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Abstract: Tidal stream energy is a renewable energy resource that might be developed to offset
carbon emissions. A tidal energy demonstration (TED) area has been designated in Minas Passage,
Bay of Fundy, for testing and installing marine hydrokinetic (MHK) turbines. Regulations require
quantification of the potential for MHK turbine installations to harm local populations of marine
animals. Here, we use acoustic telemetry to quantify the probability that post-smolt inner Bay of
Fundy salmon encounter a turbine installation at the TED area. Previous work has quantified the
detection efficiency of Innovasea HR acoustic tags as a function of the current speed and range from a
moored HR2 receiver and also demonstrated that drifters carrying HR tags will be effectively detected
when the drifter track crosses the array of HR2 receivers in Minas Passage. Salmon smolts were
tagged and released in Gaspereau and Stewiacke Rivers, Nova Scotia, in order that the HR2 receiver
array could monitor seaward migration of the post-smolts through Minas Passage and particularly
through the TED area. Presently, we formulate and apply a method by which tag signals detected
by the HR2 array can be used to estimate the expected number of times that a post-smolt would
encounter a single near-surface MHK turbine installation during its seaward migration.

Keywords: fish; MHK turbine; probability of encounter; tidal energy; Atlantic salmon; smolt;
acoustic telemetry

1. Introduction

A large human population that depends on energy-dense fossil fuels [1] causes envi-
ronmental changes [2]. Large amounts of renewable energy might be harvested from the
tides of Canada’s Bay of Fundy [3] to offset the use of fossil fuels. It is hoped that ecosystem
disruption can be reduced by obtaining energy from renewable resources. Historically,
however, exploitation of renewable energy has not been ecologically benign. In Europe, the
spread of watermill technology from the early Middle Ages to early modern times has been
associated with the dramatic decline of Atlantic salmon (Salmo salar) populations [4]. More
recently, measurements showed 39% mortality for 0.136 m juvenile striped bass (Morone
saxatilis) immediately after passing through a low-head turbine [5]. On the other hand,
very little mortality was observed for a low-head turbine that was specially designed for
fish safety [6]. At Anapolis Royal, Bay of Fundy, fish mortality has been associated with the
20 MW reaction turbine that relied upon a tidal barrage to create a pressure head [7].

Marine hydrokinetic (MHK) turbines harvest kinetic energy of ocean currents rather
than relying on a pressure head. Without a pressure head, a turbine must have a larger
diameter to produce the same amount of power, but fish-damaging pressure forces (and
shear stress) may be reduced, depending upon turbine design. A tidal barrage directs
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much of the flow through a turbine, whereas MHK turbines often obstruct only a small
proportion of the tidal flow and a flood or ebb tide might see many fish pass by without
encountering a turbine.

A 1.6 km × 1 km tidal energy demonstration (TED) area has been designated for
deploying MHK turbines in Minas Passage where the current can exceed 5 m s−1 [8,9].
Three gravity-base MHK turbines (up to 2 MW) have been tested at the TED area, but their
interactions with fish remain unquantified. Given that Minas Passage is approximately
5 km wide, it is fair to say that most fish would not encounter a turbine during an ebb
or flood tide. Quasi-stable drifter tracks pass repeatedly back and forth through Minas
Passage but most of those tracks pass to the south of the TED area and, therefore, have
low probability of encountering a MHK turbine installation [10]. Other drifter tracks
through the TED area have been observed to subsequently disperse elsewhere [9,10], which
indicates that, should an individual fish encounter a MHK turbine, then that experience
would not be repeated for many of the following tidal cycles.

Quantifying whatever harm a MHK turbine may or may not do to a fish population
begins with the probability of an individual encountering the turbine. A definition for
probability of a fish encountering a MHK turbine is a precondition for unambiguous
calculation from practicable measurements.

Definition 1. Probability of encounter is the probability that—at some location, during some time
interval t0 ≤ t ≤ t0 + T—a fish that belongs to a distinguishable population will pass through the
area AMHK that would be swept by the blades of a MHK turbine without the turbine actually being
deployed at that position at that time.

The probability of encounter can only be considered to be an upper limit on the
probability of harm. If a MHK turbine is present, then there is always a possibility that an
individual will simply avoid swimming through AMHK. An idealized turbine operating at
the Betz limit [11] diverts about 30% of the incoming flow around AMHK, so an individual
might sometimes avoid the turbine by passively drifting with the flow. In clear tropical
waters with comparatively weak currents, video observations showed large fish avoiding
a small MHK turbine, whereas smaller fish sometimes passed through the turbine but
evaded the blades [12]. At higher latitude, video footage showed fish aggregating near a
MHK turbine at slack-water high-tide [13] but that analysis subsampled observations to
an extent that neither fish-turbine encounter nor avoidance behaviour could be estimated
when the tidal current was faster. Studies in an open channel flume showed both avoidance
behaviour and salmon evading turbine blades [14]. Echosounder transects [15,16] and
analysis of images taken by acoustic cameras [17] both indicated avoidance behaviour by
fish upstream from a MHK turbine in ≈2 m s−1 tidal currents at Cobscook Bay. At a high
latitude MHK turbine site, echosounder measurements showed fish aggregation near slack
water and an indication of avoidance behaviour when the tidal current was faster [18].
Such measurements of avoidance and blade evasion have not been successfully achieved
in the more challenging conditions at Minas Passage [19].

Previous measurements and analysis [10] indicate that fast tidal currents dominate
fish movement in Minas Passage, so given the abundance (number of individuals per unit
horizontal area) and distribution of a population of interest, then it is straightforward
to estimate the probability of an encounter from the tidal flux through AMHK. In prac-
tice, abundance has not been accurately quantified for any population found in Minas
Passage [17,19]. Nevertheless, the following work will show how the probability of en-
counter can be estimated from a different method which uses acoustic telemetry to detect
acoustically tagged individuals as they pass by acoustic receivers in the TED area.

