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A B S T R A C T

A multimetric approach was used to detect structural, compositional, and functional shifts in the underlying
macrobenthic communities of an offshore mussel (Mytilus galloprovincialis) farm in a Portuguese Aquaculture
Production Area. Sampling stations distributed inside and outside this area were used to evaluate sediment
descriptors and macrobenthic samples collected before (April and September 2010) and after (June and
September 2014) the initiation of mussel farming. Sediment fine fraction, organic matter content, and trace
element concentrations were found to increase with depth, independently from the mussel farm. Moreover, the
structure and composition of the macrobenthic communities were likewise structured by depth. Turnover was
the dominant temporal and spatial pattern of beta diversity for all communities. Furthermore, the functional
diversity of these communities was unaffected by the mussel farm. These results suggested that an offshore
profile allowed hydrodynamic conditions to weaken the impact of mussel farming and highlighted the im-
portance of conducting an integrative multimetric analysis when studying aquaculture impacts on benthic
communities.

1. Introduction

Aquaculture has been identified as one of the key contributors to
future food security (Anderson et al., 2017). Indeed, more than 3 billion
people rely on it as a major source of dietary protein (Fulton et al.,
2018), requiring its rapid development to meet the ever-increasing
demand for food (Salin and Ataguba, 2018). Yet, due to a growing
concern for the well-being of the marine environment, its expansion has
pushed for the need to evaluate and reduce the impact of conventional
production activities (Cao et al., 2007; Ellis et al., 2016; Ottinger et al.,
2016). At present, environmental concerns focus on the efficiency of
natural resource use and the risks that aquaculture byproducts pose
towards biodiversity (Valenti et al., 2018). These risks are progressively
addressed by the advancement of technology, which has paved the way
for aquaculture activities to take place increasingly away from calm
coastal zones (Bostock et al., 2010; Shainee et al., 2012) where

environmental impacts and competition with other uses may be
heightened (Gentry et al., 2016).

Offshore aquaculture is rapidly gaining acceptance (Froehlich et al.,
2017; Jansen et al., 2016; Thomas et al., 2019) as a form of food pro-
duction aligned with the environmental, economic, and social objec-
tives of many coastal nations (Gentry et al., 2017). However, its effects
remain to be a subject of investigation as choice of location (Silva et al.,
2011), hydrodynamic forces (Henderson et al., 2001; Pérez et al.,
2003), species characteristics (Gentry et al., 2017; Oyinlola et al.,
2018), and spatial conflicts influence the suitability of offshore sites and
their capacity for impact neutralization (Sanchez-Jerez et al., 2016).
Principal concerns for offshore farms are associated with organic en-
richment as a result of farm additives and biological waste (Cancemi
et al., 2003; Holmer, 2010), the spread of diseases via interaction with
wild stocks (Lafferty et al., 2015), and the genetic impact of species
escapees (Jackson et al., 2015; Naylor et al., 2005). Taking into account
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these concerns, offshore mussel farming may present a reduced ecolo-
gical footprint, particularly because mussels do not rely on artificial
additives or feed pellets as a source of nutrition (Hixson, 2014;
Shumway et al., 2003).

Globally, more than 18× 105 tons of mussels have been produced
annually since 2010, with the total yield increasing every year (FAO,
2018). Mussels are high in protein and provide vital fatty acids that
cannot be synthesized by humans (Cherifi et al., 2018; Venugopal and
Gopakumar, 2017). Aside from their rich nutritional value, their eco-
system services, such as nutrient remediation, are also known to be
beneficial to the environment and to society (van der Schatte Olivier
et al., 2018), modifying their habitats in a manner that increases phy-
sical heterogeneity and habitat diversity, and reinforcing the reputation
of mussels as ecosystem engineers (Borthagaray and Carranza, 2007).
Furthermore, by filter feeding at high rates, mussels remove consider-
able amounts of particulate matter and sequester nitrogen from the
water column by converting this material into their own tissue mass
(Lüskow and Riisgård, 2018; Petersen et al., 2014). They also con-
tribute to phytoplankton growth dynamics through the facilitation of
ammonia cycling in the water column (Dame, 1996). For this reason,
mussel farms have been evaluated for their mitigation potential against
eutrophication as stand-alone coastal aquaculture systems (Gren et al.,
2009; Petersen et al., 2014; Whitmarsh et al., 2006). Although mussel
aquaculture has gained favor as a means to improve water quality
(Ferreira et al., 2014; Lindahl et al., 2005), it is associated with its own
set of environmental consequences. These generally involve the effect
of farming on the carrying capacity of the surrounding environment,
considering that cultured bivalves may compete with naturally occur-
ring filter feeders and may contribute to local organic enrichment
(Gibbs, 2007; McKindsey, 2013). While some researchers have argued
that these effects are relatively minor considering the nutrient re-
mediation services provided by mussels (Petersen et al., 2012; Rose
et al., 2012), several recent studies have shown significant yet con-
trasting effects in underlying benthic communities as a result of mussel
farming (e.g., Hartstein and Rowden, 2004; Suplicy, 2018; Ysebaert
et al., 2009). In shallow coastal inlets with relatively low dispersal
capacity, mussel farms may cause hypoxic and sulfidic sediments
(Carlsson et al., 2012; Cranford et al., 2009; Grant et al., 2005) due to
bulk biodeposition, inducing adverse changes to the underlying mac-
robenthic infaunal diversity (Chamberlain et al., 2001; Gallardi, 2014;
Newell, 2004). This homogenizing response to organic enrichment can
be accompanied by ecological shifts on benthic fauna, with pre-
dominantly suspension feeding communities of long-lived bivalves,
crustaceans, and infaunal polychaetes giving rise to communities
dominated by small sized opportunistic deposit feeders marked by their
tolerance for byproducts of anoxic reactions (Danovaro et al., 2003;
Gallardi, 2014; McKindsey et al., 2011). On the other hand, several
studies have concluded that mussel culture can have little to no nega-
tive impact on the underlying benthic communities due to the influence
of strong local hydrodynamics on the dispersion of biodeposits
(Chamberlain et al., 2001; Crawford et al., 2003; da Costa and Nalesso,
2006; Lacoste et al., 2018). In this respect, dose-dependency of biode-
position, which is influenced by water depth and current speeds (Keeley
et al., 2009), appears to account for levels of impact (Robert et al.,
2013), with total abundance and species richness decreasing as biode-
position is increased (Callier et al., 2009). Conversely, offshore mussel
cultivation has also been related to elevated macrofaunal diversity at-
tributed to fall-off of mussels and their shell-hash, which can increase
the heterogeneity of benthic structure (McKindsey et al., 2011; Wilding
and Nickell, 2013; Wong and O'Shea, 2011).

The alterations in macrobenthic structure have typically been used
to assess the degree of disturbance under mussel farms. Classical
methods for detecting these impacts include alpha diversity indices,
such as the Shannon-Wiener diversity and Pielou evenness index (da
Costa and Nalesso, 2006; Fabi et al., 2009), coupled with multivariate
statistical tests (Lacoste et al., 2018; Neofitou et al., 2014; Wilding and

Nickell, 2013). More recently, complementary measures have emerged,
aiming to increase knowledge about the ecological impacts of offshore
farms. The use of beta diversity metrics, for instance, and its parti-
tioning into turnover and nestedness (Baselga, 2010) may especially be
useful as an indicator of shifts in community structure and composition
induced by mussel farming and in detecting changes at the community
level from before and after the settlement of mussels. Another useful
approach to evaluate these changes is founded on the concept of
functional diversity, which focuses on the composition of the biological
traits of species rather than the taxonomic structure of communities
(Bremner et al., 2003). This approach, known as Biological Traits
Analysis (BTA), aims to provide clues about ecosystem functioning
(Bremner, 2008) and refines the link between traits and ecological
processes, with habitat as the template that may be used to predict the
organization of communities (Dolédec et al., 1996; Keddy, 1992). The
use of a combination of metrics to assess benthic community structure,
diversity, and functionality has been shown to be effective at detecting
a scenario of disturbance (Dimitriadis and Koutsoubas, 2011; Piló et al.,
2019). Such approach would generate both a qualitative and quanti-
tative overview of the relevant communities across time and space, and
its application in this study is intended to assess mussel farm effects at
the macrobenthic-community level.

The Marine Stewardship Council (MSC) grants Sustainable Fisheries
Certification to offshore aquaculture projects based on the following
principles: health of fish stock, impact on the ecosystem, and manage-
ment system (FCI, 2014). More specifically, the second principle states
that “fishing operations should allow for the maintenance of the
structure, productivity, function, and diversity of the ecosystem … on
which the fishery depends” (MSC, 2014). This principle launched the
present study, which intends to evaluate whether or not a mussel
Aquaculture Production Area (APA) located in southern Portugal could
induce changes in the structure, composition and functional ecology of
the underlying benthic communities. Given the potential of aquaculture
byproducts to change the environment of the proximal seabed, and
considering the typical macrobenthic community responses to these
changes, the following objectives were proposed: (a) infer whether
concentrations of organic matter and trace elements were higher in APA
underlying sediments; (b) detect potential differences on the composi-
tion of macrobenthic communities between impact and reference areas;
(c) evaluate if alpha and beta diversity patterns differ spatially, mir-
roring APA effects in receiving communities; (d) understand the func-
tional structure and organization of local macrobenthic communities
and analyze possible differences between impact and reference areas;
and (e) highlight the importance of natural factors in shaping the local
communities beyond the structural effects induced by the APA.

2. Materials and methods

2.1. Site description

The Aquaculture Production Area (APA), otherwise known as Área
Piloto de Produção Aquícola da Armona (APPAA), is an offshore zone
for aquaculture established by the Portuguese government and sup-
ported by the technical and scientific expertise of the Portuguese
Institute of the Sea and Atmosphere (IPMA). It is located on the Algarve
coast of Portugal, outside the Ria Formosa Natural Park, and is ap-
proximately 3 km away from Armona Island near the coastal inlet of
Olhão. The APA covers an area of 15 km2 and was the site of a rope
grown Mediterranean mussel (Mytilus galloprovincialis) culture that was
initiated in 2012 under the management of Companhia de Pescarias do
Algarve and Molushore – “Empresa de Cultivo de Moluscos Marinhos em
Offshore, Lda.” Aside from mussels, the APA also contains small lots
with dismantled fish cages and tuna traps that were established on the
eastern section of the area long before the designation of APA. Mussels
were grown with semi-submerged longlines, each having an average
length of 400m and consisting of 250 socks homogeneously distributed
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along the farming area, each 12m long, with a distance of 1–1.5m
between each and set about 5m below the sea surface. A system of
buoys and anchors maintained the position and buoyancy of the socks,
which each had an average mussel production rate of 100 kg/y (Araújo
et al., 2018), contributing to a total estimated production of 3990 tons
of mussels per year.

