Estuarine, Coastal and Shelf Science
January 2018, Volume 200, Pages 1-18
http://dx.doi.org/10.1016/j.ecss.2017.10.001
http://archimer.ifremer.fr/doc/00405/51649/
© 2017 Elsevier Ltd. All rights reserved.

Interplay between abiotic factors and species assemblages
mediated by the ecosystem engineer Sabellaria alveolata
(Annelida: Polychaeta)

Jones Auriane '**”, Dubois Stanislas *, Desroy Nicolas ?, Fournier Jonathan **

! IFREMER, Laboratoire Centre de Bretagne, DYNECO LEBCO, 29280 Plouzané, France

2 IFREMER, Laboratoire Environnement et Ressources Bretagne nord, 38 rue du Port Blanc, BP 80108,
35801 Dinard cedex, France

® CNRS, UMR 7208 BOREA, 61 rue Buffon, CP 53, 75231 Paris cedex 05, France

* MNHN, Station de Biologie Marine, BP 225, 29182 Concarneau cedex, France

* Corresponding author : Auriane Jones, email address : auriane.jones@ifremer.fr

Abstract :

Sabellaria alveolata is a gregarious polychaete that uses sand particles to build three-dimensional
structures known as reefs, fixed atop rocks or built on soft sediments. These structures are known to
modify the local grain-size distribution and to host a highly diversified macrofauna, altered when the reef
undergoes disturbances. The goal of this study was to investigate the different sedimentary and
biological changes associated with the presence of a S. alveolata reef over two contrasting seasons
(late winter and late summer), and how these changes were linked. Three different sediments were
considered: the engineered sediment (the actual reef), the associated sediment (the soft sediment
surrounding the reef structures) and a control soft sediment (i.e. no reef structures in close proximity).
Univariate and multivariate comparisons of grain-size distribution, soft sediment characteristics (organic
matter content, chlorophyll a, pheopigments and carbohydrate concentrations) and macrofauna were
conducted between the different sediment types at both seasons and between the two seasons for each
sediment type. A distance-based redundancy analyses (dbRDA) was used to investigate the link
between the different environmental parameters and the macrofauna assemblages. Finally, we focused
on a disturbance continuum of the engineered sediments proxied by an increase in the mud present in
these sediments. The effects of a continuous and increasing disturbance on the associated fauna were
investigated using pairwise beta diversity indices (Sgrensen and Bray-Curtis dissimilarities and their
decomposition into turnover and nestedness). Results showed a significant effect of the reef on the local
sediment distribution (coarser sediments compared to the control) and on the benthic primary
production (higher in the associated sediments). At both seasons, S. alveolata biomass and sediment
principal mode were the environmental parameters which best differentiated the engineered, associated
and control sediment assemblages. These two parameters are under the ecosystem engineer's
influence stressing its importance in structuring benthic macrofauna. Furthermore, in late summer but
not in late winter, presence/absence and abundance based beta diversity were positively correlated to
our disturbance proxy (mud content) a tendency driven by a species replacement and a rise in the
associated fauna density. Our first set of results highlight the importance of S. alveolata reefs as benthic
primary production enhancers via their physical structure and their biological activity. The results
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obtained using beta diversity indices emphasize the importance of recruitment in structuring the reef's
macrofauna and — paradoxically — the ecological value of S. alveolata degraded forms as biodiversity
and recruitment promoters.
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» Sabellaria alveolata is a highly structuring ecosystem engineer via the reefs it creates and the abiotic
and biotic modifications it induces. » Benthic primary production is higher in the immediate vicinity of a
Sabellaria alveolata reef. B Sabellaria alveolata leads to the establishment of two distinct assemblages:
one in the reefs and another in the soft sediment around them. » An increasing disturbance of the reefs
leads to a species turnover and a total abundance increase.
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Abbreviations

MSMB  Mont Saint-Michel Bay

MPB Microphytobenthos

TOM Total organic matter

Chl a Chlorophyll a

Pheo Pheopigments

Ins Insoluble carbohydrates

Sol Soluble carbohydrates

dbRDA Distance-based redundancy analysis
CPUE  Catch-per-unit-effort
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1. Introduction

Ecosystem engineers are organisms capable of niglifiyeir local environment through their physical
presence i(e. autogenic engineers) and/or their biological distivi.e. allogenic engineers), “directly or
indirectly modulating the availability of resourdesother species” (Jones et al., 1994). Ultimatiidgse species
maintain, modify, create or even destroy habit@sufna et al., 2009; Jones et al., 1994). The abioti
modifications caused by ecosystem engineers cahttefacilitation for some organisms (Hacker andn@s,
1997) and inhibition through negative species attton for others (Bouma et al., 2009; Jones et18I97).
Nonetheless, bioengineered habitats are often tegbdo host a more diverse species assemblagetltiean
adjoining non-engineered habitats (Ataide et @014 De Smet et al., 2015; Jones et al., 1997;hStaicz,
2001). Physical ecosystem engineering appears fabieularly important where the environment isreme
(e.g. thermic, hydrodynamic and/or hydric stress), likéemperate intertidal areas (Bouma et al., 2009gs et
al., 1997). Indeed, according to Jones et al. (199B4), these extreme conditions might have faldhe
selection of “extended phenotype engineers” threemgianced survival of the engineer and the comapiiuna
(Dawkins, 1982). These engineer species create learhpbitats that reduce local pressures suchesapon or
thermal stress, whilst increasing biodiversity (Bmuet al., 2009). Ultimately, such favorable emvin@ntal
changes can lead to an interesting paradox whaee spatial extent of the realized niche of a secan be
larger than the spatial range predicted by the domehtal niche” as described by Bruno et al. (2003%)
reported for mussels and barnacleésoophyllum nodosum canopies by Bertness et al. (1999).

Temperate coasts host a striking number of ecasystegineering species, spanning from mollusks (for
a review see Gutiérrez et al. (2003)) and poly@sétg. Lanice conchilega (De Smet et al., 2015)p canopy-
forming algae €.g. Ascophyllum nodosum (Bertness et al., 1999)). Along the European coasth particular
ecosystem engineer has the ability to build thiegedsional structures on top of sediments qualiisdeefs
(Holt et al., 1998). This species is a common griega tubiculous polychaete calleghbellaria alveolata
(Linnaeus, 1767), a.k.a. the honeycomb worm. legaly lives in the intertidal zone from mid to Idide levels
and can be found from Scotland and Ireland to Mawo@uir et al., 2016)Sabellaria alveolata uses sand
particles remobilized by waves and tidal actiobadd the tube in which it lives (Le Cam et al.,14). Since the
pelagic larvae are attracted by the L-dopa preisetite organic cement produced by the adult worongHeir
tube-building activity, they will tend to settle existing reefs (Pawlik, 1988; Wilson, 1968). Thisenomenon
coupled with favorable environmental conditiorise.(grain-size structure, hydrodynamic processes, food
availability and water temperature) can lead todéeelopment of large biogenic reefs (Holt et H98). These
structures are commonly found on rocky substrateeagers or hummocks where they rarely exceed 5hcm
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92 height for a few tens of square meters but in smane instances, they can be found in soft bottosaswhere

93 they can grow up to two meters in height and séV@etares in size (Holt et al., 1998; Noernberglgt2010).

94  The largest of these formations, which is alsolaingest biogenic habitat in Europe, is locatechanMont Saint-

95 Michel Bay (MSMB) in France (Desroy et al., 201 ytiis et al., 2002).

96 The research around this species has mainly focogreits physiology i(e. reproduction, fecundity,

97  feeding mode) (Dubois et al., 2003, 2005, 2006892@nd its tube building activity (Fournier et, &010; Le

98 Cam et al., 2011). Other studies have looked imoetcology of reefs with a particular interest lom associated

99 fauna (Dias and Paula, 2001; Porta and Nicole®®92 Schlund et al., 2016) and factors influendinguch as
100 the reef's different growth stages (Dubois et aD02), epibionts (Dubois et al., 2006b), human piamgy
101 (Plicanti et al., 2016) and ecological status (Dgsst al., 2011). A large part of these studies foassed on
102 Sabellaria alveolata reefs on rocky substrata and not on soft sedink&ggfs developing on soft sediment are far
103 less frequent along the European coast MSMB and Bourgneuf Bay in France) (Holt et al.,98%
104 Nonetheless, they constitute exceptional locatammposed of two distinct entities: the actual thdaeensional
105 reef structures (engineered sediment), which isapadiscontinuous and the soft sediment presemiveen the
106 reef structures (associated sediment) (Desroy.e@ll). Several kilometers separate them fromnéarest
107 rocky shore which signifies, in contrast to the eenform ofS alveolata structures, complete isolation from
108 most of the juvenile and adult fauna inhabitingstheocky shores. Furthermore, their physical berdee easy
109 to visualize against the surrounding soft sedim&héese sites give us the chance to study diffestemponents
110 of S alveolata’s engineering effect (Passarelli et al., 2014;gNfiet al., 2006). This engineering effect can be
111 seen from both an environmental and a biologicabgective by looking at how the ecosystem engineer
112 modifies the local sedimentary characteristics lao the biodiversity changes between a controlrsedit, the
113 associated and the engineered sediments. The ktsoftcsediment represents the baseline or the dified
114  state before the honeycomb worms start buildindsrdesnce representing a new structural state §Jenel.,
115  2010).
116 This biogenic habitat is not structurally homogesianainly due to multiple disturbances; direct ratu
117 disturbances such as storms and cold winters, tdr@bropogenic disturbances such as tramplingimahidect
118 anthropogenic disturbances through shellfish fagramd coastal engineering. These disturbances tead
119 gradual modification of the reef visible througlsatjgregation, increasing fine sediments, decre@&siogystem
120 engineer density and increasing epibiont coversiogua number of changes in the associated faunbg{B et

121 al., 2006b, 2002; Plicanti et al., 2016). Modificat of the associated fauna have been investigatedveral
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categorical ways but never along a disturbanceirmauntn (Dubois et al., 2006b, 2002; Plicanti et 2016). To
understand the changes in the associated faung i continuum, we chose to focus on the betardity
seen as “the extent of change in community comipositis defined by Whittaker (1960) and on an alaunoe-
based dissimilarity measurement using the Brayi€udissimilarity. Analyzing beta diversity in & alveolata
reef can help us understand the functioning of Hitgyenic habitat and give more relevant infornratio
decision makers regarding conservation issuest, élsing into account the three previously defirsediiment
types (control, associated and engineered sedinewstested in a categorical way, the followingbtheses:
(1) the engineered sediment affects the differeadtirsentary characteristics of the associated sedjme
especially grain-size, organic matter content angdraophytobenthos and (2) the diversity and species
composition of both the engineered and the assatis¢diments are different from the control sedimére
also looked into potential changes between latderiand late summer, regarding sediment composéith
macrofauna assemblages for each sediment type, Ty beta diversity and dissimilarity measuretsiewe
tested the following hypothesis: an increasingudisince of the engineered sediment promotes (&)die¢rsity
and more specifically species turnover and (2) dbnne-based dissimilarity and more specificallyrataunce

gradients.

