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Abstract
Escalating high-energy hydrodynamic events, like storms, represent a significant manifestation of global

climate change, causing detrimental impacts on various ecosystems and potentially triggering thresholds that
result in abrupt shifts in ecosystem states. Despite the potential of such thresholds, few studies have explicitly
addressed them. This gap is particularly notable for subtidal ecosystems due to technological challenges in
detecting responses of organisms enduring constant submersion. This study focused on subtidal soft-bottom
mussel beds through the development of Biophys loggers for in situ monitoring of the fine-scale behavior of
mussel clusters under hydrodynamic disturbances and a statistical model based on an 11-yr dataset to perform
regional-scale assessments of mussel bed stability. Multisite monitoring in the Dutch Wadden Sea revealed spa-
tial heterogeneity in mussel bed mobility threshold (i.e., near-bed orbital velocity inducing mussel movement),
with predictable patterns along elevation gradients. Stability assessment in this region demonstrated that mussel
beds in shallower areas (i.e., at higher bed elevations) exhibited higher stability than those in deeper areas, a dif-
ference that was attributed to the longer return interval of the mobility thresholds in shallow regions. These
findings suggest that conditions such as bed elevation can modulate the stress tolerance of mussels and thereby
influence the stability of subtidal soft-bottom mussel beds. This study provides an approach for assessing mussel
bed stability, which can also be extended to other comparable ecosystems, such as oyster reefs, to address their
stability under climate change, thereby informing strategic management.

Disturbance regimes within ecosystems are changing due
to anthropogenic climate change (Hawkins et al. 2023).
Specifically, discrete high-energy hydrodynamic events such
as storms are increasing in frequency and intensity in some
regions (Kossin et al. 2020; Wang and Toumi 2022). Although
ecosystems are resilient to some levels of stress, catastrophic

shifts in structure and functionality may arise after a critical
stress threshold, making them less likely to revert to their for-
mer states (Scheffer et al. 2012; Rietkerk et al. 2021). Among
the most affected ecosystems involve organisms that are
ecosystem engineers, such as species that form shellfish reefs,
seagrass beds, and salt marshes (Donker 2015; Commito
et al. 2018; Zhao et al. 2022). These ecosystem engineers play
a vital role by providing habitats, immobilizing carbon, and
safeguarding coastlines, that is, their structure and function
(Temmink et al. 2022; Crotty et al. 2023). With the antici-
pated increase in high-energy hydrodynamic events, it is
imperative to determine their effects on ecosystem engineers,
thereby informing strategic management aimed at mitigating
the ongoing trends of population collapse and the loss of
essential ecosystem services (Neilson et al. 2020; Schotanus
et al. 2020).
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Mussel beds are structures produced by coastal ecosystem
engineers and are subjected to hydrodynamic disturbances in
soft sediments or hard substrates (such as rocks) in the inter-
tidal and subtidal zones (Ricklefs et al. 2020; Crotty
et al. 2023). Particularly for subtidal soft-bottom mussel beds,
mussels often employ byssal threads to attach to conspecifics,
forming extensive and closely-knit aggregations that contrib-
ute to long-term persistence (Commito et al. 2014; de Paoli
et al. 2017). Population losses in these mussel beds, character-
ized by the dislodgement of individuals or clusters from the
aggregations, have been linked to hydrodynamic disturbances
(de Paoli et al. 2015; Capelle et al. 2019) generated by current-
and wave-generated shear forces exceeding the attachment
strength of mussels (Carrington et al. 2009; Donker 2015).
Given the impacts of population loss on local biodiversity and
the mussel bottom mariculture sector, mitigating the effects of
high-energy hydrodynamic events has been the focus of soft-
bottom mussel bed conservation for decades (Wilcox
et al. 2018; Schotanus et al. 2020). Nonetheless, predicting the
location, timing, and extent of the population losses remains
challenging, particularly for mussel beds in subtidal areas
(Carrington et al. 2009; Avdelas et al. 2021). Addressing these
challenges requires in situ observations of the stability of sub-
tidal soft-bottom mussel beds under various hydrodynamic
gradients across diverse temporal and spatial contexts.