The APA site is influenced by both Atlantic and Mediterranean
waters, with predominant currents and waves flowing from the W-SW,
and countercurrents and waves from the E-SE (Carvalho et al., 2018).
Due to the southeastern orientation of the APA in relation to the cuspate
shape of the Ria Formosa lagoon system, it is more exposed to the
“Levante” conditions coming from the SE (Achab et al., 2014), although
the longshore drift in the area remains to be eastward directed with net
values ranging from 0.4×105 to 1.5× 105m3/yr (Pacheco et al.,
2011a). Waves from the SE, reaching wave heights of 1.2m, are sig-
nificantly higher than waves from the SW, which reach wave heights of
0.9 m (Costa et al., 2001). Salinity in this region remains at an average
of 36, whereas mean seawater temperature varies between 15 °C in the
Winter and 22°C in the Summer, with no significant oscillations with
depth. An emergence of cold productive waters due to upwelling events
regularly occurs between April and October (Leitão et al., 2005),
making this a favorable site for offshore aquaculture production.

2.2. Sampling design

In order to evaluate the potential impact of the mussel farm on
macrobenthic communities, a before-after/control-impact (BACI) ap-
proach (Underwood, 1992) was performed. To evaluate the effects over
time and different states of farm activity, sampling was carried out at
four different periods: April 2010 (I), September 2010 (II), June 2014
(III), and September 2014 (IV). Sampling periods I and II took place
before mussel farming was initiated. Sampling could not take place in
2012, when mussel farming was initiated, due to legal constraints. The
latter sampling periods (III and IV) took place when the mussel farm
was in full operation. Twelve sampling stations, with three replicates
each, were established. A division of these stations established two
treatment types: six stations were located within the APA and labeled as
“impact” stations, and the other six stations were located outside the
borders of the APA and labeled as “control” stations. The control sta-
tions were located around the APA in all directions, as the currents and
waves in the area are influenced by natural conditions from opposing
directions. To account for the wide depth range (13–70m) over the
farm area, these stations were strategically located so that an equal
number of “impact” and “control” ones were found in the “shallow” and
“deep” areas ranging from 13-24m and 41–70m, respectively. A total
of four main groups, with three stations each, were distinguished “a
priori” accordingly: SC (Shallow-Control), SI (Shallow-Impact), DC
(Deep-Control), and DI (Deep-Impact) (Fig. 1). This zonation strategy
established whether treatment groups in the “shallow” or “deep” area
were similarly affected by the mussel farm. Stations may differentially
be affected based on the dispersion potential of biodeposits associated
with different depths (Weise et al., 2009), given that the deep stations
are beyond the seaward limit of wave effects in this region (Carvalho
et al., 2018). This type of zonation also improved the analysis of sta-
tistical results across groups.

For the assessment of macrobenthic assemblages, triplicate sedi-
ment samples in each of these stations were collected using a Van Veen
grab (0.05m2). At the impact stations, samples were collected in areas
adjacent to mussel longlines. These were sieved through a 1mm mesh
sieve at each site for each sampling period. Macrobenthic organisms
found in the samples were then sorted and identified to the lowest
possible taxonomic level at the laboratory. A sub-sample (2.5× 10 cm
corer) of each collected grab was used for the determination of sedi-
ment grain size and concentrations of organic matter and trace ele-
ments.

2.3. Sediment descriptors

Considering the potential of mussel farms to induce modifications in
nearby sedimentary environments, various descriptors along the se-
lected areas and sampling periods were measured. Given the relevance
of fine sediment to coastal community structure (Carvalho et al., 2012),
fine particles (silt and clay fraction,< 63 μm) were used as sediment
grain size proxy. Sediment samples were dried in an oven at 40 °C.
Grain size analysis was carried out using a sieve shaker (Retsch AS 200)
for 10min, with controlled amplitude. The mechanical separation was
performed with a 63 μm sieve, and the dry weight of the fine fraction
recorded. Sediment organic matter content was determined through the
ash-free dry weight of the sediment samples (200mg) after 2 h at
450 °C.

The quantification of trace elements was performed according to
Caetano et al. (2008). Briefly, sediment samples (approximately
100mg) were completely digested using 6 cm3 of HF (40%) and 1 cm3

of Aqua Regia (HCl—36%: HNO3—60%; 3:1) in closed Teflon bombs at
100 °C for 1 h. Obtained residue was evaporated to near dryness in
Teflon vials (DigiPrep HotBlock — SCP Science), redissolved with 1 cm3

of double-distilled HNO3 and 5 cm3 of Milli-Q water, heated for 20min
at 75 °C, and then diluted to 50 cm3 with Milli-Q water. Trace elements
were determined using a quadrupole ICP-MS (Thermo Elemental, X-
Series) equipped with a Peltier Impact bead spray chamber and a
concentric Meinhard nebulizer. The experimental parameters were as
follows: forward power 1400W; peak jumping mode; 150 sweeps per
replicate; dwell time: 10ms; and dead time: 30 ns. Two procedural
blanks were prepared using the same analytical procedure and reagents
and were included in each batch of 10 samples. The blanks always
delivered values of less than 1% of the total concentration of elements
studied. The isotopes used for quantification were: 51V, 52Cr, 59Co, 60Ni,
65Cu, 66Zn, 75As, 111Cd, and 208Pb. The internal standard chosen was
115In. For all the elements analyzed, coefficients of variation for counts
(n=5) were lower than 2% and a 7-point calibration within a range of
1–100 μg L− 1 was used for quantification. The precision and accuracy
of the analytical procedures was controlled through repeated analysis of
the elements studied in certified reference materials (MAG-1, MESS-2
and PACS-2). The results obtained did not differ significantly
(p < 0.05) from the certified values (data not shown).

2.4. Data analysis

2.4.1. Environmental parameters
To detect significant differences in each of the sediment descriptors

(organic matter, sediment fine fraction, trace elements), a three-way
analysis of variance (ANOVA) was carried out among the following
fixed factors: “Treatment” (2 levels: Control or Impact), “Sampling
period” (4 levels: I, II, III, and IV), and “Depth” (2 levels: Shallow or
Deep). The data were previously checked for normality and homo-
geneity of variance using Shapiro-Wilk and Levene's test, respectively.
Transformations were made in cases where the data failed to meet as-
sumptions for the ANOVA. For post hoc multiple comparisons, the
Tukey test was used.

2.4.2. Multivariate analyses
In order to assess the patterns of macrobenthic community struc-

ture, species abundance data was square root transformed and used to
generate a Multidimensional Scaling plot from the Bray-Curtis resem-
blance matrix. The information provided by this plot was used to vi-
sualize potential dissimilarities among samples.

A three-way permutational analysis of variance (PERMANOVA)
with the factors “Treatment,” “Sampling period,” and “Depth” was
performed on the abundance data. Since the variances across replicates
were not homogeneous for each station per sampling period, each re-
plicate of each station sample was then related to its corresponding
“Treatment”, “Depth”, and “Sampling period” in order to reduce the
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influence of high intra and inter-station variability on the main test. The
statistical test was done with a Bray-Curtis distance matrix and 999
permutations on the residuals of the reduced model. Afterwards, a
SIMPER analysis was done to determine the dominant species within
each sampling group for every sampling period and to quantify how
much these groups differed in terms of species composition. An ANOVA
was then used to compare the spatial dissimilarity scores across depth
groups. The open source softwares RStudio version 1.0.153 (RStudio
Team, 2016) with the “vegan” package (Oksanen et al., 2011) and
Primer v6 (Clarke and Gorley, 2006) were used to perform these tests
and similar ones described in this study.

2.4.3. Alpha diversity
To describe alpha diversity patterns between the main factors, four

indices were determined: the number of individuals per station (N),
species richness (S – number of taxa per station), Shannon-Wiener index
(H’ - diversity), and Pielou's index (J – evenness). A three-way ANOVA,
followed by a Tukey test as post hoc, was then performed to evaluate
the differences between these parameters. Assumptions were tested
using Levene's test for homogeneity of variance and the Shapiro-Wilk
test for normality. The “vegan” (Oksanen et al., 2011) and “car” (Fox
and Weisberg, 2011) packages in RStudio were used to perform these
tests.

2.4.4. Beta diversity partitioning
For beta diversity metrics, the abundance data were pooled ac-

cording to sampling group per sampling period (e.g. SC_I, SC_II, SC_III,
SC_IV). Thus, each sampling group (SC, SI, DC, DI) could be compared
to one another both spatially (e.g. SC_I vs SI_I) and temporally (e.g. SI_I
vs SI_IV). This allowed for a more global comparison of the beta

diversity values afterward. The Sorensen dissimilarity index, based on
presence-absence data, was used as a measure of general beta diversity.
An ANOVA was used to test for differences between the temporal beta
diversity scores of each sampling group and period. To understand the
underlying patterns influencing similarities or differences in diversity
between two sites, beta diversity was partitioned into its spatial turn-
over (Simpson pair-wise dissimilarities) and nestedness components
using the methodology described by Baselga (2010). In order to prop-
erly check for differences between beta diversity and its components, a
t-test was used. The use of beta diversity to assess macrobenthic tem-
poral diversity patterns within the same sites has been done before, in
the context of disturbances due to dredging (Piló et al., 2019) and
seasonal hypoxia (Chu et al., 2018). The “betapart” package (Baselga
and Orme, 2012) in RStudio was used to run these tests.

