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Benthic responses to organic
enrichment under a mussel
(Mytilus edulis) farm
Marie-France Lavoie1, Élise Lacoste2, Andrea M. Weise1

and Christopher W. McKindsey1*

1Maurice-Lamontagne Institute, Fisheries and Oceans Canada, Mont-Joli, QC, Canada, 2Centre
d'Étude pour la Promotion des Activités Lagunaires Maritimes, Sète, France
Bivalve culture is know to affect some interactions between the water column

and the benthic environment with the organic enrichment. An in situmesocosms

experiment was used to determine the influence of mussel biodeposition on the

benthic ecosystem in St. Peters Bay, Prince Edward Island, eastern Canada. Eight

mussel densities (0 to 2266 mussels m-2) were placed above mesocosms to

reproduce the organic enrichment from a mussel farm over 12 weeks. The

experimental procedure created an accumulation of organic matter on the

seafloor with increasing mussel densities. Some benthic parameters had the

predicted response to organic enrichment, with the presence of anoxic sediment

in sediment profile images, increased water and organic matter content, and

reduced infaunal abundance and species richness. Other parameters, including

redox potential, total free sulfides, and the response of the biotic index AMBI, had

inconsistent responses to mussel biodeposition-related organic enrichment.

Given that other studies done in other locations have observed varying results,

results suggest that measurement of various parameters is important to interpret

the influence of deposition frommussel farms. The conditions of the site and the

study duration are also parameters to consider when evaluating the results from

mesocosm studies. Results from this study also suggest that St. Peters Bay is likely

impacted by biodeposition from the mussels farmed there.
KEYWORDS

biodeposition, organic enrichment, mussel aquaculture, infaunal macrobenthic
communities, Mytilus edilus
1 Introduction

Bivalve aquaculture is considered to have less impact on the environment relative to

other types of aquaculture, e.g. finfish for which an addition of organic matter is required as

food (Crawford et al., 2003; Newell, 2004; Dumbauld et al., 2009; Naylor et al., 2021).

However, suspension-feeding bivalve culture plays a key role in several environmental

processes due to the addition of physical structures (longlines, rafts, etc.) and the
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introduction of thousands or millions of individuals (cultivated

species and biofouling organisms) to the environment. The effects

of organic enrichment (biodeposition) from bivalve faeces and

pseudofaeces are now relatively well known (Mattsson and

Lindén, 1983; Weise et al., 2009; McKindsey et al., 2011; Sun

et al., 2021), as is how this correlates with local current regimes

and depth (Hartstein and Stevens, 2005; Giles et al., 2009; Gallardi,

2014; Forget et al., 2020).

Many studies have described the impacts from biodeposition on

sediment biogeochemical parameters (Dahlbäck and Gunnarsson,

1981; Mattsson and Lindén, 1983; reviewed in McKindsey et al.,

2011), nutrient exchanges at the sediment-water interface (Baudinet

et al., 1990; Richard et al., 2006, 2007a; Richard et al., 2007b; Robert

et al., 2013; Lacoste et al., 2020), and benthic infaunal communities

(Callier et al., 2008, 2009; McKindsey et al., 2012; Lacoste et al.,

2018). However, results vary by sites and culture systems, and while

some studies noted little or no changes in sediments beneath farms

(Grant et al., 1995; Crawford et al., 2003), other have shown organic

enrichment and related alteration of infaunal communities

(Chivilev and Ivanov, 1997; Stenton-Dozey et al., 1999).

Significant accumulation of organic matter on the sea floor can

promote hypoxic or even anoxic and sulfate reducing conditions

due to bacteria that degrade the organic matter by consuming the

available oxygen in benthic sediments (Hargrave et al., 2008a,

2008b; McKindsey et al., 2011). Individual infaunal taxa and

community assemblages react to environments that are

characterized by low oxygen or the accumulation of sulfide

(Pearson and Rosenberg, 1978; Hargrave et al., 2008b; Elvines

et al., 2023). Organic loading commonly leads to reduced

macrobenthic infaunal abundances and promotes the dominance

of small opportunistic deposit feeders relative to that of suspension

feeders (Callier et al., 2009; Dumbauld et al., 2009; McKindsey et al.,

2011). Some studies show that only species tolerant of low oxygen

and relatively high total free sulfides (TFS) are found in sites

characterized by organic enrichment (Hargrave et al., 2008b).

Macrobenthic infauna plays a crucial role in benthic ecosystems

due to bioturbation and bio-irrigation activities. By reworking

sediment, infauna enhance oxygenation and influence nutrient

exchanges between sediment and the water column (Michaud

et al., 2009; Wrede et al., 2017). Decreased benthic infauna may

therefore increase organic enrichment effects by reducing sediment

reworking and the mineralization of the organic matter (McKindsey

et al., 2011). Evaluation of benthic infauna is thus thought to be a

good indicator of organic enrichment from bivalve farms.

Given that several past studies have reproduced organic loading

frommussel biodeposition in Il̂es-de-la- Madeleine, Quebec (Callier

et al., 2009; Robert et al., 2013; Lacoste et al., 2019), and that

ecosystem responses vary by site location, this in-situ study, done in

Prince Edward Island (PEI), evaluates the impact of biodeposition

on various benthic indicators. Mussel culture occupies a large

portion of PEI bays with a production of 17 440 tonnes in 2022,

75% of the total production in Canada, with a value of $30 million

(Fisheries and Oceans Canada, 2022). This underlines the

importance of better understanding the relationship between

mussel farms and benthic condition in this part of the country.
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This study evaluates the impact of biodepostion from mussel

