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Abstract—The aim of this study
was to estimate the age and growth
parameters of the Panamic stingray
(Urotrygon aspidura) of the Pacific
coast of Colombia. Vertebral centra
were removed from 309 individuals
and used for estimation of age. The
results of edge type and marginal
increment analysis indicate an annual
formation of band pairs. The maximum
ages estimated were 7.5 and 5.5 years
for female and male Panamic sting-
rays, respectively. Individual growth
was described through a multi-model
approach and inference, by using von
Bertalanffy, Gompertz, and logistic
models with 2 and 3 parameters each
and a two-phase growth model with 4
and 5 parameters. A two-phase growth
function of 5 parameters with adjusted
age provided the best description of
growth for females (asymptotic disc
width [DW_]=24.71 cm, growth coef-
ficient [k]=0.47 cm/year, disc width at
birth [DW,]=8.18 cm, age at transition
between 2 phases [t or inflection point
of the curve]=2.32 years, and maximum
difference in disc width at age between
von Bertalanffy and two-phase models
[1]=0.36) and males (DW_=15.96 cm,
k=1.63 cm/year, DW,=8.07 cm, t,=
2.22 years, h=0.54). The growth curves
were dissimilar between sexes mainly
after the inflection point, and differ-
ences were found for all parameters,
except for ¢;,. The Panamic stingray is
a fast-growing and short-lived elasmo-
branch, similar to other species of the
Urotrygonidae.
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Understanding the growth, age, mat-
uration processes, and longevity of
elasmobranch species is necessary to
evaluate population status and to pre-
dict variations over time (Cailliet and
Goldman, 2004), as well as to develop
management and conservation initia-
tives (Harry et al., 2010; Smart et al.,
2013). Rajiformes are the batoid group
for which the greatest number of stud-
ies on age and growth have been car-
ried out (Shark-References, vers. 2015,
bibliography database available from
website), mainly because of their size
and commercial importance. Con-
versely, small species of no commercial
importance, such as those belonging
to the Urolophidae and Urotrygonidae
(Order Myliobatiformes), have received
less attention, despite being abundant
bycatch in shrimp trawl fisheries (Rico-
Mejia and Rueda, 2007; Santander-
Neto, 2015; Clarke et al., 2016).

Age and growth studies for the Uro-
trygonidae, both in the American
Pacific and Atlantic Oceans, have iden-
tified that species of the genus Uroba-
tis (Babel, 1967; Hale and Lowe, 2008;
Morales-Azpeitia et al., 2013; Smith
et al., 2013; Spieler et al., 2013) as well
as those of the genus Urotrygon (Mejia-
Falla et al., 2014; Guzmaéan-Castellanos,
2015; Santander-Neto, 2015) have high
growth rates, low maximum ages, and
early maturation, compared with other
batoid species (Frisk, 2010) and with
elasmobranchs in general (Cortés, 2000).

The Panamic stingray inhabits the
Eastern Tropical Pacific (Robertson
and Allen, 2015) and is abundant as
bycatch in the shrimp trawl fishery
of that region (Amezcua et al., 2006;
Navia et al., 2009; Navarro-Gonzalez
et al., 2012). Despite its high incidence
in this fishery, this species has been
little studied with work done on only
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its diet (Navarro-Gonzalez et al., 2012) and morphology
(Gonzélez-Isais and Montes-Dominguez, 2016; Montes-
Dominguez and Gonzéalez-Isais, 2017; Navarro-Gonzalez
et al., 2018). Consequently, it is categorized as a data
deficient species in the International Union for
Conservation of Nature IUCN Red List (Valenti and
Robertson, 2009).

The high catch volumes of Panamic stingrays in the
shrimp trawl fishery in the central zone of the Pacific
coast of Colombia, the significant increase in the domi-
nance of this species in the elasmobranch assemblage of
the study area, the decrease in the catch rate (Navia and
Mejia-Falla, 2016), and the lack of information on its life
history traits highlight the importance of contributing rel-
evant information for future population assessments. The
aim of this study was to estimate and compare the age and
growth parameters of male and female Panamic stingrays,
by using a multi-model approach and inference.

