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ABSTRACT

Hydroelectric dams and their turbine infrastructure threaten out-migrating anguillid eels en route to marine spawning grounds.
For decades, invested parties have attempted to guide eels away from turbines and toward safe passage routes. A subset of this
work (hereafter behavioral guidance) has involved exploiting sensory biology (e.g., sight and hearing) to divert eels from areas of
danger toward safe passage, including collection facilities for trap and transport. Here, we narratively review these efforts and
interpret available information through an applied lens. We collated relevant literature and organized it based on behavioral
guidance modalities of light, sound, hydrodynamics, and electricity. Combined (multimodal) approaches were categorized under
the primary behavioral stimulus. With further research, light could have some degree of potential as a standalone method, but
field evidence indicates it is more practically effective when paired with physical barriers. Sound alone may not be sufficient, but
flume evidence indicates it can also increase the effectiveness of physical barriers. Current evidence to support manipulation
of hydrodynamics as a means to alter eel behavior is limited, and responses may vary considerably according to the nature of
the manipulation. Electrical fields can be hazardous to downstream-swimming eels, though they generally do elicit behavioral
effects. Given our current understanding, it is apparent that multimodal approaches, particularly light and sound to augment
physical barriers, are likely the most realistic for achieving reliable and effective behavioral guidance. Future research could
refine knowledge in this area. It is important to continue to scale promising methods to the field to assess practical relevance.

1 | Introduction In practice, this use of nonphysical sensory stimuli to deter or

attract a species can be broadly termed “behavioral guidance”

For much of our existence, humans have exploited species’ sen-
sory biases (including our own; Roy and de Jong 2016) to incite
behaviors deemed to be desirable. Relatively straightforward
examples include uses of sound to repel pest animals (Gilsdorf
et al. 2002), UV light and pheromones to trap or control insects
(Shimoda and Honda 2013; Rizvi et al. 2021), and light to attract
schooling fish and facilitate capture (Nguyen and Winger 2019).

(adapted from “nonphysical deterrence”: Noatch and Suski 2012;
precedent for “behavioral guidance”: Kemp et al. 2012; Piper
et al. 2015, 2019; Ford et al. 2017; Hansen et al. 2018; Elvidge
et al. 2018; Holgate et al. 2023).

Behavioral guidance could also be useful for achieving more
specialized environmental management goals (Laiolo 2010;
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Sorensen and Johnson 2016; Elmer et al. 2021; Stoilova 2024).
Some methods that target fishes include the use of electro-
repulsive metals in fishing gear to reduce shark bycatch
(Hutchinson et al. 2012); high-frequency sound to repel Alewife
(Alosa pseudoharengus) from a water intake (Ross et al. 1993);
and chemical attraction (Wagner et al. 2006) and electrical exclu-
sion (Johnson et al. 2021) of invasive Sea Lamprey (Petromyzon
marinus) around the Laurentian Great Lakes. Numerous behav-
ioral guidance systems have been developed with the objective
of improving fish passage outcomes at anthropogenic barriers
such as hydroelectric infrastructure (EPRI 1998; Noatch and
Suski 2012; Stoilova 2024), including for migratory species such
as freshwater eels (Anguillidae, hereafter anguillid eels or eels).

Diadromous anguillid eels are particularly susceptible to
obstructions on watersheds, given they may be required to
pass these barriers multiple times to complete their life his-
tories (Figure 1; Liermann et al. 2012; Cairns et al. 2013;
Reid et al. 2019). In many cases, the upstream migrating el-
vers and young yellow eels are able to climb along the wetted
zone at the edge of the structure if sufficient roughness ele-
ments are present, or may successfully negotiate it using spe-
cially designed eel passes if installed (Haro 2013; EPRI 2018;
Vowles et al. 2017; Kerr et al. 2015). Yet, for downstream
migrating late yellow and silver eels, facilitating passage re-
mains a significant challenge at many sites (Hadderingh and
Bruijs 2002; Versar, Inc 2009; Piper et al. 2013; EPRI 2018;
Verhelst et al. 2018; Pratt et al. 2021). Observation of migra-
tory obstruction and mortality of eels due to hydroelectric

infrastructure is concurrent with sharp population declines
in anguillid eel species worldwide (Liermann et al. 2012; Piper
et al. 2013; Jacoby et al. 2015; Verhelst et al. 2018). Some of
the most widely valued and studied of the 18 anguillid species
(Teng et al. 2009), European Eel Anguilla anguilla, American
Eel A. rostrata, and Japanese Eel A. japonica, are considered
Critically Endangered, Endangered, and Endangered, respec-
tively (Pike, Crook, et al. 2020; Pike, Kaifu, et al. 2020; Pike
et al. 2023).

