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Investigating the spatiotemporal ecology of elasmobranchs is an important
precursor to their effective management. Understanding long-term patterns in the
movement and habitat use of threatened species can improve management plans so
that they yield increased conservation benefits. We investigated the spatiotemporal
and environmental drivers that underpin the abundance and distribution of
elasmobranchs around reef habitats in southern Mozambique to highlight reefs
that are important (“hotspots’) to the regional elasmobranch community. Visual belt
transects (n = 738), supported by video recordings, were completed on 16 reef sites
off the coast of southern Mozambique from 2018 to 2022. Nine elasmobranch
species were encountered annually (Carcharhinus amblyrhynchos, Triaenodon
obesus, Stegostoma tigrinum, Neotrygon caeruleopunctata, Pateobatis jenkinsii,
Taeniurops meyeni, Mobula kuhlii, Mobula alfredi, Mobula birostris) and 11
individual environmental and spatiotemporal parameters (horizontal water visibility,
tidal range and state, moon illumination, temperature on the reef, cloud cover, time
of day, day of the year, transect distance from shore, transect depth, and the region
that the transect occurred in) were measured. All species, (bar P. jenkinsii) were
significantly more abundant around certain reefs in the sampled region. Total counts
for most species were highest in the austral summer however two species’ (M.
birostris and S. tigrinum) were most abundant in the winter months. The tidal state,
tidal range, and moon illumination correlated significantly with the numbers of each
of the nine elasmobranch species. Non-Metric Multidimensional Scaling (NMDS)
indicated that species’ responses to the measured parameters grouped
taxonomically. Environmental influences resulted in strong seasonal patterns of
reef use by large-bodied and pelagic elasmobranch species (e.g. manta rays). The
measured environmental parameters also resulted in daily, monthly, and seasonal
patterns of abundance of reef-resident stingray and shark species. Banning
extraction of elasmobranch species around the reefs where they aggregate and
reflecting species distributions within fisheries regulations may significantly benefit
the regional elasmobranch community.
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Introduction

Coastal reef habitats provide elasmobranch species with refugia,
nursery areas, ontogenetic staging points and stable locations for
social convergence and reproduction (Wolff et al., 2018; Freeman,
2019; Maioli et al, 2023). Characterizing the mechanisms that
underpin elasmobranch species’ use of, and relative fidelity to,
reef habitat can provide important information for how the
habitat could be managed to conserve elasmobranch populations
(Friedlander et al., 2022; Hsu et al., 2022; Maioli et al.,, 2023).
Depleted elasmobranch populations across the Indian Ocean, a
changing climate, and the worldwide degradation of reefs means
that understanding how elasmobranchs use coral reefs is becoming
ever more important (Field et al., 2009; Sherman et al., 2023;
Simpfendorfer et al., 2023).

Many elasmobranch species including reef sharks, manta rays
and stingrays show preferences for visiting some reefs over others
(Dulvy et al., 2014, Dulvy et al., 2021; Hsu et al., 2022; Maioli et al.,
2023). Grey reef sharks (Carcharhinus amblyrhynchos), white tip
reef sharks (Triaenodon obesus), zebra sharks (Stegostoma
tigrinum), giant manta rays (Mobula birostris), reef manta rays
(Mobula alfredi), shortfin devil rays (Mobula kuhlii), Kuhl’s mask
rays (Neotrygon caeruleopunctata), and blotched fantail stingrays
(Taeniurops meyeni) predictably return to specific reef sites to
utilize cleaning stations, forage, or reproduce (Pierce et al., 2009;
O’Shea et al., 2010; Penaherrera et al., 2012; Dudgeon et al., 2013;
Rohner et al., 2013; Murie et al., 2020; Maioli et al., 2023). Since a
variety of elasmobranch species collectively show fidelity for specific
reef sites, the benefits of protecting these locations are obvious (Luo
et al,, 2012; Dulvy et al., 2014; Friedlander et al., 2022). Identifying
these reefs and characterizing the environmental and
spatiotemporal drivers that underpin elasmobranch reef-use can
help tailor regional fisheries policies to benefit their conservation
(Schlaft et al., 2014; Filous et al., 2017; Heupel et al., 2019).

Elasmobranch reef use is influenced by a variety of environmental
drivers (Schlaff et al., 2014; Heupel et al., 2019). Changes to the water
temperature, tide, moon, and currents can affect elasmobranch
respiration, metabolism, growth, foraging, and reproduction
(Schlaft et al., 2014; Wolff et al., 2018; Heupel et al., 2019). The
overlapping life histories and spatial/ecological characteristics of
some reef-dwelling species mean that they experience and respond
to environmental changes over similar spatiotemporal scales (Schlaff
et al., 2014; Friedlander et al.,, 2022; Hsu et al., 2022; Maioli et al.,
2023). Reef-resident species can be acutely affected by environmental
change (O’Shea et al., 2010; Heupel et al., 2019). For many species of
reef shark and stingray this results in hourly, daily, and monthly
patterns of migrations between reef systems (O’Shea et al., 2010;
Heupel et al,, 2019). Pelagic sharks and rays’ range across broad
spatial scales and their seasonal patterns of regional presence often
coincide with periods of heightened productivity (O’Shea et al., 20105
Rohner et al.,, 2013; Hsu et al., 2022; Maioli et al., 2023).
Understanding periods when elasmobranch species become
abundant in a region and examining their high-use of reef sites can
allow managers to tailor fisheries regulations and implement site-
specific management practices (Schlaff et al., 2014; Hsu et al., 2022;
Daly et al., 2023; Maioli et al., 2023).
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Currently only CITES listed elasmobranch species are protected
in Mozambican waters (Pierce et al., 2008; O’Connor and Cullain,
2021). Whilst information is scarce published reports indicate that
elasmobranchs are harvested at an unsustainable rate in artisanal,
semi-industrial, and industrial fisheries (Afonso, 2006; Pierce et al.,
2008; Tung and Mozambique, 2016). Artisanal fishers target
elasmobranchs and extract them as bycatch to sell their meat and
fins (Pierce et al, 2008). Longline fisheries reports reveal that
Prionace glauca (16%), Isurus oxyrinchus (11%), Carcharhinus
sorrah (10%), Squalus asper (8%), and Carcharhinus leucas (8%)
are the most commonly caught and that longline boats catch up to
570 kilograms of shark per day (Tung and Mozambique, 2016).
Population declines have been reported for manta rays in
Mozambican waters but few investigations have focused on other
elasmobranch species despite the region being classified as one of
the worlds Important Shark and Ray Areas (Rohner et al., 2013;
O’Connor and Cullain, 2021; Jabado et al., 2024). This study aims to
characterize the spatiotemporal and environmental drivers that
underpin elasmobranch reef use in southern Mozambique. A
series of SCUBA based visual belt transects were completed over
several years (2018 — 2022) to highlight reefs that are important to
the regional elasmobranch community. We address the following
hypotheses: ! elasmobranch species are more common on deeper
reefs farther from the shore; * elasmobranch species’ visits vary on a
seasonal basis and are influenced by the water temperature, tide,
water currents, and moon illumination; and > closely related species
use similar reef habitats and have similar responses to changes in
the water temperature, tide, water currents, and moon illumination.
The findings will be discussed in the context of regional
elasmobranch conservation.