Material and methods
Specimen collection

Individuals of the Panamic stingray were collected from
an area of small-scale, shallow-water shrimp fishing oper-
ations in the central zone of the Pacific coast of Colom-
bia (from 4°34’N, 77°21’W to 2°31'N, 78°34’W), during
2006—2009 and 2015. The number of animals collected
was lower during the first quarter of the year, given the
closure of the shrimp trawl fishery in these months along
the Pacific coast of Colombia. This area has sandy—muddy
substrate and shallow (<8.3-m depth), warm (between
25°C and 29°C), and brackish (salinity between 21.8 and
25.6) waters (Mejia-Falla, 2012).

Rays were measured (disc width [DW], in centimeters),
their sex was determined, they were eviscerated, and part
of the vertebral column from the abdominal region was
extracted, tagged, and frozen until analysis was done later
in the laboratory. Differences in DW between sexes were
evaluated by using a Mann—Whitney test.

Vertebrae processing and band-pair counts

Vertebrae were cleaned manually by using a scalpel to
eliminate the excess of muscle and connective tissue
and to obtain the vertebral centra. The diameter of ver-
tebrae was measured sagittally, and then the vertebrae
were grouped in 3 size categories: large (2.50-3.30 mm),
medium (1.60-2.49 mm), and small (0.70-1.59 mm).
Tests were carried out by using different thicknesses of
cut, stains, and times of staining for each vertebra size.
Vertebral sections were rinsed with distilled water and
polished before being observed. The best combination for
the visualization of bands was 0.4-mm sagittal sections,
stained with light green (0.05%) for 5 min for small ver-
tebrae and with methylene blue (0.001%) for 10 min for
medium vertebrae and for 20 min for large vertebrae.
Sections were observed by using an optical microscope

under transmitted light. Photographs were taken along
with the respective scale by using the Zen lite! (blue ed.,
vers. 1.0) microscope software for light microscopy sys-
tems (Carl Zeiss Microscopy, LLC, Jena, Germany), and
the growth bands were measured along the border of the
corpus calcareum of each vertebra, by using the Zen lite
microscope software.

Two readers (reader 1 had the most experience) per-
formed a training exercise of counting the bands of a
subsample (sample size [7]=100) to refine the methods,
identification criteria, and counts of translucent bands.
The following criteria were established: 1) identification
of the presence of a pair of growth bands (one translucent
and one opaque), defined as a band pair; 2) identification
of a birth band through a change in the angle of the corpus
calcareum in the closest place to the focus of the vertebra;
and 3) enumeration of translucent bands. The 2 readers
then did an independent band count of the whole sample,
without knowing the sex or size of the specimens. The
translucent-band counts were compared, and if the band
counts did not coincide between readings (with differences
in band counts of 3 or more), a third reading was made to
reach a consensus; if no consensus was reached, the sam-
ple was discarded.

Bias and precision between readers

Different methods were employed to evaluate bias and
precision of readings, on the basis of independent readings
(Cailliet and Goldman, 2004). The bias between readers
was evaluated through an age-bias plot (Campana et al.,
1995) and Bowker’s test for symmetry (Hoenig et al.,
1995). The age-bias plot relates the band-pair count of
reader 1 (x-axis) versus the mean band-pair count of reader 2
(y-axis). The second test was used to evaluate whether dif-
ferences between readings by reader 1 and 2 were due to
random events (P>0.05) or systematic errors (P<0.05), by
using a chi-square test.

The percentage of vertebrae that could be read was
calculated as (number of read vertebrae/total number of
samples)x100. The percentage of agreement between
readers was calculated as (number of agreements/total
number of readings)x100, taking into account differences
of 0, 1, and 2 band pairs.

The average percent error (APE) and the coefficient
of variation (CV) between readers were also evalu-
ated, taking into account variations of each reading
with respect to the mean value of readings, as follows
(Beamish and Fournier, 1981; Campana et al., 1995;
Campana, 2001):

] x 100 and 1)

! 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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where x;; = the iy, reading for individual j;
%; = the average band-pair count for individual j;
R = the number of readings (one for each reader);
and

n = the number of readings for the entire sample.

Low values of these indices indicate greater precision
between readers (Campana, 2001).

