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Abstract

The blue stingray Dasyatis chrysonota is an important and endemic coastal inhabitant of
southern African coastal waters however, it is listed as Near Threatened with declining
populations. Understanding it’s spatial ecology in the context of current Marine Protected
Areas (MPAs) is vital to not only inform population dynamics and ecological roles, but
to determine whether currently zoned MPAs can provide sufficient protection to this spe-
cies. Twenty-seven individuals were monitored using the Acoustic Tracking Array Plat-
form (ATAP—a nation-wide collaborative network of acoustic receivers) for up to 4.5
years. Individuals displayed site affinity to defined regions of the coast, with the majority
of detections for most individuals being recorded in the shallow bay/coastal shelf they were
tagged in. However, important movement corridors linking different habitats were also
identified (inshore vs offshore and coastal bay vs coastal shelf habitats). This habitat use
varied monthly and was influenced by temperature, with individuals displaying restricted
movements to the shallow bay habitat in summer when deeper waters were much colder.
The large collaborative nature of the ATAP allowed for the monitoring of a benthic ray
across large spatial scales for the first time, challenging preconceived notions that small
undulatory batoids cannot travel large distances (many individuals were found to travel up
to 200 km). Insights can also assist in local management of this species, and highlight that
current MPA zonation may not be sufficient to protect blue stingrays from further popula-
tion declines.
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Introduction

Rays (superorder: Batoidea) are considered one of the most threatened but under-
researched vertebrate groups globally. A recent global review found 36% of ray species
were considered at risk of extinction by the IUCN Red List of Threatened Species (Dulvy
et al. 2021). In order to inform population dynamics, understand ecological roles and guide
best management and conservation practices for rays, information on their movement ecol-
ogy over multiple temporal and spatial scales is necessary. Although studies of ray move-
ment have increased in recent years (for example Davy et al. 2015; Brinton and Curran
2017; Elston et al. 2021), there is still a lack of knowledge on their basic movement strate-
gies. For example, the extent to which species display site affinity (defined as residency
or a return to an area after migration) is still unclear, as well as their potential to con-
duct long-distance movements and connect multiple habitats, as studies over large-scales
of expansive coastal corridors are lacking (Flowers et al. 2016) (although there are some
limited examples from larger pelagic ray species, for e.g. Lowerre-Barbieri et al. 2021;
DeGroot et al. 2021).

Determining the degree of site affinity is important because it can structure coastal pop-
ulations on fine geographic scales (Chapman et al. 2015). Furthermore, knowledge on both
local habitat use, as well as larger-scale habitat connectivity, is required to understand habi-
tat dependence and the roles that rays may play within and across these habitats through
ecological niche dynamics and energy flow (Beck et al. 2001; Murray et al. 2018; Frisk
et al. 2019). Some pelagic rays have been found to be important in connecting different
habitats such as islands, reefs and estuaries along continental shelves (for example Ajemian
and Powers 2014; Braun et al. 2015; Ogburn et al. 2018; DeGroot et al. 2021). Conversely,
benthic rays have only been shown to display site affinity to shallow and protected eco-
systems, such as bays and estuaries (for example Cerutti-Pereyra et al. 2014; Davy et al.
2015; Brinton and Curran 2017), and it remains unclear whether these species may dis-
perse from, or move between, these habitats (i.e. display habitat connectivity), an artefact
of the small and constrained acoustic receiver arrays used in these studies.

It is also important to understand how environmental conditions may influence these
movement dynamics. Animals will move, sometimes across large distances, to locate
optimal conditions and resources (Doherty et al. 2017; DeGroot et al. 2021). Abiotic fac-
tors, specifically temperature, can be a major driver of movement in rays (Hight and Lowe
2007). They are ectothermic and consequently, temperature can influence their physiology
and biology, specifically growth and metabolic rates, embryonic development, parturition,
and the rate of digestion (Fangue and Bennett 2003; Hight and Lowe 2007; DiGirolamo
et al. 2012; Dale et al. 2013). Thermoregulatory behaviours will often manifest over sea-
sonal time scales, given that temperature changes across this temporal scale, particularly
at temperate latitudes (Hopkins and Cech 2003; Vaudo and Lowe 2006; Bassos-Hull et al.
2014).

Passive acoustic telemetry offers a highly suitable method to assess the site affinity of
a species, as well as habitat use and connectivity over small and large scales. Addition-
ally, this can be coupled with long-term environmental data series (for example ocean
temperature), allowing for the assessment of how environmental variables can influence
movement behaviour. Of great advantage has been the recent development of several large-
scale (hundreds to thousands of kilometres) tracking arrays consisting of acoustic receiv-
ers across the globe. Examples include the Integrated Marine Observing System’s (IMOS)
Animal Tracking Facility (Steckenreuter et al. 2017; Taylor et al. 2017), the USA’s Animal
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Telemetry Network ATN (Block et al. 2016) and South Africa’s Acoustic Tracking Array
Platform ATAP (Cowley et al. 2017). Specifically, the ATAP consists of an expanded net-
work of marine and estuarine acoustic receivers placed along the South African coastline,
providing the opportunity to assess large-scale movements and the connectivity of animals
between various habitats.

