View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Research Repository

Murdoch

UNIVERSITY

MURDOCH RESEARCH REPOSITORY

This is the author’s final version of the work, as accepted for publication
following peer review but without the publisher’s layout or pagination.
The definitive version is available at
http://dx.doi.org/10.1139/cjfas-2015-0422

Hordyk, A.R., Ono, K., Prince, J.D. and Walters, C.J. (2016) A
simple length-structured model based on life history ratios and
Incorporating size-dependent selectivity: application to
spawning potential ratios for data-poor stocks. Canadian
Journal of Fisheries and Aquatic Sciences,

73 (12). pp. 1787-1799.

http://researchrepository.murdoch.edu.au/34644/

Copyright: © 2016, Canadian Science Publishing.

It is posted here for your personal use. No further distribution is permitted.



https://core.ac.uk/display/77144134?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1139/cjfas-2015-0422
http://researchrepository.murdoch.edu.au/34644/

Canadian Journal of Fisheries and Aquatic Sciences

Canadian Journal of Fisheries and Aquatic Sciences

Canadian : g Ut :
bl JOurnal canadien des sciences halieutiques et aquatiques

NAC Research Press journals | Publahing Servces

A simple length-structured model based on life history
ratios and incorporating size-dependent selectivity:
application to spawning potential ratios for data-poor
stocks

Journal: | Canadian Journal of Fisheries and Aquatic Sciences

Manuscript ID | cjfas-2015-0422.R2

Manuscript Type: | Article

Date Submitted by the Author: | n/a

Complete List of Authors: | Hordyk, Adrian; Murdoch University, Centre for Fish and Fisheries Research
Ono, Kotaro; University of Washington, School of Aquatic and Fishery
Sciences

Prince, Jeremy; Biospherics Pty Ltd.

Walters, Carl; University of British Columbia, Fisheries Centre

LIFE HISTORY < General, MODELS < General, MORTALITY < General, SIZE

Keyword: | b1TRIBUTION < General, STOCK ASSESSMENT < General

ONE

https://mc06.manuscriptcentral.com/cjfas-pubs




Page 1 of 38 Canadian Journal of Fisheries and Aquatic Sciences

Title Page

A simple length-structured model based on life history ratios and incorporating size-
dependent selectivity: application to spawning potential ratios for data-poor stocks
Authors:

Adrian R. Hordykl*, Kotaro Ono?, J eremy D. Prince'”, and Carl J. Walters®

Author affiliations:
* Corresponding author, tel: +61 893606685; fax: +618 9360 6303; e-mail:
a.hordyk@murdoch.edu.au
1. Centre for Fish and Fisheries Research, Murdoch University, 90 South Street,
Murdoch, Western Australia 6150, Australia
2. School of Aquatic and Fishery Sciences
Box 355020, University of Washington, Seattle, WA 98195-5020, U.S.A.,
kotarono@uw.edu
3. Biospherics Pty Ltd, PO Box 168, South Fremantle, WA 6162, Australia,
biospherics@ozemail.com.au
4. Fisheries Centre, University of British Columbia, Vancouver B.C. V6T174, Canada,

c.walters@fisheries.ubc.ca

https://mc06.manuscriptcentral.com/cjfas-pubs



O 0 39 O »n B~ W N =

e e e e T e T T = S
~N O L B WD = O

—_
o0

Canadian Journal of Fisheries and Aquatic Sciences Page 2 of 38

Abstract

Selectivity in fish is often size-dependent, which results in differential fishing
mortality rates across fish of the same age; an effect known as “Lee’s Phenomenon”. We
extend previous work on using length composition to estimate the spawning potential ratio
(SPR) for data-limited stocks by developing a computationally efficient length-structured per-
recruit model that splits the population into a number of sub-cohorts, or growth-type-groups,
to account for size-dependent fishing mortality rates. Two simple recursive equations, using
the life-history ratio of the natural mortality rate to the von Bertalanffy growth parameter
(M/K), were developed to generate length composition data, reducing the complexity of the
previous approach. Using simulated and empirical data we demonstrate that ignoring Lee’s
Phenomenon results in over-estimates of fishing mortality and negatively biased estimates of
SPR. We also explored the behaviour of the model under various scenarios, including
alternative life-history strategies, and the presence of size-dependent natural mortality. The
model developed in this paper may be a useful tool to estimate the spawning potential ratio

for data-limited stock where it is not possible to apply more conventional methods.

Key words: stock assessment; data-poor; simulation; growth-type-groups
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Introduction

In order to maintain the long-term stability of yield from capture fisheries, the
dynamics of fish populations and the impact of harvesting these populations must be
understood. While there have been some notable failures, the quantitative methods of
fisheries science are generally accepted as reliable and useful tools for managing fisheries
(Hilborn 2007, Hilborn and Ovando 2014). However, many conventional methods require
large amounts of data, including reliable biological information on the exploited stock and a
historical time series of total removals (Kelly et al. 2006, Bentley 2015). Many fisheries,
particularly in (but certainly not restricted to) developing regions, do not have the data
required for conventional methods and are considered data-limited or data-poor (Bentley
2015, Costello et al. 2015). The severity of the problem is further exemplified by the fact that
many of the world’s data-poor stocks are in areas of high marine biodiversity, high
population density, low management capacity, and considerable poverty (Andrew et al. 2007,
Worm and Branch 2012, Pitcher and Cheung 2013). Furthermore, the inhabitants of these
nations are often disproportionally reliant on fish as vital sources of protein, and fisheries
play an important role providing livelihoods for millions of people (Kent 1997, Béné 2003,
Walmsley et al. 2006). The immensity of the problem faced by managers of data-poor
fisheries is recognised by the fisheries science community, and an increasing literature on the
development of alternative methods for data-poor fisheries has been building in recent years
(e.g., Honey et al. 2010, Dowling et al. 2015, Kokkalis et al. 2015, Jardim et al. 2015, Hordyk
et al. 2015a, Thorson and Cope 2015, Prince et al. 2015a, Roa-Ureta et al. 2015, Roa-Ureta
2015, Needle 2015).

The length-based spawning potential ratio (LB-SPR) method is an example of an
assessment method that was recently developed as a tool for assessing and managing data-
poor fisheries (Hordyk et al. 2015b, 2015b, Prince et al. 2015b). The LB-SPR method uses
estimates of the life history ratio of natural mortality (M) to the K parameter from the von
Bertalanffy growth equation (M/K) to estimate the spawning potential ratio (SPR) from size
composition data of an exploited stock. The M/K ratio is known to vary less within stocks of
the same species, or closely related species, than the individual M and K parameters
(Beverton 1992), and can be estimated from meta-analysis or comparative studies (Prince et
al. 2015a, 2015b). By using the life-history ratio M/K, the LB-SPR model avoids the reliance
on the natural mortality parameter, which, especially for exploited stocks, is notoriously

difficult to estimate (Kenchington 2014). Furthermore, the length frequency of the catch is
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one of the cheapest and easiest forms of data to collect (Quinn and Deriso 1999), although
careful and well-structured sampling is required to ensure that the data are representative
(Erzini 1990, Gerritsen and McGrath 2006, Heery and Berkson 2009).

