
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tams20

African Journal of Marine Science

ISSN: 1814-232X (Print) 1814-2338 (Online) Journal homepage: https://www.tandfonline.com/loi/tams20

Distribution and habitat use of Indo-Pacific
bottlenose dolphins Tursiops aduncus along the
south coast of South Africa

OA Vargas-Fonseca, SP Kirkman, D Conry, GM Rishworth, V Cockcroft & PA
Pistorius

To cite this article: OA Vargas-Fonseca, SP Kirkman, D Conry, GM Rishworth, V Cockcroft & PA
Pistorius (2018) Distribution and habitat use of Indo-Pacific bottlenose dolphins Tursiops aduncus
along the south coast of South Africa, African Journal of Marine Science, 40:4, 439-450, DOI:
10.2989/1814232X.2018.1547221

To link to this article:  https://doi.org/10.2989/1814232X.2018.1547221

View supplementary material 

Published online: 20 Dec 2018.

Submit your article to this journal 

Article views: 11

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tams20
https://www.tandfonline.com/loi/tams20
https://www.tandfonline.com/action/showCitFormats?doi=10.2989/1814232X.2018.1547221
https://doi.org/10.2989/1814232X.2018.1547221
https://www.tandfonline.com/doi/suppl/10.2989/1814232X.2018.1547221
https://www.tandfonline.com/doi/suppl/10.2989/1814232X.2018.1547221
https://www.tandfonline.com/action/authorSubmission?journalCode=tams20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tams20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.2989/1814232X.2018.1547221&domain=pdf&date_stamp=2018-12-20
http://crossmark.crossref.org/dialog/?doi=10.2989/1814232X.2018.1547221&domain=pdf&date_stamp=2018-12-20


African Journal of Marine Science 2018, 40(4): 439–450
Printed in South Africa — All rights reserved

Copyright © NISC (Pty) Ltd
AFRICAN JOURNAL OF

MARINE SCIENCE
ISSN 1814-232X   EISSN 1814-2338

https://doi.org/10.2989/1814232X.2018.1547221

African Journal of Marine Science is co-published by NISC (Pty) Ltd and Informa UK Limited [trading as Taylor & Francis Group]

The distribution of marine species is dynamic in nature, as it 
responds to variability in the seascape. Marine habitats are 
generally spatially heterogeneous and are often perceived 
as a mosaic of patches, a spatial gradient, or some other 
geometric patterning quantified with respect to either 
benthic or pelagic environments (Boström et al. 2011). The 
distribution of marine animals is likely to be influenced by 
the physical environment, distribution of their predators and 
prey and other biological requirements (Booth et al. 2013). 
Species home ranges need to encompass a minimum 
amount of their preferred habitat—especially key or critical 
habitats that meet dietary or ontological needs (Karczmarski 
et al. 2000).

Studies of the distribution or movements of organisms 
are key for determining their habitat preferences and 
spatial needs (Karczmarski et al. 1998). Many studies have 
assessed the spatial distribution and habitat preferences 
of cetaceans by describing the habitat where animals are 
encountered according to physiography, such as depth, 
slope and benthic substrate (Cañadas et al. 2002). To relate 

the distribution of cetaceans to habitat, habitat-selection 
models are increasingly being used (Cañadas et al. 2005; 
Bailey et al. 2013; Brookes et al. 2013; Marini et al. 2015). 
These models can provide a tool for assessing areas of high 
relative density and determining which factors influence the 
distribution of animals (Garaffo et al. 2011). Such information 
can assist planners or managers in decision-making, such as 
with regard to prioritising areas for protection.

A key outcome of the 2002 World Summit on Sustainable 
Development was the commitment to establish a representa-
tive network of marine protected areas (MPAs) to safeguard 
marine biodiversity and ecosystem integrity. However, 
opinion is divided regarding the value of MPAs for cetacean 
conservation (e.g. Boersma and Parrish 1999). Due to the 
highly mobile and dynamic nature of cetaceans, most MPAs 
may be too small to contribute to their protection (Hoyt 2005; 
Bearzi 2012), while many may not encompass the habitat 
needs of cetaceans. Identifying critical habitats that meet 
all ontological requirements where cetaceans can feed, rest 
and reproduce is perhaps the first step towards effective 

Distribution and habitat use of Indo-Pacific bottlenose dolphins Tursiops 
aduncus along the south coast of South Africa

OA Vargas-Fonseca1,2*, SP Kirkman3 , D Conry1,2, GM Rishworth2,4 , V Cockcroft1 and PA Pistorius1,2

1 Department of Zoology, Nelson Mandela University, Port Elizabeth, South Africa
2 Marine Apex Predator Research Unit (MAPRU), Institute for Coastal and Marine Research, Nelson Mandela University, 
Port Elizabeth, South Africa
3 Branch: Oceans and Coasts, Department of Environmental Affairs (DEA), Cape Town, South Africa
4 DST/NRF Research Chair: Shallow Water Ecosystems, Institute for Coastal and Marine Research, Nelson Mandela 
University, Port Elizabeth, South Africa
* Corresponding author, e-mail: alejandra7979@hotmail.com

