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1.  INTRODUCTION 

The global drive for improved management of elas-
mobranchs (Dulvy et al. 2014, MacNeil et al. 2020) is 

underpinned by a solid understanding of their ecology 
(Braccini et al. 2021). While significant progress has 
been made over the past decade, substantial gaps re -
main in our understanding of the ecological dynamics 
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MPAs to encompass both sand and reef habitats over broad depth ranges to effectively protect elas-
mobranch assemblages. We found evidence to support the high average abundance and diversity 
of sharks and rays within MPAs of South Africa and southern Mozambique. The results highlight 
the importance of marginal HLCRs, particularly those within MPAs, for the management and 
conservation of tropical elasmobranch species.  
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of elasmobranchs on reefs (Dedman et al. 2024). Sharks 
and rays are important apex and meso-predators that 
occupy a diverse array of trophic niches within coral 
reef ecosystems (Roff et al. 2016, Heupel et al. 2019, 
Dedman et al. 2024). Reef-associated sharks and rays 
can be broadly classified as (1) apex species (e.g. tiger 
sharks Galeocerdo cuvier), which are large-bodied, 
wide-ranging (>1000 km), occupy the highest trophic 
level (Roff et al. 2016), and in fluence the structure and 
diversity of reef communities through direct (Mourier 
et al. 2013) and indirect (Heithaus et al. 2007) interac-
tions; (2) mesopredatory species, such as grey reef 
sharks Carcharhinus ambly rhynchos that are of inter-
mediate body size and occupy high trophic levels 
(Jacobsen & Bennett 2013, Last et al. 2016, Roff et al. 
2016), tend to be reef associated (home range <50 km) 
and exhibit fidelity to individual reefs (<10 km) (Roff 
et al. 2016); (3) smaller mesopredatory species (e.g. 
epaulette shark Hemiscyllium ocellatum and the com-
mon stingray Dasyatis pastinaca, which are typically 
reef associated, occupy lower trophic levels, and 
exhibit higher levels of prey selectivity (Jacobsen & 
Bennett 2013, Last et al. 2016, Roff et al. 2016). Sharks 
and rays utilize various habitats within coastal and 
reef systems for different life stages and ecological 
functions (e.g. Heupel & Sim pfendorfer 2014, Goetze 
et al. 2018, Lester et al. 2022). For example, adult 
black-tip reef shark Carcharhinus melanopterus uti-
lizes outer reef slopes and adjacent deeper waters for 
hunting and territorial behaviors, while juveniles and 
neonates are found in shallow coastal habitats (Oh et 
al. 2017). A similar pattern is evident with the blue-
spotted ribbontail ray Taeniura lymma, where juve-
niles are found in mangal and seagrass habitats while 
adults occupy deeper waters (Dabruzzi et al. 2013). 
These patterns highlight the importance of robust 
ecological knowledge for ap propriate species and 
ecosystems management. How ever, most of our 
knowledge of the ecology and structure of sharks on 
coral reefs comes from low- and mid-latitude reefs 
(Andrello et al. 2022), which present a differing suite 
of environmental characteristics to the cooler ecosys-
tem reefs at higher latitudes. 

Only a limited number of studies (Yamano et al. 
2001, Beger et al. 2014) have investigated the ecology 
of sharks inhabiting subtropical and high-latitude 
coral reefs (HLCRs; range: 25–35° north and south, 
but with high regional variability). Such reefs have 
communities and ecological dynamics that differ from 
true coral ecosystems found at lower latitudes, within 
the tropics (Beger et al. 2014), because they have 
assemblages that have biogeographic overlap with 
numerous species at their range edges and strong sea-

sonality in species composition (Beger et al. 2014). 
Furthermore, although HLCRs typically have a cos-
mopolitan community, they can also host some 
endemic species with narrow geographic distribu-
tions (Wicks et al. 2010, van der Meer et al. 2012, 
Schmidt-Roach et al. 2013). 

HLCRs in the southwest Indian Ocean (SWIO) lie in 
the path of  the southerly flowing Mozambique and 
Agulhas Currents (Schleyer et al. 2018), whereas in 
the southeast Indian Ocean (SEIO) HLCRs lie in the 
path of the Leeuwin Current (Feng et al. 2009). These 
current systems carry warm water to the south from 
the tropics, facilitating the establishment of HLCRs 
by transporting tropical fauna to higher latitudes 
(Abdo et al. 2012). Past research has suggested that 
HLCRs could offer a refuge from climate change for 
tropical species should the core of their native ranges 
become intolerable due to increases in water tem-
peratures (Abdo et al. 2012, Bridge et al. 2014). Alter-
natively, it is also possible that the warm ocean cur-
rents that surround HLCRs may also accelerate 
downstream warming and environmental changes in 
their path (Beger et al. 2014). If this is the case, cli-
mate change may result in large and rapid changes in 
HLCR communities with phase shifts, distribution 
changes, and habitat loss (Beger et al. 2014). 

Much of the existing knowledge of the ecology and 
environments of HLCRs relates to sessile corals 
(Tioho et al. 2001, Schleyer & Celliers 2003, Ross et al. 
2021) or small mobile fishes (Ferreira et al. 2004, Flo-
ros et al. 2012), and there is limited literature on the 
importance of this habitat for elasmobranchs. Situ-
ated in cooler waters and away from areas with large 
human populations (Stewart et al. 2010, Andrello et 
al. 2022), it is possible that HLCRs may offer suitable 
habitats and important refuges from anthropogenic 
pressures for sharks and rays. Effective management 
of elasmobranchs on HCLRs will require an improved 
understanding of the assemblage structure, habitat 
associations and spatial variability (Lucifora et al. 
2011) of this fauna. 

When investigating the ecology of highly mobile 
marine species, it is important to account for the ef -
fects of anthropogenic exploitation on the observed 
community structure, as fisheries have the potential to 
alter natural ecological patterns (Jennings & Kaiser 
1998, Gascuel et al. 2009, Smith et al. 2011). HLCRs  
within the SWIO start in southern Mozambique and 
extend into northern South Africa. The entire eco -
system type is protected by the iSimangaliso Marine 
Protected Area (MPA). which is part of the iSimanga-
liso Wetland Park in South Africa (historically 148 km 
of coastline, extending 3 nautical miles [nmile] off-
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shore [≈822 km2], but expanded in 2019 largely off-
shore), where bottom fishing has been banned 
throughout the MPA and protection of elasmobranchs 
has been provided for at least the past 4 yr. The Ponta 
do Ouro Partial Marine Reserve (PPMR), which is now 
part of the Maputo National Park, joins the northern 
border of the iSimangaliso MPA extending into Ma-
puto Bay (ca. 100 km of coastline, 3 nmile offshore) 
and provides similar protection for elasmobranchs. 
These areas are also considered hotspots for elasmo-
branch diversity (Derrick et al. 2020). Although assem-
blages of sharks and rays in these areas have un-
doubtedly been af fected in the past by exploitation by 
fisheries, they represent an important opportunity to 
gain insight into the ecology of these fishes on HLCRs. 

For this reason, the main objectives of the present 
study were to (1) classify the reef shark and ray assem -
blage structure based on geographic distribution and 
type; (2) determine the effect of environmental vari-
ables and habitat on the distribution and abundance 
of shark and ray assemblages in the iSimangaliso 
MPA and the PPMR; and (3) determine the effect of 
spatial management (zonation) on the associated 
shark and ray community assemblages. 

