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Abstract: Urbanization is currently one of the most widespread disturbances urgently requiring
empirical data regarding its effects on coastal ecosystems. The aim of this study was to compare
patterns of variability in populations of the Mediterranean mussel, Mytilus galloprovincialis, between
urban and non-urban intertidal rocky shores, over a temporal scale of 12 months and multiple spatial
scales (from cm to 10 s of km). For this, variance components associated with percentage cover,
spat and total density, condition index, shell length and clump thickness of mussels were compared.
Different patterns emerged depending on the response variable and the spatial and temporal scale.
There was in general, a higher variability in urban than in non-urban shores, particularly for shell
length, spat and total density that can be interpretated as a first stage of degradation, before noticing
changes in mean values of these variables. Moreover, the most relevant scales of variability of total
and spat density changed with urbanization (10 s of km in urban; 10 s of cm/m in non-urban). Results
highlight the need for adopting proper management plans that should include the relevant spatial
and temporal scales of variability; otherwise, they will fail in ameliorating urbanization effects on
intertidal ecosystems.

Keywords: Mytilus galloprovincialis; urbanization; rocky intertidal; variance components; spatial and
temporal variability; Portugal

1. Introduction

The Mediterranean mussel Mytilus galloprovincialis Lamarck, 1819 is one of the most
abundant invertebrate species on exposed or moderately exposed coasts in the south of
the European Atlantic and Mediterranean [1,2]. They attach to hard substrates through
their byssal threads and establish dense clumps or beds that can be mono- or multi-
layered [3,4]. This species bears great ecological importance in coastal ecosystems, being
considered an ecosystem-engineer [5,6]. On one hand, being an active filter-feeder organism,
they play a relevant role as linkage in trophic chains between benthic organisms and
phytoplankton [3,7] and improve water quality by removing pollutants, particles, excess
nitrogen and other hazardous substances from the aquatic environment [3,4]. On the other
hand, mussel beds enhance habitat complexity and therefore biodiversity, by providing
useful habitat and protection to many organisms and nurseries to juveniles [6,8]. Mytilus
galloprovincialis is also an economically relevant marine resource, severely exploited in many
European countries such as Italy, Spain and Portugal for human consumption [9]. In some
regions, such as in the northwest of the Iberian Peninsula, they are extensively cultured but
their farming depends largely on wild stocks since juveniles are mainly captured in natural
populations and then set up at culturing sites to continue their growth [10].

Mussels, as members of intertidal ecosystems, are exposed to harsh tidal, diurnal
and seasonal changes through several environmental factors. In this way, they are under
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the effect of both physical (e.g., desiccation, thermal stress or wave action) and biological
(e.g., competition and predation) natural drivers that result in varying distributional pat-
terns depending on local environmental conditions [2,11]. Nevertheless, due to the location
of rocky shores at the land–sea interface, they are also extremely exposed to anthropogenic
disturbances [12,13] acting on a range of spatial and temporal scales [14]. These anthro-
pogenic pressures overlay with those produced by natural drivers, making it difficult to
separate the effects of both types of disturbances [12]. In this way, studies focused on de-
tecting the effects of anthropogenic disturbances should encompass repeated sampling and
comparison with multiple control or reference sites, allowing natural spatial and temporal
variation to be quantitatively separated from the supposed impacts [15,16]. As hierarchical
sampling designs are able to capture variability over a broad range of scales, they have been
proposed as useful tools to unambiguously identify the extent of an anthropogenic impact,
e.g., [17–19] over the scale at which it actually occurs [15,20]. Moreover, the application
of nested hierarchical designs that consider variance components allows researchers to
quantify the magnitude of variation for an individual scale, regardless of other scales [21]
and detection of the effects of disturbances even before noticing changes in mean values of
the considered descriptors [22].

