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Active acoustic instruments (echosounders) are well-suited for collecting high-resolution
information on fish abundance and distribution in the areas targeted for tidal energy
development, which is necessary for understanding the potential risks tidal energy devices
pose to fish. However, a large proportion of echosounder data must often be omitted due
to high levels of backscatter from air entrained into the water column. To effectively use
these instruments at tidal energy sites, we need a better understanding of this data loss
and how it may affect estimates of fish abundance and vertical distribution. We examined
entrained air contamination in echosounder data from the Fundy Ocean Research Center
for Energy (FORCE) tidal energy test site in Minas Passage, Nova Scotia, where current
speeds can exceed 5 m·s-1. Entrained air depth was highly variable and increased with
current speed, and contamination was lowest during neap tides. The lower 70% of the
water column and current speeds <3m·s-1 were generally well-represented in the dataset.
However, under-sampling of the upper water column and faster speeds strongly affected
simulated fish abundance estimates, with error highly dependent on the underlying vertical
distribution of fish. Complementary sensing technologies, such as acoustic telemetry and
optical instruments, could be used concurrently with echosounders to fill gaps in active
acoustic datasets and to maximize what can be learned about fish abundance and
distribution at tidal energy sites.

Keywords: active acoustics, hydroacoustics, fish, entrained air, data quality, marine renewable energy, tidal
energy, MHK
1 INTRODUCTION

The tidal energy sector is a nascent industry, and the potential environmental effects of marine
hydrokinetic (MHK) devices on fish continues to be an area of concern for regulators and stakeholders
of the marine environment (Copping et al., 2021). Predicting fish interactions with MHK devices, and
therefore potential device effects, requires information on fish presence, abundance, and distribution
at a resolution and scale that is rarely required elsewhere. Spatial resolution must be on the order of
meters for data to be related to an individual MHK device, and collected throughout the water column
and/or across tidal channels that can be kilometers wide. Similarly, fine temporal resolution (seconds
to minutes) may be required to capture shifts in fish distribution that affect MHK device encounter
in.org March 2022 | Volume 9 | Article 8514001
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rates but years of observations may be needed to characterize
seasonal patterns and longer-term population shifts. Active
acoustic instruments are excellent tools for collecting this high-
resolution information across large spaces and periods of time.
This technology includes single beam, split beam, and multibeam
echosounders utilizing single or multiple frequencies in narrow- or
broad-band modes (Demer et al., 2015). Active acoustics is a vital
component of fisheries stock assessments worldwide, given these
instruments’ unequaled capacity to rapidly and non-invasively
sample large volumes of water (Horne, 2000; Simmonds and
MacLennan, 2005). Echosounders have been employed in
studies of fish at tidal energy sites around the world, as well (e.g.
Viehman et al., 2015; Fraser et al., 2017; Viehman et al., 2018;
Gonzalez et al., 2019; Williamson et al., 2019; Scherelis et al., 2020;
Whitton et al., 2020).

Tidal channels are characterized by fast currents and complex
hydrodynamics that pose unique challenges to active acoustics
technology, which can hamper the translation of raw data to
information that can be used by scientists, developers, and
regulators of the tidal energy industry. The primary challenge is
the high prevalence of air bubbles entrained into the water column,
which scatter the sound transmitted by echosounders. Air
entrainment is a common occurrence in the open ocean, with the
primary source of entrainment being breaking waves (Woolf, 2001;
Baschek et al., 2006). Air plumes in the open ocean commonly extend
to depths of 10-15 m, but the extreme hydrodynamic conditions in
areas with strong tidal currents can draw bubbles to depths well over
100 m (Baschek et al., 2006). Though bubbles entrained in the water
column tend to be very small (e.g. < 1 mm diameter; Woolf, 2001;
Baschek et al., 2006), they are strong scatterers of sound. The sound
scattered by clouds of bubbles observed at tidal energy sites is similar
to, or stronger than, that scattered by fish (for example, in the 120
kHz data assessed here, volume backscatter of the entrained air layer
averaged -46 dB re 1 m2m-3), and the two scatterer types cannot be
separated in active acoustics data if they inhabit the same volume of
water. Measurements containing backscatter from entrained air must
therefore be removed from acoustic datasets prior to analyzing
backscatter from fish.

Studies at tidal energy sites have utilized different methods to
remove backscatter from entrained air. The majority of methods
exploit the distinct temporal and/or morphological characteristics
of the bubble plumes to differentiate them from fish backscatter,
including occurrence and duration in time and surface
connectivity (Fraser et al., 2017; Scherelis et al., 2020). Features
with the designated characteristics are then removed from the
dataset, either manually or with some mix of automated and
manual steps. Removal has included omitting just the
contaminated data points (Fraser et al., 2017; Whitton et al.,
2020), or a fixed depth range plus the entire water column when
air extends further (Viehman et al., 2018). Other studies have kept
only the lowermost portion of the water column as the depths of
primary interest, ignoring the upper layers (Viehman et al., 2015;
Gonzalez et al., 2019). Regardless of the method, the result is
omitting a large amount of water that could contain fish but is
unable to be effectively sampled by active acoustics instruments.

