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ABSTRACT: The present study examines the influence of mussel aquaculture structures (bou-
chots) in the intertidal zone of the Chausey Archipelago (Normandy, France) where strong tidal
currents are predicted to disperse biodeposits. Six sites were sampled to determine the spatial
variability of organic matter content, sediment grain size, and benthic infaunal community char-
acteristics. The influence of bouchots on the benthic environment was evident at both the meso-
scale (i.e. km-scale, between farm and reference sites) and small-scale (i.e. m-scale, spatial struc-
ture within farms but not reference sites). This influence was also apparent for sediment grain size
distribution and most metrics of macrobenthic community structure, but not for sediment organic
matter. Mussel culture structures likely modify natural flow patterns within farm sites, which
increases shear stress around individual bouchots, thereby increasing the heterogeneity of ben-
thic communities, altering the dominance of particular species within farms and differentiating
them from reference sites.

KEY WORDS: Mussel aquaculture - Bouchot - Benthic community - Coarse sediment - Intertidal -
Dynamic system - Chausey Archipelago

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

Increasing anthropogenic pressure in coastal areas
is of concern for the conservation and management
of certain habitats. Numerous coastal landscapes
have been modified by a variety of human activities,
including fishing and aquaculture. Many studies
have highlighted the influence of aquaculture activi-
ties on coastal environments, especially the effect of
fish and bivalve farming (Black 2001, Holmer et al.
2008). An understanding of the extent of any effects
that aquaculture may have on the environment is
needed for conservation purposes and because the
long-term sustainability of the industry depends on
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the health of the natural ecosystem in which aqua-
culture is practiced.

Bivalve culture areas can be extensive, covering
many square kilometres, and the introduction of
large densities of bivalves in a specific area may
bring about important changes to coastal ecosystems.
The great filtration capacity of bivalves may deplete
phytoplankton, zooplankton and seston in the water
column (Dame 1996, Lehane & Davenport 2004, 2006,
Grant et al. 2008). In addition, biodeposition from
farmed bivalves increases sedimentation rates locally
and may result in organic enrichment of the sea
bottom (Haven & Morales-Alamo 1966, Callier et al.
2006, Cranford et al. 2009). The physical structure of
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aquaculture installations may also promote sedimen-
tation by reducing current flow at various spatial
scales (Nikodic 1981, Sornin 1981). Such increased
sedimentation has often been shown to impact ben-
thic communities as predicted by the empirical suc-
cession model outlined by Pearson & Rosenberg
(1978), whereby organic loading decreases species
richness and increases the abundance of opportunis-
tic species, such as certain families of polychaetes
(e.g. Chamberlain et al. 2001, Hartstein & Rowden
2004). Conversely, some studies have also shown
either neutral (Crawford et al. 2003) or positive
effects of bivalve aquaculture on infaunal diversity
(Callier et al. 2009) and macrobenthic mobile species
(Inglis & Gust 2003, Clynick et al. 2008).

Variation among studies on mussel aquaculture
effects on the benthic environment may be explained
in part by differences among culture sites in terms of
hydrodynamics, topography, enrichment background,
and grain size (Sara et al. 2006). Generally, organic
enrichment due to mussel aquaculture will be
greater at sites that are naturally depositional and
where hydrodynamic processes are weak (Chamber-
lain et al. 2001, Hartstein & Rowden 2004, Cranford
et al. 2009). Conversely, studies have shown that
farms established in off-shore locations that are dom-
inated by strong hydrodynamic regimes have less of
an effect on the bottom because biodeposits are bet-
ter dispersed, thus reducing local organic enrichment
(Hartstein & Rowden 2004, Fabi et al. 2009).

Hydrodynamic processes are also considered to be
one of the most important factors determining the
spatial distribution of sediment types and conse-
quently the associated benthic organisms (Jumars &
Nowell 1984, Miller & Sternberg 1988). According to
Grebmeier et al. (1989), sediment grain size is the ma-
jor factor determining biodiversity and the dominant
benthic taxa whereas organic carbon, as food, influ-
ences biomass. Sediment grain size distribution is an
indicator of hydrodynamic transport and sedimenta-
tion, both of which influence benthic fauna in an area
(Grebmeier et al. 2006). In general, coarse intertidal
sediments are dominated by taxa that have adapted
to such unstable substrata (Gray & Elliott 2009), often
carnivores and suspension feeders, whereas fine or-
ganically rich sediments tend to contain more burrow-
ing deposit feeders (Martin et al. 2005). Although coarse
sediments were previously considered to be poorly
reactive because of their typically low organic carbon
content, recent studies have demonstrated that bio-
geochemical processes in these sediments may be as
intense as those in muddy environments due to great
pore-water circulation (Huettel & Rusch 2000).

Given this, biodeposition-related effects of bivalve
culture are predicted to be generally limited in
areas dominated by strong hydrodynamic regimes.
However, this prediction has been evaluated
through studies that have been, for the most part,
done in relatively organically rich soft sediment
environments (see McKindsey et al. 2011). Little is
known about the influence of bivalve aquaculture
installations on benthic infaunal communities in sys-
tems that have naturally low levels of organic
matter and composed of coarse sediments or in
highly dynamic intertidal systems. To address this
knowledge gap, the present work presents a study
of the influence of mussel culture on benthic com-
munities in such a system.