Periodicity in band-pair formation

The periodicity in the formation of vertebral band pairs
in Panamic stingrays was evaluated through the analysis
of edge type (qualitative approach) and of the marginal
increment (MI) index (quantitative approach). For the
edge type, the band at the edge of each vertebra (opaque
or translucent and growing or ending band) was identi-
fied, and the monthly frequency of each combination was
calculated. The MI was estimated on the basis of the fol-
lowing measures taken of each vertebral sagittal section
with the Zen lite microscope software: radius (R, or dis-
tance from the focus to the vertebral edge), and distance
from the focus to the last (R,) and next-to-last (R, ;) com-
pletely formed band. The MI was estimated by using this
equation: MI=(R-R_)/(R,-R, ;) (Hayashi, 1976), and the
average value was calculated and plotted per month. Dif-
ferences in MIs among months were evaluated by using a
Kruskal-Wallis test.

Growth models and parameters

Two data sets of age were built; the first considers the
months with peaks of reproduction, and the second does
not include this reproductive information (Harry et al.,
2010; Mejia-Falla et al., 2014). In the first case (adjusted
analysis), the time between birth and the first band for-
mation was considered, on the basis of the reproductive
cycle of the species obtaining a mean value for all data.
Along the Pacific coast of Colombia, Panamic stingray
present 2 birth peaks per year (in January and August;
P. Mejia-Falla, unpubl. data), and the month of growth band
formation occurs in October—November (see the “Results”
section). Therefore, the times between birth and formation
of the first growth band (9-10 or 2—3 months) have a mean
of 6 months (0.5 years), a value that was subtracted from
the total number of translucent bands counted. For the
second data set, it was assumed that the first band pair
is formed 1 year after birth, irrespective of reproductive
seasonality; therefore, a value of 1 was subtracted from
the total number of translucent bands counted. For exam-
ple, an individual with 3 translucent bands counted had

an age of 2.5 years for the first data set and an age of
2.0 years for the second data set.

A multi-model approach was used to describe growth.
Eight models were fitted by using age and DW data of
individuals: the von Bertalanffy growth model (VBGM,;
von Bertalanffy, 1938), Gompertz growth model (Ricker,
1979), and logistic growth model (Ricker, 1979) were fit-
ted with 2 and 3 parameters, and the two-phase growth
model (TPGM; Soriano et al., 1992) was fitted with 4 and
5 parameters (Suppl. Table 1). Models with 2 and 4 param-
eters include a DW,, parameter, for which the birth DW at
7.5 cm was used (P. Mejia-Falla, unpubl. data). The param-
eter DW_ is the theoretical asymptotic width, representing
the average disc width at age that individuals in a stock
would attain if they grew indefinitely. The annual % is the
relative growth rate at which a stingray reaches DW_ at
age. The parameter ¢, is the theoretical age at zero, a point
on the time axis when mean DW at age is zero. Models
with 4 and 5 parameters included ¢, which is the age at
which the transition between the 2 phases occurs (inflec-
tion point), and 4 is the maximum difference in DW at age
between the VBGM and the TPGM at the ¢,

Parameters of the models were estimated by maximum
likelihood method. The most adequate model was chosen
on the basis of biological and statistical fit. Biological fit
was based on known maximum DW, DW at birth, and DW
at maturity (26.5, 7.5, and 15 cm DW), respectively; P. Mejia-
Falla, unpubl. data). Statistical relevance was evaluated
by calculating Akaike information criterion (AIC;, Akaike,
1973), as well as the difference in AIC; between models (A;)
and Akaike weight (w;,), for each i,;, model, as follows:

AIC; = 2In(L) + 2p, 3)

A, = AIC, - AIC,. , and 4)
e(foAsAi)

w,=—— (5)

i ze(ﬂmi) .

where p = the number of parameters;
L = maximum likelihood,;
A; = the difference between each model’s AIC;; and
AIC ;, = the lowest AIC; of all models.

Models with A; values between 0 and 2 have substantial
statistical support, those with values between 4 and 7
have moderate support, and those with values >10 have
no support (Burnham and Anderson, 2002). With multi-
model inference, if one model does not obtain an Akaike
weight value over 0.9 or if several models have sub-
stantial statistical support, it is advisable to estimate a
weighted average of parameters on the basis of the mod-
els with support, along with the associated unconditional
standard error (SE) (Burnham and Anderson, 2002), as
follows:

min

2 w. x0 and (6)

SE(@):zinzlwix[var(e ) +(6,-9) ] (7)

where SE(8) = the standard error of the mean 6;
0 = the parameter to be averaged;
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Figure 1

Frequency distribution of (A) sizes (disc width) and (B) ages (number of band pairs) for female and male
Panamic stingrays (Urotrygon aspidura) collected in the central zone of the Pacific coast of Colombia in
2006-2009 and 2015 by small-scale, shallow-water shrimp fishing operations.

i = the model;
w; = the Akaike weight of model i;
var (éi /i) = the variance of the estimated parameter for
model i; and
0 = the estimated parameter for model .

