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Abstract The spotted eagle ray, Aetobatus narinari, is
listed on the [IUCN Red List of Threatened Species as
Near Threatened with a decreasing population trend, but
many aspects of this ray’s biology and population status
are unknown. Aerial and on-water surveys were con-
ducted in the eastern Gulf of Mexico off southwest
Florida 2008-2013, to document seasonal occurrence
and life history characteristics of this species. Aerial
surveys documented spotted eagle rays mostly in spring,
summer, and autumn months with larger aggregations
observed near inlet passes. Boat-based surveys docu-
mented rays on 152 out of 176 survey days, mostly as
solitary individuals but sometimes in aggregations of up
to 60. More rays were observed when water tempera-
tures were 23-31°C. A total of 393 rays (231 males, 161
females, 1 unrecorded sex) were captured, measured,
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sampled, tagged, and released. Sizes ranged 41.4—
203.0 cm disc width (DW) and weight 1.1-105.5 kg.
Male size at 50 % maturity was 127 cm DW. Five
percent (19) of tagged rays were recaptured after 5—
1,293 days at liberty and recaptured rays exhibited faster
growth than previously estimated from vertebral read-
ings. Based on observations of rays relative to survey
effort, numbers of observed rays declined after 2009 for
reasons not yet understood. This observation, together
with concerns about sustainability of fisheries targeting
these rays in nearby Mexico and Cuba, underscore the
need for investigations into stock structure, population
trends, growth, and critical habitat of spotted eagle rays
throughout the Gulf of Mexico, Caribbean Sea, and
elsewhere in their range.

Keywords Elasmobranch - Batoid - Age and growth -
Sexual maturity - Tagging - Mark-recapture - Aerial
survey

Introduction

The spotted eagle ray is a large marine batoid found
circumglobally in tropical and warm-temperate waters
(Bigelow and Schroeder 1953; Last and Stevens 1994).
Recent genetic evidence indicates these rays may com-
prise at least two separate species: Aetobatus narinari
(Euphrasen, 1790) found in the Western Atlantic and
Eastern Pacific, and Aetobatus ocellatus (Kuhl, 1823)
found in the Western and Central Pacific (Richards et al.
2009; White et al. 2010). Further evidence using unique
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mitochondrial NADH2 gene sequences has distin-
guished seven Aetobatus species worldwide (Naylor
et al. 2012). In Southeast Asia and some portions of
the Gulf of Mexico and Caribbean Sea, Aetobatus spp.
are targeted in fisheries or caught as bycatch (Trent et al.
1997; Dubick 2000; Stevens et al. 2000; White and
Dharmadi 2007; Schluessel et al. 2010; Cuevas-
Zimbroén et al. 2011; Tagliafico et al. 2012). The genet-
ics of these rays and their potential vulnerability to
localized fishing pressure call for focused, regional
studies to better understand their life history and popu-
lation status (Sellas et al. 2011).

Life history information on spotted eagle rays is
limited, derived mainly from dead specimens obtained
from fisheries (Dubick 2000; Schluessel 2008;
Schluessel et al. 2010; Cuevas-Zimbron et al. 2011;
Tagliafico et al. 2012). Aetobatus spp. are live bearers
with low fecundity, giving birth to 1-4 pups each year
(Bigelow and Schroeder 1953; Kyne et al. 2006). These
rays may take several years to reach sexual maturity and
possibly live as long as 25 years or more (Dubick 2000;
Schluessel et al. 2010), traits that make them susceptible
to stock depletion where they are taken in targeted
fisheries or as bycatch. The IUCN (International Union
for Conservation of Nature) Red List of Threatened
Species categorizes the spotted eagle ray as ‘Near
Threatened’ with a decreasing population trend in most
of its range and ‘Vulnerable’ in the Southeast Asia
region, primarily due to local fisheries impacts (Kyne
etal. 2006; ITUCN 2013). In Florida U.S.A. it is unlawful
to harvest, possess, land, purchase, sell, or exchange
spotted eagle rays in state waters (FFWCC 2013), pri-
marily due to concerns about vulnerability of the species
if harvested for bait. In other U.S. states there currently
are no regulations limiting the catch of spotted eagle
rays.

No published field studies exist on spotted eagle ray
population status, life history, or behavior in U.S. coastal
waters. The few observations and field studies of free-
swimming spotted eagle rays come from the Marshall
Islands (Tricas 1980), Bahamas (Corcoran and Gruber
1999; Silliman and Gruber 1999), and Bermuda
(Ajemian et al. 2012). In the Bahamas, spotted eagle
ray movements along sandflats coincide with the tidal
cycle (Silliman and Gruber 1999). Researchers in the
Bahamas used spot patterns on the rays’ dorsal surface
to reliably and repeatedly identify 157 individuals over
eight months and found rays aggregate in mixed sex and
size groups (Corcoran and Gruber 1999). In Bermuda,

@ Springer

acoustically tagged rays select for areas highest in calico
clam density and prefer waters less than 10 m deep
(Ajemian et al. 2012).

To increase our understanding of spotted eagle ray
biology in the wild and address questions about the
life history and status of this species for resource
management, we initiated a multi-year study of
A. narinari in the eastern Gulf of Mexico. Our ob-
jectives were to reveal trends in distribution and
seasonal occurrence of spotted eagle rays, using a
combination of aerial and on-water surveys. Further-
more, we sought information on sex-specific trends
in life history characteristics of size, growth, age, and
maturity using capture, tag, and release of live rays in
their natural environment. Our goal was to establish
baseline data on the spotted eagle ray, capitalizing on
our accessibility to this species along the southwest
Florida coast, and thus provide critical information
for the conservation of this species throughout its
range.

