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Limpets are keystone grazers on rocky shores. We studied spatial patterns of four
co-occurring patellids (Patella ulyssiponensis, Patella depressa, Patella rustica,
Patella vulgata) and one siphonariid (Siphonaria pectinata) across rockpools and
their surrounds. Our approach considered each rockpool as a concentric system
of three micro-habitats where limpets were censused (species, counts, and size
of individuals): inside rockpool, edge zone, and surrounding open-rock. The
whole intertidal zone was sampled on six rocky shores with contrasting
landscape variability (amount of open-rock and other micro-habitats) in
Southwest Portugal. Additionally, open-rock surfaces far away (>25cm) from
rockpools were surveyed on the mid-shore. Three groups of predictors
("physical, habitat-composition, and connectivity variables”) were assessed for
each rockpool system. Limpets of various sizes of the three most common
species—P. ulyssiponensis, P. depressa, and S. pectinata—were found to coexist
inside and outside rockpools on all shores, with rockpools extending their vertical
distribution upwards. Patella vulgata was rare; P. rustica was absent from
rockpools and their edges. Intra-specific connectivity (correlations in density of
the same species between adjacent micro-habitats) showed a decreasing
gradient with distance from the pool, being sharper for P. ulyssiponensis (a
largely rockpool-resident) than for P. depressa and S. pectinata (suggesting their
emergence from rockpools to edges and surrounding open-rock). Abundance
and size structure of both P. depressa and S. pectinata were similar on mid-shore
open-rock surrounding rockpools and far from rockpools. Landscape variability
explained distribution of P. depressa (shores with less open-rock had more and
smaller limpets). Habitat-composition (assemblages and substrata) was more
important than physical predictors in explaining among-rockpool variability of
each limpet species. Densities of P. ulyssiponensis and P. depressa inside
rockpools were positively associated with cover of coralline algae and
negatively associated with sand cover. Less explanatory power was found in
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predictive models of S. pectinata, suggesting a more opportunistic nature. There
was limited evidence of inter- or intra-specific competition of the three species
in rockpools and open-rock. Competition between P. ulyssiponensis and P.
depressa was most likely in rockpool edges. Rockpool-generated mosaic
landscapes are linked by intra-specific connectivity of limpet populations and
modulated by interactions among different limpet species.

KEYWORDS

limpet populations, rockpools/tidepools, emergent substrata, habitat connectivity,
patellids, siphonariids, mosaic landscapes, co-existence

1 Introduction

Spatial patterns of keystone species and their coexistence are
fundamental for understanding organization of benthic communities
and informing marine conservation (Tanner et al., 1994; Ortiz et al,
2017). Given the ecological importance of limpets on rocky shores
(Branch, 1981; Hawkins and Hartnoll, 1983; Branch et al., 1985; Fretter
and Graham, 1994; Hodgson, 1999; Coleman et al., 2006), their spatial
distribution has been extensively investigated on several scales
worldwide (e.g., Creese, 1980; Williams and Morritt, 1995; Lima
et al., 2006; Vermeij, 2017; Broitman et al., 2018). Coexisting limpets
may be from the same (e.g., Aguilera et al,, 2013; Freitas et al., 2023a;
Freitas et al., 2023b) or different (e.g., Creese and Underwood, 1982;
Aguilera et al., 2019) phylogenetically related groups, with similar or
distinct traits (e.g., Davies, 1970; Wolcott, 1973; Aguilera and
Navarrete, 2012). Many studies have documented distribution
patterns of sympatric patellogastropods in South Africa (e.g., Branch,
1971; Branch, 1975; Branch, 1976; Branch and Marsh, 1978; Carneiro,
2021) and the North-East Atlantic (e.g, Boaventura et al, 2002a;
Boaventura et al., 2002b; Firth and Crowe, 2008; Casal et al., 2018;
Orostica et al., 2020; Freitas et al., 2023a; Freitas et al., 2023b). On
North-East Atlantic shores, patellid limpets have long-been recognized
as keystone grazers (e.g, Hawkins and Hartnoll, 1983; Jenkins et al,
2005; Coleman et al., 2006; Henriques et al., 2017). Patellids can co-
occur with Siphonaria pectinata on Atlantic and Mediterranean rocky
shores in South Europe and North Africa (Rivera-Ingraham et al.,, 2011;
Rubal et al., 2013; Vasconcelos et al., 2021; Slama et al., 2022).

Limpet species can co-occur in two contrasting intertidal micro-
habitats: freely draining emersed surfaces (open-rock) and
depressions retaining water during low tide (rockpools or
tidepools) (Firth and Crowe, 2008; Firth et al.,, 2009; Noél et al.,
2009; Seabra et al., 2020). On open-rock, patterns of distribution,
abundance, and size structure of populations of individual species of
limpets have been traditionally described vertically with tidal level
(e.g., Orton, 1929; Lewis, 1954; Blackmore, 1969), horizontally with
different wave exposure (e.g., Evans, 1947; Evans, 1957; Thompson,
1979; Thompson, 1980; Ocaiia, 2003; Silva et al., 2003), or on larger
geographic scales (e.g. Lewis, 1986; Rubal et al., 2015). Local-scale
micro-habitat variation also can determine distribution patterns of
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limpets living outside rockpools, such as mussel clumps (Lewis and
Bowman, 1975; Silva et al., 2003), fucoid and barnacle patches
(Hartnoll and Hawkins, 1985; Hawkins et al., 1992; Johnson et al.,
1997; Burrows and Hawkins, 1998; Jenkins et al., 1999; Moore et al.,
2007; Marzinelli et al., 2012), vertical surfaces, overhangs or crevices
(Wolcott, 1973; Garrity, 1984; Williams and Morritt, 1995; Gray
and Hodgson, 1998; Aguilera and Navarrete, 2011), sunny versus
shaded rock (Lima et al., 2016; Seabra et al., 2016), or substrata
associated with crypsis by polymorphic species (e.g., Giesel, 1970;
Sorensen and Lindberg, 1991). Such studies have demonstrated the
role of landscape variability (the mosaic of micro-habitats available
on each shore) for the underlying processes determining limpet
survival or growth, with consequences for spatial heterogeneity of
assemblages (Hawkins et al., 2019). Inside rockpools, high densities
of early life-history stages of patellids or siphonariids consistently
occur (e.g., Lewis and Bowman, 1975; Bowman, 1981; Ostale-
Valriberas et al,, 2018). The role of rockpools as nurseries for
coexisting limpets has been experimentally demonstrated across
different regions (Delany et al., 1998; Seabra et al., 2020). Rockpools
extend the upper limits of Patella ulyssiponensis (Evans, 1947;
Thompson, 1979; Firth and Crowe, 2008), possibly due to its
association with crustose-coralline algae (hereafter CCA) (Delany
et al., 2002; Seabra et al., 2019; Gomes et al., 2022). While this
pattern has been described for other low-shore organisms that are
susceptible to desiccation (Goss-Custard et al., 1979; Kooistra et al.,
1989; Araujo et al., 2006), unequivocal quantitative evidence is still
lacking for other limpets (but see Menconi et al., 1999 for crevices
influencing vertical distribution of Mediterranean patellids).
Connectivity is likely to occur between limpet populations
inhabiting rockpools versus open-rock. These are clearly distinct
environments, especially physically when the tide is out and in their
algal communities (Metaxas and Scheibling, 1993; Araujo et al,
2006). However, bi-directional movements of individual limpets
across the two micro-habitats happen (Delany et al., 2002; Noél
et al, 2009). As limpet intra-specific competition occurs inside
rockpools (Firth et al., 2009; Firth and Crowe, 2010), coupled with
the importance of these micro-habitats as limpet nurseries (Seabra
et al,, 2020), rockpools may act as sources of limpet emigration to
surrounding open-rock areas. Conversely, as limpets with home
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scars outside rockpools enter rockpools when foraging at high tide
(Noél et al., 2009), rockpools could act as feeding grounds or refuges
from desiccation or other stresses, attracting limpets from
surrounding open-rock. Limpets also establish home scars along
the edge of rockpools (Delany et al., 1998). Rockpool edges are
interfaces straddling neighboring micro-habitats with different
physical and biological characteristics (e.g., insolation,
evaporation, algal and microbial food): permanently submerged
inside-pool areas and tidally emersed outside-pool areas slightly
away from pools. Patterns of limpet population structure have not
been previously described for this pool to open-rock transition nor
the wider mosaics of micro-habitats created by the presence of
pools, likely to be important at emerging landscape scales.

Large variability at small spatial scales occurs among different
rockpools due to their physical and biological characteristics, with
consequences for biodiversity and ecosystem functioning (Metaxas
et al, 1994; Griffin et al, 2010). The influence of rockpool
characteristics on species richness, community structure and
functioning has been examined (e.g., shore height, Kooistra et al.,
1989; surface area, Underwood and Skilleter, 1996; depth, Martins
et al,, 2007; volume, Wolfe and Harlin, 1988; slope of pool
substratum, Firth et al., 2014; presence of sea urchin grazers,
Benedetti-Cecchi and Cinelli, 1995; abundance of molluscan
grazers, Masterson et al., 2008; topographic-complexity, Schaefer
et al., 2023). Moreover, several variables have been identified as
important predictors of abundance and dynamics of invertebrate
populations in rockpools or in surrounding rock (e.g., geographic
location, Souza and Matthews-Cascon, 2019; shore height, Johnson,
2001; rockpool substrata and biota, Carvalho et al., 2021; distance to
rockpool edge, Noél et al., 2009; presence of coexisting species of
limpets in the same micro-habitat, Firth and Crowe, 2008).
However, the potential effects of other rockpool characteristics
(e.g., shape, distance to low-water mark) or proxies of
connectivity among populations of mobile invertebrates across
rockpool edges (e.g., densities of coexisting species of limpets in
adjacent micro-habitats) have not been studied yet.

We studied the four limpets of the genus Patella (P.
ulyssiponensis, P. depressa, P. rustica, and P. vulgata) and one
siphonariid limpet (S. pectinata) that coexist on the continental
Portuguese coast. Patterns of distribution, abundance, and/or size
structure of these species and underlying driving mechanisms have
been examined for open-rock within shore levels, mostly for adults
(Boaventura et al., 2002a; Boaventura et al., 2002b; Boaventura et al.,
2003; Rubal et al., 2013; Lima et al., 2016; Seabra et al., 2016). The
distribution and abundance of juvenile limpets, especially their
association with rockpools or patchy micro-habitats at different
shore levels plus temporal and spatial variation in recruitment, have
also been investigated (Guerra and Gaudencio, 1986; Silva et al.,
2003; Seabra et al., 2019; Seabra et al., 2020). Preliminary
observations suggest much small-scale variability in spatial
patterning of patellid and siphonariid populations across
rockpools and their surrounds. Here, we take an integrative view
along the continuous gradient of shore height of the intertidal zone,
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focusing on micro-habitats both inside and outside rockpools and
their interfaces creating mosaic landscapes at each tidal level
(hereafter “rockpool-generated landscapes”).

Our overall aim was to examine the spatial patterns of co-
occurrence of intertidal limpets in rockpool-generated landscapes
describing variability of limpet populations within each micro-
habitat and connectivity among them. Each species was
quantified (number and size of individuals) in the following
micro-habitats: inside-rockpools (POOL), on the narrow edge-
zone around the rim of rockpools (EDGE), and on open-rock
surrounding rockpools (NEAR). Surveys were made over the
whole intertidal gradient on six natural rocky shores in the
southwest of continental Portugal (Figure 1), to assess diversity,
distribution, abundance, and size structure of limpets throughout
the distinct micro-habitats and among shores. Additionally
focusing only on the mid-shore, areas of open-rock at a
minimum distance of 25 cm from any rockpool (FAR) were also
surveyed on the same shores, to measure the density of all limpet
species-size classes occurring within these areas. Three main
objectives were addressed (Table 1). First, (1) we described the
distribution of all limpet species present in each micro-habitat on
the six shores, and we examined the spatial variation in abundance
and size of the most common limpet species at different horizontal
scales. Specifically, (1a) we tested how the density and size structure
of each of the three most abundant species (P. ulyssiponensis, P.
depressa, and S. pectinata) within each of three micro-habitats
(POOL, EDGE, and NEAR) varied among shores and within each
shore. For these three species, (1b) we also tested if the total density
of the same species was correlated between adjacent micro-habitats
to assess their intra-specific connectivity across rockpool-generated
landscapes. For the two most common species on mid-shore open-
rock (P. depressa and S. pectinata), (1c) we compared density and
size structure between open-rock surfaces surrounding mid-shore
rockpools (MidNEAR) and further away from rockpools (FAR),
and assessed whether the pattern of proximity to rockpools
(MidNEAR versus FAR) varied among shores of differing
landscape. Landscape variability among shores was described in
terms of contrasting heterogeneity in the presence of intertidal
micro-habitats, by measuring the relative occurrence of open-rock,
rockpools, crevices, overhangs, and channels, in mid-shore areas
within each shore. Second, (2a) we described any differences with
shore height in abundance of each limpet species within each
micro-habitat and shore, and (2b) we compared the vertical
distribution patterns of the most common species (P.
ulyssiponensis, P. depressa, and S. pectinata) between areas inside
versus outside rockpools, specifically testing the following
hypothesis: inside rockpools (POOL), each species occurs further
upshore than its occurrence on the open-rock (NEAR). Third, (3)
we described the small-scale (among rockpools) variability in
density and size-class structure of individual species (P.
ulyssiponensis, P. depressa, and S. pectinata) within each micro-
habitat (POOL, EDGE, and NEAR), and we investigated which
predictive variables explain most of these spatial patterns. For every
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Oliveirinha
Queimado
Almograve
Cabo Sardao
Alteirinhos
Monte Clérigo
2 POOL
sampling sampling
quadrats quadrats
EDGE All limpet
sampling counts
strings standardized
to densities in
50x50 cm
Inside-roc
A
Rockpool-system— Rockpool-edge (EDGE)
Open-rock surrounding rockpool (NEAR)
FIGURE 1

(A) Map of the study region and the six sampled shores; (B) shores varied in geomorphology, namely, in the cleavage orientation of shale strata, from
flatter-layered platforms (Oliveiriinha, Queimado, and Monte Clérigo—example of Monte Clérigo on photograph below) to steeper bedrock (Almograve
and Cabo Sarddo; intermediate orientation in Alteirinhos—example of Almograve on photograph above); (C) five micro-habitat categories considered for
landscape variability assessment (open-rock, rockpool, crevice, overhang, and channel); (D) diagram representing a rockpool system, with its three
concentric micro-habitats (POOL, EDGE, and NEAR) and respective sampling units (POOL and NEAR quadrats, EDGE strings).

species and micro-habitat, we assessed the influence of the following
groups of predictors: i) metrics describing size, shape, topography,
and position of rockpools and surrounding rock (hereafter
“physical variables”); ii) both inorganic (e.g., rock and sand) and
biotic (algae and invertebrates) variables describing composition of
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the substratum coverage and benthic assemblages (hereafter,
“habitat-composition variables”—cover of major substrata types
and sessile taxa, plus density of other limpet species and
molluscan grazers in the same micro-habitat); and iii)
“connectivity variables” describing inter-specific influences on
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TABLE 1 Summary-table outlining the general objectives of the present study, specific research questions or hypotheses, corresponding response and
predictive variables, and figures and/or tables of Results (including Supplementary Material).

