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Abstract

Habitat forming ecosystem engineers play critical roles in structuring coastal seascapes. Many ecosystem
engineers, such as seagrasses and epifaunal bivalves, are known to have positive effects on sediment stability
and increase coastal protection and ecosystem resilience. Others, such as bioturbating infaunal bivalves, may
instead destabilize sediment. However, despite the common co-occurrence of seagrasses and bivalves in coastal
seascapes, little is known of their combined effects on sediment dynamics. Here, we used wave flumes to com-
pare sediment dynamics in monospecific and multispecific treatments of eelgrass, Zostera marina, and associated
bivalves (infaunal Limecola balthica, infaunal Cerastoderma edule, epifaunal Magellana gigas) under a range of
wave exposures. Eelgrass reduced bedload erosion rates by 25-50%, with digital elevation models indicating that
eelgrass affected the sediment micro-bathymetry by decreasing surface roughness and ripple sizes. Effects of
bivalves on sediment mobilization were species-specific; L. balthica reduced erosion by 25%, C. edule increased
erosion by 40%, while M. gigas had little effect. Importantly, eelgrass modified the impacts of bivalves: the
destabilizing effects of C. edule vanished in the presence of eelgrass, while we found positive additive effects of
eelgrass and L. balthica on sediment stabilization and potential for mutual anchoring. Such interspecific interac-
tions are likely relevant for habitat patch emergence and resilience to extreme wave conditions. In light of
future climate scenarios where increasing storm frequency and wave exposure threaten coastal ecosystems, our
results add a mechanistic understanding of sediment dynamics and interactions between ecosystem engineers,
with relevance for management and conservation.

In coastal soft sediments, ecosystem engineers (sensu Jones
et al. 1994) can shape entire ecological landscapes and thereby
often contribute disproportionately to ecosystem functioning
and ecosystem service provisioning (Bouma et al. 2009;
Gutiérrez et al. 2011). Due to the negative interactive effects
of climate change, coastal development and other anthropo-
genic stressors, however, coastal ecosystems are among the
most degraded around the globe, and the associated functions
they provide are in decline (Halpern et al. 2008). Sediment
erosion will likely become an additional challenge to these
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ecosystems as storm intensities, sea level rise, and flooding
events increase (Ranasinghe 2016; Collins et al. 2019). The
intensity of destructive storms in Northern Europe, for exam-
ple, has increased by more than a factor of three since 1990
(Gregow et al. 2017). The consequences of these changes for
shoreline stability are unprecedented and hard to foresee
(Roebeling et al. 2013; Labuz 2015), thus stimulating a grow-
ing interest in the resilience of associated ecological communi-
ties and their role in sediment stabilization and shoreline
protection (Bouma et al. 2014; Ondiviela et al. 2014).

Some ecosystem engineers, such as coastal vegetation and
reef-forming bivalves, which create structurally complex bio-
genic habitats, function as critical sediment stabilizers (Hansen
and Reidenbach 2012; Ysebaert et al. 2019). For example,
seagrass canopy structure can dissipate wave energy and reduce
current and oscillatory flow velocities (Fonseca et al. 1982;
Hansen and Reidenbach 2012; Infantes et al. 2012). The
resulting lower shear stress on the sediment surface reduces


https://orcid.org/0000-0002-6217-4925
https://orcid.org/0000-0002-9724-9237
https://orcid.org/0000-0002-9675-7168
https://orcid.org/0000-0002-0971-7740
https://orcid.org/0000-0003-2845-8331
mailto:lukas.meysick@hifmb.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.12022&domain=pdf&date_stamp=2022-01-31

Meysick et al.

sediment resuspension and bed load erosion (Chen et al. 2007;
Hansen and Reidenbach 2012; Marin-Diaz et al. 2020). Simulta-
neously, seagrasses affect sediment dynamics by particle trap-
ping (Hendriks et al. 2008), sediment binding (Marin-Diaz
et al. 2020), and by promoting microphytobenthos growth on
the sediment surface (Widdows et al. 2008).

Similarly, bivalves such as oysters and mussels can facilitate
sediment stability when forming dense patches and reefs, as
their biogenic structures attenuate wave energy and reduce
flow velocities (Wiberg et al. 2019; Ysebaert et al. 2019). Low-
density oysters and mussel patches are less studied, but could
potentially increase sediment erosion by promoting turbulent
flow near the sediment bed (Meadows et al. 1998; Meysick
et al. 2019a). The role of infaunal bivalves, such as clams and
cockles, in sediment dynamics is likely grain size dependent
(Cozzoli et al. 2020). In muddy, cohesive sediments, infaunal
bivalves tend to promote erodibility and resuspension through
bioturbation (Willows et al. 1998; Ciutat et al. 2007), whereas
they might have a more stabilizing role in sandy sediments
possibly associated with different feeding modes (Donadi
et al. 2014; Cozzoli et al. 2020).

Currently, the effect of coastal ecosystem engineers on
the modulation of sediment micro-bathymetry (sediment sur-
face complexity on a millimeter to centimeter scale)—a critical
parameter that drives sediment stability (Papanicolaou et al.
2001), transport and fate of organic matter including propa-
gules (Danovaro et al. 2001; Meysick et al. 2019a) as well as
the spatial organization of benthic communities (Danovaro
et al. 2001; Damveld et al. 2018)—remains unknown.

