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ABSTRACT: Migratory species link spatially separated ecosystems, and understanding their
migrations is critical for conservation and management. The cownose ray Rhinoptera bonasus is a
large-bodied batoid ray implicated in shellfish declines along the US Atlantic coast, but its migra-
tions and habitat use remain poorly understood. We used passive acoustic telemetry to track
tagged adult female (N = 27) and male (N = 9) rays released during summer and fall 2014-2016 in
Maryland, Virginia, and Georgia. Twenty-three tags provided data for more than 1 yr. Individuals
from all tagging locations overwintered in the same region offshore of Cape Canaveral, Florida,
then returned in summer to the estuaries where tagging took place. Hidden Markov modeling
identified 3 behavioral states (Resident, Ranging, Migratory), with ray movements generally clas-
sified as non-migratory (Resident and Ranging behavioral states) in summer and winter, and
migratory (Migratory behavioral state) in spring and fall. Linear discriminant analysis suggested
strong philopatry to tagging locations. This study provides the first full annual migration tracks for
cownose rays along the US Atlantic coast, indicating that they migrate between summer pupping
and mating habitats in estuaries south of Long Island, New York, and shared overwintering habi-
tats off the east coast of Florida near Cape Canaveral. Our results highlight the value of national-
scale networks of acoustic telemetry arrays for identifying migratory patterns of highly mobile
marine species.
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INTRODUCTION

Many migratory species move between 2 or more
seasonal habitats, often traveling great distances
during annual migrations. This connectivity is critical
to ecological and evolutionary processes of migratory
species and the ecosystems they inhabit (Harden-
Jones 1968, Webster et al. 2002, Webster & Marra
2005, Secor 2015). Information on migratory routes,
migration timing, habitat use, and behavior are
essential elements of conservation and management
strategies for these species and their ecosystems
(Webster & Marra 2005, Lascelles et al. 2014). Migra-
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tory species may encounter a range of threats and
may occur in multiple management jurisdictions at
different times of the year or during different life-his-
tory stages (Lascelles et al. 2014, Heupel et al. 2015).
In marine systems, elasmobranch fishes provide a
model system for understanding the conservation
and management of migratory species with strong
ecological interactions (Heupel et al. 2014). Many
elasmobranchs are long-lived and exhibit philopatry,
repeatedly returning to particular locations (Mayr
1963). This raises the possibility that localized fish-
eries or other human activities could impact regional
stocks and that population recovery could be slow
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(Hueter et al. 2005, Chapman et al. 2015, Flowers et
al. 2016). Elasmobranchs also have the potential to
structure marine ecosystems through top-down reg-
ulatory effects (Frid et al. 2007, Myers et al. 2007,
Wirsing & Heithaus 2007, Wirsing et al. 2007, but see
Heupel et al. 2015, Grubbs et al. 2016).

The cownose ray Rhinoptera bonasus is a large-
bodied, batoid ray that occurs in temperate and trop-
ical coastal waters of the Atlantic Ocean and Gulf of
Mexico (Schwartz 1990), with the US Atlantic and
Gulf coast populations belonging to genetically dis-
tinct stocks (McDowell & Fisher 2013, Carney et
al. 2017). In Chesapeake Bay, females mature at age
7-8 yr and have a maximum observed age of 21 yr at
a disc width (DW) of 110.5 cm, and males mature at
age 6-7 yr with a maximum observed age of 18 yr at
a DW of 98 cm (Fisher et al. 2013). Cownose rays
arrive in mixed schools in May (Smith & Merriner
1987), give birth to a single pup (occasionally 2 pups,
Fisher et al. 2014) in June or early July, and mate
within a few weeks of pupping (Fisher 2010, Fisher et
al. 2013). After mating, females remain in Chesa-
peake Bay until September or October, whereas
males typically leave the bay in July (Fisher 2010,
Omori & Fisher 2017). Rays tagged in Chesapeake
Bay were tracked southward during fall to possible
overwintering locations off the southeast coast of
Florida, with the exception that some males ranged
across the continental shelf in late summer north of
the Chesapeake Bay before rejoining the females
exiting the bay in early fall (late September—early
October) for their southern migration (Omori &
Fisher 2017). However, prior tagging efforts were
limited by short study durations, low spatial accu-
racy, and small sample sizes (Omori & Fisher 2017),
and important aspects of migration and habitat use
such as the full annual migration cycle and the
degree of philopatry remain unknown.

Understanding movement patterns is important to
understanding the spatial and temporal dynamics of
interactions between cownose rays and other compo-
nents of coastal ecosystems. The limited studies con-
ducted to date suggest that cownose ray foraging
activity can structure benthic communities, including
facilitating increased bivalve functional diversity
(Glaspie & Seitz 2017), reducing local populations of
wild and aquaculture bivalves (Merriner & Smith
1979, Peterson et al. 2001, Myers et al. 2007, Mann et
al. 2016), and uprooting seagrass beds (Orth 1975,
Townsend & Fonseca 1998). Diet data suggest that
foraging efforts primarily target soft- and hard-
shelled clams in soft sediments (Smith & Merriner
1985, Fisher 2010, Fisher et al. 2011, Bade et al.

2014), along with other epibenthic and infaunal
invertebrates (Collins et al. 2007b, Ajemian & Powers
2012).

