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Examining how variability in population abundance and distribution is allotted among different spatial scales can inform of
processes that are likely to generate that variability. Results of studies dealing with scale issues in marine benthic communities
suggest that variability is concentrated at small spatial scales (from tens of centimetres to few metres) and that spatial patterns of
variation are consistent across ecosystems characterized by contrasting physical and biotic conditions, but this has not been formally tested. Here we quantiﬁed the variability in the distribution of intertidal rocky shore communities at a range of spatial
scales, from tens of centimetres to thousands of kilometres, both in the NE Atlantic and the Mediterranean, and tested whether
the observed patterns differed between the two basins. We focused on canopy-forming macroalgae and associated understorey
assemblages in the low intertidal, and on the distribution of Patella limpets at mid intertidal levels. Our results highlight that
patterns of spatial variation, at each scale investigated, were consistent between the Atlantic and the Mediterranean, suggesting
that similar ecological processes operate in these regions. In contrast with former studies, variability in canopy cover, species
richness and limpet abundance was equally distributed among spatial scales, possibly reﬂecting the ﬁngerprint of multiple processes. Variability in community structure of low intertidal assemblages, instead, peaked at the largest scale, suggesting that
oceanographic processes and climatic gradients may be important. We conclude that formal comparisons of variability
across scales nested in contrasting systems are needed, before any generalization on patterns and processes can be made.
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INTRODUCTION

Ecological processes are generally scale-dependent, i.e. they
operate at a speciﬁc range of spatial scales (Levin, 1992).
Since non-random patterns of variability in distribution and
abundance of species usually reﬂect the scale of underlying
processes, measuring variability at several spatial scales
means focusing attention on the range of processes that are
likely to underpin the observed patterns (Underwood &
Chapman, 1996; Benedetti-Cecchi, 2001). This explains why,
in recent years, our view of spatial variability has evolved
from simply considering it as noise to recognizing it as the
key to link patterns with processes across scales.
Studies focusing on spatial patterns of species distribution
and abundance have been particularly proliﬁc for rocky intertidal systems, and reviews on the topic highlighted that variability is generally larger at small scales, from tens of
centimetres to a few metres (Fraschetti et al., 2005;
Benedetti-Cecchi & Trussell, 2014). This originated the idea
that rocky shores are mostly shaped by biotic processes,
such as grazing (Underwood & Jernakoff, 1984; Coleman
et al., 2006; Dı́az & McQuaid, 2011), competition
(Blanchard & Bourget, 1999; Firth & Crowe, 2010) and facilitation (Barner et al., 2016; Benes & Carpenter, 2015).
Processes acting at broader spatial scales, from tens to hundreds of kilometres, such as mesoscale oceanographic features
(e.g. upwelling sites), wave exposure, ice scour, coastal slope
and recruitment (Broitman et al., 2001; Schoch et al., 2006),
and from hundreds to thousands of km, such as coastal geomorphology, oceanography and climate gradients (Broitman
et al., 2001; Zacharias & Roff, 2001; Schmidt et al., 2008),
are usually less important (Fraschetti et al., 2005).
Interestingly, the general picture emerging from these
studies is that patterns of variation are consistent across ecosystems characterized by contrasting physical (e.g. tidal range)
and biotic (e.g. species composition) conditions. However,
these ﬁndings derive from the comparison of independent
studies, each of them analysing different spatial scales and different ranges of scales. Formal comparisons between systems
that differ in terms of environment and biota, while sharing
habitat structural features, e.g. presence of foundation or keystone species, are therefore needed.
The North-east Atlantic and the Mediterranean Sea,
although differing in terms of tidal range, sea surface temperature, salinity, productivity and nutrient availability, display
several common features. Reef surfaces of both basins are
largely dominated by canopy-forming algae, particularly in
areas far from major sources of anthropogenic disturbance
(Mangialajo et al., 2008; Bulleri et al., 2012). In the Atlantic,
canopies are formed by a variety of macroalgal species dominated by fucoids and kelps, which can be found both in midshore (e.g. Fucus vesiculosus, Ascophyllum nodosum) and in
low-shore (e.g. Fucus serratus, Laminaria digitata,
Himanthalia elongata, Bifurcaria bifurcata) habitats
(Raffaelli & Hawkins, 1996). In the Mediterranean, canopies
generally dominate the low-shore habitat and are commonly