The blue stingray (Dasyatis chrysonota) is an ideal candidate to further the understand-
ing of how benthic rays may display site fidelity and habitat connectivity because of its
relative abundance and postulated seasonal movements. It is a medium-sized (up to 75 cm
disc width (DW), size at maturity is 41cm and 50cm for males and females respectively),
common, benthic stingray endemic to southern Africa. Blue stingrays are known to occur
in shallow inshore habitats (bays, estuaries and sheltered sandy beaches) during the sum-
mer, but are hypothesized to move to deeper offshore waters (up to 110 m depth) dur-
ing winter (Ebert and Cowley 2003; Last et al. 2016). However, it is unknown whether
individuals display fidelity (i.e. return to the same location) or dispersal (i.e. do not return
to same location) and to what extent they may connect coastal habitats. Additionally, it
is thought that the range of this species has shifted over the past three decades, from the
wide shelf area of the Agulhas Bank off the south coast of South Africa to the narrower
shelf area to the east (Currie et al. 2019). This range shift is partially attributed to rising
sea water temperatures associated with climate change and may represent a loss of habitat
to this species (Currie et al. 2019). It is therefore important to determine to what extent
temperature influences the movement and behavior of this species. Furthermore, the blue
stingray is currently listed as ‘Near Threatened’ by the [UCN Red List of Threatened Spe-
cies with a declining population trend (Pollom et al. 2020). Although it is not caught for
consumption purposes, it is captured as bycatch by trawl, commercial line, beach seine and
gill net fisheries where it is discarded (da Silva et al. 2015). It is also particularly targeted
by recreational anglers during competitions when they are abundant inshore (da Silva et al.
2015). Together, these fisheries account for the population reduction (da Silva et al. 2015).
South Africa currently has a network of 41 Marine Protected Areas (MPAs), covering 5%
of the Exclusive Economic Zone (EEZ), however the coverage of these MPAs have not
yet been examined in relation to the spatial ecology of stingrays. Therefore, knowledge on
their movement behaviours can inform whether the current MPA network is sufficient to
protect this species from further declines.

The overall aim of this study was to present information on the spatial and temporal
aspects of movement by adult blue stingrays along the South African coastline collected
using acoustic telemetry. Specific objectives included:

e Assessing whether there was site affinity to, or dispersal from shallow coastal ecosys-
tems
Determining if any important movement corridors exist to inform habitat connectivity
Assessing habitat use and whether this was was influenced by season and temperature
Relating this information to the current MPA design in South Africa
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Materials and methods
Study site and acoustic receiver array

Acoustic monitoring of blue stingrays occurred along the South African coastline
and was facilitated by the ATAP receiver network (Supplementary Fig. 1). This net-
work consists of just over 300 acoustic receiver locations that spans ~2200 km from
the Berg Estuary on the west coast of South Africa, up to Ponta do Ouro in southern
Mozambique on the east coast. At any given time, approximately 220 receivers (Inno-
vasea, model VR2W and VR2AR) are active, depending on which research projects
are currently underway. ATAP receivers are located within coastal bays, along shallow
coastal shelves, and within certain estuaries across a highly diverse array of ecosystems
and environmental conditions (Cowley et al. 2017). Broadly speaking, South Africa’s
coastline is strongly influenced by two contrasting boundary currents, the warm Agul-
has Current on the east coast and the cool Benguela Current on the west coast. These
contrasting currents give rise to three major marine biogeographical zones: a cool tem-
perate west coast zone, a warm temperate south coast zone, and a subtropical east coast
zone (Turpie et al. 2000). The coastline is largely exposed, but a few embayments and a
number of estuarine inlets exist.

Acoustic tagging

Tagging of blue stingrays occurred on the south coast biogeographical zone of South
Africa in three different areas (Fig. 1). The majority were tagged in coastal bays while
some were tagged along a shallow coastal shelf. Most individuals were tagged on the east-
ern section of the south coast (SEC) at two sites in Algoa Bay (n = 21, a coastal bay) in
October 2017, and the remainder were tagged on the western section of the south coast
zone (SWC) in Mossel Bay (n = 1, a coastal bay) in February 2016 and the De Hoop
MPA (n = 5, a coastal shelf) in December 2018 (Fig. 1B). Individuals were caught by
shore anglers using conventional fishing tackle and landed. Individuals were restrained in
tonic immobility on wet PVC sheets to reduce the possibility of loss of external mucous
coating. Innovasea acoustic transmitters were surgically implanted into their abdomens. All
tags were V13, barring one V16 tag (individual dc14). Tag battery life ranged from 991 to
3650 days. All individuals were safely released after the tagging procedure at their capture
locations.

