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1 | INTRODUCTION
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Abstract

Urobatis jamaicensis is a coastal batoid species affected by habitat loss and small-scale
exploitation from fisheries and the aquarium trade, yet the life-history information
available is limited. This is the first study to assess the vertebral centra from
195 stingrays to estimate age and growth patterns, and compare them with the bian-
nual reproductive pattern previously reported for this species. Age-at-size data were
compared using five different growth models and found a two-parameter von Berta-
lanffy growth function (VBGF), the Gompertz model and a modified VBGF fit best for
males, females and sexes combined, respectively. Maturity was achieved before
1 year. However, growth did not cease with the onset of maturity, but instead slo-
wed down. Results from marginal increment analysis and edge analysis indicated a
nonannual somatic growth pattern with influences from the biannual reproduction
cycle where peaks in resource allocation may be focused on ovulation rather than
growth during March when larger brood sizes are present, while resources may be
allocated more towards growth during August and September when brood sizes are
generally smaller. These results may be used as a proxy for species with similar repro-

ductive patterns or for those that lack annual or seasonal growth patterns.

KEYWORDS
batoids, biannual reproduction, greater Caribbean, Urotrygonidae, von Bertalanffy

aimed at species with an immediate risk of extinction, but it is vital to

obtain the life-history information for all species, especially those

Age determination and validation studies have become increasingly
important in fisheries management policies for the conservation of
elasmobranch species. Most elasmobranchs are characterized as K-
selected species due to their slow growth, prolonged maturation
periods, lengthy lifespans, infrequent reproduction and low fecundity,
making them vulnerable to overfishing and habitat degradation (Matta
et al., 2017). Batoids are especially susceptible to fishing activities
along the continental shelf (Oliver et al, 2015) and account for
roughly 36% of catches within the western Atlantic Ocean, predomi-
nantly as bycatch in small-scale industrial and artisanal trawl and gill-

net fisheries (Ferrette et al., 2019). Conservation efforts are often

within nearshore, tropical or subtropical environments where habitat
degradation is high and exploitation is more frequent (Dale &
Holland, 2012; Dulvy et al., 2014). Understanding the population
dynamics of nonexploited species not only contributes to the manage-
ment of targeted species but can indicate how natural populations are
influenced and provide valuable information for ecosystem-based
management plans (Green et al., 2009).

Hard-part age-estimation techniques are widely used for studying
life-history patterns in fishes and has become pertinent in determining
population dynamics relative to fishing pressures worldwide

(Cailliet, 2015). The vertebrae of elasmobranchs are calcified structures
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that accumulate growth material typically identified as opaque and trans-
lucent bands along the vertebral centra. Seasonal band deposition is
characterized by thick opaque bands typically associated with faster
growth during the summer (or warmer) months and narrow translucent
bands that represent slower growth during the winter (or cooler) months
(Cailliet & Goldman, 2004; Christiansen et al., 2016). However, the inter-
pretation of band pair deposition can be influenced by the presence of
nonannual growth marks, such as double-banding patterns, or through
factors such as somatic growth rather than seasonal growth, as seen in
species like the Pacific angel shark (Squatina californica; Natanson &
Cailliet, 1990), basking shark (Cetorhinus maximum; Natanson et al., 2008)
and wobbegong sharks (Orectolobus ornatus, O. maculatus and O. halei;
Huveneers et al., 2013). Age-estimation studies of fishes and elasmo-
branchs primarily rely on the verification of annual growth band forma-
tion with two of the more common and easily accessible methods: edge
analysis and marginal increment analysis (Cailliet, 1990; Campana, 2014;
Matta et al., 2017; Okamura et al., 2013; Okamura & Semba, 2009). Edge
analysis involves the identification of the last growth band present, while
marginal increment analysis incorporates measurements of the last two
individual growth bands. Both methods are plotted individually against
the month of capture to determine the timing of growth band formation.
In addition to verification, growth models are used to determine the
growth parameters necessary for management decisions. The use of mul-
tiple growth models provides a better approach for estimates of several
different parameters that are typically unavailable [e.g., estimated size at
birth (Lo), asymptotic size (L) or the maximum attainable size for individ-
uals] and lowers the risk of yielding biologically unrealistic growth esti-
mates (Katsanevakis & Maravelias, 2008; Smart et al., 2016).