Importantly, different ecosystem engineers naturally often
inhabit the same environments, interact with each other and
thereby may modify ecosystem processes synergistically or
antagonistically (Gonzdlez-Ortiz et al. 2014; Passarelli et al.
2014; Angelini et al. 2015). Such concurrent modifications,
however, are complex and can be difficult to predict based on
individual effects as they may display nonadditivity (Passarelli
et al. 2014; Donadi et al. 2015; Flynn et al. 2020). To quantify
sediment dynamics in shallow coastal environments, includ-
ing sediment surface bathymetry and ripple formation, it is
therefore critical to investigate how co-occurring ecosystem
engineers function both individually and in co-occurrence.
This is especially true for seagrasses and bivalves that often
live in association and interact through facultative mutualism
(Fales et al. 2020; Gagnon et al. 2020), since despite their dem-
onstrated value for hydrodynamics and sediment dynamics,
combined effects of these species have yet to be reported.

The shallow coastal zones of the Baltic Sea provide a model
system to bridge this knowledge gap and to examine the inter-
actions of the dominant seagrass species, eelgrass Zostera marina
(Bostrom et al. 2014) with associated bivalve species, including
the often highly abundant infaunal Limecola balthica (Baltic
clam; formerly Macoma balthica) and Cerastoderma edule (edible
cockle) (Bostrom and Bonsdorff 1997, Herkiil and Kotta 2009,
Meysick et al. 2019b; Supporting Information Fig. S1), and the
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introduced epifaunal Magellana gigas (Pacific oyster; formerly
Crassostrea gigas), which has been found associated with eel-
grass at low densities in the Skagerrak area (Infantes pers. obs.).
Wave exposure is the primary driver for sediment transport in
these zones because tidal oscillations are minimal in the Baltic
Sea (Jonsson et al. 2005).

We performed two wave flume experiments with mono-
specific and multispecific treatments of eelgrass and three
associated bivalves (L. balthica, C. edule, M. gigas) at natural
densities found in the northern Baltic Sea and the Skagerrak.
Our main aims were to (1) assess how eelgrass and bivalves
physically interact with each other under wave exposure;
(2) quantify how these ecosystem engineers affect sediment
erosion rates and micro-bathymetry relative to bare sedi-
ments; and (3) assess whether and under which conditions
they affect sediment dynamics synergistically or antagonisti-
cally (Fig. 1).

Materials and Methods

Eelgrass and L. balthica: Sediment stability, interactions,
and behavior (Experiment 1)

In Experiment 1, we investigated the interactions of eel-
grass and L. balthica and their effects on sediment stability
under a range of wave exposures, using a semi-outdoor wave
mesocosm facility at the Archipelago Centre Korpostrom,
Finland between July and September 2018.

In the region near the island of Faro (59°55'N, 21°47’E) in
the outer Finnish Archipelago Sea, L. balthica (> 5 mm) occurs
in high densities (~2000ind. m ?) in eelgrass meadows
(Meysick et al. 2020). Here, we collected L. balthica, eelgrass
shoots and sediment for the experiment. We stored bivalves
(regularly fed with detritus) and plants separately in flow-
through seawater aquaria with filtered water pumped from the
nearby harbor (3 m depth). We sieved sediment using a
0.8 mm mesh and air-dried it prior the experiment to remove
any remaining macrofauna. We then determined sediment
grain size distribution by dry sieving methods: the dominant
grain size class was fine sand (125-250 ym, 88.2%), silt con-
tent was <0.1%, and median grain size (Dso) was 184 um
(Supporting Information Fig. S3). Sediment organic content at
the field site is overall low (0.35%; Meysick et al. 2020).

We used four identical hydraulic wave mesocosms of 3 m
length, 0.5 m width, and 0.8 m height (for detailed descrip-
tion, see Infantes et al. 2021). Waves were generated with a
moving paddle driven by a pneumatic piston. To dissipate
waves and to reduce reflection, a wave dampener (4 : 5 slope)
made of porous plastic fiber was placed at the end of the tank.
Each mesocosm included a 20-cm deep double bottom, in
which a 50 x 50 x 10 cm (length x width x height) box (test
section) was embedded in the center.

We investigated sediment erosion rates in a factorial combi-
nation of eelgrass and L. balthica fully crossed with four wave
exposure treatments. Each of the wave tanks was calibrated to

85UB017 SUOWWOD SAITE8ID 3|qeal|dde ayy Ag peusenob e ssjoie VO ‘85N JO Sa|nJ oy AReud 1 8UljUO A1 UO (SUONIPUOD-PUE-SWB)A0D AB 1M ARelq 1 pul|Uoy/:Sdiy) SUOIIPUOD pue Swis 1 8Y) 88S *[£202/60/7T] U0 Akidi]aulluo A|Im ' imy Bunyasiosesse N N -klod o nnsu| sueBen paiy| Aq 220ZT 0ul/200T OT/I0p/wod A8 1M Arelq i puljuo'sgndo sey/sdny wouy pepeojumoq ‘e ‘Z20Z ‘0655656T



Meysick et al.

