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habitat along a highly developed Florida coastline
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ABSTRACT: The giant oceanic manta ray Mobula birostris was listed in the US Endangered Spe-
cies Act as a threatened species in 2018, yet insufficient data exist on manta populations through-
out US waters to designate critical habitat. Taxonomic and genetic evidence suggests that manta
rays in the Western Atlantic are a separate species (M. cf. birostris) and little is understood about
the ecology and life history of this putative species. The juvenile life stage of both M. birostris and
M. cf. birostris is particularly understudied. Here, we are the first to describe the characteristics of
a manta ray population along a highly developed coastline in southeastern Florida using boat-
based surveys and photo identification of individuals. Fifty-nine manta individuals were identified
between 2016 and 2019. All males were sexually immature based on clasper development, and
96 % of females were classified as immature based on size and absence of mating scars or visible
pregnancies. Twenty-five (42 %) individuals were observed more than once during the study
period and 8 individuals were sighted over multiple years. The occurrence of juveniles, high site
fidelity and extended use of the study area by juvenile manta rays suggest that southeastern
Florida may serve as a nursery habitat. High occurrence of fishing line entanglement (27 % of
individuals) and vessel strike injury were documented, and rapid wound healing was observed.
Future research and conservation efforts will focus on identifying the physical and biological fea-
tures of the potential nursery habitat and on mitigation of anthropogenic impacts.
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1. INTRODUCTION

Globally, manta rays (Mobula birostris and M. al-
fredii) are classified as Vulnerable on the IUCN
Red List, mainly due to targeted fishing and by-
catch (Marshall et al. 2018). Manta and mobula
rays have been targeted globally for their gill
plates, which are transported and sold in Asia as
health tonics (Dulvy et al. 2014, Croll et al. 2016).
The conservative life-history traits of manta rays
(i.e. late age of maturity, long gestation period, low
fecundity) make them particularly susceptible to
exploitation (Dulvy et al. 2014) and rising anthro-
pogenic threats. Other significant, yet less-studied
threats to manta rays include ingestion of micro-
plastics (Germanov et al. 2019b), vessel-strike in-
juries (McGregor et al. 2019), unsustainable tourism
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(Venables et al. 2016), habitat destruction and cli-
mate change (Stewart et al. 2018a).

Recent taxonomic (Marshall et al. 2009) and
genetic (Hinojosa-Alvarez et al. 2016, J. Hosegood et
al. unpubl. at https://doi.org/10.1101/458141) evi-
dence indicates there is a third species of manta ray
(M. cf. birostris), which is noted to occur off the
Atlantic coast of the USA. M. cf. birostris, though
most closely related to M. birostris (Hinojosa-Alvarez
et al. 2016, J. Hosegood et al. unpubl. at https://doi.
org/10.1101/458141), is thought to be more similar in
ecology to M. alfredi; however, there is a lack of data
on populations from the Caribbean and Western
Atlantic. As for many batoids, large gaps exist in the
knowledge of manta ray life history and ecology
(Martins et al. 2018). M. alfredi associates with ner-
itic habitats and is the better studied of the 2 manta

© The authors 2020. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are un-
restricted. Authors and original publication must be credited.

Publisher: Inter-Research - www.int-res.com

L)

Check for
updates



https://crossmark.crossref.org/dialog/?doi=10.3354/esr01054&amp;domain=pdf&amp;date_stamp=2020-09-03

52 Endang Species Res 43: 51-64, 2020

species, with data on gestation period (1 yr; Marshall
& Bennett 2010b, Stevens 2016), age at maturity
(8—17 yr for females; Marshall et al. 2019) and size at
birth (130-190 cm; Stevens 2016, Murakumo et al.
2020). Less is known about the life history of M.
birostris, as a result of its tendency to reside in more
remote open-ocean habitats (Marshall et al. 2018).

The life stage of sexually immature or juvenile
manta rays remains particularly understudied. Of the
663 currently described batoid species, less than 6 %
have been the subject of studies concerning nursery
habitats (Martins et al. 2018). Heupel et al. (2007) de-
fined testable criteria of an elasmobranch nursery
habitat as: (1) more juveniles are found in the pro-
posed nursery area than in other areas, (2) individuals
have a tendency to remain over time, and (3) the habi-
tat is repeatedly used across years. While juvenile
manta ray habitats are slowly being identified around
the world, only 2 have been described that meet these
criteria (M. birostris and M. cf. birostris: Childs 2001,
Stewart et al. 2018b; M. alfredi: Germanov et al.
2019a). Juvenile survival rates are particularly impor-
tant to population viability in species where there is a
late age of maturity, high adult survival and low fecun-
dity (Heppell et al. 2000). As global manta ray popula-
tions decline, the importance of survival at the juvenile
life stage makes identifying critical habitats, including
pupping and nursery areas, a priority for manta ray re-
search and conservation efforts (Stewart el al. 2018a).