This study evaluated the small-scale (within farm)
and meso-scale (km-scale) influences of intertidal
mussel aquaculture on the benthic environment of
the Chausey Archipelago (Normandy, France), a
very dynamic system of great natural heritage value.
Specifically, the present observational study exam-
ined how mussel culture influences (1) the sedimen-
tary environment and (2) benthic infaunal character-
istics and communities. We hypothesized that mussel
aquaculture structures influence small-scale sediment
dynamics and thereby influence the abundance, di-
versity, and structure of benthic infaunal communi-
ties in their immediate vicinity. To better evaluate the
generality of the observed patterns in the study area,
this work was replicated at 3 mussel farm sites and
3 reference sites in the eastern part of the Chausey
Archipelago.

MATERIALS AND METHODS
Study site

The study was done in the Chausey Archipelago
(ca. 11 x 5 km; 5100 ha) located in the Normand-
Breton Gulf, France (Fig. 1). This archipelago is com-
posed of 50 to 300 islands depending on the tidal
state and is influenced by a semi-diurnal mega-tidal
regime (tidal range up to 14 m during the largest
spring tides) that creates large intertidal areas
(1995 ha), including 1388 ha of tidal flats (Godet
2008). The Chausey Archipelago is an area of great
natural heritage value and is protected by various
conservation measures, including designation as a
‘Natura 2000 site' by the European Network (www.
natura2000.fr) in 2005. Mussel (Mytilus edulis) aqua-
culture structures in Chausey are wooden stakes
called bouchots (Fig. 2) that are driven into the
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Fig. 1. Location of the study site (+ in top inset) in the Chausey Archipelago (France) and sampling design used at both mussel

sites (@ M1, m M2, A M3) and reference sites (0 R1, 0 R2, A R3). (Inset) For each sample site (dashed line), samples were taken

along transects (gray lines) at 4 distances (0, 1, 5 and 12.5 m) upstream and downstream and parallel to paired bouchot lines

(®). At each distance, samples (%) were taken at 4 randomly chosen positions (N1 = 192). At reference sites, PVC stakes

were used to represent bouchots. The number of black circles shown under-represents the actual number of bouchots used.
Photo credit: J. Fournier (CNRS) and P. Talec (DIREN Basse-Normandie)

ground, leaving about 3 m exposed, in low extended
areas and arranged in ca. 100 m rows with ca. 1 m
separating individual bouchots. In this system, blue
mussels recruit to ropes which are placed in the field
for this purpose. Once recruitment occurs, lengths of
these ropes with spats are then wrapped around bou-
chots, with the growing mussels becoming attached
to bouchots over time. Paired rows of bouchots, sepa-
rated by ca. 2 m, are separated from other paired
rows by ca. 25 m (Fig. 1). Such installations cover a
total surface area of 70 ha and have been in operation
for about 40 yr, producing approximately 2000 t of
mussels annually (Godet 2008).

Field sampling and laboratory methods

Sampling was done at 6 intertidal sites, including 3
mussel farm sites and 3 reference sites, from May 14
to 19, 2007 (Fig. 1). All sites are at about the same
level in the intertidal zone and are located in the
Glycymeris glycymeris dominated coarse sediment
habitat (Godet 2008). In order to reduce edge effects,
as shown by Sornin (1981), sampling was done only
within the 80 m in the centre of rows of paired mussel
lines. Upstream and downstream positions were de-
fined relative to the main tidal currents and swells
and were located north and south of lines of bou-
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Fig. 2. Mytilus edulis. Mussel culture on bouchots during
low tide in the Chausey Archipelago, France

chots, respectively (Fig. 1). For each site within
farmed areas (M1, M2, M3), both upstream and
downstream samples were taken at 4 distances away
from centrally-located paired lines of bouchots:
directly along them (0 m) and at 1, 5, and 12.5 m from
the lines (n = 4 replicates per distance, Ny, = 192,
Fig. 1). The same sampling design was used at ran-
domly selected reference sites (R1, R2, R3) to allow
comparisons of small-scale spatial patterns. At refer-
ence sites, samples were taken in the same manner
as in the farm sites but around imaginary bouchot
lines established in random locations while respect-
ing the orientation of main currents.

For sediment analysis, sub-surface sediment sam-
ples were collected with a syringe (3 cm diameter,
5 cm depth) to characterize sediment texture and
organic content at each sample location (n = 4).
Sediment samples were dried at 70°C for 24 h
and grain size (0.25 phi precision) was determined
using a dry sieve; results are expressed as percent-
ages of the total sample weight. The percent organic
content of the sediments was calculated as the dry
material weight loss after combustion at 550°C until
a constant weight was obtained (about 2 h). Organic
content was determined for 4 sites (M1, M2, R1, R3;
Niotal = 128).

Samples for infauna analysis were collected
using a corer (16 cm diameter, 15 cm depth, n = 4).
Benthic samples were sieved through a 2 mm
circular mesh. Although the use of a 2 mm mesh
will clearly underestimate what is typically consid-
ered to be infauna (typically those organisms
retained on a 500 pm or 1 mm mesh), the use of a
smaller mesh size with the coarse sediment col-
lected at the study site would have necessitated a
greatly reduced sampling effort and thus a weaker
statistical design. Moreover, many studies have
shown that larger mesh sizes retain the greater
proportion of biomass of infaunal samples, and
broad patterns with respect to community structure
and relative diversity remain valid when only
larger organisms are considered (e.g. James et al.
1995, Callaway et al. 2002, Couto et al. 2010).
Retained material was preserved in 5% buffered
formalin. Macrofauna were identified to the low-
est taxonomic level possible and their abundance
recorded. Colonial organisms (hydrozoans and
bryozoans), which were uncommon, were excluded
from analyses because they could not be enumer-
ated.