constituted by fucoids of Cystoseira genus (Benedetti-Cecchi,
2001; Mangialajo et al., 2008). In both regions, canopy algae
provide three-dimensional habitat structures, shade and
shelter for a vast array of marine organisms, thereby supporting assemblages generally characterized by high diversity
(Bertness et al., 1999; Bulleri et al., 2012; Crowe et al., 2013;
Leclerc et al., 2016). A conspicuous feature of mid-shore
rocky habitats of both the NE Atlantic and Mediterranean is
the presence of limpets (dominated by the genus Patella),
which are the most common grazers of these systems. A consistent body of evidence highlights the strong top-down
control that patellid limpets exert over their food resource
that is mainly represented by ﬁlamentous algae, macroalgal
spores and bioﬁlm (Jenkins et al., 2001; Coleman et al.,
2006). Moreover, limpets can inﬂuence successional patterns,
by consuming ﬁlamentous algae and thus indirectly promoting the growth of foliose algae and/or the recruitment of barnacles (Hawkins, 1983; Hawkins & Hartnoll, 1983;
Benedetti-Cecchi, 2000; Coleman et al., 2006). Therefore, canopies and Patella spp. allow comparison of the abundance patterns of the same functional/taxonomic groups between NE
Atlantic and Mediterranean basins.
Data from the EMBOS pilot study, encompassing several
sites across both the Atlantic and the Mediterranean
European coasts, offer the opportunity to investigate patterns
of variability at a pan-European scale, speculate about underlying processes and perform regional comparisons. In this
study, we capitalized on the harmonized hierarchical sampling
design adopted in the EMBOS project to test whether patterns
of variability in canopy cover, understorey richness and community structure of the low intertidal and the abundance of
limpets in the mid intertidal were either consistent or different
between NE Atlantic and Mediterranean regions. The spatial
scales investigated were that of sites (from hundreds to thousands of km), stations (tens to hundreds of m) and replicates
(from tens of cm to a few m). A preliminary analysis highlighted that the Atlantic sites were more ‘environmentally
distant’ from each other (see Methods) with respect to the
Mediterranean ones (see Results). Therefore, we expected a
larger variability at the scale of sites in the Atlantic compared
with the Mediterranean. Regarding the smallest spatial scale,
i.e. among replicate quadrats, we hypothesized that differences
in patterns of variability between the two regions could be
related to emersion stress and its interaction with substratum
heterogeneity (Benedetti-Cecchi et al., 2000; Helmuth et al.,
2002). The Mediterranean has narrow tides and changes in
barometric pressure may be more important than tidal
forcing in dictating patterns of emersion-immersion, making
the shore environment highly variable. For example, during
periods of high barometric pressure organisms may remain
exposed to aerial conditions for days or weeks, experiencing
high, often fatal levels of stress (Benedetti-Cecchi et al.,
2006). This stochasticity may emphasize the role of thermal
refugia provided by small-scale habitat heterogeneity
(Helmuth et al., 2006), possibly amplifying small-scale variability in the Mediterranean compared with the Atlantic,
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where aerial exposure for intertidal organisms is more deterministic. With regards to the intermediate spatial scale, i.e.
between stations, we did not have any speciﬁc hypotheses.

MATERIALS AND METHODS

The EMBOS network of marine observatories covers a great
part of European coasts, including sites in both the NE
Atlantic and the Mediterranean (Figure 1A, Supplementary
Materials, Appendix A). This offers the opportunity to investigate patterns and processes at the pan-European scale (see
also Hummel et al., 2016; Kotta et al., 2016; Puente et al.,
in press).

