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1. INTRODUCTION

Ecosystems worldwide are experiencing increasinigsraf biodiversity loss mainly
caused by land and sea use changes, direct ressxph®tation and climate change (IPBES
2019). This biodiversity crisis triggered in the908 a new line of work investigating the
links between biodiversity and ecosystem functigrand the mechanisms underpinning these
relationships, known today as BEF research (Hogpel Vitousek, 1997; Tilman, 1997).
Focusing first on terrestrial autotrophic ecosystemany experimental studies found that an
increase in plant species richness led to an iser@aecosystem functions, such as primary
production and nutrient cycling (Cardinale et @011; Hector et al., 1999; Naeem et al.,
1996). Nonetheless, species richness is not thguaniriver of ecosystem functioning and
considering the diversity of functions performeddpeciesi(e. functional diversity) is also
key when studying BEF relationships (Hooper et2005). For example, functional identity
of species and functional diversity among grasskgmeties, rather than species diversity per
se, together promote primary production and decaitipa (Mouillot et al., 2011). More
generally, ecosystem functioning can be promotea Ibygher diversity of species and their
functional traits through mechanisms like resoyraditioning and niche complementarity, as
stated by the diversity hypothesis (Tilman, 199Xnong species assemblages, dominant
species and their traits can also promote an emmisfunctioning through a selection effect
linked to competitive differences (Cadotte, 20133, stated by the mass ratio hypothesis
(Grime, 1998).

In aquatic ecosystems, sediments and microorganismes key in regulating
biogeochemical functions like organic matter rematization and nutrient cycling (Jones et
al., 1985). Larger benthic fauna able to reworkirsedts (bioturbation) and/or to transfer
solutes (bioirrigation) also influence strongly $befunctions (Kristensen, 1988; Stief, 2013).

High densities of sediment-reworking speciesy.(fiddler crabsUca spp. in Kristensen
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(2008)) modify the sediment resource through varidiplogical activities like feeding,
burrowing or ventilation and can be consideredllag@nic ecosystem engineers (Jones et al.,
1994). Conversely, autogenic ecosystem engindegsntiangrove trees or salt marsh plants
“change the environment via their own physical dites”, often creating new habitats
(Jones et al., 1997, 1994). Many different orgasigmgineer marine habitats, from mollusks
(e.g. Crassostrea virginica) and polychaetesey. Phragmatopoma caudata) to cnidarians
(e.g. scleractinian corals) and plantsg Zostera marina) (Goldberg, 2013). These engineers
often have a positive effect on local species mdsnthrough the reduction of abiotic and
biotic pressures like thermal stress and preddfRamero et al., 2015; Stachowicz, 2001) and
could also promote, through their density, the fioming of the engineered ecosystem, a
potential role called the engineer effect.

Classically, BEF studies in aquatic ecosystems deduon soft sediments, considering
biogeochemical fluxes as the response variableewtdntrolling for macrofauna species
richness and/or functional group richness. Sucldissugenerally reported positive BEF
relationships, while stressing the role of the gggdunctional identity and density (Covich et
al., 2004; Gamfeldt et al., 2015). In such congléxperiments, interspecific interactions like
resource use complementarity are limited by theipudation of low diversity levels that
represent only a fraction of the local species g8obse and Hillebrand, 2016; Thrush and
Lohrer, 2012). Conversely, observatiomalsitu studies can consider natural multi-trophic
communities along environmental gradients (Godlaold Solan, 2009) helping for example,
to tease apart the effects of abiotic and biottdias on ecosystem processes (Brose and
Hillebrand, 2016). More generally, new hypothesid & more integrated empirical approach
to BEF research” can stem from observational ssu@i@rush and Lohrer, 2012).

We aimed at bringing new insights on BEF relatiopsidrawn from observations of a

temperate reef ecosystem built by a primary consuthe honeycomb-worn&abellaria
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alveolata. Despite their ubiquity and the many ecosystenviees they provide (IPBES,
2019; Romero et al., 2015), bivalve and polychaetés are rarely investigated in the context
of BEF research. Studies measuring functions léspiration or calcification, mainly focus
on the engineer species, overlooking the role tbso@ated organisms could have in
regulating these functions (Kellogg et al., 2018jdrt et al., 2012; Newell et al., 2002; Smyth
et al., 2016). Natural diversity gradients oftercuacin ecosystems dominated by an engineer
species €.g. mussels, oysters, tubiculous worms), giving us dpportunity to investigate
how this particular species and the associatedafanffuence functions like biogeochemical
fluxes (Bouma et al., 2009; Jones et al., 2018jihpand Kautsky, 2007).

Sabellaria alveolata is an intertidal ecosystem engineer distributexh@lthe European
Atlantic coast from Scotland to Morocco (Muir et, @016). Once settled on the seabed, this
polychaete builds a tube using mostly bioclastictigas (Le Cam et al., 2011). When
environmental conditions are favorabl®, alveolata can form bioconstructions on rocky
shores or on soft sediments (Dubois et al., 2002t 1972; Holt et al., 1998), where a
diverse and abundant fauna establishes (Dias ani&,P2001; Jones et al., 2018; Porta and
Nicoletti, 2009). These habitats undergo naturales/ of growth (progradation) and decline
(retrogradation) (Curd et al. 2019) forced by abiddctors like particle availability (Le Cam
et al.,, 2011) and hydrodynamic forces (Gruet, 198&) by biotic factors like recruitment
strength (Ayata et al., 2009; Dubois et al., 20G&) interspecific competition (Dubois et al.,
2007b). These cycles are mostly characterized bylifroations of the reef's physical
structure (Curd et al.,, 2019) and by changes ina$sociated fauna in terms of richness,
abundance and composition (Dubois et al., 2002)hrdypogenic disturbances like trampling
and coastal modifications can also modify the eeeffructure and the associated fauna

(Desroy et al., 2011; Dubois et al., 2006; Jones.e2018; Plicanti et al., 2016).
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In this study, we investigated the biogeochemiaatfioning of a reef habitat engineered
by S alveolata and evaluated the relative support of the engiregfact hypothesis, the
diversity hypothesis, and the mass-ratio hypothesisiriving key benthic processes taking
place in the sediments glued into bioconstructimnghe tube-building activity db. alveolata
(i.e. engineered sediments). First, we measured andarehphe sediment-water fluxase(
oxygen, ammonium, nitrate, and nitrite) in the eegired sediments and in the surrounding
soft sediments. Then, using a multiple linear regian approach (model selection and effect
size calculation), we investigated the relative am@nce of the engineer itself (engineer effect
hypothesis) and of the macrofauna associated toettggneered sediments, in terms of
taxonomic or functional diversity (diversity hypesis) and in terms of biological trait

dominance (mass-ratio hypothesis) on the diffelb@geochemical fluxes.

2. MATERIAL AND METHODS

2.1. Sudy area

The bay of Mont-Saint-Michel is a macrotidal bagdted in the English Channel between
Brittany and Normandy, characterized by an intaftizone covering over 250 km2 and a
mean spring tide range of 14.5 m (Bonnot-Courtbed.e 2004). In its central part, the Sainte-
Anne reef (48°38'700N and 1°40°100W) is the lardasconstruction in Europe, built by the
gregarious and tubiculous polycha8talveolata (Gruet, 1972; Holt et al., 1998). This part of
the bay is characterized by a high proportion otlaistic sediments with increasing medium
grain size from the intertidal to the subtidal z¢Bennot-Courtois et al., 2004). The Sainte-
Anne reef is located in the lower intertidal zdbetween the -2 and -4 m isobaths), parallel
to the coastline, perpendicular to the dominardltadirrents anda. 3 km from the shoreline
(Dubois et al., 2006; Noernberg et al., 2010). Bse&. alveolata bioconstructions occur in

systems where this species finds soft sedimentriabte build its tube and hard substrata to
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settle on (Curd et al. 2019), the Sainte-Anne ieebmposed of a mosaic of structures built
by the engineer species (hereafter called engidesediment, 32 ha in 2014, pers. obs.)

surrounded by soft sedimentary features (Jonds, @04.8).