Methods
Study location

Spotted eagle rays were observed in the eastern Gulf of
Mexico through aerial and boat-based surveys along the
southwest Florida coast from May 2008 through June
2013 (Fig. 1). This area consists mostly of fringing
barrier islands and passes and inlets (200-2,500 m wide)
connected to the estuaries of Tampa Bay, Sarasota Bay,
and Charlotte Harbor/Pine Island Sound. The coastal
habitat along the barrier islands consists of mostly
sand/shell bottom ranging 1-7 m in depth out to 1 km
offshore. Most passes and inlets are relatively shallow
but can range to 20 m deep and often have large, shallow
shoals on the Gulf side composed of coarse sand/shell
bottom. Estuarine bay-side habitat contains large beds of
seagrass that includes turtle grass (Thalassia
testudinum), manatee grass (Syringodium filiforme),
shoal grass (Halodule wrightii), widgeon grass (Ruppia
maritime), and star grass (Halophila engelmannii) with
finer sediment on the bottom (Culter and Leverone
1993). Common invertebrates that are potential prey
for spotted eagle rays in this habitat include macro-
gastropods such as whelks and conch, and bivalves such
as scallops and clams (Abbott 1974; Felder and Camp
2009; Schluessel et al. 2010; Ajemian et al. 2012).
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Fig. 1 a Aerial survey coverage in the eastern Gulf of Mexico from John’s Pass in Pinellas County, Florida to San Carlos Pass in Lee
County, Florida. b Boat-based survey coverage (shaded area) in the vicinity of Sarasota Bay

Aerial surveys

Aerial surveys (n=37) were opportunistically con-
ducted to document the presence of spotted eagle
rays and other large marine vertebrates in the study
area between May 2008 and December 2012. These
surveys covered approximately 180 km of coastline,
following approximately the same flight path from
John’s Pass to the north (latitude 27.8°N, longitude
—82.8°W) to San Carlos Pass east of Sanibel Island to
the south (latitude 26.5°N, longitude —82.0°W)
(Fig. 1a). Planes used for the surveys were single-
engine high-wing aircraft with two or three trained
observers and the pilot. Flights were conducted once
per month, with up to nine surveys per year, and were
flown from 09:30-12:00 for optimal viewing condi-
tions. Observations were made from an altitude of
120-250 m. Surveys ran north to south approximate-
ly 300—400 m seaward of the coastline. In addition to
the along-shore flight pattern the pilot circled the area

around each pass or major inlet. Observers identified
spotted eagle rays by their distinctive diamond shape,
protruding rostrum, and grayish-black coloration.
Each sighting location was recorded onto a mapping
GPS (Garmin 276C) and later downloaded and plot-
ted in ArcGIS 10.0 (ESRI Inc.). Water temperature
data were collected from local weather buoys near
Sarasota Bay and plotted against spotted eagle ray
count data for each flight to estimate a spotted eagle
ray abundance-temperature relationship. We estimat-
ed the spotted eagle ray-temperature relationship
using zero-inflated Poisson (ZIP) regression as it
produces less-biased parameter estimates for count
data with many zero observations (Martin et al.
2005). Because approximately the same flight path
was taken, detection probabilities of spotted eagle
rays were assumed to be equal across all flights.
The Vuong test (Vuong 1989) was used to compare
the ZIP model with an ordinary Poisson regression
model to test for model selection.
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Boat-based surveys

On-water surveys (n=138) of spotted eagle rays were
conducted between July 2009 and June 2013, primarily
April through November each year. Sampling occurred
within a concentrated portion of the aerial survey area
between north Longboat Key (latitude 27.4°N, longi-
tude —82.7°W) and south Siesta Key (latitude 27.2°N,
longitude —82.5°W) (Fig. 1b). Surveys were opportu-
nistic and targeted regions where spotted eagle rays
could be feasibly captured. The vessel was a modified
8.5 m low-profile, mid-engine boat outfitted with a live
well (1.8 m%2.4 m and 0.8 m deep) constructed to hold
spotted eagle rays. Surveys were conducted between
09:00 and 16:00 to optimize sun angle, sea state, and
water visibility. Two trained observers stood atop a 2 m
tower and scanned 180° arcs from starboard to port,
searching for spotted eagle rays. Surveys covered the
bounds of the entire boat-based study area within each
survey day when conditions allowed. All ray sightings
and survey tracks were recorded onto a Garmin 76%
GPS (beginning in September 2009) and later
downloaded into ArcGIS 10.0 (ESRI 2011). The size
of free-swimming rays (in cm disc width [DW]) was
estimated by the observers and classified into two cate-
gories: pups (<80 cm DW) and juveniles/adults (>80 cm
DW). Catch-per-unit-effort (CPUE) of ray sightings was
calculated for each month in which boat-based surveys
occurred. Because survey effort varied by month,
“catch” was the total number of spotted eagle rays
sighted in a month and “effort” was the total number
of kilometers of coastal habitat surveyed that same
month under good to excellent visibility.

Animal captures, tagging and measurement

Subsets of spotted eagle rays were captured for life
history and tagging studies. When rays were encoun-
tered in workable conditions of depth and current, a
nylon seine net (500 mx4 m) was deployed for medium
to large rays or a 2.4 m cast net was thrown to capture
smaller rays (typically pups). The seine was set rapidly
in an approximately 50 m-diameter circle around the
rays. One or two snorkelers then captured each ray with
a scoop net and transferred it to the boat’s live well. Very
large rays (>180 cm DW) were examined in a floating
net pen (2.5 m diameter) off the side of the boat. This
pen also was used to hold specimens temporarily when
more than one ray was caught in a single set. A handheld

@ Springer

dissolved oxygen meter (YSI Model Pro 2030) was used
to measure salinity, water temperature, and dissolved
oxygen at the set location.