Materials and methods
Ethics statement

This study was conducted in accordance with all relevant
regulations and was ethically approved by the University of
Chester’s animal ethics committee.

Surveyed reefs

Elasmobranch visits were recorded at 16 reefs off the coast of
Praia do Tofo (23° 51.205" S; 35° 32.882’ E) in the Inhambane
Province of southern Mozambique (Figure 1, Table 1) from 2018 to
2022. The region’s principal oceanographic features include
anticyclonic and cyclonic mesoscale eddies that flow over a
narrow continental shelf (Schouten et al., 2003; Rohner et al,
2013). This creates regular and productive upwellings proximate
to the regions inshore reefs (Schouten et al., 2003; O’Connor and
Cullain, 2021). Upwellings consistently drive periods of high coastal
productivity that promote the biodiversity of the region’s reef
systems (Marshall, 2008; Rohner et al., 2013).

To assess how elasmobranch visits varied in accordance with the
geographic characteristics of the sampled reefs, the study area was
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FIGURE 1

The locations of the 16 sites (denoted by solid circles; see Table 1.) in the four reef regions (denoted by dashed lines) that were surveyed for
elasmobranchs offshore of Praia do Tofo in southern Inhambane, Mozambique. Shallow reefs in the region have been demonstrated to have shared
biological characteristics that group them into a reef type that is distinct from deeper (< 20 m) reefs (see: Chapter Two) (Costa et al., 2005; Schleyer
et al,, 2019). The labels surrounding the figure show the longitude and latitude. The light grey lines show the bathymetry of the studied region.

divided into four “Reef Regions” each with distinct benthic structures,
depth profiles, and reef crest ecologies (Figure 1, Table 1) (Logan and
Sealey, 2013; Maioli et al., 2023). The shoreline (8 - 17 m depth) of
the studied area is dominated by patches of reef consisting of shallow
(~ 8 - 17 m) scattered coral-encrusted rock pinnacles fractured by
small gullies (Figure 1, Table 1) (Costa et al.,, 2005). These shallow
reefs have been demonstrated to have shared biological characteristics
that group them into a reef type that is distinct from the deeper (> 20
m) reefs found in the region (Costa et al., 2005; Schleyer et al., 2019;
O’Connor and Cullain, 2021). Beyond the “Shallow Reefs” is a stretch
of hard sandy benthos that separates them from the deeper reefs (22 -
30 m depth) that fringe the oceanic (> 30 m) drop off. The 30 m
isobath approximates the regional oceanic drop off, where benthic
sloping steepens to > 45° as the seabed drops towards the continental
shelf (Logan and Sealey, 2013; O’Connor and Cullain, 2021).

The deeper reefs that were sampled in the studied area are
clustered in three distinct geographic locations (Figure 1, Table 1).
In particular, the “Northern Reefs” (22 - 28 m depth) are
geographically isolated as they lie on pinnacles ~ 15 km from the
tidal outlets of a large estuary (Figure 1, Table 1). It is likely that the
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tidal outflow from the Inhambane estuary significantly influences
the biology of the “Northern Reefs” but it is yet to be examined. The
“Northern Reefs” reefs are characterized by overhangs, canyons,
and pinnacles, with diverse assemblages of Acropora hard corals
(Table 1). The “Central Reefs” fringe Praia do Tofo Bay and feature
outcrops of Tubastraea micranthus along a seaward crest that runs
parallel to the oceanic drop off (Murie pers. obvs.). Approximately 1
km inshore of these reefs are several “Shallow Reefs” that fringe the
intertidal area of Praia do Tofo Bay (Table 1). The “Southern Reefs”
lie ~ 2 km from a series of “Shallow Reefs” and are regularly exposed
to strong currents flowing across large, topographically complex,
reef plateaus that are dominated by hard encrusting algal growths
and patchy distributions of Acropora (Table 1).

Survey methodology
Visual belt transects (n =738) were completed on 16 reef sites

(1447 = 0.79 mean transects completed per month) along the
southern coast of the Inhambane province of Mozambique. Two
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TABLE 1 The 16 sites offshore of Tofo, Mozambique, monitored in the current study (see: Figure 1).

Reef Colloquial Reef Distance from shore (km) Mean Sum time Number
site site name Region depth (m) surveyed (min) of
number transects
1 Amazon North 9.5 30 775 16
2 Colosseum North 9 28 512 10
3 The Office North 8 23 3009 73
4 Reggie’s North 7.5 28 2884 72
5 Mike’s Cupboard Shallow 2 16 516 11
6 Table Top Central 35 30 350 9
7 Sherwood Forest Central 3 28 1318 38
8 Frida’s Fingers Shallow 2 16 970 21
9 Salon Shallow 2 18 1783 33
10 Giant’s Castle Central 35 28 5138 151
11 Clownfish Shallow 0.8 8 236 6
12 Simon’s Town Shallow 1.5 18 338 8
13 Marble Arch Shallow 1.5 17 481 10
14 Rob’s Bottom South 35 28 3204 87
15 Manta Reef South 4 24 6015 142
16 Outback South 4 29 1857 51

The columns describe the site number and local name assigned to each sampled reef site, the region in which each site is situated, the average depth of each site, the number of transects completed
on each sites, and the total elapsed time spent surveying (used to offset observations in statistical models) at each reef for elasmobranchs.

SCUBA divers swam 5 m apart, along a standardized transect path, at
the same depth, for 200 m (transect lengths measured by boat based
GPS and surface marker buoys). Each transect ran for 30 minutes
with divers surveying the reef crest. The divers would initiate the
transect at either the north or south end of its path, depending on the
current direction (for site details and depths see: Table 1; Rohner
et al, 2013). Both members of the dive team recorded sightings of
elasmobranchs with video cameras (Canon® 5D Mark iii). The
identity of each elasmobranch species was determined in situ and
then confirmed post survey based on video recordings and with the
use of an identification guide (Compagno, 2005). On some rare
occasions, the video footage was not sufficient to confirm an
individual’s species identification. The individual in question was
only counted if both observers’” in situ identifications matched. If a
species was observed twice inside of 5-minutes, it was assumed to be
the same individual, unless robust features (e.g., unique scarring,
pigmentation, missing fins/extremities) in the video recordings
indicated otherwise (Oliver et al., 2011).

Eleven environmental, spatial, and temporal parameters that
are assumed to influence the reef use of the studied species were
recorded during each transect (Marshall and Bennett, 2010;
O’Shea et al., 2010; Oliver et al., 2011; Rohner et al., 2013;
Schlaff et al., 2014; Espinoza et al., 2015; Murie et al., 2020).
Eight parameters were recorded in situ. These were the distance
from shore of each transect and the region that it occurred in; the
horizontal water visibility [estimated by the dive team in situ
(White et al., 2015)]; the day of the year; the transect depth
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(collected by divers in situ based on the readings of a Mares® Puck
dive computer, varied with the tides); the water temperature at the
transect depth/bottom (recorded at the transect midpoint from
the readouts of the dive computer to 0.1 C°); the cloud cover [as %
of total sky area, estimated in situ prior to the transect (Rohner
et al., 2013)] and, the time of each elasmobranch encounter [based
on the dive computer’s recording of when the divers initiated the
transect plus the divers’ records of their bottom time prior to the
encounter (nearest minute, normalized to 8:00 am)]. Three
parameters: the moon illumination (% of the full moon); tidal
range (nearest cm difference between the low tide and high tide
heights), and the time to or from the nearest high tide (nearest
minute; downloaded from www.tides4fishing.com; for
interpretation, high tide is referred to as being around 0 or 720
minutes and low tide is taken to be around 360 minutes) were
downloaded from an online repository (www.tides4fishing.com).