General

objective

Specific objective (ques-
tion or hypothesis)

Response variables

Predictive variables

Figures and tables of
Results

1—
Horizontal
variation in
the
abundance
and size
structure of

1a) How do the abundance and size
of each limpet species in three
micro-habitats (rockpools, rockpool
edges, open-rock surrounding
rockpools) vary on the six shores?
(see Figure 1) Are there differences
in spatial variation (among shores

9 response matrices analyzed
separately (3 limpet species x 3
micro-habitats); 3 limpet species:
Patella ulyssiponensis, P. depressa,
Siphonaria pectinata; 3 micro-
habitats: POOL, EDGE, and NEAR.
Each response matrix formed by five

2 factors: Shore; Stretch within
shore

Figures 2—4; Table 2 (nine two-
way PERMANOVAs).
Description for the least
abundant species (P. vulgata and
P. rustica): In text (Section 3.1)
and in Supplementary Figures S1,
S2).

limpets and within each shore) in the density | response variables: standardized
(Section 2.4.1 and size structure of each of the densities (to 50 x 50 cm) of 5 size-
of Statistical three most abundant limpet species classes of one species recorded
analyses; within each micro-habitat? within one micro-habitat.
Section 3.1 of
Results) 1b) Is the total density of the same 3 pairs of variables (3 groups of adjacent micro-habitats—POOL vs. In text of Section 3.1 (three
species correlated between adjacent EDGE; EDGE vs. NEAR; POOL vs. NEAR) per limpet species; 3 limpet Spearman correlations per
micro-habitats (intra-specific species: Patella ulyssiponensis, P. depressa, Siphonaria pectinata. Each pair species)
connectivity)? of variables: the total density of a single species recorded in two adjacent
micro-habitats.
1c) Are there differences between 2 response matrices analyzed 3 factors: Proximity to rockpools, Figure 5; Table 3 (two three-way
open-rock surfaces surrounding separately (2 limpet species—Patella | Shore, and Stretch within shore. PERMANOV As). Estimated
rockpools and further away from depressa and Siphonaria pectinata). Shores differed in landscape values for landscape variability
rockpools in the density and size Each response matrix formed by five = variability (relative availability of assessment: Supplementary Figure
structure of each of the two most response variables: standardized open-rock and topographic S3.
common limpet species on the mid- densities (to 50 x 50 cm) of 5 size- micro-habitats, see Figure 1).
shore open-rock? Do these patterns classes of one species recorded on
of proximity to rockpools vary mid-shore open-rock surfaces of
among shores of differing landscape? two treatments (MidNEAR—
surrounding rockpools; FAR—
further away from rockpools).
2—Vertical 2a) How does the abundance of each 15 response matrices (5 limpet Shore; shore height levels Figure 6
distribution limpet species in three micro-habitats | species X 3 micro-habitats; 5 limpet
of limpet (rockpools, rockpool edges, open- species: Patella ulyssiponensis, P.
species rock surrounding rockpools) vary depressa, P. vulgata, P. rustica,
inside and with shore height on each shore? Siphonaria pectinata; 3 micro-

outside pools
(Section 2.4.2
of Statistical
analyses;
Section 3.2 of
Results)

3—Patterns
among
highly
variable
rockpool
systems
(Section 2.4.2
of Statistical
analyses;
Section 3.3 of
Results)

habitats (POOL, EDGE, NEAR).
Each response matrix: the total
density of one species recorded
within one micro-habitat along the
whole gradient of shore height of
each shore.

2b) We predict that inside rockpools
each of the most common limpet
species occurs further upshore than
its occurrence on the open-rock.

What is the relationship between the
spatial variability of individual limpet
species within each micro-habitat
and several predictive variables?
What are the most important
predictors to explain the small-scale
(among rockpool systems) variability
in spatial patterns of the three most
abundant limpet species within each
micro-habitat?

4 pairs of variables (the median, mean, highest, and lowest shore height of
species occurrence on each stretch of coast) per limpet species; 3 limpets

species (Patella ulyssiponensis, P. depressa, Siphonaria pectinata). Each pair
of variables: the shore height of a single species recorded inside rockpools

and on the open-rock.

9 response matrices analyzed
separately (3 limpet species x 3
micro-habitats); 3 limpet species:
Patella ulyssiponensis, P. depressa,
Siphonaria pectinata; 3 micro-
habitats: POOL, EDGE, and NEAR.
Each response matrix formed by five
response variables: standardized
densities (to 50 x 50 cm) of 5 size
classes of one species recorded
within one micro-habitat.

Predictors assessed for all 323
rockpool systems and classified in
three groups: physical, habitat-
composition, and connectivity
variables (description and
assessment in text of Sections 1,
2.3, and 2.4.2; detailed definition
and measurement in
Supplementary Table S1; full list
of predictors used to build each
model in Supplementary Table
S2)

Figure 7; Table 4 (four Binomial
tests per species)

Figures 8-10; Table 5 (nine
DistLM models). Estimated
values for habitat-composition
and physical predictors:
Supplementary Figures S4, S5
(percentage cover within POOL
and within NEAR),
Supplementary Figure S6 (counts
of trochids and littorinids within
POOL and within NEAR) and
Supplementary Figure S7
(physical variables).
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connectivity (i.e., density of other limpet species in adjacent
micro-habitats).

2 Materials and methods
2.1 Study species

On the Portuguese coast, the warm-temperate P. depressa on
the mid-shore and P. ulyssiponensis lower down are the most
abundant limpet species on open-rock (Guerra and Gaudencio,
1986; Boaventura et al., 2002b), with P. ulyssiponensis occupying
pools at higher shore levels (Guerra and Gaudencio, 1986). The less
common cold-temperate P. vulgata occurs between low and high
shore levels (Cabral and Simdes, 2007), mostly found on the lower-
mid shore (Boaventura et al., 2002b), frequently in shade or local
shelter (Lima et al.,, 2016). Warm-temperate P. rustica is mostly
restricted to steep high-shore levels on exposed shores (Boaventura
et al,, 2002b; Lima et al., 2006). In SW Portugal, S. pectinata occurs
on open-rock and pools across all tidal levels (CIEMAR, 2018;
Seabra et al., 2020), being particularly abundant in wave-sheltered
sites (CIEMAR, 2018), with much small-scale variation in
abundance on mid-shore open-rock (Rubal et al., 2013).

2.2 Study region and shores

Surveys were made in Southwest Portugal (Figure 1A), within
the “Parque Natural do Sudoeste Alentejano e Costa Vicentina,” a
marine park where the rocky littoral is characterized by high
biodiversity (Horta e Costa et al, 2018), and many rockpools.
Intertidal limpets (Patella spp. and S. pectinata) are abundant
(e.g., Boaventura et al, 2002b); harvesting of patellids is mostly
permitted and spatially widespread across the marine park, being
considered a regularly exercised but low-intensity activity in terms
of frequency and harvest yields with low (P. depressa and P. vulgata)
to medium (P. ulyssiponensis) social-economic importance relative
to other rocky-intertidal species (Castro et al., 2020 and references
therein). Six natural wave-exposed shores were selected from easily
accessible locations with extensive reefs along 60 km of coastline
(Figure 1A): i) Oliveirinha (37°53'12.38"N, 8°47'47.97"W), ii)
Queimado (37°49'35.95"N, 8°47'33.60"W), iii) Almograve (37°38’
54.42"N, 8°48'21.96"W), iv) Cabo Sarddo (37°36'13.09"N, 8°48’
56.91"W), v) Alteirinhos (37°31'12.40”N, 8°47'22.93"W, and vi)
Monte Clérigo (37°20'23.34"N, 8°51'25.88”W). All shores were of
the dominant rock type on this coast (shale sedimentary/schist
metamorphic rock, Boaventura et al.,, 2002b). Shores differed in
cleavage orientation of strata (Figure 1B), from flat-layered
platforms (Oliveirinha, Queimado and Monte Clérigo—hereafter
“flatter shores”) to steep bedrock (Almograve and Cabo Sardao—
hereafter “steeper shores”); Alteirinhos has an intermediate/mixed
pattern of flat and steep surfaces. These geomorphological
differences drive landscape variability of these shores in terms of
heterogeneity of intertidal micro-habitats. The tidal regime is
semidiurnal with 3.5 m maximum amplitude.
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2.3 Field surveys

2.3.1 Survey design and sampling procedures
(landscape variability, limpets, and habitat-
composition variables)

Surveys were made during low tides from August to October
2009, on days without rainfall. On each shore, two stretches of 10 m
were surveyed. In each stretch, a 10-m chain was deployed along
eight transects running sea parallel, haphazardly spread at different
distances from low-water mark along the whole shore. In each
transect, the micro-habitats present at 21 points spaced at 50-cm
intervals along the chain were recorded, by assigning one of the
following categories to each point: open-rock, rockpool, channel,
crevice, or overhang (Figure 1C). The percentage frequency of
occurrence was calculated for each category on each transect. The
mean percentages of micro-habitat occurrence over all transects
sampled on the mid-shore of the same stretch were then assessed as
a measure of landscape variability. From the whole set of rockpools
intersected by transects, a minimum of 25 rockpools per stretch
were randomly selected and individually marked in the field for
sampling (numbered removable epoxy tag on adjacent rock). We
sampled 323 rockpools (Oliveirinha, 52; Queimado, 51; Almograve,
57; Cabo Sardio, 56; Alteirinhos, 53; Monte Clérigo, 54).

Each rockpool was treated as a system of three concentric
micro-habitats (Figure 1D): i) inside-rockpool (POOL); ii) edge of
rockpool (EDGE); and iii) open-rock surrounding the edge
(NEAR). POOL was sampled using two equal-sized quadrats
deployed on the bottom of each rockpool, encompassing inside-
pool surfaces located at least 2cm away from the pool waterline.
POOL quadrat-size varied with rockpool size; so that a minimum of
50% of the total surface area of rockpool-bottom was covered by the
two sampling quadrats. For each rockpool, the size of the POOL
quadrat was selected from eight differently sized quadrats, made
from ~1.3-cm grid of plastic wire mesh, with the following areas
(respective quadrat-size in number of grid units): 40 cm? (5%5), 161
cm? (10x10), 361 cm? (15x15), 640 cm? (20%x20), 1,005 cm?
(25%25), 1,444 cm? (30x30), 2,581 cm” (40x40), and 4,032 cm?
(50x50). EDGE was defined as the thin rim comprising a 2-cm wide
band surrounding the pool waterline, including a 1-cm wide
marginal inside-pool surface and a 1-cm wide marginal outside-
pool surface. EDGE was sampled with strings of 25x2 c¢m length
deployed along the pool waterline, using enough strings to cover a
minimum of 50% of the perimeter of each rockpool. NEAR was
defined as the adjacent outside-pool area of open-rock, bounded by
a halo-line positioned at approximately 2 cm away from the pool
waterline and extended to a constant width of 19 cm. NEAR was
sampled by two quadrats of 361 cm® (19x19 c¢m) randomly
deployed within open-rock surfaces surrounding each rockpool.
All quadrats and strings were made of flexible material to fit the
topography of sampled surfaces. For each variable assessed within
POOL or NEAR, a replicate consisted of the mean obtained from
the two sampling quadrats of the same micro-habitat of every
rockpool system. For variables assessed within EDGE, a replicate
consisted of the sum obtained from all strings sampled along the
edge of every rockpool. Additionally, mid-shore surfaces of open-
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rock located at least 25 cm away from any rockpool (FAR) were
sampled by six replicate quadrats of 361 cm” per stretch. For
comparison with FAR replicates, a subset of six NEAR replicates
per stretch, all located around mid-shore rockpools, was selected
during surveys (hereafter “MidNEAR replicates”).

Species identification, allocation to size classes (maximum shell
length—MSL, measured with calipers), and counts were made for
all limpets within the four micro-habitats (POOL, EDGE, NEAR,
and FAR). Five size classes were considered for both Patella spp.
(MSL, <1 ¢cm; 1-2 c¢cm, 2-3 c¢cm, 3-4 c¢cm, and = 4 cm) and S.
pectinata (MSL, < 0.5 cm, 0.5-1 cm, 1-2 cm, 2-3 cm, and 3-4 cm).
Every individual limpet within the sampling areas was recorded for
the respective species-size class, micro-habitat, and individual
rockpool system. There were two exceptions: a) juvenile limpets
(MSL < 1 cm for patellids and MSL < 0.5 cm for S. pectinata, see
Seabra et al,, 2020) within POOL were sub-sampled using two
quadrats of 40 cm? and b) limpets with MSL < 0.5 cm were not
sampled within EDGE due to the transitional nature of this micro-
habitat. All limpet counts were then standardized to densities in
5050 cm.

