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Abstract: Although exceedingly rare, shark attacks have a disproportionately large impact on human
behavior, often resulting in shark culls. Due to the invasive nature of shark culls, innovating and
testing non-invasive deterrent technologies that may minimize the potential for a rare negative
shark encounter has become a conservation priority. One such mitigation approach is barriers,
such as exclusion nets and the Sharksafe barrier. With both technologies exhibiting limitations
and/or ineffectiveness (e.g., Sharksafe barrier), the development of a more effective technology
was warranted. Therefore, this study had two key objectives: (1) to determine if DC 12 Volts
180 Newtons electromagnets can produce deterrent responses in the bull shark (Carcharhinus leucas)
and (2) to determine if a newly designed and eco-friendly Exclusion barrier exhibits enhanced
C. leucas deterrent capabilities when directly compared to the Sharksafe barrier. Based on 100 baited
apparatus trials, electromagnetically treated baits resulted in significantly greater avoidance and
reduced feeding frequencies. Furthermore, Poisson generalized linear mixed effect model analyses
based on 27, 1-h trials illustrated that the Exclusion barrier region resulted in the greatest avoidance
and lowest entrance and exit frequencies when compared to the control and Sharksafe barrier regions.
Although the Exclusion barrier did not exclude all interacting sharks, the technology provided
superior deterrent efficacy in relation to the Sharksafe barrier. Therefore, with many shark populations
exhibiting precipitous declines, continued research on this novel technology on potentially dangerous
shark species (e.g., white sharks—Carcharodon carcharias) and in varying ecological conditions (e.g., a
high energy coastline) is warranted.

Keywords: bull shark; Carcharhinus leucas; beach nets; sharksafe barrier; permanent magnets;
eco-friendly

1. Introduction

With the human population exhibiting exponential trends in growth, development
in coastal communities and the recreational use of marine resources are increasing [1,2].
Due to the spatial overlap between humans and various large and potentially dangerous
shark species (e.g., white sharks—Carcharodon carcharias; bull sharks—Carcharinus leucas;
and tiger sharks—Galeocerdo cuvier), there exists a risk of a negative shark encounter [3].
Even though these encounters are exceedingly rare, there is often an immediate response
to prevent future incidents [4–6]. Where some localities implement a Science-based and
“eco-friendly” approach (e.g., Exclusion nets in Cape Town, South Africa), other localities
have implemented indiscriminate shark culls through the use of drumlines and/or shark
nets [7]. Although there is insufficient evidence that demonstrates the effectiveness of some
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of these invasive and lethal shark control programs [8], there is evidence that demonstrates
that the existence of these culling programs is detrimental to both the local environment and
marine life [9,10]. Furthermore, losing the top predators that many of these programs target
(e.g., C. carcharias and C. leucas) may compromise marine ecosystem functioning [11–13].

Due to the potential negative consequences associated with both short-term and long-
term culling programs, scientists have been trialing ecologically responsible techniques that
address multiple conservation priorities, including minimizing human impacts on natural
resources and maximizing human and marine organismal safety along the shoreline [14,15].
While a variety of alternative and non-lethal approaches to shark-human mitigation have
been tested (e.g., Shark Spotters—[14]; electrical devices—[16]; SMART Drumlines—[17]),
one strategy involves the use of barrier-like devices. Two key types of barrier-like devices
currently exist, exclusion nets [18] and the Sharksafe Barrier [19]. Exclusion nets are small-
meshed nets that provide a physical barrier to marine organisms, whereas the Sharksafe
barrier is a technology that incorporates visual (i.e., rigid piping) and magnetic (i.e., grade
C8 barium-ferrite (BaFe12O19) stimuli to selectively deter large and potentially dangerous
shark species [15]. Both technologies have been tested on larger scales [15,20] which
permitted the evaluation of technological advantages and limitations.

Most recently, the first large-scale shoreline deployment of the Sharksafe Barrier on C.
leucas demonstrated that the system did exhibit shark exclusion properties; however, sharks
consistently penetrated the barrier (i.e., 63% of the interacting sharks entered through
the system at least once). After 59 h of observation, researchers noticed that 89.7% of the
entrances occurred at the surface, where the inter-barrier element spacing often fluctuated
due to wave activity and produced large openings that the sharks could penetrate [15].
Based on these technological shortcomings and the need for an eco-friendly alternative
to shark culling, a novel technology was created, known as the Exclusion barrier. The
Exclusion barrier is an inexpensive technology that is composed of the following: (1)
interconnected vertical barrier elements (i.e., the visual stimulus) that form a semi-rigid
structure that addresses the piping separation issue with the Sharksafe barrier, (2) paired
DC 12V 180N electromagnets powered by 12V internal hydroelectric power generators
and strategically spaced N52 Neodymium (Nd2Fe14B) permanent magnets that create a
continues magnetic field throughout the entirety of the barrier, and (3) a telescoping piping
component at the surface of the barrier to facilitate a continuous seafloor to sea surface
visual barrier with variation in tidal height and wave activity.

To determine if this new technology may provide added shark exclusion properties,
this study used a comparative experimental design where the shark exclusion efficacy of
the Sharksafe barrier was directly compared to that of the Exclusion barrier. However,
it is unknown if electromagnets have shark deterrent capabilities since previously con-
ducted studies used permanent magnetic materials [21–23]. Therefore, using C. leucas as
the model species, the objectives of this study were: (1) to determine if DC 12V 180N
electromagnets exhibit shark deterrent capabilities, (2) to determine if the Exclusion barrier
exhibits enhanced shark exclusion properties in comparison to the Sharksafe barrier, (3)
to determine if exclusion efficacy would be influenced by the number of sharks in the
area (conspecific density) and water visibility, and (4) to determine if this technology is
a viable and an eco-friendly alternative to current shark mitigation (e.g., shark nets and
drumlines) strategies. First, since previous studies demonstrate that a variety of electro-
sensory materials can produce shark deterrent responses [16,21,24], it is hypothesized that
C. leucas behavior will be modified by the DC 12V 180N electromagnets when compared
to controls. Furthermore, and based on previous studies [15], it was hypothesized that
the novel Exclusion barrier system will exhibit enhanced exclusion capabilities (e.g., a
decrease in entrance and exit behaviors) in comparison to the Sharksafe barrier. It was
further hypothesized that increased intra-specific competition due to higher conspecific
density [22,25] may result in differences in C. leucas behavior towards both barrier systems.
Furthermore, since context-specific variations in sensory modalities may be directly linked
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to water visibility, thus altering behavior [25], it was hypothesized that variations in water
visibility would alter the barrier’s exclusion capabilities.