Once a ray was restrained, a series of measurements
and samples were taken. Males were identified by the
presence of claspers, which were classified as non-
calcified (soft and flexible claspers, immature), partially
calcified (harder but partially flexible claspers, matur-
ing), or fully calcified (large and rigid claspers, mature).
DW and total length (TL) were measured to the nearest
mm. Each ray then was placed temporarily on a floating
mat and photographed to record spot patterns and any
notable scars from shark bites, remoras, and human
interactions such as hook and line entanglement or boat
strikes. Each ray was scanned with a Biomark (model
601) passive integrated transponder (PIT) tag scanner to
detect the presence of a previously applied tag. If no tag
was found the ray was injected with a 22.0 mm HDX
PIT tag in the central upper portion of the right pectoral
fin. Rays <80 cm DW received a smaller, 12.0 mm HDX
PIT tag. Beginning in 2011, individuals also were
tagged with a uniquely numbered 10 cm nylon-headed
dart tag (Hallprint Pty, Ltd., South Australia, Australia)
in the central lower section of the left pectoral fin, with
the exception of extremely small pups (<60 cm DW)
deemed too small for dart tagging. Prior to release, each
animal was weighed to the nearest 0.1 kg using a hoop
net attached to a calibrated digital scale on a davit.

Sex/size composition and morphometrics

Chi-square test statistics (y %) and a Monte Carlo signif-
icance test procedure (Hope 1968) were used to test for
differences in counts by sex per month for each year from
20102012 and combined years. Data from 2009 and
2013 were not used due to incomplete monthly coverage.
Welch’s #test (Welch 1947) was used to determine mean
differences between sexes for DW, TL, and weight.

A linear regression was fit to describe the TL-to-DW
(both in cm) relationship for males and females sepa-
rately, where a is the slope and b is the intercept, and the
coefficient of determination (R-square statistic; see
Sokal and Rohlf 1998) was calculated to examine
goodness-of-fit, as follows:

TL = a*DW + b (1)

Linear models fitted to male and female data sepa-
rately were tested for homogeneity of variance and the
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slope and intercept of each model were then compared
with an analysis of covariance (ANCOVA; see Wildt
and Ahtola 1978) to determine differences between the
sexes.

The weight-length equation below (Keys 1928) was
used to predict weight (WT, kg) at DW (cm):

WT = a*DW" (2)

where a is the scaling coefficient and b the shape pa-
rameter. a and b were estimated by fitting the model to
the available weight-length data (sexes combined) using
non-linear regression analysis and a 95 % confidence
interval was estimated for each parameter through
bootstrapping (Efron and Tibshirani 1986). The coeffi-
cient a also was estimated with b held fixed at 3. The
Akaike’s (1973) Information Criterion (AIC) was then
used to evaluate whether the fit was significantly im-
proved by estimating the additional parameter b. Linear
regressions obtained after logarithmic transformation of
weight and length data were then applied to male and
female data separately and the slope and intercept of
each regression were compared by means of an
ANCOVA (see Wildt and Ahtola 1978).

Sexual maturity (males)

A logistic regression was used to predict the probability
of maturity, where rays with non-calcified and partially
calcified claspers were considered immature:

1
T 1 1 ebraDW (3)

M is the proportion of mature males, « is the slope of
M as a function of DW and b is the intercept. DW at
50 % maturity (DWso) was calculated by setting pro-
portion of mature males to 50 % and solving for DW,
thus DWso=—b/a. The confidence interval at 95 % for
DW5, was estimated by bootstrapping (Efron and
Tibshirani 1986).

Recaptures, age and growth

Recaptures of individuals in our boat-based surveys
were verified using three methods: PIT tag detection,
dart tag re-sighting and/or photo-identification. PIT and
dart tag recaptures were recorded in the field at time of
capture. In the laboratory, photos of the dorsal surface of
each individual’s head were organized into a catalog and

photo-ID was conducted by trained staff. This was done
to visually confirm recaptures identified in the field by
matching spot patterns and to potentially match any
recaptured individuals that were not identified in the
field due to tag loss. We also used the Interactive Indi-
vidual Identification System (I3S) spot-recognition soft-
ware as another visual method to confirm recaptures
(den Hartog and Reijns 2007).

We used the method of Fabens (1965) to fit von
Bertalanffy (1938) growth curves to males and females
separately as well as both sexes combined:

Lign = Loo_(Loo_Lt)eiK*At (4)

where K and L., are the standard von Bertalanffy pa-
rameters, L, and L., are the lengths at release and
recapture, respectively, and At is the time spent at liberty
prior to recapture. We bootstrapped the data to obtain
estimates of the bias and standard error. These recapture
data were applied to growth models estimated by
Dubick (2000) and Schluessel (2008) to compare our
estimates of growth to published values. Both
Schluessel and Dubick estimated growth from the
readings of vertebral rings. Schluessel estimated
Gompertz (1832) growth parameters for males (n=55)
and females (n=>56) sampled from the waters of Austra-
lia and Taiwan, and Dubick estimated von Bertalanffy
growth parameters for males (#=38) and females (n=
84) sampled in fisheries in southwest Puerto Rico. The
relative age of each animal at the time of tagging (4,)
was estimated from DW at tagging (L,) by inverting the
von Bertalanffy (5.1) and Gompertz (5.2) growth equa-
tions:

(I_Lt>
log 7
A =— (5.1)

K

A = B (_log <LL_:°)) + 1o (5.2)

K

The age at recapture was calculated as the age at
tagging plus the time-at-liberty. Vectors of growth
then were fitted to the Schluessel and Dubick
models to judge the goodness-of-fit of the predicted
growth from each model to the observed growth
from our tagging data.
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Results
Seasonal occurrence and sightings — aerial surveys

We documented 476 separate observations of a total of
1,140 spotted eagle rays. Observations were grouped
into solitary individuals (61.3 %), pairs (19.7 %), small
groups (3—10) (15.3 %), and large groups (11+) (3.6 %).
Solitary rays were observed throughout the aerial survey
area but pairing was relatively common and occasional-
ly groups of 10 or more were seen, generally around
passes and inlets. The largest group consisted of 76
individuals and was within 2 km of Redfish Pass (lati-
tude 26.36°N, longitude —82.13°W). The numbers of
rays observed per flight were greater in 2008-2009
compared to 2010-2012 in most months surveyed
(Fig. 2). Rays were more prevalent in warmer months,
generally between March and November (Fig. 2), when
water temperature was 23 °C or above (Fig. 3). Accord-
ing to the Vuong test, the ZIP model was superior to the
ordinary Poisson regression model (p=0.044); thus, a
spotted eagle ray abundance-temperature relationship
was tested for using the ZIP model. The ZIP regression
analysis showed an increasing trend in numbers of

spotted eagle rays with increasing temperature (inci-
dence rate ratio [IRR] 1.03; 95 % CI 1.02-1.05; p=
0.000128) (Fig. 3). Following the winters of 2009-2010
and 20102011, we observed fewer spotted eagle rays in
the spring and summer months (Fig. 2). In February and
March 2010, spotted eagle rays were observed inside
Tampa Bay in a warm water plume from an electric
power plant, a phenomenon not seen in other years of
the aerial surveys.

