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ABSTRACT 

Home Sweet Home: Site fidelity of the reef manta ray (Mobula alfredi) to a remote 

coastal bay in the Sudanese Red Sea 

Anna Knochel 

 

Reef manta (Mobula alfredi) populations along the east African coast are poorly studied 

and likely in decline. Identifying critical habitats for this species is essential for future 

research and conservation efforts. Dungonab Bay, a marine protected area and UNESCO 

World Heritage Site in Sudan, hosts the largest known reef manta aggregation in the Red 

Sea. Here we present approximately two years of passive acoustic telemetry monitoring 

data collected from 19 individuals and 15 strategically placed receivers. This data is used 

to quantify long-term residency and seasonal shifts in habitat use in Dungonab Bay. 

Additionally, acoustic telemetry combined with satellite telemetry was used to 

simultaneously track three mantas. On average, individual M. alfredi were detected within 

the array on 39% of monitored days. Detections were recorded throughout the year, though 

some individuals were occasionally absent from the receiver array for weeks at a time and 

generalized additive mixed models showed a clear seasonal pattern in detection probability. 

The highest probabilities occurred in boreal fall (~76% chance of detection) while the 

lowest occurred in boreal winter (~22%). Modeled biological factors, including sex and 

wingspan, had no influence on animal presence. Modeled environmental factors such as 

fraction of moon illuminated, sea surface temperature, and chlorophyll-a concentration 

were positively correlated with presence. Despite the high residency suggested by acoustic 

telemetry, satellite telemetry recorded one tagged individual moving at least 84 kilometers 

to the south towards Port Sudan. Although our satellite and acoustic telemetry data indicate 
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excursions away from Dungonab, these individuals always returned and showed a strong 

degree of site fidelity. This study adds to growing evidence that M. alfredi are highly 

resident and site-dependent but display seasonal shifts in habitat selection that are likely 

driven by resource availability and the oceanographic features within their home range. 

 

 

Keywords: Mobula alfredi, movement ecology, manta, Sudan, acoustic telemetry, 

conservation 
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1. INTRODUCTION 

Megafauna movement in the marine environment is largely conserved, independent 

of evolutionary origin, and strongly influenced by habitat complexity (Sequeira et al. 

2018). These movements can be shaped by the search for food and reproductive 

opportunities (Sims et al. 2006, Andrews-Goff et al. 2018), predator avoidance (Sih 1992, 

Gallagher et al. 2017), and thermoregulatory needs (Thums et al. 2013), all of which are 

likely influenced by scale-dependent oceanographic factors. As anthropogenic impacts 

continue to increase in coastal and open ocean ecosystems, describing patterns of 

megafauna movements and identifying the ecological and oceanographic drivers of those 

movements is a priority. Understanding a species’ habitat selections makes it possible to 

predict how behaviors might shift in response to global change and to minimize or mitigate 

the effects of human disturbance.   

Monitoring megafauna movement patterns in aquatic environments is complex due 

to the nature of the environment in which they inhabit. Unlike terrestrial systems, the 

interface at the surface prevents otherwise effective radio-dependent tracking methods. 

Although marine megafauna move in three dimensions across thousands of cubic 

kilometers of ocean, rapid advances in telemetry approaches now allow passive monitoring 

of individuals over localized to ocean basin scales (Hussey et al. 2015). Passive acoustic 

telemetry, where receivers are moored to the ocean floor, can offer fine-scale, highly 

accurate horizontal movement data of tagged individuals over long periods of time. They 

are, however, limited in spatial coverage to within a range of at most one kilometer from 

the receiver. In contrast, satellite tags with ARGOS or Fastloc global positioning (SPOT 
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tags) are highly accurate but only report when the animal breaks the surface of the water. 

This technique is useful for taxa such as cetaceans and sea turtles, which must surface 

regularly to breath, but are less effective for most fish species (Hussey et al. 2015). SPOT 

tags can also reveal the movements of animals when they move outside an acoustic array 

of fixed receivers and consequently animals are present in the region but not detected. Pop-

off archival tags (PSAT) that estimate horizontal location through the measurement of light 

levels are one option for deep-dwelling taxa, but can have a high degree of error in species 

with limited latitudinal range and those residing in lower latitudes (Braun et al. 2015). To 

reduce this error, PSAT tags can be equipped with Fastloc GPS that acquires accurate 

positions when the animal does surface, or these tags can be used in conjunction with 

acoustic tags that allow known positions to be incorporated into the models used to estimate 

the track (Peel et al. 2020). Used together, these methods can complement each other and 

maximize their individual advantages while minimizing their disadvantages. Marine 

megafauna in particular would benefit from a multi-tagging study approach due to their 

tendencies to exhibit both highly resident and broad-scale movement behavior.  

The reef manta ray (Mobula alfredi) is one such species where multi-method 

telemetry techniques could be used to describe their movement patterns. The reef manta is 

a coastal, filter-feeding batoid that is widely distributed in the tropical and subtropical 

regions of the Indo-Pacific. While capable of long-distance movements spanning hundreds 

of kilometers (Germanov et al. 2014, Armstrong et al. 2019, Armstrong et al. 2020), the 

species can be site-associated in shallow coastal and lagoonal habitats or islands 

(Papastanimou et al. 2012, McCauley et al. 2014). Manta abundance and habitat selection 

within these areas is often seasonal, most likely in response to predictable fluctuations in 
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food availability and distribution (Dewar et al. 2008, Courtier et al. 2018, Peel et al. 2019, 

Andrezecejack et al. 2020, Harris et al. 2020). Due to their preference for coastal habitats, 

reef mantas are regularly encountered by humans and have been heavily fished (Croll et al. 

2015, Zeng et al. 2018). Due to their conservative life history that includes long lifespans, 

slow maturation, and the birthing of single pups, reef manta populations are unlikely to 

sustain a targeted fishery and the species was officially classified as “Vulnerable” by the 

IUCN in 2011 due to rising demand for their gill plates that are now marketed for traditional 

medicine (Marshall et al. 2019). 

Modeled sightings of reef manta rays have decreased by 98% in Mozambique in a 

13-year study period (Rohner et al. 2017) which is likely attributable to increased fishing 

pressure. Other reef manta populations along most of the Eastern African coast are 

understudied and likely severely threatened by human activity (Marshall et al. 2018). One 

possible exception is Dungonab Bay, located on the northeastern Sudanese coast. 

Dungonab hosts the largest known aggregation of reef mantas in the Red Sea (Hass 1952) 

and is considered a globally important region for the species’ conservation (Kessel et al. 

2017). Fishing pressure in Sudan is generally low (Kattan et al. 2017), and there does not 

appear to be an active fishery for mantas or other devil rays (Jabado and Spaet 2017). 

However, Sudanese fishermen often use large gillnets stretched across channels or lagoons 

that indiscriminately capture a variety of marine fish species, which does include manta 

rays (NH personal communication). Dungonab Bay could serve as a key refuge for reef 

manta rays both regionally and globally, but the area and its aggregation are understudied 

and threatened by human fishing activities.   
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In this study, I used a combination of satellite and acoustic telemetry to describe 

reef manta movement patterns and habitat use around Dungonab Bay for 23 months. This 

work represents the most complete acoustic dataset on reef mantas in the Red Sea and also 

reports findings from three multi-tagged individuals. Tracking data is used to describe 

residency and spatiotemporal movements, and also correlated with several temporal, 

biological, and oceanographic parameters in order to identify potential explanations of 

observed behavior. Similar multi-method approaches have been used to study other reef 

manta aggregations (Braun et al. 2015, Andrzejaczek et al. 2020, Peel et al. 2020) and other 

marine megafauna (Meyer et al. 2010, Cochran et al. 2019). Results from Dungonab are 

compared to these previous works and discussed in the context of local and regional 

conservation efforts.  