Finally, differences in growth curves between sexes for the
selected models were tested by using a likelihood ratio test
(Kimura, 1980; Haddon, 2001).

Results

A total of 309 specimens of the Panamic stingray
(184 males and 125 females) were analyzed, and only
5 specimens were discarded for poor definition of band
pairs and problems with reaching a consensus in read-
ing. Female DW ranged from 7.1 to 26.5 cm, and male DW
ranged from 7.0 to 18.5 cm, with most males measuring
11-15 cm DW (Fig. 1A). Females were significantly larger
(15.6 cm DW [standard deviation [SD] 5.5, n=124) than
males (12.6 cm DW [SD 2.6], n=180, Z=3.92, P<0.0001).

Readings of vertebral sections had high reproducibility,
with no systematic bias between readers (P=0.25; Fig. 2),
high percentage of agreement between readers (87.4%
with no differences in readings and 99.0% with differences
of only 1 band pair), and relatively low error (APE=4.06%,
CV=6.25%, n=309). Females had a maximum of 8 band
pairs, but most of them (56.5%) had between 0 and 2 band
pairs. Males had a maximum of 6 band pairs, and 91.7%
of them had between 0 and 3 band pairs (Fig. 1B). From
seasonally adjusted data, the maximum ages were 7.5 and
5.5 years for females and males, respectively.

The analysis of edge type did not show a completely
clear pattern with respect to the monthly deposition of
band pairs. This result could have been influenced by the
low number of specimens collected during the first quar-
ter of the year (Suppl. Table 2). However, it was possible
to observe a trend that indicates annual accumulation,

with the opaque band forming from the first months of the
year until July and the translucent band forming approxi-
mately from August until February (Fig. 3A).

There were significant differences in MI among months
(Kruskal-Wallis test: H=24.06, P=0.008, n=141). Monthly
variations of the MI indicate that band pairs start to form
the opaque band during the first months of the year, with
higher mean values in October and November when the
translucent band is formed (Fig. 3B). Despite the small
sample size during February—May, these results indicate
an annual periodicity in the formation of band pairs.

Age (mean count of Reader 2)
N W b~ 00O N 00 ©

—_

0 1 2 3 4 5 6 7 8
Age (mean count of Reader 1)

Figure 2

Age-bias plot of band-pair counts for Panamic stingrays
(Urotrygon aspidura) collected in the central zone of the
Pacific coast of Colombia in 2006-2009 and 2015. The
black dots correspond to the mean counts of Reader 2 rel-
ative to those of Reader 1, and the bars indicate standard
errors of the mean. The diagonal line indicates a one-to-
one relationship.
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between sexes (likelihood ratio test: x?=1.024,
df=1, P=0.312; Tables 1 and 2; Fig. 4). Female
Panamic stingrays had a larger asymptotic DW
(likelihood ratio test: x2=748.1, df=1, P<0.0001)
and a lower growth coefficient (likelihood ratio
test: y2=65.2, df=1, P<0.0001) than male Panamic
stingrays.

Discussion

Despite the significant increase in the number
of age and growth studies in batoids, only 3 of
the 16 American round ray species of the Uro-
trygonidae have been aged (Mejia-Falla et al.,
2014; Guzman-Castellanos, 2015; Santander-
Neto, 2015). Our results agree with those of pre-
vious studies and demonstrate that the Panamic
stingray is a fast-growing and short-lived species.
This finding has considerable implications for
the population assessment and management of
this species.

The results from our study indicate that the
vertebrae of Panamic stingrays, despite their
small size, were adequate structures for evaluation
and estimation of age for this species, with lower
APE and CV values for readings than the averages
of the age studies reported by Campana (2001)
(APE<5.5% and CV<7.6%) and those observed in
readings for species of the Urotrygonidae (average
APE=4.24%; Mejia-Falla et al., 2014; Guzman-
Castellanos, 2015; Santander-Neto, 2015).

