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100 years after Rosa Lee (1912) showed that higher mortality on faster growing fish can alter length-at-
age distributions in fish populations, we present a computationally-efficient and parsimonious method
for modeling size-selective mortality within a commonly-used assessment model, Stock Synthesis. Stock
Synthesis allows the normal distribution of length-at-age to be partitioned into three or five overlap-
ping platoons with slow, medium, or fast growth trajectories. The platoons are tracked separately in the
model, and experience different degrees of size-selective fishing pressure and mortality, but are assumed
to be unobservable except through changes in the length distribution. Simulations are used to explore
this phenomenon in conjunction with dome-shaped selectivity, an alternative explanation for observing
fewer than expected large fish in sampled data, but with very different implications for population pro-
ductivity. For data simulated both with and without platoons, misspecification of the assumptions about
growth are found to bias model results, with selectivity often incorrectly identified as the cause of fewer
observations of larger fish. Trends in dome-shaped selectivity were explored as a potential diagnostic of
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1. Introduction

Lee (1912), examining back-calculated growth rates for her-
ring, haddock, and trout, noted that fish caught at young ages
grew faster at any given age than fish caught at older ages. Ricker
(1969) identified two potential causes of this pattern, which has
been referred to as “Rosa Lee’s Phenomenon” (Walker et al., 1998):
biased sampling and selective mortality. Estimating growth within
integrated stock assessment models such as Stock Synthesis (SS)
is a way to correct for biased sampling of length-at-age (Methot,
2009), and internally estimated growth is now common practice in
stock assessments that use integrated models. However, the effect
of selective mortality (fishing pressure removing faster-growing
fish from the population, such that fish captured at older ages are
drawn from a slower-growing subset of the population), although
subject of many valuable analyses (Kristensen et al., 2006; Parma
and Deriso, 1990; Walker et al., 1998), has not been commonly
included in stock assessment models used for management. Two
factors that hinder the exploration of selective mortality in stock
assessment models are the additional computational complexity
required and the potential difficulty in distinguishing this phe-
nomenon from other potential causes of the observed patterns. In
this paper, we describe a relatively simple and parsimonious way of

* Corresponding author. Tel.: +1 206 861 7603; fax: +1 206 860 6792.
E-mail addresses: ian.taylor@noaa.gov (I.G. Taylor), richard.methot@noaa.gov
(R.D. Methot Jr.).

0165-7836/$ - see front matter Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.fishres.2012.08.021

exploring changes in length-at-age due to fishing pressure that has
been implemented in SS. We then explore confounding of this phe-
nomenon with dome-shaped selectivity, and consider a potential
diagnostic of the presence of selective mortality in the dynamics of
a population.

The approach taken by many modern age-structured stock
assessment models, including SS, is to track numbers-at-age, often
within some potential set of divisions such as gender or spatial
area. The length distributions of individuals at each age are typi-
cally assumed to be normally distributed around a growth curve
representing the mean population length-at-age. In SS, selectiv-
ity can be age- or length-based, but in both cases, the impact
of the fishery has typically been converted into a mortality rate
applied equally to the numbers at each age (within a given gen-
der, area, etc.). The calculation of selected biomass-at-age includes
the product of selectivity and the normally-distributed length-
at-age when selectivity is length-based. However, the remainder
of each cohort surviving the fishery is assumed in the follow-
ing year to once again have a normal length distribution around
the same growth curve. This common assumption is reasonable if
inter-year variability in growth of individual fish is high. However,
the assumption of repeatedly regenerated normal distributions
could lead to biased assessment results if inter-year variability
in growth is low and Rosa Lee’s Phenomenon is occurring in a
population.

Dome-shaped selectivity is a common explanation for length
distributions that contain fewer large fish than expected. Many
possible causes of such patterns exist, including fisheries targeting
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areas with high catch rates which may not include the largest fish.
Sampson et al. (2011) showed that the combined effect of multi-
ple fishing fleets each with different asymptotic selectivity patterns
could lead to a dome-shaped pattern in aggregate. Dome-shaped
selectivity and size-dependent mortality could both lead to sim-
ilar patterns in distributions of length-at-age, but they have very
different implications for management. In the one case, the oldest
(and perhaps most fecund) fish are alive and contributing to future
recruitment, but unavailable to the fishing gear. In the other case,
these fish are absent from the population because they have been
removed by size-selective fishing pressure at an earlier age.

Consideration of length-dependent mortality in SS is made
possible by dividing the population into overlapping growth
“platoons”, each with their own growth curve, distributions of
length-at-age, and independently changing numbers. This is very
similar to the treatment of each gender as having potentially dif-
ferent growth trajectories, but it is assumed that no data could
distinguish between faster and slower growing subsets of a pop-
ulation, so expected values are aggregated across platoons in the
observation sub-model of SS (whereas data from males and females
may be either aggregated or left separate to match the format
of the observed data). SS also allows consideration of separate
growth “morphs” within each gender to account for phenomenon
such as spatial differences in growth rates. Growth morphs each
have a separate set of growth parameters. Unlike platoons, growth
morphs are assumed to be identifiable (via spatial location, stable
isotopes, or some other data). Growth morphs are not considered in
this paper.

