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Abstract

For the live-bearing and egg-laying class of chondrichthyan fishes a three parameter logistic ‘maternity’ function with a vari-
able upper asymptote, Pyax, can be used to predict the average probability of a female giving birth or laying eggs in a season.
Although fundamental to calculating the reproductive capacity of a population, few studies report maternity functions, with
maturity functions often used as a proxy. Applying logistic models to simulated and empirical data showed that it was feasible
to estimate P,y from maternal data and that accuracy, bias, and confidence interval coverage often improved compared to
when a fixed value was used. However, sample sizes of 100-200 maternal females were typically required for accurate estima-
tion of Pyax. While maturity parameters could be estimated with greater accuracy, substituting them for maternity parameters
overestimated lifetime reproductive output. Greater use of maternity functions has the potential to improve calculation of re-
productive output in quantitative populations models. In addition to improvements in parameter estimation, this method

involves fewer assumptions and enables statistical inferences to be made on frequency of reproduction.
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1. Introduction

Many ecological and evolutionary applications need quan-
titative data on the reproductive capacity of a population
and in fisheries science this information forms the basis of
widely used management reference points such as spawn-
ing stock biomass (Hilborn and Walters 1992; Quinn and De-
riso 1999). Calculating reproductive capacity requires data on
the sexually mature proportion of the population contribut-
ing to reproduction at a given size or age. For most popula-
tions of teleost fishes a simple two-parameter logistic regres-
sion function (2PLF) is sufficient to model this process using
dichotomous sexual maturity stage data (immature/mature)
from a sample of individuals (Jennings et al. 2001; King 2007).
While the mathematical formulae and methods of statisti-
cally estimating parameters for a 2PLF vary, the estimated
values are similar and can be obtained with the built in gen-
eralised linear model programs in most modern statistical
software.

In chondrichthyan fishes (sharks, rays, and chimaeras),
the process of maturation can be modelled in a similar
manner to teleost fishes with a simple 2PLF; however, for
the intents and purposes of calculating reproductive capac-
ity, chondrichthyans differ in several ways to most teleosts.
Firstly, in many chondrichthyans the duration of the repro-
ductive cycle is longer than a year, meaning the proportion

of mature females that will give birth in the population in a
given season is less than one (Frisk et al. 2005; Dulvy et al.
2008; Rigby and Simpfendorfer 2015). Secondly, there may
be a lag between when females reach sexual maturity and
when they begin reproducing (Harry et al. 2013; Fujinami
et al. 2017). This is confounded by the adopted definition of
maturity, which can lead to variable estimates of size and age
at maturity (Braccini et al. 2006; Walker 2007; Montealegre-
Quijano et al. 2014). Finally, because female fecundity is low
(usually « 100 embryos), total pup or egg production and re-
cruitment are likely to be closely related to the number of
reproductively active females, exhibiting little interannual
variability (Taylor et al. 2013). This contrasts the often highly
variable relationship between stock size and recruitment in
teleost fish, and warrants a precise definition and calculation
of reproductive output. For these reasons, unlike in teleosts,
a maturity function may not be the most appropriate tool to
quantify reproductive capacity.

1.1. Maternity function

Walker (2005) recognised the need for a maternity func-
tion, as distinct from a maturity function, to accurately quan-
tify reproductive capacity in chondrichthyans. For this pur-
pose he used a non linear, three-parameter logistic function
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(3PLF) of the form:

Y ~ B(xi;m, Py)
E[Yi] =mP, = 1+ e-Oorbin)
where the proportion of individuals in a given length or age
category, x;, that are in maternal condition, Y;, is a binomially
distributed random variable, with an expected value equal to
the probability of an individual from that category being in
maternal condition, P;, multiplied by the total number of in-
dividuals in the category, n;. If x is a continuous rather than
categorical variable (i.e., n = 1), Y; reduces to a Bernoulli ran-
dom variable (Zuur et al. 2007). The upper asymptote of the
curve, «, controls the maximum value of Y as x approaches
infinity. The lesser-used 3PLF reduces to the ubiquitous 2PLF
when o« = 1, as is appropriate for most teleost and chon-
drichthyan populations if modeling maturity (Quinn and De-
riso 1999; Roa et al. 1999). When « = 1, the function also be-
longs to the class of generalised linear models; logistic trans-
formation of the dependent variable allows Y to be modeled
as a linear function of x;, where by and b, are the intercept and
slope, respectively (Zuur et al. 2007). Alternatively, the model
can be expressed in more biologically relevant terms as:

Xi—X50

-1
E [Yl] = PMax (1 + eiln(19)<"95*>‘so ))

where x50 and x95 are the sizes or ages at which 50% and
95% of the maximum proportion of individuals (Py,x) are in
maternal condition. Instead of being fit to data on female
maturity condition the model is fit to dichotomous data on
female maternal condition (nonmaternal/maternal).