2.2.Field sampling and experimental set-up

We sampled four dominant sediment typologies adogrdo Curd et al. (2019): (1)
engineered sediment in prograding phase, identifiegrowing and expanding tubes, without
epibiontes (hereafter called Undisturbed Engineesediment or UES), (2) engineered
sediment in retrograding phase, identified by tubmsking apertures, often covered by
biofilm and epibiontes (hereafter called Disturlieagineered Sediment or DES), (3) soft
sediment composed of coarse sand (CS) with bieclatéments and (4) soft sediment
composed of fine and muddy sand (MS). We sampledettiour typologies 3 times over a
year, according to a temperature gradient: in witffebruary, water temperature = 8°C), in
spring (April, water temperature = 12°C) and in suen (September, water temperature =
17°C). During each sampling period, we randomlyamted four cores — at low tide — across
a surface ota. 100 m?2 of each sediment typology using eitheradhted metal corer (15 cm
diameter) for the engineered sediment cores om33%eng Perspex tubes (15 cm diameter)
for the soft sediment cores. We immediately tramsetethe engineered sediment cores into
35-cm long Perspex tubes (15 cm diameter), sedlledeatubes and transported them to the
laboratory where we placed them inside a dark gefdated room. Prior to the coring, we
collected 40 liters of seawater next to the redtiring high tide - using inflatable bags to
avoid bubbles that we stored in a dark room atrifsgu water temperature.

In the laboratory, we filled the Perspex tubes wfita collected water, sealed them with
caps equipped with small magnetic stirrers, coratethemvia a tube to the inflatable water

reserve tank and incubated them respectingirth&tu water temperature. We started the
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incubationsca. 2 hours after the sampling and incubated the *6sceampled during each
campaign between 3 and 15 hours, until a loss @b 30 the initial dissolved oxygen
concentration measured in each core. During thebaitons, we sampled 6 to 8 times both
the water overlying the sediment and the water ftoenreserve tank (control water) using a
60 ml plastic syringe (see Denis et al. (2001) ftother details on the incubation set up).
Finally, we measured the oxygen, ammonium, nitrate] nitrite concentrations in all the
water samples, and we used the difference betweecentration changes in the overlying

water of each core and control water to calculaesediment-water fluxes.

2.3.Flux measurements and cal culations

To determine oxygen concentration, we gently tremetl the required volume from the
60 ml plastic syringe into a 10 ml glass flask gsatubing and allowing overflow from the
flask to avoid air bubbles. We then measured oxygmrtentration using an oxygen Clark-
type microsensor (Revsbech, 1989) characterizea 89 % response time of <8s, a stirring
sensitivity of <1.5 % and a current drift of <1 % fUnisense A/S, Aarhus, Denmark, 100pm
tip diameter). Linear two-point calibration of eachicroelectrode was systematically
performed before and after each series of measmteméero oxygen current was measured
in the anoxic zone of an additional sediment corth vinuddy sediments while a 100%
oxygen level was calibrated using air-bubbled water determine the other concentrations,
we filtered the volume remaining in the syringeotigh GF/F Whatman glass fiber filters
before transferring them into a 20 ml polyethyldiask for ammonium analysis and a 10ml
polyethylene tube for nitrate and nitrite analy$ie immediately carried out the ammonium
analysis following the indophenol-blue method ($p&io, 1969). We froze the remaining
samples and measured later on the nitrate anterstsncentrations using a Seal autoanalyzer,

following the protocol of Tréguer & Le Corre (1975Ye determined the fluxes by regressing



200 the change in overlying water concentration vetgsuge and considered fluxes as null when
201  non-significant regressions (Pearson correlation,(p05) based on changes over time were
202 less than the analytical variability. For all flisxave systematically applied a correction for
203  water replacement. We measured a significant oxggasumption during all the incubations
204 (p < 0.05). We considered the ammonium ¢NHnitrate (NQ) and nitrite (NQ) fluxes
205 (from the sediment to the overlying water) from tbowing cores as null; two spring CS
206  cores for the N fluxes, all the summer MS cores for the N@uxes and two spring MS
207  cores, one summer MS core and one summer CS corthdoNQ fluxes. Finally, we
208  expressed the nitrate and nitrite fluxes of eaale @ a sum we called nitrate + nitrite flux
209 (NOg.3) and considered the oxygen flux as going fromdterlying water to the sediment,

210 hereafter called the sediment oxygen demand (SOD).

211
212 2.4.Macrofauna taxonomic and functional diversity
213 At the end of each incubation, we fixed the sedinmmes using a 5 % formaldehyde

214  solution, before sieving them through a 1-mm squmaesh. We sorted the macrofauna (>1
215 mm) and identified it to the lowest taxonomic leveiften species level (except for
216 Nemerteans, Nematodes and Tubificoides, see TableFdr each core, we measured the
217 abundance and the ash-free dry weight (AFDW — 4hati550°C) of each taxonomic group
218 including the engineer speci8salveolata and then standardized the different measurements
219 taken for each core (fluxes, macrofauna abundandeb@émass) to unit surface. First, we
220 characterized the macrofauna according to eachespeExonomic identity, before calculating
221  Hill's indices (.e. the number equivalents of three diversity indicedyvays includingS.

222  alveolata (Hill, 1973): the species richness (SR), the exptiakof Shannon-Wiener (l@p

223 calculated using either the abundance (Nbr the biomass (Nim) and the inverse of

224  Simpson’s dominance calculated using either thenddnoce (Ng) or the biomass (N2n).
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Hill's indices are recommended for the study ofthencommunities (Gray, 2000) and have

the “doubling” property, making their interpretatianore straightforward than the raw

Shannon-Wiener and Simpson dominance

Table 1. Macrofauna biological traits and associated madaliused to calculate the

functional diversity indices. For each trait, welicated the macrofauna processes linked to

organic matter remineralization and nutrient cyglialong with the macrofauna processes

linked to the ecosystem functions via microorgangotesses.

Trait and associated Via microorganism References
modalities macrofauna processes

processes
Maximum size respiration, egestion of POM via Hildrew et al.

(literature, mm):

excretion of DIN

remineralization,

(2007); Kristensen

<10 transport of solutes and (1988); Shumway
[10-50[ O, via nitrification, (1979); Vanni
[50-100[ denitrification (2002)

[100-200[

>200

Daily movement respiration, transport of solutes and Kristensen (1988);
capacity: excretion of DIN O via nitrification, Queiros et al.

No movement denitrification, (2013); Shumway
Low (<1 m) remineralization (1979)

Medium (1-10 m)

High (>10 m)

Sediment reworking: transport of solutes and Janson et al.
Epifauna Oy via nitrification, (2012); Queirods et
Surficial modifiers denitrification, al. (2013); Solan et
Upward and remineralization al. (2004); Thrush
downward conveyors et al. (2006)
Biodiffusors

Regenerators

Feeding mode: respiration, egestion of POM via Janson et al.

Suspension feeder

Sub-surface deposit
feeder
Predator-scavenger
Grazer

excretion of DIN,
Surface deposit feederingestion of POM

remineralization

(2012); Kristensen
(1988); Thrush et
al. (2006)

Bathymetric
preference:
Intertidal
Subtidal

informs indirectly on the Gutiérrez and

engineered sediment’s
thermal properties
which can mediate
microorganism
processes

Jones (2006)
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DIN: dissolved inorganic nitrogen, POM: particulatganic matter

indices (Hill, 1973). The indices N1 and N2 bothrease when the sample diversity increases
but N1 is sensitive to the abundance or biomasati@ns of rare or uncommon species while
N2 is sensitive to the variations of the most comnspecies. Then, we characterized the
macrofauna according to a set of biological tréiitge categorical traits each divided into
modalities) known to directly or indirectly afferctdividual processes (“effect traitsénsus
Lavorel & Garnier (2002)), such as aerobic resmrtwhich themselves affect benthic
ecosystem functions such as nitrogen cycling agaroc matter remineralization (Table 1).
These ecosystem functions are estimated by megsoxiygen and solute fluxesd NH,4",
NOs, NO,) between the sediment and the overlying water. W/ed the two main
components of the bioturbation potential (Queirdsak, 2013), mobility and sediment
reworking, rather than the bioturbation potentiar se because both components are
influenced by habitat structure (Godbold et al1P0Q a characteristic differing between UES
and DES zones of the reef (Curd et al., 2019; Jehed., 2018). Furthermore, transferring
bioturbation potential across space and time iy quassible if the species body size is
constant (Queirés et al., 2013), which was not ¢hee since we sampled across three
different periods.