Management jurisdictions along the US Atlantic
coast do not currently have fishery management
plans for cownose rays, but expanding recreational
fisheries (in which a large proportion of cownose rays
are harvested for sport) are driving interest in the
development of management and conservation ini-
tiatives. Sport fisheries have increased in part be-
cause cownose rays were implicated in declines in
US shellfish populations resulting from trophic re-
lease due to overharvesting of large coastal sharks
(Myers et al. 2007). However, Grubbs et al. (2016)
reviewed this hypothesis and concluded that over-
harvest followed by disease, rather than cownose ray
predation, better explains shellfish declines. Regard-
less, development of management and conservation
plans will require information on migration and habi-
tat use to determine appropriate spatial scales for
management. In particular, geographically focused
fishing (recreational or commercial) could have a dis-
proportionate effect on segments of the population if
cownose rays exhibit strong natal philopatry and
catches occur during the reproductive season. Such
movement studies can be costly and should be con-
ducted strategically (McGowan & Possingham 2016,
McGowan et al. 2017). For cownose rays, acoustic
telemetry provides a cost effective method for obtain-
ing critical information on migratory behaviors,
understanding the extent of philopatry and other pat-
terns of habitat use, and evaluating the potential
costs of not incorporating movement behaviors into
management plans (Ogburn et al. 2017). The objec-
tives of the present study were: (1) to document pat-
terns of migratory connectivity and habitat use of
adult cownose rays in the western Atlantic, (2) to
identify periods of migration and residence, and (3)
to evaluate the extent of philopatry during summer
and winter. We also address implications for conser-
vation and management of cownose rays along the
US Atlantic coast.

MATERIALS AND METHODS
Tagging, tag retention, and survival

Mature cownose rays were tagged at 3 locations in
Chesapeake Bay during May through October 2014,
2015, and 2016 (Fig. 1). Commercial fishers captured
rays using haul seines or pound nets, in which they
are a common component of the bycatch. The ven-
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Fig. 1. Mean daily positions of tagged cownose rays Rhinoptera bonasus based on 2014-2016 acoustic tag detections. Original

tagging regions in Maryland (MD) Chesapeake, Virginia (VA) Chesapeake, and Savannah, Georgia (GA), indicated by colors.

Stars indicate release locations of tagged rays. The farthest north and south detections are near Long Island, New York (NY),

and St. Lucie Inlet, Florida (FL), respectively. ‘No detections’ indicates the approximate locations of receiver arrays for which

we confirmed that our rays were not detected. NJ: New Jersey; DE: Delaware; SC: South Carolina; VIMS: Virginia Institute of
Marine Science

omous barbs were carefully clipped off upon obtaining
rays from fishers to limit potential harm to each other
and to researchers following best practices for han-
dling stingrays (Marshall et al. 2017). Rays were then
transferred to temporary holding tanks prior to tag-
ging, although holding procedures differed slightly
between Virginia and Maryland tagging events.

In Virginia, haul seines were fished from Hampton
to Goodwin Neck, including Poquoson River and
Back River. Fishers placed captured rays in large in-
sulated holding totes onboard commercial fishing
vessels with continuous flow of ambient water until
off-loading (1-2 h). Live rays were transferred to
large holding totes on a pickup truck and transported
to a partial re-circulating holding tank measuring

4.3 m x 6.4 m with a depth of 0.71 m at the Virginia
Institute of Marine Science (VIMS) and monitored for
24-72 h.

Prior to tagging, healthy rays were transferred to
small (1.5 m diameter) wading pools and anaestheti-
zed using MS-222 following Omori & Fisher (2017).
Concentrations of 75 mg 1! were used initially, with a
shift to 100 mg 1! to reduce the time to anesthesia.
Rays reached anesthetic stage III (after Coyle et al.
2004) for surgery after 8.5-15 min for MS-222 dosage
of 75 mg 1! and after 5.5-13 min for 100 mg 17!
dosages (after Coyle et al. 2004). Once anesthetized,
rays were positioned ventral side up onto a flat,
padded platform with adjustable elastic cord stretched
and secured over both pectoral fins to provide support
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during surgery. The surgery platform was positioned
and secured in the water at an angle (~20-25°) in
which the ray head, spiral valves, and gill slits were
submerged in water containing anesthetic but the in-
cision site was above the water line. The incision site
was treated with Betadine, and an 18-25 mm incision
was made through the abdominal wall with a steril-
ized surgical knife located approximately 100 mm an-
terior of the cloacal opening and 50 mm to the ana-
tomical right side of the ventral midline. An incision to
the right of midline was favored based on female cow-
nose ray reproductive anatomy, with the right uterus
vestigial within their paired oviducts providing more
space in the abdominal cavity during late stages of
gestation. The incision site in males matched that of
females, although males have functionality from both
paired reproductive organs. A VEMCO 69 kHz V13 or
V16 acoustic transmitter coated with antibiotic gel
was implanted in the abdominal cavity and the inci-
sion was closed with 3-4 simple interrupted sutures
using synthetic absorbable suture material (Ethicon
Size 0 PDS II suture, with a 36 mm OS-6 reverse cut-
ting needle). Directly after the tagging procedure, we
recorded ray DW and sex, and inserted a uniquely
numbered external dart tag into the dorsal surface of
the right pectoral fin. We also recorded time for each
ray to reach anesthetic stage III (anesthesia time) and
the duration of each surgical procedure (surgery
time). All tags and surgical equipment were sterilized
with Betadine prior to surgery.

After surgery, tagged rays were transferred back
into a sectioned off, aerated recovery area within the
large holding tank containing ambient water, posi-
tioned right-side up, and monitored. We recorded the
time between placement in the holding tank and re-
turn to normal swimming behavior for each ray (re-
covery time). Recovery time ranged from 4.5-12 min
for MS-222 dosage of 75 mg 1"! and 11.5-19 min for
100 mg I"! dosages. After initial recovery, rays were
held for an additional 24-72 h (except on 1 occasion
when 3 rays were released 5 h post-surgery due to ex-
isting extreme environmental conditions). Full re-
covery from the tagging procedure (e.g. incision heal-
ing, swimming ability, overall behavior, etc.), tag loss,
and mortality were recorded during the holding pe-
riod. Rays held for 24-72 h after tagging (N = 37) re-
tained 100 % of both internal and external tags. Sur-
vival during the post-tagging holding period was
91.2%. The 3 mortalities were rays that exhibited mod-
erate stress and lethargy after transfer from commercial
fishing vessels and which were subsequently deemed
suitable for tagging after 24 h in holding tanks. Only
rays that appeared healthy and exhibited normal be-

haviors during the holding period were released in the
wild directly adjacent to the holding facility.

