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Abstract 
 
The urgent need for consorted efforts in the protection of marine ecosystems and species has been raised by 
natural conservation organizations all over the world. As predators, sharks maintain a vital balance in marine 
ecosystems, but are today threatened by extinction; a result of overfishing, habitat destruction, and being 
caught as bycatch in large-scale commercial fishing. Many species of sharks are slow to recover after 
disturbance and so protecting the habitats of natural populations is integral to maintaining their viability in 
the wild. This study examined the effects of SCUBA diver exposure on the behavior of the spotted ragged-
tooth shark (Carcharias taurus), as they migrate to the protected reefs of Sodwana Bay during a particularly 
vulnerable stage of their reproductive cycle. Using remote underwater cameras, long term monitoring of the 
sharks was made possible at two different reefs, one where diving was allowed and one within a Wildlife 
Sanctuary zone. Several metrics for shark behavior were devised to make use of the photographic data, and 
mixed effect linear models were created to model shark agitation levels and group behavioral differences 
between the reefs and in response to diver presence. Significant differences between the reefs were found for 
shark group size and swimming speed, indicating a higher level of agitation at the reef where divers 
frequently visit. Swimming speed was seen to further increase significantly on days where divers had visited 
the reef, but larger dive groups was not found to have greater impact than smaller ones. Sharks within the 
sanctuary zone were found to rely less on large groups to exhibit restful behavior, instead acting more 
independently. The findings of this study contribute to a larger body of research submitted in an annual 
report to iSimangaliso Wetland Park, informing future management decisions. As such, possible 
conservation measures and areas for potential future research is brought up in the discussion section of this 
report. 
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1. Introduction  
 
Fossil records 400 million years old show that sharks have successfully outlived countless of other life forms 
of our planet. (Davis, 2023) As apex predators, they play a vital role in coastal and pelagic ecosystems, 
maintaining balance in the food web.  (WWF, 2023)  Today, however, more than half of the shark species 
that inhabit the worlds coral reefs are endangered as a result of targeted fishing, being caught as bycatch, and 
the loss and disruption of their native habitats. (Readfearn, 2023) The urgent need for consorted efforts in 
the protection of marine ecosystems and species has been raised by natural conservation organizations all 
over the world. The conservation of shark populations presents multifaceted challenges, as effective 
conservation plans require thorough knowledge of their range, migratory patterns, life histories, and 
behavior. (Kinney and Simpfendorfer, 2009) 

The purpose of this study, conducted in cooperation with Sharklife Conservation Group, examines the 
population of spotted ragged-tooth sharks (Charcharias taurus) migrating along the south-eastern coast of 
Africa. Diving is permitted and regulated within the protected area where these sharks reside, however, 
concerns have been raised that the presence of SCUBA divers may be disrupting the sharks during an 
important stage of their reproductive cycle. 

This study examines the effects of SCUBA diver presence on the aggregation and behavior of Spotted 
Ragged-tooth sharks as part of a ‘Raggie Monitoring Program’ maintained by Sharklife Conservation 
Group. Using Remote Under Water Video footage, the study aims to find novel ways to monitor shark 
aggregation and behavior remotely and over extended periods with minimal man-hours compared to 
conventional methods. The results of the study hope to contribute to the broader mission of protection and 
conservation of sharks. 
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2. Background 
 
2.1 Marine Protected Areas 
The United Nations Sustainable Development Goal 14, Life Below Water, sets new standards for protection 
of aquatic environments. Its implementation worldwide involves addressing issues such as ocean pollution, 
acidification, overfishing, and notably, the protection of 10% of ocean and coastal areas (United Nations, 
2015). While local efforts in conservation should align to these international goals and national ambitions, it 
is equally important that that local experience and knowledge also is used to inform policy and decision-
making at national, regional and international level. 

A Marine Protected Area (MPA) is a legally defined area of coastline, ocean, or lake that is specially 
protected for the benefit of humans and nature. Often located at the frontier between human development 
and the natural world, they are created with the goal of maintaining the integrity and status of native species, 
as well as safeguard the interests of indigenous peoples and coastal communities, ensuring that resources 
and tourism are handled in a sustainable way. Although they are often instituted by official governmental 
agencies, they can be managed by a conservation authority or non-governmental organizations, following 
guidelines set out by the International Union for the Conservation of Nature (NOAA, 2023). An effective 
protective area is managed based on research done at ground level to determine the best conservation 
practices. 

South Africa protects 5% of its ocean areas across 40 permanent MPAs, one seasonal coastal MPA, and the 
Prince Edward Islands MPA in the Southern Ocean (South African National Biodiversity Institute, 2024). 
The MPAs are declared through the National Environmental Management Protected Areas Act of 2003 
(Mokonye, 2003). To meet the UN Sustainability and Ocean Economy Goals, South Africa is working 
toward further protection, with new research and planning underway to identify more areas in need of 
conservation efforts to further the long-term goal of 10% ocean protection (South African National 
Biodiversity Institute, 2024). 

Although the primary function of MPAs is to conserve marine resources, preserve ecosystems and sustain 
fish populations, zonation within the protected areas can allow some level of public access. Non-
consumptive activities such as water sports and SCUBA diving are often permitted in parts of an MPA. By 
creating opportunities for visitors to experience the aquatic environment and interact with marine life, Eco-
tourism and the associated SCUBA diving industry provide an important service for conservation efforts. 
SCUBA diving with marine species serves to enhance public awareness of their status, lets people build a 
personal connection to aquatic life, and increases interest for conservation.  

