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ABSTRACT

Context. Researchers studying animals need to ensure that sampling procedures and the methods
they use are as harmless and non-disruptive as possible, particularly when their focal species are
threatened or protected. White sharks (Carcharodon carcharias) are Vulnerable under the IUCN
Red List, protected globally, and are frequently studied by marine ecologists. Aims. To assess
white shark responses to research activities (i.e. tagging and biopsy procedures, and electric
deterrent trials) conducted at the Neptune Islands Group Marine Park (South Australia,
Australia). Methods. Trends in shark residency following research activities were assessed by
comparing shark abundance (number of sharks detected by acoustic receivers and sighted by
cage-diving operators) before, during, and after scientific expeditions, and to natural fluctuations
in the absence of research activities using 8 years (2013–2021) of acoustic tracking and daily
sighting reports from a wildlife tourism industry. Key results. Number of white sharks and
residency decreased after sampling. However, changes observed following research activities
were similar to natural fluctuations, suggesting that these changes reflected natural variations rather
than being due to sharks responding negatively to the research activities. Conclusions. Our study
showed that external tagging, biopsies, or deterrent trials do not affect short- and long-term
residency or abundance of white sharks, probably owing to the research activities being minimally
intrusive and to sharks having efficient immune systems and remarkable ability to heal from injuries.
Implications. Re-evaluating study methods forms part of the researcher’s responsibilities to
ensure best practice and to abide by national and international codes for the care and use of
animals for scientific purposes.
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OPEN ACCESS

Considerations of animal welfare is increasingly gaining attention across social and political 
agendas (Dawkins 2006). In the realm of scientific investigations, researchers that study 
animals (e.g. biologists, ecologists) are faced with the ethical responsibility and legal 
obligations of reducing the impacts of their studies on the animal they study and 
surrounding ecosystems. Globally, various legislative acts and related codes of conduct 
dictate how scientists should be using animals (Beauchamp and DeGrazia 2019; Palmer 
and Greenhough 2021). The concept of replacement, reduction, and refinement, also 
known as the three Rs (Russell and Burch 1959), often forms the basis of animal use for 
scientific purposes. The idea of the three Rs is based on the premise that the use of animals 
for research is acceptable only when non-animal alternatives are impossible, and the most 
benignant methods are conducted, with the smallest number of animals necessary to record 
data on sufficient individuals for the study to be scientifically robust (Fenwick et al. 2009). 
In many cases, replacement strategies that use non-animal systems such as computer 
programs and simulations (Fenwick et al. 2009; Crozier and Schulte-Hostedde 2015) are 
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often inadequate, leading to refinement and reduction being 
the techniques mostly used to minimise the impacts of 
research activities. 

Refinement aims to reduce pain and distress experienced 
by the animals involved in scientific activities. The 
principle of ‘no unnecessary harm’ postulates that scientists 
must, to the best of their abilities, inflict only the minimum 
necessary pain when handling their study animals (DeGrazia 
and Beauchamp 2019). Advances in less invasive methods, 
such as non-lethal approaches and the development of 
increasingly small tags, allow researchers to re-use the same 
individuals and deploy several devices simultaneously. 
However, this reduction in the number of individuals used 
may lead to cumulative effects on the individuals that are 
indeed sampled, thus potentially exacerbating impacts, and 
must therefore be considered with caution (Fenwick et al. 
2009). As part of the refinement process, there is a need to 
regularly re-assess the impacts scientists might have on the 
individuals they study. This is even more important when 
the study site and studied animals are shared among 
stakeholders (Palmer and Greenhough 2021), such as, for 
example, when research activities are conducted at the 
same places where wildlife tourism industries operate, or 
when the focus species is threatened or protected. 

The white shark (Carcharodon carcharias) is listed as 
globally Vulnerable by the IUCN Red List (Rigby et al. 2019) 
and is protected both internationally and within Australian 
waters (Department of Sustainability Environment Water 
Population and Communities 2013). Commercial white 
shark cage-diving started in Australia during the late 1970s 
off the Eyre Peninsula, South Australia. It then expanded 
globally across the species’ range and currently also takes 
place in South Africa, the United States of America, Mexico 
(Guadalupe Island), and New Zealand (Huveneers et al. 
2018a). In Australian waters, these activities are now limited 
to the Neptune Islands Group (Ron and Valerie Taylor) Marine 
Park (hereafter referred to as the Neptune Islands) located 
60–70 km south of Port Lincoln, South Australia. Previous 
studies have shown changes in white shark spatio-temporal 
distribution and residency at the Neptune Islands resulting 
from the cage-diving industry (Bruce and Bradford 2013; 
Huveneers et al. 2013a). This led to the South Australian 
government developing and implementing a new policy, 
limiting the number of commercial tour operators and 
maximum number of weekly days of activity in 2012, along 
with a monitoring program to assess whether the new policy 
successfully returns white shark residency to baseline levels 
pre-tourism expansion in 2007. As a part of this monitoring 
program, ~20 white sharks are externally tagged with 
acoustic tags throughout the year (Huveneers and Niella 
2022). While external tagging has not been shown to 
detrimentally affect the health or condition of tagged fish 
or sharks (Jepsen et al. 2015), we should also ensure that it 
does not lead to tagged sharks temporarily leaving the area 
as a result of the tagging event. 

