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Bottlenose dolphins (Tursiops spp.) display a remarkably diverse array of individual and cooperative foraging tactics
across their global distribution that typically reflect local adaptations to habitat conditions and prey types
(Finn et al., 2009; Mann & Sargeant, 2003; Torres & Read, 2009). Specialized foraging methods documented to date
include strand feeding (Hoese, 1971; Sargeant et al., 2005), kerplunking (Connor et al., 2000; Nowacek, 2002), coop-
erative foraging with fishermen (Pryor & Lindbergh, 1990), driver-barrier feeding (Gazda et al., 2005), foraging in or
around trawl nets (Kovacs & Cox, 2014), and using tools, particularly sponges (Kriitzen et al., 2014; Smolker
et al., 1997) and shells (Allen et al., 2011; Wild et al., 2020).

Mud ring feeding is a tactic used by common bottlenose dolphins (T. truncatus) inhabiting the interior of Florida
Bay (Engleby & Powell, 2019; Torres & Read, 2009). This tactic involves a single “ring-maker” dolphin (typically in a
group) that swims rapidly in a circle near the seafloor along shallow inner-basin mud banks. Strong fluke kicks against
the muddy substrate create a large circular mud plume or mud ring barrier used to encircle a fish school, commonly
mullet (Mugil spp.). Once the prey are encircled, individual dolphins wait with open mouths and lunge to catch air-
borne fish as they attempt to flee at the water's surface (Engleby & Powell, 2019; Torres & Read, 2009). In the lower
Florida Keys, bottlenose dolphins display mud plume feeding behavior where they individually create a semi-circular-
shaped mud plume over seagrass beds and lunge into the plumes to capture prey (Lewis & Schroeder, 2003).

Novel remote-sensing techniques such as small unmanned aerial vehicles (UAVs or, commonly, drones) and the

analysis of very high-resolution (VHR) satellite imagery (<1 m spatial resolution), have become increasingly affordable
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and accessible to further document the ecology and behavior of marine mammals (Cubaynes et al., 2018; McMahon
et al., 2014). Small UAVs provide unique insights into marine mammal behavior by improving the ability to observe
epipelagic animals underwater (Landeo-Yauri et al., 2020; Ramos et al., 2018a; Torres et al., 2018), and in particular,
document foraging behaviors that are challenging to detect for boat-based observers (Ramos et al., 2020b; Torres
et al., 2020). Similarly, VHR imagery has proven an effective and noninvasive method for detecting and counting
marine mammals (Cubaynes et al., 2018; Guirado et al., 2019; Héschle et al., 2021). The power of large data sets of
publicly accessible remote-sensing imagery coupled with automated processing techniques were shown to improve
the detection of the carcasses of mass stranded whales in a remote and difficult to access region (Fretwell
etal, 2019).

Here, we document the occurrence of mud ring feeding in coastal bottlenose dolphins in Chetumal-Corozal Bay
in Mexico and Belize using a combination of remote sensing, boat-based, and aerial methods. The distinct circular
mud ring trails (observed using VHR satellite imagery) and dolphin behaviors (observed from a small boat, planes, and
small UAVs) in Chetumal-Corozal Bay are similar to those reported in Florida Bay (Engleby & Powell, 2019; Torres &
Read, 2009) and we hypothesize that similarities between these shallow bay habitats drive dolphins to develop con-
vergent foraging behaviors.

Field data on dolphin foraging were collected opportunistically from 2012 to 2019 during year-round monitoring
of Chetumal-Corozal Bay in northern Belize by Wildtracks and the Sarteneja Alliance for Conservation and Develop-
ment (SACD). Chetumal-Corozal Bay is a large estuarine system in the Western Caribbean Sea located on the south-
ern coastline of the Yucatan Peninsula in northern Belize and the southeastern Mexican state of Quintana Roo
(Figure 1). The brackish and marine bay covers an area of 2,560 km?, comprised of extensive mangrove wetlands,
creeks, and lagoons with sparse seagrass beds, and a predominantly sandy/rocky and muddy/silty substrate
(Castelblanco-Martinez et al., 2013). Water depths are primarily <6 m in the north and <2 m near the coast
(Carrillo, 2009; Castelblanco-Martinez et al., 2013).

Coastal bottlenose dolphins are the only dolphin species known to occur in Chetumal-Corozal Bay and through-
out the diverse habitats along the coast of Belize, including its bays, rivers, lagoons, around mangrove cayes, and in
offshore atolls (Ramos et al., 2016; Castelblanco-Martinez et al., 2021). The use of mud ring feeding by bottlenose
dolphins was confirmed through direct observations of dolphin foraging activity or inferred through the detection of
circular mud ring trails (i.e., circular seabed scars left as the byproduct of ring-making) in the substrate in aerial and
VHR satellite imagery.