 

2.2 Study species - the Spotted Ragged-tooth Shark (Chacharias taurus) 
 

2.2.1 Biology: 
Carcharias taurus, known commonly as the spotted ragged-tooth shark, grey nurse shark, or sand tiger shark 
is one of four elasmobranch species belonging to the Odontaspididae family (Compagno, 1984). Adults can 
grow to lengths of over 3 meters, the largest individuals measuring 320 cm from snout to the end of the 
caudal fin (Last and Stevens, 2009). Their coloration ranges from grey to dusky brown, occasionally with 
darker spot-patterns on their dorsal side, and they have a lighter grey-white underbelly. Despite its 
commonly used names, C. taurus is not closely related to the Tiger Shark, Nurse Shark, or even Bull Shark. 
In fact, being part of the Order Lamniformes, it is more closely related to the Mako, Thresher and Great 
White shark species (Compagno, 1984).  
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2.2.2 Distribution: 
The distribution of spotted ragged-tooth shark populations primarily extends to in-shore waters on the 
continental shelf within temperate and sub-tropical regions (Compagno, 1984). Though previously 
widespread, having been recorded in the NW and SW Atlantic, Indian and Pacific Ocean, as well as the 
Mediterranean, they are now limited to isolated populations along the coasts of the United States, Brazil and 
Uruguay, South Africa, and Australia (Bigelow and Shroeder, 1948; Compagno, 1984; Chiaramonte, 1998). 
The last individual to be spotted in the Mediterranean was in 2003, suggesting that C. taurus is now locally 
extinct in the region (Rigby, Carlson and Dicken. D, 2020).  

 
Fig. 1: Aggregation of C. taurus at Quarter Mile reef (top left), solitary shark at Raggie Reef (Right), two sharks  

cruising across a sand patch at Raggie Reef (bottom left) 

2.2.3 Habitat: 
C. taurus has been observed throughout the water column down to depths of 190 meters (Otway, Burke and 
Parker, 2003). However, they typically reside at 15-40 meter depths in coastal areas with rocky reefs and 
caves, or near ridges and sandy gullies (Compagno, 1984; Otway, Burke and Parker, 2003). Such sites are 
thought to be important for shark mating and birthing, as aggregations of C. taurus form around them each 
year (Olbers and Cliff, 2016).  
 

2.2.4 Behavior and diet: 
C. taurus is thought to be most active by night (Pollard, 1996; Otway, Burke and Parker, 2003). During the 
day they can be observed hovering or gliding at slow speeds across areas of the reef. Hayward (2003) and 
Smith et al. (2014) define the swimming behavior of aggregated sharks into the following categories: 
(Hayward, 2003; Smith et al., 2015) 

 1. Active swimming: persistent movement in a general direction 
 2. Cruising:  Low level of activity without directional change 
 4. Hovering: Shark appears to be motionless 
 5. Milling: Low level of activity with frequent directional changes within the same area  
 
C. taurus is a facultative RAM ventilator, meaning that they have two ways of ‘breathing’ i.e. ventilating 
their gills. The first is passive ventilation, during which the shark moves through the water, letting it flow 
across its gills. The second is active breathing, achieved through buccal pumping and breathing through 
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mouth or gills. This is more common when the shark is resting or hovering, and not moving through the 
water (Smith et al., 2015). 
 
Ragged-tooth sharks are opportunistic feeders, feeding mostly on fish, smaller sharks and rays, and on 
occasion crustaceans including lobsters and crabs (Compagno, 1984).  
 
2.2.5 Reproduction, longevity and migration: 
C. taurus possess several reproductive traits typical of slow population growth, making the species slow to 
recover after disturbances. Males reach sexual maturity at a length of 190-195 cm, at which stage they are 
between 4-6 years old, and females at 220-230 cm, at 6-8 years old (Gilmore, Dodrill and Linley, 1983). The 
female sharks have two uteri, and give birth to live two pups at the end of a 9–12-month pregnancy. During 
pregnancy, the most advanced embryo in each uterus eats the other developing embryos, followed by the 
unfertilized eggs also in the uterus (Gilmore, Dodrill and Linley, 1983). After giving birth, a female enters a 
resting stage that lasts approximately one year (Olbers and Cliff, 2016). The lifespan of a ragged-tooth shark 
is estimated to be between 20 – 25 years (Cortes, 2008) which gives a female shark at most 9 opportunities 
for pregnancy during her life. 
 
The reproductive cycle of C. taurus in the western Indian Ocean takes them on an annual migration along 
the south-eastern coast of Africa. Beginning in September, this migration takes them from the coast outside 
Port Elisabeth north to mating sites outside Durban, then further north until they reach their gestation 
grounds near Sodwana Bay and Mozambique. Here they spend the summer months of December through 
April, before returning South by way of the Agulhas current to give birth in late July (Olbers and Cliff, 
2017). 
  
Capture and release studies by Dicken et al. (2007) suggest that C. taurus exhibit site fidelity, also called 
reproductive philopatry as part of their reproductive cycle. This means that sharks tend to return to preferred 
areas of the reef for mating, gestation, and pupping. This was confirmed in a study of genetic markers within 
shark subpopulations conducted by Klein et al. (2016). The study found that reproducing females tended to 
return to the reef where they themselves were born; that extended migration range and between-reef 
movement was limited to older individuals; and the reproductive philopatry could be a driver toward 
reproductive isolation between subpopulations (Klein et al., 2016). 
 
The tendency for C. taurus to exhibit site fidelity and return only to select areas during their reproductive 
cycle makes the species vulnerable to overexploitation, habitat loss, and local disturbances resulting from 
human activities. Their long generation time and low fecundity also makes it difficult for their population to 
recover after perturbation. It is therefore imperative to maintain the integrity of these sites and minimize 
disturbance, hence the importance of avoiding interference of divers during particularly sensitive parts of the 
reproductive cycle. 
 
2.2.6 Conservation Status: 
The spotted ragged-tooth shark is listed as critically endangered (CR) worldwide by the International Union 
for the Conservation of Nature (Rigby, Carlson and Dicken. D, 2020). In South Africa, the shark is protected 
from commercial fishing through the Marine Living Resources Act of 1998 but may still be captured 
recreationally, with a bag-limit of one shark per day per citizen (The Department of Agriculture, Forestry 
and Fisheries, 2010).  
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As of 1997, they are protected from directed fishing in US waters under the Fishery Management Plan for 
Atlantic Sharks (Carlson, McCandless and Cortes, 2009) and in Australia by the national Environment 
Protection Biodiversity Conservation Act (Rigby, Carlson and Dicken. D, 2020). There is concern that 
overexploitation in the waters outside Brazil and Uruguay, where C. taurus is still targeted by commercial 
and recreational fishing activities, is threatening the viability of the population (Chiaramonte, 1998), and 
fisheries in Japan have reportedly depleted the population in Japanese waters (Compagno, 1984). 
 