Among anthropogenic disturbances, coastal urbanization is one of the most prevalent
and rising threats as consequence of the higher population density near the coast (three
times greater than the global average) [23,24]. Coastal urbanization is linked to a greater
exploitation of living and non-living resources, pollution sources (industrial and domestic)
and spread of artificial structures (i.e., coastal armoring) that translate in the synergistic
effects of multiple stressors [24]. The most common impacts of urbanization are habitat loss,
spread of invasive species, loss of foundation species, shifts in biodiversity, productivity
and community composition, establishment of opportunistic species and proliferation of
jellyfish and toxic algae [24,25]. These impacts have been intensively assessed on terrestrial
and freshwater ecosystems, where large alterations on their structure and function were
detected [24,26]. However, in the marine realm, most studies assessing the impact of
urbanization have been focused on the effects of coastal armoring, e.g., [25,27]. Therefore,
the effects of urbanization on the structure and functioning of marine ecosystems have still
been underestimated in the background of conservation and management topics [28]. As
predictions indicate that global population will increase in coastal zones, and it is expected
that by 2025 nearly 75% of inhabitants will reside in coastal areas [24,29], the impacts of
urbanization in marine ecosystems are matters of increasing interest [25,26].

Previous studies found that mussel beds are susceptible to harvesting, invasive species,
trampling and pollution [3,9,14,30,31]. However, these disturbances, on urban shores, work
synchronously and their effects cannot be deduced from studies that deem individually
these stressors [32]. In this study, variability patterns in percentage cover, total density,
spat density, condition index, clump thickness and shell length of M. galloprovincialis were
compared between urban (i.e., close to large coastal cities on the NW Portuguese coast) and
non-urban (i.e., far from large coastal cities) shores over a temporal scale of 12 months and
multiple spatial scales, ranging from 10 s of cm to 10 s of km. The working hypothesis was
that temporal and spatial variability of M. galloprovincialis populations were significantly
affected by urbanization.

2. Materials and Methods
2.1. Study Area

The study was conducted between January 2019 and December 2019 at six rocky
shores spread along 90 km of the NW Portuguese coast. Three of the studied shores (Cabo
do Mundo, Valadares and Aguda; Figure 1) are included in the metropolitan area of Porto
with 1,737,395 inhabitants and a population density of 2800 residents/km2. Moreover,
this area hosts large commercial and industrial plants. The other studied shores (Moledo,
Forte do Cão and Carreço; Figure 1) are located in areas with small resident populations
(<100,000 total inhabitants) without great commercial and industrial plants. As a larger
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number of inhabitants is related to greater stress sources impacting marine systems [24,29],
the three shores in the Porto area were considered as urban whereas the remaining three
were considered as non-urban. Moreover, previous studies have shown strong differences
in pollution profiles between the shores assigned to each condition in this study [33,34].
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Figure 1. Map showing location of the study area (A) and the six studied shores (B). Triangles:
non-urban shores; squares: urban shores. Scale bar: 15 km.

Rocky shores in the study area present granitic substratum, moderate sloping and
similar exposure to predominant waves and winds. The tidal regime is semi-diurnal, with
the largest spring tides between 3.5 and 4 m. In the north of Portugal, the spring–summer
and the autumn–winter seasons are characterized by strong differences in mean monthly
precipitation, air and water temperature, hydrodynamic conditions, wave height and storm
frequency [33,35,36]. Moreover, in spring and summer, the study area is subjected to
seasonal upwelling that provides nutrients and increases the primary production in the
water column [37]. Environmental factors such as water temperature, salinity or climatic
conditions are similar between the studied urban and non-urban shores [2].

At each rocky shore, sampling was performed at the mid intertidal level (between
1.5 m and 2 m above Chart Datum), where Mytilus galloprovincialis is dominant [2,38].