2.  MATERIALS AND METHODS 

2.1.  Study site 

This research was carried out in the HLCR ecosys-
tems of the SWIO. At their southern limit, these eco-
systems are protected within the iSimangaliso MPA, a 
UNESCO World Heritage Site in South Africa, and 
within the PPMR in southern Mozambique (Fig. 1). 

2.1.1.  iSimangaliso Marine Protected Area 

The offshore area of the iSimangaliso MPA is zoned 
into the iSimangaliso Offshore Restricted Zone North 
(IORZN) and the iSimangaliso Offshore Wilderness 
Zone (IOWZ), both of which are no-take zones where 
no fishing or consumptive use is allowed (Fig. 1, Table S1 
in the Supplement at www.int-res.com/articles/suppl/
m749p087_supp.pdf). Between them is the iSimangaliso 
Offshore Controlled Pelagic Linefishing Zone North 
(IOCPLZN) and the iSimangaliso Offshore Controlled 
Pelagic Linefishing Zone South (IOCPLZS), where off-
shore recreational boat angling for listed species of pe-
lagic gamefish is permitted (Fig. 1, Table S1). Note 
that no targeting of shark and ray species is permitted 
in either of the Controlled Pelagic Linefishing Zones. 

Historically the iSimangaliso MPA consisted of 2 adja-
cent MPAs: the St Lucia Marine Reserve, which was 
established in 1979 and incorporated into the IOWZ, 
and the Maputaland Marine Reserve, which was es-
tablished in 1986 and incorporated the IORZN (Mann 
et al. 1998). Both these contiguous MPAs, which ex-
tended 3 nmile offshore, were later combined in 2000 
(Chadwick & Nobula 2009) with the formation of the 
iSimangaliso Wetland Park (previously known as 
the Greater St Lucia Wetland Park). In May 2019, the 
iSimangaliso MPA was greatly extended to include a 
large offshore area with the MPA now covering 
~10 700 km2 (RSA 2019). The iSimangaliso MPA pro-
tects the pelagic environment, abyssal plains, conti-
nental slope and shelf ecosystems including deep sea 
canyons, subtidal rocky and coral reefs, subtidal sandy 
bottoms, rocky shores and sandy beaches. South Af-
rica’s coral reefs exist at the limits of tropical reef dis-
tribution (27–28°S) and therefore belong to HLCRs 
(Kleypas et al. 1999). Unlike most HCLRs that are 
characterized by large standing crops of macroalgae 
(Johannes et al. 1983), corals constitute between 50 
and 70% of the benthic cover on South African coral 
reefs and occur as a thin veneer living on a rocky sub-
stratum (Schleyer et al. 2008). Furthermore, 95 species 
of coral representing 46 genera with a predominance 
of taxa from the Alcyoniidae and Scleractinia (Schleyer 
& Celliers 2003) and about 745 species of fish (total 
recorded for the MPA and not only reef-associated 
species) have been recorded on these reefs (B. Q. Mann 
& C. Floros unpubl.). Moreover, diversity is higher 
than on many other reefs at similar latitudes (Booth et 
al. 2007, Denis et al. 2013). 

2.1.2.  Ponta do Ouro Partial Marine Reserve 

In southern Mozambique, the PPMR was pro-
claimed in 2009 (Government of Maputo Province 
2008a,b), a 678 km2 MPA, stretching from Ponta do 
Ouro in the south to the Maputo River Mouth in 
Maputo Bay in the north (Fig. 1). The PPMR, which 
was incorporated into the Maputo National Park in 
2021, stretches 3 nmile offshore, and the area is 
zoned into a Multiple Use Area, a Restricted Use 
Area and the Techobanine Sanctuary Area (a no-take 
zone) (Fig. 1, Table S1). The shallow reefs in southern 
Mozam bique are also considered to be HLCRs of a 
similar nature to those found in South Africa and can 
be broadly categorized into 3 types (Pereira 2003): (1) 
massive, ‘barren’ rocky reefs, with minimal coral 
cover; (2) flat, shallow ledges, dominated by soft 
corals, and with abundant fish life, particularly small 
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species; and (3) flat deep ledges also dominated by 
soft corals but with extensive areas of hard coral and 
fewer fish. These subtidal reefs have a very diverse 
fish fauna, with 376 species identified to date (Pereira 
& Gonçalves 2004). 

2.2.  Data collection and video analysis 

Following a randomised sampling protocol, stereo-
baited remote underwater video systems (stereo-
BRUVs) were deployed on reef and near-reef habitats 
at depths from 10–40 m within 4 adjoining manage-
ment zones of the study area (south to north): IOWZ, 
IOCPLZN, IORZN and the PPMR, which is zoned for 
controlled pelagic linefishing except in the no-take 
Techobanine Sanctuary Area (Fig. 1). Details of the 
specific regulations applied within each manage-
ment zone are provided in Table S1. Sampling in the 
IOWZ (n = 50) and IOCPLZN (n = 54) occurred in 
November 2016 during the austral summer, whereas 

samples from the IORZN (n = 45), PPMR (n = 45) and 
Techobanine Sanctuary Area (n = 8) were collected in 
June 2017, during the austral winter (Fig. 1). 

Over the past 2 decades stereo-BRUVs have 
emerged as an ideal tool to effectively sample a range 
of predatory fish species, including elasmobranchs 
(Cappo et al. 2003, Brooks et al. 2011, White et al. 
2013). The stereo-BRUVs employed in this research 
consisted of a pair of high-definition video cameras 
fixed to a rigid bar 70 cm apart with an inward conver-
gence angle of 8° to provide an overlapping field 
of  view and allow stereo-calibration. The bar was 
mounted within a protective frame so that the cam-
eras were positioned 30 cm off the seafloor and pro-
vided a landscape view. A 1.5 m arm extended from 
the centre of the bar and held 1 kg of crushed pilchard 
Sardinops sagax within the field of view of both video 
cameras. Four identical stereo-BRUVs were used, 
with each system being deployed at randomly selected 
sampling sites for a minimum of 60 min, in accordance 
with methodological best-practices (Lang lois et al. 

90

Fig. 1. (a) Southern Africa showing the study area, (b) zonation plan of the iSimangaliso Marine Protected Area, and (c) zona-
tion plan of the Ponta do Ouro Partial Marine Reserve (PPMR). IOWZ: iSimangaliso Offshore Wilderness Zone; IOCPLZN:  

iSimangaliso Offshore Controlled Pelagic Linefishing Zone North; IORZN: iSimangaliso Offshore Restricted Zone North
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2020). Within each location, sampling was carried out 
over 3 to 4 d with 10 and 20 samples collected on each 
sampling day, and weather permitting, sampling was 
carried out on consecutive days. Within each loca-
tion, adjacent sampling sites were separated by at 
least 500 m to reduce the chance of recounting the 
same individuals (Langlois et al. 2020). Deployments 
were made during daylight hours (07:00–16:00 h). 
Each system was deployed off a semi-rigid inflatable 
boat with a rope and its position marked with surface 
buoys. To enable length measurements, each stereo-
BRUVs was calibrated before and after the field sur-
veys using the CAL software (SeaGIS Pty). 