Omitting the entrained air layer is likely to affect acoustically
derived estimates offish abundance and vertical distribution, and
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therefore our ability to estimate encounters with MHK devices.
Moreover, it is possible that different fish species’ or life stages’
contributions to acoustic measurements will be unequally
affected by removing different portions of the water column,
given depth preferences that are often species- or life-stage-
specific. For example, in the northwest Atlantic, Atlantic salmon
post-smolts and adults (Salmo salar) tend to be found within the
upper 10 m of the water column (Dutil and Coutu, 1988;
Sheehan et al., 2012). Other species utilize the entire water
column more generally (e.g. Atlantic herring, Clupea harengus,
Huse et al., 2012; Viehman et al., 2018; Atlantic mackerel,
Scombur scombrus, Castonguay and Gilbert 1995), while others
are typically associated with the bottom (e.g. Atlantic cod, Gadus
morhua, Hobson et al., 2007). American eel (Anguila rostrata)
have exhibited distinct vertical migrations to take advantage of
favorable tidal currents, a behavior known as selective tidal
stream transport (STST; Parker and McCleave, 1997). At
present, it is unclear whether depth preferences observed in
lower-energy environments will persist within highly energetic
tidal channels, and there is some evidence that they may differ
(Stokesbury et al., 2016; Lilly et al., 2021).

Though data contamination by entrained air is an issue at all
tidal energy sites, we have yet to examine the resulting data loss
in detail (e.g. its magnitude and spatiotemporal distribution), or
how this loss could affect our acoustically derived estimates of
fish abundance and vertical distribution. This information would
be particularly helpful in the planning stages of a study or
environmental monitoring plan, when steps can be taken to
address any expected limitations of the active acoustic dataset.
These steps may include, for example, the simultaneous use of
complementary technologies and sampling techniques.

In this paper, we examined the entrained air layer in active
acoustic data collected at the FORCE tidal energy test site. We
developed a method for identifying and removing the data points
contaminated by entrained air, quantified entrained air depth and
resulting data loss, and demonstrated the effects of this data loss on
estimates of fish abundance and vertical distribution obtained
from simulated vertical distributions of fish. The active acoustic
data assessed in this paper are from a fixed-location split beam,
narrowband, scientific-grade echosounder, which is the type most
used for assessing the abundance and vertical distribution offishes
over long periods of time or space. Our goal was to provide
researchers, developers, and regulators of the tidal energy industry
with the information they need to utilize active acoustics
technology to its fullest potential, and to mitigate the limitations
imposed on it by this exceptionally challenging environment.
2 MATERIALS AND METHODS

2.1 Data Collection
Data were collected at the Fundy Ocean Research Center for
Energy (FORCE) tidal energy test site, in the Bay of Fundy, Nova
Scotia, Canada (Figure 1). Instruments were installed on the
Fundy Advanced Sensor Technology subsea platform, FAST-3
(Figure 2). This stationary platform was deployed on the seafloor
March 2022 | Volume 9 | Article 851400
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at 45°21’47.34” N, 64°25’38.88” W, and was in place for 53 days
from 30 March to 23 May 2018. At this location, water column
depth averaged 33 m at low tide and 43 m at high tide.

Active acoustic data were collected by a Simrad EK80 WBAT
echosounder with a 120 kHz split beam transducer (7° half-
power beam angle), located 0.7 m above the seafloor and facing
upward. Data were collected in 5-min recording periods every
half hour, with a ping rate of 1 Hz, pulse duration of 0.128 ms,
transmit power of 125 W, and maximum recording range of
60 m. Collection settings were chosen based on pilot data
collected near this site in February 2017.

Measurements of current velocity throughout the water
column were collected by a Nortek Signature 500 acoustic
Frontiers in Marine Science | www.frontiersin.org 3
doppler current profiler (ADCP). The ADCP’s face was located
at 0.7 m above the seafloor. Data were collected in 5-min bursts
every 15 min, alternating with echosounder measurements to
avoid acoustic interference between the two instruments. The
sample rate during each burst was 2 Hz, the blanking distance
was 1 m, and the cell size was 1 m.

Water temperature and salinity at the platform were
measured by an Aanderaa SeaGuard RCM every half hour.

2.2 Data Processing
2.2.1 Active Acoustic Data
Active acoustic data processing was carried out using Echoview®

software (12.1, Myriax, Hobart, Australia). We developed a data
FIGURE 1 | Study location in the Minas Passage of the Bay of Fundy, Canada. The location of Minas Passage is indicated by the filled circle in the left-hand panel,
and the study site is shown on the right.
FIGURE 2 | FAST-3 platform deployed at the FORCE Tidal energy test site from 30 Mar to 23 May 2018. Equipment included (A) Simrad WBAT EK80
echosounder, (B) Nortek Signature 500 ADCP, (C) Aanderaa SeaGuard RCM.
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processing routine in Echoview that detected the surface and
entrained air layer, minimizing the need for manual correction as
much as possible. The template developed for this process is
provided in supplementary materials with a detailed explanation
of all steps.

Briefly, the surface was detected with a line, and the boundary
of the surface dead zone was delineated below this (0.16 m below
on average; Ona and Mitson, 1996). A line was also defined at 2x
the acoustic nearfield distance from the transducer face
(Simmonds and MacLennan, 2005), and acted as the lower
analysis limit in all following steps. Entrained air was defined
morphometrically as clusters of backscatter which extended
downward from the surface, similar to Fraser et al. (2017).
Detection of these clusters required a series of separate
processing steps, including smoothing the raw volume
backscatter (SV) data, applying a minimum data threshold, and
using Echoview’s schools detection algorithm to detect
contiguous clusters of backscatter that surpassed this threshold.
Clusters which were connected to the surface were isolated and
expanded in depth and time, and a line was drawn below the
resulting backscatter to establish the lower extent of the
entrained air layer. The maximum depth of this layer was
limited by the acoustic nearfield, 2.4 m above the seafloor.

All processing steps and settings were chosen by iteratively
reviewing the performance of the processing routine on a subset
of data files that represented a wide range of entrained air
contamination, until the level of necessary manual corrections
to the surface and entrained air lines was deemed acceptably low.
All data files were then batch-processed in Echoview using the
finalized routine. The resulting Echoview files were reviewed
manually to make any necessary corrections to the surface and
entrained air lines.