Physical structures (e.g., screens and bar racks) are often in-
stalled at hydroelectric stations, usually with the primary intent
of stopping debris, and these may guide downstream-swimming
fishes toward preferred passage routes (bypasses) by mechan-
ically blocking their passage through less desirable routes (for
a more thorough description of related fish protection strat-
egies, see Schwevers and Adam 2019). This is less effective at
larger facilities and in wider rivers, and maintenance of these
structures can be problematic if they experience substantial bio-
fouling and debris accumulation (EPRI 2018; Schwevers and
Adam 2019; Bruijs 2021; Mensinger et al. 2021). Further issues
specific to eel include their relatively poor burst swimming abil-
ities (Bruijs and Durif 2009; Russon and Kemp 2011), preference
for relatively fast water currents (Bruijs and Durif 2009; Piper
et al. 2013), and elongate bodies (Calles et al. 2010). These traits
presumably cause eels to be particularly vulnerable to entrain-
ment in pumps or turbines; in numerous cases, eels exhibit the
highest rates of mortality at hydroelectric stations of any fish
species (Hadderingh and Bruijs 2002).
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FIGURE1 | Thelife cycle of anguillid eels (adapted from Cairns et al. 2013). Born in offshore marine areas, eel larvae and juveniles move toward
continental shelves on ocean currents, where they reside in nearshore marine areas or further inland. In approximately 5-30years, surviving individ-
uals out-migrate and sexually mature, returning to their place of birth to reproduce and die. [Color figure can be viewed at wileyonlinelibrary.com]

2288 River Research and Applications, 2025

85UBO 1] SUOLULLOD AR 3|0l e aU) Aq peuenob a2 OILE YO 88N J0 SN 10 AT BUIIUO AB]1A O (SUO 1 IPUOD-PUE-SWLBYWIOD" B |1 ARG pUI U0/ 'SAIY) SUONIPUOD PUE SWLB 1 U1 885 [5202/ZT/ST] Uo ARiqi 8UlIUO AB1IM * BURUZ [por Ad Z100L B1/Z00T OT/I0p/L0Y" A3 M ARe.q 1PU1UO// STy LIS POPROJUMOQ ‘0T ‘G202 *L9VTSEST


https://onlinelibrary.wiley.com/

In light of the challenges of using mechanical screening sys-
tems for eels, there is an interest in advancing behavioral solu-
tions to manipulate their downstream movement trajectories
either as a replacement for, or in combination with, physical
screens (e.g., Hadderingh et al. 1999; Versar, Inc 2009; Piper
et al. 2015, 2019; EPRI 2018; Elvidge et al. 2018; Popper
et al. 2020; Pratt et al. 2021). Here, we aimed to summarize
current knowledge based on an extensive review of the liter-
ature related to the behavioral guidance of mature anguillid
eels. We focused on altering the movement of out-migrating
eels away from hydroelectric infrastructure and toward col-
lection points or safe passage. We rationalized the potential
sensory modalities (light, sound, hydrodynamics, and electric-
ity), summarized the relevant aspects of anguillid movement
ecology and sensory biology, and provided a short overview
regarding the underwater propagation of each stimulus. Each
modality’s potential for management-scale behavioral guid-
ance was characterized using observational and experimen-
tal evidence. Studies that paired behavioral guidance with
physical barriers (multimodal approaches) were categorized
according to the primary sensory modality targeted in each
experiment. Methods and results were sufficiently diverse to
preclude quantitative analyses, so we embraced a narrative
approach.