Within both POOL and NEAR of every rockpool system, we
assessed the following habitat-composition variables (details in
Supplementary Table S1): i) the percentage cover of 15 space-
occupying categories (rock, sand, Lichinaceae, Verrucariaceae,
cyanophytes, crustose non-coralline algae, CCA, articulated
coralline algae, seaweed, Porifera, sea anemones, barnacles,
mussels, sea urchins, and other sessile invertebrates), i.e.,
substratum types and functional groups of sessile organisms and
ii) counts of two groups of non-limpet mobile grazer gastropods,
i.e,, trochids (including Steromphala umbilicalis, S. pennanti,
Phorcus sauciatus, and P. lineatus) and littorinids (Melarhaphe
neritoides), both standardized to densities in 50x50 c¢cm. All taxa
were visually identified in the field to the lowest possible taxonomic
resolution and then lumped into functional groups of sessile or
mobile organisms.

2.3.2 Physical characteristics of rockpools

A set of 19 physical variables was assessed for each of the 323
sampled rockpools, in the field or through image analysis (details in
Supplementary Table S1). Each variable corresponds to a
quantitative or qualitative metric associated with size (perimeter,
surface area, and volume), shape (circularity, roundness, aspect
ratio, and curved or straight edges), topography (maximum and
mean depth, POOL and NEAR slope, POOL and NEAR
topographic complexity, “confinement”), or position (straight and
contoured distance to the nearest rockpool, shore height, distance to
low-water mark, and “barriers”) of rockpools and/or surrounding
rock. “Confinement” was the height of the rocks surrounding the
pool (1, pool flushes with surrounding rock; 2, low walls, <3 cm; 3,
medium-height walls, 3-6 cm; 4, high walls, 6-10 cm; 5, very-high
walls, >10 cm and often with obtuse angles). “Barriers” was presence
or absence of outcrops of rock to seaward at <1 m from the pool.
Although a few variables applied only to a single micro-habitat
(volume, maximum, and mean depth: POOL-only; slope and
topographic complexity: separately assessed inside pools and on
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surrounding rock), most were physical descriptors of each rockpool
system across POOL, EDGE, and NEAR (shape and position
variables applying to the three micro-habitats; perimeter and
surface area of a rockpool are proportional to the ones of
its surrounds).

2.4 Statistical analyses

Prior to multivariate analyses described in Sections 2.4.1 and
2.4.3, each response matrix—formed by five response variables, i.e.,
standardized densities (to 50x50 cm) of the five size classes of a
single limpet species recorded on all replicates of a single micro-
habitat (hereafter “population size structure and density” or “size-
class densities” of an individual species within a micro-habitat)—
was transformed (as a pre-treatment of the analysis for a given
species-by-micro-habitat combination): i) fourth-root
transformation applied to response matrices inside rockpools
(POOL); ii) square-root transformation applied to response
matrices of the other micro-habitats (EDGE or NEAR or
MidNEAR vs. FAR). All multivariate analyses were based on
Euclidean distances calculated from transformed size-class
densities. All the procedures for multivariate analyses were
implemented in PERMANOVA+ for PRIMER package
(Anderson et al., 2008), an add-on to PRIMER v7 (Clarke and
Gorley, 2015).

2.4.1 Horizontal variation in the abundance and
size structure of limpets

Two-way non-parametric multivariate analyses of variance
(PERMANOVA, Anderson, 2001) were made separately for each
of the three species of limpets (P. ulyssiponensis, P. depressa, and S.
pectinata), within each of the three micro-habitats (POOL, EDGE,
and NEAR), to test for differences in limpet populations among the
six shores and among the two stretches within each shore (shore—
fixed factor with six levels; stretch—random factor with two levels,
nested in shore; sample size varied between 25 and 30 rockpools
per stretch).

To assess intra-specific connectivity, correlations of the total
density of the same species between pairs of micro-habitats (POOL
and EDGE; EDGE and NEAR; and POOL and NEAR) were made
separately for the three species (P. ulyssiponensis, P. depressa, and S.
pectinata) using Spearman's coefficient (n = 323 rockpool systems).

Three-way PERMANOV As were performed separately for each
of two species (P. depressa and S. pectinata) to test for differences in
limpet populations living on mid-shore open-rock between areas
close to and further away from pools, and among shores and
stretches (proximity to rockpools—fixed factor with two levels:
MidNEAR and FAR; Shore—fixed factor with six levels; Stretch—
random factor with two levels, nested in Shore; n = 6). In the case of
P. depressa, for which a significant interaction was found between
Proximity and Shore, non-metric multidimensional scaling (MDS)
was then done separately for each level of factor Proximity
(MidNEAR, FAR), to visualize the distance among stretches of all
shores and correlation vectors of the response variables (size-class
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densities of P. depressa). In duplicate MDS plots, vectors of
predictors of landscape variability were overlaid (i.e., mean
percentages of occurrence of five micro-habitat categories within
stretches of every shore).

PERMANOVA tests employed permutation of residuals under
a reduced model using 999 permutations and type III (partial) sum
of squares. Where differences were detected by PERMANOVA,
pair-wise tests determined which levels of each factor differed. The
similarity percentages breakdown (SIMPER) procedure (Clarke,
1993) was applied to identify which response variables were the
major contributors to the differences between groups detected by
pair-wise tests (size classes most responsible for multivariate
distances between significantly different factor levels).

2.4.2 Vertical distribution of limpets inside and
outside rockpools

Binomial tests (Sokal and Rohlf, 1995) assessed if upward
extension occurred in three species of limpets (P. ulyssiponensis,
P. depressa, and S. pectinata) inside rockpools (POOL), compared
to outside rockpools (NEAR). Data were assembled separately for
each species, through the following steps: i) every replicate where
the presence of a given species was found was selected from the 323
replicates of both POOL and NEAR; ii) for each of the two micro-
habitats, the shore-height records of all selected replicates were
considered; iii) from these records, the median, mean, maximum,
and minimum values of shore height within each micro-habitat
(four pairs of variables per species) were calculated for each sampled
stretch of coast (12 stretches, corresponding to two stretches within
each of six shores). The general null hypothesis that the median,
mean, highest, or lowest shore height of a limpet species occurrence
is similar between the two micro-habitats was analyzed by
individual binomial tests. In each binomial test, 12 POOL and 12
NEAR values were compared.

2.4.3 Patterns among highly variable
rockpool systems

Distance-based linear models (DistLM) were used to examine
the relationship between the small-scale variability of individual
limpet species inside pools, at the edge of pools or in the
surrounding open-rock (size-class densities of a target species
within a micro-habitat) and several predictors assessed for each
rockpool system (physical, habitat-composition, and connectivity
variables). Predictive variables were initially assembled for each
target species within each micro-habitat (full list of predictive
variables used to build the model for each response matrix in
Supplementary Table S2). The total density of every other co-
occurring species of limpets were included as follows: i) habitat-
composition variables if co-existing with the target species in the
same micro-habitat or ii) connectivity variables if estimated in an
adjacent micro-habitat. Connectivity variables were coded (e.g.,
PU_adjacent_Pool) by the abbreviation of species name (P.
ulyssiponensis—PU; P. depressa—PD; S. pectinata—SP) followed
by “_adjacent_” and the micro-habitat code (Pool; Edge; Near). In
the two cases where significant differences were detected among
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shores by the previously described two-way PERMANOVA tests
(Section 2.4.1), specifically for P. depressa within NEAR and for S.
pectinata within EDGE, the factor shore was included as an
additional predictive variable for DistLM.

After preliminary procedures of elimination and
transformation of predictive variables, their selection was made
with BEST procedure and based on AIC criterion (methodological
details given in Supplementary Text). After obtaining the “BEST
final model” for each response matrix, we further selected the “top
predictors” as those that contributed most to explain total variation
and for which the inclusion in this model added a minimum of 1%
in R%. Finally, distance-based redundancy analysis (db-RDA) plots
were produced to identify the response variables (size classes) that
best described the variability of each target species within each
micro-habitat, and their association with the “top predictors.”
Correlation vectors of response variables and “top predictors”
were overlaid in duplicate db-RDA plots for comparison.

A second DistLM analysis was ran for each species within each
micro-habitat, with the “top-predictors” of the “BEST final model”
(obtained by the first DistLM analyses) classified in three indicator
groups of predictors: physical, habitat-composition, and
connectivity variables. We assessed the contribution of each of
these groups to the overall explanation of final models.

3 Results

A total of 15,619 limpets were recorded. Within each micro-
habitat, the numbers sampled and percentage of each species were
as follows: 7,603 limpets within pools (POOL: 54% P. ulyssiponensis,
32% P. depressa, 14% S. pectinata, 0.1% P. vulgata, and 0.6% of non-
identified juvenile patellids); 3,472 limpets around pool edges
(EDGE: 58% P. depressa, 35% P. ulyssiponensis, 6% S. pectinata,
and 1% P. vulgata); 3,771 limpets on open-rock surfaces near to
pools (NEAR: 79% P. depressa, 12% P. ulyssiponensis, 6% S.
pectinata, 2% P. rustica, and 1% P. vulgata) and 773 limpets on
mid-shore open-rock surfaces further away from pools (FAR: 95%
P. depressa, 4% S. pectinata, and 1% P. rustica). Patella
ulyssiponensis, P. depressa, and S. pectinata were present across
POOL, EDGE, and NEAR on all shores (Figures 2-4), while the two
other patellids were rare (Supplementary Figures S1, S2).

3.1 Horizontal variation in the abundance
and size structure of limpets

3.1.1 Patella ulyssiponensis

On every shore, there was a consistent pattern of decreasing
abundance of this species from pools to further away: the total
mean density of P. ulyssiponensis was 10 times higher in POOL
compared to EDGE, four times higher in EDGE compared to
NEAR, and null within FAR (Figure 2). Consistently on all shores,
nearly 90% of the total mean density within pools corresponded to
PU < 1 cm (Figure 2, POOL). Within the surrounding micro-
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FIGURE 2

Densities and size-class structure of Patella ulyssiponensis on six shores within POOL (inside rockpools), EDGE (edge of rockpools), and NEAR
(open-rock surrounding rockpools) micro-habitats (three left columns); and within areas of mid-shore open-rock at two proximity categories from
rockpools (MIdNEAR and FAR, far right column). For POOL, EDGE, and NEAR, the sample size in each shore was the following: 52 in Oliveirinha, 51 in
Queimado, 57 in Almograve, 56 in Cabo Sardéo, 53 in Alteirinhos, and 54 in Monte Clérigo. For MidNEAR and FAR, n = 12 on each shore. Gray bars
are mean (+ SE) number of limpets of five size classes per 50x50 cm. Note different y-axis scale between graphs of POOL vs. others. Black bars
(bottom row) are percentages of every size class relatively to the total density of this species (value given top right of each graph) within each micro-

habitat and across all shores. NB P. ulyssiponensis was absent in FAR.

habitats, the modal size class was PU 1-2 cm on most shores
(Figure 2, EDGE and NEAR). This species was present on mid-
shore open-rock areas near pools on five shores in very low
abundances (the highest total mean density of 3 per 50 x 50 cm
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was recorded in Queimado) with variable size structure among
shores (Figure 2, MidNEAR).
Population size structure and density within pools did not differ

among shores or stretches within each shore (Table 2, PU within
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TABLE 2 Two-way PERMANOVA on the spatial variation (among shores and stretches) of size-class densities of a species (Patella ulyssiponensis—PU,
P. depressa—PD and Siphonaria pectinata—SP) within POOL (inside rockpools), EDGE (in the edge of rockpools) and NEAR (on the open-rock
surrounding rockpools) micro-habitats.

PU within POOL df MS Pseudo-F p-value permutations
Sh 5 16.02 2.49 ns 998
St(Sh) 6 112 1.12 ns 998
Residual 311 5.7
‘ PU within EDGE df MS ‘ Pseudo-F p-value permutations
Sh 5 52.72 1.28 ns 999
St(Sh) 6 42.57 3.37 o 997
Residual 311 12.59
Pair-wise Stretch A # Stretch B in Alteirinhos and Monte Clerigo.
PU within NEAR df MS Pseudo-F p-value permutations
Sh 5 10.34 0.64 ns 998
St(Sh) 6 16.09 4.08 o 998
Residual 311 3.94
Pair-wise Stretch A # Stretch B in four shores (all except Oliveirinha and Cabo Sardao)
PD within POOL df MS Pseudo-F p-value permutations
Sh 5 5.34 0.35 ns 999
St(Sh) 6 14.89 3.13 i 999
Residual 311 4.75
Pair-wise Stretch A # Stretch B in Alteirinhos and Monte Clerigo.
PD within EDGE df MS Pseudo-F p-value permutations
Sh 5 112.63 1.08 ns 999
St(Sh) 6 103.99 4.85 i 998
Residual 311 2143
Pair-Wise Stretch A # Stretch B in four shores (all except Oliveirinha and Almograve)
PD within NEAR df MS Pseudo-F p-value permutations
Sh 5 157.82 3.83 b 999
St(Sh) 6 41.15 3.15 i 999
Residual 311 13.05
Cabo Sarddo # Oliveirinha, Queimado and Alteirinhos
Pair-wise Stretch A # Stretch B in Oliveirinha and Almograve
‘ SP within POOL df MS ‘ Pseudo-F p-value permutations
Sh 5 9.51 1.59 ns 997
St(Sh) 6 598 1.71 ns 999
Residual 311 3.48
‘ SP within EDGE df MS ‘ Pseudo-F p-value permutations
Sh 5 20.59 5.18 * 999
St(Sh) 6 3.97 0.9 ns 997
Residual 311 44
Pair-wise Monte Clérigo # Almograve, Cabo Sardao and Alteirinhos

(Continued)
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TABLE 2 Continued

PU within POOL df MS Pseudo-F p-value permutations
SP within NEAR df ‘ MS Pseudo-F p-value ‘ permutations
Sh 5 12.77 1.72 ns 998
St(Sh) 6 7.39 4.41 o 998
Residual 311 1.67
Pair-wise Stretch A # Stretch B in Monte Clérigo and Queimado

Shore: Sh (fixed factor with 6 levels—Oliveirinha, Queimado, Almograve, Cabo Sarddo, Alteirinhos and Monte Cleérigo); Stretch: St(Sh) (random factor with 2 levels and nested within shore—
stretches A and B); n varied between 25 and 30 rockpools per stretch. Fourth-root transformed data for POOL; square-root transformed data for EDGE and NEAR. Analyses based on Euclidean
distances. **p < 0.01; *p < 0.05; ns, non-significant. Pairwise “#”: factor levels with significant differences.