Hordyk et al. (2015b) demonstrated that, with the assumption of a knife-edge
selectivity pattern, the expected size frequency of the catch and the spawning potential ratio
of the stock could be represented by simple analytical models using the ratios M/K, relative
fishing mortality to natural mortality (¥/M), and the relative size at first capture to the
asymptotic length (L./L), without requiring estimates of the individual parameters M, F or K.
Incorporating non-knife-edge selectivity patterns was more complex, and an age-structured
model parametrized in terms of the life history ratios was required (Hordyk et al. 2015b,
2015c). In this paper we develop a per-recruit length-structured model which can account for
a range of selectivity patterns and can be represented by two simple recursive equations.

It is often assumed in fisheries assessment models that length-at-age is normally
distributed, with the mean length-at-age described by the von Bertalanffy growth equation.
Selectivity is often, although not always, observed to be size-related rather than dependent on
age (Francis 2015), and faster growing fish are expected to reach the length at which they are
vulnerable to the fishing gear before the slower growing individuals, and thus are exposed to
a higher cumulative fishing mortality throughout their lifetime. As a result, when subject to
fishing mortality, the size-at-age distribution of older age classes is no longer normally
distributed, as the larger individuals in each age class are reduced in number relative to the
smaller individuals in the same age class. This effect, first documented over 100 years ago
(Lee 1912), has since become referred to as “Lee’s Phenomenon”. Although the effect is
often ignored in age-structured models, a number of techniques have been developed to
account for Lee’s Phenomenon in fisheries assessments by dividing the modelled fish
population into a number of sub-populations and tracking the sub-cohorts over time (Punt et
al. 2002, Walters and Martell 2004, McGarvey et al. 2007, Taylor and Methot 2013). The
age-structured LB-SPR model did not account for Lee’s Phenomenon, and is therefore
expected to over-estimate fishing mortality when selectivity is size-dependent. In this paper,
we extend the new length-structured model using the growth-type-group (GTG) approach of
Walters and Martell (2004) to account for Lee’s Phenomenon. This new per-recruit model
(referred to as the GTG LB-SPR model) uses the life history ratio M/K, together with
estimates of size-at-maturity and asymptotic size (L) and length composition data, to
estimate the spawning potential ratio of data-limited stocks with size-dependent selectivity

patterns.
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We first used a simulation model to explore the effect of the different parameters of
the GTG LB-SPR model on the predicted equilibrium size composition and the resulting
level of SPR. We then compared the estimates of the newly developed GTG LB-SPR model,
and the original LB-SPR model (Hordyk et al. 2015b, 2015c¢), by applying the two methods
to both simulated and empirical data sets. Similar to the LB-SPR model, the GTG LB-SPR
model developed here assumes known life history parameters, and uses an equilibrium per-
recruit model to estimate the relative fishing mortality, selectivity-at-length, and the

spawning potential ratio, from representative catch-at-length data.

Methods
Derivation of Length-Structured Per-Recruit Model to Predict Size Composition
Per-recruit number at length

Fish growth is typically described by the von Bertalanffy growth equation, which is
commonly written as:

L(a) = Lo (1 — e7Kla-t0)) (D
where L(a) is the length at age a, L., is the mean asymptotic length, K is the von Bertalanffy
growth parameter, and 7, is the hypothetical, usually negative, age at which length is zero.

The von Bertalanffy growth model can be reparametrized by replacing ¢, with a more

biologically meaningful parameter L, the initial length at age 0:
L
L(a) = Le, (1 - (1 - L—") e‘K“> (2)
Assuming for simplicity that L, is zero gives:
L(a) = Lo, (1 —e7%%) (3)
The rate at which the numbers-at-age in a population (N) are decreasing can be

written as:
dN
da

where Z is the instantaneous total mortality rate. The rate of change of numbers alive with

—ZN (4)

respect to length can be written using the chain rule as:
dN dNda

= 5
dL dadlL >)
where % is the inverse of the von Bertalanffy growth equation (Equation 3):
da 1
(6)

dL _ K(L.—1L)

https://mc06.manuscriptcentral.com/cjfas-pubs
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This gives:
dN Z N 7
dL K (Lo, —L) (
. . . Z . .
which demonstrates that, on a per-recruit basis, the E ratio determines the number of
animals at length. By applying a separation of variables method Equation 7 can be re-
arranged as:
an _ Z 1 dL 8
N  K(le-1L) (8)
which, by integrating both sides of the equation, gives:
Z
InN, = Eln(L00 —L)+C forL <Ly (9)
Assuming a per-recruit model, the initial condition is Ny =1, which can be used to determine
the value of C, and replacing it in Equation 9 gives:
InN, = 21 <L°°_L> 10
niv, = K n L., (10)
Exponentiation of Equation 10 results in:
L L %
— L\K
N, = 2 (11)
t ( Lo, )
It follows that the number-per-recruit that are alive at L +dL (where dL is a small increment
in length) is:
V4
_ (Loo—L—dL\K 12
N = (225 (12)
Re-arranging these equations gives:
L L—dL %
w—L— K
Niiq = N (ﬁ) for L < L (13)

This simple recursive equation demonstrates that the number per-recruit that are alive

Z
at each length (L) can be determined by the X ratio and the L, parameter.

Including size-dependent mortality

Equation 13 assumes that total mortality is independent of size, and that the Z/K ratio
remains constant for all size classes. The total mortality rate is usually separated into two
sources: fishing mortality (£)) which is imposed by the fishing activity, and natural mortality
(M) which generally includes all sources of mortality not associated with the fishing. Fishing

mortality is often size dependent, with small individuals often less likely to be vulnerable to
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the fishing gear and selected by the fishery than larger fish. The fishing mortality at size L
can be described as:

F, =FV, (14)
where F is the fully selected fishing mortality, and ¥, is the vulnerability of an individual at

length L. Assuming a logistic selectivity curve V; is given by:

1
—In(19) [m]) (15)

SLos—SLso

VL =
1+ e(
where S; 5o and S; 95 are the lengths at which 50% and 95% of the fish are vulnerable

respectively. Other selectivity patterns, e.g., dome-shaped or knife-edge, can easily be
incorporated by modifying Equation 15.
Total mortality at length is then given by:

Z, =F + M, (16)
where M is the natural mortality rate at length L. Natural mortality is notoriously difficult to
estimate, and many stock assessment and bio-energetic models assume that this rate is
constant for all ages and size classes. However, there is evidence that natural mortality is
higher for smaller individuals, and tends to decrease as the animals grow to larger sizes (with
a possible increase again towards the end of life; Charnov et al. 2013, Charnov 2014). This
relationship can be described by:

M, =M, (LTW)C (17)

where M is the natural mortality rate for adults near maximum size, and ¢ = 0 is the
allometric exponent for the mortality-length relationship (Lorenzen 1996, 2000).