The distribution and habitat use of the Indo-Pacific bottlenose dolphin Tursiops aduncus along the south coast of 
South Africa was investigated using bi-monthly boat-based surveys, from 2013 to 2016, over a distance of 145 km 
between the Goukamma and Tsitsikamma marine protected areas (MPAs). Survey effort totalled 6 239 km and 
750.6 hours. Encounters occurred throughout the area (n = 200) and more frequently during winter. Pod sizes 
ranged from 1 to 350 animals (mean = 45), with calves mostly associated with larger groups. During 70% of the 
encounters, at least a single calf was present (up to 80 calves; mean = 5) and calves were more prevalent during 
summer. Encounters occurred mostly in shallower (mean = 11.3 m) and warmer (mean = 17.4 °C) waters. Groups 
aggregated in larger sizes in colder waters. Most encounters were in Plettenberg Bay and the Goukamma MPA, 
both of which are characterised by sandy bottoms and sheltered areas. Encounter rates were lowest in rocky and 
exposed areas, but dolphin groups in such locations were larger and usually travelling. There was a relatively 
low association of T. aduncus groups with MPAs, except for a sandy area in the Goukamma MPA in particular, 
suggesting some mismatch between favourable T. aduncus habitat and habitat protection. 
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MPA design for this group of species (Hoyt 2005). Many 
cetaceans are considered by conservation practitioners 
to be umbrella species as their spatial protection will likely 
support the health of other species and support ecosystem 
processes (Bearzi 2012).

For nearshore dolphin species such as the Indo-Pacific 
bottlenose dolphin Tursiops aduncus, which is generally 
restricted to waters no deeper than 30 m (Cockcroft and 
Ross 1990a), knowledge of spatial distribution and habitat 
preferences is especially relevant for conservation manage-
ment. This is because such species are susceptible to 
multifarious anthropogenic pressures associated with 
coastal areas. These include high levels of pollution, coastal 
developments, dredging, anti-shark gillnets, overfishing of 
prey species, accidental capture in fisheries, disturbance 
from commercial marine tourism activities, noise and ship 
strikes (Cockcroft and Ross 1990b; Karczmarski et al. 1998; 
Elwen et al. 2011). The longevity and relatively low reproduc-
tive rate of this species furthermore aggravates the effects of 
habitat degradation and other threats. Globally, T. aduncus 
has been listed as a Data Deficient species in the IUCN 
Red List of Threatened Species since 1996 (Hammond 
et al. 2012). However, there is evidence of population decline 
in some areas. Comparison of mark–recapture popula-
tion estimates at Plettenberg Bay, South Africa, between 
2002–2003 (Phillips 2006) and 2013–2015 (Vargas-Fonseca 
2018) showed a decline of 70%, highlighting the potential 
need for management measures to conserve this potentially 
threatened population.

Like other bottlenose dolphins, T. aduncus is highly 
social and lives in a fission–fusion society, wherein short- or 
long-term relationships between individuals within a society 
may form and dissolve over time (Connor et al. 2000). The 
size and composition of groups are influenced by extrinsic 
factors such as seascape complexity, prey availability and 
predation risks, in addition to intrinsic factors such as the 
presence or absence of preferred associates (Lusseau 
et al. 2006). Sex, age, reproductive condition, familial 
relationships and affiliation histories can further dictate 
group size (Wells et al. 1987). When food resources are 
limited, animals will tend to spread out in smaller groups 
to reduce intraspecific competition, and will aggregate in 
larger groups when food is abundant, predation risks are 
high or there is a high proportion of neonates (Connor 
et al. 2000; Heithaus and Dill 2002; Möller et al. 2002; Parra 
et al. 2011). All of these factors can affect patterns of spatial 
distribution and habitat utilisation.

Location data of individuals is, of course, the foremost 
requirement for studies of the distribution and habitat 
preferences of species. In the case of species such as 
T. aduncus, where distribution is mostly limited to nearshore 
areas, boat-based or alternatively aerial surveys are useful 
approaches for locating individuals or groups in what is almost 
a linear dimension, as opposed to the wider-scale distribu-
tions of more-oceanic species. By recording the locations of 
encounters during multiple surveys, the pattern of distribution 
can be related to physical or environmental habitat variables, 
to determine habitat preferences and utilisation.

The south coast of South Africa, although it is near the 
western limit of the range of T. aduncus, is known to support 
a relatively high abundance of this species (Reisinger and 

Karczmarski 2010). Because the coastline of this area is 
characterised by having a diversity of habitat types and a 
network of well-established MPAs, it is well-suited to studying 
the habitat utilisation and preferences of this species, taking 
into account the location of MPAs. Whereas recent proposals 
for new MPA designations or re-zonation within existing 
MPAs in South Africa have been based strongly on scientific 
evidence including habitat type and species distributions 
(Sink 2016), most of the existing MPAs were proclaimed 
without sufficient information or monitoring programmes to 
assess whether they adequately address protective needs 
(Attwood et al. 1997). 

In light of the above, the aims of this study were to 
identify habitat preferences of T. aduncus and the relative 
importance of factors influencing their spatio-temporal distri-
bution, including physiographic, environmental, seasonal 
and behavioural factors. The study also assessed the 
efficacy of the current placement of MPAs (comprising 66% 
of the coastline in the study area) and the habitat that they 
protect in relation to habitat preferences of the species. 
Although the local MPAs were not designed specifically for 
T. aduncus, we examine overlap between the habitat used 
by T. aduncus and the placement of MPAs to determine 
whether there is evidence that the MPAs may provide direct 
or indirect benefits for the species. Recommendations are 
made to inform conservation management towards effective 
habitat protection.

