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INTRODUCTION

While capture fisheries have been relatively stable
since the late 1990s, aquaculture continues to be one
of the most rapidly growing food industries, with the
potential to meet the needs and demands of an
increasing human population (FAO 2016). The ex -
pansion of coastal aquaculture is becoming increas-
ingly constrained as favorable nearshore sites in
many countries are often already being used for
aquaculture or other activities. Thus, this industry
must often compete for space with other resource
users and is therefore an important player in inte-
grated coastal zone management (Jansen et al. 2016,
Gentry et al. 2017). In this context, the open ocean
offers tremendous potential areas in which to in -
crease global aquaculture production. To date, off-

shore production (see Holmer 2010 for a definition
of ‘offshore’ conditions) remains limited relative to
other forms of aquaculture (e.g. coastal, estuarine),
and this new use of the open-ocean area still presents
significant challenges, including appropriate aqua-
culture site selection. With a predicted worldwide
expansion of open-ocean aquaculture, there will also
be increasing concerns about the environmental
impacts of this industry (Holmer 2010).

The most obvious effect of bivalve aquaculture on
the environment, i.e. the accumulation of biodeposits
on the bottom under culture sites, induces organic
enrichment of benthic sediments, affects the diver-
sity and structure of benthic communities, and modi-
fies benthic biogeochemical cycling (e.g. Callier et al.
2008, 2009, Gaertner-Mazouni et al. 2012, Drouin et
al. 2015). Typically, the accumulation and decompo-
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sition of biodeposits from cultured bivalves affect
benthic communities according to the Pearson &
Rosenberg (1978) model of organic enrichment, with
a progressive appearance of opportunistic species
(e.g. Capitella spp.) directly under and in the vicinity
of aquaculture facilities. Many studies over the past
30 yr have reported results on this topic for different
cultivated species and ecosystems (see reviews by
Newell 2004, Forrest et al. 2009, McKindsey et al.
2011). To date, most work on determining the impact
of cultivated bivalves on the benthic compartment
has concentrated on coastal systems, while the
impacts of open-ocean farms remain largely under-
studied (but see Danovaro et al. 2004, Fabi et al.
2009). Studies of finfish aquaculture in open-ocean
areas generally show less accumulation of organic
matter in the sediments and less disturbed benthic
communities compared to sheltered and shallower
sites (Aguado-Giménez & García-García 2004, Griz-
zle et al. 2014). The benthic impact of bivalve aqua-
culture in offshore areas is also expected to be less
than that in shallow water due to higher current
velocities and greater depths (Giles et al. 2009, Weise
et al. 2009), although it may have a larger-scale but
more diffuse effect. With the potential expansion of
open-ocean bivalve farming, substantial research is
needed to assess its impacts on the benthic environ-
ment and to define relevant indicators to monitor its
potential ecological effects (Froehlich et al. 2017).

Since the mid 1980s, mussel farming (mainly blue
mussel Mytilus edulis) in Îles-de-la-Madeleine was
developed exclusively within the lagoons. However,
the limited extent of areas that are deep enough to
accommodate traditional longline mussel culture
inside the lagoons has forced producers and man-
agers to consider offshore sites to further develop the
industry. A 2002 pilot project showed the viability of
mussel culture in Baie de Plaisance, about 4 km off
the coast (Werstink 2007, Bourque & Myrand 2014).
The site meets most criteria for the definition of an
‘offshore’ site (i.e. >3 km from the coast with mini-
mum visual impact and subject to strong winds, cur-
rents and waves; however, it is only ca. 20 m deep; see
Holmer 2010) and is therefore considered as such.

Information on the environmental effects of an
experimental mussel farm in the area was obtained
by sampling benthic conditions in 2002, prior to the
addition of longlines, and in 2005, 3 yr after starting
the experimental farm. No evidence of farm-related
effects on the benthic environment was observed
(Tita & Bourque 2007). Following this experimental
culture phase, a commercial farm started operations
in the area. For this culture to be managed in a sus-

tainable manner, it was suggested that the organic
loading and subsequent impact on benthic conditions
should be monitored to ensure that good ecological
status is maintained.

Thus, a study was performed in 2013 to evaluate
the benthic conditions under and around the offshore
mussel farm 7 yr after the start of commercial activi-
ties. Sedimentation rates, sulfide concentration and
benthic macro-infaunal communities were evaluated
below and around 2 densities of mussels established
in the farm and compared to values from reference
sites to assess potential benthic impacts of the farm.
Seasonal variation was considered by sampling dur-
ing several periods of the year and to test the hypoth-
esis that poor weather conditions late in the growing
season may act to ‘reset’ the benthic system due to
scouring from wave/swell action.