farms on various benthic indicators, including sediment parameters

(total free sulfides – TFS, redox potentials normalized to hydrogen

potential – EhNHE, and organic matter – OM) and infaunal

community structure in St. Peters Bay, PEI. In situ benthic

mesocosm were installed on the bottom with varying densities of

mussels to create various levels of organic enrichment through

biodeposition. This is a part of a larger program to provide a holistic

description of benthic ecosystem responses to organic enrichment

from mussels in various exploited areas in Canada (Callier et al.,

2007, 2008; Robert et al., 2013; Lacoste et al., 2019). Also, the results

may be use by the Canadian government for the aquaculture

monitoring program.
2 Materials and methods

2.1 Study area

The study was conducted in St. Peters Bay (SPB, 46°26’16’’N, 62°

40’9’’W) in Prince Edward Island, Canada, in summer 2012

(Figure 1A). SPB is a small (13 × 2 km) and shallow (mostly < 6

m) semi-enclosed embayment on the north shore of the island. A 4-5

m deep channel runs along its longitudinal axis. A description of the

bay is also provided in Guyondet et al. (2015) and Sonier et al. (2016).

The bay is used extensively for longline blue mussel (Mytilus edulis)

culture, representing about 38% of its total surface area. Mussels are

grown in suspension using 2 m individual polyethylene sleeves

(‘socks’) that hang from submerged longlines (Sonier et al., 2016).

SPB is characterized by slow water renewal and poor flushing with

tidal currents of a few centimeters per second (Guyondet et al., 2015).
2.2 Mesocosms

To examine the influence of mussel biodeposition on sediment

biogeochemical parameters and benthic communities, 40 benthic

mesocosms were installed on a 5 × 9 grid (including 5 reference

locations) on a soft, muddy sand bottom approximately 500 m

distant from the closest farm on the northwestern side of the bay

with an extra 8 “mesocosms” installed in the middle of the array to

evaluate sedimentation (Figure 1B). The site was judged to be

sufficiently distant from farms to limit their influence (Weise

et al., 2009). Methods to construct mesocosms were as those

outlined in Lacoste et al. (2019) except that ¼” × ¼” wire mesh

was used for mesocosms in this study to avoid invasion of cages by

sea stars that consumed mussels in an earlier trial experiment. The

top component of mesocosms, a 23.5 cm high by 57 cm diameter

cage, was also constructed from ¼” × ¼” PVC coated wire mesh. A

plastic 53 cm diameter sleeve formed the base of each mesocosm,

against which the wire mesh abutted. Each mesocosm was spaced 5

m apart to avoid influence by adjacent ones. Divers removed fouling

organisms from mesocosms two times each month for the duration

of the experiment to ensure good water circulation to feed the

mussels contained within.
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For 12 weeks (June to September), mesocosms received continuous

biodeposition from overlying mussels from one of eight pre-defined

mussel densities (0, 50, 100, 150, 200, 300, 400, and 500 mussels). The

eight mussel densities correspond to 0, 227, 453, 680, 907, 1360, 1813,

and 2266 mussels m-2, respectively. Each mussel density was replicated

five times, with five locations left undisturbed as reference sites (R). Each

mesocosm received mussels from the same size range (i.e. 60.55 ± 0.18

mm,mean ± SE calculated from thirty randommussels permesocosm at

the end of the experiment). At the end of the experiment, divers took

photographs of each mesocosm to assess seabed conditions. Divers then

carefully collected two sediment cores (15 cm high × 10 cm diameter)

from each mesocosm and the reference sites. Once returned to the

surface, photographs of the top and side of each core were taken. The

two cores were used to collect sub-samples for sediment geochemical

analyses and were sieved for infaunal analyses (see sampling details in

‘Surficial sediment characteristics’ and ‘Infaunal communities’ below).
2.3 Deposition rates

In July (n = 38 samples) and August (n = 23 samples), mussel

biodeposition rates were measured in situ using sediment traps as

described in Lacoste et al. (2019). Sediment traps were placed on the

bottom portion of mesocosms along the transect in the center of the

grid (Figure 1B). Randomly chosen cages of each treatment (7
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mussel densities and no mussels) were placed on the sediment traps.

After 24 hours, each cage and sediment trap was gently shaken prior

to removing them to allow the recently produced biodeposits to sink

into the sampling bottle. Sampling bottles were kept frozen at -20°C

until laboratory analyses to determine total suspended particulate

matter (TSPM) and total organic matter (TOM).

In the laboratory, samples were thawed, the supernatant

removed, and swimmers and detritus seen by the naked eye

removed. Sampling bottle contents were then transferred to pre-

burned and pre-weighed aluminium dishes and samples dried at 65°

C for 72 h to constant weight and weighed. TSPM and TOM were

expressed in terms of g m-2 d-1. Estimated biodeposition (organic

matter, OM) for each individual mussel was calculated by subtracting

the background sedimentation from density 0 (empty cage).
2.4 Sediment visual observation

Sediment profile images (SPI) was used to detect impacts of

organic enrichment in bottom sediments, following Wildish et al.

(2003). A picture of each macrofaunal core was taken (before being

sieved) and these side-view images were visually analyzed to determine

the region of sediments where oxidizing processes are replaced by

reducing processes resulting their darkening. Only the presence or

absence of darker sediment were recorded as data for each picture.
FIGURE 1

(A) Location of the experimental mesocosm (black dot) site in St. Peters Bay, Prince Edward Island (PEI), eastern Canada. Polygons in the bay
represent the mussel lease sites. (B) Layout of experimental grid in St. Peters Bay (n = 5 mesocosms per each mussel density treatments and
reference location). The numbers and colors refer to the different mussel densities.
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2.5 Surficial sediment characteristics
(EhNHE, TFS, %WC and %OM)

Sediment sub-samples (n = 90) were collected by lateral

insertion of a 5 mL cut-off plastic syringe through the side of

cores via a pre-drilled hole covered by duct tape at the 0-2 cm

sediment depth. Syringes were tightly capped with parafilm to avoid

exposure to air and stored on ice until analysis (within 6 hours).