2. Materials and methods
2.1. Study area

This study took place in the central part of theNMBSwhere the largest bioconstruction in Europe is
located; the Sainte-Anne reef (48°38'700N and 12@80W), built by the honeycomb wor8abellaria alveolata
(Desroy et al., 2011). This reef is situated inltheer intertidal zonei (e. between the - 2 and the - 4 m isobaths
(Noernberg et al., 2010)), parallel to the coast Bmthe dominant tidal currents and also near itamb blue
mussel Mytilus edulis) cultures. In 2014, the maximal dimensions of Slaénte-Anne reef were 2.5 km in length
for 1 km in width and the engineered sediment regmted about 32 ha for about 128 ha of associatichent
(unpublished results). The area located in therakpart of the bay and along the same isobatthagdef is
characterized by medium to muddy sands (BonnotiGmuet al., 2009) and by a species pobfatoma

balthica community” (Dubois et al., 2002).

2.2. Sampling design and laboratory analyses
Two sampling areas were defined; the Sainte-Aneé¢ aeea and a control area. The reef area was

composed of two sediment types, the engineeredtandssociated sediments (Fig. 1). The corarea was a
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soft sediment zone located 1.5 km North-East of def area and on the same bathymetric level. B wa
characteristic of the medium to muddy sands foundhis part of the bay (Bonnot-Courtois et al., 200
Sampling took place over a two-day period in laieter (late February) and late summer (late Sepégmb
These two seasons were chosen because they atg bagttrasted environmentallye.§. hydro-sedimentary
features) and biologicallye(g. recruitment patterns, species turnover, growtbsiat Indeed, winter is a period
of low biological activity and high environmentateggsures (cold temperatures, wind and storms) waike
summer is a post-recruitment period with a highelogical activity (Arbach Leloup et al., 2008; Geget al.,
2010). Hence, sampling at these two seasons heap® lhave a more complete picture of the dynamics
happening in our different study zones.

To investigate the effects & alveolata on diversity and species composition, we compdhed
macrofauna associated with the three differentnsedi types: theS. alveolata reefs, the sediments present
around these structures and the control soft sedan€or each sediment typiee( engineered, associated and
control sediment, Fig. 1), ten stations were sathplevery engineered sediment station was paired it
associated sediment station, in order to investigatv the reef structures modify the adjoining sefliment.
The stations were at least 75 m apart and at datibrs six samples separated by at least 5 m vaar@omly
taken at low tide. The first three samples wereedosing a 18.5 cm side corer (269 cm?) to a deptbam
(core samples). For engineered sediments, thishdaptesponds to the layer wheSabellaria alveolata and
more than 90% of all species live (Dubois et 202). The other three samples were done using aduadrat
in order to estimate the over dispersed macrofaam&nly composed of bivalves and gastropods (quadra
samples). All engineered sediment samples (coreqaadrat samples) were taken at least 1 m fronrabé
edge to avoid a known border effect on the macredadiversity (Gruet, 1972), while the associatedirsent
samples (core and quadrat samples) were takeasitllan away from the reef structures. The sofinset core
samples were sieved through a 1-mm square mesliteomvisile the engineered sediment core samples were
taken back to the laboratory where they were br@gart under water and the fauna retained on a Isquare
mesh was collected. Associated and control quashatples were done by sieving on site the first 5oém
sediment through a 5-mm square mesh. For the esrgidequadrat samples, we sampled by hand all Hielevi
macrofauna located on the reef and inside theimngefstices. All core and quadrat samples weredfixea 5%
formaldehyde solution, after which all the macrafawas sorted, counted and identified to the spewigenus
level (except for nemerteans, oligochaetes and toefas) and finally preserved in a 70% ethanol gwiut~or

each engineered sediment core sample, alldhellaria alveolata were weighted (total wet weight).
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To look at how the ecosystem engineer modifiesntdronment, we randomly collected three sediment
samples for grain-size distribution, total amourit arganic matter (TOM), pigment concentratione.(
chlorophylla and pheopigments) and total carbohydrate condentré.e. soluble and insoluble carbohydrates),
at each associated and control sediment statianthEograin-size distribution, the first 5 cm oflBaents were
sampled using a small plastic core (19 cm?). Fortted other sedimentary characteristics, only thset f
centimeter of sediment was sampled using a plagtid dish (57 cm?). Additional samples were cdbekin
order to characterize the sediments constituting Shbellaria alveolata tubes as well as the sediments
potentially trapped within the biogenic structufénese consisted in randomly collecting three smeaf parts
(about 8 x 3 cm) in each engineered sediment staBediment grain-size distribution was obtained by
mechanical sieving using AFNOR calibrated sievesnff25 mm to 63 pm) and granulometric parameterg we
estimated using the ‘G2Sd’ package in R v. 3.3.0u(Rier et al., 2014). Prior to mechanical sievitigg
engineered sediments were cautiously broken irgo tiriginal elements,e. mostly bioclasts as evidenced in
Le Cam et al. (2011). For all the other analysles,sediments were first freeze-dried in order tokwan dry
matter. TOM was determined as the difference batwiee weight of freeze-dried sediment and the weidtier
4 hours at 450° (Aminot and Kerouel, 2004). Pignanicentrations (ug-gdry sediment) were estimated using
the monochromatic technique (Lorenzen, 1967) desdrin Aminot and Kerouel (2004). The chloroplay/{Chl
a) concentration was used as a proxy for microplsmtiios (MPB) biomass (Jeffrey et al., 1997) while
pheopigments (Pheo) concentration gave us infoomatbout the amount of degraded photoautotropHabgo
carbohydrates (Sol) present in the sediment wena@rd by hydrolysis (100°C for 45 min), after ahnithe
pellets were treated with sulfuric acid ,&0;) and placed 4 hours at 100°C in order to obta@itisoluble
carbohydrates (Ins). Sol and Ins concentrationsg(uidry sediment) were then estimated by colorimegtienol
sulfuric dosage (Dubois et al., 1956). Sol weresaered as being an important labile source of ararfor
consumers living in the sediment such as bactedadaposit-feeding invertebrates (Bellinger et2009) while
the insoluble carbohydrates to soluble carbohydregttto (Ins/Sol) was used as a proxy for the Gitibrand as

a TOM degradation index (Delmas, 1983).

2.3. Data analysis
2.3.1. Biological and environmental engineering edtts

Since macrofauna was sampled using two differatirtigues (cores and quadrats), densities of species
were estimated using the catch-per-unit-effort (EPbhethodj.e. the ratio between the total catch and the total

amount of effort used to harvest the catch (Skadskil., 2005). At one sampling location, when aec#gs was
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only collected by core or quadrat, its density waimated using the corresponding sampling surfdoaiever,
when a species was sampled by both methods, cleduditundances were divided by the sum of eachgyear’
CPUE. This estimation method was used for 17 spégitate winter and 15 in late summer, taking tgount

all three sediment types. Species’ densities wal@iated using the formula:

(abundance 4 gt abundance )
(CPUE,, + CPUE,)

density 4 (ind. m?) =
q

where density, is species’ A abundance per nahundance,, is species’ A abundance using the quadrat,
abundancey. is species’ A abundance using the c@PUE, is the quadrat’s catch-per-unit-effort (1 m?) and
CPUE, is the core’s catch-per-unit-effort (0.0269 m?2).

To assess the effect @hbellaria alveolata on the associated macrofauna and validateaopiiori
grouping into engineered, associated and contrdinsmts, Principal Coordinates Analysis (PCO) were
performed for the late winter and late summer dats. Analyses were performed on a Bray-Curtislaiity
matrix calculated from log-transformed densitigee®. alveolata was removed from the matrix, in order to take
into account only the species associated withdb@iment type. Indeed, because of its high abumrdguecon
average, 63% of the total abundance), the singlsgmce ofs. alveolata would automatically cause a strong
grouping of engineered sediment samples. Speciesept in only one samplé.g in less than 2% of all
samples) were excluded from the initial matrix. Bentify species typifying each sediment, speciest t
correlated more than 60% with one of the first taxes {(.e. Spearman correlations) were plotted on each PCO.
In parallel, a one-way univariate permutational ARD (permanova) was performed on the same species
density matrices as for the PCOs, in order to etaluf there was a significant difference in thedps
composition of each sediment type.

Finally, the macrofauna diversity of each replica@ere and associated quadrat) sampled in lateewint
and late summer, was assessed using Hill's indid@s(number of species), N1 (exp (H') where H’ et
Shannon-Winner diversity (Igg and N2 (1/D where D is the Simpson’s dominanogek (Hill, 1973)) as
recommended by Gray (2000) and the total macrofdenaity. These indices inform how the total abumeeas
partitioned between the different species (Grap02@hittaker, 1972 for details). Densities caltethusing the
CPUE method and for 1 m?2 as previously detailedewsed to calculate N1 and N2. For each replidddeyas
calculated as the sum of the species richnessdedon the core and the species richness record¢dei
associated quadrat. For NO, N1 and R2alveolata was either kept or removed from the initial dataider to

investigate how this species influences the paniitig of the associated fauna abundance.
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To test for significant differences between thee¢hsediment types for the different grain size and
macrofauna descriptors and because none of theigtess fulfilled normality of distribution and homgeneity
of variance, permanovas were performed, with sedirhge considered as a fixed factor. We used Hiadli
distance as a distance measure and ran 9999 pé&onsttor each test. If the main test was significpairwise
tests were performed. Effect of the presence of éhgineered sediment on soft sediment environmental
parameters (TOM, CHd, Pheo and Ins/Sol) was investigated by compahirgd parameters between associated
and control sediments, also using permanovas. Ryiperforming permanovas, we tested for homoggradit
dispersions using the PERMDISP PRIMER routine (Asde et al., 2008). When raw data presented
significantly different dispersions between theethisediment types (p < 0.05), it was log transfarifie late
winter: principal mode, TOM, Ch&, Pheo, macrofauna density with and with&@utalveolata, NO with and
without S. alveolata and N2 withS. alveolata, in late summer: macrofauna density with and witl® alveolata,

NO with and withoutS. alveolata and N1 withoutS. alveolata). When log transformation did not lead to
homogenous dispersions (in late winter: % mud, #@sand Sol, in late summer: TOM, GhlSol, N1 and N2
calculated withS. alveolata), non-parametric statistical tests were perfornjduskal-Wallis test for the
granulometric and macrofauna parameters and Wilkedkann-Whitney for the other environmental
parameters).

In order to evaluate if the different environmentald macrofauna parameters were significantly
different between late winter and late summer fwhesediment type, one-factor permanovas were npeefd
with season considered as a fixed factor. We chiosgerform one-factor rather than two-factor uniate
analysis of variance (in this case with sedimepetgnd season as fixed factors), because we laekdidation
inside each season for our different sediment typeslerwood, 1997). As previously mentioned, perovas
(9999 permutations) were used rather than t-testause none of the investigated variables were albyrm
distributed. Homogeneity of dispersions was alstet (PERMDISP) and data was transformed when sages
(square-root transformation for TOM in the assaaasediments, log transformation for macrofaunasiten
with S. alveolata in the control sediments and for macrofauna dgnsithout S. alveolata in the engineered
sediments). The Permanovas, PERMDISP routines &@@sRvere performed using the PRIMER v6 software
with the PERMANOVA+ add-on (Anderson et al., 200Bpst-hoc Kruskal-Wallis tests were performed with
the ‘kruskalmc’ function from the ‘pgirmess’ paclka@Giraudoux, 2016) using R version 3.3.0 (R Cosart,

2016).