Statistical analyses

The per transect count of nine species of stingray, shark, and
mobula ray (Carcharhinus amblyrhynchos, Triaenodon obesus,
Stegostoma tigrinum, Neotrygon caeruleopunctata, Pateobatis
jenkinsii, Taeniurops meyeni, Mobula kuhlii, Mobula alfredi,
Mobula birostris) that were sighted in each year of the study were
compared with eleven measured parameters in nine general additive
models (GAMs) in the mgev package of RStudio (Wood and Wood,
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2015; Barley et al., 2017; Wood, 2017; R Core Team, 2024 version
6.1; Table 2). Each species’ per transect count, including zero values,
represented the response variable for each of the models, whilst the
horizontal water visibility was included as an offset term and
Poisson error distributions were applied (Jain and Consul, 1971;
Rohner et al., 2013). Explanatory variables were investigated for
potential cross-covariance by using the “acf” function in the base
package of RStudio with a default lag and the covariance type
specified (Venables and Ripley, 2002). Examination of acf plots and

TABLE 2 The model parameters included in and the deviance of the
most accurate model of each elasmobranch species’ per transect count
when considering the effects of the eleven measured environmental and
spatiotemporal parameters (location, time, day, tide and range, cloud
cover, visibility, lunar phase, benthic temperature, current strength,

and direction).

Deviance
explained (%)

Genus Final model

species

Carcharhinus ~ Julian day of year + moon 55.2

amblyrhynchos | illumination + distance from shore +
benthic temperature + reef region +
time from high tide + tidal range +
offset (horizontal visibility)
Stegostoma ~ Julian day of year + moon 56.6
tigrinum illumination + benthic temperature +
time from high tide + cloud cover +
offset (horizontal visibility)
Triaenodon ~ Julian day of year + moon 61.9
obesus illumination + distance from shore +
benthic temperature + reef region +
time from high tide + offset
(horizontal visibility)
Neotrygon ~ day of the year + distance from 62.4
caeruleopunctata | shore + reef region + time from high
tide + tidal range + offset
(horizontal visibility)
Pateobatis ~ day of the year + moon 45.4
jenkinsii illumination + distance from shore +
transect depth + reef region + time
from high tide + tidal range + offset
(horizontal visibility)
Taeniurops ~ Julian day of year + moon 62.3
meyeni illumination + distance from shore +

transect depth + benthic temperature
+ time from high tide + tidal range +
offset (horizontal visibility)

Mobula alfredi | ~ day of the year + moon 60.7
illumination + reef depth + distance

from shore + time from high tide +

reef region + tidal range + offset

(horizontal visibility)

Mobula birostris | ~ day of the year + moon 59.7
illumination + reef region + time
from high tide + benthic temperature

+ offset (horizontal visibility)

Mobula kuhlii ~ day of the year + moon 33.6
illumination + benthic temperature +

transect depth + reef region + time

from high tide + tidal range + offset

(horizontal visibility)
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partial correlation coefficients did not indicate any cross-covariance
between the explanatory variables (Venables and Ripley, 2002).

Each explanatory variable in each model was smoothed with
cubic splines except for the reef region which was included as a factor
(Wood and Wood, 2015). The distance from shore and reef depth
were assessed to have a linear relationship with the species counts
(Wood and Wood, 2015). The distance from shore and reef depth
parameters had a asymmetrically skewed distribution when plotted
and so were natural log transformed (Berehulyak and Vorobel, 2020).
Cyclical splines were applied to the day of the year and time from
high tide (Wood, 2017). Knots were conservatively set to three for all
parameters except for the day of the year whereby plots indicated four
knots best mirrored inflections in plotted species counts (Wood and
Wood, 2015). Models were summarized, plotted, and checked using
the ‘gam.check’ function and assessed graphically by comparing the
mean regression line with the 1:1 diagonal line (Wood and Wood,
2015). Model checks did not reveal any obvious issues with
convergence or overdispersion and did not indicate that per-
variable k dimensions were low (< 0.5). An iterative approach was
applied to select the most accurate model of the per-transect counts of
each species. Each parameter was sequentially deleted, and each new
iteration of the model was compared to the last using a > based
analysis of variance (ANOVA) test under the assumption that a
significantly different model (p < 0.05), with an improved deviance
and lower Akaike Information Criterion score indicated a better
fit (Table 2.).

Nonmetric multidimensional scaling (NMDS) ordinations
(Kruskal, 1964) were performed using PC-ORD (McCune and
Grace, 2002) to produce a visual representation of potential
similarities between the nine species of shark, mobula ray, and
stingray (Carcharhinus amblyrhynchos, Triaenodon obesus,
Stegostoma tigrinum, Neotrygon caeruleopunctata, Pateobatis
jenkinsii, Taeniurops meyeni, Mobula kuhlii, Mobula alfredi,
Mobula birostris) based on the influence of each of the 11
environmental and spatial-temporal parameters. The NMDS was
applied with the Sorenson (Bray-Curtis) distance measure in PC-
ORD to calculate the dissimilarity matrix using the “slow and
thorough estimation method” (McCune and Grace, 2002).

A control variable representing an imaginary species was
included since species counts in rows (representing individual
dives) in the main matrix should not sum to zero and some
individual transects and sums across rows existed for which all
species observations = 0. The control variable had a value of one for
its count in every row representing every transect (Clarke and
Green, 1988; Clarke et al., 2006) except in a single random case
where a value of two was included to introduce the variability (> 0)
that the control variable required (McCune and Mefford, 1999;
McCune and Grace, 2002). To account for potential outliers,
Sorenson-Bray outlier analysis was applied in PC-ORD and
indicated M. kuhlii counts should be root transformed (McCune
and Grace, 2002). PC-ORD determined the optimal number of
dimensions for the ordination. To avoid local minima, stress vs.
iteration confirmed that ordination stress had stabilized, that the
final instability was < 15.50, and that the deviation of the final
instability was < 0.00090 over the final 15-30 iterations (McCune
and Grace, 2002).
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To understand which environmental and spatiotemporal
variables were associated with each ordination axis, the axis score
ranks were correlated for each transect in the final NMDS output
with the ranks of these predictor variables using Kendall’s tau
(significance < 0.05). All standard deviations for Sorenson-Bray
based distance measures for species counts were lower than the
default threshold in PC-ORD. K-means cluster analysis in the
Statistics Package for the Social Sciences (SPSS, Version 20.0,
IBM) was applied to coordinate-based results from the NMDS
analyses and indicated if species clustered due to some common
factor(s) influencing the grouped species counts (McCune and
Grace, 2002). Based on the species number in the NMDS (10),
seven was selected as the optimal number of clusters. Maximum
iterations (N = 999) were used to promote convergence and
accuracy (McCune and Grace, 2002).