The yellow stingray, Urobatis jamaicensis (Cuvier, 1816), is a
coastal species with limited life-history information, especially regard-
ing its age and growth patterns (Spieler et al., 2013; Sulikowski, 1996;
Yafez-Arancibia & Amezcua-Linares, 1979). The yellow stingray is a
small-sized ray of the family Urotrygonidae. It is identified by rounded
pectoral fins, a well-developed caudal fin and a distinctive green or
brown colour with patterns of yellow, gold and white spots
(Fahy, 2004). The species occurs within the central western Atlantic
and is dispersed in tropical and subtropical waters throughout most of
the Greater Caribbean basin, with populations distributed along the
coast of south-east Florida, portions of the Gulf of Mexico, northern
South America and other Caribbean regions surrounding Cuba (Fahy
et al., 2007; Spieler et al., 2013; Ward-Paige et al., 2011). In south-east
Florida, U. jamaicensis exhibits a biannual reproductive cycle with ovu-
lation coinciding with parturition and occurring between January and
April and again from July to October. Gestation is ca. 5 months long
based on patterns of embryonic development and the range in ovula-
tion and parturition during consecutive, overlapping reproductive
cycles (Fahy, 2017; Fahy et al., 2007).

American round stingrays (Urotrygonidae) are small to moderate-
sized rays that are generally abundant and distributed nearshore in
coastal waters, where they are often exposed to habitat degradation
and fisheries activities (Dulvy et al., 2014; Kyne et al., 2012). Urotry-
gonids are not harvested commercially for food but are exploited

through the aquarium trade and are highly vulnerable to artisanal

fisheries, where they are frequently discarded as bycatch and suscep-
tible to population decline (Dulvy et al., 2014; Mejia-Falla et al., 2014;
Ward-Paige et al., 2011). Obtaining life-history information from
U. jamaicensis is necessary for regions where it may already be
impacted, and such methods can prove useful for similar species that
are data deficient. The objective of this study was to increase the life-
history information for the subtropical batoid species U. jamaicensis
using the combination of age, growth and maturity estimates obtained
from the south-east Florida population. Age estimates were deter-
mined from band pair counts along the radius of the vertebral centra,
which were subsequently compared and verified with the biannual
reproductive cycle.

2 | MATERIALS AND METHODS

A total of 195 specimens was collected from hard-bottom reef habitats
throughout south-east Florida (Supporting Information Figure S1). Sting-
rays were collected via SCUBA using hand-nets and stored in mesh col-
lection bags until euthanized by anaesthetic overdose via submersion in
500 mg ~1 MS-222 solution. Between 2003 and 2009, 165 individual
yellow stingrays were collected (archived samples) with an additional
30 specimens collected during 2019 from the same area. For all speci-
mens, morphometric measurements were recorded to the nearest milli-
metre with disc width (DW) measured at the widest point of the
pectoral fins and total length (TL) measured from the tip of snout to the
posterior edge of caudal fin (Ainsley, 2009; Basusta & Aslan, 2018).
Total mass (TM) was recorded to the nearest gram (g) and compared
with DW using a nonparametric regression due to the relatively small
sample size. DW was used in place of TL for all analyses as stingray tails
may appear truncated or damaged on capture.

For male specimens, the clasper length (CL) from the inferior margin
of the cloacal slit to the tip of both claspers was measured to the near-
est tenth of a millimetre. The average length between the left and right
clasper was used for all analyses. To determine the best model fit, a non-
linear regression model for the combined means of the right and left
clasper length versus DW was run to visualize the relationship. Male
maturity was estimated following Fahy (2017) along with inspection of
clasper calcification level (ie., flexible or rigid). Maturity stages for
females were recorded following Fahy (2017), while maternity status for
females was noted when embryos were present or when recent parturi-
tion was evident. Maturity ogives, or the median DW at first maturity
(DWsp), for both males and females and median DW at first maternity
(DWsonm) for females were calculated using R software (v. 1.1.463;
TeamRStudio R, 2018) following a binomial logistic regression. Ogives
were fit using maximum likelihood with the following equation
(Coelho & Erzini, 2005; Cotton et al., 2011; Mejia-Falla et al., 2014):

1

PA = 1 + e—b(Ai—Aso)

where PA,; is the proportion of mature individuals at the ith size class,

b is a model parameter, A; is the size class and Asq is the median size

85U8017 SUOLILLOD BATea1D [qedljdde auy A pausenob afe sejoie YO ‘8sN JO S8|nJ o} A%eiq1 78Ul UO A8]IM UO (SUOTIPUOO-PUB-SWLRI WD A8 |IMAeIq 1 U1 |UO//SdNL) SUORIPUOD PUe SWB | 8L 885 *[£202/90/7T] U0 AriqiTauIUO AB[IM ‘AISIeAIUN LBISEBLINOS BAON AQ ¥/EGT A} I/TTTT'OT/I0P/L00" A3 |1M ARe.q 1 pul|uoy//:sdny Loy pepeoiumod ‘9 ‘€202 ‘6798560T



SCHIEBER ET AL.

sm FISHBIOLOGY

at which 50% of individuals are mature. Age-at-first maturity (Asp) and
age-at-first maternity (Asom) were determined following the same
binomial regression, replacing size with age for Asq.

