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Abstract

The invasive Japanese seawe€edcilaria vermiculophylla has become established over the
past several years in numerous European estutdesPortugal to Norway. In the Faou
estuary (48.295°N-4.179°W, Brittany, France), s a dense population at the mud’s
surface. The effects @. vermiculophylla on metabolism, diversity, and the food web were
studied. Community gross primary production (GRR) espiration (CR) during emersion,
chlorophyll-a content, macrofaunal and meiofaunal diversity @amandance, and stable



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

50
51

52

53

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74

isotopes §'°C andd'°N) of representative macrofaunal species and nuaid $ources were
measured at low tide in winter, spring, summer 2@t winter 2015. Results show
significant seasonal variation in GPP and CR. MeeeoGPP was significantly higher in
areas wher6&. vermiculophylla was present than in the control area (bare mualeer,
this high GPP appeared to be linked to the increabemass in primary producers, with
their efficiency (primary productivity, i.e. assilation number) remaining relatively stable
compared with the control area. Significant vadiatin abundance of meiofauna and
macrofauna was also detected and new epifaunakespsere collected, mainly in
Gracilaria-colonized areas. Isotopic food-web Bayesian mixmaglels strongly suggested
thatG. vermiculophylla plays a major role in the diet of some dominamicggs. Mechanisms
interacting with the functioning and diversity detmudflat are discussed. Finally, the
invasive seawee@. vermiculophylla affected the mudflat ecosystem in three ways: s
primary producer (increase in metabolism), as atataforming species (changes in diversity
and abundance of macrofauna and meiofauna), aachew abundant food source, likely
through the detrital pathway.

Key-words: Invasive — Non-indigenous species — &gd — Metabolism — Food web —
Macrofauna diversity — Meiofauna diversity — Enginspecies

I ntroduction

Among reported marine non-indigenous species (hMi&urope, between 20 and 40% are
macroalgae (Schaffelke et al. 2006; Stiger-PouvesaliThouzeau 2015). Owing that some
of them can act as foundation species (Dayton 1BIli2pn et al. 2005) or ecosystem
engineers (Jones et al. 1994, 1997), they may yedtpl the structure and functioning of
local communities by changing abiotic conditionsn@s et al. 1997), local diversity
(Wallentinus and Nyberg 2007 and references thgraid food webs (Hastings et al. 2007).
Reports on these changes generally indicate negatiects on indigenous species (Levine et
al. 2003), although there may also be some posgfifeets (Crooks 2002). Studies on
macroalgal introductions generally focus on rochkgres and explore potential competition
with native seaweeds for space (Schaffelke and t1@@07 and references therein). Less
frequently, non-indigenous seaweeds can also c@dribtopes that originally have no
significant macroalgal populations. For example, plerennial red seawe€uacilaria
vermiculophylla (Ohmi) Papenfuss is now reported on the Pacifastof USA, on the west
and east coasts of the North Atlantic (Freshwatat. 2006; Thomsen et al. 2007, 2009;
Krueger-Hadfield et al. 2017) and especially altmgFrench Atlantic coasts (Stiger-
Pouvreau and Thouzeau 2015).

This species, originating from East Asia, can hentbin Europe from Norway to Portugal
(Rueness 2005; Hammann et al. 2013 and refereheesrt), as well as along the Atlantic
coast of Morocco (Guillemin et al. 2008; Kruegerelfiald et al. 2017). Its introduction in
France likely occurred in the vicinity of oysterrfags (Mollet et al. 1998): a recent study on
this species using population genetics (Kruegerfidiadet al. 2017) indicates that the



75  probable main source of the invasion is northeasiapan, the area from which the majority
76  of Crassostrea gigas oysters were imported during the"2€entury. In its native range, the

77  species is characterized by a haplo-diplonticdifele and is attached by holdfasts to hard
78  substrata. Along west and east coasts of the Mdl#mtic, its populations are dominated by
79  diploid thalli without holdfasts that colonize eatine mudflats through vegetative

80 fragmentation (Krueger-Hadfield et al. 2016). Sarly, in French mudflats;.

81  vermiculophylla occurs without attaching to a (however small) hardstratum. The presence
82  of G. vermiculophylla on mudflats on the northeastern coasts of theedrtates seems to be
83 linked to, or at least facilitated by, the preseotthe tube-dwelling wornbiopatra cuprea

84  (Thomsen and McGlathery2005; Wright et al. 2014véttheless, it has been reported in
85  various types of substrata in Europe, including amsed soft sediments and stones, e.g. in the
86  Baltic Sea (Weinberger et al. 2008), where it maystitute a competitor of the native brown
87  algaFucus vesiculosus.

88 InvasiveG. vermiculophylla may be less palatable th&ivermiculophyllain its native range

89  both for grazers from its native range and fromnteaded range (Hamman et al. (2013).

90 Invasive populations db. vermiculophylla defend themselves better against bacterial

91 epibionts isolated from their respective introducaages than from the ones from their native
92 range, suggesting a rapid adaptation of its chdrdefanse mechanism to new bacterial

93  epibionts in the invaded range (Saha et al. 2016).

