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study animal spent a considerable amount of time in 
the water column. The use of various depths in both 
nearshore and offshore waters highlights elevated 
susceptibility to multiple types of fishing gear. This 
underscores the need for an international coopera-
tive approach to the management and conservation of 
shark-like rays in the Arabian Gulf.
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Introduction

Shark, skate, and ray (Elasmobranchii) populations 
are experiencing serious global declines due to a 
combination of fishing pressure, habitat loss, and 
degradation (Dulvy et al. 2014, 2017; Yan et al. 2021; 
Sherman et  al. 2023). Among these threats, overex-
ploitation is of particular concern. The major share 
of global elasmobranch landings can be attributed to 
industrial fishing fleets (Worm et  al. 2013), whereas 
within the context of developing countries, substan-
tial contributions arise from artisanal fishing practices 
(Walker 1998).

Shark-like rays (Rhinidae, Rhinobatidae, Glau-
costegidae, Trygonorrhinidae, and Pristidae) have 
received limited attention in previous studies. 
Hence, management and conservation efforts are 
hampered by a lack of biological and ecological 

Abstract The smoothnose wedgefish Rhyncho-
batus laevis, a shark-like ray classified as Critically 
Endangered by the International Union for Conser-
vation of Nature, has received limited research atten-
tion. To address the knowledge gaps in its spatial 
behaviour, this study utilised satellite monitoring of 
a fortuitously captured female over a 51-day period in 
the Arabian Gulf. Based on the resulting movement 
track, the individual covered a minimum distance of 
712  km, traversing the exclusive economic zones of 
three different countries. Its track began in the United 
Arab Emirates, from where it headed north, entering 
Iranian waters, where it spent most of its time, before 
continuing westward across the Gulf and eventually 
reaching Qatari waters. Novel insights into its behav-
iour revealed an observation of rapid ascents over the 
study period. Although both diurnal and nocturnal 
ascents were observed, they occurred predominantly 
during nocturnal periods. Contrary to the prevail-
ing belief that wedgefish are bottom-associated, the 
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data as well as taxonomic uncertainties (Henderson 
et  al. 2016; D’Alberto et  al. 2019), which is espe-
cially true for the Arabian region (Moore 2011; 
Jabado 2018; Jabado et al. 2018; Henderson 2020). 
Among shark-like rays, wedgefishes (Rhinidae) are 
considered particularly vulnerable (Dulvy et  al. 
2014; Kyne et  al. 2020; Choy et  al. 2022; Seidu 
et al. 2022).

The Arabian Gulf and adjacent waters are assumed 
to be home to at least three species of wedgefish, 
namely, Rhynchobatus djiddensis (Forsskål, 1775), 
Rhynchobatus australiae Whitley, 1939, and Rhyn-
chobatus laevis (Bloch and Schneider, 1801), all 
of which have been declared Critically Endangered 
by the International Union for the Conservation of 
Nature (Kyne and Jabado 2019; Kyne et  al. 2019a, 
b). To date, there has been a notable absence of stud-
ies specifically addressing the movement patterns of 
wedgefish in this region. Surprisingly, this knowl-
edge gap persists on a wider scale, with only a lim-
ited number of studies conducted on these critically 
endangered species (Farrugia et al. 2011; White et al. 
2014; Anderson et al. 2021; Jordaan et al. 2021; Gong 
2022). Following the catastrophic and largely unno-
ticed decline of sawfish around the Arabian Penin-
sula, evidence indicates that wedgefish, based on 
their shared biological traits, are likely to experience 
a similar fate (Moore 2017). However, effective lim-
its on fishing, based on scientific research and strictly 
enforced governance, can result in the recovery of 
shark and ray populations in the long term (Pacoureau 
et  al. 2023). Currently, most studies conducted on 
wedgefish in the Arabian region are fishery-depend-
ent and based solely on landing-site surveys (Moore 
2011; Jabado et al. 2018; Kyne et al. 2020; Purushot-
tama et al. 2020). Thus, even fragmented data inves-
tigating species biology and ecology can generate 
information of high value for fishery management.