Some species present different modalities for gettaits like Carcinus maenas, which
can behave as a grazer and as a predator-scay@ngdalities in the feeding mode trait).
To take into account this intraspecific variabilitye fuzzy coded the categorical traits by
assigning a value between 0 (no affinity) and 8dfsaffinity) to each modality of a given
trait depending on the species affinity for the middg, with 1 and 2 indicating intermediate
affinities (Chevenet et al., 1994). The sum of vh&ues attributed to all the modalities of a
given trait was always equal to three except fer tidal position, which could be equal to

four if the species had an equal affinity for theertidal and subtidal modalities. We



258  recovered most of the information on polychaetelifegg mode and daily movement capacity

259  from Fauchald & Jumars (1979) and Jumars et all§R0rhe rest was recovered from peer-

260  reviewed journals
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262  Figure 1. Framework used to study the relative support efdiversity hypothesis (Div), the

263 mass ratio hypothesis (MR) and the engineer effgpbthesis (EE) on ecosystem functions
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(here biogeochemical fluxes) in the context of angwnity structured by an ecosystem
engineer (Eng.). Each index in blue is used todegpecific hypothesis (HYP) in red and all
the indices along with the water temperature, Viieseconsidered as explanatory variables in
the multiple linear regression approach detailegpamt 2.5. Adapted from Villéger et al.

(2008).

(Guerra-Garcia et al., 2014; Navarro-Barranco et 2113) and biological trait databases
(Marine species identification portal, BIOTIC).

Using the biological traits matrix defined for tH8 species identified in the UES and
DES cores (n = 24), we calculated several functiondices following the framework
detailed in Figure 1 and using the R packages pteden Table 2. We used the Gower
distance to calculate the functional distance betweach pair of species and then performed
a principal coordinate analysis (PCoA) on the distamatrix (Laliberté and Legendre, 2010;
Villeger et al., 2008) to represent each species multidimensional functional space, each
dimension (PCoA axis, 42 axes in total) being a lwoation of traits. Finally, we calculated
for each core, several functional diversity andntdg indices using different data types
(Table 2) and weighted each index (except functianhness) by species relative abundance
(ab in subscript) or relative biomass (biom in suip$) (Fig. 1). Sabellaria alveolata was
always included in the data sets used to calculaeindices. Functional richness was
standardized by the ‘global’ functional richnesscluding all species recorded in the UES

and DES cores) to constrain it between 0 and lil{éde and Legendre, 2010).

2.5.Satistical analyses

First, we tested the effect of sediment typology(flevels: CS, MS, UES and DES),
sampling period (three levels: spring, summer andter) and their interaction on the
different fluxes (SOD, N and NQ.s3) using an analysis of variance (ANOVA) with a two-
way crossed balanced design. If the interactiom t@as significant for a flux, we performed

Tukey HSD post-hoc tests to disentangle which sedintypology x sampling period cores



291  presented significantly higher or lower fluxes thathers. After running the ANOVAs, we
292  checked each model’s residuals for normality usirtgstogram and for homoscedasticity by

293  plotting them against the predicted values (Zuwal.e2010).



294  Table 2. Definition and associated information (data tyey references, R functions and weighting procedanethe five functional indices
295  (diversity and identity). The first four PCoA axe=spresent 60% of the total inertia. See Figure rdafgraphical illustration of each index.

Functional Name Definition Data type Unweighted or Key references R function
indices weighted
Functional Flde  Weighted average position on the selected PCoA axis 1,2 Weighted by Mouillot et al. multidimFD
identity functional space axis (PCoA axis) or3 abundance or (2013)
biomass
Functional FRic  Multidimensional functional space filled by al PCoA axes 1 to Unweighted Villéger et al. dbFD
richness species in a community 4 (2008); Laliberté
and Legendre
(2010)
Functional FDis  Weighted average distance to the weighted Uncorrected Weighted by Laliberté and dbFD
dispersion average mean trait values of the community functional abundance or Legendre (2010)
distance matrix biomass
Functional FDiv  Weighted average deviation of the Euclidian PCoA axes 1 to Weighted by Villéger et al. dbFD
divergence distance between the position of all the specids abundance or  (2008)
in the functional space and the unweighted biomass
center of gravity of the vertices of the convex
hull
Functional FEve Regularity of abundance or biomass PCoA axes 1to Weighted by Villéger et al. dbFD
evenness distributions in the functional space along the42 abundance or  (2008); Laliberté
shortest minimum spanning tree linking all the biomass and Legendre

species (2010)
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sediment core a multifunctionality metric using threean of the four standardized fluxes
(mean = 0 and SD = 1), to give them the same wéMhtillot et al., 2011).

Then, to estimate the importance of macrofawsameiofauna + microorganisms in
organic matter processing, we calculated the maaraf-normalized SOD (mmol,Cday'.g
AFDW™) for each core by dividing the daily oxygen congtion (mmol Q. day') by the
total macrofauna biomass (g AFDW). Values inferitr 1 indicate processes are
predominantly driven by macrofauna whereas valugsersor to 1 indicate processes are
predominantly driven by meiofauna and microorgasisfBtenton-Dozey et al., 2001 in
Clough et al., 2005). A multifunctionality metricag also calculated for each engineered
sediment core as the mean of the four fluxes aterdardizing each of them (mean of 0 and
standard deviation of 1) to give them the same kgigouillot et al., 2011).

Finally, we implemented a multiple linear regressiapproach (ordinary least-square
regressions) to determine the relative importaridéd Jowater temperature, (2) the enging&er
alveolata (engineer effect hypothesis), (3) macrofauna dityersn terms of species or
biological traits (diversity hypothesis) and (4gtfunctional traits of the dominant species
(mass-ratio hypothesis) on the four ecosystem iomst measured in the engineered
sediments. Each index presented in Figure 1 is testgbt one hypothesis, except FDis, FDiv
and FEve, which are used to test the diversity mads-ratio hypotheses (Mokany et al.,
2008), as their values are driven by macrofauntstemd macrofauna abundance or biomass.
We considered the 24 incubated engineered sedimeneis as statistically independent
replicates because the cores were physically eldtom each other during the flux
measurements (independent incubations) and thesses we measured take place at spatial
scales inferior to thén situ distance separating two cores (Hewitt et al., 200%leed, the
cores sampled in the UES and DES sediment typaogiere extracted from different

engineered sediment patches across a surfaca. (00 m2 and most of the engineered

16
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sediment benthic macrofauna being sessile or piegea low mobility, their movements are
constrained to a given engineered sediment patehl€Tl, Fig. 4 and 5).

First, we reduced the number of explanatory vaesblpreviously standardized
(Schielzeth, 2010), to consider in the multipleeén regressions by removing variables that
were highly correlated (|r] > 0.8, Spearman cotimla) (Godbold and Solan, 2009). We
removed Ng,and N2iom as they were highly correlated with N{r = 0.98) and Ndiom (r =
0.98), respectively, Fldggand Fldegom as they were highly correlated with Fidelr = -
0.97) and Fldejlom (r = -0.87), respectively and FRivand FDiyom as they were highly
correlated with FDig, (r = -0.85) and FDigm (r = -0.90), respectively. After this step, we had
one environmental variable (temperature), two Vdes associated to the engineer effect
hypothesis $ alveolata abundance and biomass), four variables associatéue diversity
hypothesis (SR, N4, N1,o,mand FRic), four variables associated to the mass-gpothesis
(Fldely, Fldeliom, Flde3p and Fldegom) and four variables associated to the diversity an
mass ratio hypotheses (FRYSDissiom, FEVe, and FEvVgom).

