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Abstract There is significant international interest in
developing current-based marine and hydrokinetic
(MHK) technologies to capture the power of tidal ener-
gy. However, concerns have been raised regarding the
ecological effects of these projects on fish, including the
risk of blade collision and behavioral impacts such as
the disruption of migratory behavior and food acquisi-
tion and displacement from preferred habitats. We con-
ducted mobile hydroacoustic surveys to track fish as
they approached a tidal turbine deployed in Cobscook
Bay, Maine. There was a significant decline in fish
numbers with decreasing distance to the turbine, begin-
ning approximately 140 m from the turbine. Similar
declines were not observed at control transects or when
the turbine was not spinning. The decline in fish num-
bers appeared to be the result of horizontal displace-
ment, not vertical, movements to avoid the turbine.
Noise rather than visual cues or flow field disturbance
seemed to be a likely explanation for the reduced num-
ber of fish near the turbine. This finding, combined with

near-field blade collision studies indicating a low prob-
ability of encounter, suggests that a single turbine poses
a low collision risk to pelagic fish and that a single
turbine is likely to result in minimal behavioral re-
sponses by fish. However, the risk may be different with
additional devices, which will become more relevant as
commercial-scale MHK arrays come under consider-
ation. Therefore, the risks associated with commercial-
scale operations will ultimately have to be evaluated to
fully understand the ecological impacts of MHK
devices.

Keywords Hydrokinetic energy . ELAM . Fish
behavior . Agent basedmodeling

Introduction

In recent years, there has been significant international
interest in developing current-based marine and hydro-
kinetic (MHK) technologies to capture the power of
tidal energy resources. In an analysis of tidal energy
potential in the USA, the USDOE estimated the techni-
cal tidal energy potential in the USA to be 222–334
TWh/year (US Department of Energy 2009). However,
concerns have been raised regarding the effects of these
projects on the physical and biological environment.
Determining the potential impacts of MHK devices on
fish behavior is critical to addressing the environmental
concerns. For example, several potential fish behavioral
risks have been identified for tidal turbines including the
disruption of migratory behavior and food acquisition,
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behavioral attraction to the device, and avoidance of
preferred habitat occupied by the device (Boehlert and
Gill 2010; Polagye et al. 2010; Frid et al. 2011; Hammar
et al. 2013).

Fish collision with turbine blades has also been iden-
tified as a primary concern associated with the operation
of tidal turbines (US Department of Energy 2009).
There have been multiple blade collision studies con-
ducted in laboratory settings using fish exposed to tur-
bines in a confined channel (Amaral et al. 2015; Castro-
Santos and Haro 2015).While these studies indicate fish
can avoid blade collision if they swim through a turbine,
they do not address what proportion of fish will avoid
the turbine completely while swimming through a nat-
ural channel. This question is critical in assessing the
actual risk of collision with the turbine blades (Hammar
et al. 2015). Earlier work in our study area (Viehman
and Zydlewski 2014) attempted to address the blade
collision data gap by using dual-frequency identification
sonar (DIDSON) to monitor fish movement within a
few meters of the Ocean Renewable Power Company
(ORPC) turbine generating unit (TGU). However, fish
were not observed to have collided with the turbine
blades.

Shen et al. (2016) examined fish behavior around
ORPC’s OCGen® prototype and combined those
data with previously collected data to determine
the probability of encountering a turbine in
Cobscook Bay Maine. They found the probability
of fish being present at the same depth as the turbine
blades was 0.079 to 0.093 (Shen et al. 2016). Here,
we more thoroughly examine the data collected dur-
ing the OCGen® prototype monitoring to evaluate
the magnitude and ecological significance of fish
behavioral responses and investigate the potential
turbine-related variables driving the observed behav-
ioral responses. Detecting fish behavioral responses
to turbines as well as determining the reason for any
behavioral changes is key to assessing risk and
subsequent mit igat ion associated with this
technology.

Methods

The study was conducted in Cobscook Bay, Maine
(Fig. 1), which is characterized by strong currents and
approximately 10 m, daily tidal fluctuations. Over the
course of the study, two tidal turbines were deployed.