Through the use of acoustic and satellite telemetry data, I  specifically aimed to 1) 

assess the residency index of this species to Dungonab, 2) investigate the potential drivers 

and seasonal stability of manta presence using generalized additive mixed models 

(GAMMs), 3) determine whether M. alfredi distribution shifts on a seasonal basis by using 

kernel utilization distributions (KUDs), and 4) evaluate the movement behavior of dual-

tagged individuals to gain insight into the wider spatial ecology of this species in the region. 

Taking into account the findings from the only other studied Red Sea manta population in 

Saudi Arabia, I hypothesize M. alfredi will not display a seasonal distribution in presence 

in Dungonab Bay (Braun et al. 2015). I further expect that M. alfredi presence is influenced 

by time of day, lunar illumination, sea surface temperature, and ocean productivity, as these 

variables have been shown to affect M. alfredi in other acoustic and observational studies 

(Jaine et al. 2014, Peel et al. 2019, Barr et al. 2019, Harris et al. 2020). I predict that M. 



 16 

alfredi would have preferred habitat areas in the Bay and that their home range likely does 

not extend beyond the main boundaries of the MPA due to past findings from the same 

area (Kessel et al. 2017). 

 

2. MATERIALS AND METHODS 

2.1. Study Site 

Dungonab is a shallow coastal bay located along the Red Sea coast of northern 

Sudan (20°52’ N, 37°14’ E). The two main northern and southern basins are separated by 

shallow sills and do not exceed a maximum of 50 meters in depth (Kemp et al. 2002). 

Eastward, offshore reefs such as Abington and Angarosh rise from a seafloor at least 400 

meters in depth. The overall anthropogenic environmental impact on the area is considered 

to be low, with extractive activities limited to a small collection of artisanal and subsistence 

fisheries (Kemp et al. 2002). However, the presence of fishermen in the Bay that use 

gillnets poses threats to manta rays as they can be easily and accidently captured as bycatch 

(NH personal communication). The bay was designated as a marine protected area (MPA) 

in 2004 and declared a UNESCO World Heritage site in 2016 (UNESCO 2016).  Despite 

these designations, there is little management on the ground and enforcement of regulations 

appears to be lacking. 

 

2.2. Field methods 

Between October 28 and November 1 of 2012, reef mantas (n=20) were physically 

captured using hook and line (Kessel et al. 2017) and surgically implanted with VEMCO 

V16.1 acoustic transmitters in the peritoneal cavity. Individual sex and wingspan were 
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recorded and genetic samples taken as a part of the tagging procedure. Sex was determined 

based on the presence or absence of claspers and wingspans were measured directly in the 

water to the nearest centimeter. Individuals were divided into categories of immature and 

mature based on clasper calcification in males (calcification indicating maturity) and on 

the known size of maturity in females (a disc width of 3.2 meters for maturity) (Stevens 

2016). Four of the acoustically tagged mantas were also fit with external satellite 

transmitters, including one (13-366-F) with Wildlife Computers SPOT 5 tag and three (20-

296-M, 21-320-F, 22-362-F) with GPS-enabled MK10AF tags that were also equipped 

with depth sensors. The SPOT tag was mounted onto the dorsal fin while the MK10AF 

tags were anchored in the dorsal musculature of each animal’s right side in the back third 

of the body. MK10AF tags were programmed to summarize light and depth data every 12 

hours and release after 180 days. 

Tagged mantas were tracked using an array of 15 Vemco VR2W acoustic receiver 

stations. Station locations were chosen based on local Bedouin knowledge of manta 

occurrence and aggregation behavior, and all receivers were deployed in 2012. Receivers 

were placed within the main entry channel into Dungonab, at the end of the channel, along 

the western side of Mukkawar Island, and in a nearshore site close to the local village of 

Mohammad Quol (Figure 1). Receivers were placed at least 1 kilometer apart in the core 

array sections with the longest direct distance between the two furthest receivers, S3 and 

N1, equal to 29 kilometers. Fifty percent detection probabilities at 540 meters were 

predicted based on range testing conducted in a similar Red Sea environments (Cagua et 

al. 2013). 



 18 

 
Figure 1. Sites of receivers in the acoustic array in Dungonab Bay, Sudan. All receivers 

were placed a minimum distance of one kilometer apart. The two furthest receivers (N1 

and S3) were 29 kilometers apart.  

 

2.3. Residency 

To filter out echoes, signal collisions, and other sources of error, isolated single 

acoustic detections were first removed from the dataset (Hoenner et al. 2018). In order to 

be considered present in the array on a specific day, two ‘realistic’ detections of an 

individual were required within the same calendar day. Individual detections were then 

eliminated if two subsequent detections between receivers resulted in unrealistic rates of 
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movement. A swim speed of  > 5 meters/second was selected to filter these data, based on 

previous estimates for mobula rays (Yano et al. 1999, Jaine et al. 2014, Thorrold et al. 

2014). To avoid bias in movements associated with the capture-tagging process, 

detections recorded within the first 24 hours post release were excluded. The filtered data 

was then used to calculate a maximum residency index (RI) for each animal equal to the 

number of days that animal was detected within the array divided by the number of days 

between the date of first and last detection (Peel et al. 2019). Shapiro Wilk and Levene’s 

Test revealed RI data was normally distributed and variance was not homogenous, 

therefore, residency indices were tested for significant differences between males and 

females and within size classes with Welch’s T-Test and linear regression respectively.  

 

2.4. Modeling Presence 

The temporal, environmental, and biological effects on M. alfredi presence were 

tested using generalized additive mixed-effects models (GAMMs) with the package 

‘mgcv’ (R version 3.4.1; R Core Team 2017). These models incorporated acoustic 

detection records as a binomial variable of hourly manta presence or absence. All filtered 

detections were included in the model, despite interspersed battery failure that occurred in 

the last four months of the study. This variation in receiver effort was accounted for by 

including the number of active stations for every hour as a fixed variable in our model. 

Acoustic detections were incorporated as a binomial response variable of hourly presence 

for each manta with a value of “1” if the animal was detected during that hour and a value 

of “0” if not. For seasonal and diel analyses, day of the year and hour of the day were 

included as cubic cyclical smoothing parameters.  
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In addition to looking for temporal patterns, the GAMMs also incorporated several 

environmental and biological variables in addition to effort. Environmental parameters 

included lunar phase, sea surface temperature (SST), and chlorophyll-a 

concentration.  These variables were chosen because they have been shown to influence 

manta presence in past studies. While chlorophyll-a does not perfectly reflect zooplankton 

abundance, it has been used in the past as a proxy for ocean productivity in manta studies 

(Harris et al. 2020). Lunar phase was quantified as the fraction of moon illuminated, which 

was obtained through the United States Naval Observatory.  Daily sea surface temperature 

was taken from ERA5 data at a 9km2 block encompassing the central part of the acoustic 

array (Hersbach et al. 2018). Interpolated remotely sensed daily chlorophyll-a 

concentration (mg/m3) data was obtained from Copernicus Marine Service at a 4km2 

resolution block centered over the central receiver array. Effort was considered to be the 

number of receivers active for every hour of observation. Biological variables included the 

sex (male/female) and life-stage (immature/mature) of tagged mantas. 