The stability of soft-bottom mussel beds depends on the bal-
ance between hydrodynamic intensity and the mussel’s ability
to withstand it (Carrington et al. 2009; Donker 2015). It can be
quantified as the critical hydrodynamic force beyond which
mussel movement increases abruptly, known as the mobility
threshold (Fig. 1). Mussel beds characterized by a higher mobil-
ity threshold have the capacity to endure hydrodynamic distur-
bances, thus maintaining relatively stable populations (Fig. 1).
Conversely, mussel beds with a lower mobility threshold often
experience the dislodgement of mussel clusters during hydrody-
namic disturbances, leading to increased landscape fragmenta-
tion (Fig. 1), which in turn exacerbates the erosion of mussel
bed stability (Bertolini et al. 2019). The ongoing dislodgement
of mussel clusters could, in principle, lead to the partial or com-
plete collapse of the mussel beds (Fig. 1). Variations in mobility
thresholds among beds may arise from mussel acclimation to
the contrasting physical conditions among habitats (Schotanus
et al. 2019; Manríquez et al. 2021), such as bed elevation, near-
bed hydrodynamics, and water quality, as reflected in changes
in byssal strength and aggregation patterns (Moeser et al. 2006;
Commito et al. 2014). This acclimation might also fluctuate
depending on biotic characteristics such as mussel size and den-
sity (Schotanus et al. 2019) as well as predator pressure
(Manríquez et al. 2021), which vary between microsites, caus-
ing differences in mobility thresholds within a confined spatial
domain. Some studies have utilized methods such as trawl sam-
pling, sonar scanning, and remote-operated vehicle imaging to
monitor population dynamics within subtidal mussel beds
(Capelle et al. 2017; Ricklefs et al. 2020; Bridger et al. 2022),

whereas the ongoing movement of mussel clusters over time at
small scales has been largely ignored. Nevertheless, the cou-
pling of the latter with the time-series evolution of hydrody-
namic forces is indispensable for accurately quantifying mussel
bed stability (Carrington et al. 2009; Donker 2015).

In this study, we aimed to determine the stability of sub-
tidal soft-bottom mussel beds under hydrodynamic distur-
bances through in situ monitoring and to apply these insights
to perform risk assessments in a typical region. Specifically, we
hypothesized that the stability of these mussel beds is closely
linked to changes in the motion of mussel clusters, which are
expected to (1) occur when specific hydrodynamic thresholds
are exceeded and (2) exhibit noticeable spatial heterogeneity.
To test this hypothesis, we developed retrievable Biophys log-
gers for the long-term, high-frequency monitoring of mussel
cluster behavior under hydrodynamic disturbances. The
Dutch Wadden Sea, inhabited by subtidal soft-bottom mussel
beds, was employed as a model system, with eight sites
selected for the deployment of Biophys loggers. The data were
expected to facilitate the quantification of the mobility thresh-
old for each mussel bed and establish a relationship between
inter-site variations in the mobility threshold and key envi-
ronmental features. Furthermore, a statistical model was con-
structed to reproduce wave regimes over the past 11 yr (2011–
2021) and calculate the return interval (i.e., average occur-
rence frequency) of the site-specific mobility threshold.
Shorter return intervals of mobility thresholds at specific loca-
tions indicate lower stability in mussel beds and thus a higher
risk of fragmentation or collapse during high-energy hydrody-
namic events.

Materials and methods
Biophys loggers: Composition and calibration

Retrievable Biophys loggers were used in this study for the
in situ monitoring of mussel bed mobility at high frequencies.
The Biophys loggers incorporated seven compact accelerome-
ters (MSR-145B4) and one pressure sensor (OSSI-010-003C),
allowing the separate recordings of movement acceleration
and wave regimes over time in a mussel bed. The accelerome-
ters are comparable in size (5.3 � 1.6 � 1.1 cm) and weight
(18 g) to that of individual mussels. Ten live juvenile mussels
(with an average shell length of 4.8 � 0.1 cm) were glued to
each accelerometer using waterproof adhesive (i.e., 2k poly-
urethaanlijm, Bison) to create mussel clusters of natural size
(Fig. 3a), enabling the accelerometers to move along with the
mussel clusters as they were incorporated into an existing
mussel bed. Once the mussel clusters moved, the contained
accelerometer recorded the timing of the occurrence and
acceleration in multiple directions. Coupled with the wave
dynamics captured simultaneously by the pressure sensor, we
identified the critical hydrodynamic threshold responsible for
mussel cluster movement.
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Calibration was conducted using a flume facility at the
Royal Netherlands Institute for Sea Research before the field
campaign to discern the motion state of mussel clusters from
accelerometer readings. The flume comprises an oval racetrack
measuring 17.5 m in length and 0.6 m in width (for more
details, see Zhao et al. 2022), designed to reproduce typical
hydrodynamic conditions found in the field under controlled
settings. In the straight test section of the flume, an evenly
distributed mussel bed (1.6 � 0.6 m) with a spatial density of
10 kg m�2 was established on mixed substrates composed
of sand and cockle shells, with a water depth of 0.32 m
(Supporting Information Fig. S1). Mussel bed density and sub-
strate type involved were within the range of the Dutch
Wadden Sea (Capelle et al. 2019). Five mussel clusters con-
taining accelerometers were placed onto the mussel bed and
allowed to aggregate under gentle waves (near-bed orbital
velocity = 0.24 � 0.01 m s�1) for 3 d. During this period, the
surrounding mussels attached to the mussel clusters formed a
homogeneous pattern within the mussel bed, as expected for