2. Materials and Methods

The study was conducted in Bimini, Bahamas in December 2020 and January 2021. The
designated study site was adjacent to a food provisioning site for C. leucas and consisted of a
sandy substrate that ranged from 1–3 m in depth. Throughout experimentation, researchers
noted unique characteristics that were often specific to individual sharks, such as size, sex,
presence/absence of a tag, color, presence/absence of fin damage, and presence/absence
of scars as a way to quantify individual sharks. This research was conducted under
conditions of the assigned Bahamas Department of Marine Resources permit (MAF/FIS/17;
MAMR/FIS/17B).

2.1. Bait Experiment

At the study location, two different apparatus were deployed, (1) the control and (2)
the magnetic. The control apparatus consisted of a 1.5 m2 observation zone constructed out
of polyvinyl chloride (PVC) and a non-activated DC 12V 180N electromagnet placed in the
center of the observation zone. The observation zone was used to standardize the location
of recordable behaviors [26]. The magnetic apparatus consisted of a 1.5 m2 PVC observation
zone in combination with an activated DC 12V 180N electromagnet, powered by a 12V
shoreline power source. Identically to the control, the electromagnet was placed in the
center of the observation zone. In the center of each observation zone and in combination
with the electromagnetic treatments, a clip was used to facilitate the attachment of 0.11 kg
of bonito (Sarda sarda), which was used to provide olfactory and gustatory cues to attract
C. leucas. Once each apparatus was baited, the treatment arrangement was randomized
to eliminate the possibility of side preference-based behavior and both apparatuses were
simultaneously deployed. Upon deployment, the apparatus was spaced by a minimum
distance of 1 m to ensure the strong magnetic fields (exceeding the ambient magnetic
field, 0.25–0.65 G) associated with the magnetic apparatus did not overlap with the control
apparatus (Figure 1). Once in position, the following behaviors were recorded: visit,
avoidance and feeding (Table 1). If any one of the baits was removed during a trial, the
trial was immediately terminated. Each apparatus was then rebaited and a new trial was
conducted.
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by a 12V shoreline power source. In the center of each observation zone and in combination with 
the electromagnetic treatments, a clip was used to facilitate the attachment of 0.11 kg of bonito (Sarda 
sarda; not included in the figure). 
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Figure 1. Aerial drawing of the experimental setup for the bait experiment. This experiment consisted
of two, 1.5 m2 observation zones, one associated with each treatment: the control and the magnetic.
The control consisted of a non-activated DC 12V 180N electromagnet placed in the center of the
observation zone. The magnetic contained an activated DC 12V 180N electromagnet, powered by
a 12V shoreline power source. In the center of each observation zone and in combination with the
electromagnetic treatments, a clip was used to facilitate the attachment of 0.11 kg of bonito (Sarda
sarda; not included in the figure).

Table 1. Behavioral ethogram. This table describes the bull shark (Carcharhinus leucas)-associated
behaviors for both bait and barrier experiments.

Behavior Definition of Behavior

Bait Experiment Behaviors

Visit Shark swam within one body length of an observation zone

Avoidances Shark abruptly changed direction, such as a sudden turn and/or acceleration
away, after visiting the observation zone

Feeding Shark was observed to bite or remove bait from apparatus

Barrier Experiment Behaviors

Visit Shark swam within one body length of an observation zone

Avoidances Shark abruptly changed direction, such as a 45◦, 90◦, or 180◦ turn and/or
acceleration away, after visiting an observation zone

Entrances Shark visited an observation zone and swam through the PVC pipes
Exits Shark entered an observation zone and swam back out through the PVC pipes

Pass Arounds A visit followed by a shark swimming adjacent to an entire experimental
region, but not avoiding or entering through the treatment region

Statistical Analysis

Data were first transformed into behavioral ratios in association with both trial and
treatment type (i.e., avoidance frequency = total avoidances per total visits). Since data
were not normally distributed, a Wilcoxon signed-rank test was used to determine if
any variation in behavioral ratios (i.e., avoidance ratio and feeding ratio) existed with
treatment type.
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2.2. Barrier Experiment