Results
Species encountered

Overall, 21 elasmobranch species were encountered including
six sharks, three guitarfish, three mobula rays, one eagle ray, one
torpedo ray, and seven species of stingray (Table 3). Nine species
(Carcharhinus amblyrhynchos, Triaenodon obesus, Stegostoma
tigrinum, Neotrygon caeruleopunctata, Pateobatis jenkinsii,
Taeniurops meyeni, Mobula kuhlii, Mobula alfredi, Mobula
birostris) of adult shark, mobula ray, guitarfish, and stingray were
encountered in each studied year (> 20 sightings per year) and were
modelled against a series of spatial-temporal and environmental
explanatory parameters (Table 3). All of the species encountered
were at an adult life stage.

Reef depth and distance from shore

The outputs from the general additive models showed that the
partial coefficients of six species (Taeniurops meyeni, Pateobatis
jenkinsii, Neotrygon caeruleopunctata, Mobula alfredi,
Carcharhinus amblyrhynchos, Triaenodon obesus) varied with the
distance from shore of each transect (Figure 2). Plotted partial
coefficients and reported z values indicate that the number of
observed individuals of T. meyeni (df = 2, z value = 9.190, p <
0.001), P. jenkinsii (df = 2, z value = 12.488, p < 0.001), M. alfredi
(df =2, z value = 2.858, p = 0.004), C. amblyrhynchos (df = 2, z value
= 10.125, p < 0.001), and T. obesus (df = 2, z value = 12.187, p <
0.001) have a significantly positive relationship with the transects
distance from shore (Figure 2). The numbers of one species, N.
caeruleopunctata, significantly decreased as the transects distance
from shore increased (df = 2, z value = -6.091, p < 0.001) (Figure 2).
The results that stemmed from each species’ general additive model
showed that there was a significant difference in the numbers of
three species (T. meyeni, P. jenkinsii, M. alfredi) through the depth
range (8 — 30 m) of the completed transects (Figure 2). Plotted
partial coefficients and reported z values indicated that the numbers
of T. meyeni (df = 2, z value = 9.190, p < 0.001), P. jenkinsii (df =2,z
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value = 12.488, p < 0.001) and, M. alfredi (df = 2, z value = 2.858, p <
0.001) all significantly increased as the transect depth
increased (Figure 2).

Reef region

General additive models showed that seven species (Mobula
kuhlii, Mobula birostris, Mobula alfredi, Carcharhinus
amblyrhynchos, Pateobatis jenkinsii, Neotrygon caeruleopunctata,
Triaenodon obesus) were more likely to be encountered in a
particular region (Figure 3). Post model comparisons showed that
M. kuhlii were least likely to be observed in the Shallow Region (df =
3, z value = -2.486, p = 0.013), regularly encountered in the
Southern Region (df = 3, z value = 4.054, p = < 0.001), and most
frequently encountered (df = 3, z value = 6.884, p = < 0.001) in the
Northern Region (Figure 3). M. birostris were more likely to be
encountered in the Southern Region (df = 3, z value = 12.374, p = <
0.001) but were much less likely to be encountered in the Northern
Region (df = 3, z value = -16.581, p = < 0.001) (Figure 3). M. alfredi
were most likely to be encountered in the Southern Region (df = 3, z
value = 18.374, p = < 0.001). P. jenkinsii were most encountered in
the Northern Region (df = 3, z value = 12.153, p = < 0.001), followed
by the Southern Region (df = 3, z value = 9.048, p = < 0.001) and
were rarely observed in the Shallow Region (df = 3, z value = -5.542,
p =<0.001) (Figure 3). C. amblyrhynchos (df = 3, z value = 28.191,
p = < 0.001) and T. obesus (df = 3, z value = 16.548, p = < 0.001)
were both observed more in the Northern Region (Figure 3). N.
caeruleopunctata was most often encountered in the Shallow
Region (df = 3, z value = 1445, p = < 0.001) (Figure 3).

Day of the year and water temperature

General additive models showed that the day of the year was a
significant predictor of the likelihood of observing eight species
(Taeniurops meyeni, Neotrygon caeruleopunctata, Mobula kuhlii,
Mobula alfredi, Pateobatis jenkinsii, Carcharhinus amblyrhynchos,
Stegostoma tigrinum, Triaenodon obesus) (Figure 4). Plotted partial
coefficients indicated that T. meyeni (df = 2, X2 =449.621, p < 0.001),
C. amblyrhynchos (df = 2, = 130.1, p < 0.001), and T. obesus (df =2,
x* = 3791, p < 0.001) were most likely to be observed between
October and February (~ day 300 to ~ day 50) but became rare during
May and June (~ day 145) (Figure 4). M. alfredi (df = 2, %> = 758.588,
P < 0.001) were most observed during early October (~ day 275) but
were rarely observed in the days surrounding late March (~ day 90)
(Figure 4). M. kuhlii (df = 2, = 135.019, p < 0.001) were most likely
to be encountered in late September (~ day 260) with observations of
this species becoming less likely between November (~ day 334) and
April (~ day 92) (Figure 4). Observations of P. jenkinsii (df = 2, xz =
105.21, p < 0.00) peaked during late July (~ day 210) but were rare
around the turn of the year (~ day 365) (Figure 4). S. tigrinum (df = 2,
x* =12.24, p < 0.001) and M. birostris (df = 2, > = 334.339, p < 0.001)
were most likely to be observed during May (~ day 130) but were
rarely observed between November (~ day 334) and April (~ day
92) (Figure 4).
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TABLE 3 The elasmobranch species encountered during transects on reefs off southern Mozambique as well as their geographical range, reproductive season, maximum size, life span and conservation status.

Common

name

Genus
species

Total
Sightings

Reproductive
Season

Max
Size (m)

Lifespan
(years)

Global
Conservation Status

Regional
Conservation
NEWH

Whitetip Carcharhiniformes | Carcharhinidae  Triaenodon 205 Indo-Pacific & Mating occurs from 16 25 Vulnerable. Not Assessed.
reef shark obesus* Southwestern Atlantic. May to August. Five
month gestation.
Blacktip Carcharhinus 3 Indo-Pacific & Red Sea. Parturition (Sept to 1.6 12 Vulnerable. Not Assessed.
reef shark melanopterus Nov); mate 7-11
months before.
Grey Carcharhinus 54 Indo-Pacific region ranging Parturition occurs 1.9 25 Endangered. Not Assessed.
reef shark amblyrhynchos* from South Africa to in spring mate 9-14
Easter Island. months before.
Bull shark Carcharhinus 2 Tropical and subtropical. Mate January to 3.9 30 Vulnerable. Not Assessed.
leucas March; 12
month gestation
Scalloped Sphyrnidae Sphyrna lewini 4 Tropical and subtropical. May to June, 12 4.3 30 Critically endangered. Not Assessed.
hammerhead month gestation.
Zebra shark Orectolobiformes Stegostomatidae  Stegostoma 69 Red Sea, Persian Gulf, and Eggs hatch after 4- 2.5 30 Endangered. Not Assessed.
tigrinum* Indo-Pacific. 6 months.
Reef Myliobatiformes Mobulidae Mobula alfredi* 75 Red Sea and tropical Indo- Birth during 5 40 Vulnerable. Not Assessed.
manta ray Pacific Ocean. East Atlantic, = summer; 12-13
the Azores and month gestation.
Canary Islands.
Giant Mobula birostris* | 111 Circumtropical. Individuals birth 6.9 60 Endangered. Not Assessed.
manta ray during summer; 12—
13 month gestation.
Shortfin Mobula kuhlii* 712 Tropical Indo-Pacific from Unknown. 12 Unknown. Endangered. Not Assessed.
devil ray Mozambique to
Northern Australia.
Blotched Dasyatidae Taeniurops 101 Tropical Indo-Pacific. Birth in 1.8 Unknown. Vulnerable. Not Assessed.
fantail ray meyeni* the summer.
Kuhl’s Neotrygon 97 Tropical Indian Ocean. Unknown. 0.47 Unknown. Data deficient. Not Assessed.
mask ray caeruleopunctata™
Jenkins Pateobatis 71 Tropical Indo-Pacific region Gives birth in 18 Unknown. Vulnerable. Not Assessed.
whiptail ray Jjenkinsii* from Mozambique to late spring.
Northern Australia.
(Continued)
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TABLE 3 Continued

