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1.  INTRODUCTION

Patchiness is a fundamental characteristic of mar-
ine communities that shapes marine species’ behav-
iors, distributions, and foraging strategies (Mac Arthur
& Pianka 1966). Unequal availability of nutrients and
light leads to both spatial and temporal heterogene-

ity in the presence and abundance of primary pro-
ducers. This in turn leads to patchy distributions of
the zooplankton grazers and predators that make up
the base of many marine food webs (Blackburn et al.
1970, Longhurst 1976, Sameoto 1986). Coping with
patchiness in prey availability is a challenge that
many marine species face, and there are numerous
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ABSTRACT: Many marine species rely on oceanographic processes to aggregate prey sources
and facilitate feeding opportunities. Numerous studies have demonstrated the importance of
oceanographic fronts in the movement and foraging ecology of both predatory and filter feeding
marine species. Fewer studies have investigated the importance of vertical pycnoclines (e.g. ther-
moclines) as foraging queues and prey aggregators. Manta rays, large batoid filter feeders, are be -
lieved to rely heavily on mesopelagic and non-surface associated zooplankton prey based on
telemetry data, stomach contents, stable isotope, and fatty acid analyses. However, few direct ob -
servations exist of non-surface feeding in manta rays. We developed minimally-invasive attach-
ment methods for animal-borne video cameras (‘Crittercams’) on 2 species of manta ray in Mexico
and the Maldives, with the objective of capturing feeding behavior at depth. We achieved reten-
tion times of up to 4 h using an active suction attachment with a sealant in oceanic manta rays, and
up to 5 h using a J-hook attachment on the upper jaw of reef manta rays. We observed feeding by
both species on high-density zooplankton prey that was associated with the thermocline, suggest-
ing that this prey aggregator may be important to the foraging ecology of both species. However,
we also captured a variety of social and non-feeding behaviors that occurred within the thermo-
cline, suggesting that telemetry-based temperature and depth data alone cannot facilitate an
evaluation of the relative importance of thermocline-associated feeding. We analyzed the impact
of different attachment methods on camera retention time, and discuss other relevant applications
of these minimally-invasive attachment methods.
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behavioral adaptations designed to maximize forag-
ing success in the face of patchiness. Search patterns
that maximize efficiency in patchy conditions when
prey location is unknown, such as Brownian and
Lévy walks, are observed across a wide range of taxa
(Benhamou 2007). Many marine species associate
with oceanographic features that promote productiv-
ity and aggregate prey species, such as fronts, in
order to use the processes that drive patchiness to
their advantage (Sims et al. 2006, Rohner et al. 2014,
Scales et al. 2014).

One physical feature that has received less atten-
tion for its role in marine patchiness as a prey aggre-
gator is the ubiquitous thermocline. Similar to frontal
systems, thermoclines are density boundaries be -
tween water masses of different temperatures. These
vertical pycnoclines obstruct the passive diffusion of
primary producers, creating high concentrations of
phytoplankton that attract high densities of grazing
zooplankton (Herman 1983, Sameoto 1984, 1986).
Telemetry studies have found associations between
predatory marine species and thermoclines in some
cases, suggesting that fishes, squid, and other larger
prey species may also be found in close proximity to
the thermocline, perhaps as a result of temperature
preferences or oxygen limitations associated with
vertical density boundaries (Boyd & Arnbom 1991,
Pelletier et al. 2012, Nordstrom et al. 2013).

Filter feeders are often direct consumers of the zoo-
plankton species that are associated with density
boundaries. Many studies have demonstrated the
link between marine filter feeder movements and
frontal systems, highlighting the importance of these
oceanographic features to their ecology (Jaine et al.
2014, Scales et al. 2014, Miller et al. 2015). The ability
to identify and target dense patches of prey may be
especially important to filter feeders, as low prey den-
sities may render feeding energetically unprofitable
(Sims 1999, Armstrong et al. 2016). While oceano-
graphic fronts appear to be important features that
create foraging opportunities for both filter feeding
and predatory species, few studies have examined
foraging behavior associated with the thermocline
(Pelletier et al. 2012, Nordstrom et al. 2013).

Stewart et al. (2016) found a strong association with
the thermocline in oceanic manta rays Mobula bi -
rostris, which in some cases spent more than 20% of
their time per day within or adjacent to the thermo-
cline. As with many telemetry studies, feeding be -
havior was inferred due to the considerable time
spent in proximity to these features and a presumed
increase in zooplankton density typically associated
with thermoclines. A number of additional studies

have found evidence of reliance on non-surface as -
sociated zooplankton in both oceanic manta rays
(Burgess et al. 2016, Rohner et al. 2017, Stewart et al.
2017a) and closely related reef manta rays M. alfredi
(Couturier et al. 2013). However, evidence of non-
surface feeding is rarely observed directly, and most
of these conclusions were drawn from molecular
methods such as isotope and fatty acid analysis (Cou-
turier et al. 2013, Burgess et al. 2016, Stewart et al.
2017a), or archival depth and temperature data
(Braun et al. 2014, Stewart et al. 2016).