94  For more than 10 year§, vermiculophylla has been considered as an occasional species on

95  French coasts, without any effect on ecosystemst{ha-Llscher and Holmer 2010).

96  Currently, it is now broadly distributed in esturiecosystems where it visibly constitutes a

97 habitat-forming species at the surface of the nBidermiculophylla can be now considered

98 as invasive because it tends to occupy a largeop#ie mudflats it has colonized. It also

99 represents a new benthic primary producer on thdflatuthe microphytobenthos being the
100  only primary producers until this invasion.

101  The expansion of the species has been monitoréulaa estuaries in the Bay of Brest since
102 2013 (Surget et al. 2017). Among them, the Faouaegtappears to be the most heavily

103  colonized field site (Surget et al. 2017). Therefdhis estuary was chosen for a study on the
104  impact ofG. vermiculophylla that was carried out from February 2014 to Jan@éfys. The

105 aim was to determine whether this alga presentudflats previously colonized only by

106  microphytobenthos (1) is significantly modifying dflat metabolism (primary production

107  and respiration) as a new primary producer, (8)gaificantly modifying the diversity and

108  abundance of the benthic community (macrofaunanagidfauna) as a habitat-forming

109  species, and (3) is significantly modifying the modenthic food web by providing a new

110 food source.

111

112 Materials and M ethods
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All sampling and measurements were performed sanatiusly during low tide, about 4.10
m above chart datum, in February, May, Septemb&4 28nd January 2015 in the Faou
estuary (48.295°N-4.179°W, Brittany, France) (Fegl).

Ecosystem metabolism

Ecosystem metabolism was measured during low tittetiwee 0.071 fbenthic chambers
to estimate Cofluxes at the air-sediment interface using thehmetdescribed in Migné et al.
(2002). Sediment (includin@. vermiculophylla when present) was enclosed down to 10 cm
depth. Changes in air G@oncentration (ppm) in the benthic chamber (1W&)e measured
with an infrared gas analyzer (LiCor Li-820) for-16 min. CQ concentrations were
recorded in a data logger (LiCor Li-1400) at afeeguency. CQflux was calculated as the
slope of the linear regression of €&ncentrationmol mol*) against time (min) and
expressed in mg C it assuming a molar volume of 22.4 L at standard &satpre and
pressure. Transparent chambers were used to estineabet benthic community production
(NCP), the difference between community gross pynpaoduction (GPP) and community
respiration (CR). Opaque chambers were used tma&&iCR. During light incubations,
incident photosynthetically available radiation @®A400-700 nm) was monitored with a
LiCor SA-190 quantum sensor. On each sampling daiaified sampling was performed,
with three replicates on th@racilaria-colonized area (% cov&. vermiculophylla > 50%)
and three replicates on the bare-mud area, coesigerthe control. Benthic chambers were
deployed within a few meters of each other to liamy spatial variation.

Considering the low number of replicates and theeabe of homoscedasticity even after
metric transformation, we used the non-parametleBer-Ray-Hare test (Sokal and Rohlf
1995), the non-parametric equivalent of a two-w&OVA, on sampling date (n = 4) and
colonization status (area) (bare-mud &der miculophylla-colonized areas, n = 2).

Chlorophyll a

Four replicates of 1.96 ¢nand 1 cm depth (including. vermiculophylla when present) were
sampled within each benthic chamber at each saggéte during low tide. Samples were
kept cool, in the dark, and brought back to thetatory where they were stored at -24°C
until analysis. Fresh samples were ground 30 spaii@ acetone (5 mL), placed in the dark at
4°C for at least 4 h, and centrifuged (4°C, 3500,rgppendorf Centrifuge 5810R) to extract
chlorophyll a. Chlorophyll a contents (Chl a) weletermined on homogenized supernatants
using spectrophotometry according to the trichraomatthod described in Jeffrey and
Humphrey (1975). In microplates (UVStar F-Bottomei@er Bio-one), optical density (OD)
of 200 pL samples was read at 630, 647, 664, a@di#bwith a POLARstar Omega
spectrophotometer (BMG Labtech). Chlorophyll a eotd were calculated using the
following equation and expressed in mg:m

Chl a (mgmz) =50 x [11.85 X (0&4- OD750) -1.54 x (OQ47- OD750) - 0.08 x (OQ30-
ODysg)] / 1.96

Data were also analyzed using the Scheirer-Ray-téate
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M acr o- and meiobenthos

On each occasion, three 0.1 quadrats were sampled on tBeacilaria-colonized area and
three other quadrats on the bare-mud area for rfzacra identification. Samples were
isolated in the field on sieves of 1 mm mesh sarel stored in 4% salted and buffered
formalin in the lab. Individuals were identifiedtae species level and counted.

