Contrary to expectations, shore type did not influence the proportion 
of P. vulgata in advanced states of gonad development on artificial 
structures and natural rocky shores within the Irish Sea. Instead, Irish 
populations had a significantly higher percentage of the population in 
advanced states of gonad development across most of the months 
investigated, although there was considerable between site variability 
irrespective of shore type. An increase in the number of P. vulgata 
reproductive failure events have been observed in recent years, 
including at Welsh sites used in this study (Moore et al., 2011; Moore 
pers. obs.). This has been previously linked to ocean warming, but other 
factors may also be at play given the lack of consistency across Irish Sea 
coastlines. 

5. Conclusion 

This study provides an important contribution to the expanding 
knowledge on the influence of coastal artificial structures for the pop-
ulation structure and reproductive potential of species found on them. 
Patellid limpet populations were found to vary spatio-temporally across 
the Irish Sea, with differences between artificial structures and natural 
shores most apparent with regards to their density and sex ratio, how-
ever, there was lots of small-scale variability and no consistent differ-
ence in the average length and proportion of individuals in advanced 
stages of gonad development between different shore types. The limited 
differences observed may be due to the fact that our research primarily 
focussed on rip-rap coastal defences structures that may represent more 
analogous habitats to natural rocky shores than seawalls. As artificial 
structures are expected to proliferate in the coming years, further 
research is required to fill current data gaps and assess the impact of 
different structure types on the biology and ecology of marine species to 
determine whether they represent surrogate habitats or ecological sinks 
for ecologically important species. Such information can benefit policy 
and planning as well as eco-engineering solutions that aim to improve 
artificial structures for nature. 
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Appendix A. Site pairings based on geographical proximity and similarity of environmental conditions, as well as the nature of the 
artificial structure and the corresponding latitude and longitude. Exposure was determined based on wave fetch values extracted from 
Burrows (2020), with sheltered sites having wave fetch values of <2, moderately exposed sites between 2 and 3.5, and exposed >3.5 
(Burrows, 2012)  

Site Pair Site Name Site Type Latitude & Longitude Wave Fetch 

W1 Tywyn Artificial rip-rap 52.57726◦N, −4.09621◦W 4.13 
Aberystwyth Natural 52.41985◦N, −4.08595◦W 4.14 

W2 Borth A Artificial rip-rap 52.49115◦N, −4.05279◦W 4.11 
Borth B Natural 52.47957◦N, −4.05530◦W 4.02 

W3 Aberaeron Artificial rip-rap 52.24397◦N, −4.26452◦W 4.15 
New Quay Natural 52.21691◦N, −4.35970◦W 4.01 

W4 Goodwick Artificial rip-rap 52.00202◦N, −4.98997◦W 3.54 
Fishguard Natural 51.99643◦N, −4.97284◦W 3.82 

I1 Dublin Artificial seawall 53.345119◦N, −6.201861◦W NA 
Sutton Natural 53.373013◦N, −6.098573◦W 3.57 

I2 Dun Laoghaire Artificial seawall 53.297553◦N, −6.147643◦W 3.16 
Seapoint Natural 53.298915◦N, −6.161725◦W 3.76 

I3 Rosslare A Artificial rip-rap 52.252592◦N, −6.351773◦W 3.97 
Rosslare B Natural 52.252420◦N, −6.355033◦W 3.96 

I4 Kilmore A Artificial rip-rap 52.172794◦N, −6.587012◦W 4.30 
Kilmore B Natural 52.170424◦N, −6.595372◦W 4.35  

Appendix B. PERMANOVA for the density of Patella vulgata between natural rocky shores and artificial structures along Irish Sea coasts. 
(a.) Data set excluding Dublin and (b.) Data set excluding vertical quadrats (i.e., seawalls at Dublin and Dun Laoghaire and the 
corresponding natural rocky shores at Sutton and Seapoint). Significance was assessed as p < 0.05 except when PERMDISP revealed 
significant differences in within-group dispersion between levels of a particular factor, in which case significance was conservatively 
assessed as p < 0.01. Significant values are indicated in bold. Underlined values identify main factors with significant differences in 
within group dispersion   

Source of variation df Pseudo-F p Unique permutations 

a. Coast = C 1 5.1589 0.0376 9811 
Type = Ty 1 3.4075 0.0883 9838 
Time = Ti 1 0.1502 0.7019 9825 
C x Ty 1 3.3960 0.0892 9842 
C x Ti 1 8.7055 0.0142 9828 
Ty x Ti 1 0.7164 0.4233 9844 
Site (C x Ty) 11 12.119 0.0001 9926 
C x Ty x Ti 1 7.5342 0.0200 9824 
Ti x Site (C x Ty) 11 1.8674 0.0392 9932 
Res 270    
Total 299    

b. Coast = C 1 5.9271 0.0477 8746 
Type = Ty 1 3.4677 0.1063 9336 
Time = Ti 1 0.0882 0.7759 9853 
C x Ty 1 1.3457 0.2740 9328 
C x Ti 1 5.2948 0.0500 9848 
Ty x Ti 1 1.3237 0.2815 9831 
Site (C x Ty) 8 11.923 0.0001 9936 
C x Ty x Ti 1 6.9435 0.0310 9835 
Ti x Site (C x Ty) 8 2.0167 0.0443 9941 
Res 216    
Total 239      
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Appendix C. PERMANOVA for the length of Patella vulgata between natural rocky shores and artificial structures across the Irish Sea 
excluding vertical quadrats (i.e., seawalls at Dublin and Dun Laoghaire and the corresponding natural rocky shores at Sutton and 
Seapoint). Significance was assessed as p < 0.05 except when PERMDISP revealed significant differences in within-group dispersion 
between levels of a particular factor, in which case significance was conservatively assessed as p < 0.01. Significant values are indicated 
in bold. Underlined values identify main factors with significant differences in within group dispersion  

