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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 be tween
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 be havioral 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,
while the majority of positions during
the fall and spring were classified
within the Migratory behavioral state
(Fig. 4B). Be  cause of this and because
the Migratory behavioral state was
distinct from both Resident and Rang-
ing states, the probability of a given
ray exhibiting Migratory behavior was
used to delineate migratory or non-
migratory time periods.

The periods between Days 100
and 250 and Days 300 and 350
showed <50% probability of Migra-
tory be havior overall, but timing of
the be havioral state switching varied
by tagging region (Fig. 5). MD
Chesapeake rays switched to gener-
ally consistent (>50% probability)
Migratory behavior between Days 5
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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)

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)
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and 156 and 237 and 341, while VA Chesapeake
rays were generally consistently Migratory from
the beginning of the year to Day 135 and be tween
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 re gion.
For each tagging region, days with >50% proba-
bility of Migratory be haviors were classified as the
migratory periods, while dates in which Migratory
behavior probability was <50% occurring be tween
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

(Table 4, and see Fig. S1 in the Supplement at
www. int-res. com/  articles/ suppl/ m602 p197 _
supp.   pdf). Latitude differed significantly be -
tween all tagging regions during summer, but
longitude did not differ between the 2 Chesa-
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,
but cross-classification occurred between MD
Chesapeake and VA Chesapeake rays (Fig. S2).

Two rays originally tagged in Maryland waters were
classified as VA Chesa peake rays and 3 rays as -
signed to the VA Chesa peake 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.

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

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

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−1)              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

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

http://www.int-res.com/articles/suppl/m602p197_supp.pdf
http://www.int-res.com/articles/suppl/m602p197_supp.pdf
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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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DISCUSSION

Location data for individual cow-
nose rays obtained using acoustic
telemetry provided the first full an-
nual migration tracks for the species
along the US Atlantic coast, reveal-
ing that rays repeatedly migrate
be tween the same overwintering
and summer pupping and mating
habitats each year. Rays tagged in
Maryland, Virginia, and Georgia
all overwintered in coastal areas of
Florida between Cape Canaveral
and St. Lucie Inlet, then dispersed
to summer habitats near the tagging
locations in each of 2 annual mi -
grations that occurred during the
study period. The general route
and timing of migration were con-
sistent with the small number of
rays tracked during the fall migra-
tion period using Pop-up Satellite
Archival Tags (Grusha 2005, Omori
& Fisher 2017). Results of HMM in-
dicated that migrations were punc-
tuated by both winter and summer
non-migratory periods, with differ-
ences in latitude among rays from
different tagging locations only de-
tected during summer. A lack of de-
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
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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

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

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
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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

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

The seasonal migrations of individ-
ual tagged rays connected estuarine
and coastal habitats along >1500 km
of the US Atlantic coast, indicating
that ecological interactions (e.g.
trophic dynamics, disturbance of sea-
grass beds, bioturbation), fishing
mortality, and interactions with shell-
fisheries should be evaluated at simi-
lar spatiotemporal scales. In summer,
latitude was significantly different
among rays from different tagging
locations, suggesting strong philopa-
try at scales of <200 km (the distance
from Maryland to Virginia tagging
locations). This was supported by

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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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 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             2015                            2016                   F            df              p
Mean ± SD Latitude (°N)                                                    

17559   37.24685 ± 0.00138    38.37305 ± 0.07207   4622.8     1,18     <0.0001
17605   37.26816 ± 0.02271    37.26364 ± 0.00690   1.53     1,54      0.221
17606   37.30283 ± 0.02687    37.26260 ± 0.22508   0.22       1,6        0.653
17607   37.28066 ± 0.06149    37.22354 ± 0.11772   2.43     1,15       0.141
27591   32.00768 ± 0.00698    32.00203 ± 0.00427   23.44     1,89     <0.0001
                            

Mean ± SD Longitude (°W)                                                     

17559   76.50646 ± 0.00116   76.54368 ± 0.05374   9.07      1,18       0.007
17605   76.52787 ± 0.02710   76.52251 ± 0.00924   1.46      1,57      0.231
17606   76.57374 ± 0.03805     76.44031 ± 0.2231     2.47        1,6        0.166
17607   76.5377 ± 0.12128   76.48918 ± 0.17345   0.72      1,18       0.406 
27591   81.04513 ± 0.00836   81.05199 ± 0.00496   24.68      1,88     <0.0001

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
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residency. In addition, some tagged rays re turned to
estuarine portions of the same rivers in consecutive
summers, often detected on the same acoustic re -
ceivers, suggesting the potential for philo patry 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 Atlan tic 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 -
ve ral 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 ex tensive
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, in cluding
juvenile sand tigers Carcharias taurus (Knee bone 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
prob lem, 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
mecha nistic 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 re lated 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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