1.1 | Background

Eels respond to environmental cues such as hydrodynam-
ics, light, and sound (Evans and Claiborne 2006; Trischitta
etal. 2013) in different ways, depending on their life history stage
and immediate behavioral priorities (Horodysky et al. 2022).
While eels do not possess dedicated electrosensory anatomy
(England and Robert 2022), their nervous system can be directly
affected by electrical stimulation and they may respond involun-
tarily or due to discomfort (Cowx and Lamarque 1990; Sharber
and Sharber Black 1999; Noatch and Suski 2012). Eels are also
able to sense cues such as magnetism (Moore and Riley 2009;
Durif et al. 2022), temperature, odor, and pressure (Evans and
Claiborne 2006), but manipulation of these would be imprac-
tical under relevant field conditions, so they are not discussed
further. For instance, chemicals in water are dominated by am-
bient hydrodynamics, and thus disperse unevenly and unpre-
dictably in downstream flow (Allen et al. 2012). Here, we focus
on light, sound, hydrodynamics, and electric fields as practical
means for potentially altering the movement of downstream-
swimming eels.

A few aspects of hydrodynamics are quite relevant to the
development of a behavioral guidance system. At higher
flow velocities, the effect of any stimulus may be dampened,
and a greater intensity may be required to elicit a response
(Hadderingh et al. 1999; Versar, Inc 2009; Putland and
Mensinger 2019; Miller et al. 2021). Even if the stimulus in-
tensity is great enough to induce the desired behavior, eels’
responses may be physically limited when bulk flow veloc-
ity begins to compete with their burst swimming capacity
(1.35-2.12m/s; Russon and Kemp 2011), or if the stimulus is
not detected at a sufficient distance to allow for the intended
path adjustment in downstream flow, before the eel reaches
a “point of no return” (Bruijs 2021). Eels also tend to avoid

on- or in-water objects that create hydraulic disturbances
(Piper et al. 2017), which could be a convenient multimodal ef-
fect depending on the design of a behavioral guidance system.

Light, sound, and electric fields each also present unique
considerations in the development of a behavioral guidance
system. High turbidity attenuates light, which can limit the
distance at which fishes perceive and respond to it (Hamel
et al. 2008; Putland and Mensinger 2019). Sound does not
have this issue, but particularly wide or shallow channels may
present an unsuitable acoustic field (Noatch and Suski 2012;
Pratt et al. 2021). Furthermore, infrasonic signals can travel
through or along channel beds and walls; depending on sig-
nal frequency, channel shape, and substrate composition, eels
may detect this more strongly than through the water (Popper
and Hastings 2009; Popper et al. 2020). Variability in water
conductivity could be an important environmental consid-
eration for a hypothetical electrical guidance system (Miller
et al. 2021), and the hazardous nature of electricity should be
kept in mind when designing experiments. Applicable to all
modalities, ambient levels of the same or similar stimulus may
decrease the relative intensity of the artificial signal compared
to background levels; this is a particular concern at sites with
light or noise pollution (Popper and Carlson 1998; Noatch and
Suski 2012; Popper et al. 2020).

2 | Review Methods

Numerous searches across academic (e.g., Google Scholar and
Web of Science), industry (Electric Power Research Institute),
and common (Google) libraries were undertaken to locate rele-
vant academic and grey (non-peer reviewed) literature. Relevant
sources were also obtained through correspondence with sub-
ject matter experts and industry practitioners, and by “snowball-
ing” from the references of known works (Table 1).

3 | Sensory Modalities
3.1 | Light

Considerable preliminary evidence indicates that light could be
used to deter or guide anguillid eels. Many works regarding eel
spatiotemporal ecology describe them as exhibiting a predom-
inantly nocturnal out-migration, negative phototacticity, or as
being generally more active at night or in darker areas (e.g., Smith
and Saunders 1955; Helfman et al. 1983; Vollestad et al. 1986;
Stahl et al. 2023). Out-migrating eels also avoid artificial light
in particular. For example, adding lights to one section of an eel
weir reduced silver eel catches in nets near that section (Cullen
and McCarthy 2000). In captive flume studies, downstream-
swimming late yellow and silver stage eels have been deflected
by fluorescent light (Hadderingh et al. 1999) and light-emitting
diode (LED) illumination when offered a choice (Elvidge
etal. 2018; Vowles and Kemp 2021). Elvidge et al. (2018) addition-
ally considered light color and strobe rates. Blue (480nm) LED
light elicited the greatest avoidance, consistent with eel retinal
cells' ontogenetic shift in physiological sensitivity (Pankhurst
and Lythgoe 1983), followed by full-spectrum white light. In
both cases, strobing (30 Hz) outperformed blinking (1 Hz) light.
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TABLE1 | Primaryworksinvestigating questions related to behavioral guidance of anguillid eels, from both academic and grey literature sources.

