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Abstract
Mussels form dense three-dimensional beds that serve as habitat to other species. In rocky shores, these beds are
often interspersed by gaps due to patchy dislodgement/mortality caused by the action of waves, predators,
and/or extreme temperatures. Although mussel patches and gaps are known to support distinctive invertebrate
communities, variations in invertebrate habitat function between the interior and edges of mussel patches and
gaps were not yet examined. Here, we evaluated variations in habitat properties and invertebrate composition
between the edge and interior of mussel (Brachidontes rodriguezii) patches and gaps at three rocky shore sites in
the Southwestern Atlantic. Our results indicate that the interior and edge of mussel patches differ in terms of
mussel size and density (i.e., a surrogate of habitat structure) and the amount of sediments they accumulate.
However, this does not directly translate into consistent differences on temperature, desiccation, and invertebrate
composition across sites. As it concerns to gaps, we generally observed increased limpet (Siphonaria lesonii)
densities at their edges, which suggests that they encounter favourable conditions by the perimeter of mussel
patches. The lack of consistent edge effects on the invertebrates of mussel patches suggests that their species
composition would remain largely unaffected by expected increases in gap and edge habitat formation due to
ongoing increases in the frequency and magnitude of storms and heat waves. Yet, if increased availability of
edge habitats leads to increased overall density of limpets in these rocky shores, then changes could be expected
in algal production, composition, and dynamics.

Introduction
Foundation species are species or groups of functionally similar taxa that by virtue of their size and/or
abundance form much of the physical structure of the habitat (e.g., trees in forests, mussels in mussel beds,
corals in coral reefs; Dayton 1972; Ellison et al. 2005; Ellison 2019). In doing so, they determine the diversity of
associated taxa primarily through non-trophic interactions (i.e., physical ecosystem engineering; sensu Jones et
al. 1994, 1997; see Ellison 2019). For instance, the dense three-dimensional beds formed by intertidal mussels
provide other species with attachment surfaces as well as interstitial spaces where water �ow is attenuated,
sediments become trapped, and the impacts of predators, extreme temperatures, and desiccation are all reduced
(Gutiérrez et al. 2003, 2011). Through these non-trophic, engineering mechanisms mussels facilitate other
species and often lead to increased overall invertebrate abundance and richness in rocky shores (e.g., Suchanek
1985; Tokeshi and Romero 1995; Borthagaray and Carranza 2007; Silliman et al. 2011; Bagur et al. 2016).

On the other hand, mussel cover is usually discontinuous in rocky shores as gaps form due to patchy
dislodgement/mortality caused by the action of waves, predators, and/or extreme temperatures (see Paine 1966;
Dayton 1971; Paine and Levin 1981; Sousa 1984; Mislan and Whethey 2015). Differences in the abundance and
composition of invertebrate assemblages between gaps mussel-covered patches have been largely documented
in rocky shores (e.g., Suchanek 1985; Tokeshi and Romero 1995; Borthagaray and Carranza 2007; Bagur et al.
2016). Yet, variation in habitat attributes and invertebrate composition within mussel patches have seldom been
examined in these systems. Jurgens and Gaylord (2016) compared the thermal regime and the exposure of
juvenile mussels to detrimental temperatures across the vertical pro�le of thick (12 cm depth), multi-layered
mussel beds. However, horizontal variations in invertebrate habitat function between the interior and edges of
patches were not yet examined, even when such edge effects proved to be important in patches of other marine
foundation species (e.g., seagrass, Tanner 2005; mangroves, Amortegui-Torres et al. 2013; kelp, Arkema and
Samhouri 2019). Evaluating edge effects in patchy mussel beds is relevant in view of forecasted increases in the
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frequency and magnitude of extreme events such as storms and heat waves (Harley et al. 2006; Byrnes et al.
2011; Oliver et al. 2018), which will likely enhance rates of mussel dislodgement and mortality with concomitant
increases in mussel bed patchiness and the relative proportion of edge habitats.