2.4.5. Biological traits analysis
In order to conduct the BTA, a bibliographic survey was performed

to assign trait information to the identified species. Because of the
limited biological information available for marine invertebrates, a
well-known challenge for BTA (Munari, 2013), only the 50 most
abundant taxa (out of 601 identified) were surveyed for their traits,
taking into account their high contribution (63.3%) to the total abun-
dance. Functional trait information was gathered from a variety of
sources: research papers and reports, including their appendices, and
web databases such as MarLIN BIOTIC – Biological Traits Information
Catalogue: http://www.marlin.ac.uk/biotic/, WORMS – World Register
of Marine Species: http://www.marinespecies.org, Marine Species
Identification Portal: http://species-identification.org/, SeaLifeBase:
http://www.sealifebase.org, and ADW - Animal Diversity Web: http://
animaldiversity.org.

Fig. 1. Sampling stations in the Aquaculture Production Area (APA) situated close to Armona Island (along the coast of southern Portugal).
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A mix of both qualitative and measurable trait information obtained
for the top 50 species included the following: “Feeding mode”, “Life
span”, “Body size”, “Motility”, “Position in sediment”, “Larval type”,
and “Sensitivity to disturbance”. The main rationales for the selection of
these traits are their ability to reflect important responses of species to
the environment (Paganelli et al., 2012) and the availability of in-
formation for macroinvertebrate taxa in the region of southern Por-
tugal. For each of these traits, a set of modalities based on Piló et al.
(2016) were used to categorize the taxa. These traits, and the associated
modalities (Table 1), were chosen based on their usefulness in effec-
tively assessing the loss of ecological functioning in the presence or
absence of disturbance events, particularly those associated with or-
ganic matter input (Dimitriou et al., 2017; Papageorgiou et al., 2009;
Sanz-Lázaro and Marín, 2011). The trait “Sensitivity to disturbance”
was based on the AMBI index ecological groups. Despite the typical use
of this index in the assessment of anthropogenic environmental changes
induced by organic matter enrichment, according to the paradigm of
Pearson and Rosenberg (1978), the AMBI index proved to be useful in
detecting other anthropogenic impacts including trace metal inputs
(Borja et al., 2000) and thus may provide important information about
mussel farming areas, where these phenomena have been reported. The
assignment of the identified species into one of the five ecological
groups (I–V) proposed by the AMBI index was based on the list avail-
able in AZTI website – http://www.azti.es.

Complex combinations of traits can translate to increased surviva-
bility for some species, thus some species tend to express many facets of
a trait given fluctuations of environmental conditions across temporal
and spatial scales (Beauchard et al., 2017; Statzner and Bêche, 2010).
To account for this level of plasticity, a ‘fuzzy coding’ procedure was
employed. This procedure, described by Chevenet et al. (1994), ac-
counts for the use of multiple modalities at different degrees of affinity.

Each modality was given a score of 0–3, with 0 indicating no affinity for
the given modality, and 3 indicating total affinity. A score of either 1 or
2 is indicative of partial or facultative affinity towards the given
modality. The fuzzy-coded traits matrix is provided in the Supple-
mentary Material (Table S2). A PERMANOVA based on Euclidean re-
semblance, with 999 permutations, was used to test for differences in
trait composition for the three main factors: “Treatment,” “Sampling
period,” and “Depth” using the same design described in section 2.4.2.
For this test, a new matrix providing trait scores for each sample was
created by using the weights of each taxa for each trait (based on the
fuzzy-coded trait matrix) according to its mean abundance in each
sampling group x sampling period (e.g. I_SC, IV_DC). The same matrix
was then used to graph the diversity in modalities for each of the re-
spective traits for each sampling group x sampling period.

Following the approach proposed by Dray et al. (2014), an RLQ
analysis (Dolédec et al., 1996) combined with the Fourth Corner
method (Legendre et al., 1997) was performed to link environmental
conditions with species trait data. This approach has previously been
used to assess the effects of a metal concentration gradient on benthic
functional diversity (Piló et al., 2016) and the effects of environmental
stressors on riverine benthic macroinvertebrate assemblages
(Kuzmanovic et al., 2017). The RLQ analysis involves the use of three
matrices: an R table, which contains the environmental data for each
site; an L table, which contains the species abundance data for each site;
and a Q table, which contains the trait data for each species (Dray et al.,
2014). Min-max normalization (with 1 being the maximum value, and 0
being the minimum value) was performed on the environmental data,
and the abundance data was square root transformed (to minimize the
presence of dominant taxa) in preparation for use in the RLQ analysis.
The normalized environmental data for the depth, sediment fine frac-
tion, sediment organic matter and trace elements in each replicate per
site served as the R matrix, and the fuzzy-coded trait table containing
information for the selected traits was used as the Q matrix in the RLQ
analysis.

Prior to the RLQ test, separate ordinations were performed on each
of the matrices. A correspondence analysis (CA) was performed on the L
(abundance) table, a principal component analysis (PCA) was per-
formed on the R (environmental data) table, and a fuzzy correspon-
dence analysis (FCA) was done for the Q table (fuzzy-coded traits ma-
trix). The RLQ test combined these three analyses in order to maximize
the covariation between environmental variables and taxonomic traits
(Dray et al., 2014). A global Monte-Carlo test with 999 random per-
mutations was then performed on the RLQ values to test relationships
under the following models: Model 2 tested for the relationship be-
tween the species compositions of the sites and the environmental
conditions (R and L), whereas Model 4 tested species distribution as a
function of their biological traits rather than their preferences for site
conditions (L and Q); Model 6 was a combination of these two tests, and
determined if traits were significantly related to environment (Borcard
et al., 2018; Dray and Legendre, 2008; ter Braak et al., 2012). To
complement RLQ results, a recent and improved version of the Fourth
Corner method, with 49999 random permutations, including adjust-
ments for multiple comparisons (Dray et al., 2014), was used. This
method combined R, L, and Q results into a single table so that specific
traits may be matched to environmental variables (Dray et al., 2014).
This analysis was performed using the “ade4” package (Dray and
Dufour, 2007) of the open source software RStudio version 1.0.153
(RStudio Team, 2016).

3. Results

3.1. Environmental parameters

The sediment fine fraction showed a relation to depth as both in-
teractions “Depth x Treatment” and “Depth x Sampling period” were
found significant (p < 0.05). Organic matter presented a significant

Table 1
Macrobenthic functional traits and their modalities, including codes for each
modality. These codes are used in RLQ results (Fig. 7). Trait modalities are
derived from Piló et al. (2016).

Functional Trait Modalities Code

Feeding Mode Surface Deposit Feeder SDF
Subsurface Deposit Feeder SSDF
Carnivore C
Herbivore H
Suspension Feeder SF

Sensitivity to disturbance Sensitive I
Indifferent II
Tolerant III
Second-order Opportunistic IV
First-order Opportunistic V

Lifespan Short (0–2 years) LS
Medium (2–5 years) LM
Long (> 5 years) LL

Body size Very Small (0–1 cm) BVS
Small (1–3 cm) BS
Medium (3–10 cm) BM
Large (> 10 cm) BL

Motility Burrower Bu
Crawler Cr
Walker W
Swimmer Sw
Sessile S

Position Infaunal Inf
Epifaunal Epi

Larval type None (Brooding) Broo
Benthic Bent
Planktonic Plank
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“Depth x Treatment” interaction (p < 0.05) with differences across
Sampling Period (p < 0.05). Higher trace element concentrations were
found in sediments composed mainly of fine grained particles and with
increased organic matter content (DC and DI). Indeed, for almost all the
elements (except Cd), a significant “Depth x Treatment” interaction
(p < 0.05) was found. Overall, the gradient for all analyzed environ-
mental parameters was shown by the Tukey test as
[DC]> [DI]> [SC]= [SI] (Table 2 and S1).

3.2. Composition and structure of macrobenthic communities

A total of 17868 macrobenthic organisms, belonging to 601 taxa,
were collected and identified during the study period. Identified taxo-
nomic groups included Polychaeta (46.8%), Bivalvia (18.7%),
Amphipoda (14.6%), Echinodermata (3.4%), Nemertea (3.1%),
Decapoda (2.6%), Gastropoda (2.3%), and others (8.5%). The most
abundant species found was the bivalve Spisula solida, which comprised
7.9% of the total species count, followed by the polychaetes Lumbrineris
lusitanica (4.8%) and Ampharete lindstroemi (3.8%) (Table 3). The re-
maining 598 taxa each contributed to less than approximately 3% of the
total species count. A total of 122 taxa were singletons (found only once
in the whole study). A fair distribution of the abundance was verified
throughout the species list with low levels of dominance. The full list of
identified taxa is included in the Supplementary Material (Table S2).

The nMDS plot showed that community structure and composition
were noticeably related to depth, whereas treatment did not structure
the communities considerably (Fig. 2). A temporal consistency was
noticeable along the different sampling periods. These results were
partially corroborated by the PERMANOVA test, which revealed sig-
nificant interactions between depth with both treatment and sampling
period (“Depth x Treatment” p=0.001 and “Depth x Sampling period”
p=0.001). For the first interaction, the post hoc pairwise tests revealed
that the shallow-control (SC) and shallow-impact (SI) communities
were similar to one another (p=0.73) while the other relations differ
among them (p=0.001). The pairwise test for the second interaction
revealed a high temporal variation of community structure and com-
position not only between different depths (Shallow and Deep) at the
same sampling period but also for the same depths at different periods.
(See Table S3 for PERMANOVA complete results).

3.3. Species contribution across sampling areas

SIMPER results grouped communities by depth: SC-SI and DC-DI –
were regularly more similar to one another than treatment regimes: SC-
DC and SI-DI differed consistently along the different sampling periods
(I-IV). Spatial dissimilarity tended to be higher between control and
impact sites found in the shallow area than sites in the deep area
(p=0.02). As shown in the nMDS plot and in the spatial SIMPER re-
sults (Table 4), species communities from the deep stations were more
similar to one another as a whole, compared to shallow communities.
Dissimilarity tended to increase over time, with larger dissimilarity
scores between the first (I) and final (IV) sampling periods. The trend in
temporal dissimilarity scores for both control and impact sites of each
depth regime did not differ considerably.