Field Laboratory/flume
Sensory modality (n studies) Published Grey literature Published Grey literature
Light (n=11) Cullen and Hadderingh and Hadderingh et al. (1999),
McCarthy (2000), Smythe (1997), Elvidge et al. (2018),
Lenihan et al. (2025) McGrath et al. (2003), Vowles and Kemp (2021)
Bowen (2014),
Kruitwagen (2014),

Bruijis and Vriese
(2013), EPRI (2024)

Sound (n=6) Piper et al. (2019),

Deleau et al. (2020a)

Piper et al. (2015),
Vowles et al. (2025)

Hydrodynamics (n=4)

Electric fields (n=4) Hadderingh and

Jansen (1990)

Sand et al. (2000),
Bau et al. (2011)

Versar, Inc (2009)
(review; describes

Deleau et al. (2020b) EPRI (2016)

Hadderingh et al. (1999) EPRI (2016)

Miller et al. (2021)

studies within),
Life4Fish (2020)

Elvidge et al. (2018) therefore suggested that these colors and
settings should be prioritized in field-scale evaluations of light
guidance devices.

Field-scale light guidance tests often report promising results,
but exist primarily in the grey literature (Hadderingh and
Smythe 1997; McGrath et al. 2003; Kruitwagen 2014; Bruijis
and Vriese 2013; Bowen 2014). Light, and more recently LEDs
in particular have been reported to successfully guide or deter
downstream-swimming mature eel from hydroelectric infra-
structure on some occasions (Hadderingh and Smythe 1997;
Bowen 2014; Kruitwagen 2014), but fail to do so on others, even
when using the same equipment (Bruijis and Vriese 2013). In
one case, submerged halogen lamps installed in the St. Lawrence
River (North America) were designed to create a “wall of light”
(McGrath et al. 2003). Substantial avoidance was observed, but
issues with debris accumulation and impractical maintenance
requirements discouraged the design as presented. Also, be-
cause the device formed a physical wall itself, eels still avoided
the structure on control (lights off) nights. The extent of the
light's effect on top of these hydrodynamic and physical barrier
effects was not well-described, as results were based primarily
on visual observation. The full results of many of these studies
(i.e., Hadderingh and Smythe 1997; Kruitwagen 2014; Bruijis
and Vriese 2013; Bowen 2014) were not accessible, so little more
can be said, although it was proposed that the failure of the latter
LED device may have been due to site-specific factors such as
channel shape, turbidity, confounding environmental variables
(e.g., turbulence and sound), and suboptimal placement of the
lights (Bruijis and Vriese 2013).

A second study upstream of Iroquois Water Control Dam (at
the same site as McGrath et al. 2003) used acoustic telemetry to
describe in situ responses in greater detail than previous field
studies (EPRI 2024). An above-water, rather than in-water,
light guidance structure equipped with downward-facing white
LEDs was deployed upstream of the dam at a 30° angle relative
to the river axis. This configuration was designed to horizontally

deflect eels toward one side of the river for collection and down-
stream transport, based on past telemetry data that clarified
the major migratory trajectories used. Tagged migrant eels that
swam near the illuminated guidance structure were not de-
flected as predicted; however, they did reduce their swimming
speed and dive beneath the light field (EPRI 2024). Control eels
also exhibited a much shallower dive, presumably due to hydro-
dynamic effects on the water's surface (Piper et al. 2017). These
results suggest that in-water lighting may be more readily effec-
tive than above-water lighting, and more generally emphasize
the importance of device configuration in eliciting the desired
response.

Recently, the first published field study using strobing, broad-
spectrum white LEDs observed an 80% deflection rate of out-
migrating silver eels on the River Shannon (Lenihan et al. 2025).
The lights were deployed in-water, 1.08 m apart, at a 45° angle
relative to the river axis. Eels that were not guided were smaller
than those that were, suggesting that larger eels were more ca-
pable of altering their migratory path to avoid the light array
(Lenihan et al. 2025). As with McGrath et al. (2003), the authors
note that the strong response observed was likely a combina-
tion of the eels being negatively phototactic as well as the hydro-
dynamic and physical effects associated with the light support
structure.

