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Abstract—Life-history studies of spe-
cies discarded in fisheries are a low
priority, particularly those of age and
growth estimation. Consequently, almost
everything is unknown about such spe-
cies despite their having been caught
as bycatch over the long term. In this
study, age estimates were obtained by
using the vertebrae of round stingrays
(Urobatis halleri). We fitted 3 differ-
ent growth models (von Bertalanffy,
Gompertz, and logistic) to length-at-age
data. Bayesian estimation of the various
growth parameters was done by using
the Markov chain Monte Carlo algo-
rithm. Prior distributions of the param-
eters disc width at birth (DW) and the
theoretical maximum disc width (DW_)
were included and considered infor-
mative. The priors for the growth coef-
ficient (2) and the completion growth
parameter (k,) were set as noninforma-
tive (k for the von Bertalanffy growth
function and k, for the Gompertz and
logistic growth models). Results of our
analyses indicate that growth bands
are annual and that the round sting-
ray lives up to 8 years. According to the
Watanabe—Akaike information criterion
for model selection, the von Bertalanffy
growth function for sexes combined was
selected as the best model. The mean
values of marginal posteriors were as
follows: DW,=9.52 cm (95% credible
interval [CI]: 9.25-9.79), DW_=32.50 cm
(95% CI: 30.60-34.46), and £k=0.114
year ™ (95% CI: 0.101-0.129).
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The geography and oceanographic
characteristics of the Gulf of California
(GOC) provide a highly productive area
that supports some of the largest fish-
eries in Mexico. As a result, the GOC
is one of the most productive regions
for elasmobranchs. According to offi-
cial fisheries statistics, in 2018, ~59%
and ~39% of the landings of sharks and
rays (batoids), respectively, came from
the GOC (CONAPESCA").

Both the industrial and artisanal
fisheries of the GOC contribute to the
landings of batoids (Marquez-Farias,
2002; Bizzarro et al., 2009). In addition
to the current exploitation by industrial

! CONAPESCA (Comisién Nacional de Acua-

cultura y Pesca). 2018. Anuario estadistico
de acuacultura y pesca 2018, 277 p. Comis-
i6n Nacional de Acuacultura y Pesca,
Mazatldan, Mexico. [Available from website.]

and artisanal ray fisheries, elasmo-
branch populations have been affected
by the shrimp-trawl fishery that has
been operating in the GOC since 1921
(Lluch-Cota et al., 2007).

The most important species in the
landings of the ray fishery belong to
the families Rhinobatidae, Dasyati-
dae, Myliobatidae, and Gymnuridae
(Saldania-Ruiz et al., 2016). In addi-
tion, because the fishing grounds of the
artisanal ray fishery are inshore, the
landings frequently include juveniles
and pregnant females of many species
(Marquez-Farias and Blanco-Parra,
2006; Bizzarro et al., 2009).

The composition of ray species in
landings varies depending on the type
of fishery, essentially because of the sea-
sonal migrations of individuals, the hab-
itat they occupy, and their susceptibility
to capture. Given this situation and
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the magnitude of the exploitation of elasmobranchs, the
research priorities in the Mexican national plan of action
for sharks focus on the more abundant species in the catch
(CONAPESCA-INP, 2004). Considering the time series of
historical catch of rays, the mixed-species fisheries, and the
disadvantages of the low biological productivity of elasmo-
branchs (Musick, 1999), the negative effect of multiple fish-
eries on ray populations is presumably high.

A recent study of species composition and fishing
dynamics revealed the effect of the industrial shrimp
fishery on the elasmobranch populations of the GOC
(Garcés-Garcia et al., 2020). Results from that study
confirm the importance of American round rays (family
Urotrygonidae) as bycatch. The round stingray (Urobatis
halleri) is the most abundant fish species in the bycatch
of the industrial shrimp fishery in the GOC (Lépez-
Martinez et al., 2010; Rdbago-Quiroz et al., 2011). Unfor-
tunately, up to 95% of the bycatch volume of the shrimp
fishery in the GOC is discarded at sea because of its low
commercial importance (Zamora-Garcia, 2015), limiting
the study of the life history of the round stingray and
other species.

The round stingray is distributed from California (in
the United States) to Ecuador. It is a benthic and small
(maximum disc width [DW]: 30.8 cm) batoid inhabiting
soft mud or sand bottoms and is usually found in near-
shore waters less than 15 m deep but can occur at depths
down to 91 m (McEachran and Notarbartolo-di-Sciara,
1995). Aggregations are modulated by water temperature
(>17°C) (Ebert, 2003; Hoisington and Lowe, 2005). Its
food preferences include benthic invertebrates, bivalves,
and small fishes. It is a viviparous species, and brood size
ranges from 1 to 6 pups per season, depending on the size
of the female (Babel, 1967), after 3 months of gestation
(Nordell, 1994).

