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The slipper limpet Crepidula fornicata is an emblematic invasive species along the
northeast Atlantic coast. This gregarious gastropod lives in stacks of several individuals
and forms extended beds in shallow subtidal areas. The effects of this engineer species
on the colonized habitat can be physical (e.g., presence of hard-shell substrates with
uneven topography) or biological (e.g., nutrient enrichment by direct excretion or via
biodeposition). We hypothesized that through biological activity, nutrient fluxes at the
sediment-water interface are enhanced, leading to stimulated primary productivity by
microphytobenthos (MPB) associated with Crepidula beds. To test this fertilization
hypothesis, we conducted a 10-day mesocosm experiment using C. fornicata (live
and dead) placed on top of sieved and homogenized sediment collected in situ. We
used hyperspectral imaging to non-invasively map the development of MPB biomass,
and to assess the potential influence of C. fornicata and its spatial extent. Our results
showed that live C. fornicata significantly promote MPB growth through both physical
and biological effects, with the biological effect dominating over the pure physical one.
The highest stimulation was observed on the shells, suggesting that dissolved metabolic
products excreted by C. fornicata were likely the main factor stimulating MPB growth in
our short-term experiment. Our findings provide first direct evidence that stimulation
of MPB growth by the biological activity of larger benthic epifauna occurs not only
in intertidal but also in shallow subtidal habitats. More research is needed to assess
the contribution of this fertilization effect to the trophic functioning of subtidal benthic
systems.

Keywords: Crepidula fornicata, engineer species, subtidal microphytobenthos, fertilization, hyperspectral
imaging

INTRODUCTION

Microphytobenthos (MPB) refers to a complex assemblage of benthic unicellular eukaryotic algae
(mainly diatoms) and cyanobacteria living at the sediment-water interface (MacIntyre et al., 1996).
MPB is a major component of benthic biofilms, embedded with heterotrophic prokaryotes in a
exopolysaccharides matrix (Underwood and Paterson, 2003). It plays a significant role in coastal
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ecosystems through its contribution to primary production
(Maclntyre et al, 1996), food web functioning (Riera and
Richard, 1996) and sediment stability (Underwood and Paterson,
2003). While intertidal MPB is fairly well-studied (Underwood,
2005; Cartaxana et al., 2011; Juneau et al.,, 2015; Marques da
Silva et al., 2017), its subtidal counterpart has received relatively
little attention. However, recent evidence suggests that MPB
significantly contributes to shallow areas in terms of biomass
(Chatterjee et al., 2013; Hernandez Farifas et al., 2017), primary
productivity (Ni Longphuirt et al,, 2007) and ultimately food
webs (Rigolet et al., 2014).

Microphytobenthos space-time dynamics is affected by a
number of abiotic (e.g., light, temperature, nutrient availability,
hydrodynamic conditions, and sediment grain size) and biotic
(e.g., grazing and competition) factors and their interactions
(Seuront and Spilmont, 2002; Azovsky et al, 2004; Jesus
et al., 2005). Among these factors, fertilization through the
activity of benthic macrofauna is emerging as an important
mechanism in benthic ecology (Chennu et al., 2015; Engel et al.,
2017; Echappé et al., 2018). Fertilization, which refers to the
ability of a species to directly or indirectly promote primary
production, can be induced by several processes that affect
nutrient availability at the sediment-water interface, e.g., by direct
excretion of dissolved nutrients such as ammonia (Prins et al.,
1997; Martin et al., 2006; van Broekhoven et al.,, 2015) or by
enhancing organic matter mineralization through biodeposition
(e.g., by suspension-feeders) or bioturbation (Kristensen, 20005
Mermillod-Blondin and Rosenberg, 2006). Quantifying the net
effect of benthic macrofauna is, however, not straightforward, as
it can control the MPB biomass both positively by fertilization
and negatively by grazing (Asmus and Asmus, 1991; Porter et al.,
2004, 2013). Recent studies demonstrated that MPB productivity
in intertidal sediments can be stimulated by different types of
engineering macrofauna such as lugworms, oysters and mussels
(Chennu et al., 2015; Engel et al., 2017; Echappé et al., 2018).
In this study, we aim to explore this phenomenon in subtidal
sediments, using the Atlantic slipper limpet Crepidula fornicata
as a model of engineering organism in these habitats.

