
Page 1/25

Citizen Science Data Reveals Environmental
In�uence on Sightings of Great White Sharks in
Mossel Bay, South Africa
Sophie Maycock 

Leiden University
Frans Rodenburg 

Leiden University
Mike Ladley 

White Shark Africa
A. Peter Klimley 

University of California, Davis
Christian Tudorache  (  c.tudorache@biology.leidenuniv.nl )

Leiden University

Article

Keywords: elasmobranchs, conservation, biodiversity, Hurdle model

Posted Date: November 21st, 2022

DOI: https://doi.org/10.21203/rs.3.rs-2259544/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read
Full License

https://doi.org/10.21203/rs.3.rs-2259544/v1
mailto:c.tudorache@biology.leidenuniv.nl
https://doi.org/10.21203/rs.3.rs-2259544/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/25

Abstract
Whilst previous studies have described the impact of various environmental conditions on behaviour and
abundance of great white sharks (GWS), existing knowledge gaps must be addressed in order to turn the tide
on their population declines. This study used data collected by a diving tour operator, to investigate how
environmental and anthropogenic variables affected the rate of GWS sightings. Observation data were
collected by trained crew and volunteers alongside tourists, and combined with externally sourced
environmental data. Hurdle modelling identi�ed that the probability of sighting at least one GWS �uctuated
seasonally (peaking during winter), but was also correlated with minimum running air temperature, water
visibility and the length of time the boat stayed at anchor. The rate GWSs were sighted also rose in winter,
and was associated with maximum running air temperature, the arrival time, seal activity, and the wind
direction and speed. These �ndings indicate that environmental conditions directly impacted upon the
sighting frequency, but also in�uenced habitat selection on a �ne spatial scale. This study emphasises that
collaboration with ecotourism companies could represent a valuable, inexpensive alternative for scienti�c
data collection, as long as powerful statistical methods are used, the in�uence of human activity is
considered and results are interpreted with consideration of the data collection methodology.

Introduction
In today’s changing world, the general public, scientists and policy-makers alike, have become increasingly
concerned regarding global biodiversity loss, and there is increasing demand for efforts to protect
endangered species [1]. Arguably one of the most alarming losses, is the cataclysmic decline of sharks
throughout all the world’s oceans [2, 3]. As a result of overexploitation in �sheries, bycatch, habitat loss and
degradation, mortality in shark control programs and culling, 37% of all sharks and rays are now considered
to be at risk of extinction [2–4]. Besides these threats, researchers have also become increasingly aware that
fundamental gaps in our knowledge about sharks in general, have contributed to their poor management [2,
3].

One such threatened species is the iconic great white shark (Carcharodon carcharias, Linnaeus, 1758,
hereafter GWS). GWSs are listed as ‘vulnerable’ by the IUCN, as they are estimated to have declined by as
much as 79% worldwide. Due to their K-selected life history strategies, and their broad-scale, heterogeneous
distribution, these sharks are especially vulnerable to over-exploitation [5, 6, 8–10]. In response to their
precipitous declines, GWSs are now protected by legislation in several countries and trade in their products is
restricted by their listing on CITES appendix II [5, 6].

GWSs have a circumglobal distribution, with several major aggregations found in ‘hotspots’ in the Western
North Atlantic, the Mediterranean Sea, and the eastern North Paci�c, and along the coasts of New Zealand,
southern Australia and southern Africa [5]. With regional endothermy providing a wide thermal tolerance,
GWSs, commonly inhabit inshore regions down to the continental slope, in temperate, anti-tropical oceans
and are able to undertake large-scale migrations, characterised by directed, trans-oceanic travelling and
distinct philopatry [9, 12–13]. Estimated to reach a maximum size of 6.0 m total length (TL) [7], GWSs are
versatile generalists, regularly incorporating a wide range of teleosts, invertebrates and other
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chondrichthyans into their diet. When reaching a size of approximately 3.0 m TL, GWSs undergo an
ontogenic diet shift, whereby they expand their diet to also incorporate marine mammals, such as dolphins
and pinnipeds [9, 10]. Having previously targeted predominantly midwater and bottom-dwelling species,
GWS shift their predation behaviours after their ontogenetic shift, in order to target their prey at the surface
[14].

Several studies have sought to understand how environmental conditions affect GWS behaviour, hunting
strategies and abundance. Sea surface temperatures (SST) [9, 14, 20–30], water visibility [14, 20, 21, 26, 31],
cloud cover [20], ambient light levels [31], lunar phase [24, 29, 32, 75], ocean depth [31, 33], chlorophyll
concentration [30], swell height [20, 21, 29], wind direction and speed [26, 31], and tidal height [20, 21, 29, 31,
34, 35] are all known to affect GWS abundance or predatory behaviour. There are several other factors,
including prey availability [14, 20, 36], that �uctuate as a result of these changing environmental conditions,
which are also known to indirectly affect GWSs.

These studies are numerous because it is vital to understand how GWSs utilise their habitats, in order to
design effective management plans for their conservation. Yet, performing these rigorous scienti�c studies
in the �eld is logistically challenging, expensive and time-consuming. Finding alternative methodologies or
data sources which allow scientists to investigate the behaviour of GWS would be extremely bene�cial to
further our knowledge on this threatened species.

