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Abstract—Accurate estimates of age,
somatic growth, maturity, and natural
mortality are essential for effective
conservation of endangered species.
This study resulted in updated growth
data and the first direct assessments of
length at maturity and age at maturity
for the endangered smalltooth sawfish
(Pristis pectinata). A Bayesian approach
using the von Bertalanffy growth func-
tion was applied to combine vertebral
band counts, mark-recapture data,
and results from increment analysis to
estimate somatic growth and to derive
age at maturity and natural mortality
rates. Smalltooth sawfish grow rapidly
in their first 3 years, reaching 235 cm
stretch total length (STL), 3.2 times
their mean length at birth (73.7 cm
STL), before growth slows. Asymptotic
length was 446 cm STL for males and
484 cm STL for females, with a Brody
growth coefficient of 0.178 year™! for
males and 0.170 year™! for females.
We directly estimated median age at
maturity as 6.9 years for males and
7.9 years for females, similar to pre-
vious indirect assessments. Constant
natural mortality was estimated to be
between 0.151 and 0.278 on the basis
of life history surrogates. The oldest
individual examined in this study was
a 30.1-year-old female, confirming that
the species exceeds 30 years in the
wild. These results are vital for refin-
ing population recovery models, and
they underscore the need for ongoing
monitoring and data collection to sup-
port long-term recovery efforts.
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Population dynamics and viability
models are essential for understand-
ing growth and mortality and can be
used to determine recovery potential
for endangered species (Beissinger
and McCullough, 2002; Carlson and
Simpfendorfer, 2015). Accurate age
estimates are critical to parameter-
izing these models and are needed in
efforts to promote recovery and sup-
port effective conservation and man-
agement actions. However, data are
often limited for endangered species
because small populations cannot
sustain any mortality, even for scien-
tific purposes, and therefore obtaining

sufficient sample sizes for analyses
can be challenging (Heupel and Simp-
fendorfer, 2010; Smart et al., 2013).
Sawfish (family Pristidae) popu-
lations have declined globally, with
all 5 extant species currently among
the most endangered elasmobranchs
(Dulvy et al., 2016; Harry et al., 2024).
In the United States, the smalltooth
sawfish (Pristis pectinata) was com-
monly found from Texas to North Car-
olina, but because of fisheries bycatch
and habitat loss, the core population
is currently restricted to waters of
southern Florida (Brame et al., 2019).
Because of this precipitous decline,
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the species was listed as endangered under the U.S.
Endangered Species Act in 2003 (Federal Register,
2003).

At the time of that listing, limited life history data
were available on the smalltooth sawfish. Simpfendor-
fer et al. (2008) produced the first growth estimates
using juvenile length—frequency and tag-recapture data,
although the models were uncertain for individuals
>220 cm stretch total length (STL). They estimated the
von Bertalanffy growth parameters: asymptotic size (L..)
at 600 cm STL, the Brody growth coefficient (k) at 0.140
year !, and the age at which length is zero (t,) at —0.86
years. Scharer et al. (2012) refined these estimates with
vertebral band counts, estimating L_ at 448 cm STL, & at
0.219 year™!, and t, at —0.81 years. Although these stud-
ies provided the first estimates of key age and growth
parameters, each faced limitations, such as a bias toward
the size class for small juveniles (Simpfendorfer et al.,
2008), a low sample size (number of samples [n]=15;
Scharer et al., 2012), and the inability to estimate length
at maturity.

Reproductive and maturity data remain scarce, with
no published studies providing direct estimates of length
at maturity or detailed reproductive information. How-
ever, results from preliminary analyses indicate that
males mature at 340 cm STL, on the basis of clasper
calcification and testosterone levels, and that females
mature at 370 cm STL, on the basis of estradiol levels
(Brame et al., 2019). Using the vertebrae-derived growth
model of Scharer et al. (2012) in a population viability
analysis, Carlson and Simpfendorfer (2015) estimated
that maturity occurs at ages between 7 and 11 years and
that individuals of this species live to a maximum age of
30 years in the wild. The oldest individual in the study
by Scharer et al. (2012) was 14 years old, although they
suggested that the species likely lived longer. There are
no direct estimates of natural mortality for the small-
tooth sawfish in the wild, but Carlson and Simpfendorfer
(2015) provided indirect estimates, which they converted
to survivorship using multiple life history methods to
account for various mortality mechanisms. Data from
recent fishery-independent surveys indicate a maximum
length of 500 cm STL (Brame et al., 2019), and the max-
imum known length is 553 cm STL (Bigelow and Schro-
eder, 1953).

Despite these advances, additional data and refined
methods were used in this study to update and assess
age, growth, maturity, and natural mortality estimates
for the smalltooth sawfish. We aimed to address data gaps
using a large sample of vertebrae collected from carcasses
reported to the U.S. Sawfish Recovery Hotline over more
than 20 years. Additionally, fishery-independent field
surveys have been conducted for over 2 decades (2001-
present) by members of the Smalltooth Sawfish Recov-
ery Implementation Team across southwest Florida, and
necropsies have contributed new data, including direct
measurements of lengths at birth and assessments of
maturity, body—length relationships over the entire length
range, and mark-recapture information.

Materials and methods
Sample collection and processing

Vertebrae were collected during necropsies of smalltooth
sawfish reported to the U.S. Sawfish Recovery Hotline (by
phone, 1-844-4SAWFISH; email, sawfish@myfwc.com; or
website form). For each sawfish, STL was measured, sex
was determined if possible, and maturity was assessed fol-
lowing standard methods for elasmobranchs. For males,
maturity was determined by using clasper calcification
and the presence of well-developed testes and epididymi-
des (Stehmann, 2002; Hamlett, 2005). For females, matu-
rity was assessed by using the presence of well-developed
ovaries with vitellogenic follicles and large, well-developed
uteri or the presence of embryos in the uteri (Stehmann,
2002; Hamlett, 2005). This research was conducted under
endangered species permit numbers 1475, 15802, 17787,
21043, 22078, and 25864.

