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A B S T R A C T

Sedimentation in rocky shores occurs through natural processes, but it is rising globally due to anthropogenic 
activities. However, few studies have assessed sediment effects on habitat-forming species and its harboured 
assemblages. To fill this knowledge gap, the mussel Mytilus galloprovincialis was considered as model habitat- 
forming to evaluate differences associated with varying sediment loads on mussel density and its invertebrate 
assemblages harboured. Field data were obtained at two non-urban intertidal rocky shores in the Northern 
Portuguese coast. First, the relationship between sediment load in mussel clumps and the associated invertebrate 
assemblages was examined in terms of abundance, richness, Pielou and Shannon indexes and multivariate 
structure. Then, mussel clumps with low and high sediment load were selected at each rocky shore to test dif
ferences on density and size of mussels and assemblage descriptors between them.

Sediment on mussels was composed by very coarse and coarse sand and showed a patchy distribution, but 
density and size of mussels were unaffected by sediment. Our results suggest significant effects of sediment on 
invertebrate assemblage associated with mussels specifically, decreasing evenness and heterogeneity of assem
blages by favouring species tolerant to sediment (annelids, copepods and nematodes) and reducing the abun
dance of grazers and Nucella lapillus. As grazers and N. lapillus are considered keystone species, changes on them 
may trigger cascading effects on rocky shore ecosystems.

Our results highlight that even sedimentation derived from natural processes may impact intertidal biodi
versity, which should be considered when managing coastal interventions specially in the current global change 
framework that probably will exacerbate sedimentation.

1. Introduction

Intertidal rocky habitats support biologically diverse and productive 
assemblages (Branch and Steele, 2001; Benedetti-Cecchi and Trussell, 
2014), but they are amongst the most physically harsh habitats on Earth 
(Tomanek and Helmuth, 2002). Their position at the land–sea boundary 
exposes local assemblages to extreme fluctuations of physical conditions 
derived from the gradient between marine and terrestrial conditions 
(Branch and Steele, 2001). At the same time, they are easily accessible to 
humans and are exposed to many anthropogenic activities and distur
bances (Thompson et al., 2002; Kunze et al., 2021).

Sedimentation is among the most prevalent and growing disturbance 

on rocky shores (Airoldi, 2003; Schiel and Gunn, 2019). Sediments can 
reach intertidal rocky shores due to natural processes such as river flows 
and cliff erosion (Thompson et al., 2002; Airoldi, 2003). However, the 
most common natural process that contribute to sediment inputs to 
intertidal rocky shores is the resuspension and transport of sediments 
from nearby habitats (beaches and subtidal areas) by wind, currents and 
waves (Airoldi, 2003). Natural sedimentation can be intensified by 
weather extreme events (e.g., storms, floods), which are becoming more 
common in the current scenario of global change (Scavia et al., 2002; 
Kooistra et al., 2025). Furthermore, sediment load in coastal habitats is 
rising globally as result of anthropogenic activities being expected to 
increase in the future (Thompson et al., 2002; Balata et al., 2007). 
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Nowadays sedimentation is of primary concern for coastal ecosystem 
functioning since the scale and extent of anthropogenic sedimentation 
frequently overdo that from natural processes [e.g. (Lazo et al., 2025; 
GESAMP, 1994),].

Sedimentation in rocky shores can emerge from direct anthropogenic 
alterations in the nearby coastal landscape such as industrial and do
mestic discharges, mining activities, infrastructure constructions (e.g., 
roads, bridges, harbours), dredging and beach nourishment (Airoldi, 
2003; Magris and Ban, 2019). Nevertheless, human activities often in
fluence sediment input to rocky shores indirectly by advancing soil 
erosion, altering the shoreline and river basins, which modify hydro
dynamics and bottom features (Magris and Ban, 2019; Miller et al., 
2002). Recent research points out that the instalment of offshore 
renewable energy devices (wind, wave and tidal) will also increase 
sedimentation in coastal habitats (Rezaei et al., 2023).