Generally, the sampling areas within depth groups showed different
patterns of community structure and composition over time, even prior
to mussel settlement. The most common species for each sampling
period in the shallow areas did not show consistent levels of dominance,
whereas the more common species in the deep areas remained fairly
consistent (Table 5). Prior to mussel settlement, the five highest con-
tributing taxa in the shallow area included nemerteans, the polychaetes
Mediomastus sp., Nephtys cirrosa, and Spiophanes bombyx, and the am-
phipod Ampelisca spp. Post-mussel settlement, the tanaid Apseudopsis
spp. and another polychaete Ampharete lindstroemi generally increased
in abundance. The five highest contributing taxa in the deep area prior
to mussel settlement were mostly polychaetes and included the fol-
lowing taxa: Lumbrineris lusitanica, Ampharete lindstroemi, Abyssoninoe
hibernica, Notomastus sp., and Nemertea. Both the DC and DI commu-
nities in the post-mussel settlement scenario were marked by a rise in
occurrence of the amphipod Ampelisca spp. Of the highest contributing
species across sampling periods in each group, the only species con-
sidered to be opportunistic (belonging to AMBI groups IV or V) were
Corbula gibba, a bivalve found in SC, and the polychaetes Heteromastus
filiformis and Lagis koreni in DC and DI, respectively.

3.4. Alpha diversity

The mean number of individuals (N) found per station was con-
sistently higher in the shallow areas than in the deep areas (Fig. 3-A).
This varied similarly in SC and SI, peaking at sampling period III. For

Table 2
Mean ± Standard Deviation values of environmental parameters: percentage of the fine fraction (Fines %), OM (%) and trace element concentrations (μg/g) in the
sediment in each of the sampling groups (SC, SI, DC, DI) before (sampling periods I and II) and after (sampling periods III and IV) mussel settlement in the offshore
farm.

Sediment Trace Elements (μg/g)

Sampling
period

Fines (%) OM (%) V Cr Co Ni Cu Zn As Cd Pb

SC I 3.2 ± 4.7 2.0 ± 1.5 16.0 ± 9.0 8.5 ± 7.3 1.7 ± 1.2 3.6 ± 3.1 5.8 ± 4.7 21.2 ± 15.6 8.9 ± 3.3 0.06 ± 0.01 5.2 ± 2.7
II 4.2 ± 6.0 1.7 ± 1.0 16.6 ± 6.6 10.1 ± 6.7 1.8 ± 0.8 4.1 ± 2.4 5.4 ± 4.2 20.6 ± 11.9 11.0 ± 6.4 0.05 ± 0.02 5.8 ± 2.1
III 0.2 ± 0.4 1.5 ± 0.6 9.6 ± 5.9 17.9 ± 15.0 2.1 ± 0.7 2.8 ± 1.5 4.7 ± 1.7 15.1 ± 7.5 8.3 ± 4.9 0.02 ± 0.01 11.4 ± 3.8
IV 4.7 ± 6.7 2.0 ± 1.1 14.1 ± 7.0 12.2 ± 5.3 1.9 ± 0.9 3.5 ± 2.3 5.3 ± 3.5 19.0 ± 11.6 9.4 ± 4.8 0.04 ± 0.01 7.5 ± 2.8

SI I 0.8 ± 0.7 1.8 ± 0.7 13.2 ± 6.0 5.3 ± 2.3 1.2 ± 0.6 2.4 ± 0.5 3.5 ± 1.7 14.6 ± 5.2 10.1 ± 8.4 0.04 ± 0.01 3.9 ± 1.3
II 3.0 ± 2.3 1.7 ± 0.3 17.0 ± 4.6 15.5 ± 14.7 1.7 ± 0.2 3.9 ± 2.2 4.9 ± 1.6 19.7 ± 1.3 13.1 ± 9.0 0.05 ± 0.01 5.9 ± 0.9
III 15.7 ± 22.5 1.6 ± 0.6 9.7 ± 7.1 30.1 ± 18.0 2.1 ± 0.8 2.3 ± 0.7 4.1 ± 1.2 13.9 ± 5.7 9.0 ± 7.0 0.02 ± 0.01 10.1 ± 3.5
IV 1.6 ± 2.3 1.7 ± 0.6 13.3 ± 5.1 17.0 ± 10.0 1.7 ± 0.5 2.9 ± 0.9 4.2 ± 1.2 16.0 ± 3.2 10.7 ± 8.0 0.04 ± 0.01 6.6 ± 1.4

DC I 78.9 ± 12.4 8.5 ± 1.2 94.3 ± 12.9 62.0 ± 10.0 11.6 ± 1.4 27.0 ± 4.3 51.0 ± 7.1 177 ± 17.3 24.0 ± 2.3 0.17 ± 0.02 55.7 ± 6.3
II 77.8 ± 14.0 7.5 ± 1.5 86.3 ± 22.8 56 ± 14.3 10.6 ± 2.2 24.0 ± 5.3 47.7 ± 11.1 166 ± 31.5 22.3 ± 4.8 0.17 ± 0.05 55.6 ± 10.7
III 58.4 ± 42.3 7.2 ± 1.1 83.6 ± 21.6 53.9 ± 12.2 10.8 ± 2.1 23.2 ± 5.4 45.1 ± 9.1 160 ± 24.3 21.6 ± 4.5 0.12 ± 0.03 53.7 ± 5.7
IV 78.6 ± 14.9 6.5 ± 1.2 88.1 ± 18.9 57.3 ± 11.8 11.0 ± 1.8 24.7 ± 4.9 47.9 ± 8.9 167 ± 23.9 22.6 ± 3.8 0.16 ± 0.03 55.0 ± 7.3

DI I 47.6 ± 18.1 6.3 ± 2.1 68.3 ± 33.0 43.3 ± 20.8 8.5 ± 4.1 18.5 ± 9.4 36.3 ± 19.5 128 ± 65.0 19.1 ± 8.6 0.14 ± 0.05 35.6 ± 21.3
II 68.7 ± 9.0 6.8 ± 0.5 80.3 ± 9.2 51.2 ± 5.5 10.2 ± 1.3 21.7 ± 3.0 44.3 ± 6.4 151 ± 19.7 20.0 ± 2.3 0.17 ± 0.01 48.7 ± 5.3
III 58.2 ± 15.9 6.3 ± 1.1 67.0 ± 8.3 42.4 ± 7.3 8.8 ± 0.8 18.2 ± 2.4 35.8 ± 4.4 125 ± 16.5 18.2 ± 2.0 0.12 ± 0.02 43.3 ± 5.5
IV 63.0 ± 6.0 5.7 ± 0.7 71.9 ± 16.3 45.6 ± 10.5 9.1 ± 2.0 19.4 ± 4.8 38.8 ± 9.9 135 ± 33.0 19.1 ± 4.2 0.14 ± 0.02 42.5 ± 10.3
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DC and DI, N scores were more consistent, but a peak during the post-
mussel settlement periods was apparent for DI. The same trends in the
scores of species richness (S) was observed for all sampling areas
(Fig. 3-B). The ANOVA and post hoc tests confirmed that depth and
sampling period significantly (Depth x Sampling period; p=0.001)
influenced N and S, with the shallow sites having higher mean scores.
The post hoc test did not consider the scores at sampling periods III and
IV of DI to be significantly higher than the scores obtained for the
earlier sampling periods. Furthermore, S was found to be significantly
higher for Impact (Treatment; p=0.04).

Shannon-Wiener diversity scores (H′, Fig. 3-C) were significantly
related to both depth and treatment (p < 0.01), but not to sampling
period (df= 3, p=0.17). Shallow stations had consistently higher H′
scores than deep stations. Species diversity was higher in the impact
stations, compared to the control stations, of each depth regime. The
Tukey test, however, deemed that SC and SI had similar mean H’ scores

(p=0.104). The same result was found for DC and DI (p=0.056). The
Pielou scores for evenness (J) did not show a clear trend (Fig. 3-D),
despite the significant differences found for treatment (p < 0.05) and
for the interaction between depth and sampling period (p < 0.05) as
revealed by ANOVA (See ANOVAs complete results in Table S4). Gen-
erally, the post hoc test showed that the trend for mean J scores fol-
lowed a gradient which favored the deep sampling areas:
[DC]= [DI]> [SC]= [SI], contrasting the results of other alpha di-
versity measures.

3.5. Beta diversity

Spatially, a similar trend of mean beta diversity scores was found for
each sampling period when comparing the groups: I – 0.52 ± 0.09, II –
0.55 ± 0.15, III – 0.52 ± 0.13, and IV – 0.55 ± 0.14 (Sampling
Period; p=0.96). Temporally, an ANOVA test showed that mean beta
diversity scores across groups was similar (Group; p=0.46), with each
group gaining the following mean scores ± SD: SC – 0.47 ± 0.08, SI –
0.51 ± 0.07, DC – 0.54 ± 0.08, and DI – 0.54 ± 0.05. Considering
the temporal change of state per sampling group, the beta diversity
scores for the comparisons between I vs II and between I vs IV stand out,
with the mean beta diversity for I vs II being the lowest (0.39 ± 0.04),
and beta diversity for I vs IV being the highest (0.58 ± 0.02) (Figs. 4
and S5).

Regarding beta diversity partitioning, a pattern favoring turnover
instead of nestedness was detected for both temporal and spatial com-
parisons in all sampling areas. Nestedness scores were generally higher
in impact groups (SI and DI) compared to control groups (SC and DC)
(Fig. 4). The t-test, however, did not detect a significant difference
(df= 1, p > 0.05) between the turnover and nestedness scores before
and after mussel settlement. Nestedness scores for I vs II and III vs IV
(Pre vs Pre and Post vs Post mussel settlement) were statistically similar
(p=0.72) to nestedness scores for Pre vs Post comparisons (I vs III, I vs
IV, II vs III, II vs IV) for both impact groups SI and DI.

3.6. Functional diversity

The biological traits analysis suggested depth as the strongest factor
to influence variations between trait contributions, yet with a relevant
temporal variation (Fig. 5). Indeed, PERMANOVA tests revealed that
for almost all traits (“Feeding mode”, “Life span”, “Body size”,“Moti-
lity”, “Position”, and “Larval type”) these two factors (Depth and
Sampling Period) were found significant (p < 0.005), not only as
single factors but also as interaction (Depth x Sampling Period). The
Treatment factor was not significant for the different trait compositions,
with the exception of “Sensitivity to disturbance” where this factor was
also significant (p=0.02) (Table S7).