During initial analysis of a saturated model that incorporated all predictors, a high 

degree of concurvity was detected between sea surface temperature and chlorophyll-a 

concentration with the day of year variable, resulting in gross model fits for the effects of 

sea surface temperature on M. alfredi presence. Initially, daily SST values were binned into 

monthly averages, but the correlation between day of year and SST could not be resolved. 

Due to the presence of concurvity between variables, two different models were fit. The 

first was a temporal model meant to determine the degree of annual manta presence in 

Dungonab in addition to daily patterns of presence/absence and included day of year and 

time of day variables. The second model was created to determine the effects of 
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environmental variables (SST, chlorophyll-a concentration, and fraction of moon 

illuminated) on M. alfredi presence. Both models incorporated the two biological variables, 

receiver effort, and manta identity as a random effect. Models were constructed for all 

permutations of these variables (Table 1), resulting in 8 models testing for seasonality and 

8 models testing environmental drivers of presence. Model selection was based on the 

Akaike Information Criterion (AIC) with the lowest AIC score indicating the most 

parsimonious model (Table A1 and Table A2). 

In addition to these models, seasonality in manta presence was further visualized. 

calculating the number of mantas detected each day and binning them into boreal winter, 

spring, summer and fall. Seasons were defined by the following dates: winter: December 

21-March 20; spring: March 21-June 20; summer: June 21-September 21; fall: September 

22-December 20. 

 

Table 1. A summary of variables tested in the GAMM models. Model 1 included day of 

year and time of day to assess temporal drivers of manta presence. Model 2 considered 
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environmental variables that may influence manta presence. Both models were initially 

tested using the individual identity of the manta rays as a random effect in addition to three 

demographic variables and the number of active stations to test biological effects on manta 

movement and to account for receiver effort. 

 

2.5. Receiver Visitation and Movements 

Visitation patterns to receivers were measured through their residency and 

nonresidency time using the ‘Vtrack’ package in R (Campbell et al. 2012). An event was 

triggered after two subsequent detections at a receiver and ended when either the individual 

was detected at another receiver or an hour-long period had lapsed without any further 

detections (Setyawan et al. 2018). In order to test whether mantas spent more time in some 

locations than others, the duration of the visits were log transformed and then tested for 

significance between receiver stations and between males and females. The data was not 

normally distributed, so the nonparametric Kruskal Wallis test was used. Pairwise 

differences between stations were examined with a Dunn Test (Table A3) 

Nonresidence events were defined as periods of complete absence from the acoustic 

array and were calculated to examine the longest time period between detections for each 

individual (maximum nonresidence). To examine movement within the array, rates of 

movement between stations were calculated and filtered to remove likely false movements 

based on an estimated maximum travel speed for M. alfredi. After filtration, I summed the 

total minimum distance moved within the array for each individual in the entire study 

period and also estimated minimum distance moved per day. 

To visualize movements within the array, detection data was used to create 

networks representing movements between receivers in ‘igraph’ (Csardi and Neupsz 2006) 

which were then visualized in ‘ggplot2’ (Wickham 2016). The receivers represent the 
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nodes and their size reflects the total number of detections at that given receiver. Edges 

were simply weighted by the number of movements between receivers, which were 

assumed to be represented by subsequent detections between two receivers.  

To determine site preferences, the proportion of detections at each receiver for 

every individual was calculated. For the purpose of identifying potential aggregations, 

detections were binned every hour at each receiver station and detections of five or more 

individuals within the hour were considered a group. The time of year and time of day for 

these groups were extracted in order to determine where groups were most likely to form 

within the array.  

Lastly, to examine potential differentiation in habitat use, detections were binned 

per hour for each receiver station to assess diel patterns in habitat preference. A spatially 

explicit detection chart and violin plots were also constructed to further describe individual 

variation in movement patterns in the array and potential seasonality in site occupation, 

respectively. 

  

2.6. Spatiotemporal Distribution 

The raw detection record contains discrete spatial data, specifically the known 

position of the detecting receiver. In order to convert these data into more continuous 

estimates of animal location, each mantas detection record was grouped into 6-hour bins 

and used to calculate mean centers for those periods. This centers of activity (COA) 

analysis was performed using the Animal Tracking Toolbox (ATT) in the ‘adehabitatHR’ 

package of R (version 3.4.1; R Core Team 2017). A timestep of 6 hours (360 minutes) was 

chosen after testing timesteps of 60, 120, 180, 360, and 720 minutes. To assess seasonal 
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shifts in spatial activity within the acoustic array, COAs from all mantas were pooled and 

kernel utilization distributions (KUDs) were calculated for each month at 50% and 95% 

levels using an href smoothing parameter. 

Satellite data was decoded through Wildlife Computer’s software and the 

geolocation tracks were processed using a hidden Markov model, which incorporated 

archived light levels, temperature, and depth from the tag with satellite SST and bathymetry 

for more accurate horizontal positioning estimates (HMM, WC-GPE3, Wildlife 

Computers). Additionally, the implementation of the dual-tagging approach allowed for 

known acoustic positions—COAs from a 12-hour timestep—to be incorporated into the 

model (Peel et al. 2020). Most likely probable tracks were fitted for each individual and 

visualized with ArcGIS Pro. KUDs were recalculated for the individuals fitted with the 

MK10AF tags. In this case, COAs from the 12-hour timestep acquired within the time of 

the deployment range of the MK10AF tag were included.  

The satellite detections from the one individual fitted with a SPOT tag were 

reviewed from Kessel et al. (2017) and the data was pooled with acoustic detections to 

visualize movements for one year. The Argos location classes (B, A, 0, 1, 2, 3) were 

plotted throughout the duration of the SPOT deployment to examine seasonal variation in 

detection probability. Estimated visitation times per receiver previously acquired through 

Vtrack were then binned into five defined windows: <10 minutes, <1 hour, <2 hours, <3 

hours, and >3 hours for visualization. 

 

 

 



 25 

3. RESULTS 

3.1. Residency 

3.1.1. Detection Summary and Residency 

From the 1st of November 2012 to the 24th of October 2014, the array recorded a 

total of 52,876 acoustic detections. After removing isolated single records (n = 1028), 

detections within 24 hours of tagging (n = 9), and unrealistic detections based on speed 

between receivers (n = 320), the analyzed dataset consisted of 51,848 detections of 19 

tagged rays (9 females, 10 males) for an average of 2729 detections per individual. Tag 

retention was high; fifteen mantas were tracked for more than 690 days during the 723-day 

study. The remaining four were tracked from 122 to 529 days. Mantas were detected 

throughout the year with the array recording at least one tagged animal on 696 days (96.3% 

of the study period). The maximum number of mantas recorded on any given day was 17, 

which happened five times during the study and always during the boreal autumn (Figure 

2). During the tracking period, mantas spent considerable portions of their time within the 

array; maximum RI ranged from 0.17 to 0.62 (Table 2) with an average of 0.385 ± 0.128. 

Despite high residence, some animals did leave the array for extended periods up to 148.5 

days with an average individual maximum of 53.9 ± 30.9 days between subsequent 

detections. Females recorded a greater number of detections (31,063), had more detections 

per individual (3451), and a higher maximum RI (0.4) than did males (20,785, 2078, and 

0.37 respectively), but differences in RI were not significant (Welch’s T-Test, pRI = 0.744). 

Neither detection counts nor RI showed any significant correlation with wingspan (linear 

regression, pRI = 0.789). Maximum residency index also did not vary significantly between 

mature and immature individuals (Welch’s T-Test, pRI = 0.882). 
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Table 2. Summary of acoustic detections on manta rays M. alfredi in Dungonab Bay, 

Sudan spanning November 1, 2012 to October 24, 2014 (723 days). 
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Figure 2. Filtered detection data of M. alfredi in Dungonab Bay, Sudan where (A) is the 

number of days on the y-axis where X number of mantas on the x-axis were detected within 

the array and colored by season. (B) expresses the data from (A) but depicts the data 

proportionally. For example, there were 27 days with zero detections (A) and more than 

75% of those days occurred in the winter and spring (B).  

