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Abstract
Intertidal habitats are shaped by the actions of tides and waves which are difficult to monitor in

shallow

water. To address this challenge, the “Mini Buoy” and associated open-source App were recently developed
for the low-cost and long-term monitoring of tidal inundation and current velocities simultaneously. The
Mini Buoy is a bottom-mounted float that measures tilt to infer near-bed hydrodynamics. Here, we present
significant updates to the Mini Buoy and App. Two new Mini Buoy designs were calibrated: the “Pendant”
that requires minimal assembly for deployment, and the “B4+” that can also measure wave orbital velocity.
Comparisons against industry-standard water-level and velocity sensors deployed in the field showed that
each new design was effective at detecting tidal inundation (overall accuracy of 86-97%) and current veloci-
ties (R? = 0.73-0.91; accuracies of + 0.14-0.22 m s~!; detection limits between 0.02 and 0.8 m s~!). The
B4+ could reasonably measure wave orbital velocities (R? = 0.56; accuracies of +0.18 m s™!; detection
limits between 0.02 and 0.8 m s™'). Reducing the sampling rate to prolong survey durations did not mark-
edly reduce the precision of velocity measurements, except in the original Mini Buoy design (uncertainty
increased by +2.11 ms~! from 1 to 10 s sampling). The updated App enhances user experience, accepts
data from any Mini Buoy design, is suitable for generic use across any tidal setting, and presents multiple
options to understand and contrast local hydrodynamic regimes. Improvements to the Mini Buoy designs
and App offer greater opportunities in monitoring hydrodynamics for purposes including ecosystem resto-

ration and flood risk management.
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Coastal wetlands, including mangrove, saltmarsh, and
seagrass habitats, are inherently dynamic systems shaped by
the interaction of tidal inundation, currents, and waves with
plants and their associated biogeomorphic features (Reed
et al. 2018). The extent, density, and position of coastal wet-
lands within the tidal frame ultimately determines their bio-
diversity, ecosystem functions, and associated ecosystem
services (Van Coppenolle and Temmerman 2020; Temmink
et al. 2022). Hydrodynamic forcing drives coastal wetland
dynamics across a range of spatial and temporal scales. Over
spring-neap tidal cycles, the timing of inundation and mag-
nitude of currents and waves determine whether pioneer
mangrove seedlings establish or become dislodged (Balke
et al. 2011). At estuarine scales, meandering tidal channels
alter the exposure of saltmarshes to currents and waves that
drive compensatory patterns of erosion and expansion (Ladd
et al. 2021). Globally, increased tidal inundation by sea-level
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rise poses an existential threat to coastal wetlands (Saintilan
et al. 2020, 2022). Alongside remote sensing and numerical
modeling tools (Cannon et al. 2020), long-term hydrody-
namic monitoring is vital for assessing the resilience of inter-
tidal wetlands in tackling the Climate and Biodiversity Crises
(Waltham et al. 2020).

A suite of autonomous sensors are commercially available
for monitoring fine-scale hydrodynamics along temporarily
inundated coastlines with very shallow water. Acoustic Dopp-
ler Velocimeters (ADVs) and Acoustic Doppler Current Pro-
filers (ADCPs) represent state-of-the-art technologies for
measuring water movement (e.g., Nortek Vector and Eco pro-
filers). Both use the doppler shift of sound waves reflected
from suspended particles to measure 3D water flux
(Woodward and Appell 1986). Non-vented pressure sensors,
calibrated to detect waves and tides, use high-rate sampling in
bursts to gather pressure data and automatically calculate
wave properties (e.g., RBRsolo®). Other sensors use pressure
transmitter (e.g., GE Druck PTX1830), impeller (e.g., Valeport
Current Meters), or laser (e.g., RS Hydro Radar-Level sensors)
technology to monitor tides, currents, and waves. All have
been used to assess processes including wave attenuation by
vegetation (Moller et al. 2014), morphological evolution of
beaches (Rahbani et al. 2022), and spatial distribution
of organisms (Pereda-Briones et al. 2018). Given that intertidal
areas often have limited access with little nearby infrastruc-
ture, are exposed intermittently to both air and seawater, and
often require deployments across multiple spring and neap
cycles, instruments need to be stand-alone, waterproof, and
durable. These requirements can amplify costs, time commit-
ments, and need for additional expertise to rig appropriate
monitoring stations with extended battery life for long-term
monitoring. The short time that data can be gathered during
high tides further skews the balance between risk of theft or
damage and reward of retrieving usable data. Collectively,
these limitations have hampered the large-scale and long-term
surveying of hydrodynamic conditions along intertidal wet-
lands to date.

Micro-electromechanical system accelerometers have
presented new opportunities for measuring the motion of
water. Accelerometers consist of two miniature variable
capacitance plates affixed with interlacing electrode “fin-
gers.” One plate can move while the other is fixed. Move-
ment causes the fingers to move closer or pull apart, and
the amount of displacement induces a differential capaci-
tance between the fingers that is proportional to the accel-
eration applied (Polizzi et al. 2020). The accelerometer
measures the pull of gravity along either of x-y-z axes
depending on the orientation of the sensor, usually pres-
ented as G-force (where 1 G = 9.81 m s~2). When combined
with microcontrollers, batteries, and data storage, accelera-
tion loggers have been installed in moored floats to measure
current velocity (e.g., MGL Marotte HS and Lowell Instru-
ments TCM series and the open-source CavePearl; Beddows

Monitoring tides, currents, and waves

and Mallon 2018) and turbulence (e.g., Underwater Relative
Swell Kinetics Instrument; Figurski et al. 2011) using the
drag-tilt principle (Marchant et al. 2014).