In this context, the increase of sediment deposition in coastal areas is 
perceived as a great threat to biodiversity worldwide (Magris and Ban, 
2019; United Nations Environmental Programme, 1995). Rocky shores 
are amongst the habitats potentially most sensitive to sedimentation 
since once deposited, sediment can directly bury, smother, abrade 
and/or scour sessile and vagile organisms, which are the majority on 
rocky intertidal shores (Airoldi, 2003; Atalah and Crowe, 2010; 
Anderson et al., 2008a; Hutchison et al., 2020; Vaselli et al., 2008). 
Moreover, it can indirectly modify habitats and interplays with other 
physical and biological factors, namely reducing light or oxygen (Magris 
and Ban, 2019; Miller et al., 2002) and changing species interactions 
such as reducing grazing and competition (Engledow and Bolton, 1994; 
Airoldi and Hawkins, 2007). Previous studies have found sediment im
pacts on settlement, recruitment, growth and survival of taxa, eventually 
favouring sediment tolerant species against the most sensitive ones 
(Minchinton and Fels, 2013; Atalah and Crowe, 2010; Dos Santos et al., 
2018). Regarding diversity, previous studies have found adverse effects 
of sediment determined by the dominance of sediment tolerant species 
(Airoldi, 2003; Engledow and Bolton, 1994). However, other studies 
reported a positive effect of sediment on diversity due to increased 
habitat heterogeneity (Thompson et al., 2002; Prado and Castilla, 2006).

Habitat-forming species (e.g., seaweeds, bivalves, corals) are com
mon and in many cases dominant on intertidal rocky shores globally 
(Veiga et al., 2020; King et al., 2025) and they offer protection from 
abiotic and biotic pressures (Arribas et al., 2013; Cameron et al., 2024). 
Therefore, they play critical functions being considered biodiversity 
hotspots (Cameron et al., 2024; Veiga et al., 2022a; Torres et al., 2022). 
Many of these species are able of trapping sediment and shape sediment 
distribution (transport and deposition) in intertidal shores (Cameron 
et al., 2024; Airoldi and Virgilio, 1998; Crowe et al., 2004), but quan
titative data are still very scarce (Airoldi, 2003).

The most noticeable habitat-forming species on exposed or moder
ately exposed intertidal shores along the south of the European Atlantic 
and Mediterranean coasts is the mussel, Mytilus galloprovincialis 
Lamarck, 1819 (Veiga et al., 2022a; Ramos-Oliveira et al., 2021). Pre
vious studies demonstrated that mussel beds are exposed to high mor
tality rates as consequence of sediment scouring and burial and by the 
high content of suspended sediment in water (Anderson et al., 2008a; 
Dos Santos et al., 2018; Hutchison et al., 2016). However, effects of 
sediment on mussels are depend on burial duration, sediment grain size 
and mussel species; for instance, M. edulis Linnaeus, 1758 is able of 
emerging from burial (Hutchison et al., 2016, 2020). Moreover, Zardi 
et al. (2008) found a negative correlation between sediment load and 
attachment capacity to substrate in two mussel species 
(M. galloprovincialis and Perna perna (Linnaeus, 1758)). Therefore, 
sediment indirectly makes mussels more susceptible to removal by other 
disturbances.

At the same time, mussel clumps are recognised for accumulating 
large amounts of sediments (Cameron et al., 2024; Crowe et al., 2004; 
Ramos-Oliveira et al., 2021). Different studies in South Africa and 
Argentina pointed out that sediment load on rocky intertidal 

assemblages is seasonal, being maximum in autumn (Anderson et al., 
2008a; Dos Santos et al., 2018; Zardi et al., 2008). However, mussel 
clumps kept up consistent sediment loads over a year despite temporal 
variations in sediment deposition (Dos Santos et al., 2018). Likewise, 
retained sediment in mussel clumps in Northern Portugal was not 
significantly different between dates and seasons (Ramos-Oliveira et al., 
2021), suggesting a constant capacity of mussel beds to retain sediment 
and supporting the hypothesis that mussels play an important role on 
coastal sediment dynamics. However, the capacity of biological factors 
to shape the occurrence and distribution of sediments on rocky coasts 
has been widely overlooked (Airoldi, 2003).

Sediment included in mussel clumps is considered a structural 
component and can shape the structure of mobile and sessile assem
blages harboured by mussel clumps (Airoldi, 2003; Cameron et al., 
2024; Crowe et al., 2004). However, effects of sediment on invertebrate 
assemblages associated with mussel clumps have been scarcely studied 
(Dos Santos et al., 2018) and quantitative data from field observations 
on the sediment amount accumulated are still scarce (Airoldi, 2003). 
Recent losses of habitat-forming species such as mussel beds due to 
anthropogenic factors (King et al., 2025; Fields and Silbiger, 2022; 
Montie and Thomsen, 2023) have advocated the necessity to understand 
drivers shaping their associated assemblages. More research is required 
to ascertain effects of increasing sediment loads on intertidal rocky 
assemblages.