Observing marine species away from accessible
coastal sites and below SCUBA diving depths is a
persistent challenge in marine ecology. Over the past
3 decades, imaging technology has improved and be -
come small enough to make animal-borne video de -
ployments feasible (Marshall et al. 2007, Moll et al.
2007). Here, we describe a novel, minimally-invasive
application of animal-borne video cameras (‘Critter-
cams’) with integrated depth and temperature data
loggers (Marshall et al. 2007) in both species of manta
rays. Our main objective was to directly ob serve and
characterize the thermocline-associated feeding be -
havior that has been suggested in previous studies.
In addition, we discuss the success of different at -
tachment methods as well as research applications
outside of foraging studies.

2.  MATERIALS AND METHODS

2.1.  Study sites

We deployed Crittercams on oceanic manta rays at
the Revillagigedo Islands, Mexico (San Benedicto
and Socorro Islands), and along the southern coast of
Bahia de Banderas, Mexico. We deployed Critter-
cams on reef manta rays along the eastern edge of
Raa Atoll in the Maldives. 

The Revillagigedo archipelago is made up of 4
 volcanic islands situated 400 km southwest of the
Baja California peninsula (at approximately 19° N,
111.5° W). Oceanic manta rays have occasionally
been observed ram-feeding on surface zooplankton
at these islands (R. Rubin pers. comm., G. Stevens
pers. obs.), and submersible dives have revealed
manta rays feeding on mesopelagic zooplankton
(Stewart et al. 2016). However, manta rays appear to
primarily visit the islands to access cleaning stations
and socialize with conspecifics (J. Stewart & G.
Stevens pers. obs.). Manta rays are found at the
Revillagigedo Islands year-round, although manta
ray visitation to the islands appears to decrease dur-
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ing the summer and autumn months based on acoustic
tagging data (R. Rubin pers. comm.). We deployed
Crittercams during an 8 d National Geographic
research cruise to the Revillagigedo Islands in De -
cember 2015.

The southern coast of Bahia de Banderas is charac-
terized by an extremely deep (2000+ m) canyon that
comes within 7 km of shore. This high-relief bathym-
etry creates a productive seasonal upwelling system
(Carriquiry et al. 2001) that attracts humpback whales
Megaptera novaeangliae, a variety of tuna species
(Thunnus spp.), and oceanic manta rays. Manta rays
can be found in the bay mainly during the spring and
early summer months, although they are also seen
spo ra dically in the autumn and winter months (I. Fon-
seca- Ponce & J. Stewart unpubl.). Despite being pres-
ent during months when surface zooplankton is
abundant, manta rays are rarely ob served feeding on
zooplankton at the surface, and are typically seen
transiting along the southern coast within 500 m of
shore, or basking at the surface (I. Fonseca-Ponce &
J. Stewart pers. obs.). We deployed Crittercams along
the southern coast in close proximity to the commu-
nity of Yelapa (20.49° N, 105.45° W) during two 2 wk
field expeditions in March 2016 and March 2017.

Raa Atoll is 1 of 26 geographical atolls that consti-
tute the Maldives archipelago. Located in the north
of the country, approximately 150 km from the capi-
tal city of Malé, the atoll spans 56 km from north to
south (5° 58’ to 5° 20’ N) and 24 km across at its widest
(72° 47’ to 73° 02’ E), covering an area of 1180 km2.
Inside the atoll’s lagoon, the seabed ranges on aver-
age between 40 and 50 m, while outside the chan-
nels, the depth drops rapidly to 350 m within 1 km of
the atoll’s eastern rim. Seasonally reversing mon-
soonal currents create localized upwelling events,
shifting productivity hotspots to the down-current
side of the archipelago with each change of the mon-
soon. Large mobile planktivores, such as reef manta
rays, migrate with this shifting productivity and con-
sequently are concentrated in greater numbers on
the eastern side of Raa Atoll between the months of
May and November during the Southwest monsoon
(Anderson et al. 2011). We deployed Crittercams at
cleaning stations around Raa Atoll during a 1 wk
field expedition in October 2016. These cleaning
sites serve as focal areas for social behavior, such as
courtship and mating (Stevens et al. 2018). When
strong currents flow through to atoll channels, manta
rays frequently depart from cleaning stations to feed
on the dense zooplankton prey that becomes con -
centrated at the surface in nearby channels (Stevens
2016).