Evolutionary change in growth rates (Conover and Munch,
2002) is not modeled in SS, so the distribution of recruits among
platoons is independent of the distribution of spawners among pla-
toons. For longer-lived fish, such as the simulated population in this
analysis, the mean generation time and the duration of strong fish-
ing pressure are on the same order of magnitude, so the potential
for evolutionary change is likely small compared to the effects of
selective mortality regardless of the degree of heritability in growth
rates.

Inclusion of selective mortality in simulation models (e.g.
Goodyear, 2004; Kristensen et al., 2006) is more common than in
estimation models, and in that context, the computational demands
of additional complexity may not be a factor. Indeed, in a simulation
context, an individual-based model can be used to capture the full
spectrum of options for modeling selective mortality and variabil-
ity in growth. However, it is necessary to have a computationally
efficient way to model selective mortality if it is to be considered
in an applied stock assessment model.

The “growth groups” approach of Punt etal. (2001, 2002) divides
the population into a set of growth trajectories in a similar way to
the approach presented here. However, Punt et al. (2001, 2002)
did not include variability within growth groups, only between
them, thus requiring a large number of groups to obtain a smooth
distribution of lengths. This approach also does not allow for the
possibility of annual variability in growth within a group. Another
parsimonious method for modeling length-based mortality in an
age-structured model is the “slicing” method of McGarvey et al.
(2007). This approach is an efficient way to model the effect of
a legal minimum length within an age-structured model, but the
benefits of this approach may be reduced for stocks without such a
limit.

2. Methods

The impact of including platoons to model selective mortality

was quantified by simulating populations with and without pla-

toons using SS as both simulation and estimation model. An initial
set of deterministic simulations was conducted to examine changes

in measures of population productivity, including mean weight and
mean length, resulting from including platoons in SS. The sensitivity
of these changes to the selectivity of the fishery was also exam-
ined. A second set of simulations involved generating bootstrap
data sets to be used as input in a collection of estimation models.
All combinations of simulation and estimation models with either
one or five platoons each were considered to quantify the accuracy
of estimated parameters and derived quantities under matching or
mismatching assumptions about how growth occurs.

The models all had a fishing fleet and a survey. The fishery and
survey had asymptotic selectivity in the simulation models. In the
estimation models, the fishery was assumed (correctly) to have
asymptotic selectivity, but survey selectivity was allowed to be
dome-shaped. This choice was made to focus the exploration of
dome-shaped selectivity on the survey for which age samples were
assumed to be available for assessment purposes while avoiding
the additional complexity of interacting dome-shaped patterns for
both the survey and the fishery. The number of fleets is likely to be
larger and the complexity of selectivity patterns much greater in
most actual applications of SS, than the approach chosen here for
illustration purposes.

2.1. Growth platoons

Growth was assumed to follow the von Bertalanffy growth
curve, with males and females having identical growth rates.
Length-at-age was assumed to be either normally distributed or
the sum of multiple normal distributions (Fig. 1). The distribution
of length at each age within each platoon was assumed fixed across
all years, but the relative distribution of numbers across each pla-
toon (starting with a specified allocation at recruitment) changes
over time in a given cohort as a result of length-based selectivity
leading to different rates of removals from each platoon.

SS allows variability in length-at-age to be a 2-parameter func-
tion of age or length. The partitioning of variability in growth within
and between platoons is inspired by a pattern that would be true
with infinite number of platoons. The total variance in length-at-
age in the case of one platoon is assumed to be the sum of the
variances within and between multiple platoons:
a’fsotal,a = O‘3vithin,a + Ggetween,a (1)
where 01 ¢ is the standard deviation of length at age a for when
there is one platoon, oithin,q is the standard deviation of length at
age a for each of the five platoons, and Opetween,q i the parameter
used to calculate the variability in mean length between platoons
at age d. Operween,q 1S treated as the difference in mean lengths
between platoons, rather than a standard deviation of the mean
values (which would also depend on the numbers-at-age within
each platoon) in the simple approximation of three or five platoons.

The ratio p = Owithin,a/Obetween,a allows the individual compo-
nents to be calculated as:

-1/2
Obetween,a = (:02 + 1) Ototal,a (2)
and

-1/2
Uwithin,a = p(pZ + 1) / Utotal,a (3)

The difference in mean length-at-age between platoons at each
age a iS Operween,q- Thus, for example, if an age-class is assumed to
have a mean length of 100 cm with a CV of 0.2, then og,,q = 20.
Obetween,a ~ 8.9 and oyithin ¢ ~ 17.9 if there are five platoons and p
is assumed to be 2. The mean lengths at this age for the five platoons
would be 82.1 cm, 91.1 cm, 100.0 cm, 108.9 cm, and 117.9 cm (each
~8.9 cm apart).