The present study aimed to improve our knowledge on how sediment 
load deposited over M. galloprovincialis clumps influences mussel density 
and size, and its hosted invertebrate assemblages on exposed rocky 
intertidal shores in the north Portuguese coast. A field approach was 
used to provide realistic and quantitative data of sediment load on 
mussels and its influence on intertidal biodiversity. The following 
working hypotheses were tested: 1) there is a relationship between 
sediment load with mussel density and the abundance (N), richness (S), 
Pielou (J′) and Shannon indexes (H′) and the multivariate structure of 
associated invertebrate assemblages; 2) density and size of mussels, N, S, 
J′ and H’ are lower on mussel clumps with high sediment load than on 
clumps with low sediment; 3) the multivariate structure of invertebrate 
assemblage differs between mussel clumps with high and low sediment 
load and it is more homogenous in clumps with high sediment load.

2. Material and methods

2.1. Study area

This study was done at two intertidal rocky shores, separated about 
2 km, in the northern Portuguese coast (NW of Iberian Peninsula): 
Âncora (41◦49′25.93″ N; 8◦52′27.42″ W) and Moledo (41◦50′28.81″ N; 
8◦52′32.30″ W), which are similarly exposed to the dominant W and NW 
swell. The coastal landscape includes hard and sedimentary bottoms, 
and it often results in a patchy combination of both. This area and 
harboured benthic assemblages on hard and sedimentary bottoms were 
explicitly described in previous research [e.g. (Rubal et al., 2014; Veiga 
et al., 2013, 2014, 2017),]. Studied rocky shores are granitic with gentle 
slope and are exposed to prevalent north-westerly waves and winds. 
They shield small resident populations (<50 000 total inhabitants) and 
they do not present great commercial or industrial plants so they can be 
considered non-urban shores (Veiga et al., 2022b). The tidal regime is 
semidiurnal, with the maximum height above chart datum ranging be
tween 3.5 and 4.0 m. Moreover, the study area is subjected to seasonal 
upwelling that provides nutrients and increases the primary production 
in the water column (Lemos and Pires, 2004).

The study was done at the mid intertidal level (between 1.5 m and 
2 m above Chart Datum) where M. galloprovincialis is the most con
spicuous species (Veiga et al., 2020; Torres et al., 2022), whereas tide
pools are dominated by macroalgae (Rubal et al., 2014).
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2.2. Sampling design and sample processing

Sampling was done in August 2018. At each rocky shore (i.e., Âncora 
and Moledo), six plots (2 × 2 m), spaced few meters apart, were marked 
in the M. galloprovincialis beds, with >80% of mussel cover. Three rep
licates of 10 × 10 cm were randomly collected, spaced dozens of cm 
apart, per plot and shore. In replicates, mussel cover was 100% and 
macroalgae were absent. All mussels and associated fauna within each 
quadrat were scraped, stored in a labelled plastic bag and preserved in 
buffered formalin 4 % with rose Bengal until further study.

In the laboratory, each replicate was washed through a tower of 5 
sieves of declining mesh size (i.e., 1 mm, 0.5 mm, 0.25 mm, 0.125 mm 
and 0.063 mm). In order to calculate the amount and grain-size 
composition of sediment accumulated in mussel beds, sediment 
retained in each sieve was dried at 60 ◦C for 24 h and then weighed. 
Mussels retained in each sieve were counted to obtain the total mussel 
density (number of individuals per 100 cm2). To test the effect of sedi
ment load on the diversity and structure of invertebrate assemblages on 
mussel beds, all invertebrates retained in the 1- and 0.5-mm sieves were 
sorted and identified to the lowest taxonomic level (species whenever 
possible). Moreover, twenty random mussels were separated to measure 
their shell length with vernier callipers (±0.1 mm).

2.3. Data analyses

Data were analysed by means of univariate and multivariate tech
niques using PRIMER 6 and PERMANOVA+ and SPSS28. To test the 
working hypotheses two different experiments were done.

2.3.1. Experiment 1. Relationship between sediment load, mussel density 
and the structure of associated invertebrate assemblages

To explore the relationship between univariate response variables (i. 
e., mussel density, N, S, H′ and J′) and total sediment load on mussel 
clumps, rank correlation analyses were done. Due to the non-normal 
distribution of the data, Spearman's rank correlation was used.

A Distance-based linear model (DISTLM) (Anderson, 2002) was also 
carried out to quantify the percentage of variability on the multivariate 
invertebrate assemblage associated with M. galloprovincialis (response 
variable) explained by each sediment grain sizes retained in mussel 
clumps (predictor variables): very coarse sand (>1 to ≤2 mm), coarse 
sand (<0.5 to ≤1 mm), medium sand (>0.25 to ≤0.5 mm), fine sand 
(>0.125 to ≤0.25 mm) and very fine sand (>0.063 to ≤0.125 mm). This 
analysis was based on Bray-Curtis similarity (data square root trans
formed) with 9999 permutations of residuals. R^2 routine was used as a 
selection criterion, and the contribution of each independent variable 
was described by the amount of explained variation. All analyses were 
based on a ‘forward’ selection procedure (Anderson et al., 2008b).