Three replicates (1.77 &r2 cm deep) were also collected on ®recilaria-colonized area
along with three other replicates from the bare-rangh, and sieved with a mesh size of 40
pm. Individuals of the meiofauna were identifiedldnging to the 10 following taxonomic
categories: nematodes, platyhelminths, interstimdychaetes, oligochaetes, harpacticoid
copepods, ostracods, halacarid mites, foramini@g@stropods, and bivalves.

Given the low number of replicates and the absehb®moscedasticity even after metric
transformation, we used the non-parametric Sch&egrHare test.

Food web

Sample collection and preparation. Invertebrateisthe main potential organic matter
sources from the sampling area were collected efficilr sampling dates. Suspended
particulate organic matter (POM) from the site wasipled by collecting 2 L of seawater.
POM was obtained by filtration on pre-combusted W@ GF/F glass fiber membranes
within 2 h after collection. Membranes were thenliéied (10% HCI) to remove carbonates,
briefly rinsed with Milli-Q water, dried (60°C), drkept at -32°C until analysis. Sediment
samples were taken by scraping the upper 1 cmeadeédiment. For the measurements of
carbon isotope ratios in sedimented organic mga@&M), SOM was acidified (10% HCI)
rinsed several times with distilled water, drie@%®), and ground to a powder (Riera 2010).
8"3C measurements were conducted on acidified samaidsneasurements of nitrogen
isotope ratios were conducted on non-acidified dasa@amples of terrestrial organic matter,
dead leaves of terrestrial plants abundant on tddynsediment, were collected by hand and,
back at the laboratory, were rinsed with filteredwater (pre-combusted GF/F) to clean off
epibionts, quickly acidified (10% HCI) to removeygoossible residual carbonates, and rinsed
with distilled water. The macroalga vermiculophylla was also collected by hand and
washed with distilled water to remove any attacimederial. In the sampling area, benthic
diatoms occurred only as algal mats in May and&ebper and were extracted for stable
isotope analyses on these two dates. The absenensd mats of benthic microalgae at the
sediment surface in January 2014 and Febr2@iyp may be due to local strong
hydrodynamic conditions and frequent stormy weatheing winter. When present, benthic
diatom mats were collected at low tide by scraphegsurface of the sediment and extracting
them using the method in Riera (2007) for inteftrdaddy sediment. Diatoms were then
collected on pre-combusted glass fiber filtersckiyi acidified (10% HCI), and rinsed with
distilled water. These samples were then dried@p@nhd kept at -32°C until analysis.
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Individuals of the surface deposit-/suspension-deéivalveScrobicularia plana, the grazing
gastropocHydrobia ulvae, and the dominant generalist/suspension-feedgchaéteNerels
diversicolor, which were among the most representative mactblzespecies of the study
area, were collected within the macrobenthic repdis (see above). After collection,
specimens were kept alive overnight at the laboyatofiltered water from the sampling site
to allow evacuation of gut contents and then frozem mollusks, the flesh was dissected
from the shell and quickly treated with 10% HCkémnove any carbonate debris, and then
rinsed with distilled water. All individuals werbédn freeze-dried and ground to a powder
using mortar and pestlBl. diversicolor specimens were treated in the same way with 10%
HCI. CollectedH. ulvae individuals being very small, composite sample$ {ddividuals)
were pooled to obtain sufficient tissue for acoriigtible isotope analyses. Finally, all
samples were dried (60°C) and kept frozen (-32%@i) analysis. Samples, crushed with a
mortar and a pestle, were then put in tin capsésre mass-spectrometry analyses.

Stable isotope measurements. Carbon and nitrog&pes ratios were determined using a
Flash EA CN analyzer coupled with a Finnigan D&lias mass spectrometer, via a Finnigan
Con-Flo lll interface. Data are expressed in tl@dardd unit:

0X (%0) = [(Rsample/ Rreferenc; - 1] X 16

with R =3C/*%C for carbon and®N/**N for nitrogen. These abundances were calculated
relative to the certified reference materials Vieitee Dee Belemnite-limestone (V-PDB)
and atmospheric dinitrogen (at-air). The VPDB andiascaling was carried out using in-
house protein standards that have been calibrgtadst NBS-19 and IAEA N3 reference
materials. The standard deviation of repeated nmeants 06°C and3™N values of the
laboratory standard was 0.10%. versus V-PDB and.0Brsus at-air, respectively.

Data analysis. The number of individuals analyzedehich species was not sufficient to
satisfy the conditions of normality; therefore, rmarametric Kruskal-Wallis tests were
carried out.

For the food-web study, the isotopic values of comsrs were pooled because (1) the
consumers considered showed similar isotopic vatussdiments with or without apparent
macroalgae (see Figure 5) and (2) macroalgae vemrsgdered as detritus equally available to
consumers within the total sampling area throughitportant physical reworking and the
bioturbation of sediments. The trophic links wérert considered for the whole area.