Vertebrae were extracted from beneath the first dorsal
fin and frozen at —20°C until centra were cleaned of tis-
sue with diluted hydrogen peroxide. Centra were sagitally
sectioned at a thickness of 0.5 mm, by using an IsoMet
Low Speed Saw' (Buehler Ltd., Lake Bluff, IL), and were
mounted on microscope slides with Cytoseal 60 (Thermo
Fisher Scientific Inc., Waltham, MA). Each section was
observed under transmitted light with a stereo micro-
scope (RZ series, Meiji Techno Co. Ltd., Saitama, Japan)
at 7.5-50x magnification and photographed by using an
image analysis system (Infinity 2, Teledyne Lumenera,
Richmond, Canada).

Fishery-independent field research on this species has
been ongoing since 2001, providing key information on
length at birth, length relationships, and mark-recap-
ture information, all of which was used in our modeling.
At the time of this study, morphological data on 1600 live
individuals had been collected, including sex, straight
length measurements, and maturity assessments. Matu-
rity for males was determined by using clasper calcifica-
tion, and maturity for females was determined by using
length-based estimates from Brame et al. (2019). Length
data included 1) total rostral length (TRL), defined as
the straight length of the rostrum from its tip to the mid-
point, where the rostrum begins to flare at the confluence
of the rostrum and head, 2) body length (BL), defined as
the straight length from the base of the rostrum, where it
begins to flare, to the tip of the maximally stretched cau-
dal fin, and 3) STL, defined as the straight length from the
tip of the rostrum to the tip of the maximally stretched
caudal fin. Sawfish recaptured during surveys were desig-
nated as mark-recapture individuals, and measurements
were taken at recapture to determine growth. Length at
birth was derived from the survey data, with individuals
considered neonates if remnants of a rostral sheath were

! 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, or the Florida Fish
and Wildlife Conservation Commission.
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present or the yolk-sac scar was open at time of capture
(Poulakis et al., 2024).

Age assessment

Growth bands were identified as bright opaque bands
that occurred in the corpus calcareum (edge) on one side
of the vertebral section and extended through the inter-
medialia (middle) and back through the corpus calcareum
on the other side of the section. Any bands that did not
meet these criteria were not included in final band counts.
The first opaque band was assumed to be the natal mark
(Tanaka, 1991; Cailliet and Goldman, 2004). Subsequent
opaque bands were interpreted as annual marks, as
annual band formation has been verified for this species
(Scharer et al., 2012). Opaque bands visible on the outer
margin were included in the final counts. Two indepen-
dent readers read each slide twice without prior knowl-
edge of STL or sex to ensure that there was no bias. Age
readings were compared, and if there was disagreement,
both readers read the slides again and reached a consen-
sus. Within-reader precision was computed with reader
counts by using average percent error following Beamish
and Fournier (1981). Estimated total days alive (i.e., frac-
tional age) was calculated by subtracting a standardized
birth date (i.e., 15 April; Poulakis et al., 2011; Scharer
et al., 2012) from the capture date, and dividing by 365.

Data analysis

Formulation of a von Bertalanffy growth function We fit a
Bayesian implementation of the von Bertalanffy growth
function (VBGF) (von Bertalanffy, 1938). We used a mul-
tiple likelihood approach to incorporate 3 different growth
information sources—vertebral band counts, mark-recap-
ture data, and results from increment analysis. We ran 4
versions of the VBGF split by the data types: 1) the full com-
bined model, 2) a version using only vertebral band counts,
3) a version using only mark-recapture data, and 4) a ver-
sion using only results from increment analysis. This use of
different versions allowed us to assess the contribution of
each type of growth data to the overall model.

For increment analysis, photographs were taken of each
vertebral section, and using these images, we measured
the distance from the center of the vertebrae to the cen-
ter of each growth band in Imaged, vers. 1.54g (Schneider
et al., 2012). We then rescaled the optical distances (pixels)
to be between 0 and 1 using this equation to generate the
relative increment distance (¢; ,):

_ d;,—min(d,)
i = max(d;)-min(d;)’

(D

where d; ; = the optical increment distance from the center
of the vertebrae at a given band and time ¢ for
individual i.

These relative increment distances were used in the VBGF

estimation.

Across models, we used a data-informed length at birth
following Rolim et al. (2020), Caltabellotta et al. (2021),
and Siders et al. (2023):

Ly; ~ lognormal(log(ﬁoj,c%], (2)

where L, ; = the observed length-at-birth information from
neonate i;
I, = the estimated mean length at birth; and

6, = the standard deviation in the length at birth.

For vertebral band counts and increment analysis, we
used the length-at-birth formulation of the VBGF:

Liu =L,—(L,-L,)e™, and (3)
L, ~ lognormal [ii,t ,GXJ, (4)

where [A,M =the STL at some predicted time (age) ¢ of
individual i;
t; = time (age) of individual i;

L; = the observed length of individual i; and

ox = the lognormal growth variability that
matches the observation process, where X
is either vertebral counts (6y) or increment
analysis (opy).

We further modified the length-at-birth model to
account for sex-specific growth, while including individ-
uals without an assigned sex, allowing L., k, and Gy to
receive additive effects of sex (Equations 5-7) to gener-
ate Equations 8 and 9 following Siders et al. (2023) and
Chamberlin et al. (2025).

log(L,,)=log(L,)+By_., (5)
log (k,) = log (k) + By, (6)

10g (0yc, ) = log (oye ) +Boy o (7
Li=L,,~(L,,~L,)e™", and 8
L, ~ lognormal (Ili,t ,Gvc,sj, 9)

where By ; = the sex-specific additive effect to a given
VBGF parameter X, and
6, = the sex-specific parameter.

Because we made the sex-specific effects additive, we
could use Equation 3 to describe the von Bertalanffy
growth curve for individuals without an assigned sex and
Equation 8 to describe the growth for individuals with an
assigned sex.