Shark diving ecotourism has become increasingly popular all over the world over the last 20 years.
Ecotourism companies offering trips to watch and cage-dive with GWSs, spend a large amount of contact
time with this species in various regions, including Australia (the Neptune Islands, South Australia), South
Africa (at least 5 sites along the coast between False Bay and Algoa Bay), Mexico (Guadalupe Island), the
USA (the Farallon Islands, California) and New Zealand (Stewart Island) [37, 38]. Ship’s logbooks or recorded
observational data from these companies could represent a signi�cant, �shery-independent sampling effort
and potentially an invaluable resource for scienti�c research, which is yet underexploited [19, 39–45].

This study used the data obtained by the ethical ecotourism company White Shark Africa UK (WSAUK). This
company offered day trips for tourists to see GWSs in the wild and also extended volunteer placements,
whereby students learned to work with sharks over weeks to months. These data were used to model how
environmental conditions and anthropogenic activity were related to sightings of GWSs in Mossel Bay,
South Africa. Gaining a comprehensive understanding of how GWSs utilise their habitat and how the
environment impacts upon these animals is critical to designing effective management strategies to secure
their future. The goal of this study is to provide a better understanding of how the environment can affect
GWS behaviour and to critically evaluate whether data sourced from ecotourism may have the potential to
contribute to shark monitoring or scienti�c research in the future.

Results
The analysed dataset included a total of 287 sampling trips, totalling 662h 35min of observation and 1,527
individual shark sightings (Fig. 2). A total of 64 GWSs were identi�ed individually. Overall, the average size
of GWSS sighted was 2.5 ± 0.37 m TL. The smallest GWS sighted was 1.4 m and the largest was 4.0 m TL
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(six sightings of a 4.0 m GWS were all sightings of an identi�ed female in September of 2010). No mature
GWSs were sighted. Overall, the majority (80.6%) of GWSS sighted were juveniles. Juvenile females
represented 69.0% of sightings, YOY GWSs made up only 0.4% of sightings (all females), sub-adults
represented 19.0% of sightings, the majority of which were females (17.8% overall). The sex ratio was 1.0 :
6.8 : 4.3 (male : female : unsexed) overall.

GWS count averaged eight over the whole sampling period and the highest count was 19 sharks. SSR
averaged 2.4 ± 2.0 sightings/hour (range 0–11.6 sightings/hour) throughout the whole study period. Zero
sharks were sighted on 49 trips, but the success rate for sighting at least one shark per trip was 83% when
considering the whole study period.

Data Quality Assessment

Of a total of 448 excursions included in the submitted data set, 288 (64%) were considered to include
adequate environmental data to be included in analysis. A total of 51 trips conducted in 2009 were included
in the analysis, 137 trips from 2010 and 100 trips from 2011 (Fig. 2). Seal Island was the most common
sampling location; for 121 of the trips (42%). Grootbrak was visited on 99 trips (34%) and Kleinbrak for 68
trips (24%, Fig. 1).

Pre-modelling assessment indicated colinearity between several pairs of explanatory variables related to air
temperature and barometric pressure. Thus, absolute minimum and maximum daily air temperatures,
temperature variation, absolute barometric pressure and variation in barometric pressure were excluded
before modelling. In their stead, three-day running averages for barometric pressure, and minimum and
maximum air temperatures were considered (Appendix Table 1).

Table 1
Description of the three sampling sites visited by WSAUK within Mossel Bay.

Site Coordinates Description

1. 1  Seal
Island

34◦ 09′ 04.4′

S
Waters surrounding a 100 × 50 m island, 800 m from shore, hosting a
colony of 4,000 cape fur seals.

2. 2  Klein
Brak

34◦ 06′ 20.3′

S
Nearshore region at the Klein Brak river delta.

3. 3  Groot
Brak

22◦08′28.6′E Nearshore region at the Groot Brak river delta.

Hurdle Model Zero-Part

Presence of GWSs (Table 2) correlated strongly with the spline coe�cients, suggesting the probability of
observing any sharks depended on the time of year. GWS presence was highest in winter, with a 100%
success rate from June through August. The model also indicated wind direction weakly correlated with the
probability of observing at least one GWS, with the positive coe�cient for the x-direction indicating wind
from the east resulted in slightly greater probability of observing any sharks. Water visibility correlated
positively, and the three-day minimum air temperature and stay duration both correlated negatively with the
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probability of observing at least one GWS. Therefore, the probability of sighting at least one GWSs was
highest when running average air temperatures were cooler, water visibility was higher and the boat stayed
at anchor for a shorter period. Yet none of these effect sizes were particularly large compared to the overall
seasonality. There was also a trend towards a lower probability of observing GWSs when sampling at
Grootbrak, compared to the reference location at Seal Island.

Table 2
Estimated coe�cients for the presence of GWSs. Shown in bold are p-values less
than α = 0.10. Adjusted p-values are corrected for multiple testing. The p-value of

the intercept was not relevant to the conclusion, and therefore not taken into
account for this correction. †: Temperature extremes shown as moving averages

within a three-day window.