Draftsman plots were previously done to check the skewness of 
different sediment grain sizes and data were Log (x+1) transformed 
before DISTLM (Anderson, 2002). Total sediment showed a strong cor
relation with very coarse and coarse sands (r = 0.98 and 0.96, respec
tively). As this meant that they are redundant variables, total sediment 
was removed from the analysis.

2.3.2. Experiment 2. Effects of high versus low sediment load on mussel 
density and the structure of invertebrate assemblages associated with mussel 
clumps

As dominant sediment grain sizes, very coarse and coarse sands, 
showed a strong correlation with total sediment, the later was consid
ered in this experiment. According to results achieved in experiment 1, 
five replicates with high sediment load (>100 g) and 5 replicates with 
low sediment load (<30 g) were selected at each rocky shore (i.e., 
Âncora and Moledo).

All univariate (mussel density, N, S, H′ and J′) and multivariate data 
were analysed using a two-way mixed model design with Shore (Sh) as a 
random orthogonal factor with two levels (Âncora and Moledo) and 

sediment load (Se) as a fixed orthogonal factor with two levels (Low and 
High), considering five replicates per Sh and Se. Analyses of variance 
(ANOVA) were done to test for differences between sediment load on 
total mussel density and N, S, H′ and J′ of invertebrate assemblages 
associated with mussel clumps. Previously to ANOVA, normality of data 
was checked by Shapiro–Wilk test and Cochran's C tests were done to 
check for homogeneity of variances. When relevant, Student-Newman- 
Keuls (SNK) tests were used for post-hoc comparisons of means for 
levels of factors involved in significant interactions. Permutational 
multivariate analysis of variance (PERMANOVA) (Anderson, 2001) 
based on a Bray-Curtis similarity matrix (square root transformed) was 
used to analyse differences in the composition of invertebrate assem
blages associated with mussel clumps depending on their sediment load. 
PERMANOVA was also used to analyse differences in mussel size. When 
the number of unique permutations was low, Monte Carlo P-values were 
considered (Anderson et al., 2008b).

In order to test whether differences of assemblages between clumps 
with low and high sediment load were due to different multivariate 
dispersion between groups rather than in the location of centroids, the 
PERMDISP procedure was used (Anderson, 2006). Multivariate patterns 
were illustrated by non-metric multidimensional scaling (nMDS) ordi
nation based on replicates per shore. PERMDISP was also used to test 
differences on multivariate invertebrate assemblage heterogeneity be
tween mussel clumps with high and low sediment load.

The SIMPER procedure (Clarke, 1993) was used to determine the 
contribution (δi%) of each taxon to the Bray-Curtis dissimilarity be
tween assemblages on mussel clumps with low and high sediment load 
(δi). The ratio δi/SD(δi) was used to quantify the consistency of the 
contribution of a particular taxon to the average dissimilarity in all 
pair-wise comparisons of samples between clumps with low and high 
sediment load. Values ≥ 1 indicated a high degree of consistency (Clarke 
and Gorley, 2015).

3. Results

3.1. Sediment load in mussel clumps

The total mean sediment load (±SE) in mussel clumps ranged be
tween 2.60 ± 0.64 and 155.77 ± 24.71 g × 100 cm2 in Âncora and 
15.96 ± 0.28 and 362.46 ± 116.67 g × 100 cm2 in Moledo (Fig. 1). 
Regarding sediment grain sizes, very coarse and coarse sands were the 
dominant components (~73% in Âncora and ~86% in Moledo; Fig. 1). 
As silt and clay content was negligible, only sand was included in the 
study.

3.2. Relationship between sediment load with mussel density and the 
structure of invertebrate assemblages associated with mussel clumps

Sediment load was not significantly correlated with mussel density 
(Fig. 2). Values of N and S associated with mussel clumps significantly 
increased with sediment load (Fig. 2). However, negative significant 
correlations were detected between sediment load and H′ and J’ indexes 
(Fig. 2).

Distance-based linear models pointed out that medium sand, coarse 
sand and fine sand explained >50% of the variation in the multivariate 
structure of invertebrate assemblages associated with mussel clumps 
(Table 1).

3.3. Effects of high versus low sediment load on mussel density and the 
structure of associated invertebrate assemblages

Mussel density and taxon richness of invertebrates associated with 
mussel beds were not significantly different between clumps with high 
and low sediment load (Table 2; Fig. 3). Similarly, mussel size was not 
significantly different between clumps with high and low sediment load 
(Table 3; Fig. 3).
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However, N showed higher values in clumps with high sediment 
load, but only in Moledo (Table 2; Fig. 3). Values of H′ and J′ were higher 
in clumps with low sediment load in both studied shores (Table 2; 
Fig. 3).