Walker (2005) defines individual females as being in mater-
nal condition if they would have given birth or laid eggs by
the end of a given year such that they contribute to annual re-
cruitment (age 0 + cohort) at the beginning of the next year.
Pregnancy is a necessary, but not sufficient, condition for ma-
ternity, and the two conditions are not always synonymous.
For example, reproduction in the Australian population of
school shark, Galeorhinus galeus, occurs triennially, such that
approximately one third of mature females give birth annu-
ally and Py.x ~ 1/3 (Walker 2005). Gestation lasts 20 months,
and includes a protracted period of ovulation. Newly preg-
nant females are not considered to be in maternal condi-
tion until the year of pre-recruitment. Walker’s (2005) defi-
nition is specific to species that reproduce during a single,
well-defined period of the year, but the concept can be gener-
alised to accommodate asynchronously reproducing species
or those that reproduce more than once a year.

Numerous authors have adopted Walker’s (2005) maternity
function, including for species with biennial or longer re-
productive cycles (Huveneers et al. 2007; Rochowski et al.
2015; Trinnie et al. 2016) as well as those with annual or
shorter reproductive cycles (Trinnie et al. 2009; Mejia Falla
et al. 2012; Harry et al. 2013; Taylor et al. 2016). Techniques
have been described for determining maternal output in
asynchronously reproducing species (Braccini et al. 2006;
Colonello et al. 2016), and maternity functions are also in-
creasingly being used directly in shark and ray population
assessments (SEDAR 2012, 2017, 2023).

Despite an increase in use, only a small fraction of re-
productive studies in recent years have reported maternity
functions. Classification of maternal condition is more data-
intensive than maturity condition, ideally requiring monthly
sampling over a year or longer in order to establish the tim-
ing and duration of the female ovarian and uterine cycles,
particularly if there is a resting period between pregnancies.
Such data can be difficult and costly to collect for sharks
and rays, which are often data-poor and sampled opportunis-
tically. The teleost-oriented foundations of fisheries science
have also contributed to the general lack of awareness of ma-
ternity functions; Walker (2005) is the sole description on
this type of analysis for chondrichthyans and there are no
primary literature sources that describe specific methods for
chondrichthyan fishes.

For practitioners that are aware of maternity functions,
lack of information on implementation may also have dis-
couraged use. Walker’s (2005) approach to estimating param-
eters in the maternity function is difficult to reproduce, ap-
parently due to the constraints of the proprietary statistical
program first used to implement the analysis. Specifically,
the method as described involves adjusting the raw data prior
to parameter estimation and then weighting it during anal-
ysis (Walker 2005). Additionally, the use of a fixed value for
Pyax, as in the original analysis, has the potential to bias pa-
rameter estimates and reduce their standard errors (Motulsky
and Christopoulos 2004). Alternative approaches to estimat-
ing maternal parameters have also arisen in the literature,
indicative of a lack of guidance on implementation. For ex-
ample, some authors have obtained maternity parameters by
fitting a 2PLF to maternity data (Baremore and Hale 2012;
Baremore and Passerotti 2013).

A consequence of the low uptake in use of maternity func-
tions is that most practitioners undertaking population as-
sessments invariably take an ad hoc approach to quantifying
maternal reproductive output. This typically involves approx-
imating maternal output using a maturity function. Under
such an approach all mature females are tacitly assumed to
reproduce in each breeding season (Cortes 1998). Non annual
reproduction is accounted for by weighting fecundity or the
maturity function by the assumed (but often unknown) dura-
tion of the reproductive cycle (Walker 2005). In some cases,
calculations of reproductive output may use the age-at-first-
reproduction, defined as the mean age at maturity plus the
gestation period (Mollet and Cailliet 2002). This accounts for
the protracted gestation period of many chondrichthyans,
but still assumes that all individuals begin reproducing im-
mediately after maturity. Measures of annual reproductive
output that follow this approach are hence built upon a series
of assumptions that are rarely tested in practice.

1.2. Revisiting the maternity function

Wider use of maternity functions in studies of chon-
drichthyan reproductive biology is needed to improve cal-
culation of reproductive capacity in the quantitative popu-
lation assessments that are increasingly being used to sup-
port fisheries management and prioritize conservation ac-
tions (Cortés et al. 2012; Swenson et al. 2024). It may also
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help address the lack of empirical data on the periodicity of
chondrichthyan reproductive cycles. Historically, reproduc-
tive periodicity has only been determined qualitatively, and
has been assumed to be fixed (e.g. annual, biennial), despite
observations of plasticity in this trait within discrete popu-
lations (Higgs et al. 2020; Nosal et al. 2021). Information on
reproductive periodicity is contained within maternal data,
however the existing approach of fixing Pyax in maternity
functions prevents statistical inference from being made on
these data. Changes to the way in which maternity functions
are implemented may also contribute to quantifying uncer-
tainty in reproductive frequency and help understand the
temporal stability of reproductive cycles. To date only a sin-
gle study on spiny dogfish, Squalus acanthias, has statistically
estimated Py, from data (Colonello et al. 2016), and the fea-
sibility of doing so for a wider range of species has not been
investigated.