The region of the vertebral column chosen
for extraction of the centra sample and the cen-

tra size have effects on the counting of shark
growth band pairs, with the largest ones show-
ing more pairs of bands (Natanson et al., 2018).
In this study, we used the largest centra of each
specimen from the abdominal region, to main-
tain homogeneity in samples and reduce those
effects. This issue can be addressed by alter-
native techniques, such as bomb radiocarbon
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Figure 3
Monthly variation in the formation of vertebral band pairs of Pana-
mic stingrays (Urotrygon aspidura) collected in the central zone of
the Pacific coast of Colombia in 2006-2009 and 2015. (A) Percent-
age of Panamic stingrays (sample size [n]=237) that had 1 of 4 edge
types: opaque band growing or ending and translucent band grow-
ing or ending. Numerals inside column sections indicate the num-
ber of vertebrae with that edge type. (B) Marginal increment index
(n=141), with black dots corresponding to the median and the error
bars indicating the 25th and 75th percentiles. Numerals above the
top error bars indicate the sample size for each month.

dating or chemical fluorochrome marking, but
these techniques are costly and are not easily

Growth estimation analyses were more conclusive when
seasonally adjusted age data were used, with both the 4-
and 5-parameter models (TPGM-4 and TPGM-5) for both
sexes having the higher Akaike weight values (Tables 1
and 2). Parameters estimated from multi-model inference
based on those TPGMs for both sexes are provided at the
end of Tables 1 and 2.

The TPGM-5 was chosen for both sexes on the basis of
statistical (AIC;) and biological (known maximum DW, DW
at birth, and DW at maturity) fit (Tables 1 and 2, Fig. 4).
The growth curves from the TPGM-5 were significantly
different between sexes (likelihood ratio test: y?=115.6,
df=5, P<0.0001), although the inflection point was similar

accessible.

Despite the limited sample size in the first
months of the year, the results of MI analysis indicate
that band-pair formation tends to be annual in Panamic
stingrays, with constant MI growth from the beginning of
the year until October and November. Although MI anal-
ysis has been considered a validation method (Campana,
2001), in this study, we used it as a method for verifica-
tion of the periodicity in band deposition (Cailliet and
Goldman, 2004). This annual band-pair deposition based
on MI has been described for numerous species from
the Urolophidae and Urotrygonidae (White et al., 2001;
White et al., 2002; White and Potter, 2005; Mejia-Falla
et al., 2014; Guzman-Castellanos, 2015; Santander-Neto,
2015). Yearly periodicity of band-pair formation has been
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not included in a model.

Table 1

Parameters and statistical criteria for the von Bertalanffy growth model (VBGM), two-phase growth model (TPGM),
Gompertz growth model (GGM), and logistic growth model (LGM) used to describe the growth of female Panamic sting-
rays (Urotrygon aspidura) (sample size [n]=124) collected in the central zone of the Pacific coast of Colombia in 2006—2009
and 2015. Two data sets are presented; the adjusted data set considers the months with peaks of reproduction and the
unadjusted data set does not consider them. The parameters and criteria are asymptotic disc width (DW_, in centimeters),
birth size (DW, fixed to 7.5 cm for models with 2 and 4 parameters), annual growth rate (%), theoretical age at zero (¢,), age
at transition between 2 phases or inflection point (¢,), maximum difference in DW at age between the VBGM and TPGM
at the ¢, (h), Akaike information criterion (AIC,), difference in AIC; between models (4,), and Akaike weight (w,). Weighted
averages from the TPGM are given with standard errors of the mean (SEs). Numerals after the model abbreviation indi-
cate the number of parameters used in that model. Dashes indicate that data were not available because variables were

Model DW,, k to ty h DW, AIC; A w;
Unadjusted data

VBGM-3 29.32 0.24 -1.80 - - 10.28 556.61 1.65 0.17
VBGM-2 25.46 0.42 - - - 7.50 615.64 60.68 0.00
GGM-3 26.82 0.40 -0.12 - - 10.33 556.02 1.06 0.22
GGM-2 23.91 0.69 - - - 7.50 618.25 63.29 0.00
LGM-3 25.60 0.57 0.67 - - 10.38 555.95 0.99 0.23
LGM-2 20.40 0.79 - - - 12.50 628.75 73.79 0.00
TPGM-5 24.93 0.47 -1.21 1.93 0.31 10.31 554.96 0.00 0.38
TPGM-4 24.03 0.68 - 2.14 0.46 7.50 614.67 59.71 0.00
Adjusted data