The Mini Buoy is an accelerometer-based drag-tilt sensor
for the simultaneous monitoring of tidal inundation and cur-
rent velocities in temporary shallow water (Balke et al. 2021).
The Mini Buoy has been used to support research on the bio-
mechanical properties of saltmarsh plants (Keimer et al. 2023),
biodiversity distribution of mangroves (Hasibuan et al. 2021),
and mangrove restoration potential in abandoned aquaculture
ponds (Basyuni et al. 2022). The Mini Buoy overcomes many
of the obstacles of conventional hydrodynamic equipment by
being inexpensive to assemble, makes use of globally available
material, and is small and thus suited for deployments along
exposed coastlines. Despite these advantages, the Mini Buoy
lacked the capacity to monitor wave exposure (a key parame-
ter in coastal wetland dynamics), became brittle and prone to
cracking over time due to UV exposure, would detach from
the fishing swivel under high hydrological forcing, and lost
mobility if sediment became trapped around the swivel
mechanism.

To overcome these issues, we present here a reinforced Mini
Buoy design that was calibrated to detect wave orbital velocity,
as well as inundation status and current velocity for long-term
deployments. We refer to the original and updated Mini Buoy
designs as “B4” and “B4+,” respectively, according to the
name of the acceleration logger model used in each. We also
present the calibration of another acceleration logger, the
“Pendant,” that is housed in a float as factory standard.
The Pendant is therefore even simpler to assemble than the B4
and B4+ designs. Finally, we also demonstrate improved
detection of partially inundated cases across all three designs,
and update the original Mini Buoy App presented in Balke
et al. (2021) that allows researchers and coastal managers alike
to analyze and interpret data gathered by any Mini Buoy
design. To the best of our knowledge, the B4+ is the first inte-
grated low-cost logger for detecting inundation duration, cur-
rent velocity, and wave orbital velocity simultaneously in
shallow tidal environments. We believe improvements to the
App will facilitate increased usage of Mini Buoys by managers,
to assess suitability of a site for restoration of coastal wetlands.
Finally, we highlight possible applications and key research
questions in limnology and oceanography that the new Mini
Buoy designs could address.

Materials and procedures

Materials

The B4 uses a waterproof MSR145W B4 acceleration data
logger (MSR Electronics GmbH) wrapped in a plastic bag and
secured inside a 50-mL self-standing centrifuge tube 115 mm
in length (Corning CentriStarTM), made watertight by apply-
ing silicone sealant around the lid. Two holes are drilled into
opposite ends of the self-standing skirt, to which fishing
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swivels are attached. A third swivel connects the swivels to
form a 55-mm-length tether which is clipped to a metal pole
inserted into the ground. The total length and weight of the
B4 design is 170 mm and 42.3 g, respectively (Fig. 1).
The MSR145W B4 logger has an accuracy of + 0.15 G, a maxi-
mum sampling rate of 50 Hz and preset sampling intervals
between 1 and 10 s used in this study, and is fitted with a
rechargeable lithium-ion battery.

The B4+ design also uses an MSR145W B4 acceleration data
logger held inside a modified centrifuge tube. The tube is a
UV-protected 50 mL design, 115 mm in length (Fisherbrand),
with an M4 7-mm thread stainless steel eye bolt inserted
through a hole drilled into the base of the tube and fixed in
place with a nut. Shot weight (20 g) is added to the tube to
reduce buoyancy (pretesting showed that adding weight
increased the Buoy’s sensitivity to waves and currents; see

Monitoring tides, currents, and waves

Supporting Information Text S1). Floral foam is used to keep
both the center of the shot mass at the bottom of the tube
and the acceleration logger upright. To ensure watertightness,
a rubber O-ring is inserted around the inner lid, silicone seal-
ant is applied on the tube thread to seal the lid, and epoxy
glue covers the eye bolt perforating the centrifuge tube at the
bottom. The B4+ is anchored to the ground via a 40-mm
chain link comprised of two 15 mm crimpled fishing line rings
(American Fishing Wire Surflon nylon-coated 1 x 7 stainless
leader fishing line, 250 b test, and 1.9 mm diameter, with
4.2mm diameter single-barrel nickel-copper alloy crimp
sleeves fastened at each end to make the loop) tethered via
cable tie to a metal pole inserted into the ground. Fishing line
rings were preferable to fishing swivels (used in B4 and Pen-
dant designs) since swivels occasionally became jammed with
fine sediment (preventing free movement of the buoy) and

Sea surface
MSR145W B4 —— 5l
acceleration logger

Skirt hole — D

MSR145W B4
acceleration logger

r Centrifuge tube with
self-standing skirt

Floral foam

Shot

Fishing swivel tether

Tidal flat

 UV-resistant
centrifuge tube

HOBO Pendant G

acceleration logger Factory

standard
waterproof
housing

Fishing line
Fishing swivel tether
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Fig. 1. Representation of fully submerged loggers and images of each logger deployed in situ for the B4, B4+, and Pendant Mini Buoy designs.
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were more prone to detaching under high hydrological forc-
ing. Fishing line rings were therefore better suited for
deploying B4+ buoys for long periods of time in more
dynamic environments. The total length and weight of the
B4+ design is 155 mm and 60 g, respectively (Fig. 1).

The Pendant design is an integrated acceleration data log-
ger 58 mm in length (Onset HOBO 2023) contained in a buoy-
ant waterproof casing with mooring point as factory standard.
The HOBO Pendant G is accurate to 4+ 0.075 G, has a sam-
pling interval of 0.01 s to 18 h although is limited to 64 kb
data storage, and is powered by a replaceable coin cell battery.
A single barrel fishing swivel and fishing line is attached to
the anchor point on the Pendant, and attached to a metal
pole inserted into the ground via a cable tie to make a 50-mm-
length tether. The total length and weight of the Pendant
design is 108 mm and 19.9 g, respectively (Fig. 1).

Regardless of which Mini Buoy design is used, the operat-
ing principle is the same. An acceleration logger contained in
a buoyant tube is anchored to the ground via a tether that
allows free motion in all directions when inundated. In the-
ory, any design that meets this specification can be used to
create a Mini Buoy, provided the device is properly calibrated
to measure hydrodynamics. Full specifications of each acceler-
ation logger are shown in Supporting Information Table S1.