A key factor in assessing the sustainability and 
acceptability of wildlife tourism industries is determining 
whether operator activities disrupt the diet, natural foraging, 
or nutritional condition of the animals (Meyer et al. 2022). 
Despite not directly feeding white sharks, concerns that 
occasional incidental feeding occurs when bait handlers are 
caught unaware and bait (southern bluefin tuna, Thunnus 
maccoyii, heads and gills) was consumed (Huveneers et al. 
2015; Meyer et al. 2021), warranted an assessment of the 
diet of white sharks at the Neptune Islands, using fatty acid 
analysis of muscle samples (Meyer et al. 2019). This 
necessitated the use of a modified speargun to take biopsies 
from free-swimming white sharks (Meyer et al. 2018). 
Although this minimally invasive approach has eliminated 
the need to capture sharks, reducing the stress associated 
with sample collection, it is imperative that we ensure that 
this method does not lead to sharks leaving the area, or 
discourage interactions with the cage-diving industry. 

White sharks are one of the main species involved in 
shark–human interactions worldwide (Curtis et al. 2012). 
Government initiatives to manage the risk of shark bites 
have historically relied on the use of lethal approaches such 
as shark nets (Krogh and Reid 1996). More recently, there 
has been strong public appeal to replace such strategies 
with non-lethal approaches (Meeuwig and Ferreira 2014; 
Simmons and Mehmet 2018). For example, drones can pre-
emptively detect potentially dangerous sharks in proximity 
to bathers and warn them (Butcher et al. 2019; Gorkin et al. 
2020) or shark–management–alert–in–real-time (SMART) 
drumlines can catch shark and enable release further offshore 
from popular beaches, with minimal detrimental effects for 
the captured animals (Gallagher et al. 2019; Tate et al. 2019). 
When these methods aiming to reduce the overlap between 
sharks and humans are not sufficient, personal electric 
deterrents can reduce the risk of sharks biting humans 
(Huveneers et al. 2013b, 2018b; Kempster et al. 2016). 
With the Neptune Islands providing a predictable and easily 
accessible white shark aggregation, it becomes a sought-after 
site to test shark bite-mitigation measures such as personal 
electric deterrents (e.g. Huveneers et al. 2013b, 2018b). 
Although the efficacy of electric deterrents decreases 
rapidly with distance and it is not expected that it would 
repel sharks further than a few metres (Huveneers et al. 
2018b), concerns were raised by the cage-diving industry 
about the potential impact of sharks interacting with the 
deterrents and possibly leaving the area as a result of the 
deterrent testing (A. Wright, pers. comm.). 

Because of the ethical considerations required in any 
scientific activities, and concerns raised about the potential 
for sampling activities or deterrent testing to affect white 
shark residency at the Neptune Islands and temporarily 
lead to sharks leaving the Neptune Islands where the cage-
diving industry relies on shark sighting, we aimed to assess 
the short-term responses of white sharks to external tagging 
with acoustic transmitters and biopsies (hereafter referred 
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to as sampling), and trials testing the efficacy of electric 
deterrents. Eight years of acoustic tracking and shark sighting 
were used to investigate shark response prior to, during, 
and after each scientific expedition. We hypothesise that 
our research activities are minimally invasive to such large-
bodied marine predators and do not alter their natural 
behaviour. Consequently, white shark responses (i.e. length 
of residency, number of sharks detected, and number of 
sharks sighted) following scientific expeditions were expected 
to be similar to natural conditions (i.e. when no research 
activities are being conducted). Understanding how marine 
megafauna respond to research activities is of outmost 
importance, particularly in the case of threatened species 
such as the white shark, to help us determine whether new 
methods or techniques are required to further minimise the 
impacts of scientific research. 