The smoothnose wedgefish, Rhynchobatus lae-
vis, is widely distributed in the Indo-West Pacific 
region; however, it is primarily found within the 
Indian Ocean (Last et  al. 2016). Its extinction risk 
was elevated from Vulnerable to Critically Endan-
gered in 2018, mainly due to high fishing pressure, 
with a reported population decline of > 80% over the 
last 45 years (Kyne and Jabado 2019). Further exac-
erbating the decline is the high demand for wedgefish 
fins in the Asian market (Keong 1996; Hopkins 2011; 
Kyne et al. 2020), yielding almost double the price of 

shark fins (Cripps et al. 2015) and promoting both tar-
geted and illicit fishing practices.

The current study was an opportunistic investiga-
tion that occurred upon the fortuitous capture of a 
R. laevis individual during a routine scientific sur-
vey within the Arabian Gulf. The animal was tagged 
with a pop-up archival satellite transmitter, allowing 
novel insights into the spatiotemporal movements and 
behaviour of this species to be gathered. Hence, this 
study reports the findings of the first satellite-tagged 
female R. laevis in the Arabian Gulf region. Specific 
goals were to (i) determine the depth and temperature 
ranges used by the tracked individual, (ii) detect if 
any identifiable behavioural trends persist over longer 
time periods, and (iii) describe horizontal and vertical 
movements of the tracked individual.

Material and methods

The individual under consideration was captured 
during a routine longline survey in the wider Khor 
Faridah Region, Abu Dhabi, United Arab Emir-
ates (U.A.E.) (Fig.  1). The fishing gear consisted 
of a bottom-set longline (800  m), with branchlines 
attached every 10 m. Each branchline was equipped 
with a Mustad 14/0 circular hook, baited with locally 
sourced cuttlefish (Sepia pharaonis Ehrenberg, 1831), 
and left to soak for two hours.

The study individual was caught on the 14th of 
October 2022 at 13:21. It was brought onboard and 
transferred to a holding pool to facilitate data collec-
tion. The total length (LT) was recorded to the near-
est centimetre, and sex was determined based on the 
absence of claspers. A fin clip for molecular-assisted 
species identification was placed in 95% ethanol. The 
individual was tagged with a MiniPAT pop-up satel-
lite archival tag (PSAT) (WILDLIFE Computers, 
Redmond, 8310 154th Ave NE, USA) anchored at the 
base of the first dorsal fin. The PSAT was set to initi-
ate the release sequence after 120  days. It was pro-
grammed to generate daily light levels and sea surface 
temperature (SST), geolocation data and log depth 
and temperature every 3 s throughout the deployment 
duration. Additionally, auto-detect mortality was 
defined as being at a constant depth for a minimum of 
10 days (2-m depth variance).

The individual was identified to the species level 
in the field based on morphological characteristics 
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following Last et  al. (2016), with a particular focus 
on colour pattern and rostral shape. Laboratory-based 
DNA isolation was performed using a NZYT gDNA 
isolation kit (NZYTech, 1649–038 Lisboa, Portugal). 
The obtained DNA was amplified via polymerase 
chain reaction (PCR) using ANSIM and ILEM prim-
ers (Naylor et  al. 2012) targeting the NADH2 gene. 
The PCR product was purified using the ExoSAP-IT 
reagent and prepared for sequencing using the Big-
Dye Terminator v3.1 Sequencing Kit and ethanol/
EDTA purification. Thereafter, the PCR product was 
sequenced (Sanger sequencing) using a 3500 Genetic 
Analyser (Thermo Fisher Scientific, Waltham, MA, 
USA). The generated forward and reverse sequences 
were used to create a consensus sequence using 
Geneious software (version 2023.1.1) (GenBank 
accession no. OR338595). The Basic Local Align-
ment Search Tool (BLAST) was used to compare the 
consensus sequence with reference sequences in Gen-
Bank (https:// www. ncbi. nlm. nih. gov/ genba nk/).

