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Abstract: Ecosystem engineers are organisms that cause changes in the physical state of biotic and
abiotic structures that modulate the availability of resources to other species, thus affecting biochemi-
cal cycles. Molluscs, especially bivalves such as mussels, are widespread in coastal environments and
they are excellent ecosystem engineers because of the durability of their shells, which add complexity
and heterogeneity to benthic environments. The presence of mussel farms favours the accumulation
of shells in benthic environments and may influence surrounding bare sediments, with potential
legacy effects on benthic communities. We studied the effects of the accumulation of mussel shells
at finfish farms and mussel farms by experimentally comparing bare sediment and sediment with
fragmented shells in terms of the abundance of the most relevant faunal groups, specifically poly-
chaete families as well as physical-chemical variables in sediment water samples, specifically organic
matter (OM), redox potential, and acid-volatile sulphides (AVS) NH,* and PO43~. The experiment
was replicated under two environmental conditions over a period of 35 days: eutrophic muddy
sediments and oligotrophic sandy sediments. The OM and AVS values were significantly higher in
the eutrophic sediment with mussel shells. Only NH,* was positively affected by the mussel shells
in the oligotrophic conditions. Differences between the two environments were observed, and the
effect of the mussel shells on the polychaete assemblages was more significant in the oligotrophic
conditions. Mussel shell accumulations affected the structure of benthic assemblages by modifying
their heterogeneity and complexity, which suggests that the presence of mussel farms above bare
sediment may affect ecosystem functioning. Aquaculture has potentially negative or positive effects
that must be addressed on a large scale, considering the increased input of organic matter and also
the simultaneous presence of mussel shell waste, both of which alter the surrounding environment.
This is particularly important in oligotrophic sandy sediment.

Keywords: mussel shell accumulation; environmental impact; habitat complexity; aquaculture;
fouling; Polychaeta

1. Introduction

Among marine molluscs, mussels are known to act as ecosystem engineers in coastal
systems, and their ecological effects have been well studied [1-3]. Mussel beds occur
naturally on intertidal sand bars and rocky platforms, usually in inshore waters and estu-
aries and in open coastal areas. Mussel beds can have indirect effects on the surrounding
ecosystem because the massive accumulation of dead whole (empty) or crushed shells (i.e.,
shell hash) on bare sediment can potentially impact the structure and functioning of soft
substrates [4].
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Finfish aquaculture, which is widespread across the world [5], generates artificial
habitats that can potentially be colonized by mussels (amongst other species) transported to
the sites by sea currents [6,7]. Thus, mussel shells often accumulate around these artificial
habitats, generally in locations far away from their natural habitats on the coast [8]. Mussel
aquaculture, which can cause fouling [9], is also a source of mussel shell waste [10,11].
Therefore, throughout the lifespan of fish farms and mussel rafts, which is usually tens of
years, mussel shells accumulate below the facilities and have potentially important environ-
mental effects, especially in regions with high concentrations of aquaculture installations.

Around aquaculture installations, the accumulation of shell hash may have important
effects on benthic habitats, in addition to the effects of increased amounts of organic
matter in the surrounding area [12,13]. Thus, the physical structure provided by the
mussels and associated organisms that become detached from suspended bivalves together
provide a habitat for species generally associated with hard-bottom communities, thus,
often increasing local benthic diversity and related parameters [11]. Furthermore, the
accreted shell hash acts as a boundary between the sediment and the water column,
affecting the surface microlayer sediment and modifying biological processes such as
recruitment, food supply and predation [14,15]. The physical presence of mussel shells
and the associated microbiota can also alter hydrological flows, increasing the biochemical
heterogeneity [16]. The shell hash can also have indirect effects, mitigating the effects of
organic matter loads [17] and increasing bioturbation [18]. In addition to the physical effect
of the mussel shells that occurs over time, the effects that biodeposits from live mussels
have on the benthic community, especially scavengers, should also be considered.

The effects of organic matter enrichment in sediments due to aquaculture have been
widely studied; however, other inputs such as shell waste from mussels growing on floating
structures have been scarcely studied. These ecological effects may be modulated by the
natural characteristics of seabed sediments, such as the particle size [19] and the natural
organic matter load [20]. Therefore, the objectives of the present study were as follows:
(a) to evaluate the changes in physicochemical variables due to the presence of mussel shell
hash; (b) to test the biogenic effects by comparing the community structure of macrofauna
in bare sediment and sediment with fragmented shells after a short period of colonization;
(c) to correlate the changes in physicochemical variables with the changes in macrofaunal
assemblages, especially of polychaetes; and (d) to compare the effects in two environmental
conditions, i.e., eutrophic muddy sediments and oligotrophic sandy sediments.