MATERIALS AND METHODS

Study site and sampling stations

The study was located about 4 km off of Îles-de-la-
Madeleine (47° 37’ N, 61° 31’ W) in Baie de Plaisance,
Québec, eastern Canada (Fig. 1). This area is charac-
terized by low (0.5 m maximum) tidal amplitude
(Koutitonsky et al. 2002) and is exposed to high cur-
rents and waves. Depth averages 19 m in the mussel
lease, and the bottom is characterized by a fine sandy
substrate. The mussel lease covers an area of approx-
imately 2.5 km2 and consists of 203 longlines with
3 m long mussel socks, spaced by 50 cm and sus-
pended at about 9 m below the surface. This design
leads to a final density of ca. 1 longline per hectare of
farm. The 100 m longlines are oriented in rows along
a northeast−southwest direction, and longline rows
are spaced every 50 m. Mussels are seeded in the
growing site each year in the autumn (October−
November) and usually reach a harvestable size of
55 mm shell length late the next autmun (~18 mo old
mussels). As a consequence of the growing period
extending over more than 1 yr, a maximum of 50% of
the farm area can be attributed to a given cohort. The
farm has been in operation since 2007 and has an
annual production of ca. 200 t.

Several transects (50 m long) were installed under
longlines with 1 of 2 densities of mussels (standard
and double density, hereafter D and DD), so that their
middle was directly below the mussel line and per-
pendicular to them. Five stations were established
along each transect, at 0 m (directly below longlines)
and at 10 and 25 m to each side of them, the 25 m dis-
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tance being directly between adjacent longlines.
Two sites served as references, located 500 m south
and west of the longlines (Fig. 1). In June 2013, sedi-
mentation was measured along one transect under
the DD longline and at the 2 reference stations. In
August 2013, sedimentation rate, sulfide concentra-
tion and macro-infaunal communities were evalu-
ated along 2 transects deployed under the DD long-
line and along 2 transects installed under randomly
selected D longlines in the farm (3 transects for the
sedimentation rate). As fall storm events may ‘reset’
the benthic system, sampling was also performed in
October 2013 for comparison with the spatial pat-
terns of benthic conditions observed prior to storm
events. At this time, sedimentation rate was measured
along 4 transects (2 D and 2 DD) and macro-infauna
and sulfide concentrations were recorded around the
DD longline along 1 transect. Reference stations
were also sampled in August and October 2013.

Sedimentation rates

Depositional footprints around the longlines were
assessed using sediment traps made of 50 cm lengths
of 5 cm diameter PVC pipes with one end enclosed
by transparent PVC and affixed to metal bases on the
bottom (see Callier et al. 2006 for a full description).
Traps were deployed in pairs at each distance station
along transects and at reference stations and re -
trieved after 24 h, except in October, when the traps
were removed after 48 h because of bad weather con-
ditions. Contents of sediment traps were kept frozen
(−20°C) until processed. In the laboratory, trap con-

tents were filtered through pre-combusted and pre-
weighed glass fiber filters (Whatman GF/F, 0.7 µm).
Filters with sediments were rinsed with ammonium
formate, dried at 65°C to constant weight (at least
72 h) and weighed. The percent organic matter
(%OM) in the sedimented material was calculated as
the total weight loss upon ignition at 500°C for 6 h.

Two acoustic Doppler current profilers (ADCP,
SonTek) were deployed in the vicinity of the farm
from June to October 2013 to record water velocity
and direction every 30 min at 1 m intervals over the
whole water column.

Biodeposit production and settling velocities

Biodeposition by mussels was measured on 2 occa-
sions during the study, for 3 size classes of mussels
(ca. 36, 49 and 53 mm length) that represented the
mussel sizes in the farm at the time of study, with the
objective to estimate a global biodeposit production
at the farm scale. Production was measured in situ by
placing individual mussel socks (120 to 290 mussels
per sock) above large sediment traps and collecting
material after 1 d (see McKindsey et al. 2009 for
detailed method). Biodeposition was calculated as
the amount of material collected in sediment traps
with mussels minus the average sedimentation ob -
tained in shell controls, and then divided by the num-
ber of individuals in each trap to obtain an average
biodeposit production per individual.

To estimate the dispersal of mussel biodeposits in
Baie de Plaisance, the sinking velocity of faecal pel-
lets was also measured. The sinking speed of 50 ran-
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Fig. 1. Left: location of the study site. Transects were randomly positioned under 3 longlines of standard density (D transects)
and 1 longline of double density (DD transects). Reference stations were positioned 500 m away from the lease site. Right: 

typical farm layout (modified from Guyondet et al. 2015)
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domly chosen individual faecal pellets was observed
and recorded in a cylindrical glass sinking column
(45 cm height, 10.5 cm diameter) as described in
 Callier et al. (2006).