Crepidula fornicata is a gregarious invasive species that
spreads along most of the European coasts and is now well
established in many shallow embayments (Blanchard, 2009). It
is a suspension-feeder that forms very dense beds on the seafloor,
with fresh biomass reaching up to 10 kg m~2 (Blanchard, 2009).
At high densities, this habitat-forming species builds complex
3D benthic habitats (Woods, 1989), and hence constitutes an
interesting biological model to assess the effects of ecosystem
engineering species on a colonized system (Jones et al., 2010).
C. fornicata modifies its surrounding environment in two
different ways, which we hereafter refer to as the physical
and biological effects. First, their calcareous shells increase
heterogeneity and topographic complexity of soft sediment
bottoms (Gutiérrez et al., 2003), which enhances the local species
diversity (Barnes et al., 1973; de Montaudouin and Sauriau,
1999; de Montaudouin et al., 2017) and modifies hydrodynamic
conditions near the sediment-water interface (Moulin et al.,
2007). Second, the filter-feeding activity of C. fornicata facilitates
benthic-pelagic coupling (Chauvaud et al., 2000), and increases

organic enrichment of the sediment through excretion of
large amounts of particulate biodeposits (Ehrhold et al., 1998).
Additionally, excretion of dissolved metabolic products, such
as ammonia, can substantially enhance nutrient’s availability in
dense Crepidula beds (Martin et al., 2006). In most colonized
areas, C. fornicata is a key species of the ecosystem functioning
(Chauvaud et al., 2000; Martin et al., 2006).

To assess the potential of C. fornicata for fertilization of
subtidal MPB, we conducted a short-term (10 days) experiment
where we monitored MPB biomass in sediment mesocosms
amended with simplified Crepidula beds. We used hyper-spectral
imaging to non-invasively monitor MPB biomass and thus
infer its growth. To disentangle the role of the physical and
biological effects of C. fornicata, we compared the MPB growth
on bare sediments with that on beds with either dead or live
C. fornicata. Moreover, to gain insights into the spatial extent
of the biological effect, we compared the growth within and
outside of Crepidula beds and on shells, both for dead and
live conditions. Additionally, to assess the effects of C. fornicata
in a larger context, we also quantified concentrations of other
key components of biofilms linked with MPB development,
including proteins and carbohydrates (used as a proxy for
exopolysaccharides) and heterotrophic prokaryotes (used as a
proxy for remineralization potential).

MATERIALS AND METHODS

Experimental Setup
Sediment and stacks of C. fornicata were collected from a dense
Crepidula bed (biomass ~6 kg of fresh weight m~2) at 10 m
depth in the bay of Brest (48° 23.36068 N, 04° 23.86901" W)
on March 1st 2017 (winter season) using a surface grab (0.1 m?).
One day after collection, C. fornicata stacks were cleaned of their
epibionts and the empty shell at the base was removed as it often
contains endobiont fauna. Half of the stacks were kept alive while
the other half were unstacked, cleared of C. fornicata flesh and
reassembled to stacks resembling the original ones using a non-
invasive glue (coral glue, PREIS AQUARISTIK®). Subsequently,
both the dead and live stacks were kept for one week in nets in
a natural seawater pond to allow filter-feeding of live C. fornicata
and partial recovery of MPB biofilms on the shells. No feeding
was allowed during the experiment, so excretion of pseudofeces
that occurred just after the installation of C. fornicata individuals
onto the sediment resulted from their feeding activity in the pond.
The freshly collected sediment was first sieved through a
500 pwm mesh to remove macrofauna that could potentially
influence the experiment through their bioturbation and grazing,
and then homogenized in a single large tank. After one night,
the supernatant was discarded and 12 mesocosms (60 L glass
aquaria, bottom area of 40 cm x 40 cm) were filled evenly
with a 5 cm thick layer (after stabilization) of the slurry. After
24 h of decantation, each mesocosm was connected to a flow-
through system and let stabilize for 7 days. During this time,
the overlying seawater (water column height of 40 cm) was
replaced at a rate of 15 L min~!. The seawater was filtered
(5 wm mesh) and supplied from three dark 24 m® tanks to
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prevent allochthonous primary production from entering the
mesocosms. [llumination was supplied in a 12 h:12 h light:dark
cycle using four light emitting diodes (LEDs) with different
emission wavelengths (Supplementary Figure 1). Light intensity
(PAR) at the sediment surface was 4 wmol m~2 s~!, which
simulated in situ light conditions in the bay of Brest at 11 m
water depth during winter (Chatterjee et al., 2013). Temperature
remained constant at 11.3 & 0.4°C during the whole experiment.