This study revisits the use of maternity functions with the
objective of providing guidance on implementation and ap-
propriate use. To address this a combination of simulated and
empirical data were used to (1) evaluate the performance of
two alternative methods for estimating maternity parame-
ters, subject to varying reproductive frequency, sample size,
and gear selectivity, (2) illustrate the effect of not using using
maternity functions on calculations of lifetime reproductive
output, and (3) outline strategies for making inferences on
reproductive frequency from maternity data.

2. Materials and methods

2.1. Approach

To assess the feasibility of estimating maternity parameters
a simulation study was carried out using the 3PLF to generate
data for populations with varying reproductive frequencies
(Fig. 1). Simulations were conducted for a range of gear selec-
tivities and sample sizes reflective of those typically available
in reproductive studies and fishery sampling programs. The
performance of three methods in estimating ‘true’ maternity
parameters from simulated data was tested by examining ac-
curacy, bias, and interval coverage. To illustrate the effects
of misspecifying maternity parameters, lifetime reproductive
output was calculated for each simulated population using
parameters derived from each of the methods, and by sub-
stituting maturity parameters for maternity parameters. Fi-
nally, empirical data from previously published studies were
reanalysed to illustrate possible strategies for estimating ma-
ternity parameters and making inferences on reproductive
frequency. All simulation modelling and data analysis was
conducted using the R language [Version 4.2.0] (R Core Team
2022) and the Template Model Builder R package [Version
1.9.1] (Kristensen et al. 2016).

2.2. Simulation

2.2.1. Data generation

Data were generated for the gummy shark, Mustelus
antarcticus, and school shark, Galeorhinus galeus, using param-
eters from studies conducted on southern Australian pop-
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ulations (Table 1) (Grant et al. 1979; Kirkwood and Walker
1986; Moulton et al. 1992; Walker 1992, 2005, 2007; Punt and
Walker 1998). Both species are well-studied and were chosen
to be representative of fast and slow chondrichthyan life his-
tory styles, respectively (Stevens 1999).

Catch at length data were simulated using a female-only,
length- and age-based equilibrium population model (Hesp
2023). The approach involved calculating expected survival
and catches per recruit subject to specified life history param-
eters, gear selectivity, and total mortality. Growth was mod-
elled using a von Bertalanffy growth function with length I,
of a fish of age, a, calculated as

1(a) = Lo (1 _ e—K(a—ao))

where L, is the asymptotic length, K is the growth coefficient
and ap is the hypothetical age at zero length. Recruitment
into the population was assumed to occur at age 0 with length
conforming to a normal distribution. The proportion of fish
of length, I, at age, a = 0, was calculated as

i
o= [ fola

where I~ and I are the lower and upper limits of each 1cm
length class, k. f; — o(l) is the value of the normal probability
density function at age a = 0 for a given length, I,

2

L e [(l - 1) }
am 20 2
where mean length, u, was calculated from the growth curve.
The standard deviation, o was not available for either species
so was assumed to be directly proportional to length, with a
constant of proportionality of 5%, i.e., 0 = 0.05 p.

Growth in subsequent age classes was modelled using a
length transition matrix (Punt et al. 1997; Hall et al. 2000),
G = gj i that represents the probability that a fish in length
class, j, will grow into length class, k, over a specified time
interval

Jomo () =

g1’1 0 0 0
g1 L2 0 0

0
gn,1 &n.2 e gn,n

where the elements of the matrix followed the general form
of Punt et. al. (1997) and are given by

I
flo@jdar ifk=1
i
=1 fWONA  ifk=1<k<n
700 flp@.j))dl ifk=n

where [ is the mean length, fis the specified normal distribu-
tion, I, and 1/ are the lower and upper limits of length class
j, and ¢ is a vector of parameters.

Selectivity in the model was assumed to follow a gamma
function based on gillnet selectivity experiments (Kirkwood
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Fig. 1. Approach used to generate simulated data and test the performance of four methods for calculating maternity param-

eters. [llustrations R.Swainston/www.anima.net.au.
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Table 1. Descriptions and values of parameters used in a
simulation study to evaluate the performance of alternative
methods for estimating maternity parameters.
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School Gummy
Symbol Description shark shark
Ly Asymptotic length (mm) 1618.3 2019
K Growth coefficient 0.16 0.086

(year™?)

to Age at length 0 (years) —1.2818 -3.01
AMax Maximum age 54 16
Lso 50 % maturity (mm) 1349 1253
Los 95 % maturity (mm) 1502 1472
Ly, 50 % maternity (mm) 1421 1263
Los 95 % maternity (mm) 1488 1405
o Intercept (litter size) —46 0.2804
B Slope (litter size) 0.0491 0.00286
R Sex ratio (M:F) 1 1
01 Selectivity parameter 1 192 184.3
02 Selectivity parameter 2 67595 29739
Mesh (low) Gillnet mesh size (in) 7.05 6.08
Mesh (high)  Gillnet mesh size (in) 7.75 7.62

500

Two parameter logistic,
ignore P, .,

1000 500

Two parameter logistic with
maturity data, multiply by P,

1000 1500

and Walker 1986; Punt and Walker 1998), where the selectiv-
ity of an individual in length class, 1 was given by