Secondly, we built first and second-degree polymbnregressions between each
explanatory variable and each ecosystem functisrgraliminary inspections of the biplots
indicated the presence of quadratic relations (3iret al., 2017). Prior to this second step,
we squared the 15 remaining explanatory varialwelsuild raw second-degree polynomial
regressions and the second-degree terms were slasdhto improve the interpretability of
the multiple linear regression coefficients (Scte¢h, 2010). Regarding temperature, we only
considered first-degree linear regressions, asrtateperature inside small ranges (here 9°C)
will have positive effects on biogeochemical fluxesh as SOD, according to the Q10 of 2
general relation (Herbert, 1999; Hildrew et al.020Thamdrup et al., 1998).

Thirdly, the variable associated to each hypothisis had a significant effect on a given

ecosystem function (p < 0.05) and explained théhdsfj amount of ecosystem function
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variability (adjusted R?) was included in the fanitial multiple linear models. The following
explanatory variables were considered in eachaininultiple linear model: for SOD,
temperature$S. alveolata biomass (first-degree), Fldglsecond-degree) and FRjgsecond-
degree); for N, temperatureS. alveolata biomass (first-degree), SR (first-degree), Figel
(first-degree) and FDis (second-degree); for NG, temperatureS. alveolata abundance
(first-degree), N3, (first-degree) and FEyg (second-degree); for the multifunctionality
metric, temperatureS. alveolata biomass (first-degree), SR (first-degree), Figel(first-
degree) and FDig (second-degree).

Finally, to determine the minimal adequate modéisal multiple linear models), we
selected the subset of predictors that minimizedAkaike information criterion (AIC) using
the ‘ols_step_best subset’ function from the ‘olgsackage. If two models had AIC
differences of less than 2, we chose the one wighldwest Mallow’s Cp to select the most
parsimonious model (Godbold and Solan, 2009). Eefornning the model selection
procedure, we removed the explanatory variables ghesented high levels of collinearity
based on a threshold of the variance inflationdiaof 10. For SOD and NH, we removed
Fldely, which was highly correlated with FRQiSr = 0.99) and defined reduced multiple
linear models. After running each model (initiakduced, and final multiple linear
regressions), we checked the residuals for nomnalising a histogram and for
homoscedasticity by plotting them against the mtedi values (Zuur et al.,, 2010). To
estimate the independent effect of each selectedigtor on a given ecosystem function, we
calculated the standardized partial regressionficeefits and represented this independent
effect using partial linear regression plots (Skdeth, 2010). We considered a significance

level of 0.05 for all the tests.

3. RESULTS
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3.1.Effect of sediment typology and sampling period on the different fluxes

19



372

373
374
375
376

125001 d b 15001 d
> b
d 9001

100001 +
b = il '~ 10001 1
. N —— o
E 7500 'E 600 £
8 — ]
E c g g
= 5000 b = bel L
A fos & B 2 5001
o) -, 3001 v o

2500 ab . 1 Z i ‘ = ab

tos [T . Fom 3] Y
—3— A a a a a ==
cs MS UES  DES cs MS UES DES cs MS UES DES

Figure 2. Sediment oxygen demand (SOD), ammonium flux {NFnd the sum of nitrate and nitrite fluxes (N§) measured for the four
sediment typologies (mean = SD, n = 4), coarse §a6J, muddy sand (MS), undisturbed engineeredrssmus (UES) and disturbed engineered
sediments (DES) in spring (white), summer (grey) annter (black). The results of the post-hoc testsformed after the two-way crossed

ANOVA (sediment typology x sampling period) are gmsted as letters above each barplot, considering-value of 0.05.
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377 Visually, the SOD, NH and NQ.zfluxes appeared higher in the undisturbed (UES) and
378 disturbed (DES) engineered sediments compared @¢octiarse (CS) and muddy (MS)
379 sediments across the three sampling periods. Tiggnesred sediment fluxes appeared
380 maximal in spring (Fig. 2 and Table S2). The me@DSanged from a minimum of 105
381 umol.m%h® in winter for the CS cores to a maximum of 10 ®8ol.ni%.h™ in spring for the
382 DES cores. Sediment typology (F(3,36) = 68.83 0.001), sampling period (F(2,36) =
383 81.95,p<0.001) and their interaction (F(6,36) = 20.p6; 0.001) had statistically significant
384 effects on the SOD. The CS cores and the winterchi®s had the lowest SOD while the
385  spring UES and DES cores and the summer UES catsréspectively the first and second
386  highest SOD. The spring and summer MS cores, tmewUES and DES cores and the
387 summer DES cores had intermediate SOD (spring amoner MS and winter UES and DES
388 < summer DES summer UES, Fig. 2).

389 The mean N fluxes ranged from slightly negative (between -&n@l -0.8 pmol.M.h%)
390 for all the CS cores and for the MS cores in sptingbove 200 umol.fah™ for all the UES
391 cores and for the spring and summer DES cores twéhmaximum values measured in the
392 spring UES cores (850.40 + 121.79 pmdl.ht). Sediment typology (F(3,36) = 51.1@ <
393 0.001), sampling period (F(2,36) = 17.p% 0.001) and their interaction (F(6,36) = 7.p65
394  0.001) had statistically significant effects on Mid," fluxes. All the CS, MS, the winter UES
395 and the spring and winter DES cores had signiflgdatver NH;" fluxes than the spring and
396 summer UES cores and the spring DES cores (Fig. 2).

397 All the NO,.3 fluxes were on average positive except in thengpMS cores (-43.7
398  umol.m%h?). The summer MS cores had mean Ndluxes near zero (0.2 umolnh?)
399  while the rest of the soft sediment cores had nileaes between 26.0 and 114.2 pmof.h
400 . All the engineered sediment cores had mean flatesie 170.6 umol.fh™ with the

401 maximum values measured in the summer UES cor@0§® + 463.8 pmol.iih?).
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Sediment typology (F(3,36) = 35.89< 0.001), sampling period (F(2,36) = 6.4i5 0.004)
and their interaction (F(6,36) = 9.1,< 0.001) had statistically significant effects dre t
NO..3 fluxes. The spring and summer MS cores presehidbtvest NQ.3 fluxes while the
summer UES and the spring DES cores presenteceatasgly the first and second highest
NO..3 fluxes. The rest of the cores presented internbedN&.; fluxes (winter CS and MS
winter UES and DES and spring DESpring UES, Fig. 2).

Calculation of the macrofauna-normalized SOD focheaore indicated that meiofauna
and microorganisms predominantly drove organic enaprocessing in the CS and MS
(macrofauna-normalized SOD >> 1). Differently, nedauna was the principal driver of

organic matter processing in the UES and DES @Jig.

301

201

101

Macrofauna-normalized SOD

cs MS UES  DES

Figure 3. Macrofauna-normalized sediment oxygen demand (S®Dinmol Q. day'.g
AFDW™ (mean + SD, n = 4) calculated for the four sedintgpologies, coarse sand (CS),
muddy sand (MS), undisturbed engineered sedimediS) and disturbed engineered
sediments (DES) in spring (white), summer (grey)l annter (black). The horizontal line
represents a macrofauna-normalized SOD value aof tménprove readability, we removed
one winter CS core with a macrofauna-normalized SBbBve 30 (140.5 mmol Oday'.g
AFDW™).
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3.2.Functional diversity and identity indices

Each functional index weighted by biomass was &antly and positively correlated
with its abundance-weighted version, except FEwmckonal richness, FDis, FDiv, Fldel
and Flde2 weighted by biomass and abundance pessealues intricately linked to the
engineered sediment types (UBS DES). The other functional indices appeared to be
completely independent from the engineered sedimgrg (FEve) or weakly linked to it
(Fide3).