  Est. SE z-value p-value adj. p-value

(Intercept) 3.12 7.22 0.43 0.665 -

Spline coef. 1 74.36 21.10 3.52 0.000424 0.00226

Spline coef. 2 17.83 6.58 2.71 0.00672 0.0307

Spline coef. 3 42.22 9.78 4.32 1.59·10E − 5 0.000127

Lunar phase 0.63 0.67 0.94 0.345 0.425

Wind (x-direction) 0.51 0.31 1.65 0.0997 0.177

Wind (y-direction) 0.72 0.50 1.44 0.151 0.234

log(Wind speed) 0.31 0.20 1.60 0.109 0.183

Air temp. (min)† 0.57 0.29 1.94 0.0521 0.098

Air temp. (max)† -0.06 0.15 -0.43 0.671 0.692

Seal activity 1.36 1.07 1.27 0.206 0.286

Time of arrival -0.10 0.15 -0.69 0.492 0.583

Stay duration 0.64 0.32 2.00 0.0454 0.0969

log2 (Water depth) -2.18 1.55 -1.41 0.159 0.234

log2(Water visibility) 0.73 0.36 2.02 0.043 0.0969

Location 2 0.26 0.60 0.44 0.662 0.692

Location 3 -2.72 1.39 -1.95 0.0508 0.098

Hurdle Model Count-Part

The number of GWSs sighted, if any (Table 3), also correlated with the spline coe�cients, though not as
strongly as the presence of GWSs. Interestingly, lunar phase, wind direction, wind speed, maximum air
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temperature, seal activity and time of arrival correlated signi�cantly with the number of GWSs, even though
they did not correlate signi�cantly with the presence of sharks.

Table 3
Estimated coe�cients for the counts of sharks, if present. P-values less than

0.10 are shown in bold. The p-value of the intercept and θ are not relevant to the
conclusion, and therefore not considered for this correction. †: Temperature

extremes are moving averages with a 3-day window.

  Est. SE z-value p-value adj. p-value

(Intercept) 1.85 0.77 2.40 0.0162 -

Spline coef. 1 1.60 1.56 1.03 0.304 0.389

Spline coef. 2 1.66 0.79 2.10 0.0354 0.0969

Spline coef. 3 2.84 0.58 4.86 1.18 · 10− 6 1.26 · 10− 5

Lunar phase 0.18 0.09 2.07 0.0381 0.0969

Wind (x-direction) -0.16 0.04 -4.11 3.91 · 10− 5 0.00025

Wind (y-direction) -0.39 0.07 -5.96 2.46 · 10− 9 7.86 · 10− 8

log(Wind speed) -0.06 0.03 -2.06 0.0397 0.0969

Air temp. (min)† -0.01 0.03 -0.37 0.71 0.711

Air temp. (max)† 0.04 0.02 2.02 0.0429 0.0969

Seal activity -0.20 0.08 -2.40 0.0162 0.0648

Time of arrival -0.09 0.02 -4.87 1.11 · 10− 6 1.26 · 10− 5

Stay duration -0.03 0.05 -0.65 0.517 0.591

log2(Water depth) -0.16 0.15 -1.07 0.283 0.378

log2(Water visibility) 0.08 0.05 1.40 0.161 0.234

Location 2 -0.05 0.10 -0.43 0.666 0.692

Location 3 0.44 0.21 2.13 0.0334 0.0969

log(θ) 4.14 1.06 3.88 0.000102 -

On average, the closer the lunar phase was to 0 (new moon), the fewer GWSs were observed and the closer
to 1 (full moon), the more sharks were observed. Wind from the south and from the west correlated to the
largest number of GWS sightings, indicated by the negative coe�cients of both x- and y-wind directions.
Wind coming from the south (y-direction) had about twice as large an effect as wind coming from the west
(x-direction). Therefore, the largest number of GWSs may presumably be expected during a SSW wind, or
conversely, the number of sharks observed lowest on average during a NNE wind. Wind speed negatively
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affected the number of GWSs observed. Higher maximum air temperature corresponded to more sharks
sighted and fewer GWSs were observed when there was seal activity. Finally, the later the boat arrived, the
fewer GWSs were generally observed. The number of GWSs observed at Seal Island and Kleinbrak were
more or less equal, but Grootbrak had nearly double the number of sharks observed on average.

Assessing the marginal effects of each of the signi�cant covariates, whilst holding all other explanatory
variables constant at representative values, the model predicted that the largest number of GWSs were
observed on average, when the lunar phase was (close to) a full moon (Fig. 3A), wind direction came from
the west (Fig. 3B) and/or from the south (Fig. 3C), wind speed was minimal (Fig. 3D), the three-day running
average of maximum recorded air temperature was at its warmest (Fig. 3F), there was no seal activity
observed (Fig. 3G), water visibility was maximal (Fig. 3K), the boat arrived early in the morning (Fig. 3H) to
anchor at Grootbrak (Fig. 3L) and the stay duration was short (Fig. 3I). Considering the minimum air
temperature (Fig. 3E) and the water depth (Fig. 3J), the con�dence bands were too wide to make a
meaningful conclusion with regards to the direction of effect.