The Bayesian mixing model SIAR (Stable Isotope Asialin R; Parnell et al. 2010) was run
to infer the feasible contribution of the potensalirces to the consumers' diets at each
sampling date. Bayesian statistics have prover @ jpowerful tool because they allow
models to incorporate the variability in the stallgtope ratios of both sources and
consumers, as well as in the isotopic fractionatiernell et al. 2010). Trophic enrichment
factors ranged from 0.30 + 0.21%. ®FC and 2.5 + 0.25%. fo3"°N, corresponding to values
for invertebrate species (whole body) as reviewe@aut et al. (2009).
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Results

Ecosystem metabolism (Figure 2)

Gross primary production (GPP) showed strong seds@miation (Scheirer-Ray-Hare test: H
=17.447, df = 3, p < 0.001) and significant diffieces betweeBracilaria-colonized and
bare-mud areas (H = 3.853, df = 1, p < 0.05), WEP values foGracilaria-colonized areas
being more than twice those of bare-mud areasringFigure 2A), but without interaction.

The same seasonal trend occurred for communityragigm (CR) (H = 18.407, df =3, p <
0.001) but no significant differences appeared betwsracilaria-colonized and bare-mud
areas over the study year (H = 3.203, df = 1, p05)0despite the higher CR values recorded
on Gracilaria-colonized areas than on bare mud in spring andrem(Figure 2B).

Consequently, NPP also exhibited strong seasomialticen (H = 17.767, df = 3, p < 0.001)
but there was no difference between the two atdasZ.430, df = 1, p > 0.05) across the
year (Figure 2C).

Chlorophylla content was much higher on areas colonize@tagilaria than in bare-mud
areas (H=12.813,df =1, p < 0.001), but no sealsmend occurred (H=1.873,df=3,p >
0.05) and chlorophyk content remained high in winter 2015 Grecilaria-colonized areas
(Figure 2D).

Considering primary productivity (i.e. photosynibetdfficiency, also called assimilation
number) as the ratio between GPP and chlorogtgtid expressed in mg C mg CHifa', a
strong seasonal trend was again highlighted (H.82Ly, df = 3, p < 0.001), with no
significant differences (H = 0.003, df = 1, p >%).@etween the two areas, which showed
very similar values each season (Figure 2E).

Macr o- and meiobenthic diversity and abundances (Figures3 & 4)

A total of 5533 macrofaunal individuals belongimg2tl taxa were collected and identified
during the study. The most abundant taxa were ohecpaeteN. diversicolor (40.6% of
sampled individuals), the gastropddulvae (19.7%), the isopod crustaceanthura gracilis
(11.9%), oligochaetes (9.9%), the polychegtebl ospio shrubsolii (8.2%), and the bivalve
Scrobicularia plana (2.8%), withS. Shrubsolii only appearing on the last sampling date and
mainly in the area colonized I&racilaria.

The number of sampled taxa varied significantly agyeampling dates (H = 11.222, df =3, p
< 0.05) but also between the two areas (H = 5.628,1, p < 0.05), with a strong increase in
colonized areas (Figure 3A). This increase canxptamed by the appearance of species
uncommon on mudflats such as epifaunal amphipgagsa marmorata, Melita palmata,
Allomelita pellucida), decapodsHilumnus hirtellus, Liocarcinus pusillus) and polychaetes
(tube-dwelling Sabellidae ar&l shrubsolii), mainly found in colonized areas.

Density of macrofauna (Figure 3B) did not exhilniyaeasonal trends (H =5.343, df =3, p >
0.05) but remained higher in colonized areas (H313, df = 1, p < 0.001). Among the



266
267
268

269
270
271
272
273
274
275
276
277
278
279

280

281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297

298
299
300
301
302
303
304
305
306

abundant taxa\. diversicolor (Figure 3C) showed higher densities in colonizeshs
regardless of the season (H = 14.976, df = 1, 0810, as didA. gracilis (Figure 3D) (H =
17.333,df =1, p <0.001) and oligochaetes (H348, df = 1, p < 0.01) (Figure 3E).

For meiofauna, a total of 12,020 individuals belaggo 10 taxa were collected during this
study. Main taxa were nematodes (83.6% of sampiéaiduals), harpacticoid copepods
(4.9%), platyhelminths (3.5%), ostracods (2.5%]} emerstitial polychaetes (2.1%).

Densities differed significantly (Figure 4A) amodates (H = 10.800, df = 3, p < 0.05) and
between area types (H = 7.397, df = 1, p < 0.0f)oAg the dominant taxa, the abundance of
nematodes (Figure 4B) varied significantly acrassssns (H = 11.687, df = 3, p < 0.01) and
areas (H=6.163, df = 1, p < 0.05), as did onthefostracod species (Figure 4C; season: H =
12.718, df = 3, p < 0.01; area: H =5.572, df # ¥ 0.05). The abundance of harpacticoid
copepods (Figure 4D) only varied significantly asseasons (H = 13.058, df = 3, p < 0.01),
and interstitial polychaetes (Figure 4E) were digantly more abundant iGracilaria-
colonized areas (H = 11.519, df = 1, p < 0.001).