As an illustration (Fig. 4), we calculated the drént functional indices using the mean
macrofauna biomass across all the DES (n = 12)adintie UES cores (n = 12). The mean
DES core had a higher FRic (0.98) than the mean &8 (0.86) indicating there were more
functionally dissimilar species in DES than in UEsInctional dispersion followed the same
pattern with a higher value in the mean DES corg&4(0than in the mean UES core (0.04). If
a species dominates an assemblage & alveolata in UES, Table S1), it will attract the
weighted-mean position of the assemblage and this ®il be small. Differently, if two
species have high abundances or biomasses andistaatdn the functional space.g
functionally dissimilar), likeS. alveolata and the crustacedporcellana platycheles in the
DES cores (Fig. 5 and Table S1), both will attrdo weighted-mean position of the
assemblage and the FDis will be higher. Functidina¢rgence was higher in the mean UES
(0.98) than in the mean DES core (0.84) bec&uskveolata, which presents trait modalities
very different from the “average species” represériiy the unweighted center of gravity of
the convex hull vertices (Fig. 5), dominates theSUtbres while it dominates less the DES
cores (Table S1).

The mean UES core was characterized by negativelKl9.24) and positive Flde2 (0.19)
while the mean DES core was characterized by higher negative Fidel (-0.20) and by

lower and positive Flde2 (0.13). The first PCoA saxs mainly associated to a daily
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446  movement capacity gradient with negative valuesesponding to species presenting none to

447  low movement capacitiese.(. Sabellaria alveolata) and higher values corresponding to
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Figure 4. Two-dimensional illustration of the five functidnadices (functional dispersion = FDis, functiomgdéntity = Flde, functional richness
= FRic, functional divergence = FDiv, functionaleemess = FEve) based on the species identifieteril® undisturbed (top line) and 12
disturbed (bottom line) engineered sediment cdrke.black crosses indicate species absent frommgineered sediment type but present in the
global pool of species. Except for FRic, the daks proportional to each species’ mean biomasshénRDis panels, the black squares and
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dashed lines represent the weighted-mean posifitimecspecies in the multidimensional space andvbighted-mean positions of the species
on the first and second axis (Fldel and Flde2peaes/ely. In the FRic panels, the colored convelygons represent the projection of the
multidimensional convex hull in 2D, the filled syoib represent the species used as vertices in tittelimensional space and the bold bars on
the axes represent the minimum and maximum valaesaoh axis. In the FDiv panels, the black diamaeggesent the center of gravity of the

vertices. In the FEve panels, the blue lines regmeshe minimum spanning tree linking all speciasthe multidimensional space.
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Figure 5. Position, on the first two axes of the functioephce, of all the species present at
the global engineered sediment level and identibgdheir full or abbreviated names (see
Table S1).Sabellaria alveolata is the engineer species whiRercellana platycheles is the
second dominant species in the disturbed engineszduinent coredMagallana gigas and
Mytilus cf. galloprovincialis are two other engineer species present as epsbiomtthe

engineered sediments.

increasingly mobile specieg.§. errant polychaetes such Balalia viridis, EVIR) (Fig. 5).
The second PCoA axis is mainly associated to tlemsnt reworking trait with positive
values generally corresponding to epifaueay.(Magallana gigas) and biodiffusors €g.
Nemerteans, NEME), values close to O correspontiingpward and downward conveyors
(e.g. Mediomastus fragilis, MFRA and Pygospio elegans, PELE) and negative values
corresponding to surficial modifiers.g. Lekanesphaera sp., LEKsp) (Fig. 5). Consequently,

functional identity values on the first two PCoAeaxcan bring direct indications on which
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modalities are key in driving the different ecogystfunctions. The other biological traits
(size, feeding mode and bathymetric preferencepwet associated with a specific PCoA

axis.

3.3.Relative importance of macrofauna and temperature on the engineered sediment
biogeochemical functioning

The minimal adequate models contained three orgoedtictors and explainezh. 70% of
the ecosystem function variability (Table 3). Atlet models contained water temperature, a
predictor associated to the engineer effect hymmh®. alveolata biomass or abundance) and
a predictor associated to both the diversity andsamatio hypotheses (FRisor FEvey).
Furthermore, FDig and Flded,appeared correlated at 0.99 (Spearman correlatidimating
that when FDig, increases, the abundance of species with mediurhiglhh movement
capacities also increases (Figure S3). One UES sammgpled in summer was closer to the
summer DES cores than to the other summer UES t@mesuse of a higher FRdsand a
lower engineer abundance. Nonetheless, the fluxebi® unexpectedly different core in
terms of macrofauna characteristics were in linthwhe partial linear regressions (Fig. 6),
which seems to indicate our minimal adequate modedsnot the result of an UES/DES
dichotomy.

a. Engineer effect hypothesis

Based on the standardized slopes also called sthned partial regression coefficients or
effect sizes ), the engineer had a positive effect on the faunctions (Fig. 6). Engineer
biomass (mean = 125, SD = 94) was the predictdr thi¢ strongest effect on the SOD (mean
= 4640, SD = 3750) and NH(mean = 462, SD = 330) fluxes, holding all the oftve@dictors
of each model statistically constant. An increageobe population SD of alveolata

biomass increases the SOD and4Nffuxes by 0.63 and 0.59 population SD, respectively
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(Table 3). Considering the multifunctionality metmodel, engineer biomass had an effect of
comparable magnitude to FRigTable 3). Finally, engineer abundance (mean H4%® =
13 936) was

Table 3. Minimal adequate models (ordinary least-squareressjons) explaining the
standardized ecosystem functions (sediment oxygemadd (SOD), ammonium flux (NB,
sum of nitrate and nitrite fluxes (NQ) and the multifunctionality metric). We expressbd

slope estimates as effect sizRstd compare their relative effects on each fumctio

df RSE F statistic B P
SOD adjusted R2=0.73
Model 3 21.3 <0.001
Error 20 0.52
Biomass 0.63 <0.001
FDisa? -0.31 0.025
Temperature 0.23 0.048

NH,4" adjusted R2 = 0.69

Model 3 18.4 < 0.001
Error 20 0.55

Biomass 0.59 <0.001
Temperature 0.45 0.001
FDisy -0.35 0.011

NO2.zadjusted R2 = 0.70

Model 3 19.0 <0.001
Error 20 0.55

Abundance 0.62 < 0.001
Temperature 0.30 0.031
FEvey -0.25 0.076

Multifunctionality metric adjusted R2=0.73

Model 4 17.0 < 0.001
Error 19 0.51

Temperature 0.52 <0.001
Biomass 0.37 0.021
FDisy -0.38 0.008
FDisy? -0.32 0.035

df: degree of freedom, RSE: Residual standard ,eAbundance:S alveolata abundance,
Biomass:S alveolata biomass, FEve: functional evenness, FDis: fundlialispersion. The

subscripts ab indicates that the index was weighse#ty species abundance.
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the predictor with the strongest effect on the,N@uxes (mean = 450, SD = 334), holding
all the other predictors of the model statisticalbystant (Table 3).

b. Diversity and mass-ratio hypotheses

Two functional indices weighted by abundance wetained in the minimal adequate
models, FDis (mean = 0.18, SD = 0.11) and FEve fme&.61, SD = 0.11), and both
predictors always presented negative standardiopeés (Fig. 6). The functional dispersion
displayed a simple linear effect on the Nifluxes, a simple quadratic effect (concave form)
on the SOD and a more complex quadratic effect hen rhultifunctionality metric i(e.
concave form with low values of FRQjseliciting higher values of the multifunctionality
metric than high values of FRQj$. It was the predictor with the weakest effecttba NH;"
fluxes and with the second strongest effect onSO®. The functional evenness displayed a
simple linear effect on the N@fluxes and was the predictor with the weakest &ftealding
all the other predictors of the model statisticalbystant (Table 3).

c. Water temperature

Based on the standardized partial regression coeits, the water temperature (mean =
12.33, SD = 3.76) had a positive effect on the frosystem functions, all other predictors of
each model being held statistically constant (Ta&)ldt was the predictor with the strongest
effect on the multifunctionality metric, with theesnd strongest effect on the NHand
NO,.3 fluxes and with the smallest effect on the SOD (F&y. Increasing the water
temperature by one population SD increases therdiit functions by 0.23 (SOD) to 0.52

(multifunctionality, SD = 0.83) population SD (Tal3).
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532  Figure 6. Partial linear regression plots (left) and staddaed partial regression coefficients
533  (effect sizes, right) of the predictors retainedha minimal adequate models explaining the
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standardized ecosystem functions (sediment oxygemadd (SOD), ammonium flux (NH,
sum of nitrate and nitrite fluxes (NQ) and the multifunctionality metric). Abundance
(abund.) and biomass (biom.) refer to the engiriealveolata abundance and biomass,
respectively. FDig and FEvg, refer to the functional dispersion and functioegénness,

respectively, both weighted by species abundance.