Procedures

Both the MSR145W B4 and HOBO Pendant G acceleration
data loggers require dedicated connectors and software for
configuration. The MSR145W B4 logger is supplied with USB
cables and free MSR software. The current MSR software is
only compatible with Windows operating systems In-Situ. The
HOBO Pendant G logger requires a HOBO Waterproof Shuttle
and coupler to connect to a PC. HOBOware software can be
downloaded for free and is compatible with both macOS and
Windows operating systems. MSR145W B4 is configured to
only log acceleration along the y-axis between ranges of
+ 2 G. HOBO Pendant G logger is configured to log accelera-
tion along the x-axis only between ranges of + 3 G. A metal
pole between 300 and 700 mm in length is used to anchor
Mini Buoys above the tidal flat.

We recommend that surveys last a minimum of 15d to
capture Spring-Neap tidal cycles along tidally influenced coast-
lines. The highest sampling frequency to achieve this mini-
mum sampling duration (limited by memory) is 1.6 and
0.05 Hz (20 s) for MSR145W B4 and HOBO Pendant G loggers,
respectively. To provide users with a range of survey durations,
the MSR145W B4 has been calibrated for sampling rates
between 1- and 10-s intervals every second, and 2-, 4-, 6-, 8-,
and 10-min intervals for the HOBO Pendant G logger. The
longest continuous deployment periods for the MSR145W B4
and HOBO Pendant G loggers are therefore 240 d (10 s sam-
pling) and 1.2 yr (10 min sampling), respectively. Long-term
deployments are also subject to battery life, which may vary
depending on ambient temperatures. Examples of expected
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survey durations for given sampling rates are shown in
Supporting Information Table S1.

Calibration

Each Mini Buoy was calibrated to detect inundation status
and mean current velocity over 1-min intervals from single-
axis acceleration time series. The B4+ design was also cali-
brated to measure mean wave orbital velocity over 10-min
windows. Inundation status was classified as being either
“non-inundated” (water levels are below a logger), “partially
inundated” (water levels are between the base and length of a
logger), or “fully inundated” (water levels exceed the length of
a logger). The limited memory of the HOBO Pendant G
negated its usefulness in measuring wave orbital velocities.

A representation of how hydrodynamics can be inferred
from the Mini Buoys is shown in Fig. 2. All analyses were car-
ried out in R (R Core Team 2022), and MATLAB 2022b (The
MathWorks Inc. 2022) and the associated code are available in
Supporting Information Texts S2 and S3, respectively.

Inundation status

Gravity-compensated acceleration values measured along a
single axis and variance in those values over time provide two
parameters for use in classifying whether a Mini Buoy is inun-
dated or not. For acceleration values measured along a long-
axis orientation, moving average and variance of acceleration
~ 0 G would indicate a stationary Mini Buoy lying horizon-
tally on an emersed tidal flat. Acceleration mean <0 G and
variance >0 G would indicate a partially or fully submerged
Mini Buoy that is “wobbling” due to the rise and fall of tides,
or currents and wave action (Fig. 2). Pretesting has shown that
moving mean and interquartile range (difference between the
75™ and 25" percentiles) yield good separation of the data
into point clouds for inundation status classification (see
Supporting Information Text S2).

To relate water level to acceleration, training data were
gathered for each Mini Buoy design at Percut Sei Tuan,
Indonesia (3°43'22"N, 98°46'15"E), Caerlaverock, Scotland
(54°58’'05”"N, 3°31’58”"W), Black Scar, Wales (51°45'54"N,
4°26'12"W), and Skinflats, Scotland (56°03'22"N, 3°43'60"W).
Further information about the surveys is provided in
Supporting Information Table S2. For the B4, pressure data
were gathered using an upward-facing Nortek Aquadopp
300-m current meter. Both the B4+ and Pendant loggers were
calibrated against pressure data gathered from an In-Situ Rug-
ged TROLL 100 pressure sensor mounted upright above the
ground.

B4 and B4+ buoys sampled y-axis acceleration at 1 Hz,
while Pendant buoys sampled at 0.1 Hz on the x-axis. Mean
and interquartile range acceleration values were calculated
over 1- and 10-min periods for the MSR145W B4 and HOBO
Pendant G acceleration loggers, respectively. Pressure sensors
logged every minute, corrected for atmospheric pressure, and
converted to water level according to manufacturer’s
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Fig. 2. A scenario representing tilt data gathered by a B4+ Mini Buoy during an inundation event that fully submerges the logger at a flood-dominant

intertidal area.

instructions (Harris 2023). The water level was corrected for
the height of the pressure sensors above the bed and set to
start at the base of the Mini Buoy using a Leica RTK-GPS
(B4+ and Pendant) or Leica Optical Level (B4) accurate to
below 2 cm. A linear interpolation was used to predict water
levels to match the sampling frequencies of the Mini Buoys.
All negative water-level values were converted to 0. An
inundation status was then assigned for when the Mini
Buoy was emersed, partially inundated, or fully submerged.
Acceleration values above 0 G were removed, to dismiss
cases when a logger comes to rest below horizontal (e.g., in
a depression caused by scouring around the mooring).
Acceleration values below —1 G, indicating shocks in addi-
tion to acceleration due to logger tilt, were truncated. To do
this, the accuracy of acceleration measures of each logger
was taken into consideration (see Supporting Information
Table S1) so that values were truncated to —1.15 and —1.075 G
for the MSR145W B4 and HOBO Pendant G acceleration log-
gers, respectively. To aid interpretation, acceleration was
converted to tilt from a horizontal position, where 0° represents
a Mini Buoy lying horizontally on the tidal flat and 90° repre-
sents a buoy floating vertically in the water column. Tilt was
calculated as:

. <—180 sinla)

T

where 6 is tilt (degrees) and a is gravity-compensated accelera-
tion (G) measured along the long-axis of an accelerometer.