Southeast Florida is characterized by a narrow (2-
10 km) continental shelf and warm waters from the
north-flowing Florida Current (Banks et al. 2007, Finkl
& Andrews 2008). Nearshore waters of southeast
Florida support many populations of marine megafauna
including sea turtles (Makowski et al. 2005, Stewart et
al. 2014), bottlenose dolphins (Tursiops truncatus; Litz
et al. 2007), spotted eagle rays (Aetobatus narinari;
Newby et al. 2014), goliath grouper (Epinephelus ita-
jara; Koenig et al. 2017) and sharks (Kajiura & Tellman
2016). These megafauna have been subjected to in-
creased harassment, injury and mortality as the human
population of south Florida continues to grow (Bureau
of Economic and Business Research 2019) and the
coastal waters are more heavily used for recreational
activities such as boating, fishing, jet-skiing, snorkeling,
SCUBA diving and swimming (Adimey et al. 2014,
Powell et al. 2018, Foley et al. 2019).

The giant oceanic manta ray (M. birostris) was
listed on the US Endangered Species Act as a threat-
ened species (NOAA 2018), yet insufficient data exist
on the manta population along the eastern USA to
designate critical habitat. At the time of writing,
there have been no published studies of manta rays

in Florida, with the exception of one paper docu-
menting the sighting of 3 manta rays in the Indian
River Lagoon in the 1990s (Adams 1998). However,
fishermen have long been aware of seasonal manta
ray aggregations in northern Florida and use the
manta rays to target cobia Rachycentron canadum, a
popular game fish (Fig. 1 shows a photo array of
anthropogenic impacts to Florida manta rays includ-
ing fishermen targeting cobia with manta rays).
SCUBA diving is a popular pastime in Florida; yet,
manta rays are rarely seen by divers on the reefs
(REEF 2019; J. Pate pers. obs.).

Here, we provide the first description of manta rays
along the southeast coast of Florida, USA. Using in-
water observations, we documented the sex, size,
maturity status, associated fish taxa, behavior and
spatio-temporal distribution of this manta popula-
tion. We further present evidence that our survey
area meets the criteria of a batoid nursery habitat
(Heupel et al. 2007, Martins et al. 2018). We also
quantify negative anthropogenic interactions of
manta rays with boating and fishing, as well as
photographically document the rapid healing of
injuries. Finally, we discuss the value and limitations
of these data in regards to management, and suggest
future avenues for research and conservation.

2. MATERIALS AND METHODS
2.1. Boat-based surveys

Visual boat-based surveys were conducted from
June 2016 to November 2019 to locate and identify in-
dividual manta rays. A boat survey consisted of driv-
ing the boat at slow speeds (<10 knots) along a
portion of a north-south transect between Jupiter
Inlet (26°56'40" N, 80°04' 13" W) and Boynton Beach
Inlet (26°32'44" N, 80°02'31" W; Fig. 2), approxi-
mately 200 m from shore (distance from shore varied
with conditions such as sea state and tide). This area
was selected based on previous observations of manta
rays swimming close to shore (<3 m depth). Surveys
were typically conducted between inlets (e.g. be-
tween Jupiter Inlet and Palm Beach Inlet; Fig. 2),
though could be shorter or longer depending on con-
ditions. For example, if weather conditions were fa-
vorable and no mantas were sighted between Jupiter
and Palm Beach Inlet, we sometimes continued south
to Boynton Beach Inlet or partway there. In 2019,
some surveys extended farther north to St. Lucie Inlet
(27°09'48" N, 80°09' 11" W; Fig. 2) when manta rays
were difficult to locate in our standard survey area.
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Fig. 1. Anthropogenic interactions with manta rays. Fishing line interactions on (A) a female manta ray with hooks in the pectoral

fin and (B) a manta ray with multiple fishing line entanglements, including one that is cutting into the right pectoral fin, as well as

evidence of a shark bite. Manta rays in south Florida are found in areas of high human activity: (C) a manta ray by a popular fishing

jetty, (D) fishermen in northern Florida targeting cobia that swim with manta rays, (E) a manta ray inside Boynton Beach Inlet with
a boat passing, and (F) a manta swimming in shallow coastal water along a public beach by a dredging outflow pipe

Surveys normally began in the mornings (~09:00 h)
when winds were typically lighter. An observer stood
on the bow of the boat (Triumph 215 CC) for the best
vantage point. Unmanned aerial vehicles (UAVs; DJI
Mavic Pro & DJI Phantom 4; commonly drones) or

planes were used on 26 % (n = 46) of surveys in 2018
and 2019. We were unable to fly UAVs in a portion of
our study area due to flight restrictions around air-
ports. An encounter was defined as any time a manta
ray was located by an observer or UAV. When a
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Fig. 2. Map of the survey area along the Atlantic coast of
Florida. Each circle represents a manta ray encounter. Or-
ange circles indicate a manta ray that was encountered within
1 km of a fishing pier or inlet jetty

manta ray was located, GPS location, water depth,
water temperature and bottom cover type (sand or
hard bottom) were recorded. Water temperature was
not recorded during 2016 surveys.