The relationship between species distribution (R) and environ-
mental conditions (L) was deemed significant by the global test of RLQ
scores (model 2, p=0.001). The relationship between community
composition (R) and functional traits (Q), rather than preferences for
environmental conditions, was likewise found to be significant (model
4, p=0.006). Thus, model 6, which tests whether traits are sig-
nificantly related to the environment, was significant as it adopted the
higher p value of the two models (p=0.006). About 98.3% of the total
variance was explained by the first RLQ axis, and only 1.1% of the total
variance was explained by the second one. Axis eigenvalues for the
separate analyses (PCA, CA, FCA) are provided in Table S8. The ad-
justed Fourth Corner test did not reveal significant relationships be-
tween the specific environmental variables and trait modalities
(p > 0.05).

The RLQ analysis was not able to identify the areas within the im-
pact zones of the mussel farm, instead separating areas based on depth
(Fig. 6). A noticeable association between all of the environmental
parameters was shown in the negative part of RLQ axis 1 (Fig. 7), where
all the DC and DI stations were located. This part of RLQ axis 1

Table 3
List of 50 most abundant taxa, their taxonomic groups, and their total and
cumulative contribution to abundance. Labels are included as a guide to Fig. 8.
Trait information for each of these taxa are included in the Supplementary
Material (Table S6).

Species Label Taxonomic Group A (%) A (cum%)

Spisula solida Sso Bivalvia 7.9 7.9
Lumbrineris lusitanica Llu Polychaeta 4.8 12.7
Ampharete lindstroemi Ali Polychaeta 3.8 16.5
Ampelisca spp. Amp Amphipoda 3.1 19.7
Nemertea Nem Nemertea 3.1 22.7
Apseudopsis spp. Aps Tanaidacea 2.3 25.0
Modiolus Mmo Bivalvia 2.2 27.2
Mediomastus sp. Med Polychaeta 1.9 29.1
Corbula gibba Cgi Bivalvia 1.7 30.8
Spiophanes bombyx Sbo Polychaeta 1.6 32.4
Notomastus sp. Not Polychaeta 1.5 33.9
Lagis koreni Lko Polychaeta 1.4 35.3
Bathyporeia spp. Bat Amphipoda 1.3 36.6
Nephtys cirrosa Nci Polychaeta 1.2 37.8
Phoronida Pho Phoronida 1.2 39.0
Lygdamis murata Lmu Polychaeta 1.2 40.2
Websterinereis glauca Wgl Polychaeta 1.1 41.3
Aspidosiphon muelleri Amu Sipuncula 1.0 42.4
Magelona minuta Mmi Polychaeta 1.0 43.3
Leptocheirus hirsutimanus Lhi Amphipoda 1.0 44.3
Abyssoninoe hibernica Ahi Polychaeta 0.9 45.2
Pisione remota Pre Polychaeta 0.9 46.1
Branchiostoma lanceolatum Bla Cephalochordata 0.9 46.9
Photis longicaudata Plo Amphipoda 0.9 47.8
Thracia phaseolina Tph Bivalvia 0.8 48.6
Photis sp. Pht Amphipoda 0.8 49.4
Paralacydonia paradoxa Ppa Polychaeta 0.8 50.2
Ophiura grubei Ogr Echinodermata 0.8 50.9
Eunice vittata Evi Polychaeta 0.7 51.7
Urothoe pulchella Upu Amphipoda 0.7 52.4
Prionospio dayi Pda Polychaeta 0.7 53.1
Urothoe hesperiae Uhe Amphipoda 0.7 53.9
Chamelea striatula Cst Bivalvia 0.7 54.6
Melinna palmata Mpa Polychaeta 0.7 55.3
Heteromastus filiformis Hfi Polychaeta 0.7 56.0
Euclymene oerstedii Eoe Polychaeta 0.6 56.6
Iphinoe armata Iar Cumacea 0.6 57.1
Magelona alleni Mal Polychaeta 0.6 57.7
Sphaerosyllis bulbosa Sbu Polychaeta 0.5 58.2
Diogenes pugilator Dpu Decapoda 0.5 58.8
Aponuphis bilineata Abi Polychaeta 0.5 59.3
Goniadella bobrezkii Gbo Polychaeta 0.5 59.8
Harpinia antennaria Han Amphipoda 0.5 60.2
Malacoceros sp. Maa Polychaeta 0.5 60.7
Glycera unicornis Gun Polychaeta 0.4 61.1
Ophiura albida Oal Echinodermata 0.4 61.6
Abra prismatica Apr Bivalvia 0.4 62.0
Nototropis vedlomensis Ave Amphipoda 0.4 62.5
Cheirocratus assimilis Cas Amphipoda 0.4 62.9
Nephtys sp. Nep Polychaeta 0.4 63.3
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comprised second-order opportunistic infaunal carnivores (IV; Inf; C)
and surface deposit feeders with medium body length, medium lifespan,
burrowing motility type, and planktonic larvae (SDF; BM; LM; Bu;
Plank). Representative species associated with increased depth, OM,
and trace elements included the polychaetes Abyssoninoe hibernica
(Ahi), Heteromastus filiformis (Hfi), Glycera unicornis (Gun), Melinna
palmata (Mpa), Lagis koreni (Lko), and Lumbrineris lusitanica (Llu)
(Fig. 8).

In contrast, the positive part of RLQ axis 1 was represented by
shallower sites, associated with lower concentrations of OM and trace
elements and larger sediments (lower “Fines” values). This component
depicted suspension feeders (SF), very small brooders with short life-
spans (BVS; Broo; LS), and epibenthic swimmers, crawlers, and walkers
(Epi; Sw; Cr and W) (Fig. 7). These depictions match the functional
traits of the following taxa, which represent the shallow communities
on the positive part of RLQ axis 1: the amphipods Photis spp. (Pht) and
Urothoe hesperiae (Uhe), the bivalve Spisula solida (Sso), the tanaidacean
Apseudopsis spp. (Aps), the hermit crab Diogenes pugilator (Dpu), and
phoronids (Pho) (Fig. 8).

4. Discussion

The results of this study suggest that the longline mussel culture settled
in the Aquaculture Production Area (APA) did not affect the underlying
macrobenthic communities in terms of species composition or functional
diversity. Since the main trend visible throughout the study was the de-
marcation of communities according to depth, any influence that the
mussel culture had on the surrounding environment may have been su-
perseded by natural conditions. Over time, the underlying communities
retained the diversity trends and functional trait profiles observed during
the sampling periods prior to mussel settlement.

4.1. Effects of APA on the underlying sediments

Sediment organic matter and elemental concentrations tended to
increase with depth while sediment size was notably finer in deeper
areas. These results were expected because the physical properties of
sediments are linked to particle settling velocity, current strength, and
wave height (Seiderer and Newell, 1999), factors which are

Fig. 2. An nMDS plot depicting community structure based on sampling period (I, II, III and IV) and groups regarding depth and treatment (SC- Shallow Control; SI –
Shallow Impact; DC – Deep Control; DI – Deep Impact).

Table 4
SIMPER results for spatial (within each sampling period I, II, III, IV) and tem-
poral (within each sampling group: SC – Shallow Control, SI – Shallow Impact,
DC – Deep Control, DI – Deep Impact) dissimilarities.

Spatial Dissimilarity Temporal Dissimilarity

I SC SC I
SI 76.09 SI II 79.10 II
DC 88.06 87.08 DC III 83.70 81.84 III
DI 86.21 88.84 66.74 IV 86.74 85.22 84.80

II SC SI I
SI 74.11 SI II 76.74 II
DC 88.25 84.86 DC III 81.66 78.00 III
DI 86.68 82.21 66.57 IV 83.42 79.67 79.98

III SC DC I
SI 70.75 SI II 62.85 II
DC 87.22 85.88 DC III 72.26 72.10 III
DI 85.41 82.75 71.86 IV 71.36 70.96 71.93

IV SC DI I
SI 71.42 SI II 59.26 II
DC 84.27 83.00 DC III 72.13 69.78 III
DI 81.03 79.40 65.32 IV 72.25 70.70 70.06
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understandably weaker in deep as opposed to shallow areas. Fine sus-
pended particles travel more but start to settle as current speed de-
creases in deeper areas (Bell and Barnes, 2002). This results from the
slopeface topography of the seafloor underlying the mussel longlines,
which was possibly subjected to the succession of erosion or

redeposition cycles caused by the downward transport of organic se-
dimentary material via turbidites and bottom water currents (Arndt
et al., 2013). This increasing trend on the concentration of sedimentary
organic matter with depth has been observed in the Algarve coastal
shelf (Carvalho et al., 2018; Costa e Silva et al., 2008).

Table 5
Top 5 contributing taxa and their mean contribution (%) to the total abundance of each of the sampling groups (SC – Shallow Control, SI – Shallow Impact, DC – Deep
Control, DI – Deep Impact) and sampling periods (I – April 2010, II – September 2010 before mussel settlement, III - June 2014, IV - September 2014 after mussel
settlement). The corresponding AMBI ecological groups (used as indicator of sensitivity to disturbance) for each taxon are also provided (AG_I – Sensitive, AG_II –
Indifferent, AG_III – Tolerant, AG_IV – Second-order Opportunistic, AG_V – First-order Opportunistic).