VBGM-3 29.60 0.22 -1.53 - - 8.63 536.69 6.84 0.02
VBGM-2 26.64 0.31 - - - 7.50 542.49 12.65 0.00
GGM-3 26.89 0.38 0.26 - - 8.91 537.30 7.45 0.01
GGM-2 24.51 0.54 - - - 7.50 549.79 19.94 0.00
LGM-3 25.62 0.55 1.08 - - 9.13 538.23 8.38 0.01
LGM-2 20.07 0.60 - - - 12.34 652.41 122.56 0.00
TPGM-5 24.71 0.47 -0.91 2.32 0.36 8.18 530.01 0.16 0.46
TPGM-4 24.02 0.57 - 2.24 0.53 7.50 529.85 0.00 0.50
Weighted

average from 24.35 0.52 _ 2.28 0.45 _ _ _ _
TPGM (SE) (0.59) (0.09) (0.07) (0.15)

validated through the use of tetracycline for the round
stingray (Urobatis halleri), white-blotched river stingray
(Potamotrygon leopoldi), and little skate (Leucoraja eri-
nacea) (Hale and Lowe, 2008; Cicia et al., 2009; Charvet
et al., 2018). This validation does not imply a general-
ized pattern for batoids, but it does allow inference that
yearly periodicity occurs regularly in this group, regard-
less of the taxonomic classification, habitats, or latitudi-
nal distributions of the species.

Although band pairs may begin to form during the
first trimester of the year, starting with the opaque
band, the reduced sample size during those months
limited our capacity to determine with precision in
which month this process starts. Several studies have
also reported on the difficulty in validating band for-
mation in sharks and rays (O’Shea et al., 2013; Cailliet,
2015); therefore, it has been assumed that 1 pair is
formed each year. Carlson et al. (1999) and Lessa et al.
(2006) attribute this difficulty to a bias of MI val-
ues and inconclusive analyses due to long sampling

periods (several years) during which births occur over
a long time span and organisms from the same cohort
are born at different times of the year. Such multiple
births could be the case for the Panamic stingray, as
the reproductive information available for this species
(P.Mejia-Fallaetal.,unpubl.data)andforasympatricspe-
cies, the thorny stingray (Urotrygon rogersi) (Mejia-Falla
et al.,2014), indicates that there is continuous reproduc-
tion throughout the year with 2—-3 reproductive events
per year.

In female and male Panamic stingrays, differences in
age and growth parameters were observed. The maximum
estimated female age was 7.5 years, whereas the maxi-
mum estimated male age was 5.5 years. Similar values
have also been recorded for other species of this family,
such as the smalleyed round stingray (U. microphthal-
mum) with 8.5 years for females of and 5.5 years for males
(Santander-Neto, 2015) and the thorny stingray with
8 years for females and 6 years for males (Mejia-Falla et al.,
2014). In contrast, the blotched stingray (U. chilensis) has
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Table 2
Parameters and statistical criteria for the von Bertalanffy growth model (VBGM), two-phase growth model (TPGM),
Gompertz growth model (GGM), and logistic growth model (LGM) used to describe the growth of male Panamic stingrays
(Urotrygon aspidura) (sample size [n]=180) collected in the central zone of the Pacific coast of Colombia in 2006—2009 and
2015. Two data sets are presented; the adjusted data set considers the months with peaks of reproduction. The parameters
and criteria are the asymptotic disc width (DW_, in centimeters), birth size (DW,, fixed to 7.5 cm for models with 2 and
4 parameters), annual growth rate (k), age at transition between 2 phases or inflection point (¢,), maximum difference in
DW at age between the VBGM and TPGM at the ¢, (2), Akaike information criterion (AIC)), difference in AIC; between
models (4,), and Akaike weight (w;). Weighted averages from the TPGM are given with standard errors of the mean (SEs).
Numerals after the model abbreviation indicate the number of parameters used in that model. Dashes indicate that data
were not available because variables were not included in a model.
Model DW,, k to h DW, AIC; A w;
Unadjusted data
VBGM-3 15.99 0.79 -1.47 - 10.97 736.08 0.00 0.27
VBGM-2 15.31 1.65 - - 7.50 924.74 188.65 0.00
GGM-3 15.84 0.93 -1.08 - 10.97 736.42 0.34 0.22
GGM-2 15.22 2.00 - - 7.50 924.88 188.79 0.00
LGM-3 15.72 1.08 -0.77 - 10.97 736.75 0.67 0.19
LGM-2 17.05 0.72 - - - 10.93 737.38 1.30 0.14
TPGM-5 17.11 0.81 -1.33 2.60 0.40 10.95 736.83 0.75 0.18
TPGM-4 16.81 1.45 - 2.56 0.68 7.50 927.01 190.92 0.00
Adjusted data
VBGM-3 15.08 1.34 -0.63 - 8.59 640.61 4.10 0.08
VBGM-2 14.85 1.76 - - 7.50 646.70 10.19 0.00
GGM-3 14.82 1.90 -0.28 - 8.20 644.78 8.27 0.01
GGM-2 14.71 2.26 - - 7.50 647.85 11.35 0.00
LGM-3 14.70 2.38 -0.10 - 8.17 646.05 9.55 0.01
LGM-2 14.65 1.52 - - - 9.84 674.94 38.43 0.00
TPGM-5 15.96 1.63 -0.48 2.22 0.54 8.07 636.51 0.00 0.64
TPGM-4 15.94 1.81 - 2.16 0.67 7.50 638.30 1.80 0.26
Weighted
average from 15.95 1.68 _ 2.20 0.58 _ _ _ _
TPGM (SE) (0.01) (0.15) (0.05) (0.11)