Vertebral columns extending from the occiput to the pelvic girdle
were excised and soft tissues were removed and stored frozen prior to
further cleaning and processing using the methods of Parsons et al.
(2018). Subsequent to the cleaning process, three centra were selected
and individually separated from the thoracic region of the vertebral col-
umn, where centra are largest along the vertebral column to maintain
homogeneity between samples (Natanson et al, 2008; Natanson,
Andrews, et al., 2018; Torres-Palacios et al., 2019). Centra samples were
sectioned along the sagittal plane using an Isomet-type low-speed dia-
mond wheel saw (model 650; South Bay Technology Inc., San Clemente,
CA, USA) to a range of thickness between 0.3 and 0.5 mm (depending
on the size of centra) and viewed with a stereomicroscope (Olympus
SZX2-ILLT; Olympus Corporation, Tokyo, Japan). Digital images were
captured with an AmScope MU100 10MP digital microscope camera
and computer software (v.x64, 3.7.10246, 2003-2017; AmScope, Irvine,
CA, USA) (Campana, 2014; Hayne et al., 2018). All images were digitally
enhanced with Adobe Photoshop (v.21 2 January 2004) to adjust the
contrast, light and sharpness for superior visualization of growth bands
(McAuley et al., 2006; Natanson, Skomal, et al., 2018).

Three individual readers performed blind counts of all centra
images twice to obtain a total of six counts for each sample. Age esti-
mates were only accepted if four of the six counts were in agreement;
all remaining samples were rejected (McAuley et al., 2006). Samples
were also discarded if double banding patterns or damage within the
intermedialia was noted (Figure 5b,c). The accuracy and precision of

age estimates were determined using percentage agreement:

PA— {W} 100
no.read

in conjunction with average percentage error (APE):

APE; = 100% x

XR: X=X
= X

|~

where X is the ith age determination of the jth fish, X; is the mean age
estimate of the jth fish and R is the number of times each fish is aged.

The average coefficient of variation (ACV) was calculated:

CV; =100% x -

where CV; is the age precision estimate for the jth fish
(Campana, 2001). This was done both between readers with incre-
mental size classes of 45 mm DW and between readers for all age
classes combined (Campana et al., 1995; Davis et al., 2007; Natanson,
Skomal, et al., 2018). Systematic reader biases and the symmetry of
band pair counts (age-estimates) were assessed using the McNemar

test, Evans-Hoenig test, Bowker test and an age bias plot

(Bowker, 1948; Cailliet & Goldman, 2004; Evans & Hoenig, 1998;
Hale et al., 2006; McNemar, 1947; Natanson et al., 2014). (For a
detailed description of all three tests used to assess the symmetry of
band pair counts, see Evans & Hoenig, 1998.) All statistical analyses
were performed with R statistical software (v. 1.1.463; TeamRStudio
R, 2018) using the FSA and FSAData packages. Sectioned and whole
vertebrae from each specimen were deposited in the Nunnally Fish
Collection at the Virginia Institute of Marine Science (VIMS; Glouces-
ter Point, Virginia, USA) under catalogue numbers VIMS_45268 to
VIMS_45462.

Growth bands were verified using marginal increment analysis
(MIA) (Lessa et al., 2006; Okamura & Semba, 2009). The distance
between the central point of the centra to the outer edge was recorded
as the vertebral radius (um) (Figure 5a). For each vertebral centra pro-
cessed, the vertebral radius (VR), the radius of the ultimate band (R,)
deposited and the radius of the penultimate band (R,_;) deposited
were measured digitally using Image) software (v.1.53; Abramoff
et al., 2004; Schneider et al., 2012) and applied to the following equa-
tion (Cotton et al., 2011; Fernandez-Carvalho et al., 2011):

VrR—Ry

MIA =
Rn*Rn—l

The resulting values were then plotted against the month of cap-
ture to estimate the rate of band formation (Cailliet et al., 2006; Lessa
et al., 2006). Young of the year (YOY) were excluded from MIA as only
the birth band was present along the vertebral centra. An ANOVA
was used to determine if there were statistical differences between
months with use of a Tukey pairwise comparison when normality
assumptions were met, while a nonparametric Kruskal-Wallis test
was used when homogeneity assumptions were not met to establish
if any significant differences between months were present. The rela-
tionship between the vertebral radius (Vi) and DW was tested using a
nonparametric regression. During edge analysis, the ultimate band
was identified (opaque or translucent) by two readers with no prior
knowledge of sample size, sex or age and compared to month of cap-
ture to determine frequency of edge type.