2.2. Sample Collection and Processing

At each of the three urban and non-urban rocky shores, two sites (about 10 m apart)
were randomly selected. At each site, the percentage cover of M. galloprovincialis was
estimated in four quadrats (50 × 50 cm). Cover was obtained by dividing each quadrat
into 25 sub-quadrats of 10 × 10 cm, attributing a scale from 0 (absence of mussels), to 4 (all
sub-quadrat covered by mussels), and adding up the 25 estimates [39]. Additionally, four
random measurements of mussel clump thickness were performed within each 50 × 50 cm
quadrat sampled by using a ruler pushed to the bottom of the clump. Moreover, four
quadrats (10 × 10 cm) were sampled by scraping off all mussels within, and samples
were stored in labelled plastic bags and frozen until further processing. In the laboratory,
samples (10 × 10 cm) were washed through a tower of sieves with 1000 µm and 500 µm
mesh sizes. Mussels retained in each sieve were sorted and counted to obtain the total
mussel density. Furthermore, the number of mussels retained in the 500 µm mesh size was
used to evaluate mussel density in the spat stage (i.e., mussels with size between 500 and
1000 µm) that can be considered as a proxy of recruitment.

For each 10 × 10 cm quadrat, twenty random mussels, obtained from the 1000 µm
mesh size, were separated to measure their shell length (±0.1 mm), and ten mussels
per 10 × 10 cm quadrat were used to determine the condition index, defined as the ratio
between soft tissue dry weight and shell dry weight.
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The same sampling was repeated at each of the six dates, established randomly over a
scale of 12 months: January 2019, April 2019, June 2019, September 2019, October 2019 and
December 2019.

2.3. Data Analyses

In order to quantify and compare between urban and non-urban conditions, patterns
of variability in mussel populations were determined at multiple spatial scales: replicate
(10 s of cm), site (10 s of m) and shore (10 s of km). Independent estimates of variance
components were calculated for the percentage cover, total density, spat density, clump
thickness, condition index and shell length of M. galloprovincialis at each surveyed spatial
and temporal scale. First, data were split into two halves, each including n = 2 replicates
with the full experimental design. Then, each data set was analyzed separately using
analysis of variance (ANOVA). Total number of replicates for each response variable
according to date, site and shore were randomly assigned to each of the two established
data sets that were analyzed separately. For each condition (urban vs. non-urban), sampling
date and data set, this produced a 2-way model that included the factors Shore (3 levels,
random) and Site (2 levels, random, nested within Shore) with two replicates for percentage
cover, total density and spat density. For thickness, condition index and shell length,
analyses were based on a 3-way model, including the same factors described above for
density and percentage cover plus Plot as an additional random factor nested in Shore
and Site, with four levels, since as described above, for these response variables different
measurements were performed at the quadrat scale; namely two, five and ten replicates for
thickness, condition index and shell length, respectively.

Univariate variance components were estimated from ANOVA by equating observed
and expected mean squares [40]. This was achieved by dividing the difference between the
mean square of the term of interest and the mean square of the term hierarchically below
by the product of the levels of all terms below that of interest [36]. Thus, two independent
replicates of variance components at each spatial scale [i.e., between quadrats, plots (when
applicable), sites and shores] for each condition and sampling date were produced. In
a few cases, negative estimates of variance were obtained but they were removed from
the analysis, and all other values were recalculated following the procedure described by
Fletcher and Underwood [41]. Variance components were analyzed with a 3-way ANOVA,
including the crossed factors Condition (2 levels, fixed), Scale (4 or 5 levels according to
the response variable as describe above, fixed) and Date (6 levels, random). Before each
ANOVA, Cochran’s C-test was used to test for homogeneity of variances, and data were
transformed (i.e., square root or X × 10,000) when necessary. When this was not possible,
untransformed data were analyzed and results were considered robust if significant at
p < 0.01, to compensate for increased probability of type I error [40]. Whenever ANOVA
showed significant differences (p < 0.05), Student–Newman–Keuls (SNK) tests were used
for a posteriori multiple comparisons.

3. Results

Temporal and spatial variability of percentage cover showed no significant differences
in any of the tested factors (Table 1).