2.3 The study site – Sodwana Bay, iSimangaliso South Africa 
Sodwana Bay is located within the Marine Protected Area (MPA) of the iSimangaliso Wetland Park, in the 
province of KwaZulu Natal (KZN), South Africa. Each year it is host to hundreds of female ragged tooth 
sharks who migrate to the reefs of Sodwana between December and March to gestate their young before 
moving southward down the coast to pup (Olbers and Cliff, 2017). 

To protect wildlife within the park, current conservation regulations implemented by iSimangaliso park 
authorities restrict human activities within the MPA to certain zones (Figure 2). SCUBA diving activity is 
limited to the SCUBA Diving Restricted Zone (SDRZ) and offshore line fishing is only permitted within the 
iSimangaliso Offshore Controlled Pelagic Linefishing Zone North (IOCPLZN). Further south, between Red 
Sands cliffs and Leven point, is the iSimangaliso Offshore Wildlife Zone (IOWZ) into which only licensed 
research vessels are permitted (Mokonye, 2003).  
 
As part of the migration and gestation of their pups, female sharks aggregate in groups of up to 100 
individuals, demonstrating a preference for certain reefs along the coastline. Most notable of these is Quarter 
Mile Reef (QM) represented in Figure 2 by the international blue and white dive flag symbol as it is located 
within the SDRZ zone. Each year the large number of docile pregnant sharks draw visitors seeking to 
interact with them, and several dive concessionaries operate the beach, launching boats with up to 10 divers 
to visit the nearby reefs. Quarter Mile Reef is situated approximately 500m from the launch site at a depth of 
10 – 12 meters, and so even boats going past to visit the 2-mile, 5-mile, or 7-mile reefs pass overhead, a 
frequent reminder of human presence around the reef.  
 
In an effort to alleviate anthropogenic pressure during the initial arrival of C. taurus at the reef, park 
authorities close the reef to diving until the number of sharks appears to have stabilized (Smith and Olbers, 
unpubl. report). Once the number of sharks has stabilized, with few new arrivals being recorded, the reef is 
opened to diving on a controlled roster system. During this time, dive concessionaries visit the reef one 
group at a time according to a predetermined schedule.  
 



 10 

 
Fig. 2: Map of Sodwana Bay Coastline 

  
Raggie Reef (RR), the second of Sodwana’s large congregation sites is located 40 km south within the 
IOWZ sanctuary zone, approximately 800 meters from Leven point, at a depth of 12-14 meters. In stark 
contrast to QM, it is rarely visited by people, as only research vessels have legal access to the area. It is 
represented in Figure 2 by shark within a shield to symbolize the protected nature of the area. 

2.4 Sharklife Conservation Group 
Sharklife Conservation Group is a local NGO founded in 2005 with the purpose of performing shark-related 
research and enhancing public understanding about the species of sharks and rays native to Sodwana Bay. 
As part of their Ragged-tooth Shark Monitoring Program they perform snorkeling surveys, deploy Remote 
Underwater Video cameras, Baited Remote Underwater Video cameras, and use acoustic telemetry to study 
the movement and abundance of C. taurus at the reefs of Sodwana Bay. Each year their findings are 
included in a Seasonal Report shared with the park authorities who cooperate with Sharklife, Ezemvelo 
KZN Wildlife conservation, the KZN Sharks Board, and others to coordinate conservation efforts within the 
MPA. 

Sharklife has, during previous seasons, found significant differences in shark presence and observed 
differences in behavior at QM compared to RR. The sharks have been observed to arrive later and leave 
earlier from QM. (Smith and Olbers, unpubl. report) Sharklife maintains a database of Remote Underwater 
Video (RUV) footage covering each C. taurus migratory season at QM and RR since 2019. This data was 
made available by Sharklife for use in this study. 
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2.5 Previous Research 
Earlier studies have been conducted on the behavior of C. taurus, though studies of special distribution and 
migration patterns are more common. The main body of research concerning these sharks come from South 
Africa and Australia, and data collection for these types of studies typically involve direct observations 
made on site or by the manual operation of a video camera by a diver in the water (Barker, Peddemors and 
Williamson, 2011). These studies use several common factors to draw conclusions about shark behavior: 

- Swimming speed and directional changes: the speed at which sharks move in the water is considered 
an indicator of the level of stress or agitation (Barker, Peddemors and Williamson, 2011; Smith et 
al., 2015).  

- Breathing activity: A higher rate of active ventilation, followed by a transition from active 
ventilation to RAM ventilation signifies a transition from restful behavior with little movement to 
agitated behavior with active swimming (Barker, Peddemors and Williamson, 2011). 

- Pectoral fin depression: When under threat, a shark angles its pectoral fins downward to enable 
faster maneuvering and turning (Smith et al., 2015). 

- Agonistic behaviors: Behaviors such as tail popping, jaw gaping or charging against the perceived 
threat can occur when the shark when the shark is agitated or feels threatened (Smith et al., 2015).  

An Australian study by Smith et al. (2015) showed that the number of aggregated sharks decreases at a reef 
in the hours following SCUBA diver exposure. They used a systematic classification of swimming 
behaviors, introduced by Hayward (2003) and outlined in Section 2.2.4, to describe how sharks spent their 
time on the reef, but did not do so in relation to SCUBA activity. Barker, Peddemors and Williamson (2011) 
found a significant increase in swimming speed and a significant decrease in ventilation rate (instead 
favoring RAM ventilation) in the presence of divers, but report that the immediate effect of SCUBA diver 
exposure on shark behavior is short lived, and that they soon return to ‘normal behaviors.’ Their study also 
found that female sharks showed larger changes in behavior than males.  

The methods used in these studies share certain limitations. They rely on direct observation, during which 
researchers must be present in the water with the sharks, either to observe or capture video. Behavior of 
sharks in complete absence of divers is thus never recorded. This method is also work-intensive and data 
collection can therefore only be carried out with limited scope.   
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3. Aim of the study 
 

The aim of this study is to investigate an alternative method of analysis in studying the behavior of C. taurus 
aggregated at the reefs of Sodwana and how they are affected by the presence of SCUBA divers. The long 
term Remote Underwater Video (RUV) database maintained by Sharklife provides a unique opportunity to 
observe the spotted ragged-tooth shark over longer periods, in remote locations, and in the absence of human 
beings. Sharklife’s RUV stations, which capture photos of the reef every 30 seconds for extended periods of 
time, have thus far been used mainly to monitor shark abundance and distribution. This study represents an 
effort by Sharklife to expand the use of their database, and will use photo data collected by Sharklife’s RUV 
stations during the two seasons 2020-2021 and 2022-2023. 

