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• Accessible approaches to record and
monitor near-bed flow metrics remain
undefined.

• Microelectromechanical sensors housed
inmussel shells accurately detectmove-
ment.

• Recordings permit accurate detection
and potential prediction of entrainment
events.

• This tool could aid habitat suitability as-
sessments for benthic aquatic species.

• Further study is required to assess its
propensity to predict complex flow
metrics.
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1. The quantification and assessment of dynamic hydrogeomorphological processes is crucial in defining suitable
habitat for aquatic benthic species. Yet a consistent approach to accurately record and monitor near-bed flow
characteristics, remains largely undefined in freshwater ecology.

2. The purpose of this workwas to provide a direct, non-intrusive, low-cost and accessible tool to evaluate near-
bed incipient flow conditions and predict when flow forcing results in the entrainment of individuals.

3. This study designed, for the first time, an instrumented freshwater mussel, encompassing inertial
microelectromechanical sensors (MEMS), housed withinMargaritifera margaritifera shells.

4. Following initial calibration of the embedded sensors to ensure accurate detection of three-dimensional dis-
placement, dedicated flume experiments were undertaken to assess instrumented shell movement metrics,
for a range of flow conditions and shell orientations.

5. Analysis found that data from the sensors' readings could successfully detect, and potentially predict, entrain-
ment events through the examination of variability in recordings of total acceleration, with entrainment risk
shown to vary across flowrate, shell orientation and size.

6. Instrumented shells could provide a valuable tool for assisting conservation management of freshwater mus-
sel species: aiding the identification and monitoring of suitable habitat in reintroduction and restoration
schemes. Instrumented shells could also assist habitat suitability surveys for a range of freshwater species, in-
timately linked to the physical environment of freshwater ecosystems.
urley).
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7. Evidence from this study suggests further research into this tool may yield methods for accurately predicting
more complex flowmetrics associated with hydraulic stress. It is therefore clear that the potential of this tool
is still to be fully investigated.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The identification and protection of areas providing suitable habitat
for species is crucial in the mitigation of biodiversity loss across ecosys-
tems. Such methods are fundamental to conservation management in
terrestrial and marine ecosystems, yet are often underutilised in efforts
to conserve freshwater habitat (Decker et al., 2017; Moilanen et al.,
2009). Considering that freshwater ecosystems represent some of the
most threatened in the world, it is clear that more needs to be done to
counteract the heightening extinction rate of species residing therein
(Geist, 2011).

Efforts to bridge the gap between limited funding and the need for
more extensive research, have led to calls for schemes to focus on key-
stone species, with the hope that their conservation will assist in induc-
ing improvements to the health of the wider ecosystem (Bolotov et al.,
2018). Freshwater unionid mussels (Mollusca: Bivalvia: Unionidae)
are often considered important to ecosystem health by functioning as
biomonitors of adverse habitat conditions (Lummer et al., 2016;
Scheder et al., 2015; Vaughn, 2010); enhancing nutrient cycling and tro-
phic interactions in freshwater communities (Allen et al., 2012; Boeker
et al., 2016; Vaughn, 2010); and improving habitat diversity in benthic
environments (Boeker et al., 2016; Spooner and Vaughn, 2008). Addi-
tionally, the biomass of unionids has been shown to often exceed that
of all other benthic organisms in the habitat (Vaughn et al., 2004).
Work by Geist (2010) suggested that one such species, the freshwater
pearl mussel (Margaritifera margaritifera), fulfils the criteria for an indi-
cator, flagship and keystone species. Despite their perceived impor-
tance, unionid mussels still represent some of the most imperiled
species in the world (Lydeard et al., 2004).

Research concerning the habitat requirements of unionids is neces-
sary to overcome limitations in conservation efforts (Boon et al., 2019;
Cope et al., 2003; Geist, 2010), with Quinlan et al. (2015) highlighting
the role of hydrogeomorphological processes, which govern habitat
suitability within freshwater ecosystems, as an area requiring further
attention. Hydraulic forcing has been shown to shape riverbed structure
and composition (Biron et al., 2012; Crowder andDiplas, 2002a, b, 2006;
Waddle and Holmquist, 2013), with potential implications towards
habitat suitability for freshwater species that are intimately linked to
their physical environment, such asM.margartifera; however, hydraulic
stressing of freshwater mussels may be unique, and the response of
mussels to alterations in flow has rarely been studied.

From a conservation perspective, entrainment incidents in popula-
tions of freshwater mussel species, resulting from high flow discharge,
represent a clear threat to efforts to maintain and improve population
health (Hardison and Layzer, 2001; Hastie et al., 2001; Hauer, 2015). Re-
search by Hastie et al. (2001) highlighted the impact high flow events
canhave on unionid populations: reporting a 4–8%mortality (fifty thou-
sand individuals) after a 1:100 year flood event, with juvenile mussels
(<10 years old) disproportionately affected. Further study, regarding
the role of high flows in shaping freshwater mussel populations, re-
vealed an inhibition of juvenile settlement and a loss of stable substrates
to facilitate burrowing (French and Ackerman, 2014; Randklev et al.,
2019). It is likely that these events will occur more frequently and at
greater magnitude in the future due to the effects of climate change
(Cameron, 2006; Prudhomme et al., 2003; Schneider et al., 2013).
There is, therefore, a need to understand and predict entrainment
events towards detecting the presence of suitable habitat and identify-
ing at-risk populations.
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Studies attempting to linkmussels with their physical and hydrody-
namic habitat have rarely examined near-bed flow metrics; arguably
the most ecologically relevant data for benthic biota, and often shown
to be crucial in determining their spatial distribution (Blanckaert et al.,
2013; Long et al., 2011; Oldmeadowet al., 2010; Robson et al., 1999). In-
stead, research has centred on correlative approaches towards deter-
mining abundance and distribution with hydraulic variables, or using
predictive statistical models and computer simulations, with limited
success: often attributed to inadequateflowdata (limited range ofmea-
surements or a lack of direct measurements) (Gangloff and Feminella,
2007; Hardison and Layzer, 2001; Layzer and Madison, 1995; Morales
et al., 2006).