POOL). Within the surrounding micro-habitats, differences were  rockpools, a significant interaction was found between factors
only found between stretches (Table 2, PU within EDGE and  Proximity and Shore, and significant differences were found
NEAR). Correlations of the total density of P. ulyssiponensis — among stretches at Oliveirinha and Alteirinhos (Table 3). Pair-
between adjacent micro-habitats were all positively significant  wise tests on Proximity detected no differences between mid-shores
between POOL and EDGE (r; = 0.495, p<0.001), between EDGE  surfaces close to and far from pools on any shore (Table 3,
and NEAR (r, = 0.423, p<0.001), and between POOL and NEAR (r;, MidNEAR = FAR). Pair-wise tests on Shore revealed a different
= 0.136, p=0.014). among-shore pattern for the two categories of Proximity. For mid-
shores surfaces near to pools, the most evident pattern of variation
3.1.2 Patella depressa was between Cabo Sardido and all shores other than Almograve
On every shore, the abundance of this species was consistently ~ (Table 3, MidNEAR); this was due to a higher density of PD 1-2 cm
higher inside rockpools compared to the surrounding micro- and PD <1 cm in Cabo Sarddo (SIMPER, Figures 3, 5A); Cabo
habitats: the total mean density of P. depressa in POOL was three ~ Sardao was the shore with the lowest relative proportion of open-
times higher than in EDGE and five times higher than in NEAR ~ rock (Figure 5B) (20% for the average of the two stretches,
(Figure 3). Inside pools and consistently on all shores, more than ~ Supplementary Figure S3). For mid-shores surfaces far from
90% of the total mean density corresponded to juveniles (PD <  pools, significant differences were found between the three flatter
lcm) (Figure 3, POOL). The modal size class along pool edges was shores and the group of two steeper and one intermediate shores
PD 2-3 cm on all shores except Cabo Sardio, where the size (Table 3, FAR); this reflected a higher density of PD 1-2 cm and PD
structure was dominated by PD 1-2 cm (Figure 3, EDGE). On < 1 cm in the group formed by steeper and intermediate shores
the open-rock surfaces, the modal size class was either PD 1-2 cm (Almograve, Cabo Sardio, and Alteirinhos) (SIMPER, Figures 3,
or PD 2-3 cm, the former consistently on the two steeper shores ~ 5C); these shores had more crevices and less open-rock (Figure 5D),
(Almograve and Cabo Sardo) and the latter consistently on the their relative proportions of crevices (33%) and open-rock (23%)
three flatter shores (Figure 3, NEAR, MidNEAR, and FAR). being four times higher and two times lower on average compared
Population size structure and density inside and around the to the ones recorded in flatter shores (8% and 49%, respectively)
edge of pools did not differ among shores but were significantly ~ (Supplementary Figure 53).
different among stretches within shores (Table 2, PD within POOL
and EDGE). On the open-rock near pools, there were significant 3.1.3 Patella vulgata
differences in population size structure and density among shores This species (Supplementary Figure S1) did not occur at
and among stretches; pair-wise tests detected differences between ~ Queimado, and only one individual was recorded at Oliveirinha.
Cabo Sardio and three other shores (Oliveirinha, Queimado, and It was consistently found in very low densities across the other four
Alteirinhos), and between the two stretches of Alteirinhos and  shores—the highest total mean density of three limpets per 50x50
Monte Clérigo (Table 2, PD within NEAR). Differences among ~ ¢m was recorded inside pools in Alteirinhos. The presence of P.
shores were mostly explained by higher densities of the two smallest ~ Vilgata was most consistently found: (i) along pool edges, compared
size classes (mainly PD 1-2 but also PD < 1) in Cabo Sarddo thanin  t© the other micro-habitats and (ii) in Cabo Sardao, compared to
the other shores (SIMPER, Figure 3). Cabo Sarddo was the shore the other shores. Inside pools (POOL), P. vulgata individuals were
where the highest abundance was recorded for this species within  €ither juveniles (PV < 1cm) or small-sized (PV 1-2 cm). Within the
NEAR (total mean density of 52 limpets per 50x50 cm) (Figure 3).  surrounding micro-habitats (EDGE and NEAR), the commonest
Correlations of the total density of P. depressa between adjacent  Size classes were PV 1-2 cm and PV 2-3 cm. Within open-rock far
micro-habitats were positively significant between POOL and  from pools (FAR), only PV < lcm or PV 2-3 cm were recorded.
EDGE (rs = 0.610, p<0.001) and between EDGE and NEAR (r; =
0.120, p=0.031), but non-significant between POOL and NEAR (r,  3.1.4 Patella rustica
= 0.076, p=0.173). This species (Supplementary Figure S2) was absent from POOL
Regarding population size structure and density of P. depressa and EDGE and did not occur at Oliveirinha or Queimado, being
on mid-shore open-rock surfaces at different proximity to  consistently present on four shores within NEAR in very low
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surrounding rockpools) micro-habitats (three left columns); and within areas of mid-shore open-rock at two proximity categories from rockpools
(MIdNEAR and FAR, far right column). Gray and white bars are mean (+ SE) number of limpets of five size classes per 50x50 cm. Note different y-axis
scale: between graphs of POOL vs. others, and between graphs of MIdNEAR and FAR vs. others. Sample size indicated in caption of Figure 1. Black
and white bars (bottom row) are percentages of every size class relatively to the total density of this species (value given top right of each graph)
within each micro-habitat and across all shores.

densities—the highest total mean density of four limpets per 50x50
cm was recorded in Almograve—and variable size-structure—the
modal size class was either PR 1-2 ¢cm or PR 2-3 cm, depending on

Frontiers in Marine Science

the shore. Only a few sampled individuals occurred on the mid-
shore open-rock of the two steeper shores: Almograve (both within
MidNEAR and FAR) and Cabo Sardéo (only within FAR).
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across all shores.

3.1.5 Siphonaria pectinata

On every shore, this species was consistently more abundant

(Figure 4). Inside pools, the size structure of S. pectinata was
dominated by juveniles (SP < 0.5cm) on all shores (74% on

inside rockpools compared to the surrounding micro-habitats: on
average, the total mean density of S. pectinata in POOL was eight
times higher than in EDGE and 19 times higher than in NEAR
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average), although a comparatively lower proportion of juveniles
(54%) and exceptionally higher densities of the three larger size
classes were found in Monte Clérigo (Figure 4). Within pool
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FIGURE 5

MDS plots for Patella depressa within areas of mid-shore open-rock at two proximity categories from rockpools: MidNEAR (A, B) and FAR (C, D).
Overlaid vectors of the response variables, i.e., densities of five size classes (A, C); overlaid vectors of predictors of landscape variability, i.e.,
proportions of open-rock and topographic micro-habitats assessed on the mid-shore of two coastal stretches on every shore (B, D).

surrounding areas, the modal size class depended on the shore,
being either SP 0.5-1 cm, SP 1-2 cm, or equal proportions of these
two size classes (Figure 4, EDGE, NEAR, and MidNEAR). Away
from pools, the modal size class was SP 0.5-1 ¢cm on all shores
(Figure 4, FAR). Monte Cleérigo had the highest abundance of S.
pectinata within all micro-habitats (POOL, EDGE, and NEAR) and
mid-shore categories (MidNEAR and FAR) (Figure 4). However, no
significant differences were found among shores or stretches within
each shore in population size structure and density within pools
(Table 2, SP within POOL). Within pool edges, differences in
population size structure and density were significant among
shores and not among stretches, with Monte Clérigo differing
significantly from Almograve, Cabo Sarddo, and Alteirinhos
(Table 2, SP within EDGE). Differences between Monte Clérigo
and the other shores were mostly explained by higher densities of
SP 1-2 cm and SP 2-3 cm within rockpool edges of Monte Clérigo
(SIMPER, Figure 4). Moreover, the highest total mean density
within EDGE (15 individuals per 50x50 cm) was at Monte
Clerigo (Figure 4). On open-rock near pools, only differences
among stretches were significant (Table 2, SP within NEAR).
Correlations of the total density of S. pectinata between adjacent
micro-habitats were positively significant between POOL and
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EDGE (r, = 0.455, p<0.001) and between EDGE and NEAR (r, =
0.214, p<0.001) but non-significant between POOL and NEAR (r, =
0.066, p=0.236). Population size structure and density of S.
pectinata on mid-shore open-rock did not differ with respect to
proximity to rockpools, or among shores or stretches (Table 3).

3.2 Vertical distribution of limpet species
inside and outside pools

The complete range of shore levels was not present on all shores:
it was not possible to sample areas at <1.5 m above C.D. at
Almograve; the two highest shore levels (>2.5 m above C.D) were
absent at Monte Clerigo (Figure 6). Moreover, the total number of
rockpool systems sampled at the five shore levels differed among
shores (N.B. sample sizes in Figure 6 caption).

3.2.1 Patella ulyssiponensis

The highest abundance inside rockpools was consistently
recorded at the second lowest interval of shore height (1.5-2 m
above C.D.), decreasing progressively at higher shore levels. This
was observed on all shores except Monte Clerigo, where a slightly
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TABLE 3 Three-way PERMANOVA comparing size-class densities of P. depressa (PD) and Siphonaria pectinata (SP) between mid-shore open-rock
areas located at two proximity categories to rockpools, i.e., adjacent to rockpools (MidNEAR) and located at least 25 cm away from any rockpool
(FAR), and also among shores and stretches within shores.

PD MidNEAR vs. FAR df MS Pseudo-F p-value Permutations
Pr 1 64.03 4.53 * 997
Sh 5 286.62 9.18 b 951
St(Sh) 6 31.19 3.11 e 999
Pr x Sh 5 63.48 4.49 b 999
Pr x St(Sh) 6 14.11 1.41 ns 997
Residual 120 10.01
Pair-wise Within each shore: MidNear = FAR for all shores

Within MidNear: Cabo Sardao # all shores except Almograve, and Almograve # Monte Clérigo

Within FAR: (Oliveirinha = Queimado = Monte Clérigo) # (Cabo Sardao, Almograve and Alteirinhos)

Stretch A # Stretch B in Oliveirinha and Alteirinhos

SP MidNEAR vs. FAR df MS Pseudo-F p-value Permutations
Pr 1 8.32 0.23 ns 999
Sh 5 24.24 0.68 ns 234
St(Sh) 6 35.8 1.53 ns 999
Pr x Sh 5 36.5 1.04 ns 999
Pr x St(Sh) 6 35.13 15 ns 999
Residual 120 23.34

PD, Patella depressa; SP, Siphonaria pectinata; Proximity, Pr (fixed factor with 2 levels, MidNear and FAR); Shore, Sh (fixed factor orthogonal with Pr and with 6 levels — Oliveirinha, Queimado,
Almograve, Cabo Sarddo, Alteirinhos and Monte Cleérigo); Stretch, St(Sh) (random factor with 2 levels and nested within Shore— stretches A and B); n = 6 per stretch; Analyses based on
Euclidean distances of square-root transformed data. **p < 0.01; *p < 0.05; ns: non-significant. Pairwise “#” or “=": factor levels with or without significant differences, respectively.

higher abundance was found on the upper mid shore (2-2.5 m)  3.2.3 Patella vulgata

(Figure 6, POOL). The highest abundance of this species in the There were no clear vertical patterns in this low-density range-
open-rock surrounding rockpools was always recorded at the lowest  edge species; where present, it occurred mostly on pool edges at
shore level available on each of the six shores, declining upshore to  various heights on different shores (Figure 6).

complete absence (in Oliveirinha and Queimado), or sharply on the

other four shores (Figure 6, NEAR). A similar pattern was found for 3.2.4 Patella rustica

rockpool edges, but with a less-abrupt decrease in abundance with This species was most abundant at the highest shore levels,
increasing shore height (Figure 6, EDGE). being usually found on the steeper shores (Almograve and Cabo

Sardao) (Figure 6).

3.2.2 Patella depressa
Within every micro-habitat, this species was generally most ~ 3.2.5 Siphonaria pectinata

abundant at mid-shore levels; the exception was Monte Clérigo, The vertical distribution patterns of this species were the most
where abundances of P. depressa within all the three micro-habitats ~ variable among shores; the highest abundances within pools were
were similar across all three shore levels (Figure 6). On the other five ~ found on the mid-shore and/or upper shore (Figure 6, POOL). On
shores within pools and their edges, very low densities or complete  all shores except Monte Clérigo, a consistent absence or low
absence were found at the lowest shore level, with most individuals ~ abundance both inside and in the edge of pools was found at the
occurring from 1.5 to 3 m above C.D. at Oliveirinha and Queimado ~ two lower shore levels (Figure 6, POOL and EDGE). Inside pools, it
and higher than 2 m above C.D. at Almograve, Cabo Sarddo, and ~ was found at high shore levels, being most abundant at 2.5-3 m at
Alteirinhos (Figure 6, POOL and EDGE). Outside rockpools, P.  Oliveirinha, Almograve, Cabo Sarddo, and Alteirinhos; the
depressa was almost absent for the two higher shore levels at  distribution inside pools at Queimado was vertically
Oliveirinha and Queimado, while it was present across all shore  discontinuous as mostly restricted to two separate levels (2-2.5 m
levels at Almograve, Cabo Sarddo, and Alteirinhos; the highest — and >3 m), with maximum abundance at the highest level (Figure 6,
abundances were found at the 1.5-2 m level on three shores ~POOL). On pool edges, it was most abundant at mid-tidal heights in
(Oliveirinha, Queimado, and Alteirinhos) and from 2 to 3 m  Oliveirinha and Queimado (1.5-3 m above C.D.), while only being
above C.D. at Almograve and Cabo Sardao (Figure 6, NEAR). found at higher levels (>2.5 m above C.D.) in Almograve, Cabo
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FIGURE 6

Total density of five limpet species along the vertical intertidal gradient of six shores within POOL (inside rockpools, light grey), EDGE (edge of
rockpools, dark grey), and NEAR (open-rock surrounding rockpools, black) micro-habitats. Values are mean (+ SD) number of limpets per 50x50 cm
at five intervals of shore height; note different y-axis scale among shores and among species. Variable sample size among intervals of shore height
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Monte Clérigo. The symbol “X" means not available shore level.