Differences in life-history traits in some elasmobranch
species, such as the shovelnose guitarfish (Pseudobatos
productus) and Pacific angel shark (Squatina californica),
have been documented between populations in California
and those farther south on the western coast of Baja Cal-
ifornia and in the GOC in Mexico (Marquez-Farias, 2007,
2020). The growth characteristics of round stingrays have
been estimated for only the California population and
are unknown for the GOC population (Hale and Lowe,
2008). The round stingray is categorized as a species of
least concern in the IUCN Red List of Threatened Species
(Lyons et al., 2015). From a regional perspective, popula-
tions of the round stingray and other rays likely have been
affected by the shrimp-trawl fishery, given its intensity for
more than 70 years in the GOC.

In this study, we report the results of Bayesian analy-
ses used to investigate the age and growth of the round
stingray in the GOC for the first time. First, using stan-
dard aging protocols, we used sectioned vertebrae to
interpret and count the growth bands and to test the
accuracy of band counts by readers. Then, we fitted 3 non-
linear growth models to age-length data pairs to esti-
mate growth. Selection of the model that best explained
and predicted the length-at-age data was based on the

Watanabe—Akaike information criterion (WAIC), an
appropriate approach for Markov chain Monte Carlo
numerical integration. Growth parameters are presented
as posterior probabilities that summarize the informa-
tion of data and the prior probability of the parameters.
The results of this study provide insight into key popula-
tion characteristics necessary to model the demography
of the round stingray and to test its potential resilience
to fishing mortality.

Material and methods
Data and sample collection

Specimens of the round stingray were collected monthly
during 2007-2012 as bycatch from trawl surveys con-
ducted by the artisanal shrimp fishery in Teacapan,
Sinaloa, Mexico (22°32’'N, 105°45"W). We recorded the sex
of each specimen and measured the DW (in centimeters)
in a straight line, avoiding the curvature of the body. In
addition, a section of 8—10 cervical vertebrae was extracted
from each specimen to prevent intravertebral variability
of band pairs (Natanson et al., 2018). Finally, the samples
were labeled and frozen at —20°C at lab facilities for sub-
sequent analysis.

Sample processing

Excess tissue and neural arches were removed from
the vertebral segments manually. Each centrum was
removed and mounted onto a flat piece of wood with
synthetic resin. The vertebral diameters (VDs) were
measured sagittally (to the nearest 0.05 mm) by using
a Wixey? WR100 digital vernier (Barry Wixey Develop-
ment, Seattle, WA). Using an IsoMet Low-Speed Saw
(Buehler Ltd., Lake Bluff, IL), with twin blades sepa-
rated by 0.24 mm, we cut each vertebra in a sagittal
plane through the focus. Each vertebral section was
mounted on a slide and photographed by using trans-
mitted light with an Olympus SZ61 stereoscopic micro-
scope (Olympus Corp., Tokyo, Japan) equipped with an
Infinity7-2 digital camera (Teledyne Lumenera, Ottawa,
Canada). We created an image bank for the interpreta-
tion and counting of growth bands.

Size frequency and the relationship of size to vertebral
diameter

We prepared DW—frequency histograms for comparison
of size between the sexes. We used a ¢-test to determine
whether there was a difference in the mean size between
the male and female specimens. The relationship between
VD and DW was assessed by using linear regression.

2 Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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Age estimation

In the vertebral sections of round stingrays, growth-
band pairs appear opaque and translucent under trans-
mitted light (Cailliet et al., 2006). Age estimates were
made by counting band pairs along the corpus calcareum
after identifying the birthmark, which can be seen as a
change in the angle close to the focus. After establishing
the aging criteria, 3 independent readers counted the
growth bands.

Aging bias and precision

Reproducibility of counts of growth bands was assessed
by using the index of average percent error (IAPE) (Equa-
tion 1) and the coefficient of variation (CV) (Equation 2).
Next, the accuracy was evaluated by using the precision
index (D) (Equation 3) for estimates from the 3 readers
together and between readers (Chang, 1982; Goldman
and Musick, 2006). Finally, the consensus of growth-band
counts was visually evaluated by using age-bias plots
(Campana et al., 1995). The following equations were
used:

_1 N |1 in'—f"
IAPE =100 ﬁzjl[ﬁziﬂ i J]; (1)

CV =100 (2)

ool )

where N = the number of individuals aged,;
R = the number of readers;
x; = the age estimate i for individual j;
x. = the mean age calculated for individual j;
A = the number of agreements; and
B = the number of readings done.

For further analyses, we considered only age estimates
on which at least 2 readers agreed; otherwise, the read-
ing was discarded (Goldman et al., 2012). After growth
bands were counted, the radius (distance from the focus
to the edge) of a vertebra and each band’s thickness were
recorded by using Image-Pro Plus image analysis software
(vers. 6.0, Media Cybernetics Inc., Rockville, MD).