The bottom-mounted ORPC TidGen® power system
(TidGen®) was deployed in 2013. However, in spring
2013, the TidGen® foils and generator were removed
from Cobscook Bay and the TidGen® was replaced
with the bottom-moored OCGen® power system
(OCGen). The bottom-mounted, solid steel frame of
the TidGen®, which was 31.2-m long and 15.2-m wide,
remained on the seafloor during the OCGen survey
period.

The OCGen was moored to the seafloor with gravity
anchors and cables (Fig. 2). The entire OCGen system
(float and foils) was 5.1-m high and 19.7-m long. The
distance of the OCGen to the seafloor varied with the
tidal stage, ranging from 5.9 m to 8.4 m during maxi-
mum flow. The center location of the OCGen was about
100 m seaward from the center location of the TidGen®
bottom support frame.

Mobile hydroacoustic fish surveys

We conducted mobile hydroacoustic surveys to de-
termine the position and movement of fish as they
approached the OCGen. The surveys were initiated
after the OCGen was deployed in late July 2014
(Table 1). The mobile down-looking hydroacoustic
surveys consisted of drifing with the current (with
the engine not in gear) from 200-m upstream to 200-
m downstream of the OCGen® allowing the obser-
vation of fish numbers upstream, over, and down-
stream of the OCGen. Control transect surveys were
also conducted on both sides of the OCGen. During
each survey period, we typically conducted more
than 100 mobile hydroacoustic surveys (Table 1).
Surveys were conducted using a Simrad EK60 split-
beam echosounder.

Only data collected during flood tides were used in
the analysis because the TidGen® bottom support frame
could have potentially affected fish behavior as the fish
approached the OCGen during ebb tides (Fig. 3). Be-
cause the seafloor sloped upward as the boat approached
the device during the flood tide, fish tracks deeper than
30 m from the sea surface (Fig. 3) were excluded to
ensure an equal amount of water was sampled across the
length of a transect.

Following hydroacoustic data collection, the data
were processed (using EchoView 6.1, Myriax, Hobart,
Australia) into fish positions based on tracks. The sur-
vey transect was binned into 10-m distance segments,
and the relationship between the number of fish tracks in
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the 10-m bin (sum of all surveys) and the distance to the
turbine was determined using a simple linear regression.
Turbine avoidance was classified as a decrease in the
number of fish tracks with decreasing distance to the
OCGen. A complete description of the hydroacoustic
surveys and data processing is provided in Shen et al.
(2016).

After the surveys were completed, we discovered
that the OCGen was freespinning (rotating but not
generating power) during the surveys conducted
from July 29 to August 3 and that during the August
13 to August 16 survey, the turbine was in a static
operational condition and was not spinning
(Table 1). This operational variation allowed us to
examine the relationship between fish numbers and
the operational status of the turbine.

Analysis of possible mechanisms affecting fish
distributions

Both sight and sound were explored as stimuli affecting
fish response to the turbine. The significance of turbine-
associated visual stimuli was investigated by examining
differences in fish numbers between fish survey data
collected during the day and data collected at night. The
turbine would presumably be visible to fish at a greater
distance during the day compared with night. Therefore,
differences in fish numbers approaching the turbine
between day and night might indicate a visual stimuli
effect. Fish response to turbine-generated noise was
investigated by examining differences in fish behavior
between data collected while the turbine was
freespinning (July to early August 2014) versus when

Fig. 1 Map of Cobscook Bay, Maine, with locations of the project and control sites for fish-MHK interaction research

TidGen
®

OCGen
®

Fig. 2 Schematic representation of the TidGen® (9.5 × 31.2 ×
15.2 m) and OCGen (5.1 × 19.7 × 5.3 m) power systems that
ORPC installed in outer Cobscook Bay, Maine. Only the bottom

mount of the TidGen® systemwas present during the 2014mobile
hydroacoustic fish surveys over the OCGen power system
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it was static (mid-August 2014). Based on prior acoustic
monitoring of the TidGen® (ORPC 2014), we assumed
that the OCGen would produce significantly less noise
when static compared with when it was freespinning.