Measurements of redox potentials (EhNHE), total free sulfides (TFS),

water content (%WC), and organic matter (%OM) were made on

each 5 mL sub-sample.

EhNHE and TFS in sediment porewater were measured using the

same protocol as outlined in Lacoste et al. (2019) following the

measurement method described in Wildish et al. (1999). EhNHE is

an indirect indicator of aerobic vs. anaerobic conditions in

sediments while TFS is a measure of the accumulation of soluble

sulfides, a product of sulfate reduction that occurs under anaerobic

conditions. EhNHE and TFS concentrations were expressed as µM

based on sediment volume.

To calculate %WC and %OM in surficial sediments (0-2 cm), a

further 1 cc of wet sediment was extruded from each syringe and

kept frozen. In the laboratory, samples were weighed, dried to

constant weight (65°C, 24 hours). %WC was determined as the

percent weight loss between wet and dried material. %OM was

determined by a two-step combustion (Kristensen, 1990). Dry

samples were heated in a muffle furnace at 250°C for 2 hours to

completely dry them and subsequently at 550°C for 18 hours to

completely ash them. The samples were weighed after each step to

give the total OM and the %OM calculated from weight loss as a

percent of sample dry weight.
2.6 Infaunal communities

The two sediment cores collected in each mesocosm (n = 90) were

gently sieved through a 500 µm mesh and the material retained

preserved in a buffered (magnesium borate) 5% formaldehyde-saline

solution. After sorting, infaunal specimens were stored in 70% ethanol.

Identifications were made to the lowest taxonomic level possible.

Samples were characterized in terms of total abundance (N), the

number of species (S, species richness), Shannon-Wiener diversity

(H’) and Pielou’s evenness index (J’). To evaluate the effect of organic

enrichment on benthic communities, the AZTI Marine Biotic Index

(AMBI; Borja et al., 2000) and a related multivariate index (M-AMBI,

Muxika et al., 2007) that considers species richness and diversity were

calculated. Species were classified into AMBI ecological groups based

on their sensitivity to pollution (organic matter accumulation). AMBI

scores were detailed in six groups: 0.0 to 1.2 indicate unpolluted, 1.2 to

3.3 slightly polluted, 3.3 to 5.0 moderately polluted, 5.0 to 6.0 heavily

polluted and more than 6.0 extremely polluted (Borja et al., 2000). M-

AMBI provides an ecological status based on these values: >0.82

‘High’, 0.62-0.82 ‘Good’, 0.41-0.61 ‘Moderate’, 0.20-0.40 ‘Poor’, and

<0.20 ‘Bad’ (Muxika et al., 2007). Reference values used in M-AMBI

calculations are those observed at the nominally “least impacted” of

the sites (i.e., the reference sites).
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2.7 Data analysis

2.7.1 Univariate measurements
Variation among mussel densities for sediment characteristics

(%WC, %OM, EhNHE and TFS) and infaunal communities

(abundance, richness, biodiversity index) were evaluated using

permutational analysis of variance (PERMANOVA, with 9999

permutations) using PRIMER 7 (Clarke and Gorley, 2015) and

PERMANOVA+ (Anderson et al., 2008), as data transformations

were unable to constrain the data to meet the assumptions of

ANOVA (Anderson, 2001). Similarity matrices used for

PERMANOVAs were constructed based on Euclidean distances.

All analyses included 2 factors: Mussel density (9 levels: R, 0, 227,

453, 680, 907, 1360, 1813 and 2266) and Mesocosms (replicate

mesocosms for each density) that were nested in Mussel density

treatments. Differences among factors were determined using a

posteriori pairwise comparisons using PERMANOVA.

Homogeneity of multivariate dispersion was evaluated using

PERMDISP (Anderson et al., 2008) and data transformed

(square-root for sediment characteristics parameters and fourth-

root for infaunal community parameters), as necessary. For

sediment characteristics, one variable (EhNHE) included negative

values and thus a constant was added to each data point so they

could be analysed following the appropriate transformation.

Linear regressions were used to evaluate the relationship between

infauna metrics (abundance and richness) and TFS concentrations.

Correlation coefficients were calculated to see if there is an association

between variables (0 = no linear relationship; less than 0.8 or greater

than -0.8 = correlation not considered powerful).

2.7.2 Multivariate Measurements
PERMANOVA was used to evaluate variations in infaunal

community structure between mussel densities. The matrix was

constructed based on Bray-Curtis similarity on fourth-root

transformed data. Species (17) that appeared only once were

removed (Clarke and Warwick, 2001) from the data matrix. This

analysis considered the same two factors used for the univariate

measures and a post-hoc test evaluated variation among factors.

SIMPER analysis was used to identify the infaunal species that were

most responsible for the dissimilarity among mussel densities. Non-

metric multi-dimensional scaling (nMDS) was used to show

graphically the variation in benthic assemblages among the treatments.
3 Results

3.1 Sedimentation rates and biodeposition

Average sedimentation rates measured in mesocosms (in July and

August) are presented in Table 1. TSPM and TOM varied greatly

between mussel densities and between sampling dates. As expected,

sedimentation rates generally increased with mussel density, likely due

to biodeposition. Rates were higher in July, especially the background

(treatment 0) for TSPM: 53.10 ± 7.60 in August compared to 176.14 ±

57.99 g m-2 d-1 in July (Table 1). The fraction of organic matter in the
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TSPM varied between 7.1 (treatment 0) and 14.3% (1360 mussels m-2)

in July and 11.0 (453 mussels m-2) and 15.5% (680 mussels m-2) in

August. Biodeposition (OM) seemed to be lower when mussel density

was higher (Table 1). OMwas higher in August at low density mussels,

but similar between the two months at high density (Table 1).
3.2 Sediment visual observation