2.3.2. Linking environmental and biological enginegng effects
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The relationship betweetihe environmental characteristics and the macrafgquesent in the three
sediment types was investigated using distancedblisear models (DistLM). In line with Legendre and
Anderson (1999) and McArdle and Anderson (2001)stM models were coupled to a distance-based
redundancy analysis (dbRDA) to define the bestditinodel in a multi-dimensional space in a way Iginp a
constrained PCO. DistLM models were built using Bayesian Information Criterion (BIC) to identifyood”
models and the ‘best’ procedure to select the bl$aaccording to the BIC. Prior to the DistLM agitRDA
analysis, the environmental parameters were dispglaysing Draftsman plots and the ones presenting an
important skewness were transformed to approactmaldy (Anderson et al., 2008). If two predictorriadles
were strongly correlated (r2 > 0.80), one of themswemoved from the analysis in order to avoid imult
collinearity (Dormann et al., 2013). Except for grain-size data, environmental parameters usetiamcterize
an engineered sediment sample were the same ats foorresponding associated sediment sample. dter |
winter, the final predictor data set contained ¥hesand, Pheo (both square-root transformed), % mod), S.
alveolata biomass (all three fourth-root transformed), priratimode and Ins/Sol (both log transformed). Ft la
summer, the final predictor data set was the sasnforalate winter, except the % sand which was resdo
(absolute correlation with % mud > 0.8. alveolata biomass was used rather than abundance becasse thi
parameter provides more information about ecosys$teetioning (Cardinale et al., 2013. alveolata biomass
was considered as a predictor variable since isighily modifies its environment and it was consagly
removed from the macrofauna data set. The DistLMiet® and dbRDA analysis were performed using the

PRIMER v6 software with the PERMANOVA+ add-on (Amsien et al., 2008).

2.3.3. Disturbances and biological engineering effe

At its climax, aS. alveolata reef is formed by 100% honeycomb worm tubes, hgavirtually no space
for infaunal organisms. When natural or anthropageisturbancese(g. storms, trampling) physically damage
the reef, tubes are destroyed, freeing up spads.new available space can be filled either witheobrganisms
such as the oystévlagallana gigas (formerly known a<Crassostrea gigas) or by fine particles. Fine particles
accumulate from suspended sediments, or from tbesfand pseudofeces &f alveolata and other bivalves
(biodeposition) (Dubois et al., 2006b). In eitherse, this fine sediment can end up trapped indideSt
alveolata reefs. Consequently, the increased depositionuaf mside the engineered sediments is the result of
several different and often concomitant disturbanééne sediment deposition has previously beeogrézed
as a significant disturbance to stream macroinkeates (Mathers et al., 2017) and benthic hab{Badata et

al.,, 2007; Mateos-Molina et al., 2015; Miller et,&002). Similarly, we chose to consider mud contes a

10
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proxy for disturbance. This proxy was also chos&mtalise it is independent froSabellaria alveolata
population dynamics and physiological state. Finalising the mud content makes the two seasonslyead
comparable.

Beta diversity was calculated using pairwise mattigte distances since they are independent oflsamp
size and regional diversity (gamma diversity) allogvaccurate potential comparisons among regioesiiBtt
and Gilbert, 2016). We chose to use the preserseiak based indices presented by Baselga (2000jién to
partition total beta diversity, expressed by Sesandissimilarity fs.), into the turnoverfs,) and nestedness
(Bnes components. In this cagi, = Bsim + Bres UNnder conditions of equal species richn@s$ = Bsim andPes=
0, while under conditions of unequal species risBngs, and Bnes vary between 0 angbs,. Sgrensen
dissimilarity varies between 0 and 1, with O indiicg that two samples have identical species lied &
indicating no common species (Baselga, 2010).f5r O indicates complete nestedness, and a maxirha va
of 1 can be found if in one of the two considerachgles, there are no species recorded and in ke, dhe
number of species is maximal (Koleff et al., 200R).have a complementary vision of how disturbaaitected
the associated fauna abundance, the abundance-beséailarity (Bray-Curtis dissimilarity, g8) was also
partitioned into balanced changes in abundangg,l and abundance gradientssdg..), which are closely
related to turnover and nestedness componentsctesgy (Baselga, 2013). These indices were conpafeer
removingS. alveolata from the presence/absence and density matricesy. Whre calculated using the pairwise
measures in order to have the beta diversity amdiigsimilarities for each pair of samplég.(435 pairs). Then,
using Euclidian distance, all the mud content pmevdifferences were calculated. Finally, using diféerent
pairwise measures, we performed Mantel tests (p@@Mutations) for late winter and late summer datdest
the null hypothesis of no relationship betweenrthal content distance matrix and each beta divensétyix. A
p-value below 0.05 indicates a significant corielatbetween the two investigated distance matriodth, the
sign of the r-value indicating if the two matricage positively or negatively associated. The beterdity
indices were computed using the ‘beta.pair’ funttiand the Bray-Curtis dissimilarity indices usittge
‘bray.part’ function, both from the ‘betapart’ Rgkage (Baselga, 2013). The Mantel tests were gagdrusing
the ‘mantel.rtest’ function from the ‘ade4’ R pagkaDray and Dufour, 2007).

To test the link between the macrofaunal assemblégsed on their respective beta diversity and
dissimilarity indices and the disturbance paraméiter mud content), non-metric multidimensional scaling
ordinations (NMDS) were successively performedeach index fson Psim Pres Osc, Gec-bal aNd Ge.gd and at

each sampling period (late winter and late sumrasing the ‘metaMDS’ function of the ‘MASS’ R paclag
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(Venables and Ripley, 2002). Then, the ‘envfit’ tian (‘'vegan’ R package) was used to test if thal rmontent
was significantly correlated with each ordinati@kéanen et al., 2016). When a correlation was fsigint, the
mud contents were fitted and plotted on the givieiD8 using the ‘ordisurf’ function of the ‘vegan’ package

(Oksanen et al., 2016). All these analyses werpeed using R version 3.3.0 (R Core Team, 2016).

3. Results
3.1. Environmental engineering effect

Mean values of grain-size distribution parameteemsnired within each sediment type are reported in
Table la. Analyses revealed significant differenbesveen the sediment types for all tested metrickate
winter (p < 0.001) and for all but one in late suemnimud content). At both periods, there was anstro
engineering effect on the principal mode markedabgignificantly coarser sediment in the engineeard
associated sediments than in the control sedim@rable 1a). In late winter, the sorting indey \Bas
significantly lower in the engineered and assodiasediments than in the control and mud content was
significantly lower in the associated sedimentsthmthe other two sediment types. Finally, thedsaantent
was significantly higher in the engineered sedimesiative to the other sediment types. In late semm
associated sediments had a higher sorting indexttieaengineered sediments and one comparable tottirol
sediments. Although associated sediments were chlacacterized by a higher mud content in late summe
compared to late winter (permanova: p = 0.0051)sigmificant difference was observed between thieeth
sediment types. For all grain-size parametersgtimtrol sediments showed no significant changesdsst late
winter and late summer (permanova: p(principal mede.23 , p($ = 0.60, p(mud) = 0.37 and p(sand) = 0.42).
The pattern was similar for the engineered sedism@mrmanova: p(principal mode) = 0.059 , p(S 0.78,
p(mud) = 0.78 and p(sand) = 0.39). The associadgihnents showed significant changes in their gsae-
distribution between late winter and late summeidate winter, they were much more homogenous thdate
summer (Table 1) and they became significantly mardoetween the two sampling campaigns (permarnowva:
0.0051) leading to a significant decrease in tlecjpal mode (permanova = 0.025).

The comparison of sedimentary parameters revealestrong engineering effect at both periods
regarding TOM, Chh and Sol (Table 1b, p < 0.005). In both seasondViT€as consistently twice as high in the
engineered environment than in the control zonga@ic matter content also showed a significant ebese
between late winter and late summer in the reeéZpermanova: p = 0.029) and no significant temipdrange

in the control sediments (permanova: p = 0.29).il&iy, Chl a concentration was ten times higher in the soft

12



360 sediments adjacent to the engineered structuresithdoe control and did not display any significémporal
361 changes in either the control (permanova: p = 0&9%he associated sediments (permanova: p = 0SH).
362 concentration was also consistently four times @igh the reef environment than in the control digplayed a
363 temporal stability similar to the Chl(permanova: p(control) = 0.87 and p(associate@)82). In late winter, the
364 Pheo concentration was significantly higher in¢batrol than in the associated sediments whilai@a summer,
365 there was no significant difference. In both seditgpes, Pheo concentrations did not show sigamitichanges
366 between the two sampling campaigns (permanovang@® = 0.10 and p(associated) = 0.11). Finalhs/$ol
367  was not significantly different between associatad control sediments in late winter and late sumared was
368  significantly higher in late winter compared tod@ummer for the control sediments (permanova:0p0601).
369  This temporal pattern was not detected in the @ssatsediments (permanova: p = 0.28) probably usscaf

370 the important variability in late winter (Table 1).

371 3.2. Biological engineering effect

372 In late winter, 9244 organisms belonging to 12X¥edént taxa were sampled in the cores and 8478
373 organisms belonging to 26 different taxa were sachplith the quadrats (see the Appendix for a corapist of

374  species). Comparatively, in late summer more osgasiand taxa were sampled with the cores (23463
375 organisms/125 taxa) while fewer organisms and rtexxa were sampled with the quadrats (4677 orgarBns
376  taxa). For all sediment types, total species riserveas consistently higher in late summer thaat Winter but
377  this difference was significant only for the comtemd engineered sediments (permanova: p(contrd@)039,
378 p(associated) = 0.071 and p(engineered) = 0.0001).

379 PCOs and one-way permanovas performed on densttycemindicated that the three sediment types
380 significantly differed (p < 0.05) in their asso@dtfauna at both sampling periods, confirming aysriori

381 sediment type grouping (Fig. 2 and Fig. 3). PCG dxexplained in late winter and late summer, retbpsy

382 26.1 and 30.3% of the total variation present i@ tesemblance matrix and clearly separated theneaggid
383 samples from the control samples. PCO axis 2 exgdhin late winter and late summer, respectively Bhd
384 14.8% of the total variation and discriminated émgineered and control samples from the assocsategbles.
385 In both seasons, engineered samples were highdyeced compared to the more scattered associatiechatrol

386  sediments samples. In late winter, the control asgbciated sediments were well separated while thas a
387 small overlap between the associated and engineedichents (Fig. 2). In late summer, there was\aamlap

388 between the associated and control sediments Bigrhis overlap was mostly due to bivalves llkenecola

389 balthica or Cerastoderma edule and to the polychaetBlephtys hombergii (Fig. 3 and Appendix). Finally,
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engineered sediments were characterized by a nmeclteg number of species correlated at more th& \6ith
each PCO axis (11 in late winter and 17 in late reem) than the associated (3 in late winter and late
summer) and the control sediments (3 in late wiatet 6 in late summer).