The multivariate structure of invertebrate assemblage associated 
with mussel beds also showed significant differences for Shore × Sedi
ment load interaction (Table 4). The nMDS ordination disclosed a clear 
separation between mussel clumps with high and low sediment load 
(Fig. 4). Moreover, the PERMDISP analysis for the interaction Shore ×

Sediment load (F = 1.0023, p = 0.366) indicated that the dispersion of 
replicates did not provide a significant contribution to the observed 
differences. However, PERMDISP analysis for the factor sediment load 
(F = 4.915, p = 0.032) indicated that the dispersion of assemblages on 
mussel clumps with low sediment load was significantly greater (i.e., 
more heterogenous) than that on high sediment load (i.e., more ho
mogenous) (Fig. 5).

SIMPER analysis pointed out that the dissimilarity between high and 
low sediment loads was higher than that between rocky shores. Bray- 

Fig. 1. Mean total (±SE, n = 3) sediment load and % of sediment grain sizes (VCS = very coarse sand, 1-2 mm; CS = coarse sand, 0.5-1 mm; MD = medium sand, 
0.25-0.5 mm; FS = fine sand, 0.125-0.25 mm; VFS = very fine sand 0.063-0.125 mm) in different mussel plots (1-6) and shores (A = Âncora and M = Moledo).

Fig. 2. Spearman rank's correlations (r) between total sediment load in mussel clumps and abundance (N), taxa richness (S) and Margalef (H′) and Pielou (J′) indexes 
of invertebrate assemblages associated with mussel clumps. *: p < 0.05; ***: p < 0.001.
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Curtis dissimilarity between low and high sediment load was 71.72% in 
Âncora and 72.78% in Moledo whereas dissimilarity between Âncora 
and Moledo was 38.35% at high sediment load and 47.38% at low 
sediment load. Moreover, SIMPER analysis identified 25 taxa as main 
responsible for differences on invertebrate assemblages associated with 
mussel beds between clumps with high and low sediment load, which 
showed an average dissimilarity of 72% in both studied shores (Âncora 
and Moledo). Collectively, these taxa contributed more than 90% to the 
total dissimilarity. The contribution to the percentage of dissimilarity of 
16 taxa was consistent between Âncora and Moledo. Ten of these taxa, 
nematodes; the annelids: Eulalia clavigera (Audouin and Milne Edwards, 
1833), Syllis pulvinata (Langerhans, 1881) and Oligochaetes; the mol
luscs: Hiatella arctica (Linnaeus, 1767), Lasea rubra (Montagu, 1803), 
Runcina sp. and Steromphala umbilicalis (da Costa, 1778); and the ar
thropods: Copepods and Chironomids reached higher abundance in 
clumps with high sediment load. The remaining 6 taxa, 2 molluscs 
(Nucella lapillus (Linnaeus, 1758) and Patella depressa Pennant, 1777) 
and 4 arthropods (Apohyale stebbingi (Chevreux, 1888), Hyale spp., 
Idotea neglecta G. O. Sars, 1897 and Jaera (Jaera) praehirsuta Forsman, 
1949) reached higher abundance in clumps with low sediment load.

4. Discussion

This study suggests significant effects of sediment load on inverte
brate assemblage associated with M. galloprovincialis clumps. Specif
ically, an increase in retained sediment correlated with a decreased 
assemblage evenness and heterogeneity. In this way, our results 
contribute to improve the understanding how biodiversity harboured by 
a key habitat-forming species is modified by sediment load as a preva
lent and increasing stressor (Thompson et al., 2002; Atalah and Crowe, 
2010; Drakard et al., 2025).

Sediment load on mussel beds in our study ranged from ~260 to 
36000 g × m2. Most of our values were above sediment treatments (i.e., 
500, 1000 and 2000 g × m2) considered by Airoldi and Hawkins (2007)
to mirror sediment loads on urban rocky coasts and testing their effects 
on Patella vulgata Linnaeus, 1758. However, rocky shores included in our 
study are far from urban areas (Rubal et al., 2014; Veiga et al., 2022b). 
In this way, sediment accumulated on mussel beds in our study probably 
derives from natural processes. Moreover, our results indicated that 
sediment on mussel clumps was composed mainly by very coarse and 
coarse sands. Similar results were found by Ramos-Oliveira et al. (2021)
when assessing spatio-temporal variability of sediment accumulated in 
M. galloprovincialis beds in Northern Portugal. Previous studies done on 
intertidal and subtidal soft bottom in the study area also showed the 
dominance of these grain size classes (Veiga et al., 2014, 2017), sug
gesting that sediment retained in mussel clumps in the current study is 
probably transported from nearby sedimentary areas or from the same 
source.