2.2.  Crittercam deployments

The Crittercam platform collects high-resolution
(1280 × 720 pixels, 30 frames s−1) video and has an
onboard Star-Oddi DST milli-TD temperature and
depth recorder set to log temperature every 15 s and
depth every 5 s. For deployments on oceanic manta
rays in Mexico, we used a suction cup attachment
that has previously been used on cetaceans (Fig. 1a).
The attachment device is made up of a ca. 20 cm
(8 inch) diameter suction cup with circular ridges that
reduce the evacuation volume and improve grip. A 1-
way valve is mounted through the center of the cup,
and an actuator activated at a pre-programmed time
by the Crittercam microprocessor dislodges a ball-
bearing seal to release the cup for recovery. Active
releases were programmed for 17:00 h local time to
facilitate recovery before dark. In addition, a zinc-
coated steel bolt pierces the suction cup and is
secured with a magnesium nut. When immersed in
salt water, a galvanic reaction between the 2 metals
causes the magnesium nut to dissolve over a roughly
predictable duration, loosening the seal formed by
the bolt head and causing the suction to release. This
serves as an approximately 8 h duration backup
release in case the electronic release fails. Critter-
cams were outfitted with a VHF radio transmitter
with an approximately 8 km line-of-sight range that
facilitated recovery of cameras after they released
from an animal. At the Revillagigedo Islands, we
made all deployments by hand, pushing the suction
cup firmly onto the rigid dorsal surface between the
cephalic fins (Fig. 1b; Supplemental Video S1; www.
int-res. com/ articles/ suppl/ m632 p145 _ supp/).

For deployments in Bahia de Banderas in March
2016, we developed an active suction system de -
signed to increase suction force and improve cam-
era deployment times. The active suction system em -
ployed a Venturi suction generator that was piped
into the suction cup’s 1-way valve and driven by
pressurized air from a 13 l scuba tank worn by the
researcher deploying the camera (Fig. 1c, Video S2).
Elasmobranch denticles, the rough tooth-like struc-
tures on their skin, create an imperfect attachment
surface for the suction cups. Additionally, repeated
deployments of the suction cups on the manta rays’
skin abraded the smooth surface of the cup, further
compromising the seal. While the cups were able
to maintain suction for extended periods, perhaps
due to the mucus layer on the manta rays’ skin, we
hypothesized that a sealant could help maintain
suction and improve retention times. We tested
several potential non-toxic sealants, including sili-
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cone grease, denture cream, and creamy peanut
butter.

Suction cups were able to maintain suction on reef
manta rays in the Maldives, but they were usually
not able to maintain their position for more than a
few seconds, quickly sliding off the trailing edge of

the pectoral fin. This sliding was perhaps due to the
smaller dermal denticles on reef manta rays and the
consequent reduced surface friction (Marshall et al.
2009). To resolve this issue, we developed an alter-
nate attachment method that used a J-shaped Plexi-
glas hook approximately 2 cm wide with a blunt tip to

148

Fig. 1. Crittercam deployments and attachment types. (a) Suction cup attachment used for passive suction attachments, active
suction attachments, and for ballast and stability in hook attachments. (b) Crittercam deployed on an oceanic manta ray at the
Revillagigedo Islands using passive suction. (c) Venturi active suction system used for active suction deployments. The blue
cylinder is the Venturi pump, which creates suction as medium-pressure air is pumped through it from the air gun (silver, ex-
tending left from the Venturi pump). (d) J-hook attachment, which loops over the upper jaw and is held in place by forward
motion. (e) Crittercam deployed on a reef manta ray in the Maldives using a J-hook attachment. (f) V-shaped break point at 

the apex of the J-hook, with tension cables to maintain the hook shape until the pre-programmed release time
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prevent any puncture injury to the animal (Fig. 1d;
Video S3). We placed the hook over the upper jaw,
and the camera was held in place passively by the
water flow generated by the manta rays’ constant for-
ward motion. We attempted 1 deployment with the J-
hook alone on a Crittercam without a suction cup
attachment, but the reduced mass caused the camera
to float upwards and disengage the hook if the manta
ray slowed even momentarily. Consequently, all fur-
ther deployments were made with both the J-hook
and the suction cup, which provided mass and stabil-
ity (Fig. 1e). It is possible that the suction cup also
adhered to the dorsal surface of the manta ray, but
we suspect that the majority of the camera retention
was due to the J-hook, whereas the mass of the suc-
tion cup base allowed the hook to remain engaged
even at slow swimming speeds. To provide a detach-
ment mechanism, the hook was separated into 2
pieces that joined at the apex of the curve with a V-
shaped joint (to prevent swiveling) held together by a
galvanically reactive nut and bolt combination with
an approximate dissolution time of 8 h. There was no
active release on the J-hook as it was crafted in the
field. We made deployments using 2 different length
hooks, one of 24 cm (‘short hook’) and one of 28 cm
(‘long hook’).

Due to the success of the J-hook/suction cup com-
bination in the Maldives, we implemented this at -
tachment method on oceanic manta rays in Bahia de
Banderas in March 2017. The updated J-hook design
also had a V-shaped break point at the apex of the
J-hook, although in this case the 2 pieces were held
together by a tensioned cable. The tension link
passed through a cutting device that could be acti-
vated by the Crittercam to facilitate a programmed
release (Fig. 1f). We used hooks of 28 cm (‘long
hook’) and 33 cm length (‘x-long hook’).