Light appears to have potential as a behavioral guidance stim-
ulus for out-migrating anguillid eels. Available evidence is cau-
tiously encouraging, but there are currently few peer-reviewed
field studies, and the methods and outcomes of the broader
evidence base are quite varied, and in some cases, not readily
accessible. Beneficial effects seem to be more readily obtained
in a multimodal approach by pairing light with physical bar-
riers, as demonstrated by Lenihan et al. (2025) and McGrath
et al. (2003). Light has also enhanced physical barriers for other
species, such as White Sturgeon Acipenser transmontanus (Ford
et al. 2017) and Staghorn Sculpin Leptocottus armattus (Mussen
and Cech 2018).
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3.2 | Sound

The known auditory range of anguillids (<1-300Hz; Jerko
et al. 1989) is relatively narrow and of lower pitch compared to
that of humans (20-20,000 Hz; Purves et al. 2001), but is com-
parable to other non-auditory “specialist” fishes (e.g., Gadids
and Salmonids; Popper and Hawkins 2019). In eels, detection
of the movement of water due to sound via the inner ear is un-
derstood to predominate until about 100Hz (Jerko et al. 1989).
Between 100 and 300Hz, direct detection of particle motion
via the inner ear may be more difficult, and the reverberation
of the swim bladder due to the pressure component of sound
(analogous to the eardrum of mammals; Popper et al. 2019)
may play an equal role (Jerko et al. 1989). Unlike some other
fish species, eels lack a specialized anatomy to facilitate this
process, so this secondary signal probably attenuates signifi-
cantly before it is detected by the inner ear (Popper et al. 2003;
Ladich and Schulz-Mirbach 2016; Popper and Hawkins 2018).
Thus, <1-100Hz, one-fifth of which is below the threshold for
infrasound (< 20 Hz), may be anguillids’ optimal hearing range.
However, much of this information is uncertain, given recent
evidence suggests audiogram measurements may not reflect op-
timal frequencies for behavioral responses (Holgate et al. 2023),
and many other concerns have been raised regarding the valid-
ity of past aquatic audiological studies (Leighton et al. 2020).
Relatively recent empirical work observed eels in a small flume
exhibiting the greatest avoidance to three low-frequency signals
(10, 50, and 100Hz). Of these three, the strongest response was
observed to 10Hz and the weakest to 100 Hz,supporting the as-
sertion that lower frequencies could be more effective for behav-
ioral guidance (EPRI 2016).

Historically, laboratory and field experiments evaluating the
efficacy of broadband (60-1000 Hz) and low-frequency sound
as practically applicable behavioral guidance methods re-
port poor to mixed outcomes (0%-57% reported success rate;
Sand et al. 2000; Bau et al. 2011; Piper et al. 2019; Deleau
et al. 2020a). Advances in acoustic field mapping and acous-
tic telemetry have enabled more detailed analyses in more re-
cent experiments, generating observations that could guide a
more focused approach. While infrasound was again shown
to be ineffective as an outright deterrent in Piper et al. (2019),
decreasing the number of eels that passed the sound source
by only 28%, the authors were able to use in situ movement
data to demonstrate that treatment eels did exhibit hesitance,
erratic movement, and took more than two times as long to
swim through the ensonified area than control eels. These
results suggest that infrasound could remain useful as a sec-
ondary stimulus in a multimodal guidance system (Putland
and Mensinger 2019; Pratt et al. 2021; Piper et al. 2019). This
conclusion is consistent with Versar, Inc's (2009) supposition
of an augmentative effect of vibrating moorings in the eel light
guidance system described by McGrath et al. (2003), and with
a study on Shiner Surfperch Cymatogaster aggregata, which
demonstrated vibration can enhance the effectiveness of phys-
ical screens (Mussen and Cech 2018).

Infrasound does not presently appear to have been tested in a
multimodal experiment. However, Deleau et al. (2020b) set
out to determine whether either continuous broadband sound
(60-1000Hz) or a low-frequency (100 Hz) pulse could improve

deflection of downstream swimming eels by a vertical bar
screen toward a bypass in a flume. Responses to the acoustic
signals were compared against control trials wherein there
was a screen but no sound. Most eels in all trials reached the
bypass, but fewer failed to be deflected during ensonified trials
(three control; one in each sound trial). Both acoustic modalities
caused eels to reach the bypass sooner than during the control
trial, though the 100 Hz pulse had a greater effect. While Deleau
et al's (2020b) methods, as described, successfully enhance
the efficiency of the screen, infrasound may elicit a stronger
response than higher frequencies under otherwise equivalent
conditions (EPRI 2016), so it is possible that an even greater ef-
fect could be observed if a similar experiment were undertaken
using infrasound.