Data analysis

All analyses were conducted in R (version 4.0.2) (R Core Team 2020). Despite the nation-
wide network of receivers spanning all three biogeographic zones of South Africa, individ-
uals were only detected on marine receivers in the south coast zone (see results) and thus
only receivers in this zone were considered in data analyses. These receivers were divided
into defined areas (e.g. bays or sections of the coastal shelf) and were further divided by
habitat type (Fig. 1). Habitat type for each receiver was extracted from the South Afri-
can Marine Ecosystem Map developed during the National Biodiversity Assessment (Sink
et al. 2019). Habitat types in the region included bay, deep rocky shelf, deep soft shelf,
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Fig.1 Map of the Acoustic Tracking Array Platform receivers along the south coast of South Africa, with
receivers denoted by circles and each colour representing defined areas. Defined habitat types are also rep-
resented by colour. Insets show more detailed maps of tagging areas; inset A shows the De Hoop Marine
Protected Area, inset B shows Mossel Bay, and inset C shows Algoa Bay. Pink stars represent exact tagging
locations. Black dotted polygons represent existing Marine Protected Areas

shallow rocky shelf, and shallow soft shelf. Receivers were classified based on both the
area they occurred in and the habitat type of the receiver.

Site affinity and dispersal

Detection indices (DIs) were used to assess the level of site affinity to an individual’s tag-
ging location. Two separate DIs were calculated: 1) a regional DI that considered pres-
ence on all receivers in the south coast zone and 2) a tagging location DI that considered
presence only on receivers in the defined area that individuals were tagged in (i.e. specific
bay or stretch of coastal shelf). The comparison of these two DIs provided information on
whether individuals were detected more in the area they were tagged (i.e. displaying site
affinity) or if they were detected more in other locations along the coastline (i.e. disper-
sal). The DI was calculated as number of days detected / number of days monitored. Days
monitored was defined as the period between the date of tagging and 31 July 2020 (as most
of the tags expired shortly after this date). An individual was considered to be present in
an area if it was detected one or more times on a receiver in that area over a 24-h period.
The minimum threshold of 1 detection, instead of the more commonly used 2 detections,
was chosen because of the sparse nature of the receiver array resulting in fewer detections.
Detections were manually inspected to remove poor quality or potentially spurious detec-
tions to reduce the likelihood of false detections. Spurious detections were defined as those
recorded by a receiver that had washed up prior to the official retrieval, or when detections
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were recorded once on a receiver that was significantly out of range of the individual’s nor-
mal space-use.

The distance between an individual’s tagging location and each acoustic detection on a
receiver was calculated. Distances were calculated using the dispersalSummary function
in the ATT add-on to the VTrack R package (Campbell et al. 2012). Generalised Linear
Mixed Models (GLMMs) were used to determine if distances travelled by individuals were
influenced by sex, size or the tagging location of the individual. The distances best fit a
log-normal distribution, therefore the Gaussian family with a ‘log’ link was used to cre-
ate the model. The random effect in the model was ‘Individual’. An Information-Theoretic
approach was adopted whereby the top performing models were determined through hav-
ing the lowest AICc scores (if models had a delta AICc < 2 they were considered the best
performing models).

Networks were created to visually assess the areas that individuals were traveling
between. In this approach, receivers were considered as nodes and movements between
receivers were considered as edges in the network.

Movement corridors and habitat connectivity

An Individual-Based Model (IBM) was developed to test the hypothesis that certain cor-
ridors of movement between receivers (i.e. edges identified in the constructed networks)
were utilized more than expected based on model predictions and the distances between the
receivers. The approach used by Jacoby et al. 2020 was adopted. As the model is based on
the relationship between the frequency of movements between receivers and the distance
between those receivers, maximum likelihood estimation (MLE) was used to determine if
this relationship best followed a log-normal, power or exponential distribution. This was
done using the poweRlaw package in R (Gillespie 2015).

The best fitting distribution was then used to parameterize a distance-decay IBM. A
distance-decay model was chosen as it controlled for the tendency of nodes (receivers) that
are closer together in space to be more connected within the network structure (Jacoby
et al. 2020). The distances between receivers were calculated using the circuitous distance
function in the VTrack R package (Campbell et al. 2012). This calculated the straight-line
distance between a set of geographical coordinates with the use of waypoints to create indi-
rect paths. This was chosen as the South African coastline does not represent a straight-line
and waypoints were created at various features along the coast (for e.g. peninsulas) to bet-
ter represent the path an individual would have to swim between receivers.

To run the IBM, a starting node from the area was randomly chosen and a number of
‘virtual stingrays’ (S) were simulated to move between the receivers in a given area for
a number of transitions (N). Both the number of stingrays and the number of transitions
mirrored the observed data. Transitions were weighted by the probability of that transition
occurring based on the distance between receivers. Probabilities were drawn from the best
fit distribution identified (log-normal, power or exponential). The simulation of S sting-
rays undertaking N transitions was repeated 1,000 times so that the observed number of
transitions in the real network could be compared to the expected number of transitions in
the simulated networks. These comparisons were performed using a Bonferroni corrected
alpha (alpha of 0.05 divided by the number of possible transitions in the network). If a tran-
sition frequency between two receivers was statistically higher than the model predicted
(confirmed through the Bonferroni corrected alpha), then this movement corridor was
defined as being used more than expected and was mapped onto the network to visualize
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where these important movement corridors were located. Two separate IBMs were run for
blue stingrays tagged in Algoa Bay (SEC) and in the De Hoop MPA (SWC).

