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Abstract
Ecosystems often face a complex combination of natural and anthropogenic disturbances. The assessment of anthropogenic pressures
and co-occurring natural stressors is crucial to our understanding of ecosystem structures, dynamics and their conservation. The present
study provides the first experimental assessment of the combined effects of trampling (anthropogenic stressor) and endolithic induced
erosion (natural stressor) on two coexisting intertidal mussel species, Mytilus galloprovincialis (de Lamarck, 1819) and Perna perna
(Linnaeus, 1758). Mixed beds of the two species experiencing a wide range of endolithic parasitation were exposed to increasing
intensities of human trampling. Our results clearly show that endolith-infested mussels are more vulnerable to trampling than noninfested individuals. At high trampling intensities, P. perna suffered significantly lower mortalities rates than M. galloprovincialis.
More than 20% of large, infested M. galloprovincialis individuals were crushed even at low trampling intensities. Unexpectedly,
mortalities rates decreased with mussel size, suggesting a sheltering role of larger conspecifics. Beyond ecological interest, such
findings can provide critical experimental support for conservation and management actions.
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Introduction
Natural and anthropogenic disturbances play a determinant
role in structuring ecosystems by influencing the abundance,
distribution and diversity of species (e.g. Mayer-Pinto et al.
2015). Importantly, the response of ecosystems to human
pressures can be partly affected by the natural disturbance
conditions that drive their dynamics and structure
(Marcogliese and Pietrock 2011). It has been suggested that
severe and frequent natural disturbance may select for resistant species, thus enhancing ecosystems’ resilience to additional human disturbance (Côté and Darling 2010).
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However, there is evidence that natural and anthropogenic
disturbances may interact synergistically, resulting in higher
vulnerability to human impacts in the presence of natural disturbance (Breitburg et al. 1998; Folt et al. 1999; Crain et al.
2008).
Coastal habitats are exposed to a multitude of human and
natural disturbances (Sih et al. 2004). In particular, among
anthropogenic disturbances, trampling due to recreational
and harvesting uses is a serious source of disturbance that
can cause significant environmental damage through direct
or indirect effects on populations and communities (e.g.
Rossi et al. 2007; Araújo et al. 2009; Micheli et al. 2016).
The vulnerability to trampling largely depends on the structure
of the local rocky shore habitat and communities, and on the
intensity of human use (e.g. Keough and Quinn 1998; Araújo
et al. 2009). Significant impacts of pedestrian traffic have been
highlighted for the composition, percentage cover, diversity
and biomass of several assemblages inhabiting distinct intertidal habitats (e.g. Milazzo et al. 2002, 2004; Araújo et al.
2009). In particular, intertidal rocky shores have been the focus of extensive studies reporting physical disturbance in the
form of trampling of invertebrates, seagrass beds and algal
canopies (Travaille et al. 2015). Despite numerous studies
on the direct effects of trampling in intertidal habitats, the
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question of whether the impact of trampling interacts with
natural stressors has received limited attention.
In this study, we investigate the effects of the combination of
trampling (anthropogenic stressor) and endolithic parasites (natural stressor) on two coexisting and competing intertidal mussel
species, Mytilus galloprovincialis (de Lamarck, 1819) and
Perna perna (Linnaeus, 1758). These two bioengineers form
extensive beds, commonly dominating most of the rocky intertidal habitat along southern and northern African shores
(McQuaid et al. 2015). Both M. galloprovincialis and
P. perna are commonly parasitised by phototrophic shelldegrading endoliths (mainly cyanobacteria) that bore into their
shells (Zardi et al. 2009). The erosion of the host’s shell occurs
through chemical dissolution, with carbonate ions released
from calcite being converted into CO2 that can then be used
in photosynthesis (Garcia-Pichel et al. 2010). Many studies
have reported negative, sub-lethal impacts of endolith infestation in bivalves (e.g. Kaehler and McQuaid 1999; Zardi et al.
2009; Marquet et al. 2013). The high energy demand for shell
repair can affect the energetic budgeting at the expenses of
growth, reproduction, byssal attachment strength and general
conditions. Because of their boring activity, these parasites
cause significant weakening of shell strength and, when infestation is particularly severe, endolithic activity can lead to shell
breakage and be responsible for 50% of total mortality (Kaehler
and McQuaid 1999; Zardi et al. 2009). Previous studies have
shown that shell strength of both M. galloprovincialis and
P. perna are significantly weakened by the presence of
endoliths. However, M. galloprovincialis suffers a higher infestation incidence and damaging effect of endolithic excavation
than P. perna across different habitats, probably due to a thinner
and more fragile shell (Zardi et al. 2009). The shell is a vital
protection against shell-crushing predators and the breaking
action of waves (Kirk et al. 2007; Christensen et al. 2012),
and there is evidence that mussels with weakened shells are
more susceptible to both hydrodynamic stress of waves and
predation (Beadman et al. 2003).