Side-view images of sediment cores provided visual information

on benthic conditions in mesocosms (Figure 2). Unfortunately,

some pictures were not enough good to be used to detect or not

darker sediments and were discarded from the analyses (for

densities with 1360 and 2266 mussels m-2). Surface sediments

from the densities 0 and 227 mussel m-2 appeared similar to

those at reference (R) sites with light brown sediments. In

comparison, side-views of sediment cores from densities 453

mussels m-2 and more revealed a loose and flocculent brown layer

of biodeposits mixed with sediments (ca. 0.5-1.0 cm thick) covering

a large black layer of reduced sediments (ca. 5 cm thick).
Frontiers in Marine Science 05
3.3 Sediment characteristics

Biogeochemical measures from surficial sediments (0-2 cm

strata) are shown in Figure 3. Mussel density had a significant

effect for all biogeochemical indicators (Table 2). %WC and %OM

in surficial sediments tend to increase from the lowest density (0

mussel m-2) to the highest density (2266 mussels m-2) and values

were higher relative to the R mesocosms (Figures 3A, B). %OM was

almost two to ten times greater than at R sites with mean values

ranging from 12.06 ± 1.99 to 20.69 ± 1.21% in densities with 453

and 2266 mussels m-2 respectively (Figure 3B).

Mean TFS concentration was significantly lower in R

mesocosms than all other mussel densities and generally

increased with organic loading (Figure 3C). TFS mean (± SE)

values varied between 162.74 ± 17.17 and 990.25 ± 174.79 mM
(Figure 3C). EhNHE mean (± SE) averaged 19.90 ± 28.08 mV at R

sites and shifted to increasingly negative values along the mussel

density gradient (Figure 3D).
3.4 Infaunal community

3.4.1 Community structure
A total of 6602 individuals from 65 taxa was found. Polychaetes

were the most common organisms, representing 55.4% (35 taxa) of

the total sample followed by bivalves with 34.5% (11 taxa) and

gastropods with 5.9% (6 taxa). No clear pattern was observed for the

proportion of these groups between the mussel density treatments.

Mussel density impacted all infaunal community parameters

(Table 3). Abundance varied between 26 ± 4 (2266 mussels m-2)

to a maximum of 116 ± 16 individuals per core (227 mussels m-2)

and peak richness was observed with a mean of about 19 species per

core for the reference treatment (Figures 4A, B). Species diversity

(Shannon-Wiener index) was lowest in the 1813 mussels m-2

treatment and highest at the reference location, at 1.53 ± 0.06 and

2.57 ± 0.07, respectively (Figure 4C). Densities R, 1360 and 2266

mussels m-2 had the greatest species uniformity as determined by

the Pielou eveness index compared to the 1813 mussel m-2

treatment that had the lowest index (Figure 4D).

Infaunal community structure varied significantly with mussel

density (Table 3). Densities R, 0 and 227 mussels m-2 differed

significantly from all other treatments and each other, except for the

227 and 907 mussels m-2 that were similar. Densities 453 through

2266 mussels did not differ significantly. The nMDS (Figure 5)

showed the separation between densities R, 0, and 227 from all the

others. As the stress is quite high (0.2), the projection in the figure

represents only the general relationship among data points.

SIMPER analysis reveals that eight species explained ca. 30 to

35% of the dissimilarity between the mussel density treatments;

seven polychaetes: Dipolydora quadrilobata, Hypereteone

heteropoda, Leitoscoloplos fragilis, Mediomastus ambiseta,

Pectinaria gouldii, Scolelepis (Parascolelepis) bousfieldi, Streblospio

benedicti, and one bivalve: Mysella planulata (Figure 6). All species

abundances differ significantly among densities (Table 4). The
TABLE 1 Mean (± SE) sedimentation rates expressed as total suspended
particulate matter (TSPM in g m-2 d-1) and total organic matter (TOM in g
m-2 d-1) for each treatment during two periods (July and August).

Period/
Density

TSPM
(g m-2 d-1)

TOM
(g m-2 d-1)

Biodeposit
production
rates OM

(mg ind-1 d-1)

July

0 176.14 ± 57.99 12.45 ± 3.68 –

227 144.76 ± 17.27 15.37 ± 0.88 12.86 ± 3.89

453 153.92 ± 29.68 19.28 ± 2.09 15.05 ± 4.62

680 197.13 ± 22.99 24.15 ± 1.29 17.19 ± 1.90

907 194.52 ± 17.27 27.51 ± 2.10 16.60 ± 2.32

1360 188.67 ± 19.77 26.93 ± 1.54 10.64 ± 1.01

1813 194.18 ± 16.92 26.05 ± 4.76 7.50 ± 2.63

2266 223.68 ± 12.58 31.15 ± 0.35 8.25 ± 0.15

August

0 53.10 ± 7.60 7.10 ± 2.90 –

227 68.29 ± 20.60 8.80 ± 2.48 7.47 ± 10.96

453 151.99 ± 30.66 16.78 ± 1.60 21.34 ± 3.53

680 136.73 ± 18.92 21.20 ± 0.57 20.72 ± 0.85

907 146.39 ± 28.21 19.22 ± 2.38 13.36 ± 2.63

1360 168.10 ± 36.62 21.58 ± 3.01 10.64 ± 2.21

1813 154.95 ± 42.13 20.85 ± 3.70 7.58 ± 2.04

2266 182.35 ± 32.63 24.59 ± 4.82 7.71 ± 2.13
Biodeposit production rates per individual (mean ± SE in mg ind-1 d-1) are expressed as: all
organic material - background sedimentation from treatment 0.
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dissimilarity between mussel density treatments varied from 44.92%

(treatments 227-907) to 64.89% (treatments 0-2266).