91 l
} exp (91 — 9—)
2

where 0; and 6, are estimated parameters (Kirkwood and
Walker 1986). Two selectivity scenarios were simulated cor-
responding to low and high selectivity of the maternal com-
ponent of the population. For consistency between species,
gillnet mesh sizes were chosen that would result in peak rel-
ative selectivity occurring at the lengths equal to 25% and 75%
of the population in maternal condition (Table 1).
Fishing mortality, F, in length class I, was calculated as

S0 = |:9192

F(l)=S()-F

where F was assumed to be constant and nominally set to
25% of natural mortality, M (i.e., 0.25M). The effects of varying
levels of F were not investigated further in this study. Total
mortality, Z, in length class, I, was further given by

Z()=F()-M
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The number of fish, N, per recruit in length class, I, that
survived to age, a, was calculated as

1 ifa=0

Nia =1 Nio_1€xp(—7Z) if a=0<a < Amax

Nl,a—l €xp (_Zl) / (1 — eXp (_Zl)) if a = Amax

where Appx is the maximum age (Table 1). The estimated num-
ber of fish caught in length class, 1, at age, a, was calculated
using the Baranov catch equation as

G =) (6/Z)(1—exp(~Z))Nia
a

To examine the effect of varying sample size, six scenarios
were conducted with catch ranging from 50 to 2500 individ-
uals, reflecting a gradient from data poor to rich. Length data
were generated by randomly sampling, with replacement,
from a vector of length classes, weighted by a vector of prob-
abilities determined from the above catch equation.

Next, dichotomous maturity-at-length data, v (I), were ran-
domly generated by simulating from a Bernoulli distribution,
Y(I) ~ B(P), where P was given by the 2PLF:

-1
1—
P= (1 + eiln(19)<L95i5’go))

This process was then repeated to generate maternity-at-
length data, ¥'(l), using the 3PLF:

W' ~ B(P)

, -1
_1 /17[,59
P = Pyvax (1 +e n(lg)(L95L50>>

Finally, 300 iterations were run for each of the 144 unique
variables combinations.

2.2.2. Estimation approaches

Two approaches to estimating maternity parameters were
compared: the 3PLF itself (3PLF-estimated) and the 3PLF func-
tion with a fixed asymptote (3PLF-fixed). Additionally, two ap-
proaches using a 2PLF were also examined, using maternity-
at-length data (2PLF-maternity) and maturity-at-length data
(2PLF-maturity). The 3PLF-estimated method was undertaken
to validate the utility of this model, which has so far been
used in only a single study (Colonello et al. 2016). The 3PLF-
fixed is the method described by Walker (2005) and most com-
monly used in practice. The 2PLF-maternity method was used
to examine what effect simply ignoring the upper asmyptote
had (i.e., Pyax fixed at 1). The 2PLE-maturity method is com-
monly used to approximate a maternity curve, and tacitly as-
sumed to be similar. The resulting maturity curve can then be
weighted by the proportion of gravid females to calculate an-
nual reproductive output (although in practice annual fecun-
dity is more often modified, for example halved for a species
suspected to reproduce biennially (SEDAR 2023)).

Only the 3PLF-estimated method involves statistically esti-
mating Pyax, which must be subjectively chosen in the case
of the 3PLF-fixed and the 2PLF-maturity. Pyax is ideally cho-
sen based on detailed study of the ovarian and uterine cycles
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(Walker 2005), or alternatively based on the proportion of
mature females observed to be in maternal condition during
sampling (Baremore and Hale 2012; Harry et al. 2013; Trinnie
et al. 2016). For the purposes of the simulation, the timing
and duration of the uterine and ovarian cycles were assumed
to be unknown. The following procedure was used to ‘guess’
the fixed value of Pyax in each simulation. Py,x was chosen
as the proportion of females in maternal condition above the
length at which 99% of females were mature, L > W (Lggy). In
some cases this procedure failed due to there being no mater-
nal females in the simulated data set meeting this criteria. If
this occurred, Lys was used, followed by Lso, and finally the
proportion of all mature females in the sample that were in
maternal condition. Statistical estimation of all non fixed pa-
rameters in each of the methods was undertaken using max-
imum likelihood. Nonparametric bootstrapping was used to
calculate approximate 50% confidence intervals for the best-
fit parameters from 250 resampled data sets.

2.2.3. Reproductive output

For each iteration, the per-generation rate of multiplica-
tion, Ry, or lifetime female pup production, was calculated
as:

Ro :/ RB (a) o Mdsqq
0

where R and M are the embryonic sex ratio and natural mor-
tality rate (Table 1) and f(a) is the age-specific reproductive
rate which incorporates ¥'(l) (Xiao and Walker 2000).