Marine calcifying organisms are globally affected by endolithic infestation (e.g. Bentis et al. 2000; Tribollet et al. 2009;
Lourenço et al. 2017). In intertidal ecosystems, endolithic erosion
has been reported in different environmental conditions, ranging
from cold-temperate to sub-tropical/tropical (e.g. Stefaniak et al.
2005; Marquet et al. 2013; Lourenço et al. 2017). Given the
ubiquitous nature of endolithic infestation and its predicted increase as a result of increasing ocean acidification and warming
rates (Tribollet et al. 2009; Reyes-Nivia et al. 2013) understanding the positive and negative consequences of microbial
endoliths has critical management and conservation relevance.
In this study, we investigate how endolith-induced shell
erosion affects mussels’ vulnerability to increasing intensities
of trampling. Specifically, we hypothesise that (1) the impact
of trampling will be significantly higher in infested mussels
because of endolithic induced shell weakening, (2) the

combined effect of endolith infestation and trampling will be
less pronounced in P. perna than M. galloprovincialis due to
its greater thickness of the shell and its lower propensity to
endolithic infestation, and (3) smaller mussels will be more
impacted than larger conspecifics due to their weaker shells.

Material and methods
The study site was exposed rocky shore on the south coast of
South Africa and included two locations about 250 km apart
(Schoenmakerskop 34.0110° S, 25.5918° E, Brenton-on-Sea
34.0707° S, 23.0265° E) at which quadrats (50 × 50 cm2) were
haphazardly placed in the mid-mussel zone in sun-exposed
areas (as defined in Zardi et al. 2009) with 100% mussel cover,
same wave exposure (i.e. same tidal height, lack of protecting
structures in front of the area, same orientation towards the
incoming waves, same shoreline angle). In each quadrat, the
number of mussels belonging to each species (Mytilus
galloprovincialis or Perna perna), size class (small 0–2, medium 2–4 or large 4–6 cm) and infestation category (non-infested
to slightly infested A-B or infested to heavily infested C–E; see
Fig. 1 in Zardi et al. 2009) was recorded. The quadrats were
haphazardly assigned to each of the three trampling intensities
(n = 3). To apply each intensity treatment, a ~ 75-kg person
wearing soft-soled shoes (~ 253 cm2) walked either 50, 100 or
150 steps (i.e. different quadrats for the different treatments),
making sure to cover all areas of the quadrat. At the end of each
treatment, the number with at least one crushed valve was
counted. For each species, size and category the percentage of
mussels out of the initial count with at least one crushed valve
was used as a dependent factor in the data analysis.
To test for the effect of trampling intensity, a five-way
PERMANOVA was performed with intensity (3 levels), species
(2 levels), size (2 levels), and infestation (2 levels) as fixed
factors, and site (2 levels) as a random factor. Prior analysis, data
[Ln(X + 1)] were transformed to fulfil assumptions. Pair-wise a
posteriori comparisons were used to further explore interactions
of the main effects and a Bonferroni adjustment applied according to the number of tests performed. All analyses were run in
PERMANOVA standalone software (Anderson 2005).

Results and discussion
The effect of trampling significantly increased with intensity,
but not equally for all shell sizes, infestation category and mussel species (trampling × species × infestation category × sizes;
p = 0.02; Table 1 in Supplementary Material; Fig. 1). There
were no significant differences between species when individuals were not infested. However, trampling affected on average
16.6% of M galloprovincialis and only 4.5% of P. perna
infested mussels. In particular, after Bonferroni’s adjustment
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Fig. 1 Box plots of the trampling experiments. Extremities of the box represent standard deviation, and the whiskers stand for minimum and maximum
observed values
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lowered the 0.05 to 0.0028, infested M. galloprovincialis specimens crushed more than infested P. perna mussels of the same
size, except for small (all trampling treatments) and medium
(100 steps treatment) mussels where the number of crushed
infested individuals did not differ between species.