Ecosystem engineers and sediment dynamics

(a) Experiment 1: wave exposure = 10, 15, 20, 25 cm s~*

Bare sediment L. balthica (L)

(b) Experiment 2: wave exposure = 15 cm

Bare sediment C. edule

S_1
MDA A\ | (a) Experiment 1:
M. gigas

Eelgrass: 400 shoots m-2
L. balthica: 1600 ind. m—2
Dsp: 0.184 mm

(b) Experiment 2:
Eelgrass: 300 shoots m-2
C. edule: 75 ind. m—2

M. gigas: 4 ind. m—2

Dsp: 0.151 mm

Fig. 1. Investigated species treatments in wave flumes to quantify (a) sediment erosion and species interactions at different wave exposures, and (b)
sediment erosion and micro-bathymetry through sediment roughness parameters. Images (seagrass, oysters) from IAN Symbol Libraries. Photographs of
the respective wave mesocosms can be found in Supporting Information Fig. S2.

a set wave regime (approximate mean orbital velocities [Ujmps]
=10, 15, 20, and 25cms~! with a constant wave period [Tp]
of ~3.6s), simulating a hydrodynamic gradient with maxi-
mum bottom shear velocities (U,) between 1 and 3cm s !,
These shear velocities represent moderate to severe storm
events in Baltic Sea shallow coastal areas with short fetch
(Jonsson et al. 2005; Infantes et al. 2021). Individual treat-
ments were replicated three times, resulting in 48 trials in
total. Prior to each trial, we sealed gaps between the double
bottom and the wave tank wall with aluminum tape to avoid
sediment loss. We added sediment to the test section and
leveled it to the height of the double bottom, then filled the
tanks with seawater from the harbor (salinity: 6) to a water
level of 25 cm. In eelgrass treatments, we planted 100 eelgrass
shoots randomly within the test section, by carefully pushing
the rhizomes <5 cm below the sediment surface. In L. balthica
treatments, we evenly spread ~ 400 clams on top of the sedi-
ment. After several hours, we replaced individuals still on the
surface, until approximately 95% of L. balthica had burrowed
into the sediment. Remaining individuals were removed
before starting the experiments. We trimmed eelgrass shoots
before being used to assure similar leaf and rhizome lengths
(20 and 8cm, respectively). Average L. balthica size used for
this experiment was 11.0+0.3mm (SE, n = 15). Density of
eelgrass shoots and L. balthica corresponded to 400 and

1600 m 2, respectively, representing typical densities found in
the Finnish Archipelago Sea (Meysick et al. 2020).

Sediment was allowed to compact for 24 h, followed by 1 h
of wave exposure. After termination and sufficient time for
resuspended sediment to settle (~ 30 min), we carefully col-
lected all sediment that had moved beyond the test
section (both downstream and upstream) using a suction
hose. We then oven-dried the sediment at 100°C until con-
stant weight (~ 48 h) and weighed it to determine the sedi-
ment erosion rate of the test section (g m~2 h™!) for each trial.
We counted the number of eelgrass shoots and L. balthica that
had been dislodged during wave exposure. To determine
L. balthica behavior in the form of vertical migration, we took
five 10-cm deep sediment cores (diameter, ¥ = 5 cm) from
each L. balthica trial. We sliced the cores into four sections
(0-2, 2-4, 4-6, and 6-10 cm depth intervals) and counted the
number of L. balthica per section.

Eelgrass, C. edule, and M. gigas: Sediment stability and
surface complexity (Experiment 2)

In Experiment 2, we investigated the interactions of
eelgrass with the two bivalves M. gigas and C. edule, and their
effects on sediment erosion and bathymetry at Kristineberg
Marine Research Station, Sweden, between August and
September 2018. We collected eelgrass shoots, bivalves, and
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sediment at Bokevik in the Gullmars Fjord, Sweden (58°25'N,
11°45’E). When not in use, we stored animals and plants in
tanks with flow-through seawater from the fjord (5 m depth).
We sieved the sediment beforehand using a 2-mm mesh. We
then determined sediment grain size distribution by dry siev-
ing methods and sediment organic content by loss-on-igni-
tion. Dominant grain size class was fine sand (125-250 um,
63.4%), Dso was 151 ym, silt content (< 63 ym) was 1.2%
(Supporting Information Fig. S3), and sediment organic con-
tent was 0.55%.

We used a hydraulic wave flume of 8 m length, 0.5 m width,
and 0.5 m height. The wave generating system resembles the
one from the mesocosms in Experiment 1. To dissipate wave
energy, a wave dampener (1:5 slope) made of porous artificial
fiber and reinforced with a PVC layer was placed at the end of
the tank. The test section was composed of a 200 x 37 x 20 cm
embedded box (length x width x height). We filled the box with
sediment and carefully leveled it to the height of the flume bot-
tom surface (20 cm sediment depth). We then filled the flume
with seawater from the fjord (water level: 25 cm, salinity: 34).