Hypotheses deﬁnition
In order to accurately deﬁne our hypotheses, we tested
whether variability in environmental conditions (calculated
among sites) within the Atlantic and the Mediterranean was
comparable. We estimated environmental distances by
means of a Euclidean distance matrix (Sylvester et al., 2011;
Seebens et al., 2013) based on normalized environmental
data available at the scale of sites: mean Sea Surface
Temperature (daily SST, OSTIA – Operational Sea surface
Temperature and sea-Ice concentration Analysis – data,
1985 – 2014, resolution 0.0508), mean Signiﬁcant Wave
Height (hourly Hs, Regional hind-cast GOW, IH Cantabria,
1985 – 2014, resolution 0.0258), mean Photosynthetically
Active Radiation (monthly PAR, SeaWifs and Modis Aqua,
NASA, 1999–2004, resolution 0.0188) and mean Salinity
(monthly salinity, World Ocean Database, 1985–2014, resolution 0.4008). All satellite data were gathered at vicinities of
3 to 12 km from the sampling sites (Appendix A). Since
Salinity was highly correlated with SST and PAR, this variable
was excluded from analyses. A similar matrix was created
using geographic distances between each pair of sites. Both
matrices (environmental and geographic) were compared
between regions in terms of multivariate dispersion using
the PERMDISP procedure (Anderson et al., 2008) and environmental data were subsequently analysed using Principal
Component Analysis (both were conducted with Primer 6
software and PERMANOVA add-on).

Sampling design and data collection
We adopted a fully nested hierarchical sampling design comprising two random factors (site and station) in both regions.
Sampling was conducted between March and April 2014 at six
Atlantic sites and ﬁve Mediterranean sites (Figure 1A,
Supplementary Materials, Appendix A). Sites were at least
100 km apart, were strictly rocky, i.e. excluding biogenic
reefs, from fairly sheltered to semi-exposed to waves, fully
marine, comparatively unbroken bedrock, of moderate slope
and comparatively unimpacted by sediment or anthropogenic
stressors.
Within each site, two stations, 5–15 m wide, were haphazardly placed 50 –100 m apart. Two tidal heights (low and midintertidal) were sampled in each station using ﬁve random
quadrats per height (Figure 1B). Tidal heights were deﬁned
operationally: mid intertidal as 25% of the vertical extent
of the shore centred on Mean Tidal Level (MTL), whilst low
intertidal as 25% of the vertical extent of the shore working

3

upwards from Mean Low Water Level (MLWL). The size of
quadrats differed between the two regions to account for differences in tidal amplitude and size of organisms. We used a
50 × 50 cm quadrat on macro-tidal NE Atlantic shores,
whereas along the micro-tidal Mediterranean coasts organisms were sampled with quadrats of 20 × 20 cm. Larger quadrats in this micro-tidal system would not have allowed the
differentiation between the low-shore and mid-shore habitats.
Smaller quadrats in the NE Atlantic would not have been
appropriate to sample usually large-sized fucoid and kelp
algae.
Non-destructive sampling techniques based on visual estimates of percentage cover were used to assess the abundance
of algae and sessile invertebrates in the experimental units.
Percentage cover values were estimated with the aid of a
plastic frame divided into 25 sub-quadrats and giving a
score from 0 to 4% to each taxon in each sub-quadrat. The
ﬁnal cover values were obtained by summing over the 25 subquadrats (Dethier et al., 1993; Benedetti-Cecchi et al., 1996).
Densities of mobile organisms (mainly gastropods and arthropods) were expressed as number of individuals per quadrat.
Organisms were generally identiﬁed to the species level,
except for encrusting corallines and small ﬁlamentous algae
(,2 cm). Cover of canopy algae, species richness of the associated understorey assemblage and community structure of
the low intertidal, and abundance of limpets in the mid intertidal were selected as response variables.