 

3.1.2. Generalized Additive Mixed Models  

For both models, detection records were converted into 329,403 observations of 

daily manta presence/absence and used to fit a series of 16 GAMMs for to examine biotic 

and abiotic effects on manta presence. The chosen seasonal model (tested out of 8 

GAMMs) with the lowest AIC score incorporated both biological variables and receiver 

effort (Table A1). There was a clear seasonal trend in M. alfredi presence with 10.4% of 

deviance within the data explained. After converting the effects sizes from odds to 

probability, there was a 50% or greater probability of detection on any given day from June 

to December, which reached a maximum probability of 76% during the month of October. 

M. alfredi were least likely to be detected from February to March, although detection 

probabilities were never lower than 20% (Figure 3). Detections were significantly more 
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likely from several hours before dawn to just before sunset and lowest in the hours after 

twilight (p < 0.001, Figure 3). Manta sex and maturity level did not significantly affect 

presence/absence patterns in the array (Psex=0.144, Pmaturity=0.781). Receiver number was 

significant (Pnstations < 0.0001) and the likelihood of manta presence increased with greater 

effort.  

For the environmental model, detection records were fit to 8 GAMMs. Even though 

their inclusion did not increase AIC, the biological variables were dropped from the 

environmental model since they were found to have no effect in the temporal model (Table 

A2). M. alfredi detections weakly increased during a full moon (Figure 4). Detections were 

more likely to occur when surface temperatures ranged between 28-31.5°C, with 

probabilities of detection dropping at temperatures greater than 32°C (Figure 4). This 

pattern was evident in the decrease in the number of detections that coincided during the 

time of year with the hottest temperatures (Figure 5). Chlorophyll-a concentrations, used 

as a proxy for productivity, indicate mantas are more likely to be present when these levels 

are highest in Dungonab Bay (Figure 4 and Figure 6). The highest levels of chlorophyll-a 

occurred during June and October-December which correspond to an initial peak in manta 

detectability in the summer followed by a larger peak in the fall. Lower concentrations in 

February and March and in July and August correlated roughly with dips in detection 

probabilities (Figure 6). 
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Figure 3. Effects plots of the first model showing seasonal and hourly trends in manta 

detections. Magnitude of the effect displayed on the y-axis. 

 

 
Figure 4. Effects plots of the second model showing influence of environmental effects on 

manta detection probability. Magnitude of the effect displayed on the y-axis.  
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Figure 5. Number of mantas detected within a given day colored by daily estimated sea 

surface temperature from remote sensing data.  

 

 
Figure 6. Number of mantas detected within a given day colored by remotely sensed daily 

interpolated chlorophyll-a from a 4km2 block centered over the central part of the acoustic 

array. 
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3.2. Spatial Distribution 

 

3.2.1. Fine Scale Spatiotemporal Distribution 

Detections were only recorded on receiver N1 between November and March of 

both years, coinciding with gaps in detections for most other receivers and peaking in 

February where over half of the total detections occurred. Mantas were only detected on 

the far southern receiver S2 between December and June. Monthly KUDs indicate a 

northward shift of presence during the months of December to March and a southward shift 

in March and April (Figure 7B). Hotspots of activity occur near the mouth of the channel 

in May, June, and July, and shift inwards to the central part of the array in September, 

October, and November (Figure 7 and Figure 8). Home range estimates within the array 

are largest between December and March and smallest between April and November 

(Figure 7B). KUDs between males and females did not drastically differ and are not shown. 

Violin plots confirm these that seasonal patterns in receiver activity vary between stations 

(Figure 8). On an individual level, mantas were similarly detected in the same zones 

throughout the array over the study period (Figure 9). 
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Figure 7. Spatiotemporal distribution of detections represented by A) proportion of 

detections and (B) 50% (orange) and 95% (purple) kernel utilization distributions broken 

down by month. Black dots indicate receiver locations. 

 

 

Figure 8. Violin plots of detections at each receiver over the study period (November 1, 

2012-October 25, 2014). The length of the plot reflects the period during which the receiver 

was active while bulges reflect greater levels of activity. A) Thickness of the plots is 

proportional to the number of total detections within the array. For example, CH1 has the 

greatest bulge because it received the greatest number of detections. B) The area of 

thickness of the plots is equal between stations. 
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Figure 9. Summary of detections for all individuals from November 1, 2012 to October 

24, 2014 (n=19). Manta identities are ordered top to bottom from highest to lowest RI. 

Stations are grouped according to their location names: CH = Channel (red); C = Central 

(green); W = West (blue); S = South (purple); N = North (pink) 

 

3.2.2.  Receiver Visitation Patterns 

The average receiver residency period obtained through Vtrack for each manta was 

37.15 minutes. The longest visitation occurred at a central station C3 in June where a manta 

was detected 67 times over a nine hour-long period. Overall, females had significantly 

longer visitation events than males, averaging 7.2 minutes longer per event (K-W test, p < 

0.0001). This relationship also remained significant even after removing the smallest 

female with the most detections. The longest average visits were recorded at CH1 (channel 

entrance) and were significantly longer than any other station except CH2, which also 

recorded high average visitation duration despite having much fewer detections than CH1 

(Dunn test, p < 0.001) (Table A3). Other receivers with the longest visitation events were 

C3, W2, and N1 (Figure A1). Visitation events of over 3 hours were recorded at 12 
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receivers, and CH1 also recorded the highest number of these events (93 out of 262) 

followed by C3 (53 out of 262).  

After binning detections for each hour, there were 329 instances of 5 or more 

mantas detected at the same receiver within one hour of each other. Most of these were 

recorded at C2 (101) followed by W2 (76) and CH1 (62). These groups were most 

frequently detected late in the morning and early afternoon, with the highest number in the 

morning occurring from 10:00 to 11:00 (30) and the highest number in the afternoon 

occurring from 14:00 to 15:00 (23). These groups were most frequently detected in October 

and November.  

 

Figure 10. Movement network of M. alfredi. Nodes represent receivers and the size of the 

node is proportional to total number of detections. Edge thickness represents the frequency 

of movements between two receivers. Right panel depicts a closer view of movement 

networks in the central array station. The most southern station S3 did not record detections 

and was removed for mapping purposes.  
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Figure 11. Rose plots of detections plotted by hour for 10/15 receivers. Night time was 

determined to be from 18:00 to 06:00 and is colored blue. All receivers had a greater 

number of detections during the day than at night except for receivers CH3, C1, and W1. 

Detections peaked at dawn for C3, C2, and W2. 

 

M. alfredi moved a minimum average of 5.69 kilometers and a maximum of 51.2 

kilometers per day within the array. Movements between receivers were highest between 

C2 and W2 (844) and between W1 and W2 (383) (Figure 10). The majority of detections 

occurred at station CH1 (9237, 17.8% of total detections), located on the north corner of 

the entrance to the channel (Figure 10). Mantas showed the highest site preference for five 

stations: CH1, C2, C3, W2, and N1 after calculating the number of detections at each 

station divided by that individual’s total number of detections. Furthermore, while our 

GAMM model shows overall higher likelihood of detections during the day, several 

stations recorded more detections at night (CH3, C1, W1; Figure 11). No detections were 

recorded on the far southern receiver S3, located close to the western shoreline of 

Mukkawar Island. Satellite tracking data indicates that M. alfredi are frequently located 

south of the island, but are rather detected closer to shore along the mainland’s coastline 

(Kessel et al. 2017). Of the four individuals whose detections ceased before the end of the 
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study, three were last recorded at station CH1 which is located at the mouth of the channel 

entrance to the Bay (Figure 9).  