Community condition evaluated using AMBI shows all

treatments to be only slightly disturbed (mean biotic index = 2).

Species from Group III (those tolerant to organic enrichment) were

in general more abundant than the other groups, especially for

mussel density treatment 1813 (Figure 7). No species from group V
Frontiers in Marine Science 06
(first-order opportunistic species) were observed at any mussel

density treatment. AMBI groupings identified eight species that

play a role in the dissimilarity between treatments (Group I: P.

gouldii; Group III: L. fragilis, M. ambiseta, S. bousfieldi, S. benedicti

and M. planulata; and Group IV: D. quadrilobata and H.

heteropoda). Ecological status estimated by M-AMBI indicated a

‘High’ ecological status (0.8402 to 0.9785) for all the treatments
FIGURE 2

Side-view of sediment cores from benthic mesocosms after 12 weeks in-situ exposure to different mussel densities (R, 0, 227, 453, 680, 907, and
1813 mussels m-2). Photos were not available for densities with 1360 and 2266 mussels m-2 as explain in the section 2.4.
FIGURE 3

Mean (± SE) (A) % water content (WC), (B) % organic matter (OM), (C) sulfides (TFS, µM), and (D) redox potential (EhNHE, mV) measured in surficial
(0-2 cm) sediments for each mussel density. The dashed line in (C) represent sulfide concentrations for “normal” (oxic A, < 750 µM) and values above
represent “transitory” condition (oxic B, 750-1500 µM) based on Hargrave et al. (2008b). The dashed lines in (D) represent the redox thresholds for
transitions between oxic A (> 100 mV), oxic B (100 to -50 mV), hypoxic A (-50 to -100 mV), hypoxic B (-100 to -150 mV), and anoxic (< -150 mV)
categories based on Hargrave et al. (2008b). Differences between mussel density means are indicated by different letters (p < 0.05).
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except for the 1813 mussel density that received a ‘Good’ ecological

status mention (0.7560).

3.4.2 Relationship with the total free sulfides
The correlation between TFS and abundance (coefficient

correlation = -0.37) and richness (coefficient correlation = -0.57)

were not very strong (Figure 8), suggesting that the level of sulfides

failed to explain a great proportion of the total variation in infauna

abundance (r2 = 0.13) and richness (r2 = 0.33) although these

relationships are statistically significant (p < 0.05). A 50%

reduction in abundance and richness are represented by 1376 and

1538 mM TFS, respectively. Considerable variation is present in the

dataset, both between treatments and between samples in the

same treatment.
4 Discussion

The use of mesocosms that are open to the natural environment

allows for recruitment and migration of animals into them while

allowing modification of biodeposition rates from mussels to mimic

various levels of farm-related biodeposition. In this study, the

experiment was, in general, a success in that organic loading increased

with higher mussel densities. The results from this study suggest that

much of St. Peters Bay is likely impacted due to biodeposition from the

mussels farmed there.Many other studies have noted this (see reviews in

McKindsey et al., 2011 and Filgueira et al., 2015).
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4.1 Sedimentation conditions in St.
Peters Bay

Background sedimentation from the water column in SPB had

an impact on mesocosms as the 0 mussel treatment m-2 received

considerable sedimentation (especially in July). In July, all

treatments, except the 0 mussel m-2 one, received a TOM value

judged to be sufficient to affect sediment characteristics and create

transitory hypoxic conditions (ca. 15 g m-2 d-1; Hargrave et al.,

2008b; Callier et al., 2009; Weise et al., 2009). In August, 453

mussels m-2 were needed to alter sediment characteristics. Other

mesocosm studies found organic enrichment greater than 15 g m-2

d-1 at various densities of mussels: 764 mussels m-2 (Callier et al.,

2009) and 200 to 1600 mussels m-2 (Lacoste et al., 2019). Based on a

theoretical biodeposition rates of 0.022 g mussel-1 d-1 calculated by

Callier et al. (2009); Robert et al. (2013) suggested that between 600

and 800 mussels m-2 would be needed to attain the 15 g m-2 d-1

threshold. Organic enrichment from mussels seems to depend on

other factors in addition to local current regimes and depth. The

time (month, day) when biodeposition was measured greatly

impacted the density of mussels needed to obtain the organic
TABLE 2 Results of PERMANOVA evaluating the effect of Mussel density
and Mesocosm(Mussel density) on sediment characteristics (%WC, %OM,
TFS and EhNHE).

Source df MS F p

%WC

Mussel density 8 13.568 17.117 0.0001

Mesocosm(Mussel density) 36 0.80079 2.0885 0.0084

Error 45 0.38343

%OM

Mussel density 8 11.556 16.271 0.0001

Mesocosm(Mussel density) 36 0.72486 2.5453 0.0013

Error 43 0.28478

TFS

Mussel density 8 297.92 5.6224 0.0002

Mesocosm(Mussel density) 36 53.936 3.0138 0.0006

Error 44 17.896

EhNHE

Mussel density 8 63.228 3.9648 0.0017

Mesocosm(Mussel density) 36 16.086 3.063 0.0004

Error 46 5.2517
Significant effects (p < 0.05) are indicated in bold.
TABLE 3 Results of PERMANOVA evaluating the effect of Mussel density
and Mesocosm(Mussel density) on sediment infaunal community
abundance, species richness, Shannon-Wiener diversity, Pielou’s
evenness index and infaunal community structure.