Table 1 
Results of DistLM carried out to ascertain the role of different sediment grain 
sizes, considering forward-selection of variables, where amount explained by 
each variable added to model is conditional on variables already in the model (i. 
e., those variables listed above it) on the multivariate structure of invertebrate 
assemblages associated with Mytilus galloprovincialis. %Var: percentage of vari
ance in species data explained by that variable; Cum. %: cumulative percentage 
of variance explained. Variables significantly related to faunal assemblages 
indicated in bold. Very coarse sand (1-2 mm), coarse sand (0.5-1 mm), medium 
sand (0.25-0.5 mm), fine sand (0.125-0.25 mm) and very fine sand (0.063- 
0.125 mm).

Variable %Var Pseudo-F p Cum (%)

Medium sand 39.90 22.57 0.000 39.902
Coarse sand 7.13 4.45 0.000 47.036
Fine sand 4.51 2.98 0.004 51.544
Very coarse sand 2.69 1.82 0.059 54.232
Very fine sand 1.21 0.82 0.610 55.442
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Our sediment values were higher than those retained by turf-forming 
algae (86-924 g × m2) (Airoldi and Virgilio, 1998). Values within the 
range provided in our study were also found within beds of P. perna and 
M. galloprovincialis in South Africa (4444 - 14 444 g × m2) (Zardi et al., 
2008) and of Brachidontes rodriguezii (A. d'Orbigny, 1846) beds in 
Argentina (19 630 - 23 230 g × m2) (Dos Santos et al., 2018). However, 
our results revealed a higher variation on mussel sediment load (by two 
orders of magnitude) compared to other studies (Dos Santos et al., 2018; 
Zardi et al., 2008). Sediment deposition on rocky shores is spatially 
patchy, generating a sediment mosaic that diverges in size and may 

influence its effect as disturbance and modify resource availability (e.g., 
habitat, light, oxygen) (Airoldi, 1998). Although the capacity of bio
logical factors to shape the occurrence and distribution of sediments on 
rocky coasts has been widely overlooked (Airoldi, 2003), the thickness 
of mussel clumps is positively correlated to sediment load 
(Ramos-Oliveira et al., 2021). Crowe et al. (2004) suggest that smaller 
mussels may trap a greater volume of sediment per unit of area. How
ever, differences in mussel size between clumps with high and low 
sediment load were not detected in our study. Although not considered 
here, differences in mussel clump thickness could have contributed to 
patchy distribution of sediment. In fact, Widdows et al. (2002) demon
strated experimentally, that one day after depositing 6 cm of sediment 
over a mussel bed, the mussel aggregation restructured to elevate 
mussels and drop sediment level. Therefore, mussels seem to play an 
important role in sediment dynamics by trapping and stabilising sedi
ment analogously to previous evidence reported for turf-forming algae 
(Airoldi and Virgilio, 1998).

Mussel mortality driven by sediment burial is widely documented [e. 
g., 18,24,35]. Our results, instead, revealed that mussel density was not 
affected by sediment load, leading to rebut our first and second hy
potheses regarding mussel density. Similarly, the abundance of Xen
ostrobus inconstans (Dunker, 1856) in rocky shores of Australia was also 
not influenced by sediment addition (Minchinton and Fels, 2013). 
However, B. rodriguezii abundance was higher in sites less exposed to 
sand and its mortality increased 50% under experimental sediment 
burial (Dos Santos et al., 2018). Since sediment loads in (Dos Santos 
et al., 2018) are within our study's range, differences in sediment load 
did not appear to cause the lack of effect on mussel density. On one 
hand, mussel mortality increases with burial duration and burial by finer 
sediment fractions (Hutchison et al., 2016). Considering the sediment 
granulometry in our study, (very coarse and coarse sand), this could 
explain its negligible effect on mussel density. On the other hand, some 
mussel species (e.g., M. edulis) are capable of emerging from burial, 
particularly in coarser sediments under high energy environments 
(Hutchison et al., 2016, 2020), such as in our study area. This can 
potentially to explain the absence of differences on mussel density be
tween high and low sediment loads. However, manipulative experi
ments will be necessary to disentangle this issue.

Fig. 3. Mean (±SE) mussel density and size, abundance, richness and Margalef and Pielou indexes of invertebrate assemblages associated with mussel clumps 
characterised by high (>100 g) and low (<30 g) sediment load at two studied shores. For all variables n = 5 except for mussel size (n = 100). n.s = not significant; ** 
= p < 0.01.