To identify the inundation status of a Mini Buoy without
the need for local water-level data, a two-stage classification
procedure was used. First, we trained machine learning tech-
niques (Linear Discriminant Analysis for the B4 design and
Quadratic Discriminant Analysis for B4+ and Pendant
designs) to distinguish between “non-inundated” and “inun-
dated” cases from moving mean tilt and interquartile range
acceleration values over 1-min (B4 and B4+) and 2-min
(Pendant) windows using the a priori classified data. We then
divided “inundated” cases into “partially inundated” and
“fully inundated” using the rapid transition in tilt of a Mini
Buoy that occurs at the start and end of inundation events.
An abrupt shift detection algorithm (Boulton and
Lenton 2019) was used to detect the rapid transitions. The
method fits a series of linear regression models along a time
series, and records the gradient of each. Gradients that lie
beyond +3 median absolute deviations of the sample mean
are given scores of 1 (positive gradient) or —1 (negative gradi-
ent) and divided by the number of linear models used to gen-
erate a detection score. Detectable shifts were assigned as
partially inundated cases. A classifier built for each Mini
Buoy design and the abrupt shift detection algorithm could
then be used to predict the inundation status from accelera-
tion data alone. Classifier and abrupt shift detection algo-
rithms were applied using the “caret” and “asdetect”
packages, respectively (Boulton and Lenton 2019; Kuhn
et al. 2020).

Several “cleaning” steps were also implemented to correct
any inundation status misclassifications. During inundation
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events, points misidentified as non-inundated were converted
to fully inundated if the duration of consecutive misclassified
points were below a threshold period (20 min by default).
Inundation events that lasted less than the threshold period
were reclassified as partially inundated. Mini Buoys that
reached a fully upright position at 90° were automatically clas-
sified as fully inundated. Inundation events were classified as
partially inundated if the minimum tilt per event failed to
cross a threshold value. Each processing step for classifying
inundation status is shown in Fig. 3.

Current velocity

Calibration curves between tilt and current velocity were
generated from data gathered by Mini Buoy and current meter
arrays. The surveys were done in Percut Sei Tuan, Indonesia
(3°43'22"N, 98°46/15"F), Black Scar, Wales (51°45'54"N,
4°26'12"W), and Skinflats, Scotland (56°03'22"N, 3°43'60"W).
Further detail about each survey is available in Supporting
Information Table S2. The B4 and B4+ buoys recorded accel-
eration at 1 Hz, while the Pendant sampled once every
minute. The B4 buoy was calibrated using an upward-facing
Nortek Aquadopp 300 m. “Diagnostic Mode” was used to

v
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measure in 1025 sample bursts every hour at 1 Hz (internal
sampling rate was 23 Hz). The measurement head was
located 20 cm above the sediment surface, and blanking dis-
tance set to 35 cm. The B4+ buoy was calibrated using an
upward-facing Acoustic Doppler Velocimeter (Nortek Vec-
tor), hereafter referred to as ADV. Height of the ADV pres-
sure sensor and velocity cell being measured above the bed
was 4 and 30 cm, respectively. Velocities were recorded at a
rate of 16 Hz in 13-min bursts every 30 min. Nominal veloc-
ity range was set to 0.3 ms~! and “Surf Zone” default set-
tings were used. The Pendant design was calibrated using an
upward-facing Nortek ECO taking velocity readings every
2 min. The lower sampling bin was used for surveying
velocities nearest the ground. All Mini Buoys were deployed
within 5 m of the current meters.

Tilt data from partially inundated Mini Buoys, or buoys
that are close to a partially inundated state, would result in
spurious tilt-velocity correlations and were removed. For the
B4 design, this was done by first identifying the high tide of
each inundation event, then selecting the first and last 50 min
of data either side (Balke et al. 2021). For the B4+, acceleration
values were selected to correspond with ADV velocity readings

v

Search for partially inundated cases at the
start and end of inundation events in a
search window proportinal to event duration

v

Mini Buoy
acceleration data

Apply trained Quadratic Discriminant
Analysis algorithm to classify tilt into
non-inundated and inundated cases

Classify abrupt shifts classed as fully
inundated at the start and end of each
inundation event as partially inundated

v

v

Truncate data (values >0 G become 0 G,
and "shock" values that exceed detection
limit for acceleration due to gravity alone are
converted to NAs

Close gaps of minimum duration in an
inundation event (where points were
misclassified as non-inundated)

Convert any partially inundated cases to
fully inundated if tilt is at 90°

v

v

v

Calculate mean, interquartile range, and (for
B4+ only) mean moving SD in acceleration
(1-min windows for B4 and B4+, 10
minute windows for Pendant)

Convert fully inundated cases to partially
inundated if event is below a minimum
duration

Close gaps of minimum duration in an
inundation event (where points were
misclassified as non-inundated)

v

v

v

Convert mean acceleration< -1to -1 G
and calculate tilt (0° is horizontal, 90°

Divide each inundation event in half and
assign the first half as flood tide, and the

Classify events as partially inundated if the
maximum tilt fails to cross a threshold

is vertical) second half as ebb tide
Inundated and Full,a;::jmal,
Unclassified non-inundated .
i non-inundated
classified i
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Fig. 3. Workflow to derive inundation status (non, partial, and full inundation) from acceleration data gathered by Mini Buoys.
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that had an average normalized correlation score between
receiver arms of greater than 75% (as recommended by the
manufacturer). These values correspond to times when
the ADV is fully inundated, and thus ensured only velocity
and acceleration values were used for when the B4+ buoy was
covered by at least 30 cm of water (i.e., the height of the water
parcel above the bed measured by the ADV). Velocity magni-
tude of the vector sum (v, Or v,,) across x (v), y (v,), and for
the ADV, z (v,) axes were then calculated for each current
meter at the sensing depth (between 30 and 55 cm above the
tidal flat):

vy =4/ (v +1?)

Vxyz = (sz + Vyz + sz)

Calibration curves between tilt and current velocity were
fitted with a 3™-order polynomial regression for B4 and Pen-
dant calibrations, and a linear regression for the B4+ design
based on appropriate model fits (see Supporting Information
Text S2). B4 and Pendant designs likely sample different propor-
tions of the current velocity profile with changes in tilt, justify-
ing the need for a polynomial fit (Balke et al. 2021). A linear
regression was sufficient for the B4+ calibration, likely due to
the increased sensitivity of the logger from the addition of bal-
last (see Supporting Information Text S1). The 95% prediction
interval limits were calculated to quantify calibration uncer-
tainty. A series of calibration curves were calculated to investi-
gate how reducing acceleration sampling rate, and increasing
the window over which mean tilt values were obtained, affected
velocity calculation accuracy. For the B4 and B4+, sampling
rates of 1-10 s and averaging window of 1, 5, 10, and 20 min
were tested. For the Pendant, sampling rates of 2, 4, 6, 8, and
10 min and averaging window of 2, 5, 10, 20 min were tested.