Habitat use and the effect of season and temperature

The depth and substrate types over which blue stingrays were detected was determined. A
Generalised Additive Model (GAM) was then used to determine if habitat use by stingrays
was influenced by season and temperature. An additive model was chosen because it does
not assume the underlying distribution of the data to be linear, and in this case, potential
seasonal patterns would follow a cyclical (not linear) distribution. This model was run for
individuals tagged in Algoa Bay only as there was a sufficient number of detections and
temperature data to investigate trends. As individuals were hypothesized to use the inshore
bay habitats on a seasonal basis, two separate data sets were created. One data set included
presence/absence data for inshore bay habitats and the other included presence/absence
data for offshore bay or coastal shelf habitats. A binomial model (with a logit link function)
was developed whereby daily presence/absence to the defined habitat was the response var-
iable. Covariates included month and two separate mean daily water temperatures (inshore
and offshore). Water temperatures were recorded by HOBO temperature loggers (U22-001,
Onset®, Cape Cod, Massachusetts, USA) in the two separate habitat types being inves-
tigated. The first logger was situated at 10 m depth on the inshore habitat of Algoa Bay
(north-western corner), the second was situated at 70 m depth on the offshore habitat of
Algoa Bay (centre of the bay). A smooth term was applied to each covariate, and the sig-
nificance of each smooth was assessed to determine if season and temperature influenced
habitat use. Autocorrelation of residuals was assessed using the default ACF function in R
and it was determined there was no significant structure in the residuals.

Results

A total of 27 blue stingrays were tagged (18 female and 9 male, representing a skewed sex
ratio of 2:1 in the favour of females). Tagged individuals ranged in size from 39 - 72 cm
DW. One individual was not considered sexually mature at the time of tagging based on
size estimates (dcO1). Only two individuals were never detected on a receiver, and a total
of 32,921 detections were recorded. However, after the removal of poor quality and poten-
tially spurious detections, 32,451 detections remained.

Site affinity and dispersal

Individuals tagged in Algoa Bay, Mossel Bay and the De Hoop MPA were monitored for
2.5 years, 4.5 years and 1.5 years, respectively. Overall, the rate of detection along the
entire south coast zone receiver array, and thus the calculated array DIs, were low. The
majority of individuals (n = 22) were detected on less than 10% of days monitored
while only three were detected for more than 10% of days monitored (dc03, dcl15, dc17)
(Table 1). Despite the sporadic nature of detections, most individuals were detected across
a number of months and years (Fig. 2).

Individuals tagged in Algoa Bay (SEC) did not have overlapping ranges with indi-
viduals tagged in the SWC (i.e. Mossel Bay and De Hoop MPA) (Fig. 3). The exception
was one individual (dc08) who was tagged in the SEC but dispersed to the SWC where
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Fig.2 Daily detection plot for all blue stingrays tagged along the eastern and western section of the south
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detections ceased months later (Fig. 2). Furthermore, most detections occurred in the
defined areas individuals were tagged in (that being defined coastal bays or shelves),
with 15 individuals recording 100% of detections in their tagging area (Table 1). Five
individuals (dc02, dc09, dcl5, dc19, dc24) had the majority of detections in their tag-
ging area, but were sometimes detected in other bays or sections of the coastal shelf.
Interestingly, four individuals recorded less than half of their detections in their tagging
areas (Table 1, Fig. 2). These included an individual who was tagged in the De Hoop
MPA but was detected often in Mossel Bay (dcO1, a distance of %200 km east), and
individuals tagged in Algoa Bay, but were mostly detected in the neighboring St Francis
Bay (dc05, dc07, a distance of ~#80 km west) or on the neighboring East London coastal
shelf (dc10, a distance of %200 km east).

These trends were reflected in the distances that individuals travelled. Most individu-
als had the majority of detections less than 50 km away from their tagging locations.
However, some individuals were often found to travel distances of 100-200 km, and
the single individual who dispersed from the eastern to the western section of the south
coast had most detections ~450 km from their tagging location (Fig. 4). This individ-
ual was removed from GLMMs given this outlier behavior. Sex, size, and to a lesser
extent tagging location significantly influenced the distances travelled by individuals.
Although females had a slightly larger mean travel distance, males were found to have
larger travel distances overall (a higher number of outlier movements). Travel distance
significantly decreased with size. While the individual tagged in Mossel Bay displayed
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Fig.4 Distances travelled (in km) by individual blue stingrays from their tagging locations for every detec-
tion

@ Springer



190 Biodiversity and Conservation (2023) 32:181-202

. . .
. . .
. . .
200 200 200
. . .
[3 .
I3 . . .
L] .
£
=
(o3
o
5 H * . . . ¢
2
[a)
. . . . . L]
100 100 100
. . .
. ] | 1 . . ]
. . .
. . . . [l
. . . . . .
. ° . ‘e . . H . .
. . o ‘ . . . -_—
' : et . Cee i .
i LI I I:!:I
. .00 ' .
0 ol* 8 8 E. I 0
Female Male 40 50 60 70 AlgoaBay De Hoop Mossel Bay
Sex Disc width (cm) Tagging area
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the highest mean travel distance, those tagged in Algoa Bay travelled further distances
more frequently (Fig. 5).