2.2.4. Performance

Model performance was evaluated in each iteration where
1) the fitted model successfully converged as indicated by a
positive definite Hessian matrix, and 2) the estimated param-
eters L, and Ly5 remained within specified bounds (0—10%).
An iteration was also not attempted if there were no mater-
nal females in the randomly generated sample. Model perfor-
mance was evaluated by quantifying accuracy, bias, and in-
terval coverage for Lg,, Pyax and Ro. Bias was quantified using
the mean relative error, MRE = mean|(Xgstimated — XTrue)/XTrue]
and accuracy using the mean absolute relative error, MARE
= mean|[(Xestimated — XTrue)/XTrue]|- INterval coverage measures
the ability of the model to capture uncertainty and was calcu-
lated by taking the proportion of the estimated parameters
for each simulation that fell within the 50% confidence inter-
vals (Rudd and Thorson 2018). For a well-performing model,
approximately 50% of parameters would be expected to fall
withing the nominal 50% confidence intervals.

2.2.5. Empirical case study

An empirical case study was also undertaken to show how
maternity functions can be used in practice. Data from two
studies of the reproductive biology of the sandbar shark, Car-
charhinus plumbeus, in the Gulf of Mexico and western North
Atlantic Ocean were combined and reanalysed using both
3PLF methods. The sandbar shark is a relatively long-lived
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(Amax = 33 years) and slow growing species (K = 0.12 year™!)
with a protracted reproductive cycle lasting longer than a
year (Springer 1960). The Gulf of Mexico and western North
Atlantic Ocean population has been considered overfished
since the late 1970s (Sminkey and Musick 1995) and during
the 2000s detailed studies of sandbar shark reproductive bi-
ology and growth were undertaken for stock assessment pur-
poses (Baremore and Hale 2012; Hale and Baremore 2013;
Piercy et al. 2016). In their study, Baremore and Hale (2012)
estimated maternity parameters using the 2PLF-maternity
method, weighting the final curve by 0.37 based on the pro-
portion of pregnant females observed, most closely aligning
with a triennial reproductive cycle. Piercy et al. (2016) did not
estimate maternity parameters but also suggested that the
average reproductive cycle was likely to be longer than two
years based on examination of ovarian follicles. To examine
relative support for either a biennial or triennial reproduc-
tive cycle, 3PLF-fixed models were fit with Py, estimated and
fixed at 0.5 and 0.33, respectively. Model performance was
evaluated using Akaike information criteria (AIC).

3. Results

3.1. Simulation study

Parameter estimation was generally straightforward; with
sample sizes >50 a convergence success rate of > 95% was
achieved in all scenarios (Fig. S1, Table S1). Overall, conver-
gence and parameter boundary failures were most common
with the 2PLF-maternity method which essentially involved
fitting data to an under-parameterized model where Py,x was
always fixed at 1. In addition to convergence failures, 12 sim-
ulations also generated zero maternal females, and were dis-
carded.

When using the 3PLF methods model performance typi-
cally declined as the periodicity of the reproductive cycle in-
creased. This is seen in the positive correlation between L,
and Pyay, whereby true underlying Py,x affected the magni-
tude and direction of bias in these parameters (Fig. 2). With
lower values of Py,x it appeared to be more difficult for
the model to separate the point of inflection in the logistic
model and the upper asymptote. As true underlying Py.x de-
creased there was also a greater potential for positive bias
in Pyax. Additionally, longer reproductive cycles resulted in
fewer females in maternal condition, which was associated
with larger bias (Fig. 2).

For the 3PLF methods, parameter estimates tended to be bi-
ased high at lower sample sizes (Figs. S2 and S3). In some sce-
narios, particularly with sample sizes <250, fixing the asymp-
tote was effective at reducing bias, although for larger sam-
ple sizes neither method was clearly preferable (Figs. S2 and
S3). The accuracy of parameter estimates varied considerably
across different combinations of variables used and among
parameters (Figs. S4 and S5). Again, in some scenarios with
smaller sample sizes <250, fixing the asymptote improved
accuracy with the 3PLF methods, although at larger sample
sizes better accuracy was achieved by estimating Py (Fig. 3).
Overall, Pyjax was comparatively more challenging to estimate
accurately than Ly, (Figs. S4 and S5).

While the 3PLF-fixed method was in some cases able to re-
duce bias at lower sample sizes, a trade off in the use of this
method was poorer interval coverage (Fig. 4 and Fig. S6). For
most simulations, interval coverage for L;, was well below
the expected level of 50%, irrespective of sample size. In con-
trast, for the 3PLF-estimated method interval coverage oscil-
lated around 50% for both I, and Pyay.

Differences in life history and gear selectivity played an
important role in the ability to obtain accurate and unbi-
ased maternity parameters. Certain combinations of vari-
ables in the simulated data resulted in few females in ma-
ternal or immature condition, making parameter estimation
difficult (Figs. S8 and S9). This was particularly the case for
Pyax which required a relatively high maternal sample size
to enable accurate parameter estimation (Fig. 5). These ef-
fects were not necessarily consistent between species and
seemed to reflect differences in the underlying population
length structure. For example, in biennial low selectivity sce-
narios for gummy sharks ~60% of individuals were immature
compared to ~50% in the corresponding scenarios for school
sharks (Fig. S9).