Food web (Figures5 & 6 and supplementary material)

Thes™C of the potential food sources varied widely (fre80.7%o for terrestrial organic
matter to -17.6%o for benthic diatoms) due to thespnce of*C-enriched source$(
vermiculophylla and benthic diatoms) compared with mbi@-depleted SOM, POM and
terrestrial inputsG. vermiculophylla was slightly less*C-depleted and showeé®N values
similar to mean values previously reported in bisttkagoons of Japan (-21.7 and 9.6%. for
81%C ands™N, respectively) (Kanaya et al. 2008). The rang&‘®f displayed by the food
sources decreased slightly during the study yesyimg from 9.6%o. in February 2014 to 6%
in January 2015. Except f8t°C of benthic diatoms an&t®N of terrestrial organic matter,
there were no isotopic differences among samplatggifor the different food sources,
whereas consumer isotopic signatures displayedfisigmt temporal variation fo3'°C and
8N (Table 1). At each sampling date, significanfetifnces were observed among the
consumer species f61°C (Kruskal-Wallis, p = 0.0023, 0.0025, 0.017, an@d in February,
May, September, and January, respectively) and'for (Kruskal-Wallis, p = 0.043, < 0.001,
< 0.001 and < 0.001 in February, May, Septembet Jamuary, respectively). TG&EN for

G. vermiculophylla (between 9.0 and 10.9%o0) and the primary consucwrsidered in this
study (between 10.1 and 14.3%.) were relatively hghich may be due to a highly nitrogen-
polluted environment.

For SIAR calculations, the main potential food sasrwere considered at each sampling
date, namel¥s. vermiculophylla, POM, SOM, and terrestrial organic matter carbgdhe

river to the estuary, and benthic diatoms. Howew#en the number of sources is greater
than five, the solution of Bayesian mixing-modedsdmes less robust (Parnell et al. 2010). In
this study, macroalgae, and, to a lesser extenthlwediatoms contributed to most of the diet
for the three main consumer species consideredn@®thre total sampling period, results of
the SIAR models indicated th&t vermiculophylla was the main assimilated food source for
S plana (mean relative contributions from 67.5 to 83.2¢b)ulvae (34.8 to 61.4%), ani.
diversicolor (55.0 to 92.7%). During spring, and to a lesseéemxin summer, benthic diatoms
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also contributed significantly to consumers’ digthathe highest median relative
contributions folN. diversicolor (35% in May) followed bys. plana (23.9% in May) andH.
ulvae (25.3% in May). Local POM and SOM and terrestn@luts were much less important
in consumers’ diet across the entire sampling {fegure 6).

Discussion

The seasonal variation in GPP and CR measuree ibate mudflat was characteristic of
these systems (Spilmont et al. 2006; Davoult 2@09; Migné et al. 2016), but the rates in
the area colonized b$. vermiculophylla were intermediate to values typical of mudflatd an
those typical of macroalgae-dominated rocky sh@®esléty et al. 2008; Bordeyne et al.
2015). GPP appeared greatly increased in the presdrihe red algé&. vermiculophylla,

with important consequences on ecosystem functipmilowever, this increase tended to vary
with chlorophylla content, resulting in the same productivity fothbareas. Therefore,
althoughG. vermiculophylla added biomass to the benthic system, primary ptodiyc
hovered around 0.8-1 mg C mg CHila' in spring and summer, and dropped in winter, with
values typical of mudflats and macroalgae (Daveudl. 2009). Similarly, a study ofG
vermiculophylla invasion of aZostera noltei bed showed a decrease in photosynthetic
efficiency at low light intensity but higher metdisgerformance due to increasity
vermiculophylla biomass (Cacabelos et al. 2012). Finally, desp&envasion of a new
primary producer, the productivity of the mudflahrained stable, at least under saturating
light and during emersion.

Nevertheless, our results confirm that this seave®ell adapted to muddy conditions and
remains in good physiological condition even irsthktreme environment (Nyberg 2007;
Thomsen et al. 2013). Measurements of primary priboiu were not performed during
immersion, but water turbidity is likely too higludhg high tide to allow photosynthesis, as
already suggested for bays and estuarine mudflatg éhe English Channel (Spilmont et al.
2006; Migné et al. 2009) and the French AtlantiastgMigné et al. 2016).

Typical macrofaunal species were collected botbane mud anéracilaria-colonized areas.
Compared with bare mud, macrobenthic abundanceliaedsity were positively impacted in
the Gracilaria-colonized area, corroborating previous studieg (Ehomsen et al. 2013).