Once all necessary corrections were made, the surface and
entrained air line depths were exported, and we calculated the
average water column depth and entrained air depth for each 5-
min data recording period. For each recording period, we also
calculated the number of samples (individual datapoints)
omitted due to the entrained air layer. We converted this
number to a percent of analyzable samples, which was more
comparable over time as water level changed. We defined
analyzable samples as all samples between the nearfield and
surface dead zone because samples outside of these boundaries
would always be excluded from acoustic analysis.

Echosounder data were calibrated using calibration sphere
measurements obtained at a calm location off-site, before and
after the deployment. As environmental conditions changed
significantly over the course of the deployment (temperature
and salinity shifts caused the speed of sound to increase from
1452 m·s-1 to 1477 m·s-1), acoustic data were split into sections to
which different calibration parameters were applied. Details of
data calibration are supplied in supplementary materials.

2.2.2 ADCP Data
ADCP measurements were first corrected for platform tilt and
compass declination using Ocean Contour (version 2.1.5, Ocean
Illumination Ltd., Canada). We obtained average horizontal speed
and direction for each 1-m cell of every ADCP burst. The first
Frontiers in Marine Science | www.frontiersin.org 4
measurement cell was centered 2 m from the transducer face.
Measurements from the uppermost 10% of the water column
could not be used due to interference from side lobes, so we
removed these upper cells prior to calculating water column
average speed and direction. We then interpolated these speed
and direction values in time to obtain water column averages at
the midpoint of each echosounder recording period. All future
references to current speed or direction measurements refer to
these interpolated water column averages.

Slack tide was defined as current speed < 0.5 m·s-1, which
captured the period of time when current direction was shifting
between ebb and flood. In this dataset, slack tide defined in this
way (by current speed and direction) occurred approximately 15-
30 min after the time of lowest or highest water. Spring and neap
tides were identified in the current velocity time series as maxima
and minima in peak flow speed.

2.2.3 SeaGuard RCM Data
Conductivity and temperature readings from the SeaGuard RCM
were used in the calculation of sound speed, for calibrating
echosounder data (see supplementary material).

2.3 Data Analysis
There was no way to predict how many fish were omitted from
the acoustic dataset by removing the entrained air layer. We
therefore demonstrated how entrained air contamination affects
estimates of fish abundance and distribution by constructing five
hypothetical fish distribution scenarios that we then subjected to
different levels of contamination and data removal. Analysis was
carried out in R software version 4.1.2 (R Core Team, 2021).

The five vertical distribution scenarios each spanned one tidal
cycle, which was split into 24 equally spaced time segments (tide
bins; approximately 30 min each). All recording periods from the
acoustic dataset were partitioned into these tide bins, and for
each tide bin we calculated mean water column depth and the
5th, 50th (median), and 95th percentiles of entrained air depth.
The mean water column depth from each tide bin defined the
hypothetical water column in each fish distribution scenario. The
water column was then split into 1 m depth bins to be populated
with some number of fish. For simplicity, total fish abundance
was held constant over time (1000 fish per tide bin, 24000 fish
total). The fish distribution scenarios we generated were:

1. Fish utilizing the entire water column: for each tide bin, 1000
fish were distributed randomly into all water column bins,
from the seafloor to the surface.

2. Surface-oriented fish: for each tide bin, 1000 fish were
distributed into the upper 10 bins of the water column. To
simulate a gradual increase in fish abundance towards the
surface (as observed previously; e.g. Viehman et al., 2018), fish
were assigned to depth bins following a beta distribution
which peaked in the 2-3 m depth bins.

3. Bottom-oriented fish: for each tide bin, 1000 fish were assigned
to the lowermost 10 m of the water column, using the same
method as for Scenario 2 but with fish abundance increasing
towards the sea floor and peaking in the lowermost bin.
March 2022 | Volume 9 | Article 851400
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4. Selective tidal stream transport (STST): fish were bottom-
oriented during the flood tide (as in Scenario 3) and surface-
oriented during ebb tide (as in Scenario 2), transitioning
through the mid-water-column during slack tides. This
scenario represented STST for a species migrating outward
toward the open ocean, utilizing the current during ebb tide.

5. Mixed fish assemblage: Scenarios 1-4 were combined to
represent a mix of species exhibiting different depth
preferences and vertical movements. 50% of fish were
randomly distributed, 20% were surface-oriented, 20% were
bottom-oriented, and 10% exhibited STST. The proportions
of fish exhibiting each vertical distribution were chosen
arbitrarily for illustration purposes, as these proportions are
not yet known for fishes utilizing Minas Passage.

To simulate the effects of entrained air contamination on
acoustically-derived estimates of fish abundance, we removed
counts from any depth bins within the entrained air layer. The
5th, 50th, and 95th percentile air layer depths represented “best”,
“middle”, and “worst” contamination conditions, respectively.
We also omitted fish below the nearfield range, as that portion of
active acoustic data would not be useable either. We calculated
“observed” fish abundances as the water column sums for each
tide bin in these reduced datasets (making the assumption that
all fish would be equally detectable by the echosounder). We then
compared observed abundances to the known water column
Frontiers in Marine Science | www.frontiersin.org 5
sums (“actual” fish abundance), which was 1000 fish per tide bin.
For scenario 5, we also compared actual and observed fish

vertical distribution for each stage of the tide: low (tide bins 1 and
24), high (tide bin 13), flood (tide bins 2 to 12), and ebb (tide bins
14 to 23). The vertical distribution for each tidal stage was
constructed by breaking the water column into depth bins
which spanned 5% of the total water column height (to
account for changing water level), then summing the numbers
of fish contained within each percentage bin.
3 RESULTS

The entrained air detection method worked well, with only a
small number of files requiring manual adjustments to the
automatically detected surface and entrained air lines
(approximately 6% and 3%, respectively). Most entrained air
was easily identifiable as backscatter extending downward from
the surface, whereas most backscatter likely to be from fish did
not overlap with the surface (Figure 3).