Statistical methods

Sediment parameters including mean grain size,
sorting (standard deviation), and skewness (symme-
try or preferential spread to one side of the average)
were calculated to identify trends in sediment grain
size. These parameters were obtained by the geo-
metric method of moments using Gradistats version
4.1 (Blott & Pye 2001). Univariate macrofaunal
indices calculated include total abundance (N, ind.
m~2), number of taxa (S), Pielou's evenness index (J'),
Shannon-Wiener's diversity index (H', base e), aver-
age taxonomic distinctness (A*) and variation in taxo-
nomic distinctness (A*). The latter 2 measures esti-
mate the average distance between 2 randomly
chosen organisms through Linnean taxonomy and
determined using presence/absence data. All uni-
variate ecological indicators were calculated using
Primer version 6 (Clarke & Warwick 2001, Clarke &
Gorley 2006). The ecological quality of benthic com-
munities was evaluated using the AZTI Marine Biotic
Index (AMBI) (Borja et al. 2000) using AMBI 4.0
(available at www.azti.es) and following the guide-
lines of Borja & Muxika (2005). When taxa could not
be assigned to an ecological group, they were attrib-
uted according to the tolerance of their genus or
other closest taxonomic group.
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Univariate variables (sediment organic content,
mean grain size, sorting, skewness, N, S, J', H', A*,
A*, AMBI) were compared using 4 factor partly-
nested analyses of variance (ANOVA). Factors
included treatment (fixed with 2 levels; mussel and
reference), site (random with 3 levels; 3 mussel
sites—M1, M2, M3—and 3 reference sites—R1, R2,
R3—and nested in treatment), orientation (fixed with
2 levels; upstream and downstream), and distance
(fixed with 4 levels; 0, 1, 5 and 12.5 m), with n = 4
observations per combination of factor levels. Power
analyses (Underwood 1997) were done to determine
the adequate number of replicates prior to sampling.
Assumptions of homoscedasticity and normality were
verified visually by the distribution of residuals as
suggested by Quinn & Keough (2002), and data were
transformed when necessary. When transformations
could not normalize data or remove heteroscedas-

nities and sediment grain sizes. The relationship
between species and sediment grain size classes was
calculated using canonical correlation analysis (CCA)
with Monte Carlo permutation (9999 permutations)
and the forward-selection option (ter Braak 1989). A
significance threshold of oo = 0.05 was adopted for all
statistical tests.

RESULTS
Sediment characterization

Sediment organic content was low, varying be-
tween 1 and 3%, and did not differ significantly be-
tween treatments or sites within treatments (Table 1);
Site R1 had higher (mean + SE: 2.44 + 0.06 %) and
Site R3 lower (1.82 + 0.08 %) sediment organic content.

ticity, analyses were done on untransformed
data as ANOVA is robust to departures from
such assumptions, particularly with balanced
designs and when there are many independent
estimates of sample variance (Underwood 1997).
A posteriori comparisons were made using
Tukey's test.

Table 1. Results of 4 factor partly-nested analyses of variance

(ANOVAs) testing the effect of Treatment (T) and Site (S) nested

within Treatment, Orientation (O), and Distance (D) and their inter-

actions on sediment organic content, mean grain size, sorting, and
skewness. Significant values (p < 0.05) in bold

Multivariate analysis of benthic community Sources of Organic content Mean grain size?®
structure, including a posteriori pair-wise com- variation af  MS F af - MS F
parisons, were done using the same statistical
desi ith a distance-based permutational T 10258 0.074 v L7200 5728

esign. wi , : p S(T) 2 3462  13.307 4 0300 14.394
multivariate analysis of variance (PERMANOVA 10 1 0171 0.768 1 0.014 1.832
with 9999 permutations) (Anderson 2001, An- D 3 0.117 0.825 3 0.096 6.090
derson et al. 2008). Benthic community analyses TxO 1 0.089 0.399 1 0.003 0.368
were done using both untransformed and pres- gx DD g (0):1:131 ég;g g gégg ?g;g

X . . . .
ence/absence-trans.formed data. These 2 .ex- TxOxD 3 0411 3.960 3 0003 1110
treme transformations were done to provide S(T) x O 2 0.222 2.149 4 0008 3.153
contrasting views of community structure with S(T) x D 6 0.142 1.364 12 0.016 6.547
the first being most influenced by the most S(T)yx O xD 6  0.104 0.610 12 0.002 0.379
abundant species and the second by the number Residual 96 0.401 144 0.006
of species observed. Taxa with a single occur- )
K K Sorting® Skewness
rence were excluded from multivariate analy- df MS F df MS F
ses to reduce noise in the data set (Clarke &
Warwick 1994). Variation in benthic community T 1 0.102 1.255 1 2632 0.702
structure was visualized using non-metric multi- S(T) 4 0081  53.956 4 3.749 29.853
dimensional scaling (nMDS) ordination based g é 3 8'00110_5 (1)3213? ; 83?(1) g'ggg
. e e . iy . .U X . . .
on Bray-Curtis dissimilarities in PRIMER (Clarke TxO 1 67x10® 2.0 x 10-4 1 0417 1.835
1993, Clarke & Gorley 2006) The percentage TxD 3 0.001 0.511 3 0.809 6.240
similarity and the identification of taxa that con- OxD 3 0.003 1.729 3 0.045 0.662
tributed most to the total dissimilarity between TxOxD 3 0.001 0.767 3 0.035 0.519
-4
groups were calculated using the SIMPER pro- Sg; x 8 1‘21 3-%’80130 ?-éz‘é 1‘21 8-(1)23 (1)-3‘118
. X . . . .
cedure'(le.irke 1991?), Cliarke & Warwick 1994?. SM)xOxD 12 0.002 2.637 12 0068 1140

Multivariate orc}matlon (CANOCO version Residual 144 0.001 144 0.060
4.5, ter Braak & Smilauer 2002) was used to . .