Early efforts implanted Innovasea 69 kHz pulse position modulation (PPM) tags in
the body cavities of striped bass belonging to a local population that spawns in the Shube-
nacadie River, Nova Scotia [20]. Similarly, 69 kHz PPM tags were implanted in Atlantic
sturgeon (Acipenser oxyrhinchus) that were mostly from the Saint John River, New Brunswick,



J. Mar. Sci. Eng. 2023, 11, 1095 3 of 20

population stock [21]. While these measurements were useful for demonstrating swimming
depth and presence near the TED area [20–22], range detection measurements [23] indi-
cated that presence would often be undetected when the tidal current was fast. Undetected
presence was unambiguously demonstrated when an array of receivers in the TED area
often failed to detect a passing drifter that carried a 69 kHz PPM tag when currents were
fast and yet many receivers in the array concurrently detected the tag signals when currents
were slow [9]. Drifters also carried 170 kHz High Residency (HR) tags that did enable
passing drift tracks to be reliably detected in fast tidal currents [9]. In 2019, post-spawn
alewives (Alosa pseudoharengus) in Gaspereau River, Nova Scotia, were implanted with HR
tags and were detected during their seaward migration through Minas Passage [24].

Three gravity-base MHK turbines have been installed at the TED area but now only
one remains and it is in a non-operational state. MHK turbines may also be installed
on floating platforms [25,26]. Such near surface turbines raise concerns for the safety of
Atlantic salmon because they swim near the sea surface [27,28]. Canada’s Species At Risk
Act (SARA) lists inner Bay of Fundy Atlantic salmon as endangered and the Department
of Fisheries and Oceans (DFO) operates a hatchery stocking program [29] that presently
makes a significant contribution to the population by releasing unfed fry at freshwater
locations that provide suitable habitat.

In the following work, we estimate the probability that individual post-smolts would
encounter MHK turbines at the TED area in Minas Passage. Specifically, HR acoustic tags
were implanted within the body cavities of smolts as they migrated down river and an array
of HR2 receivers was installed to detect them as they passed through Minas Passage. By
considering a moored HR2 receiver as a proxy for some yet-to-be installed MHK turbines
and utilizing results from our studies of detection efficiency [9,30], it is possible to estimate
the probability of a fish–turbine encounter when a tagged post-smolt is detected passing
through the TED area.

2. Materials and Methods

As an outline, the method is to deploy an array of moored HR2 receivers within and
nearby the TED area in order to detect post-smolts that were tagged earlier during their
seaward migrations from Gaspereau River and the Stewiacke River (Figure 1). Previous
work has quantified the detection efficiency of HR2 receivers that were deployed within
the TED area in 2021 [30]. Here, we detect tagged post-smolts as they pass by receivers and
develop a method to convert that information into a probability of an encounter at and
near the TED area.

Minas Basin

TED
Minas Passage

Minas

Channel

Gaspereau R.

Shubenacadie R.
Stewiacke

River  

-64.8 -64.6 -64.4 -64.2 -64 -63.8 -63.6 -63.4 -63.2

45

45.1

45.2

45.3

45.4

45.5

Figure 1. Locations in Minas Passage and neighbouring waters. Black dots show where 2019 smolts
were released in Gaspereau River and Stewiacke River. Stewiacke River is a tributary to Shubenacadie
River which connects to Minas Basin. Magenta dot shows release site for smolts tagged in 2022. Black
crosses show positions of VR2W-180 kHz receivers moored near the mouth of Shubenacadie River.
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2.1. Receiver Arrays

In 2019, the Fundy Ocean Research Centre for Energy (FORCE) moored four HR2
receivers in Minas Passage at positions marked S2, W1, W2, and D1 (Figure 2). Each
mooring used SUBS-Model A2 (Open Seas Instrumentation Inc., Musquodoboit Harbour,
Canada) with an acoustic release that was tethered to a 240 kg steel weight by a 3 m riser.
Innovasea HR2 and VR2W-69 kHz receivers were attached just forward of the tail fin of
each SUBS. The volcanic plateau within the TED area is favoured for MHK turbines and
only the D1 mooring was deployed at that site but moorings W1 and W2 are also judged
as useful because they are aligned with the tidal flow over the volcanic plateau. Mooring
S2 provides a comparison for locations nearer the middle of Minas Passage. The FORCE
moorings are primary to the present study but peripheral use will be made of Innovasea
receivers that were deployed by other organizations (Ocean Tracking Network, Acadia
University, Department of Fisheries and Oceans) at other locations in Minas Passage, Minas
Basin, and the Gaspereau River [24].

In 2022, FORCE deployed 11 SUBS at mooring sites (Figure 2) that were generally
aligned orthogonal to the tidal current with most positions selected to place receivers on
local high ground where the available high-resolution bathymetry indicated relatively low
local variation. Again, a SUBS-Model A2 was used with an acoustic release and a 3 m riser
from a 240 kg weight. In 2022, the HR2 receiver was housed mostly within the SUBS with
its hydrophone sensor protruding above the hull of the SUBS and the VR2W-69kHz receiver
was mounted directly behind the tail fin. The 2022 receiver array has previously been used
for further range testing and for confirming that receivers will detect tags carried beneath
drifters that pass over the array [9]. HR2 receivers at sites 9 to 12 monitor trajectories over
that part of the volcanic plateau where MHK turbines are most likely to be deployed in the
future, whereas sites 1, 2, and 4 to 8 enable comparison to the south. Mooring 3 failed [9].

Figure 2. Mooring locations in Minas Passage. HR2 receivers were moored at sites S2, W1, W2, and
D1 (magenta circles) in 2019. HR2 receivers were moored at sites 1−2 and 4−12 in 2022 (magenta dots).

2.2. Tagging Smolts

Tagging conducted during 2019 was registered under DFO Scientific License to Fish
license # 330657 and salmon surgical procedures were performed under Acadia University
Animal Care Committee protocol #07-18.

Smolts were captured during their down-river migration. Innovasea V5 HR tags were
surgically implanted and after a recovery period the smolts were released to continue their
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migration. Tags were programmed to transmit a 170 kHz, 143 dB high residency (HR)
signal every 1.8 s to 2.2 s and a 180 kHz pulse position modulation (PPM) signal every 25 s
to 35 s.