Materials and methods

Study area 
Data were collected during repeated, standardised 
line-transect surveys along 145 km of coastline, using 
boat-based methods. In addition to investigating distribu-
tion and habitat use, the surveys were designed to generate 
a mark-recapture-based abundance estimate (Vargas-
Fonseca 2018). The research area extended from the western 
border of the Goukamma MPA to the eastern boundary 
of the Tsitsikamma MPA, on the south coast of South 
Africa (Figure 1). The area is characterised by a diversity of 
features, including a large bay (Plettenberg Bay) bordered 
by a peninsula (Robberg Peninsula) to the southwest, and 
a long stretch of rugged, mainly rocky, coastline to the east. 
The inshore benthic substrate types include 57% rocky, 27% 
sandy and 16% mixed coastline (Sink et al. 2011). The area 
is highly influenced by the Agulhas Current which transports 
warm water from the Mozambique Channel southwards along 
the coast (Lutjeharms et al. 2000). Wind-driven upwelling 
results in high levels of primary productivity, and associated 
high prey-fish biomass for higher predator species frequently 
occurs (Hutchings et al. 2009). 

Survey design
The surveys were designed as a transect line running 
parallel to the coast (approximately 100 m from the 
coastline), thereby corresponding with the known coastal 
preferences of bottlenose dolphins (Ross et al. 1987; 
Cockcroft et al. 1990; Photopoulou et al. 2011). Bi-monthly 
boat surveys were conducted between July 2013 and June 
2016. Surveys were performed at a speed of eight knots in 
order to locate dolphins and conduct detailed observations. 
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Due to the large extent of the study area, three different 
launch sites (Knysna, Plettenberg Bay and Storms River) 
and vessels were used. The study area was divided into five 
sections according to launch site, and these were generally 
surveyed on different dates (Figure 1): Section 1 was from 
the western boundary of the Goukamma MPA to the Knysna 
Heads (length 24 km); Section 2 from the Knysna Heads 
to the western boundary of the Robberg MPA (34 km); 
Section 3 from the western boundary of the Robberg MPA 
to the western boundary of the Tsitsikamma MPA (29 km); 
Section 4 from the western boundary of the Tsitsikamma 
MPA to the Storms River mouth (31 km); and Section 5 
from the Storms River mouth to the eastern boundary of the 
Tsitsikamma MPA (27 km). Surveys in Sections 1, 2 and 3 
were conducted using chartered vessels (7.9 m) equipped 
with two motors (ranging from 115 to 150 hp). For Sections 
4 and 5, a rigid inflatable boat (5.5 m or 7.6 m) equipped with 
two outboard engines (70 hp or 100 hp) was used. 

Data collection
All encounters with individuals or groups of dolphins were 
recorded. A group is defined as two or more animals within 
a 100-m radius of each other, with coordinated activities 
(Irvine et al. 1981). When an encounter occurred, a coordi-
nate reading was taken with a handheld device (Garmin 
GPS-72H). Photographs were taken using a DSLR camera 
equipped with a 300- or 600-mm lens (for mark-recapture 
abundance estimates). The time, group size (minimum, 
maximum and best estimate), composition (numbers of 
newborns, calves, juveniles and adults), and behaviour 
were recorded. Calves were defined as individuals that 
were one-half to two-thirds the length of an adult, whereas 
newborns were individuals with visible foetal folds and that 
were less than half the size of an adult; in both cases the 
animals were swimming in close association with an adult 
(Möller et al. 2002). Hereafter the term ‘calves’ includes 
both newborns and calves. Five behavioural categories 

were defined, according to Shane et al. (1986): travelling, 
foraging, socialising, milling and resting. After an encounter 
was finalised, the transect line was usually resumed at the 
same place where dolphins were initially encountered. 

Survey effort was measured as the number of kilome-
tres and hours travelled in sea conditions not exceeding 3 
on the Beaufort scale and with good visibility (e.g. no thick 
fog). Survey effort was discontinued when the Beaufort sea 
state was above 3, and also during encounters or while 
the boat was in transit. Wind speed and direction were 
recorded using a Kestrel wind meter, and the water depth 
and sea surface temperature (SST) were recorded using 
the boat’s fish-finder system (recreational SONAR) or (with 
regard to the latter) a handheld digital thermometer. The 
SST, depth and GPS coordinates of the encounters were 
recorded when the boat was either at the exact location of 
the encounter or as close to it as possible.

Data processing and analysis
Physiographical features, encounter rate and dolphin 
behaviour
The distance of dolphin encounters from the coast, river 
mouths and reefs was determined by overlaying a coastline 
map and isobath vector layers with the locations of encoun-
ters, using QGIS 2.18.4 (QGIS Development Team 2016). 
The benthic substrate types were obtained from the 
benthic and coastal habitat map provided by the National 
Biodiversity Assessment 2011 (Sink et al. 2011). Broadly, 
the study area includes three types of benthic substrate, 
namely rocky, sandy and mixed coast (e.g. rock and 
sand). Using the Spatial Join tool in QGIS, the substrate 
types were clipped to an overlaid grid that extended 2 km 
from the coastline across the entire study area (in order 
to include all dolphin encounters). The 2-km zone was 
bisected by perpendicular lines from the coast that were at 
2-km intervals from each other, resulting in 73 grid cells of 
2 km2 along the coast (Minton et al. 2011). Each cell was 
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Figure 1: Extent of the study area covered during boat surveys of Tursiops aduncus between the Goukamma and the Tsitsikamma marine 
protected areas (MPAs), South Africa. The transect-line surveys were conducted parallel to the coast, which was divided into five sections 
according to the launch site (at Knysna, Plettenberg Bay or Storms River) and survey effort
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characterised according to benthic substrate type, slope, 
encounter rate (ER) and average group size (for all animals 
and for calves). The slope for each grid cell was calculated 
using the formula: 

DepthSlope ratio
Distance

=

where depth is the maximum depth in the grid cell and 
distance is 2 km. The ratio was expressed as meters per 
km (Cañadas et al. 2002).