If the length increment dL is small enough, it may be reasonable to assume that both
the natural and fishing mortality rates are constant within a size class. This assumption
allows size-specific mortality rates to be incorporated into Equation 13:

ZL
Nptar = Np (%)K for L < Lo, (18)
Prediction of size composition

Equation 18 can be used to calculate the number-per-recruit that survive to each
length class given a size-dependent mortality rate. However, as the rate of growth tends to
decrease as fish get older, the amount of time an individual spends in each length class
changes throughout its life; that is, the time to grow from L to L+dL typically increases for

older age classes. Therefore, to calculate the expected per-recruit number-at-length within
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each length class, it is necessary to integrate over the amount of time the animal spends in
each size class.
The age at length L can be calculated by re-arranging Equation 3 to give:
a=—i1n<1—i) (19)
K Lo
To calculate the numbers at age over each length interval we must integrate the number-at-
length (N,) over the increment in age within the length interval:
% n(1-27)
DivaL = e ?%da (20)
A1)
where D, 4; is the cumulative ‘density’ of animals between the length classes L and L+dL.
Solving this equation and simplifying gives:
Dpiar = %(NL — Npyar) (21)
Similar to the situation described above, if we assume that dL is small enough so that
the mortality rate is constant within the length class, the above equation can be modified to
account for size-dependent mortality:
1
DyyarL = Z (N, — Npyar) (22)

As it is a per-recruit model, Equation 22 can be standardized to sum to one across the length
classes:
1
_ 7, (N, = Npya)

Diyar = 1 (23)
2L 7 (N, = Nptar)

Equation 23 now predicts the expected proportion of the population in each size class in

terms of L, Z and K (see Equation 18) in recursive fashion. However, it can be simplified
further to make the predicted proportions depend on the % ratio instead of the specific value

of Z. Multiply the numerator and denominator in the right hand side of Equation 23 by K,

which leads to:
1
B_L (NL - NL+dL)

1
ZLQ_L (N, = Npyar)

Dijar =

(24)
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where 6, is the ratio ?L, enabling the expected per-recruit size composition to be constructed

in terms of just L., and %

Growth-Type-Group Model

The model so far assumes a single growth trajectory for all individuals in the
population, and does not account for individual variation in growth. One way to incorporate
variability in growth would be to assume that Equation 18 describes the mean length, and
that individuals are randomly distributed (e.g., Gaussian distribution) around this mean
length. This approach would essentially be identical to the age-structured LBSPR model
(Hordyk et al. 2015b, 2015c), which assumed individuals were normally distributed around a
mean length-at-age. However, a shortcoming of this approach is that it fails to adequately
account for the cumulative effects of size-based fishing mortality on the size structure of the
stock, although admittedly some form of truncation could be adopted within this simple
statistical approach. Here we develop a more biologically-oriented methodology based on
the concept of growth-type-groups.

To account for size-dependent fishing mortality, one option is that the population
model keeps track of the cumulative fishing mortality rates on several groups of individuals
with assumed different growth patterns within a single cohort. These growth-type groups are
similar to the super-individual concept in individual-based models (Scheffer et al 1995),
although the growth-type groups are simpler to implement. Here we tackle Lee’s
Phenomenon within the LB-SPR model by recourse to the concept of growth-type-groups
(Walters and Martell 2004).

To account for variability in individual growth patterns, we assumed that there are G
sub-cohorts, and each growth-type-group g has a different L., (Loo,g) but a shared K

parameter. Equation 18 can then be written as:

Zy,

Nptarg = Nig (f——L) forL < Leg (25)
m’g

and Equation 24 as:
1
G_L (NL,g - NL+dL,g)

1
ZL G_L (NL,g - NL+dL,g)

DL+dL,g =

(26)
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The initial condition for Equation 25 is:
Ni=0,g = Ropyg (27)
where Ry = 1 for a per-recruit model, and, assuming that L, 4 is normally distributed across
the growth-type-groups, py is the fraction of recruits to group g and is proportional to a
normal probability density function with mean L., and variance JLZOO.
The expected length structure of the stock can then be constructed by summing across

the G growth-type-groups the number of individuals in each length class:

G
D= {Z Divarg } (28)
LE[0,Leo g]

The Spawning Potential Ratio
The length-based growth-type-group model described above can be used to calculate

the spawning potential ratio (SPR). The length-weight relationship is often described by
W, =al’, where a is a species-specific constant, and the exponent b is often close to 3.

Maturity-at-size (Mat;) can be modelled as a logistic function following Equation 15, by
replacing S; 5o and S, o5 with the average length at 50% (Lsg) and 95% (Los) maturity
respectively. To account for the variable growth trajectories, the relative size-at-maturity is
assumed to be constant across all GTG, with cohorts with smaller and larger asymptotic sizes
reaching maturity at smaller and larger absolute lengths respectively. The size-at-maturity

for each growth-type-group is then given by:

Lso
LSO,g = Z_Loo,g
_® (29)
Lye, =255
95,9 — K 0,9

where Lg, and Lgg are the mean length at 50% and 95% maturity respectively. Equation 15
is then used to calculate the maturity schedule for each GTG.

Assuming that egg production is proportional to the size of mature fish, relative
fecundity-at-size is given by:

Fec,, = Mat, ,LP (30)

The value of the exponent £ in Equation 30 can be changed to reflect different size-
fecundity relationships. For example, setting / to zero assumes that the reproductive output
of mature individuals is constant and independent of size, perhaps more appropriate for some
sharks and other elasmobranchs.

10

https://mc06.manuscriptcentral.com/cjfas-pubs



Page 11 of 38

225
226

227
228

229

230
231
232
233
234

235
236
237
238
239
240
241
242
243
244
245
246
247

Canadian Journal of Fisheries and Aquatic Sciences

The SPR can be calculated using the above equations, as the proportion of
reproduction in the fished state relative to the unfished state:

1 ~ ~
Y27~ (DLg — Drtarg)Fec
PR — g L(ML,g+FL)( Lg L+dLg) L

- (31
Zg XL M_Lg (DL,g - DL+dL,g)FeCL

As was done when passing from Equation 23 to Equation 24, multiply the numerator
and denominator on the right hand side of Equation 31 by K. In addition, multiply the %

. M
term in the numerator by o o get:

1 -~
Yg 2L ([M]L,g v [F] [M]L'g> (DLg = Drtavg)Fecy

K Ml K
1 - —
Zg 2L ™1 (DL,g - DL+dL,g)FeCL

%1,
Growth-Type-Group Length-Based SPR Assessment Model

SPR =

(32)

Assuming reasonable estimates of the M/K ratio, L, and a7 (or CV}_), size-at-

maturity, the parameters F/M, S50, and S;95 can be estimated from a representative sample

of the length structure of the catch, by minimizing the following multinomial negative log-

likelihood function (NLL):

NLL = argmin Z 0; lni (33)
%'SLSO'SL% L O

where 0; and 0; are the observed number and proportion in length class i respectively, and P;
is the model estimate of the probability in length class i. P can be calculated by multiplying
D from Equation 28 by the estimated selectivity curve, and standardized to sum to one. The
spawning potential ratio can be calculated from Equation 32 using the model estimates of
F/M and selectivity-at-length parameters, and the input parameters M/K, L, and CV},_, and
size-at-maturity parameters (Table 1).

This new model, referred to as the growth-type-group length-based SPR (GTG LB-
SPR), model shares many of the assumptions of the LB-SPR model (Hordyk et al. 2015b,
2015c), including the typical per-recruit model assumption that the stock is in steady state,
and that growth patterns are static and adequately described by the von Bertalanffy equation.
While the model can account for size-dependant natural mortality and dome-shaped
selectivity curves, these phenomena are difficult to identify from size data alone. Therefore,

the default assumption of the model is that natural mortality is constant for all size classes (at
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least those observed in the catch) and that the selectivity curve is asymptotic. If information
exists to estimate the size-dependent natural mortality relationship or selectivity pattern, this

information can be incorporated into the model.