. . . . “Data were logo(x + 1) transformed prior to analysis
identify correlations between benthic commu-
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All Chausey Archipelago samples were character-
ized by coarse sediment with a high content of bio-
clastic material (i.e. sediment composed of fragments
of organic skeletal materials). Reference sites were
characterized by coarser sediments than mussel sites
(Fig. 3a,b); both mussel and reference sites contained
less than 1% fine sediments (<125 pm, i.e. mud and
very fine sand).
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Small-scale patterns of sediment size sorting dif-
fered between mussel and reference sites as indi-
cated by the significant interaction between treat-
ment and distance (Table 1). In short, there was no
structure apparent in reference locations, but sedi-
ments at mussel sites showed spatial structure such
that sediments were coarser close to bouchots (dis-
tance = 0 m) than further from them. This trend was
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Fig. 3. (a,b) Mean sediment grain size (um), (c,d) sorting and (e,f) skewness (n = 4) at 4 distances (0, 1, 5 and 12.5 m) from the

bouchot lines (gray dashed line) and 2 orientations (upstream and downstream) at (a,c,e) mussel (e M1, m M2, A M3) and (b,d,f)

reference (0 R1, 0 R2, A R3) sites. Classifications of mean grain size (coarse sand, very coarse sand), sorting (poorly sorted,

moderately sorted) and skewness (coarse skewed, symmetrical, fine skewed) were made according to Blott & Pye (2001).

SEs were not included to avoid overlap in the graph but had the following ranges: mean grain size 10.83 to 251.85 jnm; sorting
0.02 to 0.17; and skewness 0.04 to 0.18
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particularly clear for Site M1 (Fig. 3a). Similarly,
skewness also showed small-scale effects due to
mussel farm structures as sediments close to bou-
chots were skewed to more fine sediments than those
further away. This trend was not apparent at refer-
ence sites (Fig. 3e,f). Analysis of sediments showed
significant variation among sites within treatments in
terms of mean grain size, sorting, and skewness
(Table 1). For all univariate sediment parameters,
Sites R1 and R2 were most similar, although R2 was
characterized by slightly finer sediments (Fig. 3b).
Both of these sites were poorly sorted and symmetri-
cal, whereas site R3 was finely skewed (Fig. 3d,f).
Sites M2 and M3 were composed of finer sediment
than the M1 mussel site; both were moderately to
poorly sorted, and M1 showed an inverse sorting
trend (Fig. 3c). Skewness was almost symmetrical for
the 3 mussel sites (Fig. 3e).

Benthic community characterization

A total of 201 taxa were identified in this study,
including 2 new species of polychaetes in the family
Syllidae (Olivier et al. in press). Polychaetes and
bivalves were the 2 dominant groups at both mussel
and reference sites. These taxonomic groups were
dominated by 21 species of syllids (accounting for

73 % of the total abundance of all polychaetes) and
the bivalve Goodallia triangularis (98 % of the total
abundance of all bivalves), respectively. For poly-
chaetes, the syllid Salvatoria swedmarki was clearly
associated with reference sites, whereas Sphaerosyl-
lis bulbosa (Syllidae) was more abundant close to the
bouchots (Fig. 4a,b). G. triangularis was observed
almost exclusively at mussel sites and was signifi-
cantly more abundant closest to the bouchots than at
other distances from them (Table 2). Similarly, the
density of S. bulbosa was significantly greater near
the mussel structures than at other distances from
them (Table 2), and this species was also more abun-
dant at mussel sites (Fig. 4b).

Abundance (N) and variation in taxonomic distinct-
ness (A*) varied as a function of the interaction
between treatment and distance (Table 3) such that
each variable did not differ among distances at refer-
ence sites but did so at mussel sites. At mussel sites,
both these metrics were greater at the 0 m distance
but there were fewer taxa close to the mussel struc-
tures relative to other distances (Fig. 5a,f). Moreover,
all univariate community characteristics differed
significantly among sites studied within treatments
(Table 3), although replicate reference sites did not
differ except with respect to the number of taxa
(lower at R3), evenness and average taxonomic dis-
tinctness (both higher at R3). Mussel sites were char-
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Table 2. Results of 4-way partly-nested analyses of variance
(ANOVAs) testing the effect of Treatment (T) and Site (S) nested
within Treatment, Orientation (O), and Distance (D) and their inter-
actions on the abundances of the polychaetes Salvatoria swedmarki,
Sphaerosyllis bulbosa, Syllis garciai and the bivalve Goodallia trian-
gularis. All data were log;o(x + 1) transformed prior to analysis. Sig-
nificant values in bold. When convenient, pooling procedures were

applied according to Underwood (1997). nd: not determined

(Table 5). SIMPER analysis showed that differ-
ences between communities at 0 m and those
at other distances were mostly related to a
greater abundance of 3 species: the bivalve
Goodallia triangularis and the polychaetes
Sphaerosyllis bulbosa and S. taylori, all of
which were more abundant close to mussel

acterized by a moderate abundance of organisms, a
lower diversity, and a greater number of taxa than
reference sites (Fig. 5a,b,d). The infaunal sediment
community from the Chausey Archipelago was clas-
sified as slightly disturbed based on AMBI coeffi-
cients (Fig. 6), and these did not differ significantly
among distances (F; 1, = 1.89, p = 0.18). Most identi-
fied taxa were classified into ecological group II and
are considered to be indifferent to pollution.