Movement corridors and habitat connectivity

Upon comparing the simulated networks to the observed network for individuals tagged in
Algoa Bay, most movements between receivers were not statistically different from what
was expected based on the distance between receivers. However, a few important move-
ment corridors were identified. Movements between inshore Algoa Bay receivers and off-
shore receivers, and to neighbouring shallow coastal shelf areas, occurred at higher rates
than expected from the IBM (Fig. 6). Additionally, the north-western corner of Algoa Bay
was shown to be particularly important as a movement corridor, despite these receivers
being situated closely together.

Upon comparing the simulated networks to the observed network for individuals tagged
in the De Hoop MPA, there were a number of important corridors identified between the
coastal shelf and Mossel Bay, a large coastal bay ~200 km away (Fig. 7).

Habitat use and the effect of season and temperature

Blue stingrays tagged on the SEC were only detected on 35 out of a possible 86 receivers
on the SEC and most detections occurred in the inshore Algoa Bay habitat. Individuals
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also moved out of the bay and onto the deep soft shelf and the neighboring coastal shallow
soft shelf and shallow rocky shelf. While many of the shallowest receivers did not record
any detections, it still remains that the receivers occurring at depths less than 30 m (most
notably at less than 15 m) recorded the largest number of daily detections. Individuals
tagged in the SWC were only detected on 23 out of a possible 52 receivers on the SWC and
most detections occurred in the inshore Mossel Bay habitat and on the coastal shelf of the
De Hoop Nature Reserve. Three individuals travelled between these areas. Most detections
occurred in the ‘Bay’ and ‘Shallow rocky shelf” habitat types. There was one receiver in
each of the ‘Deep soft shelf” and ‘Shallow soft shelf’ habitat types and they both recorded
a large number of detections too. Although there were a number of receivers in shallow
waters < 20 m deep, most detections occurred on receivers at depths between 20 and 40 m
(Supplementary Fig. 3).

Temperatures recorded in the inshore shallow habitat of Algoa Bay were on average
higher than the temperatures recorded in the offshore deeper habitat year-round (Fig. 8).
However, seasonal differences in temperature were apparent. Inshore temperatures were
higher in the summer and lower in the winter months. Conversely, offshore temperatures
were lower in summer and higher in the winter months. This resulted in very large temper-
ature differences between these two habitats in the summer, but mostly overlapping tem-
perature ranges in the winter (Fig. 8).
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Fig.8 Average daily inshore and offshore sea temperatures for Algoa Bay between October 2017 and May
2020. The inshore logger was situated at 10 m depth in the north-western corner of the bay while the off-
shore logger was situated at 70m depth in the middle of the bay. Temperatures were recorded every hour by
loggers
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Fig.9 Probability of detection of blue stingrays at inshore habitats of Algoa Bay against inshore tempera-
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Fig. 10 Probability of detection of blue stingrays to offshore and coastal shelf habitats of Algoa Bay against
inshore temperature, offshore temperature and month of the year

Offshore temperature and month were significant predictors of daily ray presence to the
inshore bay habitat of Algoa Bay (Table 2). The probability of detection in this inshore
habitat significantly declined in winter months and was significantly higher when offshore
temperatures were lower. Although the influence of inshore temperature on inshore pres-
ence was not significant, there was a positive trend (Fig. 9).

Only month was a significant predictor of daily presence of blue stingrays at offshore
and coastal shelf areas (Table 3). The probability of detection in these habitats peaked in
winter and spring months, and was lowest during the summer months. Although the trend
with temperature was not significant, the probability of detection at offshore and coastal
shelf areas increased with increasing offshore temperatures and decreased with increasing
inshore temperatures (Fig. 10).