Wave orbital velocity

A calibration curve between acceleration variance and
wave orbital velocity was generated for the B4+ design.
Data from two survey locations were used in the calibration:
Caerlaverock, Scotland (54°58'05”N, 3°31'58”"W), and Black
Scar, Wales (51°45'54"N, 4°26’12"W). Further information
about each survey site is given in Supporting
Information Table S2. The first dataset was the same one
used for the current velocity calibration (described in “Cur-
rent velocity” section). The second dataset gathered at
Caerlaverock marsh followed the same experimental design,
although the ADV sampled at 1 Hz in 20-min bursts every
1 h. For the ADV deployed at Caerlaverock, the pressure
sensor and velocity cell were 9 and 32 cm above the tidal
flat, respectively. Near-bed velocities and surface-wave spec-
tra were gathered from the ADV velocity and pressure sen-
sors to estimate wave orbital velocities. Directional wave
spectra were first estimated, then wave number and period
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calculated to estimate orbital velocities (Wiberg and Sher-
wood 2008). See Supporting Information Text S3 for a vali-
dation of this approach. Prior to analysis, velocity data were
filtered to remove values with an average beam correlation
value of <75% indicating partial inundation. Bursts that
had > 5% of missing data were also removed. Rotated veloc-
ity vectors, u,, v,, and w,, aligned with the main flow direc-
tion, were calculated from the x, y, and z velocity values
recorded by the ADV (Lorke et al. 2013). Peak wave orbital
velocity near the wave boundary layer, Us, was calculated as:

xH
Us= T'sinh(kh)
where H is the significant wave height (m), h is the water
depth (m), and T is the wave period (s) (Duvall et al. 2019).
The wave number (m™!), k, was calculated as:

k:T

where L is the wavelength (m), calculated as:
_ (8T
L= ( o > tanh(kh)

Nominal number of output frequencies were 780 and 1000
for Black Scar and Caerlaverock sites, respectively. Low-
frequency cutoff was set to 0.067 Hz (Chen et al. 2016), maxi-
mum value of factor scaling pressure to waves was 200, and
minimum spectral level for computing direction and spread-
ing was 0.03m?Hz '. The calibration curve between the
means of both 1-min moving standard deviation in accelera-
tion (to detrend the impact of current velocity) and wave
orbital velocity every 10 min was fitted with a linear regression
based on appropriate model fits (see Supporting Information
Text S2). The 95% prediction interval limits were calculated as
a measure of uncertainty. Several calibration curves were fitted
to determine the effect of reducing the sampling rate on cali-
bration coefficients and uncertainty by downsampling the
1 Hz measurements of the B4+ every second from 1 to 10s.
Wave directional spectra extraction and processing from the
ADV data were done using MATLAB 2022b (The MathWorks
Inc. 2022), and the code to calculate the wave orbital velocity
values from Acoustic Doppler Velocimeter data scripts are
available in Supporting Information Text S3.

Assessment

Inundation status

Inundation status was identified correctly at rates of 86—
97% across all Mini Buoy designs (Table 1). When considering
the balanced accuracy scores of each inundation class, non-
inundated cases were assigned correctly at rates above 86%
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across all Mini Buoy designs. Fully inundated cases also scored
highly for accuracy, except for B4+ where accuracy dropped
to 81%. B4+ had higher accuracy at detecting partially inun-
dated cases (80%) than both the B4 and Pendant designs (58%
and 77%, respectively).

Due to potential inaccuracies with water levels (distances
between water-level loggers and Mini Buoys) and elevation
surveying during the inundation calibrations, we corroborated
the inundation status classifications with a visual inspection
of the individual tilt time series (by identifying timesteps
where the logger was unequivocally moved from resting posi-
tion). To further examine the performance of the classifier in
contrasting tidal settings, we gathered tilt data using the B4+
in two deployments: in the breach site of a restored saltmarsh

Table 1. Percentage of overall accuracy and balanced accuracy
scores for each inundation class per Mini Buoy design. “N,” “P,”
and “F” represent non, partial, and full inundation cases,
respectively.

Design Overall N P F
B4 86 86 58 90
B4+ 91 99 80 81
Pendant 97 98 77 94
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in Cwm Ivy, south Wales (51°37'31"N, 4°14'47"W), and a
wide and shallow channel flanking mangrove restoration
planting sites in the Thai Binh Nature Reserve, northern
Vietnam (20°34'42"N, 106°37'01”E). Cwm Ivy was character-
ized by strong flood and ebb current velocities with a rapid
rise and fall of the tide, while Thai Binh had persistent shallow
inundation, with a much more gradual rise and fall of the tide
and low current velocities.

The classifier was consistently effective in distinguishing
between non, partial, and full inundation (Fig. 4). Both sites
exhibited two negative peaks per tide, characteristic of peak
flood and ebb currents. Transitions before and after the flood
and ebb tides, respectively were correctly captured as partial
inundation (Fig. 4B,D). The gradual change in water level
(especially for Thai Binh) likely accounted for some mis-
classification of partially inundated points as non-inundated.
Crucially, however, fully inundated points were successfully
differentiated from partially inundated cases, which is neces-
sary to derive reliable calculations of current and wave orbital
velocity.