Benthic community structure varied as a function
of the interaction between treatment and distance
such that communities differed between mussel and
reference sites and among distances at mussel sites
but not among distances at reference sites (Table 4).
As illustrated by a non-metric multidimensional scal-
ing (nMDS) plot (Fig. 7), within mussel sites commu-
nities at 0 m differed from those at 5 and 12.5 m

' ‘ ' structures (Table 6). SIMPER analysis also

Sogrges of Salvatoria swedmarki Sphaerosyllis bulbosa showed that the polychaete Cirriformia ten-
variation df MS F df MS F

taculata was more abundant further from bou-
T 1 6.188 1.900 1 0.146 0.021 chots and contributed to the dissimilarity
S(T) 4 3257 28.012 4 7.001 36.499 among distances. Analysis of community struc-
CD) é 82?1 géﬁ \1) 3-%?;2_4 ?ggg ture based on presence/absence-transformed
TxO 12 5.>< 106 1 le 104 1 0'006 0'040 data showed that sites within treatments dif-
TxD 3 0105  1.298 3 0594  4.699 fered but that no other effect or interaction was
OxD 3 0.046 0.984 3 0.055 0.761 significant (Table 4).
TxOxD 3 0.003 0.068 3 0.022 0.300
S(T)yx O 4 0.082 1.762 4 0.139 1.899
S(T) x D 12 0.081 1.741 12 0.126  1.736 . L . .
S(T)xOxD 12  0.047 0.939 12 0.073 0.627 Sediment grain size and benthic community
Residual 144  0.050 144  0.116 relationships
Sou_rctf% of a SYH;Z SgarciaiF Sfo"daﬁ‘; triang“]a;s Gradient lengths were first explored using
variation CCA to estimate standard deviations. De-
T 1 0456 0.177 1 47.460 5.830 trended canonical analysis (DCA), detrending
S(T) 4 2583 13.024 4 8.141 30.417 by segments, provides values between 2.6 to
O 1 0.020 0.109 1 1.0x107° 1.0x 10™ 3.7 SD which, according to Lep$ & Smilauer
"]1? <O ? 8}131 éggg ? 8(5)83 é;gi’ (2003), indicate that both linear and unimodal
TxD 3 0012 0118 3 0387 1163 methods may be used. Consequently, unimodal
OxD 3 0.087 1.050 3 0.448° 2.593 ordination was used for subsequent analyses.
TxOxD 3 0263 3.216 3 0.028° 0.164 CCA showed a significant relationship be-
S(T) x O 4 0183 2.234 4 0.108 0.622 tween benthic community structure and 14
S(T) xD 12 0.098 1.193 12 0.333 1.927 . . . .
ST)xOxD 12 0082 1.138 nd nd nd sediment grain sizes. Together, the first and
Residual 144  0.072 156  0.173 second principal CCA axes accounted for
aTested on residual after pooling 45.0% of the relationship between commu-

nity structure and sediment grain size (27.1

and 17.9 %, respectively). Sediments of 2360 to
5600 pm (very fine to fine gravel) were important
factors describing the first axis (correlation of 0.63
to 0.77, respectively). On the second axis, 2000 to
2800 pm sediments (very coarse sand to very fine
gravel) were the most positively correlated factors
(0.30 to 0.42, respectively).

The spatial arrangement of samples relative to sed-
iment grain sizes showed 3 distinct patterns (Fig. 8).
Samples in the upper-right section of the ordination
graph were strongly correlated to coarse sediments
(gravel); these were collected from the reference
sites (R1, R2, R3). Samples grouped in the left portion
of the graph were collected at the M1 and M2 sites
and were associated with finer sediments (sand). The
third group is in the lower right portion of the figure
and is composed of samples from Site M1. These
samples were best correlated to both coarse (fine
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Table 3. Results of 4 factor partly-nested analyses of variance (ANOVAs) testing the effect of Treatment (T), Site (S) nested
within Treatment, Orientation (O), Distance (D) and their interactions on the univariate ecological indicators. Significant val-
ues (p < 0.05) in bold. When convenient, pooling procedures were applied according to Underwood (1997). nd: not determined