From 7 to 18 May 2019, 87 smolts from the Gaspereau River were captured and tagged
near the bypass dam (Figure 1, [24]) where the DFO hatchery program has a fish trap.
Tagged smolts were released upstream of the bypass dam, in the pool at the foot of the
bypass dam, and 2 km further downstream in the Gaspereau River. From 20 May to 12
June 2019, 57 smolts were captured, tagged and released in the Stewiacke River (Figure 1).

In 2022, smolt capture was conducted under a scientific sampling permit issued to
D Hardie and surgical procedures were approved under the Acadia University Animal
Care Committee protocol #08-22. Smolts were captured in the DFO trap at the bypass dam
during their migration down the Gaspereau River. There were 25 smolts tagged and they
were all released into the pool below the bypass dam. Tagging and releases were performed
in three groups: 9 smolts on 9 May, 8 on 10 May, and 8 on 11 May.

2.3. Detection Efficiency and Tidal Current

Definition 2. Detection efficiency ρ is the probability that a signal transmitted by a tag will be
detected by a nearby receiver.

Measurements of detection efficiency have been made at the TED site in Minas Passage
for both HR signals and 180 kHz PPM signals [9,30]. Detection efficiency declines with
increasing range from transmitting tag to receiver and also declines with increased tidal
current speed. The HR signals are more efficiently detected than PPM signals and also
have the advantage of being able to be transmitted more frequently. Frequent transmission
is of paramount importance for detecting a tagged fish as it passes by because even in
fast currents there will be brief intervals when ambient noise levels are lower than typical
and a signal can be detected [9]. Detection efficiency can be related to the area that is
effectively monitored [30] and will similarly play a central role in the following calculation
of probability of fish–turbine encounters.

2.4. Tidal Current

The detection efficiency ρ(r, s) has been measured as a function of range r from tag
to receiver and vertically averaged flood/ebb tidal current speed s at the site of the HR2
receiver [30]. Tidal current speed is designated s positive on the flood tide and negative on
the ebb. It was not usually possible for us to directly measure tidal current speed so values
of s were downloaded from a FVCOM simulation [3,8,31].

The FVCOM current speed s is always used for the calculation of detection efficiency
because ρ was empirically parameterized as a function of s [30]. For some other purposes it
will be more appropriate to use drifter speed sd, which [9] has empirically related to s

sd =

{
(s− 0.14)/0.87 Within the TED area
(s− 0.07)/0.76 South of the TED area.

(1)

2.5. Detecting Passing Events

Small fish, such as post-smolts and alewife, are substantially moved past moored
receivers by the fast tidal currents in Minas Passage [10,24]. A passing event is presently
understood to be the time when a sequence of closely spaced HR signals are detected from
a tagged post-smolt that is passing a line of receivers. The relationship between detection
efficiency ρ and detection of a passing event has been quantified in detail using tags that
are carried by GPS-tracked drifters [9]. Sometimes the same passing event was recorded
by more than one mooring and in such instances we consider the smolt to have passed by
the mooring station that detected the most signals. Thus, for a flood tide (or an ebb tide)
there can be at most one passing event for any particular post-smolt and this preserves the
statistical independence of all passing events.
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To estimate the probability of encounter, we consider that the receiver that detects the
passing event is replaced by a hypothetical turbine that has the same x, y coordinates but
with a z coordinate representative of the type of turbine that is of interest. The Lagrangian
coordinate applies most naturally to the trajectory of a post-smolt, as it would for most
moving animals. There are two Lagrangian methods that might be used to convert a set of
passing events to an estimate of probability of encounter.

1. Measure the distance of closest approach of each passing tagged fish to the receiver
(proxy turbine) and identify those that were close enough to cross the area AMHK that
would be swept by turbine blades. Two measurement methods might be used.

(a) The number of signals that are detected during a passing event will typically
be larger if the smolt passes closer to the receiver. Drifter studies demonstrate
much variability in the measured number of detections relative to the expected
number [9].

(b) Use many closely spaced HR2 receivers to localize the track of each tagged
fish as it passes by. Measurements of detection efficiency [30] indicated an
impractical number of receivers would be required.

2. Another approach is to consider that a detected passing event might have been on
any one of a set of all paths that passed the receiver/turbine. This approach builds on
an assumption of statistical similarity for paths that cross within a scale comparable
to the effective range of detection [9]. This was the approach that was previously used
to calculate the probability that drifters would collide with a turbine installation in
Minas Passage [10]. Presently, we build upon this approach.

2.6. Calculation of Probability of Encounter

The measured detection efficiency for a HR signal ρ is a function of range r and current
speed s [9]. Here, r =

√
x2 + y2 + z2 is the slant range from a near-surface tagged post

smolt to a HR2 receiver at the origin of the horizontal plane x = 0, y = 0 but at depth
z relative to the post-smolt. Without loss of generality, we consider a coordinate system
so that the ensemble of possible post-smolt trajectories travel in the x-direction so that
their y coordinate becomes the horizontal distance of the closest approach of the tagged
post-smolt to the moored HR2 receiver that detected the passing event. Figure 3 lays
out the situation with two mathematically convenient symmetries. The first symmetry
is that r(x, y, z) = r(x,−y, z), so we only need to perform the calculation on the positive
y half-plane. The second symmetry is that ρ will be the same for a tag on the smolt and
receiver at the origin as for a receiver on the smolt and a tag at the origin.

Consider an encounter with one side of a turbine installation that has total width
W oriented across-current and centered on the origin in Figure 3. A presently planned
turbine installation consists of six near-surface turbines that have been estimated to span an
effective width of W = 38 m [10,25,26]. Post smolts swim near the sea surface [28], so to a
first approximation we consider that they are within the depth range spanned by the blades
of the turbines. To the extent that this approximation does not apply for some specific
turbine installation, a correction factor can be estimated and applied after the following.

Consider a tagged smolt at position x, y, z relative to the HR2 receiver that detects a
passing event. The HR2 receiver can be considered to be a proxy for a turbine installation at
the same position except for the HR2 being a distance z below both the turbine installation
and the post-smolt that might encounter it. Thus, the range from post-smolt to HR2 is
r =

√
x2 + y2 + z2 and we write ρ(r, s) = ρ(x, y|z, s) to represent the detection efficiency

along tracks that share the same values for z and s. Figure 3 uses color to show detection
efficiency on the half-plane.
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Figure 3. Plan view of an ensemble of smolt tracks (dotted lines in the x−direction) that pass within
a distance y of a receiver/turbine that is located at the origin. The color scale shows probability of
detecting a transmitted signal depending upon the position of a smolt.