Some individuals with vertebral band counts did not
have an observed STL. For those individuals, length-
based relationships derived from survey data were used to
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estimate the STL. We used 2 length-based relationships:
1) STL as a function of BL and 2) STL as a function of TRL:

L ~ Normal(ﬁBL,O +Bpy, ¥ BL;, GBL)’ and (10)

L, ~ Normal (BTRL’O +Brge1 X TRL;, GTRL), (1)

where gy o and Brgy, o = the intercept;
BBL,I and BTRL,I = the SlOpe; and
op, and orgp, = the standard deviation.

Because these relationships generate their own source of
error into the dependent variable of L;, we chose to esti-
mate these relationships simultaneously with the VBGF
and to propagate the error forward. We then used these
length-based relationships to predict the L; of individu-
als without an STL, turning L, into a latent random vari-
able, L;. This L; was then used in either Equation 4 or 9,
depending on whether the individual had an assigned sex.
We prioritized BLs over TRLs when available.

We also accounted for the individual repeated measure-
ments of the increment analysis by including individual
random effects for L_ and % following Siders et al. (2023)
and Suriyamongkol et al. (2024), with the mean of the
individual random effects set at zero for each transformed
growth parameter:

Bi . 0

SLOMVN] LY, (12)
Bk,i 0

where X = the covariance matrix of the multivariate nor-
mal distribution (MVN).

To ease the fitting of this correlation, we decomposed the
covariance matrix with the Cholesky factorization (see
Siders et al., 2023), effectively modifying Equations 5 and
6 to incorporate the additive individual random effect as
follows:

log(Lw’i’s) =log(L,)+ B .+B, ,;, and (13)

IOg(ki,S) = 10g(k)+Bk,S + By (14)

Given that we allowed individual variation in the growth
rate (informed by L_ and %), we did not estimate sex-spe-
cific effects on oy,.

Additionally, in the length-at-birth model, we conducted
the back-calculation of length at time from the incre-
ment analysis within the model following Caltabellotta
et al. (2021). In this back-calculation, the length at time
was treated as a latent random variable, L;;, similar to
how the length-based imputation was done, but it was
informed by the length at capture, L; ., and the estimated
length at birth:

L, =9, (Li,c - Lo) +L,, (15)

where ¢; ; = the increment measurement at a specific verte-
bral band associated with age ¢, for individual

i, and relativized to the increment measure-
ment at the maximum age (Equation 1).

By doing the back-calculation within the model, any
uncertainty in the estimated length at birth was incorpo-
rated into back-calculated lengths at ages and propagated
forward into uncertainty in L_, %, 614, and X.

We incorporated recaptured individuals using the
Fabens (1965) mark-recapture version of the VBGF. We
modified Equations 3 and 8 to be based on the L; . and the
time at large, A¢;:

A

Li=L,—(L,-L,)e™ orL, (L

0,8

-L,)e**, and (16)

L, ~ lognormal (fzi,t ,GMRJ, amn

where o)y = the mark-recapture growth variability shared
between sexes.

Typically, accounting for individual growth variability is
necessary in the Fabens (1965) model (e.g., Taylor et al.,
2005; Siders et al., 2023). However, given the augmenta-
tive nature of the mark-recapture data to the VBGF, we
chose not to estimate individual random effects.

Model implementation We used the software Stan (vers.
2.36; Stan Development Team, 2024) with the package
cmdstanr (vers. 0.8.1; Gabry et al., 2024) in R (vers. 4.4.1;
R Core Team, 2024) to implement the Bayesian VBGF. We
first fit Equation 3 using maximum-likelihood estimation
to generate weakly informative priors, following Caltabel-
lotta et al. (2019), Rolim et al. (2020), and Chamberlin
et al. (2023), for L_, k, and oy and using the predicted
mean for the prior location and a 30% coefficient of vari-
ation to generate the corresponding scale (Table 1). For
L_, k, 6yc, Oyg, and o4, we specified normal priors on the
log-transformed parameters. For [,, we used the mean
STL of the neonates on the log scale to set a normal prior,
and for o, we used a Cauchy distribution with a loca-
tion of 0 and scale of 1. We specified normal priors with a
mean of 0 and a standard deviation of 1 for the sex-specific
additive effects as they were on the log- or logit-trans-
formed scale following Chamberlin et al. (2025). Standard
normal priors were put on 3, and B, for the length-based
relationships, and a Cauchy prior with location of 0 and
scale of 2.5 were put on the corresponding c. We set a
prior on X following the Cholesky decomposition used in
Siders et al. (2023).

Across models, we up-weighted the length-at-birth like-
lihood 10 times relative to the growth likelihoods to coun-
teract the low sample size of the length-at-birth dataset.
Lastly, for the combined model, we weighted the likeli-
hoods by dividing the sample size of a given growth data-
set by the total sample size across growth datasets and
subtracting the result from 1. For each model, we used the
no U-turn sampler in Stan with 8 chains that had 5000
warmup iterations and 125 sampling iterations each and
a maximum tree depth of 15. We combined the chain-
specific posterior samples to generate a single posterior
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Table 1

Prior distributions used for parameters in the von Berta-
lanffy growth function (VBGF) fit to a combination of 3
data sources, vertebral band counts (VCs), mark-recapture
(MR) data, and results from increment analysis (IA), for
smalltooth sawfish (Pristis pectinata) in Florida. In other
models, each of which were fitted to a single source, the
same prior distribution for the subset of parameters rel-
evant to each model was used. The VBGF parameters
include the estimated mean length at birth (f,,) and its
standard deviation (GLO), asymptotic length (L_), Brody
growth coefficient (&), growth variability that matches a
dataset (e.g., vertebral band counts [oy]), and sex-specific
additive effect to a given VBGF parameter (e.g., L.. [B;, D
For the relationships of stretch total length to body length
(BL) and total rostral length (TRL), parameters include
the intercept (Bpr, o and Brgy, o), slope (B, ; and Brgy, 1), and
standard deviation (opy, and orgp). Parameters related to
individual random effects on L_ and % of individuals with
IA performed and with MR growth data include the Chole-
sky decomposition (Ly) of the covariance matrix (Qy), the
variance of the random effects (tx), the nuisance parame-
ter (yg) for transforming the variance prior distribution,
and the mean random effect for L., (B;, ;) and &(By ).