Materials and methods

Study area and cage-diving sighting data

In Australia, cage-diving with white sharks is allowed only at 
the Neptune Islands (35.2°S, 136.1°E), located ~70 km south 
of Port Lincoln, South Australia. The industry is managed 
by the South Australian Department for Environment and 
Water, which limits the number of commercial tour operators, 
maximum number of days they can operate, and the amount 
of food-based attractant that can be used. White sharks were 
attracted using a mixture of fish oil and minced southern 
bluefin tuna (T. maccoyii) dispersed on the water (i.e. berley 
or chum), and with a piece of tuna attached to a float deployed 
at ~15 m from the stern of the cage-diving vessels. As part of 
the new policy implemented in 2012, a monitoring program 
was initiated requiring cage-diving operators to record 
their location and number of sharks sighted using a mobile 
phone app (Nazimi et al. 2018). 

Shark sampling (tagging and biopsies) and
electric deterrent trial expeditions

Because white sharks occur at the Neptune Islands year-round 
(Bruce and Bradford 2015; Schilds et al. 2019), research 
activity also occurred throughout the year and was typically 
timed when the cage-diving operators reported more than 
approximately five sharks for a few days to optimise research 
opportunities. Tagging, biopsies, and electric deterrent trials 
were conducted on board cage-diving vessels at the Neptune 
Islands. White sharks were tagged with V16-6H acoustic 
transmitters (Innovasea), tethered to a Domeier umbrella 
dart-tag head by using a 10- to 15-cm-long stainless wire 
trace (1.6 mm in diameter). Tags were implanted in the 
dorsal musculature of free-swimming sharks by using a 
modified spear-gun applicator. In total, 133 white sharks 
(mean ± s.d. = 2 ± 2 sharks tagged per expedition) were 

tagged during a total of 50 scientific expeditions spanning 
from 14 September 2013 to 5 July 2021. Biopsies were also 
taken from the dorsal musculature of free-swimming sharks 
by using the same modified speargun used to implant tags, 
but with a hollow 1-cm-diameter stainless steel biopsy 
probe affixed to the end of the modified spear (Meyer et al. 
2018), in place of a dart-tag head attachment. Biopsies were 
taken over a total of 14 expeditions between 24 September 
2013 and 4 July 2020, totalling 54 biopsies (mean ± s.d. = 
4 ± 3 sharks sampled per expedition). 

After an individual white shark was observed to 
show interest in the tuna section, electric deterrent trials 
commenced by replacing it with the electric deterrent set-
up. This consisted of a 120 cm × 30 cm custom-built 
surfboard model to which four commercially available 
personal electric deterrents (Shark Shield Pty Ltd, Freedom 
+ Surf, Rpela and SharkBanz bracelet) were attached at a 
time, together with a tuna gill ~30 cm to attract sharks 
towards the device. Trials were run for 15 min or until 
a white shark touched the bait/board. Since it was not the 
purpose of this study to evaluate how different electric 
deterrents affect white sharks, the different models were 
pooled for analyses. For more details on the electric 
deterrent trials set-up refer to Huveneers et al. (2018b). In  
total, 458 electric deterrent trials were conducted during 
10 scientific expeditions between 8 September 2017 and 
22 May 2020 (mean ± s.d. = 46 ± 50 trials per expedition). 

Changes in shark residency

White sharks were monitored using three acoustic receivers 
(Innovasea, VR2W) deployed at the Neptune Islands between 
September 2013 and July 2021 (Fig. 1). We estimated a 
detection range of ~300 m (80% detection) by using a 
Vemco Positioning System at the study site (C. Huveneers, 
unpubl. data). The three receivers, therefore, covered all 
three main berleying locations. Most sharks (90%) were 
first detected within 12 h (Supplementary material Fig. S1). 
Visit events were identified for each tracked shark and 
consisted of an individual not being absent from the study 
area for more than five consecutive days (Bruce and Bradford 
2013). Residency times were calculated for each shark and 
visit event, and corresponded to the respective number of 
days elapsed between the first and last acoustic detection. 
We used an ANOVA to compare shark residency following 
tagging and biopsy activities and found no statistical differ-
ences between the two activities (P-value = 0.843). Therefore, 
we combined tagging and biopsy expeditions. 