Total density significantly increased @racilaria-colonized areas due to the rise in density of
some common species suchNeseis diversicolor and the high abundances of species that
were absent or rare in bare mud, sucBtesbl ospio shrubsolii. Moreover, species newly
recorded in the studied area (e.g. the amphigasi& marmorata, Melita palmata and
Allomdlita pellucida, and the decapod&lumnus hirtellus andLiocarcinus pusillus) are
generally absent from bare sediments and usuallyd@mong seaweeds and hydrozoans on
hard substrata or on eelgrass (Hayward and Ryl888)1These species were found at low
densities irGracilaria-colonized areas, likely favored by the complexityhe habitat driven
by the settlement of this engineer seaweed (Thormtsah 2013). These new epifaunal
species led to a significant increase in the nurobsampled taxa and therefore in the



347
348
349
350

351
352
353
354
355

356
357
358
359
360
361
362
363
364
365
366
367

368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383

384
385
386
387

diversity of the community, due to new availabl®ikat (Wallentinus and Nyberg 2007).
Non-native ecosystem engineers, such as the rdefrgutubewormFicopomatus
enigmaticus, may also favor the occurrence of opportunistecsgs (Heiman and Micheli
2010).

The density of some meiofauna taxa was also hiighttye Gracilaria-colonized area,
particularly the dominant group of nematodes, l&d astracods and interstitial polychaetes.
Similar to the macrofaunal polychaélediversicolor, these taxa belong to endofauna and
their density is not expected to be positivelyueficed by the occurrence of a new habitat-
forming seaweed, even sor@evermiculophylla are partially buried in the mud.

This increase in endofaunal density may be reltedchange in food availability, possibly
due to the effective use & vermiculophylla in the diet of these species. Accordingly, for
three common species of the community — the bivatvebicularia plana, considered as a
surface deposit-feeder and a suspension-feedeh@s$up69), the gastropétydrobia ulvae,
considered as a grazer of benthic diatoms (Hautdat 2005), and the polychadlereis
diversicolor, considered as opportunistic, exhibiting behaxémging from suspension-
feeding to predation and generalist scavenginga(fale Costa et al. 2006) —, our estimates
based on stable isotopes showed @Gatermiculophylla could represent their main food
source, even if other algae sucH tega sp. could also be sparingly consumed and havbeot
sampled in the vicinity of our studied site. Neheless, benthic diatoms also contributed
substantially to their diets in spring and summenversely to local POM, SOM, and
terrestrial inputs.

To our knowledge, there is no previous evidencdHermpredominance of this invasive
macroalga in the diet of suspension- and/or defiesder species. In its native brackish
lagoons of Japarg. vermiculophylla does not significantly contribute to the local doseb
(Kanaya et al. 2008). Moreover, previous feedingeexnents and field isotope data show
that although the invasiv@. vermiculophylla can be consumed by the amphifigammarus
locusta, this alga is clearly not targeted in its diet pamed with other local food sources
(Wright et al. 2014). The predominanceGfver miculophylla as a food source appears
paradoxical in light of its chemical defense atyithat protects it from strong grazing
activity (Nylund et al. 2011). However, previousdies have pointed out that macroalgae
enter the coastal food web mostly through detpgahways (Pomeroy 1980; Raffaelli and
Hawkins 1996), losing their repellent propertiesmplegradation. In particular, a fraction of
the detrital macroalgal pool degradesitu, becoming available to nearshore pelagic and
benthic filter-feeders through resuspension prae@8ustamante and Branch 1996). In
addition, when abundantly present, macroalgaelssome readily available for the
organisms inhabiting sediments due to the lackgoin content in their tissues and their rapid
physical fractionation due to the effect of wavé@tand sediment motion (Rossi 2007).

Interestingly, our results indicate that benth@&tdms were not preferentially used by the
benthic consumers, even when they were preseng aetdiment surface as brown mats. In
contrast, several previous studies have highligtitedole of benthic diatoms as a major food
source for marine invertebrates inhabiting intedtsediments (De Jonge and Van Beusekom
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1992; Decottignies et al. 2007). The significant, bon-dominant, contribution of
microphytobenthos (diatoms) to benthic food souofeserved in our study may be caused by
the irregular presence and abundance of this resaonithese estuarine sediments, mainly due
to hydrodynamic variability and/or low productiaat,least in winterPrevious stable isotope
analyses have shown that in other types of ecasgstdecaying macroalgae are major
contributors tdH. ulvae and meiofaunal diets in intertidal muddy/sandyireeats compared
with benthic diatoms (Riera and Hubas 2003; Ri€H02.

Finally, these three macrofaunal species wereyikggpresentative of the macrofauna in this
estuarine site and, considering their intermediaighic position of primary consumer
species, the food web of this area appears torgelyabased on the use of this invasive
seaweed which probably generates the main souretiafus in this estuarine environment.

Three major points can be highlighted from thesalts. First of all, there were no
differences in consumers’ isotopic signatures betweare-mud areas and seaweed-colonized
areas. When sampling bare muds, we actually cetlemdbme macro-detritus Gf
vermiculophylla which is easily fragmented in the environment, abdndant micro-debris
certainly also present, which may thus explainitbmogeneous signatures found in the two
close sub-systems. The species’ diet was thersfoiéar in the bare-mud and seaweed-
colonized areas due to this mixing. The secondestang point was that densities were
higher in colonized areas, likely due to higherd@wvailability. Access to more food may
directly favor deposit-feeders and grazers thatiegest both microphytobenthos and
seaweed micro-debris. In addition, this can indiygaenefit suspension-feeders through
resuspension of microphybenthos, when presentseaaeed micro-debris. Finally, this
study highlighted that a NIS species can profouimtflyence and even potentially change the
trophic structure of the macrobenthic communitth@lgh NIS are generally not readily
consumed by native species (Hammann et al. 20h8.1ack of palatability may partly
explain NIS success in colonizing new ecosystemisgiwet al. 2014 and references herein).
As Pintor and Byers (2015) underlined: "although-mative prey may have a lower per
capita value than native prey, they seem to benafive predators by serving a supplemental
prey resource”, that could apply here.