To deploy the barrier, three, 50-m rows of 2/0 heavy duty link chain were stretched
between the adjacent dock and shoreline, which had an approximate protection area of
1116 m2. Each row of chain was separated by approximately 0.3 m. To secure the chain
in place, Sealux stainless steel spiral anchors (i.e., 343 mm in length) were positioned
every 7 m and connected to the chain using stainless d-shackles. At 0.76 m intervals on
each row of chain, one of two types of treatment columns were placed: Sharksafe barrier
(e.g., Figures 2 and 3) treatment columns or Exclusion barrier treatment columns (e.g.,
Figures 2 and 4). More specifically, two equal-sized 25 m long regions were constructed
using the first row of heavy duty chains to create two different experimental regions.
The Sharksafe barrier region consisted of 32, 1 m–3 m (length) × 3.81 cm diameter PVC
piping with internal foam buoyancy to ensure that each pipe was suspended vertically
from the seafloor to the sea surface in the water column (Figure 3). These columns, or
PVC pipes, contained two-four (quantity based on pipe length) equally-spaced (0.75 m),
3.2 cm × 2.54 cm N52 Neodymium (Nd2Fe14B) disc magnets. Between each pipe within the
magnetic region and attached to the link chain, a grade C8 BaFe12O19 permanent magnet
(152 mm × 102 mm × 51 mm) was placed. For the Exclusion barrier treatment columns,
the design differed. The initial lower section of the column consisted of 32, 0.5 m × 3.81 cm
diameter PVC piping and this region was connected to an additional PVC telescoping pipe
that telescoped to a maximum of 2 m to ensure the pipes were maintained constant contact
with the sea surface. In addition to the telescoping component of the pipe, a strategically
placed internal water turbine 12V hydroelectric power generator was connected to a DC
12V 180N electromagnet. With increases in wave energy (e.g., produced by wind or boat
wakes), the design of the telescoping component of the barrier funneled water through
the water turbine and through the top of a pipe to provide intermittent power to the
electromagnet (Figure 4). Furthermore, as a way to both funnel water through the turbine
and maximize pipe buoyancy to ensure the telescoping nature of the pipe, high density
foam was pre-shaped and fitted throughout the upper region of the pipe. Lastly, to ensure
uniformity in pipe separation distance, especially in association with wave activity or when
sharks make contact, the upper regions of the telescoping pipes were all interconnected
by a 1/0 heavy duty chain. To separate both treatment regions to aid in the categorization
of behavioral observations, one pipe with a distinctly colored green float was deployed.
In addition to the first row of piping for each experimental region, two subsequent rows
were deployed (i.e., Rows 2 and 3) and contained unmanipulated pipes that served as
additional visual stimuli to approaching animals. The spacing of these pipes was 0.76 m
(Figure 2); however, they were positioned so that the piping alternated with the piping in
the first row to maximize the barrier’s visual stimulus. Lastly, to complete the experimental
design, two equal-sized control regions (25 m in length) were established on either side
of the main barrier. These control regions were unmanipulated areas that were used to
make behavioral comparisons. A single pipe was placed at the terminal points of the
control regions to aid in the identification of behaviors that could be quantified and used for
analysis. It is important to note that while these control regions were found on either side of
the experimental barrier treatments (i.e., the Exclusion or Sharksafe Barrier treatments) thus
introducing a potential for behavioral bias, previous anecdotal observations and behavioral
observations associated with previous studies at this study site [15,26,27] illustrate that
sharks are equally as likely to initially approach the experimental barrier treatment regions
in comparison to the control regions.
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Figure 2. Aerial view of the barrier experimental setup in Bimini, Bahamas. This experiment con-
sisted of four experimental regions: two control regions, one Sharksafe barrier region, and one Ex-
clusion barrier region. Each region was 25 m in length. During experimentation, the bull shark (Car-
charhinus leucas) behaviors were compared between the Exclusion barrier, the Sharksafe barrier and 
only one of the control regions. The control region used for each one-hour trial was randomly se-
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Figure 3. Sharksafe barrier experimental setup. (a) Top view. The barrier was composed of three, 25 
m long alternating rows of barrier piping. The outer row consisted of piping equipped with equally 

Figure 2. Aerial view of the barrier experimental setup in Bimini, Bahamas. This experiment consisted
of four experimental regions: two control regions, one Sharksafe barrier region, and one Exclusion
barrier region. Each region was 25 m in length. During experimentation, the bull shark (Carcharhinus
leucas) behaviors were compared between the Exclusion barrier, the Sharksafe barrier and only
one of the control regions. The control region used for each one-hour trial was randomly selected.
The red circles represent approximate bait (bonito [Sarda sarda] or wahoo [Acanthocybium solandri])
deployment locations.
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Figure 3. Sharksafe barrier experimental setup. (a) Top view. The barrier was composed of three,
25 m long alternating rows of barrier piping. The outer row consisted of piping equipped with equally
spaced 3.2 cm × 2.54 cm N52 Neodymium (Nd2Fe14B) disc magnets (i.e., black circles), whereas the
two inner rows of piping contained unmanipulated piping (i.e., white circles). (b) Side profile of the
outer row of piping. Pipes were 1 to 3 m long and 3.81 cm in diameter and were separated by 0.76 m.
Pipes were connected to the seafloor using a flexible heavy duty 2/0 chain. Located between adjacent
pipes and along the chain was a 15.2 cm × 10.2 cm × 5.1 cm grade C8 BaFe12O19 permanent magnet.
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The chain was secured to the seafloor by Sealux stainless steel spiral anchors. (c) The internal structure
of the first (outer) row and remaining rows of the barrier structure. Inside the polyvinyl chloride
(PVC) piping of the outer row were N52 Neodymium magnets that were spaced at 0.75 m intervals.
A section of foam was placed at the apex of the pipe (internally and externally) to provide floatation.
The second and third rows of PVC piping were unmanipulated and only contained the high-density
foam to maximize pipe buoyancy.
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Figure 4. Exclusion barrier experimental setup. (a) Top view. The barrier was composed of three,
25 m long alternating rows of barrier piping. The outer row consisted of piping equipped with equally
spaced 3.2 cm × 2.54 cm N52 Neodymium (Nd2Fe14B) disc magnets (i.e., black circles), whereas the
two inner rows of piping contained unmanipulated piping (i.e., white circles). (b) Side profile of the
outer row of piping. Pipes were 2 m long when contracted and an inner telescoping unit allowed
for the pipes to be a maximum of 3 m long. Pipes were separated by 0.76 m and were connected
to the seafloor using a flexible heavy duty 2/0 chain. To facilitate the technology’s semi-net-like
appearance, flexible heavy duty 1/0 chain was attached to the apex of each barrier unit. Located
between adjacent pipes and along the chain was a 15.2 cm × 10.2 cm × 5.1 cm grade C8 BaFe12O19

permanent magnet. The chain was secured to the seafloor by Sealux stainless steel spiral anchors.
(c) Internal structure of the first (outer) row and remaining rows of the barrier structure. Inside the
polyvinyl chloride (PVC) piping of the outer row was one DC 12V 180N electromagnet that was
directly connected to one 12V hydroelectric power generator. A stopper was attached to the apex of
the lower unit of the telescoping pipe to force water flow through the top of the barrier unit. With the
hydroelectric power generator positioned within the high-density buoyancy foam at the top of the
barrier element, this maximized water flow through the device and maximized the voltage produced
during heavy sea conditions (e.g., waves that exceed 0.25 m). The second and third rows of PVC
piping were unmanipulated and only contained the high-density foam to maximize pipe buoyancy.
(d) View of the telescoping component associated with each barrier unit. This component of the
barrier allowed for an additional 2 m extension of each barrier unit to aid with tidal fluctuations.