Tracks with larger y are less likely to be detected. Following [9], the number of signals
expected to be detected along the length of a track is

NE(y|z, s, sd) =
1
|sd|τ

∫ L

−L
ρ(x, y|z, s)dx (2)

where τ is the time scale between signals transmitted by the tag and L = 350 m is the range
beyond which ρ is effectively zero. The calculation of travel distance |sd|τ between HR
signals uses drift speed sd (1). Equation (2) identifies the expected number of times that a
tag would be detected if it passed by an HR2 receiver along a track with closest approach y.
NE is a real number≥ 0. The expected probability that at least one signal will be detected
along that track with closest approach y is

pE(y, |z, s, sd) = min(NE(y|z, s, sd), 1). (3)

Tracks passing close to the turbine (small y) would have NE � 1 and, therefore,
pE = 1, because at least one signal would be detected. Tracks passing further away from
the turbine (larger y) have 1 > NE ≥ 0 and pE = NE (i.e., the expected number of detected
signals is the probability of detecting a signal). Given (3), the expected probability of
encounter would be

EP(z, s) =

∫W/2
0 pE(y|z, s)dy∫ L

0 pE(y|z, s)dy
(4)

where we note that Eλ =
∫ L

0 pE(y|z, s)dy can be considered to be half the cross-current
width over which passing tags are expected to be detected.

Experiments using tags suspended beneath GPS-tracked drifters compared measured
values for the number of detected signals ND (integers≥ 0) against the expected number
NE (real numbers≥ 0) (see Figure 7 of [9]) and a linear regression gave√

ND = −0.30 + 0.87
√

NE (5)
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Given (5) and the physical requirement that the number of signals must be ≥0, it
seems that an improved estimate for the expected number of signals detected along a track
would be

N (y|z, s, sd) =
[
max

(
−0.30 + 0.87

√
NE, 0

)]2
(6)

and the probability of the track with closest approach y being detected would be

p(y, |z, s, sd) = min(N (y|z, s, sd), 1) (7)

in which case a better estimate of the probability of encounter P might be calculated as the
ratio of two cross current scales,

P(z, s, sd) =

∫W/2
0 p(y|z, s, sd)dy

λ
(8)

λ(z, s, sd) =
∫ L

0
p(y|z, s, sd)dy, (9)

the numerator of (8) being the effective half-width of the turbine installation and the
denominator, λ, being the effective half-width of all passing tracks that might be detected.

P is backed by the more thorough set of measurements, relying on both empirical
estimation of ρ and empirical testing of how ρ relates to detecting tags carried by GPS-
tracked drifters as they pass by a receiver with a measured distance of closest approach. EP
is only backed by Eulerian measurements of ρ but is easier to obtain from an experimental
point of view. It will be of interest to compare EP with P in view of the possibility of
improving results by obtaining more drifter measurements in future.

3. Results

In 2022, the FORCE array spanned much more of the width of Minas Passage than did
the 2019 FORCE array (Figure 2). It is, therefore, expected that in 2019 a tagged post-smolt
was less likely to be detected during its migration through Minas Passage than in 2022. On
the other hand, more smolts were tagged in 2019.

3.1. Presence of Tagged Post-Smolts in Minas Passage

In 2022, there were 11 HR2 receivers in the FORCE array at Minas Passage (Figure 2)
and they detected 22 of the 25 smolts that were tagged in Gaspereau River. One additional
post-smolt was detected by the Ocean Tracking Network (OTN) array that is also in Minas
Passage and less than 2 km east of the FORCE array. The OTN array is only relevant to
the present objective in so much as it confirms that at least 23 tagged post-smolts arrived
at Minas Passage. The same two post-smolts that were not detected in Minas Passage
were also the only smolts not detected by receivers in the tidal section of Gaspereau River.
Receivers between the release location and tidal Gaspereau detected 24 tagged smolts.
Applying the appropriate analysis—Equation (3) of [24]—the most probable estimate is
that NMP = 23 tagged post-smolts migrated into Minas Basin and they all reached Minas
Passage. There was no apparent mortality for that part of the migration from the mouth of
Gaspereau River to Minas Passage [27].

In 2019, the FORCE array had only four HR2 receivers that spanned a small portion of
the Minas Passage cross-section (Figure 2) [24]. Those receivers detected 43 of the 87 smolts
tagged in Gaspereau River and 29 of the 57 smolts tagged in Stewiacke River.

Many receivers were deployed in Minas Basin and Gaspereau River in 2019 and these
have been used to study migration of alewives [24]. The same receivers and methods also
enable examination of the migration of post-smolts that were tagged in Gaspereau River to
the extent that this is relevant for the encounter problem. Of the 61 post-smolts detected
beyond the mouth of Gaspereau River in 2019, all were detected by the receiver array at
the mouth of Gaspereau River. Thus, the efficiency of that receiver array for detecting
passing post-smolts was η = 1. A total of 71 smolts were detected by the receiver array
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at the mouth of Gaspereau River, corresponding to 16 being lost within the Gaspereau
River. Assuming no losses from the mouth of Gaspereau River to Minas Passage (i.e., as for
2022 measurements), then NMP = 71 tagged post-smolts were expected to have reached
Minas Passage.

In 2019, a total of 57 smolts were tagged and released in the Stewiacke River. The
Stewiacke River runs into Shubenacadie River. Figure 1 shows 4 VR2W-180kHz receivers at
the mouth of Shubenacadie River, which detected 26 smolts. A total of 33 post-smolts were
detected by receivers in Minas Passage and Minas Basin at locations beyond the mouth
of the Shubenacadie and 22 of those were also detected by receivers at the mouth of the
Shubenacadie River. It follows that the receiver array at the mouth had detection efficiency
η = 22/33 (67%) and given that a total of 26 smolts were detected passing the mouth it
is expected that 26/η = 39 smolts passed the mouth of Shubenacadie River. Thus, we
expect that 57− 39 = 18 smolts were lost within the Stewiacke and Shubenacadie Rivers.
As before, assuming no mortality in Minas Basin, as many as NMP = 39 tagged post-smolts
were expected to have reached Minas Passage.