Seasonal occurrence and sightings — boat-based surveys

In the on-water surveys, spotted eagle rays were ob-
served within the Sarasota study area on 152 out of
176 (86 %) survey days (9,713.7 km total search effort)
between 2009 and 2013. Rays were predominantly seen
spring to autumn (April-November). The majority of
boat-based spotted eagle ray sightings (84.1 %) were
of solitary individuals while 15.1 % of sightings were
groups of 2—10. Large aggregations (>11 individuals) of
up to 60 individuals were observed in three instances
(<1 % of all sightings) between the months of May and
July. Annual juvenile/adult CPUE from boat-based sur-
veys peaked in 2010 at 0.116 rays’km and pup CPUE
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Fig. 2 Line plot of average monthly water temperature as recorded by nearshore weather buoys (/eff axis). Total number of spotted eagle
rays observed in monthly aerial surveys from 2008 to 2012 (right axis) are overlain as a scatter, with shape and color designating the year
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Fig. 3 Scatter plot of the number of spotted eagle rays observed
during 2008-2012 monthly aerial surveys compared to recorded
average monthly water temperatures (°C). Zero-inflated Poisson

peaked in 2009 at 0.040 rays/km (Table 1). Across-year
patterns in juvenile/adult CPUE by month were either
stable or declined. An overall across-year decline in
juvenile/adult CPUE was observed (Fig. 4a). No appar-
ent pattern was observed in pup CPUE (Fig. 4b).
Juvenile/adult CPUE was generally highest in spring
(April-June) and pup CPUE was highest in autumn
(October-November) (Fig. 4).

Sex/size composition and morphometrics

A total of 393 individual rays (231 males, 161
females, 1 unrecorded sex) were captured between
July 2009 and June 2013 (Fig. 5). Average DW of
all captured individuals for each month was consis-
tent with size estimates of rays observed but not
captured; larger individuals dominated the catch in
April-September and pups dominated the catch dur-
ing October and November (Fig. 6). Two pups were
caught in January 2012 during an exceptionally
mild winter. Males were more frequently caught

(ZIP) regression analysis suggests a significant increasing trend in
spotted eagle ray abundance with increasing water temperature
(incidence rate ratio [IRR] 1.03; 95 % CI 1.02—-1.05; p=0.000128)

April through July, and October through November,
while slightly more females were captured during
August and September. Sex composition of
A. narinari was not significantly different by month
except in 2011 (2010: Chi-square test, y “=11.48,
p=0.075; 2011: x ?=17.17, p=0.006; 2012: x *=
9.12, p=0.157; combined years: y >=8.36, p=
0.203). Overall, more males (2009: n=52; 2010:
n=96; 2011: n=59; 2012: n=34) were captured
than females (n=46, 67, 37, 24, respectively) for
a sex ratio of 1:0.7 M:F.

Although female maximum size (203.0 cm DW)
and weight (105.5 kg) exceeded those of males
(185.0 cm DW, 94.4 kg) (Figs. 6-8), there were
no significant differences between average DW, TL,
and WT of males vs. females (DW: #-test, =1.06,
df=344.3, p=0.288; TL: t=0.87, df=347.8, p=
0.387; WT: t=0.60, df=267.3, p=0.552). Of 230
males and 161 females measured, male DW ranged
42.0-185.0 cm (117.5437.0 cm) while females
ranged 41.4-203.0 cm (121.8£39.9 c¢cm). Male TL
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Table 1 Summary of effort and

“catch” per unit effort (CPUE) for Date  Days Kilometers n—Juv/ Juv/Adult n-— Pup
boat-based surveys of spotted ea- surveyed surveyed Adult CPUE Pup CPUE
gle rays in southwest Florida.
“Catch” was calculated as the to- Year total 2009 21 731.80 119 0.105 23 0.040
tal number of rays sighted per Monthly ~ Jul 4 n/a 14 _ 0 _
Pt S S S B
coastal habitat surveyed per Sep 4 344.30 28 0.081 1 0.003
month Oct 5 290.60 49 0.169 10 0.034
Nov 1 58.50 0 0 12 0.205
Dec 1 38.40 0 0 6 0.156
Year total 2010 59 3,626.00 422 0.116 17 0.005
Monthly  Apr 6 292.50 64 0.219 0 0
total  May 9 316.50 147 0.464 0 0
Jun 9 665.00 94 0.141 0 0
Jul 7 519.10 29 0.056 0 0
Aug 3 174.50 3 0.017 0 0
Sep 9 584.20 39 0.067 1 0.002
Oct 12 916.20 45 0.049 8 0.009
Nov 4 158.00 0 0 8 0.051
Year total 2011 44 2,809.40 123 0.044 75 0.027
Monthly  Apr 4 225.50 26 0.115 0 0
total  May 9 772.30 28 0.036 3 0.004
Jun 11 734.20 34 0.046 1 0.001
Jul 7 383.30 26 0.068 4 0.010
Aug 3 253.50 2 0.008 5 0.020
Sep 3 190.40 4 0.021 6 0.032
Oct 5 186.60 3 0.016 26 0.139
Nov 2 63.60 0 0 30 0.472
Year total 2012 29 1413.10 84 0.059 36 0.025
Monthly  Jan 1 14.90 0 0 2 0.134
total  Mar 2 73.70 8 0.109 0 0
Apr 5 196.30 14 0.071 0 0
May 2 61.70 6 0.097 0 0
Jun 3 141.60 17 0.120 0 0
Jul 3 167.10 7 0.042 0 0
Aug 3 185.40 4 0.022 7 0.038
Sep 2 109.40 3 0.027 3 0.027
Oct 7 435.00 25 0.057 24 0.055
Dec 1 28.00 0 0 0 0
Yeartotal 2013 23 1,133.40 61 0.054 0 0
Monthly ~ Jan 2 43.40 0 0 0 0
total  Mar 18.70 1 0.053 0 0
Apr 8 404.67 19 0.047 0 0
May 8 474.23 39 0.082 0 0
Jun 4 192.40 2 0.010 0 0
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ranged 29.0-138.4 cm (84.8£26.5 cm), while fe-
males ranged 30.6-143.0 cm (87.3£28.4 cm). A
total of 83 pups were caught (49 males and 34
females) and ranged 41.0-73.2 cm DW (Fig. 5).
Results from the ANCOVA demonstrated no
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tionships (slope: F=2.026, df=1, 410, p=0.155;
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following strong linear relationship was found be-
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Fig. 6 Histogram of spotted eagle ray captures per month for all years combined (2009-2013) by sex. The line graph plots average disc
width for captured males (dashed blue) and females (solid pink) by month