Periodicity of band formation

The periodicity of growth-band formation in round sting-
rays was assessed through centrum edge analysis (CEA)
and marginal increment analysis (MIA) following Cailliet
(2015). First, we categorized the edge type of each section
of a vertebra as opaque or translucent. Then, the relative

frequency of each edge type was tabulated in bimesters
(2-month intervals). The MIA (Equation 4) was con-
ducted bimonthly by using the ages 2-8 years, following
Natanson et al. (1995). Bimesters with mean marginal
increment (MI) values close to 1 were interpreted to be
the time of year when the growth cycle is about to be com-
pleted (Cailliet et al., 2006):

M = [—VR - ] @

]

where VR = the vertebral radius;
r, = the distance from the focus to the last band
pair; and
r,_; = the distance from the focus to the penultimate
band pair.

One-way analysis of variance (ANOVA) was used to assess
both the strength of the difference in total band counts
between each pair of readers and the differences in the MI
among bimesters (Gerrodette, 2011; Carrillo-Colin et al.,
2021).

A Bayesian approach was used for the ¢-test, the linear
regression, and the ANOVA described above. The Bayes
factor (BF;,) was used to measure the weight of the evi-
dence of the alternative hypothesis () against the null
hypothesis (H;) (Kass and Raftery, 1995; Rouder et al.,
2009):

BF10=H1/H0. (5)

The null hypothesis corresponds to the effect size (8) of 0,
and the alternative hypothesis was specified as a Cauchy
prior with location and scale parameters of 0.000 and
0.707, respectively (Jeffreys, 1961).

All statistical treatments were done under the Bayesian
approach by wusing the programs JAGS (vers. 4.3.0;
Plummer, 2003) and JASP (vers. 0.15; JASP Team, 2021),
statistical software R, vers. 4.0.5 (R Core Team, 2021), and
the BayesFactor R package (vers. 0.9.12-4.2; Morey and
Rouder, 2018). We relied on the guidelines proposed by
Jeffreys (1961) for interpreting BF,.

Growth modeling

To maximize the accuracy of the length-at-age predic-
tions for both sexes of round stingrays and to contrast
different hypotheses about growth, we used the von Ber-
talanffy, Gompertz, and logistic growth models (Katsa-
nevakis and Maravelias, 2008). Growth models included
in this study were those versions that incorporate disc
width at birth (DW,), as recommended for rays (Smart
et al., 2016):

von Bertalanffy growth function (VBGF),

DW, = DW_ - (DW., - DW)e™™; (6)
Gompertz growth model,

—log[
DW, =DW,e ‘%= ;and (7)
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logistic growth model,

kot
Dw, - PW.DWye

- , ®)
" DW._ + DW,eket!

where DW, = the estimated disc width (in centimeters) at
a given age ¢ (in years);
DW_ = the theoretical maximum disc width (in
centimeters);
k = the growth coefficient (year™); and
ko = the completion growth parameter (year™).

Model fitting was done by using the Bayesian approach,
which requires an initial probability distribution (prior)
for each model parameter. We conducted a meta-analysis
based on growth parameters published in the literature
for round stingrays (Table 1). The mean and standard
deviation of published growth parameters were used to
set the parameters of the prior distributions (informa-
tive). The priors for the parameters & and %, were chosen
to be relatively noninformative as the uniform distribu-
tion, with a minimum of 0 and maximum of 10 to avoid
negative values and let the model acquire the needed
curvature (Smart and Grammer, 2021). The prior for
DW_ was informative and set as a normal distribution
(ND): the population mean equal to 33.05 (standard
deviation [SD] 10.07). The prior for DW, was also infor-
mative with an ND (population mean=7.32, 6=0.29). The
prior of the residual ¢ was uniform, with a minimum of
0 and a maximum of 100.

The posterior distribution for the parameters of the
3 growth models (Equations 6-8) was computed by
using the Bayes theorem (Gelman et al., 2003). With
the actual growth parameters substituted into the

Bayes formula and the terms simplified, the equation
is as follows:

P(DW.,,k,,DW,|d)

il

P(d|DW._,k,,DW,y)P(DW._,k,,DW,)

002ty 02/t

" [P@|DW_,k,,DW,)P(DW._,,,DW,)36’

9

where P = the probability;
k., = the growth parameter of the n model;
d = the data; and
060 = the partial derivate for each parameter 6.

The complexity of this multiparameter equation requires
numerical integration. Therefore, we used a Markov
chain Monte Carlo algorithm to obtain the posterior
probability distribution by drawing random samples
from the vector of all parameters of each model. For this
purpose, we used JAGS, assuming an additive error. To
assess the posterior distribution convergence, 4 Markov
chains were simulated, with 100,000 iterations, a burn-in
of 5000 runs, and a thinning of 1 iteration (Carrillo-Colin
et al., 2021). Trace plots were assessed visually (Gelman
and Rubin, 1992).