In eelgrass treatments, we randomly planted 200 shoots
within the test section (see Experiment 1). The resulting shoot
density of 300 shoots m~? corresponds to densities typically
found in the region (Bostrom et al. 2014). In C. edule treat-
ments, we evenly distributed 80 cockles across the test section.
We replaced all cockles that had not burrowed in the sediment
after 1 h until on average 56 + 4.1 cockles burrowed in the
sediment (~ 75 ind. m™). This represents an environmentally
realistic intermediate density of C. edule found in soft sedi-
ments of the Baltic Sea-Skagerrak region (~ 5-200 ind. m~2,
Lindegarth et al. 1995, Obolewski et al. 2007), also found asso-
ciated with eelgrass (Herkil and Kotta 2009). M. gigas, on the
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other hand, rarely exceeds densities of 5 ind. m~? when inter-
mixed with eelgrass in this area (Infantes pers. obs.). To reflect
natural intermixed conditions, we added three oysters in
M. gigas treatments, corresponding to 4 ind. m~2 (Fig. 2b). To
achieve a maximal effect on sediment dynamics, we oriented
the oysters offset across the width of the flume (the flat part
facing the bottom). We trimmed eelgrass shoots to 20 cm leaf
length and 8 cm rhizome length. Average size of M. gigas and
C. edule was 117.7 £ 2.2 mm (SE, n = 3) and 28.7 +£ 0.8 mm
(SE, n = 10), respectively.

We applied an intermediate wave exposure treatment with
Upms Of approximately 15cms™' for 1h. As sediment was not
fully removed between treatments, we reduced sediment com-
paction time to 2h. After each trial was terminated, the sedi-
ment was given 30min to resettle. We then slowly (~20min)
drained the water from the flume to minimize disturbance
of the sediment surface and to allow for the construction
of high-quality digital elevation models (DEMs) (see below).
We collected all sediment that had moved beyond the test
section using a suction hose. In eelgrass treatments, we care-
fully cut shoots at the sediment surface with scissors so that the
shoots floated to the water surface and could be collected with-
out disturbing the sediment. We used a pneumatic pump sys-
tem to drain remaining water from between the sand ripples.
Subsequently, we marked the edges of the test section with
measuring tape as reference and took 100-150 images of the
sediment surface from different angles for generating DEMs.

Sediment micro-bathymetry

To quantify the effects of eelgrass and bivalves on sediment
micro-bathymetry after wave exposure, we built DEMs using
the software Agisoft® PhotoScan Professional v1.4.4. First,

Fig. 2. Photogrammetry analysis in Experiment 2. Example of (a) sediment bathymetry model with the corresponding camera positions of the images
(blue rectangles, n = 100-150) and (b) the resulting DEM (treatment: unvegetated sediment with oysters).
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sediment surface images were loaded to the program and aligned
in a triangulation process (see Leon et al. 2015), generating a
sparse point cloud of the test section. We then assembled the
sparse point cloud with 30 evenly distributed marker points,
based on measuring tape and benchmarks within the test sec-
tion. If necessary, we corrected marker points manually in each
image of appearance. We assigned three-dimensional coordinates
(length: x, width: y, height: z; in mm) to each point to create a
local coordinate system of the test section. The point cloud was
optimized by deleting points according to reconstruction uncer-
tainty (> 10), reprojection error (> 0.5), and projection accuracy
(> 15), using the in-build “gradual selection” function, and by
manually deleting outliers. We then optimized camera align-
ment through adaptive camera model fitting based on marker
points and the optimized point cloud. After constructing a low-
quality mesh within the region of interest, we masked the
model accordingly and constructed a dense point cloud. Meth-
odology for deriving high-quality dense point clouds roughly
followed Mallison and Wings (2014). After removal of obvious
outliers, we built the DEMs based on the dense point cloud. To
reduce friction and boundary effects along the edges at the sedi-
ment box, the DEMs were embedded with 0.5 cm distance from
all edges. Parameterizations for all steps can be found in
Supporting Information Table S1. An example for an image
alignment, the corresponding dense point cloud, and a DEM is
given by Fig. 2.

We loaded individual DEMs to Matlab v.R2019b and, to
match pixel resolution for all treatments, interpolated the
models to highest common resolution possible using the
“griddedInterpolant” function. We approximated sediment
complexity using several sediment roughness parameters. The
root mean square (RMS) height (¢) is the standard deviation of
the vertical elevation and thus describes the overall deviation
from a flat surface. It is a common measure for surface hetero-
geneity and is calculated as

n —
ﬁzz‘:l (zi-2)%,

where z; is the height at location i (x,y coordinate), and Z is
the mean height of the sediment surface (Shepard et al. 2001).
The RMS slope (0mns) is the root mean square slope between
points z(x;) and z(x; +Ax), which are separated by the step size
Ax (Shepard et al. 2001). We used Ax = 0.059 mm, which cor-
responds to the pixel resolution after interpolation. The RMS
slope is given by

(1)

Orms = tan ! <%>, with:v= \/%Z?(z(x;) —z(xi+ Ax))%
(2)

Rugosity, f, (or tortuosity index), describes the augmenta-
tion of the sediment surface compared to a flat surface and
thus can take on values equal to or greater than 1.
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Rugosity was calculated as

3)

where A, is the true (3D) surface area of the sediment surface
and Ay is the geometric (2D) surface area of the sediment sur-
face. The true surface area was derived from the “demarea”
function, which uses triangulation of each cell with its eight
neighboring cells (Dugge 2022).

To determine mean ripple height, /s, and ripple length, I, we
additionally interpolated the DEM to a lower resolution of
0.33 mm/pix to exclude local deviations in between ripples.
Based on 15 transects (in direction of wave propagation), we
determined the number of ripples and individual ripple
heights by the “findpeaks” function in Matlab. Ripple height
was then averaged across all transects. Ripple length was deter-
mined by the number of ripples per transect divided by the
total transect length, averaged across all 15 transects. Maxi-
mum elevation, hnax, per trial was determined by the differ-
ence between maximal crest and maximal trough height
within the test section.