The distribution of recruits assigned to each platoon can be cho-
sen by the user in SS. The default proportions of 3.1% for the 1st
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Fig. 1. Distribution of length at age 50 for the one platoon (thick gray line) and the five platoon (thick black line indicating sum of thin colored lines) cases. The left column
shows unfished equilibrium distributions and the right column the effect of 50 years of fishing. Rows differ in p, the ratio of standard deviation within each platoon to
standard deviation across platoon means. To facilitate comparisons, distributions are rescaled so that total under each case is equal. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

and 5th platoons, 23.7% for the 2nd and 4th platoons, and 46.4% for
the 3rd (central) platoon were assumed here. These proportions
were chosen to make the distribution of length-at-age, aggregated
across five platoons, reasonably approximate a normal distribution.
SS also allows there to be three platoons, although that case is not
considered in this paper.

The value of p controls the degree to which the growth pla-
toons overlap. This may be viewed as a measure of the variability
of the growth trajectories of individual fish. Less overlap between
platoons (i.e. a lower value for p) corresponds to the assumption
that growth trajectories are more determined from an early age.
More overlap between platoons approaches the assumption inher-
ent in current common practice that annual growth of individuals
is highly variable, and the distribution of length at each age is

independent of any length-based fishing pressure applied to the
previous year.

2.2. Selectivity

A 5-parameter double-normal, length-based selectivity func-
tion was used in all simulation and estimation models (Table 1).
The simulation models had asymptotic (monotonically increasing
to 1.0) selectivity for both the fishing fleet and survey, which was
implemented as a high value for the descending slope parameter
in the double-normal selectivity function. In the estimation mod-
els, the fishing fleet was assumed to have asymptotic selectivity,
so the parameters controlling the width of the peak selectivity
(selectivity=1) and descending slope were fixed at the values in
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Table 1

Simulated and median estimated parameter values. Medians with relative error greater than 10% are bolded. Dashes indicate parameters fixed at simulation values in
estimation models. Details of the growth, weight, maturity, recruitment, and selectivity functions are provided by Methot and Wetzel (this issue).

Symbol Description Simulated value Median estimated value

Case: A B C D

Platoons in sim., est.: 1,1 55 1,5 51
Growth and maturity parameters
M Natural mortality (year—') 0.050 0.051 0.050 0.081 0.045
Ly Length at age 1 (cm) 18.0 18.0 18.0 18.0 18.1
Ly Length at age 70 (cm) 62.0 62.0 62.0 62.0 61.7
K Growth coefficient (year—!) 0.0470 0.0470 0.0470 0.0470 0.0458
(a7 Length CV at age 1 0.130 0.130 0.130 0.147 0.145
(@) Length CV at age 70 (exponential offset) —0.600 —0.598 —0.599 -0.597 —0.549
21 Weight coefficient (kg cm=— 10-6) 9.77 - - - -
29 Weight exponent 3.17 - - - -
$23 Length at 50% maturity (cm) 38.78 - - - -
24 Maturity slope (cm~1) —0.44 - - - -
Recruitment parameters
Ro Initial recruitment (log) 5.60 5.65 5.61 10.98 5.31
h Stock-recruit steepness 0.440 0.416 0.430 0.466 0.445
OR Recruitment variability 0.5 - - - -
Selectivity parameters-fishery
B Size at which selectivity =1 begins (cm) 55.0 54.9 55.0 53.5 53.2
B Determines width of peak selectivity -2.00 - - - -
B3 Determines slope of ascending section 5.00 4.99 4.99 4.75 4.81
Ba Determines slope of descending section 15.0 - - - -
Bs Logit of selectivity at Ly -15.00 -11.3 -10.1 -8.6 -7.0
Selectivity parameters-survey
B Size at which selectivity =1 begins (cm) 50.0 50.0 50.0 49.9 49.3
B Determines width of peak selectivity —2.00 -1.99 —2.00 -2.00 -1.52
B3 Determines slope of ascending section 5.00 5.01 5.00 4.81 4.88
Ba Determines slope of descending section 15.0 14.7 14.7 14.7 5.3
Bs Logit of selectivity at Lyp -15.0 -11.0 -8.8 -8.5 -6.7

the simulation model and only three parameters were estimated
(length at peak selectivity, ascending slope, and initial selectivity).
Survey selectivity was allowed to be dome-shaped in the estima-
tion models, with five parameters estimated.

This double normal selectivity function can have 4-6 param-
eters in SS, depending on whether each half-normal distribution
describing the ascending or descending limb of the function has
a parameter controlling the initial (or final) selectivity in addition
to those controlling the peak and slope (Methot and Wetzel, this
issue). The choice to use the additional parameter on the ascend-
ing, but not the descending (right-hand), side was based on the
belief that the ascending selectivity is generally better informed by
length data than the dome-shape or lack thereof.