this density (Bertolini et al. 2019). Following the aggregation
phase, the flume was run at its maximum achievable wave set-
ting (near-bed orbital velocity = 0.47 � 0.02 m s�1) for 1 d to
initiate the movement of mussel clusters and establish a stable
motion state. The flow velocity and wave height during the
flume run were measured using acoustic Doppler velocimeters
(Nortek AS) and pressure sensors (Druck PTX 1830),
respectively.

Field campaign: Measuring mussel bed stability under
diverse hydrodynamic settings
Study area

The Wadden Sea, which extends approximately 500 km
along the coasts of the Netherlands, Germany, and Denmark,
is a typical shallow estuarine area bordered by the North Sea
and divided by a series of small barrier islands. The bulk of the
water flux enters through narrow deep inlets propelled by
tides and spreads through an extensive network of branching
gullies (Donker 2015). The seabed primarily consists of soft

Fig. 1. Schematic diagram illustrates the diverse fates of soft-bottom mussel beds in the subtidal zone (a). Under an identical hydrodynamic scenario
(black line in b): (1) Mussel beds with the mobility threshold-1 are highly stable, with few mussels undergoing movement and the ability to recover when
the velocity falls below the threshold (blue line in a, b). (2) Mussel beds with the mobility threshold-3 are highly unstable, with most mussels in motion
and the potential to collapse as long as the velocity remains above the threshold (orange line in a, b). (3) Mussel beds with the mobility threshold-2
become fragmented due to mussel movement (purple line in a, b). They may recover during subsequent calm hydrodynamic periods or collapse during
subsequent strong hydrodynamic periods. The outcome depends on the value of the mobility threshold-2; the lower it is, the more mussels are in
motion, leading to greater fragmentation of the mussel bed and, consequently, a higher likelihood of collapse under high-energy hydrodynamic events.
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sediments, varying from coarse sands in inlets and tidal gullies
to fine mud in shallow regions near the mainland and tidal
watersheds (Troost et al. 2022). Our study focused on the sub-
tidal area of the Dutch Wadden Sea (Fig. 2a), where in some

years a vast population of natural mussel bed thrives (Smaal
et al. 2021). This region also contains the world’s largest sub-
tidal mussel bottom-culture plots, encompassing a total area
of 3329 ha (Capelle et al. 2017). Eight spatially dispersed

Fig. 3. (a) Live juvenile mussels were glued to an accelerometer to form naturally sized clusters, allowing the accelerometer to move with the clusters
and record the associated movement intensity as they aggregated on an existing mussel bed. (b) The setup for in situ monitoring with Biophys loggers
involved using two frames to deploy the components: one pressure sensor and seven mussel clusters containing accelerometers (MCA). These frames
were connected by iron chains and secured to a permanently fixed wooden pole. All iron chains were submerged, and a rope wrapped around the
wooden pole allowed the chains to be lifted for the retrieval of the frames with Biophys loggers.

Fig. 2. (a) Geographical location of the Dutch Wadden Sea. (b) Spatial distribution of monitoring plots with Biophys loggers, as well as mussel beds,
tidal gauges, wave buoys, and weather stations, within the Dutch Wadden Sea.
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commercial mussel beds corresponding to distinct hydrody-
namic environments were selected for deployment of the
Biophys loggers (Fig. 2b; see Fig. 6 for hydrodynamic intensi-
ties at each location). All eight beds were established according
to industry standards at approximately the same time of year
by depositing juvenile mussels collected from suspended col-
lectors (Zhao et al. 2024). All beds had a similar age (< 1 yr)
and mass per unit area (ca. 5 kg m�2) and were regularly
cleaned of starfish predators as part of the cultivation method.
Biophys loggers were deployed in the central area of each
mussel bed to minimize edge effects.