Data analysis
We tested the null hypothesis that patterns of variability in the
selected response variables were consistent between the NE
Atlantic and the Mediterranean.
We used univariate analysis to estimate variance components for cover of canopy algae, species richness and abundance of limpets at each spatial scale (sites, stations,
quadrats), separately for the two regions. This was done by
implementing a random intercept model with the lmerTest
package in R (R Development Core Team, 2015) for each
response variable. The function VarCor (in the same
package) allows extraction of bias-corrected variance components that are analogous to those estimated from the mean
squares of ANOVA. In order to compare variance components between Atlantic and Mediterranean at the three
selected scales, one would require at least two replicates of
each variance component per region with which calculate a
mean and a standard error. Our study provides only one estimate of variance component per scale and region. To overcome this problem and test our hypothesis, we ﬁrst
calculated the absolute value of the difference between the
variance component estimated for the Atlantic and the one
estimated for the Mediterranean (VarDIF_Site, VarDIF_Stat,
VarDIF_Quad). Then, VarDIF_Site was compared with a distribution of values given that the null hypothesis is true (variance of the Atlantic at the scale of sites is equal to the variance
of the Mediterranean at the same scale, i.e. VarDIF_Site ¼ 0).
We obtained this distribution through a bootstrapping procedure: the model has been reﬁtted 10,000 times on as many
datasets generated by randomly reallocating sites to each
region, estimating variance components and calculating the
absolute value of their difference (simulated VarDIF_Sites).
This has been repeated also for VarDIF_Stat and
VarDIF_Quad. The observed variance components for the
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Fig. 1. EMBOS sampling protocol: (A) Map of rocky shore sites included in the study, square symbols represent Mediterranean sites, while round circles represent
Atlantic sites; (B) layout of sampling heights, stations and replicate quadrats at each observatory site.

Atlantic were deemed different from those observed for the
Mediterranean at a given spatial scale if VarDIF exceeded
the critical value (corresponding to a ¼ 0.05) obtained from
the null distribution (see Appendix C for an example). The

exact signiﬁcance level was estimated as the proportion of
times out of 10,000 permutations in which the observed
VarDIF was smaller than the critical value from the null
distribution.
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Regarding community structure, we derive estimates of
variance components from mean squares of multivariate analysis based on a dissimilarity matrix, using the semi-metric
Bray – Curtis index (Bray & Curtis, 1957) computed on
species abundance data. Multivariate analyses were conducted
in R through the function adonis in the vegan package (R
Development Core Team, 2015), separately for the Atlantic
and Mediterranean. To compare multivariate variance components of community structure between the Atlantic and
Mediterranean at the three selected scales, we adopted the
same procedure described for univariate response variables.

RESULTS

Geographic distances among sampling sites were evenly distributed between regions (PERMDISP: F1,9 ¼ 2.47 × 1024,
P ¼ 0.987,
mean + SE:
Atlantic ¼ 824.3 + 187.5 km,
Mediterranean ¼ 829.2 + 255.0). In contrast, multivariate
environmental dispersion differed signiﬁcantly between
regions (F1,8 ¼ 6.708, P ¼ 0.033) with greater values observed
in the Atlantic (1.45 + 0.29, SE) compared with the
Mediterranean (0.50 + 0.07). In other words, across similar
spatial extent, Atlantic sites encompass more diversiﬁed environmental conditions than their Mediterranean counterparts.
Subsequent principal component analyses (Supplementary
Materials Appendix B) indicated that the main dispersion
was explained by concomitant effects of mean SST and PAR
(on axis 1, 62.6% of variation) opposing Northern sites of
the Atlantic (Ireland: Rush and France: Roscoff) to the
others and by mean Hs (Axis 2, 33.0%) opposing, within the
Atlantic, the Azores (Faial Pico Channel) to Ireland (Rush)
sites.
We found no signiﬁcant differences between Atlantic and
Mediterranean variance components in canopy cover and
understorey species richness at any spatial scale examined
(Figure 2A, B). Only the difference between variance components in abundance of limpets estimated for the Atlantic and
the Mediterranean at the scale of quadrats was marginally
statistically signiﬁcant (P , 0.1, Figure 2D). Overall, variability was equally distributed among spatial scales (Figure 2). No
signiﬁcant differences between estimates of multivariate variance components (community structure) of the Atlantic and
Mediterranean at any spatial scale were detected. However,
multivariate variation among sites was much larger than variation at any other scale (Figure 2C).