When a manta ray was located, a snorkeler entered
the water to obtain a visual identification photograph
of the ventral spot pattern. It was not possible to ob-
tain a usable identification photo for all manta rays,
and some manta rays were lost before a snorkeler
was able to enter the water. Since the manta rays
were frequently in shallow water (<2 m) swimming
close to the seafloor, the snorkeler would often use an
extended GoPro to reach underneath the manta ray
while continuously recording. Still frames were ex-
tracted from GoPro videos for analysis. Distinguish-
ing features such as scars, injuries and color patterns
were also noted. Photo-identification is a commonly
accepted method of identifying manta ray individu-
als and the methodology has been extensively docu-
mented (Marshall et al. 2011, Kitchen-Wheeler et al.
2012, Couturier et al. 2014). Disc width was esti-
mated by the in-water snorkeler by comparing manta
to an object of known size (i.e. snorkeler or the
research vessel) to the nearest foot (0.3 m). Due to the
inaccuracies of this method and estimator bias, we
further binned individuals into 1 m size classes to
allow for at least a broad-scale overview of the gen-
eral sizes of encountered individuals.

2.2. Population structure

A photo of the pelvic fins was taken to determine
sex (by presence or absence of claspers), and a chi-
square test (RStudio 1.2.5042) tested for a significant
departure from a 1:1 sex ratio. Maturity status was
determined for males by relative size of claspers.
Juvenile male claspers are small and uncalcified,
and do not extend past the pelvic fins (Fig. 3). Sex-

w

Fig. 3. Small, uncalcified claspers that do not exceed beyond pelvic fins. Claspers of manta ray FL0O027 on (A) 25 August 2017 and
(B) 24 June 2019
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ually mature males have calcified claspers that
extend well past pelvic fins and fully developed
clasper glands (see Fig. 3 in Marshall & Bennett
2010b). Female maturity was assessed by disc
width and the presence of mating scars (Marshall &
Bennett 2010b) or visible pregnancy. Mating scars
are found on the distal end of the pectoral fin, usu-
ally the left (Marshall & Bennett 2010b). Though
these scars may decrease in intensity, they persist
over time and are easily recognized by trained
observers. Females of Mobula birostris mature at
disc widths >4 m (Marshall et al. 2018), and
females of M. alfredi mature at 3.0-3.5 m disc
width (Marshall et al. 2019). We conservatively as-
sumed that females with a disc width less than 3 m
and an absence of mating scars were immature. If
the female was greater than 3 m, but lacked scars
or visible pregnancy, the maturity status of females
was considered unknown. Each identified manta
ray individual was classified as M. birostris or M.
cf. birostris based on the key provided in Marshall
et al. (2009) (Fig. 4). To ensure that no individuals
belonged to M. alfredi, photos were analyzed for
presence of a caudal spine. Lack of a caudal spine
is a diagnostic feature of M. alfredi.

Manta ray behavior was also recorded as
‘directed swimming', 'feeding’, ‘cleaning’ or ‘repro-
ductive' (Germanov et al. 2019a). Directed swim-
ming manta rays maintained a directional heading
and did not frequently change directions, as often
observed in feeding manta rays. Manta rays direc-
tionally swimming would sometimes unroll one or
both cephalic fins in response to the snorkeler.
Manta rays were considered to be feeding if the
cephalic lobes were unrolled and the mouth and
gill slits were open. Cleaning behavior is character-
ized by a manta ray hovering, usually over a reef,
while being cleaned by juvenile reef fish. Repro-
ductive behavior included any observation of
courtship or mating (Stevens et al. 2018). If the
behavior did not fall clearly into the categories
described above, it was labeled as ‘not deter-
mined'.

A re-sighting was defined as a sighting of a manta
ray individual on a different survey day. Time and
straight-line distance were calculated between each
re-sighting of an individual. Average time and dis-
tance were calculated between all manta ray re-
sightings. Re-sightings were also collected from citi-
zen science divers/snorkelers, sometimes outside the
survey area. Sightings outside the survey area were
excluded from the time and distance re-sighting
analysis.