Bottlenose dolphins were opportunistically sighted from small boats (7-12 m) in Chetumal-Corozal Bay during
ongoing, year-round boat-based monitoring of the Corozal Bay Wildlife Sanctuary in Belize conducted by SACD sev-
eral times a month since 2012. Boat-based photographs of dolphins were collected with a Canon 60D digital SLR
camera equipped with a 100-300 mm telephoto lens to identify individual dolphins. The dorsal fin of one identified
dolphin was matched to photos from an existing catalog in the region (Ramos et al., 2018b, 2020a).

Aerial observations of dolphin foraging were acquired opportunistically during two manned aerial surveys flown
on multiple days within a single week from February to March each year from 2011 to 2015. The 13 m single engine
Cessna 206 flew a line-transect to cover the bay between altitudes of 80 m and 120 m. Experienced spotters
searched for marine megafauna; logged information on sighting locations and the number of animals detected
according to a standard protocol (Morales-Vela et al., 2000); and took photos of animals when possible with digital
SLR cameras equipped with telephoto lenses, to confirm species identity; count the number of animals, and docu-
ment behaviors.

Furthermore, dolphin behavior was filmed in one mud ring feeding event with a UAV (DJI Phantom 4 Profes-
sional quadcopter). The UAV was hand-launched from the boat and flown between altitudes of 25-35 m above the
dolphins. The aircraft was equipped with a gimbal-mounted camera that filmed high definition (3,860 x 2,870 dpi)
video footage and streamed a live-feed to an iPad (Apple Inc.) mounted on the remote control. Aerial videos were
reviewed in QuickTime Player 10.7 (Apple Inc.) to identify mud rings and determine dolphin behavior.
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FIGURE 1 Map of Chetumal-Corozal Bay depicting the location of dolphin mud ring feeding events and mud ring
trails. Mud ring feeding behavior was observed during aerial surveys, boat trips, and the flight of a small UAV. Mud
ring trails (n = 94) and a single instance of two dolphins mud ring feeding were detected near the northwest coast of
the bay in very high-resolution (VHR) satellite imagery using Google Earth. The four mud ring feeding events we
documented in Belize (detailed in Table 1) are numbered by event in the top map.
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TABLE 1 Details on four mud ring feeding events of bottlenose dolphins documented from 2012 to 2019 during
aerial and boat-based surveys in the Belize side of Chetumal-Corozal Bay. Mud ring feeding was directly observed in
three events and its occurrence was inferred from the presence of multiple mud ring trails in the seabed in imagery
captured during an aerial survey. UNK = Unknown.

No. dolphins No. dolphins No. mud

Event no. Date Time Platform present foraging ring trails
1 January 31, 2012 1000-1030 Plane 6 2 UNK

2 February 6, 2014 1000-1030 Plane UNK UNK 6

3 July 30, 2018 0800 Boat 20-25 UNK UNK

4 January 19, 2019 1143 UAV 6 2 11

Publicly accessible satellite imagery was obtained and analyzed in Google Earth Pro to determine if mud ring
trails and mud ring feeding behavior could be visually detected in VHR imagery of Chetumal-Corozal Bay. To identify
mud ring trails and direct observations of dolphin mud ring feeding, we searched an area of 470 km? of satellite
imagery covering Chetumal-Corozal Bay (including its interior and coastlines in Mexico and Belize) (Figure 1). To con-
firm that these behaviors were similar to those reported in Florida, we searched an area of 1.7 km? in Florida Bay,
where previous reports have identified regular mud ring feeding (Engleby & Powell, 2019; Torres & Read, 2009). The
Historical Imagery feature enabled review of high-resolution satellite imagery of the study area from 2006 to 2019
with minimal cloud cover and where the seabed in the bay was clearly visible. All imagery with poor resolution and
excessive cloud cover was excluded from our analysis. The mosaic of satellite images in Google Earth originated from
cloudless WorldView-2 satellite imagery (Maxar Technologies) including panchromatic (0.3 m spatial resolution) black
and white imagery and RGB multispectral imagery (1.24 m spatial resolution).

Information on water depth and habitat type were acquired from previous studies in Chetumal-Corozal Bay
(Castelblanco-Martinez, 2010; Hernandez-Arana & Ameneyro-Angeles, 2011) and Florida Bay (Prager &
Halley, 1997). Existing spatial data in Florida were overlaid with all detections in QGIS 3.10 to identify the bottom
type at each trail. Structural characteristics of the mud ring trails were obtained by measuring the diameter of each
mud ring trail by using the measurement tool in Google Earth Pro to draw a straight line between two points on
opposing sides of the circular trail. The same tool was used to measure the distance of each trail to the shore by
drawing a straight line between the edge of the trail closest to the shore and its nearest point on the shoreline in
Chetumal-Corozal Bay. The distance of trails to mudbanks in Florida Bay was determined with the distance to hub
(points) vector analysis in QGIS 3.10.