3.2. Post-Smolt Motion in Minas Passage, Passing Events

In 2022, a HR2 receiver was suspended beneath a GPS-tracked drifter that moved with
the currents through Minas Passage and neighbouring waters [9]. On three occasions, the
HR2 detected signals from a tagged post-smolt that remained sufficiently close to the drifter
to continue to be detected over 3–4 km track segments (red lines in Figure 4). Furthermore,
the moored HR2 receivers detected the passing post-smolts at much later times when
the drifter had moved by more than 10 km but was still relatively nearby the moored
receiver when it detected the tagged post-smolt (Figure 4). Signals detected by receivers
on and nearby the drifter demonstrate that post-smolts in Minas Passage are substantially
displaced by/with the tidal currents/waters.

Start

End

ID 1434

Smolt beside drifter: 18-May-2022 02:53- 03:15
18-May-2022 02:55  to  18-May-2022 07:15

o mooring detects smolt
* drifter position

10 km

(a)

Start
End

ID 1423

Smolt beside drifter: 22-May-2022 15:57- 17:17
22-May-2022 16:00  to  22-May-2022 23:15

o mooring detects smolt
* drifter position

10 km

(b)

Figure 4. Cont.
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Start
End

ID 1440

Smolt beside drifter: 22-May-2022 01:56- 02:44
22-May-2022 02:00  to  22-May-2022 08:40

o mooring detects smolt
* drifter position
o mooring detects smolt
* drifter position

10 km

(c)

Figure 4. The black line shows a portion of the track of a drifter that has a HR2 receiver suspended
beneath it. Red shows where the drifter was when its HR2 detected HR signals from a tagged
post-smolt that was nearby. Subsequently, the tagged post-smolt was detected by a moored HR2
receiver (magenta circle) when the drifter was at a nearby position (magenta asterisk). (a) Detected
on flood. (b) Detected low tide and flood. (c) Detected late ebb and early flood.

The duration of a passing event is defined as the time elapsed from first to the last
HR signal detected during the passing event. Figure 5 shows the duration of each passing
event measured by the FORCE line of 11 HR2 receivers that were deployed in 2022. It takes
much less time for the tagged post-smolt to pass the receiver line when tidal current is fast.
This is consistent with fast currents advecting post-smolts more quickly past receivers and
reducing effective detection range [30].
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Figure 5. Duration of 2022 passing events diminishes with increasing current speed.

Given the fast tidal currents in Minas Passage, it is hardly surprising that post-smolts
can be swept back and forth many times during their seaward migration. Figure 6 docu-
ments the number of passing events that the 2022 FORCE array measured for each smolt
tagged in 2022. While two of the smolts never reached Minas Passage and another was
only detected by the OTN line, other post-smolts were detected for up to eight passing
events. Multiple passing events increases the likelihood of post-smolt-turbine interaction
during migration, as has also been suggested for alewives [24] and striped bass [20].
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The bars of Figure 6 are labelled with the days (elapsed since tagging) that span passing
events recorded for each post-smolt. The time from tagging to first detected passing event
ranged from 3 to 12 days (mean 8) and the time to last detected passing event ranged from 5
to 13 days (mean 10). The most passing events were measured for post-smolt 7, which had
8 passing events detected over a 6-day time span. Clearly, passing events were not detected
on each flood-ebb tide, in part because the receiver array does not span the entire passage,
but also because we should not think of post-smolts moving back and forth through Minas
Passage with each successive ebb and flood tide because although some drifter trajectories
exhibit such behaviour, others do not [9,10].

Figure 6. Post-smolts can cross the Minas Passage receiver array multiple times during their 2022
outbound migration.

3.3. Probabilities of Encounter for Post-Smolts in Minas Passage

Equation (9) obtains the half cross-current width scale λ for detection of a passing
tag from p. Values for p have been obtained above from Eulerian measurements [30] of
detection efficiency ρ and these give values for λ, as plotted by the blue circles in Figure 7.
Values of λ rapidly diminish at large current speeds but λ > W/2 for all the current speeds
for which λ was calculated. Values of p can be directly measured from tagged drifters that
pass nearby a moored receivers (e.g., Figure 12 in [9]) and the red asterisks in Figure 7 show
estimates of λ obtained from those measurements. Drifter measurements poorly resolved
p with respect to range and current speed and the drifter tracks were mostly south of the
TED area. Nevertheless, the two measurement methods show a broadly similar magnitude
and trend for λ. Drifter measurements directly measure ND as a function of the distance
of the closest approach to the HR2 receiver (e.g., Figure 11 in [9]) and the fitted functions
in that figure give the values of λ that are plotted with black dots in Figure 7. This final
method seems to be the most straightforward way to obtain λ from drifter tracks.
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Figure 7. The half cross-current width scale for tag detection is a function of current speed. Blue
circles show values obtained from Eulerian measurements of detection efficiency. Red asterisks show
estimates obtained from Lagrangian measurements of p.

The trend for λ to decline with current speed (Figure 7) fundamentally defines the
utility of our method for estimating the probability of encounter. As the current speed
increases, the decline in λ shows that an individual HR2 receiver (proxy MHK turbine) will
detect fewer tagged fish as they pass by, but λ appears in the denominator of (8), so this
is offset by each detected passing event giving a higher value for P . This compensating
tendency will break down when λ becomes so small that limitations in the measurement of
ρ also prevent λ from being numerically resolved. Figure 7 indicates that that limitation
might start to apply for sd ≈ 5 ms−1, but that is a somewhat tentative number because the
calculation of λ then depends on values for ρ that are interpolated between measurements
made at ranges of about 1 m and 40 m [9]. In addition, range tests must have a long
duration to obtain a large sample size for such fast tidal currents.