Field studies that have examined near-bed flow characteristics, note
a strong correlation between flow characteristics, such as shear stress,
andmussel abundance, with data to suggest species-specific preference
to hydrologic characteristics (Moorkens and Killeen, 2014; Stoeckl and
Geist, 2016). However, field studies are often limited in their approach
to accurately quantify near-bed flows, using methods reliant on single
point measurements, which neglect variation in the flow dynamics
across the riverbed (Crowder and Diplas, 2002a, b). The few
laboratory-based studies that have quantified interactions between
freshwater mussels and hydrodynamics, highlight the role of dense
mussel beds in reducing near-bed flow velocity and altering the sur-
rounding flow dynamics (Kumar et al., 2019; Sansom et al., 2020).
Greater shell exposure has also been shown to elicit greater hydrody-
namic stress to the individual (Sansom et al., 2018). Attempts to di-
rectly quantify mussel entrainment values (Thompson et al., 2016),
reveal a potential interaction between substrate composition and
structure, shell morphology, and individual behaviour; however,
the experimental design of such studies limited the applicability of
the results, with uncertainty concerning the reliability of flow
measurements.

Recent advances in the prediction of turbulent flow conditions that
evoke substrate particle entrainment have been made (Diplas et al.,
2008; Valyrakis et al., 2010, 2013; Pähtz et al., 2020); however, these
have yet to be applied to ecological studies. Rather, a dependency on in-
direct, time-consuming and often inaccurate methods for examining
flow parameters and associated bed morphology persist: predictive
models that attempt to understand the hydrodynamics of a river reach
are often based on single point measurements (0.6 times flow height),
compared across a limited range of flow conditions (Bey and Sullivan,
2015;Morales et al., 2006; Scheder et al., 2015); surveys to examine riv-
erbed stability are founded ondescriptive analyses,which risks substan-
tial user-bias (Johnson and Brown, 2000; Schwendel et al., 2010).
Attempts have been made to formalise methods for elucidating habitat
suitability (Boon et al., 2019), yet accurate methods to record andmon-
itor near-bed hydrogeomorphological characteristics remain undefined.

Recent technological advancements, concerning the use of inertial
microelectromechanical sensors (MEMS), have enabled a deviation
from traditional methods of monitoring surrogate flowmetrics. Results
from studies in the field of riverbed sediment transport suggest inertial
sensors permit the direct assessment of sediment entrainment (Akeila
et al., 2010; Gronz et al., 2016; Kularatna and Abeywardana, 2008;
Valyrakis and Alexakis, 2016), with work by Al-Obaidi et al. (2020)
demonstrating a link between logged readings and sediment entrain-
ment based on derived performance indicators. However, research
concerning entrainment risk to freshwater biota must consider the im-
pact of behaviour and morphology, with organisms unlikely to respond

http://creativecommons.org/licenses/by/4.0/
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in a similar fashion to sediment particles when exposed to turbulent
flows (Blanckaert et al., 2013; Kozarek et al., 2010).

The aim of this research was to adapt work with smart sensors from
the field of riverbed sediment transport, and examine the suitability of in-
ertial sensors to evaluate the incipient flow conditions at which unionid
species are entrained from the riverbed surface; with the hope of provid-
ing a direct, non-intrusive, low-cost and accessible tool to assist conserva-
tion management in examining near-bed flow dynamics. The objectives
were to design, for the first time, an instrumented freshwater mussel
which comprises embedded inertial sensors within empty freshwater
mussel shells, filled with silicone; to calibrate the instrumented shells,
for different sizes, and test their functionality in a laboratory setting; to
conduct dedicatedflumeexperiments to assess instrumented shellmove-
ment metrics, for a range of flow conditions and initial orientations (fully
exposed and partially buried); to analyse the experimentally obtained re-
sults towards identifying metrics that offer distinct criterion for assessing
the risk to entrainment; and to validate the utility of this tool under
identified metrics for indirectly assessing flow conditions that result in
greater stressing of the mussels. We hypothesised that inertial
microelectromechanical sensors (MEMS), housed within mussel shells,
could provide an accurate method of identifying and predicting entrain-
ment events. To our knowledge, this research would represent the first
to employ such sensors for ecological assessment and identification of op-
timal habitat for a freshwater species.

2. Methodology

2.1. Defining entrainment of freshwater mussels

Initial work sought to define the theoretical modes of movement
that would likely be observed for the two orientations that were to be
Fig. 1. The expected modes of movement to initiate partial or full entrainment for a mussel sh
partially buried, with 50% of the shell area exposed to the flow (d–f).

3

studied (Fig. 1): fully exposed, resting horizontally on the bed surface;
and partially buried, positioned verticallywith 50% of the shell area sub-
merged in the substrate.

For a fully exposed mussel, the key modes of entrainment were an-
ticipated to be sliding and rolling (Valyrakis et al., 2010; Dey and Ali,
2018; Jain et al., 2020). For the partially buriedmussel, the shell's asym-
metrical shape may inhibit its removal from its pocket: the wider,
heavier element was anchored below the surface, and the narrower
part exposed to the flow (often orientated to streamline with the flow,
as observed in live mussel beds); thus, hydrodynamic lift forces were
expected to be less effective in displacing the mussel in a saltation
mode (Wu and Chou, 2003; Diplas et al., 2008; Valyrakis et al., 2010;
Dey and Ali, 2018). Instead, as the hydrodynamic forces increased, the
shell was expected to move back and forth or sideways initially, until
it repositioned itself into an orientation that enabled full entrainment
out of its pocket as the experiment progressed (Valyrakis et al., 2010;
Pähtz et al., 2020).