2. Materials and Methods
2.1. Study Area

The study was conducted simultaneously on the Atlantic and Mediterranean coasts
(Figure 1). On the Atlantic coast, the rias that occur along the coast of Galicia (NW Spain)
are among the most productive areas in the world [21]. The high primary productivity is
largely supported by inputs of nutrients from the upwelling of the sub-superficial nutrient-
rich North Atlantic Central Waters linked to the Canary Current System [22]. The high
productivity of the rias enables successful production of Mytilus galloprovincialis Lamarck,
1819 on vertical ropes suspended from floating wooden rafts or platforms (of an area of
about 100 m?) [11]. Galicia is one of the top mussel producing regions worldwide, and, in
2019, mussel production on 3386 rafts amounted to 255,514 tons [23]. In the Mediterranean
region, a high concentration of fish-fattening cages, mainly used for sea bass, sea bream
and meagre, can be found in some areas in SE Spain [24]; the total production, from 22 fish
farms, reached 35,475 tons in 2019. The marine environment in this region is generally
oligotrophic due to the oceanographic conditions of the Mediterranean Sea [25]. In both
areas, mussel shells are accumulating on the bare sediment due to different processes, and
the associated ecological effects are poorly known.
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Figure 1. Spatial localization of experiments in the Atlantic location (Ria de Vigo) (A) around mussel
farms and the Mediterranean location (Alicante Bay) (B) around a fish farm.

2.2. Experimental Set-Up

The experimental units consisted of plastic containers of volume 0.036 m® (24 x 15 x 6 cm;
Figure S1), fitted with airtight lids. Each container was filled with sediment from which all
faunas had been removed by sieving through a 0.5 mm mesh to remove macrofauna. The
sediment used in the Mediterranean location was sandy sediment (79.56% sand, 16.13%
clay and 4.3% silt) with a low organic matter (OM) content (0.83%), measured by a loss on
the ignition method. The sediment was collected from a beach (Gola, Santa Pola, SE Spain:
38°11,018'81" N; 0°35,034'55” W) close to a fish farming region. The sediment used in the
Atlantic location was silty sediment (11.94% sand, 11.21% clay and 76.83% silt) with a high
OM content (3.64%). The sediment was collected in the Ria de Vigo, NW Spain (42°16.544'
N; 008°43.494' W), with a Van-Veen grab with a maximum penetration depth of 10 cm. In
both cases, the grain size and the OM content of the sediment were very similar to those in
the sediment underneath the aquaculture facilities. To test the effect of mussel shells on
sediment, 2 Kg of mussel shell hash (without flesh) per m? of sediment were added to half
of the experimental units. Empty shells, which were broken to produce fragments sized
between 1.5 and 4 cm, were mixed in the first cm of the sediment to simulate gravity-fed
deposition from the surface. This amount corresponds to a realistic input to the sediment
under aquaculture facilities [26,27].

In the summer of 2016, the experimental units were placed in both locations, on the
Mediterranean and Atlantic coastlines, at a distance of around 200 m from the aquaculture
facilities. At this distance, the environmental conditions are very similar to those around
the aquaculture installations, but distant enough to prevent any direct impact from the
facilities [27,28]. In the Mediterranean location, the aquaculture facility was a fish farm
(El Campello, Alicante, SE Spain: 38°25'34.7" N 0°22/29.3"” W) producing gilthead sea
bream (Sparus aurata Linnaeus, 1758), which were fed daily with pellets. The farm, which
comprises 12 rounded cages and produces ~600 t per year of fish, is located offshore (2.8 km
from the coast at a depth of 34 m) where oligotrophic conditions prevail. In the Atlantic
location, the aquaculture facility was a mussel (M. galloprovincialis) farm (Ria de Vigo, NO
Spain 42°16/35.04” N 008°43/23.477" W), located one km from the coast, at 12 m depth.
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Twenty-four experimental units were placed in each location: twelve with mussel
shell hash on the sediment surface and twelve consisting of bare sediment. Three sites were
randomly selected for each treatment in each location. Four experimental units were placed
in each of the sites by scuba divers. The experimental units were buried in the natural
sediment to prevent an edge effect, which could prevent colonization by macrofauna.
The experimental system has been already tested as a tool for monitoring the impact of
aquaculture on benthic habitats [29].

After 35 days, each experimental unit was covered with a lid and transported to the
boat by scuba divers. One month of colonisation was enough time to identify changes
among treatments, following the indications of Martinez et al., 2019 [29]. A portion of
the surface sediment in each experimental unit (160 cm®) was removed with a syringe for
determination of the OM content, the redox potential, accumulation of acid volatile sul-
phides (AVS) and the NH4* and PO,3~ porewater concentrations. These physicochemical
parameters are commonly used for monitoring aquaculture activities [30] and to help us
understand the relationship between fauna and sediment [17,19]. The OM content (%) was
measured by a loss in the ignition method, at 450 °C for four hours. The redox potential
(mV) was measured with an electrochemical sensor (Hamilton Lig-Glass ORP) inserted in
the upper 3 cm of the sediment. AVS accumulation (mg Kg~!) was quantified in 5 mL of
wet sediment by the distillation method proposed by Allen et al. (1993) [31]. Porewater
was extracted from 20 mL of wet sediment with a vacuum pump. The concentrations
of NH;* and the PO,3~ (uM) were determined in the porewater. The porewater was
filtered (Syringe Filter-13 mm © 0.22 pm) and transferred to 15 mL plastic vials, which were
transported while being refrigerated at 5 °C, in darkness (for no more than 4 h) and frozen
(—20 °C) until analysis. The NH4* and the PO43~ concentrations were determined in an
Automated Wet Chemistry Analyzer—Continuous Flow Analyzer (Skalar Analytical B.V.,,
Breda, The Netherlands). The remaining sediment (around 2000 cm?®) in each experimental
unit was sieved through a 500 pm mesh, to ensure retention of the macrofauna, which was
preserved in a 70% ethanol seawater solution. In the laboratory, the individual specimens
were separated into Crustacea, Mollusca and Polychaeta, and the samples stored in a 70%
alcohol solution for later identification. Polychaetes were identified to family level. The

macrofaunal abundance was reported as individuals m 2.