Sources of Abundance (ind. m™2) No. of taxa® Evenness index
variation df MS F df MS F df MS F
T 1 7.130 0.013 1 5.241 2.121 1 2.875 3.644
S(T) 4 564.198 13.561 4 2.470 27.801 4 0.789 15.095
O 1 15.755 0.379 1 0.013 0.273 1 0.009 0.212
D 3 59.352° 3.646 3 0.326 3.022 3 0.010 0.446
TxO 1 20.672 0.497 1 0.056 1.187 1 0.021 0.470
TxD 3 44.464° 2.731 3 0.366 3.392 3 0.014 0.643
OxD 3 6.477¢ 0.398 3 0.065 0.992 3 0.022 1.473
TxOxD 3 17.505¢ 1.075 3 0.036 0.552 3 0.002 0.135
S(T)x O 4 41.604 2.556 4 0.047 0.711 4 0.044 3.044
S(T)yxD nd nd nd 12 0.108 1.640 12 0.022 1.538
S(T)yx O xD nd nd nd 12 0.066 1.134 12 0.015 1.530
Residual 168 16.280 144 0.058 144 0.010
Diversity index Average taxonomic distinctness Variation in taxonomic distinctness

df MS F df MS F df MS F
T 1 17.535 2.275 1 0.17  20x10™ 1 118 1.0 x 107
S(T) 4 7.707 9.725 4 1133.81 41.548 4 2187504 18.329
(@) 1 2.0x10™* 3.0x 10 1 1.32 0.059 1 67294 0.462
D 3 0.018 0.072 3 56.51 1.303 3 364723 5.014
TxO 1 0.012 0.019 1 3.17 0.142 1 121871 0.837
TxD 3 0.039 0.154 3 30.84 0.711 3 284785 3.915
OxD 3 0.245 2.486 3 25.64 0.667 3 46425 0.469
TxOxD 3 0.064 0.648 3 26.47 0.688 3 123173 1.245
S(T)x O 4 0.642 6.514 4 22.38 0.582 4 145571 1.471
S(T) x D 12 0.250 2.532 12 43.37 1.128 12 72749 0.735
S(T)yx O xD 12 0.099 0.837 12 38.46 1.450 12 98972 1.135
Residual 144 0.118 144 26.53 144 87208
aTested on residual after pooling; Pdata were log;,(x + 1) transformed prior to analysis

gravel) and fine sediments (silt). The species Sphaero-
syllis bulbosa was strongly associated with very fine
sediments (silt), whereas Goodallia triangularis and
the syllids Salvatoria swedmarki, Sphaerosyllis taylori,
and Syllis garciai were correlated with coarse sand.

DISCUSSION

This study provides an important baseline in under-
standing the effects of bouchot mussel aquaculture
on macrobenthic communities of coarse sediments
in a high energy intertidal system, a relatively
unknown habitat in comparison to subtidal muddy
ones. Whereas the effects of shellfish farming on low-
energy soft-bottom benthic environments are fairly
well known (see review in McKindsey et al. 2011),
the influence of mussel culture in high energy inter-
tidal systems remains undocumented. In this context,
the present study focusing on the Glycymeris gly-
cymeris coarse sediment habitat of the Chausey

Archipelago is of primary importance. Results sup-
port our initial hypothesis that mussel aquaculture
structures (bouchots) have clear meso- and small-
scale effects on both sediment properties and benthic
community structure.

Organic enrichment of sediments in the mussel
leases was not detected, even close to the bouchots.
This contrasts with the majority of studies done in
suspended farm systems where cultured bivalves
biodeposition leads to organic loading. In the present
study, the observed modifications of the coarse sedi-
ment benthic communities are likely primarily affected
by changes in the hydrosedimentary patterns due to
the presence of rugosity elements in the benthic
boundary layer. Hartstein & Rowden (2004) found
that the only (of 3) mussel culture site studied that
was not organically enriched was influenced by the
strongest hydrodynamic regime. High-energy sys-
tems with strong currents limit organic enrichment
by enhancing the dispersal of mussel biodeposits.
Although the present study did not detect sedimen-
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(Fabiano et al. 1994), the influence of organic loading
may occur over short time scales, when the tide is
high and infauna is most active.

A complementary study done in the Chausey Arch-
ipelago at the same time of the year and under the
same tidal regime showed that mussel farming
affects the total lipid content and fatty acids profiles
in sub-surface sediments (Suroy 2009). Particulate
organic matter in sediments was shown to originate
mainly from diatoms and brown algae at both mussel
and reference sites. However, sediment fatty acid
profiles differed significantly between mussel and
reference sites in the spring, indicating a change in
the nature of the organic matter present. This may be
due to the rapid release of the more labile portion of
biodeposits (Fabiano et al. 1994, Carlsson et al. 2010).
Although these 2 Chausey studies provide different
results with respect to organic matter enrichment,
the results are not entirely inconsistent. Rather, they
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Table 4. Results of permutational multivariate analyses of variance (PER-
MANOVAs) testing the effect of Treatment (T), Site (S) nested within Treat-
ment, Orientation (O), Distance (D) and their interactions on the benthic
assemblage based on the Bray-Curtis dissimilarity matrix. The species assem-
blage was calculated on untransformed data and on presence/absence trans-

formed data. Significant values (p < 0.05) in bold

1979). At the meso-scale (km), sedi-
ments were finer at mussel farms than
at reference sites, likely reflecting
either decreased hydrodynamics or a
stabilization of the seabed due to the

presence of large numbers of bou-

demonstrate the need for sensitive analyses to detect
the effects of mussel aquaculture in highly dynamic
systems which may be particularly necessary in
coarse and permeable sediments.