The nature of the photo data presents an inherent limitation. Images taken 30 seconds apart provide very 
little intuitive insight into behavioral patterns or emotional state of the sharks, and thus severely limit the 
potential to perform analysis similar to the kind done in previous research. This study will therefore focus on 
the following three aspects of shark movement and behavior: 

- Shark presence: The abundance of the sharks is measured to examine the overall effect of diver 
presence on the length of the shark season at the two reefs. 

- Agitation Level: Of the factors outlined in Section 2.5, swimming speed as an indicator of agitation 
level is the only one that can be adapted for use with data of this nature. The sharks tend to move 
across the reef very slowly, and the amount of time spent by a shark in front of the camera gives an 
indication of its level of activity and movement speed. 

- Group size: The number of C. taurus individuals observed moving together in the frame of the 
cameras gives an indication of whether the sharks react differently to divers when in a large group. 
 

3.1 Research questions 
1. What is the difference in seasonal abundance of C. taurus between QM and RR reef? 
2. Is there a difference in agitation level and group size between QM reef and RR reef? 
3. How does the presence of SCUBA divers affect group size and level of agitation at QM reef? 
4. Are sharks less easily agitated when moving in large groups? 
5. Does larger diver group size have an effect on the agitation level of the sharks? 

 

3.2 Hypotheses 
1. The season of residence will be shorter at QM than at RR. 
2. Group size will be smaller and agitation levels higher at QM reef due to proximity to human 

activities. 
3. Group size will decrease, and agitation levels increase at QM in the presence of divers. 
4. Larger Group Size will have a mitigating effect on agitation level. 
5. Larger dive groups will increase agitation levels more than small ones. 

 

  



 13 

4. Methods 
 
4.1 Data Collection 
 
Date selection 
The study makes use of photographic data from select days within a larger set of available data within 
Sharklife’s database. The selection was made partly due to time constraints in analysis, and partly due to 
limitations in the database. The 2021-2022 season was not included due to limited data being available at 
one of the reefs for that season. Days with incomplete or dyssynchronous data were also omitted. 

The selection of dates was made using a stratified random method, 20 days from each site (QM, RR), 10 of 
which were from the 2020-2021 season and 10 from the 2022-2023 season. Additionally, the dates at QM 
reef were selected such that half of the chosen dates occur where divers were allowed on the reef, and half 
occur while the reef was closed to divers. Some dates were selected by necessity, as there were no others 
available within the desired timespan, but, when possible, the selection of dates for analysis were 
randomized. 

RUV Video Data 
This study is based in part on photographic data, collected by Sharklife using Remote Underwater Video 
(RUV) stations during the seasons 2020-2021 and 2022-2023. Cameras, consisting of two GoPro Hero 7 
cameras mounted along with auxiliary battery packs and temperature loggers in cylindrical waterproof 
containers, give a 270° view of the reef.  

 
Fig. 3: Diagram and of a RUV station 

The cameras take pictures at 30s intervals and require battery changes approximately every 7 days. A full 
day of photographic data consists of 1700 images, and data was collected daily over the span of the whole 
Raggie season. 
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Environmental data:  
As part of their elasmobranch monitoring program, Sharklife frequently perform Underwater Visual 
Censuses at the reefs of Sodwana Bay. These involve a thorough visual survey, determining which species 
of rays and sharks are present and counting the number of individuals, as well as gathering environmental 
data. This study uses the following environmental data compiled from Sharklife’s UVC databank: 

- Surface current speed (km/h) measured through the release and recapture of a floating GPS 
device. 

- Surface sea temperature (°C) measured using temperature loggers attached to RUV station. 
- Horizontal visibility (m) determined by the snorkeling surveyors and cross referenced with RUV 

footage. 
- Swell height data (m) retrieved from the Windguru.com online historical database. 
- The total number of C. taurus individuals present at the reef and recorded by the surveyors each 

day. 

By nature of QM’s proximity to the boat launch site, UVC surveys were performed here significantly more 
often (every day) than at RR, whose remote location merited only biweekly visits. For this reason, UVC data 
does not exist for all dates at RR, and these have been omitted from analysis involving environmental 
factors. 

4.2 Data Analysis 
Seasonal abundance: the MaxN metric 
When using photographic or video data, MaxN is a common metric used to estimate the number of 
individuals present at a site within a specific timespan. Designed to address the inherent difficulties in 
determining whether the animal you see on screen is in fact a new individual or a recurring one, this method 
involves recording only how many individuals appear on-screen at the same time. In this study, MaxN is 
used to estimate the number of both sharks and divers present at the site on any given day. 

Shark sampling for behavior analysis 
A random shark was sampled by selecting a photo from within a specific day using a random number 
generator, then further randomizing a number to determine which shark within that frame would be chosen 
for analysis. The following was recorded for each such observation:  

1. Recorded Rest Time: A shark visible in one photo but not in the next, i.e. a shark that happened to be 
swimming past the cameras as they took a photo, can be assumed to have spent anywhere between 1-
30 seconds in view of the cameras. If, however, a shark is visible in >1 frame, it is possible to infer a 
resting time in 30 second increments by counting how many consecutive frames the shark appears in. 
Higher Recorded Resting Time would indicate a slower swim speed and lower agitation level. 
 

2. Shark group size: The total number of sharks present in frame at the time of each recorded rest was 
also noted, in order to examine the relationship between group size and agitation level. 

This was repeated for 20 sharks from each day, resulting in a data set of 800 sharks sampled in total. 

4.3 Data Processing and Statistics 
To make statistical inferences from the data, mathematical models were created. Statistical processing of the 
data was done using the R programming language for statistical computation (version 4.3.2), within the 
RStudio interface. The creation of Mixed Effects Linear Models was done using the lme4 package (Bates et 
al., 2015) and model analysis was performed using the lmerTest package (Kuznetsova et al., 2017). P-values 
were obtained using the Satterthwaite approximation method within the lmerTest package. 
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Random Effects in a Mixed Effect Linear Model 
Prior to the creation of mathematical models, a test was performed to determine which environmental 
variables (e.g. current speed, temperature) merited inclusion in the model as Random Effects. 
 