2.3. Parameter trends

Temporal trends in the descending slope of the selectivity func-
tion were considered in the estimation models. Such trends were
not included in any of the simulations, so estimation of parameter
trends may be diagnostic of model misspecification. The functional
form of temporal parameter trends in SS is based on the standard
cumulative normal distribution, @, where the parameter value in
a given year is given by,

P(¥) = Ppase + Poftset P (y;pmﬂ) (4)
Pwidth

where y is the year in which the parameter value is being calcu-
lated, ppase is the base (initial year) parameter value, poffset iS the
maximum (final year) change in parameter value, p;,q is the year
in which half of the offset has occurred, and pyyiqs, is the standard
deviation of the cumulative normal distribution which controls the
rate at which the parameter value changes.

2.4. Simulations

Initial simulations were conducted to explore the properties
of growth platoons, the implications of different choices for p,
and the sensitivity of biological quantities (length, weight, and
spawning output) to the position of the fishery selectivity curve
relative to the growth platoons. These simulations involved only
projecting SS with different values for p or peak selectivity, and
involved no estimation step. Recruitment was assumed to be
related deterministically to spawner biomass in these simula-
tions.

A larger set of simulation models was then run for two cases
differing in the number of growth platoons (1 or 5). For each case,
100 simulations were conducted, each with a unique time-series
of randomly generated recruitment deviations. SS was the simula-
tion model to reduce the possibility of biases in estimation model
results due to structural differences, and should allow a better
investigation into the effects of making matched or mismatched
assumptions about growth platoons.

Parametric bootstrap data sets were generated by sampling
from the appropriate distributions for each data type. This is
done automatically within SS, although some additional variabil-
ity was added to the bootstraps for the conditional age-at-length
data. Indices of abundance were created by generating lognor-
mal random variables from a distribution with mean determined
by the simulated biomass selected in each sampling year under
the assumed selectivity function, and standard deviation fixed at
the assumed value for each survey point. Length and conditional
age-at-length compositions were generated using the following
multi-step process:

1. Observed length compositions were generated within SS from
a multinomial distribution with chosen sample size and
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proportions equal to the expected numbers of selected fish in
each length bin in each sampling year

2. The length compositions of fish to be aged were generated by
sampling outside SS from a multinomial distribution with the
chosen age sample size and proportions equal to the length com-
positions chosen in step 1.

3. For each length bin with non-zero numbers of fish to be aged
chosen in step 2, the conditional age-at-length composition was
generated by sampling outside SS from a multinomial distri-
bution with sample size equal to the value from step 2 and
proportions equal to the expected distribution of observed ages
conditioned on the given length bin.

The expected conditional age-at-length distributions used in
step 3 include ageing error. Sampling from this distribution sim-
ulates the process of producing a set of age readings that reflects
observation uncertainty as well as the sampling error. The use of
additional sampling steps outside SS allows the age compositions to
be associated with a different set of lengths for each bootstrap sam-
ple, unlike conditional age-at-length samples that are produced by
SS automatically. The impact of this additional variability was not
examined in this analysis.

The simulated populations were projected for 60 years (labeled
1951-2010), with random normal recruitment deviations from
1921 to create a non-equilibrium initial age structure. A simulation
was conducted for both the 1 and 5 platoon cases for each of the
100 recruitment deviation vectors, to isolate differences in model
specification from those due to simulated recruitment.

Many parameter values for the simulation model were based on
a recent stock assessment for yelloweye rockfish, Sebastes ruber-
rimus (Taylor and Wetzel, 2011) to gain some biological realism.
This includes growth rates, maturity and fecundity relationships,
and the ageing error matrix. Likewise, the catch time-series
matched that used for yelloweye for the period 1951-2010. Yel-
loweye rockfish are a long-lived, slow-growing species that are
estimated to have become overfished during the 1990s after a rapid
decline in abundance and are now in a protracted rebuilding plan.
This analysis is in no way intended as areflection of the true dynam-
ics of yelloweye rockfish. The use of a single fishery and survey
and their respective selectivities are very different from the much
more complex spatial and fishery structure in the actual yellow-
eye stock assessment. The simulation models accounted for males
and females separately, but for simplicity, the two genders were
assumed to have identical growth patterns, which is not the case
for the actual yelloweye stock assessment.

The method of modeling growth according to platoons explored
here is no more or no less likely to be appropriate for yellow-
eye rockfish than any other species. However, a few qualities of
the biology of yelloweye would make them more susceptible to
the presence of length-based fishing mortality. First, the relatively
slow growth rate means that a fast growing fish may be susceptible
to a fishery with length-based selectivity for many years before a
slow-growing fish from the same cohort (Fig. 2a). Second, spawning
output of yelloweye is not proportional to weight, with the largest
individuals producing a disproportionate fraction of the spawning
output (Dick, 2009). This means that removal of even a small frac-
tion of the fastest growing fish may have a noteworthy impact on
the fecundity of the population (Fig. 2d).