Discussion
This study provides the first insight into the spatial ecology of the blue stingray in South

Africa. The insights gained on this benthic stingray are novel, impactful and have important
ramifications for future studies in this field. Although results revealed that blue stingrays
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Table 1 Detections metrics for blue stingrays across the entire receiver array (array) and within their tag-
ging location (tag)

Individual Sex DW DM DD_array DI_array DD_tag DI_tag Proportion
days in tag
dc01 Female 39 594 18 0.03 9 0.02 0.50
dc02 Male 42 1005 18 0.02 12 0.01 0.67
dc03 Male 42 1044 272 0.26 272 0.26 1.00
dc05 Male 43 1000 20 0.02 6 0.01 0.30
dc06 Male 45 1000 45 0.05 45 0.05 1.00
dc07 Male 47 1000 45 0.05 0 0.00 0.00
dc08 Male 48.5 1004 20 0.02 4 0.00 0.20
dc09 Female  49.5 1004 39 0.04 35 0.03 0.90
dcl0 Male 50 1000 3 0.00 1 0.00 0.33
dell Female  51.5 1003 42 0.04 42 0.04 1.00
dcl2 Female  51.5 1003 51 0.05 51 0.05 1.00
dcl3 Female 52 1617 63 0.04 63 0.04 1.00
dcl4 Female 52 594 25 0.04 25 0.04 1.00
dcl5 Female  52.5 594 58 0.10 39 0.07 0.67
dcl6 Female 54 1003 42 0.04 42 0.04 1.00
dcl7 Male 56.5 603 90 0.15 90 0.15 1.00
dcl8 Female 58 1003 49 0.05 49 0.05 1.00
dc19 Female  61.5 1005 44 0.04 41 0.04 0.93
dc20 Female 62 1000 32 0.03 32 0.03 1.00
dc21 Female 62 594 12 0.02 12 0.02 1.00
dc22 Female 63 1000 54 0.05 54 0.05 1.00
dc23 Female 65 1005 37 0.04 37 0.04 1.00
dc24 Female 65 1000 29 0.03 28 0.03 0.97
dc26 Female 67 1000 66 0.07 66 0.07 1.00
dc27 Female 72 1000 23 0.02 23 0.02 1.00

DW disc-width, DM days monitored, DD days detected, DI detection index

Table 2 Results of the
Generalised Additive Model for
presence of blue stingrays tagged

in the SEC of South Africa at Term EDF Chi_squared p value
inshore habitats of Algoa Bay

Presence ~ s(temperature inshore) + s(temperature offshore) +
s(month, bs=cc, k =12)

s(temperature inshore) 3.64 8.16 0.12
s(temperature offshore) 2.80 10.16 0.03
s(month) 5.89 42.98 2.67E—-09
Adusted R squared 0.149

Deviance explained 12.80%

displayed a high degree of site affinity (likely to be site fidelity specifically) to particu-
lar areas along the South African coastline, important movement corridors highlighting
coastal habitat connectivity and large-scale movements were identified for the first time for
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Table 3 Results of the
Generalised Additive Model
for presence of blue stingrays

Presence ~ s(temperature inshore) + s(temperature offshore) +
s(month, bs=cc, k =12)

tagged in the SEC at offshore and  Term EDF Chi.squared p value

coastal shelf habitats of Algoa

Bay s(temperature inshore) 1.00 0.87 0.35
s(temperature offshore) 1.00 2.84 0.09
s(month) 4.36 11.33 0.02
Adusted R squared 0.149
Deviance explained 12.80%

a benthic stingray. Blue stingrays were found to travel much larger distances than have been
previously recorded, and traditionally assumed, for small benthic, undulatory batoids, with
a number of detections recorded up to 200 km away from individuals’ tagging locations.
These novel insights into large-scale movements were only possible given the large spatial
coverage of the ATAP receiver array and this study illustrates the value of a large collabo-
rative acoustic receiver array with expansive spatial coverage.

Site affinity and habitat use

Although detections were sporadic given the sparse nature of the receiver array paired with
the species’ biology, inter-annual site affinity to specific areas along the South African
coast were identified. Blue stingrays tagged in different regions (i.e. SEC and SWC) did
not display overlapping ranges. Furthermore, the majority of individuals had most of their
detections, across multiple years, in the area in which they were tagged. Site affinity was
reiterated through traditional tag-recapture data. The ORI-cooperative fish tagging project
have tagged 1332 blue stingrays since 2010, but have only had 8 recaptures. Of these 8
recaptures, 7 were recaptured less than 10 km from the initial tagging location after a mean
time-at-liberty of 92 days (range 0-271 days). The final individual was recaptured 97 km
away from the tagging location after a time of liberty of 1217 days (Jordaan and Mann
2021).

There may, however, be some exceptions to this apparent site affinity; for example, one
outlier male displayed dispersive behaviour whereby almost a year after tagging it left the
SEC for the the SWC (De Hoop MPA) and appeared to remain in this region for over a
year. Given the singular nature of this occurrence likely due to small sample size, it is dif-
ficult to reconcile. However, it suggests some individuals disperse to a different region,
which facilitates the flow of genetic material. Individual variability in movements has been
seen before in sharks (Matich and Heithaus 2015), but remains not well understood in elas-
mobranchs in general. Regardless, our evidence suggests sub-population structuring of
blue stingrays along the south coast, as has been suggested for the white-spotted eagle ray
Aetobatus narinari in Florida, which despite being a larger, pelagic and more mobile ray,
displayed variable movement patterns related to tag location (DeGroot et al. 2021). Future
genetic research would be notably helpful to confirm this potential fine-scale population
structuring of blue stingrays along South Africa’s coast, information that is vital for the
successful management of this species.