Parameter Prior
log(ﬁoj N(4.30,1.29)
oy, Cauchy(0,1)
log(L..) N(6.12,1.84)
& log(k) N(-1.70,0.51)
fa log(oy), log(cry), N(-1.84,0.55)
> log(oyg)
B, N(0,1)
Bis N(0,1)
5 NO,1)
Gyc S
< Brrr1 N(0,1)
o )
-2 Briw.o NGO,
il’ é OTRL Cauchy(0,2.5)
ﬁ) £ PerL1 NO,1
g E) BeLo N(0,1)
— Opl, Cauchy(0,2.5)
Qu =Ly, Eﬂm L, , ~ LKJCholesky(2)
Zia = TAQuATA
Qg = Lo, L’QMR L,  ~LKJCholesky(2)
2}
E MR = TMRE2MRTMR
Q pl
g Ta = 2.5 x tan(yg,) Y ~U|0,—
o 2
g
b=t
& pi
Tygr = 2.5 x tan(yyg) YR ~ U(O,E)
B, . N(0,1)
Bl N(0,1)

of each parameter after assessing chain coverage with the
Gelman and Rubin (1992) statistic set below 1.1 for all
parameters. We assessed significant differences between
parameters using the maximum a posteriori value at
a significance level of 0.10 in the R package bayestestR
(vers. 0.15; Makowski et al., 2019).

Predicted maturity and length-based growth Within the
Bayesian VBGF, we derived age at maturity (¢1y a¢) using
the reported length at maturity (Lyy,,,) from Brame
et al. (2019) of 340 cm STL for males and 370 cm STL for
females with a mean of 355 cm STL for pooled sexes:

¢ = llo Lol
IM,mat k g Lw _ LIM’mat * (18)

We predicted age at length from the VBGF over a range of
hypothetical ages from zero to the maximum observed age
by 0.1-year increments to estimate growth throughout the
lifespan. This approach allowed us to calculate both age at
capture and age at recapture for the recaptured individ-
uals by adding the years spent at large between capture
and recapture to the estimated age at capture.

We compared the back-calculated age at maturity
based on indirect observations of maturity from Brame
et al. (2019) with direct maturity estimates based on the
observed developmental state of reproductive organs
of necropsied individuals. We calculated the average
length at 50% maturity, defined as the length at which
50% of the population reaches maturity, and the average
age at 50% maturity, defined as the age at which 50%
of the population reaches maturity, using a binomial
logistic regression with probit link function. To estimate
the means and 95% confidence intervals (95% CIs), we
applied a bootstrap with replacement technique over
1000 iterations. Given that mature females tended to be
larger than males in both length and weight, sexes were
analyzed independently.

Predicted natural mortality and mortality at age We esti-
mated constant natural mortality and natural mortality
at age using the samples with known ages to generate a
value of maximum observed age from the VBGF parame-
ters. In the absence of direct estimates of natural mortal-
ity for sawfish, we used established mortality estimators
derived from life history surrogates. To estimate constant
natural mortality, we used the estimators from Pauly
(1980), Hoenig (1983), and Jensen (1996), and, for natural
mortality at age, we used the estimators from Peterson
and Wroblewski (1984), Chen and Watanabe (1989), and
Lorenzen (1996). The Peterson and Wroblewski (1984) and
Lorenzen (1996) estimators used weight at age, which we
generated from the posterior length-at-age predictions
with the equation W,=0.0004L,*%, following Simpfendor-
fer (2000) (Table 2). We also incorporated the maximum
observed age and VBGF estimators for constant natural
mortality from Then et al. (2015) and the best-fit model for
natural mortality at age from Lorenzen et al. (2022) (see
table 3 in Lorenzen et al., 2022; Table 2).
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Table 2

Methods for estimation of constant natural mortality (M) or natural mortality at age (M,). These
surrogate estimators were used to derive estimates of natural mortality for the smalltooth sawfish
(Pristis pectinata) from either the maximum observed age (¢,,,,) or parameters of the von Bertalanfty
growth function, asymptotic length (L_), Brody growth coefficient (%), and age at which length is zero
(ty). Z=total instantaneous fishing mortality; T=temperature; W,=weight at age; and L.=length at age.

Then et al. (2015)

Then et al. (2015)
Chen and Watanabe (1989)

Peterson and Wroblewski (1984)?

Lorenzen (1996)?

Lorenzen et al. (2022)

Method Relationship

Hoenig (1983) log (Z) = 1.46 — 1.01 log(t,,.)

Pauly (1980)! log (M) = -0.0066 — 0.279 log(L..) + 0.65543 log(k) + 0.4634 log(T)
Jensen (1996) M =1.6k

! Consistent with Carlson and Simpfendorfer (2015), T=22°C
% Consistent with Simpfendorfer (2000), W, =0.0004 Li“

M =4.899¢ 0%

max

M =4.118k°™L %

k
M= e
M, =1.92W, %
Mt — 3‘69‘1/'[04305

0

M, =028-13 1og[ft] +1.08 log (k)

Results

From 2003 through 2024, vertebrae from 115 smalltooth
sawfish were collected in Florida and used for age analysis.
These fish included 47 males, 62 females, and 6 individ-
uals that could not be assigned a sex because of decom-
position. Among the males, 15 fish (31.9%) were mature,
and 32 individuals (68.1%) were immature. Among the
females, 19 fish (30.6%) were mature, 40 individuals
(64.5%) were immature, and 3 individuals (4.8%) were too
decomposed for maturity to be assessed. Smalltooth saw-
fish ranged from 60 to 490 cm STL, with males measuring
60—423 cm STL (mean: 259.7 cm STL) and females mea-
suring 70-490 cm STL (mean: 280.4 cm STL) with a mean
for pooled sexes of 266.9 cm STL (Fig. 1). For 101 of the
115 samples, a measurement of STL was available; length-
based conversions were applied for the remaining samples.