To start experimentation and for each 1-h trial, only one control region was randomly
selected for behavioral observations. Once selected, one chum bag was placed in identical
locations within the designated experimental regions. These chum bags were filled with
approximately 2.27 kg of bait, which consisted of bonito (Sarda sarda) or wahoo (Acan-
thocybium solandri). Each bag contained equal quantities of each bait type to alleviate the
possibility of preference-based behaviors. Additionally, at the start of each trial, 0.91 kg of
bait was thrown into each experimental region to maximize olfactory cues. In addition to
these olfactory cues, one Mako Magnet (S2 Instruments, North Andover, MA, USA) was
introduced to the center of each experimental region to create a low frequency intermittent
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pulse that served as an additional auditory stimulus to attract sharks. Throughout each 1-h
trial, C. leucas behavioral interactions were recorded by one researcher who stood on the ad-
jacent concrete dock and a GoPro Hero 4 1080p camera equipped with a PolarPro polarizing
filter that was directed towards the control region to permit simultaneous observations of
each experimental region. The behaviors recorded were visits, avoidances, entrances, exits,
and pass arounds (see Table 1). Each behavior was aggregated for each trial. Additionally,
maximum shark quantity within a given trial (conspecifics) was recorded as either zero
sharks (i.e., recorded as ‘1’), one to three sharks (i.e., recorded as ‘2’) and four to ten sharks
(i.e., recorded as ‘3’) using topside observation techniques. In addition, horizonal water
visibility was measured twice within each given trial with the use of a pole-mounted GoPro
Hero 4 1080p camera. Mean water visibility was categorized as either low (i.e., visibility
extends up to 7 pipes; ~5.3 m) or high (i.e., visibility extends beyond 7 pipes; >5.3 m).

Statistical Analysis

Data collected throughout the experiment were in the form of frequencies (i.e., counts)
for C. leucas. However, these data were multi-dimensional, where the main effects of
several variables and interaction terms between these variables were of interest. Therefore,
the traditional Chi-square analysis was inefficient in testing hypotheses that involve the
multidimensions, and instead, we applied a Poisson generalized linear mixed effect model
to data in each category: avoidance, entrance and pass around, respectively. Furthermore,
treatment positioning was not randomized on a per-trial basis, and thus C. leucas behaviors
were not considered independent since multiple interactions from one individual shark
may have occurred within a trial. This may violate the assumption in generalized linear
models that data are independent. Thus, we treated the trial as a random effect, because
the data were not independent whereas we treated the other variables as fixed effects.

The mathematical form of our generalized linear mixed effect model is:

Y = Xβ + R + ε (1)

Y represents the column vector of the response variable (counts of shark responses), X
is the design matrix of explanatory variables, including all possible interaction terms, β is
the column vector of coefficients that correspond to explanatory variables, R is the vector
of individual trials, which is a random effect, and ε represents the vector of errors, which
are assumed to follow a normal (Gaussian) distribution whose mean is zero and whose
variance is constant. The fixed effects (i.e., X) were treatment type (discrete), conspecific
density (discrete), and water visibility (discrete). The mixed effect model (Equation (1)) was
implemented using the ‘lme4′ package of R [28,29]; R 4.0.3 Statistical Program). Forward
selection was used to determine the best fit model for the data, starting with a null model,
of which subsequent models were created by adding one or several explanatory variables
to determine their effect on the response variables (i.e., avoidance frequency, entrance
frequency, and pass around frequency). We tested the contribution of an explanatory
variable, examining the difference in the log-likelihood [29,30]:

−2·∆`∼ χ2∆par (2)

∆` is the difference in the log-likelihood between nested and non-nested models in
the forward selection process, and ∆par is the difference in the number of free parameters
between two models. Model selection criteria included: Akaike Information Criteria (AIC),
and behavior of model residuals using a quantile–quantile (Q–Q) plot, and associated
p-values.

3. Results
3.1. Bait Experiment

In January 2020 and January 2021, a total of 100 baited apparatus trials were conducted.
Trials lasted a duration of 5–300 s (98.52± 76.78 s). These trials were conducted irrespective
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of the tide, only during good water visibility conditions (e.g., ability to accurately observe
sharks) and during periods of daylight (i.e., 9h00–18h00). During these experimental peri-
ods, a minimum of seven different C. leucas were identified using short-term identification
characteristics and using the 1.5 m2 observation zone as a reference, sharks were estimated
to be between 2.3–2.8 m in total length (TL).

3.1.1. Avoidance Frequency

Avoidance quantity differed between treatment types: Control = 21 and Electromag-
net = 64. More specifically, avoidance frequencies (i.e., total avoidances per total visits)
were found to be significantly different between control and magnetically-treated baits
(Z = −5.86, p < 0.001; Figure 5).
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Figure 5. The total quantity of bull shark (Carcharhinus leucas) behaviors towards the inactivated
electromagnet (i.e., control) and the activated electromagnet during the bait experiment. (a) Avoidance
behaviors and (b) feeding behaviors.

3.1.2. Feeding Frequency

Feeding quantity differed between treatment type: Control = 64 and Electromagnet =
34. Feeding frequencies (i.e., total feedings per total visits) were found to be significantly
different between control and magnetically treated baits (Z = −3.04, p = 0.002; Figure 5).