Simulation and Evaluation of the GTG LB-SPR Model

A simulation framework was used to examine the effect of the different parameters of
the GTG LB-SPR model to the predicted size distribution. We also generated size data from
both the GTG LB-SPR and the LB-SPR models, and applied the two estimation models to the
simulated data sets to evaluate the impact of accounting for and ignoring Lee’s Phenomenon.
All simulation was conducted using the statistical programming language R (R Core Team
2015), and the R code for the simulation and estimation models is available on the lead

author’s GitHub account (https://github.com/AdrianHordyk/GTG_LBSPR).

Life History Parameters

Previous work has demonstrated that the expected unfished size distribution is
dependent primarily on the M/K ratio, with L., working effectively as a scaling parameter
(Hordyk et al. 2015b, Prince et al. 2015b). Although the M/K ratio for fish stocks is often
assumed to be around 1.5, Prince et al. (2015a) demonstrated that this ratio is much more
variable in fish stocks, and ranges from around 0.5 to above 3.0. Values of M/K around 1.5 —
2.0 and lower appear to be most common (Prince et al. 2015b), and consequently we
examined a range of M/K ratios (0.5, 1.0, 1.5 and 2.0) in the simulations, but used generic
default values for the other life history parameters (Table 1). The population L., was fixed at
100, in arbitrary units, and the coefficient of variation in asymptotic length (C VLDO) setto 0.1.
Selectivity-at-length was assumed to be equal to length-at-maturity, which was set at 50 and
55 for Lsp and Lgs respectively. The generated length data was binned into classes of width
(dL) 5, in the same units as L, and represents a measurement resolution of 5% of asymptotic
length. The life history parameters were systemically adjusted from these default values in

the specific simulation tests.

Evaluation of model behaviour
The GTG LB-SPR model is based on the same principles as the LB-SPR model, and
requires the same input parameters: M/K, Lo, CVy,_, Lsp and Lgs. The underlying population

dynamics of the two models is essentially the same, with the extra addition of the growth-
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type-groups to deal with Lee’s Phenomenon. Therefore, the new GTG LB-SPR model is
expected to display similar sensitivities to misspecification in the input parameters and
violations of the assumptions of the model (Hordyk et al. 2015¢). However, the new model
introduces an extra parameter which needs to be specified, the number of growth-type-
groups. We used simulation to evaluate the effect of this parameter on the equilibrium length

structure generated by the GTG LB-SPR model.

Number of growth-type-groups

The number of growth-type-groups (G) determines the value of the individual L., .
parameters. For example, in the extreme case of G=1, the model would only include a single
group and account for no variation in length-at-age. Variability could be added by assuming
a probability distribution of length-at-age around this single group. However, the model
would then be essentially identical to the LB-SPR model and not account for Lee’s
Phenomenon.

Increasing the number of sub-cohorts increases the resolution of the generated length
data, by dividing the different growth trajectories of the model into finer increments; i.e.,
smaller increments between the individual L,z of the groups (AL, ). However, the increased
number of sub-cohorts also increases the computational requirements of the model. A trade-
off exists in determining the number of growth-type-groups which can adequately generate a
smooth size composition, without unnecessarily consuming excess computing power.

We examined the effect of G on the size distribution predicted by the model. Fewer G
was expected to decrease the resolution of the model and result in an increasingly irregular
size distribution. The relationship between G and AL, is given by:

3 [2/10‘1100 + 1}

AL (34)

where G is rounded up to the nearest integer, and A is the maximum deviation in units of oy, _
from L., for the smallest and largest group-type-groups (fixed at 2 in these simulations). We
assumed a maximum simulation resolution of AL, = 1, which represents 41 growth-type-

groups with L, ranging from 80 to 120. We systemically varied G under a range of different

life-history and fishing mortality conditions, and compared the resulting size composition

with that obtained at maximum resolution (G=41).
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Size-dependent natural mortality

The default value of the size-dependent natural mortality parameter (c) was set at 0
for the simulations, representing constant natural mortality for all size classes (Table 1). The
impact of variation of this parameter on the expected unfished size distribution was examined
by running the model with a range of values of ¢: the base case ¢=0, and ¢=0.1, 0.2 and 0.3,

and the four different values of M/K (Table 1).

Comparison of LB-SPR models

One of the key issues of the model presented in Hordyk et al. (2015¢) was that it did
not account for the cumulative effect of fishing mortality on the expected length structure of
the stock. As a result, the model is expected to estimate higher fishing mortality, and lower
SPR, for a given size structure compared to a model that appropriately accounts for Lee’s
Phenomenon. We compared the estimates of the LB-SPR model, as described by Hordyk et
al. (2015¢), with the GTG LB-SPR model presented in this paper by applying the two models
to both simulated and empirical data.

Four sets of equilibrium size distributions, representing the four different life history
types (Table 1), were generated with both the LB-SPR model (Hordyk et al. 2015b, 2015c¢)
and the GTG LB-SPR model. Each set contained twenty simulated size composition data
with fishing mortality ranging from 0.1 to 3.0. Each estimation model was applied to the
dataset generated from the other model, and the resulting bias in estimated parameters was
examined. Natural mortality was assumed be constant for all size classes (i.e., ¢ = 0; Table
1). All input parameters of the estimation models were fixed at the true values.

Recently Prince et al. (2015b) applied the LB-SPR method to twelve tropical reef
species from northern Palau. These species are known to be heavily fished in the region,
however little biological data exists for local stocks, and few assessments or estimates of the
status of these stocks have been conducted previously. Here we applied both the LB-SPR
and the GTG LB-SPR models to the four datasets with the largest sample size (n>400), and
compared the resulting estimates of F/M and SPR. The four species were Hipposcarus
longiceps, Lutjanus gibbus, Lethrinus rubrioperculatus, and Variola louti.

Although little biological data exists for these species in Palau, based on the literature
for these and related species Prince et al. (2015b) estimated likely ranges for the biological
parameters required for the LB-SPR model, and accounted for the uncertainty in these

parameters with Monte Carlo simulation. As the purpose of the current exercise was to
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compare the results of the two models (with and without accounting for Lee’s Phenomenon),
we fixed the input parameters of the estimation model at the best estimates determined by

Prince et al. (2015b), and compared the resulting point estimates (Table 2).

Results

Simulation Tests

Figure 1 shows the von Bertalanffy growth curves for each sub-cohort, and the
resulting equilibrium size composition, when the number of growth-type-groups (G) was set
to 41, 9 and 5 for the four values of the M/K ratio: 0.5, 1.0, 1.5, and 2.0. Reducing the value
of G from the highest resolution (G = 41, AL,, = 1) did not significantly affect the quality of
the generated size composition until G was about 7 or lower. The life histories with lower
MIK ratios were most sensitive to the number of growth-type-groups. For example, Figure
la-d shows the von Bertalanffy growth curves of each sub-cohort, and the resulting size
composition when G was set to 41, 9 and 5 and M/K =0.5. The large number of growth-type-
groups used in the highest resolution case (G=41; Figure 1a) generated a smooth equilibrium
size composition (grey bars in Figure 1d). There was virtually no distinguishable difference
in the size composition that was generated when G was reduced to nine (Figure 1b and solid
line in Figure 1d). However, a further reduction to G = 5, resulted in a highly serrated size
structure, as the resolution of the model was too coarse to adequately represent the
continuous size composition (Figure 1c and dashed line in Figure 1d).