To evaluate differences in retention time between
attachment methods, we used a time-to-failure Wei -
bull regression (Kalbfleisch & Prentice 2011) using
the ‘Survival’ package in R (Therneau 2011). We con-
sidered passive suction, active suction, active suction
with a sealant, short hooks, and long hooks as attach-
ment methods, and used models both with and with-
out a sex effect on retention time. We grouped the
single passive suction deployment using a sealant
with passive suction deployments that did not em -
ploy a sealant, as the retention times were very simi-
lar. We grouped the x-long hook attachment with
long hook attachments. We excluded from statistical
analyses the 2 active and passive suction deploy-
ments on reef manta rays as they were unsuccessful
and not indicative of the retention potential of suction

attachments in oceanic manta rays. For the same rea-
son, we excluded 1 short-hook deployment that was
terminated early due to a breach by the manta ray,
and the single long-hook deployment without a suc-
tion cup that quickly detached. We included 2 active
suction deployments that were cut short after 3+ h
due to scheduled detachments, although these deploy-
ments would likely have lasted significantly longer
and therefore may underestimate the retention po -
tential of active suction deployments.

For oceanic manta rays, we characterized feeding
periods as increased particle (presumably zooplank-
ton) density in the video, unrolled cephalic fins, and
increased speed of particulates flowing past the cam-
era for sustained durations. Feeding was more confi-
dently confirmed in reef manta rays as, in addition to
unrolled cephalic fins, increased particle density, and
increased particle flow, individuals were observed
feeding in groups. As a result, individuals feeding
near the Crittercam-outfitted manta ray could be
seen with open mouths and gill slits, expanded buccal
cavities, and undertaking feeding strategy behaviors
such as somersault feeding (Stevens 2016). We also
classified a ‘testing’ behavior, where nearby individ-
uals would unroll cephalic fins, swim through a rela-
tively dense patch of particles (presumably zooplank-
ton), and then quickly abort, closing their mouths and
gill slits and rolling up the cephalic fins.

2.3.  Thermocline analysis

At all 3 study sites, the thermocline extends for sev-
eral hundred vertical meters (Fig. 2). None of the
manta rays outfitted with Crittercams sampled the
entire vertical extent of the thermocline, making it
impossible to empirically identify the bottom bound-
ary of the thermocline for each deployment. We
therefore considered any depth below the mixed
layer as being within the thermocline. For each de -
ployment, we created a vertical water column tem-
perature profile by calculating the average temp -
erature at every 1 m depth interval (e.g. Fig. 3b,d,f).
We considered the deployment-specific mixed layer
depth to be the shallowest depth at which the tem-
perature was 0.5°C less than sea surface temperature
recorded during a deployment (Fiedler 2010). We
then calculated the proportion of time each manta
ray spent within the mixed layer or thermocline, and
the proportion of recorded feeding that occurred
within the thermocline. For deployments that never
reached depths where water temperatures dropped
0.5°C below sea surface temperature, we considered
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the manta ray to have spent 100% of its time within
the mixed layer.

2.4.  Zooplankton sampling and analysis

We conducted zooplankton tows in Bahia de Ban-
deras using a 333 µm mesh plankton net with a 30 cm
opening. While zooplankton smaller than the 333 µm
mesh size may have escaped from plankton tows, we
selected this size based on the pore sizes observed in
oceanic manta ray filter plates (approximately 1 mm
diameter, with the ability to capture particles smaller
than the pore size; Paig-Tran et al. 2013) and the gen-
erally large zooplankton prey (e.g. euphausiids)
found in studies of oceanic manta ray stomach con-
tents (Rohner et al. 2017). We conducted 10 min
plankton tows at speeds of 2−5 knots and used a
General Oceanics 2030R flow meter with a standard
rotor (rated 0.2−15 knots) to measure the volume of
water filtered in each tow. For surface tows, we used
a 15 m line to tow the net at the surface in wide cir-
cles. For oblique tows, we attached a 2 kg weight to
the mouth of the net and lowered the net to depth
using a 90 m line. We then maintained an approxi-
mately 45° angle between the surface of the water
and the line in order to keep the net at 20−45 m depth
while towing it in wide circles. We initially used a
DiveNav TechBuddy depth recorder to verify that the
oblique tows were reaching the intended depth

range. The net did not have a closing mechanism, so
oblique samples in clude a small portion of the sam-
ple that was collected during recovery to the surface.

We stored all zooplankton samples in 95% ethanol.
To analyze the density of organisms in each tow,
we first took a subsample of each tow. We diluted
the entire sample to 100 ml total volume using 95%
ethanol, mixed the sample thoroughly, and used a
Hensel-Stempel pipette to extract a 10 ml subsample.
We then separated individual organisms into 25
 different taxonomic groups following Todd et al.
(1996). For each subsample, we counted the number
of organisms in each group and multiplied that by 10
to account for the total sample volume. We used a
paired t-test to evaluate differences between plank-
ton densities in surface versus oblique plankton tows.