Sediment characteristics

Surficial sediments were collected by divers using
5 replicate sediment cores (10 cm diameter, 15 cm
depth) at each distance station along D and DD tran-
sects in August and along the DD transect in Octo-
ber; 5 cores were similarly collected at each date at
the reference stations. Sub-samples from the top
0−2 cm were collected by lateral insertion of 5 ml cut-
off syringes through the side of the core via pre-
drilled holes covered by duct tape to determine total
free sulfides (TFS) and %OM. Samples were stored
at 4°C and analyzed within 6 h using standard ion
selective electrode methods (detailed methodology is
provided in Callier et al. 2007). TFS was determined
using an Orion silver/silver sulphide electrode (Orion
9616BNWP) filled with Optimum Results A solution
(Orion 900061). The %OM in surface sediments was
calculated as the weight loss of dried material com-
busted at 500°C for 6 h.

Macro-infaunal communities

Sediment core samples were sieved through a
0.5 mm mesh and retained organisms were pre-
served in 10% buffered formalin. Macro-infauna
were identified to the lowest taxonomic level possi-
ble in the laboratory and counted. Samples were
characterized in terms of total abundance (N) and
diversity indices, i.e. total number of taxa (S ), Simp-
son’s inverse index (D2) and evenness (E ).

Statistical analysis

Community characteristics (diversity indices), sedi-
mentation rates and sulfide levels were compared
among distances using ANOVA with distance as a
fixed factor and transect as a random factor, for each
mussel density and period separately. When a sig -
nificant difference was observed, multiple compar-
isons were performed using Dunnett’s contrasts
between all distances and the reference station and
Tukey contrasts between all other distances along all
transects (Lomax & Hahs-Vaughn 2013). Assumptions
of ANOVA were assessed visually (Quinn & Keough

2002) and using Bartlett’s test to verify the homo -
scedasticity of residuals. Transformations were applied
for sedimentation rate (log) and %OM (square root)
in June. Benthic macro-infaunal community data
were analysed using raw data for each core, and taxa
observed only once were excluded from the analyses
(Clarke & Warwick 2001). Community structure was
analysed with non-parametric multivariate analysis
of variance (PERMANOVA), including a posteriori
pairwise comparisons, and visualised using  non-
metric multidimensional scaling (nMDS). Distance
matrices were calculated using Bray-Curtis distance
on fourth-root-transformed data, and homogeneity of
multivariate dispersion was verified using the R
 version (in the package vegan) of the PERMDISP
routine (Anderson et al. 2008). Taxa that contributed
the greatest to differences in community structure
between treatments were identified using similarity
percentage (SIMPER) routines (Clarke 1993) based
on the Bray-Curtis dissimilarity index. Analyses were
performed using R 3.3.2 (2016) using the vegan and
RVAideMemoire packages for multivariate analysis.

RESULTS

Hydrological conditions

The daily mean current speed (averaged on the
6−15 m cells where mussel socks were deployed)
averaged 8.5 cm s−1, with a minimum speed of 4 cm
s−1 and a maximum speed of 17 cm s−1 over the study
period. The monthly mean speed was at a minimum
in June (7 cm s−1) and at a maximum in August (9 cm
s−1). The orientation of the principal current was
aligned with the orientation of the longlines, i.e.
NE−SW (Fig. 1).

Sedimentation rates

Sedimentation rates in June were several orders of
magnitude greater compared to those measured in
August and October (Fig. 2). The highest rates were
measured directly under the DD mussel line in June
(143.3 ± 23.1 g m−2 d−1 at the 0 m station) compared to
reference stations (7.7 ± 1.5 g m−2 d−1; Fig. 2, Table 1).
Sedimentation in August was also greatest directly
below the DD line (0 m) and decreased away from
that position (Fig. 2), but the only significant differ-
ence was observed between the reference and the 0
and 10 m stations (Table 1). Sedimentation rate under
the D lines in August was removed from the analysis
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since results were somewhat unreliable due to high
variations between 2 sampling days. Sedimentation
rates in October did not differ significantly between
reference and all stations under the D and DD lines.

The %OM of sedimented material was below 5%
at all stations along the DD lines in June and signifi-
cantly different from that of the reference station
(13%; Fig. 3, Table 1). With the exception of the 0, 10
and 25 m stations under the D lines in August (%OM
~16%), %OM did not differ significantly between
reference and farm locations in August and October
(Tables 1 & 2), with values ranging between ~8%
and ~14%.

Organic sediment deposition was consistently very
low (<4 g m−2 d−1) and followed the same pattern as
total sedimentation, with the highest value recorded
under the DD mussel line in June (3.9 ± 0.1 g m−2 d−1

at the 0 m station). Values of organic sedimentation
for all others dates and stations were lower than 3 g
m−2 d−1.