In Maryland, fishers captured rays from commer-
cial pound nets located near the mouths of the Chop-
tank and Rhode Rivers. Captured rays were trans-
ferred to aerated bins and transported to nearby
docks (3-5 km) for surgical procedures. A large
portable baby pool (2.4 m diameter) was used to hold
rays before and after surgeries and a separate 1.3 m
diameter tank was used for anesthesia. Surgical, tag-
ging, and data-recording procedures were identical
to those for Virginia, with the exceptions that surgical
tools were sterilized by autoclave and a 100 mg 17
dosage of MS-222 was used for all rays. Recovery
time was 6.5-19.8 min, similar to the recovery time
for Virginia rays at the same dosage. Upon recovery
to normal swimming behavior, rays were released
immediately at the tagging location. Immediate
release was used to alleviate stress from additional
transport, handling, and holding in tanks.

Two adult male cownose rays were tagged in the
Herb River near Savannah, Georgia, in 2014. These
rays were collected via longline using 2.54 cm circle
hooks baited with squid. Each line soaked for ap-
proximately 30 min before retrieval by kayak. After
dehooking, rays were transported to the nearest dock
for surgical implantation of a VEMCO V16 acoustic
tag. All surgical equipment was rinsed with a 70 %
ethanol solution, and the surgery site on the ray was
cleaned with an iodine swab. Rays remained in shal-
low ambient water during surgery so that water could
pass over the gills. A small incision was made on the
left ventral side of the abdomen where the tag was in-
serted and the incision was closed with monofilament
dissolvable sutures in 2 simple interrupted sutures.
We recorded DW, total length, weight, sex, and loca-
tion of capture if possible, and released rays immedi-
ately within 100 m of capture location.

All tagged cownose rays were assigned to tagging
regions based on the location where they were tagged
and released. Rays tagged within the Chesapeake
Bay north of the Maryland state line were grouped in
the 'MD Chesapeake' tagging region, while those
tagged south of the state line in Virginia were assigned
to the 'VA Chesapeake' region. Both rays tagged in
the Herb River were grouped in the ‘Savannah' tag-
ging region.

Telemetry and environmental data

Acoustic tag detection data were obtained from
multiple acoustic telemetry receiver arrays. At the
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time of release, rays were initially detected immedi-
ately after release using a VEMCO VR2W hydro-
phone deployed at the VIMS pier or at MD sites
using a VEMCO VR100 hydrophone. Rays were also
detected using Smithsonian Environmental Research
Center (SERC)-owned VR2W arrays in the Rhode
and Patuxent Rivers in MD and NOAA's Chesapeake
Bay Office Chesapeake Bay Interpretive Buoy Sys-
tem (of which SERC has contributed 4 VEMCO re-
ceivers). Two arrays were monitored in Georgia
waters. One array was comprised of 10 VEMCO
VR2W passive receivers within the Herb River be-
hind Savannah State University in Savannah as well
as an additional 14 receivers within Romerly Marsh
Creek near Skidaway Island. All other data were
contributed by researchers participating in the
Atlantic Cooperative Telemetry (ACT) and Florida
Atlantic Coast Telemetry (FACT) networks.

Analysis of telemetry data

Because we wanted to model coastal-scale move-
ment patterns, rays detected over a period of less
than 90 d were excluded from subsequent analyses.
For each ray, consecutive daily averaged positions
were calculated by arithmetically determining the
mean latitude and longitude across all receivers
detecting that ray each day it was detected. The re-
lease date and location were included when calculat-
ing daily averaged positions. Distance (km) between
consecutive positions was calculated using the spher-
ical law of cosines, and travel velocity (km d!) was
calculated by dividing the distance by the number of
elapsed days between positions. Distance, velocity,
and elapsed days were used as covariates to model
the movement behavior of the tagged rays.

Hidden Markov modeling (HMM) was used to clas-
sify cownose ray behavioral states. This type of mod-
eling works by identifying hidden underlying states,
which can be interpreted as behavioral states for
animals, using observable data series such as tele-
metry detections (Langrock et al. 2012). All HMM
procedures were conducted using the package
‘moveHMM' in R (Michelot et al. 2016, R Core Team
2016), which applies HMM analysis to each tagged
animal individually. The package script automati-
cally calculates the turning angle (rad) of the vector
between consecutive positions, which was included
as a covariate in some of the models. We ran 2- and 3-
state HMMs incorporating all or a subset of covari-
ates, and the combination of covariates providing the
greatest log-likelihood values was chosen as the opti-

mal model. Starting parameters were identified by
plotting histograms of distance and turning angle for
each ray and were modified to match the mean val-
ues generated by HMM runs until consecutive runs
produced similar means. Normality of HMM distance
and turning angle parameters was assessed using
pseudo-residual plots.

Behavioral state was assigned using the Viterbi
algorithm, which decodes the state based on the most
likely state sequence in the HMM (Zucchini et al.
2016). The mean (+SD) distance, velocity, and elapsed
days were calculated in each behavioral state, and 1-
way analysis of variance (ANOVA) and Tukey's hon-
estly significant difference (HSD) procedures were
used to determine whether these covariates differed
significantly between each state.

To define time periods associated with particular
movement behaviors, the probability of each behav-
ioral state, or the differing state if only one showed
significant differences from the others, was plotted
against the numerical day of year. Time periods were
classified as periods of little change in behavioral
state, which we defined as periods during which the
same behavioral state was classified for 50 % or more
of the individual rays during at least 3 of a given set
of 4 consecutive daily positions. This was conducted
independently for each tagging region to account for
geographical differences in migration timing. Periods
encompassing days of the year occurring within
June-August were considered to represent summer
behavior, while those encompassing December—
February were considered to represent winter be-
havior. Once time periods associated with movement
behaviors were defined, 1-way ANOVA and Tukey's
HSD procedures were used to assess differences in
latitude and longitude between rays by tagging
region during each period.