3.  RESULTS

We made a total of 12 Crittercam deployments on
oceanic manta rays at the Revillagigedo Islands in
December 2015 using passive suction hand deploy-
ments (Table 1). The deployments lasted a mean ±
SD of 78.9 ± 43.21 min (range 19.5−171 min), and in
all but 2 cases the cameras detached when the pas-
sive suction was no longer adequate, as opposed to
releasing at the scheduled deployment end time.
Camera-tagged manta rays interacted with both con-
specifics and SCUBA divers at cleaning stations and

150

Fig. 2. Thermocline profiles and zooplankton densities. (a) Representative depth/temperature profiles of the 3 study sites, gener-
ated using CTD cast data from the World Ocean Database (https://www.nodc.noaa.gov/). (b) Zooplankton densities (organ-
isms m−3) from surface (x-axis) and oblique (y-axis) net tows conducted in Bahia de Banderas from 2016−2018. The red point
 re presents the zooplankton tow conducted on 30 March 2016, 1 d after BDB07 was observed putatively feeding in the

thermocline. The dashed diagonal is the 1:1 line along which surface and deep zooplankton densities would be equal
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Fig. 3. Dive profiles of manta rays observed feeding using Crittercams (left column) and depth-temperature profiles recorded
during Crittercam deployments (right column): (a,b) oceanic manta ray in Bahia de Banderas (BDB07); (c,d) reef manta ray
MDV16 and (e,f) reef manta ray MDV09, both in the Maldives. Panels a, c, and e are depth time series, with colors represent-
ing water temperature. The temperature legend in e also applies to c. Points along the bottom of a, c, and e represent behav-
iors recorded by Crittercams. Red points are feeding, blue points are testing, and orange points are courtship behavior (see
Section 2.2 for descriptions of these behaviors). These correspond to the points of the same colors in panels b, d, and f (gray
points: all other behaviours, e.g. cruising, cleaning). Panels b, d, and f are vertical profiles of the water column (depth and tem-
perature) created from the corresponding time series in a, c, and e. Black lines represent the smoothed average temperature at
each depth in 1 m increments. Horizontal dashed lines represent the deployment-specific mixed layer depth (see Section 2.3 for

details). Any depths below the mixed layer were considered to be within the thermocline
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in pelagic and near-shore environments, as detailed
by Stewart et al. (2017b). We did not record any feed-
ing events at the Revillagigedo Islands. Social behav-
iors by oceanic manta rays in the Revillagigedo
Islands recorded during Crittercam deployments are
reported by Stewart et al. (2017b).

We made a total of 10 Crittercam deployments in
Bahia de Banderas in March 2016. One of these was
made with a passive hand deployment and a sealant,
5 with the active suction Venturi pump, and 4 with ac-
tive suction and a sealant (Table 1). Of all the sealants
we tested, only creamy peanut butter was sufficiently
viscous to remain applied to the suction cup upon en-
try to the water, and while swimming for an extended
period to reach the study subject. Other candidate
sealants quickly dissolved in seawater. All reported
deployments with a sealant used creamy peanut but-
ter. The passive suction deployment with sealant
lasted 70 min, active suction deployments (n = 5) lasted
a mean of 107.6 ± 77.51 min (range 27.5−226.5 min),
and active suction deployments with sealant (n = 4)
lasted 138.6 ± 109.87 min (range 22.5−240.5 min).
Two deployments lasted until planned release times,
while the remaining 8 deployments detached prema-
turely. Active suction deployments frequently left a
white marking in the shape of the suction cup on the
dorsal surface of the manta rays (Fig. A1 in the Ap-
pendix). Pigment cells are embedded in the mucus
layer on the dorsal surface (Kashiwagi et al. 2015),
and were likely removed along with a ring of mucus
at the attachment site of the suction cups. In some
cases, manta rays with these suction cup markings
were resighted 2 to 3 d after deployment, and the
markings had faded to a barely visible grey ring, sug-
gesting that these im pacts are not long lasting. In
some cases, manta rays swam away rapidly after de-
ployments, but returned to normal behavior 20−90 s
later. Differences in reactions to various attachment
types and between species, and the impacts of these
reactions on analyses of social and other behaviors
are currently being as sessed (N. Pelletier et al. un-
publ.). Short-duration changes in behavior in re-
sponse to camera deployment did not coincide with or
affect our evaluations of feeding behavior.