Mean macrofauna diversity indices and densitiesewsaiculated within each sediment type and for
each sampling campaign (Table 2a and b). At theveed type scale, one-way permanovas showed ignifi
differences between engineered sediments on thbametand associated and control sediments orthiee, dor
all the diversity measurements and densities at petiods. There were two exceptions regarding hd 42
calculated in late summer witB alveolata taken into account. In these cases, there weresigmficant
differences between the three sediment types. Whaalveolata was taken into account, total macrofauna
density was 20 times higher in the engineered semlisnat both periods. This difference was mainthiexen
after S alveolata was removed from the data set but it was reduocednt average 5-fold difference. The
engineered sediment was also home to significantlse species (mean species richness NO) than sbeiated
and control sediments and this, whatever the situat

Regarding macrofauna density, N1 and N2, assatiated control sediments presented similar
temporal patterns when comparing late winter aite $ammer. Their respective macrofauna densityeasad
significantly between the two campaigns (permanggeontrol) = 0.023 and p(associated) = 0.018) evhilL
and N2 showed non-significant differences (permanop(control-N1) = 0.15, p(control-N2) = 0.25,
p(associated-N1) = 0.83 and p(associated-N2) =)0B&ween late winter and late summer, the engatke
sediments presented a significant increase in ¢t@ macrofauna density (permanova: p(density vith
alveolata) = 0.0001) only driven by a significant increasethe associated fauna density (permanova: p(gensit
without S. alveolata) = 0.0001 and | alveolata density) = 0.54). They also showed a significaotéase in the
case of N1 and N2 calculated wigh alveolata (permanova: p(N1) = 0.0007 and p(N2) = 0.0001¢hange

which was not significant once the engineer spas&sremoved (permanova: p(N1) = 0.089 and p(N2)/3).

3.3. Linking environmental and biological engineenmg effects

DistLM and dbRDA analysis were performed in latetsi (Fig. 4a) and late summer (Fig. 4b) wih
alveolata biomass considered as an environmental parametdroth seasonsS. alveolata biomass was the
parameter which best explained the relationshipvbeh environmental parameters and macrofauna akxgasb
(18.0% in late winter and 24.8% in late summer)ate winter, the most parsimonious model, exptajr83.6%
of the total variation in species assemblages, dedimed by (1)Sabellaria biomass (square-root transformed,

18.0%), (2) principal mode (log transformed, 13.2%)d (3) total organic matter content (fourth-root
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transformed, 10.7%, Fig. 4). The first two axeslaxgd 91.6% of the fitted variation and 30.7% lué total
variation. Species assemblage were structured @diogoto two gradients. The first was driven 8yalveolata,
and separated engineered sediments from the tver tgbes. The second was driven by the sedimentipal
mode and the total organic matter content and aggrhthe associated from the control sediments @&} In
late summer, the most parsimonious model expladitied% of the total variation in species assemblagesas
defined by the same first two variables as for laieter: Sabellaria biomass (square-root transformed, 24.8%)
and principal mode (log transformed, 16.9%). Thedteelected variable differed from late wintercgnt was
the mud content (fourth-root transformed) and ftlaied only a very small part of the total vanati0.079%).
The first two axes explained 87.5% of the fittediation and 35.6% of the total variation. Againesi@s
assemblages were structured according to two gredimit they did not separate the different sedirhgres as
clearly as in late winterS. alveolata still defined the first gradient and clearly segiad the engineered
sediments from the two soft sediments. The opmoslietween the principal mode and the mud contefimebl
the second gradient. Along this gradient, the wii$ibn associated/control sediments was not wefined.
Indeed, there were three associated sediment samipdgacterized by high mud contents and isolated the

rest of the associated sediment samples (Fig. 4b).

3.4. Disturbances and biological engineering effect

Consistent mean values in late winter (10%) arel $atmmer (9.59%), confirm the choice of the mud
content as a suitable ‘disturbance parameter’ @ah). Indeed, these values did not significanglgy\between
the two contrasted seasons we sampled (permancv&.78). In contrast, the me&nalveolata density almost
doubled between late winter (7682 + 3312 in@.mnd late summer (12844 + 14262 ind®)with a very high
summer variability, leading to no significant changermanova: p = 0.54). Oppositely, the m8aalveolata
biomass by surface unit significantly decreasedvben late winter (646 + 317 g.39nand late summer (318 +
211 g. n®) (permanova: p = 0.0001).

Mantel tests performed between the mud contentumlist matrix and the different beta diversity
matrices showed a clear temporal difference betisgerwinter and late summer. The tests were mgiifitant
when performed using the late winter data sets @5, Table 3), while they revealed a significandl positive
correlation between the mud content distance matrdfs,, (p < 0.001, r = 0.248im (p = 0.0066, r = 0.15),:d
(p <0.001, r =0.38) ands@ga(p < 0.001, r = 0.29) (Table 3) using the late swndata sets. These results
indicate that in late winter, an increase in mudtent, used as a proxy for disturbance, does rat fe beta

diversity changes but in late summer, it leadsljcaf increase in beta diversity driven by a spgerplacement
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and (2) an increase in abundance based dissimildriven by an abundance gradient. Ordination ptits
similarities (nMDS) of macrofaunal assemblages ta®@Bso, Bsim Pres Tscy Gec-bal AN Gegra indices were
performed in late winter and late summer (Fig. 8 & In late winter, the correlation between thednsontent
and the different nMDS plots was significant fgg(p = 0.008) Bes (0 = 0.023), gc (p = 0.019) and gt.ga(p =
0.027). The mud content explained 30.67% of thénattbn based ofis,;and 24.54% of the ordination based on
Bres Similarly, 26.93% and 24.51% of the ordinatiorsdxh on gc and Gc.qarespectively where explained by
the mud content. In late summer, the correlatiorween the mud content and the different nMDS plods
significant and much higher for all the indic@s;,(p = 0.001) B,es(p = 0.036) Bsim (p = 0.001), g (p = 0.001),
Jsc.gra(p = 0.002) and gt.,a (P = 0.006). Indeed, the mud content explained 60&6 of the ordination based on
Bsor (r? = 53.07%) andgd (r2 = 52.76%), around 40% of the ordination base@, (12 = 39.23%) and gé.qra(r?

= 41.33%), and between 20 and 30%BQf (r2 = 21.25%) and g& ., (12 = 29.56%). When the correlation was
significant, the fitted mud contents were plottedtloe corresponding nMDS plots (Fig. 5 and 6). Gheelation
between the disturbance proxy and the different @Milbts showed a pattern similar to the one redelajethe
late summer Mantel test, with beta diversity changinly driven by a species turnover and an amswa

gradient.

4. Discussion
4.1. Engineered structures cause grain-size distrnilhion changes

Environmental engineering effects are composedwaf types of changes, structural and abiotic
changes, structural changes being caused by eeosystgineers and inducing abiotic changes (Jones,et
2010).S alveolata is capable of biologically modifying soft sedimefity selectively gluing together bioclastic
sand particles, in order to build its tube (Fourgeal., 2010). This leads to the transformatibaroinitial soft
sediment into a three-dimensional hard substratutih & long lasting resistance to physical loading the
secreted organic cement (Le Cam et al., 208d)ellaria alveolata can therefore be considered as a “structural
engineer” according to Berke (2010). Structuralnges caused by physical ecosystem engineers liasalt
variation in the distribution of fluid and solid tesial termed abiotic changes (Jones et al., 20hGhe case of
S alveolata, a direct abiotic engineering effect observabteulgh the engineered sediments and an indirect one,
observable through the associated sediments, veteetdd. Engineered and associated sediments frdsah
both sampling periods, a coarser texture than tharal sediments, confirming the impact Sabellagd

polychaetes have on the local sediment’s texturseltlgcting sand particles of a specific size tddthieir tubes
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(Phragmatopoma caudata (= P. lapidosa) (Gram, 1968; Kirtley and Tanner, 1968; Main andldén, 1988),
Sabellaria vulgaris (Wells, 1970),Sabellaria nanella (Bremec et al., 2013)). Ultimately, these biocansing
Sabellariidae species create reefs characterized lgrain-size distribution different from the locabft
sediments. The case of the associated sedimes¢sithie question of the definition of a reef habitaEurope,
“reefs” are recognized as a marine habitat to l#epted and are listed under Annex | of the EC tddbi
Directive (Council Directive EEC/92/43 on the Conggion of Natural Habitats and of Wild Fauna arndr&)
under the designation of Special Areas of ConsemwdSACs). They are defined as “submarine or exgcst
low tide, rocky substrates and biogenic concretiomsthe light of our findings, we can very welbrsider the
engineered and the associated sediments as the ssattiment but under two different forms, a consdéd
(engineered sediments) and an unconsolidated fagso€iated sediments). Hence, we propose to wiaen t
definition of a “reef” to include the non-enginegrgediments under its direct influence.

The main difference between the engineered anctiassd sediments concerns their mud content. At
both seasons, the engineered sediments have amehcontent around 10 %, as previously observeteby
Cam et al. (2011)sabellaria wilsoni veneers have also been reported to present cemissslt and clay contents
across two contrasting seasons (rainy and dry eeagp Ataide et al., 2014) indicating that Sabdtiae
polychaetes build new habitats presenting stabinsntary conditions. The mud present in the eregiee
sediments is located in small cracks and crevicetepted from the main hydrodynamic processes Winter
storms, tidal currents and swell). Conversely, #Hssociated sediments are characterized by a stadp a
significant increase in mud content between wif2e¥) and summer (21 %). As shown by Caline e{1#88)
for the Sainte-Anne reef (MSMB), localized mud dsifions are linked to hydrodynamic and associatgtidy
sedimentary processes induced by the presence okt itself and of the mussel farms (bouchotdyant of
the reef (McKindsey et al., 2011). These mud dejoos are observed behind reef structures impogaatigh
to act as physical barriers (Caline et al., 198&)ere they are generally superficial and consedyieatsily

eroded by strong wave action, limiting their preseim winter.