The creation of a mixed linear model allows for the inclusion of both Fixed effects and Random Effects to 
describe the variations in the data. Fixed effects are independent variables assumed to have a direct effect on 
the variation seen in the response variable, while Random effects explain the amount of random variation 
that occurs naturally in nature. The inclusion of random effects in the model helps improve the accuracy of 
parameter estimates and provides a more realistic representation of the data structure. 
 
A test was designed to determine which Random effects to include in the mixed linear model, and whether 
they improved model strength. The Random effects tested for inclusion were: 

- Time of the Raggie season: to address possible changes in shark behavior over the course of the 
season. 

- Current speed  
- Swell height 
- Surface sea temperature  
- Visibility 

Each Random effect was tested against a basic linear model which contained only the fixed effects. Akaike’s 
Information Criteria (AIC) was used to evaluate relative model quality, with a lower value representing a 
stronger model. The difference in AIC, along with a p-value following an ANOVA test comparing the 
models, was used to determine whether the inclusion of each random effect increased the model strength. 
 
The analysis found that all Random variables tested significantly improved model quality. They were 
therefore all included in model creation for this study. 
 

 
Table 1: Model comparison for each Random Effect 

Model details: 
Linear: Rest Time  ~  Divers    

Mixed: Rest Time  ~  Divers  + (1|Random effect X) 

  

Model AIC AIC Difference t-value Chi Squared p-value

Base linear Model 6733.067 - - - -

Time of Season 6697.88 -35.18647 37.18647 - 1.07E-09

Current Speed 6696.094 -36.97234 38.97234 - 4.30E-10

Swell 6718.805 -14.26217 16.26217 - 5.52E-05

Visibility 6698.78 -34.28651 36.28651 - 1.70E-09

Surface Temperature 6712.476 -20.59131 - 22.59131 2.00E-06
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5. Results 
The RUV photo data analysis and processing yielded eight findings of particular significance. The findings 
are presented below, each section pertaining to a separate research question from Section 3.1: 

5.1 The seasonal presence of C. taurus is different between sites 
The abundance of C. Taurus at each site over the course of seasons 2020-2021 and 2022-2023 is detailed in 
Figure 3 and Figure 4 below. The figures include data from both Sharklife’s Under Water Visual Censuses 
and MaxN data from the RUV stations. There is a marked difference in the temporal extent of shark 
presence at the reefs, with sharks present at Raggie Reef from early- to mid-October through April and Early 
May, while Quarter Mile Reef is only occupied between late December and early February. Reef closure is 
also illustrated in the figures. 

 
Fig. 3: Seasonal Presence of C. taurus at Raggie Reef and Quarter Mile: 2020-2021 

 
Fig.4 Seasonal Presence of C. taurus at Raggie Reef and Quarter Mile: 2022-2023  
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5.2 There was a significant difference in Group Size and Recorded Rest Time at the two Reefs 
(without divers) 
To establish whether there is a difference in Group Size and Restfulness between the two reefs, two mixed 
effect linear models were created. By looking only at these two parameters in the absence of divers, the 
models describe whether there is a ‘Reef Effect’ or ‘Site effect’ on Group Size and Restfulness, as opposed 
to a ‘Diver effect’. Tables 2 and 3 show the parameter estimates for the fixed effects of the models. The full 
tables, including parameters for the random effects, are available in Appendix 1. 

Both Group Size and Restfulness, were found to be significantly different at the two reefs (p=0.016 and 
p=0.037 respectively). The average group size at Quarter Mile is expected to be ~2.4 individuals smaller 
than reference level (in this case Raggie Reef), where average group size was 5.6 individuals. The average 
rest time at Quarter Mile is ~81 seconds less than at Raggie Reef where average resting time is expected to 
be 261 seconds. The difference in Restfulness is also illustrated in Figure 5.  

 
Table 2. Mixed effect linear model comparing Group Size at each reef in the absence of divers.  

Model details: Group size ~  Reef  + (1|Time of Season) + (1|Swell) + (1|Temperature) + (1|Visibility) 
 

 

 
Table 3. Mixed effect linear model comparing Recorded Rest Time at each reef in the absence of divers.  

Model details: Rest Time  ~  Reef  + (1|Time of Season) + (1|Swell) + (1|Temperature) + (1|Visibility) 
  

  

Fixed Effects Est. SE df t-value p-value

(Intercept) 5.6302 0.9506 4.4 5.923 0.0030 **

Quartermile Reef -3.2787 0.8198 4.051 -3.999 0.0157 *

Random Effects Variance SD

Group Size

Fixed Effects Est. SE df t-value p-value

(Intercept) 261.177 36.971 2.426 7.064 0.0113 *

Quartermile Reef -80.905 36.5 22.201 -2.217 0.0372 *

Recorded Rest Time
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5.3 The presence of divers significantly affected Rest time at Quarter Mile Reef 
Recorded Rest Time was measured at Quarter Mile Reef both on days where divers had been present on the 
reef, and on days where divers were absent. The presence of Divers resulted in a significant decrease in the 
Restfulness of the sharks; on average 83.7 seconds less than during their absence, resulting in a ~39 % 
decrease. Figure 5 illustrates the ‘Diver Effect’ and ‘Reef Effect’ on Recorded Rest Time.  

 
Table 4. Mixed effect linear model comparing Recorded Rest Time at Quarter Mile Reef in the presence and absence of divers.  

Model details: Rest Time  ~  Divers  + (1|Time of Season) + (1|Current Speed) + (1|Swell) + (1|Temperature) + (1|Visibility) 

 

 
Fig. 5 Recorded Rest Time compared across Reefs, including Diver Presence at Quarter Mile Reef 

Significant differences found between reefs (p = 0.037) and in the presence of divers (p = 0.004) 
  

Fixed Effects Est. SE df t-value p-value

(Intercept) 214.577 46.237 5.221 4.641 0.00505 **

Divers Present -83.684 27.977 56.18 -2.991 0.00412 **

Recorded Rest Time
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5.4 The presence of Divers had no significant effect on group size 
The presence of divers did not, however, have a significant impact on Group Size at Quarter Mile Reef. The 
mixed effect linear model summary below shows the model parameter estimates, including a p-value of 
0.193. 