Goodness-of-Fit

Several diagnostic plots used for evaluation of the hurdle model, indicated that the model was a very good
�t to these data (Fig. 4). The QQ-plot (Fig. 4A) to assess the goodness-of-�t for the count data, displayed
only very slightly heavier tails than may be expected; indicated by the spread of the residuals below the line
in the bottom left and above the line in the upper right, but no obvious violations from the distributional
assumptions. Furthermore, the rootogram (Fig. 4B) indicated that the model slightly underestimated GWS
counts of 13, but overall suggested the model was a good �t to the count data. Additionally, predictions
made by the separate parts of the hurdle model, as well as both parts combined, showed the predictive
model produced no large overestimations of the number of GWSs sighted (Fig. 5).

Discussion
This study sought to utilise data sourced from a shark diving ecotourism company to study the behaviour of
great white sharks (GWS) in Mossel Bay, South Africa and to critically evaluate the value of this alternative
data source for scienti�c research. By removing explanatory variables from the model via backwards
selection, we were able to discern that the environmental conditions and the sampling methodology were
both signi�cant (p < 0.1) for predicting GWS sightings in Mossel Bay. Yet, as several signi�cant variables
retained in the model mirrored the �ndings of previous studies, the authors are con�dent that the method of
employing a robust hurdle model, allowed elucidation of genuine patterns in these data, whilst countering
the potential biases associated with the data collection methodology. It is our conclusion that collaboration
with ethical ecotourism companies could have great value for scienti�c research and offer an alternative,
�sheries-independent source for scienti�c data in the future.

The Effect of Environmental Conditions on GWS Sightings

The moderate to very strong signi�cance of the cyclical spline indicated that both shark presence and shark
sighting rate (SSR) followed a cyclical seasonal pattern in Mossel Bay. Yet, the model also showed that
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environmental conditions did have an impact on GWS sightings. There was weak to moderate evidence that
probability of sighting at least one GWS, was correlated to wind direction, minimum air temperature, water
visibility and how long the boat stayed at anchor. Comparatively, the SSR was associated with lunar phase,
maximum air temperature, seal activity, time of arrival, and wind direction and speed.

As has been previously reported, GWS were sighted year-round in Mossel Bay, South Africa [14, 49, 50, 68].
Throughout sampling, SSR averaged 2.4 ± 2.0 sightings/hour, which was higher than rates previously
reported in Mossel Bay [49]. Yet the maturity stages and the sex ratio of the sharks sighted were consistent
with those reported in previous studies of the region [49, 50, 68]. Juveniles dominated the demographic
structure in these data, supporting the hypothesis that Mossel Bay is not used for GWS parturition or mating
[14, 49].

Despite their year-round presence, the strong to very strong correlation of the spline coe�cients in this
model, indicated that GWS sightings cycled seasonally in Mossel Bay, with shark presence more assured
and SSR higher during the winter months (June - August). At many aggregation sites, seasonal peaks in
GWS abundances have been attributed to prey availability [7, 10, 15, 39, 46, 48, 69]. Whilst they are generalist
predators, after their ontogenetic diet shift, high calorie marine mammals make up an important component
of the GWS’s diet [9, 10]. As the cape fur seal pupping season occurs from November to December in Mossel
Bay, it seems logical to conclude that the seasonal abundance of GWSs in the region, was caused by the
immigration of sub-adult sharks into Mossel Bay, to exploit a seasonally abundant prey resource [17, 35, 51,
69].

Yet, the average size of GWSs sighted in this study was only 2.5 m TL and 81.0% of sharks were smaller
than the 3 m TL associated with the ontogenetic diet shift. There have been reports of GWSs smaller the 3 m
TL threshold predating seals in South Africa [18], and reporting similar �ndings, Milankovic et al (2021)
hypothesised that Mossel Bay may act as a training ground; with smaller GWSs observing the hunting
behaviour of conspeci�cs in anticipation of their shift to predating marine mammals. It is possible that the
seasonal �uctuations in GWS sightings modelled here were driven by the immigration of pre-ontogentic-shift
juvenile GWSs into Mossel Bay during the winter months to take advantage of social learning [14].

Yet seal abundance alone may not explain shark presence and the �uctuations in SSRs reported in these
data. Seal activity was negatively correlated with SSR and the model highlighted the signi�cance of the
sampling location both for predicting GWS presence and counts. The higher probability of observing GWSs
at Seal Island compared to Kleinbrak, supports the hypothesis that GWSs immigrated into Mossel Bay to
target seal prey. Yet Grootbrak boasted on-average almost double the SSR compared to Seal Island and
Kleinbrak. Stomach contents analyses have identi�ed dusky sharks (Carcharhinus obscurus), chub mackerel
(Scomber japonicus) and sea bream (Sparidae spp.) make up a signi�cant proportion of the South African
GWSs’ diet [10]. Several estuaries in Mossel Bay house nursery habitats for many teleost �sh species [49],
and the Grootbrak river mouth particularly has been identi�ed as a core habitat for smaller GWS targeting
teleost and elasmobranch prey [47]. Therefore, it seems likely that seasonal migrations and/or seasonal
breeding of teleosts and other elasmobranchs were also driving GWS immigration into Mossel Bay during
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the winter months, and that GWS habitat selection based on prey availability occurred on a �ne spatial scale
within the bay [17, 23, 35, 48, 50].