Biodeposit production and settling velocity

On average, biodeposit production per individual
(for the 3 combined size classes) was 25.7 ± 2.4 mg
d−1 ind.−1, with larger mussels producing greater
quantities of biodeposits than smaller mussels. How-
ever, when expressed per unit biomass, this corre-
sponds to mean biodeposition rates of 35.8 ± 20.7 and
97.2 ± 29.8 mg d−1 g−1 tissue dry weight (DW) for
large (mean DW of 0.74 ± 0.06 g) and small (mean
DW of 0.2 ± 0.01 g) mussels, respectively. Average
biodeposit %OM was 19%.
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Source of variation June August October
df MS F p df MS F p df MS F p

Sedimentation rate
Distance 5 5228 8.716 0.004a 5 39.09 4.16 0.013b 5 149.9 1.258 0.326
Residuals 8 600 16 9.40 17 119.2

%OM
Distance 5 0.005 5.993 0.013c 5 0.003 2.423 0.081 5 0.0007 0.799 0.565
Residuals 8 0.00001 16 0.001 17 0.0008
aHigher sedimentation rates at the 0 m station compared to the reference station (p < 0.05). The 0 m station is also signifi-
cantly different from the 10 and −25 m stations (and almost significantly different from the −10 m station: p = 0.05)
bLower sedimentation rates at reference station compared with the 0 and 10 m stations
c%OM is higher at the reference station compared with all the other stations (p < 0.05)

Table 1. Results of ANOVA evaluating the effect of distance on sedimentation rate and organic matter content (%OM) in sediment
traps under the double density longline in June, August and October 2013. Bold values highlight significant effects at p < 0.05

Fig. 2. Mean (±SE) sedimentation rate recorded in (a) June, (b) August and (c) October 2013 below and around mussel lines
with 2 densities of mussels (DD: double; D: standard) and at the reference stations (R). References stations in August corre-
spond to 2 sampling dates: 6−7 August (white), which were sampled simultaneously with stations under the D lines; stations 

under the DD line and R stations (with white stripes) were sampled on 14 August
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Mussels produced faecal pellets of varying sizes
ranging from 1.7 to 13.3 mm in length and from
0.7 to 1.5 mm in width. Minimum and maximum
sinking velocities were 0.3 and 1.0 cm s−1, respec-
tively, and the average sinking velocity was 0.54 ±
0.14 cm s−1.

Bottom sediment characteristics

TFS concentrations were generally below 750 µM
at all stations, with the highest values recorded from
samples from beneath the DD line in August (Fig. 4A).
TFS during this month was significantly higher (F =
3.858, p = 0.009) directly beneath the DD line (0 m
station) compared with the –25 m and 25 m stations

(Tukey contrasts, p = 0.023)
and reference  stations (Du -
nett’s contrasts, t = 2.97, p =
0.024). Similar values were
measured in October with
no trends between stations
(data not shown). The %OM
of sediment was uniformly
low, with values <1.5%
(Fig. 4B), and did not differ
significantly between sta-
tions un der the D (F = 0.289,
p = 0.915) or DD (F = 0.27,
p = 0.926) mussel lines.

Macro-infaunal community characteristics

Abundance, richness and diversity indices

A total of 145 taxa, 30% of which were poly-
chaetes, 15% bivalves and 16% malacostracans
(mainly amphipods), were collected and identified in
this study. The 5 dominant taxa were the polychaete
Spiophanes bombyx (16% of all organisms), Echi-
noidea (9%), Nematoda (7%), Podocopida (6%) and
the polychaete Ninoe nigripes (6%). The density of
these organisms at the 0 m and reference stations
is given in Table 3 for each season and mussel line
density.

Measured community characteristics (S, N, E and
D2) did not differ between stations under the stan-
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Source of variation August October
df MS F p df MS F p

Sedimentation rate
Distance − – – – 5 60.55 1.903 0.15
Residuals – – 16 31.81

%OM
Distance 5 0.008 2.968 0.019a 5 0.0003 0.356 0.871
Residuals 56 0.0026 16 0.0009
a%OM is lower at reference stations than at the 0, 10 and 25 m stations

Table 2. Results of ANOVA evaluating the effect of distance (fixed factor) on sedimenta-
tion rate and organic matter content (%OM) in sediment traps under standard density
mussel lines in August and October. Bold values are significant at p < 0.05. −: not 

applicable

Fig. 3. Mean (±SE) organic matter content of sedimented material recorded in (a) June, (b) August and (c) October 2013 un-
der mussel lines with 2 densities of mussels (DD: double; D: standard) and at the reference stations (R). References stations
in August correspond to 2 sampling dates: 6−7 August (white), which were sampled simultaneously with stations under the 

D lines; stations under the DD line and R stations (white with stripes) were sampled on 14 August
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dard density mussel longlines and the reference sta-
tions (Table 4, Fig. 5). In summer, taxonomic richness
(S ) at the 0 m station below the DD line was signifi-
cantly lower compared to the −25 m and reference
stations, and D2 was higher at the reference stations
than at the 10 and −10 m stations (Table 4, Fig. 5). In
October, richness and abundance (N) did not differ
between stations along the transect and the refer-
ence stations, but abundance at the 25 m station
was significantly higher than that at the 0 and −25 m
stations (Table 4, Fig. 5). D2 and E were lower at
the reference stations than at the 0 m station (Table 4,
Fig. 5).