Length and age assessment

Length-based measurements from 1600 live sawfish were
collected for over 20 years (2001-2023) during fishery-in-
dependent surveys, including from 744 males (693 imma-
ture and 51 mature), 853 females (817 immature and 36
mature), and 3 individuals of unknown sex. Stretch total
lengths ranged from 58.1 to 488.2 cm, TRLs ranged from
15 to 110 cm, and BLs ranged from 43.0 to 386.2 cm.
Contributing to the mark-recapture information, 174

fish were recaptured and measured, with 200 recapture
events and a median of 1 recapture per individual (n=152),
although some individuals were recaptured 2 (n=18) or
3 (n=4) times. Time at liberty between recapture events
ranged from the same day to 10.8 years, with a median of
0.2 years and mean of 0.7 years. The individual with the
longest time at liberty was an immature male that was
captured in 2003 at 78.5 cm STL and recovered dead in
2024, 10.8 years later, mature, at an STL of 407.8 cm.

Opaque bands on vertebrae were apparent and dis-
cernible with bands becoming more tightly spaced and
diffuse with age (Fig. 2). A 75.7% agreement was reached
between readers with an average coefficient of variation
of 6.1 and an average percent error of 4.3%. For 72.4% of
the individuals (n=20) for which readers had different age
estimates, the disagreement was attributed to a differ-
ence in 1 band count. The fractional age of the youngest
individual for both males and females was 0.0 years. The
oldest female was 30.1 years old, and the oldest male was
22.1 years old (Fig. 3). Notably, 45.2% of samples were <3
years old, 43.5% were between 4 and 12 years old, 6.1%
were between 13 and 19 years old, and 5.2% were >20
years old.

Increment analysis was performed for 39 individu-
als, resulting in 424 increments that were used in the
VBGF's. These individuals ranged in age from 6 to 29 years
(median: 11.0 years) and in length from 314.2 to 490.0 cm
STL (mean: 386.1 cm STL).
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Length—frequency distributions of male (M) and female (F) smalltooth sawfish (Pristis
pectinata) necropsied in Florida, from 2003 through 2024, and aged. Data are also shown
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Model comparison

Convergence was reached in all 4 models, with the Gel-
man and Rubin (1992) statistic below 1.1 for all param-
eters. Among models, the combined model was the most
certain in its posterior estimates of VBGF parameters,
outperforming the model fit to only vertebral band counts
(2.0-2.3 times for L_ and 2.5-3.0 times for k), the model
fit to only mark-recapture data (2.4-3.3 times for L_ and
2.7-3.6 times for k), and the model fit to results from
increment analysis (1.7-1.8 times for L_ and 1.1-1.3
times for k). Even with information on length at birth
provided to each VBGF, the uncertainty of the verte-
bral-band-count model and the mark-recapture model
was 3.2 and 3.3 times greater than that of the combined
model in the posterior parameter estimates of length at
birth. There was no difference in uncertainty between
the combined model and the vertebral-band-count model
in the length-based relationships. However, the length-
based relationship of STL to BL (STL=3.49+1.27BL) had
less variability (median og;,: 0.0146 cm) than the relation-
ship of STL to TRL (STL=-8.8+4.57TRL) (median Grg;;:
0.0526 cm) across all models (Table 3; Fig. 3, A and B). As
a result, the estimated STL for aged individuals without
an observed STL was more uncertain for the 3 individuals
for which predictions were made by using the STL-TRL
relationship (Fig. 3C).

The best estimates were produced with the combined
model. Smalltooth sawfish grew rapidly during their first
3 years, reaching approximately 235 cm STL, 3.2 times
their length at birth (Fig. 3). The maximum a posteriori
estimate indicates that smalltooth sawfish are born at
73.7 cm STL (lognormal standard deviation of 0.07). Esti-
mates of L_ are 446 cm STL for males, 484 ¢cm STL for
females, and 464 cm STL for pooled sexes (Table 3, Fig. 3).
The % estimates are 0.178 year™! for males, 0.170 year™!
for females, and 0.174 year! for pooled sexes. Standard
deviations for lognormal vertebral count growth (males:
0.163; females: 0.188; pooled: 0.175) are greater than
those for lognormal growth based on mark-recapture data
(pooled: 0.0635) and growth based on increment analysis
(pooled: 0.0519). The lower variability in growth estimates
is reflected in the tighter clustering of small individuals
in the mark-recapture dataset (Fig. 4) and the increment
analysis dataset (Fig. 5) compared to that in the verte-
bral-band-count dataset (Fig. 3C). Among the growth
parameters, only L_ significantly differs between sexes
(P=0.072) (Table 4).

Estimates of growth model parameters vary across mod-
els because of differences in length distributions among
individuals that were aged, recaptured, and used in
increment analysis (Table 3). The mark-recapture model
was heavily influenced by the lack of large individuals
(>300 cm STL), resulting in the lowest estimates of L_,
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Figure 2

Vertebral sections from smalltooth sawfish (Pristis pectinata) necropsied in Florida in 2021. Red dots indi-
cate annual growth bands, and the white arrow in each section indicates the first band (closest to the center
of the vertebra), which is the natal mark. (A) This large section is from the oldest and second-longest ani-
mal in the study, a female with a stretch total length of 488.2 cm and an estimated age of 30.1 years. (B) A
close-up view, this image shows how bands became stacked in the oldest individuals (the area in this image
is indicated in panel A by the box outlined in white). (C) This section is from a vertebra typical of those aged
in this study; it is from a female with a stretch total length of 376.5 cm and estimated age of 6.0 years.

approximately 90%-93% of the estimates from the com-
bined model. Minimal growth between capture events for
2 individuals, growth of 0.04 cm year™! for their 7.1 and
0.5 years at large, heavily influenced L, (Fig. 4). Similarly,
the increment analysis model had few large individuals,
leading to 1.7-1.8 times more uncertainty in L_ esti-
mates than the combined model and increased posterior
estimates of £ (Table 3, Fig. 5). The vertebral-band-count
model generally had smaller L_ estimates and higher &
estimates than the combined model, and the uncertainty
of this model in these parameter estimates is greater than
that of the combined model (Table 3).