After the sediment stabilization phase, mesocosms were
divided into three treatments and incubated for 10 more days
under the same conditions (illumination, temperature, and water
flow) as during the stabilization phase. The treatments, each
performed in three replicate mesocosms, included a control
treatment without C. fornicata, a treatment with reconstructed
dead shell stacks, and a treatment with live stacks of C. fornicata
(Figure 1A). For the dead and live treatments, nine stacks of equal
initial fresh biomass (4-5 individuals per stack, total biomass
220 g, density 12 kg m~2) were placed on top of the sediment
within a 15 cm diameter circle in the center of the mesocosms to
mimic realistic biomass observed in the field in the bay of Brest
(Guérin, 2004).

Hyper-Spectral Imaging of MPB Biomass
Although extraction-based pigment analysis is a common way to
directly quantify the biomass of microscopic primary producers
(Wright et al, 1991), its invasive nature does not allow
monitoring the biomass of a MPB biofilm in the same location
through time. Remote sensing methods are a good alternative
to quantify MPB pigments without interfering with the biofilm
structure (Paterson et al., 1998; Forster and Jesus, 2006). Among
them, hyper-spectral imaging, which is based on capturing back-
scattered light with high spatial and spectral resolution, has
been shown to provide accurate estimates of primary producers’
biomass (Carrére et al., 2004; Combe et al., 2005; Barillé et al.,
2007; Jesus et al.,, 2008, 2014; Chennu et al., 2013). Although
often used air-borne or space-borne to study MPB distribution
at large spatial scales (Méléder et al., 2003; Echappé et al., 2018),
this approach can also be used at smaller scales, ranging from
single cells to microbial communities such as mats and biofilms
(Barranguet et al., 2004; Polerecky et al., 2009a; Perkins et al,,
2016). Critically, the non-destructive nature of hyper-spectral
imaging allows monitoring of temporal variations in pigment
content in the same region of interest, thus allowing inference to
the MPB growth (Polerecky et al., 2009b; Chennu et al., 2013).
Hyperspectral imaging of the mesocosms was done
immediately after introducing the Crepidula stacks and after
4,5, 6, 8,9, and 10 days (Figure 1A). Images were acquired in
the VIS-NIR spectral range (400-1000 nm; spectral resolution
1.3 nm) using a Pika XC2 imager (RESONON Inc.®). The
imager was mounted on a translation stage (Figure 1B) and
controlled using the SPECTRONON software (RESONON
Inc.®). The entire imaging system was mounted on rollers to
allow movement from one mesocosm to another. Imaging was
done by scanning the imager at 2.4 mm s~ ! at 90 cm from the
sediment water interface (SWI) at a nadir position, resulting in
a spatial resolution of 250 pm. Before each scan the water level
was carefully lowered down to 10 cm above SWI to minimize

light absorption and scattering in the water column. During
scanning, which lasted about 12 min per scan, the imaged area
was illuminated with eight halogen lamps (downwelling light
intensity at SWI of 40 pmol m~2 s~1). To enable quantification
of spectral reflectance corrected for light absorption in the
overlying seawater, a white spectral reference plate was placed
on the sediment surface and included in each scan (Polerecky
et al., 2009a; Chennu et al., 2013). Because subtidal MPB
vertically migrates in the sediment following a diurnal cycle
(Ni Longphuirt et al., 2006), affecting spectral reflectance of
sediments (Chennu et al., 2013), all mesocosms were scanned
within 2 h at the middle of the day.

Hyper-Spectral Image Processing
Hyper-spectral image processing employed linear spectral
unmixing to extract a proxy for MPB biomass in the studied
biofilms from the measured reflectance spectra. Similar approach
was successfully used to study the dynamics of MPB populations
growing on artificial substrates (Polerecky et al., 2009b). First,
the spectral reflectance, R, was calculated by normalizing the
spectrum of back-scattered light measured in a given pixel
with the mean spectrum co-registered in the same scan from
the spectral reference plate. The reflectance was then log-
transformed to account for the exponentially decreasing light in
MPB biofilms due to strong absorption and scattering (Chennu
et al, 2013). Finally, the end-member spectra were defined
as (1) the spectrum of the MPB-free substrate (both MPB-
free sediment and shells had similar reflectance spectra), (2) a
wavelength-independent offset describing the general “darkness”
of the MPB-covered substrate, and (3) a spectrum containing
features typical for MPB pigments including the absorption
maxima due to chlorophyll a (Supplementary Figure 2). The
3rd end-member spectrum was determined by subtracting the
log(R) spectra acquired from an MPB-covered and MPB-free
substrate, and subsequently removing a constant off-set so
that the result became zero at the wavelength of 730 nm.
A detailed analysis revealed that all log(R) spectra could be
satisfactorily decomposed into a linear combination of these three
end-member spectra, suggesting that there was no significant
change in the phototrophic community composition during the
experiment. Therefore, the magnitude of the 3rd end-member
spectrum was assumed to represent the MPB biomass in the
studied biofilms. Since no calibration was performed, the biomass
is presented in relative units.