The signi�cance of several other variables in the model implied that seasonal �uctuations in environmental
conditions were also responsible for driving GWS sightings in Mossel Bay to some degree. For instance,
modelling indicated a relationship between the minimum air temperature and GWS sightings. Despite their
regional endothermy, environmental temperatures have been found to be a signi�cant driver in GWS
distributions, as in low temperatures, GWSs must maintain their internal body temperature at a slightly
higher metabolic cost [11, 70, 71]. Therefore, these �ndings indicate that GWSs vacated the study site during
cold conditions, to avoid physiological stress. On the other hand, if our conclusions that GWSs immigrate
into Mossel Bay during the winter holds true, it seems doubtful that a higher number of sharks were present
during periods of warmer maximum air temperatures. Rather it seems these �ndings indicate that warm
conditions had an impact on GWS behaviour [30]. When colder, great whites experience signi�cant
physiological changes, including slower metabolic rate and cooling muscles [11, 70, 71]. Under these
conditions, with less energy readily available for high-octane displays, GWSs would be less likely to be
sighted by observers. Comparatively, in warmer conditions, excess energy would be readily available to
mount surface attacks on the bait, making the sharks particularly conspicuous, and resulting in the higher
SSR recorded in these data. Therefore, this �nding may be highlighting a change in GWS behaviour, as
opposed to a direct relationship between air temperatures and GWS abundance.

The arrival time was found to be signi�cant in the counts portion of this model, with highest SSRs reported
when sampling began earlier in the morning. GWSs practice a diel pattern of behaviour and habitat use;
most actively hunting and patrolling at dusk and dawn, and spending the day at rest, digesting food and
conserving energy [7, 29, 47, 51]. Hammerschlag et al (2006) reported that GWS predations on cape fur seals
were most frequent during low light intensities and predation success rates dropped dramatically as light
increased during the day. High octane hunting behaviours and high activity levels of the early morning would
have made GWSs especially conspicuous to observers, leading to higher SSRs during early morning
sampling trips. Therefore, the signi�cance of arrival time when modelling shark sightings was likely caused
by the diel pattern of behaviour practiced by GWSs.

The model also indicated that GWS sightings �uctuated on a lunar cycle, with higher SSRs recorded when
the previous night experienced a full moon. These �ndings con�ict with those of Weltz et al (2013), in Cape
Town, South Africa, who reported that GWS sightings off bather beaches increased four-fold during darker
new moons. GWSs have been reported to hunt during the night [75] and Klimley et al (2001) have suggested
that a full moon may create optimal hunting conditions for GWSs, as the light conditions mean seals
become silhouetted against the relatively bright night sky. The increased GWS sightings on days precluded
by a brighter night highlighted by this modelling, may have been caused by GWSs concentrating within
Mossel Bay to exploit the optimal foraging conditions experienced during the full moon [75, 18, 72].

This model indicated there was a complex relationship between the wind conditions and GWS sightings in
Mossel Bay. The presence portion of the model implied a weak correlation between shark presence and wind
direction, yet the count part indicated a moderate correlation between wind direction and wind speed with
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SSR. As ambush predators, surface chop and swell generated in strong winds, would presumably make
GWSs more cryptic to their prey at the surface [73, unpublished data]. Therefore, we would expect GWS
presence in Mossel Bay to peak during high winds, as sharks would enter the bay to exploit favourable
hunting conditions [18]. Yet, this model indicated a negative correlation between SSR and wind speed. It is
possible that our model is highlighting a sampling bias here. If observers were unable to perform as
rigorously during high winds, low shark sightings may have been recorded even when GWS were present in
higher numbers. Yet, the signi�cance of wind conditions in both phases of the model, suggest we should not
discount the effects of wind without further investigation, as wind directions may have genuinely had an
impact on GWS behaviour. The presence portion of the model suggested there was a slightly lower
probability of sighting a GWS when winds were from the west. Yet highest GWS counts were reported for
winds from the south and/or west. Winds coming from the south (y-direction) had approximately twice as
large an effect on SSR compared to the effect of winds coming from the east (x-direction). In combination,
these �ndings indicate that certain wind conditions were associated with GWS absence in the Bay. During
winds from the west, olfactory stimulants would blow from the prey-rich Mossel Bay out into open ocean,
potentially attracting GWSs from offshore into Mossel Bay and resulting in the high SSRs recorded.
Conversely, winds coming from the east or north, from open ocean, would lack such intensive attractants,
potentially resulting in a lower probability of GWS sightings in the bay [51].