Current velocity

Calibrations between Mini Buoy tilt and current
velocity over 1-min (B4 and B4+) and 2-min (Pendant) win-
dows (Fig. 5) yielded adjusted R* scores of between 0.73 and
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Fig. 4. Tilt time series for a B4+ Mini Buoy from Cwm Ivy (A, the full duration of the survey between 27 April 2021 and 17 May 2021; B, a peak spring
tide event) and Thai Binh (C, the full duration of the survey between 12 September 2022 and 13 September 2022; D, a single tide). Red bounding box

indicates the values used for the single tide plots.
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Fig. 5. Calibrations for converting mean tilt of (A) B4, (B) B4+, and (C) Pendant Mini Buoy designs to mean current velocity using 1's sampling rate
aggregated into 1-min intervals (B4 and B4+) or 1 min sampling rate aggregated into 2-min intervals (Pendant). Black solid lines represent the best-fit
line through the data from polynomial (A, €) and linear (B) regression model. p-values are <0.001. Functions are (A) y= 2.699 — 0.086x
+0.001x* — 4 x 107%x%, (B) y = 0.948-0.010x, and (C) y = 0.958-0.034x + 5 x 10~*x*-2 x 107%x>. Blue dashed lines represent upper and lower 95%

prediction interval limits.

0.91. Detection limits were 0.043, 0.018, and 0.049 m s~! for
B4, B4+, and Pendant designs, respectively. While detection
limits are lowest for B4+, sensitivity of the MSR145W B4
acceleration logger at near-vertical positions (tilt near 90° or
acceleration values near —1 G) reduces; accounting for the
gaps in data points near 90° for B4 and B4+ designs
(Fig. 5A,B). The reduced range of values at 90° for the B4+
(and hence greater sensitivity in detecting low flow condi-
tions) is likely due to the weight added (see Supporting Infor-
mation Text S1). While adding weight to increase the B4+
sensitivity to detecting current velocities may have increased
signal noise, averaging of acceleration values over time likely
overcomes this issue and explains why the B4+ calibration is
stronger than the B4 (Fig. 5). Mean 95% prediction interval
widths over the range of tilt values recorded were 0.189,
0.138, and 0.220 m s~! for B4, B4+, and Pendant designs,
respectively. The range of current velocities sampled was con-
stricted to ~ 0.6 m s~! for B4 and B4+, and ~ 0.8 ms~! for
Pendant designs, respectively. While sheltered coastlines are
unlikely to significantly exceed these values, we caution
against extrapolating current velocities from Mini Buoy tilt
beyond the range of the data. Each design could detect current
velocity ranges that initiate scour around coastal vegetation
(Bouma et al. 2009).

When considering the effect of sampling rate on the corre-
lation strength between tilt and current velocity (Table 2),
mean 95% prediction interval widths were over five times
higher for B4 and rose by nearly 1.5 times for B4+ designs as
the sampling rate decreased from 1 to 10 s. Adjusted R* scores
and detection limits also weakened slightly. The increase in
mean 95% prediction interval width at 10 s sampling for B4+
is still lower than B4 values at 1 s sampling. Reducing the sam-
pling rate for the Pendant design had a negligible effect on
correlation strength. Increasing the sampling window across

Table 2. Adjusted R?, detection limit, and average uncertainty
(mean 95% prediction interval width) scores for correlations
between mean tilt and current velocity within 1-min (B4 and
B4+) or 10-min (Pendant) windows across a range of acceleration
sampling rates.

Mean 95%
prediction
Sampling Adjusted Detection interval
Design  rate (s) R? limit (ms™") width (ms™)

B4 1 0.73 0.043 0.492
2 0.73 0.043 0.640
5 0.68 0.043 1.150
10 0.71 0.047 2.600
B4+ 1 0.85 0.018 0.138
2 0.84 0.022 0.142
5 0.80 0.035 0.166
10 0.72 0.056 0.196
Pendant 120 0.92 0.048 0.203
240 0.92 0.048 0.202
360 0.93 0.046 0.201
480 0.93 0.048 0.203
600 0.91 0.050 0.224

which mean tilt and current velocities are taken (Table 3)
resulted in a weaker correlation for B4 and B4+ designs, while

having minimal effect on the Pendant design.

Wave orbital velocity

Calibrations between the mean values of both 1-min mov-
ing standard deviation in acceleration of the B4+ design and
wave orbital velocity of the ADV over 10-min intervals pro-
duced an adjusted R* score of 0.56 (Fig. 6). The reasonable
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Table 3. Adjusted R?, detection limit, and average uncertainty
(mean 95% prediction interval width) scores for correlations
between tilt and current velocity at 1-s (B4 and B4+) or 2-min
(Pendant) sampling rates averaged across a range of acceleration
sampling windows.

Monitoring tides, currents, and waves

Table 4. Adjusted R?, detection limit, and average uncertainty
(mean 95% prediction interval width) scores for correlations
between the mean of 1-min moving standard deviation in accel-
eration and wave orbital velocity within 10-min windows for the
B4+ across a range of acceleration sampling rates.

Mean 95% Mean 95%
Sampling prediction prediction
window  Adjusted Detection interval Sampling Adjusted Detection interval
Design  (min) R? limit(ms ") width(ms™") rate (a) R? limit (ms ™) width (ms™")
B4 1 0.73 0.043 0.492 1 0.56 —0.007 0.172
5 0.68 0.039 0.994 2 0.57 —0.007 0.173
10 0.57 0.040 0.745 5 0.54 —0.004 0.178
20 0.45 0.046 0.447 10 0.50 0.001 0.187
B4+ 1 0.85 0.018 0.138
5 0.87 0.008 0.124
10 0.85 —0.002 0.130 wave orbital velocity should be made on this calibration.
20 0.71 0.028 0.170 Whether this limit is sufficient to detect threshold velocities
Pendant 2 0.91 0.049 0.220 that trigger sediment mobilization at the bed depends on the
5 0.92 0.047 0.213 biotic and abiotic nature of the tidal flat under scrutiny
10 0.92 0.048 0.203 (Le Hir et al. 2007). Reducing the sampling rate from 1 to 10 s
20 0.92 0.047 0.204

correlation between the sway of a Mini Buoy and wave orbital
velocity indicates the B4+ is capable of measuring wave activ-
ity. The detection limit was slightly negative, at —0.007 ms™*,
likely because of the large uncertainty (0.178 m s~' mean 95%
prediction interval widths) over the range of standard devia-
tion values. Wave orbital velocity accuracy is comparable to
that of current velocity. The largest wave orbital velocity value

observed was 0.31 m s !, setting a limit that extrapolations of
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Fig. 6. Calibration for converting the mean of 1-min moving standard
deviation in acceleration to wave orbital velocity as detected by the B4+
Mini Buoy design with a 1 s sampling rate. Black solid lines represent the
best-fit line through the data from a linear regression model. p-value is
<0.001. Function is y=1.761x — 0.007. Blue dashed lines represent
upper and lower 95% prediction interval limits.
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did reduce the strength of the correlation (Table 4).