2.3. Associated species

In Florida, manta rays are used by fishermen to
locate and target cobia Rachycentron canadum,
though this association is better known in northern
Florida. In our survey area, some fishermen have
reported that the number of cobias associating with
manta rays has decreased over time (J. Pate pers.
obs.). Here, we used our photos and videos to quan-
tify fish taxa associated with each manta ray encoun-
tered in our study area. Fish were considered associ-
ated with the manta ray if they were swimming close
to the manta ray (<1 m) in the same direction for the
duration of the encounter or if they were physically
attached to the manta ray. Videos were only used if a
complete view of the dorsal and ventral side was
available. Fish were identified to genera if possible,
but for many we were only able to identify to family.

2.4. Anthropogenic impacts

Injuries and fishing line entanglement were noted
and/or photographed in each encounter. Fishing line
and injury location on the manta ray was docu-
mented as anterior ventral (AV), posterior ventral
(PV), pectoral ventral (PeV), anterior dorsal (AD),
posterior dorsal (PD), pectoral dorsal (PeD) (Fig. 5). If
injuries were in more than one body region, both
were selected. If not possible to see where the hook
was attached, it was categorized as no hook/line
entanglement (NH). When possible, attached fishing
gear was removed from manta rays.

Wherever possible, injuries and scars were photo-
graphed and the cause was identified. Propeller
injuries were identified by multiple parallel linear
wounds (Byard et al. 2013, Foley et al. 2019), some-
times with a perpendicular linear wound caused by
the skeg (Fig. 6). Shark bites were identified by cres-
cent shaped scarring or teeth rake marks (Marshall &
Bennett 2010a) (Fig. 1B). Fishing line was listed as
the cause of injury if it was still attached to the manta
ray and was visibly causing injury, or if there was a
remnant scar/injury from the line (similar to the one
on the right pectoral fin of the manta ray in Fig. 1B).
Other injuries (nicks, slices or missing tissue) were
categorized as unknown cause, though the origin of
the wound is likely anthropogenic (McGregor et al.
2019). Injuries were considered to have recently
occurred if any fresh, vascularized flesh was exposed
(Fig. 6A-D,FI) and considered healed otherwise. If
the injured individual was re-sighted, photos were
taken to assess the rate of wound healing. Wounds
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Fig. 4. Photos showing (A) dorsal and (B) ventral coloration of Mobula birostris and variation in (C,E) dorsal and (D,F) ventral
coloration of M. cf. birostris. Mobula birostris photos were taken in Revillagigedo Archipelago, Mexico. Mobula cf. birostris
photos are from the present study

were considered healed when completely closed
(Fig. 6E,H,J).

To quantify manta ray proximity to areas of high
human impact, straight-line distance was calculated
with Google Earth between every manta ray location
and the nearest fishing pier or inlet jetty. Manta ray
mortalities were opportunistically documented.

3. RESULTS
3.1. Boat-based surveys
A total of 175 boat-based surveys were conducted

between June 2016 and December 2019. The num-
ber of surveys and seasonal effort varied each year
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PeV

Fig. 5. Diagram of fishing line locations, (A) dorsal and (B) ventral. Dorsal pectoral (PeD) is the area lateral to the line made
posteriorly from the lateral edge of white shoulder patch. Anterior dorsal (AD) is the area anterior of white shoulder patches
and medial of pectoral fins, with posterior dorsal (PD) being the area posterior to this. Ventral pectoral (PeV) is the area lateral
to the distal end of the 1st gill slit. Anterior ventral (AV) is the area anterior to the 5th gill slit and medial to the pectoral fins
(includes the cephalic fins), and posterior ventral (PV) is posterior to this. A fishing lure can be seen in the AV region

(Fig. 7; 2016: 15 surveys; 2017: 46 surveys; 2018: 56
surveys; 2019: 58 surveys), with 66 % of surveys con-
ducted during the summer months (June—August).
Manta rays were observed on 42.9 % of surveys (n =
75). A maximum of 8 manta rays were encountered
in a single survey.

One hundred and fifty manta ray encounters oc-
curred during the study period (Fig. 8; 2016: 11
encounters; 2017: 66 encounters; 2018: 28 encoun-
ters; 2019: 45 encounters). Photographic identifica-
tion was obtained for 130 (87 %) of these encounters.
Manta rays were found in an average (+SE) water
depth of 2.7 m (+0.1 m, range 0.8-9.8 m) and water
temperature of 28.0°C (+0.1°C, range 23.2-30.1°C).
One hundred and twenty-seven (84.7 %) manta ray
encounters occurred over a sandy seafloor, 17
(11.3 %) over hard bottom and for 6 (4 %) encounters,
habitat was not recorded.