Water visibility was also shown to be correlated to GWS sightings in Mossel Bay. GWS presence peaked
when waters were very clear, although this effect was substantially less marked compared to seasonality.
These �ndings mirror those of Milankovic et al (2021), who reported that GWS sightings in Mossel Bay
peaked with vertical water visibility between 3 and 7 m. Yet, this �nding is somewhat surprising, as studies
have shown a negative correlation between water clarity and GWS attack frequency and success [17, 18, 20].
It has been suggested that GWSs favour murkier, turbid conditions, because clear water makes them all too
visible to their prey [21]. Milankovic et al (2021) hypothesised that, as they are yet to shift to predating upon
marine mammals at the surface, the small GWSs observed in Mossel Bay did not attempt to remain cryptic,
and so were abundant when waters were very clear. The �ndings reported here could be caused by the
inexperience of the GWSs sighted. Yet, it also seems very plausible that this �nding is an artefact of the
sampling methodology; with increased visibility improving sampling conditions for the observers and
therefore biasing GWS counts to be higher.

Similarly, the stay duration was also found to have a signi�cant impact on shark presence, with shark
counts higher during shorter stay durations. This is confounding and is likely an artefact caused by the
sampling methodology. As WSAUK assured their tourists a sighting of at least one GWS, the team stayed at
anchor for longer periods when shark activity was low. Therefore, higher GWS counts and SSRs recorded
during shorter stay durations are unlikely to have been driven directly by GWS behaviour, but by a bias
associated with the data collection method [35].

Whilst modelling highlighted some potential biases created by the sampling methodology, it is the authors’
opinion that these data collected from by ecotourism company had great value. The relationships between
signi�cant environmental conditions and GWS behaviour highlighted in this model were repeatedly
corroborated by scienti�c research previously conducted in the region. These data can and will be used in
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future studies of GWS behaviour, with applications ranging from GWS personality, to ethology, and
movement ecology and philopatry.

Ecotourism as a Source for Scienti�c Data

Projects to better understand the ecology and behaviour of endangered species are absolutely critical if we
are to develop effective conservation initiatives [1, 45]. Yet, researchers face numerous logistical and
�nancial challenges. Namely �nite funding opportunities severely limiting data availability and stunting the
advancement of vital knowledge. Collaboration with ecotourism companies could hugely cut the costs
associated with data collection for this vital work. Citizen science projects have already been utilised
throughout ornithology, ichthyology, palaeontology, and astronomy, and are spreading into include
herpetology and botany [74]. Shark diving ecotourism companies are capable of generating colossal data
sets, over long-term study periods, throughout the world, and they also have an enormous in�uence to
educate tourists, and generate public support for critical shark conservation measures [34, 39–41, 43, 45].

The nature of data sets sourced in this way, is that they are generally large (larger than could be collected by
a single scienti�c team) and that they range in their reliability depending on the individual who collected the
data (as it is likely the majority of participants will not be professional scientists). Therefore, from a
statistical standpoint, the biases and inaccuracies generated by the methodology of data collection should
be drowned out by statistical power of the large sample size [74]. Yet, the authors strongly recommend that
researchers employ powerful statistical methods, which can manage the biases associated with the
sampling methodology when conducting their research using ecotourism data. We also advise cultivating an
open dialogue with the ecotourism company. During this project, close collaboration with the ecotourism
team proved vital in both formatting the historical data and for interpreting the results of statistical
modelling.

Ecotourism professionals have a huge amount of experience and knowledge, and amass an enormous
amount of contact time with their subject animals in the wild. The WSAUK shark expert spent 12 years
observing GWSs in the wild; experiencing an estimated 6000 GWS sightings over approximately 3500 trips.
Utilising these expertise will be very bene�cial to future scienti�c research.

WSAUK was a conscientious GWS cage diving company, which adhered to a strict policy of ethics in
accordance with South African law [53, 54]. Baits were removed and/or bait lines dropped upon approach, to
ensure minimal provisioning, and to dissuade unnaturally aggressive behaviour. Chumming was also only
conducted in designated areas. Hence, the data were collected in accordance with strict ethics and
dedication to accuracy. If data are to be sourced from other ecotourism companies, we believe it will be
imperative to screen and evaluate potential contributors, to ensure that collaborations only occur alongside
companies that are as ethical as WSAUK. From an ecotourism professional’s perspective, collaboration
alongside scientists could validate their company and elevate public perception of their work.

Ecotourism could also be critical to the conservation initiatives that scientists are advocating for. The
enormous local and national capital generated by ecotourism companies may have the power to switch
economic gain from extractive industries, towards non-consumptive exploitation of sharks [7, 40, 44, 45].
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The inevitable increase in shark sightings that would come with a healthier population size, would bene�t
both ecotourism businesses and conservationists.

In the future, when employing data sourced from ecotourism in a scienti�c setting, the authors would advise
that the data collection protocol is: 1) designed with care and rigour, 2) structured to incorporate the
knowledge and experience of the ecotourism crew (in order to ensure that the research goals are feasible
and realistic), 3) data collection sheets are provided for consistency, 4) blank pre-formatted spreadsheets are
provided to reduce data formatting times, and )5all aforementioned methods are piloted to ensure adequate
training and to allow for revision of poor methodology. With these provisions, there is no reason that data
sourced from ecotourism cannot be used for scienti�c research. If scientists would reach out and
collaborate with ecotourism companies, a mutually bene�cial alliance could evolve into something
remarkably powerful for science, conservation and economy alike.