Community structure

A priori comparison of community structure (Fig. 6)
shows a clear distinction between August and Octo-
ber and between reference stations and stations
under mussels for both months. Statistical differences
were detected among com munity structure as a func -

tion of distance from longlines
for both D and DD lines and
in both August and October
(Table 5). Pairwise compari -
sons showed no significant
 differences between the refer-
ence stations (p > 0.5), whereas
community structure differed
significantly between most sta-
tions along both the D and DD
transects (Table 5), indicating
greater small-scale variation in
community structure under the
lines and a more homogeneous
structure further from the farms
(reference stations). SIMPER
analysis showed that dissimi-
larity between communities at

0 m and those at the reference stations were mostly
related (70% of cumulative dissimilarity) to differing
abundances of 12 and 22 taxa in August and October,
respectively (Table 6). The same pattern was
observed for both dates and mussel line densities,
where Ninoe nigripes, Diastylis polita, Nucula del-
phinodonta and Thraciidae spp. were less abundant
directly under mussel lines compared with at refer-
ence stations. In contrast, the gastropod Ilya nassa
trivittata and Echinoidea were more abundant under
mussel lines (and at intermediate distances for echi-
noids) compared to reference stations. In October,
the difference between the 0 m and reference sta-
tions was mainly due to the greater abundance of
mussels recorded at the 0 m station, and as likely due
to an important fall-off after bad weather conditions.
Some other taxa showed the contrasting pattern,
being more abundant either at the 0 m station or at
reference stations, depending on the transect (e.g.
S. bombyx, Pholoe longa, Nematoda spp.). An exam-
ple of SIMPER results is given in Table 6, comparing
species abundance between the 0 m and  reference
stations in August.

DISCUSSION

Environmental impacts of shellfish aquaculture on
benthic conditions have been shown to range from
low (Danovaro et al. 2004, Mallet et al. 2006), to slight
(McKindsey et al. 2012, Dimitriou et al. 2015) to
severe (Dahlbäck & Gunnarsson 1981, Stenton- Dozey
et al. 2001, Hargrave et al. 2008, Cranford et al. 2009).
The degree of environmental impact is likely related
to both the site (background enrichment, sediment

479

Taxon August October
D DD R DD R

Spiophanes bombyx 3096 1796 2025 2115 5134
Echinoidea 1656 1376 318 739 89
Nematoda 1758 1146 1057 484 1783
Podocopida 1210 815 994 1172 675
Ninoe nigripes 1427 471 2166 739 3134

Table 3. Mean density (ind. m−2) of the 5 dominant taxo-
nomic groups at the 0 m station (directly under the longlines;
D: standard density; DD: double density) and at reference 

stations (R) in August and October 2013
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Fig. 4. Mean (±SE) (a) total free sulfide concentrations (TFS) and (b) sediment organic
matter content (%OM) recorded in August 2013 under double density (DD) and standard 

density (D) mussel longlines and at reference stations (R)
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Source of Aug D Aug DD Oct DD
variation df MS F p df MS F p df MS F p

N Distance 5 3129 1.759 0.137 5 4057 1.434 0.227 5 5387 4.506 0.004b

Transect 1 390.2 1 1354
Residuals 53 1779 53 2828 29 1196

S Distance 5 2 0.207 0.958 5 49.39 2.796 0.026a 5 20.14 1.447 0.237
Transect 1 91.27 1 1.67
Residuals 53 9.64 53 17.66 29 13.92

E Distance 5 0.01 1.285 0.284 5 0.03 3.721 0.006c 5 0.034 5.597 0.001d

Transect 1 0.01 1 0.00
Residuals 53 0.01 53 0.63 29 0.006

D2 Distance 5 4.92 1.341 0.261 5 15.47 3.306 0.011d 5 8.847 3.343 0.017f

Transect 1 3.52 1 0.63
Residuals 53 3.66 53 4.68 29 2.646

aRichness at 0 m is significantly lower than that at reference stations (p = 0.045) and the −25 m station (p = 0.013) 
bAbundance at the 25 m station is significantly greater than that at the 0 m (p = 0.048) and −25 m (p = 0.038) stations 
cEvenness at the 0 m station is significantly higher than that at the 10 m (p = 0.012) and −10 m (p = 0.022) stations
dSimpson’s inverse index at reference stations is significantly higher than that at the 10 m (p = 0.009) and −10 m (p =
0.016) stations

eEvenness at reference stations is lower than that at the 0 m (p = 0.001) and −10 m (p = 0.018) stations and higher at the
0 m station than at the 10 m (p = 0.011) and 25 m (p = 0.011) stations 

fSimpson’s inverse index at the reference stations is lower than that at the 0 m stations (p = 0.012)