Results

There was a significant negative relationship between
the number of fish tracks within the 10-m distance
bins and the distance to the OCGen (y = − 0.5093x +
103 .78 ; R 2 = 0 .86 ) , when the tu rb ine was
freespinning. The number of fish tracks began de-
creasing approximately 140-m upstream of the
OCGen (Fig. 4a), and there was a 37.2% (95% CIs:
[21.8%, 49.4%]) decrease in the number of fish be-
tween 140- and 10-m upstream of the OCGen. The
significant decrease in fish tracks approaching the
spinning turbine was found for both daytime (R2 =
0.7402; p < 0.001) and nighttime (R2 = 0.7648;
p < 0.001) surveys (Fig. 5 a and b). No relationship
between the number of fish tracks and the distance to
the OCGen was found for control transects (Fig. 4b),
or control transects parsed by day (Fig. 5c) or night
(Fig. 5d). The proportion of fish 0–10 m above the

seafloor (the approximate depth of the OCGen) rela-
tive to the number of fish in the entire water column
showed little variation across the survey transect
(Shen et al. 2016), indicating the decrease in the
number of fish tracks between 140 and 10 m is the
result of a change in horizontal rather than vertical
movement as they approach the device.

For surveys conducted in mid-August, when the
turbine was static, there was a weak relationship (p =
0.0357) between the number of fish tracks and the
distance to the OCGen (Fig. 6a). This weak relationship
was present in daytime survey data (p = 0.0154), but not
for nighttime survey data (Fig. 6a). A similarly weak
relationship was observed at control transect surveys
conducted during the static turbine period for nighttime
surveys (p = 0.02557), but not daytime surveys (p =
0.3031) (Fig. 6 b and c).

Discussion

The key finding of the hydroacoustic surveys was that
there was a significant decline in fish numbers with
decreasing distance to the OCGen. Bevelhimer et al.
(2017) andMatzner et al. (2017) also found fish avoided

Table 1 Dates and conditions for 2014 mobile hydroacoustic surveys

Start time End time Tidal pattern Lunar cycle Turbine Number of transects1

7/29/2014 7/31/2014 Flood Neap tide Freespinning 63 (T)/34 (C)

8/1/2014 8/3/2014 Flood Neap tide Freespinning 108 (T)/30 (C)

8/13/2014 8/16/2014 Flood Spring tide Static 84 (T)/43 (C)

1 T = hydroacoustic transects over the turbine; C = control transects not over turbine
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Fig. 3 A mobile transect over the OCGen power system and the TidGen® bottom support frame during a flood tide
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Fig. 4 (a) The relationship
between the number of fish tracks
and the distance of the track to the
OCGen while the turbine was
freespinning and (b) the number
of fish tracks versus the distance
to the theoretical location of the
OCGen at control transects. The
data points represent the total
number of fish tracks (sum of all
surveys) in each of the 10 m
distance intervals between 200
and 20 m from the OCGen
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Fig. 5 The relationship between the number of fish tracks and the
distance of the track to the OCGen when the turbine was
freespinning during (a) daytime and (b) nighttime surveys and (c

and d) at control transects. The data points represent the total
number of fish tracks (sum of all surveys) in each of the 10 m
distance intervals between 200 and 20 m from the OCGen
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hydrokinetic turbines when operational. While
Williamson et al. (2019) found more fish schools were
present around MHK structures compared with control
areas, only the bladeless turbine infrastructure was pres-
ent. We only found avoidance behavior when the tur-
bine was operational. In contrast to our results,
Bevelhimer et al. (2017) found fewer fish present at
the MHK site in both the operational and non-
operational condition.

Because of the uneven bathymetry, fish track
counts only included the top 30 m of the water
column between 200 and 50 m from the OCGen to
equalize the amount of water column surveyed
across the transect (Fig. 3). This meant that fish less
than 30 m from the sea surface were not counted
except in the final 50 m of the transect nearest the
turbine. If fish in the lower water column were
relatively abundant compared with fish higher in
the water column, this could have led to an under-
estimate of fish numbers between 200 and 50 m
from the turbine. However, if this were true, there
would have been a spike in fish numbers from 50 m
to the turbine, when bottom fish were included in
the fish track counts. In fact, however, the decrease
in the number of fish tracks continued all the way to
the turbine, suggesting that excluding fish in the
lower 30 m did not significantly affect the results.