The linear spectral unmixing was performed pixel-by-pixel
using the Look@MOSI program (Polerecky et al., 2009a'), and
the resulting images were subsequently processed in Matlab.
Specifically, signals representing the MPB biomass were averaged
over three regions of interest (ROIs): (1) inner bed sediment,
corresponding to the sediment in-between stacks inside the
Crepidula beds, (2) outer bed sediment, corresponding to the
sediment outside but close to the Crepidula beds, and (3) shells,
corresponding to the C. fornicata shells (Figure 1C). A 15 cm
diameter circle in the center of the control mesocosms was used
as the reference ROI for the inner bed sediment. ROIs were drawn
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FIGURE 1 | Timeline of the experimental protocol and sampling design (A), top-view schematic of the hyper-spectral imaging system (B), and regions of interest
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manually based on the true-color images of the scene constructed
from the bands acquired at wavelengths 672 nm (red), 550 nm
(green), and 490 nm (blue).

Sediment Sampling and Analysis

Analysis of the concentrations of total carbohydrates, proteins,
and abundances of heterotrophic prokaryotes in the sediment
was done on samples collected at the beginning and at the end
of the incubation experiment (Figure 1A). This choice of time-
points was restricted by the fact that sampling required for these
analyses is destructive. For this purpose, the overlying water
was slowly removed to avoid sediment resuspension, and 4 cm?
cores were gently pressed into the sediment at random locations,
avoiding areas close to the edge of the mesocosms (Figure 1C).
The top cm of these sediment cores was then sampled using a
syringe, homogenized, and divided into three Eppendorf tubes
for later analyses. Four cores were sampled in three control
mesocosms at the beginning and three control mesocosms at
the end of the experiment, whereas eight cores were sampled
at the end of the experiment in the dead and live treatments
to allow comparison between the outer and inner bed sediment
(Figure 1C).

Total carbohydrates concentrations were measured with the
colorimetric method (Taylor and Paterson, 1998). Specifically,
200 L of the sediment sample was added to 200 pL of 5%
phenol and 1 mL of sulphuric acid. After incubation at 30°C
for 35 min, the absorbance of the supernatant was measured at
488 nm. Calibration curves were prepared using glucose.

Total protein concentrations were determined using the
modified Lowry method (Frolund et al., 1996). Specifically,

250 nL of the sediment sample was added to 250 nL of 2% SDS
(Sodium Dodecyl Sulfate) and 700 L of a mix of chemicals as
described by Frolund et al. (1996), and incubated for 15 min at
30°C. Subsequently, 100 wL of Folin reagent (diluted 5:6 with
distilled water) was added to this mixture and incubated for
45 min at 30°C. Absorbance of the supernatant was measured at
780 nm. Calibration curves were prepared using bovine serum
albumine (BSA).

Abundance of heterotrophic prokaryotes was measured by
flow cytometry. Specifically, 1.5 ml of sediment was fixed in
4 ml of filtered (0.2 pm) formaldehyde solution (2% final
concentration) and stored at —80°C. Cells were separated
from the sediment and homogenized according to the protocol
described by Lavergne et al. (2014). Briefly, 1 mL of sediment
was first diluted sequentially to 1/2000 with 0.01 M sodium
pyrophosphate, and then vigorously mixed using a vortex.
Samples were then incubated at 4°C for 30 min before sonication
(60 W for 30 s). Finally, an aliquot of the sample was stained with
SYBR Green 1 (1:10 000) for 15 min in the dark and analyzed
by flow cytometry as previously described (Lavergne et al., 2014).
Cells abundances were expressed per volume of wet sediment.

Statistical Analysis

Since MPB biomass was monitored through time, we performed
a repeated-measures ANOVA (RM-ANOVA) with the intra-
subject factor “Time” and inter-subject factors “Treatment” and
“ROL” Because this test compares mean MPB biomass that
increased over the period of 10 days, a significant difference
in mean values between given treatments corresponds to a
significant difference in growth rate between those treatments.
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FIGURE 2 | Top view of the sediment surface after 10 days in the experimental mesocosms with the control, dead and live treatments. Shown are examples of
true-color images (top row) and the corresponding Microphytobenthos (MPB) biomass maps (in relative units; bottom row). White arrows indicate overlying seawater