To account for variable survey effort over the study area, 
the encounter rate in each 2-km2 grid cell was calculated 
as the number of encounters (during survey effort time) per 
100 km surveyed (Garaffo et al. 2011), with the formula:

Number of encountersER   100
km of survey effort for each cell

 
= × 

 

Behavioural differences in relation to the substrate types 
and seasons were assessed using Pearson’s chi-square 
(χ2) tests or the Cochran–Mantel–Haenszel (M 2) test for 
the interaction between season and substrate. To account 
for differing area sizes of the three broad benthic substrate 
types, frequencies were first weighted by the total coastal 
areas of each substrate type, such that: 

Total coastal area of study areaWeighted behaviour frequency of behaviour  
Area of substrate type

 
= ×  

 

Habitat-preference modelling
Generalised linear mixed-effects models (GLMMs) are an 
extension of generalised linear models (GLMs) and incorpo-
rate confounding elements in the data, such as temporal 
or spatial autocorrelation and repeated measures (Zuur 
et al. 2009). Three separate GLMMs were used to model: 
(a) the occurrence of dolphins (calculated as the presence/
absence of dolphins per 2-km2 grid cell during each 
transect); (b) their group size; and (c) the number of calves 
per group, to determine the effects of different predictor 
variables. Analyses were conducted using the ‘lme4’ 
package (Bates et al. 2015) in the freeware RStudio 1.0.136 
(R Development Core Team 2017). 

Occurrence (presence/absence) and animal group 
size were modelled using a binomial distribution (family: 
binomial, link function: logit) and Poisson distribution 
(family: Poisson, link function: log), respectively. The 
Poisson distribution, which assumes that the variance 
is equal to the mean, is often used when modelling count 
data (McCullagh and Nelder 1989) and it has been used in 
multiple studies on different dolphin species (Cañadas et al. 
2002; Garaffo et al. 2011; Photopoulou et al. 2011).

Predictor variables considered for the models were ‘inshore 
benthic substrate type,’ ‘situation in relation to MPA bounda-
ries’ (inside or outside), ‘season,’ ‘SST,’ ‘depth,’ ‘distance 
to coast,’ ‘distance to reef,’ ‘distance to river mouth,’ ‘calf 
presence,’ ‘behaviour,’ ‘slope,’ and the interaction between 
‘inshore benthic substrate type’ and ‘MPAs.’ Seasons were 
defined as: (i) summer = December–February; (ii) autumn 
= March–May; (iii) winter = June–August; and (iv) spring = 
September–November.

The models were fitted by restricted maximum likeli-
hood (REML) and the random effect variables in each 
model, whereby autocorrelation effects in the data were 
accounted for, included the 2-km2 grid cell along the coast, 
and season. Subsequently, season was omitted because it 
resulted in less-parsimonious models.

Collinearity between all covariates was tested. The 
variance inflation factor (VIF) scores were calculated for 
each predictor variable using the ‘vifcor’ function of the 
‘usdm’ R package (Naimi et al. 2014). Only uncorrelated 
covariates (VIF < 3) were included to avoid misinterpreta-
tion of the model (Redfern et al. 2006). Correlated variables 
that were excluded were the ones that resulted in a higher 
Akaike information criterion (AIC) score.

The validity of all model assumptions was assessed 
visually in terms of normality and homogeneity of residuals. 
Model selection was based on the AIC score, whereby all 
realistic permutations of predictor covariates were fitted to 
separate models under maximum likelihood (ML) estimation 
using the ‘dredge’ function in the ‘MuMIn’ package (Barton 
2013). The model with the lowest AIC was selected as the 
best-fitting model, except when ∆AIC ≤ 1 (∆AIC reflects 
the difference in AIC scores between the most-parsimo-
nious model and other comparable models), which reflects 
analogous models (Zuur et al. 2009). In such cases, the 
model with the most explanatory variables was selected. 
These most-parsimonious models were then re-fitted under 
REML estimation and the significance of predictor coeffi-
cients was assessed (Zuur et al. 2009). Conditional R2 
values were calculated as a measure of the goodness-of-fit 
for each model, which explains the proportion of variance 
attributable to the fixed and random factors (Nakagawa and 
Schielzeth 2013).

Results

Survey effort and encounters 
A total of 223 boat surveys (performed over 174 days), 
comprising 750.6 h and 6 239 km of survey effort, were 
conducted between July 2013 and June 2016. Total duration 
of the dolphin observations was 89 h and the encounters 
were distributed throughout the study area (Figure 2). A total 
of 200 encounters were recorded (Appendix), of which nine 
were excluded from the analysis because they were sighted 
outside survey effort. 

The average ER was 3.1 encounters per 100 km surveyed. 
During 40% of the surveys there was at least one dolphin 
encounter. The pod sizes ranged from 1 to 350 animals 
(mean = 45 [SD 57]; median = 27); during 70% of the 
encounters there was at least one calf present. The mean 
number of calves was 5 (SD 9, median = 1, range 0–80). 
The mean distance of each encounter to the coast was 
356 m (SD 199, median = 332 m, range 7–1 289 m). Mean 
depth corresponding to encounters was 11.3 m (SD 7.3, 
median = 10 m, range 2–50 m) and mean SST was 17.4 °C 
(SD 2.1, median = 16.9 °C, range 11.3–22.7 °C).