After periods of summer behavior were defined
using HMM, we evaluated whether the location of
summer behavior matched the region where each
ray was tagged. This was necessary to identify the
most likely location of summer habitat use because
many tags were deployed in late August-October
when rays may have been exhibiting migratory be-
havior. Mean daily positions were used to classify
individual tagged rays to regions based on mean lat-
itude and longitude during the period of summer
when movement was at a minimum (May-July). Lin-
ear discriminant analysis (LDA) was then used to
predict tagging region for each individual daily posi-
tion during May-July by mean latitude and longi-
tude. LDA was conducted using the ‘lda’ function in
the 'MASS' package in R. Rays were classified to a
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particular region if at least 50 % of daily positions
were classified to that region, and the percentage of
daily positions classified to the original assigned tag-
ging region was calculated.

Philopatry was assessed for individual tagged cow-
nose rays that were detected in May through July in
multiple years (5 ind.). We compared mean daily posi-
tions among years during the months of May through
July because it is likely the time of parturition and
mating for cownose rays in the Chesapeake Bay
(Fisher 2010). These behaviors are associated with na-
tal philopatry in elasmobranch species (Chapman et
al. 2015, Flowers et al. 2016). Mean daily position was
compared using 1-way ANOVA to determine whether

detected after the first year of tag deployment. The 5
MD Chesapeake rays were each detected in multiple
years. Seven of 19 VA Chesapeake rays tagged in
2014 (36.8 %) and 3 of 10 rays tagged in 2015 (30.0 %)
were not detected in the year following tagging. For
8 rays tagged in 2015 and the 2 rays tagged in 2016,
tags remain active and additional detections are
expected.

Analysis of telemetry data

Cownose ray tag detections ranged along the US
Atlantic coast from Long Island, New York, to Port St.

differences in mean latitude and longi-
tude during May—-July were statistically
significant between years.

RESULTS
Tagging and tag detections

A total of 36 mature cownose rays
tagged and released from 2014-2016
were detected on more than 1 d between
31 May 2014 and 15 December 2016
(Table 1). Five individuals were tagged
in MD Chesapeake waters, 2 in the
Herb River near Savannah, Georgia,
and 29 in VA Chesapeake waters. Of
these, 27 were female and 9 were male.
Both sexes were represented among
MD Chesapeake and VA Chesapeake
rays, but both Savannah rays were
males. The majority of the rays (24 ind.)
were tagged in the summer and early
fall of 2014, while 10 were tagged in
2015 and 2 were tagged during the sum-
mer of 2016 (Table 1).

The fate of tagged rays cannot be
known for certain, but survival can be
inferred from tag detection data and the
expected battery life of each tag. Of the
36 cownose rays detected on more than
1d, 13 (36.1% of the tagged rays) were
only detected during the first year of
tracking. The remainder were detected
over multiple years, with 12 (33.3 %) de-
tected over 2 yr and 11 (30.6%) de-
tected over all 3 yr. Seven of the 24 rays
tagged in 2014 (29.2%) and 3 of the 13
rays tagged in 2015 (23.1%) were not

Table 1. Transmitter numbers, sex, tagging region, disc width (DW), number
of detections (N), and tagging date (given as mo/d/yr) for cownose rays
Rhinoptera bonasus tagged with acoustic transmitters in Chesapeake Bay
and Georgia coastal waters. For 2 rays, DW was not recorded (NR) before

release. VA: Virginia, MD: Maryland

Transmitter Sex Tag region DwW N Tagging
(mm) detections date
A69-1601-12703 Female VA Chesapeake 940 77 5/29/14
A69-1601-12705 Male VA Chesapeake 910 102 6/18/14
A69-1601-12706 Female VA Chesapeake 935 173 5/28/14
A69-1601-12707 Female VA Chesapeake 935 48 5/29/14
A69-1601-12708 Female VA Chesapeake 968 35 5/29/14
A69-1601-17557 Female VA Chesapeake 1012 107 7/23/14
A69-1601-17559 Male VA Chesapeake 873 166 7/24/14
A69-1601-17560 Female VA Chesapeake 905 35 8/20/14
A69-1601-17561 Female VA Chesapeake 955 391 7/23/14
A69-1601-17562 Female VA Chesapeake 955 664 8/20/14
A69-1601-17563 Female VA Chesapeake 920 238 8/20/14
A69-1601-17564 Female VA Chesapeake 975 109 7/24/14
A69-1601-17565 Female VA Chesapeake 865 60 7/24/14
A69-1601-17567 Female VA Chesapeake 950 187 8/20/14
A69-1601-17568 Female VA Chesapeake 925 286 8/20/14
A69-1601-17605 Female VA Chesapeake 990 563 10/13/14
A69-1601-17606 Female VA Chesapeake 995 2000 10/13/14
A69-1601-17607 Female VA Chesapeake 965 302 10/13/14
A69-1601-17608 Female VA Chesapeake 960 20 10/13/14
A69-1601-17610 Female VA Chesapeake 910 1349 8/20/14
A69-1601-17611 Male MD Chesapeake 882 72 8/7/14
A69-1601-17612 Male MD Chesapeake 811 77 8/7/14
A69-1601-17620 Female VA Chesapeake 983 49  10/13/15
A69-1601-17621 Female VA Chesapeake 965 210 10/13/15
A69-1601-27591 Male Savannah NR 367 8/4/14
A69-1601-28356  Male Savannah 945 73 8/5/14
A69-9001-21836 Female VA Chesapeake 945 390 10/13/15
A69-9001-21837 Male MD Chesapeake 1005 132 6/1/16
A69-9001-21838 Female VA Chesapeake 962 921 10/13/15
A69-9001-21839 Female VA Chesapeake 880 512 10/13/15
A69-9001-21840 Male VA Chesapeake 845 1602  10/13/15
A69-9001-21841 Female VA Chesapeake 952 231 10/13/15
A69-9001-21842 Female VA Chesapeake 805 66  10/13/15
A69-9001-21843 Female VA Chesapeake 1018 287 10/13/15
A69-9001-21844 Male MD Chesapeake NR 108 6/21/16
A69-9001-21846 Female MD Chesapeake 1035 3351 9/16/15
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Fig. 2. Dates of mean daily positions for each of 28 tagged