A partial or full entrainment eventwas expected to be dependent on
themode ofmovement, with a combination ofmodes expected to occur
during an entrainment event. To quantify their occurrence, the condi-
tions necessary to identify the presence and extent of each mode of
movementwere articulated. Critical values,which determined the pres-
ence or absence of a mode of movement, were based upon theminimal
assessed displacements captured by high-speed video cameras, operat-
ing at 120 frames-per-second, that could be confirmed with a high de-
gree of confidence.

For the fully exposed shell, three modes of movementwere defined:
a slidingmovement (Fig. 1a), defined as a linear displacement along the
x-axis of the shell, greater than or equal to 1mm(Δx >Δx,c); a change of
planar orientation (Fig. 1b), concerning movement around the z-axis,
greater than or equal to 2° (Δqz > Δqz,c); and a rolling movement
ell positioned in two orientations: horizontal on the bed, fully exposed to the flow (a–c);



Fig. 2. Logged readings for total acceleration, recorded by the sensor's accelerometer
during initial sensing check and endurance experiment.
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(Fig. 1c), pertaining to an angular displacement of the shell around the
y-axis, greater than or equal to 2° (Δqy > Δqy,c).

For the partially buried shell, three modes of movement were also
defined: a change in planar orientation (Fig. 1d), which concerned
movement around the y-axis, greater than or equal to 2° (Δqy > Δqy,
c); a sidewaysmovement relative to the flow (Fig. 1e), defined by an an-
gular displacement around the x-axis, greater than or equal to 2° (Δqx>
Δqx,c); and a forward or backwardmovement (Fig. 1f), categorised as an
angular displacement around the z-axis, greater than or equal to 2° (Δqz
> Δqz,c).

By articulating the method for quantifying the presence and magni-
tude for eachmode of movement, output from the sensor could be used
to accurately determine entrainment rates, whichmay serve as ametric
to assess stress to freshwater mussels. Furthermore, validation of the
sensor data by visual assessment of shell movement was improved,
with camera positioning optimised to detect the pre-defined
movements.

2.2. Considerations to sensor design

When outlining the design considerations and specifications that an
inertial measurement unit must have to successfully identify these in-
stances of entrainment at threshold flow conditions, the following
were considered (Table S1): the size, shape and weight of the sensor;
the availability and type of inertial sensor; the format for data transfer
and storage; the energy supply and storage; the range of angular veloc-
ities and accelerations.

In response to the criteria (Table S1), Invensense MPU-9250 inertial
sensors (Invensense Inc., San Jose, CA, USA) were selected for use in this
research. This inertial sensor provides measurements concerning three-
axis acceleration, three-axis rotational velocity, and three-axis magne-
tometer, in addition to an internal Digital Motion Processor, which sup-
ports up to 16 g of measurable acceleration, 2000° s−1 of measurable
rotational velocity at an output frequency in excess of 200 Hz. With
regards to data transfer and storage, discrete flash integrated circuits
were selected for their predictable access, erase and write times, with
the S25FL128S (Cypress Semiconductor Corporation, San Jose, CA,
USA) specifically used due to its low unit cost, high data logging speed
of 1.5 MB s−1 and 16 MB storage size. A serial converter to TTL 6-pin
was used for charging and data transfer, ensuring a direct connection
with the PC. An in-house Python code was developed to retrieve the
data stored on the sensor's flash, which increased the speed of
downloading the data to a PC substantially, with an hour of data logging
requiring 3 min to download to a PC. The data was downloaded in an
easy to use .csv format. In consideration of energy storage, rechargeable
coin cells (Varta Microbattery produced under CoinPower, Varta
Micorbattery GmbH, Ellwangen, Germany) were selected as cost-
effective, practical alternatives to lithium batteries, and provided ap-
proximately 80 min of power from a single charge. For the final design
of the sensor (Fig. S1), attentionwas paid towards ensuring thedistribu-
tion of themass across the instrumented shell was biologically relevant:
similar to that of live mussels.

2.3. Design and creation of instrumented shell

Empty M. margaritifera shells from previously deceased individuals
were collected from the South Esk River, Scotland, placed in bleach so-
lution for 24 h and cleaned. Three shells, differing in size and morphol-
ogy, were selected to function as instrumented shells, to represent a
diversity in M. margaritifera size class: small; medium; and large
(Table S2; Fig. S2b). To easily distinguish the instrumented shell from
the surrounding bed, the outer area was painted white with
aquarium-grade spray paint (Fig. S2a). For easy visual identification of
shell motions, the central x-axis and y-axis of the shell were marked
on the outer shell using red permanent marker, providing a high con-
trast colour to the white shell. Shells were filled with aquarium-grade
4

silicone to a weight appropriate for the mussel size, accounting for the
weight of the sensor (Fig. S2a). To house the sensor in the instrumented
shell, a sensor was placed within a sealed impermeable cellophane
wrap and pressed into the silicone before it had set to create an impres-
sion mould located on the intersection between the central x-axis and
y-axis of the shell.

2.4. Calibration of instrumented shell

Two calibration testswere undertaken to examinehow the data out-
put from the sensor's triaxial gyroscope and accelerometer correlate
with known changes in acceleration and rotation, when housed within
the instrumented shell. The three shell sizes were used during the two
calibration tests, to ensure there was no size dependent effects on the
sensitivity of the data. For both calibration tests, the sensor was housed
within the corresponding instrumented shell and placed on a non-slip
craft mat (Fig. S3). The craft matt was divided into 10 mm × 10 mm
squares. At the centre of the matt a circle (100 mm radius) was drawn
with a marker pen, with 36 lines drawn from the centre of the circle
to the perimeter, representing incremental changes in 10°. For both cal-
ibration tests, the instrumented shell was placed in the middle of the
circle, with the shell aperture facing the 0° mark. To ensure continuity
with the starting position, the instrumented shells were aligned as
follows: the central x-axis of the shell aligned with the 180° and 0°
line of the circle, whilst the central y-axis of the shell aligned with
the 90° and 270° lines of the circle. Each calibration test for an
instrumented shell comprised ten repeats of the same movement,
with a repositioning back to the starting position at the end of each
repeat.