Deployment and retrieval of Biophys loggers
A set of Biophys loggers was deployed on each mussel bed

between November 26, 2022 and November 28, 2022. During
deployment, the seven mussel clusters containing accelerome-
ters were secured to the endpoints of a “fishbone-like” shaped
frame using 30-cm ball chains, with the frame endpoints spa-
ced 80 cm apart to prevent interference between clusters
(Fig. 3b). The frame was connected to an iron chain, the end of
which was looped over a wooden pole and sank to the bottom
to prevent it from disturbing the local hydrodynamic environ-
ment by swinging into the water column (Fig. 3b). A nylon
rope was fastened to the end of the chain and wrapped around
the wooden pole up to the water surface to facilitate the lifting
of the chain and attached frame during retrieval (Fig. 3b). The
pressure sensor was deployed 0.5 m above the bottom using a
bottom-weighted frame and connected to the wooden pole
using an iron chain in the same manner for easy retrieval.

The accelerometers were configured to record the motion
acceleration of mussel clusters at 25-s intervals, whereas the
pressure sensors were programmed to measure water pressure
at a frequency of 10 Hz during 7.5-min bursts with 15-min
intervals between them. To cover the storm season and maxi-
mize the capture of high-energy hydrodynamic events,
Biophys loggers were left in place for approximately 5 months
and retrieved between April 30, 2023 and May 1, 2023. At four
of the eight locations, a partial loss of accelerometers occurred
because of frame fractures during retrieval. Consequently,
each location had at least three accelerometers paired with a
pressure sensor to extract site-specific mobility thresholds.

Data analysis
The accelerometers measured gravitational acceleration

(m s�2) along the x-, y-, and z-coordinates, based on which the
orientation changes (δori) of mussel clusters from each mea-
surement can be calculated with the following formula:

δori ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
△2

a,xþ△2
a,y þ△2

a,z

q
ð1Þ

where △a,x, △a,y, and △a,z are the changes in gravitational
acceleration in the x-, y-, and z-directions, respectively, between
subsequent measurements (e.g., △a,x ¼ a,x tð Þ�a,x t�1ð Þ,
where a,x represent the gravitational acceleration in the

x-direction). Due to the accelerometer’s relative low measure-
ment frequency compared to wave periods, a single δori mea-
surement does not effectively represent all actual mussel
movements. That is, multiple changes in orientation may
have occurred during the time that a wave passes, while δori
presents the shift from the initial to the final orientation.
Therefore, δori was summed over a 30-min rolling window to
obtain a quantitative proxy for the movement of mussel clus-
ters, called movement intensity (MI; m s�2):

MI¼
XN
i¼1

δori,i ð2Þ

where δori,i is the orientation changes (δori) at the ith measure-
ment, and N is the number of measurements within the
30-min rolling window.

Pressure measurements were converted into water depths
and significant wave heights (Donker et al. 2013). The near-
bed orbital velocity (u) was calculated from the water depth
and significant wave height using linear wave theory to indi-
cate the local hydrodynamic intensity (Soulsby 2006):

u¼ ωhs

2sinh kd½ � ð3Þ

where ω is the wave orbital speed (rad s�1), hs is the significant
wave height (m), d is the water depth (m), and k is the wave
number, which is calculated as:

k¼2π
L

ð4Þ

where L is the wavelength (m), which is calculated iteratively
from the wave dispersion relation:

L¼ gT2

2π
tanh

2πd
L

� �
ð5Þ

where g is the gravitational acceleration (ms�2) and T is the
wave period (s).

The movement data of the mussel clusters were resampled
at 15-min intervals using a mean-based approach. These data,
based on the accelerometer calibration results, were further
binarized to represent the mussel states—0 indicates a stable
state (i.e., mussels remain at the bottom), whereas 1 signifies a
dislodged state (i.e., mussels move with the current). Four-
parameter logistic regression (incorporating the lower asymp-
tote, upper asymptote, inflection point, and slope; Eq. 6) was
applied to establish the relationship between mussel MI
(Eq. 2) and hydrodynamic intensity (u; Eq. 3) at each location.
This approach allowed for the identification of the site-specific
mobility threshold, defined as the hydrodynamic intensity at
which mussel cluster states transition sharply, corresponding
to the inflection point of the logistic regression curve.
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MI¼ A1�A2

1þ u
EC50

� �pþA2 ð6Þ

where A1, A2, and EC50 are the lower asymptote, upper
asymptote, and inflection point of the regression curve,
respectively; p is the slope factor.