Sardao, and Alteirinhos (Figure 6, EDGE). Outside rockpools, it was
mostly found on the lower shore levels in Oliveirinha and
Queimado, and at mid-tidal levels (from 2 to 3 m above C.D.) at
Almograve, Cabo Sarddo, and Alteirinhos (Figure 6, NEAR). In
Monte Cleérigo, the highest abundances within both pools and pool
edges were found at the highest level, whereas the highest
abundance on open-rock was at the lowest level (Figure 6).

Our hypothesis, that inside rockpools (POOL) each of the most
common species (P. ulyssiponensis, P. depressa, and S. pectinata) would
occur higher up the shore than on open-rock (NEAR), was generally
supported (Figure 7; Table 4). This pattern was consistent across most
of the 12 sampled coastal stretches, both when considering extreme
(minimum and maximum) or central-location (median and mean)
values of shore height (Table 4; Figures 7A). There was an exception:
the lowest shore height where the presence of P. ulyssiponensis was
recorded in each stretch did not differ between pools and open-rock
(Table 4). Compared to open-rock, the median shore height inside
rockpools was extended upwards in 0.6 m for P. ulyssiponensis, 0.2 m
for P. depressa, and 0.7 m for S. pectinata (Figures 7B).
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3.3 Patterns among highly variable
rockpool systems

The different sets of predictors assessed for all 323 rockpool
systems and used in DistLM analyses reflected the great variability
among rockpools present on all shores, encompassing cover of
different substrata or sessile organisms (Supplementary Figures S4,
S5), density of trochids and littorinids (Supplementary Figure S6),
physical characteristics (Supplementary Figure S7), and total
density of each co-occurring limpet species (Figures 2-4).

3.3.1 Patella ulyssiponensis

The models retrieved by DistLM analyses for P. ulyssiponensis
inside rockpools (PU POOL) and on the open-rock surrounding
rockpools (PU NEAR) explained identical proportions of the
variability among replicates (44%), higher than the model
regarding this species in the edge of rockpools (PU EDGE,
34%) (Table 5).
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FIGURE 7

Vertical distribution of three species of limpets inside (POOL) and outside (NEAR) rockpools. Values are shore-height records (meters above chart
datum) of all rockpools (POOL) or open-rock surfaces (NEAR) where each species was present (from a total of 323 sampled rockpools and
surrounding open-rock). (A) Data for each micro-habitat on each of 12 coastal stretches (stretch A and B sampled within each of six shores). (B)
Data for each micro-habitat across all shores and stretches. Boxplots show interquartile range (IQR—the first quartile Q1 to the third quartile Q3;
box), median (horizontal line), mean (cross symbol), “minimum” (Q1 — 1.5 X IQR) and “maximum”(Q3 + 1.5 x IQR) (whiskers) and outliers (dots) of
standardized shore height. Numbers below boxplots correspond to the respective number of rockpools (blue, POOL) and open-rock surfaces (black,

NEAR).

In both PU POOL and PU NEAR models, habitat-composition
variables were the most important group of “top-predictors” for
structuring P. ulyssiponensis size-class densities (40% and 39%,
respectively, Table 5). Two habitat-composition variables
estimated as percentage cover were selected in common for these
models (Table 5): articulated coralline algae (the first selected
variable in both models, contributed alone to explain 13% and
30% of the variation inside and outside rockpools, respectively) and
CCA (explained 5% and 2% of the variation inside and outside
rockpools, respectively). Both were positively associated with overall
abundance of this species within both micro-habitats: articulated
coralline algae was mostly related with density of P. ulyssiponensis
juveniles (PU < 1cm) inside rockpools and with densities of P.
ulyssiponensis adults (all size classes except PU < 1 c¢m) outside
rockpools; whereas CCA was mostly related with P. ulyssiponensis
adults inside and outside rockpools (Figures 8A, C). Other habitat-
composition predictors were selected exclusively for the PU POOL
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model: the cover of sand (also including detritus and cobbles in
minor proportions, Supplementary Table S2) was negatively related
with densities of P. ulyssiponensis adults, whereas both the cover of
mussels and sea urchins were positively related with densities of P.
ulyssiponensis, particularly juveniles (Figure 8A). Both the cover of
sea anemones and barnacles were selected exclusively for the PU
NEAR model (Table 5), both positively related with density of P.
ulyssiponensis juveniles outside rockpools and responsible for the
segregation of a few samples (squares in the bottom part of the db-
RDA plot, Figure 8C).

The group of physical variables was also important for PU
POOL and PU NEAR (adding another 5% of explanation to the
models), while connectivity variables were not selected for these
models (Table 5). Shore height was selected as a “top predictor” for
both models (Table 5), with a general negative association found
between this predictor and P. ulyssiponensis abundance inside and
outside rockpools, particularly negatively related with density of

frontiersin.org


https://doi.org/10.3389/fmars.2023.1206159
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Seabra et al. 10.3389/fmars.2023.1206159

TABLE 4 Binomial tests comparing the vertical distribution of three species of intertidal limpets between micro-habitats inside (POOL) and outside
(NEAR) rockpools.

Shore-height comparisons between POOL and NEAR

Species Median Mean Maximum Minimum
PU 0.003 (11/12) ‘ 0.0002 (12/12) ‘ 0.003 (11/12) ‘ 0.09 (5/6)
PD ‘ 0.001 (10/10) ‘ 0.0002 (12/12) ‘ 0.01 (7/7) ‘ 0.004 (8/8)
SP 0.02 (8/9) ‘ 0.0005 (11/11) ‘ 0.004 (8/8) ‘ 0.01 (9/10)

PU, Patella ulyssiponensis; PD, Patella depressa; SP, Siphonaria pectinata.

Comparisons of the median, mean, maximum, and minimum of shore height (meters above Chart datum) where the presence of each species was recorded within each micro-habitat; differences
in these values between POOL and NEAR were calculated for every sampled stretch of coast (12 stretches, corresponding to two stretches within each of six shores). Values are the probability
(significant p-values in bold) and the ratio of the number of cases with positive POOL-NEAR differences to the total number of cases for which differences were different than zero (in

parenthesis).

juveniles inside rockpools and with densities of adults outside
rockpools (Figures 8A, C). Outside rockpools, distance to low-
water mark was also negatively related with densities of P.
ulyssiponensis adults (Figure 8C).

In the PU EDGE model, the most prominent predictor was a
connectivity variable, which alone explained 22% of the model
variation: the total density of P. depressa on the surrounding open-
rock (PD_adjacent_Near) (Table 5). This variable was positively
associated with densities of P. ulyssiponensis of the smallest size
classes (PU 0.5-1 cm, PU 1-2 cm) around rockpool edges (Figure 8,
middle). The other variables responsible for the spatial pattern of P.
ulyssiponensis at rockpool edges were distance to low-water mark
(higher shore heights had lower overall abundance of P.
ulyssiponensis), shore height, and the abundance of the congener
P. depressa (PD) (both negatively associated with the abundance of
larger P. ulyssiponensis) (Table 5; Figure 8B).

Patella ulyssiponensis

3.3.2 Patella depressa

Both DistLM models produced for P. depressa inside rockpools
(PD POOL) and on the open-rock surrounding rockpools (PD NEAR)
explained 47% of variation among rockpool systems, while the model
regarding the EDGE explained 26% of the variability (Table 5).

The group of habitat-composition predictors was the most
important for explaining P. depressa size-class densities on both PD
POOL and PD NEAR models (43% and 25%, respectively); the cover
of CCA and mussels contributed to more than 20% of the variation
inside and outside rockpools respectively (Table 5). These predictors
greatly influenced spatial structuring within each micro-habitat
(samples along the horizontal axis db-RDA1), with CCA positively
associated with overall abundance of P. depressa inside rockpools and
mussels positively associated with overall abundance of P. depressa
outside rockpools (Figures 9A, C). The other habitat-composition
variables that also explained variation inside rockpools were cover of
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FIGURE 8

Distance-based redundancy analysis (db-RDA) plots for the spatial variability in abundance and size structure of Patella ulyssiponensis within each of
three neighboring micro-habitats: (A) POOL (rockpools, gray circles); (B) EDGE (edge of rockpools, open circles); (C) NEAR (open-rock adjacent to
rockpools, gray squares), (n = 323 samples). Vectors on top plots are response variables (size-class densities); vectors on bottom plots are “top
predictors” selected by distance-based linear models (DistLM, see Table 5). On the plot in the top left, the superimposed vector labels correspond
to: PU 1-2 and PU 2-3. On the plot in the top middle, the superimposed vector labels correspond to: PU 2-3 and PU 3-4.
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TABLE 5 Distance based linear models (DistLM) for three species of limpets (P. ulyssiponensis, PU; P. depressa, PD; S. pectinata, SP) within three
neighboring micro-habitats (POOL, EDGE, and NEAR).

Model

with “top
variables”

Selected variables by order of selection
(% of R? for cumulative groups of variables)

PU 16 variables: 7 variables: 1v: Articulated coralline algae (13.9%)
POOL | 50% in R% AIC:  44% in R%; 2v: 1v + Sand (27.3%)
379.85 AIC: 398.64 3v: 2v + CCA (32.2%)
4v: 3v + Mussels (37.9%)
5v: 4v + Shore height (40.6%)
6v: 3v + Sea urchins + PD (42.9%)
7v: 6V + Shore height (44.2%)
Variables that explained <1% in R% Distance to low-water mark, Sea anemones, Perimeter, Other algae,
POOL_Topographic-complexity, Circularity, PV_adjacent_Edge, Other sessile invertebrates, Littorinids
BEST model for 3 indicators 1** group: Habitat-composition (40%)
of “top variables” 2™ group: Habitat-composition + Physical (44%)
PU 7 variables: 36% 4 variables: 1v: PD_adjacent_Near (21.5%)
EDGE | in R% AIC: 34% in R% 2v: 1v + PD (30.5%)
717.08 AIC: 721.14 3v: 2v + Distance to low-water mark (32.8%)
4v: 3v + Shore height (34.2%)
Variables that explained <1% in R Perimeter, PV_adjacent_Near, PD_adjacent_Pool
BEST model for 3 indicators 1% group: Connectivity (22%)
of “top variables” 2™ group: Connectivity + Physical (31%)
3™ group: Connectivity + Physical + Habitat-composition (34%)
PU 13 variables: 6 variables: 1v: Articulated coralline algae (30.0%)
NEAR = 48% in R%; 44% in R 2v: 1v + PD_adjacent_Edge (34.1%)
AIC: 287.5 AIC: 296.7 3v: 2v+ Sea-anemones (36.7%)
4v: 1v + Sea-anemones + Distance to low-water mark + Barnacles (39.6%)
5v: 4v + Shore height (41.5%)
6v: 5v + CCA (43.6%)
Variables that explained <1% in R* Porifera, PD_adjacent_Edge, Mussels, Surface-area, Perimeter, Mussels, Seaweed,
Crustose non-coralline algae
BEST model for 3 indicators 1st group: Habitat-composition (39%)
of “top variables” 2nd group: Habitat-composition + Physical (44%)
PD 14 variables; 8 variables: 1v: CCA (24.5%)
POOL | 50% in R% AIC: = 47% in R%; 2v: 1v + Sea urchins (32.0%)
322.65 AIC: 327.75 3v: 2v + PU (37.3%)
4v: 3v + Distance to low-water mark (40.9%)
5v: 4v + SP (42.9%)
6v: 5v + Articulated coralline algae (45.0%)
7v: 6v + Sand (46.1%)
8v: 7v + POOL Slope (47.1%)
Variables that explained <1% in R%: Seaweed, Circularity, PU_Adjacent_Edge, Surface area, Volume, Crustose non-
coralline algae, Straight-distance to nearest rockpool
BEST model for 3 indicators 1st group: Habitat-composition (43%)
of “top variables” 2nd group: Habitat-composition + Physical (47%)
PD 9 variables; 27% 7 variables: 1v: PU_adjacent_NEAR (11.0%)
EDGE  in R% AIC: 26% in R%; 2v: 1v + Distance to low-water mark (13.6%)
954.78 AIC: 955.22 3v: 2v + PU_adjacent_Pool (18.3%)
4v: 3v + Shore height (20.0%)
5v: 4v + PU (21.8%)
6v: 5v + Confinement (24.8%)
7v: 6v + Circularity (26.0%)
Variables that explained <1% in R* PV Pool, PR Near
BEST model for 3 indicators 1™ group: Connectivity (12%)
of “top variables” 2™ group: Connectivity + Physical (24%)
3™ group: Connectivity + Physical + Habitat-composition (26%)
PD 14 variables: 6 variables: 1v: Mussels (20.9%)
NEAR | 52%in R% AIC:  47% in R%; 2v: 1v + Shore (30.8%)
695.33 AIC: 71235 3v: 1v + Shore height + PU_adjacent_Edge (33.1%)

4v: 3v + PU (38.6%)
5v: 4v + Shore (44.3%)
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TABLE 5 Continued

Model

with “top
variables”

BEST model for 3 indicators
of “top variables” + Shore

Selected variables by order of selection
(% of R? for cumulative groups of variables)

6v: 5v + Verrucariaceae (46.5%)

Variables that explained <1% in R* Distance to low-water mark, Rock, PR, Other sessile invertebrates, Sea-anemones,

SP, CCA, Articulated coralline algae, Barnacles

1st group: Habitat-composition (25%)