3.2. Manta ray individuals and population structure

Of the 150 encounters, 59 unique manta ray indi-
viduals were identified (Fig. 8). The sampled individ-
uals consisted of 31 male (52.5%) and 28 female
(47.5%) manta rays, a sex ratio (1.1:1) that did not
differ significantly from parity (chi-square test, x% =
0.15254, p = 0.6961). All male manta rays (n = 31)
were sexually immature based on clasper size.
Ninety-six percent (n = 27) of females were sexually
immature based on disc width (<3 m) and absence of
mating scars. Seventeen (29 %) of the photographi-

cally identified manta ray individuals' disc widths at
first sighting were <2 m, 41 were between 2 and 3 m
(69%) and 1 individual was over 3 m (2%; Fig. 9).
The single individual estimated to be greater than
3 m disc width was female, but lacked mating scars
or visible pregnancy, thus maturity status was con-
sidered unknown (Fig. 9).

All identified individuals were classified as Mobula
cf. birostris based on the key in Marshall et al. (2009).
An examination of a subset of individuals (n = 5) in
the field by A. D. M. further confirmed that all exam-
ined individuals possessed skin morphology similar
to that of M. cf. birostris (Marshall et al. 2009).
Eighty-three percent of manta rays had photos
where the base of the tail was clearly visible, and in
all of them a caudal spine was present. Eighty-six
(58 %) of the manta ray encounters were behaviorally
categorized as directed swimming, 37 (25%) were
categorized as feeding and for 26 (17 %) manta ray
encounters behavior was not determined. No clean-
ing or reproductive behavior was observed.

Twenty-five manta rays (42 %) were sighted more
than once, with a total of 78 re-sighting events. Of
these re-sighted manta ray individuals, 48% were
seen twice, 24 % 3 times, 8% 4 times and 16 % be-
tween 5 and 9 times (average 4.1 = 0.9 sightings;
range 2-23; median = 3). Four of these re-sightings
were reported by boaters or divers, 3 outside our sur-
vey area. One individual was on a wreck east of our
survey area, and 2 others were sighted 60 km south
of the survey area. An average of 70.9 d lapsed be-
tween each re-sighting (+11.9 d; range 1-387 d) and
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injury a

injury b
injury a

Fig. 6. Photos of propeller in-
juries to juvenile male manta
ray FLO09 on (A) 7 July 2017, (B)
18 July 2017, (C) 24 July 2017,
(D) 2 August 2017 when injury b
is healed and (E) 16 August
2017 when injury a is healed.
Propeller injury to a juvenile
male manta ray, FL0027, on (F)
15 August 2018, (G) 19 August
2018 and (H) completely healed
on 9 September 2018. A female
manta ray, FL0020, on (I) 2 July
2018 and (J) with healed injury
on 15 August 2018



Pate & Marshall: Juvenile manta rays in Florida 59

—_
[e2)

-
\V]

[oe]

N

No. of manta surveys

Jan Feb Mar April May :June -July ‘Aug “Sept Oct Nov Dec
#2016 M2017 ®2018 ®2019

Fig. 7. Seasonal survey effort over the 2016-2019 study
period (n = 175 surveys)

30

N
o

—_
o
-
——
—
-
—

No. of manta rays

1 ] E H - H
Jan Feb Mar April May June July Aug Sept Oct Nov Dec
#2016 m2017 m2018 ®W2019
Fig. 8. Total manta ray sightings per month from 2016 to
2019 (n = 150 encounters)

30
7]
>
©

= 20
8
c
©
€

S 10
o
pzd

0

<2m 2-3m >3m
m Male mFemale

Fig. 9. Disc widths of the 59 identified manta ray individuals
by sex

manta rays were observed an average distance of
15.1 km (2.0 km; range 0.03-65.6 km) away from
their previously sighted location. Time between the
initial sighting of an individual manta ray and the
final sighting averaged 208 d (x50 d; range 1-825 d,
24 individuals).

Individual manta rays used the survey area across
years, with 8 individuals being sighted in at least 2
consecutive calendar years. Two of these mantas
(FL0O020, female, and FLO0027, juvenile male) were
sighted in 3 consecutive years (2017, 2018, 2019).
FL0027 was observed 23 times between 16 August
2017 and 22 October 2019. Over the entire period, its
clasper size indicated a juvenile age class, with
claspers not extending past the pelvic fins (Fig. 3).