Here, we evaluate variations in habitat properties and invertebrate composition between the edge and interior of
mussel-covered areas and gaps at three nearby rocky shore sites in the Southwestern Atlantic. The mussel
Brachidontes rodriguezii (d'Orbigny, 1842) is the dominant species in the mid intertidal zone at these sites, where
it forms dense (up to 2000 ind m− 2) and primarily single-layered beds interspersed by gaps (see Penchaszadeh et
al. 2007; Arribas et al. 2015; Gutiérrez et al. 2015; 2018). B. rodriguezii beds trap sediments and modulate
extreme temperatures and desiccation during the low tide (Arribas et al. 2013; Gutiérrez et al. 2019). Yet, mussels
in the edge and interior of patches differ in their position relative to the substrate (anteroposterior axis parallel to
the substrate in the edge of patches and perpendicular to the substrate in their interior; pers. comm.). Additionally,
we had preliminarily observed a trend toward an increased proportion of larger mussels in the interior of patches,
at least in some sites. Differences in mussel position and size between mussel patch edges and interiors could
translate into differences in the ability of mussels to retain sediments and modulate the temperature and
desiccation levels experienced by other organisms. As it concerns to the gaps without mussels, we posit that the
mussels at their perimeter might make gap edges more benign that their interiors as regards to microclimate (e.g.,
shading effects on temperature and moisture) and hydrodynamics (e.g., shielding from water �ows), which may
potentially favor other invertebrates (e.g., limpets; see Dayton 1971; Sousa 1984; Tanaka and Magalhães 2002).

Based on the above observations and predictions, here we investigate (a) the biomass, density, and size of
mussels in the interior and edge of their patches (i.e., as surrogates of mussel bed structure), (b) the sediments
trapped in the interior and edge of mussel patches, (c) temperature and desiccation in the interior and edge of
mussel patches and gaps and, (d) the identity and abundance of invertebrates in the interior and edge of the
mussel patches and gaps.

Material And Methods

Study site and sampling design
This study was conducted at three nearby rocky shore sites in Buenos Aires province, Argentina, namely: Playa
Chica (hereafter “PC”, 38º01’S, 57º31’W), Faro (hereafter “FA”; 38º05’S, 57º32’W), and Copacabana (hereafter
“CO”; 38º14’S, 57º46’W). The three sites are located within a ca. 40 km coastal range between the cities of Mar
del Plata and Miramar. The substrates at these sites are orthoquartzite (PC and FA) and consolidated Pampean
loess cemented with calcium carbonate (CO) (Gutiérrez et al. 2018). Tides along this area are semidiurnal and
microtidal (0.83 m mean amplitude, Servicio de Hidrografía Naval, www.hidro.gov.ar).

Mussel patches and gaps were sampled in the horizontal surfaces at the mid intertidal zone of these sites (i.e.,
the level occupied by mussel beds; see Introduction). The edge and interior (hereafter “Positions”) of mussel
patches and gaps were de�ned as follows (see Fig. 1). In mussel patches, edge was de�ned as the 6 cm fringe by
their perimeter where mussels are predominantly positioned with their anteroposterior axis parallel to the
substrate whereas the interior was considered as the area within the mussel patches at least 10 cm from its
perimeter where virtually all mussels are positioned with their anteroposterior axis perpendicular to the substrate.
Analogously, the edge in gaps was de�ned as the 6 cm fringe adjacent to the mussel bed perimeter and the gap
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interior was considered as the area located at least 10 cm from the mussel bed perimeter. Edges and interiors
were sampled from different mussel patches/gaps to ensure sample independence.

Mussel biomass, density, and size
On January 2017, squared mussel beds samples (5 cm side) were taken from the edge and interior of mussel
patches with the aid of a putty knife (six replicates each). Samples were preserved in alcohol 96% and taken to
the lab, where mussels were sorted from sediments and other organisms and then oven-dried (60°C during 15 h).
After drying, the mussels were weighed (0.01 g precision) and counted to respectively calculate their biomass and
density per sample. Fifty mussels were then taken at random from each sample and measured along their
anteroposterior axis using a digital caliper (0.01 mm precision).

Variations in mussel biomass were evaluated with a linear model with Position and Site as factors and a
variance structure since data was heteroscedastic (package nlme in R; Pinheiro et al. 2019; R Core Team 2020).
Variations in the density of mussels were evaluated with a generalized linear model (negative binomial
distribution and log link function) with Sites and Position as factors. We used a negative binomial distribution as
our data were counts showing overdispersion (Allison 2012). Model parameters were estimated with maximum
likelihood method using package MASS in R (Venables and Ripley 2002; R Core Team 2020). Differences
between Positions at each Site were evaluated with planned Tukey tests using the emmeans package with R
(Lenth 2019; R Core Team 2020). Finally, differences in the size-frequency distributions of mussels between the
interior and edges of patches at each Site were evaluated using Kolmogorov-Smirnov tests (Zar 1984; n = 300).