Two models were used to test for different effects of C. fornicata
on the MPB development. The first model compared MPB
biomass in the inner bed sediment through time as a function
of the three treatments (i.e., control, dead, and live), with the
aim to quantify the importance of the physical and biological
effects at a local scale. The second model compared the three
ROIs (i.e., outer, inner, and shells) between the dead and
live treatments, with the aim to assess the spatial extent of
the biological effect of C. fornicata. For each RM-ANOVA,
variance-covariance matrix sphericity was verified using Mauchly
test. When significant, p-values were re-calculated using the
Greenhouse-Geisser correction. When F-tests were significant,
post hoc comparisons were calculated using contrasts for
factor interactions and using Bonferroni-corrected p-values.
Concentrations of carbohydrates, proteins and heterotrophic
prokaryotes were compared between time, treatments and ROIs.
Differences were assessed using the Kruskal-Wallis test based on
ranks, followed by a post hoc analysis using Bonferroni-corrected
Mann-Whitney tests. This was done (instead of RM-ANOVA)
because we used the first time measurement as a control for all
treatments (bare sediment, dead, and live), so all treatments have
the same departure condition. Therefore there is no need to take
into account the intra-subject factor “Time.” Statistical analyses
were performed in R (version 3.3.0; R Core Team, 2012) using

plyr) “phia,” and “ggplot.”

» <«

packages “car;

RESULTS

After 10 days of incubation, the effect of C. fornicata on the
MPB distribution in the mesocosms was clearly visible (Figure 2).
Patches with highest MPB biomass occurred within the inner bed

sediment of live treatments, whereas lowest MPB biomass was
found on the shells from the dead treatment. For all treatments,
MPB biomass decreased with the distance from the seawater
inlets (located at the top of the images in Figure 2), indicating that
more turbulent hydrodynamic conditions in the water-column
also had a positive effect on MPB growth.

Physical vs. Biological Effect in the Inner
Bed Sediment

For all treatments, MPB biomass in the inner bed sediment
increased approximately linearly over the course of the
experiment (Figure 3). The mean MPB biomass was significantly
different between treatments (p < 0.0001, Table 1). Post hoc
multiple comparisons revealed that the MPB biomass was
significantly higher (by ~7%) in the dead treatment than in
the control (p = 0.03), was significantly higher (by ~12%)
in the live than in the dead treatment (p < 0.01), and was
significantly higher (by ~19%) in the live than in the control
treatment (p < 0.0001). These results imply that both physical
and biological effects of C. fornicata on MPB growth occurred
in our experiment and that the biological effect was stronger
than the physical effect. Moreover, these effects appear to be
additive rather than synergic, i.e., the cumulate effect is the sum
of the physical and biological effects (7% + 12% = 19%) with no
apparent interaction between the two.

Spatial Extent of the Biological Effect

The high spectral resolution of the hyper-spectral imaging-based
pigment analysis was instrumental in discriminating between
pseudofeces and MPB biomass. While both categories appeared
dark-brown in the true-color images (Figures 4A,B), the 2nd
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FIGURE 3 | MPB biomass (mean + SE, n = 3) as a function of time
measured at the surface in the inner bed sediment for the three treatments.

and 3rd end-member spectra identified pseudofeces and MPB,
respectively. Images of the magnitude of the 2nd end-member
showed that pseudofeces were distributed on one side of live
stacks (e.g., white arrow () in Figure 4D), predominantly in
the direction of ex-current flow associated with filtration of
C. fornicata individuals (which all are oriented in the same way),
and that they were clearly absent around the dead Crepidula
stacks (Figure 4C). In contrast, MPB biomass was distributed
heterogeneously on and around shells, with the highest density
close to live shells (e.g., white arrow @ in Figure 4F, contrast
with Figure 4E).

Microphytobenthos biomass displayed contrasted responses
in the dead and live treatments among the different ROIs
(Figures 5A,B). The model incorporating both effects of
treatment and ROI on MPB biomass revealed significant effect
of both “Treatment” (p < 0.0001) and “ROI” (p < 0.0001)
factors as well as of the interaction “Treatment:ROI” (p < 0.0001)
(Figure 5C and Table 2). Post hoc multiple comparisons
showed that the MPB biomass was not significantly different
on the outer bed sediment between dead and live treatments
(p = 0.41). However, live treatment showed significantly higher
MPB biomass than the dead treatment both for inner bed
sediment (p < 0.01) and for shells (p < 0.0001). Moreover, the

TABLE 1 | Results of the RM-ANOVA applied to assess differences in
Microphytobenthos (MPB) biomass between the three treatments in the inner bed

relative difference in MPB biomass between the dead and live
treatments was higher on shells (by 50%) than on the inner
bed sediment (by 12%). Together, these results showed that
the enhancement of the MPB growth by the biological activity
of C. fornicata progressively decreased with the distance from
the shells: while the effect was significant both on shells and on
the inner bed sediment, with the former more pronounced than
the latter, the effect disappeared on the outer bed sediment.