2.3. Data Analysis

The physicochemical parameters of the sediment (OM content, redox, AVS accumula-
tion, NH4* and PO4>~ porewater concentration) were compared for the different locations
(Atlantic and Mediterranean) and treatments (with and without mussel shell hash). The
abundance of the main taxa (crustaceans, molluscs, polychaetes) and total macrofauna
abundance were compared in the same way. For this purpose, we used a three-way analysis
of the variance (ANOVA) including the factors Location (fixed and with two treatments),
Mussel shells (fixed, orthogonal, and with two treatments) and Site (random and nested in
the interaction between Location and Mussel shells), n = 4 (Figure 52). The abundance of
the main families of polychaetes was analysed independently for each location, due to the
different composition in terms of families. In this case, the abundance of the Capitellidae,
Paraonidae, Spionidae, Cirratulidae, Nereididae, Syllidae, Dorvelleidae and Lumbrineridae
families sampled in the Atlantic location and the Syllidae, Capitellidae, Chaetopteridae,
Poecilochaetidae, Paraonidae, Nereididae, Lumbrineridae and Dorvilleidae families sam-
pled in the Mediterranean location were analysed by a two-way ANOVA including the
factors Mussel shells (fixed, orthogonal, and with two treatments) and Site (random and
nested in Mussel shells), n = 4.

Before ANOVA, the normality of variance was checked using Cochran’s test, and
the data were logarithmically transformed when necessary [32]. The redox potential
values, which were all negative, were log(X x (—1)) transformed. If the Cochran’s C test
with transformed data was significant, a lower level of significance was applied in the
ANOVA. When differences of any factors or their interaction were significant, the post
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hoc Student-Newman-Keuls (SNK) test for multiple comparisons was applied. Analyses
were conducted using the GAD package [33] in R (4.0.0 version; http://www.R-project.org;
accessed on 20 February 2018). Differences between the polychaete assemblages, between
treatments and between sites for each location, were determined using a permutational
multivariate analysis of variance (PERMANOVA) [34]. PERMANOVA was calculated
on the basis of the Bray—Curtis similarity matrix, with square root data transformation.
The contribution of each family to the average sample dissimilarity was determined with
the SIMPER routine. The SIMPER functions perform pairwise comparisons of groups of
sampling units and find the average contributions of each species to the average overall
Bray—Curtis dissimilarity. Samples with no individuals were excluded from the analysis.
All statistical tests were conducted by applying a significance level of o = 0.05. To extract
and summarize the variation in polychaete assemblages which could be explained by
the physicochemical variables, non-metric redundancy analysis (RDA) was applied using
a Bray—Curtis matrix. Collinearity of explanatory variables was explored by pairwise
correlations (Spearmen coefficient; Table S1). Since the level of collinearity was not high, and
when OM was excluded from the analysis no changes on the sign of estimated parameters
occurred, we used the five variables. Families present in a very low abundance, less than
10% of samples, were excluded from the RDA. ANOVA permutation test for RDA was
applied to assess the significance of the explanatory model and axes. BIOENV calculated
which set of environmental variables was best correlated with the structure of polychaete
assemblages. For each possible combination of environmental factors, a dissimilarity
matrix based on normalized Euclidean distances was calculated. The agreement between
the biotic matrix and matrices of environmental factors was expressed as the Spearman rank
correlation coefficient. All the multivariate analyses were conducted using the VEGAN
2.5-6 [35] package in R. Data and were plotted using the GGPLOT2 package in R [36].

3. Results
3.1. Physicochemical Variables

Overall, the presence of mussel shells generated an increase in OM, which was greater
in the experiment conducted in the Atlantic location. The values of the other variables,
especially AVS and NHy*, were also higher in the treatment with shells (Table S2). As we
expected, the OM content was higher in the sediment in the experimental units from the
Atlantic location (4.14 £ 0.56%) than in those from the Mediterranean location (0.93 £ 0.16%)
(Figure 2). The ANOVA revealed statistically significant differences in the Location x Mussel
interaction (Table 1). The SNK tests indicated statistically significant differences between
mussel shell treatments in the Atlantic location, with the OM content increasing by 1% in
the treatment with mussel shells. The same pattern was observed in the Mediterranean
location, i.e., a higher OM content when mussel shells were present, although the difference
was not statistically significant (Figure 2). The opposite trend was observed for the redox
potential, with higher values in the Mediterranean location. Thus, in the experimental
unit in the Atlantic location the mean value was —405 + 18 mV, and in the Mediterranean
location the mean value was —40 & 39.3 (Table 1). Despite the high variability at the
site level, the ANOVA revealed a marginal significant interaction between the factors
Location and Mussel shells (Table 1; p = 0.056). SNK tests of this interaction showed
significant differences in the Mussel shells factor in the Mediterranean location, with higher
values in the treatment without mussel shells (—20.2 4+ 23.2 mV versus —61.4 + 443.1 mV;
Figure 2). AVS concentration was much higher in the Atlantic (286 + 155 mg Kg~!) than
in the Mediterranean location (17.6 = 15.9 mg Kgf1 ; Figure 2). This variable also differed
significantly between the mussel shell treatments, but depending on the location, i.e.,
significant interaction of Location x Mussel shells (Table 1). In the Atlantic location, there
were statistically significant differences between mussel shell treatments, increasing from
188 + 81.4 mg Kg~! to 384 & 151 mg Kg~! due to the presence of mussel shells (Table S2).
The NH4" concentrations were fairly similar in the Atlantic and Mediterranean locations
(89 £ 2.3 and 105 + 41.9 uM, respectively; Table S2; Figure 2), but in the Mediterranean
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location the concentration was significantly higher in the treatment with mussel shells
(129 £ 15.2 uM) than in the bare sediment (81.9 £ 47.2 uM) (Figure 2), as revealed by the
statistically significant differences in the Location x Mussel shells interaction (Table 1). The
concentration of PO4>~ was significantly higher in the Atlantic location: 37.8 & 1.72 uM,
compared to 10.9 £ 3.16 uM in the Mediterranean location (Table S2; Figure 2). Marginally
significant differences were detected between the mussel shell treatments (Table 1), with
higher concentration in the treatment with shells.