To identify the key factors associated with site-to-site vari-
ability in the mobility threshold, the average environmental
characteristics for each location, including elevation, hydrody-
namics, chlorophyll a (Chl a) concentration, and salinity,
were gathered from open-access sources. Specifically, elevation
and hydrodynamic data were obtained from the Ecotope map
provided by Rijkswaterstaat (https://maps.rijkswaterstaat.nl)
and were expressed in terms of elevation (m, Normal
Amsterdam Level), maximum current velocity (m s�1), and
average wave-induced orbital velocity (m s�1). The modeled
data for seawater salinity were extracted from the Copernicus
Marine Ocean Global Reanalysis product (DOI: https://doi.
org/10.48670/moi-00021) and computed as annual averages
for each location. The Chl a content in the water column,
derived from time-series remote sensing analysis, was obtained
from the Coastal Observing System for Northern and Arctic
Seas (https://codm.hzg.de/codm/) data portal and was calcu-
lated as annual averages for each location. Pairwise correlation
analysis was performed to identify potential correlations
among environmental variables. Multivariate linear models
were used to examine site-specific mobility thresholds related
to local environmental characteristics. All data analyses
were performed using either Python (version 3.11.5) or
R (version 4.3.2).

Wave statistical model: Assessing the stability of subtidal
mussel beds

A one-dimensional wave statistical model was con-
structed to assess the stability of subtidal mussel beds in the
Dutch Wadden Sea. Using this model, the daily maximum
near-bed velocity across the region for the past 11 yr (2011–
2021) was reproduced and compared with the site-specific
mobility thresholds. The latter were extrapolated using the
quantified relationship between the elevation and mobility
thresholds obtained from in situ monitoring. This extrapola-
tion of the mobility threshold was restricted to the elevation
range encompassed by field monitoring, which covered the
distribution of subtidal mussel beds in the Dutch Wadden
Sea (Fig. 2b). If the daily maximum near-bed velocity sur-
passes the mobility threshold, it signifies the movement of
the mussel clusters. The return interval of hydrodynamic
events surpassing the mobility threshold over the 11-yr
period was calculated for each site using extrapolated mobil-
ity thresholds, providing an estimate of the local instability
risk, that is, the potential for mussel clusters to be dislodged
from the bed. Essentially, a shorter return interval of the

mobility threshold implies a higher risk of mussel-bed insta-
bility, whereas a longer return interval suggests a lower
instability risk.

The constructed model computed the wave height using
10-min water depth data from four tidal stations and hourly
wind data from six meteorological stations (Fig. 2b), sourced
from the Rijkswaterstaat and Koninklijk Nederlands Met-
eorologisch Institute. Specifically, the Youngh–Verhagen equa-
tion describes the generation of wind waves over areas with
limited depth (Young and Verhagen 1996), as follows:

H� ¼0:24 tanh 0:49 d�ð Þ0:75
h i

tanh
0:0031 F�ð Þ0:57

tanh :49 d�ð Þ0:75
h i

2
4

3
5

8<
:

9=
;

0:87

ð7Þ

where H* is the dimensionless wave height, d* is the dimen-
sionless water depth, and F* is the dimensionless wind fetch.
F* and d* are the inputs calculated from the fetch and water
depths as follows:

d� ¼ gd

W2 ,F
� ¼ gF

W2 ð8Þ

where F is the fetch (m) and W is the wind speed (m s�1). The
fetch is calculated using a publicly available Python script
(https://www.datainwater.com/post/wind_fetch/). The full
range of tidal elevations occurring in the Dutch Wadden Sea,
using 30 cm depth intervals, was considered, as fetch changes
with the emergence and submergence of intertidal areas. Six-
teen wind direction intervals were considered, each based on
the average fetch of 12� � 2� increments (i.e., 0� for a north
wind is the average fetch of 12�, with 2� direction increments
ranging from �12� to +12�). This approach was used to elimi-
nate unrealistic “fetch shading” from barrier islands and emer-
gent intertidal areas, and implicitly account for wave
diffraction, which is not included in the wave height calcula-
tions. The significant wave height, hs (m), was calculated from
H* as follows:

hs ¼H�W2

g
ð9Þ

The near-bed orbital velocity was then computed using
Eqs. 3–5 based on linear wave theory. The existing data on
significant wave height, monitored in situ at 10-min intervals
by four spatially dispersed wave buoys belonging to
Rijkswaterstaat (Fig. 2b), were used to evaluate the perfor-
mance of the constructed wave model (see Supporting Infor-
mation Figs. S2, S3 for the evaluation results).

The final model output, namely, the return interval of the
mobility threshold representing the risk of mussel bed insta-
bility, was evaluated by comparing it with the in situ survey
data documented by Capelle et al. (2016). They recorded the
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population loss rates in 42 commercial mussel bottom culture
plots in the Dutch Wadden Sea between 2009 and 2012
(51 available records). A linear correlation was employed to
assess the alignment between the model output and the docu-
mented survey results.