Common

name

Order

Family

Genus
species

Total
Sightings

Reproductive
Season

Max
Size (m)

Lifespan
(years)

Global
Conservation Status

Regional
Conservation
NEWS

Smalleye Megatrygon 40 Tropical Indo-Pacific region Unknown. 22 Unknown. Data deficient. Data deficient.
stingray microps from Mozambique to
Northern Australia.
Sharp Maculabatis 24 Red Sea and Western Unknown. 0.9 Unknown. Near threatened. Data deficient.
nose stingray ambigua Indian Ocean.
Blue-spot Taeniura lymma 14 Tropical Indo-Pacific, Red Mating in late 0.35 Unknown. Least concern. Not Assessed.
ribbon tail ray Sea, and Persian Gulf. spring to summer.
Honeycomb Himantura 4 Tropical Indo-Pacific. Mate and birth in 2 Unknown. Endangered. Not Assessed.
whipray uarnak summer, 12
month gestation.
Eagle ray spp. Myliobatidae Aetobatus 8 Tropical Indo-Pacific. 12 month gestation. 3 20 Vulnerable. Not Assessed.
ocellatus
Grey Rhinopristiformes Rhinobatidae Acroteriobatus 10 South Africa to Tanzania Unknown. 0.96 Unknown. Endangered. Not Assessed.
spot guitarfish leucospilus and Madagascar.
Bowmouth Rhinidae Rhina 13 Tropical and subtropical Unknown. Unknown. Unknown. Endangered. Not Assessed.
guitarfish ancylostoma Indo-Pacific.
White spotted Rhynchobatus 14 Red Sea, Persian Gulf, and Birth in summer. 3.1 20 Critically endangered. Not Assessed.
wedge fish djiddensis Western Indian Ocean.
Electric Torpediniformes Torpedinidae Torpedo 44 Western and Northern Birth in summer. 1.3 Unknown. Data deficient. Data deficient.
torpedo ray sinuspersici Indian Ocean.

An asterisk (*) denotes the nine species of shark, mobula ray, and stingray that were sighted in every year of observation and were included in the general additive models.
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General additive models showed that the bottom water
temperature (°C) was a significant predictor of the likelihood of
observing six species (Taeniurops meyeni, Mobula kuhlii, Mobula
birostris, Carcharhinus amblyrhynchos, Stegostoma tigrinum,
Triaenodon obesus) (Supplementary Figure 1). Both T. obesus (df =
2,%2=1392.07, p <0.001) and C. amblyrhynchos (df = 2, %2 = 3924.75,
p < 0.001) were more likely to be observed in warmer water
temperatures (> 25°C), whilst S. tigrinum (df = 2, x2 = 46.02, p <
0.001) was most likely to be observed in colder water temperatures (<
23°C) (Supplementary Figure 1). The likelihood of observing M.
kuhlii (df = 2, 42 = 7.79, p = 0.014) and M. birostris (df = 2, x2 =

10.3389/fmars.2024.1408727

216.417, p < 0.001) decreased as the water temperature increased,
with temperatures above 25°C significantly reducing the likelihood of
observing each species (Supplementary Figure 1). Observations of T.
meyeni were significantly more likely in water temperatures above 25°
C (df = 2, 42 = 624481, p < 0.001) (Supplementary Figure 1).

Moon illumination and tides

General additive models indicated that the minute after the high
tide was a strong predictor in the likelihood of observing seven
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Plotted partial effects of the coefficients formed when comparing the relationship between the number of individuals of each of the studied species
[(A) Taeniurops meyeni, (B) Carcharhinus amblyrhynchos, (C) Triaenodon obesus, (D) Stegostoma tigrinum, (E) Pateobatis jenkinsii, (F) Mobula
alfredi, (G) Mobula birostris, (H) Mobula kuhlii] across the days of the year. The solid black line represents the partial effect that each day of the year
had on the day of the year parameter coefficient whilst the dotted lines represent the 95% confidence interval. The solid vertical black bars along the

X axis represent the sampling distribution throughout the year.
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species of elasmobranch (Carcharhinus amblyrhynchos, Stegostoma
tigrinum, Triaenodon obesus, Taeniurops meyeni, Pateobatis
jenkinsii, Neotrygon caeruleopunctata, Mobula alfredi) (Figure 5).
Observations of C. amblyrhynchos (df = 2, 2 = 90.11, p < 0.001), S.
tigrinum (df = 2, 2 = 211.29, p < 0.001), T. obesus (df = 2, 2 =
39.44, p < 0.001), T. meyeni (df = 2, %2 = 8.851, p = 0.004), and P.
jenkinsii (df = 2, %2 = 167.03, p < 0.001), were most likely when the
tide was high (~ minute 0 and ~ minute 720) but were rare when the
tide was low (~ minute 360) (Figure 5). Encounters with M. alfredi
were also most likely when the tide was high (df = 2, 42 = 49.04, p <
0.001) however, their numbers fell sharply during the incoming tide
then increased as the tide rose (Figure 5). Observations of N.
caeruleopunctata became were most likely when the tide was low
(df = 2, %2 = 142.057, p < 0.001) (Figure 5).

General additive models indicated that the percentage of the moon
illumination was a strong predictor in the likelihood of observing eight
species of elasmobranch (Taeniurops meyeni, Mobula kuhlii, Mobula
alfredi, Mobula birostris, Carcharhinus amblyrhynchos, Stegostoma
tigrinum, Triaenodon obesus, Pateobatis jenkinsii) (Supplementary
Figure 2). Observations of T. meyeni (df = 2, x2 = 78593, p <
0.001), M. kuhlii (df = 2, %2 = 95.094, p < 0.001), M. alfredi (df = 2,
X2 = 139.409, p < 0.001), M. birostris (df = 2, x2 = 428.325, p < 0.001),
and S. tigrinum (df = 2, (2 = 40.62, p < 0.001) were most likely when
the moon was either new (~ 0% illumination) or full (~ 100%
illumination) (Supplementary Figure 2). Encounters with T. obesus
(df =2,%2 =119.74, p < 0.001), C. amblyrhynchos (df = 2, }2 = 274.54,
p <0.001), and P. jenkinsii were most likely when the moon was new
(df = 2, %2 = 16.56, p < 0.001) (Supplementary Figure 2).