In a nutshell, the settlement of the NBSvermiculophylla affected the mudflat ecosystem of
the Faou estuary (1) as a new primary produceeasing the local benthic primary
production, (2) as a habitat-forming species chamtjie size and shape of the habitat
vertically, thereby favoring the occurrence of apiial species, and (3) as a new and
abundant food source, confirming its high potertbaransform estuaries (Byers et al. 2012).

Finally, observations suggest that our study tdakgduring the expansion of the invasive
seaweed in this estuary (G. Surget, pers. obs.hitvking should be planned with the goal to
follow this expansion and measure the consequenrtése associated community and
potential increase in sedimentation.
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Figures

Figure 1. Location of the study site in the Faou estuary where Gracilaria vermiculophylla
occupies more than 50% of the mudflat surface.

Figure 2. Metabolic characteristics of the bare-mud area (Control) and the area colonized by
Gracilaria vermiculophylla (Gracilaria).

Figure 3. Macrofauna. Number of taxa, total density, density of Nereis diversicolor, Anthura
gracilis, and oligochaetes in the bare-mud area (Control) and the area colonized by Gracilaria
vermiculophylla (Gracilaria).

Figure 4. Meiofauna. Total density, density of nematodes, ostracods, harpacticoids and
interstitial polychaetes in the bare-mud area (Control) and the area colonized by Gracilaria
vermiculophylla (Gracilaria).

Figure 5. 613C VS 615N (mean * standard deviation) of food sources (Gracilaria
vermiculophylla, SOM = sedimented organic matter, POM = particulate organic matter, Ter-
plant = terrestrial plants, and benthic diatoms) and consumers during February, May and
September 2014 and January 2015.

Figure 6. Boxplots of the contributions of potential food sources to the diets of Scrobicularia
plana, Hydrobia ulvae and Nereis diversicolor, obtained with Bayesian stable isotope mixing
models at the four sampling dates. Credibility intervals are 95% (in light gray), 75% (in
medium gray) and 50% (in dark gray). POM = particulate organic matter, SOM = sedimented
organic matter, Ter-plant = terrestrial plants.

Supplementary material. Carbon and nitrogen isotope ratié8’C ands™N, respectively)
(mean values * SD) of organic matter sources andwuers. Four-date comparisons were
performed using the Kruskall-Wallis test and twaedeomparisons (benthic diatoms) the
Mann-Whitney U test.



Roscoff

Figure 1. Location of the studied site in Le Faou estuary. Gracilaria
vermiculophylla occupying more than 50% of the mudflat.



A Gross Primary Production B Community respiration C Net Community Production
250 80 160
70 - 140 -
200 |
60 - 120 -
= 150 | = 50 - = 100
E E a0 | E 80
E’ 100 - m Eﬂ 30 En 60 - ﬂ
20 - 40 -
50 i ﬂ
10 | 20 -
0 /™ 0 |_I_|- —= 0
5 3 5 % - 5 3 i 5 % UE - 5 % Uﬁ u== §§
& & & & 5 & & 5 & & & &
Winter 2014 Spring 2014 ‘ Summer 2014 | Winter 2015 Winter 2014 Spring 2014 Summer 2014 | Winter 2015 Winter 2014 Spring 2014 Summer 2014  Winter 2015
D Chlorophyll a E Primary Productivity
250.0 1.6
2000 | 41 Figure 2. Metabolic characteristics of the
- 12
o = bare mudflat (Control) and the area
£ 1s0. g 1 . g . .
® Z os colonized by Gracilaria vermiculophylla
3 .
® go.s ] (Gracilaria).
? 04
0.2 -
N || = M
- T2 - - 3 2 - - 3|2
S| % g % 8§ 3 §|% 3% 3% 8| % 8|3
o o (c] lc icl (<l o o
Winter 2014 Spring 2014 Summer 2014 | Winter 2015 Winter 2014 Spring 2014 Summer 2014 | Winter 2015




A Macrofauna taxa B Macrofauna density C Nereis diversicolor

14 4 1000 300

J12- 800 4 250

510 - o % 200 |

s 5 %

26 2 40 s

E , £ 2 100

I el - "I (R

N ]

0 emm = B ™ .l ]
IR 2 2 s IR 3| I HR- IR J IR~ Z IR IR
£ 3 'é 3 s 3 E| 3 B 53 £ 3 T £l 3 s 3 5|3 5T
ol g ¢ 8 | s o s o s o 8 SR o 8 | g SR o s ol 8