Source of variation df Pseudo-F p Unique permutations 

Coast = C 1 2.1297 0.1770 8888 
Type = Ty 1 4.4230 0.0710 9349 
C x Ty 1 0.9468 0.3545 9359 
Site (C x Ty) 8 41.825 0.0001 9932 
Res 1188    
Total 1199     

Appendix D. PERMANOVA for percentage of Patella vulgata in advanced stages of gonad development on natural rocky shores and 
artificial structures along Irish Sea coasts excluding vertical quadrats (i.e., seawalls at Dublin and Dun Laoghaire and the corresponding 
natural rocky shores at Sutton and Seapoint). Significance was assessed as p < 0.05 except when PERMDISP revealed significant 
differences in within-group dispersion between levels of a particular factor, in which case significance was conservatively assessed as p 
< 0.01. Significant values are indicated in bold. Underlined values identify main factors with significant differences in within group 
dispersion  

Source of variation df Pseudo-F p Unique permutations 

Coast = C 1 14.094 0.0077 8019 
Type = Ty 1 7.7931 0.0312 8839 
Month = M 2 6.6837 0.0079 9957 
C x Ty 1 3.3452 0.1082 8781 
C x M 2 6.1617 0.0089 9951 
Ty x M 2 1.2596 0.3173 9948 
Site (C x Ty) 8 2.7553 0.0338 9943 
C x Ty x M 2 1.4638 0.2531 9959 
Res 16    
Total 35     

Appendix E. Analysis of deviance (Type II) for the proportion of male to female Patella vulgata determined through a GLMER (i.e., site as 
random intercept) model. Significant values (p < 0.05) indicated in bold   

Wald chi-square test 

Source of variation df χ2 p 

Coast (C) 1 49.37 < 0.001 
Type (Ty) 1 9.70 0.0019 
Month (M) 2 6.88 0.0321 
C x Ty 1 13.45 < 0.001 
C x M 2 3.83 0.14 
Ty x M 2 15.30 < 0.001 
C x Ty x M 2 3.48 0.18  
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Sundelöf, A., Jenkins, S.R., Svensson, C.J., Delany, J., Hawkins, S.J., Åberg, P., 2010. 
Determinants of reproductive potential and population size in open populations of 
Patella vulgata. Mar. Biol. 157, 779–789. https://doi.org/10.1007/s00227-009- 
1361-4. 

Thompson, B.J., 2022. The Distribution, Ecology and Ecological Enhancement of Marine 
Artificial Structures on Irish Sea Coasts. PhD Thesis. University College Dublin. 

Vasconcelos, J., Caamaño, D., Tuset, V.M., Sousa, R., Riera, R., 2021. The shell 
phenotypic variability of the keyhole limpet Fissurella latimarginata: insights from 
an experimental approach using a water flow flume. J. Molluscan Stud. 87 https:// 
doi.org/10.1093/mollus/eyab043. 

Vieira, E.A., Bueno, M., 2019. Small spatial scale effects of wave action exposure on 
morphological traits of the limpet Lottia subrugosa. J. Mar. Biol. Assoc. U. K. 99, 
1309–1315. https://doi.org/10.1017/S0025315419000195. 

Wickham, H., 2016. Elegant Graphics for Data Analysis. Springer-Verlag, New York.  

H.S. Earp et al.                                                                                                                                                                                                                                  

https://doi.org/10.1007/978-3-642-67028-2_47
https://doi.org/10.1017/S0025315400009036
https://doi.org/10.1017/S0025315400009036
https://doi.org/10.1016/j.ecss.2004.09.002
https://doi.org/10.1007/s00227-009-1130-4
https://doi.org/10.1007/s00227-009-1130-4
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref68
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref68
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref69
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref69
https://doi.org/10.1016/j.rsma.2020.101339
https://doi.org/10.1016/j.rsma.2020.101339
https://doi.org/10.1680/cmsb.63174.0549
https://doi.org/10.1680/cmsb.63174.0549
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref72
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref72
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref72
https://doi.org/10.1186/s10152-017-0488-9
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref74
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref74
https://doi.org/10.1111/1365-2664.12961
https://doi.org/10.1007/s00227-009-1361-4
https://doi.org/10.1007/s00227-009-1361-4
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref77
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref77
https://doi.org/10.1093/mollus/eyab043
https://doi.org/10.1093/mollus/eyab043
https://doi.org/10.1017/S0025315419000195
http://refhub.elsevier.com/S0141-1136(22)00298-7/sref80

	The population structure, sex ratio and reproductive potential of limpets (Patella spp.) on natural shores and artificial s ...
	1 Introduction
	2 Materials and methods
	2.1 Study location
	2.2 Population structure
	2.3 Sex ratios and reproductive potential
	2.4 Gaps in the data sets
	2.5 Data analyses

	3 Results
	3.1 Population structure
	3.2 Sex ratio and reproductive potential

	4 Discussion
	4.1 Population structure
	4.2 Sex ratio and reproductive potential

	5 Conclusion
	Author contributions
	Data accessibility statement
	Funding
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Site pairings based on geographical proximity and similarity of environmental conditions, as well as the nature  ...
	Appendix B PERMANOVA for the density of Patella vulgata between natural rocky shores and artificial structures along Irish  ...
	Appendix C PERMANOVA for the length of Patella vulgata between natural rocky shores and artificial structures across the Ir ...
	Appendix D PERMANOVA for percentage of Patella vulgata in advanced stages of gonad development on natural rocky shores and  ...
	Appendix E Analysis of deviance (Type II) for the proportion of male to female Patella vulgata determined through a GLMER ( ...
	References