Changes in shark residency time (response variable) were 
investigated with a generalised additive mixed model 
(GAMM) by using a Poisson distribution according to the 
following formula: 

Shark residency ∼ ðVisit × MonthÞ + 1jYear + 1jShark ID 
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Fig. 1. Map of the Neptune Islands, showing the deployment locations of the acoustic receivers
(dark points) and all anchoring locations of the cage-diving boats (light points) between
September 2013 and July 2021. (a) North Neptunes; (b) South Neptunes.

in which the candidate fixed predictor included an interac-
tion between the variables visit event (Visit) and Month. 
The variables Year (continuous) and shark identification 
(Shark ID; categorical) were also included as random-factor 
covariates to account for any possible interannual or intra-
individual variations respectively. A thin-plate regression 
spline was applied to the fixed variable with an interaction, 
and the dimension basis of its smooth was term kept (k) at  
a fixed value of 10 to avoid model overfitting. 

Changes in the proportion of individuals detected
on acoustic receivers

A sensitivity analysis was conducted to identify the best 
window size (i.e. number of days) to investigate changes in 
the number of individuals present at the Neptune Islands 
following each scientific expedition (mean time between 
expeditions = 57 ± 54 days). This consisted of a linear 
regression to assess how different window sizes (ranging 
from 5 to 15 days) influenced the daily maximum number 

of white sharks detected at the Neptune Islands. Because 
values ≥10 days led to significantly higher maximum 
numbers of individuals detected (Fig. S2), a window size of 
10 days was selected. The daily maximum numbers of 
white shark detected by the acoustic receivers and sighted 
by the cage-diving operators (Fig. S3) were compared during 
the total monitoring period by using a Pearson’s correlation. 
Because the two metrics were significantly correlated 
(Pearson’s correlation = 0.3; P < 0.001), we also used the 
same window size for the analysis with the number of sharks 
sighted by cage-diving operators as the response variable 
(see section ‘Changes in the number of individuals sighted 
by cage-diving operators’). 

Changes in the proportions of currently (i.e. sharks tagged 
in the most recent expedition) and previously (i.e. sharks 
tagged in previous expeditions that were detected within 
the  10 days prior) tagged  sharks  were assessed  independently  
and compared. This approach enabled the use of previously 
tagged sharks to investigate the immediate impacts of tagging, 
i.e. by assessing whether currently tagged sharks would leave 
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the study area quicker than sharks tagged previously. For 
currently tagged sharks, the number of individuals tagged in 
the last expedition was considered the baseline value (i.e. 
100% frequency). The number of different sharks (i.e. from 
individuals tagged in previous expeditions) detected in the 
10 days prior to the latest sampling expedition was considered 
as the baseline frequency for previously tagged sharks. Starting 
from the last day of each sampling expedition, the daily 
proportions of currently and previously tagged sharks 
detected at the Neptune Islands were calculated for each of 
the following 30 days. The daily proportions of currently 
tagged sharks were calculated using the formula 

NCi × 100 
PCi = 

TC 

in which the proportion of currently tagged sharks (PC) 
detected in each day (i) corresponded to the number of 
individuals (NC) detected on that day in relation to the 
total number of sharks tagged in the last expedition (TC). 
For the previously tagged sharks, the daily proportions of 
individuals detected were calculated using the formula 

NPi × 100
PPi = 

TP 

in which the proportion of previously tagged sharks (PP) 
detected in each day (i) corresponded to the number of 
individuals (NP) detected on that day in relation to the 
total number of previously tagged sharks detected during 
the 10 days prior to the last expedition (TP). 

Changes in the proportions of currently and previously 
tagged sharks (response variables) as a function of days 
since the latest sampling expedition (Days; candidate fixed 
predictor) were assessed with independent GAMMs by 
using binomial distributions according to the following 
formula: 

Proportion of sharks ∼ Days + 1jMonth + 1jYear 
+ 1jExpedition ID 

Because the effects of Month were found to be not signifi-
cant in these models, this variable was not included as a fixed 
term. Models included the variables Month (continuous), 
Year (continuous), and sampling expedition identification 
(Expedition ID; categorical) as random-factor covariates 
to account for any possible seasonal, interannual, and 
between-expedition variations respectively. A thin-plate 
regression spline was applied to the fixed variable by using 
a fixed value of k = 5 to avoid model overfitting. 

Changes in the number of individuals sighted by
cage-diving operators

To obtain a baseline value that would represent natural 
variations in the number of sharks sighted irrespective of 

scientific activities, the research expeditions were first 
excluded from the shark-sighting dataset. Because research 
expeditions were organised when the number of white 
sharks at the Neptune Islands was consistently high (i.e. ≳5 
sharks), we identified periods of similarly high white shark 
presence without research activities to enable adequate 
comparisons. Research expeditions were first excluded from 
the shark-sighting dataset, after which it was split into 
10-day moving windows and assessed for maximum daily 
number of sharks sighted. Only those windows with an 
average number of sharks sighted equal or higher than five 
(46.6%) were kept in the final natural variation dataset and 
are hereafter referred to as natural events. 