older ages of 14 years for females and 12 years for males
(Guzman-Castellanos, 2015). The Panamic stingray can be
considered a short-lived species (<8 years), similar to other
species belonging to Urotrygonidae (Hale and Lowe, 2008;
Mejia-Falla et al., 2014; Santander-Neto, 2015), whereas
in other ray families, such as Dasyatidae and Rajidae,
maximum ages can exceed 17 years (Francis et al., 2001;
Licandeo et al., 2006; Smith et al., 2007; Aversa et al., 2011;
Basusta and Sulikowski, 2012; O’Shea et al., 2013).
Traditionally, the most used model to describe elasmo-
branch growth (Cailliet et al., 2006) has been the VBGM,;
however, numerous studies indicate that other models
can be better adjusted (Araya and Cubillos, 2006; Smart
et al., 2016). The Gompertz growth model has been used
with batoid species (Neer and Cailliet, 2001; Neer and
Thompson, 2005; Matta and Gunderson, 2007; Ainsley
et al., 2011), and the TPGM, which incorporates changes
in growth rates during the lives of organisms, usually
has been related with changes in energy investment in

reproductive processes (Araya and Cubillos, 2006; Aversa
et al., 2011).

Differences in the age parameters obtained between the
adjusted and the unadjusted age data, the former being
more similar to the biological data, demonstrate the impor-
tance of considering the reproductive and size character-
istics of each species, as well as the multi-model approach,
to obtain more reliable growth parameters (Harry et al.,
2010; Mejia-Falla et al., 2014). However, most age studies
do not include adjustment based on the reproductive cycle,
ignoring the potential effects that lack of adjustment could
have on the demographic analyses and, therefore, on the
fishery management of these cartilaginous fish species
(Cailliet, 2015).

It has been suggested that the use of different mod-
els (or a multi-model approach) in growth studies allows
researchers to select the model that is best adjusted to the
data (Katsanevakis, 2006; Smart et al., 2016). For demo-
graphic modeling purposes, of the 8 models applied to
describe the DW-age relationship in the Panamic stingray,
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Figure 4

Two-phase growth model with 5 parameters that describes
the growth of female (black diamonds, dotted line) and
male (gray dots, solid line) Panamic stingrays (Urotrygon
aspidura) collected in the central zone of the Pacific coast
of Colombia in 2006—2009 and 2015. Adjusted data for age
and disc width were used, meaning that data take into
account the months with peaks of reproduction.

the growth parameters obtained from the TPGM-5 were
considered best for describing the growth of this species.
Similarly, TPGM was the best fitted to data for female
blotched stingrays (Guzmaén-Castellanos, 2015) and to
data for female thorny stingrays (Mejia-Falla et al., 2014),
making it the most appropriate model in the 3 age studies
carried out to date for the genus Urotrygon.