cownose rays Rhinoptera bonasus detected over periods

greater than 90 d. Detections classified based on tagging re-

gion and identified by color (MD: Maryland, VA: Virginia;
see Fig. 1)

Lucie, Florida (Fig. 1). Of the 36 tagged rays, 28 were
detected over a sufficient time period to be included
in HMM analysis. This included 5 rays from the MD

Chesapeake region, 21 from the VA Chesapeake
region, and both rays from the Savannah region
(Fig. 2). Plotting latitude of detection by date showed
evidence of an annual migration pattern, with all rays
occurring at approximately the latitude of tagging
during summer, rapid changes in latitude during the
spring and fall, and occurrence within the same nar-
row latitudinal range of rays from all tag regions dur-
ing the winter (Fig. 3).

The 3-state model excluding turning angle but in-
cluding velocity and elapsed days showed the great-
est log-likelihood (Table 2) of the HMM variations
attempted. State 1 was defined by short distances
(<0.7 km), low velocity, and few elapsed days be-
tween detections. State 2 showed moderate mean
distance and velocity, and elapsed days were similar
to State 1. Means of all variables were an order of
magnitude higher in State 3 than either of the other
behavioral states. Mean distance, velocity, and elapsed
days showed that all 3 movement behavior states
were significantly different based on velocity, but
differences in distance and elapsed days between
States 1 and 2 were not statistically significant
(Table 3). Based on these measurements, State 1 was
defined as Resident behavior, State 2 as Ranging be-
havior, and State 3 as Migratory movement. Positions
showing Resident and Ranging behavioral states
tended to be distributed at the northern and southern
extents of individual ray migrations, while most posi-
tions between these areas were classified as the
Migratory behavior state (Fig. 4A). Resident and
Ranging behavioral states overlapped in latitude,
longitude, and time of year as the dominant behavior

states during the summer and winter,
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8 34 ° . distinct from both Resident and Rang-
2 . o ¢ ing states, the probability of a given
§ 32 =m0 . . o= '.: :'- - ray exhibiting Migratory behavior was
30 used to delineate migratory or non-

- & St R migratory time periods.
28— o The periods between Days 100
T T T T T T T I T T I T T T T T and 250 and Days 300 and 350
T T Y L L L L © o0y 0 Q0 90 0 v Y showed <50% probability of Migra-
g 3 8 ZB 8 g g‘ 3 3 ZB S g § 3 8 ZB tory behavior overall, but timing of
Date the behavioral state switching varied

Fig. 3. Mean daily latitude (decimal degrees) of cownose ray Rhinoptera bona-
sus acoustic tag detections by date (May 2014-December 2016). Detections
were classified based on tagging region and identified by color (MD: Mary-

land, VA: Virginia; see Fig. 1)

by tagging region (Fig. 5). MD
Chesapeake rays switched to gener-
ally consistent (>50% probability)
Migratory behavior between Days 5
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Table 2. Selection criteria (log-likelihood) for hidden Markov
model (HMM) variations used to classify movement behaviors of
cownose rays Rhinoptera bonasus based on acoustic tag detections.
The model with the greatest log-likelihood is highlighted in bold.
Angle: turning angle of the vector between consecutive positions

(Table 4, and see Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m602p197_
supp.pdf). Latitude differed significantly be-
tween all tagging regions during summer, but
longitude did not differ between the 2 Chesa-

Model Log-likelihood
HMM -5877.70
HMM + Velocity -5668.24
HMM + Velocity + Elapsed days -5568.61
HMM + Velocity — Angle -3806.63
HMM + Velocity + Elapsed days — Angle -3702.48
3-state HMM -5337.39
3-state HMM + Velocity -5233.31
3-state HMM + Velocity + Elapsed days -5180.26
3-state HMM + Velocity — Angle -3477.98
3-state HMM + Velocity + Elapsed days — Angle -3443.59

peake Bay tagging regions during any season.
Daily mean latitude and longitude differed sig-
nificantly between cownose rays tagged in
Savannah and both Chesapeake Bay tagging
regions during all seasons except winter
(Table 4, Fig. S1).

Of the 24 rays with more than 1 daily position
during the May—-July period, 18 were classified
to their original assigned tagging region based
on LDA results. All daily positions of Savannah
rays were classified to the Savannah region,

and 156 and 237 and 341, while VA Chesapeake
rays were generally consistently Migratory from
the beginning of the year to Day 135 and between
Days 236 and 324. Rays tagged in the Savannah
region showed shorter spring (Days 5-64) and fall
(Days 288-333) periods of Migratory behavior than
rays from either Chesapeake Bay tagging region.
For each tagging region, days with >50% proba-
bility of Migratory behaviors were classified as the
migratory periods, while dates in which Migratory
behavior probability was <50 % occurring between
Days 60 and 290 were classified as summer non-
migratory period (hereafter summer) and those be-
tween Day 300 and Day 5 the following year were
classified as winter non-migratory period (hereafter
winter). Resident behavior was treated as a special
subset of non-migratory behavior characterized by
minimal movement and occurring in summer or
winter.