2.2.1.  Species identification and assessment of 
abundance measurements 

All video footage was analysed using the Event-
Measure TM software package (www.seagis.com.au). 
Elasmobranchs were identified to the lowest tax-
onomic level possible using identification guides 
(Compagno 1984, Last 2009, Last et al. 2016). The 
analysis of each video started at the moment the 
stereo-BRUVs landed on the seabed and was termi-
nated after 60 min. We measured the relative abun-
dance of sharks and rays as the maximum number of a 
particular species seen in a single video frame during 
each deployment, known as MaxN (Cappo et al. 
2007). Where possible the fork-length (sharks) or 
disc-width (rays and skates) of each elasmobranch 
recorded was measured using the stereo-calibration 
files imported into EventMeasure TM. 

2.2.2.  Environmental and methodological variables 

Depth (m), underwater visibility (m) and percent-
age of water column were recorded at the time of each 
deployment. The percentage water column accounts 
for variation in the cameras field of view caused by the 
stereo-BRUVs landing on an uneven surface (Bernard 
& Götz 2012). The habitat within the field of view of 
the stereo-BRUVs was classified into one of 3 broad 
types: sand (100% sand; n = 38), mosaic (mixture of 
reef and sand; n = 73) and reef (100% reef; n = 91). 
Seafloor relief was assessed using BenthoBox soft-
ware (https://benthobox.com), which allows the user 
to characterize habitats and relief on a 5 × 4 grid on 
the screen. Grid rectangles that contained open water 
were used to calculate the percentage of water col-
umn in the field of view. The image analysis also pro-
vided a measure of vertical relief (from flat to highly 

rugose), characterized by a hierarchical classification 
into one of 6 classes (Table S2) and based on the 
scheme proposed by Wilson et al. (2007). The scores 
for each grid rectangle were then averaged, providing 
the mean relief for each stereo-BRUVs deployment 
following the approach of Rolim et al. (2019) and 
Aston et al. (2024). 

2.3.  Data analysis 

2.3.1.  Assemblage geographic affinity 

Once the species list was compiled, the latitudinal 
distribution within the SWIO for each species was 
mapped using probability of occurrence data from 
AquaMaps (www.aquamaps.org/). This allowed us to 
determine the regional geographic preferences of the 
species observed within the study area and the con-
tribution of tropical and temperate species. 

For each species we downloaded the probability of 
occurrence scores from AquaMaps, which are based 
on the environmental conditions within half degree 
cells within the species known distribution (Kesner-
Reyes et al. 2020). Data were then filtered to the spa-
tial extent of latitude 25–51°E and longitude 0° to the 
species southernmost known extent. The data were 
further filtered to only include half-degree cells within 
40 km from land, to keep the focus on coastal ecosys-
tems. A map of the data spatial extent is provided in 
Fig. S1. For the Himantura species, there is uncer-
tainty about which species occurs in southern African 
waters (i.e. either H. uarnak and/or H. leo parda). 
Because of this uncertainty, the probability scores for 
each cell were averaged. To visualize the latitudinal 
trends in probability of occurrence, a generalized addi-
tive model (GAM) with the beta-binomial error distri-
bution was run using the ‘mgcv’ package (Wood 
2012) in R version 4.3.2 (R Development Core Team 
2016). The predicted trends were then plotted using 
the ‘GGPlot2’ package (Wickham 2016). 

2.3.2.  Multivariate analyses 

Distance-based linear models (DistLM; McArdle & 
Anderson 2001) were run in PRIMER version 7 (Clarke 
& Gorley 2015) with the PERMANOVA (permutational 
multivariate analysis of variance) ‘add-on’ (Anderson 
et al. 2008) to determine if variation in the  elasmo-
branch assemblage structure could be explained by 
the environmental variables (listed in Table 1). The 
analyses were run on a Bray-Curtis resemblance matrix 
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of the square root-transformed multivariate relative 
abundance data. Data were square root-transformed 
to down-weigh the influence of the dominant species. 
A dummy variable of 1 was added to each data point 
to allow the inclusion of samples with no data in the 
resemblance matrix. Prior to running the DistLM, 
 correlation among the environmental variables was 
assessed to determine collinearity. The results indi-
cated that % Reef and Average relief were highly cor-
related (r = 0.88) and as such their effects were inves-
tigated separately. In addition, latitude and longitude 
were highly correlated (r = 0.98), and be cause the 
general orientation of the coastline covers greater lat-
itudinal variation, longitude was excluded from the 
analyses. The selection procedure was set to include 
all specified variables using the R2 selection criterion 
(Anderson et al. 2008). Distance-based redundancy 
analyses (dbRDA) were carried out to visualize the 
results and vectors for the significant environmental 
variables were overlaid on the biplots to demonstrate 
the strength (vector length) and direction of influence 
(Anderson et al. 2008). To determine if there were dif-
ferences in the elasmobranch assemblage structure 
among the 4 management zones, a sequential (Type I 
sums of squares) PERMANOVA was conducted. The 
PERMANOVA design first in cluded the covariates 
‘Field of view’, ‘Visibility’ and ‘Depth’ followed by 
the  factors ‘Habitat’ and ‘Management’. Where sig-
nificant (p < 0.05) outcomes were found for the fac-
tors, pair-wise tests were conducted to determine the 
location of the differences. Following this, distance-
based tests for multivariate dispersion (PERM DISP) 
were used to determine if the results were due to 
differences in variability or composition, or both, of 
the assemblages (Anderson et al. 2008). To identify if 

any species showed a preference for specific habitat 
types or management zones, point biserial correlation 
coefficients were estimated (ac counting for differ-
ences in sample size among groups) using the ‘indic-
species’ package (De Cáceres et al. 2020). Similarity 
percentage (SIMPER) analyses were used to identify 
the species contributing to 70% of the dissimilarity 
between the levels of habitat type and management 
zone. 

2.3.3.  Statistical modeling 

GAMs were used to determine the influence of the 
key methodological and environmental variables on 
shark abundance and species richness, and the detec-
tion probability of rays. Each full GAM included the 
smooth terms for the explanatory variables: ‘Depth’, 
‘Average relief’, ‘Visibility’ and ‘Water column’, and 
parametric terms for ‘Management’ and ‘Habitat’ 
(Table 1). An interaction term was included to deter-
mine if the effect of ‘Depth’ was consistent among the 
different habitats. In addition, GAMs were used 
to  investigate how the environmental variables in -
fluenced the detection probability of different elas-
mobranch trophic groups. Here, shark and ray species 
were categorized according to their broad trophic 
groups: ‘high trophic position’ (HTP) was composed 
of large-bodied, apex predators (bull shark Carchar-
hinus leucas, Daly et al. 2013; dusky shark C. obscu-
rus, Hussey 2009; tiger shark Galeocerdo cuvier, 
Dicken et al. 2017; and scalloped hammerhead shark 
Sphyrna lewini, Kiszka et al. 2014); 'medium trophic 
position’ (MTP) comprised medium-bodied species, 
occupying relatively high trophic positions (silvertip 
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Explanatory covariate          Descriptive features 
 
Depth                                        Distance from the surface to the sea floor (m) 
Visibility                                   Furthest distance at which a shark or a ray can be clearly discerned (m) 
Water column                         Percentage of the stereo-BRUVs field of view that is taken up by water column relative to seafloor 
Habitat                                      Reef = >90% reef 
                                                    Mosaic = mixture of sand and reef 
                                                    Sand = >90% sand 
Average relief                         Average value of the different relief types (as listed in Table S2) described in the field-of-view 
Trophic position                     Position of the elasmobranch species in the food web: ‘high trophic position’, ‘medium trophic  
                                                    position’ and ‘low trophic position’ 
Management                           Protected areas of the survey: the iSimangaliso Offshore Restricted Zone North (IORZN), the  
                                                    iSimangaliso Offshore Wilderness Zone (IOWZ), the iSimangaliso Offshore Controlled Pelagic  
                                                    Linefishing Zone North (IOCPLZN) and the Ponta do Ouro Partial Marine Reserve (PPMR)