SC Cont. (%) AMBI SI Cont. (%) AMBI DC Cont. (%) AMBI DI Cont. (%) AMBI

I N. cirrosa 11.35 AG_II Nemertea 10.36 AG_II L. lusitanica 21.23 AG_II L. lusitanica 15.25 AG_II
D. pugilator 9.46 AG_II D. pugilator 9.58 AG_II A. lindstroemi 19.97 AG_I Notomastus sp. 9.64 AG_III
Nemertea 6.46 AG_II N. cirrosa 8.39 AG_II H. filiformis 6.49 AG_IV A. hibernica 8.04 AG_I
S. bombyx 5.34 AG_III Ampelisca spp. 6.33 AG_I A. hibernica 5.29 AG_I A. lindstroemi 7.43 AG_I
Mediomastus sp. 5.08 AG_III Mediomastus sp. 5.17 AG_III P. paradoxa 4.73 AG_II Nemertea 6.73 AG_II

II Nemertea 9.74 AG_II Mediomastus sp. 7.91 AG_III L. lusitanica 22.49 AG_II L. lusitanica 15.24 AG_II
Mediomastus sp. 5.89 AG_III Nemertea 14.65 AG_II A. lindstroemi 17.38 AG_I Notomastus sp. 10.75 AG_III
Ampelisca spp. 5.02 AG_I S. bombyx 21.29 AG_III A. hibernica 8.33 AG_I Nemertea 9.06 AG_II
B. lanceolatum 3.55 AG_I E. vittata 26.25 AG_II Nemertea 8.29 AG_II A. lindstroemi 8.03 AG_I
N. cirrosa 3.44 AG_II A. lindstroemi 31.05 AG_I M. glebifex 3.88 AG_I L. koreni 6.54 AG_IV

III S. solida 11.3 AG_I Nemertea 8.34 AG_II Ampelisca spp. 17.19 AG_I L. lusitanica 12.4 AG_II
C. gibba 6.25 AG_IV U. hesperiae 6.17 AG_I L. lusitanica 9.85 AG_II Ampelisca spp. 11.48 AG_I
Nemertea 5.88 AG_II S. bombyx 4.58 AG_III Nemertea 9.64 AG_II L. koreni 9.7 AG_IV
Ampelisca spp. 5.17 AG_I Mediomastus sp. 3.83 AG_III A. lindstroemi 8.34 AG_I A. lindstroemi 7.71 AG_I
T. phaseolina 4.63 AG_I L. murata 3.29 AG_I A. prismatica 8.33 AG_I A. hibernica 4.66 AG_I

IV Nemertea 9.5 AG_II U. pulchella 8.37 AG_II Ampelisca spp. 15.4 AG_I L. lusitanica 12.07 AG_II
O. albida 8.28 AG_II Nemertea 6.44 AG_II A. lindstroemi 14.84 AG_I Ampelisca spp. 11.79 AG_I
Ampelisca spp. 7.63 AG_I Ampelisca spp. 5.67 AG_I L. lusitanica 9.36 AG_II Nemertea 9.29 AG_II
U. pulchella 6.67 AG_II A. lindstroemi 5.43 AG_I T. flexuosa 5.79 AG_III A. lindstroemi 8.38 AG_I
Apseudopsis spp. 6.16 AG_III Apseudopsis spp. 5.14 AG_III Acoetes sp. 4.28 AG_I Apseudopsis spp. 4.78 AG_III

Fig. 3. (A) Mean number of individuals (“N” ± standard deviation), (B) Species Richness (“S” ± standard deviation), (C) Shannon-Wiener diversity (H’±standard
deviation) and (D) – Pielou evenness (J ± standard deviation) for each of the sampling groups (SC – Shallow Control, SI – Shallow Impact, DC – Deep Control, DI –
Deep Impact) along different sampling periods (I,II,III and IV).
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Organic matter has a higher affinity with fine-grained sediments
(Keil and Mayer, 2014), that roles out trace element association with
particles from both natural and anthropogenic origins. The similarity of
trace element concentrations before and after the establishment of the
mussel farm points to natural causes, which can lead to strongly ele-
vated concentrations of major and trace elements (van der Veer, 2006),
as the cause for their occurrence. A combination of factors, such as the
hydrographical conditions and the high degradation rate of mussel
pseudofeces (Mahmoudi et al., 2008; Zúñiga et al., 2014), may have
minimized the settlement rate of organic matter in areas underlying the
APA. Exposed mussel farms have previously been linked to considerably
reduced mussel biodeposits on the seabed as sufficient energy can re-
suspend biodeposits that have settled and disperse these over a wide
area (Hartstein and Stevens, 2005), as opposed to sheltered mussel
farms where the sedimentation rate can be up to threefold that of
nearby reference areas (Dahlbäck and Gunnarsson, 1981). The exposed
profile of the offshore APA likely subjected it to favorable dispersion
dynamics and eliminated the possibility of bulk biodeposit settlement
on the seabed.

4.2. Macrobenthic community composition of the APA seabed

The low level of dominance and the high number of singletons
contributed to a high species richness: abundance ratio (Alsaffar et al.,
2019). The ratio of major species groups found in the APA seabed fol-
lowed the pattern for macrobenthic community composition reported
in southern Portugal (Carvalho et al., 2018; Martins et al., 2013a) and
worldwide (Ellingsen, 2001; Joydas et al., 2015; Sellanes et al., 2007),
with polychaetes being the largest group and having the most diverse
taxa, followed by crustaceans and molluscs. Multivariate analyses car-
ried out in this study suggested that depth and sampling period shaped
the macrobenthic communities under the mussel farm as both the
shallow and deep areas had their own unique community compositions
which were characterized by a retention of their dominant sensitive
fauna even after mussel settlement. The Urothoe amphipods, which are
considered to have a preference for unpolluted areas because of their
sensitivity to organic enrichment (Borja et al., 2000; Dauvin et al.,
2017), were among the species which dominated the sites allocated as
shallow impact areas after the settlement of mussels in the APA. Fur-
thermore, Ampelisca, a genus of amphipods sensitive to common
sources of pollution (Larrain et al., 1998), were also among the domi-
nant taxa in both shallow and deep impact sites. In a scenario of bulk
sedimentation of biodeposits, species tolerant towards hypoxic or

anoxic conditions would be expected to dominate. Indeed, this was the
trend observed in previous studies, where organic matter inputs under
offshore farms significantly shaped the associated benthic communities
by boosting the occurrence of hypoxia-tolerant species (Lee et al., 2016;
Stenton-Dozey et al., 2001; Ysebaert et al., 2009). Only one opportu-
nistic species, the polychaete Lagis koreni (AG_IV), was found in con-
siderable amounts in an impact site. This species has been found to be
dominant in areas with organic enrichment due to dredging (Robinson
et al., 2005) and sewage disposal (Eleftheriou et al., 1982). In this
study, however, the occurrence of L. koreni cannot be attributed to the
mussel farm as its dominance was already established in the deep area
prior to mussel settlement.

The similarity of within-depth groups (SC-SI and DC-DI) also sug-
gests that the natural conditions associated with depth (such as light,
pressure, tidal variation, advective processes, temperature) along with
the preferences of each species, regulate which species can thrive
(Kröncke et al., 2013; McLachlan and Dorvlo, 2005; Rosenberg, 1995;
Snelgrove, 1998). The depth-related patterns of benthic community
conditions were similarly affected by temporal changes. Over time, the
communities in each of the sampling areas changed at a similar rate,
without reverting back to the original compositions at the first period of
sampling. Yet, species composition in the deeper areas was more con-
servative, spatially and temporally. This was possibly due to natural
physical conditions being more stable in seaward or deeper benthic
areas (Rakocinski et al., 1993; Zacharias and Roff, 2001). Since benthic
communities underlying the APA were not affected by the anticipated
organic enrichment, as natural conditions overruled as the main
structuring element, it followed that the community structure and
composition of the macrobenthic communities were not affected.

4.3. Effects of the APA on alpha diversity

The trend for soft-bottom species diversity along nearshore shelves
(up to 30m) is an increase in general abundance, diversity, and species
richness with depth (Armonies et al., 2014; Carvalho et al., 2018;
Dolbeth et al., 2007; Freitas et al., 2011). The opposite is more typical
for offshore shelves, which are beyond the seaward limit of wave effects
on the macrobenthos (Armonies et al., 2014; Dauvin et al., 2013; van
Hoey et al., 2004) and typically characterized by fine homogeneous
sediments (Huang et al., 2013). This was the pattern observed in this
study, where the surveyed macrobenthic communities decreased in
abundance, diversity, and species richness as the depth increased.
Along offshore areas of the Portuguese coastal shelf, the same reduction

Fig. 4. Beta diversity partitioned into Turnover and Nestedness for temporal comparisons within each of the sampling groups (SC – Shallow Control, SI – Shallow
Impact, DC – Deep Control, DI – Deep Impact).
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Fig. 5. Trait modality composition for each sampling group (SC – Shallow Control, SI – Shallow Impact, DC – Deep Control, DI – Deep Impact) per sampling period
(I,II,III and IV). Composition is based on each of the studied traits (Feeding mode, Sensitivity to disturbance, Lifespan, Body size, Motility, Position in sediment,
Larval type) for the top 50 taxa.
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in alpha diversity has been observed for polychaetes, crustaceans, and
molluscs in areas without a marked anthropogenic influence (Martins
et al., 2013b, 2014; Sampaio et al., 2016). This phenomenon has been
observed in offshore coastal shelves of other temperate zones and has
been attributed to a reduction in sediment size (Bergen et al., 2001; van
Hoey et al., 2004) and variations of sediment organic matter (Coll et al.,
2010; Karakassis and Eleftheriou, 1997). Since the deeper areas were
associated with muddy sediments, whereas the shallower areas were
associated with coarser sediments, it is also possible to attribute the
poorer macrobenthic diversity in the deep with the elevated rate of
anaerobic processes and intermediate oxygen consumption rates that

naturally take place there (Braeckman et al., 2014).
A secondary pattern of diversity was the increase in Shannon-

Wiener diversity (H′) scores in the stations underlying the APA. In fact,
previous studies have attributed it to the fall-off of shell-hash accom-
panied by the pre-existence of highly oxygenated sediments
(McKindsey et al., 2011; Wilding, 2012; Wilding and Nickell, 2013;
Wong and O'Shea, 2011). Although mussel pseudofeces were widely
dispersed, it is possible that shell-hash was able to settle in considerable
concentrations under the farm (Wilding and Nickell, 2013), given their
higher weight. Along with any remaining historical traces of aqua-
culture projects in the APA, this may have increased the heterogeneity

Fig. 6. Projection of sampling groups (SC – Shallow Control, SI – Shallow Impact, DC – Deep Control, DI – Deep Impact) across all periods of sampling. The scale of
the graph is depicted by the d value in the upper right-hand corner.

Fig. 7. RLQ projection of functional traits and environmental variables, as defined by the first two axes. Refer Table 1 for the full list of functional trait modalities.
Environmental variables located behind Pb include Depth, Fines (percentage of fine particles), V, Ni, Co, Cu, and Zn. The scale of the graph is depicted by the d value
in the upper right-hand corner.
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of the underlying benthic structure, encouraging more species to oc-
cupy the newly opened niches (D'Amours et al., 2008). These results
corroborate several previous studies on the benthic effects of mussel
farming, which relate changes in diversity to natural causes, such as
hydrodynamics, which can play a large role in determining the strength
of impact (Chamberlain et al., 2001; da Costa et al., 2006; Hartstein and
Rowden, 2004).