A passing event En,j,k is characterized by the identity number n of the post-smolt,
the station number j of the HR2 that best detected the passing post-smolt, and the time
k at which the post-smolt passed by. With respect to obtaining estimates of probability
of encounter, the time and station number serve to obtain signed current speed s that
applies to a passing event. Equation (8) can be used to calculate a probability of encounter
Pn,j,k for each passing event, as illustrated in Table 1 for seven smolts tagged in 2022 and
detected at stations j and times k when the drift current speed was sd. Without a correction
for correlated ρ fluctuations, the probabilities of encounter EPn,j,k (4) tend to be about 6%
smaller than Pn,j,k.

Table 1 lays out the sequence of passing events for individual post-smolts in 2022.
It is notable that successive passing events of a mid-passage station (j = 1 or 2) were
common, whereas successive passing events of a station in the TED area were rare. The
one occasion when a post-smolt (n = 5) passed Station 12 on both a flood tide and the
immediately following ebb tide was preceded by five passing events at mid-passage and
other offshore sites. These observations of post-smolts are consistent with drifter tracks
that have quasi-stable trajectories through mid-passage but not, apparently, through the
TED area [10].
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Table 1. Probability P that each passing event would result in an encounter with a turbine installation
at the position of the receiver that detected the passing event. These results are for the passing events
for post-smolts 1–7, which were tagged in Gaspereau River in 2022.

Pn,j,k
EPn,j,k smoltn stnj sd (ms−1) timek

0.0608 0.0595 1 1 −1.91 17-May 10:33
0.0597 0.0597 1 2 0.06 18-May 18:24
0.0649 0.0613 1 1 2.86 19-May 02:07
0.1333 0.1075 1 12 4.36 19-May 16:33
0.0755 0.0678 1 9 3.42 20-May 06:05
0.0727 0.0662 1 5 −3.71 20-May 09:36
0.0607 0.0595 2 1 −1.76 20-May 13:00
0.0799 0.0689 2 8 4.08 20-May 15:53
0.0691 0.0634 2 12 −3.19 21-May 11:08
0.0713 0.0652 2 4 −3.61 21-May 23:38
0.0614 0.0597 2 7 2.26 22-May 08:39
0.0597 0.0586 3 12 −1.75 16-May 09:12
0.0643 0.0599 3 4 −2.55 16-May 21:29
0.0747 0.0672 3 4 −3.84 17-May 07:09
0.0671 0.0624 3 6 3.09 17-May 16:42
0.0739 0.0669 4 1 −3.78 17-May 20:48
0.1140 0.0955 4 2 4.68 18-May 03:58
0.0872 0.0762 4 2 −4.13 18-May 08:54
0.0618 0.0601 5 6 2.32 20-May 07:09
0.0719 0.0665 5 2 3.53 20-May 19:12
0.0757 0.0678 5 2 −3.85 20-May 22:47
0.0817 0.0699 5 4 4.09 21-May 06:06
0.0650 0.0606 5 1 −2.85 21-May 12:43
0.0777 0.0680 5 12 3.52 22-May 05:10
0.0636 0.0596 5 12 −2.64 22-May 12:49
0.0608 0.0595 6 1 −1.88 19-May 12:09
0.0676 0.0621 6 10 −3.06 20-May 11:16
0.0695 0.0641 6 2 3.27 20-May 19:21
0.4116 0.2615 6 1 5.86 21-May 04:54
0.0603 0.0594 7 1 −1.37 16-May 22:28
0.0604 0.0595 7 1 1.73 16-May 23:56
0.0610 0.0595 7 1 −1.99 17-May 10:29
0.0591 0.0587 7 9 −0.92 19-May 00:08
0.0606 0.0596 7 2 1.76 19-May 01:32
0.0699 0.0651 7 9 3.09 20-May 15:40
0.0587 0.0585 7 11 0.73 21-May 20:46
0.0647 0.0603 7 7 −2.82 21-May 22:26

Presently, the probabilities of an encounter are not discounted for the possibility that
a post-smolt might swim above or below the levels swept by the blades of a near-surface
turbine installation. This adjustment is best left until such time as more engineering
details are available for a specific MHK turbine installation. It is generally understood that
post-smolts swim near the surface [28].

The n’th post-smolt makes K passing events with each passing event having some
probability of encounter with a turbine installation at some station location j (Table 1). From
those probabilities, we can calculate the expected number of times that the n’th post-smolt
will encounter a turbine installation in the TED area during a time interval required for the
tagged post-smolt to complete its seaward migration through Minas Passage. The expected
number of times En,TED that post-smolt n will encounter a single turbine installation within
the TED area can be estimated using

En,TED =
1
4

K

∑
k=1
Pn,9≤j≤12,k (10)
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where the sum term is over those K passing events of four HR2 receivers within the TED
area (9 ≤ j ≤ 12). Thus, the factor of 1/4 normalizes to the expected number of times that
post-smolt n would encounter a single turbine installation within the TED area. Although
(10) is written to calculate En,TED from Pn,j,k, it equally applies to calculate EEn,TED from
values of EPn,j,k. Similarly, selecting stations 1 ≤ j ≤ 2 and normalizing by 1/2 gives a
mid-passage value En,mid−passage.

Averaging over all 23 post-smolts that reached Minas Passage in 2022 gives an estimate
for the average number of times ETED that a post-smolt might be expected to encounter a
single turbine installation within the TED area

ETED =
1

23

23

∑
n=1
En,TED. (11)

Figure 8 shows En,TED for each tagged post-smolt that was estimated to have reached
Minas Passage in the years 2019 and 2022. Note, for easy visualization we have renumbered
the post-smolts in order of descending values of En,TED. There are many zero values for
En,TED because, of the NMP post-smolts that were estimated to reach Minas Passage, only
NTED passed through the TED area (Table 2). Of those post-smolts that were detected
within the TED area (En,TED > 0), values for En tended to be highest for 2019 post-smolts
that were tagged in the Stewiacke River and lowest for 2022 post-smolts that were tagged
in the Gaspereau River. High values of En for the post-smolts tagged in the Stewiacke River
are, at least in part, associated with a relatively large ratio of the number ETED of passing
events that they make through the TED area relative to the number NTED of post-smolts
that passed through the TED area (Table 2).

0 10 20 30 40 50 60 70
0

0.05

0.1

0.15

0.2
TED-2022 Gaspereau smolt

TED-2019 Gaspereau smolt

TED-2019 Stewiacke smolt

Figure 8. Expected number of encounters that each post-smolt would make with a single turbine
installation at the TED area.