Table 1. Description of the explanatory covariates tested to describe patterns in variation of the elasmobranch data.  
stereo-BRUVs: baited remote underwater video systems
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shark Carcharhinus albimarginatus, Compagno 1984; 
grey reef shark C. amblyrhynchos, Frisch et al. 2016; 
African blackspot shark C. humani, White & Weig-
mann 2014, Cliff et al. 2024; blacktip shark C. limba-
tus, Compagno 1984; snaggletooth shark Hemipris -
tis elongata, tawny nurse shark Nebrius ferrugineus, 
Cliff & Olbers 2022; round ribbontail ray Taeniurops 
meyeni, Last et al. 2016; and whitetip reef shark Triae-
nodon obesus, Frisch et al. 2016); 'low trophic posi-
tion’ (LTP) comprised small-bodied species, occupy-
ing relatively lower trophic positions (greyspotted 
guitarfish Acroteriobatus leucospilus, spotted eagle 
ray Aetobatus ocellatus, brown stingray Bathytoshia 
iata, honeycomb stingray Himanthura spp., shortfin 
devil ray Mobula kuhlii, pink whipray Pateobatis fai, 
bluespotted ribbontail ray Taeniura lymma, Last et al. 
2016; whitespotted wedgefish Rhynchobatus djidden-
sis, Kiszka et al. 2014; and milk shark Rhizoprionodon 
acutus, Ba et al. 2013) (Table 2). The full model in -
cluded the parametric terms ‘Habitat’, ‘Management’, 
‘Trophic position’ and the interaction between ‘Trophic 
position’ and ‘Management’. Smooth terms were in -
cluded for ‘Depth’, ‘Average relief’, ‘Visibility’ and 
‘Water column’. Lastly, interaction terms were in -
cluded to see if the effect of ‘Depth’ and ‘Average 
relief’ was consistent among the trophic groups. All 
analyses were performed using the R language for 
statistical computing (R Development Core Team 
2016) using the R package ‘mgcv’ (Wood 2012). 

Prior to modelling, exploratory analysis was done 
to  identify covariance among the explanatory vari-
ables by using the function corvif in the package 
‘AED’ (Zuur et al. 2013). From the full models de -
scribed above, model selection was carried out with 
the function dredge from the ‘MuMIn’ package (Bar-
ton & Barton 2015). This approach generates all pos-
sible models from the set of predictors specified in the 
full model, then ranks these candidate models based 
on the model selection criterion. To account for the 
small sample size, the model selection criterion used 
in this study was the corrected Akaike information 
criterion (AICc; Akaike 1973, Cavanaugh & Neath 
2019), and the candidate model with the lowest AICc 
score was chosen as the best-fit model. Using the best-
fit GAM, the estimated mean and approximate 95% 
confidence interval of each response variable (e.g. 
presence/absence or relative abundance) was pre-
dicted from the model coefficients for important en -
vironmental variables (e.g. ‘Depth’, ‘Management’) 
while keeping all other covariates (e.g. ‘Visibility’, 
‘Water column’) standardised at their mean values. 
Results were visualized by plotting the predicted mean 
response (±95% confidence intervals) against the ex-

planatory variables using the 'GGplot2' package 
(Wickham 2016). 

3.  RESULTS 

3.1.  Characteristics of elasmobranch  
assemblage structure 

In total 142 individuals belonging to 12 species of 
shark and 40 individuals of 9 species of ray were 
observed across the study area (Table 2). Grey reef 
shark Carcharhinus amblyrhynchos was the most 
abundant (32% of the shark observations), followed 
by African blackspot shark C. humani (17%) and tiger 
shark Galeocerdo cuvier (13%). Whitespotted wedge-
fish Rhynchobatus djiddensis was the most common 
batoid species (24% of observed rays), followed by the 
honeycomb stingray complex Himantura spp. (20%) 
and round ribbontail ray Taeniurops meyeni (16%). 
About 88% of rays and 87% of sharks were identified 
at species level. The sampled elasmobranch assem-
blage was primarily tropical with most species having 
their highest probability of occurrence to the north of 
the study area (Fig. 2). No temperate or sub-tropical 
restricted species were detected (Fig. 2). For the most 
part, the study site was on or close to the southern 
limit of the distribution for the smaller LTP and MTP 
species (Fig. 2). The distributions of large and HTP 
species extended further south, although their prob-
ability of occurrence was reduced in these sub-
tropical climates (Fig. 2). 

3.2.  Drivers of elasmobranch assemblage structure 

The distance based linear models were only able to 
explain a small fraction of the variability in the elas-
mobranch data (Relief model: R2 = 10.7%; % Reef 
model: R2 =10.2%). Marginal tests indicated that lati-
tude (pseudo-F1,200 = 2.5, p = 0.03), depth (pseudo-
F1,200 = 11.2, p = 0.001;), mean relief (pseudo-F1,200 = 
3.49, p = 0.004) and % Reef (pseudo-F1,200 = 4.3, p = 
0.002) all influenced the structure of the elasmo-
branch assemblages within the study area (Fig. 3). 
Underwater visibility (pseudo-F1,200 = 5.06, p = 0.003) 
also influenced the observed elasmobranch assem-
blage structure, whereas there was no effect of water 
column (pseudo-F1,200 = 1.03, p = 0.4). 

The initial PERMANOVA indicated that no signifi-
cant differences in terms of total abundance and 
abundance of individual elasmobranch species were 
found between the Restricted, Multiple Use and 
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Techobanine Sanctuary Area, and the data were thus 
pooled for the PPMR (Table S3, Fig. S2). The final 
PERMANOVA indicated that the factor habitat type 
significantly (pseudo-F2 = 4.16, p = 0.001) affected 
elasmobranch assemblage structure. The pair-wise 
PERMANOVA tests revealed that elasmobranch as -
semblages from reef (t = 2.67, p = 0.001) and mosaic 
(t = 1.99, p = 0.005) habitats were significantly differ-
ent from sand habitats but that there were no differ-
ences in the elasmobranch assemblages recorded 
from reef and mosaic habitats (t = 0.79, p = 0.64). The 
PERMDISP indicated that multivariate dispersion dif-
fered significantly among the levels of habitat type 
(F = 6.83, p = 0.03), with significantly greater levels of 
variability in the observed assemblages sampled on 
the sand habitat relative to the reef (t = 3.6, p = 0.004) 
and mosaic (t = 3.15, p = 0.02) habitats. Biserial corre-
lation coefficients indicated that honeycomb stingray 

Himantura spp. (p = 0.002), African blackspot shark 
C. humani (p = 0.005) and blacktip shark C. limbatus 
(p = 0.04) showed a significant preference for the 
sand habitat. Whitetip reef shark Triaenodon obesus 
was significantly correlated with the reef habitat 
(p = 0.04), whereas no species showed a significant 
preference for the mosaic habitat. This finding was 
supported by the SIMPER analysis, where higher 
abundance of African blackspot shark C. humani, 
honeycomb stingray Himantura spp., whitespotted 
wedgefish R. djiddensis and blacktip shark C. limba-
tus and low abundance of grey reef shark C. amblyr-
hynchos from the samples collected on sand habitat 
contributed most to the differences observed with the 
reef and mosaic habitats (Fig. 4). The PERMANOVA 
indicated that management zone significantly af -
fected the elasmobranch assemblage (pseudo-F3 = 
2.81, p = 0.002). The pair-wise PERMANOVA tests 