Model selection

To decide which model best explained and predicted the
growth of round stingrays with Markov chain Monte Carlo
numerical integration, we used the WAIC. This Bayesian
criterion considers the entire parameter’s likelihood
matrix (Watanabe, 2009). First, model selection was made
after comparing the WAIC values of the 3 competing mod-
els, and the one with the lowest WAIC value was selected.
After that, the selected model, including the version with

Table 1

Reported growth parameters for male (M) and female (F) round stingray (Urobatis halleri) or for both sexes com-
bined from other studies. These published means for disc width at birth (DW,), theoretical maximum disc width
(DW_), and the growth coefficient (k) were used in this study to set the parameters of the prior distributions and
to compare the von Bertalanffy growth function (VBGF') and the Gompertz growth model for round stingray in the
southern Gulf of California in Mexico. A single asterisk (*) indicates a value of DW_ determined through the trans-
formation of the theoretical maximum total length (T'L.) of 47.2 cm with the equation DW=1.33+0.53(TL) obtained
in this study. A double asterisk (¥**) indicates values for the completion growth parameter from the Gompertz
growth model. A dash indicates that the £ value was not provided by the author.

DWW, DW, k

Model Sex (cm) (cm) (year™) Location of study Source
VBGF F 31.00 7.50 - Seal Beach, California Babel (1967)

M 25.00 7.50 -
VBGF Both 26.35%  4.72 0.27 Gulf of California, Mexico Morales-Azpeitia et al. (2013)
VBGF F 22.45 7.60 0.15 Seal Beach, California Hale and Lowe (2008)

M 28.56 7.50 0.09
Gompertz F 46.56 7.00 0.16%* Southern Gulf of Diliegros-Valencia (2019)

M 30.75 7.00 0.26%* California, Mexico
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sex variation, was fitted, and the WAIC was com-
puted. The WAIC values of the selected model for 300 -
both sexes (reduced model) and its version that
includes sex variation (full model) were then com- 250 4
pared to decide if there was evidence of differ-
ences in growth between sexes. ’g 200 -
E 150
E= i
Results B
(o]
& 100 -
In total, 244 round stingrays were examined
(99 females and 145 males). We found weak 50 -
evidence (BF;=1.00) in the mean differences
in DW between sexes, where males were 1.01 0 . i i i i ,
cm (SD 0.50) larger than females (95% credible 1.0 1.5 2.0 25 3.0 3.5 4.0
interval [CI]: 0.03—2.01). The size range for sexes Vertebral diameter (mm)
combined was 7.8-24.5 cm DW (mean: 14.36 cm .
DW [SD 3.87]) (Fig. 1). We found conclusive evi- Figure 2
dence (BF,,>100) of a positive linear correlation Relationship between vertebral diameter and disc width for round
between DW and VD (coefficient of determina- stingrays (Urobatis halleri) sampled during 2007-2012 in the south-
tion [r2]=0. 87) with regression coefficients a and fern. Gulf of California. in Mexico (for sexes combined). Dashed lines
b of 18.43 (95% CI: 12.04-24.74) and 55.26 (95% indicate the 95% credible interval.

CI: 52.62-58.03), respectively, described by the
equation DW=18.43+55.26(VD) for sexes com-
bined (Fig. 2).

Growth-band counts ranged from 0 to 8. The 3 readers readers 1 and 2 were different (BF;(,=2.02). In contrast, for
agreed on 38% of the counts. When just 2 readers agreed the mean counts between readers 1 and 3 (BF;(,=0.27) and
(62% of cases), their count differed by 1 band in 59% of readers 2 and 3 (BF(,=0.17), the evidence of difference was
cases and by 2 bands in 3% of cases. The indicators of null (Fig. 3D).

bias and precision for the total sample were as follows: Results from the CEA indicate that the highest fre-
IAPE=20%, CV=27%, and D=56%. Visual inspection of quency of opaque edges occurred in the summer months,
the age-bias plots between each pair of readers revealed likely the time when deposition of growth bands began.
minimal variation around the 1:1 ratio (Fig. 3, A-C). The Results from the MIA indicate that growth-band depo-
results of the post hoc tests done as part of the ANOVA sition appears close to being completed in November—
provide anecdotal evidence that the mean counts between December when the maximum MI was reached (Fig. 4).

The lower MI estimated in the fourth bimester
(July—August) was probably caused by the low

sample size. However, we found substantial evi-

25- dence in the mean differences in MI between

bimester 2 (March—April) and bimester 4 (July—

20 August), bimester 3 (May—June) and bimester

4 (July—August), and bimester 5 (September—

§ 154 October) and bimester 6 (November—December)

o (Suppl. Table). Results from both CEA and MIA

8 10 indicate that every growth band was formed
w annually.