Two high-speed video cameras operating at 120 frames-per-second
(GoProHero 8 Black, Gopro, Inc., SanMateo CA, USA)were positioned to
capture the instrumented shells' movement during the tests, to ensure
accurate estimation of movement via a visual analysis. Both calibration
tests were designed to mimic expected movement of the instrumented
shell when experiencing significant hydraulic stress.

Data from the accelerometer and gyroscope were used to determine
the total acceleration (Fig. 2) and total angular velocity respectively for
the sensor using Eq. (1):

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2x þ a2y þ a2z

q
(1)

where ax, ay and az are the x, y and z components of the acceleration,
with ωx, ωx and ωx, substituting the aforementioned as the x, y and z
components of angular velocitywhen using the equation to calculate to-
tal angular velocity (ω; rad s−1).
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2.4.1. Rotation around central axis
The first calibration test sought to reproduce a change of planar ori-

entation (Δqz > Δqz,c) for a fully exposedmussel (Fig. 1a), concerning a
30° movement around the z-axis. To facilitate this movement, a cylin-
drical metal probe (length: 300 mm; circumference: 15.71 mm) was
used to push the edge of the shell backwards, from its starting position,
until the y-axis aligned with the 120° and 300° markings (Fig. S3b). To
ensure rotation around the central axis, and to limit sliding of the
shell, a metal pin was placed through the intersection of the shell's x-
axis and y-axis, which punctured the craft mat. A marker was placed
on each shell to allow for accurate repetition of the point of contact
with the metal probe each time. An estimate of the angular velocity
for each experimental repeat was made using Eq. (2):

ω ¼ Δα
t

(2)

where ω represents angular velocity (rad s−1), Δα is the change in an-
gle and t is the time in which the angle change occurs. Total angular ve-
locity was calculated from the sensor's gyroscope data. See Table S3 for
calibration test results.

The average error, between the theoretical estimation of total angu-
lar velocity and the readings from the sensor, was 5.61% and deemed to
be acceptably low considering the measurements were made by hand
and the theoretical estimation is based on a smooth and consistent
movement with no sliding, which could not be guaranteed.

2.4.2. Sliding along surface
The second calibration test sought to reproduce the sliding of a fully

exposed shell along the x-axis in a linear displacement (Δx >Δx,c). Here,
the cylindricalmetal probewasmodified, with ametal plate (135mm×
30 mm× 5mm) fixed to one end (Fig. S3c). The metal plate provided a
flat surface to push the instrumented shell backwards, whilst
minimising substantial changes in the angle of the shell. For each exper-
imental repeat the metal probe pushed the shell backwards by 20 mm.
An estimate of the acceleration for each experimental repeat was calcu-
lated using Eq. (3):

a ¼ 2s
t2

ð3Þ

where a represents acceleration (m s−2), s is displacement (m), and t is
time (s). Total acceleration was calculated from the sensor's accelerom-
eter data. See Table S4 for calibration test results.

The average error, between the theoretical estimation of total accel-
eration and the readings from the sensor, was 4.86%, and deemed to be
acceptably low considering the measurements were made by hand and
the theoretical estimation is based on a smooth and consistent move-
ment, which could not be guaranteed.

2.5. Examination of sensor operation

Sensing checks were undertaken to ensure the sensor adequately
detected alterations in the movement of the instrumented shells,
when housed within the shell, and submerged in water. Here, a sensor
was wrapped in cellophane for waterproofing, and placed in each of
the three instrumented shells, with the x-axis and y-axis of the sensor
aligned with the central x-axis and y-axis of the shell. The shell was
then placed within a glass aquarium tank (600 mm × 480 mm × 300
mm), on a substrate of fine gravel (0.5–4 mm) to a depth of 15 mm,
and submerged in water to a depth of 300 mm. An Eheim Universal
1250 centrifugal pump was placed in the aquarium tank, 250 mm
away from the instrumented shell's position, and connected to a timer
switch, which ensured the pump cycled between 2 min of operation
at an output of 1200 L h−1 and 2 min of rest. Two sensing checks were
undertaken for each of the three instrumented shell sizes, for the two
orientations (Fig. 1). The sequence for a sensing check was as follows:
5

(1) sensor switched on and placed inside instrumented shell; (2) shell
placed in aquarium tank either partially buried or fully exposed;
(3) Eheim pump underwent three cycles of operation and rest;
(4) pump switched off; and (5) instrumented shell removed from the
tank, with sensor subsequently extracted and switched off. The
resulting motion of the sensor was then checked, with readings from
the accelerometer and gyroscope observed separately over the three
axes. From the sensing checks, the ranges of 16 g and 2000° s−1 were
deemed sufficient for recording the angular velocity and acceleration
respectively, for the instrumented shells.

2.6. Flume set-up and test section

To further examine the application of the instrumented shells, ex-
periments were conducted in a well-controlled 8 m long water
recirculating flume, located at the Water Engineering Lab, University
of Glasgow (Fig. 3a). The 0.9 m wide open channel supports flows of
up to 0.4 m in depth, with water provided at a maximum capacity of
0.2 m3 s−1, controlled by a torque inverter to modify operational
pump frequency. An adjustable tailgate, located at the outlet, permitted
the maintenance of intended flow depths at reasonable flow velocities.
To gain adequate hydraulic roughness, the bed surface comprised layers
of water-worked uniformly sized fine gravel, with a median size of
d50 = 15–25 mm, to a depth of 120 mm. Fine gravel was chosen to
replicate the substratum conditions often highlighted as favourable for
unionid mussels to burrow into (Geist and Auerswald, 2007; Hastie
et al., 2000). A test section (1m×0.5m)was located 5.7mdownstream
of the channel inlet, 1.3 m from the outlet, to ensure hydraulically
rough, turbulent flow was fully developed at the point of shell
placement. The test section was positioned along the centreline of the
flume, 0.2 m, from the flume's glass walls.