Interestingly, site affinity to both the shallow areas of coastal bays and an exposed
coastal shelf was identified. While coastal bays have often been reported to be important
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habitat types to benthic stingrays (Cerutti-Pereyra et al. 2014; Davy et al. 2015; Brinton
and Curran 2017), only one other study has found a coastal shelf (specifically a coastal
beach) to be an important habitat type (Vaudo and Lowe 2006). In the present example,
inshore shallow coastal shelves, especially the surf zone of sandy beaches, have been iden-
tified as productive feeding grounds for blue stingrays (Ebert and Cowley 2003), which
could be a factor driving the use of this habitat type. The potential value of shallow coastal
shelves should be taken into consideration for future studies assessing site affinity and habi-
tat use of stingrays to determine whether they could be a more commonly used habitat type
than currently assumed. It is also worthwhile to note that while blue stingrays are reported
to use estuarine habitats (Last et al. 2016), no detections were recorded in estuaries in this
study, despite the presence of receivers in a number of estuaries on the south coast. It may
be that estuary use is a rare phenomenon for this species or that individuals who may use
estuaries were not tagged, based on the marine sampling approach.

Migration and habitat connectivity

Most blue stingrays had periods when they were often detected in their tagging area, inter-
spersed with periods of absences. It is difficult to ascertain whether these individuals left
their tagging area during these periods of absences (site fidelity), or whether they remained
in the area but were simply not in range of a receiver (residency), however, evidence points
to the former.

Firstly, blue stingrays were mostly detected within 50 km of their tagging location, indi-
cating periods of residency to a core area. However, exceptional distances were often trav-
elled, sometimes up to 200 km, indicating that individuals left their core areas. It is also
worthwhile to note the one individual who dispersed almost 500 km from its tagging loca-
tion. To the best of our knowledge, these are the largest movement distances recorded for
a benthic undulatory ray. In previous studies, round stingrays Urobatis halleri were found
~30 km away from their tagging beach (Vaudo and Lowe 2006) and a cowtail stingray
Pastinachus ater was found to travel ~90 km on a shallow oceanic bank in the Seychelles
(Elston et al. 2020). One study has shown a small-eye stingray Megatrygon microps to
make a return trip of 400 km, however, this species is very likely semi-pelagic in nature
given it’s extensive size (Boggio-Pasqua et al. 2019). This previous lack of evidence for
large distance movements in stingrays could be due to either the actual behaviour, but it
is also likely a function of previous receiver array set ups that have been limited in their
spatial coverage. Future studies should increase the extent of their receiver arrays where
possible to determine the distances which stingrays may travel outside of their core areas.

Secondly, site fidelity rather than residency was evidenced through seasonal trends in
habitat use. For blue stingrays tagged in Algoa Bay, there was a significantly higher proba-
bility of detection in the inshore bay habitat during summer, and in the offshore and neigh-
boring habitats during winter, suggesting seasonal migrations. This corroborates previous
work on the habitat use of the blue stingray, where adults were found to be commonly
caught in the inshore zone in summer, but were caught in offshore habitats in winter (Ebert
and Cowley 2003). Furthermore, important movement corridors were identified in the pre-
sent study, particularly between different habitat types. Corridors between inshore and off-
shore habitats, and between shallow coastal shelves and bays were particularly important,
highlighting critical habitat connections and potential migration corridors. Indeed, many
individuals were found to leave their area of tagging for offshore or neighouring areas
followed by a period of absence, and return to their tagging location, often via the same
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pathways. This absence means we cannot identify their overwintering grounds, but it may
be that they move further offshore beyond the receiver array.

These are novel insights into the large-scale space use and coastal habitat connectivity of
a benthic stingray. A number of marine vertebrates are known to connect widely separated
ecosystems via large-scale movements such as seasonal migrations. Elasmobranchs, in par-
ticular, are often considered as important for ecosystem connectivity, yet large-scale move-
ment studies have been focused on apex predatory sharks (Hammerschlag and Sulikowski
2011) with little effort to understand the role of mesopredatory rays in linking habitats. The
vast majority of studies investigating ray movements have had receiver arrays limited to a
single coastal bay, beach, or estuary. For example, round stingrays seasonally used a small
sandy beach, but individuals were not tracked when they left this area (Vaudo and Lowe
2006). Similarly, juvenile cowtail stingrays and porcupine rays Urogymnus asperrimus had
a higher probability of detection within a coastal bay during autumn and winter, but were
not tracked outside of the bay (Cerutti-Pereyra et al. 2014). Small Atlantic stingrays Dasya-
tis sabina travelled between two estuaries, but these were located less than 20 km apart
(Ramsden et al. 2016). More recently, a study utilized a collaborative network of receiv-
ers to highlight large-scale migration patterns for the white-spotted eagle ray A narinari;
however, this is a pelagic species known to travel relatively far distances (DeGroot et al.
2021). The present study is the first to track large-scale coastal habitat connectivity and
movements outside of a core area using acoustic telemetry for a benthic undulatory ray and
was only possible through having collaborative nodes of receivers along the coastline. This
has important ecological ramifications as species that move between habitats perform vital
ecosystem services through trophic interactions (e.g., predator-prey relationships), as well
as energy and nutrient transfers between habitat types (Griffin et al. 2018; Flowers et al.
2020).