Dolphin behaviour 
The most common behaviours observed during the 
encounters were travelling (31%), foraging (21%), social-
ising (17%), milling (12%) and resting (11%), with 8% of 
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the behaviours recorded as unknown (Figure 3). Dolphin 
behaviour was influenced by the broad substrate type only 
(χ2 = 19.4; p = 0.01; df = 8) and not by season (χ2 = 14.2; 
p = 0.3; df = 12) or the interaction of season with substrate 
type (M 2 = 10.7; p = 0.8; df = 15). Between all substrate-
type pairings, behaviour proportion durations differed signifi-
cantly (post hoc: mixed vs rocky, p < 0.001; mixed vs sandy, 
p < 0.002; sandy vs rocky, p < 0.001). Animals tended to 
engage in milling, resting, socialising and feeding, most 
frequently in sandy habitat followed by in mixed habitats. 
Travelling, followed by foraging, were the behaviours most 
frequently associated with rocky habitat (Figure 3), although 

travelling was just as frequently encountered in association 
with the other two main substrate types.

Effort-weighted density grid analyses
The effort-weighted density-grid (2 km2) analyses 
(Figure 2) indicated that the areas of highest ER (4–6 
encounters-100 km–1 surveyed) of T. aduncus were along 
the east section of Plettenberg Bay followed by in the 
Goukamma MPA. Both areas were characterised as having 
predominantly sandy bottoms (Appendix) and gentle slopes 
as compared with the other areas (Table 1). Encounter 
rates in the eastern boundary area of the Goukamma 
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5.1−6 
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Figure 2: (a) The encounter rate of Tursiops aduncus (no. encounters-100 km–1), (b) average group size of individuals, and (c) average group size 
of calves per 2-km2 polygon within the study area 
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MPA and in parts of the Tsitsikamma MPA were moderate 
(ER 2–4). The Tsitsikamma MPA was also characterised 
by patches of lower ER (1–2), similar to the region from 
Knysna to the western section of Plettenberg Bay, including 
the Robberg MPA. For both the Robberg and Tsitsikamma 
MPAs there were frequent sections with no encounters or 
a low ER (1–2). Lower occurrences were typical at exposed 
rocky coasts with steeper gradients, such as the coastline 
between Knysna and the Robberg Peninsula and most of 
the coastline within the Tsitsikamma MPA. 

Habitat-preference modelling
A summary of the raw data in terms of survey effort 
and encounters along each section of the study area is 
presented in Table 1; group size according to season, 
depth, distance to coast, SST and slope-ratio category 
are summarised in Table 2. The likelihood of encounter 
occurrence (presence/absence) of T. aduncus was best 
explained by the GLMM model {Occurrence ~ inshore 
benthic substrate type * situation in relation to MPA bounda-
ries (inside or outside) + season + slope + SST + 2-km2 
grid cell (random variable)} (Model PA2 in Table 3; Model 
1 in Table 4). The average group size of T. aduncus was 
best explained by the model {Average group size ~ season 
+ SST + depth + distance to coast + calf presence + 
behaviour + 2-km2 grid cell (random variable)} (Model G1 in 
Table 3; Model 2 in Table 4). The calves group size was 
best predicted by the model {Calves average group size ~ 
season + depth + distance of encounter to coast + 2-km2 
grid cell (random variable)} (Model C2 in Table 3; Model 
3 in Table 4). Variables that were excluded from all the 
models on the basis of AIC scores (compared under ML 
estimation) were distance of the encounters to reefs and 
to river mouths. Model diagnostic plots are presented in 
Supplementary Figure S1. In terms of the R2 (conditional) 
values of the models, the model fits for occurrence and 
for calves group size (Models 1 and 3 in Table 4) were 
relatively weak (0.12 and 0.20, respectively), and that for 
overall group size (Model 2 in Table 4) was moderate (0.37) 
(cf. Nakagawa and Schielzeth 2013).
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NE/Average ER 
(SD, % of encounters 

with calves)

Average GS 
(SD, median)

GS 
range

Average calves GS 
(SD, median)