Source df MS F p

Abundance

Mussel density 8 0.91212 2.2604 0.0445

Mesocosm(Mussel density) 36 0.40353 6.8799 0.0001

Error 45 0.058653

Richness

Mussel density 8 0.15536 3.1936 0.0084

Mesocosm(Mussel density) 36 0.048647 6.7487 0.0001

Error 45 0.0072084

Shannon-Wiener

Mussel density 8 0.019618 5.6795 0.0005

Mesocosm(Mussel density) 36 0.0034542 2.5748 0.0018

Error 45 0.0013415

Pielou’s evenness

Mussel density 8 0.003171 2.6184 0.0207

Mesocosm(Mussel density) 36 0.0012111 2.2541 0.0072

Error 45 0.00053726

Community structure

Mussel density 8 4627.5 2.7283 0.0001

Mesocosm(Mussel density) 36 1696.1 2.5084 0.0001

Error 45 676.17
fron
Significant effects (p < 0.05) are indicated in bold.
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sedimentation threshold. Hydrodynamic regimes within sites

(Hartstein and Stevens, 2005; Giles et al., 2009; Keeley et al.,

2013; Guyondet et al., 2015), quality of sedimenting material

(Martinez-Garcia et al., 2015), presence of epibionts (McKindsey
Frontiers in Marine Science 08
et al., 2009; Lacoste and Gaertner-Mazouni, 2015), and temperature

(Jansen et al., 2012) also likely influence organic enrichment and

decomposition, thus affecting benthic impacts under farms. Water

renewal time in SPB is relatively low and characterized by poor
FIGURE 4

Mean (± SE) (A) abundance, (B) number of species (species richness), (C) Shannon-Wiener diversity, and (D) Pielou’s evenness index of infauna from
reference (R) and mesocosms receiving biodeposition from eight different mussel densities. For each density, n = 10 (five mesocosms with two
replicate cores each). Differences between mussel density means are indicated by different letters (p < 0.05).
FIGURE 5

Non-metric multi-dimensional scaling (nMDS) of benthic assemblage structure in mesocosms (n = 10).
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flushing with aquaculture development (expressed as total bay area

cover) among the highest in the world relative to other bivalve

production areas (Guyondet et al., 2015) and by organic enrichment

from agriculture (Cranford et al., 2009), potentially explaining the

high sedimentation in the bay.
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4.2 Sediment response to
organic enrichment

This study clearly shows what was expected that biodeposition

from high densities of mussels induces organic enrichment and
FIGURE 6

Mean (± SE) abundance per core of eight species that explain 30 to 35% of dissimilarity (SIMPER analysis) between mussel density treatments:
(A) Dipolydora quadrilobata, (B) Hypereteone heteropoda, (C) Leitoscoloplos fragilis, (D) Mediomastus ambiseta, (E) Pectinaria gouldii, (F) Scolelepis
(Parascolelepis) bousfieldi, (G) Streblospio benedicti and (H) Mysella planulata. For each mussel density, n = 10 (five mesocosms with two replicate
cores each). Differences between mussel density means are indicated by different letters (p < 0.05).
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impacts several sediment parameters in SPB. Increased %OM and %

WC in sediments receiving biodeposition from high densities of

mussels suggest that the seafloor received more organic loading that it

can mineralize (Robert et al., 2013). In SPB, %OM in surficial

sediments increased six to ten times that observed in reference sites

with high mussel densities, going from 2.2% in reference sites to
Frontiers in Marine Science 10
12.01% for 453 mussels m-2 and to 20.69% for 2266 mussels m-2,

which is greater than the value observed by McKindsey and Weise

(unpublished data) for the same density of mussels (12% at 1813 and

2266 mussels m-2) but at a different region. Moreover, only 227

mussels m-2 was needed to obtain 5% OM in surficial sediments

compared to other mesocosm studies (5.5%: 764 mussels m-2, Callier

et al., 2009; 5%: 1200 mussels m-2, Robert et al., 2013; and 5%: 400

mussels m-2, Lacoste et al., 2019). However, levels measured in the

present study (from 12 to 21% for 453 to 2266 mussels m-2,

respectively) were more similar to levels typically observed under

shellfish farms (24%: Dahlbäck and Gunnarsson, 1981; 13-22%:

Mattsson and Lindén, 1983; 15-20%: Deslous-Paoli et al., 1998; 12-

13%: Christensen et al., 2003; 11-13%: Cranford et al., 2009). This

study was done during summer, when mussels produce more

biodeposits (Hatcher et al., 1994), potentially explaining the high %

OM observed in benthic sediments. As also mentioned in above

section, PEI embayments are also known to be subject to

anthropogenic organic enrichment from agriculture (Cranford

et al., 2009), which also likely contributes to the observed high %OM.

The side-view images of sediment cores show a large black layer

indicative of reduced sediments in treatments with 453 to 1813

mussels m-2, contrasting with the lighter oxidized sediments of the

other treatments and indicating the degree of sediment impact due

to biodeposition from mussel farms. The black layers observed with

453 mussels m-2 and more correspond at a TOM ≥ 15 g m-2 d-1 (see

Table 1). McKindsey and Weise (unpublished data) also observed a

larger black layer of reduced sediments when 453 mussels m-2

added biodeposits to the mesocosms in their study with 10.0 ± 4.7 g

TOM m-2 d-1 compared to 19.28 ± 2.09 g TOM m-2 d-1 in July and

16.78 ± 1.60 g TOM m-2 d-1 in August observed in this study. Even

if the threshold of 15 g TOM m-2 d-1 was not reached, McKindsey

and Weise (unpublished data) started to observe changes in

sediments at this density of mussels.

Measurements of EhNHE and TFS are considered good

indicators to evaluate the impact of benthic enrichment from

suspended mussels (Hargrave et al., 2008a; Cranford et al., 2009).