Table 4. Results of ANOVAs testing the effect of distance (−25, −10, 0, 10 and 25 m, and reference stations) on abundance (N), 
richness (S), evenness (E) and Simpson’s inverse (D2) indices. D: standard density; DD: double density
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3

0
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E D

2
N

Fig. 5. Mean (±SE) (a) number of taxa (S), (b) abundance (N in ind. 78.5 cm−2), (c) evenness (E) and (d) Simpson’s inverse
 index (D2) recorded along transects under standard (D) and double density (DD) longlines and at reference stations (R), in 

August and October 2013 (only DD and R in October)
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characteristics, and currents) and husbandry prac-
tices (culture density and depth) (Chamberlain et al.
2001, Hartstein & Stevens 2005, Miron et al. 2005).
Open-ocean farms are typically established in deep
areas and cover great surface areas, which may thus
result in very different dispersal patterns and envi-
ronmental impacts compared to farms in coastal and
more sheltered areas. To the best of our knowledge,
environmental effects of these farms are very poorly
documented, presumably a function of so few of such
farms being operational. This study contributes to the
filling of this knowledge gap through the provision of
baseline information on the effect of an offshore mus-
sel farm on sedimentation rates and macro-infaunal
communities in Îles-de-la-Madeleine, eastern Canada.

Sedimentation rates and biodeposition

Sedimentation rates, in terms of total and organic
particulate material, differed among sampling dates
(higher in June), but values were relatively low and
similar between farm and reference stations in Octo-
ber. Sedimentation rates in August and October were
in the lower range of those observed in more shel-
tered and shallower areas. Callier et al. (2006) re -
corded sedimentation rates averaging between 56
and 26 g m−2 d−1 directly below mussel lines and
along transects leading away from them, respec-
tively, and Weise et al. (2009) reported values of
ca. 103 g m−2 d−1 within a mussel farm. This supports
the hypothesis that benthic impacts of open-ocean
farms are likely limited compared to those in less
exposed areas, due to the greater depth and stronger
hydrodynamic conditions that characterize those
farms. Biodeposit production was measured to esti-
mate the potential contribution of the farm to sedi-
mentation. Results were in agreement with  values
measured for Mytilus edulis in the field by Cranford
& Hill (1999) (<80 mg d−1 g−1 DW) and Callier et al.
(2006) (18−114 mg d−1 g−1 DW). Considering the farm
area (2.5 km2) and the longline density (i.e. 38 ind.
m−2), an average of 1 g d−1 m−2 of biodeposits could
have reached the seafloor at the farm site each day,
which is far less than the sedimentation rates
recorded within the traps. Moreover, the organic
content measured in sediment (ca. 5%) is lower than
that of biodeposits (ca. 19%), indicating that biode-
posits contribute only slightly to measured sedimen-
tation. Sediment traps provide a measure of the gross
sedimentation, which may include a significant pro-
portion of resuspended material that is either locally
derived or transported from elsewhere by currents.
Ad ditional biodeposition of organisms associated
with farmed mussels (i.e. epibionts) may also con-
tribute to the deposition of organic matter to the sea
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Source of variation Aug D Aug DD Oct DD
df SS F p SS F p df SS F p

Distance 5 1.275 2.901 <0.001a 1.922 3.413 <0.001b 5 1.600 4.037 <0.001c

Residuals 54 4.744 6.083 29 2.299
aNo significant difference between reference stations (p = 0.624); reference stations differed from all other distances (p <
0.05); 65% of difference among stations along transects (p < 0.05)

bNo significant difference between reference stations (p = 0.598); reference stations differed from all other distances (p <
0.05) except 25 m (p > 0.1); 55% difference among stations along transects (p < 0.05)

cNo significant difference between reference stations (p = 0.779); reference stations differed from all other distances (p <
0.05); only 10% difference among stations along the transect (p < 0.05)

Table 5. Results of PERMANOVAs testing the effect of distance on community structure for 2 densities of mussels (D: standard; 
DD: double) in August and October 2013. Significant values in highlighted in bold
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Fig. 6. Non-metric multidimensional scaling plot (data were
pooled for each station along each transect) of community
structure at 5 distances (−25, −10, 0, 10 and 25 m) along tran-
sects leading away from mussel longlines of 2 densities
(standard and double density) and reference stations in 

August and October 2013
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bottom at the mussel lease (Lacoste & Gaertner-
Mazouni 2015 and references therein), although
there was no substantial fouling on the studied mus-
sels (C. W. McKindsey pers. obs.). The gap between
predicted (largely derived from biodeposition values,
e.g. Giles et al. 2009, McKindsey et al. 2009, Weise et
al. 2009), and recorded sedimentation rates remains
a source of uncertainty in biodeposition/impact mod-
els (Grant et al. 2005). A complete examination of the
composition of sedimenting material (i.e. identifying
and fractioning mussel- and non-mussel-derived
sources) as well as biodeposit degradation rates in
the water column and at the bottom (e.g. Zúñiga et
al. 2014) is required to progress in the prediction of
the sedimentation around aquaculture facilities.