Within the test section, layers of gravel were replaced by a homoge-
nous bed of 15.5 mm diameter marble spheres, which surrounded a
rigid marblematrix, by a radius of 100mm, from the edge of thematrix
to the gravel bed. This homogenous localmicro-topography assisted the
development of flow near the instrumented particle, reducing the like-
lihood of significant flux in the near-bed flow dynamics, which may
cause anomalies in the sensor reading. The marble matrix (140 mm ×
140 mm × 50 mm) was formed by gluing layers of marbles together
in a rectilinear well-packed arrangement, with a 3D printed plastic
plate (140 mm× 140 mm× 10 mm) as a foundation (Fig. 3b). The ma-
trix comprised four walls, of two marbles in depth, and three marbles
high. A hollow region in the centre of the rectilinear arrangement ac-
commodated loose marbles; enabling the burial of the instrumented
shell. A second rectilinear structure was formed to create a plate
(109 mm × 109 mm× 15.5 mm), to be placed on top of the hollow re-
gion of the matrix, forming a rigid bed micro topography to allow the
horizontal placement of the instrumented shell. Underneath themarble
matrix, resided a metal plate (140 mm × 140 mm × 20 mm) above a
layer of fine gravel, to ensure the top of the matrix resided at the same
depth as the surrounding bed of loose marble spheres, with a gradient
to match the surrounding topography. The marble matrix was painted
neon pink with an aquarium-grade spray paint, to distinguish it from
the surrounding bed, and achieve high contrast with the instrumented
shells. The central x-axis and y-axis of the marble matrix were marked
using black permanent marker, to ensure consistent alignment of the
shells before each experimental repeat, and easier visual identification
of shell movement: highlighting when a deviation from the axis align-
ment of shell and matrix had occurred.

Twohigh-speed commercial video cameras operating at 120 frames-
per-second (GoPro Hero 8 Black, Gopro, Inc. San Mateo CA, USA) were
positioned to capture the instrumented shell's movement. The first,
placed within the flume channel near the flume wall to avoid interfer-
ence with the flow properties near the instrumented shell, filmed hori-
zontally across themicro-topography. The second, positioned above the
flume channel parallel to the bed, filmed the micro-topography below.



Fig. 3. The (A) experiment flume set-up, noting the location of the test section and marble matrix. Illustration of the (B) marble matrix structure, with photos to show the matrix
accommodating the two orientations of instrumented shell.
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A halo lamp was placed above the second camera to provide an ultra-
bright light source.

2.7. Experimental protocol

2.7.1. Preparation of the shell
At the commencement of an experiment, the sensor was switched

on and data logging enabled. The sensor waswrapped in layers of cello-
phane for waterproofing and positioned in the instrumented shell, with
the sensor's x-axis alignedwith that of the shell (Fig. S2a). The shell was
then closed with small rubber bands to hold the two shell pieces to-
gether, and placed in a beaker at the base of a bucket, filled with
water to a depth of 450 mm, and held for 2 min to allow trapped air
to escape. The beaker was removed and weighed to record the shell's
wet weight. The beaker was lowered into the flume, and the shell
orientated according to predefined positioning criteria: (i) fully
exposed, lying horizontally on the marble matrix with the shell
aperture facing the flow, parallel to the bed, with the shell's central
x-axis and y-axis aligned with that of the microtopography (Fig. 1);
and (ii) partially buried, positioned vertically, with 50% of the shell
buried in the loose marbles of the matrix, the shell aperture facing
the flow, and the shell's y-axis perpendicular to that of the
microtopography (Fig. 1).

2.7.2. Preliminary tests
Preliminary experiments were undertaken to detect the range of

flow rates where the instrumented shell started becoming entrained,
until the point atwhich the instrumented shell was difficult tomaintain
in its orientation during initial placement. Preliminary experiments
were conducted for each of the three instrumented shell sizes. The in-
strumented shell was placed according to one of the two predefined po-
sitioning criteria. The flume was then run to provide an incremental
increase in flowrate until mobilisation of the shell was observed and
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noted. Preliminary tests were repeated three times for each instru-
mented shell in a given orientation; thus, six preliminary tests were un-
dertaken for each instrumented shell size.

2.7.3. Experimental tests
The experiment was designed to compare the response of the three

instrumented shells across different flowrates, when positioned in two
distinctive orientations, and examine whether these responses could
be accurately correlated with readings from the accelerometer and gy-
roscope of the sensors housed therein.

Using data obtained from preliminary testing, three experimental
flowrates were identified for each size of instrumented shell: High
flowrate provided conditions known to induce frequent entrainment;
Low flowrate comprised conditions where no shell movement was ob-
served; Intermediate flowrate provided conditions where shell move-
ment had occasionally been noted.

For each experiment, pump frequency was set and held at the pre-
defined rate to provide conditions specific for a given size of instru-
mented shell and experimental flowrate (Table 1). After pump fre-
quency was set, the flume was left undisturbed for 2 h to allow stable
flow conditions to develop. Following this,flowheight (h)was recorded
using a digital depth gauge (Table 1), corresponding to the vertical dis-
tance from thewater's edge to the top of a particle positioned in the ex-
perimental matrix (Fig. 1). To ensure consistency in recordings of flow
height, the digital depth gauge was positioned on a circular mark,
drawnonto a particle of the experimentalmatrix located 1 cmupstream
of the instrumented shell in the centre of theflumechannel (45 cm from
the flume walls). The digital depth gauge was then removed and an
Acoustic Doppler Velocimeter probe (ADV Vectrino II, Nortek AS, Rud,
Norway) was then positioned at 0.6 times flow height, in its place, and
recorded the flow velocity in the flume channel for 8 min (Table 1).
The ADV probe was then removed before sensor measurements were
taken.



Table 1
Recordings ofmean flow velocity, flow height and Reynolds Number (Re) across the respective High, Intermediate and Low Experimental Flowrates for the three instrumented shell sizes.