Flow measurements

For both experiments, we measured orbital flow velocities
for each trial using an Acoustic Doppler Velocimeter (Nortek,
Vectrino), at a sampling rate of 25 Hz for 3 min. In Experi-
ment 1, we measured vertical profiles (1-16 cm above sedi-
ment) in the center of the test section. In Experiment 2, we
measured vertical profiles (1-13 cm above sediment) 60 cm
upstream, in the center, and 60 cm downstream of the test
section. We then calculated mean orbital velocities (Uys) for
each position as follows:

1 n
Uims = \/ NZi:l (uiz)/ (4)
where n is the number of measurements (n = 4500) and

u is the horizontal component of the orbital velocity, direc-
tional to the wave propagation. In Experiment 1, Uy, at
unobstructed flow (i.e., without eelgrass canopy) corresponded
to 11.8+0.8, 14.7+0.2, 20.74+0.5 and 23.7+0.1cms '
(mean + SE). In Experiment 2, U;ps was 15.2+0.1cm s~ L. To
compare near bottom hydrodynamic forces for each set wave
treatment with realistic field conditions (Jonsson et al. 2005),
we calculated bottom shear velocities U, as:

U.=Uo\/0.5f,

where Up is the maximum orbital velocity above bottom
boundary layer and f,, is the wave friction factor which can be
calculated based on the grain size (Dsg) as:
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f., =exp(5.5 Ap 72—63)
w = xR 55 Dg s

where A, is the maximum orbital amplitude. Values for U.
represented a range of annual maximum shear velocities
found in shallow areas across the Baltic Sea (Experiment 1:
1.38+0.11, 1.60+0.10, 2.22+0.13, 2.56 £0.06, Experiment
2: 1.65+0.11; Jonsson et al. 2005). Wave conditions and ver-
tical profiles of flow velocity for each experiment can be found
in Supporting Information Figs. S4-S7 and Table S2.

Statistical analysis

In Experiment 1, we first used a two-way general linear
model (LM) to analyze the effects of eelgrass presence (with or
without) and wave exposure (Uyps =10-25 cm s’l) on bottom
shear velocities (U,). We then assessed whether eelgrass and
L. balthica presence as well as wave exposure affected sediment
erosion using a three-way LM. We further used two-way gener-
alized linear models (GLM) to analyze the effects of L. balthica
presence on eelgrass shoot dislodgement and vice versa with
wave exposure as covariate. We chose a Poisson error distribu-
tion to account for heterogeneous variance. Finally, we ana-
lyzed L. balthica vertical distribution using a three-way
generalized linear mixed model (GLMM) with sediment depth
(4cm depth intervals) and eelgrass presence as factors and
wave exposure as covariate. Replicate corer was included as a
random factor, as five (pseudo-)replicates were taken per trial.
A Poisson error distribution was used to account for heteroge-
neous variance.

In Experiment 2, we first used one-way ANOVA to analyze
the effect of eelgrass presence on bottom shear velocity. To

30,000

‘= 20,0001

-2

Erosion (g m

10,000 1

25

Urms (cm s™)

Fig. 3. Effect of wave exposure (Ums) on sediment erosion rates in bare
sediment (BS), Limecola balthica (L), eelgrass (Z) and eelgrass + L. balthica
(Z+L) treatments in Experiment 1. Values are means & SE (n = 3). Lines
correspond to coefficients from a three-way general linear model. [Correc-
tion added on 23 February 2022, after first online publication: The figure
3 has been replaced with the revised version]
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analyze the effect of bivalve (C. edule, M. gigas) and eelgrass pres-
ence and potential interactions on sediment parameters (total
erosion, RMS height, RMS slope, rugosity, ripple height, maxi-
mal height, ripple length, mean level), we used two-way
ANOVAs.

For both experiments, assumptions of normality and
homoscedasticity were tested by Shapiro-Wilk test and visual
assessment of Q-Q and residual plots. If assumptions were not
met, raw data were appropriately transformed (log, ANOVAs)
or error distributions were adjusted (Poisson distribution for
all GLMs and the GLMM). All data analyses were conducted in
the R-environment version 3.4.0 (R Core Team 2017).

Results

Eelgrass and L. balthica: Sediment stability, interactions,
and behavior

In Experiment 1, across all wave exposures, bottom shear
velocity was significantly lower (~ 8.5%) when eelgrass was
present compared to unvegetated treatments (Fy 44 = 9.66,
p = 0.003; Supporting Information Table S3). The strongest
reduction (21.5%) was found at Uyy,s of 10cm s, while at
25cms™!, U, was only 3% lower in eelgrass compared to
unvegetated treatments.

Overall, we found a strong positive effect of wave exposure
on sediment mobilization (F; 40 = 158.52, p < 0.001; Supporting
Information Table S4). In bare sediments, erosion rates incr-
eased with Uy, from 150gm™2 h™' at 10cms ' to almost
25kgm 2 h™' at 25cms™' (Fig. 3). This effect, however, was
modulated by the presence of eelgrass (F1,40 = 8.07, p = 0.007)
and L. balthica (F1,40 = 5.40, p = 0.025). Eelgrass reduced ero-
sion rates by 40-55% at low and intermediate wave exposure
(10-20cm s~ ') and 25% at highest wave exposure (25cms™1).
L. balthica increased erosion by 400% at lowest wave exposure
(10cms™'), but reduced erosion rates by 25-60% at higher
orbital velocities (15-25cms™'). Interestingly, eelgrass and
L. balthica had a positive additive effect on sediment stabiliza-
tion (indicated by nonsignificant interaction, F; 4 = 0.30,
p = 0.585). Hence, their combination resulted in the lowest
sediment erosion rates across all exposure treatments with a
50% reduction even at highest wave exposure of 25cms™'.