 

3.2.3. Satellite Telemetry 

The SPOT tagged individual’s (13-366-F) satellite track and acoustic track spanned 

366 days and 529 days, respectively. Satellite tracks for this individual have been 

previously published (Kessel et al. 2017). There was clear seasonality in the numbers of all 

location classes (0, 1, 2, 3, A, B) throughout the track (Figure A2) with a reduction in the 

number of Argos positions in February, March and April. However, this individual was 

detected frequently on the acoustic array throughout this period (Figure 12). The acoustic 

tag transmitted data for an additional four months after the SPOT tag ceased 

communications with the ARGOS satellite system, likely due to tag loss or battery failure.  

One MK10AF tag did not report and none of the tags were physically retrieved, 

resulting in a loss of any detailed archived depth data. The resulting tracks from 21-320-F 

and 20-296-M were mostly derived from light geolocation positions, with 21-302-F 

recording no GPS or Argos positions and 20-296-M reporting three Argos locations and 

two Fastloc-GPS points. Both 21-320-F and 20-296-M recorded multiple excursions 

outside of Dungonab during a 124-day and 182-day track period respectively. Both mantas 

were captured and tagged on October 31, 2012 near the central part of the array in 

Dungonab Bay and the geolocation tracks indicate that both mantas departed the Bay 

shortly after tagging and headed offshore to the east. Both mantas made frequent offshore 

trips up to 80 kilometers away from the Bay during their track period (Figure 13 and Figure 

14). Manta 20-296-M was estimated to have made an excursion up to 197 kilometers to the 
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north in mid-March before returning briefly to Dungonab and then continuing to move 

south where the tag popped off 84 kilometers from the Bay on April 30, 2013 (Figure 14). 

Absence from the acoustic array verifies the multiple departures of these individuals. The 

MK10AF inclusive KUD estimates for 21-320-F and 20-296-M indicate that their home 

range extends dozens of kilometers offshore in the Red Sea. (Figure 15). 

 
Figure 12. Spatial residency duration plot for manta 13-366-F, fitted with a SPOT and 

acoustic tag. Points represent acoustic detections and are sized according to degree of 

visitation duration. Shaded areas represent the months where few satellite locations were 

recorded, and non-shaded areas are months where horizontal locations were obtained from 

the SPOT tag and the red line indicates the last transmission from the SPOT tag. 
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Figure 13. Movement of MK10AF-acoustic tagged individual 21-320-F. Satellite tracks 

estimated from light geolocation positioning processed through GPE-3 with incorporated 

known acoustic COA locations. Map credit: Ute Langner with input from author. 
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Figure 14. Movement of MK10AF-acoustic tagged individual 20-296-M. Satellite tracks 

estimated from light geolocation positioning processed through GPE-3 with incorporated 

known acoustic COA locations. Track extends towards east (November-February), north 

(March-April), before finally moving south where the tag pops off 84 kilometers south of 

the Bay (indicated by the blue triangle). Map credit: Ute Langner with input from author. 
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Figure 15. KUDs for MK10AF-acoustic tagged 21-320-F (right) and 20-296-M (left) 

calculated over their satellite track length of 124 and 184 days, respectively. Purple lines 

indicate 95% home range estimates and orange represents 50% core use areas. 

 

 

4. DISCUSSION 

Nearly two years of passive acoustic data were used to demonstrate high residence 

and site fidelity of tagged mantas to Dungonab Bay. Comparing detection counts among 

the different receiver stations revealed seasonal and diel patterns of manta habitat selection 

within the array. For mantas with multiple tags, supplementing the acoustic records with 

satellite telemetry data allowed for long-distance movements to be incorporated into home 

range estimations and provided clues for possible movement behaviors outside the acoustic 

array. The results largely confirm previous survey data (Kemp et al. 2002, APF 2006, 

Kessel et al. 2017), and provide an in-depth description of reef manta movement ecology 

at Dungonab that can be compared to similar studies from other known aggregations. The 

baseline data established here could be instrumental in planning future research, 

implementing conservation actions, and developing sustainable ecotourism at this site.  
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4.1. Biological, Temporal, and Environmental Patterns 

Manta presence within Dungonab was nearly constant, with at least one tagged 

animal detected on 96% of monitored days. While each manta spent extended periods 

outside the array (21-148 days between detections), the overall RI at Dungonab (0.39) was 

still high, especially when compared to other coastal aggregations in Saudi Arabia (RI = 

0.24) (Braun et al. 2015), Australia (0.14) (Courtier et al. 2018), and Mozambique (0.16) 

(Venables et al. 2020). In fact, residence at Dungonab was more similar to aggregations 

associated with offshore archipelagos including Chagos (0.39) (Andrzejaczek et al. 2020) 

and Hawaii (0.39) (Clark 2010), though not as high as the Seychelles (0.60) (Peel et al. 

2019). This is further supported by the GAMMs, which show Dungonab maintaining high 

detection probabilities throughout the study period (range: 22-76%) that is comparable to 

both Chagos (~46-54%) (Andrzejaczek et al. 2020) and the Seychelles (~29-63%) (Peel et 

al. 2019).  

Despite year-round manta presence within Dungonab bay, detection probabilities 

exhibited a seasonal pattern. The probability of detecting a manta on any given day rose 

during the summer, peaked during the boreal autumn, and dropped significantly in the 

low season of boreal winter. This is consistent with previous visual surveys from the area, 

which reported high numbers of feeding mantas in central Dungonab during June, 

October, and November (Kessel et al. 2017), but no sightings in January or February 

(Kemp et al. 2002). Seasonal patterns of manta aggregation and dispersal are common at 

other sites (Dewar et al. 2008, Couturier et al. 2018, Peel et al. 2019, Andrezecejack et al. 

2020, Harris et al. 2020) and are often linked to fluctuations in local productivity (Jaine et 

al. 2012, Harris et al. 2020). This may also be the case at Dungonab where peaks in 
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remotely sensed chlorophyll concentrations appear to align with high detection 

probabilities. Generally, coastal waters in the central and southern Red Sea experience 

high chlorophyll concentrations in the summer that decline throughout the fall (Racault et 

al. 2015), which correlates with the peak season for manta aggregations in DMNP. The 

overall drivers of seasonal productivity in the Red Sea is tied to the Arabian monsoon 

that regulates fertility in the Red Sea through the horizontal advection of nutrient rich 

waters into the southern Red Sea (Raitsos et al. 2015). This process is predicted to 

increase overall productivity in the Red Sea due to climate change (Raitsos et al. 2015), 

but the impacts this could have on productivity in coastal sites such as Dungonab Bay are 

unknown. In situ measurement of zooplankton abundance, possibly through the use of 

acoustic zooplankton profilers, and other environmental variables will be necessary to 

identify the exact drivers of manta aggregation within Dungonab Bay. 