2nd group: Habitat-composition + Shore (37%)

3rd group: Habitat-composition + Shore + Physical (42%)

4th group: Habitat-composition + Shore + Physical + Connectivity (47%)

Sp 9 variables 28% 6 variables: 1v: PD (11.6%)
POOL | in R AIC: 26% in R% 2v: 1v + Articulated coralline algae (16.6%)
333.74 AIC: 335.95 3v: 2v + Confinement (22.3%)
4v: 3v + Distance to low-water mark (23.9%)
5v: 4v + Shore height (25.3%)
6v: 5v + Roundness (26.3%)
Variables that explained <1% in R* CCA, Seaweed, Barnacles
BEST model for 3 indicators of “top 1st group: Habitat-composition (17%)
variables” 2nd group: Habitat-composition + Physical (26%)
SP 6 variables 23% 5 variables: 1v: Confinement (10.9%)
EDGE | in R% AIC: 22% in R% 2v: 1v + Distance to low-water mark (14.6%)
442.59 AIC: 442.59 3v: 2v + Shore (18.7%)
4v: 1v + Shore + PU_adjacent_Near + PD_adjacent_Near (20.8%)
5v: 4v + PD_adjacent_Pool (21.9%)
Variables that explained <1% in R* Contoured-distance to nearest rockpool
BEST model for 3 indicators of “top 1st group: Physical (10%)
variables” + Shore 2nd group: Physical + Connectivity (16%)
3rd group: Physical + Connectivity + Shore (22%)
SP 5 variables: 5 variables: 1v: Crustose non-coralline algae (6.3%)
NEAR = 15% in R%; AIC: 15% in R% 2v: 1v + Other sessile invertebrates (9.2%)
175.68 AIC: 175.68 3v: 2v + Shore height (12.1%)

BEST model for 3 indicators of “top
variables”

4v: 3v + PD (13.5%)
5v: 4v + NEAR Slope (14.5%)

1** group: Habitat-composition (11%)
2™ group: Habitat-composition + Physical (15%)

10.3389/fmars.2023.1206159

PU, Patella ulyssiponensis; PD, Patella depressa; SP, Siphonaria pectinata; nv, a model with n number of variables.

Green text refers to habitat-composition, brown text to physical, and blue text to connectivity variables.

Habitat-composition variables: related with benthic assemblages and substrata, including other limpet species co-existing in the same micro-habitat. Physical variables: related with physical
characteristics of rockpools and surrounding rock. Connectivity variables: the total density of a co-occurring limpet species in an adjacent micro-habitat; coded by the abbreviation of species
name followed by “_adjacent_” and the micro-habitat code (Pool; Edge; Near).

Selection with BEST procedure and AIC criterion. Selected “top predictors” are shown in bold—predictive-variables selected in the “BEST model” as the ones that most contributed to explain
total variation and for which inclusion in the model added a minimum of 1% in R*. Results for a second DistLM model—considering indicator groups of “top-predictors” related to the objectives
(habitat-composition, physical, and connectivity predictors, and shore, see Supplementary Tables S1 and S2)—are presented in the last line of each species/micro-habitat. Note that the habitat-

composition group of EDGE models did not include cover and density of other species besides limpets.

sea urchins—negative relationship with juveniles (PD < lcm); total
density of P. ulyssiponensis within the same micro-habitat (PU) and
cover of articulated coralline algae—negative relationships with the
largest size class (PD 4-5 cm); total density of S. pectinata within the
same micro-habitat (SP)—positive relation with P. depressa adults;
and cover of sand—negative relation with P. depressa adults (Table 5;
Figure 9A). Outside rockpools, besides the above-mentioned positive
association with mussels, Verrucariaceae cover was negatively
associated with density of small-sized P. depressa (PD 1-2 cm), and
the total density of P. ulyssiponensis within the same microhabitat
(PU) was negatively associated with density of large-sized P. depressa
(PD 2-3 cm) (Figure 9C).

The group of physical predictors was also important for the spatial
patterns of both PD POOL and PD NEAR (adding 4% and 5% of
explanation to these models, respectively). Distance to low-water mark

Frontiers in Marine Science

(included on both models) and/or shore height (included on PD NEAR
model) were the physical variables most important for explaining the
variation in P. depressa among samples within each micro-habitat
(Table 5). Inside rockpools, distance to the low-water mark was
positively associated with densities of mid- and large-sized P. depressa
(PD 2-3 cm, and PD 3-4cm) (Figure 9, top). Outside rockpools, shore
height was negatively associated with density of PD 3-4 cm (Figure 9C).
An additional physical variable, the slope of the rockpool bottom, was
negatively associated with PD < lcm inside rockpools (Figure 9A).
While no connectivity variable was selected for the PD POOL
model (Table 5), the total density of P. ulyssiponensis in rockpool
edges (PU_adjacent_Edge) was selected for the PD NEAR model,
being positively associated with density of PD 1-2 cm outside
rockpools (Figure 9, bottom). Furthermore, shore was included as a
factor in the PD NEAR model (contributing to 12% of total

frontiersin.org


https://doi.org/10.3389/fmars.2023.1206159
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Seabra et al.

10.3389/fmars.2023.1206159

Patella depressa

POOL-A EDGE-B NEAR-C
- 2 . =5
g g S - Shore
] s - _ = m Oliveirinha
g 2 H W Queimado
3 s 3 /
3 s 2 /
2 \ % 5
& ! PIJ\:v 1 § o § [ #'?57"1—5?",,
“o N ¥ S0 |o 504 |
g PD45cm” pp 324 am K £ \
s s s s P
2 o .
ES PO Z:306in 3 & T et
E 4 e 8 )
g g g e
g 3 g ~
g g g s
®a ® 5l 85
4 2 [ 2 4 -0 10 -10 5 0 5
dbRDA1 (88.6% of fited, 41.8% of total variation) dbRDAT1 (76.2% of fitted, 35.4% of total variation)
2, 5 5

PU
Aftcor.dlgae

2o

it
©
3

5-Cogfpément) | &

Distelowewater mark

Shore-teight

dbRDA2 (9.4% of fitted, 2.4% of total variation)

dbRDA2 (1% of fitted, 5.2% of total variation)
&
&

0PU_Pool®

Shore

m Oliveirinha
W Queimado
® Almograve
W Cabo Sardao
 Alteirinhos

A [
Gabo Sardao
U_Edge Almogravi
Mussels

R

o

dbRDA? (20.2% of fitted, 9.4% of total variation)

&

2 [ 2 4
dBRDA1 (88.6% of fitled, 41.8% of total variation)

FIGURE 9

5 0 5
dbRDA1 (87.2% of fitted, 22.7% of total variation)

B

-5 0 5
dbRDA1 (76.2% of fitted, 35.4% of total variation)

Distance-based redundancy analysis (db-RDA) plots for the spatial variability in abundance and size structure of Patella depressa within each of three
neighboring micro-habitats: (A) POOL (rockpools, gray circles); (B) EDGE (edge of rockpools, open circles); and (C) NEAR (open-rock adjacent to
rockpools, gray squares), (n = 323 samples). Vectors on top plots are response variables (size-class densities); vectors on bottom plots are “top
predictors” selected by distance-based linear models (DistLM, see Table 5). On the plot of the bottom right corner, the superimposed vector labels
correspond to: Alteirinhos and Monte Clérigo (at the left); Queimado and Verrucariaceae and Oliveirinha (at the right, coincident with several sample

symbols).

explanation, Table 5), with the following positive associations: i)
Cabo Sarddo and Almograve with densities of the smallest size
classes (PD < 1 cm and PD 1-2 cm); ii) Oliveirinha and Queimado
with density of the largest size class (PD 4-5 cm); and iii)
Alteirinhos and Monte Clerigo with densities of mid and large-
sized P. depressa (PD 2-3 cm and PD 3-4 cm) (Figure 9C).

For P. depressa present around rockpool edges (PD EDGE), the
structuring among samples was mainly driven by association with
two connectivity variables acting in opposite directions (accounting
for 12% of explanation, Table 5): a negative relationship with the
total density of P. ulyssiponensis on the surrounding open-rock
(PU_adjacent_Near) and a positive relationship with the total
density of P. ulyssiponensis inside rockpools (PU_adjacent_Pool)
(Figure 9B). The second group of predictors selected for the PD
EDGE model was the one of physical variables, namely, distance to
low-water mark (positive relation with overall abundance of P.
depressa), shore height, and circularity (negative association with
abundance of P. depressa in general) and confinement (Figure 9B).
It is worth noting the negative relationship between very-high
confinement (category 5, the most-recessed pools) and density of
large-sized P. depressa (PD 3-4 cm) (Figure 9, middle). Finally, a
habitat-composition variable was also selected for this PD EDGE
model: abundance of P. ulyssiponensis within the same micro-
habitat (PU)— negatively related with large-sized P. depressa
(Table 5; Figure 9B).

3.3.3 Siphonaria pectinata

The DistLM models for S. pectinata inside rockpools (SP
POOL) and in the edge of rockpools (SP EDGE) explained
similar proportions of the variability (26% and 22%, respectively),
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higher than the model for this species on the open-rock
surrounding rockpools (SP NEAR—15%).

In SP POOL and SP NEAR models, habitat-composition
predictors were most important for the spatial patterns of S.
pectinata (17% and 11%, respectively) (Table 5). The first selected
predictor in the SP POOL model was the total density of P. depressa
in the same micro-habitat (PD) (Table 5), for which a positive
relation with density of S. pectinata juveniles (SP < 0.5cm) was
suggested (Figure 10A). The other habitat-composition predictor
included in the SP POOL model was the cover of articulated
coralline algae (Table 5), for which a negative relationship was
suggested with the density of the middle size class (SP 1-2 cm)
(Figure 10A). For the SP NEAR model, three different habitat-
composition predictors were included: cover of crustose non-
coralline algae was positively related with densities of small-sized
S. pectinata (SP < 0.5 cm and SP 0.5-1 cm); the variable “Other
sessile invertebrates” was negatively associated with densities of
larger S. pectinata (SP 1-2 cm and SP 2-3 c¢m); and the total density
of P. depressa in the same micro-habitat (PD) was positively
associated with densities of small-sized S. pectinata (SP < 0.5 cm
and SP 0.5-1 c¢cm) (Table 5; Figure 10C).

The group of physical predictors also contributed to the SP
POOL and SP NEAR models (adding another 9% and 4% of
explanation, respectively). Common to both models was the
selection of shore height, which was positively associated with S.
pectinata abundance inside rockpools, namely, with juveniles
within POOL (SP < 0.5cm), and negatively associated with S.
pectinata abundance outside rockpools, namely, with mid- and
large-sized S. pectinata within NEAR (SP 1-2 ¢cm and SP 2-3 c¢m)
(Table 5; Figures 10A, C). The other physical predictors selected in
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Distance-based redundancy analysis (db-RDA) ordination plots for the spatial variability in abundance and size structure of Siphonaria pectinata
within each of three neighboring micro-habitats: (A) POOL (rockpools, gray circles), (B) EDGE (edge of rockpools, colored circles), and (C) NEAR
(open-rock adjacent to rockpools, gray squares), (n = 323 samples). Vectors on top plots are response variables (size-class densities); vectors on
bottom plots are “top predictors” selected by distance-based linear models (DistLM, see Table 5). On the plot in the top middle, the superimposed
vector labels correspond to: SP 2-3 and SP 3-4. On the plot in the bottom middle, the superimposed vector labels correspond to: Monte Clérigo
and 1-Confinement (at the left); Oliveirinha, Queimado, and Almograve (at the right); Cabo Sarddo and PU Near (at the right); 4-Confinement and 5-
Confinement (at the right). On the plot in the top right, the superimposed vector labels correspond to: SP <1 and SP 0.5-1.

SP POOL model were the following: confinement—particularly the
negative relationship between high confinement and the largest size
classes (SP 2-3 cm and SP 3-4 cm); distance to low-water mark—
positive association with these largest size classes; and roundness—
negative relation with juveniles (SP < 0.5cm) (Table 5; Figure 10A).
The other physical variable selected in SP NEAR model was Slope
NEAR, showing a negative relationship with mid- and large-sized
SP (SP 1-2 cm and SP 2-3 cm) (Table 5; Figure 10C).

In both the SP POOL and SP NEAR models, no connectivity
variables were selected (Table 5). In contrast, three connectivity
variables were selected for the SP EDGE model (responsible for 6%
of total explanation): P. ulyssiponensis within open-rock surfaces
surrounding rockpools (PU_adjacent_Near)—negative association
with mid-sized SP (SP 1-2 cm); P. depressa within open-rock
surfaces surrounding rockpools (PD_adjacent Near)—negative
association with small-sized S. pectinata (SP 0.5-1 cm); and P.
depressa inside rockpools (PD_adjacent_Pool)—positive
association with small-sized S. pectinata (Table 5; Figure 10B).
However, in the SP EDGE model, the variable that stood out was
confinement, a physical predictor that explained 11% of the
variation (Table 5), the most evident pattern being the positive
associations between low confinement (category 2) and small-sized
S. pectinata (SP 0.5-1 cm) and between very-low confinement
(category 1) and the largest size classes (SP 2-3 ¢cm and SP 3-4
cm) (Figure 10B). Besides the connectivity variables and
confinement, the factor shore was selected in this model
(Table 5), for which the most evident pattern was the positive
association between the largest size classes (SP 2-3 cm and SP 3-4
cm) and Monte Cleérigo (Figure 10B). This shore had the highest
percentage of very-low confinement (category 1): 24% of rockpools
(Supplementary Figure S7).
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In summary, the cover of articulated coralline algae was a
mutual habitat-composition “top predictor” in models of the
three species inside rockpools and of P. ulyssiponensis on the
open-rock, whereas the cover of mussels and crustose non-
coralline algae were the most relevant “top predictors,”
respectively, for P. depressa and S. pectinata on the open-
rock (Table 5).