The total shark-sighting dataset spanning from September 
2013 to July 2021 was then divided into 30-day intervals, 
starting on the last day of each event (i.e. natural events, 
and both sampling and electric deterrent trial expeditions). 
For each event type, the daily frequencies of sharks sighted 
were calculated using the following formula: 

Ni × 100
Fi = 

Tj 

where the daily frequency of sharks sighted (F ) on that day (i, 
varying from one to 30) corresponded to the number of sharks 
sighted on that day (N) in relation to the maximum number of 
sharks sighted during the previous 10 days prior to each event 
end (T). 

The variations in the frequency of sharks sighted (response 
variable) were calculated using binomial distributions with 
independent GAMMs for each of the three event types 
according to the following formula: 

Shark f requency ∼ ðDay × MonthÞ + 1jYear + 1jEvent ID 

where the interaction between the variables days since last 
event (Day) and  Month were included as candidate fixed 
predictors, and the effects of Year (continuous) and event 
identification (Event ID; categorical) were included as random-
factor covariates to account for any possible interannual and 
between-event variations respectively. Again, a thin-plate 
regression spline was applied to the fixed variable with an 
interaction, and model overfitting was avoided by using a 
fixed value of k = 10. All statistical analyses were conducted 
in R (ver. 4.2.0), and the GAMMs were conducted with the 
mgcv package (Wood 2017). 

Ethics approval

This project was undertaken under the Department for 
Environment and Water permit number Q26292. Tagging 
and biopsies were undertaken under Flinders University 
ethics approval numbers E398 and E464-17. 
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Results

In total, 126 white sharks were detected by acoustic receivers 
at the Neptune Islands between 14 September 2013 and 7 July 
2021, with <0.1% of the tags known to have shed (tag being 
detected continuously by only one receiver or shark returning 
without a tag). Tagged sharks had a mean number of approxi-
mately four visits to the study area (Fig. 2a), including the first 
visit when tagged, and a mean residency time of ~12 days 
(Fig. 2b). Whereas most individuals tracked had less than 
four visit events to the study area, three sharks had more 
than 10 visits, one of which returned to the Neptune 
Islands for 16 events (Fig. 2a). White shark residency times 
were usually shorter than 60 days, but one individual 
remained at the Neptune Islands for 180 days during its 
third visit (Fig. 2b). 

Variation in residency

Changes in white shark residency were significantly 
influenced by the interaction between Visit and Month, and 
varied across Years and the different individuals tracked, 

with Shark ID explaining most of the variation (Table 1; 
Fig. S4). Shark residency times tended to decrease as a 
function of visit events, with most individuals returning up 
to seven times to the Neptune Islands (Fig. 3a). Seasonality 
in residency was virtually absent for most of the tagged 
sharks, but individuals with more than seven visits had 
higher residency times between July and December (Fig. 3b). 

Variation in the frequency of individuals detected

Changes in the frequency of white sharks detected, for 
both currently and previously tagged individuals, were 
significantly influenced by the number of days since the last 
scientific expedition ended and Expedition ID, but did not 
have any significant monthly or yearly variations (Table 2, 
Figs S5, S6). Changes in the proportion of currently tagged 
sharks were similarly related to the number of days elapsed 
since the last scientific expedition and Expedition ID, with 
non-significant seasonal and interannual effects (Table 2). 
Proportions of previously tagged sharks were mostly 
influenced by Expedition ID, followed by the number of 
days since the last scientific expeditions, with a minimal 

Fig. 2. Histograms of (a) number of visit events and (b) residency times of 126 white sharks tracked in the Neptune Islands between
September 2013 and July 2021. Dashed lines represent mean values.

Table 1. Generalised additive mixed model of shark residency, including the effects of the interaction between visit event and month
(Visit × Month), and the variables year, and shark identification (Shark ID).

Variable Type e.d.f. Ref.d.f. F P Dev.exp (%)

Visit × Month Fixed 8.48 8.93 80.55 <0.001 4.1

Year Random 7.71 8.00 6731.89 <0.001 4.1

Shark ID Random 76.22 84.00 6947.70 <0.001 33.3

Included are the effective degrees of freedom (e.d.f.), reference degrees of freedom (Ref.d.f.), F-values (F ), P-values (P), and percentages of deviance explained (Dev.exp)
of each model variable.
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Fig. 3. (a) Distribution of white shark residency as a function of visit event for each tagged shark (Shark ID), and (b) generalised additive
mixed model of shark residency, showing the interacting effect between the variables visit event andMonth. Dashed line (b) represents the
null effect.