The PSAT was physically recovered after it was 
detached from the animal, permitting analysis of the 
full archived dataset. All data analysis was performed 
using R statistical software v. R-4.3.1 (R Core Team 
2023). The movement track was calculated using the 
integrated GPE3 model (state–space model) from the 
Wildlife Computers portal (https:// my. wildl ifeco mpute 
rs. com/ data/). The GPE3 model uses twilight, SST, 
and dive depth data in combination with reference data 
(SST: NOAA OI SST V2 High Resolution; Bathyme-
try: ETOPO1-Bedrock) to generate the most likely ani-
mal location. The location data provided by the model 
were filtered, and only those with a score of > 90% 
were considered.

Movement track data were analysed using the 
R package tidyverse (Wickham et  al. 2019) and 
ggnewscale (Campitelli 2020) for spatial data analysis 
and visualisation (Pebesma 2018). Bathymetry data 
were sourced from the General Bathymetric Chart of 
the Oceans (GEBCO) portal (https:// downl oad. gebco. 

Fig. 1  Estimated movement track of R. laevis based on the 
most likely position resulting from a MiniPAT pop-up satellite 
archival tag for 51 days within the Arabian Gulf. The move-
ment track provided a visual representation of the R. laevis 

spatial path and time spent throughout the deployment period 
and its 95% confidence interval. Exclusive economic zones of 
each country are highlighted with black lines. The black poly-
gon covers an area that is disputed

https://www.ncbi.nlm.nih.gov/genbank/
https://my.wildlifecomputers.com/data/
https://my.wildlifecomputers.com/data/
https://download.gebco.net/
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net/), land masses were plotted using data from the 
rnaturalearth package (Massicotte and South 2023), 
and EEZ boundaries were downloaded from the 
Marine Regions portal (https:// marin eregi ons. org).

Vertical movement activity was assessed using 1-m 
depth bins and 0.5 °C temperature bins. These data were 
separated by photoperiod, namely ‘diurnal’ or ‘noctur-
nal’, and delineated by sunset and sunrise times. In addi-
tion to describing the general vertical behavioural trends, 
rapid ascent behaviours were assessed in more detail. 
Rapid ascent phases were defined as periods of positive 
depth change at rates equal to or greater than 5 m/min.

Results

The highest match returned by BLAST was Rhyn-
chobatus laevis (accession no. NC_047241.1), with 
99.25% identity and 100.0% query coverage. The 
study animal was a female individual with a LT of 
147  cm, captured at a depth of 3.8  m in the Khor 
Faridah region, Abu Dhabi. The attached PSAT was 
retained for 51 days, popping off on the 4th of Decem-
ber 2022 in Qatari waters, and was 69  days shorter 
than the programmed release date. The PSAT was 
physically recovered on the 6th of December 2022.

Over the course of 51  days, the animal was esti-
mated to have travelled a minimum distance of 
712  km, passing through the exclusive economic 
zones (EEZ) of the three countries, i.e. United Arab 
Emirates, Iran, and Qatar. It was tagged on the 
coast of Abu Dhabi (Fig. 1), and within 5 days of its 
northward movement, the wedgefish entered Iranian 
waters. There, it spent an extended period (approxi-
mately 28  days) around Farur Island before moving 
westward across the Gulf into Qatari waters. The 

study animal covered a mean horizontal distance of 
88.9  km (S.D. ± 35.1) per calendar week, with the 
maximum distance travelled in week six of deploy-
ment duration (Table 1).