Sediment trapped in mussel patches
The sediment retained within edge and interior of mussel patches was quanti�ed from the same samples
collected for invertebrate analysis in December 2014 (see Invertebrate composition and density). Twenty
rectangular samples (6 x 12 cm) were taken from the interior and edge of mussel patches with the aid of a putty
knife. In edge samples, the longer side of the rectangle was placed parallel to the patch perimeter (see
Invertebrate composition and density, for rationale behind the choice of sample shape and dimensions). Samples
were preserved in alcohol 96% and then sieved in the laboratory with 500 and 62 µm meshes to separate
sediment particles from mussels and other macrofauna. The sediments collected in both sieves were pooled,
oven-dried (70°C during 24 hours) and weighed (0.0001 g precision). The sediments smaller than 62 µm (silt and
clay) were not included in the analysis as they make a minor fraction of the sediment mass in these shores (pers.
comm.).

Variations in the dry weight of sediments trapped in the edge and interior of mussel beds were evaluated with a
linear model with Position and Site as factors and a variance structure since data was heteroscedastic (package
nlme in R; Pinheiro et al. 2019; R Core Team 2020).

Desiccation and temperature
The ability of mussel beds to reduce desiccation during air exposure was evaluated at the three sites on
December 6, 2017. This was a sunny, hot day (maximum temperature: 31°C). The mid intertidal zone in that date
become air exposed around 1:00 PM (the minimum low tide occurred at 4:39 p.m.). Desiccation was quanti�ed
as water loss from absorbent cloth pre-wetted in seawater. Absorbent cloth pads (6 x 6 cm, n = 5) were placed
under the mussel layer in the edge and interior of mussel patches, and on the rock surface in the edge and interior
of gaps. To place the cloth pads under the mussel layer a portion of that layer was removed with a putty knife,
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the cloth piece was placed on the exposed rock surface, and the portion of the mussel layer returned to its
original position covering the pad. Pre-wetted absorbent cloth pads were weighed right before deployment (1:40
p.m., same hour at the three sites) and retrieved and weighed again 2 hours later (0.01 g precision). Desiccation
was expressed as percent water loss from the absorbent over the study period. Differences in desiccation
between Positions and Sites were analysed with beta regression (logit link function) using the betareg package in
R (Cribari-Neto and Zeileis 2010; R Core Team 2020). Differences between Positions at each site were evaluated
with planned Tukey tests using the emmeans package with R (Lenth 2019, R Core Team 2020).

Temperatures in the edge and interior of mussel patches and gaps were measured at CO on March 31, 2019,
during a midday low tide (24°C maximum temperature; minimum low tide at 11:06). Temperature was recorded
every minute from 10:45 a.m. to 2:20 p.m. using data loggers (Hobo MX2201 and UA-001-64; 4 loggers per
Position). The loggers in mussel patches were placed under the mussel layer while those in gaps were placed
directly on the rock surface. To place the loggers under the mussel layer a portion of that layer was �rst removed
with a putty knife. Then, a hole of the size of the logger was made in the rock and the logger inserted into the hole
with their top surface �ushing with the rock surface. Finally, the portion of the mussel layer was placed again in
its original position covering the hole with the logger. Loggers were placed in holes to avoid altering the elevation
and topography of the mussel layer. Measurements were made only in CO because we lacked su�cient loggers
to simultaneously repeat them at the two other sites. Additionally, this site shows a relatively soft substrate (cf.
hard quartizitic rock at the two other sites; see Study site and sampling design), which made easier to make holes
for the placement of loggers. Differences in the maximum and minimum temperature between Positions were
evaluated with linear models. Differences between Positions were evaluated with Tukey tests using the emmeans
package with R (Lenth 2019; R Core Team 2020).