0.98; Fig. 7) with 95 % confidence intervals for
slope (0.700, 0.722) and intercept (—0.741, 1.93):

TL = 0.71*DW + 0.59 (6)

Male WT ranged 1.1-94.4 kg (32.7+£22.3 kg) and
females ranged 1.3—105.5 kg (34.4+25.3 kg). The fol-
lowing weight-length relationship was estimated for
both sexes combined (Fig. 8):

WT = 2.76%10" ®*pw?¥7 (7)

with 95 % confidence intervals 2.684x10°°—2.838
107°° and 2.870-2.873 for a and b, respectively. AIC

150 7 1 -071DW+ 059
R*=0.98

100

50

Total length (cm)

* Males
* Females
I T T 1 T
0 50 100 150 200

Disc width (cm)

Fig. 7 Scatter plot of spotted eagle ray total length to disc width
for both sexes. Linear regression line (black) was fit to the com-
bined sexes data

@ Springer

values indicated the allometric model (AIC=2086) was
a slightly better fit to the data than the isometric model
(AIC=2089). Results from the ANCOVA suggest there
was no significant difference in the slopes (£=0.001,
df=1, 331, p=0.992) and the y-intercepts (F=0.001,
df=1, 332, p=0.974) of the two regression lines be-
tween sexes.

Sexual maturity (males)

Of 151 males examined, 52 (34.4 %) had non-calcified
claspers (immature), 15 (9.9 %) had partially calcified
claspers (maturing), and 84 (55.6 %) had fully calcified
claspers (mature) (Fig. 9). Male DW5, was determined
to be 127.1 cm (Fig. 9) calculated using the following

100
WT =2.76-05 * DW*¥
=80 7 R-0095
=<
= 60 —
k=2
2 40
20
* Males
0 - : | FemalesI
50 100 150 200

Disc width (cm)

Fig. 8 Scatter plot of spotted eagle ray disc width and weight for
both sexes. An exponential trendline was fit to the data. Linear
regression line (black) was fit to both sexes
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Fig. 9 Proportion of mature male spotted eagle rays as a function
of disc width based on clasper calcification. Red and light blue
diamonds represent immature males and dark blue diamonds are
mature males; black triangles are the proportion of mature males in

equation:

1

M= 1 + ¢(18.14-0.10DW)

(8)

The confidence interval (95 %) for DW5, ranged
122.9-131.6 cm. The three stages of male maturity all
had a wide range for DW. Immature males (with non-
calcified or partially calcified claspers) ranged 45—
151 cm DW while mature males ranged 105185 cm
DW.

Recaptures, age and growth

A total of 19 individuals (13 males, 6 females) were
recaptured between 5 days and 3.5 years after initial
capture and release (Table 2). Three of these individuals
(all males) were recaptured twice (SER 007, SER 042,
and SER 143). Spot patterns on these recaptured ani-
mals remained relatively stable over time with only
subtle changes noted, validating the consistency of
photo-ID techniques for visual identification of
individuals.

Estimated von Bertalanffy growth parameters and
results from the bootstrapping analysis are presented in
Table 3. Our relatively low sample size produced uncer-
tainty in the results (Fig. 10, Table 3). In comparing
growth observed in our recaptures to Dubick’s von
Bertalanffy growth curves for A. narinari, we found
the male and female models to be a poor fit to our data
(Fig. 11a, b). Schluessel’s models were equally

each 20 cm disc width bin. DWs, equals 127 cm (dashed line) and
the 95 % confidence interval for DW5, based on a bootstrapping
method is shown (gray box)

unsatisfactory (Fig. 11c, d). The recapture ends of the
growth vectors consistently fell above the fitted von
Bertalanffy curve; the rates of growth described by the
recaptures were underestimated by all four models
(Fig. 11).

Discussion
Seasonal occurrence, trends in sightings and risk factors

Our survey data strongly indicate seasonal changes in
inshore sightings of spotted eagle rays along the south-
west Florida coast, with lower numbers in winter com-
pared to spring, summer, and autumn. As with other
elasmobranch species and migratory marine species in
general, A. narinari in the eastern Gulf of Mexico likely
has a preferred temperature range and undertakes sea-
sonal movements as coastal waters cool in winter. This
is consistent with findings of other researchers working
on spotted eagle rays (Dubick 2000; Schluessel et al.
2010; Tagliafico et al. 2012) and other myliobatids, such
as the longheaded eagle ray 4. flagellum (Yamaguchi
et al. 2005) and bat ray Myliobatis californica (Martin
and Cailliet 1988; Gray et al. 1997; Matern et al. 2000),
in other locations.