However, this study found that EhNHE and TFS concentrations were

inconsistent, indicating different sediment enrichment classes for a

given mussel density. Hargrave et al. (2008a) shows that these

indicators have a negative linear relationship with increasing

biodeposition. In this study, TFS indicated that sediment under

almost all mussel densities was oxic whereas EhNHE indicated

hypoxic conditions from 227 mussels m-2. These parameters were

also found to not be sensitive enough to detect the effect of

biodeposition by mussel farms (Anderson et al., 2005; Miron

et al., 2005; Callier et al., 2007), especially in environments where

organic matter content is naturally high (Anderson et al., 2005). A

new approach to analyze TFS was determined (Cranford et al., 2020;

Cranford, 2024) because the standard ion selective electrode (ISE)

method (used in this study) can give biased results. Wildish et al.

(2004) reported that ion analytical methods for EhNHE can give false

results if the probes become “poisoned” and if a reconditioning is

not done. The same study also suggest that EhNHE measurements

can be only used semi-quantitatively to validate TFS where

sediments are hypoxic or anoxic. Interpretation of these
TABLE 4 Results of PERMANOVA evaluating the effect of Mussel density
and Mesocosm(Mussel density) on eight species that explain about 30 to
35% of dissimilarity between treatments.

Source df MS F p

Dipolydora quadrilobata

Mussel density 8 3.1553 11.203 0.0001

Mesocosm(Mussel density) 36 0.28165 2.3195 0.0044

Error 45 0.12142

Hypereteone heteropoda

Mussel density 8 1.2011 6.1028 0.0004

Mesocosm(Mussel density) 36 0.19681 1.2485 0.2267

Error 45 0.15764

Leitoscoloplos fragilis

Mussel density 8 1.5479 5.5831 0.0006

Mesocosm(Mussel density) 36 0.27726 2.6659 0.0013

Error 45 0.104

Mediomastus ambiseta

Mussel density 8 2.6173 2.9196 0.0132

Mesocosm(Mussel density) 36 0.89646 3.5496 0.0001

Error 45 0.25255

Pectinaria gouldii

Mussel density 8 1.8432 3.5047 0.0051

Mesocosm(Mussel density) 36 0.52593 3.1525 0.0006

Error 45 0.16683

Scolelepis (Parascolelepis) bousfieldi

Mussel density 8 2.1952 28.381 0.0001

Mesocosm(Mussel density) 36 0.077346 0.98615 0.5327

Error 45 0.078432

Streblospio benedicti

Mussel density 8 3.6375 2.4993 0.0297

Mesocosm(Mussel density) 36 1.4554 4.7158 0.0001

Error 45 0.30862

Mysella planulata

Mussel density 8 2.679 3.9228 0.0025

Mesocosm(Mussel density) 36 0.68293 2.855 0.0005

Error 45 0.23921
Significant effects (p < 0.05) are highlighted in bold.
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parameters using ISE methods warrant attention to ensure they may

detect the organic loading.
4.3 Infaunal community reactions:
presence of a “disturbed balance”

In general, organic enrichment can stress benthic infaunal

communities and change their structure with a concomitant loss

of organism abundances and richness (Pearson and Rosenberg,

1978) and an increase of opportunistic species (Pearson and

Rosenberg, 1978; Norkko et al., 2006). Changes in benthic

communities due to organic loading from mussel farms is well

known (see McKindsey et al., 2011 and references therein). In SPB,

the benthic environment was hypoxic under some loading

conditions, as indicated by some sediment parameters (sediment

profile images and %OM), and biodeposition influenced benthic

community structure, up to a certain level, as described in Pearson

and Rosenberg (1978). Thise trend was evident for infaunal

abundance, which decreased for mesocosms receiving

biodeposition from greater than 453 mussels m-2, the density at

which organic matter increased significantly. At a density of 1813

mussels m-2, a more tolerant species (S. benedicti) was much more

abundant. In contrast, the infaunal community indices AMBI and

M-AMBI did not respond at this same level of organic enrichment.

M-AMBI results showed the ecological status of the infaunal

communities for the various mussel density treatments to be

“High,” although organic enrichment was elevated at high mussel

densities. AMBI indicated that species from group III (tolerant

species) were dominant in each treatment, closely followed by
Frontiers in Marine Science 11
group II species (indifferent to enrichment). Given that a

preponderance of group III species was observed, it may be

concluded that the benthic community has adapted to SPB

conditions: low renewal water time (80 days at the head of the

bay and 30 to 40 days where the experiment was done, Guyondet

et al., 2015), high aquaculture development (Guyondet et al., 2015),

and organic enrichment from agriculture (Cranford et al., 2009).

Other studies (Callier et al., 2007; Lacoste et al., 2019) have also

observed inconsistencies between the benthic ecosystem responses

and the organic enrichment. Lacoste et al. (2019) observed that

abundance and richness were greater with organic loading, whereas

no effect was detected on sediment indicators (%OM, sediment

composition, and number of bacteria per sample), suggesting a

potential reset of the benthic condition due to autumn storms and

related resuspension of benthic sediments. Valdemarsen et al.

(2010) also suggest that well established infaunal communities

may counteract the effects of surface enrichment by stimulating

the transport of O2 into sediments.

Of the eight species that played an important role in defining

the dissimilarity between mussel treatments, one was from AMBI

group I (very sensitive species), five were from group III (tolerant

species), and two from the group IV (second-order opportunistic

species). The species from group I, P. gouldii, was not only present

in mesocosms subjected to biodeposition from low mussel densities

in mesocosms but also in mesocosms where organic enrichment

was higher. P. gouldii is a polychaete that builds and lives in cone-

shaped tubes of sand grains. Settlement is reduced in muddy

sediments because it can be easily buried and die under organic-

rich sediments (Fuller et al., 2021). Accordingly, it’s curious that this

polychaete was also found in treatments with abundant organic
FIGURE 7

Mean relative abundance (%) of infauna classified in ecological groups according to their sensitivity to an increasing pollution gradient (organic
enrichment): I, species very sensitive; II, species indifferent; III, species tolerant; IV, second-order opportunistic species; and V, first-order
opportunistic species (none identified) (Borja et al., 2000).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1433365
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lavoie et al. 10.3389/fmars.2024.1433365
matter, although Lacoste et al. (2019) also found this worm

associated with higher mussel densities. A related species,

Cistenides granulata, was found in abundance under and around

mussel farms of nearby Il̂es-de-la-Madeleine (Callier et al., 2008).