Invertebrate composition and density
Invertebrates in the edge and interior of mussel patches and gaps were sampled at every site on February, May.
August, and December 2014 (i.e., summer, autumn, winter, and spring, respectively; n = 10). The samples from
mussel patches were rectangular (6 x 12 cm) portions of the mussel layer that were removed with a putty knife.
We opted for that kind sampling unit as they can be �t within the edge of the mussel bed (i.e., with their longer
side parallel to the perimeter of the mussel patch) and approximates the area of the cylindrical core that is the
standard to sample mussel bed invertebrates at these sites (i.e., 10 cm diameter core; see, Palomo et al. 2016;
Gutiérrez et al. 2019; Arribas et al. 2019). These samples were �xed in 96% alcohol, sieved in the lab with a 500
µm mesh, and invertebrates identi�ed and quanti�ed under stereoscopic microscope. Samples from gaps were
taken with equal-sized (6 x 12 cm) rectangular frames (edge samples taken with the longer side of the frame
adjacent to the gap perimeter). The invertebrates in gap samples were identi�ed and quanti�ed in the �eld. All
organisms were identi�ed to the lowest possible taxonomic level. Assemblage structure was compared among
Positions using permutational multivariate analysis of variance (PERMANOVA) of Bray-Curtis dissimilarities
(PRIMER program; Clarke 1993) and a non-metric multidimensional scaling (nMDS) of Manhattan dissimilarities
was done to visualize the possible differences (PAST software; Hammer et al. 2001). Furthermore, differences in
the number of invertebrate species per sample (i.e., species density; see Underwood et al. 2008 were analysed
using a generalized linear model with Position, Site and Season as �xed effects explanatory variables. A Conway-
Maxwell Poisson distribution and log link function were used in this case because the data showed sub-
dispersion. Differences in the densities of common species (those present at all Sites and showing mean overall
densities over one individual per sample) were evaluated with generalized linear models using a negative
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binomial distribution and a log link function since data showed overdispersion in all cases (Allison 2012). All
generalized linear models were done using the MASS package with R (Venables and Ripley 2002; R Core Team
2020). Differences between Positions were evaluated with planned Tukey tests using the emmeans package with
R (Lenth 2019; R Core Team 2020).

Results
Mussel biomass, density, and size

Mussel biomass was higher in the interior than the edge of patches at the three sites (Table 1, Fig. 2a) but mussel
density was always lower in the interior than in the edge of patches (Table 1, Fig. 2b), which indicates the
presence of larger mussels in the interior of patches. Accordingly, mussel size-frequency distributions
signi�cantly differed between patch edges and interiors at the three sites (Kolmogorov-Smirnov tests, Dmax =
0.103, 0.123, and 0.09 at PC, FA y CO, respectively, n = 300, P < 0.05 in all cases; Figs. 2c-e). A higher proportion of
larger mussels was found in the interior than in the edge of mussel patches (Figs. 2c-e).

Sediment trapped in mussel patches

A higher amount of sediment was retained in the interior than in the edge of mussel patches across the three
sites (Table 1, Fig. 3).

Table 1 Analysis of deviance for linear model relating mussel biomass and sediment weight and generalized
linear model relating mussel density between Positions (interior and edge of mussel patches and gaps) and Sites
(Playa Chica, Faro, and Copacabana). Asterisks indicate signi�cant effects

    χ2 df p  

Mussel biomass        

  Site 208.58 2 < 0.001 *

  Position 6.74 1 < 0.001 *

  Site: Position 2.95 2 0.228  

Mussel density        

  Site 127.44 2 < 0.001 *

  Position 12.10 1 < 0.001 *

  Site: Position 1.33 2 0.513  

Sediments retained        

  Site 11.34 2 0.003 *

  Position 14.35 1 < 0.001 *

  Site: Position 1.77 2 0.555  

Desiccation and temperature



Page 7/26

Desiccation showed different patterns across Positions at each Site (Table 2, Fig. 4). Yet, evidence of edge
effects was only found at FA where mussel patch interiors showed lower desiccation relative to gaps (edge and
interior indistinctly), and mussel patch edges did not differ from both of the above (Fig. 4). Lower desiccation
was observed in mussel patches relative to gap in PC, but no difference was found between edges and interiors
both in mussel patches and gaps (Fig. 4). Finally, there were no differences in desiccation between all four
positions at CO (Fig. 4).

Table 2 Analysis of deviance for beta regression model relating desiccation (as percent water loss from pre-
wetted absorbent cloth pads) with Positions (interior and edge of mussel patches and gaps) and Sites (Playa
Chica, Faro, and Copacabana). Asterisks indicate signi�cant effects

  χ2 df p  

Site 1.19 3 0.755  

Position 20.35 2 < 0.001 *

Site: Position 32.7 6 < 0.001 *

Maximum and minimum temperatures did not differ between the interior and edge of mussel patches nor
between the interior and edge of gaps (Fig. 5). Maximum and minimum temperatures underneath the mussel bed
were 5-6 °C lower than those on gaps (Table 3, Fig. 5).