Between 2012 and 2019, mud ring feeding behavior was detected in two of 58 dolphin sightings from a small
plane and two of 22 boat-based sightings within Chetumal-Corozal Bay (Table 1). Mud ring feeding behaviors were
directly observed in three of these sightings, and their occurrence was inferred from the detection of multiple circu-
lar mud ring trails in the seabed in aerial imagery (Figures 2 and 3). In one boat-based sighting, a large group of dol-
phins was sighted foraging and creating large circular mud plumes. In the second boat-based sighting, detailed aerial
observations of dolphin mud ring feeding were gathered with a small UAV (Figure 2).

In the single drone observation of mud ring feeding, an adult female (identified in 2017) and her calf were found
feeding near mud ring trails (Figure 2a; see Video S1). The adult female then swam quickly and kicked her flukes
against the substrate to create a mud ring (Figure 2b-d). Once the plume was nearly circular (Figure 2c), both dol-
phins repeatedly displayed fast swimming, pinwheels, and underwater tail slaps within the expanding sediment
plume (Figure 2d). After 83 s, the dolphins exited the plume and continued to feed nearby.

Visual searches for mud ring trails in VHR satellite imagery resulted in detections of 94 trails on March 10, 2010
(Figure 1). Mud ring trails were concentrated in a 75 km? area of the northern side of the bay in water depths <1 m.
Mud ring trails were typically found clustered together (Figure 3b, c). Most trails (53.5%) were concentrated in a shel-

tered delta in the northeast section of the bay in depths <1 m (Figure 1). Most of the remaining trails were found in
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FIGURE 2 Evidence of bottlenose dolphin mud ring feeding from aerial observations with a small UAV and
detections in VHR satellite imagery. The white rectangle in (a) marks the location of a mud ring trail and the dolphin
nearby. In (b-i), the white rectangles mark the location of a dolphin. (a) Bottlenose dolphin mother-calf pair sighted
foraging near recently made mud ring trails on 19 January 2019 (see Video S1). (b) The adult female swam in a
circular pattern while hitting her flukes against the muddy substrate to create a mud ring. The calf remained outside
of the plume. (c) Once the circular mud ring was complete the calf swam into the plume. (d) Both dolphins were
swimming rapidly and exhibiting pinwheels and underwater tail slaps in pursuit of prey within the plume. (e) The
plume expanded slowly until (f) the two dolphins emerged and began foraging in another area. (g) Two dolphins
exiting a large mud plume similar to (f) in the northwest of Chetumal-Corozal Bay in VHR satellite imagery. (h & i)
Bottlenose dolphins engaged in mud ring feeding near large mud plumes in Florida Bay, Florida detected in VHR
satellite imagery. Image source for g-i: Google Earth, WorldView-2 satellite imagery (Maxar Technologies/
DigitalGlobe).

mangrove channels in the northern tip of the lagoon and in the northwest along the coast and shores of small cays
(Figure 3b, c). In imagery from the same day, one dolphin mud ring feeding event and associated circular mud plumes
were detected near the northwest coast of the bay. Two bottlenose dolphins were visible in satellite imagery exiting
a recently created plume (Figure 2g). The dolphin pair were similar in appearance to the mother-calf pair previously
observed mud ring feeding (Figure 2f) and swimming near similarly sized, circular plumes of sediment.

Three instances of mud ring feeding were detected in VHR satellite imagery of Florida Bay, one in imagery from
March 7, 2013 (Figure 2h) and two from February 13, 2017 (Figure 2i). A total of 1,817 mud ring trails were detected
in an area of ~1 km? in Florida Bay.
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FIGURE 3 Mud ring trails in the substrate captured during aerial surveys and in searches of VHR satellite
imagery of Chetumal-Corozal Bay. (a) Mud ring trails near mangrove shores photographed from a small plane in
Belize. (b) Satellite detected mud ring trails in a sheltered mangrove channel in the northern tip of the bay. (c) Trails
were typically found nearshore in clusters. (d) Individual mud ring trails were shaped circular or spiral and lighter in
color than the surrounding substrate. Image source for b-d: Google Earth, WorldView-2 satellite imagery (Maxar
Technologies/DigitalGlobe).

In Chetumal-Corozal Bay, all trails and mud ring feeding were located in muddy bottom habitats consisting of
sparse algae and silt. Most trails in Florida Bay were detected in muddy substrates (50%) and seagrass beds (48.3%).
The water depth at locations of all trails in Chetumal-Corozal and Florida Bays was <1 m.