Atlantic Mediterranean ] Atlantic Mediterranean
—_ 0 [——— ]
£, _
= > -100
g, £
X -200
52 S
2 o
® 4 &J -300
5 o
o, -400
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Mussel sheIIs Mussel sheIIs
Atlantlc Mediterranean ] Atlantic Mediterranean
ek
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) ~100
X 300 =
=) 3
5200 <
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Z 100
0 — N ] 0
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- Atlantic | Mediterranean ]
_30
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~20
<
@]
N _ -
0
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Figure 2. Percentage of organic matter (OM %), redox potential (mV), AVS (mg Kg~!), NH;* (uM)
and PO,43~ concentration (uM) in the two locations (Atlantic and Mediterranean), and for treatments
with and without mussel shells. * p < 0.05, *** p < 0.0001.

Table 1. Analysis of variance for physicochemical variables (OM, Redox Potential, AVS, NH4* and
PO43_) L =location, M = mussel shells, S = site). MS = mean square, p = p value of F test. Cochran =
Cochran’s C test value and significance level (p).

oM Redox AVS NH4* PO43—
Sources of
p MS P MS P MS p MS P MS df Variability
120 x 107* 1238 79 x107° 1833 1.206 x 10~*  864,489.5 0.0117 0.0166 24 x 10711 8684.1 1 L
0.034 427 0.055 0.89 0.034 116,783.8 9.1 x 10°° 0.155 0.019 28.47 1 M
0.037 1.95 0.056 0.89 0.037 111,505.8 3.5 x 10°° 0.198 0.146 8.67 1 LxM
0.004 0.081 0.047 0.18 0.0043 17,990.5 0.99 0.0015 0.837 3.35 8 S(LxM)
0.031 0.08 5139.3 0.013 6.5 36 Residual
4 14 4 4 14 Cochran
0.583 0.209 0.089 0.3008 0.119 0.287 4639 x 1078 0.7158 0.283 0.246

3.2. Macrofaunal Assemblages

Molluscs were present in relatively low mean abundances in both the Atlantic
(106 £ 92.2 ind m~—2) and Mediterranean locations (75.2 & 216 ind m~2; Table 2), followed
by crustaceans (Atlantic: 496 + 514; Mediterranean: 325 + 282 ind m~2). Polychaetes
were the most abundant group, with 19,106 4 1440 ind m~2 in the Atlantic location and
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11,306 + 1290 ind m 2 in the Mediterranean location (Figure 3). Regarding the comparison
between experimental treatments, the density of molluscs and crustaceans did not differ
in relation to the presence of mussel shells (Figure 3; Table 3), but there were marginally
significant differences in the numbers of molluscs between locations, and the number of
crustaceans varied widely between sites. Polychaetes were significantly more abundant in
the Atlantic than in the Mediterranean location (Figure 3; Table 3), and the small difference
between mussel shells treatments was statistically significant (shells: 1170 + 886 ind m~2;
no shells: 1100 + 1620 ind m~2). As the total macrofauna abundance was dominated by
polychaetes, the pattern was similar, with a significantly greater abundance in the Atlantic
location; however, the differences due to the mussel shells were significant only in the
Mediterranean location (SNK test, p < 0.01) (Figure 3; Table 3).

The polychaete assemblage in the Atlantic location was composed of 23 families (Table S3),
with abundances of between 1550 + 1410 ind m~2 for Capitellidae and 1.16 4 5.67 ind m 2
for Nephtyidae. The most abundant families were Capitellidae, Paraonidae, Spionidae,
Cirratulidae, Nereididae, Syllidae, Dorvilleidae and Lumbrineridae, but there were no
significant differences between the treatments (Figure 4). Several families were present at
very low abundances (Figure 4), with some individuals present in treatments with mus-
sel shells (Aphroditidae, Eunicidae, Onuphidae, Polynoidae and Scalibragmatidae) and
without mussel shells (Cossuridae, Maldanidae, Nephtyidae, Orbiniidae, Poecilochaetidae
and Sigalionidae). In the Mediterranean location, 26 polychaete families were identified
(Table S4), with abundance ranging between 1.16 & 5.57 ind m~2 for Ampharetidae and
88 & 77.1 ind m~2 for Syllidae. The most abundant families were Syllidae, Capitellidae,
Chaetopteridae, Poecilochaetidae, Paraonidae, Nereididae, Lumbrineridae and Dorvillei-
dae (Figure 5). The least abundant families, only present in the treatment with mussel shells,
were Ampharetidae, Magelonidae, Maldanidae, Onuphidae, Opheliidae, Oweniidae and
Sigalionidae (Figure 5). By contrast, members of the Pectinariidae and Sabellidae families
were only present in the treatment without shells. Capitellidae was the only family for
which statistically significant differences were observed (Factor Mussel shells, p = 0.0148;
Cochran’s C test p = 0.4343), with Capitellidae being more abundant in the treatment with
mussel shells.