All cownose rays appeared to occupy the general
area offshore of Cape Canaveral, Florida, during
winter, when mean daily latitude and longitude did
not differ significantly between any tagging regions

but cross-classification occurred between MD
Chesapeake and VA Chesapeake rays (Fig. S2).
Two rays originally tagged in Maryland waters were
classified as VA Chesapeake rays and 3 rays as-
signed to the VA Chesapeake region were classified
as MD Chesapeake rays (Table 5). Of the rays that
were classified to a region different than their origi-
nal tagging region, 2 were tagged in August 2014
and 3 were tagged in October 2015 (Table 5).
Philopatry was evaluated for the 5 tagged cow-
nose rays that were detected in both 2015 and 2016
during the May-July pupping and mating season
(Table 6). Four of these rays were tagged in VA
Chesapeake Bay waters and 1 was from the Savan-
nah tagging region (Table 1). Mean latitude and
longitude did not differ significantly between years
for 3 of the VA Chesapeake rays, but significant dif-
ferences were found for the remaining VA Chesa-
peake ray and the Savannah ray (Table 6). The VA
Chesapeake ray inhabited Virginia waters during
2015 and Maryland waters in 2016. In contrast, the
mean latitude and longitude for the Savannah ray
during both years fell within the same acoustic
array, which was spatially limited to the Herb River
in Georgia.

Table 3. Mean + SD variables in each state classified by 3-state hidden Markov model of cownose ray Rhinoptera bonasus move-

ment behavior with 1-way ANOVA results. Letters in parentheses indicate significantly different groupings from Tukey's HSD

analysis comparing means between behavioral states. State 1 was defined as Resident behavior, State 2 as Ranging behavior, and
State 3 as Migratory behavior

Variable State mean = SD ANOVA

State 1 State 2 State 3 F df P
Distance (km) 0.06 = 0.42 (A) 4.27 + 5.54 (A) 303.07 £ 336.17 (B) 318.70 2, 1094 <0.0001
Velocity (km d™?) 0.01 £ 0.06 (A) 2.22 +2.65 (B) 13.10 £ 12.05 (C) 359.90 2, 1094 <0.0001
Elapsed days 2.17 £+ 3.04 (A) 3.04 + 468 (A) 36.66 + 38.68 (B) 298.60 2, 1094 <0.0001
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Fig. 4. (A) Mean daily positions and modeled behavioral states from 3-state hidden Markov modeling (HMM) results of a single
individual cownose ray Rhinoptera bonasus representative of each tagging region. Ray A69-9001-21840 was originally tagged
in the Virginia (VA) Chesapeake region but showed a migration extent more representative of a Maryland (MD) Chesapeake
ray. Behavioral states are identified by color. (B) Latitude and longitude (decimal degrees) by day of year for tagged cownose
rays classified by movement behavioral state as determined using 3-state HMM. Behavioral states are identified by color
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MD Chesapeake DISCUSSION
1.04 1

0.8- Location data for individual cow-
nose rays obtained using acoustic
0.6+ telemetry provided the first full an-
0.4 nual migration tracks for the species
0.2- along the US Atlantic coast, reveal-
ing that rays repeatedly migrate
0.0- T T ' T between the same overwintering
0 100 200 300 and summer pupping and mating
VA Chesapeake habitats each year. Rays tagged in
1.0 Maryland, Virginia, and Georgia
0.8 all overwintered in coastal areas of
Florida between Cape Canaveral
0.6 and St. Lucie Inlet, then dispersed
0.4 to summer habitats near the tagging
0.2- ‘ locations in each of 2 annual mi-
‘ ll I ” | I grations that occurred during the
0.0 T . T study period. The general route
0 100 200 300 and timing of migration were con-
Savannah sistent with the small number of
1.04 7 = rays tracked during the fall migra-
0.8- tion period using Pop-up Satellite
Archival Tags (Grusha 2005, Omori
ay & Fisher 2017). Results of HMM in-
0.4 dicated that migrations were punc-
0.2 \ tuated by both winter and summer
non-migratory periods, with differ-
0.0+ T ences in latitude among rays from
0 100 200 300 different tagging locations only de-
Day of year tected during summer. A lack of de-

Fig. 5. Mean probability of cownose rays Rhinoptera bonasus showing a Migratory
behavioral state by day of year for each tagging region. Lines represent transitions
between greater than or less than 50 % of locations classified as Migratory behav-
ior. Red represents transition periods during summer; blue represents transition

periods during winter. MD: Maryland, VA: Virginia

tections farther south in Florida (J.
Young pers. comm.; Fig. 1) is con-
sistent with genetic data indicating
separate stocks on the US Atlantic
and Gulf coasts (McDowell & Fisher

Table 4. Mean + SD latitude and longitude (decimal degrees) of cownose rays Rhinoptera bonasus in each tagging region by
time period. Periods were delineated based on movement behavioral state using results of ANOVA. Letters in parentheses indi-
cate significantly different groupings from Tukey's HSD analysis comparing means between tagging regions. MD: Maryland,

VA: Virginia

Period MD Chesapeake VA Chesapeake Savannah ANOVA
Mean + SD Latitude (°N) F df P
Winter 28.53 £ 0.03 (A) 28.42 £ 0.23 (A) 28.51 £0.03 (A) 0.95 2,68 0.392
Migratory 34.04 = 3.64 (A) 32.91 £3.63 (A) 29.82 + 1.58 (B) 12.35 2,272 <0.0001
Summer 38.66 = 0.94 (A) 37.49 +0.62 (B) 32.00 £ 0.01 (C) 8532 2, 794 <0.0001
Mean + SD Longitude (°W)