Although the main species contributors were common to sampling
areas across different periods, sampling period likewise affected alpha
diversity scores. The same temporal peaks in S and N scores were ob-
served for both shallow sampling groups, but different peaks were ob-
served for the deep sampling groups. Though these scores were not
considered significantly higher by the post hoc test, S and N for DI
peaked at sampling periods III and IV, which took place after mussel
settlement. Distributional patterns of species recruitment related to
seasonal fluctuations of natural conditions can affect levels of diversity
regardless of the presence of mussel culture (Coutinho and Bernardino,
2017; Fabi et al., 2009; Lu, 2005). Yet, the marked increase in number
of individuals and species richness in DI may result from the accumu-
lation of shell-hash, as a result of downward sediment flow, in these
deeper areas along the slope face. However, because the interaction
term between sampling period and treatment was not found significant
for any of the alpha diversity measures, the resulting changes in the
underlying benthos throughout sampling periods cannot strongly be
linked to the presence of mussels. Evenness, on the other hand, fol-
lowed a different trend that may be explained by the abatement of
hydrodynamic effects beyond depths of 30m (Seiderer and Newell,
1999). The increase in depth may have induced the stability required to
generate equitability between the number of species and the present

taxa (Carvalho et al., 2018) in the deep area of this study. These overall
results hint the likelihood that the properties of this type of offshore
mussel culture has minimal detrimental effects on the diversity of
macrobenthos, given the hydrodynamic character of southern Portugal.

4.4. Beta diversity partitioning

Beta diversity can vary with the frequency of disturbance by in-
creasing environmental heterogeneity or by favoring niche-selection of
tolerant species (Hawkins et al., 2015; Myers et al., 2015; Vellend,
2010). Disturbance induced by the APA would have rendered an al-
teration in community composition and structure after mussel settle-
ment, in the form of increased or decreased beta diversity scores for
sampling groups SI and DI, and for comparisons involving sampling
periods before and after mussel settlement. On the contrary, beta di-
versity patterns in the impact sites of this study followed those of the
control stations in both the shallow and deep areas, and between
sampling periods across depth regimes. Considering the temporal beta
diversity trends for each group, it is noticeable that species composition
naturally changed over time, as was reflected by the significant PER-
MANOVA result for sampling period. A review of the dominant species
for control sites showed changes in some of these species for every
sampling period. The same pattern and, in most cases, the same species
were replaced in the impact sites. The presence of a considerable
number of singletons also had to be addressed as rare species are known
to be vital in ensuring the health of ecosystems (Gaston and Kunin,
1997). The use of a presence-absence matrix used in beta diversity
routines to place the same weight on singletons and more abundant
taxa ensured that these rare species were taken into account. Thus, it is

Fig. 8. RLQ projection of the top 50 taxa. All corresponding taxa names for the codes presented here are found in Table 3. The scale of the graph is depicted by the d
value in the upper right-hand corner.
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possible to infer that, for both control and impact sites, both dominant
and rare species were replaced over time. Overall, beta diversity scores
also showed that the communities became more and more dissimilar to
the original community and that the same degrees of dissimilarity over
time were observed for impact sites and their references. This suggests
that the drivers promoting biodiversity are similar across depths despite
the differences in alpha diversity (Alsaffar et al., 2019).

Although general beta diversity was not sensitive to activities in the
APA area, partitioning the beta diversity scores revealed another trend
for the impact areas. Species turnover was the dominant pattern in all
areas, and nestedness scores, although minimal, were reflected to a
greater degree in the impact areas. The sensitivity of partitioning gen-
eral beta diversity into turnover and nestedness scores to detect an-
thropogenic activity on macroinvertebrate communities has been noted
previously (Dimitriadis and Koutsoubas, 2011; Gutiérrez-Canovas et al.,
2013; Piló et al., 2019). Turnover, the main pattern observed in this
study, hinted that the natural environmental parameters and neutral
processes shaped the communities (Mousing et al., 2016; Socolar et al.,
2016) instead of the presence of mussel longlines. The dominance of
turnover, which is known to be result of the directional replacement of
species, must be highlighted as it can serve as an indication of low
anthropogenic disturbance (Baselga, 2010; Medeiros et al., 2016). The
replacement of species is a normal process in healthy ecosystems, and
suggests that functional roles are conserved in the face of natural
changes over space and time (Magurran and Henderson, 2010). In-
versely, a greater degree of nestedness is indicative of species loss re-
sulting in a subset of species at richer sites (Baselga, 2010). This can be
caused by both natural and anthropogenic stressors that drive the ex-
tinction of some species, although this may be followed by the re-
colonization of others (Barros et al., 2014; Baselga, 2010; Dobrovolski
et al., 2012). Nested sites typically have subsets of species in the richer
sites, decreasing their species richness in comparison (Flores et al.,
2018; Ulrich and Almeida-Neto, 2012). In this study, the species rich-
ness in the slightly more nested impact sites was considered similar to
that of the control sites. This may be due to the exclusive species found
in the impact sites (considering the dominant pattern of turnover) and
the species overlap across sites, which is not a requirement for a dif-
ference in species richness between sites (Almeida-Neto et al., 2012).
Thus, a minimal amount of species may have been lost and replaced by
more diverse taxa, resulting in the high rates of turnover observed for
all areas.

Since the trend of increased nestedness and species diversity was
observed in the first two sampling periods, these results could not be
attributed to the mussel farm. Consequently, the appearance of higher
nestedness and higher species diversity even in the sampling periods
before mussel settlement may be a result of minimal leftover impact, or
traces of disturbance history, from the other projects conducted in the
area before sampling occurred. The dominant pattern of turnover
coupled with the prevailing trend of depth influencing the diversity of
the macrobenthic communities is indicative of high heterogeneity and
dispersion in the offshore APA. Likewise, the fact that species richness
remained the same within depth groups, even if nestedness was slightly
higher in impact areas, ruled out the potential of the APA to critically
disrupt the underlying species composition. The beta diversity results,
coupled with the alpha diversity scores, confirm that alpha and beta
diversity patterns would differ spatially, mirroring the effects of the
APA in receiving communities.

4.5. Effects of the APA on functional diversity

For all of the traits, temporal fluctuations of the ratios of modality
scores was evident, but these fluctuations were largely conserved across
treatments for each depth group (e.g. epifaunal taxa increased in
sampling period IV for both SC and SI, as did very small taxa with short
lifespans), conveying the key influence of depth. The distribution of
traits and the environmental conditions in each area were considered to

be significantly related by the RLQ analysis, and the co-structure be-
tween species abundance and traits per station was non-random. This
was confirmed by the results of the global RLQ test for model 6, which
tested for the significance of the traits-environment relationship (Dray
et al., 2014), supporting the idea that conditions in the environment
determine which functional traits are expressed (Bremner et al., 2006).
As all environmental parameters followed the gradient set by depth in
this study, the functional traits were likewise suggested to be defined
according to depth. The capacity of depth to shift traits in a marine
setting has been highlighted before (Bonsdorff and Pearson, 1999;
Pacheco et al., 2011b; Tuya et al., 2017), and since the deeper areas
were associated with higher concentrations of organic matter and me-
tals, opportunistic species were expected to be more prevalent in these
areas. This was true in the cases of some species, although their pre-
sence could not be attributed to the APA.

Shallow environmental conditions favored the occurrence of long-
lived suspension feeding bivalves and short-lived highly-sensitive am-
phipods. They also allowed the occurrence of taxa having larvae with a
lower dispersion capacity (benthic and brooding), and motility and
position which involved more time above the sediment or at the water-
sediment interface. Organic matter has previously been shown to shape
functional diversity by selecting for small to medium short-lived op-
portunistic fauna that are typically motile, with limited penetration into
the sediment, and capable of surface deposit feeding behavior (Gusmao
et al., 2016; Nasi et al., 2018; Ysaebert et al., 2009). Due to the smo-
thering effect of organic debris, the abundance of long-lived burrowing
and suspension-feeding bivalves typically increases in sites with less
organic matter contamination (Christensen et al., 2003; Kaspar et al.,
1985; Stenton-Dozey et al., 1999; Ysaebert et al., 2009). Feeding be-
havior and lifespan are important functional traits because of their re-
levance to the short- and long-term structure of invertebrate commu-
nities (Pearson and Rosenberg, 1978). Considering the lower
concentrations of organic matter in the shallow areas of this study, it
followed that a higher number of suspension-feeders, dominated by the
bivalve Spisula solida and Phoronida, a phylum of typically sessile in-
vertebrates, were found in the shallow stations. It is also highly likely
that S. solida was restricted to the shallow stations because of its natural
depth preference, as specimens are normally found in depths ranging
from 5 to 15m (Gaspar and Monteiro, 1999; Theede et al., 1969) and
up to 22m along the Algarve coastal shelf (Carvalho et al., 2018). Al-
though the presence of sessile macrofauna has also been linked to
shallower water depths along a coastal area (Bremner et al., 2003) and
coarser sediments (Bolam et al., 2017), their occurrence, represented by
Phoronida, may be a strong indication of low organic matter input.
Sessile organisms cannot freely relocate, unlike motile organisms which
are able to avoid hotspots of contamination (Nasi et al., 2018; Ward
et al., 2013).