Table 3 Analysis of variance for linear model relating the maximum and minimum temperature between
Positions (i.e., interior and edge of mussel patches and gaps) in Copacabana. Asterisks indicate signi�cant
effects

  Source of variation MS df F p

Max. temperature          

      Position 43.16 3 69.52 0.005 *

      Residual 6.21 12    

Min. temperature          

      Position 40.93 3 70.83 0.005 *

      Residual 5.78 12    

 

Invertebrate composition and density

Twenty invertebrate taxa were collected in the samples (see Table 4). In mussel patches, the most abundant
species were the pulmonate limpet Siphonaria lessonii, followed by the barnacle Balanus glandula and
polychaetes Syllis spp. and Boccardia polybranchia. Most of the species sampled in mussel patches were found
both in their edges and their interiors, except for some species that occurred at low densities (less 3 individuals
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across all samples) and were only found at the edges (see Table 4). S. lessonii and B. glandula were the only
invertebrate species found in gaps.

The effect of Position on invertebrate assemblage composition varied across Sites and Seasons in an
inconsistent fashion (i.e., a signi�cant second-order interaction was observed between exploratory explanatory
variables; Table 5, Fig. 6). Similar results were obtained for species density (Table 6, Fig. 7a) as well as the
densities of Siphonaria lessonii and Balanus glandula (Table 6). S. lessonii densities were commonly higher in
the edge than the interior of gaps and generally similar between the edge and interior of mussel patches (but see
spring samples from CO; Fig. 7b). B. glandula densities were generally higher in gaps than in mussel patches but
usually did not differ between edge and interiors both in mussel patches and gaps (exceptions were the autumn
samples from PC and winter samples from FA; Fig. 7c).

Table 4 List of taxa found in the samples. Abbreviation corresponds to the different Positions (MI: Mussel Interior,
ME: Mussel Edge, GI: Gap Interior, GE: Gap Edge). The underlined crosses indicate species with less than four
individuals found at each Position and Site
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Species Taxa Playa Chica Faro Copacabana

MI ME GE GI MI ME GE GI MI ME GE GI

Siphonaria
lessonii

Mollusca
Gastropoda

X X X X X X X X X X X X

Balanus
glandula

Crustacea
Decapoda

X X X X X X X X X X X X

Hyale
grandicornis

Crustacea
Amphipoda

X X     X X     X      

Monocorophium
sp.

Crustacea
Amphipoda

X X       X            

Tanaidacea
indet.

Crustacea
Tanaidacea

        X X            

Sphaeroma
serratum

Crustacea
Isopoda

X X     X X            

Idotea balthica Crustacea
Isopoda

X X                    

Halosydnella
australis

Annelida
Polychaeta

X         X       X    

Syllis gracilis Annelida
Polychaeta

X X     X X     X      

Syllis spp. Annelida
Polychaeta

X X     X X     X X    

Nereididae sp. Annelida
Polychaeta

X X     X X     X X    

Boccardia
polybranchia

Annelida
Polychaeta

X X     X X     X X    

Protoariciella
sp.

Annelida
Polychaeta

X X     X X            

Caulleriella sp. Annelida
Polychaeta

  X                    

Capitella sp. Annelida
Polychaeta

  X                    

Nemertea indet. Nemertea X X     X X     X X    

Actiniaria indet. Cnidaria
Anthozoa

  X     X              

Chironomidae
sp.

Insecta Diptera X X     X X     X X    

Pachycheles
laevidactylus

Crustacea
Decapoda

  X                    

Ammotheidae Insecta
Pycnogonida

  X                    
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Turbellaria
indet.

Platyhelminthes   X                    

Table 5 PERMANOVA testing the effect of Positions (i.e., interior and edge of mussel patches and gaps), Sites
(Playa Chica, Faro, and Copacabana) and Seasons (Summer, Autumn, Winter and Spring) on invertebrate
assemblage composition. Asterisks indicate signi�cant effects

  Source of variation MS df F p

Max. temperature          

      Position 43.16 3 69.52 0.005 *

      Residual 6.21 12    

Min. temperature          

      Position 40.93 3 70.83 0.005 *

      Residual 5.78 12    

As for the taxa that exclusively occurred in mussel patches, the most common were the polychaetes Syllis spp.
and Boccardia polybranchia, and the larvae/pupae of Chironomidae. Syllis spp. densities were higher in the edge
than in the interior of mussel beds at some Sites and Seasons (Table 6, Fig. 8a). The densities of B. polybranchia
did not differ between the interior and edge of mussel patches in all the Sites and Seasons (Table 6, Fig. 8b).
Chironomid densities did not generally differ between the interior and edge of mussel patches across Sites and
Seasons (the sole exception were the spring samples at CO, which showed increased densities in the interior of
mussel patches relative to edges; Table 6, Fig. 8c).