54 The estimated ages for sexes combined ranged

from O to 8 years. The mean age of all the sam-

04 ples was 2.27 years (SD 1.87), with 23.8% and

OI\? i ,C-’I ,‘:I SEI ,“L’I ,‘Il ,"’I_’ # ,':I 9!; ,°_’I 8| &I ‘N\I‘ ﬁl §I (L‘\,I’ 17.6% of individuals aged at 0 and 1 years,

P o r-rNu®TLON®OOO N OY respectively. As it is with many elasmobranchs,

) i overlap in size at age increased with age for our

Disc width (cm) specimens of the round stingray, which can be

Figure 1 seen in the size-at-age key in Table 2.

Length—frequency distributions for female (white bars) and male The model selected according to the WAIC as

(black bars) round stingrays (Urobatis halleri) sampled during the best fit to the data was the VBGF (Table 3).

2007-2012 in the southern Gulf of California in Mexico (number of When sex was included in the VBGF, the WAIC

rays=244). increased by 6.46 units (from 804.47 to 810.93).

Given the loss of parsimony by including sex as
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Figure 3

Age-bias plots of counts of growth bands on vertebrae of round stingrays (Urobatis halleri) sampled between
2007 and 2012 in the southern Gulf of California in Mexico. Black circles represent mean counts (A) of
reader 2 (R2) relative to reader 1 (R1), (B) of reader 3 (R3) relative to reader 1, (C) of reader 3 relative to
reader 2, and (D) between readers 1-3 from ad hoc Bayesian one-way analysis of variance. Error bars repre-
sent the range of band counts assigned by readers. The dashed line in panels A-C indicate 1:1 equivalence.
Reproducibility and precision of age estimates were assessed by using the index of average percent error

(IAPE), coefficient of variation (CV), and precision index (D).

a factor, we selected the VBGF fitted with data for the
sexes combined. The mean values of marginal posteriors
from the VBGF were as follows: DW,=9.52 cm (95% CI:
9.25-9.79), DW_=32.50 cm (95% CI: 30.60-34.46), and
£=0.114 year™' (95% CI: 0.101-0.129). The growth curve
is monotonic as expected. However, because the sample
size decreased with age, the model lost accuracy at ages 6
and 8 (Fig. 5). The VBGF for the round stingray predicts
growth from the birth size of 9.52 cm DW to 11.92 cm DW
for age 1 and to 14.21 cm DW for age 2. Therefore, the

growth rate from age 0 to age 1 and age 2 was 2.48 cm/year
and 2.21 cm/year, respectively.

The marginal posterior probability distribution of the
VBGF parameters (Fig. 6) indicates a smooth and well-
defined shape for every parameter (Fig. 6, A, C, E). The
relationship of DW_ to % is typically inverse (Fig. 6B). Sim-
ilarly, the relationship of £ to DW, is inverse but with a
slope that is less steep (Fig. 6F), whereas the relationship
of DW,, to DW_, is dispersed and centered without correla-
tion (Fig. 6D).
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Figure 4

The periodicity of band formation was assessed by using marginal
increment (MI) analysis and edge percentage analysis for round
stingrays (Urobatis halleri) sampled during 2007-2012 in the
southern Gulf of California in Mexico. The black circles represent
the posterior mean marginal increments, and the error bars indi-
cate the 95% credible intervals. The gray columns represent the
percentages of opaque edges. Numerals above the circles indicate
number of rays. Results of analyses are shown for each bimester
(2-month interval): January-February, March—April, May—June,
July—August, September—October, and November—December.

Discussion

The maximum age of the round stingray found
in this study (8 years) is the same as that found
by Babel (1967) but lower than that reported by
Hale and Lowe (2008) (14 years). Furthermore,
the latter authors found statistical differences in
growth between males and females. This differ-
ence could be related to the size structure of both
samples. Although the size range obtained in this
study is similar to that in the study by Hale and
Lowe (2008), their sample was composed mainly
of males (71%), and our sample did not have such
bias in sex proportion (59% males). Differences
in availability could produce the phenomenon
of apparent change in the growth rate like gear
selectivity can (Walker et al., 1998). Also, the dif-
ference in conclusions between the studies could
be a result of the use of the different statistical
approach in our study (Gerrodette, 2011).
Compared to other members of the family
Urotrygonidae, the round stingray has a max-
imum age that is similar to that of the Pana-
mic stingray (Urotrygon aspidura) from the
Pacific coast of Columbia (Torres-Palacios et al.,
2019) but is shorter than that reported for the