Mantas were most likely to be detected from sunrise to mid-morning and least likely 

to be detected in the first few hours after sunset, though these patterns were not consistent 

throughout the array and some stations (CH3, C1, W1) were most active at night. Diel 

shifts in habitat use are common among elasmobranchs (Weng & Block 2004, Coffey et 

al. 2020) and greater diurnal detections of M. alfredi have been recorded at acoustic arrays 

in Komodo, Australia, the Seychelles, and Chagos (Dewar et al. 2008, Courtier et al. 2018, 

Peel et al. 2019, Andrzejaczek et al. 2020). In other acoustic studies, this pattern is more 

dramatic, with nearly zero detections occurring at night in Raja Ampat, Indonesia 

(Setyawan et al. 2018). In Mozambique, nocturnal habitat use was highest at known 

feeding grounds while diurnal habitat use was usually associated with cleaning stations 

(Venables et al. 2020). Similar patterns of behavior may explain the differences in detection 



 43 

distribution throughout the Dungonab receiver array, but additional in situ behavioral 

observations of site-associated behaviors are needed. The positive skew towards daytime 

detections in acoustic telemetry studies for this species strongly suggests reverse diel 

vertical migration, where individuals generally associate with shallower reefs during the 

day and move into deeper water at night to feed on vertically migrating planktonic prey. 

Daytime use of shallow habitats may also be associated with thermoregulatory basking 

(Stevens 2016), but this is unlikely to be the case in the Red Sea where water temperatures 

over 20°C are maintained down to 2000 meters (Cember 1988). 

With regard to the lunar cycle, mantas in Dungonab were most likely to be detected 

during the full moon. This is in stark contrast to previous work in both Chagos 

(Andrzejaczek et al. 2020) and the Seychelles (Peel et al. 2019) where M. alfredi were 

more likely to be detected during a new moon. In comparing diving behavior of M. alfredi 

between offshore and nearshore habitats in Saudi Arabia, researchers found that mean 

nighttime depths increased with higher fractions of moon illuminated at offshore sites 

while this effect was dampened in coastal areas (Braun et al. 2014). Thus, the effects of the 

lunar cycle on M. alfredi movements and diving behavior are likely complex and dependent 

on the movements of targeted food resources that vary spatiotemporally across depth 

gradients. One study that used observations to model the effects of moon illumination on 

different behaviors rather than just presence found that M. alfredi were more likely to 

exhibit cruising behavior during a new moon, cleaning behavior between new and full 

phases, and foraging behavior during a new and full moon (Jaine et al. 2012). The lunar 

cycle is tied to a number of biological processes such as diel vertical migration (DVM) of 

mesopelagic zooplankton (Gliwicz 1986, Last et al. 2016), fish and coral spawning (Willis 
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et al. 1985, Korringa 1947), as well as physical processes like tides and currents. For 

example, whale sharks off the Yucatan peninsula sharks shift their diving behavior while 

occupying inshore waters in the morning in order to exploit dense patches of fish eggs at 

the surface (Tyminski et al. 2015). The lunar cycle also influences physical processes like 

tides and currents that can create more favorable feeding opportunities by concentrating 

zooplankton prey (Alldredge et al. 1980). Confirming that full moons are associated with 

increased foraging behavior will require in situ surveys and behavioral observations. 

Residency behavior and detection probabilities did not appear to be affected by the 

biological characteristics of the tagged mantas. There was no significant difference 

between the RI of males and females and none of the GAMMs found any significant 

influence of size or sex. The results are similar to findings from Mozambique (Venables et 

al. 2020) but differ slightly from the Seychelles where larger mantas had significantly 

lower RIs (Peel et al. 2019). While the smallest individuals exhibited high residency (10-

264-F and 15-264-M), other small mantas had relatively low RIs (12-282-M) or 

disappeared from the array early in the study (11-272-M). The smallest individual (10-246-

F) made 17% of all detections, totaling 8,761 over the length of the study period and also 

traveled the most within the array. However, she was also entirely absent from the array 

for nearly three months, with her last detection at the entrance to the channel CH1 in March 

of 2014 before subsequently being detected inside the channel again in June 2014. Based 

off of the estimated light geolocation tracks of the other mantas, it is possible she was also 

moving offshore. The low sample size of immature mantas makes it difficult to draw firm 

conclusions regarding the influence of ontogeny on residency behavior. Future work 
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should aim to tag more individuals at Dungonab and other sites with a particular focus on 

including more juveniles where possible.  

Despite the broad similarities, there were sex-based differences in visitation 

patterns to individual receivers with females recording significantly longer visits than 

males on average. Sex preferences in area use has previously been documented at nightly 

manta tourism dive sites in Hawaii, where females were more observed more often than 

males (Axworthy et al. 2018). Female M. alfredi are more often re-sighted than males in 

other observational studies (Couturier et al. 2014).  

 

4.2. Fine-Scale and Regional Movements  

Seasonal trends in recapture probability may have been partially driven by 

corresponding shifts in manta habitat selection within Dungonab. During the peak 

aggregation season from late summer through autumn, tagged mantas spent most of their 

time in the central portions of the array where receiver coverage was densest. Detection 

probability declined in the winter as mantas moved into the northmost bay where only a 

single receiver station (N1) was moored. Finally, detection probability increased from 

March through July as the mantas shifted toward the mouth of the bay, returning to the 

central array by August. The high number of winter detections on the single northern 

receiver, along with the satellite locations from the MK10AFand SPOT tagged mantas, 

suggests a secondary aggregation site within Dungonab. The exact motivations for this 

northward migration remain unknown but warrant further investigation. 

            Spatial networks indicate high levels of movement between the main channel exit 

at C2 and station W2, where movements were twice as large in frequency as movements 
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between any other pairing of receivers. Edges were strongest between stations within the 

channel and weakest between the channel entrance and stations to the south, indicating that 

mantas are may use the channel as one of their movement corridors. Additionally, mantas 

spent less amounts of time on average at receivers within the channel than at receivers at 

the exit and entrance to the channel (Figure A1), suggesting that some of the detections at 

these receivers resulted from transit. Prey patches may form at the entrance to the channel 

(CH1, CH2), resulting in animals spending more time here to feed, while using the channel 

as a corridor (CH3, C1) to stations in the central and western part of the array that may also 

serve as foraging grounds (C2, C3, W2). In situ observations are needed to confirm these 

patterns. High numbers of mantas recorded at several of these locations may warrant future 

regulations of gillnet fishing and boating traffic in addition to the implementation of 

tourism interaction guidelines in order to reduce human impacts in critical habitat and 

movement zones (Murray et al. 2019), especially during peak aggregation periods that 

occur during the summer and fall. 

Multi-tagging approaches in which mantas were tagged with both MK10AF tags 

and acoustic tags or SPOT and acoustic tags revealed greater resolution of movement than 

if one method had been used alone and extended the range of this population to areas 

outside the boundaries of the MPA. However, the MK10AF tracks reported in this study 

should be interpreted with caution. A previous study examining the accuracy of light-based 

geolocation methods that compared known location (GPS points) and geolocation tracks 

from MK10AF tags at similar latitudes in the Red Sea showed that light-based geolocation 

was extremely erroneous (Braun et al. 2015). GPS positions were only recorded on 0% and 

1.6% days of the deployment period for both mantas in this study, which we likely attribute 
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to the failure of the float attached to the tag that helps it break the surface of the water. 

While the geolocation derived track for 20-296-M indicates a northern excursion of 197 

kilometers, the lack of GPS points during this time renders this information speculative at 

best. However, the few Argos positions recorded before pop-off, in addition to the pop-off 

location, indicate that this individual did move at least 84 kilometers to the south at the end 

of April 2013. While I was unable to verify the geolocation tracks, the gaps in acoustic 

detections of several weeks to months in addition to the known Argos points farther south 

from one individual, indicate possible seasonal dispersal activity in search of resources. 