SS allows the bin structure used for the population dynamics to
differ from that used for the data. The initial simulation to illustrate
the effect of p used 0.5 cm length bins to better illustrate the distri-
bution of length-at-age across platoons. The population dynamics
in both the simulation and estimation models used 2 cm length bins
from 10-90 cm, but the length data were binned over a narrower
range from 20 to 80 cm for all other cases. Likewise, the population
dynamics had an accumulator age at 80 years (starting at age 0),

but the bins for age compositions spanned a narrower range (ages
1-70). The use of a broader range for the population dynamics than
the data for these data types is intended to ensure that the underly-
ing processes and associated calculations such as spawning output
and depletion are not too influenced by the binning. However, the
observed range of sampled fish with the chosen sample sizes may
not warrant a similarly broad range for the data bins.
The simulated data included the following:

1. Catch. 60 years of catch rising from 50 mt in 1951 to a peak of
462 mt in 1982, and falling below 25 mt from 2002.

2. Index of abundance. A survey conducted every 3rd year from 1980
to 2010, with each of the 11 observations having a standard error
on a log scale of 0.25.

3. Length compositions.

a. Fishery lengths with sample size 100 for the 30 years
1981-2010, and

b. Survey lengths with sample size 400 for each of the 11 survey
years.

4. Conditional age-at-length compositions.

a. Survey ages with sample size 100 for each of the 11 survey
years conditioned on length bin (no fishery age data were
simulated).

2.5. Estimation

For each of the 100 bootstrap data sets generated with 1 or 5
platoons, estimation models were applied with 1 or 5 platoons
resulting in a total of 400 estimation models falling into four groups
labeled as:

e Case A. 1 platoon in simulation, 1 platoon in estimation (match),

e Case B. 5 platoons in simulation, 5 platoons in estimation (match),

e Case C. 1 platoon in simulation, 5 platoons in estimation (mis-
match),

e Case D. 5 platoons in simulation, 1 platoon in estimation (mis-
match).

106 parameters were estimated in each estimation model (see
Table 1). The quantity p is not estimable in SS. The estimation mod-
els with five platoons (B and C) had p set to the same value as
the simulation models with five platoons (B and D). The effects of
misspecifying p in a model with multiple platoons and the ability
to estimate p through iterative methods are topics left to future
research. The estimations were repeated with three additional
parameters included to allow a trend in the degree of dome-shape
for survey selectivity. Of particular interest in these additional esti-
mations is Case D in which the five platoons in the simulation
model allow a reduction over time in the proportion of larger fish
at each age while the estimation model with one platoon and a
trend in selectivity may misinterpret the reduction in larger fish as
an increase over time in the degree of dome-shape of the survey
selectivity pattern.

The remaining parameters in the estimation model were fixed
at the true values used in the simulation stage, including those
controlling weight-at-length, fecundity-at-length and maturity-
at-length, to focus the investigation on the impact of incorrect
assumptions about growth platoons. In stock assessments, these
quantities are often estimated externally. Two parameters that are
notoriously difficult to estimate, natural mortality and steepness
were estimated, but given informative priors. The prior for natural
mortality was N(0.05 yr—1;0.0226 yr—2).This variance was equal
to that used in the actual yelloweye stock assessment (Taylor and
Wetzel, 2011), but the mean was chosen to match the value used in
the simulations. The prior on steepness was a beta distribution with
standard deviation of 0.1 around a mean value of 0.44, which again
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Fig. 2. (a) Mean length-at-age for each growth platoon shown on top of the grid of length x age bins used to track numbers with each growth platoon, with shading in bins
indicating population proportion by length bin for each age at unfished equilibrium; (b) length distribution in the 80+ age bin at unfished equilibrium; (c) weight associated
with each length bin; (d) spawning output (fecundity x maturity) associated with each length bin.

was the value used in the simulations. A sensitivity analysis was
conducted in which the prior on natural mortality was made less
informative with a standard deviation of 0.1 (a CV of 2.0) and the
prior on steepness was widened to a diffuse beta prior with mean
0.6 and a standard deviation of 0.23, which was chosen to keep
the prior likelihood associated with steepness values in the range
0.25<h <0.95 above 95% of the highest prior value, to examine how
the results depended on the prior distributions.

Recruitment deviations were modeled as recommended by
Methot and Taylor (2011). This involved running each estimation
model twice, where the estimated uncertainty associated with the
recruitment deviates in the first run were used to adjust the lognor-
mal recruitment distributions using a function in the R4SS software
package (Taylor et al., 2011). This process is similar to that used by
Wetzel and Punt (2011a, b) and Garrison et al. (2011).