Results
Determination criteria for mussel movement

In the flume calibration tests, mussel clusters containing
accelerometers remained stable with minimal changes in ori-
entation during the acclimation phase; however, frequent
shifts in orientation were observed upon dislodgement after
exposure to increased hydrodynamics (Fig. 4a). Following the
grouping and averaging of mussel MI in both stable and dis-
lodged phases, an average MI of 10.2 m s�2 was recognized as
the criterion for classifying mussel states (Fig. 4b). Mussel clus-
ters were considered to be in motion when their movement
intensities exceeded this criterion.

Spatial variation of the mobility threshold in subtidal
mussel beds

Data from the retrieved Biophys loggers showed that at one
of the eight locations (i.e., L7; Fig. 2b), mussel clusters con-
taining accelerometers failed to aggregate into local mussel
beds. This failure to aggregate was evident as they always
moved regardless of the near-bed orbital velocity (Fig. 5b). In
two other locations (L3 and L8; Fig. 2b), mussel clusters con-
taining accelerometers aggregated into local mussel beds but
never moved because of weak local hydrodynamic forces
(Fig. 5a). Consequently, these three locations were excluded as
unsuitable for quantification of the mobility threshold.

In the remaining five locations, the mussel clusters con-
taining accelerometers underwent multiple movements and
subsequent recoveries due to alternating high-energy
and calm hydrodynamic conditions during the monitoring
period (Fig. 5c). The MI of the mussel clusters at all five loca-
tions increased nonlinearly with increasing near-bed orbital
velocity (Fig. 6). As expected, subtidal mussel beds with differ-
ent geographical distributions exhibited varying mobility
thresholds, with values of 0.40 m s�1 for L1, 0.34 m s�1 for L2,
0.24 m s�1 for L4, 0.20 m s�1 for L5, and 0.29 m s�1 for L6,
respectively (Fig. 6).

To identify the key factors driving the variations in mobil-
ity thresholds among locations, the average orbital velocity
was excluded because of its significant correlation with eleva-
tion (Fig. 7a) and the relatively weaker explanatory potential
for mobility threshold variability was compared to elevation
(Fig. 7b). The resulting relationship between elevation and
mobility threshold enabled the interpolation of mobility
threshold for subtidal mussel beds (with elevations between
�3.4 to �1.2 m Normal Amsterdam Level) in the Dutch
Wadden Sea based on the digital elevation map (Fig. 8a,b).

Stability of subtidal mussel beds in the Dutch Wadden Sea
The return interval statistics for site-specific mobility

thresholds revealed a notable spatial variability in the stability
of the subtidal mussel beds (Fig. 8c). Shorter return intervals
of mobility thresholds, such as a few days, indicate frequent
mussel movement, categorizing areas as having a high risk of
instability. Conversely, longer return intervals of mobility
thresholds, up to 100 d, classify the locations as having a low
risk of instability, rare mussel movements, and sufficient

Fig. 4. (a) Calibration results on accelerometers (ACC) from flume tests show the stable state of mussel clusters during the acclimation phase (i.e., under
gentle waves with a near-bed orbital velocity of 0.24 � 0.01 m s�1) and their movement state after exposure to increased near-bed orbital velocity
(0.47 � 0.02 m s�1) under strong waves. Numbers in the legend represent individual ACC. “Average” denotes the average results of the five ACCs. (b)
Statistical results for the movement intensity of mussel clusters in both stable and dislodged phases. The average movement intensity during the dis-
lodged phase (i.e., 10.2 m s�2, as indicated by the blue solid line in the box plot) is considered the representative movement intensity for mussel clusters
in motion. If the movement intensity exceeds 10.2 m s�2, the mussel clusters are considered to be in the movement state.
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recovery time. In general, a larger mobility threshold cor-
responded to a longer return interval, which was typically
detected at sites with higher elevations (Fig. 8d). This finding
suggests that mussel beds located at higher elevations tended
to be more stable in the subtidal zone. Conversely, mussel
beds at lower elevations were relatively unstable because mus-
sel clusters were more prone to dislodgement because of lower
mobility thresholds and shorter return intervals (Fig. 8d).

A significant correlation was found between the stability
assessment and the on-site population loss rates (Fig. 9). Areas
identified as having a lower instability risk were consistently
aligned with locations with lower population loss rates and
vice versa. This supports the credibility of the resulting stabil-
ity assessment map.