However, the significant interaction Co × Sc × Da indicated different patterns of
temporal and spatial variability in the total density between the urban and non-urban
conditions (Table 1). Precisely, total density on urban condition was more heterogeneous
(i.e., higher variability) than in the non-urban condition at the shore scale for all studied
dates except January and April 2019 (Figure 2). Moreover, in January 2019, variability of
this response variable between quadrats was larger at non-urban than urban conditions
while non-significant differences were observed at all other combinations of scales and
dates for this descriptor (Figure 2).
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Table 1. ANOVA examining temporal and spatial differences in the variance of the percentage cover,
total density and spat density of M. galloprovincialis under urban and non-urban conditions.

Source of Variation df
Cover Total Density Spat Density

MS F MS F MS F

Condition (Co) 1 3456.37 1.66 1,387,337.64 3.91 458,779.65 2.67
Scale (Sc) 2 18,846.57 3.00 883,172.35 3.57 138,364.76 1.56
Date (Da) 5 5607.86 1.45 497,718.77 9.09 *** 159,094.97 4.96 **
Co × Sc 2 4863.73 0.65 1,822,685.00 12.99 *** 269,158.69 5.82 *
Co × Da 5 2077.76 0.54 354,896.74 6.48 *** 171,718.28 5.36 ***
Sc × Da 10 6274.56 1.62 247,048.18 4.51 *** 88,666.11 2.77 *

Co × Sc × Da 10 7443.19 1.92 140,352.82 2.56 * 46,268.34 1.44
Residual 36 3875.38 54,741.74 32,050.96

Total 71
Transformation none Square root Square root
Cochran’s test C = 0.22 ns C = 0.28 ns C = 0.19 ns

df: degrees of freedom; MS: mean squares; F: F-ratio; ns: not significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
Relevant significant differences (i.e., including fixed factors) are indicated in bold.
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transformed) of M. galloprovincialis from non-urban (black) and urban (grey) conditions at three
spatial scales and six sampling dates. Stars above bars show significant differences indicated by SNK
tests performed for the interaction Co × Sc × Da; note: only comparisons within each spatial scale
are proper; * = p < 0.05, ** = p < 0.01.

For spat density, the interactions Co × Sc and Co × Da were significant (Table 1).
According to the SNK tests, variability of spat density at the shore scale was larger under
urban compared to non-urban conditions regardless of the date (Figure 3A). Moreover,
irrespective of scale, variability of spat density was larger under urban regarding non-urban
conditions in September, October and December 2019 (Figure 3B).
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Figure 3. Univariate measures (mean ± SE, n = 12) of variance of the spat density (square root
transformed) of M. galloprovincialis from non-urban (black) and urban (grey) conditions at three
spatial scales (A) and at six sampling dates (mean ± SE, n = 6) (B). Stars above bars show significant
differences indicated by SNK tests performed for the interaction Co × Sc (A) and Co × Da (B);
note: only comparisons between conditions within each spatial scale (A) and date (B) are proper;
* = p < 0.05, ** = p < 0.01).

For spat density, the interaction Sc × Da was also significant, indicating different tem-
poral and spatial variability patterns, independently of the condition (Table 1). Specifically,
variance at the shore scale was larger compared to the other spatial scales in September
and October 2019 (Figure S1).

The significant interaction Co × Sc × Da indicated different temporal and spatial vari-
ability patterns in the clump thickness between urban and non-urban conditions (Table 2).

Table 2. ANOVA examining temporal and spatial differences in the variance of the clump thickness,
condition index and shell length of M. galloprovincialis under urban and non-urban conditions.