Calves 
GS range

Autumn 56/3.0 (1.5, 61%) 33.7 (42.5, 20) 1–250 5.3 (8.8, 2) 0–50
Spring 42/2.5 (1.5, 69%) 40.9 (59.2, 20) 1–350 4.9 (7.4, 1) 0–30
Summer 31/2.8 (1.2, 52%) 47.9 (56.6, 35) 1–300 4.6 (14.3, 1) 0–80
Winter 62/2.6 (1.4, 56%) 55.6 (64.9, 40) 1–300 5.2 (8, 1) 0–30
Depth 2–7 m* 47/3.1 (1.6, 60%) 29.1 (25.5, 20) 2–104 3.7 (6.2, 1) 0–30
Depth 7–10 m* 48/2.8 (1.4, 65%) 47.4 (63.9, 30) 1–300 6.0 (12.7, 1.5) 0–80
Depth 10–14 m* 45/2.7 (1.1, 62%) 54.8 (67.0, 35) 1–300 6.2 (10.0, 2) 0–50
Depth 14–50 m* 51/2.3 (1.4, 53%) 47.7 (59.2, 30) 1–350 4.5 (7.3, 1) 0–30
DC 2–252 m* 48/2.0 (0.9, 60%) 38.4 (29.3, 30) 1–125 5.3 (8.0, 2) 0–30
DC 252–332 m* 48/2.9 (1.6, 65%) 58.2 (83.5, 25) 1–350 5.3 (12.4, 1) 0–80
DC 332–414 m* 47/3.2 (1.4, 51%) 38.2 (45.2, 25) 1–250 5.1 (9.6, 1) 0–50
DC 414–1 289 m* 48/2.8 (1.5, 63%) 43.8 (54.0, 27.5) 1–250 4.6 (6.8, 1) 0–30
SST 11.3–16 °C* 37/2.7 (1.3, 68%) 63.0 (75.3, 40) 2–300 4.5 (5.2, 3) 0–20
SST 16–16.9 °C* 58/2.6 (1.5, 62%) 44.9 (37.8, 35) 2–190 5.3 (7.9, 2) 0–30
SST 16.9–18.8 °C* 45/2.7 (1.4, 56%) 37.6 (63.9, 15) 1–350 4.2 (7.2, 1) 0–30
SST 18.8–22.7 °C* 51/2.9 (1.5, 55%) 37.6 (50.8, 25) 1–300 6.0 (13.9, 1) 0–80
Slope ratio 1 37/3.2 (1.2, 68%) 54.9 (75.4, 25) 1–350 9.5 (16.1, 3) 0–80
Slope ratio 1.5 80/3.2 (1.5, 54%) 36.7 (50.3, 20) 1–250 3.0 (5.7, 1) 0–30
Slope ratio 2 36/2.3 (0.8, 67%) 50.5 (61.6, 37.5) 1–300 5.3 (7.3, 3) 0–30
Slope ratio 2.5 38/1.6 (1.0, 58%) 46.1 (41.4, 37.5) 1–190 5.0 (6.9, 2) 0–20
*Categories according to quartiles

Table 2: Summary of Tursiops aduncus group size according to season, depth, distance of the encounters to the coastline, sea surface 
temperature (SST) and slope-ratio category. DC = distance of encounter to the coastline; ER = encounter rate; GS = group size; NE = 
number of encounters 

Model Substrate 
type

MPA 
(in/out) Season Slope SST Depth Distance to 

coast
Calf 

presence Behaviour Substrate 
type: MPA AIC ΔAIC Model 

selected

Occurrence (presence/absence)
PA1 ● NA ● NA ● – – – – ● 1 664.2 0.0 No
PA2 ● ● ● ● ● – – – – ● 1 665.0 0.8 Yes
PA3 ● NA ● ● ● – – – – ● 1 665.3 1.1 No
PA4 ● ● ● NA ● – – – – ● 1 665.5 1.4 No
PA5 ● ● ● NA ● – – – – ● 1 666.0 1.9 No
PA6 ● ● ● ● ● – – – – ● 1 666.8 2.7 No

Group size
G1 NA NA ● – ● ● ● ● ● – 4 882.3 0.0 Yes
G2 NA ● ● – ● ● ● ● ● – 4 884.0 1.7 No
G3 ● NA ● – ● ● ● ● ● – 4 886.2 3.9 No
G4 ● ● ● – ● ● ● ● ● – 4 888.0 5.7 No

Calves group size
C1 NA NA NA – – ● ● – – – 1694.9 0.0 No
C2 NA NA ● – – ● ● – – – 1695.5 0.6 Yes
C3 NA ● NA – – ● ● – – – 1696.9 2.0 No
C4 NA ● ● – – ● ● – – – 1697.5 2.6 No
C5 ● NA NA – – ● ● – – – 1697.5 2.6 No
C6 ● NA ● – – ● ● – – – 1698.4 3.5 No

Table 3: Model diagnostics for generalised linear mixed-effects models (GLMMs) of Tursiops aduncus effort-corrected occurrence 
(presence/absence), group size, and calves group size. The best models are shown; all others had ΔAIC > 5.7. Black dots and ‘NA,’ 
respectively, indicate variables incorporated or not incorporated in the models, whereas dashes indicate that the variable was not 
considered. Selected models are indicated in bold font
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Dolphins were observed less often in rocky habitats and 
inside MPAs, but when inside the MPAs the tendency was 
to find them along sandy bottom (see Figure 2; Appendix); 
hence, there was a significant interaction (Model 1 in Table 
4) between inshore benthic substrate type (sandy coast) 
and MPA (inside). Of the three MPAs, the ER was highest 
in Goukamma, where sandy-bottom substrate is predom-
inant, whereas the other two MPAs have predominantly 
rocky coastlines (Figure 2a; Appendix).

Winter months were characterised by high dolphin 
occurrence (Model 1 in Table 4). Larger groups were found 
in both winter and summer (55.6 [SD 64.9] and 47.9 [SD 
56.6] dolphins per group, respectively, as compared with 
33.7 [SD 42.5] and 40.9 [SD 59.2] in autumn and spring), 
more often in deeper waters (>7 m) and nearer the 
coastline (<332 m) (Table 2; Model 2 in Table 4). Presence 

of calves was more likely to be associated with larger 
groups (Model 2 in Table 4), and the largest groups of 
calves were encountered mostly during summer, although 
group size was highly variable and low on average during 
this time (Model 3 in Table 4; see Table 2 for a summary 
of calves group sizes and ranges). Within the seasons, 
there was a relatively high occurrence of dolphins in warmer 
waters (Model 1 in Table 4), but when SST decreased 
they tended to form bigger groups (Model 2 in Table 4) 
(median group size of 40 in waters with SST of 11.3–16 °C, 
as compared with median group sizes of between 15 and 
35 in three quantiles of SST from 16 to 22.7 °C; Table 2). 
Larger pods were observed when animals were resting or 
socialising, and smaller aggregations formed when milling 
(Model 2 in Table 4).