Despite the entrained air layer detection algorithm generally
working well (Figure 4A), there were still instances where it was
difficult to differentiate backscatter from bubbles or fish based on
appearance alone. Some backscatter could have been either
aggregated fish or partial , detached bubble plumes
(Figure 4C). This ambiguous backscatter needed to be
A B

FIGURE 3 | Volume backscatter (SV) echogram from a typical flood tide (on 22 May 2018). Low tide is on the left and high tide is on the right. Vertical gridlines
separate the 5-min echosounder recording periods, which began every half hour (times shown in UTC). Horizontal gridlines indicate 10-m range bins (measured
upwards from the transducer face). All following echograms use the same grid and color scale shown here. (A) Backscatter from small aggregations of fish visible
near the surface near low tide. (B) Bubble plumes extending far into the water column during the peak flow.
March 2022 | Volume 9 | Article 851400
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classified manually based on the appearance of the surrounding
water column and neighboring recording periods. There were
also many periods where fish were evident within bubble plumes
but inseparable from plume backscatter, and therefore
omitted (Figure 4B).

Backscatter from entrained air was not always confined to
dense plumes of bubbles. At peak current speeds, when the
plumes were most obvious, it was clear that the remaining water
column was also subject to additional backscatter that often
surpassed the same minimum threshold applied to the plumes
(Figure 5). This more dispersed backscatter was likely also
related to bubbles, given its strong association with deep
bubble plumes, and it was therefore considered to be part of
the entrained air layer. This situation is the cause of all recording
periods that were missing 100% of their analyzable samples.

The final dataset consisted of 2583 5-min recording periods.
Across all recording periods, 29% of all analyzable samples were
Frontiers in Marine Science | www.frontiersin.org 6
removed due to contamination from entrained air. Entrained air
depth varied greatly over time, from the surface to the nearfield-
exclusion line (Figure 6B). Consequently, the percentage of
analyzable samples that would be omitted from any given
recording period also varied from near 0% up to 100%
(Figure 6C). Overall, 4% of recording periods were missing all
of their analyzable samples, 16% were missing at least half of
their samples, and 41% were missing at least a quarter. Almost all
recording periods missing 100% of their samples occurred
during peak flow near spring tides, when current speeds were
highest (Figures 6A, C, orange bars). During neap tides, data loss
in a given recording period did not often exceed 50% (Figure 6C,
purple bars).

Due to entrained air extending downward from the surface, the
lower water column was sampled more consistently than the upper
water column. Across all recording periods, the uppermost 5% of
the water column was only sampled 15% of the time, whereas the
FIGURE 4 | Subset of echogram shown in (Figure 3), showing backscatter from fish and entrained air (delineated by pink line). (A) Small fish aggregations clearly
visible in upper water column, separate from entrained air layer. (B) Aggregations appear to shift upward into entrained air layer, where they can still be seen. (C)
Unclear whether backscatter is from fish aggregations or detached/dispersed bubble plumes.
FIGURE 5 | Example of backscatter from bubbles entrained throughout the water column. The detected entrained air line (pink) extends to the acoustic nearfield
(horizontal yellow line), resulting in omission of most or all of the water column.
March 2022 | Volume 9 | Article 851400
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5% above the nearfield was sampled 93% of the time (Figure 7A).
The uppermost water column was almost exclusively sampled at
current speeds less than 2 m·s-1, and current speeds over 3 m·s-1

were only well sampled in the lower half of the water column (i.e. in
proportions similar to total recording periods, Figure 7A, upper
panel). The fastest current speeds, greater than 4 m·s-1, were very
rarely sampled without contamination from entrained air, and only
in the lower 45% of the water column.

There was a noticeable difference between depths and current
speeds sampled during spring and neap tides (Figures 7B, C). Most
current speeds greater than 3 m·s-1 occurred during spring tides
(Figure 7B, upper panel), but were not well sampled anywhere in
the water column (Figure 7B, lower panel). During spring tide,
contamination by entrained air at these faster speeds resulted in
omitting at least 20% of recording periods throughout the water
column, and more closer to the surface.

Conversely, during neap tides, the current speeds sampled in
the lowermost 75% of the water column largely reflected the
current speeds measured across all neap tide periods. Moreover,
bins in the lower 70% of the water column were contaminated
less than 10% of the time. Though surface depth bins were still
under-sampled relative to lower bins, data collected during neap
tides spanned the most representative range of current speeds for
the largest portion of the water column.

The unequal representation of current speeds across depths was
due to the correlation of entrained air depth with current speed
(Figure 8A). Higher current speeds resulted in greater air
contamination and data loss. The highest current speeds recorded
Frontiers in Marine Science | www.frontiersin.org 7
during either flood or ebb tide (occurring near spring tides) were
often correlated with 100% contaminated samples (Figure 8B),
though peak speeds were lower during ebb than flood (Figure 9C).
The recording periods missing all or nearly all samples were mainly
due to the “dispersed” bubble backscatter shown in Figure 5.

The correlation of entrained air depth with current speed
meant the uncontaminated portion of the water column grew
and shrank in an approximately 6-hour cycle, aligned with the
tidal currents. This was very clear when data were summarized
by tide bin (Figure 9).