Evolution of Carbohydrates, Proteins and
Heterotrophic Prokaryotes

In contrast to the clear differences between treatments and
ROIs observed for the MPB biomass at the sediment surface,
no significant differences between the beginning and end of
the experiment and among the treatments were found for
any of the three additional sediment properties (Figure 6).
Carbohydrates concentrations were not significantly different
between conditions (F = 4.72, p = 0.45). The same conclusion was
reached for protein content (F = 3.93, p = 0.56). Heterotrophic
prokaryotes abundances showed significant differences among
treatments (F = 16.76, p < 0.01), however, post hoc multiple
comparisons failed to find any significant differences.

DISCUSSION

Effects of Crepidula fornicata on
Subtidal Microphytobenthos

Our results showed that at a local scale (i.e., inner bed sediment),
and on a time-scale of days, the engineer species C. fornicata
stimulated subtidal MPB growth, through both physical and
biological effects. Moreover, the biological effect was more
important than the pure physical one linked to the presence
of shells. This result is consistent with the hypothesis that the
biological activity of this species promotes MPB growth via
enhanced nutrient supply. Thus, it adds to a growing body
of evidences showing that ecosystem engineering species have
promoting effects on benthic primary production (Chennu et al.,
2015; Engel et al., 2017; Echappé et al., 2018). Our data also
showed that the enhancement of MPB growth by the biological
activity of C. fornicata depends on the distance from the

TABLE 2 | Results of the RM-ANOVA applied to assess differences in MPB
biomass between two treatments and three ROIs.

. num Df den Df approx F p-value
sediment.
RM-ANOVA
num Df den Df approx F p-value
(Intercept) 1 20 102.5 3x10°°
RM-ANOVA Treatment 1 20 18.3 4 x 1074
(Intercept) 1 20 104.01 3x 1079 RO 2 19 51.94 8 x 1010
Treatment 2 19 19.81 3x107%  Treatment:ROI 2 19 14.97 3x10°8
Value num Df den Df approx F p-value Dead - Live Value num Df den Df approx F p-value
Post hoc test Post hoc test
Control — Dead —0.023 1 20 5.64 0.028 Outer —0.01 1 20 0.72 0.41
Control - Live —0.066 1 20 40.5 1x10°%  Inner —0.04 1 20 11.09 9x 1073
Dead - Live —0.042 1 20 111 7 x 1078 Shell —0.06 1 20 51.66 2 x 1076
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individuals; while MPB growth increased on shells and inner bed
sediment, no effect was observed outside the C. fornicata bed.
This spatial heterogeneity may reflect different processes involved
in the enhancement of nutrient supply, as discussed below.

Regarding the physical effect, C. fornicata influences
hydrodynamics in the overlying water by increasing rugosity of
the benthic boundary layer as shell’s density increases (Moulin
et al., 2007). The resulting sheltering effect against erosion has
been suggested to explain enhanced MPB growth conditions
in natural mollusk beds (Engel et al, 2017). Although the
hydrodynamics was lower in our experiment than in natural
conditions, it is possible that this sheltering effect also played a
role in our mesocosms. However, another possible explanation
is that, similar to what occurs in permeable sediments with
ripples (Precht et al., 2004), nutrient efflux at the sediment-water
interface around C. fornicata shells was increased by a small
but significant advective porewater outflow induced by the
complex interactions between the overlying water flow and
the seabed micro-topography, ultimately leading to enhanced
MPB growth. This explanation is supported by our observation
that, in addition to the inner bed sediment, the enhanced MPB
biomass growth was also observed close to the water inlets in
our mesocosms, where a locally increased advective efflux of
porewater nutrients induced by over-pressurization of porewater
relative to the overlying water (due to a locally faster flow) is
plausible.