Off the southwest Florida coast, year-round under-
water surveys have documented spotted eagle rays on
offshore reefs May through October (A. Collins, Florida
Fish & Wildlife Research Institute, unpubl. data). Along

@ Springer



1050

Environ Biol Fish (2014) 97:1039-1056

Table2 Summary of recaptured spotted eagle rays including sex, disc width (DW), weight (WT) and number of days at liberty. ID’s marked

in bold indicate rays recaptured more than once

ID Sex Release DwW WT Recapture DW WT Days at Change DW Change WT
Date (cm) (kg) Date (cm) (kg) Liberty (cm) (kg)
003 F  21-Jul-09 98 - 11-Aug-09 108 - 21 10 -
007 M 22-Jul-09 109 - 30-Jul-09 116 - 8 7 -
007 M 30-Jul-09 116 - 16-Sep-09 120 - 48 4 -
009 M 22-Jul-09 107 - 27-May-10 122 259 309 15 -
011 M 30-Jul-09 111 - 2-Oct-09 117 - 64 6 -
025 M 28-Aug-09 104 - 29-Jul-10 130 19.5 335 26 -
035 M 9-Sep-09 109 - 22-Apr-10 114 - 225 5 -
037 M 11-Sep-09 93 - 18-May-10 102 10.9 249 9 -
042 M 18-Sep-09 108 - 7-Oct-09 111 23.6 19 3 -
042 M 7-Oct-09 111 23.6 12-Oct-10 1252 34 370 14.2 10.4
049 M 2-Oct-09 116 - 17-Apr-13 159.5 61.4 1,293 435 -
052 M 2-Oct-09 127 - 12-Jun-12 169.5 74.6 984 425 -
053 F  7-Oct-09 56 2.7 14-Oct-09 57 32 7 1 0.5
077 M 18-Nov-09 57 2.7 1-Dec-09 59.2 2.7 13 22 0
106 F  23-Apr-10 129 29 31-May-11 162 61.5 403 33 325
143 M 1-Jun-10 130 28.7 16-Jun-11 150.8 47 380 20.8 18.3
143 M 16-Jun-11 150.8 47 21-Jun-11 149.4 46.5 5 -14 0.5
170 M 8-Jul-10 159 65.8 3-Apr-12 162 70 635 3 42
217 F 20-Oct-10  121.6 25 18-Apr-12 159.5 61 546 379 36
238 F  21-Apr-11 128 26 26-May-11 132 37 35 4 11
244 M 10-May-11 141 43 31-May-11 143 415 21 -1.5
287 F 4-Oct-11 59 2.8 27-Oct-11 61 32 23 2 0.4

the northern Gulf and Texas coasts, spotted eagle rays
are seen mainly in summer months (Hoese and Moore
1977; Parker and Bailey 1979; Shepard and Myers
2005; M. Ajemian, pers. comm.). During winter, when
coastal water temperatures in the northern and eastern
Gulf can drop to 13 °C, spotted eagle rays may migrate
to warmer sites offshore or coastal areas to the south.

Dive operators in the Florida Keys confirm the presence
of spotted eagle rays on nearshore reefs during the
winter (Elizabeth McNamee, pers. comm.). The species’
upper temperature threshold may be around 31 °C, as
we observed few rays in summer months when temper-
atures reached that mark. During these warmer months
the rays likely move offshore to cooler and deeper reef

Table 3 Parameter estimates and results from the ordinary non-parametric bootstrap (50,000 replicates)

Bootstrap statistics

Sex n Parameter Estimates Bias Std. error 95 % CI

Males 16 K 0.2681 -0.0163 0.1532 (0.0024, 0.5742)
Lo 190.3611 776.9859 3,204.3443 (165.7, 7986.9)

Females 6 K 0.7613 0.2032 1.205019 (0.0014, 2.7296)
Lo 181.4724 3,139.2936 1,7371.9359 (160.2, 36746.0)

Both 22 K 0.3267 -0.0138 0.1708 (0.0027, 0.7435)
Lo 188.5519 1,001.3639 4,971.5799 (166.7, 5639.6)
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Fig. 10 von Bertalanfty growth curves (solid lines) estimated for
males (a), females (b) and both sexes combined (¢). The shaded
area indicates the 95 % confidence envelope obtained by
bootstrapping our analysis (50,000 replicates)

areas. This exodus from coastal waters during sum-
mer months with corresponding high water temper-
atures has been described in the Atlantic sharpnose
shark (Rhizoprionodon terraenovae) in the north
central Gulf of Mexico (Parsons and Hoffmayer
2005). Similar trends have been observed in the
Bahamas, with more spotted eagle rays present in
spring and lower numbers in summer (Silliman and
Gruber 1999).

Our data also show an overall decrease in numbers of
spotted eagle rays observed on a yearly basis in both our
aerial and boat-based surveys from 2008 to 2013.
Whether this reflects a true decrease in population abun-
dance over time, a clustering phenomenon in our study
area in 2008-2009, range-shifting away from the south-
west Florida coastline in more recent years, or a sam-
pling bias cannot be determined without further study.
Two significant environmental perturbations occurred in
the region in 2010: a record-breaking cold winter; and
the Deepwater Horizon (DWH) oil spill (beginning in
April). Vulnerable species of elasmobranchs inhabiting
the northeastern Gulf of Mexico were at serious risk to
the effects of the DWH spill (Campagna et al. 2011) but
the direct impacts on spotted eagle rays are unknown.
The winter of 2010 was one of the coldest on record in
Florida, with January water temperatures dipping below
13 °C and massive fish kills occurring in southwest
Florida and the Florida Keys (Adams et al. 2012;
Matich and Heithaus 2012). This extremely cold winter
may have had impacts on the distribution and/or health
of the eastern Gulf of Mexico population of spotted
eagle rays, especially if the Florida Keys is an
overwintering site. An unusual mortality event occurred
near our study area in winter 2010, when we observed
spotted eagle rays using a warm-water refuge near an
electric power plant in Apollo Beach, Florida (in north-
eastern Tampa Bay) during the cold winter months (K.
Bassos-Hull, unpubl. data). At least 10 spotted eagle
rays died and washed up on beaches near the power
plant during this period. Whether these mortalities were
due directly to a temperature threshold being exceeded
or a lack of adequate food in the refuge is unknown, but
the dead rays were visibly emaciated (K. Bassos-Hull
and C. Luer, unpubl. data).