Table 2 indicates no meaningful difference between the 2019 and 2022 measurements
of the average number of encounters ETED for post-smolts that came from the Gaspereau
River. On the other hand, ETED is substantially greater for 2019 post-smolts from the
Stewiacke River. These values are sensitive to the ratio of ETED to NMP. In 2022, the value
of NMP was confirmed in two ways. First, from measurements of tagged smolts travelling
through the Gaspereau River, and second, by the extensive arrays (OTN and FORCE) of
HR2 receivers in Minas Passage. In 2019, there were relatively few HR2 receivers deployed
in Minas Passage, so estimates of the number of tagged post-smolts reaching Minas Passage
NMP are more open to question.
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Table 2. Relating the expected number of encounters to the number of post-smolts detected in Minas
Passage NMP and at the TED area NTED.

Post Smolts NMP NTED ETED ETED(En,TED > 0) ETED

2022 Gaspereau 23 9 11 0.025± 0.004 0.010± 0.003
2019 Gaspereau 71 18 22 0.042± 0.004 0.011± 0.002
2019 Stewiacke 39 19 38 0.070± 0.011 0.034± 0.008

The 29 Stewiacke post-smolts that FORCE Minas Passage receivers detected in 2019
averaged 7.8 passing events each. This was considerably higher than the average of
3.0 passing events for the 43 Gaspereau post-smolts that were detected by the same receivers
in Minas Passage. Taking values of NMP at face value, Table 2 indicates that post-smolts
from the Stewiacke River were more likely to migrate through the northern side of Minas
Passage (i.e., through the TED area) than post-smolts from the Gaspereau River. This
apparent difference is based on measurements made in a single year, so the result is
tentative. Nevertheless, there might be a physical explanation for this difference. There is
evidence for a clockwise gyre in the southern arm of Minas Basin [32,33]. Smolts migrating
from Gaspereau River might be transported by this gyre, which would tend to put them
on trajectories that would be more likely to pass through the mid or southern half of
Minas Passage.

It might be argued that post-smolt encounters with turbines are benign at a sufficiently
small current speed. Discarding Pn,j,k(|sd| < 1) leaves an expected number of encounters
applicable to an assumption that harm can only result if |sd| ≥ 1 m/s. Successive rows
in Table 3 show how the number of harmful encounters drops as the threshold current is
increased. The threshold current for harm is expected to depend upon the specific design of
the turbines. For example, in order to approach the Betz limit the turbine blades typically
have a tip speed much greater than the current speed [34] and harm becomes more likely
for strike speeds above 5 m/s [35].

Table 3. Expected number of times that a smolt would encounter a single turbine installation during
its seaward migration from the Gaspereau and Stewiacke Rivers.

2022 Gaspereau River 2019 Gaspereau River 2019 Stewiacke River |sd|
ETED Emid−passage ETED ES2 ETED ES2 (ms−1)

0.0098 ± 0.0030 0.075 ± 0.031 0.0110 ± 0.0024 0.014 ± 0.004 0.034 ± 0.0078 0.075 ± 0.017 ≥ 0
0.0091 ± 0.0028 0.073 ± 0.031 0.0087 ± 0.0022 0.014 ± 0.004 0.032 ± 0.0078 0.072 ± 0.017 ≥ 1
0.0091 ± 0.0028 0.072 ± 0.031 0.0082 ± 0.0022 0.013 ± 0.004 0.03 ± 0.0079 0.063 ± 0.016 ≥ 1.5
0.0085 ± 0.0029 0.069 ± 0.032 0.0074 ± 0.0021 0.011 ± 0.004 0.026 ± 0.0071 0.058 ± 0.015 ≥ 2
0.0078 ± 0.0029 0.067 ± 0.031 0.0070 ± 0.0020 0.008 ± 0.004 0.024 ± 0.0064 0.044 ± 0.013 ≥ 2.5

Table 3 also compares the expected number of encounters with a turbine installation
within the TED area (Figure 2) with an installation near mid-passage (Station 1 or 2 in 2022
and Station S2 in 2019). The number of encounters is greater for a turbine installation near
the middle of Minas Passage than within the TED area. This is consistent with previous
qualitative observations of tagged striped bass being detected more frequently to the south
of the TED area than within the TED area [20]. There are two physical mechanisms that
might be related to this result. First, the water column having been more stretched in the
vertical (more horizontal convergence) as it passed into those deeper waters to the south
of the TED area [36]. Such a convergence would concentrate animals that maintain their
vertical component of position near the sea surface. Second, there is a quasi-stable drifter
trajectory through mid-passage [10] so that post-smolts that get on that trajectory might
pass many times back and forth with the tide.
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4. Discussion

Fish mortality caused by a low-head turbine can sometimes be estimated by recov-
ering all fish after they passed through the turbine [5,6]. It seems improbable that such
straightforward and comprehensive methodology could be adapted to obtain mortality
caused by a MHK turbine in the TED area in Minas Passage. A harm reduction premise of
a MHK turbine is to enable free passage around the turbine, which makes recovering all
fish that pass through the turbine an ill-defined objective unless their detailed trajectories
are first accurately determined.

It seems more feasible to break the fish-turbine interaction problem into sequential
parts, at least some of which may be tractable for measurement. First, identify whether
local populations of interest are found at a TED area [20,21,24], in which case they might be
said to have co-occurrence with MHK turbines. Estimation of the probability of encounter
P might be considered a next step towards estimating percentage harm or mortality for
a population.

We have defined the probability of encounter and calculated and measured it in a way
that is consistent with modelling a local population. Elsewhere [15,37], metrics that were
called “probability of encounter” are different in kind from those that we have defined and
calculated. The metrics obtained by [15,37] are of interest in their own right but they cannot
be compared to what we have carried out.