Regarding the biological effect, our data suggest that excretion
of dissolved metabolic products is likely the main factor
promoting MPB growth in Crepidula beds on time-scale of days.
Although we have not measured nutrient concentrations directly,
this hypothesis is supported by the interpretation of our hyper-
spectral data. Specifically, if nutrients supporting the growth
of MPB on shells were delivered only via transport from the
sediment next to the shells, their concentrations at the shell-water
interface would be, due to dilution, lower than at the sediment-
water interface. This would imply that, when comparing the life
vs. dead treatment, their stimulation of MPB growth on shells
should not exceed the stimulation on the sediment. However,
the relative difference in MPB growth between our live and dead
treatments was larger on shells (50%) than on the sediment
(12%). This is only possible if the shells of live C. fornicata

individuals acted as an additional nutrient source, even stronger
than the sediment around the shells. The most likely mechanism
behind such a nutrient source is direct excretion of dissolved
metabolic products by C. fornicata. However, more experiments
involving direct nutrient measurements are necessary to further
test this hypothesis. Nutrient supply from mollusk metabolism
has been shown to be a significant process in primary production
fertilization (Asmus and Asmus, 1991; Gardner et al., 1995;
Newell et al.,, 2005). Our data combined with the observation
that C. fornicata catabolism accounts for 85% of the benthic
community excretion in natural Crepidula beds (Martin et al.,
2006) suggest that excretion of dissolved metabolic products plays
potentially an important role in benthic primary production in
these habitats, as previously suggested by Ni Longphuirt et al.
(2007).

However, there are additional mechanisms that might enhance
nutrient supply in Crepidula beds (Figure 7). First, C. fornicata
is a suspension-feeder that significantly contributes to organic
enrichment of the sediment through biodeposition (Manac’h,
1995; Ehrhold et al., 1998). Inorganic nitrogen produced by the
mineralization of biodeposits can be a significant nutrient source
for primary producers (Newell, 2004; van Broekhoven et al,
2015). After C. fornicata produced pseudofeces at the beginning
of the incubation phase, a slow but stable remineralization
process probably occurred over the course of our experiment.
However, the fact that the highest MPB biomass recorded
in the vicinity of live shells did not overlap with the area
covered by pseudofeces (Figures 4D,F) indicates that pseudofeces
were not the main cause of MPB fertilization during our
short-term experiment. Because pseudofeces tend to accumulate
on the substrate, this process probably plays a significant
role in medium-to-long-term stimulation of MPB development
in natural Crepidula beds (Laruelle et al, 2009). A second
possibility, consistent with the fact that the highest MPB biomass
was observed in the close vicinity of the live individuals’ shells, is
linked to postural changes of C. fornicata (Powell-Jennings and
Callaway, 2018). As suggested by Loomis and van Nieuwenhuyze
(1985), movements of C. fornicata individuals in direct contact
with muddy sediment destabilize the sediment-water interface.
This bioturbation can promote MPB growth by increasing
nutrient fluxes from underlying pore water. Finally, solubilization
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of mucous is also known to promote MPB growth through the
supply of dissolved nutrients, as shown for mollusks (Cognie
and Barille, 1999). C. fornicata secretes high amounts of mucous
during its filter-feeding activity (Shumway et al., 2014), which can
also contribute to promote MPB development.

In our experiment the clear increase in the MPB biomass
was not accompanied by the corresponding increase in the other
biofilm components measured (i.e., proteins, carbohydrates,
and heterotrophic prokaryotes). This was an unexpected result
given that previous studies did observe coupling between
these parameters and the MPB growth (Orvain et al, 2003;
Underwood and Paterson, 2003; Hubas et al., 2010). The absence
of changes in these biofilm parameters could indicate that during
our experiment, the fertilization impact of C. fornicata was
restricted to the very surface of the sediment, and that we
did not detect these changes due to an insufficient sampling
resolution. Indeed, carbohydrates, proteins, and heterotrophic
prokaryotes were measured in the top cm, while MPB biomass
quantification by the hyper-spectral imaging method is limited
to the depth of light penetration (Chennu et al., 2013), which is
about 0.3 mm in marine muddy sediments (Kiihl et al., 1994).
Thus, even if significant changes in carbohydrates, proteins, and
heterotrophic prokaryotes did occur within the MPB biofilms,
they were likely minor compared to their standing stocks in
the top cm of the sediment, and thus not detected. Another
possibility is that the conditions employed in our experiment
were not optimal to maintain a clear link between the MPB
biomass and the concentrations of the other parameters. For
instance, exopolysaccharides (EPS) produced by MPB (mixture
of proteins and carbohydrates) could have been removed by the
overlying water through solubilization and/or hydrolysis (Orvain
et al,, 2003; Underwood and Paterson, 2003). Additionally,
their production is driven by photosynthesis and thus strongly
depends on irradiance and temperature (Perkins et al., 2001;
Smith and Underwood, 2001). The rather low temperature
and irradiance, combined with the continuous water flow in
the mesocosms, likely limited EPS accumulation, and thus its
colonization by heterotrophic prokaryotes, in the MPB biofilms
in our experiment.