Table 2
Age—size key for round stingrays (Urobatis hallert) sampled between 2007 and 2012 in the southern Gulf of Cal-
ifornia in Mexico (for sexes combined). In the center of the table are the numbers of individuals that correspond
to each disc width (DW) class and age class. In the margin of the table, the total number of stingrays (n) and the
mean and standard deviation (SD) for each DW class and age class are presented.
Age (years)
Mean
DW (cm) 0 1 2 3 4 5 6 7 8 n (years) SD
7-8 1 1 0.0 -
8-9 9 9 0.0 -
9-10 22 2 24 0.1 0.28
10-11 21 9 30 0.3 0.47
11-12 4 13 3 20 1.0 0.60
12-13 1 12 7 20 1.3 0.57
13-14 4 5 9 1.6 0.53
14-15 3 8 3 14 2.0 0.68
15-16 8 6 14 2.4 0.51
16-17 5 10 1 16 2.8 0.58
17-18 1 12 7 1 21 3.4 0.81
18-19 4 15 8 2 29 4.3 0.80
19-20 1 8 7 4 20 4.7 0.86
20-21 3 4 2 9 4.9 0.78
21-22 1 3 2 6 5.2 0.75
22-23 1 1 5.8 -
24-25 1 1 8.0 -
n 58 43 37 36 35 23 11 1 244
Mean (cm) 9.7 11.7 14.0 16.6 18.5 19.4 194 - 144 2.3
SD 0.89 1.19 1.55 1.32 0.95 1.20 1.17 - 3.96 1.87
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Table 3

Comparison of the von Bertalanffy, Gompertz, and logistic growth models fit to length-at-age
data for round stingrays (Urobatis halleri) sampled between 2007 and 2012 in the southern Gulf
of California in Mexico. The parameters are disc width at birth (DW,, in centimeters), theoret-
ical maximum length (DW., in centimeters), and the growth coefficient (%, year™) for the von
Bertalanffy growth function and the completion growth coefficient (%,, year™!) for the Gompertz
and logistic growth models. Posterior values and 95% credible intervals (lower quartile: 2.5%;
upper quartile: 97.5%) are provided from the fit of the growth models with a Markov chain Monte
Carlo algorithm to data pooled for both sexes. The Watanabe—Akaike information criterion (WAIC)
was used in model selection. The deviance information criterion (DIC) is reported to facilitate
comparison of parameter estimates with those from previous studies in which the frequentist
approach was used. SD=standard deviation; SE=standard error.

Credible interval

Model Parameter Mean SD 2.5% 97.5% DIC WAIC (SE)
von Bertalanffy 805.20 804.47 (20.3)
DW, 9.52 0.14 9.25 9.79
DW,_, 32.55 0.97 30.60 34.46
k 0.11 0.01 0.10 0.13
SD 1.25 0.06 1.15 1.37
Gompertz 824.10 820.77 (21.1)
DW, 9.80 0.13 9.55 10.06
DW_ 33.64 1.03 31.65 35.70
ko 0.17 0.01 0.15 0.18
SD 1.30 0.06 1.19 1.42
Logistic 898.30 897.75 (21.5)
DW, 11.71 0.17 11.38 12.04
DW_, 34.82 1.01 32.84 36.77
ko 0.15 0.01 0.14 0.16
SD 1.52 0.07 1.30 1.66

blotched stingray (Urotrygon chilensis)
(14 years) in the Mexican Pacific Ocean
(Guzman Castellanos, 2015). This new
information about the maximum age
of the round stingray has considerable
implications for studies of population
dynamics.

The evidence of a relationship between
VD and DW supports the use of vertebrae
for aging (Goldman et al., 2012). The pre-
cision values (IAPE, CV, D) for samples in
our study are within the expected inter-
val for this group of species (Campana,
2001) and agree with the readings that
have been done for the family Urotrygo-
nidae (Mejia-Falla et al., 2014; Guzman
Castellanos, 2015; Santander Neto, 2015;
Diliegros-Valencia, 2019).

Results from both the CEA and MIA
support the assumption of an annual
pattern of growth-band formation, and
annual formation has also been reported
for round stingrays in California (Hale
and Lowe, 2008) and in the southeastern

Disc width (cm)

Estimated von Bertalanffy growth curve for round stingrays (Urobatis halleri)
in the southern Gulf of California in Mexico (for sexes combined). The black
(male) and open (female) diamonds represent observed lengths at age for
stingrays sampled during 2007-2012. The gray shaded area indicates the 95%

credible interval.
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Figure 6
The Bayes posterior probability distributions of the (A) theoretical maximum disc
width (DW,,), (C) disc width at birth (DW,)), and (E) growth coefficient (%), the param-
eters of the von Bertalanffy growth function, paired with scattergrams of the rela-
tionships between the model’s parameters, (B) DW_, to &, (D) DW, to DW_, and (F) %
to DW,,. Values are predicted from the 100,000 Markov chain Monte Carlo simula-
tions used to fit the von Bertalanffy growth function to observed length-at-age data for
round stingrays (Urobatis halleri) sampled during 2007-2012 in the southern Gulf of
California in Mexico.