Discussion
Adaptive responses shape the stability of subtidal soft-
bottom mussel beds

The observed variations in mobility thresholds among sub-
tidal soft-bottom mussel beds in this study showed a positive
correlation with bed elevation, potentially stemming from
adaptive responses (i.e., adjustments in behavior, physiology,
or structure that help an organism cope with environmental
stressors or changes; Miner et al. 2005) of mussels among those
beds. Essentially, water is generally shallower at higher bed ele-
vations within a region, which results in the slowing of
wave speeds, enlargement of waveforms, and intensification
of bottom friction, typically signaling stronger near-bed

Fig. 5. Examples of data from Biophys loggers. (a) Mussel clusters containing accelerometers aggregated into the local mussel bed without movement
due to weak orbital velocity (case from L8; Fig. 2b); (b) Mussel clusters containing accelerometers failed to aggregate into the local mussel beds because
they remained in motion regardless of orbital velocity (case from L7; Fig. 2b); (c) Mussel clusters containing accelerometers aggregated into local mussel
beds and were only moved under stronger orbital velocities (case from L5; Fig. 2b). Data are presented as location averages, with time truncated to
enhance detail visibility.
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hydrodynamic disturbances (Shi et al. 2019; Wei and
Davison 2022). Strengthening of hydrodynamic stresses can
potentially induce a response in individual mussels, man-
ifesting as increased stress tolerance (i.e., the ability of an
organism to endure or withstand stressors or adverse condi-
tions without significant adverse effects; Miner et al. 2005).

This increased tolerance can be achieved by allocating more
energy to the production of stronger byssal threads or by
increasing aggregation as they grow toward each other and
coalesce (Connor and Robles 2015; Manríquez et al. 2021).
The latter could trigger complex spatial patterns that
further strengthen the stress tolerance of mussel beds,

Fig. 6. The movement intensity of mussel clusters at varying near-bed orbital velocities, which were further categorized into the states of mussel clusters
based on movement identification criteria—0 indicates a stable state, while 1 denotes a dislodged state. Labels in the top-left corners of subplots specify
the locations of data acquisition (see Fig. 2b for geographic distribution). The mobility threshold, defined as the near-bed orbital velocity at which mussel
cluster states undergo an abrupt shift, was determined using logistic regressions (R2: 0.85, 0.83, 0.92, 0.99, and 0.81 for L1, L2, L4, L5, and L6, respec-
tively) and represented by the inflection points of the logistic regression curves (0.40, 0.34, 0.24, 0.20, and 0.29 m s�1 for L1, L2, L4, L5, and L6, respec-
tively). The light-blue background highlights the motion of mussel clusters beyond the mobility threshold.

Fig. 7. (a) Results of the Pearson correlation for the five environmental variables. (b) Linear relationships between the five environmental variables and
the mobility threshold of mussel beds (derived from Fig. 6). Different colors represent distinct environmental variables, while various shapes denote differ-
ent locations (see geographic distribution in Fig. 2b). Each environmental variable is displayed with its independent x-axis corresponding to its respective
color.
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depending on site-specific density and overall coverage
(Commito et al. 2014). Increased stress tolerance to hydrody-
namic disturbances imparts stability to the mussel bed, which,
as an emergent structure, has the potential to attenuate local
hydrodynamics (Koppel et al. 2005; Liu et al. 2014), thereby
facilitating faster growth among individual mussels. When the
bed elevation was lower (i.e., deeper water), the scenario
flipped. Mussels may invest less in stress tolerance as they
thrive in calm, low-stress environments.

The linear relationship between mussel motility and bed
elevation, established in this study, holds true only within the
elevation range covered by the field monitoring. Distinct pat-
terns may emerge in regions with higher or lower bed eleva-
tions. For instance, in intertidal mussel beds, higher elevations
imply longer exposure to air, which may diminish mussel
stress tolerance by reducing byssal thread strength (Connor
and Robles 2015; Schotanus et al. 2019), leading to decreased
stability under high-energy hydrodynamic disturbances.