4 Discussion
4.1 Summary of main findings

Coexistence of mobile species that share common habitats may
arise from differences in the spatial patterns of different species at
small scales. This can be caused by overlap in populations of
individual species with different centers of distribution or with
life-history-driven time windows of occupancy within the same
habitat, and by connectivity of any species across adjacent habitats.
Our most important results (relative to the specific objectives) were
i) Limpets of various sizes of the three most common species—P.
ulyssiponensis, P. depressa and S. pectinata—coexist on all shores,
both inside and outside rockpools, and along a large part of the
vertical tidal gradient within rockpools, thus sharing much of the
available rocky-intertidal space in SW Portugal (objectives la and
2); ii) low abundance of the cold-water species P. vulgata scattered
across micro-habitats on shores in SW Portugal, being more
common at pool-edges and the wider landscape at Cabo Sardao,
which might act as possible refuges for this range-edge species
(objective 1a); iii) absence of P. rustica from rockpools and their
edges, reflecting occupancy of open-rock and steeper shores
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(objective la); iv) a decreasing gradient of intra-specific
connectivity from rockpools to their edges and surrounding
open-rock was found for the three most common species
(significant positive correlations in the abundance of the same
species between pairs of adjacent micro-habitats), being steeper in
P. ulyssiponensis than in P. depressa and S. pectinata, possibly due to
P. ulyssiponensis being largely resident in rockpools and to gradual
emergence (migration outward from rockpool-nursery areas) of the
other two species onto open-rock (objective 1b); v) mid-shore
populations of P. depressa and S. pectinata did not differ between
open-rock near to and far away from rockpools, which can be
considered a single habitat for these species (objective 1c); vi)
landscape variability within shores, and hence the micro-habitat
mosaics available, likely influenced among-shore patterns of
abundance and size of P. depressa on mid-shore open-rock, with
shores with less open-rock and more crevices associated with more
numerous and smaller limpets (objective 1c); vii) habitat-
composition of the substratum and benthic assemblages was
generally a more important proximate factor than physical
predictors in explaining variability of each limpet species both
within rockpools and open-rock (3); viii) inter-specific influence
on connectivity explained a great part of the variability of the three
main species within rockpool edges, emphasizing the importance of
this interface micro-habitat for limpet migration and for
interactions between different limpet species (both positive and
negative relationships were found between the spatial pattern of
each individual limpet species at rockpool edges and the abundance
of other limpet species in adjacent micro-habitats) (objective 3).

4.2 Diversity, dominance, and rare species

Five species of intertidal limpets comprising four patellids and
one siphonariid co-occur in SW Portugal: P. ulyssiponensis was the
dominant species within POOL; P. depressa was dominant within
EDGE, NEAR, and FAR; S. pectinata was the third ranked species in
abundance across all micro-habitats; P. vulgata infrequently
occurred mostly within EDGE and NEAR; and P. rustica was
exclusively present on NEAR and FAR. Rockpools did not seem
to act as nursery grounds for the two least abundant species
(P. vulgata and P. rustica), although a few P. vulgata juveniles
were present within rockpools at Alteirinhos and Monte Clerigo.
This agrees with a previous study (including Oliveirinha; Seabra
et al., 2020), where limpet recruitment was measured within pools
regularly cleared of limpets for 3 years: only 22 P. vulgata (all
juveniles) and no P. rustica were recorded out of a total of 13,791
recruits (unpublished data). In Ireland, P. vulgata was described to
occur in pools “in very small numbers” (Firth and Crowe, 2008: 15
juveniles in 30x30 quadrats in several shores and levels), but still in
much higher (~20 times) densities than the ones reported here.
Vertical distribution of these rare species (P. vulgata across mid-
high levels and P. rustica mostly at high shore, as described in
Section 2.1) and low densities of P. vulgata on open-rock were
generally consistent with previous studies in our region (e.g., Rubal
et al, 2013). The abundances of P. vulgata and P. rustica were
consistently higher on shores with steeper cleavage of schist strata
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(Almograve and Cabo Sardio), where higher mean values of NEAR
Slope and NEAR Topographic index (Supplementary Figure S7)
and a higher frequency of crevices were found (Supplementary
Figure S3). This agreed with previously described positive
associations of these species with the following habitat features: P.
vulgata with topographically irregular or damp surfaces (Cabral and
Simoes, 2007) and shady open-rock at mid-high shore (Seabra et al.,
2011; Lima et al., 20165 Seabra et al., 2016), and P. rustica with steep
open-rock surfaces of exposed shores (Lima et al., 2006) and
crevices (Menconi et al., 1999). Further studies dedicated to these
two species should be made on the SW Portuguese coast, given its
biogeographic importance for both species (close to the southern
limit of P. vulgata; not far from the northern limit of P. rustica and
included in the region where it is most abundant in Portugal—e.g.,
Boaventura et al., 2002b). The role of micro-habitats surrounding
rockpools, steeper surfaces, or a potentially colder regime in Cabo
Sardao (a Cape, likely with upwelling-enriched waters) as potential
thermal refuges for southern-edge populations of P. vulgata in this
coast deserve further investigation.

4.3 Vertical distribution and
among-shore patterns

When considering the micro-habitat inside-rockpools, the three
most common limpets are present along most of the intertidal
gradient, being abundant at many shore heights on all shores. The
vertical distribution patterns on the open-rock were as expected
from past work (e.g., Boaventura et al., 2002b), showing zonation of
the three species at different tidal levels (low-shore P. ulyssiponensis,
mainly mid-shore P. depressa, S. pectinata scattered and non-
consistent zonation pattern across shores). The hypothesis of
extension of the upper distribution limit in areas inside pools
compared to contiguous areas outside pools was supported for
the three common species. The presence of P. ulyssiponensis in
rockpools at conspicuously higher shore levels than the low shore
(where it is commonly found on the open-rock) has long been
described (e.g., Evans, 1947; Firth and Crowe, 2008). The upper
limits of subtidal and lower-intertidal organisms are generally
pushed upwards by rockpools, as shown by many macroalgae
(e.g., Femino and Mathieson, 1980; Aratjo et al., 2006),
seagrasses (Dethier, 1984) and also by the limpet Acmaea mitra
and other invertebrates in Canada (Green, 1971). There was no such
extension in the lower distribution limit (minimum value of shore
height) of P. ulyssiponensis, suggesting equal habitat suitability
between rockpools and open-rock at low shore (Firth and Crowe,
2008). For P. depressa and S. pectinata, the lower distribution limit
also varied between micro-habitats. Within the open-rock, spatial
and temporal variations in both vertical distribution limits of P.
depressa in Portugal was previously related to sea-water
temperature (Nobre et al., 2019). Here, the highest vertical
extension was found for S. pectinata (difference in the median
shore height between inside and outside rockpools, Figure 7). This
species can be particularly abundant upon open-rock and in
rockpools located at both extremes of the vertical gradient (e.g.,
low-shore open-rock vs. splash pools) (Seabra et al., 2020; this
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study). Amelioration against abiotic stress due to permanent
submersion has been the main explanation for rockpools
supporting more diverse assemblages compared to open-rock
(Metaxas et al., 1994; Firth et al,, 2014), and for the role of
rockpools as nurseries for limpets due to sensitivity of their early-
life stages to desiccation (e.g., Lewis and Bowman, 1975; Seabra
et al,, 2020). A recent study on the metabolic stress responses of
Cellana toreuma in China demonstrated that limpets (size not
specified) on rockpools suffer less cold stress than those living on
open-rock during low tide in winter (Sun et al., 2023). Any
environmental differences at low tide from pools to open-rock
become greater at higher tidal levels (e.g., Huggett and Griffiths,
1986) increasing the ecological importance of pools.

Differences in density and size structure of limpets among
shores were not found for P. ulyssiponensis within any of the
three micro-habitats of rockpool systems, but were found for
P. depressa within NEAR and S. pectinata within EDGE. The
general pattern of higher abundance and lower individual size of
P. depressa was found on the NEAR micro-habitat of steeper shores
compared to flatter shores. This pattern could be a consequence of
lower growth rates (probably due to the less available open-rock
space and consequent limited foraging activity) and/or higher
recruitment (possibly due to the higher abundance of crevices)
onto open-rock of steeper shores. Among-shore variation detected
for S. pectinata was due to a higher abundance, namely, of larger
size classes, within pool edges in Monte Clérigo. This was the most
sheltered and extensive gently sloping shore, with the shallowest,
less topographically complex, and least-confined rockpools, likely to
warm quickly (the lowest values of maximum and mean depth,
POOL topographic index and slope, and confinement,
Supplementary Figure S7). Such conditions are associated with
high abundance (Rubal et al., 2013; Slama et al., 2021) and high
growth rate (Ocana, 2003) of S. pectinata. However, as Monte
Clerigo is the most southern shore, this pattern might also reflect
geographic affinity of S. pectinata. For all species and micro-
habitats, sporadic or frequent variation was found between
stretches within each shore, which could be related to smaller-
scale variation in physical and biological processes.

4.4 Horizontal distribution and intra-
specific connectivity across micro-habitats

On all shores, there were many more limpets of the three
common species inside rockpools than in the surrounding open-
rock: P. ulyssiponensis was 44 times, S. pectinata was 19 times, and
P. depressa was 5 times more abundant within POOL compared to
NEAR. This pattern was mostly due to newly settled and juvenile
limpets, confirming that rockpools were undoubtfully important
nurseries for these three species in this region (Seabra et al., 2020).
Regarding only the adults (patellids of MSL > 1cm and siphonariids
of MSL > 0.5cm), on all shores, there were five times more P.
ulyssiponensis adults and six times more S. pectinata adults inside
than outside rockpools (POOL versus NEAR, on average), but there
were three times more P. depressa adults outside than inside
rockpools (NEAR versus POOL, on average). This suggests that
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rockpools provide important adult habitats for P. ulyssiponensis and
S. pectinata, whereas they serve primarily as nurseries for P.
depressa. Moreover, P. depressa was also the species for which the
gradient in abundance between adjacent micro-habitats was less
sharp, namely, between POOL and EDGE (EDGE being a
continuum from POOL for P. depressa, since its abundance was
only three times higher inside rockpools than their edges; the same
ratio was 10 and 8, respectively for P. ulyssiponensis and S.
pectinata). This horizontal pattern suggested a gradual transition
through migration out of pools (similarly to P. vulgata in Ireland,
Delany et al,, 1998), perhaps moderated by intra-age class
interactions (Boaventura et al., 2003). Furthermore, whereas the
abundance of P. ulyssiponensis within EDGE was consistently
higher compared to NEAR on all shores (four times on average),
this was only found on four and five of the six shores, respectively,
for P. depressa and S. pectinata. Therefore, pool edges were mostly
an intermediate zone from inside to outside rockpools, possibly
acting as a frontier for the largely pool-resident P. ulyssiponensis
above the low shore and a potential a transition route for migratory
species (P. depressa and S. pectinata). The ontogenic distinction
between residence within pools until adulthood (P. ulyssiponensis)
vs. emigration of old juveniles of other patellids was previously
described (e.g., Delany et al., 1998).

Considering intra-specific connectivity at the scale of the
rockpool system, the strength of correlations in the abundance of
the same species between pairs of adjacent micro-habitats lessened
with distance from the pool. This pattern was found in common for
all species, suggesting emergence of vagrant juveniles of the three
species from their settlement sites within rockpools to drier open-
rock only suitable for older/larger limpets (e.g., Bowman, 1981;
Bowman, 1985). However, the positive relationship between
rockpools and open-rock was only direct for P. ulyssiponensis (the
only species with a significant correlation between POOL and
NEAR). A direct connection from POOL to NEAR was not found
for P. depressa and S. pectinata, although a continuum of positive
relationships was found between rockpools and their edges and
between edges and their surrounding open-rock. For these two
species compared to P. ulyssiponensis, a more gradual connection
was suggested between rockpools vs. open-rock at this horizontal
small scale. Patella ulyssiponensis abundance consists mostly of
rockpool populations, with spill-over to open-rock only possible on
the low shore. This might be due to similarity in habitat suitability
between rockpools and open-rock at low shore or to intra-specific
interactions (Firth and Crowe, 2010).

The two most abundant species at the mid-shore open-rock (P.
depressa and S. pectinata) did not differ with proximity to rockpools
(MidNEAR and FAR areas). Therefore, at this tidal level, the open-
rock surrounding rockpools can be considered as part of the open-
rock habitat in general. Once emerged from mid-shore rockpools
and their edges, limpets of these species likely form unique
populations living across the mid-shore open-rock. Landscape
variability was associated with among-shore differences in
population structure of P. depressa on the mid-shore. This pattern
could be interpreted as intra-specific connectivity with nurseries at
this horizontal scale: shores with less open-rock and more crevices
might have more abundant and smaller-sized limpets due to a
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higher connection to nursery areas (less-fragmented mosaics of
patchy micro-habitats for recently settled limpets) across the mid-
shore landscape. Mid-shore crevices were identified as important
juvenile micro-habitats for P. depressa and S. pectinata in SW
Portugal (Seabra et al., 2020). However, landscape variability did
not seem important for S. pectinata on the mid-shore. Our results
on overall patterns of intra-specific connectivity suggested
migration outward from nursery areas. Further studies are needed
on this process and on survival of early-life stages and ontogenetic
shifts in traits (e.g., tolerance of emersion, Bowman, 1981) of these
species across micro-habitats.