Further investigation of sound as a secondary deterrent is war-
ranted, but there are some obvious limitations. High ambient
noise levels are common around generating stations, and exist-
ing infrastructure at some sites could interfere with eels' abil-
ity to detect the stimulus. Additionally, particularly shallow or
wide rivers may present a challenging acoustic field, especially
at lower frequencies (Noatch and Suski 2012; Pratt et al. 2021).
Yet, if the predominant paths of out-migrating eels at the study
site were determined in advance, it could be possible that a rela-
tively small volume of the channel would need to be ensonified
to affect a sufficient proportion of migrants (as in EPRI 2018).
More studies with detailed quantifications of out-migrating eel
responses to natural and anthropogenic sound are needed, par-
ticularly at varied sites with well-specified soundscapes (Popper
et al. 2020).

3.3 | Hydrodynamics

Broadly, experimental evidence for hydrodynamic manipu-
lation as a guidance mechanism is varied and inconclusive.
One line of research is based upon the theorization of “sweep-
ing flows” which may be able to guide eels toward one side
of a channel (Coutant 2003), and a flume study that demon-
strated that silver eels choose corridors of greater flow velocity
(Hadderingh et al. 1999). In accordance with this evidence,
EPRI (2016) attempted to use flow velocity enhancement in a
flume to guide downstream-swimming eels toward a collec-
tion bin. However, they observed no evidence for guidance.
These results were surprising given the high ambient flow
velocity, and may have been an artifact of the study design
(EPRI 2016). To date, this approach does not seem to have
been tested in another experiment.

Rather than enhancing velocity, Piper et al. (2015) investigated
how out-migrating eels respond to flow constriction and accel-
eration in the field. Eels rejected the constricted and accelerated
site and took significantly longer to pass compared to control
eels (though all did eventually pass). Vowles et al. (2025) fur-
ther clarified the role of channel constriction (and subsequent
flow acceleration); in addition to supporting the assertion that
flow acceleration deters downstream-swimming eels, they also
asserted that flow recirculation, a factor which is generally ig-
nored, drove significantly more rejections. These observations
suggest two things: First, it is important to limit acceleration
and recirculation in any attractant-flow behavioral guidance
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system, or more generally, at the mouths of bypasses. Second,
there is potential to use accelerated flow as a deterrent to drive
eels toward more desirable routes, particularly in tandem with
other modalities.

While more research is needed, it is plausible that manipu-
lated hydrodynamics could behaviorally guide out-migrating
eels under certain circumstances, given further clarification of
parameters and responses. Observations by Piper et al. (2015)
and Vowles et al. (2025) highlight the yet-unexplored potential
for accelerated or recirculating flow as a deterrent in a multi-
modal guidance system. On very large rivers, especially those
with strong ambient flow, it may simply be energetically and
economically infeasible to modify the hydrodynamic regime
enough to reliably affect the behavior of a useful proportion of
out-migrating eels (Pratt et al. 2021). Thus, hydrodynamic ma-
nipulation, if supported by further research, may be limited in
practice to relatively small channels with low to moderate flow
velocity.

3.4 | Electric Fields

Electrical current directly stimulates the nerves of fishes, includ-
ing eels, and most responses are likely to be either involuntary
or because swimming too close causes discomfort (Cowx and
Lamarque 1990; Sharber and Sharber Black 1999; Noatch and
Suski 2012). There is a gradient of potential responses depending
on device intensity and distance, ranging from discomfort and
avoidance to induced positive galvanotaxis (i.e., electrofishing;
Cowx and Lamarque 1990; Gabriel and Wendt 2003); onward
to stunning, paralysis, musculoskeletal injury, or death (Noatch
and Suski 2012).