Overall, the 2PLF-maternity method performed the poor-
est. Ignoring Ppax introduced a fixed bias in this parame-
ter that increased in magnitude as reproductive periodicity
increased (Fig. S3). This manifested in an overestimation of
L, that was exacerbated by gear selectivity effects (Fig. S2).
In contrast, using a maturity function to approximate the
maternity function (2PLF-maturity method) resulted in rela-
tively good performance. Lsy could usually be estimated with
a higher accuracy than Lg,. For the gummy shark, where
Lso and Ly, were relatively similar, using the 2PLF-maturity
method led to a constant underestimate of Ly, of approxi-
mately 2%, exceeding the performance of the 3PLF-methods
at most sample sizes.

The effect of the different methods in ultimately calculat-
ing R, varied considerably across the various scenarios. For
school sharks, estimating Py.x, was the most effective way to
minimize bias in most scenarios (Fig. S10). Substituting matu-
rity parameters (2PLF-maturity method) led to a median over-
estimation of Ry by 3.4% across all scenarios, while the 2PLF-
maternity method led to a median underestimate of 11.1%.
(Fig. S10). In contrast, for the gummy shark substituting ma-
turity parameters led to a median overestimation of Ry of just
1% across all scenarios which outperformed the 3PLF meth-
ods in many instances (Fig. S11). Using the 2PLF-maternity
method for gummy sharks led to a median overestimate of
Ry of 39% (Fig. S10). For both species, better accuracy in cal-
culating R, was achieved with the 3PLF methods, with the
3PLF-estimated method performing best in most scenarios
tested (Fig. 6 and Fig. S12). For gummy sharks the 3PLF-fixed
method performed best at lower sample sizes and lower val-
ues of Ppax.

3.2. Empirical case study

Maternal data were re-analysed for 1087 sandbar sharks in-
cluding 640 mature individuals of which 32% were in mater-
nal condition. Using the 3PLF-estimated method, the maxi-
mum likelihood estimate for Py was 0.48 (Table 2). Despite
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Fig. 2. Bias (percent relative error) in parameter estimates for L;, and Pyax for the three-parameter logistic regression function
maternity function with Py, estimated. Each point represents parameter estimates from one iteration of simulated data (n =
43129), including all combinations of variables. Simulations with longer reproductive cycles and fewer maternal females were
associated with higher bias in both L, and Pyiax. Note: 42 data points were cropped to aid with data visualization (see Fig. S13

for uncropped figure).
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having a sample size of >600 mature females, the propor-
tion of maternal individuals at length was still uncertain and
Iﬂ; was estimated to lie between 0.39 and 0.60 with 95% con-
fidence (Figure 7). For 3PLF-fixed models a value of Pyx =
0.5 was strongly supported (Aac = 14.15) over the alterna-
tive fixed value of Pyx = 0.33. The model with Py.x = 0.5
also outperformed the 3PLF-estimated method (Aaic = 1.86).
Given the fixed model had one fewer estimated parameter,
both models had essentially the same level of support given
the data (Burnham and Anderson 2002).

4. Discussion

Relatively few reproductive biology studies have used ma-
ternity functions to model maternal reproductive output in
chondrichthyan fishes. Where they have been employed the
approach has typically been to use a three parameter lo-
gistic function with a fixed, user-defined value for the up-

2

© 0.66 (Annual / biennial) © 1 (Annual)

o 10 o 5 O 250 () 1250

per asymptote, Py,x. Here we show that it is feasible to
estimate Ppq, from maternal data, in turn enabling statis-
tical inferences on reproductive periodicity. Applying 3PLF
models with estimated and fixed values of Pyax to simu-
lated data showed that accuracy, bias, and confidence inter-
val coverage often improved when Py,x was estimated. Us-
ing a fixed value for Py.x in some cases reduced bias. Over-
all, however, relatively large sample sizes were needed to
accurately estimate Py, particularly with longer reproduc-
tive cycles. This study also demonstrated that, in some cases,
recruitment was overestimated when maturity data were
used to approximate maternal data and inaccurate if Py
was ignored when estimating maternity parameters. Based
on these findings we outline considerations for practition-
ers using these methods and illustrate how they can provide
novel insights into reproductive biology. We conclude by dis-
cussing the advantages of adopting this approach and future
directions.
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Fig. 3. Accuracy (percent absolute error) in parameter estimates of Pyjax for three-parameter logistic regression function meth-
ods with high maternal selectivity. Large sample sizes were needed to accurately estimate Pyax and accuracy decreased as the
duration of the reproductive cycle increased. Each point reflects a mean value from 300 simulated data sets. Point size denotes
mean number of females in maternal condition at a given sample size.
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4.1. Implementing maternity functions

Using simulated data to compare the relative performance
of the 3PLF-estimated and 3PLF-fixed methods subject to a
range of variables showed that it was feasible to estimate
Ppax, but was difficult to do so accurately. For non annual
reproductive cycles, >100 school sharks and >200 gummy
sharks in maternal condition were typically needed to esti-
mate Ppax with <10% MARE (Figure 5). This indicates that
the both sample size requirements and levels of uncertainty
are likely to be larger than conventional logistic maturity
analysis (Roa et al. 1999). In the case of the gummy shark
this inaccuracy led to the 2PLF-maturity method performing
comparably or better than the 3PLF methods in minimizing
bias in Ry (Fig. S11). Relatively wide confidence intervals were
also obtained for Py;.x in the empirical analysis for sandbar
sharks, even with a total sample size of >1000 females, 206
of which were in maternal condition. A similar sample size
was used by Colonello et al. (2016) to estimate plausible val-

ues of Py, and maternity parameters for south Atlantic spiny
dogfish.