 
Table 5: Mixed effect linear model comparing Group Size at Quarter Mile Reef in the presence and absence of divers.  

Model details: Rest Time  ~  Divers  + (1|Time of Season) + (1|Current Speed) + (1|Swell) + (1|Temperature) + (1|Visibility) 

  

Fixed Effects Est. SE df t-value p-value

(Intercept) 3.6768 0.835 6.162 4.403 0.00427 **

Divers Present -0.6987 0.5279 43.4723 -1.324 0.19254

Group Size
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5.5 Group size had a larger effect on Rest time at Quarter Mile than at Raggie Reef 
To investigate the relationship between Group Size and Restfulness of the aggregated sharks, both Group 
Size and Reef were included as fixed effects in the mixed linear model. Figure 6 shows the effect of Group 
Size on resting time. At both reefs, Recorded Rest Time increased with Group Size – illustrated by the two 
linear regression lines, one for each reef. 

A greater line slope would here indicate that the sharks show a greater the reliance on larger Group Size to 
rest for longer periods. The line representing Quarter Mile Reef has a slope of 38.9, while the slope of the 
Raggie Reef regression line is 20.8. The p-value (p = 8.07e-05) for the interaction effect between Group 
Size and Reef in Table 6 indicates that the difference in line slope is significant. 
 

 
Fig. 6 Mixed linear regression of Recorded Rest time over Group Size in the absence of divers at each Reef 

 

 
Table 6: Mixed effect linear model comparing Group Size at Quarter Mile Reef in the presence and absence of divers.  

Model details: Rest Time  ~  Group Size × Reef   + (1|Time of Season) + (1|Current Speed)  + (1|Swell) + (1|Temperature) + (1|Visibility) 

  

Fixed Effects Est. SE df t-value p-value

(Intercept) 54.947 17.206 29.194 3.194 0.00336 ** 

Group Size 39.303 4.185 131.634 9.39 2.39e-16 ***

Raggie Reef 71.198 25.406 190.213 2.802 0.00560 ** 

Raggie Reef × Group Size -20.73 5.142 185.703 -4.032 8.07e-05 ***

Recorded Rest Time
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5.6 The Group Size effect on Rest time at Quarter Mile was not significantly different in the 
presence of divers 
A similar analysis to 4.4 was performed, here looking at whether diver presence impacted the degree of 
Group Size reliance at Quarter Mile Reef. Diver presence had an overall effect on Rest Time (hence the 
displacement of the regression line on the y-axis), while the change in slope (29.8 with divers, and 38.9 
without) was not found to be significant in the model analysis. (p = 0.06558) 

 
Fig. 7 Mixed linear regression of Recorded Rest time over Group Size at Quarter Mile in the presence 

 and absence of divers 
 

 
Table 7. Mixed effect linear model comparing Group Size at Quarter Mile Reef in the presence and absence of divers.  

Model details: Rest Time  ~  Group Size × Divers   + (1|Time of Season) + (1|Current Speed)  + (1|Swell) + (1|Temperature) + (1|Visibility) 

  

Fixed Effects Est. SE df t-value p-value

(Intercept) 50.438 18.277 37.978 2.76 0.00886 **

Group Size 40.527 3.927 272.747 10.319 2.0E-16

Divers Present -32.782 24.12 32.745 -1.359 0.18339

Divers Present × Group Size -9.163 4.955 257.4 -1.849 0.06558

Recorded Rest Time
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5.7 Larger diver group size had no significant additional effect on Rest Time 
A mixed effect linear model with Diver MaxN as a Fixed effect was created to assess whether diver group 
size had an effect on the restfulness of the sharks. Diver MaxN varied between 2 and 31 divers. The model 
was run using only data from days where divers were present, and found no significant effect. (p = 0.369) A 
table detailing the parameter estimates for the model can be found in Appendix 1. 

 
5.8 Direct interaction effect  
A final analysis serves as an example to demonstrate the direct short-term impact of divers visiting the reef. 
The MaxN per minute of both divers and C. taurus was tracked over the course of one day, from sunrise to 
sunset. Figure 8 shows shark presence to dip significantly with the arrival of the first dive group. Numbers 
then increase slightly before again decreasing with the arrival of the second group, and once again after the 
third group departs. The purpose and nature of this figure is discussed further in section 6. 

 

 
Fig 8. MaxN per minute of C. taurus and SCUBA divers 04/02/2023 
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6. Discussion 
This section discusses the study's results in relation to the hypotheses outlined in section 3.2 while also 
addressing potential sources of error that arose during data collection and analysis. The primary challenges 
are highlighted in this context, offering insights for future research and methodological improvements, 
which is discussed in the final subsection. 

6.1 Results Discussion 
6.1.1 The seasonal presence of C. taurus at the reefs 
For both seasons studied, pregnant C. taurus females were shown to be present at Raggie Reef over a longer 
time span than at Quarter Mile Reef. Despite regulations seeking to protect the sharks at QM by restricting 
diving and temporarily closing the reef each season, the residence period of C. taurus is greatly abbreviated 
at that reef. A likely reason for this is the proximity of Quarter Mile to the dive charter boat launch site. 
Even during QM closure, traveling to and from other reefs such as 2-mile or 5-mile brings the boats within 
close distance to the aggregated sharks at QM, and exposes them to engine noise.  

C. taurus also exhibits strong site philopatry – they tend to prefer certain reefs and return to them each 
migration It is possible that reefs within the IOWZ-zone are more highly preferred by returning C. taurus 
females, leading to them being occupied first and vacated last each season. Quarter Mile, being a less 
preferred reef, likely begins to be being occupied only once Raggie Reef becomes overpopulated. Extended 
migration range and between-reef movement has been shown to be limited to older individuals (Klein et al., 
2016) so further study of whether QM is populated mainly by younger sharks forced out of less desirable 
aggregation sites or by older sharks expanding their range could be a topic for future research. 

6.1.2 ‘Diver effect’ and ‘Reef Effect’ on Group Size and Restfulness 
The results in Sections 5.2 and 5.3 indicate that the Restfulness of C. taurus females residing in the 
iSimangaliso MPA was considerably different between the two reefs, and even more so in the presence of 
divers at Quarter Mile Reef. Meanwhile, Group Size was significantly different only between sites and not 
in response to diver presence (Section 5.4) QM sharks moved in smaller groups than RR sharks, but the size 
of those groups did not change significantly on days where divers were present at the reef. Site preference 
could be playing a role here, as QM is a less favored aggregation site - fewer sharks moving around QM 
results in fewer sharks in the groups captured on camera. 