While the PSAT was attached to the animal, it pre-
dominately occupied a depth range of 1–35  m, with 
occasional excursions to depths up to 39.5 m during the 
last week of deployment. Mean depth differed signifi-
cantly between diurnal and nocturnal periods (unpaired 
two-sample t-test, n = 1,471,787, p < 0.01); however, 
the difference was relatively minor with a mean depth 
of 21.4  m (± 5.9) during diurnal periods and 20.2  m 
(± 6.7) during nocturnal periods (Fig.  2). The depth 
profile over time showed that the study animal spent 
a substantial amount of time at a depth of 20–25  m, 
with a discernible trend of increasing depth during the 
course of the deployment. However, when viewed in 
more detail, the depth profile over time presented con-
siderable changes over short intervals on a diel basis 
(Fig. 3). These depth changes displayed a strong cycli-
cal pattern until the 4th of November (Fig. 3), when the 
study animal spent time near Farur Island (Fig. 1). At 
this time and thereafter, the vertical movement activity 
was still frequent but more sporadic.

These vertical movements did not correspond to 
water temperature, as no consistent vertical temper-
ature gradient was detected by the PSAT (Fig.  3). 
However, a gradual cooling trend was observed 
throughout the study (Fig. 3). Interestingly, on one 
occasion during the study between the 5th and 7th 
of November 2022, there was a notable difference 
in temperature between the shallower and deeper 
depths occupied by the monitored animal, and the 
more sporadic vertical movements commenced 
around that time (Fig.  3). This also broadly coin-
cides with the full-moon lunar phase (Fig. 3).

Table 1  Distance and 
depth profile of a female 
R. laevis resulting from a 
retrieved MiniPAT pop-up 
satellite archival tag for 
51 days within the Arabian 
Gulf

Calendar 
week 2022

Distance per 
week (km)

Depth min (m) Depth max (m) Depth mean (m) Depth S.D. (m)

41 45.4 0.5 16.5 12.4 2.1
42 89.0 0.5 32.0 20.3 6.9
43 91.0 1.0 30.0 22.3 4.5
44 87.4 1.0 28.5 19.5 5.2
45 64.6 1.5 25.0 18.4 3.0
46 165.7 1.0 30.5 19.9 3.8
47 95.1 0.5 39.0 17.8 3.9
48 73.4 8.5 39.5 30.5 5.6

https://download.gebco.net/
https://marineregions.org
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When viewed in more detail, the animal’s verti-
cal movement followed a clear diel trend, alternating 
between approximately 12  h of remaining at depth 

during diurnal periods followed by approximately 12 h 
of active ascents and descents during nocturnal peri-
ods (Fig.  4). Typically, these nocturnal movements 

Fig. 2  Time spent at depth for a female R. laevis in the Arabian Gulf. The mean is depicted as a black line, and standard deviation is 
indicated by shading

Fig. 3  Vertical movement and seawater temperature profile with the corresponding moon phase for a female R. laevis in the Arabian 
Gulf
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consisted of an ascent towards surface waters followed 
by approximately 15 min of near-surface or mid-water 
depth oscillations and then a return to the original 

depth (Fig.  4). This behaviour was repeated multiple 
times during the nocturnal period. However, it should 
be noted that this behaviour also occurred occasionally 

Fig. 4  Diel cyclic vertical movement pattern of a female R. laevis in the Arabian Gulf, with an enhanced view of an example ascent 
pattern between the 26th and 28th of October 2022

Fig. 5  Diel rapid ascents 
of R. laevis over a 51-day 
deployment period. Mean 
rapid ascent counts are dis-
played with the correspond-
ing error bars representing 
each standard deviation. 
The rapid ascents are char-
acterised by a 5-m depth 
change within 1 min and 
displayed based on the cor-
responding time of the day, 
indicated by background 
shading
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during diurnal periods, although significantly less so 
(Mann–Whitney U test, n = 103, p < 0.05) (Fig. 5).