Methods
Study Site

A year-round aggregation of GWSs can be found along the South African coast, from KwaZulu-Natal along
to the Western Cape [46–48]. It has been suggested that a GWS nursery habitat may exist in the Eastern
Cape and that sharks move westwards along the coastline with increasing age/size [10, 49, 50]. Hotspots of
GWS sightings are found in waters surrounding colonies of cape fur seals (Arctocephalus pusillus pusillus)
at Seal Island in False Bay, Dyer Island off Gansbaai and Seal Island in Mossel Bay [46–48].

WSA conducted daily tourist excursions to primarily three sites in Mossel Bay, South Africa (Fig. 1, Table 1).
Mossel Bay is a relatively calm, semi-enclosed bay, protected from prevailing weather by the peninsula to the
southwest (Fig. 1). The bay is characterised by a relatively shallow depth, around 20 m (with the depth
contour reaching up to 2,760 m offshore) and a generally sandy, �at bottom, which is interspersed with
exposed reef [51]. Several rivers empty into the bay, and the estuary mouths are nursery areas for a number
of �sh species predated upon by GWSs [49]. Previous sampling of GWSs in Mossel Bay, has implied that the
area is predominantly occupied by juveniles and that the bay is not used for parturition or mating [14, 49].

Data Collection

WSAUK left harbour based on the tides and the time of sunrise, to arrive at their anchor point between
07:00h and 10:00h for the morning trip and between 11:00h and 14:00h for the afternoon trip. The WSAUK
team selected a location based on their own experience (choosing a site based on previously successful
trips with many GWS sightings). After anchoring their vessel (Shark Warrior: 11 m twin-hull catamaran with
twin outboard Yamaha 250 amp motors) the WSAUK crew deployed the diving cage in the lea of the boat, by
lashing it to the gunwale using several separate ropes. Divers entered the cage directly from the boat and the
cage lid was closed over from the top. The cage housed six people at any one time, who could hold the lid at
the surface of the water and descend into the cage when a shark was sighted. SCUBA equipment was not
used. During each trip the crew consisted of the boat captain, onboard team leader/shark expert, two
permanent crew members trained in shark observation, several student volunteers and up to 20 tourists. The
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boat was licensed for a maximum of 25 people. WSAUK attracted sharks to their vessel using olfactory and
visual stimulants; chumming the water with a combination of sea water, liquidated �sh blood and tissues,
and displaying a bait (composed of �sh tissues) at the end of a steel bait line suspended via plastic �oats.
Only WSAUK crew members handled the bait-line, as they were trained to pull bait away when a shark made
an attempt, in order to adhere to the non-provisioning stipulation in their ecotourism license [53, 54]. If a
shark inadvertently took a bait, the bait handler was trained to immediately drop the line and not to wrestle
the shark. The use of attractants began immediately after anchoring and ceased in preparation for
departure.

Covariates

Both anthropogenic and environmental variables were included in modelling in order to untangle any
confounding effects which may have occurred in response to ecotourism activities (Appendix Table 1). For
each trip, multiple variables were recorded by the WSAUK team, including air temperature, sea surface
temperature (SST), water depth and visibility, and current direction and speed. To supplement the data
collected by WSAUK, meteorological data (including air temperatures, barometric pressure, and wind
direction and speed) were sourced from the South African Weather Service (SAWS), from their nearest
recording station, at Hermanus (station 0006386A7, located 34◦25′55.2′′S, 19◦13′26.4′′E). Additionally, lunar
phase at Hermanus was retrieved at the nearest available location (Cape Town, South Africa) [55] (Appendix
Table 1).

For every GWS sighted the onboard expert identi�ed if the animal was known based on scarring and/or
pigmentation identi�ers, upon which its unique ID was recorded (Appendix Table 2). New animals were
recorded as ‘unknown’ and if seen repeatedly, assigned a unique ID. For each individual (both identi�ed and
unknown), TL and sex were recorded. Sex was determined by the presence of claspers and where sex could
not be determined de�nitively, sex was denoted as ‘unsexed’. TL was estimated as the length from the tip of
snout to the tip of upper caudal �n to the nearest 0.5 m, based on known dimensions of the boat and/or
diving cage. Immature GWSs were sub-categorised according to Bruce & Bradford (2012): YOY as 1.2–1.75
m TL, juvenile as TL 1.76–3.0 m TL and sub-adult as > 3.0 m TL. GWSs were considered to be mature with a
TL of ≥ 3.6 m (males) / ≥ 4.8 m (females). For each variable associated with GWS, the crew and students
generated estimates based on consensus, which were con�rmed by the onboard shark expert, to be recorded
by the assigned observer.

A GWS sighting was de�ned as an observation of an individual GWS during one sampling trip. For each trip,
a GWS count and a GWS sighting rate (henceforth, SSR) were reported. The shark count equated to the total
number of GWS sightings per trip and therefore, did not increase if an individual was seen more than once.
The SSR was calculated as the total number of GWSs sighted over the duration of the trip, in order to utilise
a measure sensitive to sampling effort [21, 49, 50]. Success rate was also calculated for various portions of
sampling (e.g. season/month). The success rate was calculated as the percentage of trips within a certain
period where at least one GWS was sighted.