Various growth models were fit to DW-at-age data following
Cailliet et al. (2006), Cotton et al. (2011) and Dale and Holland (2012).
The von Bertalanffy growth function (VBGF) generates a growth
curve that represents the predicted pattern of growth based on the
following equation (Von Bertalanffy, 1938):

DW; = DW,, — (DW,, — DWg)e ¥

where DW, is the predicted disc width at age t, DW,, is the theoreti-
cal maximum mean DW (t = o), DWj is the estimated width at birth
(t = 0) and k (year™?) is the growth coefficient or the average rate at
which the organism in a population will achieve the maximum DW
(Cailliet & Goldman, 2004; Sulikowski, 1996).

Two variations of the VBGF were also compared to determine
which model best represents the size-at-age data. The first variation
of the VBGF model is a ‘modified’ form (VBGFoq):
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DW; =DW,, (1 _ e*k(f—tO))

where tg is the theoretical age when the DW is to zero. The second
variation of the VBGF model is a two-parameter form (VBGFyp,,) with
a fixed DW-at-birth (DW,) using the mean DW of term embryos,
allowing for more variance at age-0:
DW; = DW,, — (DW,, — DW,)e

DW-at-birth was set at 83.0 mm for the VBGF,,, derived from
the term embryos sized in Fahy (2017). Lastly, a form of the Gompertz
model (Mollet et al., 2002) was used for comparisons:

DW; =DWoe(G(1-e ™))

where G = In(DW,/DW,) and a logistic function where a is the
inflexion point of the curve:

DW, = DW.,/ (1 " e’k(t"'))
All growth models were fitt using nonlinear least-squares (LS) and
maximum likelihood estimation (ML) with R statistical software using

60 -

50 -

30 A

Frequency

20 A

10 4

o._..-

the Ime4, car and vbmodel libraries in R (v. 1.1.463; TeamRStudio
R, 2018; Cotton et al., 2011; O'Shea et al., 2013). Both methods of
model fitting were used to determine best fit as one method may pro-
vide additional information over the other when size-at-age data is
limited, such as with the lack of an asymptote (LS) or for nonlinear
data and small sample sizes (ML) (Cotton et al., 2011). Akaike informa-
tion criterion (AIC) analysis was used to determine which growth
model would vyield the best fit for the DW-at-age data for least-
squares regressions, while ML estimation used a form of AIC (AlCc)
with adjustment for small-sample biases (Charvet et al., 2018; Cotton
et al., 2011; Gianeti et al., 2019).

3 | RESULTS

Female sizes ranged from 87 to 241 mm DW (mean +s.d., 191.53
+2295mm, n = 121), 153 to 448 mm TL (356.78+48.97 mm,
n = 121) and 37 to 800g TM (472.94+ 159.06 g, n = 121). Male sizes
ranged from 85 to 216 mm DW (179.53+46.26 mm, n = 74), 151 to
398 mm TL (335.55+46.26 mm, n = 74) and 37 to 612g TM (382.23
+105.03 g, n = 74) (Figure 1). Females occurred more frequently, with
an overall sample size of n = 121 (62%), whereas males were less fre-
quently observed, with a sample size of n = 74 (38%). Specimens cap-
tured between 2003 and 2009 (n = 165) were targeted towards

I . =

80 100

120 140 160

180 200 220 240

Disc width (mm)

FIGURE 1

Disc width frequency distribution of male (n = 74) and female (n = 121) yellow stingray Urobatis jamaicensis caught between 2003

and 2019 in the western North Atlantic Ocean from sandy hard-bottom reefs in south-east Florida. m, male; m, female
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FIGURE 2 Size-at-maturity ogives for male (n = 74) and female (n = 121) yellow stingray Urobatis jamaicensis with female size-at-maternity
ogives included. O, immature males; ®, mature males; A, immature females; A, mature females; ——, female maternity

females, whereas specimens collected during 2019 (n = 30) were cap-
tured based on occurrence and did not statistically deviate from the
1:1 (male:female) ratio (chi-squared test, x? = 0.133, P = 0.715). Dur-
ing the 2019 collection, no term-stage embryos were present,
although three neonates were caught in July (2019) and measured at
85mm DW (151 mm TL), 87 mm DW (153 mm TL) and 88 mm DW
(158 mm TL).

Nonparametric regressions indicated a statistically significant rela-
tionship between DW and TM for both sexes (males: TM = —721.36
+ 6.14 x DW, P 0.01; females: TM = -889.16 + 7.09 x DW,
P < 0.01) (Supporting Information Figure S2). The CL had a significant
four-parameter logistic relationship to DW as indicated through a
nonlinear regression where the inflexion point occurred at 155 mm
DW (SE = 0.255, d.f. = 70, P <0.001) (Supporting Information
Figure S3).