Explanations for avoidance behavior

In contrast to surveys conducted while the turbine was
freespinning, there was a weak or non-existent relation-
ship between the number of fish tracks and the distance
from the OCGen for transects surveys conducted while
the turbine was static. These results support the hypoth-
esis that stimuli produced by the spinning turbine (e.g.,
noise, visual cues) could potentially explain the decrease
in fish tracks along the survey transect when the turbine
was spinning. We investigated three potential OCGen
related explanations for the observed avoidance behav-
ior: (1) noise generated by the turbine, (2) visual stimuli
generated by the turbine, and (3) anecdotal evidence of
turbine-generated disturbances in flow patterns in the
channel.

Noise The ability of fish to detect turbine noise is relat-
ed to the hearing sensitivity of the fish, the sound
produced by the MHK technology, and the ambient
noise generated by existing natural processes or human

activity within the area. By necessity, MHK devices are
placed in areas like Cobscook Bay that have high flow
and turbulence. This placement may reduce the ability
of fish to detect noise from the turbine, because ambient
noise increases with tidal flow (Willis et al. 2013). In our
study, fish counts began to decline approximately 140m
from the OCGen when it was freespinning. Therefore, if
noise is the source of the avoidance behavior, the noise
from the OCGen would have to be of sufficient levels to
elicit avoidance at a distance of 140 m. No noise studies
are available for the OCGen that could be used to
determine noise levels at incremental distances from
the turbine. However, ORPC has previously measured
noise generated by a test turbine, the commercial-scale
TidGen® system, which is much larger than the OCGen
(ORPC 2011, 2014). For the test turbine, there was an
increase of up to 35 dB re 1 μPa2/Hz above the ambient
background noise level 68 m from the turbine, (ORPC
2011) and sound pressure levels from the turbine were
below 100 dB re 1 μPa2/Hz, even at the maximum
rotational speed (ORPC 2011). Considering these re-
sults were for the smaller test unit, the noise levels and
distance the sound traveled are likely greater for the
commercial-scale OCGen.

The in-water sound peaks associated with the
TidGen® were less than 120 dB re 1 μPa2/Hz at
all measured frequencies. This was true when the
turbine-generated power and when freespinning
(ORPC 2014). Measurements taken at 154 m from
the TidGen® indicate that at frequencies around
100 Hz, the turbine generated the highest noise
levels, or slightly over 100 dB re 1 μPa2/Hz
(ORPC 2014). Although these noise levels would
not be injurious to fish, multi-species studies sug-
gest that fish would be able to detect sounds within
this frequency and noise level (Popper and Hastings
2009). While the TidGen® is larger than the
OCGen, 154 m is similar to the 140 m at which
the avoidance behavior was observed in this study.

The role of species specific hearing sensitivity was
also examined. Pelagic and benthic trawl samples from
the study area indicated that Atlantic mackerel (Scomber
scombrus) and Atlantic herring (Clupea harengus) were
the pelagic species most likely to be interacting with the
OCGen (Shen et al. 2016). Clupeids, such as the Atlan-
tic herring, are known to be sensitive to noise (Popper
and Hastings 2009), while mackerel are likely less sen-
sitive to noise because they lack a swim bladder
(Hawkins and Popper 2014).
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Visual cues Another explanation for the avoidance be-
havior observed near the OCGen is that fish were able to
see the turbine as they approached, and therefore change
their swimming direction. Near-field (< 5 m from the
turbine) DIDSON studies of fish interaction with an
ORPC TidGen® indicated that fish that passed through
the turbine generally did so at night rather than during
the day (Viehman et al. 2014), suggesting that fish
behavior changed because they may have seen the tur-
bine during the day. Other field studies also suggest that

the increase in turbine visibility near-field reduces fish
interactions with turbines (Hammar et al. 2013).

However, while sight may have played a role in near-
field studies, it is unlikely fish would be able to see the
turbine from a distance of 140 m where avoidance
behavior was observed. To confirm, we investigated
whether there were differences in fish tracks between
transects conducted at night versus the day, with diurnal
differences indicating a visual response to the turbine.
We found the decline in the number of fish tracks with
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decreasing distance to the turbine was significant for
both day and night surveys, and, most importantly, the
decline in fish tracks began at approximately 140 m
from the turbine during both day and night. These
results suggest that visual stimuli were not the source
of the avoidance behavior.