94

Family                                      Genus                   Species             Trophic         IOWZ     IOCPLZN      IORZN       PPMR               Total 
                                                                                                                  group         (n = 50)      (n = 54)       (n = 45)     (n = 53)          (n = 202) 
 
Carcharhinidae             Carcharhinus     albimarginatus         MTP              0 (0)          0.04 (2)         0.04 (2)         0 (0)               0.02 (4) 
Carcharhinidae             Carcharhinus     amblyrhynchos         MTP          0.32 (16)     0.19 (10)      0.47 (21)    0.09 (5)           0.26 (52) 
Carcharhinidae             Carcharhinus           obscurus               HTP              0 (0)             0 (0)               0 (0)         0.02 (1)     4.95 × 10–3 (1) 
Carcharhinidae             Carcharhinus             humani                 LTP            0.12 (6)      0.28 (15)        0.09 (4)      0.06 (3)           0.17 (28) 
Carcharhinidae             Carcharhinus              leucas                  HTP              0 (0)             0.07 (4)          0.02 (1)      0.06 (3)            0.04 (8) 
Carcharhinidae             Carcharhinus            limbatus               MTP           0.02 (1)          0.02 (1)          0.04 (2)      0.06 (3)            0.03 (7) 
Carcharhinidae           Rhizoprionodon           acutus                  LTP            0.02 (1)          0 (0)               0 (0)            0 (0)        4.95 × 10–3 (1) 
Carcharhinidae               Triaenodon                obesus                 MTP              0 (0)             0.04 (2)          0.13 (6)         0 (0)               0.04 (8) 
Carcharhinidae                 Unknown              Unknown         Unknown      0.06 (3)          0 (0)               0 (0)            0 (0)               0.01 (3) 
Carcharhinidae             Carcharhinus          Unknown         Unknown      0.06 (3)          0 (0)               0 (0)        0.23 (12)         0.07 (15) 
Dasyatidae                        Bathytoshia                  lata                     LTP               0 (0)             0.02 (1)             0 (0)            0 (0)        4.95 × 10–3 (1) 
Dasyatidae                         Himantura                   spp.                     LTP            0.04 (2)          0.09 (5)             0 (0)         0.04 (2)            0.04 (9) 
Dasyatidae                         Pateobatis                     fai                      LTP            0.04 (2)          0 (0)            0.02 (1)         0 (0)               0.01 (3) 
Dasyatidae                           Taeniura                  lymma                  LTP               0 (0)             0.04 (2)             0 (0)         0.02 (1)            0.01 (3) 
Dasyatidae                         Taeniurops                meyeni                 MTP              0 (0)             0.06 (3)          0.07 (3)      0.02 (1)            0.03 (7) 
Dasyatidae                          Unknown              Unknown         Unknown      0.02 (1)          0 (0)               0 (0)            0 (0)        4.95 × 10–3 (1) 
Hemigaleidae                  Hemipristis              elongata               MTP              0 (0)             0.02 (1)             0 (0)            0 (0)        4.95 × 10–3 (1) 
Galeocerdonidae            Galeocerdo                cuvier                  HTP           0.18 (9)          0.11 (6)          0.11 (5)      0.02 (1)           0.10 (21) 
Mobulidae                            Mobula                    kuhlii                   LTP               0 (0)             0.06 (3)             0 (0)            0 (0)               0.01 (3) 
Mobulidae                          Unknown              Unknown         Unknown         0 (0)             0.02 (1)             0 (0)         0.02 (1)            0.01 (2) 
Mobulidae                             Manta                 Unknown         Unknown         0 (0)             0 (0)               0 (0)         0.02 (1)     4.95 × 10–3 (1) 
Myliobatidae                     Aetobatus               ocellatus                LTP               0 (0)             0.04 (2)             0 (0)            0 (0)               0.01 (2) 
Ginglymostomatidae        Nebrius               ferrugineus            MTP              0 (0)             0 (0)               0 (0)         0.02 (1)     4.95 × 10–3 (1) 
Rhinobatidae                 Acroteriobatus        leucospilus              LTP               0 (0)             0 (0)               0 (0)         0.02 (1)     4.95 × 10–3 (1) 
Rhinobatidae                 Rhynchobatus         djiddensis              LTP            0.06 (3)          0.09 (5)             0 (0)         0.06 (3)           0.05 (11) 
Rhinobatidae                    Rhinobatos             Unknown         Unknown         0 (0)             0 (0)               0 (0)         0.02 (1)     4.95 × 10–3 (1) 
Sphyrnidae                           Sphyrna                   lewini                  HTP              0 (0)             0.02 (1)             0 (0)         0.17 (9)           0.05 (10) 
Sphyrnidae                           Sphyrna               Unknown         Unknown      0.02 (1)          0 (0)               0 (0)            0 (0)        4.95 × 10–3 (1) 
Total                                                                                                                             0.96 (48)    1.18 (64)      1.00 (45)   0.92 (49)       1.02 (206)

Table 2. Total abundance shown in parentheses following the standardized total abundance of elasmobranch species recorded 
using stereo-baited remote underwater video stations (stereo-BRUVs) divided by number of hours sampled across the varying 
zones of iSimangaliso, including iSimangaliso Offshore Wilderness Zone (IOWZ), iSimangaliso Offshore Controlled Pelagic 
Linefishing Zone North (IOCPLZN), the iSimangaliso Offshore Restricted Zone North (IORZN), and the Ponta do Ouro Partial 
Marine Reserve (PPMR). n: number of deployments. HTP: high trophic position; MTP: medium trophic position; LTP: low  

trophic position

A
ut

ho
r c

op
y



Martinez et al.: Elasmobranch community structure in Southeast Africa

indicated that these results were attributed to signifi-
cantly different elasmobranch assemblages from the 
PPMR, compared to the IOCPLZN (t = 1.8, p = 0.004), 
the IOWZ (t = 1.7, p = 0.02) and the IORZN (t = 2.3, 
p = 0.001). None of the other pair-wise comparisons 
of assemblage structure showed measurable differ-
ences (p > 0.05 in all cases). Variation in the assem-
blage data was affected by management zone (F = 8.3, 
p = 0.004), with significantly lower levels of multivar-
iate dispersion recorded in the PPMR relative to the 
IOCPLZN (t = 4.3, p = 0.003) and the IORZN (t = 3.4, 
p = 0.02). None of the other pair-wise comparisons of 
multivariate dispersion showed measurable differ-
ences (p > 0.05 in all cases). The SIMPER analysis 
indicated that the difference between the PPMR and 
the 3 zones sampled in the iSimangaliso MPA was 
consistently driven by higher abundances of grey reef 
shark C. amblyrhynchos, tiger shark G. cuvier and 

African blackspot shark C. humani in iSimangaliso 
(Fig. 5). There were no significant differences be -
tween the 3 management zones sampled in the iSi-
mangaliso MPA. Results from the biserial correlation 
analysis indicated that whitetip reef shark T. obesus 
(p  = 0.002) was associated with the IORZN, while 
higher abundance of grey reef shark C. amblyrhyn-
chos was associated with both the IORZN and IOWZ 
(p = 0.009). African blackspot shark C. humani was 
predominantly recorded in the IOCPLZN (p = 0.02). 