3. Results
3.1. Initial simulations

The results of the initial simulations were as expected. First,
less overlap between growth platoons (lower values for p) allows
a greater impact of fishing on the distribution of length-at-age,
but can also lead to cases where the length-at-age distribution
is no longer normal (Fig. 1). A value of p=0.5 was chosen for the
remaining simulations to illustrate an impact of fishing on length-
at-age while maintaining an approximately normal distribution of
length-at-age at equilibrium (Fig. 1).

Second, the initial simulations exploring the sensitivity to
changes in biology-at-age to the position of the selectivity func-
tion relative to the growth platoons indicated that the greatest
impact on biology occurs when selectivity strongly separates the
fastest and slowest growing platoons (Fig. 3). The mean lengths
in the 80+ accumulator age for each of the five growth platoons
were 54.7 cm, 58.8 cm, 62.8 cm, 66.8 cm, and 70.8 cm. The greatest
impact on the cohort at age 50 in the 50th year of the simulation
(the first cohort to be susceptible to fishing mortality throughout

their lives) occurred when the peak selectivity of the fishery was
65 cm, right in the middle of the distribution of mean lengths for
older fish. This selectivity pattern made the fastest-growing pla-
toons more vulnerable to fishing mortality for many years while
leaving the slowest-growing platoons relatively safe from fishing
impacts, even at advanced ages. The impact on the biology-at-age
was relatively small when either all growth platoons were fully
selected at young ages (due to peak selectivity at a small size), or
only the very largest fish were selected (due to peak selectivity at
a large size) (Fig. 3).

The simulations with different selectivity patterns also demon-
strated the extent to which impacts of changing length-at-age led to
larger changes in weight and spawning output. The projection with
peak selectivity at 65 cm led to a 10% reduction in the mean length
of age-50 fishrelative to the unfished equilibrium value. The associ-
ated reductions in weight-at-age and spawning output (Fig. 3) were
about 30% and 40% respectively due to the increasing relationship
between these quantities and length (Fig. 2). Spawning depletion
also depended on the selectivity pattern in this simulation because
the same time-series of catch was removed from different segments
of the population. The greatest impact on depletion occurred when
the fishery selected more small fish.

3.2. Estimation models

In common with other models written in ADMB (Fournier et al.,
2011), SS provides estimates of parameter uncertainty only when
it is able to successfully invert the Hessian matrix containing
the variance and covariance information for the parameters and
chosen derived quantities. Estimates of uncertainty in the recruit-
ment deviations are necessary to implement the method used
to determine the recruitment bias adjustment. Seven of the 400
combinations of recruitment time-series, simulation model, and
operating model failed to invert the Hessian and estimate param-
eter uncertainty. Of these failures, none were for Cases A and B
(where the number of platoons in the estimation and simulation
models matched), one failure was for Case C and six were for Case
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D (which had mismatched assumptions). This frequency of fail-
ure was seen as small enough that no accounting for their absence
was made in the analysis of the median results for the remaining
393 models. The estimation model which matched the simula-
tion model always had a higher likelihood than the model with
mismatched assumptions irrespective of whether the simulation
model had one or five platoons.

Results of each estimation model were then compared to the
corresponding simulation model from which the bootstrap data
were generated. This was necessary because some quantities,
such as spawning output and depletion, varied among simula-
tions due to random recruitment. Cases A and B, where the growth
platoon assumptions matched those in the simulation models,
had generally unbiased results (Table 1). The selectivity param-
eters which control the selectivity for the smallest fish, 85 were
most biased However, after the logistic transformation of these
parameters, the resulting median values were all less than 0.0002,
which s effectively equal to the transformed simulation parameter:
(1+e15)"1<0.000001. Other than these selectivity parameters,
the next greatest differences between estimation and simulation
for Cases A and B were for steepness, where the median estimates
0f0.416 and 0.430, respectively, were slightly below the simulation
model’s value of 0.44. Derived quantities for spawning biomass,
depletion, growth, and selectivity for Cases A and B were all very
similar to the corresponding simulation values (Fig. 4), generally
differing by at most 1%.

Fishery selectivity, which was assumed to be asymptotic in all
cases, was well estimated by the estimation models. The median
survey selectivity-at-length was asymptotic, but survey selectivity
was inaccurately estimated as dome-shaped in a few simulations
for Cases A and B (Fig. 4e and f).

The unbiased results for Cases A and B depend on modeling
recruitment using the adjustment methods of Methot and Taylor
(2011). The median ratio (estimated/simulated) for unfished
spawning output from the first, unadjusted, runs was 111% and
110% for Cases A and B, respectively, as compared to 100% for the

second runs after adjusting the recruitment deviations based on
the standard deviations estimated in the first runs. The median
standard deviation of the estimated recruitment deviations for
both Cases A and B was 0.18, which is much lower than value for
or=0.5 used in the simulations due to the lack of information in
the data about most recruitments. The greatest variability among
estimated recruitments occurs in the second half of the time-series
where data were more informative (Fig. 4u and v). The median
yearly recruitment deviation across estimations models for Cases
A and B was close to 0, even those for 1921-1950, which are used
to construct the age structure in 1951. The lower variability in
estimated recruitments leads to less variability in the estimated
spawning depletion in the initial year compared to the simulation
models (Fig. 4m and n).