Crustacea | | Mollusca | | Polychaeta | | Total

3000

2000
___1000

2000

onuepy

o

Abundance (ind/m2
g
o
|

uesuBLIB}PB

1000

| = R
NO YES

VES NO YES

NO YES NO
Mussel shells

Figure 3. Abundance (ind m~2) of fauna in higher taxonomic groups in the two locations, and for
treatments with and without mussel shells.
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Figure 4. Abundance (ind m~2) of polychaete families in the Atlantic region for treatments with and

without mussel shells.

Table 2. Mean, standard deviation, minimum and maximum values of high taxa of fauna in the two

locations by mussel shells treatment.

Overall Mediterranean Atlantic

YES NO YES NO YES NO Mussel

Shells
Crustacea
438 (303) 383 (515) 419 (351) 231 (154) 456 (262) 535 (693) Mean (SD)
[27.8,1170] [27.8,2640] [83.3,1170] [27.8,528]  [27.8,806] [55.6,2640] [Min, Max]
Mollusca
124 (214)  57.9(882)  134(300)  16.2(18.6) 113 (744)  99.5(110) Mean (SD)
[0, 1000] [0, 333] [0, 1000] [0, 55.6] [27.8, 250] [0, 333] [Min, Max]
Polychaeta
1170 (886) 1100 (1620) 495 (252) 208 (136) 1840 (769) 1980 (1930) Mean (SD)
[194,2810] [55.6,6420] [194, 1100] [55.6, 528] [611, 2810] [500, 6420] [Min, Max]

Total

1740 (953) 1540 (1720) 1050 (325) 456 (245) 2440 (863) 2620 (1900) Mean (SD)
[333,3440] [167,6560] [333, 1440] [167,944] [667,3440] [722,6560] [Min, Max]
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Table 3. Analysis of variance for higher taxonomic groups Crustacea, Mollusca, Polychaeta and total
abundance (data were transformed log10 (ind m~2 +1). L =location, M = mussel shells, S = sites.
Cochran = Cochran’s C test value and significance level (p).

Total Polychaeta Mollusca Crustacea
Sources of
4 MS 4 MS P MS P MS df Variability
0.0105 52.23 0.000057 35.36 0.0105 52.23 0.466 1.383 1 L
0.298 5.84 0.041 3.52 0.298 5.84 0.497 1.194 1 M
0.870 0.13 0.112 1.89 0.870 0.13 0.538 0.975 1 LxM
0.126 4.73 0.142 0.59 0.126 4.733 0.0012 2.367 8 S(LxM)
2.74 0.35 2.74 0.560 36 Residual
p P P |4 Cochran
0.0627 0.316 0.0465 0.329 0.00346 0.431 0.806 0.192
Mediterranean
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75 75
% ﬁ 4 il ﬁ
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Figure 5. Abundance (ind m~2) of polychaete families in the Mediterranean location for treatments

with and without mussel shells.

3.3. Relationship with Environmental Variables

Polychaete assemblages in the Atlantic location were quite similar in both treatments,
and there were no statistically significant differences (PERMANOVA; p = 0.440). The one-
way SIMPER test showed that the families Cirratulidae, Paraonidae, Nereididae, Spionidae,
Dorvilleidae, Phyllodocidae, Lumbrineridae and Syllidae were the major contributors to
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the dissimilarity between treatments (Table 4), but the differences were not statistically
significant. In the Mediterranean location, PERMANOVA revealed significant differences
in the structure of polychaete assemblage between treatments for the Mussel shell factor
(PERMANOVA, p = 0.03). In this case, SIMPER indicated that the families Capitellidae,
Chaetopteridae, Syllidae, Poecilochaetidae Nereididae, Lumbrineridae, Paraonidae and
Dorvilleidae were the most important in relation to dissimilarities between treatments
(Table 5). Some families showed a significant influence in the dissimilarity between treat-
ments, such as Capitellidae, Chaetopteridae, Syllidae and Dorvilleidae.