The impact of a lower value for G was less severe for the simulations with M/K=1.0,
although the size composition generated when G=5 was slightly deformed compared to that
produced when G=41 (Figure 1h dashed line and grey bars respectively). However, the size
composition generated with nine growth-type-groups was very similar to that produced when
G=41 (Figure 1h solid line and grey bars respectively. The number of growth-type-groups
had the least impact on the simulations with the higher values of M/K, where the generated
size compositions were effectively identical under a wide range of values of G (Figure 1i-1
and Figure 1m-p for M/K=1.5 and 2.0 respectively).

Sensitivity to this result was examined by re-running the model with different values
of mean L, as well as increased values of CV_, however the general pattern was consistent.
There was no discernible reduction in the quality of the size composition when the step size
of L, between the growth-type-groups (AL,,) was less than or equal to the width of the
length class (dL) into which the length data was binned. For the remainder of the
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simulations we set AL, = 0.5dL. With the parameters used in these simulations (CV;_ =

0.1 and dL = 5; Table 1), this resulted in seventeen growth-type-groups (Equation 34).

Figure 2 demonstrates the effect of size-dependent natural mortality on the
equilibrium unfished size composition for the four values of M/K (Figure 2a, b, c and d
respectively) and increasing values of size-dependent M (¢ =0, 0.1, 0.2 and 0.3). In the base
case, natural mortality was constant (¢ = 0) for all individuals, with the resulting size
composition equivalent to that predicted by the age-structured LB-SPR model (Prince et al.
2015b) for the different values of M/K (Figure 2 solid black lines). Increasing the natural
mortality (specifically M/K in this model) for the smaller size classes by increasing the value
of ¢ resulted in the smaller individuals contributing proportionally more to the population
(Figure 2 dashed, dotted and dash-dotted lines for ¢ = 0.1, 0.2, and 0.3 respectively). This
effect was especially noticeable for the higher M/K where the size-dependent natural
mortality changed the shape of the expected size distribution considerably (Figure 2 bottom
row).

To investigate the effect of size-dependent natural mortality on the expected size
structure of the catch, the model was re-run for the four different life-history parameters at a
level of fishing mortality that resulted in SPR=0.5 (Figure 3a, b, ¢ and d for M/K = 0.5, 1.0,
1.5, and 2.0 respectively). The influence of size-dependent natural mortality on the expected
size structure of the catch was effectively indistinguishable under these simulations. It was
hypothesised that the impact of size dependent mortality on the size composition of the catch
would be more significant when the selection pattern of the fishery included more of the
smaller size classes. This was investigated by setting the parameters of the selectivity curve
to smaller values (S; 50 and S; g5 set at 10 and 15 respectively) and re-running the model with
the four different scenarios of size-dependent natural mortality and four sets of life-history
parameters (Figure 4). As expected, the effect of the size-dependent mortality was more
noticeable in the size structure of the catch under these conditions. This was especially the
case for the higher M/K simulations, where the expected size structure of the catch consisted
of a proportionally greater number of smaller sized individuals and with increased size-

dependent natural mortality (Figure 4c and d).

Simulation and Empirical Comparison of Estimation Models
The LB-SPR assessment model over-estimated the fishing mortality when it was

applied to length data generated with the growth-type-group model (Figure 5a). This bias
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was especially noticeable at higher levels of fishing mortality (F/M > 1) and higher values of
the M/K ratio (dotted and dash-dotted lines in Figure 5a). The over-estimation of fishing
mortality resulted in a negative bias in the estimated SPR, especially at higher levels of
fishing mortality (Figure 5c). However, due to the asymptotic relationship between fishing
mortality and SPR, the negative bias in SPR was less pronounced than the positive bias in the
fishing mortality.

The reverse pattern was observed when the GTG LB-SPR assessment model was
applied to length data generated with the assumption of age-based selectivity (i.e., Lee’s
Phenomenon is not occurring). Because of the assumption of Lee’s Phenomenon built into
the GTG LB-SPR model, the assessment model expects the size distribution to truncate under
lower levels of fishing mortality. Here the assessment model tended to under-estimate the
fishing mortality, especially at higher levels of fishing mortality (Figure 5b). Likewise, the
GTG LB-SPR model over-estimated the SPR of the stock over the entire range (Figure 5d).
The bias was most pronounced at lower levels of SPR and higher values of M/K (Figure 5d).

A similar relationship between the two estimation models was observed with the four
empirical data sets, with the GTG LB-SPR model consistently estimating values of F/M that
were between 65% and 85% of those estimated by the LB-SPR model (Table 2). Likewise,
the GTG LB-SPR model estimated a higher level of SPR for all four species, compared to the
results of the LB-SPR model (Table 2). This was especially the case for L. rubrioperculatus,
where the GTG LB-SPR model estimated SPR=0.39, while the LB-SPR model estimated
SPR=0.26. The estimated fishing mortality was much higher for the other three species, and
the differences in estimated SPR between the two models was much less pronounced. The
estimates of the selectivity parameters were very similar between the two models, although
the GTG LB-SPR model tended to estimated selectivity parameters that were slightly lower
than those from the LB-SPR model.

Discussion

The model developed in this study simplifies and improves the LB-SPR model
described by Hordyk et al. (2015b, 2015¢) to estimate the relative fishing mortality (¥/M), the
selectivity-at-length parameters, and the SPR of an exploited stock from representative size
composition data and assumed known biological parameters. In particular, by using the
growth-type-group approach, and splitting the population into a number of separate sub-

cohorts, this model accounts for the effect of size-dependent fishing mortality on the size
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structure of the stock (Walters and Martell 2004). Furthermore, by using a length-structured
model to generate the expected equilibrium size composition, the GTG LB-SPR model
circumvents the complexities of the generic and scaleless age-structured approach used
previously (Hordyk et al. 2015b, 2015c).

Many age-structured population models that are commonly used in stock assessment
assume that all individuals share the same mean growth curve with some variance in size-at-
age. These models ignore the effects of size-based fishing mortality on the age and size
structure of the stock. The inclusion of growth-type-groups arguably improves model
realism, and this idea has been incorporated into several other age-based and length-based
assessment models. For example, Sullivan et al. (1990) use a length-based model that
accounts for the effects of size dependent mortality by tracking the abundance in each length
class. Both Stock Synthesis and CASAL allow for the presence of growth groups (called
‘morphs’ or ‘platoons’ in Stock Synthesis (Methot and Wetzel, 2013) and ‘growth paths’ in
CASAL (Bull et al. 2012)). In these models, the size-at-age of each sub-cohort, or growth
group, is assumed to follow a statistical distribution (e.g., Taylor and Methot, 2013).
McGarvey et al. (2007) describe a ‘cohort slicing” method, where the normal distribution of
length-at-age is sliced into several sub-cohorts, and abundance is tracked for each sub-cohort.

The GTG LB-SPR model is similar to the McGarvey et al. (2007) approach in that the
growth-type-groups are an intrinsic, rather than optional, part of the model. However, apart
from the presence of the growth-type-groups, the GTG LB-SPR model is essentially identical
to the LB-SPR model, which does not account for Lee’s Phenomenon. Lee’s Phenomenon
will only occur when selectivity is size-based, and it is important to note that the GTG LB-
SPR model assumes that all biological and fishery processes are size- rather than age-
dependent. Selectivity processes in fisheries are generally thought to be primarily size-
dependent, but there are scenarios where this assumption is likely to be violated. For
example, species that have an ontogenetic migration may be better described by age-based
selectivity, or a combination of the two (Punt et al. 2013, Francis 2015).