Winter 80.45 + 0.02 (A) 80.50 + 0.09 (A) 80.43 £ 0.01 (A) 1.84 2,68 0.166
Migratory 78.20 = 2.28 (A) 78.63 +2.08 (A) 80.73 + 0.38 (B) 14.83 2,272 <0.0001
Summer 76.41 £ 0.63 (A) 76.39 £ 0.37 (A) 81.05 +0.01 (B) 1579 92,794 <0.0001
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Table 5. Original assigned tagging region, total number of daily positions, and percentage of daily positions classified to each re-

gion based on mean latitude and longitude using linear discriminant analysis for each tagged cownose ray Rhinoptera bonasus

detected during May—-June in the Chesapeake Bay. Rays are identified using transmitter numbers (ID). Rays classified to a region
other than their original tagging region are indicated by bold type. VA: Virginia, MD: Maryland. Dates are given as mo/d/yr

Ray ID Date tagged Assigned region Total days detected Predicted region (%) Assigned
MD Chesapeake VA Chesapeake region
12706 5/28/14 VA Ches 6 0.00 100.00 100.00
17557 7/23/14 VA Ches 5 20.00 80.00 80.00
17559 7/24/14 VA Ches 22 0.00 100.00 100.00
17561 7/23/14 VA Ches 2 0.00 100.00 100.00
17562 8/20/14 VA Ches 20 0.00 100.00 100.00
17563 8/20/14 VA Ches 3 0.00 100.00 100.00
17567 8/20/14 VA Ches 5 0.00 100.00 100.00
17568 8/20/14 VA Ches 7 14.29 85.71 85.71
17605 10/13/14 VA Ches 73 0.00 100.00 100.00
17606 10/13/14 VA Ches 59 0.00 100.00 100.00
17607 10/13/14 VA Ches 32 0.00 100.00 100.00
17610 8/20/14 VA Ches 32 0.00 100.00 100.00
17611 8/07/14 MD Ches 4 25.00 75.00 25.00
17612 8/07/14 MD Ches 2 50.00 50.00 50.00
21836 8/05/14 VA Ches 8 75.00 25.00 25.00
21837 6/01/16 MD Ches 12 75.00 25.00 75.00
21838 10/13/15 VA Ches 18 5.56 94.44 94.44
21839 10/13/15 VA Ches 5 80.00 20.00 20.00
21840 10/13/15 VA Ches 18 88.89 11.11 11.11
21843 10/13/15 VA Ches 4 25.00 75.00 75.00
21844 6/21/16 MD Ches 6 33.33 66.67 33.33
21846 9/16/15 MD Ches 22 90.91 9.09 90.91

Table 6. Mean + SD latitude and longitude among tagged cownose rays
Rhinoptera bonasus detected in May-June during the years 2015 and 2016,
with 1-way ANOVA results comparing between years. Rays are identified using
transmitter numbers (ID). Degrees of freedom (df) for latitude and longitude =1,

df in the table represents df for daily positions

summer and mix during spring and
fall migrations and in overwintering
habitat along the Atlantic coast of
Florida.

The seasonal migrations of individ-

Ray ID 2015 2016 F df p ual tagged rays connected estuarine

— Mean + SD Latitude (°N) ——— and coastal habitats along >1500 km

of the US Atlantic coast, indicating

17559 37.24685 +0.00138 38.37305 £ 0.07207 46228 1,18 <0.0001 | {hat ecological interactions (e.g.

17605 37.26816 + 0.02271 37.26364 + 0.00690 1.53 1,54 0.221 t hic dvnami disturban f

17606 37.30283 + 0.02687 37.26260 + 0.22508 022 1,6 0.653 rophic dynamics, disturbance of sea-

17607 37.28066 + 0.06149 37.22354 +0.11772 243 1,15  0.141 grass beds, bioturbation), fishing

27591 32.00768 + 0.00698 32.00203 + 0.00427 23.44 1,89 <0.0001 mortality, and interactions with shell-

' fisheries should be evaluated at simi-

Mean + SD Longitude ("W) lar spatiotemporal scales. In summer,

17559 76.50646 0.00116  76.54368 + 0.05374 9.07 1,18 0007 | latitude was significantly different

17605 76.52787 + 0.02710 76.52251 + 0.00924  1.46 1,57 0.231 among rays from different tagging

17606 76.57374 + 0.03805 76.44031 + 0.2231 247 1,6 0.166 locations, suggesting strong philopa-

17607 76.5377 £ 0.12128 76.48918 + 0.17345 0.72 1,18 0.406 try at scales of <200 km (the distance
27591 81.04513 £0.00836 81.05199 + 0.00496 24.68 1,88 <0.0001 .. .

from Maryland to Virginia tagging

locations). This was supported by

2013, Carney et al. 2017). This finding also contrasts
with a lack of seasonal migration by cownose rays in
estuaries of the southwest coast of Florida (Collins et
al. 2007a). Telemetry data (Omori & Fisher 2017, this
study) suggest that the Atlantic coast population of
cownose rays may separate into different estuaries in

LDA results, suggesting that 75% of individual rays
could be reassigned to their tagging location. A few
rays tagged in VA showed habitat use more charac-
teristic of MD, or vice versa, but these rays were
tagged after the mating season and may have been
tagged after leaving their primary area of summer
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residency. In addition, some tagged rays returned to
estuarine portions of the same rivers in consecutive
summers, often detected on the same acoustic re-
ceivers, suggesting the potential for philopatry and
fine-scale stock structure. However, the small sample
size of rays detected during the period of summer
Resident behavior (May-July) in consecutive years
(5 ind.) was too small to draw strong conclusions
about philopatry, and additional telemetry and popu-
lation genetic data are needed to evaluate stock
structure. Similar patterns of high site fidelity to sum-
mer habitats have been observed in other estuarine
elasmobranchs, including the Atlantic stingray Dasy-
atis sabina (Ramsden et al. 2017).