GOC (Diliegros-Valencia, 2019). The opaque bands were
deposited in the summer months. They are broad and rep-
resent rapid growth, and the translucent bands formed
in winter are thinner and reflect slower growth (Cailliet
et al., 1986; Cailliet and Goldman, 2004). Evidence of vari-
ability between individuals in the number of band pairs
has been documented for the round stingray (James and
Natanson, 2020), and such a source of bias was prevented
in this study by using just the cervical vertebrae for all
round stingrays. Also, band-pair counts without validation
need to be taken with caution. Although there are more
direct methods for validating the periodicity of growth
bands of aquatic organisms, CEA and MIA are advanta-
geous because they yield reliable and comparable results
(Campana, 2001; Carrillo-Colin et al., 2021). Although
new methods and approaches will rise to overcome the
current controversies in age studies for batoids (James

and Natanson, 2020), our statistical approach and results
set a baseline for the age and growth of the round stingray
in the tropical region of the Pacific Ocean.

In this study, we explored 3 conceptually different mod-
els that include DW,,, an appropriate parameter for vivip-
arous chondrichthyans (Cailliet et al., 2006). We avoided
exploring other models with more parameters because
the WAIC penalizes them or because they do not have
any biological significance (Richards, 1959; Katsaneva-
kis, 2006). The continuous growth pattern observed in
this study (as indicated by parameter estimates from the
VBGF) and the representativeness of most age groups
indicate that the round stingray completes its life cycle in
the study area (Bergstad et al., 2021). Interestingly, the
round stingray has been reported to segregate by size and
life stage (Silva-Garay and Lowe, 2021), but there are no
signs of segregation in our data set. Size segregation and
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length selectivity of fishing gears can bias growth data
to indicate a discontinuous pattern (Walker et al., 1998)
that can favor more flexible models (with an inflection
point) or even 2-phase growth models arguing investment
in reproductive processes (Torres-Palacios et al., 2019).

The round stingray is not commercially targeted in the
GOC artisanal fisheries (Bizzarro et al., 2009). However,
the low sample size for large individuals (>6 years and
>22 ecm DW) might indicate an effect of fishing mortality
on its population due to being caught as bycatch of shrimp
trawlers (Garcés-Garcia et al., 2020), as implied by the
difference between the observed maximum DW (24.50 cm)
and the estimated mean DW_ (32.50 cm). Fortunately, the
statistical framework used in this study allowed us to esti-
mate DW_ by combining the prior information and sup-
port of data considering the parameter’s uncertainty in a
probabilistic manner.

Size selectivity does not seem to be an explanation for
the absence of large individuals because the maximum
DW obtained during this study is very similar to those
of other studies (27.00 cm; Hale and Lowe, 2008), and
such a minimal difference in maximum DW does not
indicate a significant difference in swimming speeds or
turning ability. The latter may be true for species with
higher swimming ability and size, such as the golden
cownose ray (Rhinoptera steindachneri), the eagle rays
(Myliobatis spp.), or those of the genus Hypanus, which
are more likely to outswim the relatively slow shrimp
trawls. In contrast, the poor mobility of round stingrays
limits their ability to escape, and their flattened shape
restricts size selection through the trawl. Consequently,
fishing mortality is likely to affect the size range of the
round stingrays available in the fishing area and sus-
ceptible to being captured by the trawlers. Although our
surveys were conducted with small trawl nets used in
the artisanal shrimp fishery, the size range sampled was
convenient for this study and included individuals in
all classes for both sexes. Furthermore, similar sizes for
the round stingray were recently reported from fishery-
independent surveys conducted with large vessels and in
different areas, depths, and seasons in the GOC (Garcés-
Garcia et al., 2020).

In this study, we investigated the round stingray’s age
and growth and developed a fully Bayesian approach
for estimation of all quantities. In contrast, leaving the
model fitting to the data alone could produce misleading
estimates of parameters, especially when the observed
data do not follow the expected pattern, are incomplete,
or are biased. The stochastic approach in which Monte
Carlo simulation is used can be advantageous for rem-
edying the lack of fit. However, it also requires assign-
ing a probability distribution to the parameters without
weighting them with the data to produce the final dis-
tributions of the parameters (Neer et al., 2005). Alter-
natively, the Bayesian approach in this study relies on
the explicit use of uncertainty for the growth parame-
ters. A parameter’s uncertainty is expressed as a prob-
ability distribution and combined with the information
contained in the data (likelihood) throughout the Bayes

theorem (Equation 9); it is possible to obtain an enriched
marginal posterior probability distribution (Fig. 6) of each
parameter (Gelman et al., 2003). This fact is essential in
age and growth studies when parameters can be informa-
tive based on the knowledge of the life history of a species,
as is the case for DW, (Carrillo-Colin et al., 2021; Smart
and Grammer, 2021).