The 5 hypothetical fish distribution scenarios are shown in
Figures 10A–E, along with samples removed according to the 5th,
50th, and 95th percentile entrained air depth for each tide bin
(hatchlines), and acoustic nearfield (crosshatched area along the
bottom). Different levels of entrained air contamination had clear
effects on fish abundances obtained from each of the 5 distribution
scenarios (Figure 11). The magnitude of the impact on “observed”
fish abundance over the course of the tidal cycle varied according
to the underlying vertical distribution of fish. Generally, error in
abundance estimates was greatest whenever fish were most
concentrated in the upper water column (Figures 11B, D). For
scenarios with fish in the upper- and mid-water-column, omission
of data in the entrained air layer generated a distinct tidal pattern
in observed fish abundance, as fewer fish were detected at higher
current speeds (Figures 11A, B, D, E). This was true for all three
entrained air levels applied to the simulated scenarios. Observed
abundance of fish inhabiting the lowermost water column was
primarily affected by the exclusion of data in the acoustic nearfield
A

B

C

FIGURE 6 | Summary of all active acoustic recording periods from the deployment, spanning 30 March to 23 May 2018. (A) Current velocity (negative is ebb
direction, positive is flood), (B) entrained air depth, and (C) percent of analyzable samples that were contaminated by entrained air in each recording period. The
times of spring and neap tides are indicated by the orange diamond and purple triangle symbols, respectively, and the colored bars span 2 days on either side. Note
that the entrained air layer depth stops at the acoustic nearfield, located 2.4 m above the seafloor.
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A CB

FIGURE 7 | Distribution of depths and current speeds sampled during (A) the entire dataset, (B) recording periods within 2 days of spring tides, and (C) recording
periods within 2 days of neap tides. Upper panels: the current speeds recorded during all periods of the respective data subset, representing speeds that would be
sampled throughout the water column if there were no contamination from entrained air. Lower panels: the depth and current speed distribution of uncontaminated
recording periods. Each depth bin spans 5% of the water column (the lowermost two depth bins were not sampled in any recording periods due to the height of the
nearfield exclusion above the sea floor). To the right of each bar is the percentage of total recording periods within the respective data subset (e.g., entire dataset,
spring tide, or neap tide).
A B

FIGURE 8 | The distribution of (A) entrained air depth and (B) percent of analyzable samples missing from each recording period, grouped by current speed
category and tidal current direction (ebb or flood). Light blue indicates ebb tide, dark pink indicates flood tide. White points are the median value, boxes span the
interquartile range (IQR), whiskers extend to 1.5*IQR, and violins span the minimum and maximum values in each group. Numbers at the top indicate the number of
recording periods in each group.
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(a constant negative bias; Figure 11C, solid red line); however,
lower-water-column observed abundances were also affected by
the more extreme level of entrained air contamination
(Figure 11C, dashed red line).

The observed vertical distribution of fish was also heavily
affected by the differing levels of entrained air contamination, as
demonstrated with scenario 5 (Figure 12). Estimates of fish
abundance in the uppermost portion of the water column were
most affected, particularly during the running tides (ebb and
flood) when entrained air extended the farthest. Even the best
case situation, using the 5th percentile of entrained air depths,
resulted in excluding the majority of fish in the upper 10% (3.2-
4.5 m depth) of the water column in all tidal stages, and the
upper 20% (6.3-8.9 m depth) during flood tide. Due to the height
of the acoustic nearfield above the sea floor, fish in the lowermost
layers of the water column were also noticeably under-sampled.
4 DISCUSSION

Active acoustics technologies provide more detail and breadth of
information on fish throughout the water column than any other
sampling method currently available. However, entrained air
poses a significant problem for active acoustics data collected at
Frontiers in Marine Science | www.frontiersin.org 9
tidal energy sites, and this must be considered when developing a
study or environmental monitoring plan. The magnitude of
entrained air contamination varies by site, and will be heavily
dependent on local conditions (e.g. hydrodynamics, bathymetry,
and weather; Baschek et al., 2006; Jech et al., 2021). The FORCE
tidal energy test site has some of the fastest tidal currents on the
planet (> 5 m·s-1, Karsten et al., 2013), and its complex
bathymetry and resulting dynamic current regime makes it one
of the more challenging locations to use active acoustics
instruments. Though the FORCE site is heavily affected by
entrained air, the considerations discussed below will likely
apply to echosounder users at other tidal energy test sites, as well.

Backscatter from entrained air contaminated 30% of all
samples in our active acoustic dataset, and most of these were
in the upper water column. However, contamination by
entrained air varied greatly over time. The entrained air layer
regularly spanned the entire water column during spring tides,
though it rarely surpassed the middle water column during neap
tides. So, while there were multiple days in a row with high levels
of entrained air contamination, there were also periods of time
with “best case” contamination levels, which would yield lower
error rates in acoustically derived estimates of fish abundance.
Peak current speeds were lower during neap tides than spring
tides, but were well represented in the data throughout much of
A B

C D

FIGURE 9 | Data from all recording periods summarized by position in the tidal cycle. (A) Percent of analyzable samples missing due to entrained air contamination,
(B) depth of entrained air layer relative to the surface, (C) water column mean current speed, and (D) water column total depth. The tidal cycle was divided into 24
equal bins, each spanning approximately half an hour. Light blue indicates ebb tide, dark pink indicates flood tide, and yellow indicates the tide bins containing slack
tides. Horizontal black lines are the median of each group, boxes span the interquartile range (IQR), whiskers extend to 1.5*IQR, and points are outlying values.
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the water column. Active acoustics data collected near neap tides
are therefore likely to consistently yield more complete
information on fish abundance and vertical distribution than
data collected closer to spring tides.