With the growing interest in managing cownose
ray populations along the US Atlantic coast, whether
to conserve ray populations or reduce negative inter-
actions with shellfisheries, there is an urgent need for
detailed information on habitat use, habitat connec-
tivity, and population structure. Targeted fisheries
and bycatch during summer, especially in early sum-
mer during pupping and mating, have the potential
to cause local extirpation and reduce genetic diver-
sity depending on the scale of philopatry. In contrast,
genetic data from 3 adjacent Chesapeake Bay tribu-
taries during summer failed to detect fine-scale stock
structure (Carney et al. 2017). Nevertheless, adult
male and female rays tagged in 3 coastal states re-
turned to areas near the tagging locations in each of
2 full annual migration cycles, indicating that philo-
patry and stock structure likely exist at spatial scales
at least as small as state management jurisdictions. A
coastwide assessment of stock structure during the
pupping and mating season should be a high priority
to determine the appropriate spatial scale of man-
agement and conservation during summer.

During winter, tagged rays from all locations oc-
curred along the Florida east coast from Cape Cana-
veral to St. Lucie Inlet, an area that probably repre-
sents essential habitat for the population. The
northern extent of the winter habitat is likely deter-
mined by water temperature, whereas the eastern
and southern extents could be defined by the shelf
break, prey availability, or some unknown factor. Al-
though cownose rays do inhabit the Indian River La-
goon (Snelson 1981, 1983, Schmid et al. 1988), none
of our tagged rays was detected within the extensive
acoustic receiver array there (J. Young pers. comm.).
Female and male rays tend to occur at deeper water
depths (10-20 m) in winter than in summer (typically
0-10 m) (Omori & Fisher 2017), but little is known
about their ecology during winter. The Atlantic coast
of Florida is also used as overwintering habitat by

other coastal migratory elasmobranchs, including
juvenile sand tigers Carcharias taurus (Kneebone et
al. 2014), blacktip shark Carcharinus limbatus (Cas-
tro 1996), and juvenile lemon shark Negaprion brevi-
rostris (Reyier et al. 2014). Improving our under-
standing of the distribution and ecology of cownose
rays in Florida coastal ecosystems in winter will be
valuable to understanding the ecology of and man-
agement options for the Atlantic coast population.

Spring and fall migrations concentrate ecological
and fishery interactions in coastal and nearshore
areas. Cownose rays are perhaps most widely known
as predators on shellfish in coastal bays and lagoons
like those in North Carolina (Peterson et al. 2001,
Myers et al. 2007), although they were not the pri-
mary cause of declining shellfisheries (Grubbs et al.
2016). Regardless, large migrating schools of cow-
nose rays are likely to have strong ecological inter-
actions as they move through habitats along the coast
(Orth 1975, Peterson et al. 2001). Some rays tagged in
Maryland and Virginia did pass through North Car-
olina lagoons on both the northward and southward
migrations, confirming that migrating individuals
from northern locations do move through areas
where rays have been observed feeding on scallops
in spring and fall. Management of fisheries targeting
cownose rays or efforts to mitigate interactions with
shellfisheries by population control during the migra-
tory seasons are complicated by the difficulty of
distinguishing which segment of the population is
present at a given time and location. Because of this
problem, mitigation measures to protect shellfish
from ray foraging are more promising than popula-
tion control for minimizing the impact of migrating
rays on shellfisheries.

State-space modeling improves upon previous
mechanistic modeling approaches to animal move-
ment behavior by allowing for the incorporation of
other environmental or behavioral factors (Patterson
et al. 2008). In an animal movement context, HMM
uses variables from telemetry data such as location,
distance between detections, and turning angle over
a time series to determine the most likely behavioral
state based on the relationships between these vari-
ables (Zucchini et al. 2016). Other non-telemetry
data such as environmental conditions or known as-
pects of the animal's behavior can also be incorpo-
rated into the HMM process (Jonsen et al. 2013). In
our approach, it was informative to include calcu-
lated travel velocities and time between tag detec-
tions, which added behavioral dimensions to the
standard telemetry metrics. The significant differ-
ence in velocity between Resident and Ranging be-
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havioral states suggests localized complexity in
movement behavior during non-migratory periods
that is worthy of further attention. However, the low-
frequency, relatively low-precision data provided by
acoustic telemetry relative to satellite telemetry
likely limited our ability to detect fine-scale move-
ment behaviors. For example, turning angle was
likely not included in our best-performing models be-
cause the coastwide spatial scale of our analysis, daily
averaging of positions, and limited spatial coverage of
acoustic receivers (Fig. S3) prevented us from detect-
ing increased tortuosity of movement that could be
indicative of fine-scale behaviors like foraging (Ben-
hamou & Bovet 1989). Despite the drawbacks of
acoustic telemetry data for state-space modeling, the
HMM process did appear to be effective at differenti-
ating coarse-scale movement patterns related to
migratory vs. non-migratory behaviors for a species
that undergoes long-distance annual migrations.

This study provides the first data for full annual
migration cycles of cownose rays along the US Atlan-
tic coast, indicating that they undergo migrations be-
tween summer habitats in estuaries south of Long
Island and winter habitats along the coast of Florida
near Cape Canaveral. Our tagged rays from Chesa-
peake Bay and Georgia overwintered in the same
area and separated during the early summer pup-
ping and mating season into the estuaries where they
were tagged, which is suggestive of population
structure that warrants additional attention for its
potential importance in the design of management
strategies. Rays detected in consecutive summers
exhibited strong philopatry to the estuary where they
were tagged. Until the stock structure is better
understood, management should focus on minimiz-
ing fishery removals during the summer resident
period, especially during pupping and mating (May-—
July), to protect phenotypic and genetic diversity.
Managers should also recognize that stocks are
mixed in other seasons such that fishery removals
during fall, spring, and especially winter could im-
pact much or all of the population. Finally, our results
highlight the value of large-scale networks of
acoustic telemetry arrays for tracking migrations of
highly mobile marine species.
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