In Figure 5, which compared resting time across sites, the boxplot representing QM with divers shows that 
some outliers do exist – individuals whose Resting Time was largely unaffected by the presence of divers. 
This could suggest that the individual personality of sharks plays a role in how they react to divers. In fact, 
the sharks who remain at QM are likely to do so because they are less sensitive to diver disturbance than 
who prefer sites like Raggie Reef, perhaps older individuals as discussed in Section 6.1.2. 

6.1.4 Reliance on Group Size for longer Rest Time 
Sections 5.5 and 5.6 showed that the size of a group is a strong predictor for the Restfulness of the sharks in 
that group. This relationship did not, however, look the same at the two reefs. C. taurus at QM showed a 
greater reliance on Group Size to exhibit longer Rest times than did sharks at RR. A possible reason is an 
increased sense of security at RR, leading to the sharks being more likely to engage in behavior 
independently from the group. 

The reliance on group size at QM did increase in the presence of divers, though not to a significant level (p 
= 0.6558). It is likely that the group size - restfulness relationship does not change day-to-day as divers 
come and go. Rather, the large-scale differences seen between the reefs are the result of long-term exposure 
to different environments – the QM environment being one of boat launches and diver interactions. 
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6.1.5 Diver group size  
Section 5.7 showed that although the arrival of a group of divers impacted the Restfulness of C. taurus 
residing at QM reef, the effect did not increase significantly with the number of divers in the group. The 
sharks are more decidedly affected by many dive group interactions per day than by the number of divers in 
each group. This suggests that the park management regulations allowing only a limited number and size of 
dive groups each day is sound, and that if dive charters are interested in changing regulation to bring more 
customers each day, they are better off increasing the size rather than the number of groups. More research, 
concerning whether dive protocols allowing simultaneous diver visits rather than consecutive ones, and 
whether this would benefit the resident sharks, would be welcomed. 

6.1.6 Direct interaction effect and Figure 6 
Figure 8 in Section 5.8 serves as largely anecdotal evidence, as it quantifies the effect of diver presence on 
shark abundance during only a single day. Its purpose is not to draw statistical conclusions or extrapolations, 
nor suggest that this always occurs during diver-shark interactions at QM reef. A method for further using 
this technique of analysis to draw statistical conclusions is being developed for use in this project and will be 
implemented in future versions of this report for potential submission for publication during 2024. 

 

6.2 Potential Sources of Error 
6.2.1 Sampling limitations 
Although RUV data collection has apparent advantages compared to in-person observation in this kind of 
study, it also comes with some limitations. The following limitations concern data collection and sampling 
strategy: 

- What occurs out-of-frame of the cameras is unknown. A shark drifting peacefully just behind the 
RUV station for an extended time, then briefly drifting into frame and out again would be thought to 
have swum by rapidly, and thereby be recorded as exhibiting stressed behavior. This effect, however, 
is present for all dates and at both reefs, and thus does not create a skew toward any particular 
outcome, but rather a potential decrease in overall accuracy. 

- An individual C. taurus that a tendency towards restful behavior is more likely to appear in several 
images over the course of a day than a shark swimming faster. Thus, when randomly sampling an 
individual during sampling, there is a higher likelihood to sample the restful shark.  

- An individual C. taurus swimming in a group is less likely to be sampled than one swimming alone. 
Since randomization occurs in two steps, the first selecting a random image and the second selecting 
a random shark within that image, solitary individuals have a higher probability of being sampled. 

6.2.2 Human error during analysis 
To reduce the possibility of bias during sampling, randomization was used in as great extent as possible. The 
selection of dates from the data base, the sampling of sharks for Resting Time analysis, and the time of day 
the sharks were sampled was randomized. Despite this, sources of error related to human error during 
analysis are still possible, some of which are outlined below: 

- The counting of frames was done by a human, introducing the potential of human error. Particularly 
when reviewing pictures containing large numbers of sharks, individuals were sometimes difficult to 
track, leading to a potential undercounting of Resting frames during days with many sharks present 
at the site. 

- During analysis, water visibility had the potential to affect detection and the counting of frames a 
shark was present on screen. This could lead to a potential undercounting on days with lower 
visibility. 
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6.3 Suggestions for Future Research 
Should this type of analysis be included in future studies, the following changes could be made in the design 
of the project: 

The selection of dates 
In this study, 20 dates were selected from Raggie Reef and 20 from Quarter Mile. Of the 20 from 
QM, 10 featured divers, and 10 did not. A better method of date selection would likely be to choose 
an even number of days between the treatments: RR, QM with divers, and QM without divers. This 
would also allow for maximizing the number of dates with divers for use in analysis. 

Cameras and Data Collection 
For the purposes of analyzing shark behavior, video data would be far superior to photographic data 
in this kind of project. Additionally, the limitation of not knowing how the sharks behave out-of-
frame could be mitigated though the use of 360° cameras that have been on the market for the past 
few years. Video captured using a camera with full 360° view would doubtlessly result in massive 
amounts of data, but even a small addition of such data would be greatly useful as complimentary 
data to a RUV project such as this one. Furthermore, with the advent of artificial intelligence capable 
of image recognition, the possibility of analyzing such large quantities of data may not be too far 
away. 

Modelling 
The use of other models that better fit the data remains an option. The use of non-linear, or perhaps 
non-parametric models could be of better use as they make fewer assumptions about the linear 
relationships in the data. For the scope of this study the use of mixed effect linear models was 
deemed to be most appropriate, but someone with a greater knowledge of data science could likely 
find an alternate approach.  

The option of doing time series analyses on the data in Section 5.1 fell outside of the scope of this 
study, though their inclusion in future studies would allow for further statistical conclusions to be 
drawn. 

Swarming   
Anecdotally, sharks at RR were occasionally observed engaging in swarming behavior for longer 
periods throughout the day, circling one-another in large groups high in the water column. Future 
research could attempt to quantify and analyze this behavior. 
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7. Conclusions 
The following conclusions can be drawn in reference to the research questions outlined in Section 3.1: 

- The seasonal residence of C. taurus differed greatly between the reefs, with QM reef exhibiting a 
much abbreviated shark presence compared to RR. 
 