Maturity ogives for size-at-first maturity (DWsg), age-at-first
maturity (Asp) and size or age-at-first maternity (DWsom, Asom) were
assessed using binomial regression. Males were sexually mature at
154 mm DW or 0.69 years [97.5% confidence interval (Cl) = 0.107-
0.684]. Females were sexually mature at 150 mm DW or 0.63 years
(97.5% ClI = 0.725-2.432). Female size at first maternity was 161 mm
DW or 0.86 years (97.5 Cl = 0.239-1.150) (Figures 2 and 3).

The relationship for DW and Vi was also found to be statistically
significant through nonparametric regressions (males: Vg = —4.36
+0.17 x DW, P<0.01; females: Vg = -2.88+ 0.11 x DW,

P < 0.01) (Figure 4). A total of 134 vertebral samples were processed
for age determination analysis, with 61 (31.28%) of the original
195 discarded. Age estimates ranged from O to 5years and O to
6 years for males and females, respectively. All three tests of symme-
try (McNemar, Evans-Hoenig and Bowker) indicated there were no
significant deviations from the final age for all three readers (P > 0.01)
(Supporting Information Figure S4). Reader 2 showed slight overesti-
mation for age 2 with underestimation at age 6, while reader 3 indi-
cated slight underestimation for ages 4 and 4.

There was no statistical evidence of biases, with a strong relation-
ship between the final age and initial age estimates assigned by the
readers. All readers had an ACV value <6.4% and an APE <4.5%.
When samples were separated into 45 mm DW classes (85-130 mm,
131-175 mm, 176-220 mm and 221-265 mm DW), all three tests of
symmetry further indicated no systematic biases (P > 0.01)
(Supporting Information Figure S5). The MIA measurements showed
no distinct trends in growth over the course of the year (0.725
+0.353 mm, n = 190; Kruskal-Wallis, P = 0.173) (Supporting Infor-
mation Figure S6). Mean MIAs were calculated from
190 U. jamaicensis samples collected between 2003 and 2019, with
YOY (n = 5) excluded from analyses. Samples separated by age classes
(1-2 bands, 3-4 bands and 5+ bands) for MIA yielded no statistically
distinct trends in growth (ANOVA, Fi003 = 0.62, P = 0.78; ANOVA,
Fi166 = 1.20, P = 0.3; ANOVA, Fg; = 1.01, P= 0.50) (Supporting
Information Figure S7). Samples separated by size classes (120-
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FIGURE 3 Age-at-maturity ogives for male (n = 74) and female (n = 121) yellow stingray Urobatis jamaicensis with age-at-maternity ogives
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FIGURE 4 Nonparametric relationship between Vi (um) and DW (mm) by sex for yellow stingray Urobatis jamaicensis (n = 195). A,
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FIGURE 6 Monthly variation in formation of outer edge band type for yellow stingray Urobatis jamaicensis (n = 121). m, opaque; m, translucent
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165 mm, 166-210 mm and 211-255 mm DW) showed no significant
differences between months for both smaller size classes (120-
165mm DW and 166-210 mm DW) (ANOVA, Fsy = 241,
P=0.1541; ANOVA, F11146 = 0.99, P = 0.4587) (Supporting Informa-
tion Figure S8). However, comparisons of the largest size class (211-
255 mm DW) found statistical differences between months with a
Tukey pair-wise comparison (ANOVA, Fy7 = 4.58, P = 0.029). Peaks
occurred during January (1.730 £ 0, n = 1) while the lowest sample
means occurred during June (0.313 £ 0, n = 1). There were monthly
variations found for edge type (opaque vs. translucent bands) along
the vertebral centra for yellow stingrays (n = 121). Opaque bands
were recorded for the edge type during all months, with April having
the highest count, whereas translucent bands were present during all
months except April (Figure 6). Translucent bands occurred most fre-
quently during March, May and June, while opaque bands were more
prevalent through the rest of the year.

DW-at-age data were fit to growth models for samples with
agreed-on ages for both sexes combined (n = 134) and separated
(male n = 47 and female n = 87). An AICc value of <2 indicated sub-
stantial support for the selected model (Katsanevakis &
Maravelias, 2008). Our results also indicated that for the sexes com-
bined the VBGF o4, VBGFp,r and the logistic models all had similar
parameter values for both ML- and LS-fitted models, but if selecting

the absolute lowest AlCc value then the VBGF,,oq Was best fit to the
data (Table 1 and Figure 7). The AlCc for both ML- and LS-fitted
models indicated a best fit of the VBGF,,,, for males (Table 1 and
Figure 7), while all models with the exception of the VBGF;p, was
best fit for the female data (Table 1 and Figure 7).