That being said, we found that the distribution of entrained
air backscatter over the shorter time scales (e.g. during a tidal
cycle) could magnify the error introduced to estimates of fish
abundance and vertical distribution. In our simulations, the
tidally fluctuating extent of the entrained air layer generated
false tidal patterns in observed fish abundance, depending on the
underlying vertical distribution of fish. The largest errors
occurred when fish were mainly present in the uppermost
layers of the water column, as this generated the strongest tidal
pattern in estimated abundance (Figures 11B, D). Fish in the
mid-water-column were increasingly omitted as current speed
increased (Figures 11A, E). Abundance estimates of fish in the
Frontiers in Marine Science | www.frontiersin.org 10
lowermost layers were mainly affected by the omission of data
due to the height of the instrument above the sea floor and the
extent of the acoustic nearfield, which introduced a constant
negative bias (Figure 11C). Given the many species- and life-
stage-specific depth preferences of fish, the prevalence of
entrained air will therefore influence the extent to which
different species are likely to be sampled by active acoustic
instruments (for now ignoring other species-specific factors
that affect detectability, such as their acoustic scattering
properties; Horne, 2000).

The spatiotemporal fish distributions that we simulated were
generalized examples of some commonly exhibited depth
preferences among fish, and these may apply to many of the
species likely to be in Minas Passage. For example, Scenario 1
may represent pelagic fish species that use most of the water
column over the course of a day, including Atlantic herring,
A B

C

E

D

FIGURE 10 | Hypothetical fish distributions generated for scenarios 1 to 5 [(A-E), respectively]. Color indicates the number of fish in each depth bin. Datapoints
excluded by the 5th (dot-dash line), 50th (solid line), and 95th (dashed line) percentile depth of the entrained air layer are indicated by the hatched area. The
crosshatched rectangle covering the lowermost 2 m of the water column indicates the data that would be omitted due to the height of the acoustic nearfield above
the sea floor.
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Atlantic mackerel, and striped bass (Castonguay and Gilbert
1995, Redden et al., 2014; Keyser et al., 2016; Viehman et al.,
2018). Atlantic salmon, typically found in the uppermost 10 m in
the northwest Atlantic, may be well-represented by Scenario 2
(Dutil and Coutu, 1988; Sheehan et al., 2012). The Minas Basin is
inhabited by a large number of demersal species, such as Atlantic
cod, Atlantic sturgeon (Acipenser oxyrhynchus), winter flounder
(Pseudopleuronectes americanus), white hake (Urophycis tenuis),
and dogfish (Squalus acanthius), among many others (Parker
et al., 2007). Such species are likely to be on the seafloor or in the
lowermost meters of the water column (e.g. Hobson et al., 2007),
and therefore represented best by Scenario 3. Silver- and yellow-
phase American eels have exhibited STST (Scenario 4) when
migrating or moving around their home range, though with
more frequent vertical movements during a tide and not always
traversing the whole water column (Parker and McCleave, 1997).
Other species have also exhibited STST, such as Atlantic cod
Frontiers in Marine Science | www.frontiersin.org 11
(though with smaller vertical movements above the seafloor;
Arnold et al., 1994; Hobson et al., 2009), and possibly Atlantic
mackerel (Castonguay and Gilbert 1995). The cyclic changes
represented by Scenario 4 could also be extended to diel
differences in vertical distribution, which would bring fish into
and out of the under-sampled layers of the water column on a
24-hour cycle (rather than 12-hour). Many species and life stages
of fish exhibit some level of diel vertical migration; e.g. Atlantic
herring (Huse et al., 2012; Viehman et al., 2018) and alosids
(American shad, Alosa sapidissima; Alewife, A. pseduoharengus;
and river/Blueback herring, A. aestivalis; Stone and Jessop, 1992).
Scenario 5 may represent a mixed species assemblage, which is
more realistic for this location; however, the proportions of fish
exhibiting each type of distribution were chosen somewhat
arbitrarily, as there is little information to base these on.

It is unknown whether species-specific depth preferences will
persist in high-speed tidal channels. Apart from STST, most
A B

C

E

D

FIGURE 11 | Fish abundance over the course of the tidal cycle for simulated fish distribution scenarios 1 to 5 [(A–E), respectively]. Actual abundance (black) is
shown in contrast to abundance that would be observed under different levels of entrained air contamination (red lines).
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knowledge of different species’ depth distributions and vertical
movements comes from measurements obtained in less energetic
environments. Some information exists for tidal channels.
Atlantic sturgeon, for example, are normally a demersal
species, but acoustically-tagged sub-adults were found to
transit Minas Passage pelagically (Stokesbury et al., 2016),
slightly deeper during ebb tide than flood tide (Lilly et al.,
2021). This could increase their detectability by active acoustics
instruments (deployed as presented here), as individuals would
be more likely to be in the middle-water-column rather than in
the omitted layers near the sea floor. Eight acoustically tagged
silver-stage American eels have been detected in the FORCE test
site, and though they were mainly detected during ebb tide, they
did not appear to exhibit the vertical motions associated with
STST which this species has displayed elsewhere, instead
utilizing most of the water column (Redden et al., 2014).
Striped bass have been detected at the FORCE test site from
summer through winter, carrying out diel vertical migrations
from 20-40 m depth during the day to the upper 30 m at night,
except at temperatures below 1˚C (Redden et al., 2014; Keyser
et al., 2016). If Atlantic sturgeon, American eel, and striped bass
all move pelagically at the FORCE site, then their availability to
sampling by active acoustics may be best represented here by
Scenario 1 (e.g., greater error in estimated abundance at peak
flow). A better understanding of how different species utilize the
water column in high-flow areas is necessary to assess their
likelihood of sampling by active acoustic instruments.