We captured Crittercam footage of 1 oceanic manta
ray (BDB07) feeding between 10 and 20 m depth in
the thermocline for a total of 70.75 min (Fig. 3a,b;
Video S4) on 29 March 2016. The Crittercam de -
tached and was re covered approximately 500 m from
shore, in contrast to the ~100 m coastal band where
manta rays are typically observed in the region. Dur-
ing the 20 min period that we were searching for and
retrieving the Crittercam, we encountered 5 manta

rays at the surface between 300 and 500 m offshore
in proximity to the Crittercam recovery location. Due
to the unusually high density of manta rays at the
recovery location, and review of the video that sug-
gested feeding behavior, we returned to the recovery
location the following morning (30 March 2016) to
conduct plankton tows. A 10 min surface plankton
tow re vealed a zooplankton density of 148.5 organ-
isms m−3, comprised primarily of radiolarians (39.2%)
and copepods (23.6%). A 10 min oblique plankton
tow made between 10 and 20 m depth revealed a
zooplankton density of 1362 organisms m−3, nearly 10
times higher than the paired surface tow, comprised
primarily of ostracods (56.2%) and copepods (32.7%).
In contrast, 11 subsequent paired surface and ob -
lique tows performed between April 2017 and Febru-
ary 2018 revealed a mean ± SD density of 249.05 ±
333.41 organisms m−3 at the surface and 290.85 ±
220.69 organisms m−3 at depth. We found no statisti-
cally significant difference between densities of sur-
face and oblique zooplankton tows (p = 0.227). Sur-
face zooplankton tows were made up of primarily
copepods (55.77%), cladocerans (25.85%), fish eggs
(5.7%), and ostracods (3.81%). Oblique zooplankton
tows were made up of primarily copepods (60%),
cladocerans (26.84%), chaetognaths (3.15%), and
ostracods (2.99%).

We made a total of 16 Crittercam deployments on
reef manta rays in Raa Atoll during 7−12 November
2016. One deployment using active suction lasted
14.45 min before sliding off the trailing edge of the
manta ray’s pectoral fin. One deployment using pas-
sive suction lasted 2.75 min. The single deployment
using only a hook attachment with no suction cup
lasted 4.25 min. Two manta rays shed cameras by
breaching, one after 6 min and the other after
301 min. Excluding the manta ray that shed its cam-
era after 6 min (as this is not indicative of retention
potential), deployments using the short hook (n = 7)
lasted a mean ± SD of 80.53 ± 48.01 min (range
32.25−196.5 min). Deployments using the long hook
(n = 5; excluding the 4.25 min deployment with no
suction cup) lasted a mean of 162.65 ± 118.32 min
(range 36−302.5 min).

We observed 2 feeding events by reef manta rays
outfitted with Crittercams. One deployment, MDV16
on 12 October 2016, captured feeding behavior in the
thermocline between 20 and 70 m depth for a total of
17.25 min (Fig. 3c,d; Video S5). The second feeding
manta ray, MDV09 on 11 October 2016, was recorded
swimming with unrolled cephalic fins (and presum-
ably feeding) at the surface for a total of 53.5 min
with a large group of other reef manta rays feeding in
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a shallow channel between islands. This individual
and many other reef manta rays outfitted with Crit-
tercams were recorded engaging in courtship behav-
ior (as defined by Stevens et al. 2018) in the thermo-
cline between 50 and 80 m depth (Fig. 3e,f; N. Pelletier
et al. unpubl.).

In March 2017, oceanic manta rays in Bahia de
Banderas were distributed in the center of the bay
over deep water, as opposed to their typical distribu-
tion close to shore in shallow water. As a result, indi-
viduals were much more challenging to work with,
and we successfully conducted only 2 Crittercam de -
ployments using the updated hook attachment with
an active release. The deployments lasted 119.5 (x-
long hook) and 148.5 min (long hook), and both de -
tached prior to the scheduled release times. BDB12
shed its camera by breaching at 148.5 min. No feed-
ing behavior was observed in either deployment.

Despite differences in the mean retention time
among attachment methods (Fig. 4), the time-to-fail-
ure Weibull regression found no statistically signifi-
cant differences between attachment methods (p >
0.2 in all cases). There was no statistically significant
effect of sex on retention time (p = 0.267). The long
hook attachment method (n = 7, including x-long
hook) had the longest retention time (maximum
302.5 min, mean ± SD 154.46 ± 98.47 min) followed by
active suction with a sealant (n = 4, max 240.50 min,
mean 138.63 ± 109.86 min), active suction with no
sealant (n = 5, max 226.50 min, mean 107.60 ±
77.52 min), the short hook (n = 7, max 196.5, mean
80.53 ± 67.17 min), and passive suction (n = 13, max
171.00 min, mean 78.25 ± 41.45 min).