In contrast to the lack of organic enrichment in the
mussel farms, there was a progressive coarsening
and decrease in skewness of sediments in the direc-
tion of bouchots. This suggests the importance of
local hydrodynamic regimes on sediment properties
in this part of the English Channel, which is mainly
dominated by coarse sediment habitats (Retiere
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Fig. 7. Non-metric multidimensional scaling (nMDS) ordina-
tion based on Bray-Curtis dissimilarity matrix calculated on
untransformed data for benthic samples collected at mussel
farm and reference sites at 4 distances from the bouchot
lines (® 0, A 1, v5, ¢ 12.5 m) and the centre of reference ar-
eas (@0, m1, 5, % 12.5m). Reference and mussel farm sites
1, 2, and 3 are indicated by black, grey, and white fills,
respectively (see Table 5 for test results)

Sources of df Untransformed data Presence/absence chots. For example, currents at culture
variation MS Pseudo-F p(perm)  MS Pseudo-F p(perm) sites may be reduced by increased
drag due to bouchots at culture sites
T 1 85398 1.806 0.1155 36293 1.330 0.2453 £ d d
S(T) 4 47297 30.871  0.0001 27289 20.404  0.0001 or lom dampened wave energy
0 1 1313 0719 0.6139 2416 1.873  0.1521 within sites (Ottman & Sornin 1985,
D 3 3201 1.672 0.0342 2425 1.482 0.0590 Vaucourt & Bonnot-Courtois 1992). At
TxO 1 2577 1410 02807 2873 2228  0.1068 a more local scale (m), scouring occurs
TxD 3 3394 1.773 0.0176 2157 1.319 0.1393 near the poles and leads to a coarsen-
OxD 3 1625 1.014 04511 1209 0.895  0.6036 : b ' :
TxOxD 3 1322 0.825  0.7293 721 0.534  0.9452 ing of impacted sediments (Sornin
S(T)x O 4 1828 1.193 0.1344 1290 0.964 0.5550 1981, SEAMER 2000). The presence of
S(T) x D 12 1915 1.250 0.0160 1636 1.223 0.0416 structures placed in a marine environ-
;Ea:)iguzx D 1}12 122% 1.046 0.3280 ggg 1.010 0.4597 ment, such as bouchots, modifies
localized flow patterns (SEAMER

2000), increasing both flow speed and
turbulence intensity (Whitehouse 1998). Numerous
phenomena result from these changes including flow
reduction, wave reflection and diffraction, and the
creation of pressure differentials in sediments and
bed liquefaction, potentially allowing material to be
transported away by currents (Sumer et al. 2001).
These phenomena usually increase local sediment
transport capacity and thus scour (Whitehouse 1998).
In the Chausey Archipelago, this was visually ob-
served in the field at a local scale around individual
bouchots and at the farm scale, resulting in both
depressions in sediments upstream from and in the
accumulation of sediments downstream of bouchot
lines, as suggested by Sornin (1981).

Although the relationship between the structure of
marine benthic soft-sediment communities and the
texture of the sediment they inhabit is well-known
(Gray 1974, 2002), information on coarser soft-bottom
sediments is scarce and thus results from the present

Table 5. Pair-wise test for the interaction between Treatment

and Distance (untransformed data, see Table 4) for paired

levels of distance factors (0, 1, 5, and 12.5 m). Significant
values (p < 0.05) in bold

Mussel sites Reference sites

Distance level pairs t p(perm) t p(perm)
Omx 1m 1.442 0.0588 0.842 0.6500

Om x5m 1.513 0.0432 0.789 0.7600
Omx 12.5m 1.890 0.0066 0.840 0.6243
Imx5m 0.793 0.6911 0.813 0.7464
1mx12.5m 0.985 0.3953 1.153 0.1982
5mx12.5m 0.909 0.4953 0.873 0.5935
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Table 65. Species-specific contribution (%, raw abundance
data) of most abundant species (Goodallia triangularis,
Sphaerosyllis bulbosa, S. taylori and Cirriformia tentaculata)
to total dissimilarity (%, raw abundance data) of benthic
community among distances in mussel sites. In each combi-
nation, species are listed in order of decreasing contribution

Distance level pairs Species Contribution (%)
0x1m Total 72.75
G. triangularis 50.7
S. bulbosa 5.9
S. taylori 4.5
0x5m Total 72.51
G. triangularis 51.5
S. taylori 6.1
S. bulbosa 5.8
0x12.5m Total 74.32
G. triangularis 51.1
S. bulbosa 5.5
S. taylori 4.7
1x5m Total 65.80
G. triangularis 44.7
S. taylori 7.7
S. bulbosa 6.2
1x125m Total 66.24
G. triangularis 43.9
C. tentaculata 6.6
S. bulbosa 59
5x12.5m Total 65.05
G. triangularis 46.1
S. taylori 8.3
C. tentaculata 6.7

study provide important new data. In the Chausey
Archipelago, benthic communities at mussel sites
were mostly related to finer sediment than those at
reference sites. However, the low correlation be-
tween grain size and benthic community structure
suggests that more detailed studies are needed.
Sediment grain size is likely not the only factor in-
fluencing benthic communities, and the analysis of
local hydrodynamic regimes combined with sensitive
organic matter analysis and ecological relationships
among species are factors that should be considered
further to better understand the influence of mussel
farming on them. In the Chausey Archipelago, given
that mussel farm installations seem to decrease
sedimentary particle size but not increase organic
enrichment, they may shift benthic communities
toward being characterized by fine sediment-
associated species.