4.5 Patterns among highly variable
rockpool-systems

The interpretation of DistLM models and relationships
highlighted by db-RDA must be made with caution, as based on
associations between response and predictive variables without
investigating the causes of variation with manipulative
experiments. Our study prompts future experimental work on the
variables identified to be most relevant for the spatial patterns of
each species within each micro-habitat. For all three species, the
group of habitat-composition variables explained most of the
variation in response matrices of the three species within both
rockpools and open-rock. Previous studies showed the proximate
importance of biotic predictors in determining molluscan patterns
(e.g., Gongalves et al, 2023). Nevertheless, physical factors can
ultimately shape assemblage composition in pools (Huggett and
Griffiths, 1986; Legrand et al., 2018), which is characterized by high
small-scale variability (Aratjo et al., 2006; Rubal et al., 2011;
Bertocci et al., 2012). In general, the percentage of explained
variation in EDGE models was lower than that in POOL and
NEAR models, probably due to the smaller number of habitat-
composition variables assessed within EDGE, (as the percentage
cover of sessile taxa and the density of mobile grazers other than
limpets were not measured on pool edges). A much greater
percentage of the variation was explained for the two patellids
(44% in P. ulyssiponensis, 47% in P. depressa, in both POOL and
NEAR models) compared to S. pectinata (26% in POOL and 15% in
NEAR). This lower explanatory power of S. pectinata models and
the lack of rigid vertical distribution (see above) was probably
related to an opportunistic nature. For instance, their presence in
extremely shallow and very-low-confined splash-zone rockpools
(where extreme physical-chemical conditions are likely) was
consistent with distribution patterns of other siphonariid species
(Hodgson, 1999). Hodgson (1999) also described several traits of
siphonariids responsible for their success in occupancy of
environmentally harsh micro-habitats, including efficient
respiration in air and water, optimized foraging activity,
unpalatability to predators, facultative metabolic rate depression,
and possible anaerobiosis under unfavorable conditions. Their
ability to re-hydrate more rapidly compared to patellogastropods,
coupled with greater tolerances to salinity fluctuations (Hodgson,
1999), may also enable a wider range of conditions to be occupied
by S. pectinata.
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Inter-specific influences on connectivity were remarkably
important for all three species in characterizing their variability
within the transition environment (pool edges), but not within
POOL and NEAR micro-habitats (connectivity variables selected
only in the P. depressa NEAR model). On the contrary, abundances
of other limpet species in the same micro-habitat were selected in
most models, suggesting both positive facilitation and negative
interactions between different limpet species (see below).

Inside pools, the relationships that seem to be established
between different species are mostly positive, namely between
patellids (the exception was a negative relationship between the
abundance of P. ulyssiponensis and the largest size-class of P.
depressa), and between P. depressa and S. pectinata (POOL
dbRDA plots with predictor vectors). This agrees with Firth and
Crowe (2010), who did not find evidence of inter-specific
competition of P. ulyssiponensis and P. vulgata inside rockpools.
There was also no evidence of intra-specific competition inside
pools, as the different size classes of the same species also suggest
positive relationships (POOL dbRDA plots with limpet-size
vectors). This is not in agreement with Firth and Crowe (2010),
who found evidence of intra-specific competition of P.
ulyssiponensis inside rockpools. Abundances of both patellids
inside rockpools were positively related with cover of CCA and
articulated coralline algae and negatively related with sand cover.
Observation of these patellids within “Lithothamnia-lined pools”
and coralline turfs (Evans, 1947; Kooistra et al., 1989; Benedetti-
Cecchi and Cinelli, 1996) and their grazing on these algal groups
(Kooistra et al., 1989; Delany et al., 2002) has long been described.
While siphonariids are known to be tolerant to sand inundation
(Hodgson, 1999), negative effects of sediment have been found on
grazing activity and survival of patellids (e.g., Airoldi and Hawkins,
2007). Contrasting patterns between the two patellids were
observed inside pools: higher P. ulyssiponensis density occurred at
lower shore, along with more sea urchins cover; P. depressa density
was higher with distance from low-water mark and less sea urchins.
Similar contrasting associations with Paracentrotus lividus within
low-shore rockpools were found for juveniles of the two species in
this region (Seabra et al., 2019; Seabra et al., 2020). The highest
abundances of S. pectinata within pools and at pool edges were
associated with the lowest category of confinement and the shore
with more pools of this category (Monte Clérigo). For S. pectinata
inside pools, a positive relationship with distance to low-water mark
was found (similarly with P. depressa), and a higher abundance of S.
pectinata was related to lower coverage of articulated coralline algae
(contrarily with P. depressa). Indeed, S. pectinata in SW Portugal is
frequently found at high-shore rockpools dominated by bare rock
(juveniles, Seabra et al., 2020; adults, personal observations).

Outside pools (NEAR), apart from the negative relationship
between the abundance of P. ulyssiponensis and large-sized (2-3
cm) P. depressa, there were no other negative relationships
established between the two patellids and with S. pectinata,
suggesting limited evidence of inter-specific competition. This
agrees with experimental evidence of weak inter-specific
competition between P. vulgata and P. depressa on open-rock in
Portugal (Boaventura et al.,, 2002a). A negative relationship with
shore height was observed in this micro-habitat for the three
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species, possibly reflecting greater recruitment, survival, and growth
lower down (Guerra and Gaudencio, 1986). The other highlighted
relationships outside rockpools were the following positive
associations: i) P. ulyssiponensis with cover of both articulated
coralline algae and CCA; ii) P. depressa with mussel cover and
the factor shore; and iii) S. pectinata with crustose non-coralline
algae. Adults of S. pectinata living outside rockpools in SW Portugal
are very conspicuous within Ralfsia verrucosa and Nemoderma
tingitanum patches at low and lower-mid shore open-rock
(personal observations). This association might suggest
promotion of settlement, growth, and/or survival of these algae by
S. pectinata as described for S. sirius and Ralfsia crusts (Iwasaki,
1993 in Hodgson, 1999) or mutualism as found between P.
longicosta and Ralfsia verrucosa (McQuaid and Froneman, 1993).

The influence of CCA, namely, “Lithothamia” sensu Hawkins
and Jones (1992), on the recruitment of North-East Atlantic patellids
both inside and outside pools has been described (Bowman, 1981;
Delany et al., 2002; Seabra et al., 2019; Castejon et al., 2021). Patella
ulyssiponensis among Corallina spp. on the open-rock, and patellid
juveniles among mussels inside and outside pools were previously
observed in Portugal (Guerra and Gaudencio, 1986). Articulated
coralline algae are an important constituent of the flora of rockpools
and lower-shore open-rock (Evans, 1957; Boaventura et al., 2002¢;
Firth and Crowe, 2008), often forming a turf full of small mussels at
the thalli base (personal observations). Thus, the association with
these algae inside and outside pools might be due to an association
with mussels. Mytilus galloprovincialis patches retaining moisture on
the open-rock of Oliveirinha was the unique CCA-absent habitat
with abundant P. ulyssiponensis juveniles (Seabra et al., 2019), also
important for P. depressa juveniles (Seabra et al., 2020).

In EDGE models, reciprocal negative relationships were
established between the two patellids, and the abundance of one
species outside pools was negatively related to the abundance of its
congener at pool edges. A positive relationship was also established
between the abundance of S. pectinata on pool-edges and the
abundance of P. depressa within pools. Moreover, the greater
abundances of P. depressa and P. ulyssiponensis outside pools were
negatively related to S. pectinata on pool edges. As EDGE was an
interface, most of the other relevant predictors were common to the
ones selected for inside-pool and open-rock models, such as shore
height that indicated a negative relationship with the abundance of
both patellids at pool edges or the very-low confinement associated
with a greater abundance of S. pectinata at pool edges.

4.6 Concluding remarks

Limpets of the three most common species in SW Portugal co-
occur in connected populations across a landscape of rockpools, pool
edges, and open-rock micro-habitats. Rockpools create a mosaic of
micro-habitats that differ most when the tide is out (Huggett and
Griffiths, 1986), likely sharpening ecological edge effects with the
surrounding rock; pools can also create patchiness when the tide is
in due to larval settlement (Castejon et al., 2021) or to foraging activity
(Noél et al., 2009). Various species of limpets use these micro-habitats
differentially, due to individual preferences on habitat-composition
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and physiological optima that can change ontogenetically (Davies,
1970; Delany et al., 1998; Delany et al., 2002). The three most common
species in SW Portugal use rockpools as nursery grounds (Seabra et al,,
2020). Subsequently, largely permanent residence into pools (P.
ulyssiponensis—except on the low shore) or gradual emergence onto
open-rock (P. depressa and S. pectinata) likely happen. Thus, different
species have differential occupancy across highly localized horizontal
gradients and edge transitions of rockpool systems, which are
superimposed on their vertical and among-shore patterns at broader
scales. Shore topography ultimately creates landscape variability,
which provides nursery areas (Seabra et al., 2020) or refuges (Sun
et al., 2023) for limpets, allows coexistence of different limpet species
(Firth and Crowe, 2010), and boosts biodiversity (Firth et al., 2014),
thereby contributing to ecosystem functioning (Griffin et al., 2010).
Our study suggests that rockpool-generated mosaics are strongly
linked by intra-specific connectivity of limpet populations with
patterns modulated by interactions between different limpet species
at rockpool edges. Much further experimental work is required to
explore the underlying causes of the described patterns and
associations with habitat-composition predictors revealed in our
study, including the effects of limpets on rockpool communities (as
their role as keystone species has not been studied for rockpool micro-
habitats in Portugal). The importance of rockpools for patellids
harvested in SW Portugal may have implications for regional
monitoring programs in intertidal systems, assessing effectiveness of
protection in special areas of the marine park where fishing is totally or
partially forbidden and other human activities are regulated (Castro
etal., 2021). More attention should be given to the role of rockpools in
sustaining limpet populations in the context of anthropogenic
disturbance including harvesting, as part of biodiversity surveillance
and conservation of temperate reefs.
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SUPPLEMENTARY FIGURE S1

Densities and size-class structure of Patella vulgata on six shores within POOL
(inside-rockpools), EDGE (edge of rockpools) and NEAR (open-rock adjacent
to rockpools) micro-habitats (three left columns); and within areas of mid-
shore open-rock at two proximity categories from rockpools (MidNEAR and
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FAR, far right column). Grey and white bars are mean (+ SE) number of limpets
of five size-classes per 50x50 cm; Note different y-axis scale between graphs
of POOL vs. others; number of replicates indicated in caption of Figure 2.
Black and white bars (bottom row) are percentages of every size-class
relatively to the total density of this species (value given top right of each
graph) within each micro-habitat and across all shores.

SUPPLEMENTARY FIGURE S2

Densities and size-class structure of Patella rustica on six shores within POOL
(inside-rockpools), EDGE (edge of rockpools) and NEAR (open-rock adjacent
to rockpools) micro-habitats (three left columns); and within areas of mid-
shore open-rock at two proximity categories from rockpools (MidNEAR and
FAR, far right column). Grey and white bars are mean (+ SE) number of limpets
of five size-classes per 50x50 cm; number of replicates indicated in caption of
Figure 2. Black and white bars (bottom row) are percentages of every size-
class relatively to the total density of this species (value given top right of each
graph) within each micro-habitat and across all shores.

SUPPLEMENTARY FIGURE S3

Mean proportion of occurrence of emersed open-rock, rockpools, crevices,
overhangs, and channels on the mid-shore of twelve coastal stretches (two
random stretches, (A, B), within each of six shores). Number of replicates
within each stretch varied between 2 and 4 transects parallel to the sea.

SUPPLEMENTARY FIGURE S4

Percentage cover of space-occupying categories within the POOL micro-
habitat. Values are mean % cover (+ SE) of each substratum type or functional
group of sessile organisms recorded inside-rockpools on six shores. The
number of replicates in each shore was the following: 52 in Oliveirinha, 51 in
Queimado, 57 in Almograve, 56 in Cabo Sarddo, 53 in Alteirinhos and 54 in
Monte Clérigo.

SUPPLEMENTARY FIGURE S5

Percentage cover of space-occupying categories (substratum types and
functional groups of sessile organisms) within NEAR micro-habitat. Values
are mean (+ SE) cover estimates assessed on open-rock surfaces of six shores
using the following semi-quantitative index (and respective percent cover
intervals): O (not found); 1 (< 1%); 2 (1-5%); 3 (5-10%); 4 (10-25%); 5 (25-50%); 6
(50-75%); 7 (75-90%); 8 (90-95%); 9 (> 95%). The number of replicates in each
shore was the following: 52 in Oliveirinha, 51 in Queimado, 57 in Almograve,
56 in Cabo Sarddo, 53 in Alteirinhos and 54 in Monte Clérigo.

SUPPLEMENTARY FIGURE S6

Densities (mean + SE) of the total number of trochids (including the species
Steromphala umbilicalis, Steromphala pennanti, Phorcus sauciatus, Phorcus
lineatus) and the total number of littorinids Melarhaphe neritoides within
POOL and NEAR micro-habitats. The number of replicates in each shore was
the following: 52 in Oliveirinha, 51 in Queimado, 57 in Almograve, 56 in Cabo
Sarddo, 53 in Alteirinhos and 54 in Monte Clérigo.

SUPPLEMENTARY FIGURE S7

Physical variables of rockpool-systems on six shores of SW Portugal (see
Table 1 for description of each variable). The number of replicates in each
shore was the following: 52 in Oliveirinha, 51 in Queimado, 57 in Almograve,
56 in Cabo Sarddo, 53 in Alteirinhos and 54 in Monte Clérigo. For clarity,
outliers were not shown for four variables: NEAR topographic complexity,
surface-area, volume and roundness. Physical variables were used as
predictors in DisttM models for which the response-variables were size-
class densities of a limpet species present within each of three neighboring
micro-habitats of rockpool-systems: inside-rockpools (POOL), rockpool-
edges (EDGES), and surrounding emersed open-rock (NEAR).

SUPPLEMENTARY TABLE S1

Definition and measurement details of all predictive-variables of three groups
(physical, habitat-composition and connectivity) assessed for every sampled
rockpool (n = 323). Under the column "Micro-habitat”, “only” is indicated for
variables that refer exclusively to one micro-habitat, whereas "All" identifies
those variables that were considered as physical descriptors of each
rockpool-system across POOL, EDGE, and NEAR micro-habitats.

SUPPLEMENTARY TABLE S2

List of all predictive-variables used to build the distance-based linear model
(DistLM) for each of the three species (Patella ulyssiponensis — PU; P.
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depressa — PD; Siphonaria pectinata — SP) within each of the three micro-
habitats (POOL; EDGE; NEAR). “Transf.” refers to transformation applied as
pre-treatment before DistLM analyses; “sqrt” refers to square root
transformation; * refers to a variable (maximum-depth) that was eliminated
due to collinearity with another variable (mean-depth).
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