Estimated dispersion of mussel biodeposits

Considering the mean current velocity value be-
tween June and October (8.5 cm s−1; data from
Guyondet et al. 2015) and a biodeposit settling veloc-
ity of 0.3 to 1 cm s−1, we estimated that biodeposits
from mussels at 10.5 m depth may have dispersed
over a distance of 89 to 298 m around mussel lines,
which may explain the lack of consistent differences
observed between stations directly below and imme-
diately around the mussel lines. We calculated that
biodeposit dispersion did not exceed distances greater
than 500 m from the farm, except for when current
speeds were greater than 15 cm s−1, which only oc-
curred on 3 days during the whole period (daily mean
value). Consequently, the reference stations were
likely not impacted by the mussel lines. Thus, the

similar sedimentation rates recorded at the reference
stations and the low %OM observed in sediment
traps seem to indicate that biodeposits are either dis-
persed elsewhere or are progressively de graded in
the water column, as suggested in other deep bivalve
aquaculture sites (Hartstein & Stevens 2005, Lacoste
& Gaertner-Mazouni 2016), and/or that sedimented
material collected in bottom traps mainly results from
resuspension. Several studies have found that organic
compounds of feces are strongly affected by degrada-
tion processes as more labile components are rapidly
released to the environment (Giles & Pilditch 2006,
Carlsson et al. 2010, Jansen et al. 2012).

While the influence of offshore mussel farms may
extend over larger areas than those of sheltered
coastal farm sites (Hartstein & Stevens 2005, Callier
et al. 2006, Giles et al. 2009), our results suggest that
benthic effects (due to biodeposition) are weak. This
is confirmed by the low sediment organic matter con-
tent and low sulfide concentrations recorded during
the experiment. Sulfides are produced from the
decomposition of organic matter and levels above
1500 µm are generally indicative of a transition from
oxic to hypoxic conditions (Hargrave et al. 2008). In
our study, surficial sediment sulfide levels are indica-
tive of oxic conditions and natural benthic enrich-
ment (Hargrave et al. 2008), both under the longlines
and at reference stations. However, given the bottom
characteristics of the site (mainly sandy), the higher
TFS values recorded under the longlines (up to
800 µm for some replicates) may be indicative of
 oxygen depletion (Cranford et al. 2017), potentially
accounting for the somewhat impacted benthic com-
munities in the vicinity of the longlines.
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Taxon DD Taxon D
Avg. abund. Cumul. sum Avg. abund. Cumul. sum
0 500 0 500

Ninoe nigripes 4 17 0.13 Spiophanes bombyx 24 16 0.14
Spiophanes bombyx 14 16 0.24 Nematoda 14 8 0.25
Echinoidea 11 2 0.33 Echinoidea 13 2 0.37
Nematoda 9 8 0.42 Ninoe nigripes 11 17 0.45
Diastylis polita 1 7 0.48 Podocopida 9 8 0.51
Podocopida 6 8 0.54 Pholoe longa 7 5 0.55
Pholoe longa 2 5 0.59 Diastylis polita 5 7 0.59
Ensis sp. 1 5 0.63 Ensis sp. 3 4 0.63
Ilyanassa trivittata 3 0 0.65 Thraciidae 1 3 0.65
Thraciidae 0 3 0.68 Nucula delphinodonta 2 3 0.67
Phyllodoce mucosa 2 2 0.70 Phyllodoce mucosa 2 2 0.69
Nucula delphinodonta 1 3 0.72 Sthenelais sp. 3 2 0.72

Table 6. Partial results of SIMPER analysis showing the pairwise comparison between the 0 m station and reference stations
(500) for the double (DD) and standard (D) densities in August 2013. Cumul. sum: cumulative contributions to dissimilarities 

among stations. Taxa in bold are the most abundant
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Benthic community indices