4. DISCUSSION

The study of the link between taxonomic diversitypctional diversity and ecosystem
functions is complex but crucial if we are to urslend in a more holistic way ecosystem
functioning and the impact of disturbances on targctioning (Brose and Hillebrand, 2016;
Gamfeldt et al., 2015). Usingabellaria alveolata reefs as a study case, we started to fill the
gap relative to the role played by biodiversity the functions performed by tubiculous
structural engineers (Berke, 2010), building uptudies on the biogeochemical functioning
of bivalve reefs (see Stief (2013) and referenbesein). This study is a necessary first step
towards conceiving more controlléd situ experiments by removing potentially key species
such as highly mobile biodiffusorse.§. Eulalia viridis) or manipulating the physical

disturbance of the reef by clearing out sngalllveolata tube patches.

4.1.Biogenic structures promote biogeochemical fluxesin coastal waters

Microorganisms and meiofauna were probably the rdawers of the oxygen and solute
fluxes measured in the soft sediments surroundigg engineered sediments along with
physico-chemical mechanisms such as diffusion ameedion. Indeed, solutes transfer
mechanisms inside the first 10 cm of these softnsexkts are probably dominated by
advection in the highly permeable CS sedimentskgndiffusion in the less permeable MS
sediments (Huettel et al., 2003). Macroinvertelzratere also relatively scarce with average

abundances between 226 ind.(winter) and 4145 ind.ih(spring) in the MS, 636 ind.f
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(winter) and 1556 ind.fi(spring) in the CS. Consequently, macrofauna wabahly not a
driving force in these sediments, either in termsadute transfer via bioturbation or in terms
of oxygen uptake as indicated by a macrofauna-nimeth SOD above 1 (Clough et al.,
2005). Conversely, macrofauna was across the pgeeeds the main driver of the engineered
sediment oxygen uptake, as indicated by a macrafaonmalized SOD close or below 1
(Clough et al., 2005). Since, we did not measurerabial respiration or biomass during our
study, we focused on the engineered sediments fochwwe had information on what
appeared to be the driving force of its biogeoclwahfunctioning, the macrofauna.

Across the three periods, we measured higher SOB" nd NQ.3 fluxes in the
engineered sediments compared to the CS and Mifiegedce we attribute at least partly to
the 8 (summer) to 1000 (winter) times higher maawoh biomass in the UES and DES
compared to the CS and MS. Indeed, community bisraag oxygen consumption are often
strongly correlated (Braeckman et al., 2010; Cloaghl., 2005; Norkko et al., 2013) through
the positive link between individual body mass aesdpiration rate (Gillooly et al., 2001,
Hildrew et al., 2007). Macrofauna can also accdanflO to 70% of community NH fluxes
from the sediment through ammonium excretion (knsen, 1988; Vanni, 2002). Despite
representing between 45 and 97% of the macrofabmadance in the engineered sediments,
Sabellaria alveolata creates, through the structures it builds anditsogical activity, an
environment favorable to other macroinvertebraf@sbpis et al., 2002; Jones et al., 2018)
and probably also to a community of meiofauna ancrourganisms (Ataide et al., 2014;
Kristensen and Kostka, 2005; Passarelli et al.,4p0Indeed, meiofauna and especially
nematodes are often more diverse and abundantibgigenic structures such &abellaria
wilsoni reefs compared to neighboring bare sediments détet al., 2014). Furthermore, the
colonization of macrofauna tubes by prokaryotic oamities is known to be stimulated by

the host’'s organic secretions that represent a fmafce for these organisms, probably
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affecting global biogeochemical processes (Kriganand Kostka, 2005; Passarelli et al.,
2014). For example, burrows built by polychaetks Hediste diversicolor, that penetrate the
anaerobic subsurface sediment, promote microbiah@mnce and activity, increasing, O
consumption and nutrient release from the sedirddetmillod-Blondin et al., 2004; Reise,
1981). Consequently, meiofauna and even more smarganisms surely play an important
part in the engineered sediments biogeochemicaé$lumainly through aerobic respiration,
dissolved inorganic nitrogen excretion, particulabeganic nitrogen remineralization,
ammonium assimilation, nitrification and denitrdteon (Herbert, 1999; Kristensen, 1988;
Vanni, 2002).

Overall, oxygen consumption, ammonium and oxidizgebgen release were enhanced in
the sediments engineered 8yalveolata compared to bare substratum, as reported forvaval
reefs (Kellogg et al., 2013; Norling and Kautsky)0Z). The mechanisms promoting
biogeochemical fluxes if. alveolata reefs and other polychaete reefs are probablgdnee
as in bivalve reefs and involve the dense macr@faamd the associated microorganisms
(Passarelli et al.,, 2014; Stief, 2013). First, #megineered structures (bivalve shells or
polychaete tubes) extend the surface availabledtonization by nitrifying and denitrifying
microorganisms, which benefit from the metabolicstgaproducts excreted by the engineer
species (ammonium and carbon dioxide). Second,omnganisms can use the large amounts
of biodeposits, including large quantities of egéléular polymeric substances such as mucus,
produced by bivalves and polychaetes e€gestion of particulate organic matter), as a surc

of labile organic matter (Gutiérrez et al., 200&jsterkamp et al., 2013).

4.2.Biogeochemical fluxesin engineered habitats: a comparison
We compared our results with fluxes measured iolgchaete reef built by the invasive

serpulid polychaeteFicopomatus enigmaticus (Keene, 1980), in a restored subtidal
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Crassostrea virginica reef (Kellogg et al., 2013) and in a mudflat stamed by Upogedia
pugettensis, a bioirrigating shrimp(D’Andrea and DeWitt, 2009)Table 4). The two
polychaete reefs had close community respiratioesrébetween the spring DES values and
the early March values) and maximal N¢fluxes (between the summer UES values and the
November values) while maximal NHfluxes were two folds higher in our study (spring
DES) compared with the November values. For clostemtemperatures (12°C in this study
and 14.5°C in Kellogg et al. (2013)), the respoatrates measured in tikealveolata andC.
virginica reefs were close. The maximal Nnd NQ.sfluxes measured for th@ alveolata
reef were comparable to the ones measured resplgctiv April and June at the restored
oyster reef. Finally, maximal daily community raspion rates and NH fluxes in this study
were like the ones reported for the high pugettensis density plots (Table 4). Differently,
maximal NQ.sfluxes measured in the engineered sediments waerdalds greater than the
ones recorded in hig. pugettensis density plots.

This comparison highlights a few interesting poimts biogeochemical fluxes and
ecosystem engineers. First, the extend and theesbiafhe polychaete reefs seems to affect
NH," fluxes probably via the amount of organic mattepped inside and between the
engineered structures. Indeed, alveolata reefs are composed of coalescent hummock
structures that completely recover the initial $rtdie (Jones et al., 2018) wherels
enigmaticus reefs are discontinuous structures between whatkercan pass and flush out the
accumulated organic matter (Bruschetti et al., 208kcond, structural engineers likse
alveolata and oysters that build coalescent structures, rexghan similar amounts sediment
oxygen demand, ammonium, and nitrates + nitritage. Finally, habitats built by reef-
forming species such as bivalve and tubiculousctiral engineers could have a higher
potential as organic nitrogen recyclers than bumgwand bioturbating infauna likéJ.

pugettensis in engineered soft sediments (Berke, 2010).
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Table 4. Sediment oxygen demand (SOD), ammonium {Nknd nitrate + nitrite fluxes (NGs) measured in engineered habitats built by

polychaetes, bivalves and crustaceans and reportdds study and three others. D’Andrea & DeWR0Q9) measured fluxes in a mudflat

colonized by low, medium, and high densitiedJpbgedia pugettensis.