The new GTG LB-SPR model and the original LB-SPR model were compared by
applying both models to simulated data, and length data from four reef fish species from
Palau in the western Pacific (Prince et al. 2015a). These results demonstrate the GTG LB-
SPR model consistently estimates a lower relative fishing mortality (/M) and higher SPR
compared to the LB-SPR model. The difference between the two models was greatest at
higher levels of fishing mortality, and more pronounced in the estimates of F/M than the
estimates of SPR. If selectivity is actually size-based, these results suggest that ignoring
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Lee’s Phenomenon is likely to result in over-estimates of fishing mortality by about 15%.
Conversely, if size-based selectivity is assumed where in fact it is not occuring, the
assessment model is likely to under-estimate the fishing mortality. While the GTG LB-SPR
model consistently estimated lower F/M values, the difference between the two methods was
relatively minor. In the data-limited situations where these methods could be applied,
researchers may prefer the more conservative estimates of the LB-SPR model unless there
was sufficient evidence that selectivity was primarily a function of size.

The bias is less severe in the estimates of the spawning potential ratio. At low levels
of fishing mortality, the presence (or absence) of size-based fishing mortality has little impact
on the size structure of the stock. At high levels of fishing mortality, the non-linear
asymptotic relationship between fishing mortality and SPR means that, although the estimate
of fishing mortality may be biased, there is only a marginal difference in SPR. This suggests
that accounting for Lee’s Phenomenon is most important when directly using the estimate of
fishing mortality (or //M) that is produced by the model, for example to determine
appropriate catch recommendations. In situations where it is not clear whether selectivity is
predominantly size-based or age-based, we suggest applying both the GTG LB-SPR and the
LB-SPR models, and evaluating the magnitude and significance of the difference in results.

The GTG LB-SPR model belongs in the per-recruit family of methods and is based on
the same principles as the LB-SPR model (Hordyk et al. 2015b, 2015¢). The new model
shares many of the same behaviours as the LB-SPR model, including sensitivities to miss-
specification in the life history parameters (especially L,) and violations to the equilibrium
assumption (Hordyk et al. 2015c). The sensitivity to non-equilibrium conditions is common
to all per-recruit methods, and the equilibrium assumption is likely to be often violated
(Hilborn and Walters, 1992). Hordyk et al. (2015a) examined the effects of non-equilibrium
dynamics on the estimates of the LBSPR model and found that, although unbiased on
average, individual estimates of SPR could at times vary considerably from the true values.
Averaging length data over a number of years, particularly for short lived species, may be an
effective way to mitigate this issue (Punt et al. 2013). Furthermore, recent work has shown
that if a stock is out of equilibrium primarily due to the effect of fishing, an iterative effort-
based control rule based on the LB-SPR method can still be effective in incrementally
adjusting fishing pressure until the SPR and size structure of the stock stabilises around target
levels (Hordyk et al. 2015a). The equilibrium assumption may also be dealt with by
incorporating a time series of length composition data, as well as estimates of recent
recruitment trends. However, such a model would also necessarily require some estimate of
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the time-scale of the species, (e.g. natural mortality and growth rates) which is more data
intensive then the method presented here.

While the growth-type-group approach could be incorporated into a fully dynamic
model, the simple recursive equations of the length-structured model developed here would
no longer apply. In a dynamic model, the abundance of animals in each length class is no
longer determined solely by the abundance in the previous length class, and the growth and
mortality patterns, but also by year-to-year variation in recruitment and other sources in inter-
annual variability. For example, the dynamic model could track the impact of time-varying
natural mortality, selectivity, or growth patterns. An age-structured model could be
developed which tracks abundance in a number of growth-type-groups in a similar manner to
that done in the GTG LB-SPR model: numerous growth-type-groups, each with their own
von Bertalanffy growth curve, and annual recruitment distributed across these groups.
However, the number of growth-type-groups would have to be much higher in an age-
structured model, and the time-step in the age-based model would have to be small enough to
adequately model continuous fish growth, especially for life-histories where growth is rapid
in the first few years of life. The dynamic, age-structured GTG model would require
additional computational power, and further research is required to determine if this approach
offers significant advantages over the statistical distribution method used by Stock Synthesis
3 and CASAL.

Although developed for data-limited situations, where there is limited biological
information and possibly only a few years of size data available, the approach developed in
the GTG LB-SPR model may still be useful to data-rich stock assessment modelling, and the
calculation of biological reference points. For example, the model can be used to evaluate
the effect on alternative selectivity patterns on the expected spawning potential ratio of the
stock. Furthermore, it is straightforward to include Botsfords’ method of integrating per-
recruit dynamics and the Beverton-Holt stock-recruitment function, to determine the relative
expected yield for a given selectivity pattern and fishing mortality (Botsford and Wickham
1979, Botsford 1981a, b, Walters and Martell 2004). This approach allows analysts to
incorporate knowledge of the stock-recruitment dynamics into the per-recruit model to
evaluate alternative harvest policies in terms of both spawning potential and relative yield.
We intend to explore this in future research.

The L, and K parameters are frequently assumed to be negatively correlated, and
some may believe that ignoring this correlation is a serious shortcoming of the GTG LB-SPR
model. However, the negative correlation commonly observed in estimates of these two
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parameters is primarily a result of the estimation process, where the same data can be fitted
just as well under a range of values of L, and K (Pilling et al. 1990, Evenson et al. 2007).
There appears to be no biological reason why individuals with a lower than average L,
should have a higher than average K, or vice versa (Evenson et al. 2007). Furthermore, the
longitudinal growth data required to estimate this correlation is rarely available for fish stocks
(Evenson et al. 2007). Finally, the observed covariation between L., and K is typically based
on observations across species and populations, not among individuals within populations.
The growth coefficient K represents the metabolic rate, and appears to vary little among
individuals in many fish stocks (Sainsbury 1980). Wang and Thomas (1995) hypothesize that
L is genetically determined and thus fixed for individuals throughout their life, while the
metabolic rate K is environmentally driven and likely to be shared amongst individuals of a
cohort. Simulation studies have demonstrated that, while in reality both parameters are likely
to vary amongst individuals, it is generally sufficient to allow variability in individual L,
while maintaining a shared (possibly time-varying) K for all individuals (Sainsbury 1980;
Wang et al 1995; Wang and Ellis 1998; Eveson et al. 2007). The biological drivers behind
the variability in individual growth are not well understood, and the topic is an active area of
research (see Shelton et al. 2013 and references therein). It is common to account for
variable growth by assuming a single K and variable L, in simulation and assessment models
(Sainsbury 1980, Wang and Thomas 1995, Wang and Ellis 1998). We followed this same
approach in the per-recruit model by assuming that K is shared by all sub-cohorts, and each
growth-type-group has an individual L., which is normally distributed around the mean
asymptotic length of the population.

However, the splitting a population into several growth groups introduces another
issue which we believe has not been previously recognized or addressed. Natural mortality is
commonly assumed to be constant for all individuals within a cohort. However, the faster
growing individuals reach a larger maximum size, and produce considerably more eggs-per-
recruit (a proxy for fitness) compared to the slower growing sub-cohorts. This disparity in
per-recruit egg production would lead to significant selection pressure towards the faster
growing individuals. The persistence of individual variation within a population suggests
there is equivalent fitness between these alternative life-history strategies.