4.2. Engineered structures enhance benthic primargroduction and potentially microbial activity

As reported by Jones et al. (2010), abiotic charigdsiced by physical engineering activity can
themselves cause biotic chang€air results clearly show that at both seasons,cadsd sediments have a
higher organic matter content compared with thetrobrsediments. At both seasons, high levels ofpig
matter were associated with high chloroplaytoncentrations, indicating that part of the organatter present

in the associated sediments is the consequencePi Nevelopment. The high benthic primary production
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510 promoted by the Sainte-Anne reef, compared to argdiy lower benthic production in the MSMB as maasl

511 by Davoult et al. (2008) and Migné et al. (2009nfirms its important biotic engineering effectrar results
512  were found for the invading intertidal reef-formimmplychaeteFicopomatus enigmaticus (Bruschetti et al.,
513 2011), for shallow oyster reef€rassostrea virgina, Newell et al., 2002) and for intertidal musseli®€Engel et
514  al., 2017). According to Berke (2010), “structuealgineers operate through similar processes angl $ienilar
515 types of effects”. Consequently, the creation aftbie primary production hotspots by reef-buildisiguctural
516 engineers could be a general property of thesenmapecies. Nonetheless, this phenomenon was eldsatv
517  the scale of the largest and probably ol&stveolata reef in Europe (Audouin and Milne-Edwards, 1832} a
518 the study by Engel et al. (2017) highlighted thepamance of the size and age of the bioconstrucition
519 promoting local benthic microalgae. Hence, furtstedies are needed to confirm the general rofe affveolata

520 reefs as “biological power stations” (Engel et 2017).

521 Furthermore, the high chlorophydl concentrations measured in late winter and latenser indicate
522 thatS. alveolata reefs promote an important benthic primary proidumcall year round, that could be a relevant
523 food source for deposit- (Kanaya et al., 2008) awdpension-feeders (Lefebvre et al., 2009) through
524 resuspension processes (Hylleberg, 1975; Ubeitial.22015). In the associated sediments, MPBnofi®ws
525 on small accumulations of pure mud and is consetueasily eroded and available to consumers. $xectthic
526 primary production may have a trophic importancerduthe winter months (Lefebvre et al., 2009), wiie
527 phytoplankton production is typically low (Arbacteloup et al., 2008; Cugier et al., 2010). Filteedimg
528 mollusks are known to stimulate MPB growth (Engebk, 2017; Newell et al., 2002) via inorganic nemt

529 release i(e. carbon, nitrogen and phosphorus (van Broekhoveal.e2014)) and bacterial remineralization of
530 their biodeposits (van Broekhoven et al., 2015)mil&@rly, S alveolata produces large amounts of feces and
531 pseudofeces visible on the sediment (Dubois e2805), that could favor MPB growth. Primary protioic

532 could also be enhanced by the presence of othpess®n-feeders living in the engineered sedimesutsh as
533 Magallana gigas, which can reach densities of 100 ind.ms measured in the disturbed engineered sediments
534 using the quadrats. As already observeHigopomatus enigmaticus reefs (Bruschetti et al., 20113, alveolata

535 reefs probably increase the bentho-pelagic coupliyg linking pelagic organic matter to the benthic
536 compartment via their suspension-feeding activitg biodeposition.

537 In late winter and late summer, associated sedsnbat consistently higher soluble carbohydrate
538 concentrations than the control sediments. Carbweltys are the components of the mucus coating the

539 pseudofeces produced Byalveolata and other suspension-feeders (van Broekhoven,t(l5). Hence, when
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these pseudofeces are deposited on the assocededests, it could increase their concentratiorsatuble
carbohydrates. Soluble carbohydrates also compesextracellular polymeric substances produceddmgtic
diatoms (Bellinger et al., 2009) and are an impurtaource of organic carbon, rapidly consumed by
heterotrophic microorganisms present in the sedim@maskar and Bhosle, 2005; Goto et al., 2001).
ConsequentlyS alveolata presence could support all year round an imporaacterial activity through the
soluble carbohydrates excreted by the diatoms aesept in the mucus coating the biodeposits. Ttgarac
carbon can either be used by the bacteria for ty@wth (bacterial biomass production) or be remadlieed
(bacterial respiration) as showed by Hubas e28l0§). In the first case, the bacteria can be acsonf food for
infaunal organisms such as nematodes and beconmepantant trophic link in structuring energy fluxasthe
community (Pascal et al., 2009, 2008). In the séaase, the bacteria release inorganic nutriemts as carbon
(Jiao et al., 2010), which can then be used bygahdbtrophs present in the sediment.(diatoms) or in the
water columné€.g. phytoplankton) further maintaining the local prisp@roduction.

Furthermore, according to Delmas (1983), an indelsbluble carbohydrate ratio (Ins/Sol) ranging
between 6 and 8 indicates a low degradation rateeobrganic matter, while a ratio varying betwé&énand 30
reflects a high degradation rate. Delmas (1983) sggests using the Ins/Sol ratio as a proxyHferG/N ratio.
Mean Ins/Sol ratios were not significantly differdretween the associated and control sediments waililes
around 8.6 in late winter, and 6.0 in late sumnreticating thatS. alveolata does not affect the organic matter
degradation rate in soft sediments; it is constitesf good quality and weakly degraded. Nonethglés late
summer, the organic matter present in the contndl @ssociated sediments appears less degraded ared m
easily incorporable in the food web than in lateted, probably in response to a higher biologicdivity of

photoautotrophs and bacterial communities (Hubas. €2006).

4.3. Engineered structures create an original macfauna assemblage linked to the sedimentary changes

In addition to promoting the local benthic prodootiS. alveolata strongly modifies the macrofauna
assemblages present in the engineered and assos@dénents compared to the control sediments laisd t
difference is present at both sampling seasonssé&pently,S alveolata engineers two original species
assemblages, one associated with the actual biwaotisns and the other associated with the sedsnen
surrounding these structures. In late winter atg $ammer, the environmental parameter primarispoesible
for macrofauna differences between the three seditygpes is the ecosystem engineer via its bionfisglies
on other ecosystem engineers have demonstratexlilarsstructuring effect of the engineer on the roéauna,

for examplevia Haploops nirae density in subtidal mats (Rigolet et al., 2014)l &anice conchilega density in
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intertidal beds (De Smet et al., 2014). The benthécrofauna is secondarily structured by the ppiaicmode
and the organic matter content of the sediments, éwvironmental parameters reported to structufe so
sediment macrofauna communities in a large diversitsites such as the intertidal flats of the $abestuary
(Ysebaert and Herman, 2002) and over multiple apatiales in Portuguese transitional water sysi@fega et
al., 2016). In our case, these two parametersrdiigenced byS alveolata, indicating the importance of this
engineer species in structuring the local benthacnofauna.

Structural diversity analyses indicate that assages present in the associated and control sediment
are similarly structured in late winter and latemsoer. Dominant species are mainly polychaeteg. (
Goniadella bobrezkii) and mollusks specie®.§. Crepidula fornicata) in the associated sediments and the
mollusks Limecola balthica and Cerastoderma edule in the control sediments, with a consortium ofsles
abundant species. Furthermore, the benthic fawrsept in the associated sediments appears as @netiom of
species living in the two other sediment types,oled by polychaete species such@sgcera tridactyla,
Protodorvillea kefersteini and Saccocirrus papillocercus. These three polychaete species are either caenivo
scavengers or surface deposit-feeders, with imponm@ovement capacities, key biological traits imaoic
matter rich and variable environments (Rigolet let 2014) like the associated sediments. The oppiteay
observed between the control and associated settineemmuch more pronounced in late summer, after th
recruitment period (Thorin et al., 2001) and issslby a few specieg.§. Cerastoderma edule, Limecola
balthica or Nephtys hombergii). Cerastoderma edule recruitment and settlement of macrozoobenthosatais
known to be enhanced coastward of mussel bedsalaedecrease in hydrodynamic forces caused by these
bioengineered habitats (Commito et al., 2005; Doradil., 2014, 2013). Similariy§. alveolata reefs act as
natural breakwaters limiting hydrodynamic energyhich could lead to an enhanced recruitment of
macrobenthic species likeerastoderma edule andLimecola balthica. This phenomenon is a lot less visible in
winter maybe indicating that these species do antie the variable environmental conditions chéggzing
the associated sediments or the winter temperatlnésed, locals repeatedly come to the Sainte-Arpéto
dig up bivalves like cocklesCerastoderma edule) and Japanese carpet shelRuditapes philippinarum)
enhancing small-scale spatial heterogeneity aneénpiatly leading to changes in the macrofauna @& th
associated sediments (Watson et al., 2017). We ralsorded inside the associated sediments soméespec
generally present in the engineered sediments, Rikeultrifera or G. vulgaris. This can be caused by the

presence of broken reef parts in the associateidneeats, because of the variable sedimentary predese of
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599  some species e@. G. vulgaris) or because of the use of the associated sedirhgns®me species to move
600 between reef patchesd. Perinereis cultrifera).

601 Species richness and associated macrofauna devesiey always highest in the engineered sediments
602 than in the two soft sediments, stressth@lveolata’s role in enhancing local biodiversity and aburcarOur
603 results confirm previous studies & alveolata reefs (Dias and Paula, 2001; Dubois et al., 2004t &t al.,

604 1998)and agree with a large body of literature reporfgitive effects of tubiculous polychaete spe¢2s

605 Smet et al., 2015), reef-building polychaetes (Mai@wand Griffiths, 2014) and bivalves (Gutiérreakt 2003;
606 Lejart and Hily, 2011; Norling and Kautsky, 2007) species richness and associated fauna abundances.
607 Intertidal engineers like&S. alveolata create new complex habitats that reduce pressurels as thermal and
608 hydric stress and increase the number of primapgywrers ite. MPB and ulva), potentially extending trophic
609 niches and overall leading to a biodiversity inseeBouma et al., 2009; Jones et al., 1997; Staickp2001).
610 New environmental conditions created 8yalveolata also lead to the paradox mentioned by BertnesH. et
611 (1999), and facilitate the colonization of intedidones by subtidal species, like the polych&pteobranchus

612 lamarcki or the gastropo&repidula fornicata.

613 Structural diversity indices calculated for the ieegred sediments (consideriBgalveolata) and the
614 beta diversity analysis both reveal a change betWete winter and late summer in how the macrofaisna
615 structured. In late winter, N1 and N2 are both igantly lower than in the two other sediment tgpghile in

616 late summer, macrofauna density in the engineezdanents is distributed similarly than in the asst@d and
617 control sediments. Consequently, during wirealveolata dominates more strongly the engineered sediments
618 than the dominant species present in the asso@aitdontrol sediments, a result similar to tagploops nirae

619 habitats in summer (Rigolet et al., 2014). Difféhgnin late summes. alveolata does not affect the community
620  structure in a different way than other abundaricss do in the associate@répidula fornicata, Cirriformia

621 tentaculata, Mediomastus fragilis, Goniadella bobrezkii) and control sediment&érastoderma edule, Limecola

622 balthica, Lanice conchilega, Malmegrenia arenicolae and Nepthys spp.). Regarding beta diversity, it
623 significantly increases along the disturbance gnaidin late summer but not in late winter. Thesseobed
624  contrasts between the two seasons can have twes;apsobably acting in synergy: a lo® alveolata

625 recruitment and an important recruitment of assediapecies. This last argument was also suggbygtbthteo-

626 Ramirez et al. (2015) to explain the increase icaged abundance associated wRbsidonia oceanica

627 meadows, between winter-spring and summer-autumthd MSMB, the recruitment successSotlveolata is

628 known to be strongly year-to-year variable depegdim the synchrony between favorable environmental
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conditions (tidal and meteorological conditionsgdamain reproductive periods (Ayata et al., 2009 2015
seemed to be a year characterized by low settleratad (pers. obs.). A we&kalveolata recruitment leads to a
decrease in spatial competition between the engiaed other macrofauna species favoring recruitnoént
associated species. Indeed, between winter and suymmany other benthic species recruit in the MSMB
(Thorin et al., 2001) and biogenic habitats lidgtilus edulis and Crepidula spp. beds, are known to favor
recruitment of pelagic larvae (Berke, 2010) by etifegy boundary-layer flow (Eckman, 1983). Consediyeia
low S. alveolata recruitment associated with the upraised positibthe reef in a soft bottom environment and
the absence of neighboring hard substratum, onepérn being the off-bottom mussel farms, lead o a
important recruitment of benthic larvae to the 8aifinne reef. The hard nature of the engineerengeds can
also act as either a support for egg capswdes Kucella lapillus) or an attractant for pelagic larvae of rocky
shore species lik&ibbula umbilicalis or Eulalia viridis (Kingsford et al., 2002). Whe& alveolata is excluded,
N1 and N2 values are systematically higher in thgireered sediments, a pattern unaffected by season
Sabellaria alveolata associated macrofauna shows a structuration singilaanice conchilega intertidal beds
(De Smet et al., 2015) when compared to non-engidesediments. De Smet et al. (2015) also recatuethck

of a temporal effect on N1 and N2. Consequentlgpde its strong dominanc8, alveolata creates a species-

rich habitat where individuals are overall equijadbistributed between taxa.