The impact on benthic community characteristics
was limited to samples taken directly under the DD
mussel line, relative to samples from the reference
stations, and did not reveal an obvious pattern of
organic enrichment that could be observed in im -
pacted farm areas where benthic macrofaunal com-
munities have been severely affected (Dahlbäck &
Gunnarsson 1981, Stenton-Dozey et al. 2001). This
result supports the observations by Tita & Bourque
(2007), who did not detect a detrimental effect of the
experimental mussel farm activity on local benthic
communities. In contrast to the observations of Tita
& Bourque (2002, 2007), we observed significantly
greater abundances of some infaunal taxa, particu-
larly polychaetes. The abundance of Spiophanes
bombyx and Ninoe nigripes in their study was esti-
mated to be in the range of 40 to 280 ind. m−2 and 360
to 740 ind. m−2, respectively, whereas we recorded
>1700 S. bombyx m−2 and up to 3000 N. nigripes m−2.
This greater abundance may be ex plained by these
populations being stimulated by a low but continu-
ous farm-related organic enrichment. However, the
observed organic matter content of sedimented
material did not support this hypothesis, and the
same range of abundances was recorded at the refer-
ence stations. These differences are therefore more
likely linked with natural inter-annual fluctuations of
local benthic communities.

Benthic community structure

A more holistic analysis of benthic community com -
position allowed us to identify a possible, although
low, impact of the farm. Multivariate community
composition differed between reference stations and
mussel site stations on each sampling date. Some
taxa known to be very sensitive to organic enrich-
ment, i.e. Diastylis polita, Nucula delphinodonta and
Thraciidae spp. (Borja et al. 2000), were observed at
lower abundances at the 0 m station compared with
stations outside of the lease. Only 2 taxa were sys-
tematically observed at greater abundances under
the mussel lines or at other mussel farm stations
(Ilyanassa trivittata and Echinoidea); both taxa are
known to be carnivores and scavengers. Other taxa
whose development may be stimulated by organic
enrichment, such as Nematoda and S. bombyx,
showed contrasting patterns, being more abundant
either at the 0 m station or at reference stations. Like-
wise, organic loading was not sufficient to increase

the abundance of first-order opportunistic species
(e.g. Capitella), which further confirms the low
impact of the farm on infaunal communities. The
additional organic loading directly under mussel
lines may have been sufficient to negatively impact
organisms that are classified as being sensitive to
organic enrichment but insufficient to stimulate those
that could profit from it. Some species may also have
benefited by the abundant prey that fell from the
lines while being indifferent to the organic condi-
tions. Macrofauna such as crabs, lobsters and seast-
ars were much more abundant in the farm site than
outside of it (A. S. Sean pers. comm.), as has already
been shown by Clynick et al. (2008), D’Amours et al.
(2008) and more recently by Drouin et al. (2015).

The heightened variability of community structure
among stations under and around mussel lines (along
transects) relative to that observed at reference sta-
tions likely indicates small, line-scale disturbance
within the farm. As observed by Callier et al. (2008),
community structure is more homogeneous further
from the farm than under the lines. Increased hetero-
geneity related to disturbance is well known. War-
wick & Clarke (1993) recorded increased variability
of community structure (beta diversity) in disturbed
sites compared to control sites due to increased vari-
ability in species abundances and identities. They
concluded that increased beta diversity might be
used as a diagnostic tool for disturbed areas. This is
supported by Séguin et al. (2014), who suggest that a
change in variability of community structure could
not only be an indicator of stressed communities but
could also be used as an early warning signal of a
critical system transition. In the present study, bio -
deposition rates under mussel lines may have been
heterogeneous and induced variable benthic re -
sponses. Such heterogeneity or ‘patchy’ effects may
be linked to the mussels clumping on the lines and to
the small-scale variations of currents, which create
hetero geneous release and deposition of particles
from the water column toward the bottom. It is
 recommended that sampling design consider such
small-scale effects as well as the larger spatial varia-
tions when monitoring the potential impacts of off-
shore mussel farms.

Finally, differences in community composition be -
tween August and October also highlight the impor-
tance of temporal variation, likely due to environ-
mental conditions, on the structuring of the benthic
diversity. The more homogeneous community com-
position along the DD transect in October suggests
that communities may recover slowly after a redistri-
bution of sediment following bad weather conditions.
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CONCLUSIONS

This study, performed 6 yr after the installation of
the farm, indicates that offshore mussel culture has a
limited impact on organic enrichment and macro-
infaunal communities in Îles-de-la-Madeleine, where
hydrological conditions and depth play a fundamen-
tal role in the dynamics of biodeposit dispersion and
accumulation. There was no sign of organic enrich-
ment, or a significantly modified environment. How-
ever, some species were probably negatively affected
by the farm-derived biodeposition, while others ben-
efited from fall-off of mussels and associated com -
munities, which induce differences in community
composition between stations under longlines and
reference areas, where communities were more
homogeneous. Any impacts due to organic loading
from farmed mussels is very diffuse and likely limited
to an area 300 m around the farm, as calculated by
the extent of potential biodeposit dispersion. Al -
though this 1 yr study might not be sufficient to fully
evaluate the effects of offshore mussel culture, the
results of this work represent a useful tool for the
monitoring of the potential environmental impact of
mussel farms to ensure the sustainable development
of mussel culture in Canadian offshore waters.
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