Eelgrass shoot dislodgement frequency increased signifi-
cantly with wave exposure (y* = 442.97, p < 0.001; Supporting
Information Table S5) and was overall lower (20-65%) in
treatments including L. balthica compared to bare sediment
(> = 4.30, p = 0.038), except at Uyys =15cms ! (100%
higher, Fig. 4a). Similarly, L. balthica dislodgement increased
significantly with wave exposure (y* 64.93, p<0.001;
Supporting Information Table S5). Although the presence of
eelgrass shoots reduced L. balthica dislodgement (y* = 11.67,
p<0.001), this was only evident at low (10-15 cms™': 40-90%
reduction), not high (20-25 cms™': 0-5% increase) wave expo-
sure (Umns x Eelgrass, ;(2 =10.13, p = 0.001, Fig. 4b).
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Overall, L. balthica depth distribution within the sediment
did not differ across all treatments (;(2 = 1.72, p = 0.190;
Supporting Information Table S5). However, there was a sig-
nificant Depth x Eelgrass (> = 4.24, p = 0.039) and depth x
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Fig. 4. Effect of wave exposure, Ums, and (@) Limecola balthica (L) on eel-
grass shoot dislodgement, and (b) eelgrass (Z) on L. balthica dislodge-
ment. Values are means=+SE (n = 3). Lines correspond to coefficients
from a general linear model.
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Ui interaction (;(2 = 6.14, p = 0.013), indicating that
L. balthica migrates vertically to deeper depths when exposure
increases, and that this effect is more pronounced in
unvegetated than vegetated treatments. Without eelgrass, only
~ 5% of L. balthica remained in the top layer (0-2 cm) at Uyps
=25cms ! and almost 40% were found in the deepest sedi-
ment layer (>6 cm). In eelgrass treatments, however, ~ 15% of
L. balthica still remained in the top layer, while only 20% were
found in the deepest layer (Fig. 5).

Eelgrass, C. edule, and M. gigas: Sediment stability and
surface complexity

In contrast to Experiment 1, there was no effect of eelgrass
canopy on bottom shear velocities (Fq,16 = 0.11, p = 0.749;
Supporting Information Table S6). However, there were signif-
icant effects of eelgrass (F1,12 = 157.4, p <0.001; Supporting
Information Table S6), bivalves (Fz,, = 15.26, p >0.001), as
well as a Bivalve x Eelgrass interaction effect (Fz1, = 9.074,
p = 0.004) on bedload erosion rates (Fig. 6). Without eelgrass,

4000

mm 7 b|

C. edule

Fig. 6. Sediment erosion rates with bivalves (Magellana gigas, Cerastoderma
edule) and without bivalves (control) in unvegetated sediment (S) and in eel-
grass (Z) after 60-min wave exposure (Urms =15cms™") in Experiment
2. Different letters indicate statistical significance by p<0.05 based on
Tukey HSD multiple comparison test. Values are means & SD (n = 3).

Control M. gigas

(a) Unvegetated sediment

Depth in cm (b) Eelgrass
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Fig. 5. Depth distribution of Limecola balthica in Experiment 1 after exposure to different wave intensities in (a) unvegetated sediment and (b) eelgrass

treatments (n = 5).
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Fig. 7. Digital elevation models of the sediment bed characterizing surface bathymetry after 1 h wave exposure (Umms =15cms™") in control, Cer-
astoderma edule and Magellana gigas treatments: (a) in unvegetated sediment and (b) in eelgrass.
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Fig. 8. Sediment parameters across treatments in unvegetated sediment
(S, yellow) and in eelgrass (Z, green) after 1-h wave exposure (Urms
=15cms™"). Values are means + SD (n = 9). Asterisks indicate statistically
significant differences (*p<0.05, **p<0.01, ***p<0.001) between eel-
grass and unvegetated treatments based on two-way ANOVA (the main
effect of bivalves was not significant for any parameter; for better visuali-
zation, y-axis does not intersect x-axis in origin for panels b—f).
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erosion was about 40% higher in C. edule treatments com-
pared to control and M. gigas treatments. The presence of eel-
grass, however, significantly reduced erosion in all treatments
to about 50% of no-bivalve treatment levels, independent of
bivalve presence. Erosion rates in eelgrass and unvegetated
treatments, respectively, were consistent with erosion rates
from Experiment 1 at similar wave orbital velocity (15 cm s~ ).
No shoots were dislodged during trials in Experiment 2.