4.4. Engineered sediment disturbance and mechanistigked to beta diversity changes

S alveolata reefs are subject to various disturbances causimgnges in species richness and
composition (Dubois et al., 2006b, 2002; Plicantale, 2016) but not in diversity indices (Duboisa¢, 2002).
According to Clarke and Gorley (2006), diversitydices are unable to detect subtle changes in cample
communities likeS. alveolata reefs. Hence, using beta diversity and abundaaseeb dissimilarity along a
continuum can help us detect these changes amer hetderstand how disturbances affect the macnafau
associated with the reef. The Mantel tests indidhtg in summer the beta diversity increases althey
disturbance gradient, driven by a species turn@ret an increase in species abundances. Differetigy,
multidimensional ordinations based on SgrenserBaag-Curtis dissimilarities, are at both seasogsificantly
correlated with the mud content. Consequently, aglears as a driver of beta diversity changesealt yound
but its importance increases between late wintdrae summer.

All year round, mud can act directly as an envirental filter for some benthic species present msid
the reef and lead to a beta diversity increasedBas 2010). Indeed, mud could play the same enwriemtal

filter role in the engineered sediments as it dioesoft sediments (Anderson, 2008; Ysebaert andndar
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2002). Disturbances to the reef also increase titactsiral complexity and frees space creating new
microhabitats. The increase in the engineered sagtimcomplexity and heterogeneity, linked to oistutbance
proxy, lead to an increase in species richnesshatal diversity (Ellingsen and Gray, 2002) by medras like
the provision of refuges from predation and physitaessors (Margiotta et al., 2016). Finally, dibed
engineered sediments are more fragmented thanuhdisturbed counterparts. The important spatiatinaity
characterizing platform reefs (Dubois et al., 20820l engineered sediments in “good ecological stgfesroy

et al.,, 2011) lead to an increase in the dispgusééntial of mobile predators like decapoésy.(Carcinus
maenas), gastropodse(g. Ocenebra erinaceus) and errant polychaetes.d. Eulalia viridis). In an experimental
microbial landscape, dispersal had a negative teffadocal community, metacommunity and landscage b
diversity (Sgrensen dissimilarity) mainly becaud$epredation by generalist predators (Cadotte ankiaffi,
2005). Consequently, all year round, negative bidtiteractions are probably acting in synergy with
environmental sorting and habitat complexity topshthe observed beta diversity changes.

Between late winter and late summer, many benthéciss recruit. The recruitment of benthic species
to soft bottom sediments is known to be under tifeiénce of biotic factors like organic content dodd
supply (Snelgrove and Butman, 1994). In spring-semithe mud present in the disturbed engineereidnseds
is probably richer in organic matter, presentindedter quality compared to winter, as suggestedthay
associated sediment results. Multiple facts gdis direction. First, part of the spring phytoplsork bloom is
known to sediment, potentially enriching the mudragsh organic matter (Cugier et al., 2010). Secaluing
spring and summer green algae develop on the adidis et al., 2006b) enriching the mud in frestrities.
Finally, in spring and summes. alveolata and other suspension-feedela@allana gigas and Mytilus cf.
galloprovincialis) increase their metabolic rates (Gillooly et 20p1) and consequently produce more feces and
pseudofeces, which could further enrich the mudriganic matter. In the end, changes in abioticofact
(topographic complexity, spatial competition anégance of microdepositional environments (smallegap
the reef filled with fine sediments, Snelgrove kf 8993)) associated with changes in trophic fec{trophic
competition, trophic cues (green algae and MPBgmesn and around the tubes — pers. obs.)) prolzaiblin
synergy and cause the recruitment of a richer afidrent assemblage of species in the disturbefl pegs
compared to the undisturbed ones. Indeed, ourtseskibw an increase settlement of opportunisticcambsit-
feeding species, lik€apitella capitata, Cirriformia tentaculata, Parathelepus collaris and Tharyx killariensis,
and of species presenting a high affinity for mGdrpphium volutator) in the more disturbed reefs. In the same

time, the release in spatial and trophic competifioked to a decrease in the engineer densitypriathe
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settlement of suspension-feeding speciesMegallana gigas andPorcellana platycheles. In late summer, some
of these species are present in very high densikes. platycheles (up to 9000 ind.f), Achelia spp. (up to
7000 ind.rif) or Corophium volutator (up to 5000 ind.f), while the others are less abundant. In the érel,
interplay between recruitment and the engineerdarents dynamics seem responsible for the obsepedies
turnover and abundance increase along the distcebgnmadient. In addition, other factors linked ioircreasing
disturbance, like a higher oyster covitafallana gigas) probably also structure the associated faundasrs
by Dubois et al. (2006). Indeed, oyster shells e\a suitable substratum for many sessile spexsidsare
known to enhance species richness and abundaneet(@ed Hily, 2011).

Finally, the late winter and late summer multidirs@nal ordinations also show that at both seasons,
mud rates above 10-12% induce a homogenizatioheo$§pecies composition, congruently with resultBalhta
et al. (2007). They reported that in subtidal rockgfs structured by the coralline aldaéhophyllum spp., the
sedimentation “reduced the dissimilarity betweegeawblages overriding the influence of inclinatiohttoe
substratum on beta diversity”. The packing of saspirdinated bygd is also greater for mud contents above
12% indicating that high mud contents not only atnéne the species composition but also their altsol

abundances.

Conclusion

Our results illustrate the need to protect a systerits integrity and not just parts of it. In ooase,
future conservation plans should consi@erlveolata reefs and associated sediments as an ecologitibf. en
These habitats are in theory targeted by the Earppmion’s Habitats Directive 92/43/EEC (habitgieyl170
‘Reef’) but in practice, very few reefs are protgttin the Sainte-Anne reef, a local legislationhibits the
harvesting of bivalves in the associated soft sedis €.g. Ruditapes philippinarum) but not on the engineered
sediments€.g. Magallana gigas) increasing anthropogenic disturbances to the taahis context, prohibiting
such practices until interactions betwe8nalveolata and M. gigas, particularly regarding benthic primary
production and trophic competition, are clearlycadated, should be considered.

Furthermore, the biogenic habitat createdSbwlveolata is home to an original species assemblage
presenting a high richness and density all yeandpa case similar to many other structural engségerke,
2010; Jones et al., 1994). These habitats are dubj@mumerous environmental and anthropogeniaidiances
leading to changes in their physical structuratio complexity. In the MSMB, these changes are ciestsul

with the establishment of mud inside the engineerediments, the increase in microhabitat avaikgbdind
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more diversified food sources. All year round, thdgferences act as environmental filters for gestuits and
juveniles. During the summer recruitment periogsth differences act as cues for settling larvalingato an
enhanced recruitment inside the more disturbed réethe end, during the spring-summer periodnareasing
disturbance leads to an increase in species rishaeshange in the species present in the engthsediments
(turnover) and to higher abundances (abundanceegriddThis species turnover pleads for a recogmitf the
ecological value the “degrade&’alveolata reefs have, as biodiversity and recruitment premsot
Finally, our results are in contradiction with aidy reporting that increasing disturbances to musse

beds increased patchiness and in the end redueeativirsity of the associated macrofauna (Diad.e2@15),
highlighting the variable response fauna associabedtructural engineers can have to disturbantesse
different results also stress the importance ofiapand temporal scale on evaluating the impastudbances

have on biodiversity, as reported by Lepori andrdijé2006) for aquatic systems.
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Figure captions

Fig. 1. Schematic overview presenting the habitat modificest caused by (1) the establishment of an ecasyste
engineer and (2) disturbances of the engineeradchsatl Recruitment o6. alveolata leads to the formation of a
biologically modified sediment (engineered sedimeahd to a soft sediment under the influence of the
engineered sediment (associated sediment). Engsheediment then face direetq, trampling, storms) and/or

indirect disturbances(@. shellfish farming) which can lead to a graduatrtion.

Fig. 2. PCO analysis of macrobenthos associated with thee thediment types in late winter. The analysis is
based on Bray-Curtis similarities of log transfochtiensity data. The black diamonds, the grey sguand the
light grey circles represent the engineered, the@ated and the control sediment samples respdctivectors
represent species correlating more than 60% withadrthe first two PCO axes. The correlations ased on
Spearman coefficients. ASIMAchelia simplex, CEDU: Cerastoderma edule, CFOR: Crepidula fornicata,
CMAE: Carcinus maenas, CVOL: Corophium volutator, GBOB: Goniadella bobrezkii, GUMB: Gibbula
umbilicalis, GVUL: Golfingia wvulgaris, LBAL: Limecola balthica, LLEV: Lekanesphaera levii, LRUG:

Lekanesphaera rugicauda, McfGAL: Mytilus cf. galloprovincialis, MFRA: Mediomastus fragilis, MGIG:
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Magallana gigas, MPAL: Melita palmata, NCIR: Nephtys cirrosa, NLAP: Nucella lapillus, PCUL: Perinereis

cultrifera, PPLA: Porcellana platycheles.