Within farms, small-scale variation in macrofaunal
communities was coincident with variation in sedi-
ments. This suggests that there is a cascading effect
of physical structure (bouchots) on hydrodynamics,
sediment structure, and benthic infaunal community

structure. Moreover, although taxonomic composi-
tion was similar at mussel and reference sites, the
dominance of some species, such as the bivalve
Goodallia triangularis, varied greatly among samples
and distances from bouchots. The biology and eco-
logy of this species, commonly found in coarse sedi-
ment habitats, are relatively unknown but its high
abundance at mussel sites, especially in the vicinity
of bouchots, suggests a preference for coarse sedi-
ments and probably to local organic enrichment, as
suggested by Suroy (2009). Some surface deposit-
feeder species, such as the polychaete Cirriformia
tentaculata, were also abundant close to bouchots,
further supporting the notion that there is temporary
local enrichment by mussel biodeposits until currents
disperse them. Differences observed using multivari-
ate analysis were not detected using either AMBI or
univariate community metrics, further supporting the
observation made by many studies that multivariate
analyses can have greater power to detect effects
and can be more informative than univariate meth-
ods because they integrate the effects of the abun-
dance of many taxa or other variables into a single
entity (Keough & Quinn 1991, Warwick & Clarke
1991, Downes et al. 2002). In the present study, mul-
tivariate analyses (Fig. 7, Table 4) show that infaunal
communities varied among sites within treatment.
However, the overall effect of site type and variation
within farm sites was also clearly evident. Although
the present study may not have documented the
entire population of community types in the area,
we suggest that the sampled sites do provide a good
indication of the range of potential responses.
Callier et al. (2008) also emphasized the impor-
tance of choosing the appropriate ecological indica-
tors to determine the influence of shellfish farming
on the benthic environment because the a priori
choice of ecological indicators may influence the
interpretation of results. In the present study, evi-
dence of the effects of the bouchots depends on the
indicator used. Except for total abundance, number
of taxa and variation in taxonomic distinctness, all
other univariate biological indices examined in this
study failed to detect significant mussel culture-
related effects on the benthic communities. Diversity
indices, such as the Shannon-Wiener index, are
widely used but are not necessarily representative
of the ecological importance of a community or a
change in community structure (Downes et al. 2002).
AMBI is based on the sensitivity/tolerance of species
with a high AMBI coefficient indicating a poor eco-
logical status. Based on this index, all study sites
were classified as being slightly disturbed. Most
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Fig. 8. Canonical correspondence analysis (CCA) biplot of

benthic macrofauna at mussel (@ M1, m M2, x M3) and refer-

ence (0 R1, 0 R2, A R3) sites with corresponding sediment

grain sizes (nm, arrows). CCA calculated for untransformed

abundance data and matrix of 14 significant (p < 0.05) sedi-
ment grain sizes tested

identified taxa were classified into ecological group
IT (indifferent to pollution), including 5 of the 9 con-
stantly present taxa. According to Borja et al. (2000),
a dominance of ecological group II taxa is a charac-
teristic of estuarine communities at sites with organic
matter inputs. However, as the Chausey Archipelago
is a marine system with little organic input, such
interpretation should be treated with caution.

This study also revealed the importance of syllid
polychaetes in terms of their abundance and species
richness in the Glycymeris glycymeris coarse sedi-
ment habitat. In contrast to Goodallia triangularis
and the syllid polychaete Sphaerosyllis bulbosa,
which were more abundant in the vicinity of the mus-
sel structures, some syllid species, such as Salvatoria
swedmarki and Syllis garciai, were almost exclu-
sively present at reference sites. That each syllid spe-
cies showed specific responses to the presence of
mussel farming activities suggests that the group is
sensitive to changes due to farming activities and
may be useful as species indicators to detect anthro-
pogenic effects of bivalve farming, particularly in the

25 ' ' ' 3

studied habitat. The difficulty of classifying taxa into
ecological groups may represent a lack of knowledge
about certain groups. For example, all the species of
the family Syllidae were classified into the same
group. For many years, scientists thought that all syl-
lids were carnivores, but Giangrande et al. (2000)
suggested that they are much more variable in their
diet than previously assumed and that several spe-
cies are not carnivorous. This example highlights the
fact that the baselines in the elaboration of models
were not always right and, consequently, results from
those models should be interpreted carefully.

CONCLUSION

This study showed that culture of mussels on bou-
chots in the highly dynamic intertidal system of the
Chausey Archipelago has a limited effect on the ben-
thic environment as benthic communities varied in
terms of structure but less in terms of composition.
Effects were evident at 2 spatial scales. At the meso-
scale (km), benthic sediments, but not sediment or-
ganic matter, and infaunal communities were shown
to differ between mussel and reference sites using a
variety of metrics. At the small-scale (m), marked
spatial structure in sediments and communities was
observed within mussel farm sites as numerous sedi-
ment and biological metrics varied systematically
with distance from bouchots. Given that bouchots
are known to impact hydrodynamics at both spatial
scales, it is likely that these effects interacted, thus
triggering a cascading effect on sediment character-
istics which contributed to structuring infaunal com-
munities. Currents disperse mussel biodeposits and
limit the deposition of fine sediments and organic
matter enrichment, although their temporary pres-
ence may contribute to structuring infaunal commu-
nities. Chausey is a highly fragmented archipelago
(i.e. 9 different habitats sensu Godet 2008) with mus-
sel farms located on Glycymeris glycymeris coarse
sediment habitat; thus the benthic effects shown in
this study are only representative of this habitat. Fur-
ther evaluation of the influence of bouchot mussel
farms on benthic processes in other types of habitat,
such as high energy muddy ones (i.e. Mont Saint-
Michel Bay, English Channel, France) where most
such farming occurs, would be interesting, especially
if completed with a detailed description of hydro-
dynamic processes involved.
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