Q Q (U] (U] Q Q Q (U] (U] Q Q Q
Winter 2014 Spring Summer Winter 2015 Winter 2014 Spring Summer Winter 201 Winter 2014 Spring Summer Winter 2015

D Anthura gracilis E Oligochaeta

100 - 250 | ]

. 0 Figure 3. Macrofauna. Number of taxa (A),
% ! total density (B), density of Nereis
2 ] o e diversicolor (C), Anthura gracilis (D) and
T 2 Oligochaeta (E) in bare mudflat (Control)

20 1 ' 50 1 and area colonized by Gracilaria

0 — |+| — 0 - - P———— —F— . . .
= | » . o = | o =1 o o o - vermiculophylla (Gracilaria).

£l S Els Els 2 5 £l % £l S £|E £|S
15 = s = s = e = g = [ = [ = £ =
8 3 8 3 8 3 8 3 8 3 8 8 ‘ 8 8 8 8
(U] Q 1Y v Q Q U] Q
Winter 2014 Spring Summer Winter 2015 Winter 2014 Spring Summer Winter 2015




A Meiofauna density B Nematoda C Ostracoda
700 - 600 - 30
600 - 500 | 25
o 500 o i o i
E 400 - g 400 £ 20
a ~ 300 & 15 -
5 300 - B o
£ 200 £ 200 | £ 10
=l [ 3 i
. o 1 | o ]
3 3 - 3 R 3|2 3 £ FRIE- £ - R s £
5] @ (C] (C] Qo 14 [C] [C] Qo Qo (U] o
Winter 14 Spring 14 Summer 14 Winter 15 Winter 14 Spring 14 Summer 14 | Winter 15 Winter 14 Spring 14 Summer 14  Winter 15
D Harpacticoidea E Interstitial Polychaeta
35 20
18 . . .
30 16 | Figure 4. Meiofauna. Total density (A),
Nﬁ ;z ] "“g f; | density of Nematoda (B), Ostracoda (C),
515 Nl Harpacticoidea (D) and interstitial
€10 £ & Polychaeta (E) in bare mudflat (Control)
2 e 21 rH and area colonized by Gracilaria
3 & 3 3 8 3 B B T 8 3|8 vermiculophylla (Gracilaria).
£ 2 £ S £ = £ £ = £ = £ = £ S
S & S| & 8| 8 8 8 B8 S % S % S B
Q Q o Q Q (U] Q
Winter 14 Spring 14 Summer 14  Winter 5‘ Winter 14 Spring 14 Summer 14  Winter 15




5PN

5 LSN

®  Scrobicularia plana
A Hydrobia ulvae
¢  Nereis diversicolor

16 16
February Sl May
14 - RS 14
. *
12 4 * * 12 ¥ O‘
. &
) »
10 4 Gracilaria 10 4 * %‘
—a—
3 :Z g Gracilaria
7]
i E SO 6 Frons Tt
POM J E
A\
4 Fi POM
J ¢  Scrobiculaviaplana
2 2 4 ?—}—1 A Hudrobia wvas
] Terplant @ Nereis diversicolor
Ter. plant
0 = P T T T T T T T U T T T T T T
-30 -28 26 24 -22 -20 -18 -16 -14 30 -28 -26 24 -22 -20 -18 -16 -14
0 %%
16 16
September January b4 °
14 4 f%’ P 14 J : °* s
L
12 4 s **
o 12 -
i‘ _‘A L ] 3. :
10 4 Gracilaria A I—E—l. A
101 Gracilaia &
8 o
o
8 -
i i
® %OM Benthic
diatoms 6 - n
4 SOM
Ter.plant |
POM 4 gl
24 o er.plant
-1?03\[
0 T T T T T L3 L3 T T L T T T 2 T T T T T T T T T T T T
-30 -28 -26 -24 22 -20 -18 -16 -14 -32 30 -28 26 -24 -20 -18 -16 -14

3°¢

Figure 5. 8'3C vs 8'°N (mean % standard deviation) of food sources (Gracilaria vermiculophylla, SOM =
Sedimented Organic Matter, POM = Particulate Organic Matter, Ter-plant = Terrestrial Plants, and benthic
diatoms) and consumers during February, May and September 2014, and January 2015.
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Figure 6. Boxplots of the contributions of potential food sources to the diet of the three species Scrobicularia plana, Hydrobia
ulvae and Nereis diversicolor, obtained with Bayesian stable isotope mixing models at four sampling periods. Credibility
intervals are 95% (in light grey), 75% (in medium grey) and 50% (in dark grey). POM = Particular Organic Matter, SOM =
Sedimented Particular Organic Matter, Ter-plant = Terrestrial Plants.



Highlights — Davoult et al.

A holistic approch is proposed to understand the effects of a Gracilaria vermiculophylla invasion on

estuarine mudflat

The species affected the ecosystem as a primary producer, as a habitat-forming species and as a new

abundant food source