Neither Monte Carlo simulation nor the Bayesian
approach can correct for biases in the data caused by
length-selective fishing mortality. Troynikov and Walker
(1999) stated that the influence of length-selective mor-
tality on determining growth parameters is not easily
explained because it is a combination of 2 overlapping
effects on lengths for different age classes. These authors
proved that a growth pattern can be affected by an appar-
ent change in growth rate due to length-selective fishing
mortality.

Reporting the parameters as probability distributions
(and their credible intervals) is not only fundamentally
different from classical (frequentist) estimation but also
useful as inputs in further quantitative demographic
analysis or stock assessment for elasmobranchs (Cortés,
2002). However, the philosophy of measuring the statis-
tical support of each growth parameter when fitting the
model goes beyond the scope of our work described here
(Gerrodette, 2011).

In our study, we used the Bayes factor in the ¢-test and
ANOVA to evaluate the size of the effects, and we used
the WAIC for the selection of the best growth models. The
WAIC is convenient for more complex stochastic numeri-
cal approximations.

The convergence of the growth parameters DW_, k, and
DW, was satisfactorily achieved on the basis of their mar-
ginal posterior distributions (Carrillo-Colin et al., 2021).
The informative prior distribution for DW,, favored model
fitting because it helped in the selection of realistic birth
size values (Rolim et al., 2020; Smart and Grammer, 2021).
The k value (from the VBGF) we obtained in our study
ranged between 0.11 and 0.13 year™! and is close to the
range of 0.2-0.5 year ! that has been reported for species
of the families Rhinobatidae, Torpedinidae, and Urotrygo-
nidae (Cailliet and Goldman, 2004). However, it must be
noted that this broad difference in £ values can also be
related to sample size, aging method, and verification, val-
idation, and growth model fitting techniques (Cailliet and
Goldman, 2004).

Conclusions

In the GOC, chondrichthyan populations have long been
affected by fisheries that trawl for teleost and shrimp
species. Capture as bycatch in those fisheries causes
significant mortality for species of no commercial value,
including for the round stingray and other demersal
small rays (Garcés-Garcia et al., 2020). Variations in
life-history characteristics among populations can be
expected in chondrichthyan species because of the fol-
lowing: 1) cold-water species tend to grow larger and
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probably live longer than tropical water species; 2) dif-
ferences in food availability, habitat type, and environ-
mental conditions affect their growth rate; and sample
distribution can be biased 3) by the effects of migration
and segregation and 4) by the length selectivity of fishing
gears (Walker, 1998; Walker et al., 1998). In this study,
we estimated growth parameters by using the counts of
growth bands in vertebrae taken from sampled round
stingrays. We found a maximum age of 6 or 8 years, a
remarkably short life span for a chondrichthyan species,
indicating that the round stingray has a short intrinsic
generation time and, therefore, a high intrinsic rate of
population increase (King and McFarlane, 2003). Stock
assessment and ecological risk analyses require inputs
from age, growth, and reproductive rate studies. The
Bayesian estimation of this study can be used in future
quantitative analyses to gain the advantage of consid-
ering uncertainty in the estimation of parameters (Punt
and Hilborn, 1997).

Resumen

Los estudios sobre la historia de vida de las especies
descartadas en pesquerias son de baja prioridad, espe-
cialmente aquellos sobre estimaciones de edad y crec-
imiento. En consecuencia, se desconoce casi todo sobre
estas especies, a pesar de haber sido capturadas de
forma incidental por mucho tiempo. En este estudio, las
estimaciones de edad se obtuvieron utilizando las vérte-
bras de la raya redonda (Urobatis halleri). Se ajustaron
3 diferentes modelos de crecimiento (von Bertalanffy,
Gompertz y logistico) a datos de longitud a la edad. La
estimaciéon Bayesiana de los distintos pardametros de
crecimiento se realiz6 mediante el algoritmo cadenas
de Markov de Monte Carlo. Se incluyeron y consideraron
distribuciones previas informativas de los parametros
ancho del disco al nacer (DW,)) y ancho del disco maximo
tedrico (DW_). Las distribuciones previas para el coefi-
ciente de crecimiento (k) y el parametro de terminacion
del crecimiento (k5) se establecieron como no informa-
tivas (k para la funcién de crecimiento de von Berta-
lanffy y k5 para los modelos de crecimiento Gompertz
y logistico). Los resultados de nuestros analisis indican
que las bandas de crecimiento son anuales y que la raya
redonda vive hasta 8 anos. Segun el criterio de infor-
macién de Watanabe—Akaike para la seleccion del mod-
elo, la funcién de crecimiento de von Bertalanffy para
sexos combinados fue seleccionada como el mejor mod-
elo. Los valores promedio de las posteriores marginales
fueron los siguientes: DW;,=9.52 cm (intervalo de credi-
bilidad [IC] al 95%: 9.25-9.79), DW_=32.50 cm (IC 95%:
30.60—34.46), y k£ =0.114 afio™! (IC 95%: 0.101-0.129).
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