Table 6 Analysis of deviance for generalized linear models relating species density (i.e., number of species per
sample) and the density of common species (i.e., those present at all Sites and showing mean overall densities
over one individual per sample) between Positions (i.e., interior and edge of mussel patches and gaps), Sites
(Playa Chica, Faro, and Copacabana) and Seasons (Summer, Autumn, Winter and Spring). Asterisks indicate
signi�cant effects 
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    χ2 df p  

Species density          

  Site 70.23 2 < 0.001 *

  Position 788.71 3 < 0.001 *

  Seasons 97.86 3 < 0.001 *

  Site:Position 30.47 6 < 0.001 *

  Site: Seasons 65.74 6 < 0.001 *

  Position: Seasons 77.69 9 < 0.001 *

  Site:Position: Seasons 53.58 18 < 0.001 *

Siphonaria lessonii        

  Site 554.6 2 < 0.001 *

  Position 90.87 3 < 0.001 *

  Seasons 202.03 3 < 0.001 *

  Site:Position 76.73 6 < 0.001 *

  Site: Seasons 63.78 6 < 0.001 *

  Position:Seasons 133.6 9 < 0.001 *

  Site:Position:Seasons 64.16 18 < 0.001 *

Balanus glandula          

  Site 137.25 2 < 0.001 *

  Position 279.84 3 < 0.001 *

  Seasons 7.491 3 0.058  

  Site:Position 17.86 6 0.006 *

  Site: Seasons 28.47 6 < 0.001 *

  Position:Seasons 24.28 9 0.003 *

  Site:Position:Seasons 29.99 18 0.037 *

Syllis spp.          

  Site 98.419 2 < 0.001 *

  Seasons 60.856 3 < 0.001 *

  Position 7.561 1 0.006 *

  Site: Seasons 58.380 6 < 0.001 *
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  Site:Position 3.704 2 0.157  

  Position:Seasons 7.437 3 0.059  

 

Chironomidae larvae-pupae

Site:Position:Seasons 11.337 6 0.078  

         

  Site 6.55 2 0.037 *

  Position 0.07 1 0.798  

  Seasons 430.18 3 < 0.001 *

  Site:Position 5.1 2 0.078  

  Site:Seasons 45.19 6 < 0.001 *

  Position:Seasons 10.52 3 0.015 *

  Site:Position:Seasons 9.54 6 0.145  

Boccardia polybranchia        

  Site 83.36 2 < 0.001 *

  Position 2.66 1 0.102  

  Seasons 6.923 3 0.074  

  Site:Position 0.6 2 0.74  

  Site:Seasons 22.19 6 0.001 *

  Position:Seasons 1.76 3 0.621  

  Site:Position:Seasons 6.01 6 0.422  

Discussion
In summation, our results indicate that the interior and edge of mussel patches differ in terms of habitat structure
(i.e., higher mussel biomass, lower density, and larger individuals in the interior; also differences in the prevailing
position of mussels relative to the substrate, see Introduction) and the amount of sediments they accumulate
within the mussel matrix (i.e., higher in the interior). These differences, however, do not directly translate into
differences in temperature (i.e., similar between interior and edge), desiccation (i.e., differences observed at one
out of the three sites), and invertebrate composition (i.e., inconsistent patterns across sites and seasons). In
agreement, differences in the abundance of some common taxa between the edge and interior of patches were
inconsistently observed across sites and seasons (e.g., Balanus glandula) or not observed at all (e.g., Boccardia
polybranchia). On the other hand, the edge and interior of gaps did not differ as regards to temperature and
desiccation, but frequently differed in limpet (Siphonaria lessonii) densities (i.e., higher at the edge of gaps). This
suggests that gap edges have emergent properties of which limpets can take advantage, aside from the observed
lack of differences in temperature and desiccation between gap edges and interiors.
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Although differences in mussel size, density, and biomass between the edge and interior of mussel patches
suggest differences in packing and space available to interstitial invertebrates (e.g., polychaetes, amphipods,
isopods), there were no consistent differences in the taxonomic composition of invertebrate assemblages
between mussel bed edges and interiors across sites and/or seasons, nor consistent differences in the
abundance of common invertebrate taxa. This suggests that structural differences between mussel bed edges
and interiors are not large enough to be relevant to invertebrates (cf. previous studies comparing morphologically
different mussel species or those where mussel size and clumping were manipulated to produce sharp
differences in mussel bed structure; e.g., Palomo et al. 2007; Gestoso et al. 2013). Similarly, although sediment
availability was higher in the interior of mussel beds, there were no differences in the density of sediment-
dependent species, such as the polychaete Boccardia polybranchia. This means that mussel patch edges and
interiors show comparable habitat quality for invertebrates in spite of differences in three-dimensional structure
and sediment availability. The general lack of differences in invertebrate composition and density between the
edge and interior of mussel beds is in line with recent �ndings by Bertolini et al. (2020) in soft-bottom mussel
beds.