Amphipods belonging to the genera Photis and Urothoe were like-
wise dominant features of shallow stations and are categorized under
AMBI groups I and II, which have been shown to decrease in abundance
in areas affected by organic enrichment from fish farms (Fernandez-
Gonzalez et al., 2013). The restriction of several amphipod species to
the shallow areas may, however, also be more a function of depth and
sediment type rather than organic matter concentration, as the afore-
mentioned genera have been noted to be abundant in depths ranging
from 10 to 25m and in coarse to fine sediments in Portuguese coastal
waters (Carvalho et al., 2012). Interestingly, the amphipod Ampelisca
spp., known to be more tolerant to pollution (de-la-Ossa-Carretero
et al., 2012), was present in the shallow stations even prior to mussel
settlement, implying that environmental conditions in the shallow areas
may have suited the preferences of AMBI-tolerant species which tend to
prefer more enriched sediments (Pinedo et al., 2014; Rabaoui et al.,
2015). Since none of the AMBI categories were significantly related to
the environmental parameters, it cannot fully be relied upon to confirm
that shallow areas had more sensitive species and deep areas had more
opportunists. Rather, AMBI groups were spread across all areas
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regardless of depth, organic matter, or trace element concentrations.
The decapod Diogenes pugilator was not entirely representative of

communities in the shallow area, but it had a marked affinity towards
conditions in the shallow stations. This species is an epifaunal carnivore
that is indifferent to organic enrichment (Borja et al., 2000). The
functional traits of this species allow it to forage and freely move across
the sediment surface, making it an ideal candidate for food-limiting
areas where it can quickly relocate to patches with increased food
supply (Grant et al., 2012; Macleod et al., 2008). Small epibenthic
predators also appear to be more affected by sediment size and organic
carbon concentrations, with abundances increasing in low stressed
areas (Papageorgiou et al., 2009). The increase of epibenthic macro-
fauna linked to mussel aquaculture has been reported before and has
been attributed to an increase in habitat heterogeneity and food supply
in areas close to and around mussel aquaculture (D'Amours et al.,
2008). In this study, organic matter was equally less concentrated
across all shallow stations, and it is possible that these stations provided
a more heterogeneous habitat, as depicted by the increase in diversity
and species richness in all shallow stations.

Deep environmental conditions had considerably higher organic
matter and metal concentrations, along with finer sediments. To an
extent, the presence of higher trace element concentrations and lower
oxygen levels in the sediment may have structured the community by
favoring the dominance of some opportunistic subsurface-deposit
feeding polychaetes that have a tolerance for metals and anoxia, such as
Heteromastus filiformis and Lagis koreni. Survival via anaerobic meta-
bolic processes and an increase in dominance after disturbance events
inducing oxygen-deficiency have been noted in these species (Gogina
et al., 2014; Ryu et al., 2011). Furthermore, H. filiformis is known to be
capable of metal bioaccumulation and can selectively exploit con-
taminated areas (Ahn et al., 1995; Ward and Hutchings, 1996). Tolerant
surface-deposit feeders, such as the polychaetes Notomastus sp. and
Melinna palmata, which are typically found in enriched areas (Al-Farraj
Saleh, 2012; Dauvin, 2000), were also linked to the deeper macro-
benthic communities. The dominance of deposit feeders in con-
taminated sediments has been highlighted previously and associated
with low hydrodynamism, smaller-sized particles, and elevated metal
concentrations (Grant et al., 2012; Lopez and Levinton, 1987; Piló et al.,
2016). An increase in the abundance ofM. palmata has been recorded in
areas with muddy sand (Blanchet et al., 2005; Uysal et al., 2002). Ad-
ditionally, M. palmata is capable of integrating copper into its tissues as
a defense against predation (Gibbs et al., 1981) and has been shown to
have an affinity for the more metal-enriched muddy areas of this study.
Despite these findings, it is important to note that this species was
found in the deep control and impact stations even prior to mussel
settlement and that these stations had similar organic matter and metal
concentrations throughout the sampling periods of this study. This hints
that some of the deep sampling stations may be naturally hypoxic due
to the reduced strength of hydrodynamics and the finer sediments, or
they may have previously been affected by aquaculture activities in the
APA prior to the first sampling period in 2010. Furthermore, the pre-
sence of large infaunal carnivores with medium to long lifespans such as
Abyssoninoe hibernica, Glycera unicornis, and Lumbrineris lusitanica sug-
gests that the impact of organic enrichment in deeper areas may not
have been severe enough to structure the community towards an op-
portunism-dominated functional ecology, considering that large mac-
rofauna are usually associated with absent or low inputs of a dis-
turbance gradient (de Juan et al., 2007; Pearson and Rosenberg, 1978;
Thrush et al., 2006).

Larval type is relevant in depicting the dispersal of invertebrates as
it gives clues about the recovery potential of species in disturbed sites
(Pacheco et al., 2013). In this study, the epifaunal tanaid Apseudopsis
spp. was one of the few species with multiple stages of benthic larval
development (Esquete et al., 2012), and it was dominant in both the
shallow control and impact areas. Benthic larvae can be particularly
sensitive to pollution because pollutants tend to have higher

concentrations in the sediment than in the water column (Mileikovsky,
1970). However, considering Apseudopsis’ tolerant nature towards pol-
lutants (Ateş et al., 2014), its presence in the shallow areas cannot be
relied upon to depict lower levels of pollution. On the other hand, a
prevalence of species with planktonic larvae were observed in the
deeper stations, although this relationship was not considered sig-
nificant, possibly due to the homogeneous dominance of this modality
over other types of larval development (Paganelli et al., 2012). Plank-
tonic larvae may be more resistant to disturbance due to their greater
dispersal potential and capacity to feed in the water column, making
this a common reproductive strategy in highly variable benthic en-
vironments (Marchini et al., 2008; McHugh and Fong, 2002; Paganelli
et al., 2012).

Isolating the drivers and effects of each of the environmental
parameters is highly complex, especially due to the influence of natural
conditions in this study, but it is likely that these natural conditions
shaped the functional diversity of the macrobenthic communities more
than the APA. That the Fourth Corner test did not strongly relate any
traits with the shallow or deep area was another indicator that the
stations, across both depths, had similar available niches. The multi-
variate data analyses provided by the RLQ and Fourth Corner tests in-
tegrated the environmental, taxonomic, and functional diversity and
successfully related functional ecology to depth-related conditions.
Given the results, the functional structure and organization of local
macrobenthic communities seem to not differ between impact and re-
ference areas. The functional analysis complemented alpha diversity
results by showing that, although the deep stations are less diverse
taxonomically, they share the functional diversity found in the more
taxonomically diverse shallow areas.

4.6. A multimetric approach to detect aquaculture impact

The use of more than one type of statistical test and the corro-
boration of their results contributed to the completeness of the overall
findings of this study, which detected that variation in macrobenthic
communities was largely due to depth rather than impacts from the
APA. Both quantitative and qualitative tests must be used to better
understand how aquaculture can affect the surrounding communities.
This study showed that innovative multivariate approaches are able to
not only complement classical statistical tests, but also provide a clearer
picture of ecological impact, by both natural and anthropogenic factors.
The beta diversity and functional trait analyses aided in determining
how the communities changed under various pressures by placing re-
levance on rare species (based on the Sorensen presence-absence
method) and by focusing on dominant species, respectively. They de-
picted whether the community compositions changed due to species
loss or natural species replacement, and they showed how community
composition varied due to differences in the functional ecology of sta-
tions. Classical statistical tests may not always be sensitive to ecological
change in different environments because they are largely based on
abundance data. Additionally, the complexity of the offshore system
due to varied levels of hydrodynamic impact and bulk water exchange
may have induced a degree of patchiness across stations, requiring the
need for beta diversity tests which placed more weight on the rare
species (Piló et al., 2019). Because taxa understandably differ due to
their depth preferences, and communities in shallow and deep areas
have different ecological processes due to the differences in natural
conditions, it was essential to use biological traits to detect opportunism
in this study. Species status may vary geographically and over time, but
traits are enduring characteristics of species and/or populations
(Costello et al., 2015). However, functional trait analysis remains to be
an ecological test in development as detailed fundamental trait data for
many species are still lacking (Marchini et al., 2008; Tyler et al., 2012).
The same may be said for the use of all functional approaches to un-
derstanding the ecological impacts of disturbance. The community-
function relationship changes depending on the drivers of
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environmental change (Thrush et al., 2017), and considering that a
species usually contributes to more than one function (Degen et al.,
2018), interpreting the ecological implications of anthropogenic dis-
turbance can be a highly complicated task.

4.7. Implications for offshore aquaculture development and management

Although it was not possible to detect the degree of impact from the
APA, the capacity of natural environmental factors to mask any impact
from the mussel aquaculture activity was apparent. The results of this
study highlighted the importance of location when it comes to the de-
velopment and management of aquaculture farms. The APA was si-
tuated in an offshore area where currents and waves likely provided the
forces necessary to thoroughly disperse organic matter before it could
settle on and mix with the underlying sediments. This emphasizes the
potential of offshore farming as an alternative to nearshore/coastal or
lagoon-based aquaculture methods. The methodology presented in this
study would aid stakeholders of aquaculture farms in evaluating the
degree of resistance or resilience of the marine habitats around their
farms. The capacity of natural factors to supersede the effects of bio-
deposition, as shown in this study, suggest that the APA is located in a
highly resistant marine environment. However, continued monitoring
of the underlying benthic communities, along with reconsiderations of
site selection (e.g. greater distance from the APA) for the control sites of
the study, may influence impact detection. Coupled with the expansion
of fundamental trait data of macrobenthic species and the integration of
other scientific disciplines to assess short- and long-term changes in the
chemical and physical profiles under offshore mussel farms, this mul-
timetric approach may reveal more clues about the resistance of these
communities and would likewise provide a stronger foundation for in-
terpreting the effects of deposition-related disturbance.

5. Conclusion

This study provided a multifaceted investigation into the health of
macrobenthic ecosystems and how they can be evaluated as a means to
detect a specific aquaculture impact. Beta diversity and functional
traits, tests used for their sensitivity to detect anthropogenic dis-
turbance, corroborated the findings of the classical statistical tests, and
also provided insights into the ecological relationships of the under-
lying macrobenthic communities. As the buildup of organic matter and
trace element concentrations was not detected in the stations under-
lying the farm, the main factor which shaped the taxonomic structure
and functional diversity of the macrobenthic communities was depth.
The APA may have influenced the increase of diversity and species
richness in the underlying communities, but not to an extent which
exceeded the influence of natural forces. Since the encompassing beta
diversity pattern observed was turnover, and the general beta diversity
scores were similar across all surveyed groups, it was possible to con-
clude that the APA did not generate the species loss and habitat
homogeneity required to cause a negative shift in the community
structure. Moreover, results from the BTA showed that the natural
species replacement observed by partitioning beta diversity did not
compromise the functional ecology of the macrobenthic communities.
These findings suggest the importance of employing ecology-based
approaches, in addition to classical statistical tests, to detect the en-
vironmental impacts of offshore aquaculture. Furthermore, they draw
attention to the importance of hydrodynamic forces in shaping mac-
robenthic communities in offshore areas, highlighting the sustainability
potential of offshore mussel farms.
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