The TPGM divides growth in 2 phases that could be
related to changes in habitat, feeding habits, or the ener-
getic investment of species (Aversa et al., 2011). The inflec-
tion point of females in this model occurred at 2.3 years
and coincided with the size at first maturity estimated
for the Panamic stingray. This size at maturity occurred
at 25 cm TL and corresponds to a DW between 13.8 and
15.0 cm in our study (P. Mejia-Falla, unpubl. data). This
change in growth rates (and their relationship with size at
first maturity) has been associated with a higher energy
investment in the development of reproductive organs,
coinciding in some species with the change from juvenile
to adult (Carlson and Baremore, 2005; Braccini et al.,
2007; Aversa et al., 2011). As a consequence, the trajectory
in the growth rate allows us to distinguish between before
and after maturity (Araya and Cubillos, 2006), with mat-
uration starting before reproduction (Aversa et al., 2011)
and possibly reflected in a lower investment of energy in
growth (Mejia-Falla et al., 2014).

Missing the smallest and largest individuals in a sam-
ple can affect growth models and produce biased growth
parameters (Haddon, 2001; Pilling et al., 2002; Smart
et al., 2015; D’Alberto et al., 2017). The variables were sen-
sitive to the low number of older age classes for both sexes
and, for males, to the influence that the predominance of

DW of 12-15 ecm can have on data. This data sensitivity
ensured that growth curves did not reach an asymptote
resulting in underestimation of DW_ (Fisher et al., 2013)
and led to DW_ estimates of 24.71 cm for females and
15.96 cm for males. The wide range in DW,, could have
been affected by a prolonged birthing period (Lessa et al.,
2006) in the TPGMs for both sexes. Additionally, the low
number of samples for certain size and age classes in our
study may have contributed to the variability in .

Among elasmobranchs, females reach greater asymp-
totic sizes and have lower growth rates than males (e.g.,
Ismen, 2003; Skomal and Natanson, 2003; Basusta et al.,
2008; Kume et al., 2008). These differences in growth
between sexes was observed for the Panamic stingray, with
females reaching a DW_ of 24.71 cm and a % of 0.47 cm/
year and males reaching a DW_ of 15.96 cm and a & of
1.63 cm/year. Such differences between sexes have usually
been attributed to males reaching maturity earlier than
females. Females would have the evolutionary advantage
of increasing their size to increase fecundity or to have the
capacity of sheltering more embryos and reaching maxi-
mum capacity (Aversa et al., 2011; Klimley, 2013).

Differences in growth between sexes have been found
in other species of the Urotrygonidae and Urolophidae,
such as the thorny stingray, smalleyed round stingray,
round stingray, lobed stingaree (Urolophus Ilobatus),
sparsely-spotted stingaree (U. paucimaculatus), masked
stingaree (Trygonoptera personata), and western shovel-
nose stingaree (7. mucosa) (White et al., 2001; White et al.,
2002; White and Potter, 2005; Hale and Lowe, 2008; Mejia-
Falla et al., 2014; Guzméan-Castellanos, 2015; Santander-
Neto 2015). Compared with those species, the Panamic
stingray has a higher growth rate, the highest reported
for an elasmobranch so far. This species provides more evi-
dence for the fact that smaller organisms grow faster and
have a shorter lifespan than larger organisms (White and
Sommerville, 2010; Aversa et al., 2011).

Although traditionally elasmobranchs have been
described as K strategists, and they are therefore very vul-
nerable to fisheries, the results of recent studies give evi-
dence that this pattern is not a general one in this group
and that some species have life history traits that make
them more productive and resistant to fisheries (Simpfen-
dorfer, 1993; Cailliet et al., 2005; Mejia-Falla et al., 2014;
White et al., 2014). This pattern was found for the Pana-
mic stingray, a small-sized species with a short life and
fast growth, characteristics that are similar to those found
in its sympatric species, the thorny stingray (Mejia-Falla
et al., 2014).

These life history characteristics have been advanta-
geous for these species, allowing them to endure years of
continuous fishing pressure (Rueda et al., 2006). There-
fore, these characteristics make them 2 of the most abun-
dant elasmobranch species in our study area, unlike
other elasmobranchs, such as the Pacific smalltail shark
(Carcharhinus cerdale), scalloped hammerhead (Sphyrna
lewini), scoophead (S. media), sicklefin smoothhound
(Mustelus lunulatus), and longtail stingray (Hypanus lon-
gus), among others (Navia and Mejia-Falla, 2016). Despite
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its abundance, analyses of the reproductive biology and
demography of the Panamic stingray are necessary to
define its real vulnerability to fisheries activities.
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