Influence of temperature

Algoa Bay is known to be a fairly dynamic ecosystem in terms of temperature. During sum-
mer, prevailing wind conditions cause seasonal upwelling on both the eastern and western
points of Algoa Bay. Additionally, intense thermoclines develop during this time (Goschen
and Schumann 2011), resulting in deeper waters being much cooler than shallower waters,
trends reflected in the temperature data presented in this study. These seasonal temperature
patterns were found to significantly influence the habitat use of blue stingrays. In sum-
mer, as offshore deeper waters got colder, blue stingrays constrained their movements to
the warmer inshore waters of Algoa Bay. Most notably, the north-western corner of Algoa
Bay may represent a thermal refuge for these blue stingrays during summer, as the cold
upwelled water doesn’t penetrate into this corner (Goschen and Schumann 2011). Indeed,
most detections of blue stingrays occurred in this north-western corner and connections
between receivers closely-placed in this area were more important than expected from ran-
dom movements. Other ray species have also been shown to restrict their movements to
certain temperature limits (Armstrong et al. 2020; DeGroot et al. 2021) and is unsurprising
given the ectothermic nature of rays. The lower temperatures reached in deeper waters dur-
ing summer (<12 °C) may represent the thermal limit for blue stingrays.

Conversely, during winter, upwelling and stratification events are uncommon, and
inshore and offshore temperatures are relatively similar. This likely facilitates the move-
ment out of the inshore area to offshore and neighboring habitats during this time. How-
ever, temperature was not found to be a significant influence of this winter migration,
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suggesting there may be other reasons behind it. Various biotic factors such as prey avail-
ability, predator abundance and the presence of conspecifics have been shown to structure
the movements of rays (Collins et al. 2007; Jaine et al. 2012). For blue stingrays, mating
behaviours, such as ovulation and fertilization, occur in the inshore region during summer
(Ebert and Cowley 2008). It may be that during winter when females are pregnant and have
higher energetic demands, they expand their range of movement to larger or more ener-
getically beneficial hunting grounds offshore. This could potentially be the reason behind
females traveling a larger mean distance. However, having movement constrained to a
nearshore environment because of temperature in the summer may represent a time of high
levels of competition with other con- and hetero-specifics (rays and other bony fishes) for
food resources, which could potentially be the reason that this species expands it’s range
during winter.

Implications for management and conservation

The scale at which species are managed often do not adequately match the ecology of that
species, hindering the success of management and conservation plans (Griffin et al. 2018).
However, the integration of acoustic telemetry data into contemporary management of
marine fishes has proven successful (Brooks et al. 2019). Blue stingrays contribute a sig-
nificant proportion of the fish biomass to certain inshore coastal regions of South Africa
(Cowley 1997), and as such likely play important ecological roles within these ecosystems.
However, populations are in decline according to the most recent IUCN Red List assess-
ment and current management initiatives do not appear to be sufficient to protect this spe-
cies from further declines.

Although a large MPA already exists within Algoa Bay, the outcomes of this study
suggest that this MPA likely has little benefit for blue stingrays in this region. The vast
majority of detections were recorded in the north-western corner of the bay, outside of the
boundary of the MPA. This north-western corner likely represents an important thermal
refuge for blue stingrays in the summer months and as such, concentrated anthropogenic
stressors in this area could have a disproportionate effect on the overall population. Most
notably, blue stingrays are commonly caught by recreational anglers in this region during
summer, and a large portion of these individuals are pregnant females. Abortions are com-
mon due to the stress of the capture (Adams et al. 2018, P. Cowley pers. comm.) and may
be contributing to the population decline seen for this species. Conversely, the majority of
detections for individuals tagged in the De Hoop MPA were inside the MPA, suggesting
this MPA may be conferring local protection to these individuals. However, as individuals
in both tagging regions were found to travel large distances to offshore and neighbouring
habitats, this likely represents times when blue stingrays are vulnerable to capture; blue
stingrays have been caught as by-catch in the offshore trawl fishery during winter months
(Ebert and Cowley 2003).

Based on the outcomes of this study, future management plans that consider this spe-
cies could include extending current MPAs, especially the current MPA in Algoa Bay, to
include the areas determined as most important to blue stingrays. Alternatively, attempting
to reduce the impact of recreational angling on this species through traditional manage-
ment efforts, such as a closed season during the time when females are in the later stages of
their pregnancy, may also benefit this species. Management likely needs to occur on local
scales, given the potential for sub-population structuring and the observed differences in
movement behaviour at a regional level.
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