Another environmental factor possibly affecting
post-2009 numbers of sightings was a prolonged
harmful algal bloom of Karenia brevis, a toxic dino-
flagellate, along the southwest Florida coast in 2012.
Flewelling et al. (2010) documented a mass mortality
of Atlantic sharpnose (Rhizoprionodon terraenovae)
and blacktip (Carcharhinus limbatus) sharks in north-
west Florida in 2000, due to red tide brevetoxins.
Thus, elasmobranchs are indeed susceptible to these
red tide events. In addition, severe red tide blooms off
southwest Florida have long been known to cause
mass mortalities of benthic invertebrates (Simon and
Dauer 1972), affecting the potential food supply for
spotted eagle rays in the region.
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Fig. 11 Growth trajectories of recaptured spotted eagle rays (solid
lines [males], dashed lines [females]) overlain on theoretical
growth curves (dotted lines) estimated by Dubick (2000) and

As spotted eagle rays move into coastal areas to feed
on molluscs and other benthic invertebrates, they be-
come susceptible to boat strikes and entanglement in
fishing gear. Four of our captured rays showed signs of
entanglement in hook and line gear and two rays had
prop scars from boat strikes (K. Bassos-Hull, unpubl.
data). When these rays inhabit nearshore waters, sand
flats, inlets, lagoons and estuaries they are at risk of
being taken in coastal fisheries, either as targeted catch
or bycatch, and also may be injured by collisions with
boats in high use areas such as inlets.

Sex/size composition and sexual maturity

More males than females were captured overall in the
Sarasota surveys, but a month-to-month comparison
showed a significant difference between the sexes only
in 2011, with more males caught that year. Cuevas-
Zimbron et al. (2011) found possible spatial segregation
by sex and size in spotted eagle rays in the southwestern
Gulf of Mexico. More males and smaller individuals
tended to be found in shallower waters and close to
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Schluessel (2008). Dubick estimated a von Bertalanffy growth
model for males (a) and females (b), while Schluessel estimated
a Gompertz growth model for males (¢) and females (d)

shore, whereas more females and larger individuals
were found farther offshore in deeper waters. A similar
pattern where smaller eagle rays were likely to remain in
shallower water habitats was found in Puerto Rico
(Dubick 2000). On the other hand, Ajemian et al.
(2012) found mean maximum residency time in the
relatively shallow waters of Harrington Sound, Bermu-
da to be significantly higher for female spotted eagle
rays than males. These findings indicate variations by
sex and size in usage patterns of spotted eagle rays in
nearshore coastal waters, lagoons and estuaries, suggest-
ing the need for further tagging studies.

In our study, no difference was found in morphomet-
ric measurements between males and females (DW/TL
and TL/WT), however, Schluessel et al. (2010), Cuevas-
Zimbrén et al. (2011), and Tagliafico et al. (2012) all
observed sexual dimorphism in A. narinari, with fe-
males reaching larger sizes than males. If sexual dimor-
phism is genetically controlled in the spotted eagle ray,
we would expect to observe it in our sampled popula-
tion. Of the 12 largest individuals (176203 cm DW)
captured in our study, all were females with the
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exception of a 185 cm DW male. Our study did not
include offshore surveys in deeper waters, so our obser-
vations of the total size range and average size of spotted
eagle rays in the region are restricted to the inshore,
coastal zone.

Size at maturity is a critical life history charac-
teristic for analyzing the status of fish stocks. The
DWso of 127 cm found in our study for male
spotted eagle rays is similar to other studies on
A. narinari. Tagliafico et al. (2012) calculated
DWs5, to be 129.2 cm DW for male spotted eagle
rays in Los Frailes Archipelago; Venezuela and
Schluessel et al. (2010) estimated male maturity to
be 130.6 cm DW. Size at maturity for females is
less clear. Other studies examining fishery-caught
specimens have concluded female DWs, is larger
than in males (>150 cm DW, Schluessel et al.
2010; 135 ecm DW, Tagliafico et al. 2012). Unfor-
tunately, most methods for identifying female ma-
turity, such as the presence of embryos or evidence
of previous parturition, typically require sacrificing
the animal. Our study focused on minimizing inva-
sive procedures to collect measurements, take non-
lethal samples such as blood and genetics (reported
elsewhere) and release tagged rays, which was not
conducive to determining stage of maturity for fe-
males. In the future we plan to use ultrasound to
detect pregnancy, which will shed some light on
female size at maturity.

Young pups in our study were observed and
captured mainly during late summer and autumn
months with the largest peak in October, similar to
what has been observed in other myliobatid rays
(Martin and Cailliet 1988; Gray et al. 1997;
Dubick 2000; Matern et al. 2000; Yamaguchi
et al. 2005; Schluessel et al. 2010; Tagliafico
et al. 2012). Observed numbers of adult females
compared to adult males increased in our study
site during August and September, perhaps as the
females were moving inshore for parturition. Mea-
sured pup size in our study area (41-73 cm DW)
is within the range reported in other studies of
spotted eagle rays (Schluessel et al. 2010;
Tagliafico et al. 2012). Earlier studies observed
slightly smaller DW at birth ranging 26-36 cm
(Bigelow and Schroeder 1953; Last and Stevens
1994). Observations of spotted eagle rays born in
captivity have reported a size at birth of 40—59 cm
DW (Mahon et al. 2004).