The diameter of mud ring trails in Chetumal-Corozal Bay was similar (range = 4.6-14.7 m; M = 9.7 m; SD = 2.2;
n = 85) to a random sample of trails in Florida Bay (range = 3.4-14.1 m; M = 8.0 m; SD = 1.9; n = 100). Mud ring
trails were detected close to shore in Chetumal-Corozal Bay (M = 106.6 m; SD = 97.0; n = 85) and near the edges
of mudbanks found within Florida Bay (M = 221.5 m; SD = 286.9; n = 1,817).

In this study, we report the use of mud ring feeding behaviors by coastal bottlenose dolphins in Chetumal-Corozal Bay.
To our knowledge, this is the first time that satellite images have been used to document the foraging behavior of small ceta-
ceans. In Chetumal-Corozal Bay, dolphins were directly observed mud ring feeding in small groups. Images of circular mud
trails were confirmed to be the remnants of ring-making activity during Event #4 (Figure 2a) and were useful indicators of
recent dolphin foraging sites that enabled us to validate the occurrence of this behavior in VHR imagery of the study site.

The mud ring feeding behavior documented in Chetumal-Corozal Bay was remarkably similar to that docu-
mented in Florida Bay (Engleby & Powell, 2019; Torres & Read, 2009), occurring nearshore in very shallow waters
(<1 m) dominated by mud, sand, and silt substrates (see Video S1). We are confident that these rings have not been
caused by other organisms or by boats due to their unique circular characteristics and observed associations with
dolphin foraging in both regions. In Florida Bay, boat propeller scars are linear and can be easily discriminated from
dolphin mud rings, particularly from the air but also from the surface. Additionally, boats do not have access to these
shallow areas in Florida bay and this is not a fishing technique that is known or used in either bay. Trails were
circular- or spiral-shaped in both regions, of similar sizes, and generally found in clusters. The detection of dolphin
groups engaged in mud ring feeding in Chetumal-Corozal Bay suggests these dolphins may forage cooperatively, as
previously reported in Florida Bay (Torres & Read, 2009). However, our observations were limited, and more data
are needed to assess the importance of mud ring feeding relative to other foraging tactics in Chetumal-Corozal Bay.

Unlike mud ring feeding reported in Florida Bay where mud ring creation is tightly associated with the capture
of schools of mullet, fish were not observed leaping at the end of ring creation and there was no apparent in-air pur-
suit of fish in our three sightings of this behavior. Repeated foraging behaviors observed by the mother-calf dolphin

pair in Chetumal-Corozal prior to ring creation, immediately following the completion of the circular plume, and
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afterwards in the expanding sediment plume suggest that dolphins use the mud ring's sediment plume either as a
means of prey disorientation or as a concentration zone to facilitate prey capture. Similar to mud plume feeding in
the Florida Keys (Lewis & Schroeder, 2003), the plumes likely create a temporary visual and physical barrier capable
of confusing and disorienting prey and possibly impeding collective antipredator responses (Abrahams &
Kattenfeld, 1997). The behaviors we report were more similar to previously reported mud ring feeding behaviors
(Engleby & Powell, 2019; Torres & Read, 2009) than to mud plume feeding (Lewis & Schroeder, 2003) due to the
creation of a distinct circular ring-shaped mud plume. These observations, however, were of short duration and our
sample size was too limited to draw robust conclusions about the regional similarities and differences in mud ring
feeding or mud plume feeding between the bays.

Mud ring feeding dolphins in Florida Bay exclusively target species of mullet, such as white mullet (Mugil curema;
Engleby & Powell, 2019; Torres & Read, 2009). The prey species hunted by bottlenose dolphins during mud ring feeding
in Chetumal-Corozal Bay are as yet unknown and dolphin diets or regional prey preferences are yet to be investigated.

As all mud ring trails and the two dolphins mud ring feeding in Chetumal-Corozal Bay were detected in VHR sat-
ellite imagery on a single day in 2010 in an area of over 75 km?, it was not possible to determine when these trails
were created. The protected waters of the bay allow seabed disturbances to remain detectable for long periods of
time, thus, we could not confirm if these trails were the result of multiple groups of dolphins foraging in different
locations at the same time, or one dolphin group foraging over multiple days. Nevertheless, evidence of mud ring
feeding detected suggests similarities between these behaviors in Florida and Chetumal-Corozal Bays. Satellite
detections in both locations revealed instances of dolphins distinguishable against the sandy bottom as they swam
near circular and spiral mud plumes. These findings suggest that VHR imagery may be of use in studies of small
marine mammals in coastal habitats, as has already been demonstrated with large whales (Guirado et al., 2019).

Our study supports the idea that habitat characteristics, and/or prey types and their behavior, play a pivotal role in
shaping the foraging tactics used by coastal dolphins. We have documented behavioral convergence between two geo-
graphically separate locations that share habitat characteristics, leading dolphins to develop similar strategies for prey
capture. Future research should investigate the relative contributions of environmental conditions and social transmis-

sion, and their possible interplay, on convergent foraging behaviors in geographically distanced dolphin populations.
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