The Mini Buoy App

An application allowing users to analyze Mini Buoy data
was developed in R using the “shiny” package (Chang
et al. 2021). This App is an update of the original programme
presented in Balke et al. (2021) designed to support mangrove
restoration. The new App provides users with greater function-
ality, faster processing, ability to analyze data from any of the
three Mini Buoy designs, and a more user-friendly and generic
interface suitable for any intertidal environment. The App
allows users to examine results from two Mini Buoys at a time
(identified as “reference” and “target” sites), as well as compare
them statistically for a more definitive conclusion on whether
sites differ hydrologically.

Users can navigate between the following pages:

* An “About” page describing how the Mini Buoys work and
details about each Mini Buoy design, with a link to a hand-
book that provides more information on operating princi-
ples, assembly, configuration, deployment, and analysis
(Fig. 7A).

e A “Settings” page to select where results should be exported,
and options to change file formats, naming, and aesthetics.

e A “Data” page with “Upload” and “Filter” subpages. Users
can upload either their own reference and target data, or
example B4+ logger datasets. Once uploaded, tables appear,
summarizing column names, sampling rate, survey length,
monitoring period, mean and median acceleration, and
amount of data recorded. Users can then select a start
and end time for the survey, to remove irrelevant data
(e.g., data logged prior to deployment and after retrieval, or
non-overlapping dates between reference and target sites).
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The unprocessed data can also be plotted as a line graph at
custom time aggregations for further inspection (Fig. 7B).
Both the (filtered) data and figure can be downloaded.

A “Hydrodynamics” page with “Reference,” “Target,” and
“Comparison” subpages. In the “Reference” and “Target”
pages, a table presents several hydrodynamic parameters
(Fig. 7D). Figures show time series of the raw data (colored
by inundation status), daily inundation (Fig. 7C), current
velocity, wave orbital velocity (B4+ only), ebb-flood cur-
rents profile for the longest inundation event, and Win-
dows of Opportunity (the minimum inundation free
period required for seedling establishment). For the
“Comparison” page, tables (Fig. 7E), and figures compare
hydrodynamic parameters between both reference and
target sites, identifying by what proportion the target
site is higher or lower than the reference, and whether
that difference is statistically significant (the term
“meaningfully different” is used, which may be a more

Monitoring tides, currents, and waves

Parameter Units Value
Survey days [day] 24.57
Inundation events [n] 31
Inundation duration [hd™] 2.84
Emersion duration [hd™] 21.16
Inundation proportion [%] 11.85
Emersion proportion [%] 88.15
Inundation frequency [nd™] 1.26
Maximum Window of Opportunity [day] 7.74
Upper 95th percentile ebb-flood ratio [-] 1.09
Upper 95th percentile current velocity [ms™] 0.27
Parameter Units Target i different Targetis
Inundation duration [hd] 2.59 2.84 8.8% higher
Inundation frequency [nd] 122 1.26 3.2% higher
Maximum Window of Opportunity [day] 7.75 7.74 0.1% lower
Upper 95th percentile ebb-flood ratio =] 0.9 1.09 Yes 17.4% higher
Upper 95th percentile current velocity [ms™] 0.39 0.27 Yes 44.4% lower
Mean current velocity [ms™] 0.2 0.13 Yes 53.8% lower
Upper 95th percentile wave orbital velocity ms™] 0.2 0.18 No 11.1% lower
Mean wave orbital velocity [ms™] 0.12 0.09 Yes 33.3% lower

11

Fig. 7. Selected pages of the Mini Buoy App. (A) “About,” (B) “Data,” and (C) “Hydrodynamics” pages, with zoomed-in results tables for a single Mini
Buoy (D) and comparison between two Mini Buoys (E) taken from the “Hydrodynamics” page.

accessible term for non-specialists). Non-parametric
Wilcoxon tests are used to test for statistical differences.
Users can modify the default settings to improve the
accuracy of results, and both data (Table S3) and figures
can be downloaded.

The App follows the same operational steps outlined in
Fig. 3 to calculate hydrodynamics. The App may be subject to
updates in response to user feedback. See the data availability
statement for how to access and use the App.

Discussion

Performance

Each Mini Buoy design is effective at detecting inundation
(accuracy scores of 86-97%) and current velocities (R* = 0.73—
0.91 for the highest sampling rates used here) in contrasting
intertidal settings. Current velocities as low as 0.02m s ' and as
high as 0.76 ms™' could be detected. The B4+ is the first
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integrated sensor that can also derive wave orbital velocities near
the sediment surface (R? = 0.56) in addition to inundation and
current velocities. The B4+ was able to detect wave orbital veloci-
ties between —0.01 and 0.31 m s~ '. There was no marked decline
in the precision of inundation and current velocity measure-
ments as sampling rate increases for the B4+ and Pendant
designs. Increasing the time window over which tilt values are
used in the calibration did not improve calibrations.