Discussion

This study made use of systematic boat-based surveys 
conducted at monthly intervals to assess spatial distribu-
tion of T. aduncus in relation to substrate type, season and 
other factors along the south coast of South Africa. There 
was obvious variability across the study area in terms of 
where dolphins occurred and their group size. The ER was 
highest in Plettenberg Bay and the Goukamma MPA, which 
are characterised by a higher proportion of sandy habitats 
(Table 1). These habitats were associated with foraging, 
resting and socialising behaviours. The dolphins’ preference 
for sandy habitat when engaging in these behaviour types 
accounts for the relatively high ER in these areas. Larger 
groups were found in different areas: between the western 
borders of the Goukamma and Robberg MPAs and some 
patchy areas along the Tsitsikamma MPA (Figure 2). These 
areas had predominantly rocky habitats and were associ-
ated with travelling behaviour.

Larger groups were formed within deeper waters during 
both summer and winter, as well as when dolphins were 
socialising and resting and when calves were present. 
Records of social behaviour in larger groups have been 
found in other Tursiops species (Vermeulen et al. 2015). 
In addition, large nursery groups are possibly related to 
calf protection and might favour social learning (Bearzi 
et al. 1997; Gibson and Mann 2008; Vermeulen et al. 
2015). Similar to findings for dolphins off KwaZulu-Natal 
on the east coast of South Africa (Cockcroft and Ross 
1990b), calves and newborns were more often observed 
during summer months. This potentially provides a physio-
logical advantage to the mother and calves by reducing 
their energetic demands because of less-extreme internal-
ambient temperature gradients (Bearzi et al. 1997). During 
summer, larger groups might also be formed in order to 
protect the high proportion of calves, while during winter, 
groups might form for protection from predators, such as 
white sharks Carcharodon carcharias, which are known to 
prey upon dolphins (Hussey et al. 2012) and occur more 
often in the area during these months (Ryklief et al. 2014). 
Winter is also characterised by the sardine run, where 
dolphin groups from the study area or those that move 
through the study area pursue the large schools of sardines 
Sardinops sagax that move northwards along the east coast 
of South Africa at this time (O’Donoghue et al. 2010). That 

C SE z-value p-value
Model 1: Occurrence (presence/absence)

(Intercept) −4.65 0.95 −4.91 **
Substrate-rocky −0.74 0.30 −2.42 *
Substrate-sandy −0.18 0.31 −0.58 0.56
MPA-inside −1.70 0.81 −2.11 *
Season-spring 0.02 0.21 0.09 0.93
Season-summer −0.20 0.23 −0.84 0.40
Season-winter 0.77 0.22 3.49 **
Slope ratio −0.38 0.23 −1.67 0.10
SST 0.12 0.04 2.78 *
Substrate-rocky: MPA-inside 1.52 0.84 1.80 0.07
Substrate-sandy: MPA-inside 1.81 0.84 2.16 *

Model 2: Group size
(Intercept) 2.91 0.19 15.25 **
Season-spring −0.01 0.05 −0.13 0.90
Season-summer 0.62 0.05 13.64 **
Season-winter 0.62 0.04 14.86 **
SST −0.04 0.01 −4.18 **
Depth 0.04 0.00 20.96 **
Distance encounter to coast −0.001 0.00 −12.12 **
Calf presence 1.08 0.04 30.09 **
Behaviour-milling −0.29 0.06 −4.54 **
Behaviour-unknown −0.26 0.09 −3.03 *
Behaviour-resting 0.18 0.05 3.56 **
Behaviour-socialising 0.87 0.04 21.28 **
Behaviour-travelling −0.04 0.04 −0.90 0.37

Model 3: Calves group size
(Intercept) 1.11 0.23 4.82 **
Season-spring −0.03 0.11 −0.28 0.78
Season-summer 0.24 0.12 2.08 *
Season-winter 0.00 0.10 0.01 0.99
Depth 0.02 0.01 3.75 **
Distance encounter to coast 0.00 0.00 −3.95 **
*p < 0.05; **p < 0.001 

Table 4: Generalised linear mixed-effects models (GLMMs) of 
Tursiops aduncus effort-corrected occurrence (presence/absence) 
(Model 1), group size (Model 2), and calves group size (Model 3), 
as a function of the most-parsimonious predictor variables. Model 
coefficients (C) for predictor variables with standard errors (SE) and 
significance levels (p) for test results (z) are shown, with significant 
values indicated. Season, inshore benthic substrate type, marine 
protected area (MPA), and dolphin-behaviour predictor coefficients 
are shown relative to the reference categories ‘autumn,’ ‘mixed,’ 
‘MPA-outside’ and ‘foraging,’ respectively
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bottlenose dolphins tend to form larger groups when food 
is abundant, for safety reasons, or when there is a high 
proportion of neonates, has been previously documented in 
other studies (Connor et al. 2000; Heithaus and Dill 2002; 
Möller et al. 2002; Parra et al. 2011).

Modelling showed that, apart from being more commonly 
encountered in association with sandy habitat, dolphins 
were more likely to be encountered during winter months 
and outside rather than inside of the MPAs. This finding 
was influenced by the fact that two of the three MPAs 
were characterised mainly by rocky, steeply sloping 
benthic habitat, whereas sandy habitat was preferred. This 
emphasises that substrate type, rather than the protection 
level of an area, influenced the distribution of dolphins. The 
Goukamma MPA therefore includes preferred dolphin habitat 
and the northeastern section of Plettenberg Bay, which is 
not part of an MPA, is another key area that could benefit 
dolphins if there were some form of protection there (e.g. as 
a controlled ecotourism zone to minimise disturbance).