The present calculations of the probability of encounter are based upon a 500 kW near-
surface installation of 6 MHK turbines set side-by-side in the FORCE TED area [10,25,26].
It is generally understood that post-smolts swim near the surface [28] so the probability of
encounter takes no account of the possibility that some fish might swim at levels different
from those swept by the turbine blades. Some measurements of post-smolt swimming
depth have been made in Minas Passage [27] but it is presently unclear whether these
will be sufficient for a robust calculation of the overlap of swimming depth with some
specific turbine installation. More measurements of post-smolt swimming depth may be
required. Swimming depth can be a key factor for the probability of encounter in the TED
area, so a near-surface turbine is expected to have little overlap with striped bass [20] and a
near-seafloor turbine to have little overlap with post-smolts.

A given post-smolt may pass through the TED area more than once during its seaward
migration so we have summed over probabilities of encounter and normalized in order to
estimate an average number of encounters ETED that a post-smolt would be expected to
make with a turbine installation within the TED area. If every encounter was fatal at current
speeds greater than 1 ms−1, then that single turbine installation would cause approximately
a 0.9% loss in the out-migrating population of post-smolts from the Gaspereau River and
about a 3% loss of post-smolts from the Stewiacke River. Loses during the downriver
migration were much higher (32% for the Stewiacke River in 2019, 18% for the Gaspereau
River in 2019, and 8% for the Gaspereau River in 2022), although some of those losses
may be a result of tagging effects and large downriver losses should not be thought to be
inevitable [38]. It has been estimated that the average at-sea mortality of immature salmon
was 97% for the 1990–2003 time period [29], so 0.9% or 3% out-migration losses caused by
turbine installation would only add 0.027% or 0.09% to the 97% at-sea mortality. On the
other hand, at-sea losses of immature salmon have not always been so high [29] and if the
causes for those losses were identified and corrected then encounters of post-smolts with
the turbine installation may be deemed more problematic. In this sense, the management
of MHK turbine installations is fundamentally entangled with the management of fish
populations in general.

Measuring the expected number of encounters ETED requires an accurate estimate
of the number NMP of tagged post-smolts that reach Minas Passage. The 2022 array of
HR2 receivers reliably detected tags passing through the central and northern portion of
Minas Passage but did not extend sufficiently to the south to monitor all passing events [9].
Nevertheless, the 2022 array was sufficient to accurately determine NMP because most
post-smolts make multiple passes through the passage so the odds were improved that
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at least one pass was through that part of the passage that was monitored. Larger fish
may move more independently of the tidal currents and so it would be desirable for the
receiver array to extend all the way across Minas Passage. The limited extent of the 2019
array makes corresponding estimates of NMP less certain. A relatively large value of ETED
must still stand for the post-smolts that were tagged in the Stewiacke River because the
largest possible value for NMP would be 57, which is only sufficient to diminish ETED from
0.032 to 0.022. On the other hand, the 2019 post-smolts from the Gaspereau River had
a logically smallest value for NMP of 43 (the number detected in Minas Passage), which
would increase ETED to 0.014. It is unlikely that both extremes of NMP would apply, so it
seems that in 2019 ETED was larger for post-smolts from the Stewiacke River than for those
from the the Gaspereau River. The proximate reason is that 2019 Stewiacke post-smolts
made more passes through the TED area. More fundamentally this might indicate some
difference in post-smolt trajectories to Minas Passage depending upon whether they began
at the mouth of the Schubenacadie River or the mouth of the Gaspereau River. Further
work is required to elucidate whether such differences are repeated and, if so, why?

The tip speed of a MHK turbine blade must be much faster than the current speed in
order for the turbine to efficiently extract tidal energy [11,34]. Nevertheless, the current
speed at which turbine blades become dangerous is unknown for specific turbines and
operational procedures that might apply for future installations in Minas Passage. ETED
was, therefore, estimated for a range of critical current speeds, sd from 0 to 2.5 ms−1. ETED
typically declined by about 30% over that current range (Table 3).

Probability of encounter was estimated using a method that does not actually have
a turbine installation in place. This was performed deliberately because where a turbine
is installed it might influence fish behaviour, either by causing them to aggregate at the
installation near slack tide [13,18] or to avoid the installation during fast currents [15–18].
A turbine operating near the Betz limit [11] will divert approximately one third of the
approaching flow around the turbine, so if fish simply follow the flow then it should be
expected that one third of them will avoid the turbine. Flume tank studies [14] showed
salmon passing above the downwards sweeping blade, consistent with following deflected
flow. It is expected that near surface MHK turbines that operate near the Betz limit would
generate vibrational energy which fish might detect and respond to, perhaps by avoiding
the area swept by turbine blades. This possibility has not been measured within the TED
area in Minas Passage.

Presently, we have calculated the probability of encounter P from an ensemble av-
eraged estimate of detection efficiency ρ(r, s) with a small empirical correction (5) for
fluctuations about the typical value at a given range r and modelled current speed s.
In principle, signal detection is more fundamentally related to ambient noise level than
modelled current or some other environmental variable. This raises the prospect of more
directly estimating detection efficiency by directly measuring ambient levels at the 170 kHz
frequency of HR signals and, perhaps, obtaining estimates of probability of encounter that
are more specific to time and place.

The calculation of λ becomes uncertain in very fast currents (Figure 7) because very few
measurements of ρ were obtained when s > 4 ms−1 [30]. Targeted range-test experiments
to augment existing values for ρ should be carried out in the TED area during the largest
spring tides with separations of tags and receivers to resolve ranges <50 m. Better mooring
technology should be used to keep HR2 receivers sufficiently clear of the seafloor so signal
paths are not blocked [30]. Based upon the present work, we recommend using tagged
drifters to better quantify how well ρ relates to the detection of tagged fish as they pass the
HR2 array [9]. Tagged drifters should also be used to obtain independent estimates of p
and λ [9], and thereby enable independent spot checks of p and λ obtained from ρ. In the
difficult field conditions encountered in Minas Passage, it is important to have multiple
lines of evidence that confirm results.

In conclusion, we have measured the probabilities that post-smolts would encounter
a turbine installation in the TED area in Minas Passage and have provided some context
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for interpreting those probabilities. The probability that post-smolts will be harmed is
expected to be lower than their probability of encounter because some might avoid the
turbine or not suffer harm even though they pass through the area swept by turbine blades.
It is hoped that the work will be useful for guiding future studies and, in the interim, be
useful for assessing the merit of installing MHK turbines in the TED area relative to the
ecological harm that they might inadvertently cause.
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