4 | DISCUSSION

Elasmobranchs are typically characterized as having a K-selected
growth strategy, making them susceptible to fisheries and other
anthropogenic stressors, such as habitat degradation. However, the
present study of yellow stingrays found them to reach sexual maturity
early, produce young twice a year and have shorter lifespans than
commonly described for elasmobranch fishes. Our results, along with
those of similar species, suggest a more productive life-history strat-
egy that may be more resilient to these pressures (Torres-Palacios
et al., 2019).

The sex ratio for males and females for the current study was
equal, with males reaching sexual maturity later than females and
females growing to larger maximum sizes than males to accommodate
for reproductive condition than males. For males, the inflexion point

of the CL-DW relationship was similar to the male maturity ogive
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TABLE 2 Reported age-at-maturity, size-at-maturity and female fecundity for family urotrygonidae species
Size at Age at 50% Maximum Female

Species Sex maturity (mm) Maturity (years) age (years) fecundity Source

Urotrygon chilensis M 246 (TL) 4.3 12 - Guzman-Castellanos, 2015
F 258 (TL) 4.3 14 5

Urotrygon aspidura M - 2.2 5.5 - Torres-Palacios et al., 2019
F 138-150 (DW) 2.3 7.5 4

Urotrygon rogersi M 118 (DW) 0.9 6 - Mejia-Falla et al., 2014
F 118-123 (DW) 1 8 3

Urotrygon microphthalmum M 183 (TL) 2 9 - Santander-Neto et al., 2016
F 199 (TL) 2 9 4

Urobatis jamaicensis M 154 (DW) 0.65 5 - Current Study; Fahy, 2017
F 157 (DW) 0.68 6 7

Urobatis halleri M 150 (DW) 3.75 14 - Hale & Lowe, 2008
F 150 (DW) 3.8 14 11

Urobatis concentricus M - - Ehemann et al., 2017
F - 3 3

Dasyatis pastinaca M 83 (TL) 6.3 10 - Yigin & Ismen, 2012
F 114 (TL) 6.5 16 -

Hypanus dipterurus M 465 (DW) 6.4 25 - Smith et al., 2007
F 573 (DW) 8.3 28 3

Bathytoshia lata M 749 (DW) 8.3 25 -- Dale & Holland, 2012
F 1049 (DW) 15 28 -

Note: DW, disc width; F, female; M, male; TL, total length.

(DWs50). The negligible difference between the two analyses strongly
supported the size at maturity ogives, although a larger sample size
for males with DW sizes between 130 and 145 mm DW remains nec-
essary to rule out a smaller size at maturity. Previous studies have
suggested that male yellow stingrays reach sexual maturity ca.
200 mm TL (Sulikowski, 1996; Yafez-Arancibia & Amezcua-
Linares, 1979). Related urotrygonids such as male Urobatis halleri
(Hale & Lowe, 2008) and U. rogersi (Mejia-Falla et al., 2012) have been
recorded as sexually mature at 150 and 118 mm DW, respectively
(Table 2 and Figure 8). Previous literature on female U. jamaicensis by
Yafez-Arancibia and Amezcua-Linares (1979) and Sulikowski (1996)
suggests sexual maturity also peaks at ca. 200 mm TL (ca. 116 mm
DW, unpublished data). Like the males, other female urotrygonids had
a range of similar sizes-at-first maturity with 150 mm and 118 mm
DW (Hale & Lowe, 2008; Mejia-Falla et al, 2012) (Table 2 and
Figure 8). Females grow slower and larger, and live longer than males
to accommodate the higher energetic costs of reproduction and larger
brood sizes. This strategy, which is typical for viviparous elasmo-
branchs, may result from a biological adaptation influenced by repro-
duction rather than environmental factors (Mejia-Falla et al., 2014).
Despite similar batoid species having a generally larger age-at-
first maturity estimate, yellow stingrays reaching sexual maturity
within the first year would not be unrealistic as they are a fast-grow-
ing, short-lived, tropical species. The only other batoid species to our

knowledge with a recorded age-at-first maturity <1 year is U. rogersi, a

related species with a proposed triannual reproductive cycle and max-
imum age estimates of 8 and 11 years old for males and females,
respectively (Mejia-Falla et al., 2014). Although U. rogersi is described
as having a triannual cycle, it may not produce three broods per year,
but rather have an asynchronous cycle with three peaks per year. This
difference in frequency of birth could affect the differences in maxi-
mum ages achieved between the species.

The positive relationship between Vi and DW indicated its use-
fulness for age-estimations, as growth of the vertebral centra
remained proportional with somatic growth (Dale & Holland, 2012;
Mejia-Falla et al., 2014; Sulikowski, 1996). There were significant dif-
ferences between males and females, which have been similarly
reported for other myliobatiform rays, with females growing larger to
accommodate reproductive condition and larger brood sizes (Almeida
et al, 2000; Hazin et al., 2006; Mejia-Falla et al., 2012; White
et al., 2001). Mejia-Falla et al. (2012) noted that female Urotrygon
rogersi will reach larger sizes and masses than males but reach sexual
maturity at a similar size and age, like Trygoptera personata (White
et al., 2001) or U. jamaicensis in the current study.