Size Mean flow velocity at 60% flow height (m s−1) Flow height (mm) Reynolds number (Re)

High Intermediate Low High Intermediate Low High Intermediate Low

Large 0.147 0.102 0.053 142.63 135.82 115.07 20,883 13,798 6074
Medium 0.111 0.055 0.053 141.29 129.67 115.07 15,620 7103 6074
Small 0.107 0.055 0.053 140.20 129.67 115.07 14,941 7103 6074
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The shell was placed according to one of the two predefined posi-
tioning criteria. Following a 2-minute incubation period, where the
shell was left undisturbed, a ten-minute measurement period began.
The instrumented shell was allowed to move from its initial positioning
downstream, due to sufficiently energetic instantaneous near bed sur-
face flow structures, with full entrainment from the test section permit-
ted within a measurement period. At the end of a measurement period
the shell was picked up, moved back and forth along its x-axis to pro-
vide a distinctfingerprint in the sensor data (indicating the endof an ex-
perimental repeat), and placed on themarblematrix, accordingly to the
positioning criteria. Four further incubation and measurement periods
followed to provide five replicates for one shell size, in one orientation,
at a given experimental flowrate. At the end of an experiment, the sen-
sor was removed from the shell, turned off and re-charged before data
acquisition.

2.8. Data analysis

After each test, data was inputted intoMatlab for further processing.
Inverse uncertainty quantification was conducted using parameter cal-
ibration and data fusion. This filter accounts for the range of errors aris-
ing from the sensor's readings, quantified during the calibration process
(Table S3; Table S4), and estimates final noise-corrected acceleration,
Fig. 4. Identification of entrainment events for fully exposed, large instrumented shell, during h
Highlighted regions depict partial entrainment events. The thick blue line represents a threshol
which partial entrainments could be visibly detected. Instrumented shell orientation is shown
planar orientation around the shell's z axis. (For interpretation of the references to colour in th
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angular velocity and orientation readings to be used in data analysis.
Thefilter used a nine-axis Kalmanfilter structure (Kalman, 1960), incor-
porating inputs of expected accelerometer, gyroscope andmagnetome-
ter noise from the calibration tests to undertake the inertial sensor
fusion filter.

3. Results and discussion

3.1. Initial data interpretation

After filtering the data, the results were used to calculate corrected
total acceleration using Eq. (1). For each experiment, corrected total ac-
celeration was compared with a visual analysis of the video data from
the two cameras. Comparisons between the two data sources, enabled
the identification of a threshold in the total acceleration data, pertaining
to the occurrence of one, ormultiple, modes ofmovement by the instru-
mented shell.

3.1.1. Calculating thresholds of entrainment
Initial analysis sought to evaluate whether data from the sensor

could accurately and reliably detect modes of movement, which result
in partial or full entrainment of the instrumented shell, when exposed
to sufficient forcing from turbulent flow conditions (Fig. 4). For the
igh experimental flowrate, using the fused sensor readings for total acceleration (m s−2).
d in total acceleration readings (average total acceleration± 6*SD; 10.792± 0.708), above
at four (A, B, C, D) periods within the time-series data, demonstrating a gradual change in
is figure legend, the reader is referred to the web version of this article.)



Fig. 5. Alterations in frequency of entrainment, fE, associated with increasing mean flow
velocity (m s−1), for the three instrumented shell sizes, in the fully exposed orientation.
Interpolation of the data points was undertaken using cubic Hermite spline.
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fully exposed Large instrumented shell, undergoing an experimental
run with High experimental flow conditions, total acceleration values
exceeding 11.38 m s−2 indicated a partial entrainment event (Fig. 4).
Six partial entrainment events, defined by noticeable shifts in shell ori-
entation without full displacement from the pocket, were identified
(Fig. 4). The shell appeared to undergo a change of planar orientation
around its z-axis. The first partial entrainment event occurred at 0.9 s
and spanned a period of 1.32 s; depictingmultiple peaks in the total ac-
celeration, the most prominent of which occurred at 1.38 s with a max-
imum value of 45.109 m s−2.

For each of the remaining five partial entrainment events (Fig. 4),
significant increases in total acceleration from the sensor's readings (de-
noted by peaks in total acceleration typically exceeding 20m s−2) were
shown to correlatewith shifts in the instrumented particles' orientation.
Thus, sensor readings for total acceleration appear to accurately convey
movement in the instrumented shell. The data acquisition rate by the
sensor and cameras are, therefore, sufficient for recording the modes
of movement above the pre-defined critical values.

There were instances where energetic events, caused by turbulent
flowing water, resulted in noticeable deviations from mean total accel-
eration readings; however, these were not forceful enough to generate
instances where the critical value for a mode of movement was
exceeded. These short-lived energetic events, insufficient in duration
to result in any movement of the instrumented shell, were termed
‘twitches’ (Valyrakis et al., 2010).

Substantial shifts in shell movement, highlighted by peaks in total
acceleration, were shown to position the shell in an orientation that in-
curs lesser forcing from the flow. Significant peaks in total acceleration
were often greatest during the first entrainment event and rarely
matched inmagnitude later in an experimental repeat, with movement
of the shell mimicking this trend: a substantial shift in orientation oc-
curring initially, followed by smaller movements thereafter. This
water-working of the shell, to a potentially more hydrodynamic orien-
tation is similar to the process observed in riverbed substratum,
whereby the onset of sediment transport is a continuous transition,
from a creeping state to a granular flow (Houssais et al., 2015).

3.2. Entrainment frequency

The procedure for identifying thresholds in total acceleration to indi-
cate entrainment events (Fig. 4), was applied to the results for all three
instrumented shell sizes, across the respective High, Intermediate and
Low experimental flowrates. Using the results from this analysis, the
frequency of entrainment, fE, was calculated for each experiment by di-
viding the total number of entrainment events recorded over the five
experimental repeats by the total experimental time in seconds
(Table 2). Analysis of these results revealed a difference in the frequency
of entrainment across experimental flowrate, shell orientation and size.