Table 2. Generalised additive mixedmodels of the proportion of currently and previously tagged sharks (Model) detected with acoustic receivers,
including the effects of the variables days since last tagging expedition (Days), Month, Year, and tagging expedition identification (Expedition ID).

Model Variable Type e.d.f. Ref.d.f. F P Dev.exp (%)

Currently Days Fixed 3.74 3.96 204.64 <0.001 23.2

Month Random 0.58 1.00 22.15 0.119 0.1

Year Random 0.71 8.00 5.76 0.223 2.2

Expedition ID Random 38.03 48.00 203.18 <0.001 23.8

Previously Days Fixed 3.09 3.57 120.9 <0.001 9.5

Month Random <0.01 1.00 <0.01 0.621 0.1

Year Random <0.01 8.00 <0.01 0.425 10.0

Expedition ID Random 42.43 48.00 331.2 <0.001 40.1

Included are the effective degrees of freedom (e.d.f.), reference degrees of freedom (Ref.d.f.), F-values (F ), P-values (P), and percentages of deviance explained (Dev.exp)
of each model variable.

seasonal effect (Table 2). The proportions of both currently 
and previously tagged sharks gradually decreased during 
the 18 days following the end of a sampling event and 
became significantly lower after 26 days (Fig. 4). 

Variations in the frequency of individuals sighted

Changes in the frequency of white sharks sighted at the 
Neptune Islands in the absence of scientific activities (Natural; 
Fig. S7) and following sampling events (Sampling; Fig. S8) 
varied significantly as a function of the interaction between 
number of days elapsed and Month (Table 3). This effect was 
consistent across Year but was affected by Event ID (Table 3). 
Changes in the frequency of sharks sighted following electric 
deterrent trial expeditions (Deterrent; Fig. S9) were also 

significantly influenced by the interaction between elapsed 
number of days and Month, which was the most influential 
variable (Table 3). The interannual variation was significant 
for this event type and explained more of the variations than 
Event ID (Table 3). 

The number of white sharks sighted in the Neptune 
Islands following natural events and both types of scientific 
sampling had similar trends. Shark frequency was signifi-
cantly higher during the first 8 days, particularly between 
January and June, in the absence of research activities 
(Fig. 5a) and regardless of whether sampling (Fig. 5b) or  
electric deterrent trial (Fig. 5c) took place. We observed an 
overall bimodal trend between July and December, with 
shark frequency decreasing during the first 5 days and 
increasing after ~15 days (Fig. 5). 
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Fig. 4. Generalised additive mixed models of the proportion of
currently and previously tagged sharks detected with acoustic
receivers as a function of the number of days since the last sampling
event ended. Shaded areas and dashed line represent the 95%
confidence intervals and null effect respectively.

Discussion

Scientists need to assess the impacts of their research activities 
on the animals they study, particularly when studying 
threatened or protected species or when sharing study sites 
with other industries and stakeholders that rely on consis-
tent animal encounters, e.g. tourism or fishing industries. 
Our study shows that while the number of sharks detected 
with acoustic tracking and sighted by cage-diving operators 
decreased following research activities, it is unlikely to be 
a result of the research activities but might instead be 
inherent to natural variations in the number of sharks at 
the study site. 

Data on species occurrence and abundance collected by 
tourism operators can provide valuable information on the 

effects of such activities on animal behaviour and show 
their seasonal and migratory cycles (Macolm et al. 2001; 
Theberge and Dearden 2006; Meyer et al. 2009; Legaspi 
et al. 2020). Acoustic tracking showed that, despite significant 
interannual and intra-individual variations, white shark 
residency at the Neptune Islands was consistent year-round. 
However, the cage-diving sighting data suggested that 
trends in the number of sharks varied between seasons. From 
January to June, the number of sharks sighted increased 
during the first 8 days following natural event, sampling, or 
deterrent testing. However, from July to December, shark 
frequency decreased during the first 5 days and increased 
after ~15 days. The reason for these opposite trends is 
unknown. The large influences of Expedition ID and Event 
ID highlight the high variability in the number of white 
sharks at the Neptune Islands, especially compared with the 
effect of months, which was much smaller. Seasonal variation 
has been documented at the Neptune Islands (Bruce and 
Bradford 2015; Nazimi et al. 2018) and other sites (Ryklief 
et al. 2014; Francis et al. 2015; Becerril-García et al. 2019), 
but the number of white sharks can also vary extensively 
within a month across expeditions or trips. 