4.  DISCUSSION

The animal-borne video data presented here con-
firm that manta rays forage in the thermocline, tak-
ing advantage of physical processes that aggregate
their zooplankton prey and, presumably, increase
their feeding efficiency. Our zooplankton tow in
Bahia de Banderas on the day following the record-
ing of putative feeding demonstrates the effective-
ness of the thermocline in concentrating zooplank-
ton, with almost 10 times the density in the oblique
tow compared with the surface tow at the same loca-
tion. However, subsequent zooplankton tows in Bahia
de Banderas illustrate the spatial and temporal vari-
ability in zooplankton densities in the bay, and fur-
ther highlight the patchy foraging environment that
manta rays and other marine species experience.
While the zooplankton tows from 30 March 2016 do
not represent the exact conditions that BDB07 en -
countered on the previous day, the extremely high
zooplankton densities at depth compared with the
surface provide a plausible explanation for the ther-
mocline feeding behavior captured on video. In the
Maldives, MDV16 engaged in feeding behavior pri-
marily between 40 and 70 m within the thermocline,
whereas we observed testing behavior (beginning
but quickly aborting feeding) by it and adjacent
manta rays at the base of the mixed layer (shallower
than 20 m) and deeper than 70 m (Fig. 3c,d). This
suggests that zooplankton density was highest near
the upper boundary of the thermocline where it ap -
proaches the mixed layer, creating high-biomass
prey patches that are likely essential to supporting
the foraging energetics of manta rays and other filter
feeders (Sims 1999, Armstrong et al. 2016, Stewart et
al. 2017a). 

The putative feeding observation in Bahia de Ban-
deras also highlights the potential importance of
fine-scale water column dynamics in aggregating
prey. In 2 cases, putative feeding occurred along a
constant depth while temperatures dropped more
than 2°C (Fig. 3b). This may be indicative of complex
microstructures created by localized upwelling along
the high-relief bathymetry in the area. These micro -
structures may serve a similar function to thermo-
clines but on a smaller scale, and may also be impor-
tant in the foraging dynamics of filter feeders. Pre vious
studies have highlighted the apparent importance of
the thermocline to the diving behavior and foraging
success of marine predators such as seals and pen-
guins (Boyd & Arnbom 1991, Pelletier et al. 2012,
Nordstrom et al. 2013), although these predators
were targeting higher trophic level species such as
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fishes and squid. The thermocline has long been rec-
ognized as an oceanographic feature that can physi-
cally shape or limit the distribution of species ranging
from zooplankton to tunas (Green 1967, Sameoto
1984, 1986). The present study contributes to a grow-
ing body of work demonstrating the importance of
the thermocline in facilitating feeding opportunities
for a wide range of marine species through these bio-
physical processes.

While our observations qualitatively demonstrate
the potential importance of the thermocline as a for-
aging cue for manta rays, quantifying the relative
importance of different prey communities would re -
quire collecting prey data concurrently with manta
ray movements and behavioral observations, a logis-
tically challenging proposition (Stewart et al. 2018).
Pairing animal-borne cameras with autonomous echo
sounders (e.g. Lawson et al. 2015) could potentially
facilitate the concurrent collection of behavioral data
and zooplankton density. This would open numerous
opportunities to explore prey targeting and foraging
energetics in manta rays and a wide variety of other
marine species. However, in future studies, it will be
important to identify new approaches to confirming
feeding behavior (e.g. using camera attachments that
provide a view of the individual’s mouth). While the
video footage of BDB07 was presumed to be feeding
behavior based on particle density and flow rate, and
unrolled cephalic fins, it was only possible to confirm
feeding behavior in the Maldives, where conspecifics
were visible in the footage. This highlights a challenge
to studying feeding behavior with animal-borne
video cameras in oceanic manta rays, which appear
to spend less time with conspecifics.

Importantly, manta rays were observed engaging
in numerous non-feeding behaviors in the thermocline.
In particular, courtship behavior resulted in rapid,
acrobatic vertical movements in reef manta rays that
appear similar to feeding behavior from depth time
series (Fig. 1c−f) and would likely be in distinguishable
in accelerometer data as well (Videos S5 & S6). This
demonstrates the utility of animal-borne videos in
characterizing behavior when direct observations are
not possible, and highlights the limitations of behav-
ioral interpretations from telemetry data, including
both temperature/depth recorders and accelerome-
ters. For example, the 10−20% of oceanic manta rays’
time spent in the thermocline reported by Stewart et
al. (2016) may or may not have actually been repre-
sentative of time spent feeding. Manta rays may
associate with the thermocline while feeding, but
may also spend considerable time swimming within
the thermocline searching for opportunities to forage

or engage with conspecifics. We en countered only 3
feeding events in over 63 h of video data. This is
likely due to deployments occurring primarily at
cleaning stations, which are associated with other
social behaviors rather than foraging (Stevens et al.
2018). In all 3 cases of feeding (BDB07, MDV09, and
MDV16), Crittercam deployments lasted more than 3
h. In the case of the 2 reef manta ray feeding events,
this likely gave the animals enough time to depart
from the cleaning stations and begin to access habi-
tats more typically associated with foraging. While
our limited sample size and feeding observations do
not allow us to quantify the frequency of different
feeding behaviors, thermocline feeding and channel-
associated feeding were both observed once in reef
manta rays. Feeding in the channels between atolls is
frequently observed in the Maldives (Stevens 2016)
but was only captured once by Crittercams, suggest-
ing that thermocline feeding could potentially be a
more common strategy than its relative frequency in
our results suggests.