Source of Variation df
Thickness Condition Index Shell Length

MS F MS F MS F

Condition (Co) 1 1.05 2.38 2.20 0.83 0.01 1.41
Scale (Sc) 3 2.08 14.99 *** 82.48 27.66 *** 0.77 45.84 ***
Date (Da) 5 0.32 10.02 *** 5.84 8.70 *** 0.02 11.18 ***
Co × Sc 3 0.26 1.06 1.96 3.16 0.003 1.33
Co × Da 5 0.44 13.87 *** 2.64 3.93 ** 0.01 4.54 **
Sc × Da 15 0.14 4.38 *** 2.98 4.44 *** 0.02 12.30 ***

Co × Sc × Da 15 0.25 7.75*** 0.62 0.92 0.002 1.72
Residual 48 0.03 0.67 0.001

Total 95
Transformation none X × 10,000 none
Cochran’s test C = 0.31 s C = 0.25 s C = 0.65 s

df: degrees of freedom; MS: mean squares; F: F-ratio; s: significant; ** = p < 0.01; *** = p < 0.001. Relevant significant
differences (i.e., including fixed factors) are indicated in bold.

Variability of this descriptor between quadrats and shores was larger under non-
urban compared to urban conditions in June and October 2019, whereas in January 2019,
variability between quadrats was larger under urban compared to non-urban conditions
(Figure 4).
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tests performed for the interaction Co × Sc × Da; note: only comparisons within each spatial scale
are proper; * = p < 0.05, ** = p < 0.01.

The significant interaction Co × Da indicated different variability patterns in the
condition index and shell length of M. galloprovincialis between urban and non-urban
conditions regardless of the spatial scale (Table 2). Specifically, variability of condition
index was larger under non-urban compared to urban conditions in January, June and
October 2019 (Figure 5A) and variability of shell length was larger under urban compared
to non-urban conditions in January 2019 (Figure 5B).
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Figure 5. Univariate measures (mean ± SE, n = 6) of variance of the condition index (X × 10,000
transformed) (A) and shell length (B) of M. galloprovincialis from non-urban (black) and urban (grey)
conditions at six sampling dates. Stars above bars show significant differences indicated by SNK tests
performed for the interaction Co × Da; note: only comparisons between conditions within each date
are proper; * = p < 0.05, ** = p < 0.01).

Moreover, for these two response variables (i.e., condition index and shell length)
the interaction Sc × Da was significant, which means that spatial patterns of variability
changed with date but independently of the condition (Table 2). Variability of condition
index (Figure S2) and shell length (Figure S3) was larger at the quadrat scale on all the
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studied dates. Moreover, for the condition index, the plot scale showed significantly larger
variability compared to site and shore in October 2019; and for shell length, variability at
the plot scale was larger at the shore in January 2019 (Figures S2 and S3).

4. Discussion

The relationship between disturbance and population variability is crucial for forecast-
ing whether communities will display stability and resilience when handling stress [22]. As
increasing urbanization is one of the most pervasive threats to coastal ecosystems [23–25],
the present study provided data about variability patterns of M. galloprovincialis populations
within a range of scales between urban and non-urban conditions, testing if urbanization
influenced these patterns. Obtained results supported this hypothesis because all the
studied variables, except percentage cover, showed different patterns between urban and
non-urban conditions pointing out that urbanization is able to modify distribution patterns
of mussel populations. In general, mussel populations exhibited a higher variability at
urban shores. This agrees with previous studies in which disturbances also raise biological
variability [18,22,42]. An increasing variability is commonly associated with disturbances
of low or moderate intensity [43] and can be interpreted as a first stage of degradation [18].
Mussel populations are vulnerable to different disturbances such as biological invasions,
harvesting, trampling or pollution, and these usually reduce the abundance and size of
mussels [9,14,30]. Moreover, mussel-density decay has also been reported at urban lo-
calities [31,38]. However, Ramos-Oliveira et al. [2] did not find significant differences
in mussel populations between the same shores whether they were urban or non-urban.
Therefore, the different patterns of variability detected in the present study between urban
and non-urban conditions point to the beginning of some degradation, before noticeable
changes in mean values of the studied response variables are spotted [22]. Previous works
have highlighted that the studied shores considered as urban, show higher concentrations
of heavy metals and nutrients than those considered as non-urban [33,34]. Furthermore,
a higher population density is commonly associated with a greater trampling and har-
vesting intensity and a higher input of domestic and industrial sewage [23,24,30]. In this
way, considering the highest population density in urban shores, it is also expected that
a higher variety and intensity of stressors will act upon them, whose interplay seem to
have increased variability of mussel populations, more clearly in terms of total and spat
density and shell length. However, different patterns have emerged depending on the
considered response variables and the spatial and temporal scale. This makes it difficult to
draw general conclusions about variability of mussel populations to distinguish between
urban and non-urban conditions. Similarly, Bishop et al. [20] showed the dependency on
spatial scale when the effects of the disturbances were assessed, highlighting the need to
sample on multiple spatial scales using nested sampling designs for the presumed impacts
to be ascertained.