Although several studies have previously assessed the 
effects of tagging on fishes, many studies focus on surgically 
implanted tags (e.g. Klinard et al. 2018) or use captive fishes 
(e.g. Neves et al. 2018). Understanding the effects of tagging is 
further complicated by the various measures that can be used 
to assess impact (e.g. physical, physiological, behavioural, 
survival) and the different components of the tagging 
process that could be affecting tagged individuals, such as, 
for example, capture, handling, tagging, taking biopsies and 
transporting (Drenner et al. 2012; Reisinger et al. 2014; 
Jepsen et al. 2015). In our study, white sharks were not 
captured nor handled, with tagging and biopsying consisting 
of the tagging tip or biopsy probe penetrating the dorsal 

Table 3. Generalised additive mixed models of changes in daily frequency of sharks sighted by cage-diving operators as a function of the natural
variation in shark presence, and the sampling and electric deterrent trial expeditions (Model), including the effects of the interaction between days
since last event started and month (Days × Month), and the variables year, and event identification (Event ID).

Model Variable Type e.d.f. Ref.d.f. F P Dev.exp (%)

Natural Days × Month Fixed 5.78 6.59 6.47 <0.001 2.2

Year Random 2.87 8.00 19.90 0.068 1.9

Event ID Random 115.66 131.00 9.13 <0.001 21.7

Sampling Days × Month Fixed 7.50 8.25 7.84 <0.001 4.9

Year Random 1.90 8.00 2.34 0.375 3.3

Event ID Random 38.11 47.00 6.25 <0.001 13.3

Deterrent Days × Month Fixed 7.03 7.96 9.36 <0.001 19.8

Year Random 2.21 4.00 27.28 0.006 9.8

Event ID Random 5.29 10.00 4.68 0.039 5.1

Included are the effective degrees of freedom (e.d.f.), reference degrees of freedom (Ref.d.f.), F-values (F ), P-values (P), and percentages of deviance explained (Dev.exp)
of each model variable.
Natural, natural events; Sampling, sampling expeditions; Deterrent, electric deterrent trial expedition.
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Fig. 5. Generalised additive mixed models of frequency of sharks sighted by cage-diving operators as a function of (a) natural events,
(b) sampling expeditions and (c) electric deterrent trial expeditions, in relation to the interactions between the variables number of
days from the event start and Month. Dashed lines represent the corresponding null effects.

muscle for a fraction of a second, minimising shark discomfort 
as much as possible. However, such disturbance could still 
lead white sharks to leave the study site. If this occurred, 
the first residency period of sampled sharks would be 
expected to be shorter than subsequent visits (during which 
sharks are not tagged), but this was not observed. Instead, 
white shark residency declined following sampling and 
continued to decrease across subsequent visits. Although 
this could be associated to the effects of sampling, it is 
unexpected to see such a long-term effect (i.e. over several 
months and even years) from the deployment of an external 
acoustic tag, or taking a biopsy of ~1 cm in diameter. The 
consistent declines in residency throughout subsequent 
visits to the Neptune Islands suggest that other unknown 
factors might be affecting trends in white shark residency 
through time. 

The comparison between the number of currently and 
previously tagged sharks also does not support that tagging 
affected white sharks and led them to prematurely leave 
the Neptune Islands. If tagging had an impact, a faster 
reduction in the number of currently tagged sharks than that 
of the group of previously tagged sharks would be expected. 
Instead, the number of currently and previously tagged sharks 
decreased at a similar rate. It is possible that although 
previously tagged sharks were not directly affected by the 
most recent research expeditions, these sharks might follow 
the currently tagged sharks and also left the Neptune Islands. 
Such process where ‘naïve’ individuals learn from watching 
‘informed’ individuals, consequently altering behaviour, is 
referred to as social learning and has been reported in a 
variety of groups including mammals, birds, insects, teleosts, 
and sharks (Hoppitt and Laland 2008). For example, elasmo-
branchs will learn a task to access food rewards faster by 
observing trained individuals than do naïve individuals who 
did not have the opportunity to observe trained individuals 

(Guttridge et al. 2013; Thonhauser et al. 2013; Vila Pouca 
et al. 2020). Therefore, it is possible that sampling caused the 
departure of currently tagged sharks and that previously 
tagged sharks followed the currently tagged sharks away 
from the Neptune Islands through social learning. 