Evidence of annual band deposition for combined size classes
was inconclusive, whereas individual size classes (120-165 mm, 166-
210 mm and 211-255 mm DW) revealed that larger yellow stingrays
had more of an annual pattern of band deposition with opaque
growth (thicker bands) during January and translucent growth (thinner

bands) during June and August. Previous literature suggests that
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FIGURE 8 Reported age-at-maturity, maximum age and female fecundity (indicated by numbers within stingray shape; NR indicates

fecundity not reported) for similar Myliobatid species. ®, male; ¢, female

variations in band deposition are possible over time as changes
along the vertebral column due to both ontogeny and somatic
growth can affect the deposition rate of band pairs (Huveneers
et al., 2013; Natanson et al., 2008; Natanson, Andrews, et al., 2018;
Natanson, Skomal, et al., 2018). A species of wobbegong shark
found in western Australia (Orectolobus hutchinsi) has similar band
deposition patterns. Neonates were reported to produce up to
three growth bands per year, while adults produced less than one
band per year, supporting the theory of a nonseasonal somatic
growth influence with larger vertebrae having more consistent
growth band deposition (Chidlow et al., 2007; Huveneers
et al., 2013). For yellow stingrays, there is an obvious variation in
band deposition rate within the first few years of life. Considering
that yellow stingrays reproduce biannually with ovulation coincid-
ing with parturition, energy resources allocated towards somatic
growth versus reproduction may vary greatly, especially at young
ages where small sizes may affect mating behaviour and brood size.
Typically, with the onset of maturity, the energy allocated towards
growth is reduced and maximum size reaches an asymptote (Mejia-
Falla et al., 2014). It was noticed for yellow stingrays that maturity
occurs early, but growth may only slow down rather than plateau
as age increases. The benefits of this strategy could influence

recovery potential from the elevated mortality risks caused by

habitat changes, high predation from larger predators or fishing pres-
sures, including collections for the aquarium trade (Baje et al., 2018).
When comparing the edge analysis with the reproductive cycle, March
peaks in ovulation during the first cycle coincided with a higher per-
centage of translucent band growth, suggesting resource allocation
may be focused more towards vitellogenesis and ovulation rather than
growth. Conversely, during the second cycle, which is characterized by
smaller brood sizes but larger embryos, peaks in ovulation that occurred
during August/September coincided with more opaque bands, suggest-
ing resources may be allocated towards growth rather than vitellogene-
sis and owvulation. During both cycles, an increase in opaque growth
occurred during April and November, subsequent to the onset of gesta-
tion (Fahy, 2004, 2017).

Despite the evidence of edge analysis following the biannual
reproductive pattern noted through the literature for yellow stingrays,
a biannual pattern in growth band formation was not statistically evi-
dent for the marginal increment analysis. However, if visually asses-
sing MIA, a biannual pattern of growth may be discernible, with peaks
between February and April and again in August which coincide with
the cease of ovulation in larger female stingrays. However, the trade-
offs of energy allocation between somatic growth and reproduction in
yellow stingrays may influence the deposition of band pairs, leading to

nonannual growth marks along the vertebral centra.
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The majority of age-estimation studies may solely depend on the
use of a selected a priori single model such as the original VBGF, which
in some cases may not be fully supported by the data or the growth tra-
jectory of a species (Katsanevakis & Maravelias, 2008). The use of multi-
ple growth models provides a more robust approach to estimates of
different growth parameters that are typically unavailable, such as DW,,
and lowers the risk of yielding biologically unrealistic growth estimates
(Katsanevakis & Maravelias, 2008; Smart et al., 2016). Size-at-age data
was fit to the five different growth models using the LS regression tech-
nigue and the ML technique. Both suggest that females grow slower
than males but reach larger maximum sizes, as indicated by the k and
DW,, values or how quickly (k) the stingrays approach the maximum
mean DW (DW,,) (Ogle, 2016). AICc values further suggest that the
two-parameter von Bertalanffy model best fits the male data, while the
Gompertz model ultimately best fits the female data. Although not
included within the present study, the use of a multimodel inference by
model averaging based on ‘Akaike weights’ may have provided a more
precise estimation of model parameters and eliminated model uncer-
tainty from multiple models producing viable parameters (Katsanevakis &
Maravelias, 2008).