Statistical Analysis
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Statistical analyses were conducted in R, version 4.1.2, using the RStudio IDE [56, 57]. On many expeditions
no sharks were observed, resulting in an excess of zeros in the data. Hence, a hurdle model was �tted to the
number of sharks observed. In this two-stage approach, a separate conditional distribution for the
probability of observing any GWSs (Bernoulli), and for the number of GWSs observed, if any (negative
binomial), was �tted to the data:

with r failures and probability of success p, and  its cumulative distribution function.

The advantage of this approach over a zero-in�ated model was that it allowed for separate inference of the
effects on presence and on the number of GWS, if present. In other words, we postulate a “hurdle” must be
crossed (whether any GWS are observed), which could be affected by a different set of coe�cients than the
number of GWSs observed, if any.

A cyclic spline with three degrees of freedom was constructed to model the seasonality of GWS sightings.
This was done using the cSplineDes function from the package mgcv [58]. By default, this function
constructed a spline that summed to a constant of 1. This constant was removed by imposing a sum-to-zero
constraint, then orthogonalising the original k spline basis functions with singular value decomposition:

for a low number of degrees of freedom ν, to allow the spline to pick up long-term seasonal trends, while still
allowing for separate variables for short-term trends, like lunar phase and daily variation in air temperature.
Using 10-fold cross-validation, the optimal ν = 3 was selected from ν ∈ {1, 2, 3, 4, 5} by optimising the
logarithmic score with the tscount package [59, 60].

The lunar phase was included as a sinusoidal function of the dates of the full moon in Cape Town between
2009–2011 [61]. Wind direction from 0–360° was converted into an x- and y-direction using a cosine and
sine transformation, respectively. For wind speed ( ), water depth (m), and water visibility (m), a
logarithmic transformation was applied, as for each of these it could be argued that their effect on the
outcome was multiplicative rather than additive. That is to say, a difference between 1 and 2  was of
greater in�uence than a difference between 10 and 11 . Finally, as on some days there were multiple
expeditions, weights were supplied to the model equal to the inverse of the number of trips on that day.

Hurdle models were �tted using the hurdle function in the countreg package in R [62, 63]. Goodness-of-�t
was visualised using QQ-plots of randomised quantile residuals and rootograms [64, 65]. Multiple testing
correction was applied by correcting for the false discovery rate, using the Benjamini-Hochberg procedure
[66]. Multiple testing adjusted p-values less than α = 0.10 were considered to be signi�cant. We made this
decision since the p-values used in this analysis have been corrected for the false discovery rate (FDR).

CDFNB (0| r, p)

m ⋅ s−1

m ⋅ s−1

m ⋅ s−1
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These FDR values offer a lot more protection at the 0.1 level than a raw p-value at 0.05 or even 0.01. They
can be interpreted as a maximum of 10% chance that there is a false positive among all signi�cant tests,
whereas the raw p-values each have their own chance of a false positive. Additionally, Muff et al., (2022)
suggest a more evidence based instead of binary language when addressing signi�cance. We therefore use
a more gradual notion of evidence, which better re�ects the actual information provided by the data. Instead
of reporting a binary true/false test outcome, we report in this study the exact p-values and interpret that
there was no (p > 0.01), weak (0.1 > p > 0.05), moderate (0.05 > p > 0.01), strong (0.01 > p > 0.001) or very
strong (p < 0.001) evidence for a certain �nding or effect, depending on the ranges into which the actual p-
value falls.

No human or animal subjects were directly involved in this study.
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Figures

Figure 1

Locations of GWS sampling sites within Mossel Bay, South Africa (generated via the Google Maps plugin for
QGIS-LTR version 3.6) [52].



Page 22/25

Figure 2

Number of sharks observed throughout the duration of the study. Transparent red line pieces at the bottom
show the frequency of expeditions over time.
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Figure 3

Marginal effect plots of each of the covariates. The largest number of sharks were observed, on average,
when: (A) The lunar phase was (close to) a full moon; (B) Wind direction came from the west; (C) Wind
direction came from the south; (D) Wind speed was minimal; (F) The 3-day running average of maximum
recorded air temperature was at its highest; (G) There was no seal activity observed; (H) The boat arrived
early; (I) The stay duration was at its shortest; (K) Water visibility was maximal; (L) The boat travelled to
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location 3. For the minimum air temperature (E) and the water depth (J), the con�dence bands are too wide
to make a meaningful conclusion with regards to the direction of effect.

Figure 4

Diagnostic plots to assess the goodness-of-�t for the hurdle model. A. QQ-plot of quantile residuals (n = 100)
to evaluate the distribution of the model residuals and B. rootogram, displaying the observed frequencies of
different counts (shown as grey bars) versus those predicted by the model (blue dots)
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Figure 5

Predictions made by the separate components of the hurdle model (top, center), and predictions using both
parts combined (bottom). Colored dots represent the predictions and black dots the actual outcome. For the
top �gure, only predictions of zero are shown, and actual observed values > 1 are shown in grey. For the
center �gure, only non-zero predictions are shown, and actual observed values < 1 are shown in grey.
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