3.2. Barrier Experiment

In January 2021, 27, 1-h barrier comparison trials were conducted. Similar to the
bait experiment, these trials were conducted irrespective of the tide, only during good
water visibility conditions (e.g., ability to accurately observe sharks) and during periods of
daylight (i.e., 9h00–18h00). During this experimental period, eleven different C. leucas were
identified using short-term identification characteristics. Using the spacing between barrier
piping, sharks were estimated to be between 2.4–2.8 m in total length (TL).

3.2.1. Avoidance Frequency

Avoidance quantity differed between experimental regions (Control = 19; Exclusion
barrier = 117; Sharksafe barrier = 96). For avoidance frequency, the best fit model (A2)
included the main effect of treatment type (T). This model outperformed all other models
and contained a p-value of <0.001 and an AIC of 319.68 (Table 2). The coefficient and
associated p-value with the selected model demonstrate that the influence of the exclusion
barrier region (p < 0.001) and the Sharksafe barrier regions (p < 0.001) had a significantly
positive relationship with C. leucas avoidance frequency in comparison to the control region
(Table 3). Based on model coefficients, the exclusion barrier region resulted in a greatest
frequency of avoidances, when compared to both the control and Sharksafe barrier regions
(Table 3, Figure 6).
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Table 2. Statistical results from the mixed effect models on bull shark (Carcharchinus leucas) behavior.
Trial (R) is treated as a random effect. Others are treated as fixed effects: Treat (treatment), Con
(conspecific density), and Vis (water visibility). Selected models for avoidance, entrance, exit, and
pass around frequencies were A2, B2, C2, and D2, respectively, based on a combination of Akaike
Information Criteria (AIC), and behavior of the residuals of a model using a quantile–quantile (Q–Q)
plot, and associated P-values. Significant models for main effects (p ≤ 0.05) and interaction terms
(p ≤ 0.1) are in bold. Abbreviations: 1 = y-axis intercept, ∆l = change in log likelihood value between
former model and model being considered, ∆PAR = change in degrees of freedom between former
model and model being considered, P-value = the level of significance of the explanatory variable
added, AIC = Akaike Information Criterion (2 x (log likelihood) + 2 x number of parameters), a model
selection criterion.

Model Log Likelihood −2(∆l) Deviance ∆PAR p-Value AIC

Avoidance Frequency

A1 Null −198.91 - - - 401.82
A2 1+Treat −155.84 553.66 2 <0.001 319.68
A3 1+Con −197.28 595.10 2 0.19 402.56
A4 1+Vis −198.11 595.93 1 0.21 402.22
A5 1+Treat+Con −154.44 466.12 2 0.25 320.88
A6 1+Treat+Vis −155.07 466.75 1 0.22 320.15
A7 1+Treat+Con+Treat x Con −150.41 459.29 4 0.10 320.83
A8 1+Treat+Vis+Treat x Vis −154.62 464.76 2 0.63 323.23

Entrance Frequency

B1 Null −1086.78 2177.57
B2 1+Treat −136.82 2310.38 2 <0.001 281.63
B3 1+Con −1086.00 3259.61 2 0.48 2180.10
B4 1+Vis −1086.60 3260.17 1 0.55 2179.20
B5 1+Treat+Con −136.40 410.04 2 0.66 284.81
B6 1+Treat+Vis −136.75 410.38 1 0.72 283.50
B7 1+Treat+Con+Treat x Con −132.77 405.58 4 0.12 285.54
B8 1+Treat+Vis+Treat x Vis −136.31 409.81 2 0.64 286.61

Exit Frequency

C1 Null −1081.69 2167.40
C2 1+Treat −143.45 2306.83 2 <0.001 294.90
C3 1+Con −1081.00 3244.33 2 0.48 2169.90
C4 1+Vis −1081.50 3244.89 1 0.55 2169.00
C5 1+Treat+Con −143.03 429.93 2 0.66 298.06
C6 1+Treat+Vis −143.38 430.28 1 0.71 296.76
C7 1+Treat+Con+Treat x Con −139.09 425.14 4 0.10 298.18
C8 1+Treat+Vis+Treat x Vis −142.42 429.19 2 0.38 298.84

Pass Around Frequency

D1 Null −567.04 1138.08
D2 1+Treat −194.38 1328.46 2 <0.001 396.76
D3 1+Con −567.04 1701.12 2 0.994 1142.10
D4 1+Vis −565.88 1699.96 1 0.13 1137.80
D5 1+Treat+Con −194.31 583.06 2 0.93 400.61
D6 1+Treat+Vis −193.46 582.21 1 0.17 396.91
D7 1+Treat+Con+Treat x Con −193.30 581.91 4 0.73 406.60
D8 1+Treat+Vis+Treat x Vis −193.05 579.97 2 0.67 400.11
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Table 3. Coefficients, standard errors, t statistic and p-values of explanatory variables for best models
A2, B2, C2, and D2 for avoidance, entrance, exit and pass around frequencies, respectively, for the
bull shark (Carcharhinus leucas) in relation to the barrier regions.

Explanatory Variable Coefficient Standard Error t p-Value

Avoidance Frequency

Intercept −4.18 0.25 −16.99 <0.001
Exclusion Barrier 1.85 0.24 7.53 <0.001
SharkSafe Barrier 1.59 0.25 6.40 <0.001

Entrance Frequency

Intercept −0.10 0.03 −3.28 0.001
Exclusion Barrier −4.29 0.27 −15.95 <0.001
Sharksafe Barrier −2.98 0.14 −21.57 <0.001

Exit Frequency

Intercept −0.10 0.03 −3.28 0.001
Exclusion Barrier −4.98 0.38 −13.14 <0.001
Sharksafe Barrier −2.86 0.13 −21.91 <0.001

Pass Around Frequency

Intercept −4.03 0.22 −18.24 <0.001
Exclusion Barrier 3.33 0.22 14.99 <0.001
Sharksafe Barrier 3.24 0.22 14.60 <0.001
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Figure 6. Results from the best fit models for bull shark (Carcharhinus leucas) behavior (total quantity
of behavior per total visits). (a) Avoidance frequency in relation to treatment type. (b) Entrance
frequency in relation to treatment type. (c) Exit frequency in relation to treatment type. (d) Pass
around frequency in relation to treatment type.