Despite male rays having a larger k value, similar or smaller DW,,
values were found when compared with related species. For example,
U. rogersi has a triannual, aseasonal reproductive pattern. To account for
this pattern, Mejia-Falla et al. (2014) adjusted age by averaging the time
between birth and first band formation and found a two-phase growth
function with a DW_, of 155 mm and a k value of 0.65 year 1. These
adjustments could account for the drastic differences in k values
between U. rogersi and U. jamaicensis. Hale and Lowe (2008) studied the
growth rates for U. halleri through wild collected samples and samples
held in captivity that were injected with oxytetracycline (OTC), and
noted a DW,, of 286 mm and a k value of 0.09 year™* for U. halleri.
Although U. halleri displayed annual periodicity along the vertebral cen-
tra with the OTC injections, growth rates could have been affected by
captivity despite constant habitat conditions (Huveneers et al., 2013).
Branstetter (1990) described growth rates as being slow if k was

<1 year~! or considerably fast if >1 year—*

, indicating that yellow sting-
rays would be considered a comparably fast-growing species with a
k value of 1.15 year™! for sexes combined. Other than the obvious vari-
ations caused by species differences, factors such as habitat type, sam-
ple size, ageing methodology, validation method and model fitting can
also lead to variation in the growth rates of closely related species
(Cailliet & Goldman, 2004; Smith et al., 2007). Regardless of all these
influential factors, k can still provide a practical characterization of the
rudimentary factors associated with fecundity, longevity and size or age
at maturity (Smith et al., 2007; Stearns, 1982).

The growth patterns and consecutive 6-month reproductive
cycles found for yellow stingrays may account for the variations in
birth date, a lack of age validation before the age of three, the varia-
tions between MIA and edge analysis, and the large growth rate coef-
ficient (k) determined in the growth models. Seasonality in growth
band formation is typically associated with the seasonal variations in
environmental variables such as temperature and the availability of

resources. Tropical elasmobranchs are generally thought to lack

seasonality in growth patterns due to the constancy of the tropical
environment. Although sea water temperatures for these environ-
ments can vary significantly, resource availability associated with sea-
sonal rainfall (ie., wet and dry seasons) has been considered the
primary driver of phenological patterns (Green et al., 2009). Yellow
stingrays seem to have higher growth during the dry winter months
and slower growth in the wet summer months. This seasonality in
growth for females could be due to females having increased fecun-
dity, smaller embryos and slower growth during the spring/summer
months and decreased fecundity, faster growth and larger embryo
sizes during the fall/winter months. Larger brood sizes with smaller
sized offspring during the first cycle occurred during the summer
months, when water temperature was elevated (Fahy, 2004; Fahy
et al., 2007). Male yellow stingrays have biannual peaks in sperm pro-
duction that precede the ovulatory patterns in females by 1-2 months
(Fahy, 2017). Males are recorded more frequently in the same areas
as females during the post-partum/pre-ovulatory periods, follow simi-
lar peaks in reproductive patterns as females and thus possibly have
similar peaks in growth patterns.

The growth and reproduction patterns for yellow stingrays within
this study may also be influenced by the distinct water temperature
patterns associated with the increasing and decreasing light regime
for the subtropical environment in which they were sampled. These
temperature changes may influence the endocrine patterns for this
species, leading to the increased winter growth and decreased sum-
mer growth patterns found. Further support for this hypothesis
includes the composition of the vertebral bands themselves. Accord-
ing to Green et al. (2009), calcified opaque bands and protein-rich
translucent bands occur within fish otoliths, a hard part structure used
to age teleost fishes. If the opaque and translucent bands follow a
similar composition to that of fish otoliths, then the protein-rich trans-
lucent bands occurring most often during yellow stingray peak ovula-
tion could explain the thin bands occurring during the spring and
summer months when fecundity is highest.

The yellow stingray is a small, fast-growing urotrygonid that
reaches more than 40% of asymptotic size by birth and attains an esti-
mated maximum of 5 and 6 years of age for males and females,
respectively. Although males and females have similar sizes at matu-
rity, males grow faster and mature at a younger age, whereas females
grow slower but achieve larger maximum sizes. The annual periodicity
of band pairs could only be verified with marginal increment analysis
and edge analysis for larger stingrays. These patterns support rapid
growth through the first few years of life, followed by slower, more
consistent growth as age and size increased. These patterns suggest
growth rates are most likely attributed to nonannual somatic growth
rather than seasonality. Growth estimates for both male and female
stingrays yielded large k values and small DW,, estimates, which are
both consistent with a short-lived, fast-growing tropical batoid. Con-
sidering only seven of the 20 known species within the Urotrygonidae
family have sexual maturity and age information available, the results
of this study can be used to fill in the knowledge gaps for similar spe-
cies. The age and growth data collected from this study could also be

used as a proxy for ecosystem-based management decisions of similar
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small, tropical, or fishery-impacted batoid, as well as providing a
diverse outlook for data-deficient species or species that may display

a nonannual or nonseasonal somatic growth pattern.
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