Results from general additive models and plotted partial effects
of model coefficients indicate that the tidal range was a strong
predictor in the likelihood of observing four species of
elasmobranch (Supplementary Figure 3). Encounters with
Taeniurops meyeni were significantly increased when the tidal

10.3389/fmars.2024.1408727

range was lowest (0 - 100 cm), becoming much more likely when
the tidal range was greater than 250 cm (df = 2, x2 = 95.038, p <
0.001; Supplementary Figure 3). Encounters with Pateobatis
jenkinsii became more likely as the tidal range increased (df = 2,
X2 = 62.97, p < 0.001; Supplementary Figure 3). Observations of
Mobula kuhlii were more likely with tidal ranges of 100 cm or
greater but the relationship plateaued following tidal ranges of 250
cm (df = 2, x2 = 92.725, p < 0.001; Supplementary Figure 3).
Encounters with Mobula alfredi were significantly more likely when
tidal ranges were greater than 250 cm df = 2, 2 = 34.07, p < 0.001;
Supplementary Figure 3).

Multivariate non-metric
multidimensional scaling

Non-metric Multidimensional Scaling results showed that nine
of the eleven environmental parameters examined in this study
were significant in relation to the three axes defining the ordination
space (Figure 6). Moon illumination correlated with two of the three
axes whilst reef region, transect depth, distance from shore, time of
day, day of the year, bottom temperature, tidal range, and time from
high tide were significantly correlated with one axis in the
ordination space (Figure 6). Cluster analyses, delimited by the
software, indicated that the three species of mobula ray (M.
alfredi, M. birostris, M. kuhlii) formed a single cluster with the
moon illumination, day of the year, and reef region appearing to
have the most important influences on this cluster (Figure 6). The
second cluster (C. amblyrhynchos, T. obesus, and S. tigrinum)
included the three species of shark with distance from shore, day
of the year, and water temperature appearing to have the strongest
influences on these species (Figure 6). The third and final cluster
was composed of two of the three modelled stingray species (T.
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Plotted partial effects of each of the significant coefficients formed when comparing the relationship between the number of individuals of seven of
the studied elasmobranch species [(A) Carcharhinus amblyrhynchos, (B) Stegostoma tigrinum, (C) Triaenodon obesus, (D) Taeniurops meyeni,

(E) Pateobatis jenkinsii, (F) Neotrygon caeruleopunctata, (G) Mobula alfredi] and minute after the high tide (recorded daily to the nearest minute)
recorded for each transect. The gradient of the plotted black line represents the change in the relationship between the calculated partial
coefficients and the moon illumination, whilst the dashed lines surrounding the solid black line represent the 95% confidence interval. The red
dashed line represents the change in the tidal state per minute after the high tide, whilst the right-hand y axis denotes common characterizations of
“tidal states” (Dushaw & Menemenlis, 2023). The black bars along the x axis indicate the sampling distribution throughout the recorded minutes after

the high tide (0 — 720 minutes)
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meyeni and P. jenkinsii) whilst N. caeruleopunctata formed a cluster
with the control species (see: methods; Figure 6).

Discussion

This study is the first to examine the spatial, temporal, and
environmental factors that underpin the coastal reef habitat use of
an elasmobranch community in southern Mozambique and
Important Shark and Ray Area in the Southwestern Indian Ocean
(Jabado et al,, 2024). The long term sightings data indicate that
multiple species of elasmobranch visit specific reef sites (Heupel
et al., 2019; Friedlander et al, 2022). Our findings support the
consensus that environmental parameters are important
considerations when investigating heterogenous patterns of reef
use by elasmobranch species (Friedlander et al., 2022; Hsu et al,,
2022; Maioli et al., 2023). The results stemming from the NMDS
analysis indicate that the same spatial-temporal and environmental
parameters affect closely related elasmobranch species in similar
ways (Dulvy et al,, 2021; Hsu et al., 2022).

Reef Region, Depth, and Distance
from Shore

At least 30 elasmobranch species are known to preferentially

visit specific reef sites including pelagic rays, stingrays, and reef

Frontiers in Marine Science 12

sharks (Espinoza et al., 2015; Maioli et al., 2023). Reef-associated
mesopredators (such as elasmobranchs) often have distinct habitat
requirements (Heupel et al., 2019). Multiple studies have linked the
rate at which elasmobranch species visit reef habitats with site-
specific environmental conditions (Espinoza et al., 2015; Filous
et al,, 2017). A reef’s invertebrate and fish species composition is
linked with the reefs depth profile and distance from shore both in
Mozambique (Logan and Sealey, 2013; Desbiens et al., 2021) and
circumglobally (Asher et al., 2017; Hsu et al., 2022; Maioli et al,,
2023). Since most elasmobranch species occupy high trophic levels
in reef food webs, changes in relative abundances throughout the
food web can significantly impact the resources available for
elasmobranch species to forage on (Hsu et al., 2022; Maioli
et al., 2023).

Both species of requiem shark (C. amblyrhynchos, T. obesus)
were most observed around the offshore pinnacle reefs in the
Northern Reef Region (Figures 1, 2). The pinnacle reef sites in the
Northern Reef Region are surrounded on all sides by relatively deep
(60 - 100 m) waters with a sandy benthos and are situated in
relatively close proximity to the mouths (n = 3) of a large estuary
(Inhambane estuary; see Figure 1). Prior research from the Marshall
Islands and Hawaii has shown that both C. amblyrhynchos and T.
obesus are more resident around semi-isolated pinnacle reefs
(McKibben and Nelson, 1986; Holzwarth et al., 2006; Friedlander
et al,, 2022). The proximity of the semi-isolated pinnacles in the
Northern Reef Region to the outflows of the Inhambane estuary
may create unique ecological conditions that provide greater
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foraging opportunities for C. Amblyrhynchos and T. Obsesus
(Espinoza et al., 2015; Filous et al., 2017; Maioli et al., 2023).

The semi-isolated nature of the reef pinnacles in the Northern
Reef Region may also lead to a comparative reduction in fishing
pressure since distance from shore is a common proxy for fishing
pressure (Stewart et al., 2010; Logan and Sealey, 2013; Filous et al.,
2017). Targeted shark extraction has persisted in coastal fisheries in
southern Mozambique for decades (Pierce et al., 2008; Asher et al.,
2017; Heupel et al., 2019). As reef sharks grow slowly, mature late,
and have a slow intrinsic rate of population growth, their
populations are acutely affected by extractive pressures (Pierce
et al., 2008; Asher et al., 2017; Heupel et al., 2019). It may be that
a combination of factors influence likelihood of observing C.
amblyrhynchos and T. obesus on reef sites in the Northern Reefs
Region. These may include (but not be limited to) their suitability as
a habitat and/or foraging ground or that their position further from
the shore has reduced the number of sharks extracted by local
fisheries (Pierce et al., 2008; Maioli et al., 2023).

Our findings indicate that the distance from shore and reef
depth were important predictors for the likelihood of observing
both T. meyeni and P. jenkinsii. Both species of stingray were
recorded at a higher rate on deeper (> 20 m) reefs positioned further
from the shore (Kyne et al., 2012; Rizkiantino and Binol, 2020).
Both these species can reach a relatively large body size (> 1 m disk
width). Several reports (Coleman et al., 2018; O’Connor and
Cullain, 2021; Hsu et al., 2022; Maioli et al., 2023) list them as
inhabiting deeper reef sites throughout their range where they
principally forage on small fish and crustaceans (Last and Stevens,
1994; Kyne et al.,, 2012; Rizkiantino and Binol, 2020). N.
caeruleopunctata was most observed on the reefs in the Shallow
Reefs Region, proximate to the shoreline. Mask rays (Neotrygon
spp.) are known to show an affinity for shallow habitats, regularly
being observed in coastal bays and lagoons throughout their range
(Last and Stevens, 2009; Pierce et al., 2009; Puckridge et al., 2013;
Borsa et al, 2016). Mask rays principally forage on Carids and
Polychaetes on inshore tidal sand flats which surround the reefs
sampled in the Shallow Reef Region (Pierce et al., 2009; Beckman,
2017). Habitat requirements, likely underpinned by localized
foraging opportunities, appear to be important to all three species
of stingray in southern Mozambique (Pierce et al., 2009; Puckridge
et al., 2013; Borsa et al., 2016).