The simulation study also also identified some situations
where it may be preferable to fix Py, particularly at lower
sample sizes (<100 individuals total). Providing clear guide-
lines on this is difficult as model performance was species-
specific and influenced by life history and gear selectivity.
The success of any analysis using a fixed value also ultimately
depends on the analyst choosing a suitable value. The poten-
tial to introduce a greater level of bias through the incorrect
selection of Py« should also be considered if using this ap-
proach (Natanson et al. 2019).

Together, these results suggest that data requirements of
the 3PLF analyses may be prohibitively large for many chon-
drichthyans and therefore best suited to use on commer-
cially captured species where large sample sizes can be ob-
tained (Oddone et al. 2010; Tribuzio and Kruse 2012). For
smaller samples sizes, placing a prior or penalty on Ppax
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Fig. 4. Confidence interval coverage for f’s\o for three-parameter logistic regression function methods with high maternal
selectivity. Figure shows the percentage of simulations (n = 300) where the true parameter value fell within the 50% bootstrap
confidence interval. Point size denotes mean number of females in maternal condition at a given sample size.
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may also help overcome issues of parameter inaccuracy,
enabling existing information about reproductive periodic-
ity to be incorporated from other populations or closely-
related species (Smart and Grammer 2021). Information on
length at maturity, which is likely to be relatively easier
to estimate, may also be informative in the development
of priors, with Lsy effectively providing a lower bound for
L.

For data-poor chondrichthyan species, or where data on
pregnant females are sparse or unattainable, the current
practice of using maturity parameters as a proxy for ma-
ternity parameters will likely still be the only option. From
this perspective, the outperformance of the 3PLF-methods
by the 2PLF-methods for the gummy shark in several simu-
lations is encouraging. However, the extent to which matu-
rity parameters can provide a good approximation of mater-
nity parameters may be species-specific, depending on how
close Ly is to Lg,. While several studies have shown these pa-
rameters to be similar (Walker 2007; Soto-Lopez et al. 2018),
L5, is more frequently shifted to the right of Lso (Braccini

et al. 2006; Montealegre-Quijano et al. 2014; Colonello et al.
2016; Palacios-Herndndez et al. 2020), and this length differ-
ence can equate to one or more years. For example, Harry
et al. (2013) found both spot-tail shark, Carcharhinus sorrah,
and Australian blacktip shark, Carcharhinus tilstoni, began re-
producing the year after reaching sexual maturity. Similarly,
Fujinami et al. (2017) found Ag, to be 1.4 years older than As
in blue sharks.

More research is needed to understand the relationship be-
tween size at maturity and maternity and variability within
and among taxa. In general, this study confirms Walker’s
(2005) assertion that the common practice of weighting the
maturity curve by the frequency of parturition overestimates
recruitment. This study also confirms that fitting a 2PLF to
maternal data when Pyx < 1 (effectively ignoring Pyp,y) is
likely to result in biased parameters and can also overes-
timate recruitment. While not widely used, this approach
has been undertaken in several studies (Baremore and Hale
2012; Mejia Falla et al. 2012; Baremore and Passerotti 2013;
Rambahiniarison et al. 2018).
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Fig. 5. Accuracy (percent absolute error) in parameter estimates of Pyiax for the three-parameter logistic regression function -
estimated method as a function of number of maternal females. Each point reflects a value from 300 simulated data sets.
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maternity (Annual) scenarios were excluded for this comparison.

Method

. 3PLF - estimated
3PLF - fixed

Table 2. Parameter estimates and model selection criteria for three parameter logistic functions (3PLF) fit to empirical data
for western North Atlantic sandbar sharks. x Denotes fixed values of parameters used.

Putax

Ly(cm)

Lys(cm)

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by Department of Agriculture and Food (Western Australia) on 09/26/24

Method AIC Aj Wi
3PLF—fixed 0.5 161 (159-163) 176 (171-181) 833.91 0.00 71.63
3PLF—estimated 0.48 (0.392-0.611) 160 (157-164) 174 (167-183) 835.77 1.86 28.31
3PLF—fixed 0.333x 156 (155-158) 167 (163-171) 848.06 14.15 0.06
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Fig. 7. Comparison of three-parameter logistic regression function-estimated and 3PLF-fixed methods used to estimate mater-
nal parameters for sandbar shark, Carcharhinus plumbeus, in the Gulf of Mexico and western North Atlantic. Solid line is the
expected proportion in maternal condition at length, W'(l). The grey shaded region denotes 95% confidence intervals based
on bootstrap resampling. Black points show proportion in maternal condition in 10cm length intervals. Marginal rug plots
denote raw data that models were fit to. Py.x was fixed at 0.5 in the lower panel.
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4.2. Empirical study