- Recorded Rest Time was significantly lower at QM reef and in the presence of divers suggesting 
higher agitation levels under these conditions. Group size was significantly smaller at QM that at 
RR, but did not significantly differ in the presence of divers at QM. 
 

- Larger group size was shown to have a mitigating effect on agitation levels, as Recorded Rest Time 
increased with larger groups. This effect was shown to occur to greater extent at QM reef than at RR 
 

- Though the presence of divers resulted in significantly reduced Recorded Rest Time at QM, an 
increase in diver group size was not observed to have a further significant impact.  
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9. Appendices  
 

Appendix 1. Tables of Model Parameter Estimates 

 
Table 2. Mixed effect linear model comparing Group Size at each reef in the absence of divers.  

Model details: Group size  ~  Reef  + (1|Time of Season) + (1|Swell) + (1|Temperature) + (1|Visibility) 
 

 

 
Table 3. Mixed effect linear model comparing Recorded Rest Time at each reef in the absence of divers.  

Model details: Rest Time  ~  Reef  + (1|Time of Season) + (1|Swell) + (1|Temperature) + (1|Visibility) 
 

 

 

 

 

 

Fixed Effects Est. SE df t-value p-value

(Intercept) 5.6302 0.9506 4.4 5.923 0.0030 **

Quartermile Reef -3.2787 0.8198 4.051 -3.999 0.0157 *

Random Effects Variance SD
Time of Season 5.097 2.2576
Swell 1.073E-08 1.04E-04
Surface Temperature 0.1336 0.3654
Visibility 4.225 2.0555
Residual 11.72 3.4228

Observations 580

Group Size

Fixed Effects Est. SE df t-value p-value

(Intercept) 261.177 36.971 2.426 7.064 0.0113 *

Quartermile Reef -80.905 36.5 22.201 -2.217 0.0372 *

Random Effects Variance SD
Time of Season 3881.4 62.3
Swell 0 0
Surface Temperature 967.3 31.1
Visibility 6451 80.32
Residual 52997.6 230.21

Observations 580

Recorded Rest Time
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Table 4. Mixed effect linear model comparing Recorded Rest Time at Quarter Mile Reef in the presence and absence of divers.  

Model details: Rest Time  ~  Divers  + (1|Time of Season) + (1|Current Speed) + (1|Swell) + (1|Temperature) + (1|Visibility) 

 

 

 
Table 5: Mixed effect linear model comparing Group Size at Quarter Mile Reef in the presence and absence of divers.  

Model details: Rest Time  ~  Divers  + (1|Time of Season) + (1|Current Speed) + (1|Swell) + (1|Temperature) + (1|Visibility) 

 

 

Fixed Effects Est. SE df t-value p-value

(Intercept) 214.577 46.237 5.221 4.641 0.00505 **

Divers Present -83.684 27.977 56.18 -2.991 0.00412 **

Random Effects Variance SD
Time of Season 0 0
Current Speed 2395 48.9433
Swell 0 0
Surface Temperature 1.95E-04 0.01396
Visibility 11190 105.7879
Residual 38390 195.94336

Observations 400

Recorded Rest Time

Effect of [divers] on [group size] at quartermile reef

Fixed Effects Est. SE df t-value p-value

(Intercept) 3.6768 0.835 6.162 4.403 0.00427 **

Divers Present -0.6987 0.5279 43.4723 -1.324 0.19254

Random Effects Variance SD
Time of Season 0 0
Current Speed 2.0687 1.4383
Swell 2.7364 1.6542
Surface Temperature 0 0
Visibility 0.2858 0.5346
Residual 7.8161 2.7957

Observations 400

Group Size
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Table 6: Mixed effect linear model comparing Group Size at Quarter Mile Reef in the presence and absence of divers.  

Model details: Rest Time  ~  Group Size × Reef   + (1|Time of Season) + (1|Current Speed)  + (1|Swell) + (1|Temperature) + (1|Visibility) 

 

 

 

 
Table 7. Mixed effect linear model comparing Group Size at Quarter Mile Reef in the presence and absence of divers.  

Model details: Rest Time  ~  Group Size × Divers   + (1|Time of Season) + (1|Current Speed)  + (1|Swell) + (1|Temperature) + (1|Visibility) 

 

 

 

 

Fixed Effects Est. SE df t-value p-value

(Intercept) 54.947 17.206 29.194 3.194 0.00336 ** 

Group Size 39.303 4.185 131.634 9.39 2.39e-16 ***

Raggie Reef 71.198 25.406 190.213 2.802 0.00560 ** 

Raggie Reef × Group Size -20.73 5.142 185.703 -4.032 8.07e-05 ***

Random Effects Variance SD
Time of Season 0 0
Swell 1.11E-05 0.003334
Surface Temperature 0 0
Visibility 1865 43.18
Residual 17940 133.9

Observations 277

Recorded Rest Time

Fixed Effects Est. SE df t-value p-value

(Intercept) 50.438 18.277 37.978 2.76 0.00886 **

Group Size 40.527 3.927 272.747 10.319 2.0E-16

Divers Present -32.782 24.12 32.745 -1.359 0.18339

Divers Present × Group Size -9.163 4.955 257.4 -1.849 0.06558

Random Effects Variance SD
Time of Season 951.1 30.84
Current Speed 0 0
Swell 0 0

Surface Temperature 0 0

Visibility 0 0
Residual 14789.4 121.61

Observations 397

Recorded Rest Time
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Table 8. Mixed effect linear model examining the effect of Diver MaxN on Recorded Rest Time 

Model details: Rest Time  ~  Diver MaxN  + (1|Time of Season) + (1|Current Speed)  + (1|Swell) + (1|Temperature) + (1|Visibility) 
 

Rest Time
Fixed Effects Est. SE df t-value p-value
(Intercept) 70.365 44.679 7.675 1.575 0.156
Diver Group Size 2.55 2.691 8.637 0.948 0.369

Random Effects Variance SD
Time of Season 0 0
Current Speed 2241.9 47.35
Swell 0 0
Surface Temperature 984.9 31.38
Visibility 0 0
Residual 17208.6 131.18

Observations 220