Turbine-related hydrodynamic changes Although a
quantitative analysis was not conducted, preliminary
hydrodynamic simulations of Cobscook Bay indicated
that the project site has very high natural turbulence and
that hydrodynamic disturbance from the OCGen was
likely small and restricted to the vicinity of the OCGen
(unpublished data). Therefore, we conclude that turbine-
related hydrodynamic stimuli were not likely to be
responsible for the observed avoidance behavior at
140 m from the OCGen.

Turbines are purposely placed in areas of high flow
in order to optimize power generation. Therefore, our
results may not be atypical of tidal MHK projects. If so,
behavioral responses of fish resulting from hydrody-
namic alterations may be minor and localized for single
MHK device deployments. However, economically vi-
able MHK deployments will ultimately require the de-
ployment of additional devices in an array, which would
likely increase the magnitude of hydrodynamic change.

Ecological implications of findings

As demonstrated by this study, MHK devices have the
potential to alter the behavior of individual fish that
move within the vicinity of the device while it is in
operation. Of further interest is whether these behavioral
changes could result in ecologically meaningful impacts
such as the disruption of spawning and migratory runs.
For species that do interact with an MHK device, fish
colliding with the turbine blades is of significant con-
cern to regulators. As described below, the results of this
study suggest that the risk of significant ecological
impacts is low for a single MHK device.

Disruption of fish movement Our finding that fish
numbers decrease with closing distance to a single
turbine is similar to findings in other systems.
Hammar et al. (2013) used underwater video to re-
cord fish movement through a narrow tidal channel.
They found that passage through the channel was
significantly lower for 6 of the 16 genera recorded
when the turbine was present, compared with when it

was absent from the channel. The passage rate was
negatively related to water velocity, but only when
the turbine was present, indicating that the decrease
in passage was due to the higher rotational speeds of
the turbine, not the water velocity itself (Hammar
et al. 2013). However, fish that passed through the
channel avoided the turbine by only 0.3 to 1.7 m,
indicating minimal disruption of movement and en-
ergetic cost to the fish. Similarly, our results suggest
it is unlikely that a single turbine deployment in
Cobscook Bay would pose a significant fitness cost
to juvenile or adult fish or disrupt ecologically sig-
nificant life-history activities such as migration and
spawning for those detected during this time of year.

Most MHK project development plans include the
deployment of an array of turbines, which increases the
potential for hydrodynamic disturbance and subsequent
behavioral changes over a large portion of the deploy-
ment site (Hammar et al. 2013). These impacts can be
mitigated to some degree by turbine placement in areas
where fish are less likely to be present.

Collision As summarized in Table 2, existing colli-
sion studies do not suggest a significant risk for fish
from direct blades strike. Near-field studies of fish
interactions with the TidGen® using a DIDSON
acoustic camera indicated that few fish entered the
device while it was static, and the number of fish
entering the turbine decreased by 35% when the
turbine was rotating (Viehman and Zydlewski
2014). For fish that do pass through an MHK de-
vice, recent studies in laboratory and natural settings
suggest a low potential for injury and mortality from
blade collision, except in the case of early larval
stages of fish (Table 2). For example, in studies in
a narrow tidal channel, Hammar et al. (2013) record-
ed only two individuals entering the turbine rotor
and no individuals were observed being hit by the
blade. They also found that fish passage through a
tidal channel was negatively related to the rotational
velocity of the turbine, which would likely reduce
the probability a turbine blade actually striking a
fish.

For mid-field and far-field interactions, whether the
MHK device is located in the habitat preferred by the
species is a significant factor in the probability of a fish-
turbine encounter. Most studies suggest that a signifi-
cant number of interactions are unlikely because the
locations or time periods in which the turbines typically

Environ Monit Assess (2020) 192: 6456 Page 8 of 1145



operate are generally not suitable for aquatic organisms.
As reported in Viehman et al. (2014) and Shen et al.
(2016), the probability of fish being present in the same
location as the proposed TidGen® deployment was
generally between 0.5 and 0.8 in all seasons and tidal
conditions. However, the probability of the fish being at
the same depth as the turbine blades was much lower,
ranging from 0.079 to 0.093 (Shen et al. 2016).