One hypothesis to balance the fitness between growth-type-groups is for the faster
growing groups to experience relatively greater rates of natural mortality than the slower

growing groups. The mechanism can be explained as follows. Faster growing groups of
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individuals must consume greater amounts of food compared to slower growing individuals
of the same cohort, and must therefore venture farther for food and expose themselves to
higher levels of predation. Conversely, portions of a cohort which stay within the safe habitat
may be protected from increased predation risk, but will grow slower due to the decreased
availability of food. This issue is further complicated by the fact that natural mortality in fish
is often observed to decrease as individuals grow larger (see below). A further complicating
factor is that individuals reaching a larger size sooner within the same cohort may find refuge
from predation, and therefore experience less natural mortality (Pennings 1990).

We modified the GTG LB-SPR model by assuming a linear increase in natural
mortality across the growth-type-groups, and used the numerical optimisation routine optim,
part of the base R package stats (R Core Team 2015), to search for the natural mortality
pattern which resulted in approximately equal fitness across the GTGs, while maintaining the
mean length-at-age of the unfished population following the specified von Bertalanffy growth
curve. We compared the shape of the generated size composition both with and without
accounting for the differential in fitness, and applied the estimation model to the size data
generated under both scenarios. The results of this analysis found that there was very little
difference in the resulting estimates of F/M, selectivity parameters and SPR, and this
difference is likely to be insignificant compared to the other sources of variability that are
likely in an application of this methodology. Varying the natural mortality to ensure fitness-
per-recruit is approximately equal across the GTGs is arguably more realistic, but this
approach adds considerable extra complexity to the model, and does not significantly impact
the results of the estimation model. The biological mechanisms that must exist to maintain
individual variability in growth are not well understood. Regardless of the mechanisms
involved, evolutionary theory suggests that relative fitness across different sub-cohorts must
be approximately equal for individual variability in growth to persist in a population (Mangel
et al. 2006). We believe that this is an important area for further research.

Life history theory suggests that M is likely to be higher for smaller, younger
individuals, and decrease with increasing size (Lorenzen 2000, Andersen and Beyer 2013).
However, stock assessment models often do not incorporate age or size-specific mortality
directly, perhaps because of the paucity of data for estimating natural mortality rates
(Maunder and Punt 2013, Punt et al. 2013, Prince et al. 2015b). Our results demonstrate that
the presence of size-specific M has a direct impact on the shape of the expected unfished size
composition. The effect is less significant on the expected size structure of the catch,
especially if fishing mortality is significant and the fishery targets only relatively large
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individuals. There are fisheries where juveniles and small individuals contribute to a
significant proportion of the catch; e.g., tuna fisheries, where M is known to be size-
dependent and fisheries often target juveniles (Hampton 2000). The GTG LB-SPR allows the
flexibility of including size-dependent M, and sensitivity to this parameter should be explored
when applying the model to empirical data.

Evaluating the uncertainty caused by poorly known biological parameters is also
important. A reliable estimate of the asymptotic size of the species is critical for reliable
estimates of the fishing mortality and SPR. These biological parameters are likely to be
poorly known, especially in the data-poor situations where such a model may be applied.
Monte Carlo simulations with random draws of parameters over a range of likely values is a
useful way to capture some of the uncertainty arising from poorly understood biology (Prince
et al. 2015a). Incorporating the model into a Bayesian framework, using Markov chain
Monte-Carlo sampling, would also be an important development for this methodology, and
provide Bayesian measures of uncertainty (Punt and Hilborn 1997, Magnusson et al. 2013).
This approach would be particularly advantageous in a data-poor situation, where prior
information on the biological parameters can be incorporated into the model. However, a
good understanding of the biology of the exploited species is still very important, particularly
for the L, parameter. Often the GTG LB-SPR model can fit equally well to the data for a
range of different values of L., with considerable variation in the resulting estimates of SPR.

In many of the situations where the LB-SPR model would be applied, length-at-age
data are not available, and it may not be possible to estimate the growth curve directly for the
stock. In such circumstances the life history parameters would have to be ‘borrowed’ from
other stocks or closely related species. This reinforces the critical importance of high quality
biological studies of fish stocks, as well as the utility of comparative studies for
understanding patterns in life-history and borrowing parameters from other stocks or regions
(Prince et al. 2015b).

The effect of Lee’s Phenomenon of differential cumulative fishing mortality for
different sub-cohorts also impacts the estimation of biological parameters. For example, the
removal of larger fish from the population is likely to bias the estimated parameters of the
growth curve. Figure 6 shows the relative error in the estimated L., and K parameters from
fitting a von Bertalanffy growth curve to mean length-at-age data from a simulated
population under increasing levels of fishing mortality. As fishing mortality was increased,
the L., parameter was consistently under-estimated and the estimates of the K parameter were
positively biased. This was especially the case for species with a high M/K ratio, where
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there are relatively few larger sized individuals even in the unfished state (see Figure 2), and
the relative error in L, and K were -0.09 and 0.06 respectively under the highest level of
fishing mortality. The bias in the estimates of the growth parameters is likely to be a function
of both the fishing mortality, and the selectivity pattern of the fishery. Here, we explored
only a simple case with one selectivity pattern. However, these results conform with the
findings from more elaborate simulation studies (Vaughan and Burton 1994, Goodyear

1995). Data sets from which growth can be estimated are likely to come from conditions
where fishing impacts have already substantially affected the size and age structure of the
stock. Using negatively biased estimates of the L., parameter in the LB-SPR model can result
in substantial over-estimates of the SPR (Hordyk et al. 2015c).

When estimates of growth curves exist for a stock, and Lee’s Phenomenon has not
been taken into account, one approach to address this issue is to iteratively re-fit the GTG
LB-SPR model while adjusting the von Bertalanffy growth parameters until the predicted
mean length-at-age in the fished state matches that observed in the exploited fishery. For
example, the GTG LB-SPR model would first be fitted to the length data with the estimated
von Bertalanffy growth parameters. Given the estimated selectivity pattern and fishing
mortality, the expected mean length-at-age of the fished population could be calculated from
the model. The change in the growth parameters required for the expected mean length-at-
age to match that observed in the data could be calculated, and then the model re-fitted with
these updated estimates. The process would be repeated until the predicted mean length-at-
age matched that observed in the data, and the estimates of F/M and SPR remained
unchanged. The result of this method would be to back-calculate the von Bertalanffy growth
parameters for the stock in the unfished state, and remove the downward bias in the estimated

F/M.
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Figures Captions

Figure 1 The individual von Bertalanffy growth curves of simulations with 41, 9 and 5
growth-type-groups (G; columns 1, 2 and 3 respectively) and the resulting expected size
composition (column 4) with grey bars representing the size structure generated with G=41,
solid black line when G=9, and dashed black line when G=5. Panels a-d show the
simulations when M/K = 0.5, e-h M/K = 1.0, i-l M/K = 1.5, and m-p M/K = 2.0. Due to the
small interval between the growth-type-groups, it is not possible to distinguish the 41
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individual growth curves in column 1. The thick line in columns 2 and 3 represent the central
growth-type-group which shares the L, parameter with the population as a whole.

Figure 2 Simulations from the GTG LB-SPR model showing the expected equilibrium
unfished length composition for four different values of M/K (0.5, 1.0, 1.5, and 2.0 for a, b, ¢,
and d respectively) and increasing values of ¢, the parameter controlling size-dependent
natural mortality.