Additionally, the northward push in the KUDs align with the northward excursions mapped 

by the satellite tracks. Although four animals disappeared prematurely from the array, 15 

out of 19 acoustically tracked individuals displayed high site fidelity, always returning to 

Dungonab after prolonged absences.  

The SPOT-acoustic dual tagged individual provides some evidence that supports a 

possible seasonal switch in foraging strategy. While few satellite communications were 

made with the SPOT tag between late January and mid-April, this individual was detected 

frequently on multiple receivers in the array in Dungonab. This demonstrates the 

advantages of acoustic telemetry, especially for animals that uncommonly or briefly 

surface. The reduced number of satellite derived location data for this individual from late 

January to April suggest this manta was not surfacing frequently enough or for sufficient 

amounts of time for the tag to communicate with the Argos satellite. Given the high amount 

of Argos derived horizontal positions from the tag that occur during the months when 

mantas are commonly observed feeding at the surface, the lack of satellite positions but 

high numbers of passive acoustic detections from February to April suggest this individual 
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may not have been surface feeding during these months. This indicates a possible seasonal 

switch in foraging strategy where surface feeding is used in Dungonab during highly 

productive months and a non-surface foraging approach is implemented in the low season. 

Seasonal shifts in vertical behavior have been recorded in the giant manta ray, where pop-

off archival tags indicate surface occupation in boreal winter that shifts to depths of 100-

150 meters during the boreal summer (Stewart et al. 2016). Diet studies indicate that some 

portion of M. alfredi diet comes from demersal zooplankton, in addition to mesopelagic 

resources (Couturier et al. 2013, Peel et al. 2019b). This feeding switch may result from 

the rays following the most optimal available prey patches, which may remain constant 

throughout the year but shift in distribution on a seasonal cycle (inshore shallow versus 

deep offshore). In the future, the recovery of pop-off archival tags will provide the full 

archive of vertical diving behavior, which will help clarify this hypothesis.  

Lastly, the existence of acoustic telemetry datasets on separate M. alfredi 

populations occupying the same region provides a unique comparison between two 

aggregations that inhabit coastlines with dissimilar features. Located in Al Lith, Saudi 

Arabia, the only other acoustically tracked Red Sea reef manta population had a residence 

index of 0.24 averaged over 8 tagged M. alfredi and spread over 65 receivers and a much 

larger area (Braun et al. 2015). In contrast with Dungonab, reef mantas in Al Lith do not 

appear to form large aggregations but are usually encountered singly or in small groups of 

2-5 individuals (CB, JEMC, MLB personal observations). The Saudi Arabian M alfredi 

population does not appear to form aggregations and has a home range extending 180 km 

to the north along the coastline (Braun et al. 2015). While the size of the Al Lith regional 

population is unknown, the aggregation size in Dungonab is much larger than sightings 
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reports from Al Lith (CB, JEMC, MLB personal observations). In Dungonab, the existence 

of the shallow bay provides an environment with predictable food resources and protection, 

which in turn likely drives aggregation formation and higher residency. In contrast, the 

eastern central Red Sea of Saudi Arabia lacks the kind of physical embayment that makes 

Dungonab so unique. These two populations of M. alfredi occur at a similar latitude and 

longitude on opposite sides of the same sea basin but the distinctive structure of their 

habitats differ remarkably, suggesting that the physical features of M. alfredi habitat 

influence their home range, degree of site fidelity, and complexity of movement patterns.  

  

5. CONCLUSIONS 

Here I have shown site-specific fidelity of manta rays in this region to the lagoonal 

habitat of Dungonab Bay. Manta rays in Dungonab are detected year-round, with temporal 

shifts in peak abundance, and seasonal and predictable shifts of area use within the acoustic 

array itself. Deployment of satellite and acoustic tags on the same individuals resulted in 

greater fine-scale and wide scale resolution of movement as well as evidence of possible 

behavioral plasticity. This study adds to increasing evidence that reef mantas are highly 

resident with seasonal shifts in habitat use that are likely driven by resource availability, 

which varies globally across reef manta habitat and is influenced by complex 

environmental drivers.  

The importance of Dungonab Bay for the conservation of the species in the Red 

Sea and greater Western Indian Ocean cannot be overstated, especially given the drastic 

decline in sightings of reef manta rays in the only other well studied Eastern African coastal 

site in Mozambique (Rohner et al. 2017). Since M. alfredi are capable of traveling at least 
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1150 kilometers along continuous coastline habitat (Armstrong et al. 2019), Dungonab 

could represent a source of stock replenishment for overfished sites elsewhere. Although 

direct exchange between Dungonab and the next closest aggregation in Saudi Arabia has 

not been documented, further genetic testing will be needed to determine the degree of 

connectivity or lack thereof between these two sites in addition to populations in the 

Western Indian Ocean. Furthermore, the movement of one individual towards areas of 

higher fishing pressure near Port Sudan suggest that the Dungonab population needs a 

regional management plan other than simply a localized one.  

Manta aggregations have the potential to provide economic benefits to local 

communities and stakeholders. Dive and snorkeling tourism at these sites is globally worth 

an estimated US$140 million annually (O’Malley et al. 2013). Identifying where and when 

aggregations form in the Bay is important for the development of sustainable ecotourism. 

Sudan boasts relatively pristine reefs in the greater Red Sea region and dive tourism is 

already well established. The responsible expansion of manta ecotourism in Dungonab 

could provide income for local communities and provide financial incentives for the 

continued protection and conservation of manta rays at this site. The shift from subsistence 

fishing to ecotourism will also reduce the threats mantas currently face from gillnet fishing 

in the area. It may be prudent for stakeholders and government agencies to preemptively 

establish policies that will prevent unsustainable exploitation. This may include managing 

the number of tourism operators in the site at a given time to avoid overcrowding in 

addition to implementing codes of conduct for visitors that aim to prevent detrimental 

interactions, such as touching or chasing (Murray et al. 2019). Additional research at 
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Dungonab will be vital to successfully managing and monitoring the largest known reef 

manta aggregation in the Red Sea.  

While future tagging work may be limited in Sudan given the sociopolitical climate, 

observational methods are still feasible and will yield additional valuable insight into this 

population. In situ observations of behavior and zooplankton prey density estimates would 

greatly improve our understanding of the drivers of seasonal patterns of movement in 

Dungonab. Plankton tows conducted near feeding aggregations and isotope analyses on 

manta tissue within the Bay will help determine the main contributors to M. alfredi diet in 

this region. Past surveys that report the presence of neonate and juvenile individuals 

indicate that Dungonab could be a nursery site for this species. Reproductive behavior has 

been shown to coincide with peak aggregation season for mantas in Nusa Penida, 

Indonesia, and Lady Elliot Island, Australia (Courturier et al. 2014, Germanov et al. 2019). 