The three species of mobula ray (M. alfredi, M. birostris, and M.
kuhlii) were most likely to be observed on reefs in the Southern Reef
Region. This matches results stemming from prior investigations
into mobula species in the region (Marshall and Bennett, 2010;
Rohner et al,, 2013). As mobuliids are large-bodied planktivores
food availability is thought to be the primary driver that influence
their movements between habitats (Marshall and Bennett, 2010;
Rohner et al.,, 2013; Burgess et al., 2016). The proximity of the
Southern Reef Region to mobula foraging grounds has previously
been offered as an explanation for their habitat preferences in the
region (Marshall and Bennett, 2010; Rohner et al., 2013; Burgess
et al,, 2016). Besides foraging, Mobula rays are thought to spend a
considerable amount of time (up to six hours a day) visiting
cleaning stations on reefs where they are serviced by cleaner fish
that control their ectoparasitic infections (Marshall, 2008; Marshall
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and Bennett, 2010; Murie et al., 2020). A combination of localised
foraging opportunities and the suitability of the cleaning stations in
the Southern Reef Region may give rise to heterogenous reef use by
mobula rays in southern Mozambique (Marshall, 2008; Marshall
and Bennett, 2010; Couturier et al., 2012). Future studies should aim
to map mobula movements between high-use regional reefs and
foraging areas to assess if this explains their patterns of reef use
(Couturier et al., 2012; Rohner et al., 2013).

Day of the year and water temperature

Warm waters trigger reproductive responses in most
elasmobranch species (Dudgeon et al., 2013; Daly et al., 2023). A
study showed that the levels of three sex hormones [testosterone
(T), estradiol (E,), and progesterone (P,)] in the blood plasma of
one shark (Mustelus schmitti) varied with the water temperature off
Argentina (Elisio et al., 2019; Dulvy et al, 2021). The authors
theorized that warmer water temperatures may trigger reproductive
behaviors in several species of elasmobranch (Elisio et al., 2019;
Dulvy et al., 2021). Reports indicate that reef-associated
elasmobranchs engage in reproductive behaviors around reefs
during the austral summer in southern Mozambique (October -
March) (Marshall and Bennett, 2010; Dudgeon et al., 2013; Daly
et al,, 2023). Our analysis suggests the day of the year is an
important factor in the likelihood of observing seven species (T.
obesus, C. amblyrhynchos, S. tigrinum, T. meyeni, M. kuhlii, M.
alfredi, M. birostris) of elasmobranch on reefs off southern
Mozambique. Observations of five species (T. obesus, C.
amblyrhynchos, T. meyeni, M. kuhlii, M. alfredi) were more likely
during the months of austral summer (October-March).
Observations of two species (S. tigrinum, M. birostris) were most
likely to occur in May (austral winter). The likelihood of observing
five (T. obesus, C. amblyrhynchos, S. tigrinum, T. meyeni, M.
birostris) of these species also varied with the water temperature.
Three (T. obesus, C. amblyrhynchos, T. meyeni) were most likely to
be observed when water temperatures were greatest (~ 30°C) whilst
two (S. tigrinum, M. birostris) were most likely when water
temperatures were coldest (~ 20°C).

T. obesus and C. amblyrhynchos are both known to reside
around reef habitats with warmer water temperatures since they
benefit several of their physical/metabolic processes, including
gestation (Vianna et al., 2013; Espinoza et al,, 2015; Duffy et al,
2017). The results presented here support investigations on T.
obesus and C. amblyrhynchos from Costa Rica, Hawaii, and
Australia where increased sightings around reefs during the
summer have been linked with their reproductive behaviour
(McKibben and Nelson, 1986; Holzwarth et al., 2006; Friedlander
et al., 2022).

Both M. alfredi and M. kuhlii were observed more frequently
during October and on two transect surveys M. alfredi were seen
engaging in courtship behaviour (Murie pers. obvs.). This
observation supports conclusions from a prior report on M.
alfredi in the same region that a peak in observations of M.
alfredi on reef sites during October is related to their reproductive
cycle (Marshall and Bennett, 2010; Rohner et al,, 2013). As a part of
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courtship, multiple male mobula rays form a “mating train” that
aims to follow a female (Marshall and Bennett, 2010; Deakos, 2012;
Whitney et al., 2012; Rohner et al., 2013). This behaviour is thought
to most frequently initiate on reef sites (Deakos, 2012; Whitney
et al,, 2012). Whilst reports on M. kuhlii are particularly scarce in
southeast Africa, it may be that like M. alfredi they are
reproductively active in the region between October and
November (Marshall and Bennett, 2010; Rohner et al., 2013).

Observations of M. birostris were most likely in May, a period
when encounters with M. kuhlii and M. alfredi began to rise
following their respective lowest numbers of observations in April
(Rohner et al,, 2013). The channel off southern Mozambique is
characterized by cyclonic and anti-cyclonic mesoscale (~ 100 km)
eddies (Malauene, 2010; Rohner et al., 2013). Between April and
July (~ day 90 - 180) falling water temperatures oftshore of South
Africa drive prevalent winds from the southeast that
perpendicularly intersect the eddies (Malauene, 2010; Rohner
et al., 2013). This results in Ekman transport that creates offshore
down-wellings and coastal up-wellings close to the sampled reefs
due to the region’s narrow continental shelf which triggers plankton
blooms (Malauene, 2010; Rohner et al., 2013). Regional
productivity is a strong predictor of mobula abundance as they
must sustain their large body size through a planktivorous diet
(White and Dharmadi, 2007; Marshall and Bennett, 2010; Rohner
et al.,, 2013). Prior studies on Mobula birostris have linked
heightened productivity with a peak in their sightings (Dewar
et al., 2008; Rohner et al., 2013; Murie et al., 2020). Raised ocean
productivity has previously been identified as the driver behind
increased observations of M. birostris in southern Mozambique
during the month of May (Marshall and Bennett, 2010; Rohner
et al.,, 2013; Murie et al., 2020).

Moon illumination and tides

The moon’s illumination has been shown to influence site-
specific productivity and food availability due to its interaction with
plankton in the marine environment (Alldredge and King, 1980;
Behrenfeld et al., 2005; Dewar et al., 2008). Specific periods of moon
illumination can cause plankton to migrate to the surface and can
create tidal conditions that concentrate plankton (Behrenfeld et al.,
2005; Dewar et al., 2008). The effect of this process is strengthened
during the new and full moon (Behrenfeld et al., 2005; Dewar et al.,
2008). Studies have shown that these periods can cause mass
predation events that significantly reduce regional planktonic
abundance (Alldredge and King, 1980; Davis and Dawes, 1981;
Drazen et al, 2011). As large-bodied planktivorous fish, food
availability is the primary driver underlying the movements and
habitat use of mobula rays (Rohner et al., 2013; Burgess et al., 2016).
Our results showed that the likelihood of observing all three of the
studied mobula species (M. kuhlii, M. alfredi, M. birostris) was
increased during the new and full moon. This finding supports
similar findings from southern Mozambique (Rohner et al., 2013),
Indonesia (Dewar et al., 2008) and the Red Sea (Osada, 2010). The
authors of these studies attributed increased observations of mobula
rays during new and full moons to increases in the local availability
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of their planktonic prey (Dewar et al., 2008; Osada, 2010;
Deakos, 2012).