Formussels positioned horizontally on thebed surface, fully exposed
to the flow, the frequency of entrainment increased with increasing
mean flow velocity (Fig. 5) across the three instrumented shell sizes,
suggestingheightenedflow rates induce increased rates of entrainment,
irrespective of shell size. However, the extent to which fE increases in
Table 2
The frequency of entrainment (fE) events for the three instrumented shell sizes, across the tw
acceleration (±SD) from the respective sensor reading are noted.

Size Orientation fE (Hz)

High Intermediate L

Large Fully Exposed 0.0002 0 0
Partially Buried 0 0 0

Medium Fully Exposed 0.0003 0 0
Partially Buried 0 0 0

Small Fully Exposed 0.0004 0 0
Partially Buried 0 0 0

8

response to increasing mean flow velocity is not consistent across the
three instrumented shell sizes (Table 2).

Interpolation of the data (Fig. 5) revealed variation in readings of fE
when comparing the responses of the three instrumented shell sizes
to the same flow conditions: at a mean flow velocity of 0.1 m s−1, fE
was shown to be 50% higher in the Small instrumented shell compared
to the Medium instrumented shell, with no entrainment events re-
corded for the Large instrumented shell. Therefore, smaller shell sizes
appear more likely to be entrained than their larger counterparts,
when exposed to the same flow conditions.

Comparisons of fE during the High experimental flow rate condi-
tions, for the respective instrumented shell sizes, revealed further vari-
ation in their responses: fE was 33% higher in the Small instrumented
shell compared to theMedium instrumented shell, despite a 3% increase
in mean flow velocity; fE was 100% higher in the Small instrumented
shell compared to the Large instrumented shell, despite a 27% increase
in mean flow velocity; fE was 50% higher in the Medium instrumented
shell compared to the Large instrumented shell, despite a 24% increase
in mean flow velocity. Consequently, smaller shell sizes appear to dis-
play a more pronounced shift in fE in response to increasing flowrate,
with a larger shell size incurring amore gradual change in fE in response
to increasing flowrate.

Assessment of the effects of orientation on the risk of entrainment to
the three instrumented shell sizes, revealed a complete absence of any
modes of movement in the shells across the respective experimental
flowrates when partially buried in the riverbed. Consequently, sub-
merging the shell in the riverbed substratum may significantly reduce
the risk of entrainment to the instrumented shell. Further research,
with increased mean flow velocities, to induce greater stress from the
flow are required to discern to what extent partial burial inhibits move-
ment, and whether differences across shell sizes in this orientation are
analogous to results shown for fully exposed instrumented shells.
o orientations and three corresponding Experimental Flowrates. Differences in mean total

Mean (±SD) total acceleration (m s−2) from sensor's accelerometer
readings

ow High Intermediate Low

10.792 ± 0.118 10.714 ± 0.089 10.786 ± 0.075
9.534 ± 0.095 9.665 ± 0.069 9.683 ± 0.051
10.350 ± 0.094 10.329 ± 0.077 10.454 ± 0.0747
9.737 ± 0.078 9.634 ± 0.050 9.729 ± 0.046
9.937 ± 0.094 9.929 ± 0.075 9.939 ± 0.073
9.546 ± 0.075 9.853 ± 0.049 9.906 ± 0.046
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Despite an absence of entrainment for the partially buried shells
(Table 2), analysis of the data would suggest that other metrics could
be generated to quantify the stress experienced by instrumented shells
when partially buried. For example, increasing variation around mean
total acceleration, in response to increasing flowrate, was observed in
all three sizes of instrumented shell, across both orientations
(Table 2). For each size of instrumented shell, increasing variation in
total acceleration appears to be most noticeable when comparing the
Low and Intermediate experimental flowrates to the High flowrate
(Fig. S4). The instrumented sensors therefore appear capable of provid-
ing evidence of hydraulic stress in the absence of visual examinations of
shell movement.

Relevance to practical applications.
Partial or full entrainment, twitching and no entrainment were suc-

cessfully detected using the total acceleration results after defining a
threshold value, a result shared in similar studies (Al-Obaidi et al.,
2020). For all three instrumented shell sizes, the threshold value for en-
trainment was set at six standard deviations from the mean total accel-
eration for the experiment; thus, highlighting a commonality in the
extent of variation in total acceleration related to a partial or full en-
trainment event. Variation in total acceleration readings could, there-
fore, be utilised to predict the probability of shell entrainment.

Theories concerning the probability of entrainment of individual parti-
cles in the riverbed are well established in hydraulic engineering
(Valyrakis et al., 2011). These probabilistic approaches suggest that the as-
sessment of the frequency of entrainment of the most exposed particle
should be sufficient to identify the risk of onset of scour before an event
has occurred. Research by Al-Obaidi et al. (2020) reinforced this notion
by demonstrating the use of instrumented particles for predicting the
risk of scour initiation to assess water infrastructure hazards. Despite
this, such practices have rarely been adopted in more ecologically orien-
tated research. Ecological studies concerning habitat suitability from the
perspectiveof substrate stability haveoften reliedonvisual categorisations
of riverbed composition, correlated with flowmetrics such as shear stress
to predict sediment stability (Daraio et al., 2010; Morales et al., 2006).
However, geomorphological and hydrological hazards, such as riverbed
destabilisation, often develop at a rate that exceeds the capacity of practi-
tioners to detect and respond with the use of current tools.

Data from this research has shown that the fusion of recordings from
the inertial sensors, and the subsequent creation of metrics such as the
frequency of entrainment, have the potential to provide performance
indicators associated with bed stability and the risk for scour (Al-
Obaidi et al., 2020). For this study, the instrumented shells were created
using the shells of deceased M. margaritifera; consequently, such tools
are likely to bewell suited to applications in the field concerning the ex-
amination of potential entrainment risk in live mussel beds. Given the
morphological similarities, instrumented shells could be placed in ori-
entations that mimic the behaviour of live mussels in-situ and provide
an indication of riverbed stability and the hydraulic stress individuals
may be experiencing.