Desiccation differed between the interior and edge of the mussel patches only at one site (FA), being lower in the
interior. This could be a consequence of increased water holding capacity due to higher accumulation of
sediments, and reduced evaporation due to denser mussel packing in the interior of mussel patches. The lack of
differences in desiccation at the two other sites could be attributable to different reasons. One of these sites (PC)
remains exposed to sea spray and episodic wave splash during the low tide (Olivier et al. 1966; Gutiérrez et al.
2018), which may have maintained homogeneous moisture within mussel patches in spite of structural and
sedimentary differences between interior and edges. The remaining site (CO) has a different substrate
(consolidated loess; see Material and methods), which absorbs water and might have contributed to equivalent
water losses in the interior and edge of mussel patches. It is thus likely that local conditions (e.g., sea spray and
wave splash at low tide, substrate type) override any potential differences in desiccation between mussel bed
edges and interiors at these sites.

As it concerns to temperature, our measurements conducted at a single site (CO) indicate lack of differences
between patch interior and edges. This suggests that heat conduction from mussels to their underlying substrate
is similar in the edge and interior of their single-layered patches, notwithstanding their differences in relative
mussel size and position relative to the substrate. Because of their predominant position relative to the substrate
(i.e., antero-posterior axis parallel to the substrate), mussels in edges show a higher proportion of their surface
into contact with the substrate (cf., mussels in interiors with their antero-posterior axis perpendicular to the
substrate). An increased surface into contact with the substrate should lead to increased heat conduction (see
Mislan and Wethey 2015). Thus, increased temperatures underlying the edge of mussel patches should be
expected when considering mussel position alone. However, mussels in the interior of patches are larger than
those in edges and retain more sediment in their interstitial space, both of which might contribute to levels of
heat conduction similar than those in mussel edges. Caution must be taken, however, when attempting to
extrapolate this result and interpretation to sites where mussel bed edges and interiors differ in their capacity to
retain water during the low tide (possibly FA), as this may translate into differences in evaporative cooling (see
Helmuth 1998).

From the two invertebrate species found in gaps, only the limpet Siphonaria lessonii was affected by edges. The
barnacle Balanus glandula was generally found at similar densities in gap edges and interiors. This is
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unsurprising as B. glandula is a sessile species whose distribution in relation to gap edges would be determined
by larval settlement and post settlement survival, both of which are favoured by the presence of small (mm-
scale) roughness elements on the rock surface (see Schubart et al. 1995; Savoya and Schwindt 2010) that occur
at random locations within the gaps (i.e., irrespective of distance to the to the mussel patch perimeter). In
contrast, S. lessonii usually occurred at higher densities in gap edges. This limpet feeds on settling algal spores
and sporelings on moist rock surfaces exposed by the ebbing tide but, once these surfaces dry out, they
aggregate into relatively moister and thermally benign microhabitats, such as crevices (Olivier and Penchaszadeh
1968; López-Gappa et al. 1996; Aguilera and Navarrete 2011). It is possible that limpets encounter higher
humidity and less stressful temperatures by the perimeter of the mussel bed due to shading by the mussels
themselves and, possibly, due to the gradual release of interstitial water from the mussel bed. Although we failed
to detect differences in desiccation and temperature between gap edges and their interiors, it is still possible that
differences occur at a scale smaller than that of our desiccation (5-cm side squared absorbent pads) and
temperature measurements (3-cm diameter circular data loggers) but which may still be relevant to limpets (see
Strayer et al. 2003; Carroll et al. 2019 for issues of scale and grain when evaluating edge effects). Aggregation
itself is also a common behavior in limpets and other intertidal gastropods (e.g., Branch 1981; Garrity 1984;
Gallien 1985; Chapman and Underwood 1996; Stafford et al. 2012), which has been postulated to reduce
desiccation by enhancing water retention on the rock surface and modifying air circulation over the individuals
(see Garrity 1984; Gallien 1985; but see Coleman 2010). Aggregation to conspeci�cs and mussels at the edge of
gaps, together with the exploitation of a potentially moister habitat by the perimeter of the mussel bed, may
reduce desiccation in S. lessonii and probably account for their higher densities in the edge rather than the interior
of gaps.