Unlike the cases with matched assumptions, Cases C and D,
which have mismatched assumptions regarding the presence or
absence of size-dependent mortality, performed poorly in impor-
tant and opposite ways. The time-series of spawning output and
depletion were dramatically different between the simulation and
estimation models in Case C, where the simulation models had one
growth platoon but the estimation model assumed five platoons
(Fig. 40 and s). The median value of spawning depletion in the
final year relative to the unfished level was 111% from the estima-
tion model compared to a median of 27% in the simulation models.
The expected length-at-age compositions would change over time
for the Case C estimation model. However, this is not the case
for the simulation model with one growth platoon. The estima-
tion models for Case C have a very high equilibrium recruitment
(median log(Ry)=10.98 when simulation model values were 5.6)
and a strong pattern of bias in recruitments (Fig. 4w) to deal with
this mismatch. The very high abundance removes the influence of
the fishery on the length compositions, and the patterns in recruit-
ment deviations lead to a better fit to the index of abundance (which
varies with the fishery-induced changes in the simulation mod-
els). Case C also severely overestimated natural mortality (median
of 0.081yr~! compared to 0.05yr~! in the simulations), which
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reduced the number of old fish in the expected conditional age-
at-length compositions in the absence of strong fishery impacts.
The length composition data reflect differential pressure on the
growth platoons in the simulation model that cannot be mimicked
in the estimation models in Case D, where the simulation model
had five growth platoons and the estimation model had only one.
The survey selectivity was inaccurately estimated as dome-shaped

in over 90% of the models (Fig. 4h), which improved the fit to the
length-composition data that were generated by simulations from
which the fastest growing fish had been differentially removed.
Growth was also underestimated in by about 0.3-0.6 cm for ages
10 and older (Fig. 41). These biases in the Case D estimation models
led to underestimating the spawning output and depletion in later
years by about 30% (Fig. 4p and t).
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The results were insensitive to broader priors on natural mor-
tality and steepness. Cases A and B had estimated depletion values
that were biased by 1%, rather than unbiased when more informa-
tive priors were used. The broader priors increased the variability in
the estimates of natural mortality and steepness, but did not intro-
duce large biases in Cases A and B. For instance, in Case A, the CV on
estimated steepness across the 100 simulated data sets increased
from 12 to 25% with the broader prior, but the median values were
within 5% of the simulated value of 0.44 with both priors. How-
ever, performance was worse for Cases C and D with broader priors.
For example, the median estimated steepness value increased from
0.47 with the informative prior to 0.88 with the broader prior in
Case C.

3.3. Trends in selectivity

Trends in survey selectivity were often estimated when this was
possible (Fig. 5). However, the pattern of trend was less consistent
for Cases A and B. The median selectivity (across estimation mod-
els) for the 70 cm length bin in the first year of the model matched
the simulation model at 1.0 for all cases. The median selectivity at
this length for Cases A and B (Fig. 5j and k) shows a slight trend
toward a dome-shape in the final 30 years of the model (including
the 1980-2010 period when there are survey data). As was the case
for the models without estimated trends (Fig. 4e and f), almost half
of the selectivities estimated for Cases A and B showed some degree
of dome-shape in all years (Fig. 5j and k) in spite of the data having
come from simulation models without no dome-shaped selectiv-
ity. However, any errors in the degree of dome-shape can only be
in the direction of greater dome, so variability of this type is not
unexpected.

Cases C and D showed strong but different patterns of trends
in selectivity. Case C showed a dramatic decrease in the selectivity
of larger fish that was consistent across model runs (Fig. 5h and
1). This trend was a shift from asymptotic selectivity up to the late
1980s to a strongly dome-shaped selectivity from the late 1990s.
Spawning depletion was very poorly estimated for Case C (Fig. 40)
and a trend in dome-shaped selectivity is a way for the model to fit
a declining index of abundance while maintaining a high biomass
(the median estimate of By was 60 times greater than the simulated
value), which limits the impact of the fishery on the expected length
compositions. A trend of declining selectivity of larger fish was also
fairly consistent for Case D (Fig. 5i and m), but the estimated change
over time was more gradual than for Case C. The median selectivity
of the 70 cm length bin was estimated to decline steadily in this
case from 1.0 in 1960 to about 0.1 in 2010.

4. Discussion

This paper describes how length-based mortality can be
modeled within an age-structured model as implemented in SS.
The question of the extent to which true populations exhibit such
dynamics is left for future analysis. The implementation in SS is
parsimonious in that it can be used without increasing the number
of estimated parameters or providing additional data. Dividing the
population into growth platoons has a computational cost, with the
SS run times approximately proportional to the number of growth
platoons, but the platoon approach is far simpler than tracking a
full matrix of fish numbers by length and age.