Observations of grey reef sharks (C. amblyrhynchos) and white
tip reef sharks (T. obesus) occurred most commonly during the new
moon. The moon illumination is known to influence the
movements of prey and predators around reef systems worldwide
(Drazen et al,, 2011; Vianna et al., 2013; Heupel and Simpfendorfer,
2014). Both grey reef sharks and white tip reef sharks are known to
be nocturnal predators which most actively forage on reefs during
low-light conditions (Drazen et al., 2011; Vianna et al, 2013;
Heupel and Simpfendorfer, 2014). This has been linked with the
sharks” senses for detecting prey (outside of the visual) including
their ability to detect fine scale changes in dissolved biological
compounds through olfaction and their ability to sense bioelectric
activity through their Ampullae of Lorenzini (Kajiura and Holland,
2002; Heinrich et al., 2022). In both Palau and the Great Barrier
Reef, grey reef sharks have been observed moving to reef habitats
during the new moon (Vianna et al, 2013; Heupel and
Simpfendorfer, 2014). It may be that the low light conditions
during the new moon improve grey reef and white tip reef shark
foraging efficiency which increased the likelihood of observing these
species in our current study during new moons (Kajiura and
Holland, 2002; Heinrich et al., 2022).

Three species of shark (C. amblyrhynchos, T. obesus, S.
tigrinum) and two of the three modelled species of stingray (P.
jenkinsii, T. meyeni) were most commonly observed when the tide
was high. Sightings of four of the ray species (M. alfredi, M. kuhlii,
P. jenkinsii, T. meyeni) were most common when the tidal range
(flow) was greatest. Tides can significantly influence the movements
and habitat use of elasmobranchs (O’Shea et al.,, 2011; Blevins,
2012). A ray’s morphology and undulatory mode of locomotion
makes them ideally suited to utilize tides and currents to extend
their movements (Gilliam and Sullivan, 1993; Silliman, 1999;
O’Shea et al.,, 2011; Blevins, 2012). Eagle rays (Aetobatus
narinari), southern stingrays (Dasyatis americana), and Kuhl’s
mask rays (N. caeruleopunctata) have all been shown to use tides
to aid their movements between habitats in the Bahamas and
Western Australia (Gilliam and Sullivan, 1993; Silliman, 1999;
O’Shea et al,, 2011). Both P. jenkinsii and M. alfredi have been
observed accessing reef habitats in the studied region during high
tides, and their close taxonomic relationship with T. meyeni and M.
kuhlii may suggest the tide has a significant influence on large-
bodied ray species in the region (Rohner et al., 2013; Keeping et al.,
2021). The observations presented here suggest that the moon
illumination and the tides significantly influence elasmobranch
visits to reefs in southern Mozambique (O’Shea et al., 2011;
Rohner et al,, 2013; Keeping et al., 2021). Future investigations
should aim to examine if this is linked with their foraging patterns
(O’Shea et al., 2011; Rohner et al., 2013).

Concluding remarks

Understanding environmental, spatial, and temporal patterns in
elasmobranch reef use can have significant applications when
considering how their populations should be managed (Dulvy
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etal, 2014; Hsu et al., 2022; Maioli et al., 2023). Having the ability to
group species based on the factors that influence their patterns of
reef use has proven useful when managing elasmobranch
communities throughout the world (Dulvy et al., 2021; Hsu et al,
2022; Maioli et al., 2023).

The NMDS findings indicate that specific environmental,
temporal, and spatial parameters influence the reef visits of
species in closely related elasmobranch genera in similar ways.
The three species of mobula ray (M. alfredi, M. birostris, M. kuhlii)
formed a group within the NMDS analysis. Their visits most
commonly occurred in the Southern Region during specific
months (M. alfredi and M. kuhlii: October; M. birostris: May)
during full or new moons. This matches findings from prior
investigations on these species both in southern Mozambique
(Marshall and Bennett, 2010; Rohner et al., 2013) and throughout
these species’ range (Dewar et al, 2008; Osada, 2010; Couturier
et al., 2012). The three species of shark formed the second cluster,
with their visits most commonly occurring offshore, on a seasonal
basis, when water temperatures were either warmest (T. obesus, C.
amblyrhynchos) or coldest (S. tigrinum) (Heupel et al., 2019; Dulvy
et al., 2021). Multiple prior studies have linked seasonal
elasmobranch sightings with the species becoming reproductively
active in a region (Brunnschweiler and Baensch, 2011;
Brunnschweiler et al., 2014; Daly et al, 2023). It is possible that
the increase in sightings of these species during this period may be
linked with their reproductive behaviour (Brunnschweiler and
Baensch, 2011; Brunnschweiler et al., 2014; Heupel et al., 2019).

The model outputs and species clusters that are identified here
provide insights into the reefs where several elasmobranch species
commonly aggregate. Reflecting this in the management of regional
reefs may benefit several threatened elasmobranch species. Fishing
pressures should be carefully managed around these reefs as they
could significantly impact the regional elasmobranch community in
an Important Shark and Ray Area (Jabado et al., 2024). Future
investigations should consider patterns in the reef use of rarer
elasmobranch species and the ecological characteristics of the reefs
where elasmobranchs congregate.
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SUPPLEMENTARY FIGURE 1

Plotted partial effects of each of the coefficients formed when comparing the
relationship between the number of individuals of the studied species [(A)
Triaenodon obesus, (B) Stegostoma tigrinum, (C) Carcharhinus amblyrhynchos,
(D) Taeniurops meyeni, (E) Mobula kuhlii, (F) Mobula birostris] and the mean
bottom temperature [recorded per transect to the nearest degree Celsius (°C)]
recorded during each transect. The gradient of the plotted black line represents
the change in the relationship between the plotted partial coefficients and the
bottom temperature, whilst the dashed lines represent the 95% confidence
interval. The black bars along the x axis indicate the sampling distribution
throughout the recorded water temperature.

SUPPLEMENTARY FIGURE 2

Plotted partial effects of each of the significant coefficients formed when
comparing the relationship between the number of individuals of eight of the
studied species [(A) Taeniurops meyeni, (B) Mobula kuhlii, (C) Mobula alfredi, (D)
Mobula birostris, (E) Pateobatis jenkinsii, (F) Carcharhinus amblyrhynchos, (G)
Stegostoma tigrinum, (H) Triaenodon obesus] and moon illumination (recorded
daily to the nearest percentage) recorded for each transect. The gradient of the
plotted black line represents the change in the relationship between the
calculated partial coefficients and the moon illumination, whilst the dashed
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lines surrounding the solid black line represent the 95% confidence interval. The
black bars along the x axis indicate the sampling distribution throughout the
recorded percentage of moon illumination (0 — 100%).

SUPPLEMENTARY FIGURE 3
Plotted partial effects of each of the significant coefficients formed when
modelling the relationship between the number of individuals of six of the
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