Table 4. SIMPER analysis of polychaete assemblages in the Atlantic region for both treatments:
with shells and no shells. p = permutation p-value; cumsum = ordered cumulative contribution;
av = average abundances per group; YES = with shells; NO = without shells; ratio = average to sd
ratio; sd = standard deviation of contribution; average = average contribution to overall dissimilarity.

p Cumsum avYES avNO Ratio sd Average
0.541 0.115 2.8748 2.957 1.086 0.041 0.044 Cirratulidae
0.521 0.213 3.9359 3.327 0.881 0.043 0.038 Paraonidae
0.501 0.309 2.5174 3.285 1.024 0.036 0.037 Nereididae
0.390 0.399 3.2947 4.055 0.900 0.039 0.035 Spionidae
0.340 0.472 0.6162 1.233 0.787 0.035 0.028 Dorvilleidae
0.341 0.533 0.4507 0.896 0.625 0.038 0.023 Phyllodocidae
0.771 0.593 1.0095 0.560 0.700 0.033 0.023 Lumbrineridae
0.820 0.650 1.0095 0.560 0.710 0.031 0.022 Syllidae
0.275 0.706 7.0583 6.864 1.342 0.016 0.022 Capitellidae
Table 5. SIMPER analysis of polychaete assemblages in the Mediterranean region for both treatments:
with shells and no shells. p = permutation p-value; cumsum = ordered cumulative contribution;
av = average abundances per group; YES = with shells; NO = without shells; ratio = average to sd
ratio; sd = standard deviation of contribution; average = average contribution to overall dissimilarity.
P Cumsum avYES avNO Ratio sd Average
0.003 0.109 4.0092 1.588 1.346 0.054 0.073 Capitellidae
0.026 0.205 3.1790 1.120 1.233 0.053 0.065 Chaetopteridae
0.079 0.289 4.6527 2.792 0.979 0.057 0.056 Syllidae
1.000 0.360 1.5688 1.882 1.010 0.048 0.048 Poecilochaetidae
0.590 0.429 1.6353 1.210 0.935 0.050 0.046 Nereididae
0.199 0.495 0.2800 1.882 0.934 0.048 0.044 Lumbrineridae
1.000 0.560 1.2325 1.626 0.953 0.046 0.043 Paraonidae
0.049 0.607 1.3080 0.280 0.722 0.044 0.032 Dorvilleidae
1.000 0.651 0.6162 0.896 0.691 0.043 0.030 Nephtyidae
0.996 0.692 0.8962 0.560 0.684 0.041 0.028 Cirratulidae
0.054 0.733 0.8962 0.280 0.603 0.045 0.027 Eunicidae

The results of the RDA indicated that the relationships between the changes in physic-
ochemical variables due to mussel shells and the polychaete assemblages were not strong
in either the Atlantic or Mediterranean locations (Figure 6). In the Atlantic location, the
first two axes explained 42.1 and 24.3% of the total variance, but there were no significant
correlations (RD1 p = 0.287; RD2 p = 0.894). The full model of the physicochemical variables
was not significant (ANOVA; p = 0.419). BIOENV analysis indicated that AVS and PO,3~
were the physicochemical variables that best explained the polychaete assemblages, with a
correlation of only 0.123. In the Mediterranean location, the first two axes explained 52.6
and 20.46% of the total accumulated variance. In this case, the RDA1 was significantly
correlated (ANOVA, p = 0.009) with NH4*, but RDA2 was not significantly correlated
with this variable (ANOVA, p = 0.894). However, the full model of the physicochemical
variables was not significant (ANOVA; p = 0.373). After BIOENYV, as expected, the patterns
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in the structure of the polychaete assemblages were best explained by NH,*, with a weak
correlation of 0.125.
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Figure 6. RDA plot of polychaete assemblages in relation to the physicochemical variables in the
Atlantic (upper graph) and Mediterranean (lower graph) locations for both treatments with shells
and without shells. The most relevant families of polychaetes in the distribution of the samples

are indicated.

4. Discussion

Marine farming activities potentially affect the benthic marine habitat via sedimenta-
tion of biodeposits, although accumulation of mussel shells may also be an important factor.
These effects are modulated by the fact that local conditions, in terms of eutrophication
levels, sediment characteristics, etc., are more important in oligotrophic habitats, where
the presence of mussel shells produces significant changes in polychaete assemblages.
Nevertheless, the accumulation of mussel shells has not been taken into account in previ-
ous studies about the effects of aquaculture in the Mediterranean Sea [37]. However, in
the present study, despite the significant changes in organic matter in eutrophic muddy
sediment due to mussel shells with an influence on AVS accumulation, we did not observe
any effect on polychaete assemblages. This study was carried out with fragmented mussel
shells (1.5-4 cm length); the size and structure of the mussel shell are important in relation
to understanding the ecological effects [3]. Therefore, the conclusions of the present study
are restricted to the effects of mussel shell hash on the benthic assemblages because mas-
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sive accumulation of mussel shells on eutrophic environments under mussel production
systems has important effects on benthic fauna [26]. The differences between regions can
be explained in terms of the natural concentration of OM in different types of sediments, as
indicated by the measurement of redox potential [19].

The effects on the sediment may be caused by the modifications produced by the shells
in the suspended-sediment flux. Suspended-sediment flux is affected by bed micromor-
phology; benthic biological processes act in complex interactions with physical processes
to control bed micromorphology [38], and the presence of mussel shells on the sediment
will affect the bottom boundary-layer fluid and particulate transport across the sediment.
In the present study, the increased roughness due to the presence of mussel shells may
have reduced particle transport because of the change from laminar to turbulent flow at
the microscale of the sediment surface. This change may favour the retention of particulate
OM in the shell interstices, which become buried in the sediment. In the future, it would be
interesting to study the effect of changes in roughness on sedimentation and resuspension
in the presence and absence of mussel shells.