Engineered habitat

Study location and
reference

Type of flux
reported

SOD NH;"

NOs.+3

Sabellaria alveolata
(polychaete) reef

English Channel
coast (bay of Mont-
Saint-Michel,
France), this study

Min — max across
spring (12°C),
summer (17°C) and
winter (8°C)

0.03 (winter DES) 0.06 (winter DES) —
—0.33 (spring DES) 0.85 (spring UES)
g O..m2ht mmol.m?2.h?

0.17 (winter DES) —
1.01 (summer UES)
mmol.m?.h*

Min — max in spring

Spring: 8.03 (193) Spring: 0.65 (15.6) —

Spring: 0.38 (9.12) —

and summer (daily  —10.31 (247) 0.85 (20.4) 0.53 (12.72)
values) Summer: 3.08 (74) Summer: 0.25 (6) — Summer: 0.32 (7.68) —
_ 4.24 (102) mmol 0.70 (16.8) 1.01 (24.24)
O,.m2.ht mmol.m?2.h? mmol.m?.h
Ficopomatus Mediterranean Sea exact temperature 0.24 (early March) 0.40 (November) 1.05 (November)
enigmaticus (Tunisia), Keene unknown —1.17 (late March) mmol.nmi%h* mmol.m?h*
(polychaete)reef 1980 g O.m?h
RestoredCrassostrea  Maryland coast Comparable values 12.87 mmof.®@ 0.8 mmol.nt.h* 0.46 mmol.nf.h*1.3

virginica (bivalve)
reef

(USA), Kellogg et al.
2013

2 h* (November,
14.5°C)

(April, 15.1°C)

mmol.m?.h* (June,
25.7°C)

Mudflat colonized by
bioirrigating shrimp
Upogedia pugettensis
(crustacean)

Oregon coast (USA),
D’Andrea & DeWitt
2009

Summer (17.1°C)

97.4 (low density) 4.11 (low density) —

225.7 (high 16.37 (high density)
density) mmol h  mmol m?.d*
Z.d-l

1.16 (medium density)
— 11.38 (high density)
mmol m?.d*
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4.3. Sabellaria alveolatand water temperature are the main drivers of the engineered
sediment biogeochemical functioning

What we termed the engineer effeice.(the engineeb. alveolata promotes, through its
density, the biogeochemical functioning of the eegred sediments) mainly results from the
combined biological activity of the engineer speck alveolata per se, as well as the
meiofauna and microorganisms associated to eadvidodl and its tube, a community likely
specific to complex structures like polychaete tufidermillod-Blondin et al., 2004; Reise,
1981; Tout et al., 2014) with a temperature-dependetivity (Herbert, 1999; Thamdrup et
al., 1998). This study based on observational datped us to determine some of the main
drivers of the biogeochemical functioning ofSa alveolata reef; the engineer, the water
temperature and the associated macrofauna thraghbiological traits, strongly supporting
the engineer effect hypothesis and giving some aippp the diversity hypothesis but only at
relatively low levels of functional diversity. These of terms like “effect” or “driver” are
somehow abusive since real causality between pogdiand response variables can only be
determined through controlled experiments. None8glwe believe this study is a first step
towards better understanding the functioning ok¢heomplex habitats, helping us to better
conserve and manage them.

In sediments engineered Byalveolata, the number one driver of community respiration,
was S. alveolata biomass. Water temperature was not the main dofeSOD like we
expected according to the Q10 of 2 relation (Hidet al., 2007) and subtidal studies on soft
sediments and oyster reefs (Janson et al.,, 2018pdgge et al., 2013). Nonetheless,
temperature still had a small positive effect or 80D. We measured the highest SOD
values in spring (12°C) and not in summer (17°QJifference we mainly attribute to the 2-3
times higher engineer biomass in spring compareshitomer, but also to the ripe and heavy

individuals ready to spawn in spring (Dubois et @007a). Biomass can have a strong
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influence on respiration rates at the individuatl amommunity level, a biomass effect we
observed here which clearly surpassed the effet@roperature on the SOD (Braeckman et
al., 2010; Clough et al., 2005; Hildrew et al., 2pNorkko et al., 2013). Structural ecosystem
engineers such & alveolata can also act as agents of biogeochemical heteedgehrough

the structural changes they cause, affecting haasfer processes and temperature dependent
microbial activity (Gutiérrez et al., 2003). Temakere loggers placed inside the reefs
revealed that the engineered sediments present lbeat transfers than the surrounding
coarse sediments (Jones, pers. obs.), indicatitgy wemperature variations could be buffered
inside these sediments, probably reducing temperalependent aerobic respiration
(Thamdrup et al., 1998; Woodin et al., 2010).

Sabellaria alveolata biomass was also the number one driver of the'NlHixes, a result
probably caused by two processes positively cdeelto the engineer biomass and stronger
in spring than in summer: excretion and egestiorst,Rhe engineer biomass has a positive
effect on the Nl fluxes probably because of higher excretion rafeS alveolata in spring
when its mean biomass is the highest, a seasoa#dibyrecorded for the gastropGdepidula
fornicata (Martin et al., 2006)Sabellaria alveolata probably also egests more feces and
pseudofeces (Dubois et al., 2006) in spring duthey phytoplankton bloom and the main
reproductive season, as recorded Kéodiolus modiolus (Navarro and Thompson, 1997).
These biodeposits are rapidly remineralized by @atad bacteria, producing NH(Stief,
2013) and linking the engineer biomass and,;NiHixes. Temperature was the second most
important driver of the NH fluxes, an effect probably linked to the temperatdependent
metabolic rates of the meio and macrofauna (exoreind egestion) and associated bacteria
(nitrogen remineralization) (Gillooly et al., 200¥agni et al., 2000).

The first and second most important drivers of.N@uxes wereS. alveolata abundance

and water temperature, respectively, probably thinotne promotion of nitrification by the
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engineer and its tube and the temperature-deperat#nity of nitrifying bacteria. The
transformation of NE into NO, and then N@ requires ammonium, oxygen, and the
presence of aerobic nitrifying microorganisms, maive at higher water temperatures
(Herbert, 1999). First, a diverse community of manganisms including nitrifying bacteria
are probably directly associated to the surfacg& afveolata as shown for other polychaetes,
amphipods and bivalve soft tissues (Welsh and Galita2004). SecondlyS. alveolata
density is also an indirect measure of tube densityes that are home to nitrifying bacteria
(D’Andrea and DeWitt, 2009) and act as vectorsvalg oxygen to penetrate deeper into the
engineered sediment, ultimately promoting nitrifica. Finally, the vertical movements 8f
alveolata in its tube increases the oxygen fluxes from therlging water to the deeper
engineered sediment layers further promoting rettfon, as reported in the burrows of many

soft sediment organisms (Woodin et al., 2010).

4.4. Biological traits of associated macrofauna is a secondary driver of the engineered

sediments biogeochemical functioning

Using a multiple linear regression approach, weenealetected a significant effect of
indices only used to test the diversity hypothg8&, N1 and FRic) or the mass-ratio
hypothesis (Fldel and Flde3), on a flux. If thesean effect of a higher associated
macrofauna diversity or biological trait dominarethe fluxes, it is mostly accounted for by
S alveolata abundance or biomass (engineer effect hypothas)by functional dispersion
(FDis) or functional evenness (FEve) (diversity améss ratio hypotheses). Indeed, a
decrease in the abundanceSoalveolata is linked to an opposite increase in the abundance
and richness of associated macrofauna (Dubois,e2@2; Jones et al., 2018). Furthermore,
75% of the species richness variability can be arpld byS. alveolata biomass (hegative

effect) and FDig, (positive effect). Finally, FDig and Fldel, have a 0.99 correlation
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indicating FDigp, increases with an abundance increase of higheilitypecies (movement
capacity trait) and this index can also be usdddbthe mass-ratio hypothesis.