Discussion

Until recently, the taxonomy of the Rhinidae was 
poorly resolved, and all individuals within the Gulf 
were commonly believed to be the whitespotted 
wedgefish Rhynchobatus djiddensis. However, it is 
now believed that up to three species may occur here, 
i.e. R. djiddensis, R.  australiae, and R. laevis (Last 
et al. 2016). Morphological and molecular assessment 
of the current individual confirmed it to be a female 
R. laevis, and based on the known size at maturity 
(190 cm LT) (Purushottama et al. 2020), it was most 
likely sexually immature.

Differences in horizontal movement patterns 
have been observed in wedgefish based on matu-
rity. Mature individuals have been reported to 
depart from monitored research areas and return to 
the same location annually (Jordaan et  al. 2021). 
However, the extent of their movement outside the 
boundaries of such areas has not been documented 
(White et al. 2014; Gong 2022; Murray et al. 2023). 
Conversely, it has been observed that juveniles 
exhibit a more pronounced affinity for certain areas, 
but once they leave, they tend not to return on an 
annual basis, and there is limited information avail-
able about their continuing movement patterns (Far-
rugia et al. 2011; Jordaan et al. 2021). However, the 
wedgefish in the current study exhibited predomi-
nantly mobile behaviour, with the exception of a 
4-week period around Farur Island (Fig.  1). When 
mobile it primarily utilised open waters and did not 
remain nearshore. This continuity of movement has 
not been reported in wedgefish previously, but this 
is most likely due to the limited spatial coverage of 
previous studies (Farrugia et  al. 2011; White et  al. 
2014; Jordaan et  al. 2021). The current data dem-
onstrate that these animals are capable of extensive 
mobility punctuated by periods of transient site 
association.

Horizontal movements in bottom-associated elas-
mobranchs are often associated with annual seasonal 
migrations, which are typically driven by foraging 
and mating behaviours, or external environmen-
tal factors (Dudgeon et al. 2013; Schlaff et al. 2014; 
Espinoza et  al. 2016; Lea et  al. 2018; Lubitz et  al. 

2022; Peterson and Grubbs 2023). It seems highly 
unlikely that the horizontal movements observed in 
the present study were associated with mating behav-
iour given the apparent immature condition of the 
animal. However, the areas surrounding Farur Island 
and utilised by the animal thereafter are notable for 
the presence of active mesoscale eddies (Rahnemania 
et al. 2019). These are known to increase prey acces-
sibility and to be energetically beneficial (Gaube et al. 
2018; Schmid et al. 2020) and may have played a role 
in driving this animal’s movements. Moreover, it is 
evident from the seawater temperature profile (Fig. 3) 
that it moved from an area of higher water tempera-
ture to one of lower temperature during the monitored 
period. This may indicate that temperature also influ-
enced this movement, although the observed time-
frame is too short to make any definitive conclusion 
in this regard.

The wedgefish in this study exhibited extensive 
vertical movements, and such movements have been 
reported in several other bottom-associated elasmo-
branch species (Neat et  al. 2015; Humphries et  al. 
2017; Griffiths et  al. 2020; Kneebone et  al. 2020; 
Lavender et al. 2021; Poos et al. 2023). However, in 
these studies, it is unclear if the vertical movements 
are due to horizontal variations in bottom depth or 
actual movements away from the seabed (Lavender 
et al. 2021). This is also true of sections of the track 
followed by the current study animal, as the 95% 
confidence interval of the horizontal position encom-
passed a broad depth range (Fig.  1). Nonetheless, 
other sections of the track indicate extensive hori-
zontal movement higher in the water column as the 
seabed depth was considerably deeper than the maxi-
mum depth occupied by the animal. Specifically, the 
fact that the animal never descended below 39.5  m 
and traversed areas with a depth of over 80  m indi-
cates that it was capable of spending extended peri-
ods of multiple days away from the seabed. Indeed, 
a bowmouth guitarfish individual was sighted by 
Forget and Muir (2021) at approximately 25 m depth 
between the African continent and the Seychelles, 
with a bottom depth of ~ 4000 m.