The increase in AVS related to the increase in OM suggested that mineralization of the
organic matter mainly occurs via sulphate reduction. This indicates that the presence of
mussel shells can promote anoxic conditions by reducing the oxygen interchange across
the sediment surface, thus increasing the importance of anaerobic metabolic pathways.
However, this process would only occur in the presence of relatively high levels of organic
matter in the sediment, and not in oligotrophic sediments, as in the Mediterranean location.
Previous laboratory experiments investigating the effect of mussel shells on sediment
with organic matter contents of less than 1% showed a significant effect on AVS [17].
The physical effects of mussel shells without flesh may involve two mechanisms: first,
mussel shells favour the settlement of low-density OM particles, and second, OM input can
often be disproportionately higher than the potential of the sediment for decomposition,
increasing AVS. However, mesocosm experiments indicated that mussel shell debris, linked
to bioturbation, lowers the AVS accumulation under organic pollution conditions [17].
However, this effect is probably related to the OM input and to the carrying capacity of
the sediment. In general, studies on the impact of mollusc aquaculture on OM inputs
and the effects on AVS concentration do not consider the influence of piles of shells on
the seabed (e.g., [39]). Therefore, the presence of mussel shells must be also considered in
relation to sulphide formation among other factors such as OM reactivity and quantity or
sediment grain size [19], and future studies concerning the effects of aquaculture activities
on biochemical cycles in sediment must also consider this aspect [40].

In addition to OM, some changes in nutrient accumulation in the sediment were
detected. Benthic ammonium and phosphate fluxes are typically higher within mussel
culture sites than in control zones [11]. Similar patterns occur in relation to fish farms [13].
Increased ammonium and phosphate releases measured at the benthic interface in culture
zones probably partly occur due to the degradation of mussel or fish biodeposits rich in
nitrogen and phosphorus [19]. However, the influence of mussel shells on biogeochemical
fluxes around fish farms is not well understood. The accumulation of nutrients, such as
NH;* and PO43~, on sediments is controlled by processes occurring within the sediment
column and at the sediment-water interface. Fragmented shells may be important in
controlling nutrient fluxes because they can often be observed in dense, tightly packed
patches that may act as a barrier between the sediment interstitial water and the water
column [3]. Although we did not study nutrient fluxes, we found that the presence of
mussel shells contributed to increasing the concentration of NHs* in the sandy sediment.
Nitrification involves the biological oxidation of ammonia to nitrite followed by the oxida-
tion of the nitrite to nitrate [11], and the biofilm growing on the shell surface may favour
this process [41]. In the Atlantic location, with muddy sediment, the predominance of
anaerobic conditions may increase the potential for denitrification (i.e., microbial reduction
of nitrate to gaseous nitrogen, either as molecular nitrogen or as a nitrogen oxide) because
this process is carried out by anaerobic microorganisms [16]. Therefore, nitrification and
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denitrification can be modulated by the presence of mollusc shells and the oxygen content
of the interstitial water in the sediment, which can affect the biogeochemical cycling of
N [42]. Increased sedimentation rates observed around mussel farms on the west coast of
Sweden were found to be accompanied by increased NH,* efflux from sediment under
mussel lines [43]. The relatively large effect on NH* release and porewater concentra-
tion suggests stimulated benthic metabolism, in which ammonium is released as the end
product of OM decomposition. By contrast, the mussel shells did not appear to affect the
PO43~ concentration, and the values were highest in the Atlantic sediment. This could
be explained by the intense upwelling, high pelagic primary production and subsequent
sedimentation. Upwelling of nutrient-rich water pulses is accompanied by large decreases
in oxygen and pH and increases in phosphate (>0.5 pmol Kg~; [44]).

Regarding the effect of mussel shells on benthic fauna, it has been demonstrated that
soft-bottom Mytilus edulis Linnaeus, 1798 beds can alter the abundance of macrofauna
relative to adjacent bare sediment because of the accumulation of shells [45]. In areas
affected by mussel aquaculture, the benthic community structure is strongly influenced by
mussels growing on longlines, which affect habitat heterogeneity [46]. In addition to the
physical effect of the mussel shell, the effect of the mussel flesh on benthic fauna may also
be important. An increase in abundance of benthic fauna around mussel farms in Canada
has been reported [47], probably reflecting the attraction of mobile fauna due to better
food supply and possibly to the creation of a more heterogeneous habitat. Similarly, on the
west coast of Scotland, the presence of mussel farms was found to cause an increase in the
amount of shell hash present, which frequently dominated the sediment in close proximity
to the mussel lines and influenced the macrobenthic assemblage structure [27]. In the
Mediterranean location (oligotrophic conditions), we detected changes in the community
assemblage, with an increase in total macrofauna abundance, experimentally demonstrating
that the existence of mussel shells, independently of an additional organic matter input,
affects the colonization of soft sediments, especially by polychaetes.