3.2.2. Entrance Frequency

Entrance quantity differed between experimental regions (Control = 1053; Exclusion
barrier = 7; and Sharksafe barrier = 62). The best fit model (B2) included the main effects of
treatment type. Model B2 collectively outperformed all other models and had a p-value of
less than 0.001 and an AIC of 281.63 (Table 2). The coefficient and associated p-value with
the selected model demonstrate that the influence of the exclusion barrier region (p < 0.001)
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and the Sharksafe barrier regions (p < 0.001) had a significantly negative relationship with
C. leucas entrance frequency in comparison to the control region (Table 3). Based on model
coefficients, the Sharksafe barrier region resulted in a greater frequency of entrances, when
compared to the Exclusion barrier region (Table 3; Figure 6).

3.2.3. Exit Frequency

Exit quantity differed between experimental regions (Control = 1053; Exclusion bar-
rier = 14; and Sharksafe barrier = 55). The best fit model (C2) included the main effects
of the treatment type. Model C2 collectively outperformed all other models and had a
p-value of less than 0.001 and an AIC of 294.90 (Table 2). Consistent with the entrance
frequency data, the coefficient and associated p-value with the selected model demonstrate
that the influence of the exclusion barrier region (p < 0.001) and the Sharksafe barrier
regions (p < 0.001) had a significantly negative relationship with C. leucas exit frequency
in comparison to the control region (Table 3). Based on model coefficients, the Sharksafe
barrier region resulted in a greater frequency of exits, when compared to the Exclusion
barrier region (Table 3; Figure 6).

3.2.4. Pass around Frequency

Pass around quantity different between treatment types (Control = 21; Exclusion
barrier = 564; and Sharksafe barrier = 552). For pass around frequency, the best fit model
(D2) included the main effects of treatment type (T). Model D2 outperformed all other
models and contained a p-value of <0.001 and an AIC of 396.76 (Table 2), with both the
Exclusion barrier and the Sharksafe barrier regions yielding a significant increase (p < 0.001)
in pass around frequency (Table 3; Figure 6). Based on model coefficients, both the Sharksafe
barrier and Exclusion barrier regions resulted in a similar pass around frequency.

3.2.5. Descriptive Behaviors

On many occasions, sharks made contact with the first row of piping associated with
both barriers and exhibited a 90◦–180◦ turn away (i.e., avoidance behavior). Six of the
eleven sharks entered through the Sharksafe barrier at least once (e.g., Figure 7), whereas
two of the eleven sharks entered through the Exclusion barrier. Once passing through
either barrier region, the sharks exhibited accelerated swim patterns and the barrier section
associated with the exit was not always consistent with the entrance section. For example,
on thirteen occasions, sharks were observed to enter through the Sharksafe barrier region
and were subsequently observed to exit through the Exclusion barrier. Furthermore, on
six occasions, sharks were observed to enter through the Exclusion barrier region and
subsequently exited through the Sharksafe barrier. Unlike the exit behaviors observed
towards the Sharksafe barrier region (i.e., consistent, non-accelerated swim pattern through
the associated piping), there were six occasions where sharks swam through the second and
third rows of piping of the Exclusion barrier; however, then exhibited a rapid 90◦–180◦ turn
away and remained inside the barrier. The duration each shark spent within the barrier
regions ranged from 62 s–531 s. Of the entrances, of particular interest was that 50 of the
62 entrances (80.6%) occurred at the surface of the Sharksafe barrier region, whereas sharks
penetrated the Exclusion barrier in the middle of the water column (e.g., Figure 7). When
swimming through the Exclusion barrier, the pectoral fins of the shark were pulled closer
to the body to more efficiently allow the shark to pass through while minimizing contact
with the pipes.



J. Mar. Sci. Eng. 2022, 10, 634 13 of 18

J. Mar. Sci. Eng. 2022, 9, x FOR PEER REVIEW 13 of 18 
 

 

barrier and the Sharksafe barrier regions yielding a significant increase (p < 0.001) in pass 
around frequency (Table 3; Figure 6). Based on model coefficients, both the Sharksafe bar-
rier and Exclusion barrier regions resulted in a similar pass around frequency. 

3.2.5. Descriptive Behaviors 
On many occasions, sharks made contact with the first row of piping associated with 

both barriers and exhibited a 90°–180° turn away (i.e., avoidance behavior). Six of the 
eleven sharks entered through the Sharksafe barrier at least once (e.g., Figure 7), whereas 
two of the eleven sharks entered through the Exclusion barrier. Once passing through 
either barrier region, the sharks exhibited accelerated swim patterns and the barrier sec-
tion associated with the exit was not always consistent with the entrance section. For ex-
ample, on thirteen occasions, sharks were observed to enter through the Sharksafe barrier 
region and were subsequently observed to exit through the Exclusion barrier. Further-
more, on six occasions, sharks were observed to enter through the Exclusion barrier region 
and subsequently exited through the Sharksafe barrier. Unlike the exit behaviors observed 
towards the Sharksafe barrier region (i.e., consistent, non-accelerated swim pattern 
through the associated piping), there were six occasions where sharks swam through the 
second and third rows of piping of the Exclusion barrier; however, then exhibited a rapid 
90°-180° turn away and remained inside the barrier. The duration each shark spent within 
the barrier regions ranged from 62 s–531 s. Of the entrances, of particular interest was that 
50 of the 62 entrances (80.6%) occurred at the surface of the Sharksafe barrier region, 
whereas sharks penetrated the Exclusion barrier in the middle of the water column (e.g., 
Figure 7). When swimming through the Exclusion barrier, the pectoral fins of the shark 
were pulled closer to the body to more efficiently allow the shark to pass through while 
minimizing contact with the pipes. 