The greatest evidence that our research activities did not 
cause sharks to leave the study site comes from our 
comparison of the number of sharks sighted following 
research activities versus natural fluctuations. Our analysis 
showed that similar reductions were observed in the 
number of white sharks sighted following periods of high 
abundance, regardless of whether research activity had 
taken place. Research activity typically targets periods of 
high shark abundance to maximise research opportunities. 
As a result of the operators reporting the daily number of 
sharks sighted (Nazimi et al. 2018), we can target research 
expeditions when shark abundance is highest and most likely 
to result in productive trips. Because we plan our research 
activities when shark abundance is high, shark numbers are 
unlikely to increase further or remain at that level for 
prolonged periods, and the most likely trend is for the number 
of sharks present at the Neptune Islands to decrease. The 
increase prior to the research activity and ensuing decrease 
was most pronounced in relation to the shark deterrent trial 
events. This was expected, because high shark abundance is 
particularly important when undertaking shark deterrent 
testing to maximise the chances of interactions with the 
deterrents and ensure testing across individuals of different 
motivation or personalities. 

The use of food-based attractant by the cage-diving 
industry could have masked the effects of research activities 
by incentivising sharks to remain at the Neptune Islands. This 
is supported by a previous study showing higher residency 
linked to an increase in cage-diving activities (Bruce and 
Bradford 2013). However, regulations managing the activity 
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of cage-diving operators have been in place since 2012, with a 
monitoring program suggesting a return to baseline residency 
(Huveneers and Niella 2022). In addition, white shark 
residency did not change during a 6-week hiatus in berleying 
and baiting because of COVID restrictions (Huveneers et al. 
2021). Although it is difficult to quantify the effect of food-
based attractant on white shark residency, research activity 
was not sufficient to reduce shark residency or lead to 
shark departure, regardless of whether these are affected by 
wildlife tourism activities. 

Sharks have strong immune systems (Criscitiello 2014) and 
a remarkable ability to heal and regenerate from serious 
injuries such as gill destruction or body wall penetration 
(Towner et al. 2012; Chin et al. 2015; Kessel et al. 2017). 
They are also known to bite each other during mating, 
sometimes inflicting serious injuries (Pratt and Carrier 
2001). Therefore, a ~15-cm-long tagging tip, or 7-cm-long 
biopsy tip, quickly penetrating a large shark (>3 m in total 
length) musculature is unlikely to be considered a serious 
injury, at least not sufficiently enough to affect shark 
behaviour. Tag deployment was also external (vs internal 
tagging) and tagging and taking biopsies was undertaken 
while sharks were free-swimming, without needing to catch 
and restrain individuals, further minimising handling and 
stress. In addition, external tagging with acoustic transmitters 
has been shown to have limited impacts on the welfare of 
sharks and rays (Speed et al. 2013). White sharks are also 
large-bodied, so a small acoustic transmitter (<0.0001% 
of the shark’s body weight) or a 2-g biopsy is unlikely to 
have an impact on them. Nevertheless, biofouling on the 
transmitters could create additional drag, especially in small 
species, and injuries at the tag insertion and biopsy site are 
potential sites for infection or inflammation that may 
consequently affect shark health or microbial communities 
(Heupel et al. 1998; Black et al. 2021; Perry et al. 2021). 
These potential effects were not investigated here. These 
animals are considerably resilient to anthropogenic-induced 
stressors; for example, capture of up to 75 min on SMART 
drumlines, followed by acoustic tagging and muscle biopsies 
and blood draws does not lead to physiological impairment 
or mortality (Gallagher et al. 2019; Tate et al. 2019). With 
regards to the deterrent trials, the devices tested have 
either had no effects (Huveneers et al. 2018b) or have a 
very small range of less than 2 m (Gauthier et al. 2020; 
Thiele et al. 2020). Therefore, we would not have expected 
sampling or deterrent testing to lead white sharks to leave 
the Neptune Islands. However, concerns from the cage-
diving industry and ethical considerations to minimise the 
impacts of scientific research on animals warrant the need 
for our study, and the continued investigation of ways to 
further minimise the impacts of scientific investigations on 
animal welfare and health (Wilson and Mcmahon 2006; 
Soulsbury et al. 2020). Although our findings suggesting 
that research activities are minimally invasive could be 
extrapolated to other large-bodied sharks, physiological and 

behavioural response to disturbance and stress varies across 
species and should be considered to ensure best practice in 
animal welfare. 

Supplementary material

Supplementary material is available online. 
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