Age and growth

Only two studies other than those of Dubick (2000) and
Schluessel (2008) have investigated the age and growth
characteristics of myliobatids. Martin and Cailliet (1988)
provided estimates of growth for the bat ray (Myliobatis
californica) of K=0.229 and 0.100 for males and
females, respectively, while Yamaguchi et al. (2005)
provided estimates of growth for the longheaded eagle
ray (4. flagellum) (K=0.133 males, K=0.111 females).
Although our recapture sample size was small, we were
able to obtain biologically realistic estimates of short-
term growth for A. narinari (Fig. 11, Table 2). Our
estimates of K for males fell within the range of growth
rate estimates found in closely related species (Smith
and Merriner 1987; Martin and Cailliet 1988; Neer and
Thompson 2005; Yamaguchi et al. 2005). K estimated
from female recaptures was, however, much less reliable
due to small sample size. Our results suggest that with
additional recaptures representing a wider range of sizes
and times at liberty, we should be able to describe
growth for the population more accurately.

Our preliminary estimates of growth differ from
those found by Dubick (2000) and Schluessel (2008)
(Fig. 11); their models predict an animal of 100 cm DW
should take about 2—4 years to grow 10 cm, yet, accord-
ing to our recapture data, such a magnitude of growth
occurs in a matter of months (Table 2). The apparent
discrepancy between observed growth in our recaptured
animals and growth as predicted by Dubick and
Schluessel could be explained by several factors: differ-
ing methodologies, individual growth variability, biased
samples, and/or ageing error. According to Francis
(1988), the von Bertalanffy parameters have slightly
different meanings when age-length data are fitted to
the model versus when mark-recapture data are used.
These differences, however, are relatively small so it is
likely that other factors are contributing to the observed
differences. Eagle ray populations in Taiwanese and
Australian waters, where Schluessel studied the rays,
may follow different growth rates from those in the
eastern Gulf of Mexico. Dubick’s studies were conduct-
ed in Puerto Rico and its geographic proximity to the
Gulf make the possibility of differing growth rates less
likely. In that case, limited sample size and age compo-
sition are likely to have contributed to the observed
discrepancy. Schluessel had a disproportionately large
amount of small individuals in her sample and Dubick
did not have any individuals corresponding to ages 1-6.
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Furthermore, we considered the possibility that ob-
served discrepancies in growth rate between our data
and earlier studies might be explained by seasonal dif-
ferences. A closer look into individual records showed
this was not the case since most animals used in the
growth assessment were recaptured and re-measured
approximately whole numbers of years (i.e. 1.0, 2.0,
etc.) later.

Ageing estimates using vertebral band data are not
without error (Francis et al. 2007; Schluessel 2008).
Although Dubick (2000) and Schluessel (2008) both
used advanced techniques to visualize band pairs and
annual band pair deposition has been verified in closely
related species (Yamaguchi et al. 2005), Schluessel
(2008) maintained that variability in band clarity is
likely to have contributed to decreasing the accuracy
of band count, pointing out the potential presence of
false bands as a likely cause of bias. False bands are a
common concern in elasmobranch age and growth stud-
ies (Campana 2001) and have been shown to occur in
the closely related bat ray (Martin and Cailliet 1988).
Aware of the issue, Schluessel (2008) took a second
count of band pairs from the vertebrae of the largest
eagle ray (female) in the study but this time excluded
potential false bands and concluded the age of the spec-
imen to be 18 years old versus the 34 years originally
estimated. This observation, along with the apparent
discrepancies between growth described by our tagging
and vertebral band data, highlight the need for validation
studies to be carried out to verify whether or not false
bands exist in A. narinari, and thus reduce uncertainty in
estimates derived from vertebral readings.

Conclusions

Our study contributes important life history and local-
ized sighting information on the spotted eagle ray ob-
tained from wild-caught rays off the southwest Florida
coast. Our recapture data indicate faster growth rates in
the wild than previously estimated through vertebral
band models of age and growth. Further tag-recapture
studies and validation of vertebral band patterns in this
species are needed to explain this discrepancy.
Fisheries-dependent and captive studies can contribute
to our understanding as well: by comparing our data to
those from rays taken in fisheries or maintained in
aquariums, we can gain a better understanding of age
and growth, diet, reproduction, and parasite loads, and
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the factors affecting them (Uchida et al. 1990; Smale
et al. 2004).

Our observations of seasonal occurrence of spotted
eagle rays strongly indicate a preference for coastal
water temperatures above 23 °C, with an upper limit
of around 31 °C. Thus, the rays are relatively common
off southwest Florida in spring, summer and autumn but
not in the warmest days of summer or in winter. Our data
signal a decline in numbers of observed rays after 2009,
for reasons as yet unknown. Explanations may include a
natural cyclical pattern in population abundance, envi-
ronmental perturbations such as extreme cold, red tide,
or oil spills, or actual depletion due possibly to fishery
removals at a distant location. Other risk factors faced
by spotted eagle rays include predation by sharks, en-
tanglement in fishing gear, and possible impacts of
parasites and remoras.

Since the initiation of our research in the eastern Gulf
of Mexico in 2008, two studies have been published on
target fisheries for A. narinari in the western Atlantic:
one off Mexico in the southern Gulf of Mexico (Cuevas-
Zimbron et al. 2011); and another off Venezuela
(Tagliafico et al. 2012). The species also is taken in
commercial fisheries along the coast of Cuba (R. Hueter,
pers. obs.). These reports have contributed to our under-
standing of life history characteristics and also have
documented localized fishery impacts to A. narinari
stocks. Considering the uncertain conservation status
of spotted eagle rays, further research is needed to
understand their long-term population trends, ecological
relationships with other species, and impacts on their
health and habitats (Simpfendorfer et al. 2011), as well
as the capacity of this elasmobranch to support sustain-
able target fisheries. This species’ relatively low abun-
dance, extremely low reproductive capacity, and vulner-
ability to net, harpoon, and other fishing gears should
place eagle rays on a worldwide watchlist for signs of
population decline.
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