Table 3 
PERMANOVA examining effects of sediment load on size of Mytilus gallopro
vincialis. df: degrees of freedom; MS: mean squares. P(MC) = p-value calculated 
by Monte Carlo method.

Source of 
variation

df MS Pseudo- 
F

p Unique 
permutations

p 
(MC)

Shore (Sh) 1 1966.3 0.96 0.505 9950 ​
Sediment load 

(Se)
1 1503.8 0.71 0.501 3 0.684

Sh £ Se 1 2116.3 1.03 0.441 9930 ​
Residual 16 649.6 ​ ​ ​ ​
Total 19 ​ ​ ​ ​ ​

Table 4 
PERMANOVA examining effects of sediment load on the structure of the 
invertebrate assemblage associated with Mytilus galloprovincialis (Data square 
root transformed). df: degrees of freedom; MS: mean squares. P(MC) = p-value 
calculated by Monte Carlo method.

Source of 
variation

df MS Pseudo- 
F

p Unique 
permutations

p 
(MC)

Shore (Sh) 1 2082.50 3.21 0.001 9930 ​
Sediment 

load (Se)
1 19064.00 8.40 0.249 3 0.031

Sh £ Se 1 2270.50 3.50 0.000 9944 ​
Residual 16 649.63 ​ ​ ​ ​
Total 19 ​ ​ ​ ​ ​
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Our study also tested if there was a relationship between sediment 
accumulated in mussel clumps and the structure of their invertebrate 
assemblages. Results of experiment 1 confirmed this since sediment load 
was positively correlated with N and S. Similarly, abundance (Prado and 
Castilla, 2006) and richness of invertebrates on mussels (Arribas et al., 
2013) increase with sediment load retained in mussel beds. This could 
be explained with the fact that the presence of sediment can increase 

complexity of the habitat provided by mussels (Thompson et al., 2002; 
Prado and Castilla, 2006). Particularly, the abundance and richness of 
soft-bottom organisms is favoured by sediment load on mussels (Airoldi, 
2003; Crowe et al., 2004; O'Connor and Crowe, 2007). However, the 
correlation coefficient for S (r = 0.409), although significant, was lower 
than that for N (r > 0.7). Results of the experiment 2, pointed out no 
differences on S and higher values of N on mussel clumps with greater 

Fig. 4. nMDS ordination of invertebrate assemblages in clumps with high (>100 g) and low (<30 g) sediment load, based on Bray-Curtis similarities of square-root 
transformed abundances at two studied shores.

Fig. 5. Mean (±SE, n = 10) of dispersion (distance from mean) of invertebrate assemblages in clumps with high (>100 g; in black) and low (<30 g; in grey) sediment 
load, based on Bray-Curtis similarities of square-root transformed abundances. *: p < 0.05.
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sediment load. However, sediment effect on N was dependent on shore 
being significant only in one of the studied shores. Therefore, our second 
hypothesis was not supported by findings for S and N.

On the other hand, significant negative correlations for H′ and J′ 
indexes with sediment load (r > 0.7) were also found. Likewise, H′ and J′ 
reached significant higher values on mussel clumps with lower sediment 
load regarding those with higher sediment load. Thus, the first and 
second hypotheses were supported on the basis of the findings for H′ and 
J’. As H′ and J’ englobe the number of taxa, but also the evenness, our 
results suggest that the sediment content can promote the number of 
individuals on mussel clumps, but also that the repartition of these in
dividuals among different species is less equitable in clumps with greater 
sediment load. Dos Santos et al. (Dos Santos et al., 2018) also docu
mented lower diversity and evenness of invertebrate assemblages on 
mussels in sites more affected by sand. Consistently, Engledow and 
Bolton (1994) documented that sand influenced algal diversity via 
equitability rather than species richness due to the increasing abundance 
of species tolerant to sediment, which become dominant under greater 
sediment load.

Regarding the whole invertebrate assemblage, >50% of its vari
ability was explained by sediment content on mussel clumps supporting 
our first hypothesis regarding the relationship of multivariate assem
blage and sediment. In the same way, invertebrate assemblage differed 
between mussel clumps with high and low sediment load. Mussel clumps 
with high sediment load showed a greater similarity and homogeneity of 
assemblages than those with low sediment load. In this way, our third 
hypothesis was supported. Our results match with those found by Balata 
et al. (2007), who documented that sediment reduced the dissimilarity 
between assemblages of algae and invertebrates. The increased simi
larity among assemblages under high sediment load mostly occurred by 
changes in the abundance of some taxa. Specifically, annelids, copepods, 
nematodes and the molluscs L. rubra and S. umbilicalis reached greater 
abundances on mussel clumps with higher sediment load. Nematodes 
and copepods are adapted to live among sediment interstices, so they 
probably benefited from the presence of coarse sands on mussels (Giere, 
2009). Dos Santos et al. (Dos Santos et al., 2018) also found greater 
abundance of annelids on mussel clumps buried by sand. Some taxa as 
annelids or small bivalves (such as L. rubra) benefit from sediment 
biodeposits retained on mussel beds (Arribas et al., 2013). Magris and 
Ban (2019) in a meta-analysis documented a strong positive effect of 
sediment on annelids, explained by sediment containing food resources 
for suspension- and detritus-feeding annelids.