3.3.  Drivers of patterns in shark species richness 
and abundance 

The model which included the continuous variables 
‘Visibility’, ‘Water column’ and ‘Depth’ was the best 
for predicting the species richness of sharks (M1, 
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Fig. 2. Probability of occurrence of the shark and ray species observed in this study in relation to latitude within the south-west 
Indian Ocean (SWIO). Probability scores obtained from Aquamaps (Kesner-Reyes et al. 2020). Latitudinal position of the study 
area within the SWIO (HLCR: high-latitude coral reefs; LLCR: low-latitude coral reefs) and trophic position of each species 
(HTP: high trophic position; MTP: medium trophic position; LTP: low trophic position) are shown. Shaded area: 95% confi-
dence intervals (CIs). Significance can be inferred where the CIs do not overlap. Spatial extent of the data used to create these  

plots shown in Fig. S3. See Table 2 for full species names
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Table S4; Table S6, Fig. S3). However, only the effect 
of depth was significant (M1, Table 3). Shark species 
richness was shown to increase significantly with 
depth (Fig. 6a). The best-fit model for the shark 
abundance data was very similar to the species rich-
ness model (M2, Table S4; Table S7, Fig. S4). The pre-
diction plot indicated that the relative abundance of 
sharks increased with depth (Fig. 6b), while shark 
abundance was highest when the camera field of view 
contained similar percentages of water column, rel-
ative to seafloor (Fig. S4). Management zone did not 
influence total shark species richness or abundance 
(M1 and M2, Table S4). 

3.4.  Drivers of patterns in ray occurrence 

The model, including the continuous variables ‘Vis-
ibility’, ‘Depth’ within ‘Habitat’ and ‘Average relief’, 
was the best for predicting the presence-absence of 

rays (M3, Table S4; Table S8, Fig. S5). The detection 
probability of rays decreased significantly with 
increasing habitat relief (Fig. 7a). While the effect of 
depth within the 3 different habitats was not signifi-
cant (M3, Table 3), an interesting pattern was ob -
served in the sand habitat with considerably higher 
probability of being detected at shallow (ca. 10 m) and 
deep (ca. 35 m) depths than intermediate depths 
(ca. 20 m) (Fig. 7b). The variable ‘Management’ was 
dropped during the model selection process, indica-
ting that it did not influence ray detection probability 
(M3, Table S4). 

3.5.  Patterns in the trophic composition of the 
elasmobranch assemblage 

The best variables for predicting the occurrence of 
the different elasmobranchs were ‘Visibility’, ‘Depth’, 
‘Average relief within trophic position’ and the inter-
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Fig. 3. Unconstrained ordination biplots using distance-based redundancy analysis (dbRDA) on the results from the distance-
based linear models used to identify the environmental drivers of elasmobranch assemblage structure. (a) Results from the 
model that included Mean relief; (b) results from the model that included % Reef. Pearson correlation vectors are displayed 
with the length and angle of the vectors representing the strength and direction of the correlation, respectively. Each sample is  

displayed according to its habitat type
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action between ‘Trophic position’ and ‘Management’ 
(M4, Table S4; Table S9, Fig. S6). The likelihood of 
detecting elas mobranchs increased significantly with 
depth (M4, Table 3). The interaction effect between 
‘Management’ and ‘Trophic position’ was significant 
(M4, Table 3, Fig. S6), and the prediction plot indi-
cated that this pattern was restricted to the LTP and 
MTP elasmobranchs (Fig. 8). The probability of de -
tecting MTP elasmobranchs was significantly higher 
in the IORZN than in any of the other zones (Fig. 8). In 
contrast, the probability of detecting LTP elasmo-
branchs was significantly higher in the IOCPLZN 
than in the other zones (Fig. 8). 

4.  DISCUSSION 

Our study provides some of the first information to 
describe the shark and ray assemblages inhabiting 
the HCLRs off the coast of south-east Africa. The elas-
mobranch assemblage was primarily tropical in nature, 
and the study site was on the very edge of the known 
distributions for several species. 

Many of the elasmobranch species recorded in this 
survey, such as grey reef shark Carcharhinus ambly -

rhynchos, tiger shark Galeocerdo cuvier, scalloped 
hammerhead shark Sphyrna lewini or whitetip reef 
shark Triaenodon obesus, are heavily depleted else-
where (Osgood & Baum 2015, Roff et al. 2018). How -
ever, these sharks were frequently encountered 
within the MPAs sampled in this study. A study con-
ducted in the Bahamas found that the abundance of 
Nassau grouper Epinephelus striatus and other reef-
associated species, including sharks, in creased sub-
stantially within MPAs compared to non-protected 
areas (Peyton et al. 2018). No-take zones have led to 
improved habitat quality and increased numbers of 
reef-associated elasmobranchs utilizing these pro-
tected areas (Lavery & Trujillo 2014, Bond et al. 2017, 
Rigby et al. 2019). Moreover, sightings of HTP sharks 
were frequent during this study and may indicate that 
these areas present a relatively complete trophic 
structure. HLCRs are characterized by unique bio-
geographical overlap of tropical, subtropical and tem-
perate taxa at their range edges (Booth et al. 2007, 
Malcolm et al. 2010); high endemicity (Kark et al. 
2007), diversity and strong seasonality in species com-
position may provide habitats adapted to the ecology 
of shark and ray communities. HCLRs also act as cli-
mate change refuges for vulnerable tropical coral reef 
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Fig. 4. Results from the similarity percentages (SIMPER) breakdown showing the species that contributed to 70% of the differ-
ences between pairs of habitat type. Plots present species name, its percentage contribution (%) to the dissimilarity and its  

mean abundance (root transformed) within the different habitats. See Table 2 for full species names 
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species (Beger et al. 2014) and may become more suit-
able for tropical reef sharks over time as has already 
been shown for the short-tail nurse shark (Bennett et 
al. 2021). However, other species such as blacktip reef 
sharks C. melanopterus, which have never been ob -
served in the study area (B. Mann, ORI, pers. obs.) 
although the areas studied are considered to be part 
of their geographic range (Compagno 1984), might 
also be able to extend their distributions to within the 
300 km of coastline protected in the PPMR and the 
iSimangaliso MPA in future. 

There was clear evidence of the in fluence of depth 
and habitat type on elasmobranchs, with abundance 
and species richness of sharks increasing with depth, 

while rays preferred low relief and 
sandy habitats. Depth, habitat type and 
seafloor relief were all found to be 
important drivers of occurrence, spe-
cies richness and abundance, which 
have also been shown to influence the 
distribution of coastal sharks in several 
other studies (Last 2009, Harry et al. 
2011, Yates et al. 2015), with greater 
responses for some species and size 
classes (Economakis & Lobel 1998, Hop-
kins & Cech 2003, DeAngelis et al. 
2008, Ward-Paige et al. 2015). Coastal 
sharks have complex patterns in spatial 
ecology driven by the biotic and abiotic 
environment they inhabit and their 
size, age, trophic position, sex and re -
productive state (Schlaff et al. 2014). 
The peak abundance of sharks in this 
study was found between 30 and 40 m 
depth, with 40 m being the maximum 
depth sampled. Hard coral cover is also 
known to be an important predictor of 
shark distribution (Espinoza et al. 2014, 
Friedlander et al. 2014, Lester et al. 
2022), as well as areas with greater 
coral reef structure (Economakis & 
Lobel 1998, Speed et al. 2016, 2018), 
where a range of reproductive and for-
aging activities are known to occur for 
certain species (Fitzpatrick et al. 2012, 
Whitney et al. 2012, Werry et al. 2014, 
Mourier et al. 2016). Indeed, this hab-
itat dependency may in part explain 
the higher abundance of whitetip reef 
shark T. obesus observed on the reef 
habitat, which was the most sampled 
habitat (Table S5). In contrast, ray spe-
cies were more frequently encountered 