Overall, infested mussels crushed more than clean mussels
with the exception of small-size mussels at low intensity,
medium-size P. perna at low intensity and large-size
P. perna at all intensities.
Our results contribute to our still limited understanding of
the combined effects of human and natural disturbances.
Investigations of how anthropogenic pressure act with cooccurring natural disturbances are crucial to identify all multiple factors that shape ecosystems, and to design optimal
management and conservation strategies (e.g. Micheli et al.
2016; Plicanti et al. 2016). This is the first study that examines
how the impacts of trampling may vary with endolithic shell
eroding activity. Our results supported our initial hypotheses
by showing that endolith-infested mussels are more vulnerable to trampling than non-infested individuals and that, overall, infested Mytilus galloprovincialis was more affected than
infested Perna perna, particularly for larger individuals.
However, contrary to our expectations, smaller mussels suffered comparatively lower mortality rates. While a relatively
low percentage of small individuals were crushed, the majority of these small mussels were found within the interstitial
space between larger conspecifics and, therefore, they were
not subjected to damage by trampling. This result supports
previous studies in that it highlights the critical role of mussel
beds as nursery habitats providing shelter from biotic and
abiotic stress to early life stages and juveniles (e.g. Gosling
2008; McQuaid et al. 2015).
Intertidal mussels are commonly impacted by foot traffic.
They are frequently collected for food and for use as bait by
recreational fishers. In southern Californian, these human disturbances are contributing to mussel-bed declines in heavily
visited shores (Murray et al. 1999; Smith and Murray 2005).
The effect of pedestrian traffic on South African intertidal
rocky shore communities has been previously assessed
(Bally and Griffiths 1989); this study focused on the effect
of different trampling regimes on several algae and invertebrates (mussels were not considered) at one wave-exposed
rocky beach in the Cape Town area. Interestingly, results revealed low impact of pedestrian pressure, with wave action
having a considerably greater importance to intertidal communities. Our results show that shell weakening induced by endolithic erosion can expose trampled mussels to extremely
high mortality rates. Even low levels of trampling killed more
than 20% of large infested M. galloprovincialis. Indirect effects of the trampling are also expected. Additional and substantial mussel cover loss occurs during the period following
the trampling effect (Smith and Murray 2005), most likely due
to the weakening of byssal-thread attachments between

adjacent mussels, which increases their susceptibility to wave
action (Denny 1987). Infested mussels have reduced attachment strength (Zardi et al. 2009) and the mortality following
the impacts of crushing mussels underfoot is likely to be much
higher for parasitized than for non-parasitized mussels.
The long-lasting effect of human pedestrian disturbance on
intertidal bioengineers has been highlighted in previous studies.
In the absence of additional human pedestrian disturbance, recovery of mussel beds and macroalga canopies occurs over
time scales of few years (Micheli et al. 2016). However, effects
on community cover and diversity can be still evident after
8 years (Schiel and Lilley 2011). Interestingly, recovery dynamics of populations and assemblages can be largely influenced by
life history feature and several biotic (e.g. species interactions)
and abiotic (e.g. disturbance regimes) processes (Hutchings and
Reynolds 2004; Micheli et al. 2008). There is ample evidence
that endoliths can significantly decrease the mussels’ development of the reproductive tissue of mussels (Zardi et al. 2009).
Additionally, mussels heavily infested with endoliths have lower attachment and shell strength, and are thus more vulnerable
at sites where predation is intense or during periods of strong
wave action (e.g. Marquet et al. 2013). Depending on the physical environment, differences in the degree of endolithic
parasitation of coexisting species can regulate competitive balances (Zardi et al. 2009). Thus, our results suggest that
endoliths, in addition to enhancing trampling disturbance, could
potentially affect recovery rates by modulating the effects that
environmental stress has on their host and species interaction.
The study of the combined effects of anthropogenic
stressors and natural disturbances is not only of great ecological interest; it has broader implications for the conservation of
biodiversity and can direct to more effective protection measures (Strain et al. 2014). Previous studies have suggested that
functional management approaches for intertidal rocky shores
experiencing high levels of disturbance should also include
no-access reserves, rather than limitation of access (Micheli
et al. 2016; Plicanti et al. 2016). Our findings are of particular
concern considering the increasing evidence for incidence and
impacts of endoliths in a variety of intertidal taxa and systems
(e.g. Raghukumar et al. 1988; Hook and Golubic 1993; Webb
and Korrubel 1994; Ćurin et al. 2014). Results presented here
can be used for experimentally informed conservation approaches and can promote similar assessments and actions at
sites affected by similar disturbances.
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