3.3. Associated species

Ninety-seven (65%) videos of manta encounters
provided a full dorsal and ventral view for associated
species analysis (comprising 46 individuals). Fish of
the family Echeneidae represented 82 % (n = 229) of
fish found with manta rays. Other fish found were
jacks (Family Carangidae, genera Caranx spp. and
Carangoides spp., n = 47, 17 %), scad (Decapterus
spp., n = 3, 1%) and cobia Rachycentron canadum
(n =2, 0.7%). The median number of fish per manta
ray (data right-skewed) was 2 (+0.3; range 0-27). In
6 encounters, no fish were observed in association
with the manta ray.

3.4. Anthropogenic impacts

Of encounters with photographically identified
manta rays, 99 % had a ventral photo and 87 % had a
dorsal photo. Since we were not able to examine both
sides for all manta rays, entanglement and injury fre-
quency represent a minimum for our study group.
Sixteen individuals (27 %) were seen foul-hooked or
entangled in fishing line, of which 6 individuals
interacted with fishing gear more than once. The
most common area hooked was the ventral pectoral
fin (PeV, 37%; Table 1). Fifty-two percent of manta
rays were hooked in the pectoral fin (dorsal and ven-
tral; Table 1). Seventeen percent of hooked manta
rays were hooked in the anterior ventral (AV;
Table 1), near the mouth and gills (Figs. 1B & 7B).

Thirty-three injuries were documented on 27
(46 %) manta individuals. Ten (30 %) of the injuries
were presumably from boat propellers, 10 (30 %)
from fishing line, 9 (27 %) from an unknown cause
and 4 (12%) from shark bites. Seven injuries were
considered to have recently occurred, with 5 of those
being caused by boat propellers. All propeller
injuries occurred on the dorsum (with one cutting
through to the ventral side as well, Fig. 6I), with 55 %
on the posterior, 27 % on the anterior and 18 % on the
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Table 1. Physical location of fishing hooks on manta ray bod-

ies (Fig. 5). In 30 manta encounters, a fishing gear inter-

action was documented. In 8 encounters, no hook was seen
and the fishing line was wrapped around the manta

Anterior Posterior Pectoral Total
Dorsal 1 0 5 6
Ventral 5 0 11 16
Total 6 0 16

Table 2. Physical location of injuries on manta ray bodies
(Fig. 5). Twelve injuries were classified in more than one

body region
Anterior Posterior Pectoral Total
Dorsal 3 13 13 29
Ventral 1 4 11 16
Total 4 17 24

pectoral dorsum (Table 2). Eighty percent of fishing
line injuries occurred on the pectoral fin (Table 2).
We documented healing times on 4 injuries (on 3
individuals). These wounds completely healed in 40
and 15 d (FLO09, injury a and injury b, respectively),
44 d (FL0020) and 25 d (FL0027%; Fig. 6).

Forty-two manta rays (28%) were encountered
within 1 km of a fishing pier or inlet jetty (Figs. 1 &
2). Only one manta ray mortality occurred during
the study period, but this occurred outside the
study area. Florida Fish and Wildlife Commission
was notified of a dead manta ray entangled in a
vessel exclusion line (steel cable) on 18 July
2017 in Pompano Beach, Florida (26°13'16.4"N,
80°5"17.3" W, south of our survey area). The female
measured 2.48 m in disc width and had no other
signs of injury or fishing line entanglement. It is
likely that the manta ray became entangled in the
line and drowned. This manta ray had not been pre-
viously photographically identified in our surveys.

4. DISCUSSION

Documenting nursery habitats is a priority in
manta ray research and conservation (Stewart et al.
2018a), yet only 2 nurseries (Mobula birostris in
Texas, USA: Stewart et al. 2018b; M. alfredi in
Indonesia: Germanov et al. 2019a) have been identi-
fied that meet the criteria of an elasmobranch nurs-
ery habitat (Heupel et al. 2007). We provide evidence
that our survey area meets these criteria: (1) more

juveniles are found in the proposed nursery area
than in other areas, (2) individuals have a tendency
to remain over time, and (3) the habitat is repeatedly
used across years.

All males observed were sexually immature and
96 % of females were of immature size without mat-
ing scars (criterion 1). Other populations in the west-
ern Atlantic, namely in the Yucatan Peninsula, Mex-
ico (Marshall & Holmberg 2018), and northeastern
Florida (Mullican et al. 2013, A. Marshall pers. obs.),
consist mostly of adult manta rays. Juvenile M.
birostris are rarely encountered in surveys of most
manta populations, making this population some-
what unique, albeit similar to the one described in
the Flower Garden Banks (Stewart et al. 2018b).
Additionally, manta ray individuals in the south
Florida population remained over time (criterion 2),
with 42% of individuals being sighted more than
once within the study period. One juvenile male
manta ray (FL0027) was sighted 23 times over 797 d.
Finally, we demonstrate that the nearshore waters of
south Florida are used repeatedly among years (cri-
terion 3). Manta rays were seen in every year of the
study and aerial surveys for shark migrations have
documented manta rays every year from 2011 to
2019 (J. Waldron & S. M. Kajiura unpubl. data). Indi-
vidual manta rays were also shown to utilize the
study area over consecutive calendar years.