Of the five species in AMBI group III, only two polychaetes (L.

fragilis and S. benedicti) had increased abundance with organic

enrichment. Abundances of the three others (polychaetes M.

ambiseta and S. bousfieldi and the mollusc M. planulata)

decreased with increasing mussel densities. Tolerant (group III)

species are found under normal conditions, although their
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abundance may be stimulated by organic enrichment and second-

order opportunistic species (group IV) are found under slightly to

pronounced enriched conditions (Borja et al., 2000). The

abundance of the two polychaetes from group IV (D.

quadrilobata and H. heteropoda) decreased with organic

enrichment. Khaitov et al. (1999) observed that D. quadrilobata

was associated with strong organic enrichment and particularly by

organic matter produced by wild mussels.

Hargrave et al. (2008b) observed a correlation between benthic

infauna parameters and TFS such that diversity under or close the
FIGURE 8

Relationship between TFS (µM) and infauna (A) abundance (y = 103.94 – 0.049x; r2 = 0.13; p = 0.0005) and (B) richness (y = 17.27 – 0.007x; r2 =
0.33; p < 0.0001) for each mussel treatment density (n = 10). The dashed line in each graph represents the mean (N = 73 individuals and S = 13
species) for all the data.
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fish pens decreased with increasing TFS with a decrease of 50% in

abundance and richness occurring when TFS reached 300 mM and

1000 mM, respectively. In the present study, a TFS near 1376 mM
and 1538 mM, respectively, was needed to decrease abundance and

richness by 50%, although the correlation between TFS and infaunal

parameters was not great (low r2). Other parameters, including

those mentioned above, as current regimes, depth, etc., likely

account for changes in benthic communities, or the community

has reached a balanced state (Aguado-Giménez et al., 2012). The

study was done over 12 weeks and results suggest that this was

sufficient to create benthic organic loading responses in SPB.

However, some macrofaunal parameters mentioned above did not

react as expected with increasing organic loading suggesting that

maybe a longer study was needed to see the changes in benthic

communities as suggested by Aguado-Giménez et al. (2012).
5 Conclusion

Mesocosms may be used to create various levels of

biodeposition from mussels even if conclusions may not be

generalized and extended to predict outcomes in all mussel farms.

In this study, the results suggest that St. Peters Bay is impacted by

the biodeposition from mussel farms even if twelve weeks was

insufficient to completely ‘switch’ infaunal communities and related

sediment parameters. This study demonstrates that measurement of

multiple parameters is important to interpret benthic responses to

organic enrichment due to mussel biodeposition.
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aquaculture. Aquaculture 356–357, 48–54. doi: 10.1016/j.aquaculture.2012.05.037

McKindsey, C. W., Lecuona, M., Huot, M., and Weise, A. M. (2009). Biodeposit
production and benthic loading by farmed mussels and associated tunicate epifauna
in Pr ince Edward I s l and . Aquacu l tu re 295 , 44–51 . do i : 10 . 1016 /
j.aquaculture.2009.06.022

Michaud, E., Desrosiers, G., Aller, R. C., Mermillod-Blondin, F., Sundby, B., and
Stora, G. (2009). Spatial interactions in the Macoma balthica community control
biogeochemical fluxes at the sediment-water interface and microbial abundances.
J. Mar. Res. 67, 43–70. doi: 10.1357/002224009788597926

Miron, G., Landry, T., Archambault, P., and Frenette, B. (2005). Effects of mussel
culture husbandry practices on various benthic characteristics. Aquaculture 250, 138–
154. doi: 10.1016/j.aquaculture.2005.01.030

Muxika, I., Borja, A., and Bald, J. (2007). Using historical data, expert judgement and
multivariate analysis in assessing reference conditions and benthic ecological status,
according to the European Water Framework Directive. Mar. pollut. Bull. 55, 16–29.
doi: 10.1016/j.marpolbul.2006.05.025

Naylor, R. L., Hardy, R. W., Buschmann, A. H., Bush, S. R., Cao, L., Klinger, D. H.,
et al. (2021). A 20-year retrospective review of global aquaculture.Nature 591, 551–563.
doi: 10.1038/s41586-021-03308-6

Newell, R. I. E. (2004). Ecosystem influences of natural and cultivated populations of
suspension-feeding bivalve molluscs: a review. J. Shellfish Res. 23, 51–61.

Norkko, A., Rosenberg, R., Thrush, S. F., and Whitlatch, R. B. (2006). Scale-and
intensity-dependent disturbance determines the magnitude of opportunistic response.
J. Exp. Mar. Biol. Ecol. 330, 195–207. doi: 10.1016/j.jembe.2005.12.027

Pearson, T. H., and Rosenberg, R. (1978). Macrobenthic succession in relation to
organic enrichment and pollution of the marine environment. Oceanogr. Mar. Biol.
Annu. Rev. 16, 229–311. doi: 10.2983/035.034.0121u1.10

Richard, M., Archambault, P., Thouzeau, G., and Desrosiers, G. (2006). Influence of
suspended mussel lines on the biogeochemical fluxes in adjacent water in the Il̂es-de-la-
Madeleine (Quebec, Canada). Can. J. Fish. Aquat. Sci. 63, 1198–1213. doi: 10.1139/F06-
030

Richard, M., Archambault, P., Thouzeau, G., and Desrosiers, G. (2007a). Summer
influence of 1 and 2 yr old mussel cultures on benthic fluxes in Grande-Entrée lagoon,
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