in the  sand habitat. These results corroborate pre-
vious findings describing soft substrates as the pre-
ferred habitat of rays for foraging and evasion of pred-
ators (Last 2009, White et al. 2013, Bond et al. 2019). 
All samples in sand habitats encountered rays. For the 
most part, rays appeared absent from the intermedi-
ate depth sand habitat, but detection increased be -
tween 30 and 40 m relative to 15–25 m. This may 
simply have been due to a lack of sampling on sand 
at  intermediate depths, where reef was more com-
mon. Indeed, Ferreira et al. (2023), who conducted a 
stereo-BRUV survey in a shallow sandy area within 
the iSimangaliso MPA, found that rays were more 
common in shallow waters (<25 m depth). Elsewhere, 
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Fig. 6. Predicted effect of depth on (a) species richness and (b) relative abun-
dance of sharks within the 3 habitat types. Predictions are based on mean values 
for the other variables included in the best fit models (M1 and M2, Table S4). 
Shaded area: 95% confidence intervals (CIs). MaxN: maximum number of 
a  particular species seen in a single video frame during each deployment  
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Fig. 7. Predicted effect of (a) relief and (b) depth within each habitat type on the detection probability of rays. Predictions 
are based on mean values for the other variables included in the best fit models (M3, Table S4). Shaded area: 95% confidence  

intervals (CIs)

Model                                            Walds test of significance 
 
                                                        Smooth terms                                                                   edf           Ref.df              F                  p-value 
 
M1: Effect of explanatory       s(Visibility)                                                                        1.0              1.0             3.365                0.068 
 variables on the species         s(Water column)                                                            2.399          3.035          1.767               0.1600 
 richness of sharks                    s(Depth)                                                                             1.0              1.0            3.5832        2.6 × 10–6*** 

                                                        Smooth terms                                                                   edf           Ref.df              F                  p-value 
 
M2: Effect of explanatory       s(Visibility)                                                                      1.000          1.000          3.671                0.568 
 variables on the abundance   s(Water column)                                                           2.817          3.559          2.658              0.0434* 
 of sharks                                     s(Depth)                                                                           1.000          1.000         33.751       <2 × 10–16*** 

                                                        Smooth terms                                                                   edf           Ref.df             χ2                 p-value 
 
M3: Effect of explanatory       s(Visibility)                                                                          1                  1              3.841              0.05002 
 variables on the detection    S(Average relief)                                                               1                  1              7.443             0.0064** 
 probability of rays                   s(Depth): Habitat – Mosaic                                          1                  1              0.917               0.3384 
                                                        s(Depth): Habitat – Reef                                           1.984          2.513          3.246                0.270 
                                                        s(Depth): Habitat – Sand                                          2.730          3.363          8.296               0.0605 

                                                        Parametric terms                                                              df                χ2           p-value 
 
M4: Effect of explanatory       Trophic position                                                                2              5.801         0.0550 
 variables on the trophic         Management                                                                      3              1.631         0.6523 
 composition of the                  Management: Trophic position                                   6            14.570       0.0239*                    
 elasmobranch assemblage 

                                                        Smooth terms                                                                   edf           Ref.df             χ2                 p-value 
 
                                                        S(Visibility)                                                                    2.211          2.807         10.705              0.013* 
                                                        s(Depth)                                                                           1.276          1.504         21.777       1.44 × 10–5*** 
                                                        s(Average relief): Trophic positon – HTP                1                  1              2.443              0.11807 
                                                        s(Average relief): Trophic positon – LTP                 1                  1              7.940             0.0048** 
                                                        s(Average relief): Trophic positon – MTP           1.001          1.001            0.22                 0.637

Table 3. Results from the Walds tests run on the additive models showing the significance levels of the explanatory variables for 
predicting the diversity of sharks, the abundance of sharks, the occurrence of rays, and the presence and co-occurrence of elas-
mobranch trophic groups. Significant terms shown in bold. *p < 0.05, **p < 0.01, ***p < 0.001. edf: effective degrees of freedom; 
Ref.df: reference degrees of freedom; HTP: high trophic position; MTP: medium trophic position; LTP: low trophic position 
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bathymetry and substrate type have also been found 
to be a major factor predicting ray species abundance. 
For example, larger individuals of the common blue 
skate Dipturus batis have been shown to use a wider 
range of depths and exhibit higher vertical activity 
rates than smaller individuals, which tended to remain 
at deeper depths (Wearmouth & Sims 2009). 

We found evidence to support higher average 
abundances for some sharks such as grey reef shark 
C. amblyrhynchos, African blackspot shark C. humani 
and whitetip reef shark T. obesus in all 3 manage-
ment zones of iSimangaliso MPA compared to the 
PPMR. While the detection probability of LTP and 
MTP sharks and rays was lower in the PPMR than in 
the IORZN and the IOCPLZN, it was comparable to 
the IOWZ. The occurrence of HTP sharks was similar 
throughout the study area. No extractive fishing of 
sharks and rays is permitted in any of the offshore 
zones within both MPAs, and new commercial fish-
ing regulations strengthening the protection for sev-
eral threatened species, including whale sharks and 
all Mobula species, were implemented in Mozam-
bique in January 2021 (Pierce 2021). However, the 
2  MPAs and their zones differ in age. At the time of 

this research (2017), the PPMR had 
been established for 8 yr, whereas the 
IOWZ and IORZN had been protected 
for 38 and 31 yr, respectively. It is thus 
possible that the observed differences 
reflect historic fishing pressure and 
that the shark assemblages within the 
PPMR were still in a state of recovery 
at the time of sampling. However, the 
ob served differences might also be 
attributed to other factors. For exam-
ple, elasmobranch species that are 
typically targeted by fisheries for their 
fins, such as the whitespotted wedge-
fish Rhynchobatus djiddensis, were rel-
atively abundant in the PPMR. More-
over, based on acoustic and satellite 
telemetry tagging data for several 
 species of sharks over the past 10  yr 
(Daly et al. 2014, 2018, Daly 2023), the 
PPMR has been shown to be an impor-
tant habitat for sharks, but their pres-
ence can be seasonal (e.g. R. Daly, 
ORI, pers. comm.) with a higher abun-
dance of  elasmobranchs in winter 
than in summer. Alternatively, the 
African blackspot shark C. humani is 
more abundant in summer whereas 
abundance of whitespotted wedgefish 

R. djiddensis was higher during winter (Ferreira et 
al. 2023). Many shark and ray species, particularly 
the more mobile species, likely move between the dif-
ferent management zones within both MPAs (Daly et 
al. 2014, 2018). The fact that boat-based shark and 
ray fishing is prohibited throughout both MPAs 
(Table S1) suggests that all the management zones 
have the same theoretical level of protection for 
sharks and rays. 