Polychaetes were very abundant in the Atlantic location, with up to 2000 ind m 2
present after only 35 days from the start of the experiment. The structure of the assemblage
was dominated by families tolerant of organic matter, such as Capitellidae, Spionidae,
Nereididae, Oweniidae and Dorvilleidae, and the mussel shells did not have any clear
influence on this. The families Capitellidae, Spionidae and Dorvelleidae are known to be
tolerant to organic loads [48,49]. The presence of Nereididae and Oweniidae may be an
early indicator of organic enrichment [48,50,51]. In highly productive regions, such as the
Galician rias, sedimentation of particulate OM may mask the effects of fragments of mussel
shells on the sediment, stimulating the colonization of organic matter tolerant species. The
findings of a study on the effect of mussel bed and mussel farming in Denmark and Spain
(Vigo) indicated that the impacts of ecosystem engineers are strongest in extreme physical
environments where they ameliorate physical stress [10]. The authors of the study argued
that in less stressful conditions the effect of ecosystem engineers may be reduced to the
provision of competitors or predator-free spaces. However, we found the opposite was true
for the mussel shells.

Mussel shells act like ecosystem engineers by modifying benthic habitats and thus
disturbing the natural environment, especially in oligotrophic sandy sediments, enhancing
the abundance of some species due to ecological process, which are difficult to establish (e.g.,
increased settlement and availability of trophic resources availability and reduced predation
rates). The families Capitellidae, Chaetopteridae and Syllidae were more abundant in
experimental units with mussel shells in the Mediterranean location. The habitat was
probably optimal for recruitment of polychaetes, or was attractive to adults in terms of
trophic resources [29]. The populations of Capitellidae may have increased due to a
concomitant enhancement in the organic matter content (see references above), caused
by the presence of mussel shells and a reduction in mortality due to predation [52]. This
family includes species that are generally motile and surface deposit feeders, tolerant to
organic matter enrichment and rather non-selective feeders [53]. Similarly, Chaetopterids
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are tubicolous polychaetes common in shallow waters, and are considered sessile filter
feeders that pump water through their mouths and trap particles with mucus. The gut
contents of this species include planktonic skeleta and detritus, indicating a pelagic origin
of the food [53]. Increasing OM due to the presence of mussel shells at the water—sediment
interface may benefit this family, in addition to the increase in turbulence at the sediment
surface microscale, which may favour the catchability of pelagic trophic resources. Syllids
are most frequent in shallow water associated with hard substrata [54] and the mussel
shells probably represent an optimal hard substratum for these organisms. In a study using
the same type of experimental units as ours, greater abundance of syllids was observed on
sandy sediments than on muddy sediments [19]. The study’s authors suggested that the
presence of mussel shells also favoured colonization of sandy substrates by syllids relative
to colonization of muddy sediments.

We suggest that the presence of aquaculture installations on oligotrophic, sandy bare
sediment in coastal environments has a detectable effect on the ecosystem functioning due
to the increased input of biodeposits and also to the simultaneous presence of mussel shells
acting like ecosystem engineers. Ecosystem engineers can affect biogeochemical processing
by altering the availability of resources for microbes or by altering abiotic conditions affect-
ing microbial process rates, and thus create biogeochemical heterogeneity in sediments [16].
The biogenic changes observed can persist beyond the presence of the ecosystem engineer
with the modifications known as legacy effects [55]. On bare oligotrophic sediments, ac-
cretion of mussel shell hash affects the complexity of benthic habitats by modifying some
biological processes at the boundary layer of the sediment, e.g., larvae settlement [56],
thus influencing macroinvertebrate assemblage structure. Mussel shells probably also
change the availability of resources to macroinvertebrates as a direct consequence of the
habitat structure created by mussel shells (e.g., increase in OM) or indirectly through the
modulation of biotic forces, such as predation rates, due to changes in complexity. The
potential mitigating effect of the presence of mussel shells on the sediment [17] is enhanced
by the presence of polychaetes [40] in sediments impacted by biodeposits from aquacul-
ture. An increase in the abundance of burrowing animals can affect nutrient cycling in
different ways, altering decomposition, respiration and remineralization. At the seascape
spatial level, the mussel shell accumulations build a heterogeneous mosaic of habitats
that will affect biodiversity patterns at the regional scale. Appropriate decision-making
practices require detailed knowledge of aquaculture-sediment system interactions. For
example, there is an ongoing debate as to whether the best strategy is to remove the mussel
shells that accumulate under aquaculture facilities or to leave them. Further studies are
essential to further our understanding of how mussel shells alter ecosystems toward opti-
mal ecosystem-based management in regions with clustering of aquaculture facilities and
different natural environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/coasts3040020/s1, Figure S1: Experimental units, with different type
of sediment depending on the location (region) and two treatments, with mussel shells and without
mussel shells, were placed on the sea bottom and collected after 35 days; Figure S2: Experimental
design for comparison of physicochemical variables and faunal abundance. Polychaete families
were analysed separately by location, due to the different assemblage structure; Table S1: Pairwise
correlations between physicochemical variables (Spearman coefficient) for each location; Table S2:
Mean, standard deviation, minimum and maximum values of physicochemical variables in the two
locations for the mussel shells treatment, the treatment without mussel shells, = NO, and with mussel
shells = YES. Table S3: Mean =+ standard deviation (SD), median and minimum (Min) and maximum
(Max) values of polychaete family abundances (ind m~2) in the Atlantic location: treatments without
mussel shells = NO, and with mussel shells = YES; Table S4: Mean + standard deviation (SD), median
and minimum (Min) and maximum (Max) values of polychaete family abundances (ind m~2) in the
Mediterranean location: treatments without mussel shells = NO, and with mussel shells = YES.
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