DISCUSSION

In the present study we quantiﬁed the variability of rocky
intertidal communities at several spatial scales, both in the
NE Atlantic and the Mediterranean, and tested whether the
observed patterns differed between the two basins. We
found that horizontal spatial patterns of variability in
canopy cover, understorey species richness and community
structure of the low intertidal and abundance of limpets in
the mid intertidal were generally consistent between NE
Atlantic and Mediterranean regions. Variability was equally
distributed among spatial scales for all the response variables,
except for community structure, whose variability peaked at
the largest scale examined, for both the Atlantic and the
Mediterranean.
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Our results did not support the view of Atlantic communities mostly shaped by large-scale processes and Mediterranean
ones largely driven by small-scale interactions. Conversely, we
found common patterns of spatial variability in the structure
of assemblages on Atlantic and Mediterranean rocky shores.
This suggests that, although species and environments differ
between the two regions, the scale of inﬂuence of the processes
operating is similar. Only the distribution of limpets in the
mid intertidal showed a pattern of larger variability in the
Atlantic compared with the Mediterranean at the scale of
quadrats (from tens of cm to a few m). This result may
reﬂect differences in the availability and distribution of food
and habitat for limpets between the two regions. On fucoiddominated shores in the Atlantic, limpets aggregate below
mature algal canopies and forage in nearby open patches of
substratum (Johnson et al., 1997, 2008). Dense patches of barnacles provide further constraints to the distribution of
limpets, interfering with their grazing activity (Creese,
1982). In the Mediterranean, in contrast, the mid-shore
habitat is dominated by encrusting coralline algae, with algal
canopies occurring lower down the shore and dense patches
of barnacles dominating the high-shore environment.
Limpets have therefore fewer biological and physical constraints compared with the Atlantic, displaying a lower
degree of spatial aggregation.
Our study conﬁrms what emerged from a review
(Fraschetti et al., 2005) collating results from published
studies on the topic: patterns of variation can be consistent
across ecosystems characterized by contrasting physical and
biotic conditions. Nevertheless, it is the ﬁrst that formally
compares the spatial structure of NE Atlantic and
Mediterranean rocky shore communities.
Canopy-forming algae displayed comparable levels of variability at all the spatial scales examined. This result could
reﬂect the superimposition of different processes, each one
acting preferentially at one or more speciﬁc scales, but none
of them prevailing over the others (Dal Bello et al., 2015).
Cover of canopy-forming algae in the Mediterranean can
show variability at the scale of metres (from few to tens of
m), due to erratic recruitment (Mangialajo et al., 2008). Also
biotic interactions, such as competition (Coleman, 2002;
Bulleri et al., 2012) and grazing (Hawkins et al., 1992;
Coleman et al., 2006), could be invoked to explain the
small-scale patchiness in the spatial distribution of macroalgal canopies in both regions. Oceanographic features, such
as latitudinal gradients in wave exposure (NE Atlantic,
Hawkins et al., 1992), in sea surface temperature (Smale
et al., 2013) and patterns of oceanic currents (Smale et al.,
2010, 2011), instead, have been invoked to explain large-scale
variability in the presence of canopy-forming species and may
explain the spatial patterns in canopy cover observed in the
present study.
The results highlighted that patterns of spatial distribution
of species richness track those of cover of canopy-forming
species, possibly reﬂecting the role of habitat-formers as
major determinants of diversity and functioning of
associated species assemblages (Byrnes et al., 2011).
Canopy-forming macroalgae can exert positive effects on
understorey species by dampening environmental ﬂuctuations and thus reducing thermal and desiccation stress
(Bertness et al., 1999; Benedetti-Cecchi et al., 2012). It
follows that species richness is usually higher under canopies
with respect to nearby areas dominated by algal turfs
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Fig. 2. Estimates of variance and pseudo-variance components at the scale of quadrats, stations and sites (estimated value + bootstrapped standard error obtained
from 10,000 iterations): (A) cover of canopy-forming algal species (low intertidal); (B) species richness (low intertidal); (C) community structure (low intertidal);
(D) limpet abundance (mid intertidal). Dark grey: Atlantic; light grey: Mediterranean. † corresponds to P , 0.1.