Tidal and diel shifts in fish depth appear to be common across
tidal energy sites, and these shifts could additionally influence the
effects of entrained air on acoustically derived estimates of fish
abundance and distribution. In Minas Passage, active acoustic
measurements of fish (expected to be mainly overwintering
Atlantic herring) found them to be more evenly spread out in
Frontiers in Marine Science | www.frontiersin.org 12
the water column at night than during the day (Viehman et al.,
2018), which was also observed throughout the year for a mixed
fish assemblage in Cobscook Bay, USA (Viehman et al., 2015). In a
tidal channel in Tasmania, Australia, fish were more closely
associated with the surface at higher current speeds (Scherelis
et al., 2020). In the Holyhead Deep, UK, European sprat (Sprattus
sprattus) carried out diel vertical migrations linked to the depth of
light penetration (Whitton et al., 2020), and in Admiralty Inlet,
USA, the vertical location of fish and zooplankton changed on a
24-hour cycle (Gonzalez et al., 2019). Periodic vertical movements
such as these could bring fish into and out of the entrained air
layer at regular intervals. The possible interaction of this periodic
movement with tidal patterns in entrained air depth couldmask or
generate patterns in observed fish abundance over time (as seen
for Scenarios 4 and 5; Figures 11D, E). These considerations also
apply to fish shifting their depth usage in response to deployed
MHK devices; for example, avoiding a device by moving higher or
lower in the water column, and therefore potentially into or out of
the entrained air layer. There has been some evidence that marine
animals (including fish and marine mammals) may change their
swimming behavior in response to device presence (Williamson
et al., 2021).

While the upper water column and higher current speeds (> 3
m·s-1) were under-sampled in this dataset, the lower 70% of the
water column was generally well-sampled for current speeds up
to 3 m·s-1 (Figure 7A). This is a large amount of data that can
yield information on fish use of particular depth bins and how
their depth may be influenced by a range of current speeds, all of
which can inform our understanding of their likelihood of
encountering an operating MHK device. However, information
gained from a subset of the full range of depths and current
speeds experienced at a site should not be assumed representative
of the remaining, under-sampled depths and speeds. This is due
A C DB

FIGURE 12 | Vertical distribution of fish in simulated distribution Scenario 5, during (A) low, (B) flood, (C) high, and (D) ebb tide. The “actual” vertical distribution
(light gray) is overlaid by the vertical distributions that would be observed under different levels of contamination by entrained air: 5th percentile air depth (blue), 50th

percentile air depth (hatched), and 95th percentile air depth (dark orange). Each depth bin spans 5% of the total water column depth, to facilitate comparison across
tidal changes in water level. Fish counts in the lowermost two depth bins were primarily reduced due to the height of the acoustic nearfield above the sea floor.
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to the above links between species, current speed, and depth
usage, but also to other potential effects of current speed on fish
behavior. For example, at a tidal energy site in the Pentland Firth,
UK, fish school abundance and physical size was found to change
as current speed surpassed 1 m·s-1, potentially indicating an effect
of physical forcing from tidal currents on schooling behavior
(Fraser et al., 2018; Williamson et al., 2019). In these
environments dominated by extreme physical forcing by tidal
currents, it remains important to determine the extent to which
information gathered at greater depths and lower speeds can be
extrapolated (if at all). This could be examined at tidal energy sites
that may have lower levels of entrained air contamination, or in
future data collected with additional, complimentary sensors.

Additional sensing technologies will be essential for filling the
gaps in active acoustics datasets that are left by entrained air, and
for providing the necessary context for interpreting results.
Acoustic telemetry has already provided valuable insight into
when different species are likely to be present and where they
are likely to be in the water column, and therefore how likely they
are to be sampled with active acoustics in a deployment such as
ours. Acoustically tagged individuals can be tracked over large
distances, providing much-needed spatial context for the narrow
volume sampled by an echosounder. Acoustic telemetry can help
answer essential questions for building probability of encounter
models, such as the proportion of a given fish population likely to
come into the vicinity of a tidal turbine, and whether fish are
actively swimming or drifting passively with the current. This adds
to the information active acoustics provides for such models,
which is fine-scale information on fish presence in the depths
spanned by a given device, and how this changes over short and
long time scales (for many more fish than can be tagged).

As with active acoustics, the efficiency of some acoustic
telemetry systems can be reduced by current speed (Redden
et al., 2014; Keyser et al., 2016; Tsitrin, 2019), resulting in fewer
observations offish location and depth during the time periods of
greatest interest. This drop in detection probability could be
related to the number of pulses that must be received from a
given tag to allow a detection (Redden et al., 2014), the chance of
a fish moving quickly past a receiver between acoustic tag
transmissions (Keyser et al., 2016), as well as severe tilting of
tethered receiver moorings in faster currents (Sanderson et al.,
2017). These issues could be mitigated with appropriate choice of
acoustic tags, mooring design, and receiver deployment
(Sanderson et al., 2017; Sanderson et al., 2021). Recent
experiments have shown drifting receivers could improve long-
term tracking of individuals transiting Minas Passage, which
wouldn’t necessarily be possible with fixed receiver arrays
(Sanderson et al., 2021). A combination of active acoustics and
acoustic telemetry, using both stationary and drifting receivers,
could yield a much more complete picture of fish use of a tidal
energy site and their chance of encountering MHK devices.

Fish activity within the entrained air layer itself may be
quantifiable using optical techniques. While bubble plumes are
largely “opaque” to active acoustic instruments, cameras may be
less affected unless bubble density is very high. Video has been
used for studying fish interactions with tidal energy turbines
Frontiers in Marine Science | www.frontiersin.org 13
(Hammar et al., 2013; Broadhurst et al., 2014; Matzner et al.,
2017), and in many other underwater applications requiring fish
detection (e.g. Davidsen et al., 2005; Ellis and Bell, 2008). Optical
systems cannot be used at night without additional lighting,
which can affect fish behavior (Marchesan et al., 2005), and
turbid or debris-laden water reduces fish detectability
substantially (Ellis and Bell, 2008; Matzner et al., 2017).
However, during daylight and with a few meters of visibility,
there is an opportunity for video to be utilized for fish detection
within the entrained air layer (Pattison et al., 2020). If optical
data could be collected concurrently with an active acoustic
system, ensuring sampled volumes overlap (or nearly do), results
could help us understand how fish presence in the entrained air
layer compares to abundance lower in the water column, and to
what extent acoustically derived information from greater depths
might be extrapolated upward.