Results of the present study also showed that total density, only at the quadrat scale
in January, thickness at the quadrat and shore scales in June and October and condition
index in January and June displayed greater variability at non-urban than urban shores.
Similarly, other studies have also found that disturbances decreased variability [44–46];
this commonly happens at broad scales and under intense impacts capable of removing or
altering habitats [43]. Previous studies conducted on the Portuguese coast pointed out that
larger variability in most organisms was found where they were more abundant [18,19].
This pattern is the result of a positive relationship between mean and variance, since a minor
mean value can block a great variability [47]. This can explain the greater variability of total
density at non-urban shores in January because mussel density on that date was also higher
in non-urban than urban shores [38]. However, this explanation is inadequate for thickness
and condition index data, because Ramos-Oliveira et al. [2] did not detect significant
differences on the mean values of these variables between the same shores considered in
the present study as urban and non-urban. Hewitt et al. [43] confirmed that the relationship
between mean and variance is not necessarily linear, in concordance with results found
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for condition index and thickness. Regarding the condition index, it is influenced by
many factors such as availability of food, temperature, salinity and even the gametogenic
cycle. The condition index reaches maximum values during gonadal development and
decreases with the start of the spawning [48,49]. Results of this study also showed temporal
differences among condition indexes between urban and non-urban shores with low or
high variability at urban or non-urban shores depending on the date. Puccinelli et al. [50]
showed that urban areas displayed an increase in the proportion of polyunsaturated fatty
acids that are considered indicators of exposure to high food availability for benthic filter-
feeders such as mussels. In this way, mussels could be better fed on urban shores and this
could influence variability of condition index. Since temperature and salinity are similar
between urban and non-urban shores, variability of condition index probably could be
shaped by food availability and gametogenic cycle, which in turn change between dates.

Mussel clump thickness in intertidal areas is greatly determined by wave action [51].
In this way, differences in hydrodynamic intensity could also change variability of clump
thickness because mussels are frequently displaced during storms [52]. Thus, the observed
patterns could be the result of differences among the studied shores that determine the
effect of wave action, such as the morphology of coastline or the orientation to waves
however, the studied shores are similarly exposed to the wave action. Oliveira et al. [53]
found that the effect of storms can change between urban and non-urban shores, in this
way urbanization could shape the effect of storms on variability of clump thickness.

Results for percentage cover pointed out that M. galloprovincialis occupied similar rocky
shores areas regardless of urbanization condition or spatial and temporal scales. Likewise,
Chapman et al. [54] did not find differences on variability between control and impact
conditions. However, Smith et al. [30] found that mussel percentage cover was affected by
human presence and Airoldi and Bulleri [27] pointed out that intense disturbances reduced
M. galloprovincialis cover. Other works also found some differences in the variability of
mussel cover between urban and extra-urban localities but these were influenced by cover
mean values, i.e., since mussels were more abundant on urban shores, they also showed
more variability in these areas [18,19]. Nevertheless, this is not applicable to results of this
study because previous works did not find significant differences on mussel cover between
the same shores considered as urban and non-urban in this study [2,38]. Boaventura et al. [1]
showed that M. galloprovincialis cover along the Portuguese coast reached the highest values
in the study area (north of Portugal) and declined to the south and Gomes et al. [55] related
mussel cover with exposure to wave action. Results of the present study showed that
density is an excellent descriptor to assess the effects of anthropogenic disturbances, and
this should be considered when planning future studies since most of the works performed
at rocky shores use percentage cover.