While our survey area fits the criteria for a nursery
habitat, it is still unclear how large this critical habi-
tat may be. Manta rays are capable of long-distance
migrations and deep dives (Jaine et al. 2014), thus
our survey area likely does not encompass the
entirety of the nursery habitat. Our methodology is
limited by logistics and skewed towards finding
manta rays in shallow, clear water. Thus, while we
are confident that our study site represents a portion
of the nursery habitat, we are unsure of the geo-
graphical limits of habitat use by juvenile manta rays
in Florida. Two of our photographically identified
manta rays were seen by a local free-diver in shallow
water 60 km south of our survey area, evidence that
the nursery habitat may extend farther north, south
and possibly east of our survey area.

Nursery habitats tend to provide conditions benefi-
cial for development, such as food availability and
protection from predators (Heupel et al. 2007). Feed-
ing behavior was observed in the proposed nursery
habitat, sometimes involving groups of up to 5 indi-
viduals. These feeding events are likely manta rays
taking advantage of ephemeral bursts of productivity,
possibly from upwelling caused by eddies of the
nearby Florida Current (Lirman et al. 2019) or nutri-
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ent-rich discharge from coastal inlets (Sonnetag &
McPherson 1984). The large size of manta rays at
birth protects them from many potential predators,
except for large sharks. Only 4 (6.8 %) of photograph-
ically identified manta rays were observed with
shark bites, suggesting that predation rates are low
within the study area. Similar rates of predation have
been reported for juvenile M. alfredi (Deakos et al.
2011), suggesting juvenile manta rays may be select-
ing habitat, at least in part, based on predation risk.
It is important to note that predation rates may be
underestimated if mortality is cryptic in juvenile
manta rays, and that our approach only documented
manta rays that survived predation attempts.

Manta ray proximity to areas of high human use
(i.e. inlets and fishing piers) likely contributes to fre-
quency of fishing line entanglement and vessel strike
(Fig. 2). In French Polynesia, manta rays near inhab-
ited islands are more likely to be observed with sub-
lethal injuries caused by fishing gear or boat strikes
than mantas near uninhabited islands (Carpentier et
al. 2019). The human population of Florida increased
262 % from 1960 to 2008, with 75% of people living
in coastal counties (Wilson & Fishetti 2010). In east-
ern Florida, participation in recreational fishing in-
creased 58 % between 1981 and 2016 (pers. comm.
from the National Marine Fisheries Service, Fisheries
Statistics Division, 24 January 2020). Of the 3 manta
rays documented by Adams (1998) in a Florida estu-
ary 25 yr ago, 1 individual had deep lacerations from
a propeller and was entangled in fishing gear. This
suggests that anthropogenic interactions have been
occurring for decades and are likely increasing as the
human population of Florida increases.

The largest threat to global manta ray populations
is targeted fisheries and bycatch (Croll et al. 2016),
yvet less is known about sub-lethal interactions be-
tween manta rays and recreational fishing gear
(Stewart et al. 2018a). Twenty-seven percent of
manta ray individuals in the present study were foul-
hooked or entangled in fishing line (Fig. 1), with 38 %
of those individuals having more than one interaction
with fishing gear, an extremely high rate of anthro-
pogenic interaction for small manta rays to sustain
in their first years of life. Many marine megafauna,
including dolphins, manatees and sea turtles, in
Florida have been documented as entangled in fish-
ing gear and these interactions are increasing
(Adimey et al. 2014).

Most (52 %) of the fishing hooks were on the pecto-
ral fin of manta rays (Table 1). Similarly, Adimey et
al. (2014) found that sea turtles and manatees were
most often entangled on their flippers. These lateral

hooking locations are indicative of passive interac-
tions with fishing gear, i.e. interactions when a free-
swimming animal accidentally comes into contact
with the fishing gear. Active interaction with fishing
gear results from an animal seeking food or explor-
ing a novel object (Adimey et al. 2014). Deakos et al.
(2011) documented evidence of fishing hooks on
manta ray cephalic fins in a Hawaiian population,
with a 10% cephalic lobe injury rate, likely caused
by entanglement in monofilament line. Variation in
fishing behavior and gear may result in variation in
severity and location of foul-hooking and/or entan-
glement. This would require that the appropriate
mitigation strategies be tailored for each manta ray
population and fishery. In Florida, fishermen target
manta rays based on their well-known association
with cobia, yet we rarely saw cobia with manta rays
in our survey area.