Generalizing the results of simulation analyses to make pre-
dictions about real-world applications is always a challenge.
Nevertheless, some of the results of this analysis are relatively
intuitive and therefore we expect they apply in other contexts. A
normal distribution of length-at-age can be reasonably approxi-
mated using a mixture of five smaller normal distributions over a

range of values for the ratio of variability within to between distri-
butions. Less overlap between platoons leads to greater potential
change in length-at-age due to fishing, but also reduces the nor-
mality of the combined distribution. Although the greatest change
in biology-at-age was caused by selectivity functions in which the
greatest increase in selectivity occurred near the mean asymptotic
length, the fishery selectivity used in the full simulation analysis
(peak selectivity at 55 cm) still interacted with the growth platoons
in ways that led to bias when the estimation and simulation models
were mismatched in terms of number of platoons.

Models that were misspecified by having mismatched assump-
tions between the simulation and estimation models regarding the
presence or absence of size-dependent mortality provided very
biased estimates of key model results. This suggests that inclusion
of selective mortality in a stock assessment model will be neces-
sary to reduce bias if the variability within the growth trajectories
of individual fish is low for a given population compared to the
variability across fish in that population. This conclusion is consis-
tent with results of a similar analysis by Daniel Hively (UW, pers.
comm.). However, the greatest bias occurred when the simulated
data did not include selective mortality, but the estimation model
did. This suggests that the modeling assumptions should be con-
sidered with care (and perhaps be rooted in biological studies of
the growth of individuals), as no configuration can be assumed to
work best in all cases. Sensitivity analyses showed that relaxing the
priors that were applied to natural mortality and steepness caused
models with incorrect assumptions to perform even worse, while
the models with correct assumptions remained relatively unbiased.

It should be noted that Rosa Lee’s Phenomenon occurs only in
the presence of size-based selectivity. Stock Synthesis has options
for size- and age-based selectivity or a combination of the two.
Species exhibiting ontogenetic movement may be better described
by age-based selectivity (Stewart etal.,2011), but any investigation
into the effect of adding platoons will only be appropriate in models
that include size-based selectivity.

It was possible to choose whether there should be one or five
platoons based on comparing the likelihood of models with and
without growth platoons using the data simulated in this analy-
sis. This is likely due in large part to the idealized conditions of a
simulation analysis, but it suggests that comparison of fits across
models with and without growth platoons is useful. This analysis
did not examine how to choose a value for p. This value cannot be
estimated directly using SS, but could be chosen based on a likeli-
hood profile. A single profile was conducted over a range of p values
differing by 0.1 for an arbitrary example chosen from the set of sim-
ulations. A p of 0.4 had a slightly higher likelihood than the p=0.5
value used when simulating the data, but values for p of 0.3 and
below or 0.6 and above had much lower likelihoods with a change
of 5 or greater units of log-likelihoods. This brief test suggests that
the data can be reasonably informative about this ratio. Large val-
ues of p will produce results equivalent to those without growth
platoons, so in those cases, the additional computation time would
not be necessary.

One hypothesis considered in this paper is that if the model
estimated a trend in the degree of dome-shaped selectivity (when
given the flexibility to do so), it could be an indication of a misspec-
ified model where the true process was the sequential removal of
a faster growing subset of the population. Indeed, data generated
with growth platoons and estimated without platoons but with
flexible selectivity did lead to consistent estimates of a declining
trend in the selectivity of larger fish. However, declining trends
were occasionally estimated for models that were correctly spec-
ified, and they were consistently estimated for a model with the
incorrect assumption of the existence of growth platoons. The trend
in selectivity in this last case led to a better fit to the index of
abundance, which was not well fit in the misspecified model.
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Only trends in survey selectivity were considered here, but
examination of fishery selectivity could be considered as well.
However, fisheries may truly experience increasingly dome-shaped
selectivity during periods of declining abundance if they focus on
a core area of the stock. Sampson and Scott (2011) found evidence
for increasingly dome-shaped selectivity of a population when
modeled as age-based selectivity, which could not be the result of
length-selective mortality but may be the result of changes in rel-
ative fishing effort of different gears. In summary, consideration of
trends in selectivity of larger fish may provide an indication of the
presence of selective mortality for models that do not have growth
platoons, but is far from perfect as a predictor.

In conclusion, the implementation of growth platoons in SS
allows assessment scientists to easily consider, within a commonly
used assessment model, the effect of selective fishing mortality on
variable length-at-age as has been well studied, but rarely applied
ina management context. Only by routinely considering alternative
assumptions for this process can we judge whether data provide
evidence for it, and if so, how stock assessments and the manage-
ment measures that they inform might differ as a result.
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