Visual observation of the DEMs further indicated strong
differences in sediment patterns between unvegetated and eel-
grass treatments (Fig. 7). Sand ripples were comparably uni-
form in the absence of eelgrass shoots, with similar shapes in
control and bivalve treatments (Fig. 7a). When eelgrass
shoots were present, however, sand ripples showed non-
uniform patterns, independent of bivalve presence (Fig. 7b).
Analysis of sediment parameters confirmed these visual find-
ings with overall higher sediment surface heterogeneity in
unvegetated treatments (Supporting Information Table S6).
While both bivalve species had no effect on sediment
parameters at the investigated densities, there were signifi-
cant differences between eelgrass and unvegetated treat-
ments for most parameters, demonstrating a stabilizing
effect of eelgrass (Fig. 8). The roughness parameter RMS
height & (26% reduction, Fq,1, = 27.06, p <0.001), as well as
ripple length I (9% reduction, F; 12 = 13.35, p = 0.003), ripple
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Fig. 9. Correlation between roughness parameter RMS height (¢) and
sediment erosion across all treatments (control, Magellana gigas, Cer-
astoderma edule) in Experiment 2 (n = 18). Yellow oval indicates treat-
ments in unvegetated sediment, green oval indicates treatments in
eelgrass.

height h (19% reduction, F, 1, = 16.83, p = 0.001), and maxi-
mal sediment elevation hpyax (18% reduction, F; 1, = 17.22,
p = 0.001) were all significantly lower in eelgrass than in
unvegetated treatments. RMS slope 6;ns on the other hand
was significantly higher in eelgrass treatments (10% increase,
F112 = 5.40, p = 0.039). There was no difference in rugosity f,
between treatments (Fq 1, = 0.75, p = 0.404). Independent of
treatment, wave exposure (Uyyps =15cm s™1) and the associ-
ated ripple formation led to an overall sediment surface
enlargement of ~ 15% (f; = 1.15). Across treatments, sediment
erosion and RMS height & were strongly correlated (R* =0.75,
p<0.001, Fig. 9).

Discussion

We examined the role of coastal ecosystem engineers for
sediment dynamics under wave exposure in single and
pairwise treatments. Our results highlight that eelgrass can
strongly promote sediment stabilization by reducing bottom
shear velocities, erosion rates, and sediment surface rough-
ness, while co-occurring bivalves could have either synergistic
or antagonistic species-specific effects.

Effects of eelgrass on sediment stability and micro-
bathymetry

Consistent with previous studies (Chen et al. 2007; Marin-
Diaz et al. 2020), we show that even small eelgrass patches at
low densities (300-400 shoots m~?) can significantly stabilize
sediment. Here we highlight several potential important mech-
anisms driving our results. In Experiment 1, eelgrass likely
decreased bedload erosion rates by reducing near-bottom veloc-
ities, as earlier demonstrated for sediment resuspension
(Hansen and Reidenbach 2012). Relative sediment stabilization
of eelgrass was highest at wave orbital velocities between
15 and 20 cm s~ !, where the canopy caused the highest reduc-
tion in shear velocities. In contrast, eelgrass canopy had no
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effect on bottom shear velocities in Experiment 2. This might
be partly related to lower shoot densities (300 m 2 vs.
400 m~?), but is more likely due to the lower wave periods used
in this experiment (1.9 s vs. 3.7 s), which can reduce the can-
opy effect on waves (Luhar et al. 2017; Garzon et al. 2019). It is
therefore likely that seagrass has contributed to sediment stabil-
ity through other mechanisms such as sediment binding by
rhizomes and roots (Marin-Diaz et al. 2020), and particle trap-
ping by leaves (Hendriks et al. 2008). In Experiment 2, we also
found that surface complexity (RMS height, sand ripple size,
maximum bed elevation) was significantly lower in eelgrass
than unvegetated sediment, and also highly correlated with
bedload erosion. As sediment bathymetry strongly affects near-
bed turbulence and sediment erodibility (Papanicolaou
et al. 2001), this suggests that stabilization of the sediment
bathymetry under wave exposure might be an important but
under-regarded mechanism through which seagrass structure
promotes sediment immobilization. Ecosystem processes linked
to sediment bathymetry, such as sediment oxygenation (Ziebis
et al. 1996), organic matter accumulation (Danovaro et al.
2001), propagule transport (Meysick et al. 2019a), and the spa-
tial structure of associated communities (Danovaro et al. 2001;
Damveld et al. 2018), might also be directly affected by this
mechanism.

Effects of bivalves on sediment stability

Both L. balthica and C. edule can promote sediment
resuspension and net erosion through bioturbation, especially
in intertidal areas with cohesive sediments (Willows et al. 1998;
Ciutat et al. 2007). In sandy sediments where sediment trans-
port occurs primarily as bedload, we found that L. balthica
reduced sediment erosion rates for wave orbital velocities
>15cm s ! (which corresponded to bottom shear velocities of
> 1.6 cm s~ ). We assume that for these velocities the stabilizing
effect (by providing structural complexity in form of shells and
siphons) proportionally predominated the destabilizing effect
through bioturbation. Indeed, previous studies indicate density,
grain size, and flow dependent effects of bioturbating bivalves
on sediment transport with a more stabilizing role in coarser
sediment and at higher flow (Donadi et al. 2014; Cozzoli
et al. 2020). Since the experimental conditions represent near-
bottom hydrodynamics during moderate to severe storms in
shallow Baltic Sea areas (Jonsson et al. 2005), L. balthica may
have a previously underappreciated role for coastal stabilization
due to its wide distribution at high densities in the area
(Bostrom and Bonsdorff 1997; Meysick et al. 2020).