Understanding species responses to edges in mussel-dominated rocky shores is important as mussel beds are
expected to be increasingly fragmented in the future due to patchy dislodgement and mortality caused by storms
and heat waves. Indeed, the intensity, frequency, and duration of storms and heat waves in the study region has
been increasing over the past decades, and these trends are expected to continue (see Fiore et al. 2009; Dragani
et al. 2013; Barros et al. 2015; Rusticucci et al. 2016). Under such scenarios, gaps could be predicted to form
more frequently and become more abundant in mussel bed areas, leading to an increased extent of edge
habitats. Our �ndings, however, suggest that invertebrate composition and abundance are not markedly
in�uenced by habitat edges. In the case of the invertebrates inhabiting mussel patches, the general lack of edge
effects suggest that species composition would remain largely unaffected by increasing mussel bed
fragmentation whereas their overall abundance would decrease proportionally to the overall decrease in mussel
cover.

As it concerns to gaps, the observed tendency of limpets. Siphonaria lessonii, toward forming high density
aggregations in gap edges suggests putative changes in the biotic composition and functioning of these shores
as fragmentation increases. Indeed, if increased availability of edge habitats leads to increased overall density of
limpets in rocky shores, then changes could be expected in algal production, composition, and dynamics. At this
stage, the nature of such changes is hard to predict since the effects of edge habitats on limpet grazing and the
dynamics of algal colonization in gaps will depend on limpet grazing preferences, the extent of their grazing
excursions, and the size and perimeter-area ratio of gaps (see Tanaka and Magalhães 2002). Since limpet
aggregation in gap edges seems to be a common response to mussel bed fragmentation (see Sousa 1984; Ruiz
Sebastián et al. 2002; Tanaka and Magalhães 2002, for examples with other limpet species at other world
locations) they are likely important drivers of change in mussel-dominated rocky shore communities facing
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increasing impacts of storms and heat waves. Studies relating the effects of limpet grazing with gap dynamics
as in�uenced by storms and heat waves could help predict changes in such communities in view of impending
increments in mussel bed fragmentation.
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Figures

Figure 1

Positions sampled at each site. Blue and orange lines represent the positions sampled within mussel patches
and gaps, respectively
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Figure 2

(a, b) Mean (SD) biomass (a) and density (b) of mussels in the interior and edge of patches. In both cases,
differences were signi�cant across sites (Main effect: p < 0.05). (c, d, e) Size frequency distributions of mussels
in the interior and edge of mussel patches at Playa Chica (c, PC), Faro (d, FA), and Copacabana (e, CO).
Signi�cant differences in size distributions were found in all sites (p < 0.05)
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Figure 3

Mean (SD) weight of sediment retained in the interior and edge of mussel patches at three sites (PC: Playa Chica,
FA: Faro, Co: Copacabana). Differences were signi�cant across sites (Main effect: p < 0.05)

Figure 5
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Mean (SD) desiccation (as percent water loss from absorbent cloth pads) in the interior and edge of mussel
patches and gaps. Different letters above bars indicate signi�cant differences within each site (p < 0.05)

Figure 6

Mean (SD) maximum (a) and minimum (b) temperatures recorded in the interior and edge of mussel patches and
gaps in Copacabana. Different letters above bars indicate signi�cant difference
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Figure 7

Non-metric multidimensional scaling plot comparing species assemblages between Positions (interior and edge
of mussel patches and gaps) at each Site (PC: Playa Chica, FA: Faro, CO: Copacabana) and Seasons (Summer,
Autumn, Winter, Spring)
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Figure 8

Mean (SD) species density (i.e., number of species per sample) (a), and mean (SD) density of two common
species: the pulmonate limpet Siphonaria lessonii (b) and the barnacle Balanus glandula (c), in the interior and
edge of mussel patches and gaps at each Site (PC: Playa Chica, FA: Faro, CO: Copacabana) and Season (Sum:
Summer, Aut: Autumn, Win: Winter and Spr: Spring). Different letters above bars indicate signi�cant differences
at each Site and Season
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Figure 9

Mean (SD) density of three common taxa: the polychaetes Syllis spp. (a) and Boccardia polybranchia (b), and
larvae-pupae of Chironomids (c) in the interior and edge of mussel beds at each Site (PC: Playa Chica, FA: Faro,
CO: Copacabana) and Season (Sum: Summer, Aut: Autumn, Win: Winter and Spr: Spring). Asterisks above bars
indicate signi�cant differences between interior and edges at a given Site and Season