Functional dispersion, only weighted by abundama@es the second most important driver
of the SOD and multifunctionality metric, displagimn both cases a concave form (second
degree polynomial form with a negative effect sizejorm also detected in sandy sediments
when relating benthic species richness and ammofiias (Thrush et al., 2017). Maximal
values of the two functions were detected for EPralues ofca. 0.19 for SOD anda. 0.16
for the multifunctionality metric, corresponding tiee middle of the disturbance continuum
present in the engineered sediments (slightly et reefs). Bumped-shaped relationships
seem to be relatively common in cross communitgiegipossibly because the explanatory
variables are more variable and have a wider rahgalues in these studies than in a single
community type helping to detect these functioomahfs (Mittelbach et al., 2001; Thrush and
Lohrer, 2012). We deliberately sampled two differeangineered sediment typologies
characterized by different communities dominatedth® engineer species but with a large
diversity gradient, favoring the detection of th@cave functional form.

Mechanisms linked to the diversity hypothesis sashresource partitioning and niche
complementarity (Tilman, 1997) or non-additive natdions among species through trait
redundancy (insurance hypothesis, Yachi and Lof&@889)) probably explain the positive
effect low functional diversity has on the SOD ahd global biogeochemical functioning
(Brose and Hillebrand, 2016). The presence of sgewith modalities likeS. alveolata,
especially regarding their mobilifg.g. Magallana gigas, Mytilus cf. galloprovincialis), limit
the functional loss due to the increasing distuckeaand the resulting decrease of the engineer
species abundance (Dubois et al., 2006, 2002).rGipecies with no to low movement

capacities and with modalities complementaryStcalveolata (e.g. Venerupis corrugata)
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737 regarding other traits eg. sediment reworking) enhance the global biogeocta&mi
738  functioning of the engineered sediments (Brund.eR803; Stachowicz, 2001).

739 In a second phase, interferences between speciexialiies (.e. interference
740 competition) seem to limit biogeochemical proceddes organic matter remineralization,
741 leading to the negative effect of high functionaledsity on biogeochemical fluxes (Brose
742  and Hillebrand, 2016). Indeed, structural engineaich asS. alveolata likely build habitats
743  where the local environmental conditions are opitifoathem and where they are likely the
744  best performing species of the assemblage for neasisystem functions, including
745  biogeochemical fluxes (Gamfeldt et al., 2015). Gopueently, a functional dispersion above
746 0.16-0.19 could translate into a stronger spatrad/@ trophic competition between the
747  associated macrofauna a8dalveolata (Dubois et al., 2006; Jones et al., 2018), potintia
748 leading to lower metabolic rates of the engineecs&s €.g. respiration) and to lower global
749  fluxes. Functionally dissimilar species could atBsrupt the local conditions created by the
750 engineer, for example through the destructiorboélveolata tubes €.g. Carcinus maenas
751  excavates alveolata tubes), decreasing nutrient cycling.

752 Furthermore, functional dispersion weighted by alante had a strictly negative effect
753 on the NH fluxes. Considering the strong correlation betwE8is,, and Fldegy, this result
754  supports the mass-ratio hypothesis and is probatigd to the same mechanisms as the ones
755 explaining the negative effect of higher functiongdiversity levels on the SOD and
756  multifunctionality. Even at low functional divergitevels, we did not detect a positive effect
757  of increasing diversity on the NHfluxes. The loss o8. alveolata type species in terms of
758  mobility and the addition of species with differenbdality combinations seems to rapidly
759  impair NH, fluxes, probably through the loss of sessile bigaland polychaetes, organisms

760 that strongly influence these fluxes through exoreand biodeposit production (Stief, 2013).
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Finally, functional evenness (abundance weightety)oran index informing on the
regularity of the abundance distribution in thedional space, had a weak negative effect on
the NQ.3 fluxes. A high value of FEve indicates a homogendistribution of the species
and of their abundance in the functional space wiithilar distance between species (Villéger
et al., 2008). Consequently, M@ fluxes seem to be promoted by the presence ofraeve
clumps of species with similar trait combinatiomglicating that a certain level of biological
trait redundancy associated to a certain levepets richnesscd. 10 species), is necessary

for an optimal nitrogen cycling in the reef.

4.5. Global biogeochemical functioning of the engineered sediments

Overall, the biogeochemical functioning of the seeints engineered iy alveolata was
much more intense than that of the soft sedimam®ending the engineered sediments, a
difference likely linked to the abundant and divieed macrofauna, meiofauna and
microorganisms promoted by the reef structures thredengineer itself. Focusing on the
engineered sediments, we found that water temperasuthe main driver of their global
biogeochemical functioning, followed I8 alveolata biomass and the macrofauna functional
dispersion weighted by abundance. Consequentlysuigus structural engineers such&s
alveolata have biomass-dependent effects on biogeochemiceds as do burrowing and
bioturbating infauna (Braeckman et al., 2010; D’Agwl and DeWitt, 2009; Norkko et al.,
2013; Thrush et al., 2017), suggesting this cowdabgeneral property of many marine
ecosystem engineers. Furthermore, the concavet dff@is,, has on the multifunctionality
metric brings support to the diversity hypotheditoa levels of functional dispersion (0.01-
0.16), when sessile species with complementaritylatities for other traits dominate the
engineered sediments. When functional dispersidngiser (0.16-0.36), the biogeochemical

functioning of the engineered sediments is prombtetigher abundances of species with no
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to low movement capacities (higher Flgglbringing support to the mass-ratio hypothess, a
found in autotrophic terrestrial systems (Diazlet2®07; Garnier et al., 2004; Mokany et al.,
2008) and across field studies on soil fauna (Gagal., 2015). The concave effect of FRis
on the multifunctionality metric also indicates ariermediate macrofauna trait diversity
could maximize the global biogeochemical functignof a S alveolata reef through trait
redundancy and niche complementarity.

Maintaining a high abundance and biomass of thénerg species appears paramount if
we wish to further maintain ecosystem processefmeed by this habitat such as organic
matter remineralization and nitrogen cycling; indleaur results evidence that a good physical
status of the reef structure (prograding areas mgh tube density) leads to a good ecological
functioning of the reef. Local disturbances (reefjidhdation) can increase species number
(Dubois et al., 2020) and possibly enhance funetiativersity, which does not appear, at
first, as detrimental in terms of biogeochemicakéls. However, anthropogenic disturbances
such as trampling should be limited as much asilplessas they could alte®. alveolata
biomass in the long term (Desroy et al., 2011;dplicet al., 2016). Complementary studies
should aim at manipulating disturbance levels andfecies composition, measuring other
functions such as primary and secondary produationonsumption and studying oth®&r
alveolata reefs to test if engineer biomass and functiomgpeatsion weighted by abundance

could be used as indicators®falveolata reef functioning.

CONCLUSION

In a conservation goal, identifying indices thatorm us on the global functioning of
ecosystems and its evolution is paramount. In thee cof S alveolata reefs, our study
indicates the two most important parameters to oreaare the biomass and abundance of the

engineer species. In a second step, estimatingbilnedance of the associated species (and not
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their biomass) and focusing on their respective entent capacities, a trait associated to a
species’ sediment reworking abilities (Queirés bt 2013) and known to affect many
biogeochemical fluxes (Braeckman et al., 2010; lehal., 2006; Mermillod-Blondin et al.,
2005; Michaud et al., 2005), can help to evaluateenprecisely the reef’'s biogeochemical
functioning. Biomass is often considered as monectionally relevant than abundance
especially when the process is size-based (Gagik,&2015; Mouillot et al., 2011) and large
macrofauna have been shown to play a promineninaeft sediment biogeochemical fluxes
(Norkko et al., 2013; Thrush et al., 2006). Nonktbe, soft sediments engineered into hard
substrata by alveolata act as an environmental filter and only relativeiyiall organisms
can establish between the engineer tubes and dffegeochemical fluxes (Jones et al.,
2018). Consequently, in this highly size-constrdit@bitat, abundance appears to be more

important than biomass in explaining biogeochenficakes.
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Highlights

* We studied the functioning of a reef habitat, Imkit to macrofauna diversity
* We measured oxygen and nutrient fluxes using curghbiations

* The reef structures had higher fluxes than thehimgng soft sediments

» The reef-builder’'s biomass and temperature wererthi@ drivers of reef fluxes

* Anintermediate level of macrofauna trait diversitgximized these fluxes
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