 
Figure 7. Photographs of the comparative barrier experiment. (a) An aerial view where a bull shark 
(Carcharhinus leucas) approaches the Exclusion barrier (i.e., white pipes) and another swims through 
the Sharksafe barrier (i.e., pipes with green/blue floats on surface). (b) A bull shark passes by the 
Sharksafe barrier. (c) Multiple bull sharks approach the Sharksafe barrier, with one entering through 
at the surface. (d) An aerial view of a section of the Exclusion barrier, with the first row being char-
acterized by the large white pipes, whereas the subsequent rows (i.e., Row 2 and 3) are characterized 
by the smaller pipes. (e) A side profile of four pipes associated with the Exclusion barrier. (f) A bull 
shark passing by the Exclusion barrier. 

4. Discussion 
This study aimed to determine if DC 12V 180N electromagnets could produce deter-

rent responses in C. leucas and whether the newly designed Exclusion barrier could pro-
duce enhanced shark exclusion efficacy (i.e., producing increased avoidance behaviors 

Figure 7. Photographs of the comparative barrier experiment. (a) An aerial view where a bull
shark (Carcharhinus leucas) approaches the Exclusion barrier (i.e., white pipes) and another swims
through the Sharksafe barrier (i.e., pipes with green/blue floats on surface). (b) A bull shark passes
by the Sharksafe barrier. (c) Multiple bull sharks approach the Sharksafe barrier, with one entering
through at the surface. (d) An aerial view of a section of the Exclusion barrier, with the first row
being characterized by the large white pipes, whereas the subsequent rows (i.e., Row 2 and 3) are
characterized by the smaller pipes. (e) A side profile of four pipes associated with the Exclusion
barrier. (f) A bull shark passing by the Exclusion barrier.

4. Discussion

This study aimed to determine if DC 12V 180N electromagnets could produce de-
terrent responses in C. leucas and whether the newly designed Exclusion barrier could
produce enhanced shark exclusion efficacy (i.e., producing increased avoidance behaviors
and reduced entrance and exit behaviors). During the bait experiment, trials (n = 100)
demonstrated that electromagnets produced deterrent responses in the form of significant
and increased avoidance frequencies and decreased feeding frequencies. During the barrier
experiment, C. leucas exhibited an increased avoidance frequency and reduced entrance
and exit frequencies in relation to the Exclusion barrier; however, pass around frequency
was similar between both barrier technologies.

4.1. Basic Behavioural Interactions
4.1.1. Bait Experiment

This study demonstrated that DC 180N 12V electromagnets could produce deterrent
responses in C. leucas. These results are consistent with previous studies that demonstrated
that various types of permanent and rare-earth magnets can serve as potential shark bycatch
reduction devices [21–23]. The deterrent responses observed in the present study were
consistent with previously observed behavioral responses in that abrupt 90◦–180◦ turns
away and fewer feeding behaviors occurred towards the electromagnetically-treated baits.
As postulated in previous studies, sharks can detect geomagnetic fields [31,32] and it is hy-
pothesized that this detection occurs through the use of their electrosensory system known
as the ampullae of Lorenzini [33–36]. While the exact mechanism governing magnetic field
detection in elasmobranchs is unknown, it is hypothesized that detection occurs through
indirect-based magnetoreception through electromagnetic induction. More specifically,
electric fields are indirectly generated as an object moves through a magnetic field and thus,
these electric fields are detected by the ampullae of Lorenzini [26]. However, it also remains
uncertain why permanent magnets and electromagnets are capable of producing deterrent
responses in elasmobranchs. The most current explanation is that the geomagnetic field on
the Earth’s surface ranges from 0.25 to 0.65 Gauss (G). In comparison, the magnetic flux
associated with various types of magnets can exceed 1000 G. It is hypothesized that a much
stronger electromotive field will be induced by a permanent magnet and therefore will
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overstimulate the ampullae of Lorenzini of an approaching elasmobranch, thus producing
a repellent response [26].

Deterrence was observed throughout experimentation; however, sharks did feed on
electromagnetically-treated baits in 34% of the trials. As demonstrated in previous studies,
conspecific density could influence deterrent effectiveness [22,24]. While conspecific density
was not included in the statistical analysis for the bait experiment, up to seven different C.
leucas were simultaneously interacting with the baits during a given trial. Therefore, while
there may be additional variables that may contribute to reduced deterrent effectiveness
(e.g., level of satiation—[37], variations in water visibility—[25]), it is plausible to con-
clude that increasing levels of conspecific density may have led to increasing intraspecific
competition and consequently reduced deterrent effectiveness.

Regardless of their effectiveness, it is important to note that the DC 180N 12V elec-
tromagnets used in the present study exhibited signs of degradation (e.g., rust) with time
submerged. Therefore, should these magnets be used in future studies, they must be
waterproofed since routinely replacing them throughout deployment or experimentation
would be prohibitively expensive due to their inherent cost.

4.1.2. Barrier Experiment

This comparative experiment demonstrated that the Exclusion barrier exhibited an
increased ability to exclude C. leucas from bait when directly compared to control and
Sharksafe barrier regions. These findings are promising and it is possible that the intercon-
nectedness of the apex of the Exclusion barrier, in combination with the hydro-powered
electromagnets, produced enhanced deterrent capabilities. More specifically, the chain
which linked the top of the barrier elements maintained a continuous inter-barrier element
spacing during high wave activity or when contact was made by an approaching shark.
Due to shark width, connecting the tops of the barrier elements helped create more of a
physical barrier to approaching sharks, while still maintaining high flexibility to ensure the
barrier could withstand high wave energy. Beyond creating a more continuous visual struc-
ture, adding the additional horizontal element (e.g., a chain) increased the probability that
sharks could make direct contact with the structure. Considering sharks have been found
to have enhanced mechanoreception capabilities [38–41] and previous studies demonstrate
that tactile stimulation may contribute to barrier effectiveness [26], it is possible that this
added horizontal component may have increased the probability of shark-barrier contact,
thus increasing the likelihood of an avoidance response and consequently, a decreased
entrance frequency. However, one concern that may arise from this added feature is animal
entanglement. The chain remains highly flexible, and therefore, future iterations of this
technology may want to utilize more rigid structures that surround the chain (e.g., rigid
high density polyethylene (HDPE) piping) to minimize any potential entanglement with
marine life.