In comparisons between model estimates of age at
length and estimates of age at recapture based on years
at large from recapture events, recapture events fall into
3 groups. For about one-third of the 200 recapture events
(74 events), estimates are not significantly different. In
contrast, age-at-recapture estimates based on data from
the remaining 126 recapture events are significantly dif-
ferent from model predictions: age at recapture for 33%
(66 events) is lower and for 30% (60 events) is higher than
the model estimate. Median differences, however, are
small (-0.1 years and 0.1 years, respectively), indicating
that model estimates are generally accurate.

Maturity

The indirect estimates from Brame et al. (2019) used in
the VBGF indicate that length at maturity occurred at
76.3% of L_, (340.3 cm STL; 90% credible interval: 72.7%—
80.0%) for males and at 76.5% of L_ (370.3 cm STL; 90%
credible interval: 73.4%-79.4%,) for females (Table 3). The
coinciding maximum a posteriori age at maturity for these
lengths at maturity were 7.1 years for males and 7.6 years
for females, with no significant difference in age at matu-
rity between sexes (P=0.42, from the combined model)
(Table 4). On the basis of direct estimates of maturity from
examination of reproductive organs of necropsied individ-
uals, males reached 50% maturity at 345.4 cm STL (95%
CI:334.9-355.0 cm STL; 77% of L..). The largest immature
male was 346 cm STL (5.0 years old), and the smallest
mature male was 345 cm STL (7.9 years old). For females,
length at 50% maturity was estimated at 383.1 cm STL
(95% CI: 371.4-397.2 cm; 79% of L_). The largest imma-
ture female was 390 cm STL (6.1 years old), and the small-
est mature female was 378 cm STL (9.9 years old). For
males, the resulting age at 50% maturity was estimated
at 6.9 years (95% CI: 6.0-7.9 years). The oldest imma-
ture male was 7.0 years (365 cm STL), and the youngest



198

Fishery Bulletin 123(3)

Table 3

Median estimates and 90% credible intervals (in parentheses) for the following parameters of 4 versions of the von Bertalanffy
growth function used to examine age and growth of the smalltooth sawfish (Pristis pectinata): asymptotic length (L..); Brody growth
coefficient (k); length at birth (L); variability in length at birth (GLU ) ; variability in length at age based on vertebral band counts
(6y(), mark-recapture data (oyg), and results from increment analysis (c1,); intercept (Bgy, o and Brgy, ), slope (Bpy, ; and Brgy, 1), and
variability (op;, and opgy) for the relationships of stretch total length to body length (BL) and total rostrum length (TRL); derived
age at maturity (¢;y; ), derived length-at-maturity proportion (%L..); and age at which length is zero (,). Estimates are provided
for males (M), females (F), and pooled sexes (P). The combined model was fitted to the full dataset composed of 3 sources, vertebral
band counts, mark-recapture data, and results from increment analysis, and the other models were fitted to only a single data
source. Band counts and increment data are for vertebrae of smalltooth sawfish collected in Florida from 2003 through 2024, and
mark-recapture data are from fishery-independent surveys conducted in southwest Florida during approximately the same 20-year

period.
Model
Parameter Sex  Combined Vertebral Mark-recapture Increment
L, F 484 (466-504) 470 (418-514) 447 (389-515) 522 (492-556)
L, M 446 (425-467) 429 (380-471) 420 (375-478) 490 (450-521)
L, P 464 (451-481) 449 (413-479) 435 (396-480) 505 (480-528)
k F 0.170 (0.157-0.184) 0.185 (0.140-0.223) 0.202 (0.156-0.249) 0.143 (0.127-0.159)
k M  0.178 (0.163-0.198) 0.198 (0.151-0.246) 0.211 (0.170-0.259) 0.143 (0.125-0.161)
k P 0.174 (0.162-0.186) 0.191 (0.159-0.222) 0.206 (0.175-0.242) 0.143 (0.129-0.155)
L, P 73.7(73.3-74.1) 73.8 (72.7-75.2) 73.4 (72.0-74.6) 73.7(73.3-74.1)
c P 0.0731 (0.0692-0.0770)  0.0749 (0.0631-0.0881)  0.0749 (0.0626-0.0878)  0.073 (0.0692-0.0773)
Oye F 0.189 (0.159-0.220) 0.188 (0.159-0.216) - -
Gyc M  0.162(0.131-0.190) 0.163 (0.138-0.197) - -
Oye P 0.175 (0.155-0.197) 0.175 (0.154-0.197) - -
OMR P 0.0635 (0.0541-0.0714) - 0.0460 (0.0393-0.0553) -
OMR P 0.0519 (0.0462-0.0583) - - 0.0424 (0.0398-0.0451)
Brr.o P 1.27 (1.27-1.27) 1.27 (1.27-1.27) - -
Brr.1 P 3.49 (3.34-3.65) 3.5(3.35-3.67) - -
GRL P 0.0146 (0.0142-0.0151)  0.0147 (0.0142-0.0151) - -
Brrr.o P 4.57 (4.54-4.59) 4.57 (4.54-4.59) - -
Brrr.1 P 8.80 (-9.42 to -8.16) -8.79 (-9.47 to -8.27) - -
OTRI P 0.0526 (0.051-0.0541) 0.0526 (0.0512-0.0541) - -
M, mat F 7.6 (7.13-7.94) 7.5 (6.52-8.48) 7.8 (6.39-9.67) 7.6 (6.99-8.11)
{IM, mat M 7.1(6.64-7.52) 7.1(6.02-8.03) 6.9 (5.87-8.11) 7.2 (6.55-7.69)
{IM, mat P 7.3 (7.03-7.65) 7.3 (6.67-8.00) 7.4 (6.51-8.45) 7.4 (6.90-7.77)
%L, F 0.765 (0.734-0.794) 0.787 (0.710-0.874) 0.827 (0.699-0.927) 0.709 (0.665-0.751)
%L, M 0.763 (0.727-0.800) 0.792 (0.703-0.871) 0.810 (0.705-0.899) 0.695 (0.641-0.741)
%L, P 0.765 (0.739-0.788) 0.791 (0.734-0.851) 0.817 (0.739-0.896) 0.702 (0.670-0.737)
to F -0.972 (-1.020 to -0.921) —0.923 (-1.060 to —0.794) -0.888 (-0.971 to —0.785) -1.06 (-1.14 to -0.99)
¢ M -1.020 (-1.070 to —0.952) —0.953 (-1.100 to —0.823) -0.909 (-1.010 to —0.810) —1.14 (-1.23 to —-1.04)
¢ P -0.994 (-1.040 to -0.950) —0.937 (-1.040 to —0.839) -0.898 (-0.968 to —0.833) —-1.10 (-1.17 to —1.04)

mature male was 6.8 years (no length was recorded for
this individual because its caudal fin was missing). For
females, the resulting age at 50% maturity was estimated
at 7.9 years (95% CI: 6.9-8.8 years). The oldest immature
female was 7.9 years (365 cm STL), and the youngest
mature female was 7.0 years (413 cm STL).