The transboundary nature of these 2 contiguous 
MPAs which together cover approximately 300 km of 
coastline means that the region is extremely impor-
tant for the long-term protection of marine biodiver-
sity (B. Q. Mann & C. Floros unpubl.). This is particu-
larly true for many of the wide-ranging species of 
sharks and rays that move between the 2 MPAs (Daly 
et al. 2023). Both types of management zones in the 
iSimangaliso MPA had elasmobranch communities 
that were dominated by reef sharks (e.g. grey reef 
shark C. amblyrhynchos and whitetip reef shark T. 
obesus), which are predominantly piscivorous (Roff et 
al. 2016). Elsewhere around the world the abundance 
of mesopredatory sharks has declined (Robbins et al. 
2006, MacNeil et al. 2020). For example, the relative 
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Fig. 8. Predicted effect of management zone on the detection probability of 
elasmobranchs from the different trophic positions. Error bars are the 95% con-
fidence intervals; non-overlapping error bars indicate significant differences. 
Management zones (south to north): iSimangaliso Offshore Wilderness Zone 
(IOWZ), iSimangaliso Offshore Controlled Pelagic Linefishing Zone North 
(IOCPLZN), iSimangaliso Offshore Restricted Zone North (IORZN), and Ponta 
do Ouro Partial Marine Reserve (PPMR). Predictions based on mean values for  

depth, relief and visibility

A
ut

ho
r c

op
y



Mar Ecol Prog Ser 749: 87–107, 2024

proportion of apex to mesopredatory sharks was higher 
in the iSimangaliso MPA and PPMR compared to the 
findings of other studies conducted around the world 
in subtropical and tropical areas (Murray et al. 2019, 
Bruns & Henderson 2020, Espinoza et al. 2020, Yon et 
al. 2020, Jabado et al. 2021) (Table 4). Moreover, rel-
ative to most other areas in the SWIO, the iSimanga-
liso MPA has very high abundances of apex and 
mesopredatory teleosts (Floros et al. 2013, Dames et 
al. 2020). MTP species were found to dominate the 
overall trophic structure of the elasmobranch assem-
blage in both the iSimangaliso MPA and the PPMR 
combined (44%) similar to that found in other MPAs 
(Table 4). 

During the study period, East Africa was affected by 
a severe El Niño event (NOAA 2016). Short-term tem-
perature anomalies enhance physiological stress in 
elasmobranchs (Pegado et al. 2020, Osgood et al. 
2021), with some suggestions that marine heatwaves 
have led to range expansions in a few species (Beale 
et al. 2019, Morales et al. 2019). Indeed, elasmo-
branchs must thermoregulate to maintain optimal 
body temperatures for foraging, digestion, growth 
and reproduction through regular movements across 
habitats and depths with differing thermal regimes 
(Bernal et al. 2012, Ketchum et al. 2014, Nakamura et 
al. 2020), suggesting that these species will shift their 
distributions in response to at least gradual rises in 
ocean temperatures (Niella et al. 2020). A combina-
tion of changing temperature and prey conditions 
during the El Niño Southern Oscillation (ENSO) 
likely explains why elasmobranch populations also 
fluctuate as it cycles between its warm water El Niño 
and cold water La Niña phases (Beale et al. 2019). 
Temperate/subtropical shark and ray species absence 
in the study during an El Niño event is the opposite of 
the research carried out on the subject (Osgood et al. 
2021) but may be explained by the short study period. 
Future studies should investigate the effect of cli-

matic events on the composition structure and the 
role of HLCR MPAs in protecting tropical species at 
the edge of their distributions, thus facilitating future 
range extensions. 

Future work should incorporate data from depths 
greater than 40 m to extend our understanding of the 
drivers of elasmobranch assemblages into the meso-
photic zone. Mesophotic depths are considered as 
important habitat for some elasmobranch species, 
serving as both refuge from a range of environmental 
and anthropogenic impacts and providing foraging 
opportunities on alternative prey species (Pickard 
2013, Papastamatiou et al. 2015, Asher et al. 2017). As 
a preliminary study based on once-off surveys, our 
findings about depth, habitat preference and the 
effects of zonation on the ray and shark populations 
require additional testing. Furthermore, this study 
does not adequately encapsulate the seasonal changes 
in abundance of many mobile shark and ray species 
due to the short duration of our sampling campaign. 
Similarly, medium term climatic events, such as El 
Nino, that result in localized warming or cooling of 
the sea may affect the composition of observed elas-
mobranch assemblages (Beale et al. 2019, Morales et 
al. 2019, Pegado et al. 2020, Osgood et al. 2021). Thus, 
to obtain a more complete picture of the assemblage 
composition occupying these HLCRs longer term 
studies are recommended. Although isolated sand 
habitats far from reefs were not sampled, our results 
provide valuable information on the importance of 
sand habitats adjacent to reefs, which are of known 
importance for a variety of predatory fish species 
(Speed et al. 2019). Indeed, sandy habitats provide 
sharks with foraging and reproduction areas, impor-
tant nursery areas for juvenile rays (Martins et al. 
2020, Parton et al. 2023) and habitat for species of 
conservation concern such as whitespotted wedge-
fish R. djiddensis (Daly et al. 2021). Length measure-
ments were available for only 34% of all elasmo-
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Site                                    Sampling (h)     No. of species      Total (n)      HTP (%)      MTP (%)       LTP (%)                Reference 
 
iSimangaliso 
 MPA and PPMR                   202                          21                      182                 22                  44                   34                  Present study 
 Sir Bu Nair MPA                  117                           9                        40                   0                  17.5               82.5           Jabado et al. (2021) 

Tubbataha Reefs 
 Natural Park                          113                          14                      237                6.3                92.0                1.7           Murray et al. (2019) 
 Cobourg Marine Park          84                           12                       85                 3.5                58.8               37.7              Yon et al. (2020)

Table 4. Comparison of elasmobranch abundance and diversity collected using stereo-BRUVs in marine protected areas. % 
values are the % occurrence of the different trophic positions across all observations. HTP: high trophic position; MTP: medium 
trophic position; LTP: low trophic position; MPA: marine protected area; PPMR: Ponta do Ouro Partial Marine Reserve. n: total  

BRUV deployments
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branchs recorded in this study; thus, the importance 
of these areas for juveniles could not be verified 
during this study. 

The HLCRs of south-east Africa appear to be an 
important habitat for tropical elasmobranch species, 
and these species will benefit from the protection pro-
vided by the contiguous iSimangaliso MPA and 
PPMR. Overall, our study highlights the importance 
of habitat and depth for sharks and rays that mostly 
occur within near-reef habitats. Understanding the 
threats to elasmobranch conservation, such as habi -
tat loss and overfishing, is crucial for evaluating the 
effectiveness of MPAs and optimizing their design to 
support tropical elasmobranch species, as demon-
strated by recent studies on MPA impact and habitat 
use patterns (Knip et al. 2012). We found high diver-
sity and abundance of elasmobranchs within all man-
agement zones of the iSimangaliso MPA and the 
PPMR, highlighting the potential importance of these 
protected areas for elasmobranch conservation in the 
western Indian Ocean. We recommend ongoing long-
term monitoring of shark and ray assemblages in dif-
ferent management zones within these MPAs, espe-
cially considering the ecological characteristics of the 
species found in these MPAs that make them particu-
larly vulnerable to exploitation (Cortés 2000, Daly et 
al. 2021). Moreover, comparative studies should be 
carried out both within and outside MPAs to fully 
assess MPA effectiveness regarding elasmobranch 
protection, which would also improve our under-
standing of localized effects of zoning within parks. 
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