Indeed, past research has demonstrated that electric fields
can pose serious dangers to downstream-swimming eels.
Hadderingh and Jansen (1990) described deleterious effects
from early attempts to guide or deter eels with electric fields,
and a study reviewed in Versar, Inc (2009) reported thousands
of mortalities after an electrical deterrent immobilized out-
migrating eels in high bulk flow, leading to mass impingement
on an intake rack. Even if the eels were able to overcome the
downstream flow velocity to escape the intake, they could not
move back upstream without enduring more electrical shocks.
Recent work by Life4Fish (2020) is more encouraging. Here, the
installation of an electrical guidance device upriver of a hydro-
electric station coincided with greater eel escapement and lower
entrainment than in past years, but this report emphasized that
bulk flow velocity was very low at this site, and there was mini-
mal discussion regarding the broader implications of these find-
ings. Furthermore, a published field evaluation of an electric
guidance device is yet to exist.

One published flume experiment adds behavioral context to
these observations by examining responses of mature eels
to two electrical fields of different strengths across low and
high flow velocities (Miller et al. 2021). A total of 74% of eels
exhibited a response to the electrical field in low flow, com-
pared to 31% in high flow. Of those that did respond under
both hydrodynamic conditions, nearly twice as many chose to
accelerate through the field compared to those that changed

their trajectory. Yet, Miller et al. (2021) also found that elec-
trical fields at low frequencies with short pulse widths reliably
induce a twitch response in eels with little risk of tetany, sug-
gesting these parameters could still be useful in a more subtle
approach.

Available evidence suggests that electricity is inappropriate
as a primary deterrent unless bulk flow velocity is minimal
(Life4Fish 2020; Miller et al. 2021). However, variations in
placement and parameters could have potential. For example,
low-frequency, short-pulse electricity could possibly be used to
“nudge” eels' swimming trajectories (Miller et al. 2021), or in-
duced galvanotaxis (i.e., electrofishing) could be used at suitable
collection sites to attract and/or narcotize out-migrating eels for
downstream transport. Further experiments are warranted, but
should be designed with caution and intention to avoid poten-
tially severe negative effects on eels.

4 | Synthesis and Discussion

Behavioral guidance as a general approach is characterized by
wide inter- and intra-specific variation based on a variety of
factors, including sex, maturation status, and behavioral state
(Putland and Mensinger 2019; Elmer et al. 2021). Here, avail-
able research was inconclusive regarding effective and practi-
cal methods for any single sensory modality, but multimodal
approaches for light and sound have stronger support (e.g.,
McGrath et al. 2003; Deleau et al. 2020b; Lenihan et al. 2025;
Figure 2). Flow acceleration or recirculation should be limited
at preferred routes and may have potential as a deterrent in a
multimodal system (Piper et al. 2015; Vowles et al. 2025), but
this remains untested. Electrical fields represent considerable
risk to an endangered species swimming downstream with am-
bient flow, but devices could be configured differently to more
subtly guide swimming trajectories, either as a deterrent in very
low-flow situations (Life4Fish 2020; Miller et al. 2021) or as an
attractant/narcotic (akin to electrofishing) for collection and
downstream transport post-guidance. Sound or light additions
to existing physical barriers could be cost-effective relative to
their potential benefit, especially compared to physical retro-
fits (Miller et al. 2022). This could garner immediate marginal
gains to passage efficiency, whereby incremental advancements
amount to meaningful improvement at a larger scale (Miller
et al. 2022).

Overall, deterrence is more readily elicited, and perhaps more
biologically realistic, than attraction. Hydrodynamic manipu-
lation is the only method with any evidence for attracting eels
via enhanced flow velocity, but high acceleration flows can also
deter them. There is interest in attractant odors and sounds
(Schmucker et al. 2017; Popper et al. 2020), but little progress
has been made in these areas. This could be because silvering
eels undergo extensive physiological and morphological changes
over the course of their maturation and out-migration (Tesch and
Thorpe 2003), and fishes interpret sensory stimuli in accordance
with their behavioral state and life history stage (Horodysky
et al. 2022). Thus, these individuals may not easily be attracted
to anthropogenic cues, which are unlikely to be more biologi-
cally relevant than the prospect of reproducing before death. In
contrast, acute bouts of avoidance due to unpleasant or noxious
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Light - Eye

» Deters downstream-swimming anguillid eels. Strongest
responses to blue (480 nm) followed by full-spectrum
white light, ideally strobing (30 Hz).

» Shown to augment physical barriers in the field. Evidence
regarding practicality of standalone use is sparse, varied,
and inconclusive.