On the other hand, C. edule increased sediment erosion
under wave exposure. This can in part be explained by an
18 times higher silt content (1.2%) of the sediment used in
this experiment, making it more prone to bioturbation by
C. edule (Cozzoli et al. 2020). In addition, differences in the
environmental position of the bivalve species may have also
played a role: cockles were partly exposed out of sediment due
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to wave exposure and likely promoted turbulent flow (Ciutat
et al. 2007).

Epifaunal oyster and mussel reefs are known to contribute
to sediment stabilization and coastal protection (Ysebaert
et al. 2019), but these effects are density dependent and
decrease at lower coverage (de Paiva et al. 2018). Here, we sim-
ulated low-density oyster patches (<5ind. m 2), naturally
found within and near eelgrass meadows in the Skagerrak, and
found that at these densities M. gigas has only limited effects
on sediment dynamics. However, individual oysters may affect
sediment heterogeneity at a small scale by locally promoting
turbulent flow (Meadows et al. 1998; Meysick et al. 2019a), as
indicated by elevation models (see Fig. 7), but these were not
captured in net bathymetry parameters across the whole test
section.

Co-occurring ecosystem engineers: Species interactions and
effects on sediment stability

We found further that co-occurring eelgrass and L. balthica
synergistically stabilized the sediment and in co-occurrence
nearly halved sediment loss even under the highest wave
regime (25 cm s~ '). Although the overall effect was small, our
results also indicated mutually positive interactions through
anchoring, which, in combination with sediment stabiliza-
tion, might be an important mechanism for habitat patch
emergence and resilience to physical disturbance. Similar facil-
itative effects between co-occurring ecosystem engineers have,
for example, been found for cordgrass and ribbed mussels
(Angelini et al. 2016), mangrove species (Huxham et al. 2010),
and eelgrass and blue mussels (Reusch and Chapman 1995).
Interestingly, our results also indicated that eelgrass affected
L. balthica behavior by mitigating overall hydrodynamic con-
ditions, because with increasing exposure clams migrated to
deeper sediments depths for disturbance avoidance in
unvegetated but not in vegetated treatments.

Moreover, we found antagonistic, nonadditive effects
between eelgrass and C. edule, as eelgrass sustained low ero-
sion rates even in the presence of this sediment-destabilizing
cockle. We speculate that the eelgrass root-rhizome network
might physically restrict cockle bioturbation to some extent
(Gonzalez-Ortiz et al. 2014) and that sediment resuspension
by cockles might play an overall lesser role for net sediment
loss in the presence of eelgrass due to particle trapping by
the leaf canopy (Hendriks et al. 2008). Our results show
the importance of considering such nonadditive effects, as
they are difficult to extrapolate from single-species to multi-
species assemblages and vice versa (Passarelli et al. 2014).
Understanding threshold densities between stabilizing and
destabilizing ecosystem engineers (Suchanek 1983; Hughes
1999; Volkenborn et al. 2009) is of particular importance in
seagrass meadows, which are dependent on multiple feedback
mechanisms that are susceptible to regime shifts and can pre-
vent re-establishment (van der Heide et al. 2007; Maxwell
et al. 2017).
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Implications for management and restoration

Future climate scenarios predict increased wave intensities
in the North Atlantic (Collins et al. 2019), with consequences
for sediment dynamics in coastal environments
(Ranasinghe 2016). In the Baltic Sea, higher significant wave
heights are predicted (Groll et al. 2017) and alterations to
shoreline dynamics are already detectable (Orviku et al. 2003).
Although the erosion rates we measured here may not be
completely comparable to field conditions at similar shear
velocities, due to the short compaction time and thus limited
biofilm establishment (Yallop et al. 1994), our study provides
a mechanistic insight in sedimentary processes of coastal envi-
ronments under the presence of co-occurring ecosystem engi-
neers. Our results support the relevance of eelgrass meadows
for coastal sediment stabilization (Ondiviela et al. 2014), and
further underpin the importance of positive interactions with
associated synergistic ecosystem engineers (e.g., L. balthica). In
areas where tidal currents dominate as hydrodynamic force
over waves, however, the additive positive effect of infaunal
bivalves might be limited, as here resuspension plays a critical
role for sediment transport and might be enhanced through
bioturbation (Willows et al. 1998; Ciutat et al. 2007).

As eelgrass meadows are in decline in many parts of the
world (Waycott et al. 2009), significant efforts are needed to
guide restoration and conservation. Uprooting of transplanted
shoots through wave disturbance is a common bottleneck for
seagrass restoration (van Katwijk et al. 2016). In our experi-
ments, shoot dislodgement was negligible (< 1.5%) at low
wave exposures, but increased to 10-45% at higher wave
exposure (= 20 cm s~ !). Anchoring techniques, such as hessian
bags (Unsworth et al. 2019), artificial structures that mimic
eelgrass below-ground structure (Temmink et al. 2020; van der
Heide et al. 2021), or co-restoration with facilitative species
(Gagnon et al. 2020; Reeves et al. 2020) may be necessary for
successful restoration in exposed environments. Although
interactions between eelgrass and L. balthica are likely context
dependent (Meysick et al. 2020), our results indicate that co-
restoration in sandy, wave-exposed sites may not only contrib-
ute to sediment stabilization, but also result in positive feed-
backs for patch establishment through mutual anchoring,
leading to faster recovery of essential eelgrass meadows.
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