Limitations

In our study we did not calibrate our hyper-spectral data against
the concentrations of MPB in the sediment, but relied on
previous studies that showed that hyper-spectral measurements
provide accurate measures of MPB biomass (Carrere et al.,
2004; Combe et al., 2005; Barillé et al., 2007; Jesus et al., 2008,
2014; Chennu et al.,, 2013). Nevertheless, to indicate the range
of the actual MPB biomass in our mesocosms, we measured
chlorophyll a concentrations by HPLC for a limited number of
sediment samples (1 cm deep sediment cores; see Supplementary
Information for protocol). For the study site, the in situ
chlorophyll a concentrations were 17-24 pg (g DW)~! (n =2),
which is similar to the value reported previously for a subtidal
muddy sediment in the bay of Brest in winter (18 pg (g DW)™;
Riaux-Gobin et al,, 1987). With respect to the experiment,
chlorophyll a concentrations in the mesocosms increased from
26-29 g (2 DW)~! (n = 4) to 60-136 ug (gDW) ~! (n = 10)

between days 0 and 10, which is an increase by a factor of 2-5 (3.5
on average). Taking into account the substantially larger sampling
depth of this HPLC-based pigment analysis (1 cm), this increase
was consistent with the relative increase in the MPB biomass
derived from our hyper-spectral measurements (by a factor of
5-6; Figure 3).

While our experimental design was able to detect significant
effects of C. fornicata on the MPB growth rate, its duration was
not adequate for quantifying differences in the biotic capacity of
the studied system (Orvain et al., 2003). Indeed, at the end of the
experiment, although MPB growth appeared to slow down in the
dead treatment, MPB was still growing at roughly a constant rate
in the live treatment, irrespective of the ROI (Figures 5A,B). The
duration of our experiment was designed according to previous
experiments investigating similar ecological processes (Orvain
etal., 2003; Agogué et al., 2014; Chennu et al., 2015; Jauftrais et al.,
2015). Based on these reports we expected the MPB to follow
a logistic growth model and reach a plateau within ~10 days
(Orvain et al,, 2003; Chennu et al., 2015; Jauffrais et al., 2015).
However, the abiotic conditions chosen for our experiment (e.g.,
winter temperature and low light) were probably too harsh for
the MPB to approach the biotic capacity of the substrate in such a
short time. We suggest that future experiments studying short-
term effects of altered nutrient supply on MPB growth should
employ slightly longer duration of the experimental treatments
(e.g., 2-3 weeks) to allow a more complete understanding of the
growth dynamics.

CONCLUSION

Overall, we provided evidence that C. fornicata enhances
the growth of microphytobenthic biofilms. Our experiment
disentangled two potential effects of this engineer species
(physical vs. biological), and revealed that live Crepidula beds
supported faster MPB growth than dead ones. Dissolved
metabolic products excreted by C. fornicata were likely the main
factor stimulating MPB growth in our short term experiment.
While fertilization of MPB by engineer species such as mussels
(Engel et al.,, 2017), oysters (Echappé et al., 2018) or lugworms
(Chennu et al., 2015) has been documented for intertidal
sediments, our study is the first to quantify this phenomenon in a
subtidal habitat.

Considering the large geographical extent of this invasive
species in shallow European waters (Blanchard, 2009), the
potential contribution of C. fornicata to subtidal benthic primary
production and its fate in higher trophic levels need to be
further investigated. Despite emerging evidence of its trophic
significance (Grall et al,, 2006; Evrard et al, 2012; Rigolet
et al., 2014), subtidal MPB remains difficult to sample and
hence is usually disregarded as a potential source of labile
organic matter in benthic food-web studies. The trophic role of
subtidal MPB is likely to be significant in C. fornicata habitats,
where the biomass of primary consumers (i.e., deposit- and
suspension-feeders) is high (de Montaudouin et al., 1999; Ni
Longphuirt et al, 2007). Because it has no predators in its
introduction area, C. fornicata is considered to be a trophic
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dead-end (Arbach Leloup et al., 2008). Nevertheless, the intense
filtering activity and the low assimilation efficiency of this species
(Shumway et al., 2014) suggest that C. fornicata may redirect
a large amount of energy and material from the water column
to the benthic compartment not only through biodeposition
(Chauvaud et al., 2000), but also through stimulation of benthic
primary production.

Despite invasive species being generally considered as a threat
for ecosystems, their engineering effects have the potential to
enhance ecosystem functioning and compensate for the loss
of native habitats (Ramus et al., 2017; Romi¢ and Nakajima,
2017). In the case of C. fornicata, both its physical (e.g., habitat-
forming heterogeneity and niche provisioning) and biological
(e.g., stimulation of MPB growth) engineering effects could
offset the negative ecological impacts usually attributed to this
species.
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