(Bertness et al., 1999) or by suspension-feeders (Hawkins
et al., 2009), and patchiness in the spatial distribution of tridimensional habitats created by canopy species and less
complex communities at different spatial scales results in
analogous patterns of variability in species richness
(Valdivia et al., 2011). Although several kelp species can
form monospeciﬁc stands that reduce understorey richness
through pre-emption of space or the sweeping action of
fronds (Irving & Connell, 2006; Smale et al., 2011), also in
this case, the spatial distribution of species richness should
correspond to that of canopy cover.
Spatial variability of community structure of the low intertidal peaked at the scale of sites (100s– 1000s of km) in both
the NE Atlantic and the Mediterranean. As anticipated
before, processes probably acting at these scales are usually
linked to climate, geomorphology and oceanographic features,
creating physical gradients that are considered the most
important drivers of variation in biodiversity and assemblage
structure at the scale of basin (Zacharias & Roff, 2001; Coll
et al., 2010; Smale et al., 2011; Ramos et al., 2012; Smale
et al., 2013). Both the NE Atlantic and the Mediterranean
basins, indeed, exhibit strong gradients in temperature
values (Jenkins et al., 2008; Coll et al., 2010; Ramos et al.,
2012; Smale et al., 2013; Ramos et al., 2016) and nutrient availability (Bricaud et al., 2002; Jenkins et al., 2008; Lejeusne et al.,
2010). In addition, wave exposure and tide amplitude vary
greatly along Atlantic European coasts (Jenkins et al., 2008).
With regards to both local and biogeographic afﬁnities of
species, all these processes may elucidate the observed
large-scale variability in community structure.
Variability in community structure at the scale of quadrats,
although smaller than that at the scale of sites, also emerged
from our analysis. Fine-scale variation in assemblage structure

has been documented for a variety of benthic habitats (Foster,
1990; Underwood & Chapman, 1996; Hughes et al., 1999;
Benedetti-Cecchi, 2001), and could reﬂect the importance of
biotic interactions, such as those previously invoked to
explain patterns of variations of canopy cover and species
richness, i.e. competition, facilitation and grazing.
Although our study included 11 sites spanning a wide
range of environmental and climatic conditions in both the
NE Atlantic and the Mediterranean, we are aware that our
results could partially be inﬂuenced by the sample size of
the data. Dissecting patterns of variation across rocky shores
at a pan-European scale is an ambitious task and a better
understanding of how communities organize in space would
come from the inclusion of more sampling sites, which
would allow the quantiﬁcation of variability at intermediate
spatial scales (Broitman et al., 2001), e.g. among basins
inside the same region.
In conclusion, our results support the view of marine
systems driven by presumably similar ecological processes
that produce comparable patterns of variability across different environmental conditions and species pools. However,
since species identity and functional traits can determine the
spatial structure of natural communities, it could also be possible that different processes may create patterns of spatial
variability that are similar among contrasting systems
(Jenkins et al., 2008). In order to discriminate between these
two explanations, additional comparative and experimental
studies at the pan-European scale are needed. Within the constraints due to the limited range of spatial scales investigated,
our results offer new insights and hopefully will ignite new
interest in the processes driving the distribution of key
species and assemblage structure across European rocky
shores.
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