In Bahia de Banderas, manta rays are rarely seen
feeding or cleaning, despite their high abundance for
approximately 6 mo each year (I. Fonseca-Ponce & J.
Stewart unpubl.). If manta rays are primarily feeding
in the thermocline and on non-surface zooplankton,
this would explain the paucity of surface feeding ob -
servations in the region. At the Revilla gi gedo Islands,
oceanic manta rays are rarely observed feeding, and
divers typically find them socializing at cleaning sta-
tions. This, combined with the relatively short passive
suction deployments (mean 62.75 min, max 118.5 min),
likely explains why no feeding ob servations were
recorded at the islands. Several studies suggest that
both species of manta ray visit cleaning stations dur-
ing the day and access deeper, offshore waters at
night to feed (Braun et al. 2014, Stewart et al. 2016,
Couturier et al. 2018, Setyawan et al. 2018). Further
capturing and characterizing feeding behaviors using
animal-borne cameras may re quire achieving longer
deployments, deploying cameras overnight, and using
camera packages with a light source or low-light
cameras to avoid artificial-light related behavioral
changes.

The lack of statistically significant differences in
retention time between attachment methods is most
likely a combination of small sample sizes and the
ubiquity of short (<30 min) deployments across all
attachment types. Despite the lack of statistical sig-
nificance, there appear to be differences among at -
tachment types that can support guidelines for future
deployments. Passive suction provided the shortest
retention times, and was substantially improved
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upon by implementing the Venturi active suction sys-
tem in oceanic manta rays. While the use of a sealant
(i.e. creamy peanut butter) generally appeared to in -
crease retention times, active suction deployments
both with and without a sealant achieved similar max-
imum retention times (240.5 min with sealant and
226.5 min without). We hypothesize that retention
differences (and similarities) between these 2 attach-
ment types were due to individual variability in dermal
mucus thickness. In 1 case (which was not recorded
as a deployment), we deployed a Crittercam with the
active suction attachment, and the camera immedi-
ately detached from the animal. We at tempted a sec-
ond deployment by hand (passive suction), and the
suction cup immediately came loose a second time.
Upon close inspection of the animal, there was virtu-
ally no mucus on the dorsal surface, which led to the
application of a sealant in later de ployments. In indi-
viduals with a thick dorsal mucus layer, active suc-
tion deployments without a sealant would presum-
ably exhibit similarly long retention times as those
employing a sealant (e.g. BDB03).

The difference between retention times in short-
and long-hook deployments was surprisingly large,
with short hooks performing worse than active suc-
tion, and long hooks exhibiting the longest retention
times of all attachment methods. The long hook may
have allowed the Crittercam to sit in a more stable
position, particularly when the animals turned and
the camera began to slide laterally along the head. In
addition to improved retention time, the position of
the camera with the long hook attachment provided
a better view of the cephalic fins and upper jaw, as -
sisting with interpretation of behaviors such as feed-
ing, courtship, and socialization. While both the hook
and suction attachments were minimally invasive,
we only observed breaches in hook deployments. In
the 4 cases of breaches, manta rays jumped out of the
water and somersaulted backwards to land on their
dorsal surface, dislodging the Crittercam and termi-
nating the deployment in all but 1 case. We interpret
these as attempts to shed the cameras, suggesting that
the hook attachment may have been more noticeable
or irritating to the manta rays than the suction attach-
ment. Despite these shedding attempts, manta rays
with hook attachments engaged in normal cleaning,
feeding, courtship, and other social be haviors during
Crittercam deployments, suggesting that any influ-
ences on animal behavior were minimal. Based on
these results, we suggest that future deployments of
animal-borne cameras on oceanic manta rays con-
sider either 28+ cm hook attachments or active suc-
tion attachments with sealant to maximize retention

time, while only hook attachments (ideally 28+ cm)
appear to be viable for reef manta rays.

5.  CONCLUSION

In this study, animal-borne Crittercams provided
new insights into the ecology of both reef and oceanic
manta rays. These minimally-invasive, short-term
de ployments were able to capture several feeding
events, confirming that thermocline feeding oc curs in
both species, as well as numerous social interactions
(Stewart et al. 2017b, N. Pelletier et al. unpubl.). The
suction and hook attachments employed here could
also prove useful for deployments of other instru-
ments such as accelerometers, which need to remain
stationary on the study subject. This could be partic-
ularly relevant for post-release mortality studies of
mobulid rays captured in fisheries, where survival
probability can often be evaluated within a few hours
following release (Whitney et al. 2016, Francis &
Jones 2017). To further evaluate feeding behavior in
mobulid rays using animal-mounted cameras, we
encourage future research targeting crepuscular and
nighttime periods, which would require further re -
finement and use of on-board light sources. In addi-
tion, longer deployment times could be facilitated
through traditional tag attachment methods (e.g. sub-
dermal anchors), dorsal fin-mounted towed tags, or
temporary harness attachments (Fontes et al. 2018).
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Appendix.

Fig. A1. Markings left by active suction attachment on an oceanic manta ray
in Bahia de Banderas, Mexico
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