Fig. 3. PCO analysis of macrobenthos associated withhiteee tsediment types in late summer. The analysis is
based on Bray-Curtis similarities of log transfodhukensity data. The black diamonds, the grey sguamd the
light grey circles represent the engineered, tise@ated and the control sediment samples respéctiVectors
represent species correlating more than 60% withadrthe first two PCO axes. The correlations ased on
Spearman coefficients. AECHAchelia echinata, ALAE: Achelia laevis, ASIM: Achelia simplex, CEDU:
Cerastoderma edule, CMAE: Carcinus maenas, CVOL: Corophium volutator, EORN: Eulalia ornata, GBOB:
Goniadella bobrezkii, GMAX: Gnathia maxillaris, GUMB: Gibbula umbilicalis, GVUL: Golfingia vulgaris,
LBAL: Limecola balthica, LCON: Lanice conchilega, LLEV: Lekanesphaera levii, LRUG: Lekanesphaera
rugicauda, MARE: Malmgrenia arenicolae, McfGAL: Mytilus cf. galloprovincialis, MFRA: Mediomastus
fragilis, MGIG: Magallana gigas, MPAL: Méelita palmata, NCIR: Nephtys cirrosa, NEMA: Nematoda spp.,
NEME: Nemerte sp., NHOM:Nephtys hombergii, NLAP: Nucella lapillus, NMIN: Nephasoma minutum, OCTE:

Odontosyllis ctenostoma, PCUL.: Perinereis cultrifera, PPLA: Porcellana platycheles.

Fig. 4. dbRDA plots based on a) the late winter data sdtlgnthe late summer data set and representing the
three sediment type macrofauna composition as mqulaby the set of environmental parameters comgasie
most parsimonious explanatory model. Vectors reprethe environmental parameters selected by tht Mi
routine. The black diamonds, the grey squares lamdight grey circles represent the engineeredatiseciated

and the control sediment samples respectively.

Fig. 5. Late winter nMDS ordination plots of the benthicarefauna assemblages based on a) the Sgrensen total
beta diversity, b) the nestedness component ofataé beta diversity, c) the Bray-Curtis index asimilarity
and d) the abundance gradient component of the-8tatis dissimilarity. The stress value of the nMBS

indicated on each plot. The lines indicate theedéht fitted mud contents obtained using the ‘amdigunction.

Fig. 6. Late summer nMDS ordination plots of the macrofabeathic assemblages based on a) the Sgrensen
total beta diversity, b) the turnover componenttdf total beta diversity, c) the nestedness compookthe

total beta diversity, d) the Bray-Curtis index gggimilarity, e) the abundance gradient componéih® Bray-
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1116 Curtis dissimilarity and f) the balanced variatiorabundances component of the Bray-Curtis disaitityl. The
1117  stress value of the nMDS is indicated on each flbé lines indicate the different fitted mud cortteabtained
1118 using the ‘ordisurf’ function.
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1161  Tables 1,2 and 3

1162 Table 1 Mean values (+ standard errors) for (a) the gra@me-garameters of the three sediment types

1163 (engineered, associated and control) and (b) the@cemmental parameters for the associated and din¢rad

1164  sediments. Significant differences (p < 0.05) & dme-way ANOVAs are in bold and for (@pst-hoc results

1165 are designated by superscript letters indicatinqndgenous groups of samples. TOM: total organic enatt

1166 content, Chla: chlorophyll a concentration, Pheo: pheopigments concentratiat, $luble carbohydrates

1167 concentration, Ins/Sol: ratio of the concentratbimsoluble carbohydrates on soluble carbohydrates
(@) Late winter Late summer

Engineered Associated Control p-value  Engineered Associated Control p-value

Principal 688 + 35 1010 +118 186 + 8 <0.001 618+ 8 692 + 74 201+9 <0.001
mode (um)
Sorting index  1.71+0.08 1.72+0.08 297+03% <0.001 1.69+0.08 298+048 270+0.3%7 0.018
(So)
Mud (%) 10.00+0.83 1.84+0.44 27.38+362 <0.001 9.59+1.22 2047+537 21.61+523 0.106
(<63 um)
Sand (%) 87.19+0.83 76.74+1.40 71.69+353 <0001 85.77+1.40 6511+4.09 76.79+51% 0.001
(63-200 pm)

1168
(b) Late winter Late summer

Associated Control p-value Associated Control p-value

TOM (%) 6.96 + 0.72 2.70+£0.30 <0.001 491 +0.59 2.26 £0.28 <0.001
Chl a (ug.g* sediment) 12.21+2.49 2.83+0.58 0.0022 13.39+2.24 3.92+0.88 0.002
Pheo (ug.¢' sediment) 14.54 £ 0.36 16.18 £ 0.36 0.0014 15.56 £ 0.53 15.41 £ 0.29 0.826
Sol (ug.g' sediment) 442 + 72 113+ 25 0.0027 467 £ 78 120 + 25 <0.001
Ins/Sol 8.59+2.29 8.63+0.37 0.9998 5.96 £ 0.43 6.32380 0.5175

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180
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1181 Table 2 Mean values (+ standard errors) for the total miacnea density (number of individuals)nNO, N1

1182 and N2 with (a)Sabellaria taken into account and (Igabellaria excluded, for the three sediment types

1183 (engineered, associated and control) and at batiplsay periods (late winter and late summer). Noresents

1184  the species richness, N1 the exponential of then@aWinner diversity and N2 the inverse of the [®on

1185 dominance index. Significant differences (p < 0.66}he one-way ANOVAs are in bold apdst-hoc results

1186 are designated by superscript letters indicatingdgenous groups of samples.

Late winter Late summer
(a) Macrofauna (Sabellaria included in the analyses)
Engineered Associated Control p-value Engineered Associated Control p-value
Density 10067 +841 585 + 103 629 + 109 <0.001 23911 +2530 1029+158 1403+35% <0.001
NO 17+ 7P 71 g+ 1 <0.001 26T 9+ 1 107 <0.001
N1 292+0.37 446+050 454+037 0.013 6.01 + 0.65 4.61+0.38 5.22+0.28 0.229
N2 1.87 +0.23 3.75+0.40 3.60+0.28 <0.001 3.93+0.44 3.44+030 4.04+0.25 0.315
(b) Macrofauna (Sabellaria excluded from the analyses)
Engineered Associated Control p-value Engineered Associated Control p-value

Density 2385+ 518 538 + 97 629 + 109 <0.001 11066 + 1814 981 + 137 1403 +35% <0.001
NO 16 +1° 7£1° 8+ <0.001 257 9+1 10+ 7 <0.001
N1 7.73+05F  430+049 454037 <0001  9.00+0.52 451+0.37 522028 <0.001
N2 5.63+047 3.64+039 360028 <0.001  5.82+0.38 3.36+0.30 4.04+0.28 <0.001

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200
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1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

Table 3 Results of the Mantel tests between (a) the diffeleta diversity matrices and the mud content
distance matrix and (b) the different abundancetakssimilarity matrices and the mud content distamatrix

at both sampling periods (late winter and late semnf.., is the Sgrensen pairwise dissimilarity and accounts
for the total beta diversitygis the Simpson pairwise dissimilarity and accodotghe turnover component of
the total beta diversityfi,esis the nestedness-resultant dissimilarity and atisofor the nestedness component
of the total beta diversityBso = Bsim + Pres Tsc iS the Bray-Curtis index of dissimilarity and acotaifor the total
abundance-based dissimilarityzcg, is the balanced variation in abundances compookiie Bray-Curtis
dissimilarity and is equivalent to an abundancesbasirnover, gk.q.is the abundance gradient component of
Bray-Curtis dissimilarity and is equivalent to dsuadance-based nestedness; ®d tsc.pa+ Oscgra Significant

simulated p-values (p < 0.05) and associated obdarerrelation are in bold.

Late winter Late summer
Observed correlation r Smulated p-value Observed correlation r Smulated p-value

(a) Beta diversity indices

Bsor 0.13 0.070 0.24 <0.001
Bsim 0.066 0.23 0.15 0.0066
Bres 0.032 0.33 0.077 0.094
(b) Abundance based dissimilarity indices

dec 0.14 0.052 0.38 <0.001
dicbal 0.050 0.28 0.058 0.18
dec-gra 0.046 0.28 0.29 <0.001

41



1219  Appendix Mean densities (number of individual$)jrof species present in each sediment type (corassiociated and engineered) at the two samplimgpss (late winter

1220 and late summer). The mean densities were calculeiag the ten stations sampled in each sedingpatand at each season.

Species Late winter Late summer
Control Associated Engineered Control Associated gifaered
Polychaete Acromegal omma vesiculosum 0.00 0.00 0.00 0.00 0.00 2.48
Ampharete baltica 0.00 0.00 0.00 0.00 1.24 0.00
Aonides oxycephala 0.00 1.24 0.00 0.00 0.00 0.00
Aonides paucibranchiata 0.00 0.00 0.00 0.00 6.20 0.00
Armandia polyophthalma 1.24 0.00 0.00 0.00 0.00 0.00
Capitella capitata 6.20 0.00 0.00 1.24 0.00 1.24
Caulleriella alata 0.00 0.00 0.00 1.24 0.00 0.00
Cirriformia tentaculata 0.00 35.96 0.00 0.00 42.16 4.96
Dipolydora flava 0.00 0.00 0.00 0.00 0.00 4.96
Eteone flava 0.00 0.00 0.00 1.24 0.00 0.00
Eteone longa 0.00 0.00 0.00 3.72 3.72 0.00
Eulalia aurea 0.00 0.00 3.72 0.00 0.00 0.00
Eulalia clavigera 0.00 0.00 9.92 0.00 0.00 1.24
Eulalia ornata 0.00 0.00 1.24 0.00 0.00 93.01
Eulalia viridis 0.00 0.00 22.32 0.00 0.00 27.28
Eumida arctica 0.00 0.00 0.00 0.00 0.00 1.24
Eumida sanguinea 12.40 1.24 16.12 14.88 0.00 47.12
Eunereislongissima 0.00 0.00 0.00 3.72 0.00 0.00
Glycera alba 3.72 4.96 2.48 13.64 13.64 1.24
Glyceratridactyla 0.00 1.24 0.00 0.00 1.24 0.00
Goniadella bobrezkii 1.24 228.17 0.00 14.88 189.73 11.16
Lanice conchilega 62.00 0.00 0.00 602.67 8.68 0.00
Lepidonotus squamatus 0.00 0.00 2.48 0.00 0.00 0.00
Magel ona johnstoni 1.24 0.00 0.00 1.24 0.00 0.00
Malacoceros fuliginosus 1.24 0.00 0.00 3.72 0.00 0.00
Malmgrenia arenicolae 6.20 3.72 0.00 142.61 2.48 0.00
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Mediomastus fragilis
Myrianida sp.

Mysta picta

Nephtys cirrosa

Nephtys homber gii

Nephtys sp.

Notomastus latericeus
Odontosyllis ctenostoma
Odontosyllis gibba
Parathelepus collaris
Perinereis cultrifera
Pholoe inornata

Phyllodoce laminosa
Phyllodoce mucosa
Polycirrus aurantiacus
Polycirrus sp.
Protodorvillea kefersteini
Pseudopolydora pulchra
Pseudopotamilla reniformis
Pygospio elegans
Sabellaria alveolata
Saccocirrus papillocercus
Scalibregma celticum
Scolelepis (Parascolelepis) tridentata
Scolelepis (Scolelepis) cantabra
Scoloplos (Scoloplos) armiger
Sohaerosyllis bulbosa
Shaerosyllis sp.