Sound - Octavolateralis system, primarily inner ear

» Elicits a‘startle’ response, may not deter outright. Flume
studies suggest low-frequency (<100 Hz) signals elicit
strongest responses.

» Broadband (60 - 1000 Hz) sound enhances deterrence
when combined with physical barriers in flume trials.
Likely insufficient effect as a standalone stimulus.

Hydrodynamics - Octavolateralis system, primarily lateral line

» Higher flow velocity may attract (in flume), but high flow
acceleration and recirculation can deter (in field).

» More work needed. Flow acceleration and recirculation
could deter ahead of hazards but should be limited when
guiding toward preferred routes.

FIGURE 2 | Schematic diagram describing the feasibility of various
can be viewed at wileyonlinelibrary.com|

stimuli may demand less relevance and thus could be easier to
induce.

Acoustic telemetry, or ideally less invasive methods such as
sonar, is a critical advancement for monitoring eel responses
to stimuli. Pre-study monitoring allows for a baseline under-
standing of how eels naturally move through target sites, the
importance of which is twofold. First, understanding preferred
channels could dramatically decrease requisite coverage of a
guidance device (e.g., methods in EPRI 2024). Second, these
paths can be compared against experimental treatment and con-
trol data to not only isolate the effect of the stimulus, but also
determine whether the structure itself has a meaningful hydrau-
lic effect. In situ monitoring allows for detailed observation of
behaviors in the field, rather than relying on outcomes alone,
and has been used by many of the recent studies discussed here
(Noatch and Suski 2012; EPRI 2018, 2024; Piper et al. 2013,
2015, 2017, 2019). Tracking wild fish also allows identification
of peak migration periods, which is pertinent information for
management-scale applications to maximize cost-effectiveness
by limiting periods of deployment and to minimize collateral ef-
fects on non-target species.

Observational data must be accurate and represented in a use-
ful manner to bolster interpretations and be more useful to fu-
ture studies. Behavioral guidance sites and technologies need
to be selected and developed based on detailed knowledge of
site-specific characteristics (Noatch and Suski 2012), and there
should be reliable pre-study estimates of the proposed stimulus
intensity and coverage. Furthermore, it would be helpful to stan-
dardize terminology and protocols for measurements and report-
ing results to facilitate quantitative comparisons among studies
(Popper et al. 2020). Some common issues include insufficient

Electrical Fields — Nervous system (direct stimulation)

» Deters, but hazardous in downstream current. Bulk flow
velocity needs to be very low. Low-frequency with short
pulse may be safer. Evidence is limited.

» Possible multimodal potential. Could attract/narcotize
eels for collection and transport, post-guidance.

stimuli for behaviorally guiding out-migrating anguillid eels. [Color figure

reporting of contextual data, poorly described responses, mis-
representing the magnitude of a response, variable and propri-
etary designs, poor stimulus mapping, and the use of improper
metrics (Putland and Mensinger 2019; Popper et al. 2020).

Regarding practical benefits and advancements, behavioral
guidance devices may be less permanent and can be temporarily
deployed or remotely controlled to meet peak migration periods.
LEDs in particular are promising components of light guidance
systems as they are programmable to produce different colors,
strobe rates, and intensities; can be adjusted while deployed; can
incorporate UV anti-biofouling diodes; and are cheaper, more
energy efficient, and have longer lifespans than alternative light
sources (e.g., mercury, metal halide, and incandescent) that were
used in earlier field tests (EPRI 2017). Growing recognition of
the need to diversify from historically typical fish passage tech-
nologies (Silva et al. 2018) suggests behavioral guidance's impor-
tance may grow in the future (Elmer et al. 2021).

4.1 | Conclusion

Anguillid eels are a problematic taxon for fish passage, and
species worldwide are endangered. Behavioral guidance strat-
egies could improve survival outcomes during downstream eel
passage through high-risk sites, including electrical generating
stations. Here, we describe the functional principles of behav-
ioral guidance, outline potential technologies, comment on
the practicality of each, and recommend directions for future
research. We also emphasize the importance of other efforts
to mitigate out-migrating eel mortality, including innovations
in fish-friendly turbines (e.g., Yang et al. 2018; Nifio Del Rio
et al. 2023). We hope that this paper provides a useful starting
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point for hydropower proponents, regulators, and researchers
interested in using behavioral guidance to reduce eel mortality.
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