Another important result is that the most relevant spatial scale of variability changed
among the different response variables. For thickness, condition index and shell length
most of the variability occurred at the smallest spatial scale (i.e., quadrat). This is considered
a universal characteristic of coastal benthic communities [56] being the result of biological
interactions and small-scale physical processes that are responsible for this patchy distri-
bution [57–59]. However, total and spat density of M. galloprovincialis showed a different
pattern; shore was always the most important scale of variability both for spat and total
density at urban shores, whereas quadrat/site was the most relevant scale of variability
for density at non-urban shores. Therefore, these response variables are mainly shaped
by drivers acting at the shore scale. At this scale, different studies have pointed to wave
exposition as one of the main drivers shaping the structure of intertidal assemblages [36,60].
Particularly, abundance of M. galloprovincialis is related with exposure to wave action [1,55],
but the urbanization condition could also play a relevant role at the shore scale because
changes upon different stressors associated with urbanization that influence mussel popu-
lation (e.g., pollution, trampling, harvesting) mainly act at this scale, as previous studies
have pointed out for intertidal shores [36,61].
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Therefore, in agreement with previous studies, generalizations linked to spatial vari-
ability of populations under disturbance have not yet emerged. Bertoccci et al. [19] has
pointed out that the large context dependency of finding a higher or lower variability in
natural populations could be itself a common characteristic of urban systems. Considering
that urbanization merges very diverse stressors acting at different intensities [23–26] it
could be more difficult to obtain a clear pattern of higher or lower variability than if each
stressor was separately weighed. However, ecosystems are indeed submitted to the syner-
gistic effects of different stressors acting at the same time in combination with fluctuations
of environmental factors [13,14,32]. In this way, studies assessing the variability of popula-
tions can be useful to detect disturbance impacts since changes in patterns of variability
can be detected even before responses in mean values were detected [43], as results of the
present study showed. Moreover, previous studies conducted in the same area have also
indicated a decreasing of mussel density, an increasing of shell length beside changes in
abundance of native macroalga canopy and in macrofaunal assemblages associated with M.
galloprovincialis beds in intertidal urban shores, in comparison to non-urban ones [6,38,62].
A recent study indicates that Mytilus populations are declining in North Atlantic waters
by their extreme exploitation, linked to direct and indirect effects of climate change [63].
Results, therefore, indicated different patterns of variability in mussel populations between
urban and non-urban shores. As different stressors associated with urbanization that can
influence mussel populations (e.g., pollution, trampling, harvesting) act at the shore scale
and most of the differences were found at this scale, it can be speculated that urbanization
condition is primarily responsible for observed pattens in mussel populations. However,
these patterns cannot be unambiguously attributed to urbanization without testing spe-
cific hypotheses by manipulative studies. Nevertheless, the present study provides a
good base of empirical knowledge to establish these experiments and for adopting proper
management measures.

5. Conclusions

Different patterns of mussel populations reported in this study at urban and non-urban
shores should be understood as being at the start of habitat worsening. Considering the
economic and ecological importance of M. galloprovincialis, its deterioration could cause
unpredictable effects to the whole ecosystem and for human wellbeing making urgent the
adoption of proper management plans that minimize the effects of urbanization. The results
also pointed out the dependency of urbanization effects on spatial and temporal scales.
Thus, to be effective in the adoption of management and mitigation measures, these should
consider the relevant scales of variability both in space and time, pointed out by this study;
otherwise, they will fail in ameliorating urbanization effects on intertidal ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/w14101570/s1, Figure S1: Variance of the spat density of M. galloprovincialis at
different spatial scales and dates; Figure S2: Variance of the condition index of M. galloprovincialis
at different spatial scales and dates; Figure S3: Variance of the shell length of M. galloprovincialis at
different spatial scales and dates.
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