Natural mortality

Using the natural mortality surrogates, the known max-
imum age in our dataset, and the VBGF parameters, we
estimated median constant mortality rates of 0.151-0.278
(Fig. 6A). The Then et al. (2015) VBGF estimator, the use

of which resulted in a natural mortality rate of 0.151, was
the most certain, followed by the Pauly (1980) and Jensen
(1996) estimators with estimated rates of 0.240 and 0.278.
The estimators of maximum observed age from Hoenig
(1983) and Then et al. (2015), with which we estimated
natural mortality rates of 0.179 and 0.217, had no asso-
ciated uncertainty. Natural mortality at age was highest
for young individuals (<2.5 years old) when the Loren-
zen et al. (2022) estimator was used and lowest when the
Peterson and Wroblewski (1984) estimator was used (Fig.
6B). At the maximum observed age (30.1 years), estimates
of natural mortality produced with all estimators are sim-
ilar, but the estimate made with the Chen and Watanabe
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Figure 3

Relationships of stretch total length (STL) to (A) body length (BL) and (B) total rostral length (TRL) for smalltooth
sawfish (Pristis pectinata), based on data from fishery-independent surveys conducted in southwest Florida from
2001 through 2023. In panels A and B, solid lines indicate the median prediction, dotted lines indicate the 90% cred-
ible interval, and the insets show the posterior distributions of the intercept (3,), slope (8;), and standard deviation
(o). (C) Lengths at age for males (M), females (F), and individuals of unknown sex (U) are shown as follows: dots
indicate known STLs, vertical segments indicate estimated STLs (on these segments, horizontal bars indicate the
STL-BL relationship used and crossed bars indicate the STL-TRL relationship used), solid lines indicate the median
von Bertalanffy growth curves, and shaded areas indicate the 90% credible intervals. Also shown are the posterior
distributions of asymptotic length (L..), length at birth (L,), variation in length at birth oy, ) Brody growth coeffi-
cient (), variation in growth (oyc), and age at maturity (¢,,,.). In each posterior distribution graph, the vertical bar
is the median and the shaded area is the 90% credible interval. The growth model was fitted to a combination of 3
data sources: vertebral band counts, mark-recapture data, and results from increment analysis. Band counts and
increment data are for vertebrae collected in Florida from 2003 through 2024, and mark-recapture data are from
fishery-independent surveys.
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Figure 4

Median age at stretch total length (STL) for smalltooth sawfish (Pristis pectinata) captured during mark-re-
capture efforts of fishery-independent surveys conducted in southwest Florida from 2001 through 2023,
predicted with the combined von Bertalanffy growth function. The wavy lines indicate the median von Ber-
talanffy growth curve for both sexes, with the shaded areas indicating the 90% credible intervals, and the
straight lines connect estimates at capture and at recapture for individual males (M) and females (F). In the
inset graph, the dual-colored line indicates the predicted median for pooled sexes, and estimates for individ-
ual fish at initial capture (x) and recapture (open circles) are connected. The histogram at the top provides
the counts of individuals at a given predicted age at length at initial capture (light gray) or at recapture (dark
gray) in quarter-year bins. The histogram on the right provides the counts of individuals at the observed
lengths at capture (light gray) or recapture (dark gray) in 10-cm bins. The model was fitted to a combination
of 3 data sources: vertebral band counts, mark-recapture data, and results of increment analysis.

(1989) estimator is the lowest and the rate estimated with
the Lorenzen (1996) estimator is the highest. The estimate
of natural mortality when the population reaches its L.,
calculated with the Lorenzen et al. (2022) estimator, is
0.200 (90% credible interval: 0.185—-0.216), a level between
those produced with the Hoenig (1983) estimator and the
Then et al. (2015) estimator of maximum observed age.
This analysis resulted in a ratio of natural mortality to &
of 1.15 (90% credible interval: 1.14-1.16).

Discussion

In this study, we improved knowledge of the life his-
tory of the smalltooth sawfish by estimating somatic
growth across 3 datasets, accounting for various sources
of uncertainty, and deriving critical estimates of length
and age at maturity, constant natural mortality, and
natural mortality at age. Previous estimates of growth
were constrained by small sample sizes, single sources of

length-at-age data, and bias from an overrepresentation
of juveniles. The approach we took to the combination of
traditional vertebral-band-count, mark-recapture, and
increment back-calculation datasets represents a novel
framework for integrating multiple sources of growth
information. Additionally, the results of this study indi-
cate that data from carcasses can be used for length—
length relationships jointly estimated within the model
and that the associated uncertainty in those estimated
relationships can be included in the VBGF estimation.
The derived age-at-maturity estimates are not signifi-
cantly different from direct estimates, providing the first
support for the use of life history surrogates for a saw-
fish species. Together, the estimates of somatic growth,
length and age at maturity, and natural mortality can be
used to refine population growth and viability models.
Given the endangered status of the smalltooth sawfish,
improving the inputs to these risk and recovery models
will result in more effective management and conserva-
tion strategies.
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Figure 5