Vertical movement by elasmobranchs has been 
linked to a variety of drivers, including thermoregu-
lation, bioenergetic efficiency, foraging behaviour, 
tidal conditions, and lunar or seasonal cycles (Sims 
et  al. 2006; Andrews et  al. 2009; Carlson et  al. 2014; 
Arostegui et  al. 2020; Griffiths et  al. 2020; Lavender 
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et al. 2021; Andrzejaczek et al. 2022). In this study, it 
is worth noting that the PSAT did not record a persis-
tent thermocline, precluding temperature as a primary 
driver of diel vertical movements. However, a nota-
ble change in the overall vertical behaviour occurred 
around November 5th, coinciding with a decrease in 
water temperature. This suggests that temperature has at 
least some influence over movement behaviour.

The vertical movements in this study were 
strongly linked to photoperiod, with significantly 
higher activity observed during nocturnal periods. 
This aligns with the findings of previous elasmo-
branch studies (Cartamil et al. 2003; Whitney et al. 
2007; Lavender et  al. 2021; Wheeler et  al. 2022). 
Large-scale nocturnal vertical migrations are com-
mon in marine environments, mainly revolving 
around the movement of zooplankton into surface 
waters (Fréon and Misund 1999; Mincks et al. 2000; 
D’Elia et  al. 2016), suggesting that the vertical 
movements observed here may have been driven by 
prey availability. It is notable that the vertical move-
ments in the current study were less pronounced 
during the full moon, which is also when mass ver-
tical migrants avoid near-surface waters (Alldredge 
and King 1980; Shima et al. 2022).

The Arabian Gulf is surrounded by eight countries, 
each of which manages marine resources within its ter-
ritorial waters (Morgan 2006). Even within countries, 
regulations can vary at the local level (ANON 2019; 
FAO 2023). Although industrial demersal trawling is 
limited to Iran, Iraq, Kuwait, and Saudi Arabia (FAO 
2003, 2015, 2019, 2023), fish traps, gill nets, seine 
nets, and baited longlines are used extensively through-
out the region (FAO 2023), and wedgefish are suscepti-
ble to capture in all of these gears. Moreover, given the 
extensive horizontal and vertical movements exhibited 
by the wedgefish in the present study, they are likely 
to come into contact with all such fisheries. Therefore, 
gear-specific conservation strategies targeting wedge-
fish should be aligned across jurisdictions. Unfortu-
nately, the region has a poor record of implementing 
long-term cooperative and strategic plans to protect 
shared fish stocks (Grandcourt 2012).

In conclusion, the study animal traversed the EEZs 
of three countries within a period of 51  days, expos-
ing it to the majority, if not all, of the fishing gears 
present in the Arabian Gulf. Understanding the com-
plex movement patterns of marine fish with extensive 
home ranges is of utmost importance for successful 

conservation efforts (Speed et  al. 2010; Hays et  al. 
2019; Jorgensen et  al. 2022). Collaborative resource 
management of shared marine fish resources has been 
shown to support effective conservation outcomes 
(Pomeroy et  al. 2007; Mulazzani et  al. 2013). Satel-
lite telemetry in particular has been instrumental in 
the development and implementation of elasmobranch 
management measures elsewhere (Graham et al. 2016; 
Doherty et  al. 2017; Lea et  al. 2018); however, such 
studies in the Arabian Gulf are limited to this work and 
that of Robinson et al. (2017). Notwithstanding the reli-
ance on a solitary individual, the present data suggest 
an extensive activity space for these critically endan-
gered animals. Therefore, it is imperative that conserva-
tion efforts are coordinated across regional and national 
boundaries. In fact, given the high risk of extinction 
faced by most elasmobranchs in the Arabian Gulf, a 
unified management approach is highly desirable.
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