In addition, research demonstrates that repeated exposure to an unchanging stimulus
could lead to rapid habituation that may inevitably make deterrents less effective [23];
however, variations in pulse and/or frequency can prolong this habituation [42,43]. The
Exclusion barrier featured a combination of permanent magnets (i.e., barium ferrite perma-
nent magnets—BaFe12O19) and hydro-powered electromagnets. Although the permanent
magnets were affixed to the base of the structure or within the barrier elements, these
structures were in constant flux due to varying environmental conditions (e.g., waves
and currents). These conditions resulted in the barrier elements and attached permanent
magnets constantly changing orientation, which may cause approaching animals to be
exposed to varying electromagnetic fields. In addition, the electromagnets were activated in
a pulsed manner, rather than a continuous and unchanging stimulus, since the intermittent
wave activity stimulated the internal water turbine, which then activated the electromagnet.
Therefore, the combination of permanent magnets that constantly changed orientation
with pulsing electromagnets may have provided superiority in deterrent capabilities when
sharks approached the barrier. However, this does raise concern as a calm day that is
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void of any surface movement (e.g., waves) or heavy biofouling attributed to continuous
deployment and zero maintenance would reduce hydroelectric power and minimize elec-
tromagnet efficacy. Although permanents magnets were placed throughout the structure
to minimize this issue, the upper component of the barrier elements did not have any
permanent magnets and therefore it is possible that this may be a major limitation in this
structure. With that in mind, additional devices can be added to or used in replacement
of the water turbines to power the electromagnets (e.g., shore-based solar panels paired
with capacitors), but the limitations of the structures are unknown until deployed and
tested. In addition, while research has been conducted assessing the potential influence of
permanent magnetic fields on teleosts [27], little evidence has been presented on how or if
strong electromagnetic fields may influence the behavior of other marine organisms (e.g.,
chelonians and marine mammals). Therefore, studies must be conducted on these species
for such a technology to be adopted in replacement to current shark culling methodologies.

Furthermore, in contrast to the Sharksafe barrier, the Exclusion barrier had the added
feature of telescoping barrier elements. While not directly measured, this telescoping
component may have resulted in increased hydrodynamic flux. In combination with their
acute electrosensory system, sharks also have a highly acute mechanosensory lateral line
system [44,45]. This system has been demonstrated to aid in navigation, orientation to
currents, obstacle avoidance and prey capture [45], with variations in hydrodynamics
contributing to the success of this sensory system. Therefore, with the potential elongation
of the upper region of the barrier elements, the increased hydrodynamic disturbance
may have resulted in increased mechanosensory stimulation and consequently increased
deterrent responses.

Lastly, in contrast to previous barrier experiments [19], C. leucas exit frequency was
also assessed. More specifically, some sharks were observed to enter through the Sharksafe
barrier region and exit through the Exclusion barrier and vice versa. However, of particular
interest were the sharks that exhibited the former. While the inner two rows (i.e., Row 2
and Row 3) of both barrier structures are similar in design, the key differences exist in the
first row. Therefore, due to the distance between the first and third rows of the barrier
(e.g., 0.6 m), the magnetic flux capable of producing deterrent responses (e.g., >100 G)
exists between the second and first row of the barrier system. It is possible that sharks that
passed through the third and second rows of the system may have committed to passing
through the entire structure, resulting in a brief acceleration and a completed exit behavior.
However, numerous sharks did make it through rows three and two and then exhibited
substantial deterrent behavior (e.g., violent 180◦ turns) when encountering the first row
of the Exclusion barrier. This is suggestive that the deterrent capabilities of this system
are not strictly mechanosensory and that the electrosensory stimuli are highly warranted
to ensure enhanced deterrent capabilities. Furthermore, while exit behavior may not be
directly correlated with assessing deterrent effectiveness, studying this behavior did offer
further insight into the differences between each barrier design and what may contribute
to overall deterrent effectiveness should future modifications be made.

5. Conclusions

The study demonstrates that the Exclusion barrier exhibits promise as a shark deterrent
technology and that the use of ocean energy (e.g., hydropower) to activate DC 12V 180N
electromagnets is a plausible approach. With cost-effective modifications (e.g., chain
links that interconnected the apex of the barrier), the Exclusion barrier provided superior
deterrent efficacy in relation to the Sharksafe barrier. Although deterrent efficacy was not
100%, there is an inherent need for an eco-friendly cost-effective approach to shark-human
shoreline coexistence since shark culling/mitigation measures in areas, such as South
Africa [46], Australia [47], and Réunion Island [17] persist. Continued research efforts
demonstrate the importance of sharks in relation to their respective ecosystems [48,49], and
therefore, continued larger-scale research on this novel technology on various potentially
dangerous shark species (e.g., white sharks—Carcharodon carcharias; tiger sharks—Galeocerdo
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cuvier) in varying ecological conditions (e.g., high wave activity and strong currents) is
warranted. Lastly, insufficient evidence has been presented on the behavioral effects of
permanent and electromagnet shark deterrent technologies on teleost, mammalian, or
chelonian species. Therefore, beyond studying the potential influence of the Exclusion
Barrier on potentially dangerous shark species, future studies should assess the influence
of these deterrents on non-target species (e.g., chelonians and marine mammals) prior to
any potential large-scale deployments.
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