Median age at stretch total length (STL) for smalltooth sawfish (Pristis pectinata) necropsied in Florida
from 2003 through 2024, predicted by using results from increment analysis of vertebrae in the combined
von Bertalanffy growth function. Solid lines indicate length-at-age estimates for 39 individuals, shaded lines
indicate the median for each sex (males [M] and females [F]), and shaded areas indicate the 90% credible
intervals. The histogram at the top provides counts of increments for a given age, by sex. The histogram on
the right provides the counts of individuals at the observed lengths at age, by sex, in 10-cm bins. The model
was fitted to a combination of 3 data sources: vertebral band counts, mark-recapture data, and results from
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Age and growth

The oldest smalltooth sawfish in this study was a
30.1-year-old female measuring 488.2 cm STL, and the
oldest male was 22.1 years old and 417.4 cm STL. These
ages surpass those reported by Scharer et al. (2012), with
the oldest individual in that study a 435-cm-STL female
estimated to be 14 years old. By using the growth model
of Scharer et al. (2012), the maximum age in the wild has
been estimated to be 30 years (Carlson and Simpfendorfer,
2015), which we now know is attainable. For comparison,
the oldest known captive smalltooth sawfish was a male
held in the United States from 1 June 1968 to 8 January
2012, for a life of over 43 years (White and Henningsen?).
The longest-held smalltooth sawfish that is still living
is a male that has been kept at SeaWorld Orlando since

2 White, S., and A. Henningsen. 2017. North American regional
studbook for Pristidae species, 23 p. Ripley Entertainment,
Myrtle Beach, SC. [Available from Ripley’s Aquarium of Myrtle
Beach, 1110 Celebrity Cir., Myrtle Beach, SC 29577.]

November 1989 (White and Henningsen?). For the large-
tooth sawfish (P. pristis), the maximum observed age is
44 years in the Indo-West Pacific, slightly longer than the
estimated longevity of 41 years for that species (Tanaka,
1991). Therefore, it is likely that smalltooth sawfish can
live longer than what we observed in this study.

In comparison to those of previous research, our study
benefited from a larger sample size, providing more robust
growth estimates that indicate that growth of smalltooth
sawfish is marginally slower than previously reported.
The £ for both sexes in our study was 0.174 year !, lower
than the 0.22 year ! reported by Scharer et al. (2012). The
smalltooth sawfish grows faster than its congeners, the
largetooth sawfish in the western Atlantic Ocean (0.05—
0.07 year™; Kyne et al., 2021) and the green sawfish (P.
zijsron) in the eastern Indian Ocean (0.090 year™!; Lear
et al., 2023). We predicted length at age 1 to be 136 cm STL
(for pooled sexes), smaller than the 147 cm STL reported
by Scharer et al. (2012) and likely more reliable given our
larger sample size. Our study included vertebrae from fish
with a broad range of lengths, from a 60-cm-STL male to
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a 490-cm-STL female. The longest sawfish in our study is
the largest smalltooth sawfish to have been reliably mea-
sured in recent decades, and its length aligns with the
expected maximum noted in Brame et al. (2019), although
it is smaller than the historically known maximum of at
least 553 cm STL (Bigelow and Schroeder, 1953). Smith
et al. (2024) also noted that both existing records and

Table 4

Probability of the maximum a posteriori estimates of the
difference between sex-specific parameter estimates being
equal to zero for estimation in each of the 4 von Berta-
lanffy growth functions used to examine age and growth
of smalltooth sawfish (Pristis pectinata). The parameters
are asymptotic length (L_), Brody growth coefficient (%),
variability in length at age based on vertebral band counts
(oyc), and derived age at maturity (f1y; mqt)- An asterisk
(*) indicates the parameter for which there was a signif-
icant difference (P<0.1). The combined model was fitted
to the full dataset composed of 3 sources, vertebral band
counts, mark-recapture data, and results from increment
analysis, and the other models were fitted to only a sin-
gle data source. Band counts and increment data are for
vertebrae of smalltooth sawfish collected in Florida from
2003 through 2024, and mark-recapture data are from
fishery-independent surveys conducted in southwest Flor-
ida during approximately the same 20-year period.

Mark-
Parameter Combined Vertebral recapture Increment

L. 0.07% 0.63 0.77 0.50
k 0.76 0.92 0.95 1
ove 0.59 0.54 - -

#10, mat 0.42 0.89 0.76 0.59

historical specimens indicate that this species likely once
reached greater lengths but over time has experienced a
reduction in maximum length, a pattern reported for over-
exploited fish populations (e.g., Longhurst, 2002; Charbon-
neau et al., 2019).

Estimated ages vary considerably among individuals of
the same length, even though vertebrae were taken con-
sistently from below the first dorsal fin. For example, the
ages estimated from vertebral band counts for 3 females
measuring 435 cm STL range from 10.8 to 19.0 years. This
age variability is not unexpected as mature size classes
typically have more age variability than immature size
classes. After reaching maturity, somatic growth is influ-
enced by the energy allocated to reproduction (e.g., to
growth and development of reproductive tissues, egg or
sperm production, mating, and associated migrations;
Brown et al., 2004; Brunel et al., 2013; Wilson et al., 2018).
Additional variability can be explained by the increase in
weight. For example, in the 400—440-cm length class in
our study, weights of necropsied specimens ranged from
172.5 to 270.2 kg for males and from 192.7 to 251.2 kg for
females. Other factors, such as environmental conditions,
prey availability, genetics, and overall health, could con-
tribute to this variability.

Maturity

Understanding maturity is crucial for assessing the repro-
ductive potential of a species and its ability to recover from
population decline and, thereby, for guiding conservation
efforts and ensuring long-term species viability. Prior to
this study, there was considerable uncertainty regarding
age and length at maturity due to the limited number of
necropsied adults. On the basis of VBGF estimates from
Scharer et al. (2012), Carlson and Simpfendorfer (2015)
suggested that maturity occurs between 7 and 11 years for

Figure 6

Median estimates of (A) constant natural mortality (points) and (B) mortality at age (solid lines)
for smalltooth sawfish (Pristis pectinata), predicted by using estimators based on maximum
observed age (t,,.,) and posterior distributions of parameters of the von Bertalanffy growth func-
tion (VBGF) (for more information about these surrogate estimators, see Table 2). Error bars in
panel A and shaded areas in panel B indicate 90% credible intervals.