Further observational surveys will be needed in order to ascertain whether Dungonab is an 

important breeding and nursery site for M. alfredi. Lastly, the initiation of a photo ID 

database, mark-recapture population models, or genetic sampling will help uncover the 

demographics and size of this aggregation. As the largest aggregation site for reef mantas 

in the Red Sea, Dungonab Bay presents a unique opportunity to study a highly resident 

population of reef mantas that could reveal further insights into reef manta behavior, 

movement patterns, and social structure.  
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APPENDICES 
 

Model 1 AIC 

Day + Hour + maturity + sex + nstations 134998.4 

Day + Hour + maturity + sex 136592.8 

Day + Hour + maturity + nstations 134998.4 

Day + Hour + sex + nstations 134998.4 

Day + Hour + sex 136592.8 

Day + Hour + nstations 134998.4 

Day + Hour + maturity 136592.8 

Day + Hour  136592.9 

Table A1. Temporal GAMM AIC scores with manta identity incorporated as a random 

effect. The chosen model is in bold. 
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Model 2 AIC 

Chla + SST + Moon + maturity + sex + nstations 139045.9 

Chla + SST + Moon + maturity + sex 139955.2 

Chla + SST + Moon + maturity + nstations 139045.9 

Chla + SST + Moon + sex + nstations 139046 

Chla + SST + Moon + sex 139955.3 

Chla + SST + Moon + nstations 139046 

Chla + SST + Moon + maturity 139955.2 

Chla + SST + Moon 139955.3 

Table A2. Environmental GAMM AIC scores with manta identity incorporated as a 

random effect. The chosen model is in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison Z P.unadj P.adj 

C1 - C2 -4.4375951 9.10E-06 5.64E-04 

C1 - C3 -8.9494123 3.57E-19 3.11E-17 

C2 - C3 -5.3112713 1.09E-07 8.06E-06 

C1 - CH1 -13.813408 2.12E-43 1.93E-41 

C2 - CH1 -10.57723 3.80E-26 3.34E-24 

C3 - CH1 -4.5761095 4.74E-06 3.08E-04 

C1 - CH2 -4.6661105 3.07E-06 2.03E-04 

C2 - CH2 -2.6831279 7.29E-03 3.57E-01 

C3 - CH2 -0.2479066 8.04E-01 1.00E+00 

CH1 - CH2 1.89028636 5.87E-02 1.00E+00 

C1 - CH3 -3.2812977 1.03E-03 5.58E-02 
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C2 - CH3 0.3796032 7.04E-01 1.00E+00 

C3 - CH3 4.66824888 3.04E-06 2.07E-04 

CH1 - CH3 8.78958716 1.50E-18 1.28E-16 

CH2 - CH3 2.74047756 6.13E-03 3.07E-01 

C1 - N1 -4.6673822 3.05E-06 2.04E-04 

C2 - N1 -1.8721767 6.12E-02 1.00E+00 

C3 - N1 1.57936649 1.14E-01 1.00E+00 

CH1 - N1 4.68134527 2.85E-06 1.97E-04 

CH2 - N1 1.21229744 2.25E-01 1.00E+00 

CH3 - N1 -1.954473 5.06E-02 1.00E+00 

C1 - S1 -0.9167264 3.59E-01 1.00E+00 

C2 - S1 0.69345106 4.88E-01 1.00E+00 

C3 - S1 2.55706535 1.06E-02 4.75E-01 

CH1 - S1 4.24135361 2.22E-05 1.36E-03 

CH2 - S1 2.27053551 2.32E-02 9.50E-01 

CH3 - S1 0.51925616 6.04E-01 1.00E+00 

N1 - S1 1.56444762 1.18E-01 1.00E+00 

C1 - S2 0.73591939 4.62E-01 1.00E+00 

C2 - S2 1.632291 1.03E-01 1.00E+00 

C3 - S2 2.66427965 7.72E-03 3.70E-01 

CH1 - S2 3.58997609 3.31E-04 1.89E-02 

CH2 - S2 2.59166976 9.55E-03 4.39E-01 

CH3 - S2 1.53047264 1.26E-01 1.00E+00 

N1 - S2 2.12914018 3.32E-02 1.00E+00 

S1 - S2 1.10928875 2.67E-01 1.00E+00 

C1 - W1 0.39066403 6.96E-01 1.00E+00 

C2 - W1 4.45254598 8.49E-06 5.35E-04 

C3 - W1 8.62135576 6.62E-18 5.56E-16 

CH1 - W1 13.0150394 1.00E-38 9.04E-37 

CH2 - W1 4.77396226 1.81E-06 1.28E-04 

CH3 - W1 3.42627981 6.12E-04 3.37E-02 

N1 - W1 4.76090234 1.93E-06 1.35E-04 

S1 - W1 1.06984623 2.85E-01 1.00E+00 

S2 - W1 -0.6399386 5.22E-01 1.00E+00 

C1 - W2 -6.3353711 2.37E-10 1.87E-08 

C2 - W2 -2.1713673 2.99E-02 1.00E+00 

C3 - W2 3.2639633 1.10E-03 5.82E-02 

CH1 - W2 8.35519649 6.53E-17 5.42E-15 

CH2 - W2 1.75754435 7.88E-02 1.00E+00 
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CH3 - W2 -2.0915012 3.65E-02 1.00E+00 

N1 - W2 0.54046519 5.89E-01 1.00E+00 

S1 - W2 -1.408035 1.59E-01 1.00E+00 

S2 - W2 -2.0258929 4.28E-02 1.00E+00 

W1 - W2 -6.1823554 6.32E-10 4.93E-08 

C1 - W3 2.44499177 1.45E-02 6.37E-01 

C2 - W3 5.60292315 2.11E-08 1.58E-06 

C3 - W3 8.83588705 9.93E-19 8.54E-17 

CH1 - W3 12.1309321 7.24E-34 6.45E-32 

CH2 - W3 5.73643201 9.67E-09 7.35E-07 

CH3 - W3 4.78394713 1.72E-06 1.24E-04 

N1 - W3 5.83889358 5.25E-09 4.05E-07 

S1 - W3 2.11405191 3.45E-02 1.00E+00 

S2 - W3 0.01239607 9.90E-01 9.90E-01 

W1 - W3 2.04912336 4.05E-02 1.00E+00 

W2 - W3 6.91465058 4.69E-12 3.80E-10 

C1 - W4 0.3886552 6.98E-01 1.00E+00 

C2 - W4 2.65582863 7.91E-03 3.72E-01 

C3 - W4 5.1830601 2.18E-07 1.59E-05 

CH1 - W4 7.55920666 4.06E-14 3.33E-12 

CH2 - W4 3.96574113 7.32E-05 4.39E-03 

CH3 - W4 2.29538143 2.17E-02 9.12E-01 

N1 - W4 3.48543013 4.91E-04 2.75E-02 

S1 - W4 1.02380437 3.06E-01 1.00E+00 

S2 - W4 -0.5480104 5.84E-01 1.00E+00 

W1 - W4 0.15414034 8.77E-01 1.00E+00 

W2 - W4 3.64312254 2.69E-04 1.56E-02 

W3 - W4 -1.2938408 1.96E-01 1.00E+00 

C1 - W5 0.53140122 5.95E-01 1.00E+00 

C2 - W5 2.39137424 1.68E-02 7.22E-01 

C3 - W5 4.48731677 7.21E-06 4.62E-04 

CH1 - W5 6.42485969 1.32E-10 1.06E-08 

CH2 - W5 3.71600415 2.02E-04 1.19E-02 

CH3 - W5 2.12301614 3.38E-02 1.00E+00 

N1 - W5 3.1814171 1.47E-03 7.47E-02 

S1 - W5 1.08841877 2.76E-01 1.00E+00 

S2 - W5 -0.4361246 6.63E-01 1.00E+00 

W1 - W5 0.3348688 7.38E-01 1.00E+00 

W2 - W5 3.20298228 1.36E-03 7.07E-02 
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W3 - W5 -0.9158102 3.60E-01 1.00E+00 

W4 - W5 0.17260232 8.63E-01 1.00E+00 
Table A3. DunnTest results and corresponding p-values comparing logged duration of 

time spent at each receiver in the array. Comparisons between CH1 and other stations are 

in bold.  

 

 

 

 
Figure A1. Log transformed mean visitation time to each receiver station. 
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Figure A2. Detection chart for SPOT tag Argos location classes for 13-366-F. 