The use of instrumented shells is unlikely to be limited to the study
of freshwater mussels, but instead could be applied to a wide range of
freshwater species, intimately linked to their physical environment:
close associations with substratum stability have been shown in many
lotic organisms, ranging from algae and aquatic plants (Grabowski and
Gurnell, 2016; Matthaei et al., 2003; Smith et al., 2009), to invertebrates
(Nakano et al., 2018; Schwendel et al., 2010) and fish (Bey and Sullivan,
2015). The use of the instrumented shells highlighted in this research
could, therefore, be useful in the assessment of freshwater habitats; pro-
viding a quantitative method to examine stability in near-bed habitat,
which is crucial for the conservation of a plethora of species. However,
there are limitations to the current study that should be addressed be-
fore this tool can be deployed by practitioners.

Applications of this tool, which directly address interactions be-
tween freshwater mussels and their surrounding hydrodynamic habi-
tat, necessitate further work to account for greater variety in mussel
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behaviour. For example, differences in the extent of burial and alter-
ations to orientation should be investigated to provide greater biological
relevance to recordings. Additionally, live freshwater mussels utilise
their foot to anchor themselves into the substratum, to improve resis-
tance to flow forcing (Lewis and Riebel, 1984; da Silva Cândido and
Romero, 2007). This is not accounted for in the current design of the in-
strumented shell. Consequently, recordings from the instrumented
shell in a partially buried orientation may overestimate the stress
from flow forcing for a corresponding live mussel. This issue is perhaps
less pertinent for the fully exposed orientation, as live mussels in a sim-
ilar orientation are unlikely to benefit from the utilisation of the foot to
mitigate hydraulic stress. To compensate for the absence of a foot, the
instrumented shell could be weighted disproportionally towards the
umbo, as demonstrated by Thompson et al. (2016). Additional field
studieswith the instrumented shells are also necessary to test the utility
of this tool in more heterogeneous hydrodynamic environment: in this
study, conditions within the flume provided a relatively homogenous
unidirectional flow, whereas near-bed flow patterns within a river sys-
tem are more complex (Crowder and Diplas, 2002a, 2006).

3.2.1. Biological relevance
An evaluation of the biological relevance of these results appears to

confirm the long-held understanding that freshwater mussels, such as
M. margaritifera, may minimise their risk of entrainment by burying
into substratum (Allen and Vaughn, 2009; Sansom, 2018). However,
the effect of burial on the mitigation of entrainment risk may not be
consistent across individuals: observed differences in fE across the
three sizes of instrumented shell when fully exposed, indicates that var-
iation in shell morphologymay impact the extent of stress experienced,
in response to increasing flow forcing.

Previous studies suggest that interspecific differences in shell mor-
phology may be driven by hydrological conditions, with species
adapting their morphology to cope with turbulent flow dynamics, by
developing shell characteristics that aid in the inhibition of displace-
ment or the rapid re-positioning to a favourable orientation after dis-
lodgement (Bartsch et al., 2010; Hornbach et al., 2010; Randklev et al.,
2019; Watters, 1994). However, variation in shell morphology is also
prevalent at the intraspecific level (Preston et al., 2010). Within this
study, morphological differences were also shown for individuals from
the same population, with measurements of Height, Width and Length
not shown to scale linearly with increasing shell size (Table S2). There-
fore, phenotypic variation in shell morphology may drive substantial
differences in the extent to which individuals and populations can
cope with similar levels of hydraulic forcing.

The utilisation of behaviours such as burial tomitigate the risk of en-
trainment, may be deployed to different extents across individuals, de-
pending on their shell morphology. Results from this study suggest that
individuals with similar morphological characteristics to the Small in-
strumented shell, may be less likely to move in their environment, be-
cause movement out of a partially buried position to a more exposed
orientation significantly increases their risk of entrainment. Further-
more, such individuals may also bury themselves to a greater extent,
with increased exposure found to heighten the risk of entrainment,
compared to individuals with larger shell sizes. Consequently, the ca-
pacity of smaller mussels to utilise movement to respond to alterations
in conditions, may be substantially reduced; thus, increasing their risk
to unfavourable environmental conditions. This may explain why mus-
sels form dense beds and remain relatively sedentary therein: dense
beds (>25 mussels m−2) generate flow environments that decrease
the turbulent shear stresses acting to dislodge individuals, and
increase food provision through the heightened suspension of
microphytobenthos (Sansom et al., 2020; Widdows et al., 2009).

Expansion of this study to alignwith the recentwork of Sansomet al.
(2020), by placing instrumented shells together in replica mussel beds
to investigate interactions between the hydraulic stress experienced
by individuals and the surrounding hydrodynamic environment,
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would assist in expanding knowledge concerning the motivation for
forming these assemblages, and their role in governing spatial variation
in freshwater mussel populations. Further work to accommodate
greater phenotypic variation in shell morphology, over a broader
range of hydraulic conditions with different extents of shell burial,
may also allow for the disentanglement of these complex interactions.
Data from such research could be particularly useful in assisting conser-
vation management in highlighting populationsmost at risk to entrain-
ment, in addition to identifying whether the morphological
characteristics of individuals, designated for reintroduction schemes,
are suited to the hydrological environment of the recipient habitats.

3.3. Key findings

This study is the first known attempt at adapting the use of smart
sensors in the assessment of habitat suitability, with results to suggest
a broad applicability of such a tool for a multitude of freshwater species.
Here, instrumented shells, created by placing inertial sensors within the
empty shells of deceased M. margaritifera, have enabled the successful
direct identification, and potential prediction, of entrainment events
through the examination of variability in recordings of total accelera-
tion. This cost-effective, accessible tool is likely to be beneficial to prac-
titioners seeking to identify and monitor suitable habitat for freshwater
species, whilst also highlighting populations in need of conservation in-
tervention. Furthermore, analysis of variation in total acceleration, be-
yond generating metrics for predicting entrainment, has provided
evidence to suggest further study into this tool could yield methods
for accurately predicting more complex flow metrics associated with
hydraulic stress. It is therefore clear that the potential of this tool is
still to be fully uncovered.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147586.
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