Figure 3 The expected equilibrium size composition of the catch for a) M/K = 0.5, b) 1.0, c)
1.5 and d) 2.0, at SPR=0.50, with four different values of size-dependent natural mortality
coefficient (solid, dashed, dotted, and dash-dotted lines for ¢=0, 0.1, 0.2, and 0.3
respectively). The differences between the four size-dependant natural mortality rates are
almost indistinguishable on the plot. The other life history parameters are shown in Table 1.

Figure 4 The expected equilibrium size composition of the catch for a) M/K = 0.5, b) 1.0, c)
1.5 and d) 2.0, at SPR=0.50, and with a smaller size at selectivity (S;5¢ and S; o5 set to 10 and
15 respectively, and with four different values of size-dependent natural mortality coefficient
(solid, dashed, dotted, and dash-dotted lines for ¢=0, 0.1, 0.2, and 0.3 respectively). The
differences between the four size-dependant natural mortality rates are more clearly visible in
these simulations. The other life history parameters are shown in Table 1.

Figure 5 The simulated (x-axis) and estimated (y-axis) values of F/M and SPR when the size
data was generated with the GTG LB-SPR model and the parameters estimated with the LB-
SPR model (panels a and c¢) and vice versa (panels b and d), for four ratios of M/K (M/K =
0.5, 1.0, 1.5 and 2.0 for the solid, dashed, dotted, and dash-dotted lines respectively.

Figure 6 The relative error in the estimated Lo, and K parameters when the von Bertalanffy
growth equation is fitted to length-at-age data from a population under increasing levels of
exploitation. Lee’s Phenomenon results in the selective removal of faster growing
individuals from the population, which depresses the observed mean length-at-age and results
in biased estimates of the growth parameters, especially for the highest M/K species under
high fishing mortality. Four different life history types were examined: M/K = 0.5, 1.0, 1.5,
and 2.0 (solid, dashed, dotted, and dash-dotted lines respectively). See Table 1 for other
biological parameters.
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Table 1 The biological, selectivity and other parameters of the growth-type-group model describing the four different life history types that were
used in the simulations of the GTG LB-SPR model.

Parameter Value Description

Input Parameters
M/K 0.5, 1.0, 1.5,2.0 Ratio of natural mortality (M) to the von Bertalanffy K parameter. Four different values represent a range of
life-histories commonly observed in fish.
Lo 100 The mean asymptotic length of unfished population.
CVi 0.1 Coefficient of variation of L, which defines the variation in asymptotic length across the sub-cohorts in the

growth-type-group model.

Ls, 50 Mean length at which 50% of the population is mature.

Los 55 Mean length at which 95% of the population is mature.
B 3 The exponent of the length-fecundity relationship, set to 3 as fecundity assumed to be proportional to weight.
c 0 Exponent of natural mortality-at-length (or M/K at length). Set to 0 (constant M) for most simulations, but

examined at 0.1, 0.2, and 0.3.
G 17 Number of growth-type-groups in the model. Default value of 17, but examined at range of different values.
dL 5 Width of the size classes in the generated length data.

Estimated Parameters

SLsg 50 Length at which 50% of the population is selected by the fishery.

SLos 55 Length at which 95% of the population is selected by the fishery.

F/M - Ratio of fishing mortality (F) to the natural mortality rate. Set at various levels in the simulations.

SPR - The spawning potential ratio. Calculated from the input biological parameters and the estimated exploitation
parameters.
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Table 2 The estimated F/M, selectivity parameters, and the resulting estimate of the spawning potential ratio from the LB-SPR and the GTG LB-

SPR estimation models for the four reef fish species from Palau. The input parameters were fixed at the most likely values identified for these
species by Prince et al. (2015a).

Estimated Parameters

Input Parameters

Species SPR F/M S;50(mm) S,o5(mm) M/K L..(mm) CVL. Lsp(mm) Lgs(mm)

H. longiceps LB-SPR 0.05 6.6 277 315 1.07 423 0.1 300 330
GTG LB-SPR 0.11 4.3 271 312

L. gibbus LB-SPR 0.08 4.4 221 251 0.41 343 0.1 257 320
GTG LB-SPR 0.12 3.4 218 248

L. rubrioperculatus LB-SPR 0.26 25 232 268 0.62 306 0.1 214 270
GTG LB-SPR 0.39 1.7 229 267

V. louti LB-SPR 0.04 4.1 208 274 0.86 483 0.1 285 350
GTG LB-SPR 0.06 3.5 201 266
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Figure 1. The individual von Bertalanffy growth curves of simulations with 41, 9 and 5 growth-type-groups
(G; columns 1, 2 and 3 respectively) and the resulting expected size composition (column 4) with grey bars
representing the size structure generated with G=41, solid black line when G=9, and dashed black line when

G=5. Panels a-d show the simulations when M/K = 0.5, e-h M/K = 1.0, i-l M/K = 1.5, and m-p M/K =
2.0. Due to the small interval between the growth-type-groups, it is not possible to distinguish the 41
individual growth curves in column 1. The thick line in columns 2 and 3 represent the central growth-type-
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group which shares the L. parameter with the population as a whole.
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Figure 2. Simulations from the GTG LB-SPR model showing the expected equilibrium \r\nunfished length
composition for four different values of M/K (0.5, 1.0, 1.5, and 2.0 for a, b, ¢, and d respectively) and
increasing values of ¢, the parameter controlling size-dependent natural mortality.
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Figure 3. The expected equilibrium size composition of the catch for a) M/K = 0.5, b) 1.0, ¢) 1.5 and d) 2.0,
at SPR=0.50, with four different values of size-dependent natural mortality coefficient (solid, dashed,
dotted, and dash-dotted lines for c=0, 0.1, 0.2, and 0.3 respectively). The differences between the four
size-dependant natural mortality rates are almost indistinguishable on the plot. The other life history

parameters are shown in Table 1.
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Figure 4. The expected equilibrium size composition of the catch for a) M/K = 0.5, b) 1.0, ¢) 1.5 and d) 2.0,
at SPR=0.50, and with a smaller size at selectivity (Siso and S.¢5 set to 10 and 15 respectively, and with four
different values of size-dependent natural mortality coefficient (solid, dashed, dotted, and dash-dotted lines
forc =0, 0.1, 0.2, and 0.3 respectively). The differences between the four size-dependant natural mortality
rates are more clearly visible in these simulations. The other life history parameters are shown in Table 1.
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Figure 5. The simulated (x-axis) and estimated (y-axis) values of F/M and SPR when the size data was
generated with the GTG LB-SPR model and the parameters estimated with the LB-SPR model (panels a and
c) and vice versa (panels b and d), for four ratios of M/K (M/K = 0.5, 1.0, 1.5 and 2.0 for the solid, dashed,

dotted, and dash-dotted lines respectively.
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Figure 6. The relative error in the estimated L. and K parameters when the von Bertalanffy growth equation
is fitted to length-at-age data from a population under increasing levels of exploitation. Lee’s Phenomenon
results in the selective removal of faster growing individuals from the population, which depresses the
observed mean length-at-age and results in biased estimates of the growth parameters, especially for the
highest M/K species under high fishing mortality. Four different life history types were examined: M/K =
0.5, 1.0, 1.5, and 2.0 (solid, dashed, dotted, and dash-dotted lines respectively). See Table 1 for other
biological parameters.
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