Fig. 8. (a) Digital elevation map of the subtidal zone (between �3.4 and �1.2 m Normal Amsterdam Level) in the Dutch Wadden Sea. (b) Mobility
thresholds for subtidal mussel beds, which were interpolated using the linear relationship between elevation and mobility threshold derived in Fig. 7b. (c)
Return interval of site-specific mobility threshold calculated by the wave model, serving as a quantitative indicator of mussel bed stability. Longer return
intervals indicate lower instability risk, while shorter return intervals indicate higher instability risk. (d) Return interval of site-specific mobility threshold as
a function of local elevation and mobility threshold.
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Therefore, conducting similar research across a broader spec-
trum of bed elevations would be informative. Nevertheless,
the stability of mussel beds depends on the balance between
mussel stress tolerance to hydrodynamic forces and instanta-
neous hydrodynamic intensity (Carrington et al. 2009). Other
factors that might influence mussel byssal thread strength,
such as predator pressure (Manríquez et al. 2021), mussel
age/relay time (Schotanus et al. 2019), substrate type
(Christensen et al. 2015), and seasonality (Moeser et al. 2006),
can further modulate mussel stress tolerance to hydrodynamic
disturbances, consequently influencing mussel stability. The
size and density of individual mussel beds, as well as the spac-
ing between them, may also indirectly influence mussel adap-
tive responses and bed stability by modifying local abiotic
conditions (de Paoli et al. 2015; Capelle et al. 2016). This
effect is known as scale-dependent feedback (Koppel
et al. 2005), as observed by the attenuation of hydrodynamic
disturbances at the center of the mussel bed and their amplifi-
cation at its edges or between the beds (Donker 2015). Overall,
the potential of mussel responses to stabilize mussel beds may
be context-dependent, which echoes previous studies dis-
cussing the role of pre-existing conditions in shaping ecosys-
tem resilience (Frieder et al. 2014; Thayne et al. 2022).

Mobility under regular disturbances informs stability
under extreme disturbances

The quantification of critical thresholds that trigger ecosys-
tem changes is challenging (Hillebrand et al. 2020; Rietkerk
et al. 2021). For instance, the hydrodynamic-induced collapse
of subtidal soft-bottom mussel beds requires extreme storm
events (de Paoli et al. 2015; Manríquez et al. 2021), which
may be difficult to monitor. Our study shifted the focus to

examining the hydrodynamic threshold driving the rapid
increase in mussel mobility (Fig. 1). In this context, mussels in
motion may either engage in short-distance rolling and re-
aggregation during subsequent calm hydrodynamic periods
(Bertolini et al. 2019) or undergo long-distance displacement
in response to stronger hydrodynamic forces. The more fre-
quently the mobility threshold is surpassed under typical
hydrodynamic conditions, the more fragmented and less sta-
ble the mussel bed becomes (Donker 2015), thereby increasing
the risk of collapse during extreme hydrodynamic events. The
robust correlation between our assessment results on mussel
bed stability and the documented population loss rates of
mussel beds in the literature provides persuasive evidence.

Our assessment of mussel bed stability in the Dutch
Wadden Sea may be somewhat conservative as it relies on
insights derived from commercial mussel beds to estimate
mobility thresholds. These estimated thresholds may not fully
reflect the actual conditions in wild mussel beds, where the
variation in the age and size of mussels and the rougher bot-
tom topography would affect the strength of mussel byssal
threads (Nehls and Thiel 1993; Christensen et al. 2015;
Manríquez et al. 2021). Despite this limitation, our device has
the potential for broader applications in future studies. The
resulting stability map can help identify vulnerable areas
where mussel beds are at greater risk of fragmentation or col-
lapse during extreme hydrodynamic events. Such insights
would facilitate targeted management efforts to minimize
risks, such as strengthening mussel stress tolerance to hydro-
dynamic disturbances through substrate modifications
(Schotanus et al. 2020; Temmink et al. 2021) or introducing
native mussels from aquaculture to aid the recovery process
(Wilcox et al. 2018). Moreover, our study revealed the role of

Fig. 9. (a) Geographic distribution of sites where mussel population loss rates were recorded in situ (data from Capelle et al. 2016). (b) Correlation
between population loss rates and mobility threshold return intervals, which were extracted based on geographical locations in Fig. 8c.
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bed elevation in shaping the stress tolerance of mussels to
hydrodynamic disturbances. These findings are relevant to the
management of mussel beds. Mussels in soft-bottom systems
have been documented to form byssal threads within minutes
and aggregate with conspecifics within hours (Commito
et al. 2014), suggesting that outplanted mussels may retain
their original mobility thresholds during the early stages of
establishment, thus maintaining stability. In the long term,
the strength of new byssal threads may decrease as the mus-
sels would subsequently respond to calmer hydrodynamic
conditions at the outplacement sites; however, this weakening
could be partially offset by mussel growth (e.g., the produc-
tion of more byssal threads and an increase in shell area for
attachment). Further research is needed to gain insight into
the temporal variability of the mussel mobility threshold,
given its importance in interpreting management outcomes
and refining strategies. Nevertheless, as we obtained mussel
mobility thresholds in the field during an average wind year,
we expected the observed trends with elevation to be repre-
sentative of typical current conditions.
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