This study significantly expands the range of
earlier near-field blade collision and DIDSON

studies by observing fish behavioral changes as they
approached the device over hundreds of meters. The
results of this study indicate that fish in Cobscook
Bay begin to avoid the OCGen at 140 m from the
device, further reducing the probability fish will
physically interact with the device. This finding
combined with near-field blade collision studies in-
dicating low risk for juvenile and adult fish suggests
that a single OCGen poses a minimal risk to pelagic
fish.

Table 2 Summary fish and blade collision studies

Reference Variables measured Results

Amaral et al.
2015

Entrainment avoidance, injury, and survival of hybrid striped
bass, rainbow trout, white sturgeon

• Entrainment varied by species.
• Survival rate of entrained fish exceeded 95%.
• Overall survival probability was 0.95 for striped

bass and > 0.99 for rainbow trout and white
sturgeon.

Castro-Santos
and Haro
2015

Mechanical injury, avoidance behaviors, and migratory delay in
Atlantic salmon smolts and adult American shad interacting
with a vertical-axis turbine

• Salmon smolts did not show avoidance behavior
toward the turbine and no injuries were recorded
from passing through the turbine.

• Survival was 98.3% for treatment smolts and 96.4%
for controls.

• Shad appeared to actively avoid the turbine and no
injuries were observed.

• Adult shad mortality was not statistically different
between control and treatment groups.

Hammar et al.
2013

Field study of multi-species fish movement patterns through a
narrow strait with and without a turbine

• Only one species on two occasions was detected
passing through the turbine.

• Reduced passage when turbine was operating,
especially at higher speeds.

Jacobson 2011 Injury, survival rates, and behavior of two size classes of rainbow
trout and largemouth bass

• Survival was greater than 98%.
• Fish that were struck were typically hit in the caudal

fin, and fish were not stunned or severely injured.
• Both species seem to avoid the turbine.

Normandeau
Associates,
Inc. 2009

Injury and mortality of five species ejected through a Hydro
Green turbine

• Survival was 98% or greater for all fish,
which was similar to controls.

•No fish that passed through the turbine had evidence
of injury or descaling, and no post-passage preda-
tion was observed.

Schweizer et al.
2012

The risk of blade strikes on four species of larval and juvenile
freshwater fish

• Mean survival of one to 14 days post-hatch striped
bass for fish that had passed through the bladewere
typically not significantly lower than control fish.

• The post-blade passage survival appeared to in-
crease with age, as older fish were able to avoid the
blade.

• Significant differences between blade-exposed and
control groups were not observed for walleye/-
sauger, fathead minnows, or crappie,
all of which were more than 20 days post-hatch.

Verdant Power
2010

DIDSON imagery of fish interactions with Verdant turbines • No blade collision with fish was observed during
turbine operation.
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Conclusions

Impacts to fish communities have long been a primary
concern related to the deployment of hydrokinetic tech-
nology (Sparling et al. 2020). This study provides im-
portant data regarding behavioral interactions of fish
with hydrokinetic turbines, as there are currently few
field studies of fish interactions with operational sys-
tems (Sparling et al. 2020). The key finding of the
hydroacoustic surveys was that fish appeared to avoid
the OCGen, while the turbine was operational. Of the
other potential explanations evaluated, noise appeared
to be the most plausible explanation for the avoidance
behavior. However, several uncertainties remain and
additional data are needed on the distance at which noise
generated by MHK devices are detected by specific fish
species, and fish responses to turbine-related distur-
bance to the flow field (Sparling et al. 2020).

Overall, this study provides additional confirmation
that a single turbine is likely to have negligible impacts
to fish communities. Assuming that the observed fish
avoidance behavior was related to the OCGen, the in-
stallation of turbines in the strong current zones that fish
may tend to avoid may minimize the potential for
displacing fish from areas where they were most abun-
dant. In addition, the turbine elicited the avoidance
behavior, which would minimize the already low prob-
ability of fish colliding with the turbine blade revealed
in near-field laboratory studies.

While existing data suggest small, localized ecolog-
ical risk to fish from a single MHK device, the risk may
increase with additional devices. This will become more
relevant as commercial-scale MHK arrays come under
consideration by regulators. Therefore, the ecological
risks associated with commercial-scale operations will
ultimately have to be evaluated to fully understand the
ecological impacts of MHK devices.
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