The current local MPA network was not specifically 
designed for cetacean protection and therefore any benefit 
accrued would be incidental. The efficacy of spatial protec-
tion of T. aduncus as a conservation tool—should the MPA 
network be more consistent with the habitat needs of the 
species, or if it were larger—is debatable. Indeed, opinion is 
divided regarding the value of MPAs for cetacean conserva-
tion, given the animals’ wide-ranging behaviour (Boersma 
and Parrish 1999; Hoyt 2005). Nevertheless, multiple 
studies have contributed to the identification of key areas 
for whales and dolphins, and have assisted in the creation 
or expansion of MPAs (e.g. Bearzi 2012). Concurrently, 
some existing MPAs have been shown to be beneficial for 
the protection of cetaceans (Hooker and Gerber 2004). 
Identifying critical habitats where cetaceans can feed, rest 
and reproduce is the first step towards being able to include 
cetacean needs into MPA design (Hoyt 2005). 

A potential limitation of this work is the lack of reef habitat 
identified for the study area. Elsewhere it has been shown 
that T. aduncus preferred feeding in areas that include both 
reefs and soft substrate (Cockcroft and Ross 1990a; Amir 
et al. 2005). While several reefs are known to occur especially 
within the Tsitsikamma MPA, they are patchily distributed and 
appear to be underrepresented in the national habitat map 
that was used, most likely because of the scale at which the 
map was produced. However, the presence of reefs may 
account for patches with a higher ER of T. aduncus within 
this MPA, which was otherwise less-utilised than sandy areas 
of Plettenberg Bay and the Goukamma area. To the west of 
the study area, the habitat map shows an area that consists 
primarily of reef habitat but this could not be included in the 
boat-based surveys of this study for logistical reasons. Use 
of aerial surveys to cover a greater area could allow greater 
coverage of habitat types and associated dolphin distribu-
tion, although this would not enable collection of the photo-
identification data that are necessary for population modelling 
based on mark–recapture. Another potential limitation of this 
study is the movement of the animals along the study area, 
either within a survey day or across different days. Some of 
the surveys (22%) were conducted in different sections on 
the same day, and animals could have potentially moved 
between those areas during the survey time-frame, thereby 

creating duplicate counts. However, this situation might help 
to reinforce the observed preference by T. aduncus for certain 
habitats on same-day surveys.

Ideally, the distributions of both predators and prey of 
T. aduncus need to be taken into account in habitat-use 
models. In the absence of complete information on such 
distributions or habitat preferences, the models were limited 
mainly to environmental and physical variables, which can 
serve as proxies for biological variables. However, the 
models explained limited variability in T. aduncus distribu-
tions (R2 values between 0.12 and 0.37), and would likely 
have been more informative if biological variables could 
have been taken into account. For example, the apparent 
avoidance of the Robberg MPA area might be associated 
with the abundance of white sharks attracted to this area 
because of the growing resident colony of Cape fur seals 
Arctocephalus pusillus pusillus that is present all year round 
(Huisamen et al. 2011). However, the possible effect of the 
predators would be difficult to distinguish from the effect of 
substrate type, given that the Robberg Peninsula is charac-
terised by mainly rocky habitat, which was not favoured 
across the study area. Winter is the time of year when young 
seals are most vulnerable to white shark predation and 
is therefore the time of year when white sharks are most 
prevalent in the vicinity of seal colonies (Ryklief et al. 2014). 
The fact that there was no interaction in the models between 
MPA (inside) and season (winter) does suggest that it is 
the substrate type, rather than the predator presence, that 
influences the dolphins’ avoidance of the Robberg area. 

Conclusions

This study has shown that Indo-Pacific bottlenose dolphins 
associate closely with a sandy-substrate habitat type. 
Rocky habitats appear to serve as corridors as they were 
used primarily as transient areas by dolphins. Sandy 
habitats were clearly the substrate type associated with 
non-travelling behaviours, and therefore represent an 
important feature for T. aduncus along South Africa’s 
south coast. The south coast of South Africa is character-
ised by exposed rocky shores with isolated and scattered 
sandy habitats along the coastline. Sandy substrate types 
are known to support many of the preferred prey species of 
T. aduncus (Cockcroft and Ross 1990a; Amir et al. 2005). 
Tursiops aduncus is also known to feed on reefs along the 
coasts of KwaZulu-Natal (east coast of South Africa) and 
Tanzania (Cockcroft and Ross 1990a; Amir et al. 2005), but 
this substrate type was underrepresented in the habitat map 
of the study area, highlighting that further assessments in 
reef habitat should be undertaken. Although not directly or 
originally designed for this purpose, the Goukamma MPA is 
ideally placed for dolphin protection as it encompasses both 
sandy and rocky-reef substrate types and is highly utilised 
by T. aduncus. The northeastern section of Plettenberg Bay 
is an unprotected dolphin hotspot and therefore creation of 
a controlled-use zone to minimise dolphin disturbance in 
this area should be considered. 
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Appendix: Locations of encounters with Tursiops aduncus in the research area, between the Goukamma and the Tsitsikamma marine 
protected areas (MPAs), South Africa, overlaid with the benthic substrate types 
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