The empirical analysis carried out using data for the sand-
bar shark illustrates how novel insights can be gained from
maternal data by estimating Pyax. Detailed reproductive stud-
ies of the western North Atlantic population by Baremore and
Hale (2012) and Piercy et al. (2016) were ambiguous about the
frequency of reproduction. In both studies, the low propor-
tion of pregnant females and bimodality in ovarian follicle
size led the authors to conclude that the reproductive cycle
was most commonly triennial or possibly longer at the pop-
ulation level. Reanalysis of these combined data sets using
the 3PLF-estimated method, however, resulted in a maximum
likelihood estimate of Py = 0.48, considerably larger than
0.37—the proportion of pregnant mature females observed
by Baremore and Hale (2012). Similarly, based on AIC values,
a fixed value of Pyj.x = 0.5 had a much higher relative plausi-
bility than a value of 0.33 (Table 2).

This unexpected result may be related to the gradual at-
tainment of asymptotic maternal status. Maturity in sandbar
sharks appears to occur over an extended size range. Ls and

Los are 146 and 176 cm—a length interval that corresponds
to around seven years given the sandbar shark’s slow growth
rate (Hale and Baremore 2013). With females maturing over
a broad range of sizes and ages, it is possible that smaller fe-
males reproduce less frequently, while larger sharks may ul-
timately be capable of reproducing biennially. Given that few
females appear to attain this size (Hale and Baremore 2013),
the modal reproductive frequency is still likely at least trien-
nial within the population. Further work would be required
to confirm this hypothesis, however, such an outcome would
have important implications for management; not only are
larger females more fecund (Baremore and Hale 2012), they
also reproduce more frequently. This implies that size selec-
tive fishing or the removal of larger and older female sharks
could have a disproportionately greater impact on popula-
tion productivity.

4.3. Advantages and future directions
Despite the simplicity of the 3PLF-estimated method, it
nonetheless represents a conceptual shift for chondrichthyan
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reproductive and population biology. Until now reproduc-
tive periodicity has largely been determined qualitatively
from observations of female reproductive biology or inferred
based on circumstantial evidence. Using the 3PLF-estimated
method to estimate Py,x within a maternity function trans-
forms it from a nuisance parameter to one of direct infer-
ential interest that can be seen as a valuable output of the
modelling process itself. In addition to the potential benefits
of using this method to improve estimation of maternal pa-
rameters, there are also a range of other advantages that arise
from estimating Ppax.

One benefit of this approach is that it reduces the need for
subjective modelling assumptions relating to Pyx. Such as-
sumptions can have important implications for population
modelling. For example, due to uncertainty in temporal and
spatial frequency of reproduction in sparsely-spotted stinga-
rees, Urolophus paucimaculatus, Trinnie et al. (2014) estimated
maternity parameters for 10 plausible scenarios. In stock as-
sessment of western North Atlantic sandbar sharks a breed-
ing frequency of 2.5 years was assumed to account for uncer-
tainty in the duration of the reproductive cycle (SEDAR 2017).

More commonly, practitioners have chosen fixed values of
the form Pya.x = 1/n, where n is the apparent duration of
the reproductive cycle in years. This process also has the po-
tential to introduce bias if a small proportion of females re-
produce more or less frequently than the larger population.
Long-term study of offspring from genetically profiled lemon
sharks, Negaprion brevirostris, confirmed that most individu-
als reproduced biennially, but also revealed some cases of
triennial reproduction (Feldheim et al. 2014). Statistical esti-
mation of Py.x from data avoids these decisions and enables
uncertainty in this parameter to be included in subsequent
population models.

Estimation of Py.x using the 3PLF-estimated method may
also be a means to resolving the longstanding question of
reproductive frequency in some rare and threatened chon-
drichthyans. White sharks, Carcharodon carcharias, and whale
shark, Rhincodon typus, are two examples of intensively stud-
ied species where only fragmentary observations of female
reproductive biology exist (Joung et al. 1996; Sato et al. 2016).
In both species lack of data on reproductive frequency is a
major impediment to population modelling and the devel-
opment of management strategies (Huveneers et al. 2018;
Bowlby and Gibson 2020). With many of these populations
the focus of ongoing monitoring, non lethal methods for as-
sessing maternal state may eventually provide a way of col-
lecting sufficient data for estimation of P,y (Sulikowski et al.
2016).

A logical progression from estimating Py, is the consider-
ation of alternative functional forms for this parameter such
as time- or space-varying Py,x or more complex length- or
age-dependent forms (Winton et al. 2014). Despite the diverse
range of reproductive modes found in chondrichthyan fishes,
the current, limited knowledge of maternal investment has
typically investigated variables such as litter size and pup con-
dition (Hussey et al. 2010). Little is known about how repro-
ductive frequency varies as a function of size or age, in re-
sponse to environmental effects, or at changing population
densities. Better understanding of these factors has the po-

tential to improve understanding reproductive strategies and
is, in many cases, of direct relevance to management.
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