Spio martinensis

Sio symphyta
Spirobranchus lamar cki

6.20
0.00
1.24
59.52
17.36
1.24
16.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.96
0.00
0.00
0.00
1.24
0.00
14.88
0.00
0.00
6.20
0.00
0.00

65.72
2.48
0.00
0.00
0.00
0.00
2.48
1.24
1.24
0.00
7.44
0.00
0.00
0.00
3.72
0.00
1.24
1.24
0.00
0.00

47.12
1.24
1.24
0.00
0.00
0.00
0.00
1.24
0.00
0.00

22.32

6.20
0.00
0.00
0.00
0.00
0.00
1.24
12.40
29.76
0.00
164.93
1.24
2.48
0.00
0.00
7.44
0.00
0.00
0.00
0.00
7682.22
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
24.80

13.64
0.00
0.00

54.56

55.80
0.00

48.36
0.00
0.00
0.00
0.00
1.24
0.00

11.16
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
4.96
0.00
0.00
0.00
2.48
0.00

280.26
0.00
0.00
8.68

38.44
0.00
2.48
0.00
0.00
1.24
1.24
0.00
0.00
0.00
0.00
0.00
6.20
0.00
0.00
0.00

48.36

13.64
0.00
0.00
2.48
0.00

14.88
0.00
0.00
0.00

14.88

44.64
0.00
0.00
0.00
0.00
0.00

48.36

271.57
0.00
49.60
146.33
7.44

11.16
0.00
0.00
0.00
0.00
0.00
3.72
6.20

12844.62
0.00
0.00
0.00
0.00
0.00
7.44
0.00
0.00
0.00

68.20
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Spirobranchus tricqueter 0.00 0.00 1.24 0.00 0.00 0.00
Shenelais boa 0.00 0.00 1.24 0.00 0.00 0.00
Syllisgarciai 0.00 1.24 0.00 0.00 2.48 3.72
Syllisgracilis 0.00 0.00 2.48 0.00 1.24 11.16
Tharyx killariensis 126.49 2.48 0.00 1.24 2.48 1.24
Thelepus setosus 0.00 0.00 0.00 0.00 1.24 28.52
Websterinereis glauca 0.00 0.00 0.00 1.24 1.24 0.00
Crustacea Anapagurus sp. 0.04 0.00 0.00 0.00 0.00 0.00
Athanas nitescens 0.00 1.24 1.24 0.00 0.00 1.24
Bathyporeia elegans 0.00 0.00 0.00 7.44 0.00 0.00
Bathyporeia guilliamsoniana 34.72 0.00 0.00 0.00 0.00 0.00
Bathyporeia nana 0.00 0.00 0.00 1.24 0.00 0.00
Bathyporeia pelagica 1.24 0.00 0.00 4.96 0.00 0.00
Bathyporeia pilosa 0.00 0.00 0.00 2.48 0.00 0.00
Bodotria pulchella 0.00 0.00 0.00 0.00 1.24 0.00
Bodotria scorpioides 1.24 0.00 0.00 0.00 1.24 0.00
Cancer pagurus 0.00 0.00 2.48 0.00 0.00 1.24
Carcinus maenas 2.48 0.00 29.76 7.44 1.24 89.28
Cleantis prismatica 0.00 1.24 0.00 4.96 0.00 0.00
Corophium arenarium 3.72 0.00 18.60 0.00 0.00 29.76
Corophium volutator 0.00 0.00 64.48 0.00 0.00 403.02
Crangon crangon 0.08 0.00 0.00 0.00 0.00 0.00
Cumopsis goodsir 1.24 0.00 0.00 62.00 1.24 0.00
Diogenes pugilator 0.11 0.00 0.00 0.11 0.00 0.04
Eocuma dollfusi 6.20 0.00 0.00 6.20 0.00 1.24
Ericthonius punctatus 0.00 0.00 0.00 0.00 0.00 2.48
Eurydice pulchra 0.00 0.00 0.00 2.48 0.00 0.00
Gammaropsis nitida 0.00 0.00 4.96 0.00 0.00 2.48
Gnathia maxillaris 0.00 0.00 9.92 0.00 0.00 90.52
Hemigrapsus sp. 0.00 1.24 1.24 0.00 0.00 0.00
Jaera (Jaera) albifrons 1.24 0.00 0.00 1.24 0.00 0.00
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Jassa ocia 0.00 0.00 26.04 0.00 1.24 60.76
Lekanesphaera levii 8.68 13.64 171.13 12.40 47.12 358.38
Lekanesphaera rugicauda 3.72 3.72 79.36 9.92 9.92 49.60
Leptocheirus sp. 0.00 0.00 1.24 0.00 0.00 0.00
Liocarcinus holsatus 0.00 0.00 0.00 0.12 0.00 0.00
Melita palmata 0.00 9.92 161.21 1.24 6.20 117.81
Microdeutopus sp. 0.00 0.00 1.24 0.00 0.00 0.00
Nymphon brevirostre 0.00 0.00 0.00 0.00 0.00 2.48
Orchomene humilis 0.00 0.00 0.00 1.24 0.00 0.00
Phtisica marina 0.00 0.00 0.00 1.24 0.00 0.00
Porcellana platycheles 0.00 2.48 711.80 0.00 1.24 2679.79
Portumnus latipes 1.24 0.00 0.00 0.31 0.00 0.00
Pseudocuma (Pseudocuma) longicorne 3.72 0.00 0.00 0.00 0.00 0.00
Pseudomystides limbata 0.00 0.00 4.96 0.00 0.00 0.00
Sphonoecetes (Central oecetes) kroyeranus 1.24 0.00 0.00 11.16 0.00 0.00
Thia scutellata 0.12 0.00 0.00 0.00 0.00 0.00
Tryphosites longipes 0.00 0.00 0.00 1.24 0.00 0.00
Urothoe brevicornis 2.48 0.00 0.00 2.48 0.00 0.00
Urothoe elegans 0.00 0.00 0.00 1.24 0.00 0.00
Urothoe poseidonis 3.72 0.00 0.00 12.40 0.00 1.24
Urothoe pulchella 23.56 0.00 0.00 24.80 0.00 0.00
Urothoe sp. 2.48 0.00 0.00 0.00 0.00 0.00
Mollusca Abra alba 0.19 0.06 0.00 1.26 0.07 0.00
Acanthochitona crinita 0.00 0.00 4.96 0.00 0.00 0.00
Aeolidia papillosa 0.00 0.00 1.24 0.00 0.00 0.00
Buccinum undatum 0.00 0.00 1.24 0.00 0.00 0.00
Cerastoderma edule 70.95 0.12 0.11 18.39 0.20 0.06
Crepidula fornicata 0.64 25.11 26.76 0.00 15.54 7.11
Gibbula cineraria 0.00 0.00 0.23 0.00 0.00 0.12
Gibbula umbilicalis 0.00 0.15 26.02 0.00 0.00 39.53
Lacuna pallidula 0.00 0.00 0.00 0.00 0.00 1.24
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Limecola balthica 89.00 0.12 0.03 187.04 3.97 0.00
Littorina littorea 0.00 0.00 3.16 0.00 0.00 1.40
Littorina saxatilis 0.00 0.00 0.04 0.00 0.00 0.00
Macomangulus tenuis 0.27 0.00 0.00 0.52 0.03 0.00
Magallana gigas 0.00 0.00 17.60 0.00 0.12 23.31
Modiolula phaseolina 0.00 0.00 0.00 0.00 0.00 21.08
Modiolus sp. 0.00 0.00 0.00 0.00 0.00 14.88
Mytilus cf. galloprovincialis 1.24 0.31 5.13 0.76 0.20 10.91
Nucella lapillus 0.00 0.04 6.21 0.00 0.00 8.10
Ocenebra erinaceus 0.00 0.03 0.52 0.00 0.08 0.25
Ostrea edulis 0.00 0.00 0.04 0.00 0.00 0.04
Phorcus lineatus 0.00 0.00 0.00 0.00 0.00 0.04
Polititapes aureus 0.00 0.00 2.48 0.00 0.00 0.00
Palititapes rhomboides 0.00 0.04 0.07 0.00 0.00 0.00
Ruditapes decussatus 0.00 0.04 0.03 0.00 0.11 0.03
Ruditapes philippinarum 0.24 0.39 0.25 0.28 0.99 0.10
Scrobicularia plana 0.00 0.00 0.00 1.24 0.00 0.00
Spisula lliptica 0.00 0.00 0.00 0.00 2.48 0.00
Spisula solida 0.04 0.41 0.00 0.91 0.16 0.00
Tritia reticulata 6.73 0.08 0.24 3.61 0.35 0.10
Venerupis corrugata 0.12 0.54 0.81 0.16 0.23 1.62
Venus verrucosa 0.00 0.00 0.00 0.00 0.04 0.00
Ascidiacea Microcosmus claudicans 0.00 0.00 0.00 0.00 0.00 9.92
Molgula sp. 0.00 0.00 0.00 0.00 1.24 7.44
Phallusia mammillata 0.00 0.00 0.00 0.00 0.00 1.24
Polycarpa fibrosa 0.00 0.00 0.00 0.00 0.00 14.88
Polyclinum aurantium 0.00 0.00 11.16 0.00 0.00 0.00
Pyura microcosmus 0.00 0.00 7.44 0.00 0.00 0.00
Syela clava 0.00 0.00 7.44 0.00 0.00 16.12
Anthozoa Actinia equina 0.00 0.00 0.00 0.00 0.03 0.04
Anemona sp. 0.00 0.00 0.00 0.00 0.00 1.24
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Cereus pedunculatus 2.48 9.92 64.48 0.00 2.48 58.28
Urticina felina 0.00 0.00 0.00 0.00 0.00 0.04
Pycnogonida Achelia echinata 0.00 1.24 54.56 0.00 4.96 1311.99
Achelia laevis 0.00 0.00 8.68 0.00 1.24 261.65
Achelia simplex 0.00 1.24 95.49 0.00 2.48 962.29
Anoplodactylus virescens 0.00 0.00 0.00 0.00 0.00 17.36
Sipuncula Golfingia (Golfingia) elongata 0.00 3.72 6.20 0.00 0.00 57.04
Golfingia (Golfingia) vulgaris vulgaris 0.00 24.80 192.21 0.00 8.68 130.21
Nephasoma (Nephasoma) minutum 0.00 22.32 62.00 0.00 16.12 626.23
Phascolion (Phascolion) strombus strombus 0.00 1.24 0.00 0.00 0.00 0.00
Echinodermata  Acrocnida spatulispina 1.24 0.00 0.00 1.24 0.00 0.00
Amphipholis squamata 0.00 2.48 0.00 0.00 2.48 49.60
Other Nematoda 1.24 6.20 9.92 1.24 102.93 2368.53
Nemertea 0.00 11.16 69.44 6.20 47.12 184.77
Oligochaeta 0.00 0.00 1.24 0.00 33.48 38.44
Insecta Axelsonia littoralis 0.00 0.00 79.36 0.00 0.00 13.64
Hydrogamasus sp. 0.00 0.00 14.88 0.00 0.00 8.68
Vertebrata Lipophrys pholis 0.00 0.00 0.04 0.00 0.00 0.12
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