Mini Buoys have a number of advantages over conven-
tional hydrodynamic sensing equipment. Capacity for contin-
uous sampling up to 240 d for the B4 and B4+, and 1.2 yr for
the Pendant desings enable the detailed monitoring of several
spring-neap cycles, peak ebb-flood tides, and extreme storm,
river flood, and infrequent emersion events. The low cost of
globally available Mini Buoy materials allows low-budget pro-
jects to conduct hydrodynamic surveys, and offers the possi-
bility for multipoint sampling when multiple loggers can be
purchased. The low cost and small profile of the Mini Buoys
also reduces the risk of losing equipment and thus a willing-
ness to deploy them in more exposed settings (to physical
forcing and heavy presence of people). For example, the rug-
ged design of the B4+ was found to withstand flows exceeding
1ms™! at the Cwm Ivy site, and were successfully deployed
for a year along Caerlaverock saltmarsh for a separate study.
The addition of weight offers the possibility to use new accel-
eration data loggers that enter the market without the need to
recalibrate the B4+ design, provided the logger fits inside the
float, the weight is adjusted to the specifications outlined in
Table S1 by adding or removing shot, and the center of mass
of the buoy is preserved.

Applications

Within limnological and oceanographical research and
application, there are several pressing issues that the new
Mini Buoy designs are well suited to addressing. There
remains an urgent need to characterize the hydrodynamic
and hydrological suitability of intertidal environments for
priority coastal habitat restoration through planting
(Banerjee et al. 2023) or sowing (Bertelli et al. 2022),
beyond generalist species-specific inundation thresholds
(van Loon et al. 2016; Friess 2017; Kumbier et al. 2021) and
to address the issue of hydrodynamic disturbance (Balke
et al. 2014; Balke et al. 2016). The spatially replicated and
simultaneous deployment of Mini Buoys across geomorphic
settings would provide a database of average hydrodynamic
conditions for practitioners to refer to when selecting opti-
mal sites for restoration. The shift from expansion to ero-
sion and vice versa is characterized by critical transitions
(Wang and Temmerman 2013) that are notoriously difficult
to detect in real-world settings (van Belzen et al. 2017).
Mini Buoys could be used to detect and predict recovery
thresholds (i.e., Windows of Opportunity) from bare to veg-
etated states with continuous in situ data on external forc-
ing instead of relying on distant monitoring stations (Balke
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et al. 2014). The open-source and low-cost nature of Mini
Buoys are amenable for engagement of citizen science in
research activities, improving literacy of coastal issues, and
monitoring the success of conservation goals (Rahman
et al. 2023). Mini Buoys would also be valuable in detecting
the impact of episodic storm and river flood impacts
(Leonardi et al. 2016), sediment fluxes when combined with
turbidity sensors and field sampling (Ganju et al. 2013), and
wave attenuation by vegetation (Moller et al. 2014); the
monitoring of which have all hitherto been restricted in
scale. Although we have so far limited our calibration for
intertidal environments, Mini Buoys could be further cali-
brated for applications in rivers, lakes, and drainage
channels.

Limitations and opportunities

Mini Buoys offer a novel tool for low-cost hydrodynamics
monitoring. Yet, there remain limitations to their application.
First, Mini Buoys need to be fully submerged before reliable
current and wave orbital velocity values can be recorded. Mini
Buoys require a minimum water depth of between 108 and
170 mm depending on design (see “Materials and procedures”
section) to operate correctly. Processes such as wave scour in
very shallow waters may therefore be missed.

Second, scouring and burial, entanglement with flotsam,
and turbulence caused by nearby benthic organisms can
impact on the reliability of current and wave orbital velocity
measurements. To assist in detecting issues, the Mini Buoy
App provides an interactive plot of the acceleration values to
screen potential issues with the data.

The acceleration values plot is also important for addressing
a third limitation of assessing whether partially inundated
cases were successfully identified. The default parameters for
detecting partial inundation may not be universally suitable
and would require tuning by the user for optimal results. This
limits the user-friendliness of the App, since additional effort
may be required to understand the process by which partially
inundated cases are identified (guidance available in the Mini
Buoy Handbook), and to test which values yield the best
results.

Fourth, no information is available on the direction of cur-
rents and wave orbitals. This limits the application of Mini
Buoys in determining the direction of prevailing hydrological
forcing, or in assessing sediment transport pathways. Mini
Buoys also do not measure water level, only whether the log-
ger was inundated or not. Mini Buoys are therefore unsuitable
for measuring wave height, which is a function of water depth
(Le Hir et al. 2007). While wave height may be more intui-
tively understood by coastal managers (especially in the con-
text of the wave attenuation ecosystem service of coastal
wetlands), wave orbital velocity at the bed provides a better
understanding of seedling disturbance (Balke et al. 2011) or
scour potential, and hence the potential for erosion or accretion
at that location (Hu et al. 2015).
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Loggers using micro-electromechanical systems are advanc-
ing rapidly, offering new opportunities to enhance the capac-
ity of Mini Buoys in the future. For example, Inertial
Measurement Units that comprise of three-axis accelerometer,
magnetometer, and gyroscope sensors could be used in combi-
nation with optimal estimation algorithms (e.g., Kalman filter)
to detect current and wave orbital direction as well as more
precise velocities. New loggers entering the market are lower
in cost, contain larger memory and battery capacity, use
more sensitive micro-electromechanical systems, or provide
additional features such as GPS and wireless data transfer that
would enhance the capabilities of the Mini Buoy. Logger com-
ponents, and instructions for their assembly, are also becom-
ing more accessible. For example, Arduino microcontrollers
and sensors can be assembled to create loggers that promote
engagement and learning at substantially lower costs
(Beddows and Mallon 2018). Future updates to the Mini Buoy
App are also planned, such as enabling the batch processing
of multiple Mini Buoy datasets, and hosting the App online to
make it easier to use the App. Opportunities for improving the
capabilities of the Mini Buoy and App would further aid
the research and application goals of the limnology and
oceanography community.

Data availability statement

Data used in the calibration of Mini Buoys for measuring
inundation status, current velocity, and wave orbital veloc-
ity is available at https://doi.org/10.25405/data.ncl.25981414.
vl (related to Text S1), https://doi.org/10.25405/data.ncl.
25981498.v1 (related to Text S2), and https://doi.org/10.
25405/data.ncl.26097049.v1 (related to Text S3). A handbook
on how to access the Mini Buoy App, as well as assemble, con-
figure, deploy, and both export and analyze data from each
Mini Buoy design is available at https://cailadd90.github.io/
MiniBuoyHandbook/.
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