However, crustacean species (I. neglecta, Hyale spp. and 
J. praehirsuta) and the molluscs P. depressa and N. lapillus reached greater 
abundances on mussel clumps with low sediment load. The negative 
influence of sedimentation on grazer abundance such as P. depressa has 
been widely tested in observational and experimental studies [e.g., 
22,23]. Sediment impacts on grazers include movement and attachment 
weakness, but also a reduction on feeding activity directly rising mor
tality or indirectly by altering and/or reducing food resources (algal 
assemblages) on rocky shores (Atalah and Crowe, 2010; Airoldi and 
Hawkins, 2007). Therefore, sediment effects could also be related to 
feeding preferences and resource availability. Although feeding prefer
ences of isopods and amphipods are poorly understood and are flexible 
(Ingólfsson and Agnarsson, 2003), Hyale spp. and Idotea neglecta prefer 
grazing on mature algae (McBane and Croker, 1983; Jormalainen et al., 
2001) and Jaera spp. prefers microalgae (Sjöberg, 1967). Therefore, 
sediment increasing on mussel clumps probably reduces feeding activity 
of these crustacean species. In contrast, the mollusc S. umbilicalis, that 
feeds on microalgae and epiphytic diatoms (Da Rosa et al., 2026), 
reached greater abundance on clumps with high sediment load. This 
pattern could be explained by biotic interactions since S. umbilicalis 
could probably take advantage of the lower numbers of grazers on 
mussels with high sediment load.

The dog whelk (N. lapillus), it is an important predator in intertidal 
rocky shores where it usually feeds on barnacles and mussels (Burrows 

and Hughes, 1991) and exerts a strong top-down control on intertidal 
ecosystems (Trussell et al., 2003; Contolini et al., 2020). When foraging, 
it moves short distances and attacks its preys by drilling or injecting a 
paralysing agent, followed by extraction of flesh through the drill hole or 
from between the opened shell valves (Hughes, 1986). Handling each 
prey items take from several hours to days. In this way, N. lapillus re
quires hard rocky substrates for attachment and to search preys. Sedi
ment could modify the substratum, weakening its movement and 
attachment strength and directly prompting the removal of adults, ju
veniles and their egg capsules or indirectly influence its feeding 
(Tyler-Walters et al., 2007).

As in our study, Atala and Crowe (Atalah and Crowe, 2010) also 
documented that sediment effects are characterised by a compromise 
between tolerant and sensitive species, which shape alterations in 
assemblage structure. Minchinton and Fels (2013) also verified that 
increasing sedimentation led to changes in the composition of assem
blages, favouring species that tolerate or are facilitated by sediment and 
those species more flexible in terms of habitat, such as nematodes, co
pepods and annelids in our study.

Our results provided evidence that sediment has potential to cause 
changes in the structure of invertebrate assemblages associated with an 
important habitat-forming species such as M. galloprovincialis in exposed 
intertidal rocky shores. Primarily, sediment load reduces the evenness 
and heterogeneity of invertebrate assemblages, favouring those species 
tolerant to sediment (annelids, copepods and nematodes) and reducing 
the abundance of grazers and N. lapillus. Considering that there is an 
extensive body of literature showing that keystone species as grazers and 
N. lapillus are able of shaping the structure of rocky shores assemblages 
[e.g. (Menge, 2000; Jenkins et al., 2005; Gilson and McQuaid, 2023),] 
changes on these species derived by sediment load as here reported 
could trigger cascading effects on rocky shore ecosystems although more 
research will be needed to test this issue.

Our results highlight that even sedimentation derived from natural 
processes has potential ecological impacts for intertidal biodiversity, 
which should be considered when managing coastal areas (e.g., engi
neering projects, dredging activities). Sea level rise, increased stormi
ness and changes in sediment supply because of nourishments are 
expected to increase sedimentation in the future (Scavia et al., 2002; 
Kooistra et al., 2025). In this way, sediment effects on benthic assem
blages could be exacerbated in the current scenario of globate change 
and more research is needed to minimise impacts of this stressor in 
coastal communities.
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