While some fishing interactions may result in mini-
mal permanent injury to the manta ray, they likely
cause considerable stress and possible sub-lethal ef-
fects. When fishermen have accidentally hooked
manta rays, fight times have been over one hour (J.
Pate unpubl. data). Fight time is correlated with
physiological stress (i.e. lactate production) in elas-
mobranchs, with smaller sharks producing more lac-
tate than larger sharks (Gallagher et al. 2014). Thus
small, juvenile manta rays may be especially vulner-
able to stress from capture. Additionally, fishing line
wrapped around the mouth or cephalic fin can also
affect a manta's ability to feed. Studies on other mar-
ine taxa also demonstrate reduced time spent forag-
ing after anthropogenic interaction (Williams et al.
2006). Furthermore, stress from capture can induce
early parturition in many elasmobranch species,
including M. birostris (Adams et al. 2018).

We documented 46 % of individuals with scars or
injuries. Although it can be difficult to determine the
origin of many of the scars and injuries to manta rays,
we were able to document 10 incidents where an
outboard motor was the clear cause of a recent injury
(denoted by multiple parallel linear injuries from
propellers; usually there was another deeper, linear
injury perpendicular to propeller marks from the
sharp edge of the skeg; Fig. 6).

McGregor et al. (2019) documented rapid healing
of a vessel strike in a single M. alfredi female. They
found that 95% of the wound closed within 295 d
(though this is likely an overestimate of healing time
since they had to wait for the next season for the
manta ray to be re-sighted) and modeled a healing
half-life of 46 d. We were not able to obtain as high-
quality photos for measuring wounds as McGregor et
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al. (2019). However, we were still able to document
wound healing, from time of first injury observation
to complete wound closure, for 4 injuries on 3 mantas
(2 males, 1 female; Fig. 6). Complete wound closure
ranged from 15 to 44 d, much faster than previously
documented in manta rays (Marshall & Bennett
2010a, McGregor et al. 2019; Fig. 6), yet similar to
healing rates in wild blacktip reef sharks Carcharhi-
nus melanopterus (Chin et al. 2015).

Rapid wound healing certainly leads to an under-
estimation of frequency of vessel strike injuries
(McGregor et al. 2019). Once healed, these wounds
appear as barely visible light gray scars (Fig. 6) and
may not be noticed in a quick underwater encounter.
It is also possible that manta rays are experiencing
blunt force trauma from a vessel strikes, yet are not
exhibiting any obvious external injuries. Nine per-
cent of stranded sea turtles in Florida from 1984 to
2014 were found to have blunt force injuries proba-
bly caused by vessel strikes (Foley et al. 2019). Manta
ray strandings in Florida are rare (D. Adams pers.
comm.), yet mortality may be cryptic as manta rays
are negatively buoyant and will sink when they die.

5. CONCLUSIONS

The nearshore area between St. Lucie Inlet and
Boynton Beach Inlet in southeast Florida has been
identified as a potential nursery habitat for manta
rays. Ninety-eight percent of manta rays observed
were juveniles, and many individuals showed high
site fidelity to the study area, which occurs along a
highly populated coastline with intensive human
traffic. We also documented wounds and entangle-
ment consistent with high rates of negative interac-
tions with fishermen and boaters, which are likely
underestimated due to rapid wound healing in manta
rays.

In 2018, M. birostris was listed as threatened under
the US Endangered Species Act, which requires that
critical habitat of listed species be designated. How-
ever, to designate critical habitat, NOAA requires
that the physical and biological features essential to
conservation of the species be identified. As of 2019,
NOAA determined that no such critical habitat had
yvet been identified (NOAA 2019). We suggest that
this coastline be considered in future designations as
a potential nursery habitat for this species. Very few
juvenile manta ray habitats have been identified
(Stewart et al. 2018b, Germanov et al. 2019a), mak-
ing it crucial to identify and protect known or sus-
pected nursery grounds.

We recommend the use of aerial surveys, acoustic
and satellite telemetry, as well as studies of prey
availability to further elucidate the physical and bio-
logical features of this potential nursery habitat.
Future research in this area should also focus on
ontogenetic habitat shifts, as these juvenile rays pre-
sumably reach the age to join the greater adult pop-
ulation, and the connectivity of this population with
others regionally. The manta rays in our study appear
to represent a third species of M. cf. birostris (Mar-
shall et al. 2009, J. Hosegood et al. 2019 unpubl. at
https://doi.org/10.1101/458141) and the conserva-
tion status of this species is unknown, warranting fur-
ther research into the life history and genetics of this
population.
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