Additional sensing technologies can help address another gap
in active acoustics data analysis, which is the species and sizes of
detected fish. This information would be helpful to those assessing
the risk posed by tidal energy turbines, particularly when
threatened or endangered species may be present. Information
on fish species and length is also required to convert acoustic
backscatter values to quantities of fish (Horne, 2000), unless fish
are spread out enough to be detected and counted individually
(e.g. Shen et al., 2016). Active acoustics data cannot usually
provide identification of the detected scatterers to the species
level without additional supporting information, which is typically
obtained with trawls (Horne, 2000). The highly energetic and
dynamic conditions at tidal energy sites often make them very
difficult to sample safely or efficiently with trawls (Vieser et al.,
2018), particularly at the spatial and temporal resolution required
for classifying backscatter from a mixed assemblage within a
rapidly changing environment. To date, most active acoustic
studies at tidal energy sites have lacked physical sampling and
stopped short of converting fish backscatter to estimates of
abundance or biomass (Viehman et al., 2015; Fraser et al., 2018;
Viehman et al., 2018; Staines et al., 2019; Williamson et al., 2019;
Scherelis et al., 2020), with only one able to carry out concurrent
trawling of a distinct layer of schools (Whitton et al., 2020).

Stereo optical camera or video systems may be useful
alternatives to physically sampling fish at tidal energy sites. In
recent years, species and length estimates from stereo camera
systems have been found suitable for converting active acoustics
backscatter to biological quantities, including in “untrawlable
environments” (Rasmuson et al., 2021). Stereo optical systems
are additionally non-lethal to sampled fish, less cumbersome
than midwater trawls, and offer greater spatial resolution than
trawls can provide (Boldt et al., 2018). Integrated optical-acoustic
systems have been explored for MRE site monitoring, though so
far only alongside high-frequency multibeam echosounders
(Cotter and Polagye, 2020). Some challenges will need to be
overcome for optical sensors to inform analysis of active acoustic
data collected throughout the water column. As previously
mentioned, optical systems require adequate lighting and water
clarity for fish detection and identification. They also sample a
much smaller volume than active acoustic instruments, which
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can complicate comparison to the larger volume sampled
acoustically and can result in low sample sizes (Boldt et al.,
2018). In addition to optical systems, acoustic tag detections
could provide insight on the species in the area of an
echosounder; however, only the species that were tagged would
be detected, and any effects of high flow on detection probability
would need to be addressed.

Using multiple acoustic frequencies could also broaden the
information that can be gained from an active acoustic dataset.
Data from multiple frequencies could aid in identifying different
groups of scatterers (e.g. air bubbles, fish with and without swim
bladders, zooplankton, etc.) based upon their frequency response
(Horne, 2000; Korneliussen, 2018). The frequency response alone
may not always be sufficient to identify fish to the species level
without supporting information on which species are likely to be
present. However, it is possible that the frequency response could
be used to improve identification and removal of backscatter from
entrained air bubbles. The entrained air detection method we used
here relied mainly on morphological characteristics of the
backscatter, which, for entrained air, mainly took the form of
plumes extending downward from the surface. This is similar to
methods used at other tidal energy locations (Viehman et al., 2015;
Fraser et al., 2018; Whitton et al., 2020). Manual scrutiny of the
data showed that backscatter from entrained air did not always take
this form (e.g., when the entire water column appeared to be
contaminated by additional backscatter; Figure 7), and there were
many near-surface backscatter features that were not easily
classified as fish or bubbles based on morphological criteria alone
(Figure 5). Adding a frequency response filter to the morphological
one applied here could improve backscatter classification, and
further ensure that remaining backscatter is likely to be from fish.

Multiple acoustic frequencies could also aid in characterizing
the entrained bubbles themselves, which would be useful for
assessing whether they are likely to affect the performance of
surface-mounted echosounders transmitting sound through the
air layer to quantify fish below (Dalen and Løvik, 1981; Vagle and
Farmer, 1991; Jech et al., 2021). To our knowledge, frequency
response has not yet been used for identifying or characterizing
entrained bubbles at tidal energy sites. However, this approach
would be worth exploring in new or existing multifrequency
datasets, as it can inform data collection moving forward.
5 CONCLUSION

Active acoustic technologies are well-suited for collecting
information on fish abundance and distribution throughout the
water column, with the resolution and breadth required for
predicting the likelihood of fish occurring at the same depths as
MHK devices. This information can add to our understanding of
potential encounter rates, and therefore risk devices pose to fish.
However, the prevalence of entrained air at tidal energy sites often
masks large portions of the upper water column from
echosounders, particularly at high current speeds. In the dataset
examined, the lower 70% of the water column was well-
represented for current speeds under 3 m·s-1, but the upper
water column and faster current speeds were under-sampled in
Frontiers in Marine Science | www.frontiersin.org 14
comparison. These under-sampled depths and periods of time
constitute gaps in the active acoustic dataset that limit our ability
to accurately measure fish abundance and vertical distribution,
and therefore their potential overlap with MHK devices.
Additional technologies, such as acoustic telemetry and optical
systems, could be used concurrently with active acoustics to help
fill these gaps and maximize the information that can be extracted
from active acoustics data. While other tidal energy sites may
experience less data contamination from entrained air, patterns in
data loss are likely to be similar. The possible influence of these
patterns on acoustically derived measurements of fish abundance
and vertical distribution must be considered when planning a
study or environmental monitoring plan at a tidal energy site, and
when interpreting results from active acoustic datasets.
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